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  Generally, a process is defi ned as a sequence of events that transforms the biological 
materials of food products, via biochemical changes, into stable forms with added 
value. This can create new products or modify existing ones.  Process design  refers to 
the design of food processes and manufacturing methods, while  plant design  refers to 
the design of the whole processing plant. The processing of food is no longer as simple 
or straightforward as in the past. Food process design is an interdisciplinary science 
that is highly regarded by the food industry. The architecture of food process engineer-
ing is based on the solid foundations of chemical and mechanical engineering, together 
with the basics of microbiology, chemistry, nutrition, and economics. Other related 
disciplines, including instrumentation, computer science and mathematics, complete 
the discipline. Process design is the core of food engineering, and frequently begins 
with a concept and eventually ends in fabrication. Many types of documentation are 
involved in the process to test theories, display results, and organize data. 

 Today, the food industry is one of the largest manufacturing industries in the world 
and the signifi cant contribution of food engineers to the industry is well recognized. 
A professional food engineer should be well versed in the basic principles, processes, 
fl ow diagrams, instrumentation and process control. The  Handbook of Food Process 
Design  has been developed primarily for fulfi lling these expectations and is intended 
to be used by students in undergraduate and graduate courses in food process engineer-
ing/food technology/biochemical engineering, as well as by professionals working in 
the food industry. It could also be used by graduates in other disciplines, such as 
chemical and/or mechanical engineering. 

 The editors of this book have vast experience in teaching, research, and extension 
activities related to the food industry and have long realized the need for such a hand-
book on process equipment design to fi ll the current gap in the basic and applied fi elds 
of food engineering. They have endeavoured to gather eminent academics and profes-
sionals from across the globe and have succeeded in securing their participation in 
this book. All the contributors have diverse backgrounds, ranging from electronic 
engineering to food science. 

 The book contains 46 chapters in two volumes, with chapters grouped according to 
their similar subject matter. Chapters  1  –  12  are devoted to the basic principles, starting 
with units and dimensions, moving on to thermodynamics and reaction kinetics per-
taining to foods, and followed by sensors and instrumentation involved in process 
automation. The handbook is well balanced by its coverage of unit operations involved 
in conventional and novel processing technologies to be used by the food industry. 

 Preface     



xx Preface

Each chapter is intended to provide concise up - to - date descriptions of fundamentals, 
applications, solved problems, and methods of cost analysis. Chapters  13  –  18  cover 
heating and cooling systems used in food processing, including pasteurization, steri-
lization, refrigeration, and freezing. Drying is considered one of the most successful 
unit operations used in the food industry. Process design related to the drying of food 
materials is covered in Chapters  19  –  22 . 

 Some important process designs, such as crystallization, extrusion, aseptic process-
ing, baking, and frying, are well discussed in Chapters  23  –  28 . Chapters  29  –  32  cover 
mechanical operations related to food process industries, including mixing/agitation, 
size reduction, and extraction and leaching processes. Chapters  33  –  40  focus on novel 
process designs, including pulsed light, ultrasound, ohmic heating, pulsed electric 
fi eld, high pressure, and irradiation. Food packaging is discussed in Chapters  41  –  44 , 
while quality systems and cost analysis are covered in Chapters  45  and  46 . 

 The editors are confi dent that this handbook will prove to be interesting, informa-
tive, and enlightening to readers in the fi eld. They would appreciate receiving new 
information and comments to assist in future development of the next edition. 

   Jasim Ahmed 
 Mohammad Shafi ur Rahman       
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   Introduction 

 Innovation, sustainability and safety have become the main foci of the modern food 
industry. Food preservation involves the actions taken to maintain foods with the 
desired properties or nature for a desired time frame (Rahman,  2007 ). For example, a 
fresh sandwich has a shelf - life of about 1 day, whereas canned vegetables have a shelf -
 life of at least 1 year. First it is important to identify the properties or characteristics 
one wants to preserve. A property may be important in one product but detrimental 
in others. For example, collapse and pore formation occurs during the drying of foods, 
and this can be desirable or undesirable depending on the desired quality of the dried 
product. Two illustrations will suffi ce: fi rstly, crust formation is desirable for long 
bowl life in the case of breakfast cereal ingredients, whereas quick rehydration is 
necessary (i.e. no crust and open pores) for instant soup ingredients; and secondly, 
consumers expect apple juice to be clear whereas orange juice can be cloudy. In the 
case of preservation and safety we want to eliminate pathogenic and spoilage bacteria, 
whereas in the case of yoghurt we want to preserve the benefi cial lactic acid 
bacteria. 

 The preservation and processing of food is not as simple or straightforward as it was 
in the past: it is now progressing from an art to a highly interdisciplinary science. A 
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number of new preservation techniques are being developed to satisfy the current 
demands of economic preservation and consumer satisfaction with regard to nutri-
tional and sensory aspects, convenience, safety, absence of chemical preservatives, 
low price, and environmental safety. The ultimate success of the food industry lies in 
the timely adoption and effi cient implementation of the emerging new technologies 
to satisfy the present and future demands of consumers. The preservation method is 
mainly based on the types of food that need to be prepared or formulated. The factors 
that should be considered before selecting a preservation process include the desired 
quality of the product, the economics of the process, and the environmental impact 
of the methods. Food industry waste is now also of concern to both enforcement 
authorities and consumers. Food waste is not only an economic loss, but also has an 
impact on the environment. It is important to make every effort to minimize waste 
from the food industry, to set up effective recycling systems, and to implement suit-
able systems for value - added products.  

  Purpose of Food Preservation 

 The main reasons for food preservation are to overcome inappropriate planning in 
agriculture, to produce value - added products, and to provide variation in the diet 
(Rahman,  2007 ). The agricultural industry produces raw food materials in different 
sectors. Inadequate management or improper planning in agricultural production can 
be overcome by avoiding inappropriate areas, times, and amounts of raw food materi-
als as well as by increasing storage life using simple methods of preservation. Value -
 added food products can provide better - quality foods in terms of improved nutritional, 
functional, convenience and sensory properties. Consumer demand for healthier and 
more convenient foods also affects the way that food is preserved. Eating should be 
pleasurable to the consumer, and not be boring. People like to eat a wide variety of 
foods with different tastes and fl avors. Variation in the diet is important, particularly 
in underdeveloped countries in order to reduce reliance on a specifi c type of grain 
(i.e. rice or wheat). In addition food preservation, storage and distribution are also 
important factors in achieving food security. In food preservation, the important 
points that need to be considered are desired quality, desired shelf - life, and target 
consumers. 

  Desired Quality 

 In all cases, safety is the fi rst attribute, followed by quality. Product quality attributes 
can be quite varied, such as appearance and sensory or microbial characteristics. Loss 
of quality is very dependent on the type of food and composition, formulation 
(for manufactured foods), packaging, and storage conditions (Singh,  1994 ). Loss of 
quality can be minimized at any stage of food harvesting, processing, distribution, and 
storage. When a preservation method fails, the consequences are wide - ranging, from 
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the food becoming extremely hazardous to minor deterioration such as loss of color 
(Gould,  1989 ).  

  Desired Shelf - life 

 One of the the most important factors to consider when preserving a food product is 
the length of time before it becomes unsuitable for consumption (i.e. its shelf - life). 
Shelf - life is determined by the manufacturer and recommends the length of time that 
products can be stored during which the quality remains acceptable under specifi ed 
conditions of distribution, storage, and display. A product that has passed its shelf - life 
might still be safe, but quality is no longer guaranteed. The best - before date is shorter 
than the shelf - life by a good margin. Hence, it is usually safe to consume a product 
after the best - before date, provided the product has been stored under the recom-
mended conditions, but it may begin to lose its optimum fl avor and texture. 

 In studying the shelf - life of foods, it is important to measure the rate of change of 
a given quality attribute (Singh,  1994 ). Product quality can be defi ned using many 
factors, including appearance, yield, eating characteristics, and microbial characteris-
tics, but ultimately the product must provide a pleasurable experience for the con-
sumer (Sebranek,  1996 ). Loss of quality is very dependent on the food type and 
composition, formulation (for manufactured foods), packaging, and storage conditions 
(Gould,  1989 ). Loss of quality can be minimized at any stage and thus quality depends 
on the overall control of the processing chain. The required length of preservation 
depends on the purpose. In many cases, very prolonged storage or shelf - life is not 
required, which simplifi es both transport and marketing of the foodstuff. For example, 
prepared meals for lunch need a shelf - life of only one or even half a day. In this case 
there is no point in ensuring preservation of the product for weeks or months. In other 
cases very long shelf - lives up to 3 – 5 years may be required, for example foods for space 
travelers, and food storage during wars.  

  Target Consumers 

 It is important to know for whom the preserved food is being produced. Nutritional 
requirements and food restrictions apply to different population groups. Food poison-
ing can be fatal, especially in infants, pregnant women, the elderly, and those with 
depressed immune systems. The legal aspects of food preservation are different in 
foods produced for human or animal consumption. Thus, it is necessary to consider 
the group for whom the products are being manufactured.   

  Food Preservation Methods 

 At present different methods of food preservation are available for the food industry. 
Based on the mode of action, the major food preservation techniques can be 
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categorized as (i) slowing down or inhibiting chemical deterioration and microbial 
growth, (ii) directly inactivating bacteria, yeasts, molds, or enzymes, and (iii) avoiding 
recontamination before and after processing (Gould,  1989, 1995 ). A number of tech-
niques or methods from the above categories are shown in Figure  1.1 . In many cases 
it would be very diffi cult to make a clear distinction between inhibition and inactiva-
tion. Take, for example, preservation by drying and freezing. Although the main 
purpose of freezing and drying is to control the growth of microorganisms during 
storage, there is also some destruction of microorganisms. Freezing causes the appar-
ent death of 10 – 60% of the viable microbial population and this gradually increases 
during storage. The following sections summarize food preservation methods (reviewed 
by Rahman,  2007 ).   

  Inhibition 

 Methods based on inhibition include those that rely on control of the environment 
(e.g. temperature control), those that result from particular methods of processing (e.g. 
microstructural control), and those that depend on the intrinsic properties of particular 
foods (e.g. control by adjustment of water activity or pH) (Gould,  1995 ). The danger 
zone for microbial growth is considered to be between 5 and 60    ° C; thus food products 

Figure 1.1 Major food preservation techniques. (From Gould, 1989, 1995 .)
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chilled and stored at a temperature below 5    ° C is one of the most popular methods of 
food preservation. 

  Use of Chemicals 

 The use of chemicals in foods is a well - known method of food preservation. A wide 
variety of chemicals and additives are used in food preservation to control pH, as 
antimicrobial agents and antioxidants, and to provide food functionality as well as 
preservative action. Some additives are entirely synthetic (not found in nature), such 
as the phenolic antioxidant tertiary butylhydroquinone (TBHQ), while others are 
extracted from natural sources, such as vitamin E. Irrespective of origin, food additives 
must accomplish some desired function in the food to which they are added, and they 
must be safe to consume under the intended conditions of use. 

 Many legally permitted preservatives in foods are organic acids and esters, including 
sulfi tes, nitrites, acetic acid, citric acid, lactic acid, sorbic acid, benzoic acid, sodium 
diacetate, sodium benzoate, methylparaben, ethylparaben, propylparaben, and sodium 
propionate (Silliker  et al .  1980 ). When a weak acid is dissolved in water, an equilib-
rium is established between undissociated acid molecules and charged anions, the 
proportion of undissociated acid increasing with lower pH. The currently accepted 
theory of preservative action suggests inhibition via depression of internal pH. 
Undissociated acid molecules are lipophilic and pass readily through the plasma mem-
brane by diffusion. In the cytoplasm (pH approximately 7.0), acid molecules dissociate 
into charged anions and protons. These cannot pass across the lipid bilayer and accu-
mulate in the cytoplasm, thus lowering pH and inhibiting metabolism (Krebs  et al . 
 1983 ). There are several limitations to the value of organic acids as microbial inhibi-
tors in foods: they are usually ineffective when initial levels of microorganisms are 
high; many microorganisms use organic acids as metabolizable carbon sources; there 
is inherent variability in resistance of individual strains; and the degree of resistance 
may also depend on the conditions (Silliker  et al .  1980 ). 

 Nitrites and nitrates are used in many foods as preservatives and functional ingre-
dients. They are critical components in the curing of meat, and are known to be 
multifunctional food additives and potent antioxidants. Many plants contain com-
pounds that have some antimicrobial activity, collectively referred to as  ‘ green chemi-
cals ’  or  ‘ biopreservatives ’  (Smid and Gorris,  1999 ). Interest in naturally occurring 
antimicrobial systems has expanded in recent years in response to consumers ’  require-
ments for fresher, more natural additive - free foods (Gould,  1995 ). A range of herbs and 
spices are known to possess antibacterial activity as a consequence of their chemical 
composition. Antimicrobial agents can occur in foods of both animal and vegetable 
origin. Herbs and spices have been used for centuries by many cultures to improve 
the fl avor and aroma of foods. Essential oils show antimicrobial properties, and are 
defi ned by Hargreaves as a group of odorous principles, soluble in alcohol and to a 
limited extent in water, consisting of a mixture of esters, aldehydes, ketones, and 
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terpenes. They not only provide fl avor to the product, but also act as preservatives. 
Scientifi c studies have identifi ed the active antimicrobial agents of many herbs and 
spices. These include eugenol in cloves, allicin in garlic, cinnamic aldehyde and 
eugenol in cinnamon, allyl isothiocyanate in mustard, eugenol and thymol in sage, 
and isothymol and thymol in oregano (Mothershaw and Al - Ruzeiki,  2001 ). 

 Rancidity is an objectionable defect in food quality. Fats, oils or fatty foods are 
deemed rancid if signifi cant deterioration in sensory quality is perceived, particularly 
aroma or fl avor, but appearance and texture may also be affected. Antioxidants are 
used to control oxidation in foods, and they also have health functionality by reducing 
the risk of cardiovascular disease and cancer, and slowing down the aging process. The 
use of woodsmoke to preserve foods is nearly as old as open - air drying. Although not 
primarily used to reduce the moisture content of food, the heat associated with the 
generation of smoke also gives a drying effect. Smoking has been mainly used with 
meat and fi sh. Smoking not only imparts desirable fl avor and color to some foods, but 
some of the compounds formed during smoking have a preservative effect (bactericidal 
and antioxidant). 

 Hydrogen ion concentration, measured as pH, is a controlling factor in regulating 
many chemical, biochemical, and microbiological reactions. Foods with pH below 4.5 
are considered low - risk foods, and need less severe heat treatment. Microorganisms 
require water, nutrients, and appropriate temperature and pH levels for growth. Below 
about pH 4.2 most food - poisoning microorganisms are well controlled, but microor-
ganisms such as lactic acid bacteria and many species of yeast and molds grow at pH 
values well below this. Many weak lipophilic organic acids act synergistically at low 
pH to inhibit microbial growth. Thus, propionic, sorbic, and benzoic acids are very 
useful food preservatives. The effi cacy of acids depends to a large extent on their 
ability to equilibrate, in their undissociated forms, across the microbial cell membrane 
and, in doing so, interfere with the pH gradient that is normally maintained between 
the inside (cytoplasm) of the cell and the food matrix surrounding it. In addition to 
weak lipophilic acids, other preservatives widely used in foods include esters of 
benzoic acid, which are effective at higher pH values than organic acids. Inorganic 
acids such as sulfate and nitrite are most effective at reduced pH values, like organic 
acids. While these preservatives are employed at low levels (hundreds to thousands of 
ppm), the acids used principally as acidulants are often employed at percentage levels 
(Booth and Kroll,  1989 ). 

 The pH affects not only the growth of microorganisms, but also affects other com-
ponents and processes, such as enzyme stability, gel formation, and stability of pro-
teins and vitamins. Antimicrobial enzymes also have current applications and further 
future potential in the food industry. Fuglsang  et al .  (1995)  pointed out that the poten-
tial of these enzymes in food preservation is still far from realized at present. 

 Antibiotics can be medical or non - medical. Non - medical antibiotics, such as 
natamycin and nisin, produced either by microbes or synthetically, inhibit microbes 
at very low concentration. Organisms present in food can become resistant to antibi-
otics and colonize the gut of animals and humans. Antibiotics used therapeutically 
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may then become ineffective. Antibiotics are also used in growth enhancement and 
disease control in healthy animals. However, the increasing incidence of antibiotic 
resistance is raising great concern and it is becoming a complicated issue. 

 When a chemical is used in preservation, the main question concerns its safety, and 
a risk – benefi t analysis should be carried out. Antimicrobial agents or preservatives are 
diverse in nature, but legal, toxicological, marketing, and consumer considerations 
have created a trend such that the number of preservatives, and their concentration 
in particular foods, are diminishing rather than increasing (Fuglsang  et al .  1995 ).  

  Control of Water and Structure 

 Many physical modifi cations are made in ingredients or foods during preservation. 
Such modifi cations can also improve the sensory, nutritional, and functional proper-
ties of foods. Changes experienced by foods during processing include glass formation, 
crystallization, caking, cracking, stickiness, oxidation, gelatinization, pore formation, 
and collapse. Through precise knowledge and understanding of such modifi cations, 
one can develop safe high - quality foods for consumption (Rahman,  2007 ). 

 The concepts of water activity, glass transition and state diagram are clearly reviewed 
by Rahman  (2006, 2009, 2010) . In the 1950s scientists began to discover the existence 
of a relationship between the water contained in a food and its relative tendency to 
spoil (Scott,  1953 ). It was observed that the active water could be much more impor-
tant to the stability of a food than the total amount of water present. Thus, it is pos-
sible to develop generalized rules or limits for the stability of foods using water 
activity. For example, there is a critical water activity level below which no microor-
ganisms can grow. Pathogenic bacteria cannot grow below a water activity of 0.85, 
whereas yeasts and molds are more tolerant to reduced water activity, but usually no 
growth occurs below a water activity of about 0.6. It has been widely accepted that 
the concept of water activity is a valuable tool for determining microbial stability 
(Chirife and Buera,  1996 ). A complete discussion of the microbial response to low 
water activity has been presented by Rahman  (2009) . 

 A food product is the most stable at its  “ monolayer moisture ”  content, which varies 
with the chemical composition, structure and environmental conditions, such as 
temperature. The BET (Brunauer – Emmet – Teller) monolayer value can be determined 
from the well - known BET equation. The BET - monolayer estimation is an effective 
method for estimating the amount of water molecules bound to specifi c polar sites in 
a food matrix and it does not simply apply to the product surface. A more detailed 
explanation of the BET - monolayer, including estimation and validity, was recently 
provided by Rahman and Al - Belushi  (2006) . In general the rule of the water activity 
concept is that food products are most stable at their  “ BET - monolayer moisture ”  
content or  “ BET - monolayer water activity ”  and unstable above or below BET -
 monolayer. In many other instances it has been shown that optimal water content for 
stability is not exactly the BET - monolayer. The reason for this variation is due to the 
fact that the BET theory of adsorption was developed based on many simplifi ed 
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assumptions that are not realistic when food is considered. One of the earlier food 
stability maps based on the water activity concept contained growth of microorgan-
isms and different types of biochemical reactions (Labuza  et al .  1972 ). The updated 
food stability map based on the water activity is presented in Figure  1.2  (Rahman, 
 2010 ). In this present map, the trends of microbial growth, biochemical reactions and 
mechanical characteristics are presented in the three zones of water activity. This 
stability map indicates that different types of dynamics in reaction rates can happen 
as a function of water activity.   

 The limitations of the water activity concept have been identifi ed by Rahman  (2010)  
as follows:

   1.     Water activity is defi ned at equilibrium, whereas foods may not be in a state of 
equilibrium, for example low -  and intermediate - moisture foods can be in amor-
phous, glass, crystallized, and semi - crystallized states.  

  2.     The critical limits of water activity may also be shifted to higher or lower levels 
by other factors, such as pH, salt, antimicrobial agents, heat treatment, electromag-
netic radiation, and temperature.  

Figure 1.2 Stability diagram based on the water activity concept. gh, microbial growth trend; oa, 
ab, nb, chemical reaction trends below BET -monolayer; bc, bp, chemical reaction trends in the 
adsorbed water; ce, cd, cf, pq, chemical reaction trends in the solvent water region; ij, mj, mechani-
cal properties trends below BET -monolayer; jk, mechanical properties trend in the adsorbed water 
region; ki, mechanical properties trend in the solvent water region. (From Rahman, 2010, courtesy 
of Elsevier.) 
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  3.     The nature of the solute used to reduce water activity also plays an important role, 
for example some solutes are more inhibiting or antimicrobial than others even at 
the same water activity (so - called specifi c solute effect).  

  4.     The water activity concept does not indicate exactly when molecular mobility 
starts, although nuclear magnetic resonance (NMR) and other spectroscopic signals 
could be related to the water activity. It only provides information on the amount 
of strongly bound and free water and an indication of their reactivity.  

  5.     The shift of water activity with temperature is relatively very low, whereas in most 
cases reaction rates are signifi cantly affected by temperature.  

  6.     Many physical changes, such as crystallization, caking, stickiness, gelatinization, 
and diffusivity, cannot be explained based on water activity alone.    

 These limitations would not invalidate the concept completely but rather make it 
diffi cult to apply universally. However, a stability map could be developed by indi-
vidually considering different factors that infl uence stability, as shown in Figure  1.2 . 
In order to fi nd alternative models, the glass transition concept was put forward. 

 Glassy materials have been known for centuries but it was only in the1980s that 
the technology started to be purposefully applied to foods and a scientifi c understand-
ing of these systems started to evolve (Ferry,  1991 ). A low glass transition means that 
at room or mouth temperature, the food is soft and relatively plastic, and at higher 
temperatures it may even fl ow. In contrast, a food with a high glass transition tem-
perature is hard and brittle at ambient temperature. Early attempts to describe glassy 
phenomena concluded that glass is a liquid that has lost its ability to fl ow in a short 
time frame; thus instead of taking the shape of its container, glass itself can serve as 
the container for liquids. Food materials are in an amorphous or non - crystalline state 
below the glass transition temperature and are rigid and brittle. Glasses are not crys-
talline with a regular structure, but retain the disorder of the liquid state. Physically 
it is a solid but it more closely resembles a thermodynamic liquid. Molecular mobility 
increases 100 - fold above glass transition. In kinetic terms, Angell  (1988)  described a 
glass as any liquid or supercooled liquid whose viscosity is between 10 12  and 10 13    Pa · s, 
thus effectively behaving like a solid, which is able to support its own weight against 
fl ow due to gravity. To put this viscosity into context, a supercooled liquid with a 
viscosity of 10 14    Pa · s would fl ow at 10  − 14    m · s  − 1  in the glassy state compared with the 
fl ow rate of a typical liquid, which is in the order of 10   m · s  − 1 . In other words, a glass 
is a liquid that fl ows about 30    μ m in a century (Buitink and Leprince,  2004 ). 

 The early papers concerning glass transition in food and biological systems appeared 
in the literature in the 1960s (White and Cakebread,  1966 ; Luyet and Rasmussen, 
 1968 ). White and Cakebread  (1966)  fi rst highlighted the importance of the glassy state 
of food in determining its stability. They were perhaps the fi rst food scientists to 
discuss the importance of the glassy and rubbery states in relationship to the collapse 
of a number of high solids systems. The signifi cant applications of the glass transition 
concept in the 1980s emerged in food processing when Levine and Slade  (1986)  and 
Slade and Levine  (1988)  identifi ed its major merits and wide - ranging applications. 
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 Foods can be considered very stable in the glassy state, since below glass transition 
temperatures compounds involved in deterioration reactions take many months or 
even years to diffuse over molecular distances and approach each other to react (Slade 
and Levine,  1991 ). The hypothesis has recently been proposed that this transition 
greatly infl uences food stability, as the water in the concentrated phase becomes 
kinetically immobilized and therefore does not support or participate in reactions. 
Formation of a glassy state results in a signifi cant arrest of translational molecular 
motion, and chemical reactions become very slow. The rules of the glass - transition 
concept are (i) the food is most stable at and below its glass transition (i.e.  T g  , glass 
transition of solids with unfreezable water, or   ′Tg , glass transition of maximal - freeze -
 concentrated condition), and (ii) the higher the  T     −     T g   or  T / T g   (i.e. above glass transi-
tion), the higher the deterioration or reaction rates. It is very interesting that this 
concept has been so widely tested in foods. In many instances, the glass transition 
concept does not work alone, and thus it is now recommended that both the water 
activity and glass transition concepts are used in assessing processability, deteriora-
tion, food stability, and shelf - life predictions. After analyzing data from the literature, 
Chirife and Buera  (1996)  concluded that the glass transition concept presently offered 
a better alternative to the concept of water activity as a predictor of microbial growth 
in foods. 

 The state diagram is a stability map of different phases and states of a food as a 
function of water or solids content and temperature. A state diagram contains mainly 
the glass line, the freezing curve, and the intersection of these lines as   ′Tg  (in this 
chapter it is defi ned as   ′′Tg ). The main advantages of drawing a map are to help in 
understanding the complex changes that occur when the water content and tempera-
ture of a food are changed. It also assists in identifying a food ’ s stability during storage 
as well as selecting a suitable temperature and moisture content for processing. The 
recent state diagram is shown in Figure  1.3  (Rahman,  2010 ).   

 Drying is one of the oldest methods of food preservation, where water activity is 
reduced by separating out water. Drying in earlier times was done in the sun, but 
today many types of sophisticated equipment and methods are being used to dehydrate 
foods and a huge variety of drying methods is now available. Drying is a method of 
water removal to form fi nal products as solids, while concentration means the removal 
of water while retaining the liquid condition. The loss of fl avor, aroma, or functional 
compounds is the main problem with drying, in terms of quality. The cost of process-
ing, packaging, transportation, and storage are less for dried products than canned and 
frozen foods. The concentration of liquid foods is mainly carried out by thermal evapo-
ration, freeze - concentration, and membrane separation. Each method has its advan-
tages and disadvantages. 

 Freezing changes the physical state of a substance by changing water into ice when 
energy is removed in the form of cooling below freezing temperature. Usually the 
temperature is further reduced to storage level at  − 18    ° C. Microbial growth is com-
pletely inhibited below  − 18    ° C, and both enzymatic and non - enzymatic changes con-
tinue at much slower rates during frozen storage. There is a slow progressive change 
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in organoleptic quality during storage. Freezing is more popular than drying due to its 
ability to retain the quality of freshness in the food. 

 Edible coatings serve many purposes in food systems. Coatings are used to improve 
appearance or texture and reduce water loss. Examples include the waxing of apples 
and oranges to add gloss, the coating of frozen fi sh to add gloss and reduce shrinkage 
due to water loss, and the coating of candies to reduce stickiness. Other surface treat-
ments for foods include the application of antioxidants, acidulants (or other pH -
 control agents), fungicides, preservatives, and mineral salts. The formulation of edible 
coatings depends on the purpose and type of products. Encapsulation has been used 
by the food industry for more than 60 years. Encapsulation technology in food process-
ing ranges from the coating of minute particles of ingredients (e.g. acidulants, fats, 
and fl avors) to whole ingredients (e.g. raisins, nuts, and confectionery products), which 
may be accomplished by microencapsulation and macro - coating techniques. 

Figure 1.3 State diagram showing different regions and state of foods. (From Rahman, 2010,
courtesy of Elsevier.) 
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 Gums and gels, such as casein, guar gum, agar, carrageenan, and pectin, are also 
used in food products to provide desired structure and functionality to products. These 
are extremely important for textural attributes, such as creaminess and oiliness of 
formulated products, and foods that mimic fat4.  

  Control of Atmosphere 

 Packaging techniques based on altered gas compositions have a long history. The 
respiratory activity of various plant products generates a low - oxygen and high - carbon 
dioxide atmosphere that retards the ripening of fruit. Modifi ed atmosphere packaging 
is a preservation technique that may further minimize the physiological and microbial 
decay of perishable produce by keeping them in an atmosphere different from the 
normal composition of air. The particular gas composition and the techniques involved 
depend on the types of produce and their purpose. There are different ways of main-
taining a modifi ed atmosphere. In modifi ed atmosphere packaging (termed  “ passive 
atmosphere ” ), the gas composition within the package is not monitored or adjusted. 
In  “ controlled atmosphere ”  packaging, the altered gas composition inside the packag-
ing is monitored and maintained at a preset level by means of scrubbers and the infl ow 
of gases. Active packaging can provide a solution by adding materials that absorb or 
release a specifi c compound in the gas phase. Compounds that can be absorbed are 
carbon dioxide, oxygen, water vapor, ethylene, or volatiles that infl uence taste and 
aroma. Vacuum and modifi ed - humidity packaging contain a changed atmosphere 
around the product. Although this technique was initially developed to extend the 
shelf - life of fresh products, it has now been extended to minimally processed foods 
from plant and animal sources, and also to dried foods.   

  Inactivation 

  Use of Heat Energy 

 Modern processing developed at the end of the 1700s when the Napoleonic wars raged. 
As Napoleon pushed forward into Russia, his army was suffering more casualties from 
scurvy, malnutrition, and starvation. The French government offered 12   000 francs to 
anyone who could develop a method of preserving food. Nicolas Appert took up the 
challenge. He had a theory that if fresh foods were put in airtight containers and suf-
fi cient heat applied, then the food would last longer. Appert packed his foods in 
bottles, corked them, and submerged them in boiling water, thus preserving them 
without an understanding of bacterial spoilage. After 14 years of experimentation, in 
1809 he won the prize and this was given to him by Napoleon himself. A theoretical 
understanding of the benefi ts of canning did not come until Louis Pasteur observed 
the relationships between microorganisms and food spoilage some 50 years later 
(Rahman,  2009 ). 
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 In earlier times, mostly heat was used for inactivation. Thermal inactivation is still 
the most widely used process for food preservation. The advantages of using heat for 
food preservation are that heat is safe and chemical - free, it provides tender cooked 
fl avors and taste, the majority of spoilage microorganisms are heat labile, and ther-
mally processed foods, when packed in sterile containers, have a very long shelf - life. 

 The main disadvantages of using heat are that overcooking may lead to textural 
disintegration and an undesirable cooked fl avor, and that nutritional deterioration 
results from high temperature processing. The main heat treatment processes include 
pasteurization, sterilization, cooking, extrusion, and frying. Recently, more electro -
 technologies are being used and this will expand further in the future.  

  Use of High Pressure and Ultrasound 

 High - quality fresh foods are very popular, so consequently there is demand for less 
extreme treatments and/or fewer additives. High - pressure hydrostatic technology has 
gained attention for its novelty and non - thermal preservation effect. Studies examin-
ing the effects of high pressure on food date back to the end of the nineteenth century, 
but renewed research and commercialization efforts worldwide could soon bring high -
 pressure - treated foods back to several markets. The basis of high hydrostatic pressure 
is the Le Chatelier principle, according to which any reaction, conformational change, 
or phase transition that is accompanied by a decrease in volume will be favored at 
high pressures, while reactions involving an increase in volume will be inhibited. 
Predictions of the effects of high - pressure treatments on foods are diffi cult to general-
ize due to the complexity of foods and the different changes and reactions that can 
occur. However, a tremendous amount of information is being developed on microor-
ganisms, chemical, biochemical and enzymatic reactions, functional and sensory 
properties, gel formation, gelatinization, and freezing processes. 

 Ultrasound is sound energy with a frequency greater than the upper limit of human 
hearing, generally considered to be 20   kHz. The two applications of ultrasound in foods 
are (i) characterizing a food material or process, such as estimation of chemical com-
position, measurements of physical properties, non - destructive testing of quality 
attributes, and monitoring food processing, and (ii) direct use in food preservation or 
processing. The benefi cial or deteriorative use of ultrasound depends on its chemical, 
mechanical, or physical effects on the process or products.  

  Use of Electricity 

 Many different forms of electrical energy are used in food preservation, for example 
ohmic heating, microwave heating, low electric fi eld stimulation, high - voltage arc 
discharge, and high - intensity pulsed electric fi eld.  Ohmic heating  is one of the earliest 
forms of electricity applied to food pasteurization. This method relies on the heat 
generated in food products as a result of electrical resistance when an electric current 
is passed through them. In conventional heating methods, heating travels from a 



14 Handbook of Food Process Design: Volume I

heated surface to the product interior by means of both convection and conduction, 
which is time - consuming, especially with longer convection or conduction paths. 
Electro - resistive or ohmic heating is volumetric by nature, and thus has the potential 
to reduce overprocessing. It provides rapid and even or uniform heating, providing less 
thermal damage and increased energy effi ciency.  Microwave heating  has been exten-
sively applied in everyday households and the food industry, but the low penetration 
depth of microwaves into solid food causes thermal non - uniformity.  Low electric fi eld 
stimulation  has been explored as a method of bacterial control of meat. The mecha-
nism of microbial inactivation by an electric fi eld was fi rst proposed by Pareilleux and 
Sicard  (1970) . The plasma membranes of cells become permeable to small molecules 
after being exposed to an electric fi eld, and permeation then causes swelling and 
eventual rupture of the cell membrane. The reversible or irreversible rupture (or elec-
troporation) of a cell membrane depends on factors such as intensity of the electric 
fi eld, number of pulses, and duration of pulses. This new electro - heating could be used 
to develop new products with diversifi ed functionality.  

  Use of Radiation 

 Ionization radiation interacts with an irradiated material by transferring energy to 
electrons and ionizing molecules by creating positive and negative ions. The irradia-
tion process involves exposing foods, either prepackaged or in bulk, to a predetermined 
level of ionization radiation. The application of radiation to biological materials has 
both direct and indirect effects. The direct effects occur as a result of energy deposi-
tion by the radiation in the target molecule, while the indirect effects occur as a 
consequence of reactive diffusible free radicals formed from the radiolysis of water, 
such as the hydroxyl radical (  •  OH), a hydrated electron (  eaq

− ), a hydrogen atom, hydro-
gen peroxide, and hydrogen. Hydrogen peroxide is a strong oxidizing agent and is 
poisonous to biological systems, while the hydroxyl radical is a strong oxidizing agent 
and the hydrogen radical a strong reducing agent. Irradiation has wide scope in food 
disinfection, shelf - life extension, decontamination, and product quality improvement. 
Although it has high potential, there is a concern about legal aspects and safety issues, 
and consumer attitudes toward this technology. 

 Ultraviolet (UV) radiation has long been known to be the major factor in the anti-
bacterial action of sunlight. It is mainly used in sterilizing air and thin liquid fi lms 
due to its low depth of penetration. When used at high dosage there is a marked ten-
dency to deterioration in fl avor and odor before satisfactory sterilization is achieved. 
UV irradiation is safe, environmentally friendly, and more cost - effective to install and 
operate than conventional chlorination. Visible light and photoreactivation are also 
used in food processing. If microorganisms are treated with dyes, they may become 
sensitive to damage by visible light, an effect known as photoreactivation. Some food 
ingredients could induce the same reaction. Such dyes are said to possess photody-
namic action. White and UV light are also used to inactivate bacteria, fungi, spores, 
viruses, protozoa, and cysts. Pulsed light is a sterilization method in applications 
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where light can access all the important volumes and surfaces. Examples include 
packaging materials, surfaces, transmissive materials (such as air, water, and many 
solutions), and many pharmaceuticals or medical products. The white light pulse is 
generated by electrically ionizing a xenon gas - fi lled lamp for a few hundred millionths 
of a second with a high - power, high - voltage pulse.  

  Use of Magnetic Fields 

 Magnetism is a phenomenon by which materials exert an attractive or repulsive force 
on other materials. The origin of magnetism lies in the orbital and spin motions of 
electrons, and how the electrons interact with each other. Magnetic fi elds may be 
homogeneous or heterogeneous, and can be in static and pulsed mode. Magnetic fi elds 
have potential in pasteurization and sterilization, and in enhancing other processes in 
food preservation, such as damage to and death of parasites, and isolation and separa-
tion of protein (Ahmed and Ramaswamy,  2007 ).   

  Avoid Recontamination 

 In addition to the direct approach, other measures such as packaging and quality 
management tools need to be implemented in the preservation process to avoid con-
tamination or recontamination. Although these measures are not preservation tech-
niques, they play an important role in producing high - quality safe food. With respect 
to the procedures that restrict the access of microorganisms to foods, the employment 
of aseptic packaging techniques for thermally processed foods has expanded greatly in 
recent years, both in the numbers of applications and in the numbers of alternative 
techniques commonly available (Gould,  1995 ). The new concepts of packaging include 
one - way transfer of gases away from the product or the absorption of gases detrimental 
to the product, antimicrobials in packaging, release of preservatives from controlled -
 release surfaces, oxygen scavengers, carbon dioxide generators, absorbers or scavengers 
of odors, and absorption of selected wavelengths of light, capabilities for controlled 
automatic switching, edible and biodegradable packaging. Food safety is now the 
highest priority. Recently, the concepts of Hazard Analysis and Critical Control Point 
(HACCP), ISO 9000, Good Manufacturing Practices (GMP), Standard Operating 
Procedures (SOP), Hazard and Operability Studies (HAZOP) and Total Quality 
Management (TQM) have gained attention and these techniques indirectly enhance 
food preservation. 

 Recently, the concept of hurdle technology or combined methods of preservation 
has gained attention. The microbial stability and safety of most traditional and novel 
foods is based on a combination of several preservative factors (called hurdles), which 
microorganisms present in the food are unable to overcome. This is illustrated by the 
so - called hurdle effect, fi rst introduced by Leistner and his coworkers. He acknowl-
edged that the hurdle concept illustrates only the well - known fact that the complex 
interactions of temperature, water activity, pH, and redox potential are signifi cant for 
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the microbial stability of foods. With respect to procedures that slow down or prevent 
the growth of microorganisms in foods, major successes have been seen and new 
applications are steadily being made in the use of combination preservation tech-
niques or hurdle technology (Leistner,  2007 ).   
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   Introduction 

 Generally, a process is defi ned as a sequence of events directed to a defi nite end. 
Processes are termed  “ chemical ”  or  “ food ”  when one or more essential steps involves 
a chemical reaction or conversion of food from one form to another. Process design 
refers to the organization of food processes and manufacturing methods, while plant 
design refers to the confi guration of the whole processing plant, including the 
processing/control equipment, the utilities, the plant buildings, and the waste treat-
ment units (Saravacos and Kostaropoulos,  2002 ). The two terms are used interchange-
ably in the technical literature. Food processing involves industrial processes in which 
raw materials are converted or separated into desired products. The food engineer is 
involved; in the design and construction of the complete process; chooses the appro-
priate equipment and raw materials; operates the plants effi ciently and economically; 
and fi nally ensures product safety and quality. 

 No process occurs without many accompanying mechanical steps, such as pumping 
and conveying, size reduction of particles, removal of water from wet food, evapora-
tion and distillation with attendant boiling and condensation, absorption, extraction, 
membrane separations, and mixing. Various branches of engineering (e.g. mechanical, 
chemical, instrumentation, electrical, computer) are relevant to food conversion 
(product and process principles), preservation, storage and distribution, and food 
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product development and assessment. The engineering components deal with design 
(estimation of processing time, energy requirements, etc.), fabrication, installation, 
operation, and maintenance of the equipment used and resources needed in each step. 

 Design is a creative activity whereby an innovative solution for a problem is con-
ceived. The design does not exist at the outset, but the designer starts with an objec-
tive in mind and, by gradually developing and evaluating possible designs, arrives at 
the best way of achieving the target. During the design process, the designer faces 
various constraints, with economic considerations clearly a major constraint. 

 Process engineering constitutes the specifi cation, optimization, realization, and 
adjustment of the process as applied to the manufacture of bulk products or discrete 
products. Simple equations, graphs and standard tables are used to estimate the design 
parameters of unit operations. Empirical data and rules of thumb are used to facilitate 
the various design calculations, simplifi ed equations and short - cuts. Advanced levels 
of process design are required for complicated systems. In more complex systems, 
computer - aided process/plant design is used. 

 Food process design is somewhat different from other design processes. The main 
focus is not solely on process improvement but has a strong relation to product devel-
opment, quality, and sensory attributes. Methods such as quality function deployment 
and chain information models are specially focused on product design, but are only 
weakly coupled to the actual processing system. The real challenge for process syn-
thesis in food process design is to develop processes that can consider both the changes 
in consumer behavior and market demand (Brenner  et al .,  2005 ). This requires a high 
degree of fl exibility but mostly the ability to understand and control the crucial 
product transformations that occur during the process (Hadiyanto, 1997).  

  Components of Food Process Design 

 The design process for a food processing system includes a number of basic 
considerations:

   1.     What is the main purpose of each unit operation (i.e. what does the process 
perform)? This includes preservation, safety, and/or conservation of sensory and/or 
functional properties.  

  2.     What are the products to be used by the process?  
  3.     Development of process fl ow sheet, material and energy balances, and preliminary 

sizing of process equipment.  
  4.     Development of a schematic diagram and the components is the fi rst step in design-

ing unit operations.    

 The design and operation components are as follows:

   1.     Exploration and selection of appropriate types of equipment.  
  2.     Capital and operating cost for different sizes of the equipment.  
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  3.     Processing parameters and desired product characteristics or parameters.  
  4.     Basic theoretical principles and mode of operation (batch or continuous).  
  5.     Process control, operations, and maintenance of the unit operations.  
  6.     Hygienic design, cleaning and sanitation methods.     

  Unit Operations and Complete Process 

 Because of the variety and complexity of modern processes, it is common to break 
down the process into parts. Each process is divided into a series of steps, called opera-
tions, which follow each other sequentially (McCabe  et al .,  2001 ). Further, individual 
operations utilize common techniques based on similar scientifi c principles. Thus a 
food processing system can be divided into a number of unit operations in order to 
develop a product with desired quality and safety attributes. A number of steps are 
involved in the production of a product from raw materials, and all the steps comprise 
the complete process. The unit operations describe the details of each step or opera-
tion in the complete process. 

 In food or agricultural processing operations, the raw materials used as feedstock 
usually comprise whole or parts of living plants or animals. These may be converted 
to yield pure compounds, such as the production of pure sucrose from sugar cane or 
sugar beet. Alternatively, a portion of a plant or animal may be washed and trimmed 
(or the inedible tissue discarded) and preserved using heating or cooling, for example 
seafood, poultry, or various common fruits or vegetables preserved by refrigeration, 
canning, or freezing. The composition of plant and animal feedstocks may be highly 
variable. The fi rst question is: What do we want to process and what do we want 
to achieve? For example, what is the temperature at the center of an apple dipped 
in cold water for 1 hour or how long will it take to reach a temperature of 5    ° C? 
Using this example, we need to determine some of the variables, such as time, tem-
perature, and possible changes (quality, chemical reaction). The process variables 
comprise two types, one due to the material (intrinsic), the other due to the system 
(extrinsic). In the example described, the selected variables can be listed as mass of 
apple, surface area and shape, diameter of apple, presence of skin, porosity of apple, 
viscosity of surrounding fl uid, agitation of water (conduction or convection), tem-
perature and pressure of the surrounding fl uid, time, initial temperature of apple, 
initial temperature of medium, and mass of water. In many cases we need to know 
processing time and conditions,  t     =     f  (variables), mainly in order to decide how long 
to process the product.  

  Process Flow Diagram 

 The purpose of the fl ow diagram is to visualize the complete process more easily. The 
level of pictorial information on a fl ow diagram can be detailed. After developing the 
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fl ow diagram the process should be analyzed in order to understand its dynamics so 
that appropriate design rules or prediction procedures can be developed. It can be 
empirical or based on the fundamentals. For example, Figure  2.1  shows the process 
fl ow diagram for preparing dried fi sh from harvested fi sh. In this fl ow diagram, har-
vesting is one unit operation within the complete process of fi sh drying. Other unit 
operations are cooling, washing/cutting, pretreatments (such as salting), drying, and 
packaging. However, the main unit operation is drying.   

 Different methods can be used to dry fi sh. Drying in the sun is the simplest method, 
but the main disadvantage is contamination and product loss by insects and birds. 
When the climate is not particularly suitable for air drying, or when better quality is 
desired, mechanical air drying can be used. Other types of drying include in - store 
drying, convection air drying, explosion puff - drying, spray drying, fl uidized bed drying, 
spouted bed drying, ball drying, rotary drum drying, drum drying, vacuum drying, 
freeze drying, and modifi ed atmosphere and heat pump drying. Drying operations pose 
a number of questions:

    •      How long should drying continue?  
   •      How much heat should be supplied?  
   •      Which type of dryer should be used?  
   •      What are the operating conditions (e.g. temperature, pressure, air humidity, air 

velocity)?  
   •      What are the capital and processing costs?  
   •      What are the environmental effects of the processing (i.e. pollution)?    

 In developing a product, consideration should be given to the properties of the 
ingredients and the characteristics of the fi nal product that need to be developed or 
generated. In generating the desired characteristics of the fi nal product, the processing 
or operating conditions may need to be varied (Figure  2.2 ).    

  Codes, Standards and Recommended Practices 

 Codes and standards allow food process design to be universal, although different 
countries have different codes and standards. The terms  “ code ”  and  “ standard ”  are 

Figure 2.1 Flow diagram for drying fi sh. 
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used interchangeably, although  “ code ”  is mostly reserved for a code of practice (e.g. 
a recommended design or operating procedure) while  “ standard ”  is preferred for sizes 
(e.g. 1 - inch nominal size steel pipe schedule number) and compositions. Numerous 
rules have been developed to ensure safe and economical design, fabrication, installa-
tion, and testing of equipment, structure and materials. These rules have been codifi ed 
by the national standards organizations of each country in consultation with profes-
sional societies, trade groups, and government agencies. For example, the American 
Society for Testing and Materials (ASTM) provides standards related to materials 
testing including packaging materials, while the International Organization for 
Standardization (ISO) provides various standards for different food products and 
processes.  

  Process Severity, Quality and Safety 

 Safety factors must be judiciously applied and should not be compromised by careless 
design. Process design should be optimal with regard to processing conditions, should 
be economically justifi able, and safety should be established after careful considera-
tion of all the factors. For example, in newly designed pasteurizer, the residual micro-
bial load after pasteurization should be assessed and compared with the standard when 
considering if it is a safe and effi cient process. 

 In many cases the severity of processing is related to safety and quality (Figure  2.3 ). 
For example, the severity of processing results in higher nutritional loss and generally 
poorer product quality (Figure  2.3 a). It is therefore obvious that an optimum combina-
tion of processing time and product quality produces the desired food characteristics, 
with fi rst safety and then other quality attributes secured. In many cases, the correct 
level of processing severity is required to develop the appropriate fl avor and texture. 
Deep - fat frying is one of the most important unit operations in the catering and food 
processing industries. Although many aspects of the frying process are still poorly 
understood, the processing time can be optimized based on the product characteristics 
(Blumenthal and Stier,  1991 ). Figure  2.3 b shows different degrees of food quality as a 
function of frying time while Table  2.1  provides more details of the characteristics.      

Figure 2.2 Diagram showing variability of materials and processing variables. 
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Figure 2.3 (a) Process severity, safety and quality diagram. (b) The food quality curve as a func-
tion of frying time (quality in the identifi ed region is discussed in Table  2.1). (Source: Blumenthal 
and Stier, 1991, courtesy of Elsevier.) 
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Table 2.1 Effects of oil quality on the characteristics of fried potato strips. 

Regiona Oil quality Characteristics of fried potato strips 

A Break-in White, raw interior, no rich potato odor, surface not crisp 

B Fresh Slight darkening of surface, some crust formation, interior not fully cooked 

C Optimum Golden brown, oily surface, fully cooked center (ringing gel), rich potato odor 

D Degraded Oily surface, darkening and spotting of surface, surface hardening, excess oil, 
center not fully cooked 

E Runaway Excessively oily (greasy), dark -hardened surface, walls beginning to collapse, 
center hollow 

a Regions are shown in Figure 2.3b.
Source: Blumenthal and Stier (1991).
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   Introduction 

 The engineering analysis of physical variables that can be observed and/or measured 
(e.g. length, mass, area, volume, pressure, temperature, energy) requires expressions 
that defi ne their magnitudes precisely. In the scientifi c literature,  “ dimension ”  refers 
to a physical property and the magnitude of dimensions is expressed by numbers with 
specifi ed units. Historically, a wide range of units has been used for the same quantity, 
for example length can be measured in inches, feet, yards, centimeters, or meters, 
mass in ounces, pounds, grams, or kilograms. A set of units used to specify the various 
dimensions in a self - consistent manner constitutes the system of measurement. The 
most common measurement systems include the older centimeter – gram – second (cgs), 
meter – kilogram – second (MKS), foot – pound – second (fps) systems, technical (gravita-
tional) and engineering systems, and the international unit system, the Syst è me 
International d ’ Unit é s (SI). Because many physicochemical data are reported in older 
units, it is necessary to be acquainted with the older unit systems as well. 

 The goal of this chapter is to introduce the standard systems of units and to explain 
the use of dimensions and units in engineering calculations. Firstly, the various older 
systems and the SI system are introduced, the various SI and non - SI units are tabulated 
and defi ned, and fi nally the concept of dimensional consistency, precision and accu-
racy, and conversion factors are discussed.  

Handbook of Food Process Design, First Edition. Edited by Jasim Ahmed and Mohammad Shafi ur Rahman.
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  Systems of Measurement 

 Generally, a unit system consists of base (fundamental) units that are defi ned inde-
pendently and derived units that are expressed in terms of the base units of the speci-
fi ed system. Various unit systems differ from each other with respect to base units 
and/or the units for measurements used. The older unit systems and their correspond-
ing base units are shown in Table  3.1 . The most common derived units expressed in 
terms of the base units of the specifi ed system are also shown in Table  3.1 .   

 As seen in Table  3.1 , the unit systems that have length, time and mass as base units 
are known as  absolute unit systems , while those that have length, time, and force as 
base units are known as  technical (or gravitational) unit systems  (Ibarz and Barbosa  -
  C á novas,  2003 ; Ramaswamy and Marcotte,  2006 ). There are also engineering unit 
systems that have length, time, mass, and force as base units. The unit for temperature 
is degrees Celsius ( ° C) for cgs, MKS and metric systems and degrees Fahrenheit ( ° F) 
for British and American systems. Since force and mass are related to each other by 
Newton ’ s second law of motion, the unit for force in absolute systems or that for mass 
in technical systems are derived by making use of that relationship:

    F ma=     (3.1)   

 where  F  is a force acting on a rigid body of mass  m  and  a  is its resulting 
acceleration. 

 If length, mass, and time are base units, as in absolute systems of units, the unit of 
force in terms of base units is obtained as shown below:

    F ma M
L
t

= =
2

    (3.2)   

 The derived units for force in cgs, MKS and fps systems are g · cm · s  − 2 , kg · m · s  − 2  and 
lb · ft · s  − 2  respectively. For the sake of simplicity, these are given the names dyne, 
newton and poundal, respectively. 

 If length, force, and time are base units, as in technical systems of units, the unit 
of mass is derived as shown below:

    m
F
a

F
L t

Ft
L

= = =
2

2

    (3.3)   

 Thus the units for mass in technical MKS and technical engineering systems are 
kgf · s 2  · m  − 1  and lbf · s 2  · ft  − 1  respectively and for simplicity are given the names technical 
mass unit (TMU) and slug, respectively. The TMU is the mass that will accelerate at 
1   m · s  − 2  when 1   kgf acts upon it. Similarly, a slug is the mass that will accelerate 1   ft · s  − 2  
when 1   lbf acts upon it. According to this defi nition, the mass of TMU subjected to 
the normal acceleration due to gravity weighs 9.807   kgf, or the mass of slug subjected 
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to the normal acceleration due to gravity weighs 32.174   lbf, as the normal acceleration 
due to gravity at sea level at 45 °  latitude is 9.807   m · s  − 2  (32.174   ft · s  − 2 ) (Watson and 
Harper,  1988 ). 

 In engineering systems of units, both mass and force are defi ned as base units along 
with length and time and given the names kilogram - mass (kg m ) or pound - mass (lb m ) 
for mass, and kilogram - force (kgf) or pound - force (lbf) for force. In these systems, the 
weight of 1   kg m  is exactly equal to 1   kgf, or the weight of 1   lb m  is exactly equal to 1   lbf 
when subject to the normal acceleration due to gravity at sea level at 45 °  latitude. In 
order to make lbf numerically equal to lb m  and to provide dimensional consistency in 
the equation for force, a proportionality constant  k  is required. This constant is derived 
from the equation for force as follows:

    F kmg=     (3.4)   

 The dimension of  k  is F · t 2  · M  − 1  · L  − 1  as shown below:

    k
F

mg
F

M L t
Ft
ML

= = =
( / )2

2

    (3.5)   

 The proportionality constant  k  is symbolically shown as 1/ g c   where  g c   is customarily 
taken as numerically equal to the average acceleration due to gravity at sea level at 
45 °  latitude, which is 9.807   m · s  − 2  (32.174   ft · s  − 2 ). The unit of  g c   is (kg m  · m)/(kgf · s 2 ) and 
(lb m  · ft)/(lbf · s 2 ) in engineering metric and American systems, respectively. In engineer-
ing systems, the equation for force then takes the form:

    F
g

mg
c

= 1
    (3.6)   

 By making use of the above equation, the mass of an object is made equal to its weight 
on earth. For example, if an object has a mass of 20   lb m , its weight on earth will be 
20   lbf. The dimensional constant ( g c  ) and the acceleration due to gravity are two dif-
ferent quantities with different units and should not be confused.  

  The SI System 

 The International System of Units, or Syst è me International d ’ Unit é s (universally 
abbreviated as SI), was adopted in 1960 by the General Conference on Weights and 
Measures (abbreviated as CGMP, from Conf é rence G é n é rale de Poids et Mesures) for 
the purpose of standardization of units, symbols, and quantities used in science, tech-
nology, industrial production, and international commerce and trade (BIPM,  2006 ). 
The task of ensuring worldwide uniformity in unit measurements is undertaken by 
the International Bureau of Weights and Measures (BIPM, from Bureau International 
des Poids et Mesures), set up by the Meter Convention and which has its headquarters 
at S è vres near Paris. As of December 31, 2005, 51 states were members of this 
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Table 3.2 SI base quantities and corresponding units. 

Base quantity Dimensional symbol SI base unit name SI base unit symbol 

Length L meter m
Mass M kilogram kg
Time t second s
Electric current I ampere A
Temperature T kelvin K
Amount of substance N gram mole mol or gmol 
Luminous intensity J candela cd

Convention (BIPM  2006 ). The SI system is defi ned by the BIPM in the publication 
commonly called the  “ SI brochure. ”  Since 1970, the BIPM has revised the document 
eight times in accordance with the resolutions and recommendations of CGPM and 
the International Committee for Weights and Measures (CIPM, from Comit é  
International des Poids et Mesures). The latest (8th) edition of the  “ SI brochure ”  was 
published in 2006 and is available as hard copy or in electronic form at  www.bipm.org/
en/si/si_brochure/ . 

 The SI system is currently divided into seven base quantities and many derived 
quantities. The radian and steradian, which were the two supplementary units, have 
been included in the class of SI - derived units since 1995 (BIPM,  2006 ). The base quan-
tities used in the SI system and their corresponding base units are shown in Table  3.2 . 
Each of the base units listed in Table  3.2  is defi ned by a standard that gives an exact 
value for the unit. Unit names and symbols that appear in the SI system are 
mandatory.   

 The SI - derived units are formed in accordance with the algebraic relations that 
defi ne the quantities under investigation and expressed as the algebraic combinations 
of the base quantities. For example, the dimensions of area and velocity as derived 
from the defi ning equation are L 2  and Lt  − 1 , respectively, expressed as m 2  and m · s  − 1  in 
SI base units. For the sake of simplicity, certain SI - derived units are given special 
names and symbols. Table  3.3  shows some of the derived quantities and their corre-
sponding units expressed in terms of SI base units, along with their dimensional equa-
tions and special names and symbols if any. Table  3.4  lists the SI units related to 
electricity and ionizing radiation.   

 The SI system also comprises prefi xes that allow formation of decimal multiples 
and sub - multiples of SI units (Table  3.5 ). For example, a centimeter (cm) is 10  − 2    m, a 
millimeter (mm) is 10  − 3    m, and a megawatt (MW) is 10 6    W.    

  Defi nition of Some Derived Physical Quantities 

 Defi nitions of some commonly used derived dimensions and their units (mostly 
shown in SI) are described here. 
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Table 3.3 Examples of SI -derived units. 

Derived quantity SI-derived unit 

Quantity Defi ning 
equation in 
terms of SI 

base
dimensions

Special
name given 
to the unit 

Special
symbol given 

to the unit 

Unit
expressed in 
terms of SI 
base units 

Unit
expressed in 

terms of 
other SI units 

Plane angle radian rad m/m 1
Solid angle steradian sr m2/m2 1
Area L2 – – m2 –
Volume L3 – – m3 –
Density ML−3 – – kg·m−3 –
Specifi c 

volume
L3M−1 – – m3·kg−1 –

Velocity Lt−1 – – m·s−1 –
Acceleration Lt−2 – – m·s−2 –
Concentration NL−3

NM−1
– – mol·m−3

mol·kg−1
–
–

Luminance JL−2 – – cd·m−2 –
Luminous fl ux J.sr lumen lm cd·sr –
Frequency t−1 hertz Hz s−1 –
Weight MLt−2 newton N kg·m·s−2 –
Force MLt−2 newton N kg·m·s−2 –
Pressure ML−1t−2 pascal Pa kg·m−1·s−2 N·m−2

Energy, heat ML2t−2 joule J kg·m2·s−2 N·m
Work ML2t−2 joule J kg·m2·s−2 N·m
Power ML2t−3 watt W kg·m2·s−3 J·s−1

Dynamic
viscosity

L−1Mt−1 – – m−1·kg·s−1 Pa·s

Kinematic
viscosity

L2t−1 – – m2·s−1 –

Shear strain 1 – – 1 –
Angular

velocity
t−1 – – m·m−1·s−1

(s−1)
rad·s−1

Rotational
speed

t−1 s−1

Shear stress ML−1t−2 pascal Pa kg·m−1·s−2 N·m−2

Heat capacity L2Mt−2T−1 – – kg·m2·s−2·K−1 J·K−1

Specifi c heat 
capacity

L2t−2T−1 – – m2·s−2·K−1 J·kg−1·K−1

Thermal
conductivity

LMt−3T−1 – – kg·m·s−3·K−1 W·m−1·K−1

  Density (  ρ  ) 

 Density is the ratio of the actual mass of a particle to its actual volume. Its dimen-
sional formula is ML  − 3  and is expressed as kg · m  − 3  in SI units. For powders and particu-
late solids, the density of individual particles represents the particle density. The 
density of gases depends on temperature and pressure. The ideal gas law states that
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    PV nRT=     (3.7)   

 where  P  is absolute pressure (Pa),  V  is volume occupied by gas (m 3 ),  n  is number of 
moles of gas,  R  is the universal gas constant (Pa · m 3  · mol  − 1  · K  − 1  or J · mol  − 1  · K  − 1 ), and  T  is 
temperature (K). This equation is useful for calculating gas transfer in applications 
such as modifi ed atmosphere storage or packaging, and permeability of packaging 
materials (Fellows,  2000 ).  

Table 3.4 Examples of SI -derived units as related to electricity and ionizing radiation. 

Quantity Special
name given 
to the unit 

Special
symbol given 

to the unit 

Unit
expressed in 
terms of SI 
base units 

Unit
expressed in 

terms of 
other SI units 

Amount of electricity coulomb C s·A –
Electric potential volt V m2·kg·s−3·A−1 W·A−1

Electric fi eld 
strength

– – m·kg·s−3·A−1 V·m−1

Capacitance farad F m−2·kg−1·s4·A2 C·V−1

Electric resistance ohm Ω m2·kg·s−3·A−2 V·A−1

Conductance siemens S A2·s3·kg−1·m−2 A·V−1

Magnetic fi eld 
strength

– – – A·m−1

Magnetic fl ux weber Wb m2·kg·s−2·A−1 V·s
Magnetic fl ux 

density
tesla T kg·s−2·A−1 Wb·m−2

Inductance henry H m2·kg·s−2·A−2 Wb·A−1

Radioactivity becquerel Bq s−1

Absorbed dose gray Gy m−2·s−2 J·kg−1

Absorbed dose rate – – m−2·s−3 Gy·s−1

Dose equivalent sievert Sv m−2·s−2 J·kg−1

Catalytic activity katal kat s−1·mol
Exposure (X -rays

and γ-rays)
– – kg−1·s·A C·kg−1

Table 3.5 The standard prefi xes used to indicate the multiples and sub -multiples of units in the 
SI system. 

Magnitude Name Symbol Magnitude Name Symbol

1018 Exa E 10−1 deci d
1015 peta P 10−2 centi c
1012 tera T 10−3 milli m
109 giga G 10−6 micro μ
106 mega M 10−9 nano n
103 kilo k 10−12 pico p
102 hecto h 10−15 femto f
10 deca da 10−18 atto a
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  Specifi c Gravity 

 The density of liquids can be expressed as specifi c gravity, which is dimensionless. 
Specifi c gravity is defi ned as the ratio of the density of the substance of interest to 
that of a reference substance (usually water at 4    ° C).  

  Specifi c Volume 

 The density of liquids and gases is also referred to as specifi c volume, which is the 
volume occupied by a unit mass of liquid or gas and is the inverse of density. This is 
used for example in the calculation of the amount of vapor that must be handled by 
fans during dehydration, or by vacuum evaporation or by vacuum pumps in freeze 
drying.  

  Bulk Density (  ρ  ) 

 Bulk density is the mass of particles per unit volume of bed, ML  − 3  (kg · m  − 3 ). Depending 
on the size and shape of the particles, not all of the volume is occupied by the parti-
cles, hence the void spaces present are also accounted for in this defi nition.  

  Porosity (  ε  ) 

 Volume not occupied by the solid material (or the fraction of volume that is taken up 
by air) per unit volume of bed is expressed as porosity. Porosity can be calculated by 
Equation 3.8:

    ε = = −V
V

a

b

1
bulk density
solid density

    (3.8)   

 where  V a   is volume of air and  V b   is volume of bulk sample.  

  Force 

 Force is defi ned based on Newton ’ s second law of motion, which states that force is 
proportional to the product of mass and acceleration. The dimensional formula of force 
is MLt  − 2 . The unit of force, kg · m · s  − 2  in SI units, is given the special name newton (N). 
In equation form, force ( F ) is defi ned as:

    F ma=     (3.9)   

 where  m  is mass and  a  is acceleration.  
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  Mass and Weight 

 Mass is a measure of matter. In the SI unit system, mass is a base unit having the 
special name kilogram (kg) and is defi ned by reference to the mass of the standard 
prototype (BIPM,  2006 ). 

 Weight can be defi ned as the force of gravity acting on a body. In equation form, 
force is equal to the product of mass and the normal acceleration due to gravity at sea 
level at 45 °  latitude, i.e. 9.81   m · s  − 2  (32.174   ft · s  − 2 ):

    F mg=     (3.10)   

 The dimensional formula of weight is therefore MLt  − 2  and not M. The acceleration 
produced by gravitational force varies with the distance from the center of the earth. 
Thus mass is constant whereas weight varies with the value of  g . The balances used 
for measuring the weight force are so calibrated to display the mass signal (e.g. kg) 
instead of the force signal (e.g. N). Thus, in everyday use, weight is usually used as a 
synonym for mass.  

  Work and Energy 

 Work and energy are interchangeable quantities. Work ( W ) is done when a force acts 
through a distance. If the force acting on the mass does not cause a displacement, no 
work is being accomplished. A numerical value for work may be obtained by multi-
plying the value of a force by the displacement:

    W dF=     (3.11)   

 where  d  is distance and  F  is force as defi ned above. The dimensional formula for work 
is ML 2 t  − 2  and is given the name joule (J). The unit of work is expressed as kg · m 2  · s  − 2  in 
SI base units or as N · m in SI units with special names.  

  Power 

 Power ( P ) is the rate of doing work or rate of expenditure of energy, which can be 
expressed as:

    P
W
t

dF
t

= =     (3.12)   

 Since  d /time ( t )    =    velocity ( v ):

    P Fv=     (3.13)   
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 In the SI system, power is given the name watt (W) and has the dimensional formula 
ML 2 t  − 3 , expressed as kg · m 2  · s  − 3  or J · s  − 1 . Thus 1   W is the power expended when 1   J of 
work is performed in 1   s.  

  Temperature (  T  ) 

 Maxwell ’ s defi nition of temperature states that  “ The temperature of a body is a 
measure of its thermal state considered in reference to its power to transfer heat to 
other bodies ”  (Himmelblau,  1996 ). Temperature is the degree of hotness or coldness 
of an object.  

  Pressure 

 Pressure ( P ) is defi ned as force ( F ) per unit area ( A ):

    P F A= /     (3.14)   

 The SI unit for pressure is called the pascal (Pa) and is expressed as N · m  − 2 . This is a 
very small unit, and the practical units are kilopascal or bar. 

 Other commonly used units for pressure are atmospheres (atm), bar, torr, and mil-
limeters of mercury (mmHg); 1   bar is equal to approximately 1   atm.

    •      Atmosphere (atm): pressure produced by a column of mercury 760   mm high. Normal 
atmospheric pressure is defi ned as 1   atm, which is equal to 101.325   kPa.  

   •      Torr (torr): named after Torricelli, the pressure produced by a column of mercury 
1   mm high, so equals 1/760th of an atmosphere.  

   •      Bar (bar): 1   bar equals 100   000 Pa, and can be approximated to 1   atm. The bar is 
widely used in industry.  

   •      Pound per square inch (psi): normal atmospheric pressure is 14.7   psi. Pounds per 
square inch is abbreviated  “ psia ”  for absolute pressure or  “ psig ”  for gauge 
pressure.    

 Most pressure - measuring devices sense the difference in pressure between the sample 
and the surrounding atmosphere at the time of measurement. Measurements using 
these instruments give relative pressure, also known as  “ gauge pressure. ”  Absolute 
pressure is then the pressure relative to an absolute vacuum and can be calculated 
from gauge pressure as follows:

    P P Pabs atm g= +     (3.15)  

    P P P Pg abs atm atmfor pressures= − >( )     (3.16)  

    P P P Pvac atm abs atmfor pressure= − <( )     (3.17)    
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  Concentration 

 A measure of the amount of substance contained in a unit volume, and can be given 
as percentage, mass per unit volume, mass per unit mass, mole fraction, molarity, 
normality and molality, or Brix degrees.  

  Brix Degree ( ° Brix) 

 A specifi c unit that defi nes the percentage by weight of sugar in a solution as deter-
mined directly with a Brix saccharometer via specifi c gravity measurement or by a 
refractometer at the specifi ed temperature used for the calibration of the instrument. 
If a refractometer is used for the determination, the measured quantity is the percent-
age weight of total soluble solids. However, Brix degrees as determined by refractom-
eter can be interpreted as sucrose content if the majority of soluble solids are sucrose.  

  Acceleration 

 The rate of change of velocity of a body, expressed in SI units as m · s  − 2 .  

  Centrifugal Force 

 An object moving around in a circle at a constant tip speed is constantly changing its 
velocity because of changing direction. The object is subjected to acceleration of  r  ω  2  
or  vt  2 / r . Thus the centrifugal force (CF) takes the form:

    CF = =mr mvω2 2 2/     (3.18)   

 where  m  is mass,  r  is radius, and  ω  is angular velocity (2 π  N  radians per second). The 
effi ciency of a separator can be defi ned as the number of gravitational forces, rather 
than the CF. The number of gravitational forces is equal to CF divided by gravitational 
force and given the name  “ g force ”  (Geankoplis,  2003 ). In equation form g force is 
defi ned as follows:

    g force = =mr mg r gω ω2 2/ /     (3.19)    

  Viscosity 

 Viscosity of a fl uid is defi ned as the internal resistance to fl ow. There are two physical 
quantities for viscosity: dynamic viscosity ( η , units Pa · s) and kinematic viscosity ( ν , 
units m 2  · s  − 1 ). The cgs units commonly used to express the values of these quantities 
are the poise (P) and the stoke (St), respectively.  



Units and Dimensions 35

  Stress 

 Stress ( σ ) is force per unit area and is commonly expressed in pascals (N · m  − 2 ). Stress 
is categorized according to the direction of the applied force. If the force is applied 
perpendicular to a surface, this is called normal stress. If the force is parallel to the 
surface, this is called shear stress.  

  Strain 

 Strain ( γ ) is the magnitude of deformation or displacement experienced by a material 
on application of stress. Strain is usually dimensionless as it is relative to the original 
size of the material (e.g.  Δ L/L). There are normal and shear strains depending on the 
direction of the applied stress.   

  Dimensional Consistency 

 Dimensional consistency is essential when writing up balance equations involving 
additions and subtractions. Dimensional consistency means that each term on both 
sides of an equation must represent the same kind of quantity and thus must have 
the same net dimensions. If the units of quantities are not the same, then numerical 
quantities cannot be added, subtracted or equated. However, dissimilar quantities can 
be divided or multiplied by merging or cancelling units only if they are identical. 
Verifying dimensional consistency, often called  “ checking the units, ”  is necessary to 
reveal errors in calculations. For the purposes of checking consistency, dimensions or 
units are considered as algebraic quantities, so that all the mathematical operations 
done on the numerals must also be done on their corresponding units.  

  Precision and Accuracy 

 Precision is the degree of deviation of the results from the mean. For measured quanti-
ties, or values calculated from measured quantities, the precision is expressed by 
signifi cant fi gures (Ramaswamy and Marcotte,  2006 ). Signifi cant fi gures include all 
nonzero digits and nonterminal zeros in a number. In whole numbers, terminal zeroes 
are not counted as signifi cant fi gures unless specifi ed. In decimals, terminal zeroes 
are signifi cant but zeroes preceding nonzero digits in decimal fractions are not 
signifi cant. 

 Conversion from one system of units to another should be done without gain or 
loss of precision so that after mathematical operations the number of signifi cant digits 
in the answer should not exceed that of the least precise among the original values. 
For further reading on this subject the reader is referred to Himmelblau  (1996)  and 
Felder and Rousseau  (2000) . 
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 Accuracy refers to how a measured quantity relates to a known standard and hence 
is related to the proper calibration of the instrument used for measurement. To test 
for accuracy, the mean of a number of measurements is compared against a known 
standard (Toledo,  2007 ).  

  Unit Conversions 

 The conversion of units from one system to another may be required so as to combine 
the measurements made with different instruments or to express a result in consistent 
form. For this purpose, units are handled as algebraic quantities and the starting units 
are multiplied by the properly chosen factors, called  “ conversion factors. ”  Table  3.6  
shows SI equivalent values for some of the older units or for those used within the SI 
system, such as hour, minute, and bar.    

  Guidelines for Using SI Units 

 The most important rules when using SI units are as follows (BIPM,  2006 ):

    •      Unit symbols are printed in lower - case Roman (upright) type regardless of the type-
face used in the main text. However, the symbol or the fi rst letter of the symbol is 
an upper - case letter when the name of the unit is derived from the name of a person.  

   •      Unit symbols are unaltered in the plural.  
   •      Unit symbols are not followed by a period unless at the end of a sentence.  
   •      Symbols for units formed from other units by multiplication are indicated by means 

of either a centered dot or a space, for example N · m or N   m but not Nm.  
   •      Prefi x names and symbols are printed in roman (upright) type regardless of the 

typeface used in the main text, and are attached to unit symbols or unit names 
without a space, for example mm for millimeter, kPa for kilopascal, but not m m 
or k Pa. Note that this rule is compulsory to eliminate any confusion in the use of 
prefi xes. For example, m · s  − 1  is the symbol for meter per second whereas ms  − 1  is the 
symbol for the reciprocal millisecond.  

   •      Symbols for units formed from other units by division are indicated by means of a 
solidus (oblique stroke, /), a horizontal line, or negative exponents. Negative expo-
nents are recommended in complicated cases.  

   •      In the expression for the value of a quantity, a space is left between the numerical 
value and the unit symbol, which is placed after the numerical value. For example, 
 t     =    30.2    °    C but not  t     =    30.2    °    C or  t     =    30.2    °    C;  v     =    5   m/s but not  v     =    5   m/s. The only 
exception to this rule are the unit symbols for degree, minute, and second for plane 
angle ( ° ,  ′ , and  ″ , respectively), in which case no space is left between the numerical 
value and the unit symbol.  
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Table 3.6 Conversion factors. 

Name Symbol Equivalent values 

Units of time
minute min 1min = 60s
hour h 1h = 60min = 3600s
day d 1d = 24h

Units of plane angle
degree ° 1° = (π/180) rad 
minute ′ 1′ = (1/60)° = (π/10800) rad 
second ″ 1″ = (1/60)′

Units of pressure
bar bar 1bar = 105 Pa = 100kPa = 106 dyn·cm−2 = 14.5psi
millimeter of mercury mmHg 1mmHg = 133.32Pa = 1torr
standard atmosphere atm 1atm = 1.013bar = 1.013 × 105 Pa = 760mmHg = 760torr = 14.7psi
torr torr 1 torr = 1mmHg = 1.33mbar = 133.32Pa
pound per square inch psi 1psi = 0.068atm = 51.71mmHg = 6894.76Pa

Units of length
Ångstrom Å 1Å = 0.1nm = 10−4 μm = 10−7 mm = 10−8 cm = 10−10 m
foot ft 1 ft = 30.48cm = 0.3048m = 12 in
inch in 1 in = 2.54cm = 0.0254m
micron μ 1μ = 1μm = 10−6 m

Units of area
hectare ha 1ha = 1hm2 = 104 m2

Units of volume
liter L, l 1L = 1dm3 = 10−3 m3

Units of mass
tonne (metric ton) T 1T = 103 kg
pound lb 1 lb = 0.454kg = 16oz
ounce oz 1oz = 28.4g = 0.0284kg

Units of force
dyne dyn 1dyn = 10−5 N
kilogram-force kgf 1kgf = 9.80665N

Units of work or energy
erg erg 1erg = 1dyn·cm = 10−7 J
calorie cal 1cal = 4.185J = 10−3 kcal
kilocalorie kcal, Cal 1 kcal (Cal) = 103 cal
British Thermal Unit Btu 1Btu = 252cal = 1055.6J = 0.293W·h
Watt·hour W·h 1W·h = 3600J

Units of power
kilowatt kW 1kW = 1000J·s−1 = 1.341hp = 58.87Btu·min−1

horse power hp 1hp = 754.7J·s−1 = 550 lbf·ft·s−1

Units of ionizing radiation
curie Ci 1Ci = 3.7 × 1010 Bq
roentgen R 1R = 2.58 × 10−4 C·kg−1 (air) 
rad rad 1rad = 1cGy = 10−2 Gy
rem rem 1rem = 1cSv = 10−2 Sv

Units of viscosity
poise P 1P = 0.1Pa·s
stoke St 1St = 10−4 m2·s−1
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   •      The values of physical quantities should be presented in a way that is as independ-
ent of language as possible, in order to allow the quantitative information presented 
to be understood by other people with limited knowledge of English. Thus, values 
of quantities should be expressed in acceptable units using Arabic numerals,  not  
the spelled - out names of Arabic numerals, and the symbols for the units,  not  the 
spelled - out names of the units. For example,  “ the length of the pipe is 5   m ”   not   “ the 
length of the pipe is fi ve meters. ”      
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   Introduction 

 Material and energy balance calculations are employed to obtain a complete 
quantitative description of the operations or the entire process. Material and energy 
balances produce quantitative values for the fl ows of raw materials, products, byprod-
ucts, wastes, effl uents and energy in or out of the system for further use in detailed 
design or specifi cations of process equipment. Material and energy balances are essen-
tial not only for the design of food processes and processing plants, but are also useful 
tools in calculating recipe formulations, composition after blending, process yields 
and separation effi ciencies, in trouble - shooting and in economic analysis of food 
processing plants (Farkas and Farkas,  1997 ). 

 Calculations used in food engineering are based on the well - defi ned methods and 
rules of chemical engineering (Maroulis and Saravacos,  2007 ). However, the complex-
ity of food raw materials and the physical, chemical, biochemical, and microbiological 
reactions involved during handling and processing operations, along with quality and 
safety considerations, cause diffi culties in the application of these methods and rules 
to food processes. Quality and safety are the main parameters maximized during food 
processing and must not be compromised by concerns with cost or process effi ciency. 
Chemical composition may vary depending on the season, origin, variety, and growing 
conditions, even within the same food type, and may change during processing and 

Handbook of Food Process Design, First Edition. Edited by Jasim Ahmed and Mohammad Shafi ur Rahman.
© 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.



40 Handbook of Food Process Design: Volume I

storage. Because of these compositional variations, information on the physical, chem-
ical, and thermal properties of raw, intermediate and fi nal products found in various 
bibliographic sources or obtained using empirical relationships may not refl ect the 
actual values and may result in inaccuracies in material and energy balances and thus 
experimental determination is usually needed. However, in most food processes, 
changes take place without reaction, simplifying the calculations for material and 
energy balances. This chapter is intended to present the fundamentals of material and 
energy balances as applied to basic food processing operations.  

  Fundamentals of Material Balances 

  Process 

 In general terms, an engineering system that transforms raw materials into desired 
products is described as a process. A process comprises a series of unit operations 
having specifi ed functions for the completion of the intended transformation. Unit 
operation is a stage in a process that serves to perform a specifi ed job, such as clean-
ing, mixing, separation, heating, cooling, and extraction. Unit operations in a given 
process are interrelated in a logical way so that each successive unit operation serves 
a specifi c function and complements the other operations. Study of unit operations is 
based on the same scientifi c principles irrespective of the materials treated; however, 
depending on the properties of the material, the conditions of operation and the effi -
ciency may change. Numerous books describe the scientifi c principles involved and 
the equipment used for various unit operations (Ibarz and Barbosa - C á novas,  2003 ; 
Karel and Lund,  2003 ; Ramaswamy and Marcotte,  2006 ; Toledo,  2007 ; Yanniotis, 
 2008 ; Berk,  2009 ).  

  Process Flow Sheets 

 Processes are described schematically by diagrams named  fl ow sheets  or  fl ow charts . 
The preliminary phase in compiling material and energy balances is to develop the 
fl ow sheet of the whole process. Items to be represented in fl ow charts include differ-
ent process steps as well as the input and output streams to and from these steps. The 
simplest fl ow chart in food processing is the process block diagram (PBD). PBD uses 
 “ blocks ”  or  “ rectangles ”  to show the different stages of the process and is used mainly 
for material and energy balance calculations. The stage represented is written within 
the rectangle and the material and/or energy fl ow to and from the stage is indicated 
by arrows. As an illustration, fresh masa and dried masa fl our production processes 
are schematized in Figure  4.1 . Corn masa is a product used to produce several tradi-
tional foods like tortillas, tostadas, tamales, and tortilla chips consumed in Mexico 
and Central America (Rosentrater,  2006 ). The main steps for the production of fresh 
masa are nixtamalization, which involves cooking and steeping of corn dents in lime 
(calcium hydroxide) solution, draining and washing off excess alkali and loose peri-
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carps, and grinding to produce fresh masa dough. Nixtamal and nejayote are the names 
given to the cooked grain and the steeped water, respectively. Wash water is added to 
the nejayote stream. Fresh masa is dried, ground, and sifted to obtain dried masa fl our 
(Sahai  et al .,  1999 ; Rosentrater,  2006 ).   

 The process fl ow diagram, process control diagram, piping and instrumentation 
diagram, and three - dimensional fl ow sheets are more detailed, provide better visuali-
zation of the process, and are used mainly for process/plant design (Ludwig,  1995 ; 
Saravacos and Kostaropoulos,  2002 ; Ibarz and Barbosa - C á novas,  2003 ).  

  Analysis of a Process: System Approach 

 For ease of analysis of the process in terms of the exchange of mass, heat and work 
with its surroundings, the  “ system approach ”  is adopted whereby the system is 
defi ned as the entire process or any section of the process under consideration. 
Anything outside the system is referred to as  “ environment ”  or  “ surroundings ” . The 
system can be the complete process, a section of the process, an operation, or a piece 

Figure 4.1 Flow sheet for the production of fresh masa and dried masa fl our. 

Water Lime

Corn dents

Water

FRESH MASA

DRIED MASA FLOUR

Cooking/Steeping

Draining

(Corn-to-water ratio, 1:6; Lime: 1.0%)

NIXTAMAL
(35–70% water)

Washing

Grinding

Heated air
Drying

Grinding/Sifting

Moist air

Wash water (excess alkali, pericarp, soluble corn solids)

Waste

NEJAYOTE (steepwater)
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of equipment. In order to quantify the inputs and outputs of material and energy for 
the system, the boundary that separates the system from the rest of the process needs 
to be defi ned. The system boundary is customarily shown by dashed lines on the fl ow 
chart of the process. Only streams that cross the boundary line take part in the mate-
rial balance, whereas those that do not cross the boundary are not considered in the 
material balance. If recycled, divided or mixed streams remain entirely within the 
system boundary, they are not considered in the material balance. For example in 
Figure  4.1 , the nejayote stream is counted if the material balance is written for the 
draining unit but is not counted if the system also includes the grinding and washing 
units (shown by the outer dashed line).  

  Process Classifi cation 

 Processes are classifi ed as batch, continuous, or semi - continuous by taking their mode 
of operation into consideration.

    •       Batch process : The material (feed) is charged into the vessel, remains in the vessel 
until the end of processing time, and then discharged. Example: oven drying, 
autoclaving.  

   •       Continuous process : There is a continuous fl ow of input (feed) and output (inter-
mediate or end product) streams throughout the process. Example: belt drying, 
aseptic processing of milk, fruit juices.  

   •       Semi - continuous (or semi - batch) process : This is neither batch nor continuous. The 
material feeding or discharging can be done during the processing time but not 
simultaneously as in the continuous process. For example, fi ltration through a fi lter 
press is semi - batch operation where the feeding is continuous but only the fi ltrate 
is collected continuously; the fi lter cake remains in the fi lter until the operation is 
stopped. On the other hand, during fi ltration through rotary fi lters both feed mate-
rial and output streams (fi lter cake and fi ltrate) are discharged continuously.    

 Depending on the mass and energy exchange between the system and its surroundings, 
systems are categorized as (i) open systems, exchanging energy (heat and work) and 
matter with their environment; (ii) closed systems, exchanging energy (heat and work) 
but not matter with their environment; (iii) isolated systems, where there is no 
exchange of heat, work or matter with the environment; (iv) isothermal systems (con-
stant temperature operation, often with exchange of heat with the environment); and 
(v) adiabatic systems (no exchange of heat with the environment) (Singh and Heldman, 
 2001 ).  

  The State of a System 

 The condition of a system is called its  state  (Farkas and Farkas,  1997 ). The state of a 
system is related to observable characteristics like temperature, pressure, composi-
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tion, etc. and whenever these properties are fi xed, the system is said to be at equilib-
rium state. For example, a material with a uniform internal temperature or a uniform 
internal pressure is said to be in a state of thermal equilibrium or mechanical equi-
librium, respectively (Singh and Heldman,  2001 ).  

  Processing Under Steady and Unsteady States 

 Generally, the changes that occur in a system or product during a unit operation can 
be carried out by means of the mass, energy, and momentum transfer phenomena 
under non equilibrium conditions (L ó pez - G ó mez and Barbosa - C á novas,  2005 ). An 
equilibrium state is not desirable in processing operations because at equilibrium no 
net change can be observed in the system. 

 Processing operations can be performed under steady or unsteady state. A system 
is said to be in steady state when all the physical variables remain constant and invari-
able with time, at any point of the system; however, they may be different from one 
point to another. On the other hand, when the characteristic variables of the operation 
vary through the system at any given moment and the variables corresponding to each 
system ’ s point vary with time, the system is in unsteady state. Based on the defi ni-
tions of steady and unsteady state, continuous processes are usually run as close to 
steady state as possible except for start - up and close - down periods. Batch and semi -
 batch processes cannot be operated under steady - state conditions.  

  Material Balance Equations 

 The purpose of material balance equations is to quantify all the inputs and outputs 
of the entire process and of each individual unit so as to give a general picture of the 
process in terms of feed, products, wastes, byproducts, and effl uents. This is based on 
the law of the conservation of mass, which states that matter is neither created nor 
destroyed. A general material balance equation for nonreactive species on total mass 
is shown below.

    
Input through system boundaries Output through system boun− ddaries

Accumulation within the system=
    (4.1)   

 Accumulation within the system corresponds to change (decrease or increase) in mass 
or moles with respect to time. 

 When material balance equations are written for processes involving chemical reac-
tions, generation and consumption terms must be included in the component mass 
balance. For example, inversion of sucrose during sugar boiling leads to depletion of 
sucrose and accumulation of glucose and fructose in the product. Fermentation proc-
esses involve consumption of substrates to produce a variety of products such as 
alcohol, citric acid, vitamins, and yeasts. The mass balance for each component takes 
the form shown below.
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Input through system boundaries Output through system boun− ddaries

Generation within the system Consumption within th

+
− ee system

Accumulation within the system=
    (4.2)   

 For a continuous process operating at steady state, system properties must not change 
with time and hence there is no accumulation in the system. Letting the accumula-
tion term equal zero in Equation  4.2  and rearranging, the general mass balance equa-
tion for steady state becomes:

      
Input through system boundaries Generation within the syst+ eem

Output through system boundaries Consumption within th= + ee system
    (4.3)   

 If mass balance equations are determined for nonreactive substances, the material 
balance reduces to  “ what comes in must go out ”  and is expressed in the form:

     Input through system boundaries Output through system boun= ddaries     (4.4)   

 In batch processing operations at unsteady state, the accumulation (inlet minus outlet) 
in the process or the equipment is an important term in the material balance equa-
tions. Accumulation is expressed as a differential term of the rate of change of a vari-
able with time. The material balance equation is then integrated to obtain an equation 
for the value of the dependent variable as a function of time. For a thorough analysis 
of unsteady - state operations, the reader is referred to Doran  (1995) , Himmelblau 
 (1996) , and Toledo  (2007) . 

 The material balance equation may be written as total mass balance or component 
balance. The most commonly used compositional data are percentage total solids 
(%TS) and moisture content. In some applications, other special components may be 
used in material balances, such as per cent sugar, per cent fat, per cent protein, or per 
cent salt. The component that does not change during a process is called  “ tie mate-
rial. ”  It is advisable to include tie material balance in one of the component balance 
equations to arrive at the solution more readily (Toledo,  2007 ). In addition to these, 
the physical properties of process materials (e.g. solubility, density, vapor pressure) 
need to be determined and used to derive additional relations among the system vari-
ables. Physical properties can be found in the literature, can be estimated from 
empirical correlations when no data are available, or can be measured. The physical 
and chemical principles involved in the equilibrium relationships or in rate of reac-
tions do not have to be explicitly stated in the problem but such quantitative knowl-
edge is a prerequisite to the analysis and design of food processes (Singh and Heldman, 
 2001 ). 

 In order to carry out material balance calculations, a basis needs to be defi ned. In 
batch processes, the basis for material balance calculations is the amount of incoming 
or outgoing streams over a period of time (integral balance), whereas for continuous 
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processes incoming or outgoing streams are specifi ed using fl ow rates (differential 
balance). Another useful basis is to select a quantity (e.g. 100   kg) of material (or con-
stituent) or a period of time (e.g. 1   h or 1 day). The main steps in material and energy 
balances can be summarized as follows:

   1.     A simple block diagram of the process is drawn, with inlet and exit streams properly 
identifi ed.  

  2.     All available data, along with the required variables, are added to the block diagram.  
  3.     A suitable basis is selected for calculations.  
  4.     If some assumptions and/or extra data are required before proceeding with the 

calculations, they are clearly stated.  
  5.     System boundary is drawn.  
  6.     Mathematical relations between system variables are set up based on conservation 

of mass, energy and momentum. For a unique solution, number of independent 
equations    =    number of unknown variables.  

  7.     The equations are solved to determine unknowns.  
  8.     The results are verifi ed to see whether they are logical or the assumptions are valid.      

  Examples of Material Balance Calculations 
with and without Reaction 

  Example 1: Material Balance for the Process of Lactose Production 

   Problem 

 Cows ’  milk whey that contains 5% lactose, 0.8% protein, and 0.5% ash is the main 
source for edible lactose production. For this purpose whey is concentrated to 60% 
solids in a vacuum evaporator. Lactose is crystallized out in a continuously stirred 
tank at 20    ° C and separated from the liquid fraction (mother liquor) by centrifuging. 
Wet edible - grade lactose crystals obtained from the centrifuge are in the form of 
monohydrate and contain mother liquid (8% by mass). The crystals are washed and 
dried to 0.3% free moisture. Edible - grade lactose crystals obtained from the dryer are 
98.6% pure. Calculate (1) the amount of  α  - lactose monohydrate and mother liquor 
produced for a batch of 2000   kg whey, (2) water evaporated in the evaporator and the 
dryer respectively, and (3) the effi ciency of washing crystals.  

  Solution 

    1.     Draw the fl ow sheet. The fl ow sheet for this batch process is shown in Figure  4.2 .    
  2.     Show all available data along with the required variables on the block diagram. The 

streams in Figure  4.2  represent masses added to and removed from the system, 
which is enclosed by an outer boundary.  

  3.     Select and state a basis: The basis is 2000   kg whey entering the evaporator.  
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  4.     State assumptions: 
   (a)     System does not leak.  
  (b)     Only lactose crystallizes out from whey.  
  (c)     No water loss during cooling.  
  (d)     The mother liquid held in wet edible lactose crystals has the same composition 

of that leaving the centrifuge.  
  (e)     After washing operation, the liquid held by lactose crystals is 8% of its mass.  
  (f)     Wash water leaving the system and water held by the crystals after washing 

contains lactose and impurities in the same ratios as in mother liquor.  
  (g)     The amount of liquids held by the crystals before and after washing and their 

densities are assumed unchanged, so equal masses of wash water enter and leave 
the system.    

Figure 4.2 Flow sheet for lactose production .

Water (We)

Evaporation
Whey (F)

Water (Ww)

5% lactose

0.8% protein

0.5% ash

93.7% water

60% solids (C)

(C)

Cooling/crystallization

Centrifugation
Mother liquor (M)

18% lactose

x % impurities

Wet edible lactose (L)

8% (w/w) mother liquor

Wet edible lactose (L)

8% (w/w) water + lactose + impurities

Washing Water + lactose + impurities

(Ww + d)

Water (Wd)

Drying

α-lactose monohydrate (P)

98.6% pure

0.3% free moisture

1.1% impurities
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  5.     State required data: Since mother liquor is saturated with regard to lactose at the 
temperature of crystallization, the solubility of lactose at this temperature is 
required. Solubility of lactose at 20    ° C is 18   kg per 100   kg solution. The molecular 
weight of lactose (C 12 H 22 O 11 ) is 342   kg/kg · mol and that of the monohydrate 
(C 12 H 22 O 11  · H 2 O) is 360   kg/kg · mol. So 95% of the monohydrate is pure lactose.  

  6.     System boundary: System boundaries are indicated in Figure  4.2 . The outer bound-
ary indicates the system under investigation. Three subsystems are identifi ed for 
the purpose of material balance calculations: evaporator, centrifuge, and washing 
and drying units together, respectively.     

  Mass balance equations and calculations 

  System: Evaporator  
 Solids balance:

    2000 0 05 0 008 0 005 0 60( . . . ) ( . )+ + = C  

    C = 210 kg concentrated whey   

 Since all the soluble solids are in the concentrated whey stream, it contains

    2000 0 05 100( . ) =  kg lactose and  

    2000 0 008 0 005 26( . . )+ = +kg impurities (protein ash)   

 Let  W e   be the mass of water evaporated in the evaporator. Water evaporated in the 
evaporator:

    2000 = +C We  

    We = − =2000 210 1790 kg   

  System: Centrifuge  
 Since no water loss is assumed during cooling, the mass of concentrate to the centri-
fuge is equal to the mass of concentrate obtained from the evaporator. 

 Total mass balance around the centrifuge:

    210 = +M L   

 Lactose balance around the centrifuge:

    100 0 18 0 92 0 95 0 08 0 18= + +M L L( . ) ( . )( . ) ( . )( . )   
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 Solving these two equations:

    M = 122 2. kg mother liquor  

    L = 87 8. kg wet edible lactose   

 Let  x  be the mass fraction of impurities in the mother liquor. 

 Impurities balance around centrifuge:

    26 122 2 87 8 0 08= +. . ( . )x x  

    x = 0 20.   

 Lactose/solids and impurities/solids ratios in mother liquor are:

    Lactose/solids =
+

=
0 18

0 18 0 20
0 47

.
. .

.  

    Impurities/solids =
+

=
0 20

0 18 0 20
0 53

.
. .

.   

  System: Washing and drying units  
 Let  d  be the total mass of solids washed away from crystals. Since lactose and impuri-
ties in the wash water and water held by the crystals after washing are assumed to 
appear in the same ratios as they are in mother liquor,  d  consists of 47% lactose and 
53% impurities. 

 Lactose balance:

    87 8 0 92 0 95 87 8 0 08 0 18 0 986 0 95 0 47. ( . )( . ) . ( . )( . ) ( . )( . ) .+ = +P d   

 Impurities balance:

    87 8 0 08 0 20 0 011 0 53. ( . )( . ) ( . ) .= +P d  

    P = 82 8. kg -lactose monohydrateα   

    d = 0 94. kg solids washed away from the crystals   

 Impurities in  d :

    ( . )( . ) .0 94 0 53 0 50≅ kg   
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 Impurities into the system:

    ( . )( . )( . ) .87 8 0 08 0 20 1 41= kg   

 Since all the impurities are not washed away from the crystals, dry edible lactose 
contains:

    1 41 0 50 0 91. . .− = kg impurities   

 Total mass balance:

    L W W W P dw w d+ = + + +   

 where  W w   and  W d   are the masses of wash water and water evaporated in the dryer. 
Since equal masses of wash water in and out of the system are assumed, the above 
equation takes the form:

    87 8 82 8 0 94. . .= + +Wd  

    Wd = 4 1. kg water evaporated in the dryer    

  Answers to questions 

    1.      P     =    82.8   kg  α  - lactose monohydrate 
  M     =    122.2   kg mother liquor are produced  

  2.      W e      =    1790   kg water evaporated in the evaporator 
  W d      =    4.1   kg water evaporated in the dryer  

  3.     Washing effi ciency is the percentage of impurities washed away from the 
crystals.     

    Washing efficiency = ≅
0 50
1 41

100 36
.
.

( ) %   

  Verifi cation 

 Total material balance in the lactose production system should be confi rmed.

    2000 + = + + + + +W W M W d W Pw e w d  

    2000 1790 122 2 0 94 4 1 82 8 2000 04= + + + + =. . . . .      

  Example 2: Material Balance for the Process of Fruit Preserve Manufacture 

 The main stages for the production of fruit preserves involve mixing the various 
ingredients like pectin, acid, buffering agents, preservatives, and antifoaming agents, 
in the required ratio, concentrating the mixture by boiling, and fi lling. Sugar, pectin, 
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and acid are the necessary ingredients that provide the required gelling texture of the 
product. If boiling is done under vacuum, a pasteurization stage before fi lling is neces-
sary to ensure the microbial safety of the product. The standard of identity for jams 
and preserves specify that minimally 45 parts prepared fruit is mixed with 55 parts of 
sugar and the mixture is concentrated to 65% or higher solids (Baker  et al .,  2005 ). 
Since the mixture of sucrose and invert sugar in correct proportion has higher total 
solubility than pure sucrose or pure invert sugar, specifi ed amounts of invert sugar is 
required in preserves for controlling the crystallization problem in the fi nal product. 
For this purpose, either some commercial invert sugar syrup or glucose syrup is 
included in the formulation or a proportion of sucrose used in the formulation is 
inverted (Hull,  2010 ). 

   Problem 

 A fruit preserve using 45   kg fresh fruit is to be prepared. The amount of pectin used 
is 210   g (150 grade) and the amount of citric acid is 300   g. Pectin is added as 3% solu-
tion, which is prepared by mixing 3 parts of pectin with 14 parts of sugar and 83 parts 
of water. Citric acid is available as 50% solution by mass. For the present case, assume 
the fi nal product should contain 20% invert sugar, which is provided during boiling 
by the inversion of sucrose used in the formulation. If the fruit contains 12% soluble 
solids, calculate the mass of sugar to be used and the amount of water to be evaporated 
to produce 100   kg preserve. Is this formulation consistent with the standard which 
specifi es a fruit/sugar ratio of 45/55?  

  Solution 

    1.     Draw the fl ow sheet: The fl ow sheet for this batch process is shown in Figure  4.3 .    
  2.     Show all available data along with the required variables on the block diagram. The 

streams in Figure  4.3  represent masses added to and removed from the system, 
which is enclosed by an outer boundary.  

  3.     Select and state a basis: 100   kg fruit preserve.  
  4.     State any assumptions and/or required data.  

  (a)     Assumptions: System does not leak.  
  (b)     Data needed: Sucrose inversion reaction.  

    C H O   H O C H O C H O12 22 11 2 6 6+ → +12 12  

    342 kg sucrose 18 kg water 180 kg glucose 180 kg fructose+ → +  

  As a result of inversion reaction, 342   kg of sucrose will yield 360   kg invert sugar 
(glucose    +    fructose).    

  5.     System boundary: indicated in Figure  4.3 . The outer boundary indicates the system 
under investigation.     
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  Mass balance equations and calculations 

 Total mass balance:

    F X Y Z W+ + + = +100  

    ( )( . )Y 0 03 210= g  

    Y = =7000 7g kg  

    ( )( . )Z .0 50 300 0 3= =g kg  

    Z = =600 0 6g kg.   

 Total mass balance is then:

    45 7 0 6 100+ + + = +X W.   

 Since the end product should contain 20% invert sugar, the amount of sucrose to be 
hydrolyzed to produce 20   kg of invert sugar needs to be calculated:

Figure 4.3 Flow sheet for the manufacture of fruit preserve .

Fruit

12% SS

(F = 45 kg)

Sugar

(X)

Pectin

solution (Y)

3% (w/w)

14% sugar

Acid solution (Z)

50% (w/w)

Mixing

Evaporation

Pasteurization

100 kg fruit preserve

68% SS

20% invert sugar

Water (W)
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    x = ⎛
⎝⎜

⎞
⎠⎟

=( )20
342
360

19 kg   

 So 19   kg of sucrose is consumed to produce 20   kg of invert sugar. Taking the inversion 
reaction into consideration, sucrose balance can be written as:

    sucrose sucrose sucrosein out consumed− − = 0  

    X + − − =( )( . )7 0 14 19 0sucroseout   

 To fi nd sucrose out , one can write a total soluble solids balance for the product:

    
Total soluble solids in the product sucrose  + invert suout= ggar

soluble solids in fruit pectin added acid added

+
+ +

 

    68 20 45 0 12 0 21 0 3= + + + +sucroseout ( )( . ) . .  

    sucrose kgout = 42 09.   

 Then sucrose fed to the process can be found from the sucrose balance above as 
 X     =    60.11   kg. From total mass balance:

    W = + + + − =45 7 0 6 60 1 100 12 7. . . kg water to be evaporated     

  Answers to questions 

    1.     Sucrose required  ≈  60   kg  
  2.     Total sucrose in the formulation    =    sucrose added    +    sucrose in pectin solution  

  Total sucrose in the formulation    =    60    +    (7) (0.14)    ≈    61   kg  
  3.     Water to be evaporated  ≈    13   kg     

  Verifi cation 

 Fruit to sugar ratio in this example is ( F / X )    =    (45/61) and this does not conform to the 
minimum requirement of 45/55. In order to make the formulation consistent with 
the standard, one may increase the fruit content used in the formulation. Keeping 
sucrose content constant, the amount of fruit to be used should be:

    
F

F
61

45
55
61 45 55 49 9

=

= = ≈( / ) . kg 50 kg
  

 Hence in this case, 50   kg fruit should be used instead of 45   kg.     
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  Overview of Food Processes 

 Food processes can be described as the transformation of food raw materials of plant, 
animal or marine origin into safe, nutritious, and stable food products, wherein the 
quality and safety are of primary importance. Food process design is based on the unit 
operations, transport properties, and chemical kinetics applied in chemical engineer-
ing and the principles and practices of food science and technology (Maroulis and 
Saravacos,  2007 ). In order to provide a clear picture of the food industry, the activities 
of the food processing industry may be grouped into the following four general 
categories:

   1.     Preservation of the quality of food raw materials with as small a change in their 
natural integrity as possible (e.g. chilling, freezing, drying, canning). These activi-
ties are also known as food preservation processes, in which the nature of the raw 
material remains the same but its shelf - life is improved.  

  2.     Production of stable food products from the raw material. In these processes the 
raw material is the main component of the fi nal product but its nature is somewhat 
modifi ed, for example milk used for the production of cheese, yoghurt, ice cream, 
and milk powder; fruits and vegetables used for the production of juices, pickles, 
preserves or alcoholic/nonalcoholic drinks.  

  3.     Manufacture of totally new products from a variety of raw materials by mixing, 
blending, and cooking, for example puddings, dry soup and cake mixes, sauces, 
sausages, bakery products, mayonnaise, confectionery products, and chocolate.  

  4.     Extraction of the valuable component of a raw material for further use as a food or 
as an ingredient in manufactured foods, for example manufacture of vegetable oil, 
sugar, starch, pectin, gelatin, protein, food chemicals and biochemicals (vitamins, 
enzymes, antioxidants, amino acids, etc.).    

 Variations in the types of material and the types of products produced from the same 
raw material make it impossible to describe a single type of food processing plant. 
Food processes may have some unit operations in common, but a common food 
process cannot be defi ned. However, operations occur in a systematic order during 
processing as shown in Figure  4.4 .   

 In Figure  4.4 , food processes are categorized into four successive steps, each of which 
comprises a variety of unit operations. The classifi cation is for guidance only and not 
strictly restricted to that shown in Figure  4.4 . The packaging step can be integrated 
with preprocessing operations as in conventional canning. Some of the unit operations 
in the fi rst and second steps may take part in either group. For example, grinding can 
be regarded as a transformation operation in fl our milling and mixing as a preprocess-
ing operation in the manufacture of sausages. The type, number, and sequence of unit 
operations to be applied to the food raw material depend on the type of food material, 
its intended use and economics of the operation. 
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  Material Balances for Preprocessing Operations 

 The fi rst group of operations shown in Figure  4.4  comprises preprocessing procedures, 
mostly used for preparing the raw material(s) for further use. These operations are also 
applicable to foods marketed in their natural state or with minimum transformation 
and which go for packaging or wholesale distribution prior to retailing. They are 
mostly commodity specifi c, so specialized equipment and conditions may be required. 
It is reported that about 30% of the work in food process industries involves material 
handling systems (e.g. coring, mechanical peeling, cutting) and transportation facili-
ties within the factory (L ó pez - G ó mez and Barbosa - C á novas,  2005 ). In this step, mate-
rial and energy balances are less dependent on the composition of the raw material 
being processed. Material balances can refl ect the yield of edible material (mass of 
prepared commodity from a unit mass of incoming farm, animal, or marine raw mate-
rial), mass of byproduct or waste generated in obtaining the edible portion, and the 
balance between the water used and the effl uents discharged in washing and blanch-
ing. For example, the inedible portion for apricots is given as 7%, for apples without 
skin as 23%, for peas as 62%, and for walnuts as 55% (USDA,  2009 ). Diffusional mass 
transfer during wet cleaning or blanching can result in soluble material and/or nutri-
ent losses and/or water uptake that have to be accounted for in material and energy 
balances (Farkas and Farkas,  1997 ). Further analyses of the processing line, for example 
material and energy fl ows, equipment sizing, and cost analysis, are based on the yield 
of edible material at this step. Wastes generated in cleaning, peeling, pitting, and 
stemming depend on the type of commodity treated, and alternative methods or spe-
cialized equipment may help to decrease the amount of waste during these operations. 

Figure 4.4 Main steps and related unit operations of food processes .
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Byproducts generated during sorting and grading consist of sort - outs and out - of - 
specifi cation materials and these can play an important role in the profi tability of 
product processing line. They can be used for a variety of purposes, such as extraction 
of valuable components (proteins, sugars, fi bers, coloring matter, etc.) or production 
of ethanol.  

  Material Balances for Transformation Operations 

 The food raw materials that are prepared in the fi rst step can be further treated to 
obtain the desired quality product for marketing. During the execution of these opera-
tions, depending on the type of material and/or the operation, the food raw material 
can be packaged fi rst and then processed. For example, in conventional thermal 
processing the food material is fi rst placed in suitable packages, hermetically closed, 
and then heated. When unwrapped foods are frozen and/or stored in the frozen state 
or with non - adherent packaging, weight losses take place due to sublimation of the 
surface ice (Campa ñ one  et al .,  2001 ). 

 Material and energy balances during this step, if utilized accurately, help to describe 
the operations with regard to changes in mass or composition, product yield, and how, 
why and where energy is being consumed. The composition of the material being 
processed is the main determinant of accurate material and energy balances. Heat and 
mass transfer properties can be analyzed, designed, and optimized quantitatively, 
using published engineering data, particularly transport properties for food materials 
and packaging materials (L ó pez - G ó mez and Barbosa - C á novas,  2005 ; Heldman and 
Lund,  2007 ). Knowledge of the chemical and biochemical changes involved during 
processing and of the physical principles involved in respective unit operations are 
prerequisites for successful material and energy balances.

    •      Cooking, baking, and frying unit operations are used in the production of ready - to -
 eat foods and convenience foods. The rate of energy consumption and the cost of 
operation in relation to the quality of the processed food are the main parameters 
to be considered in industrial applications.  

   •      Heating and cooling unit operations deal primarily with energy balances. Successful 
application of these methods is very important in short -  or long - term preservation 
of quality.  

   •      Complex simultaneous heat and mass transfers are involved in evaporation/
concentration, drying, crystallization, and extraction unit operations. The diffu-
sional mass transfer and/or mass transfer with phase change are involved in these 
operations (Saravacos,  2005 ).  

   •      Separation, mixing, and extrusion unit operations deal primarily with material bal-
ances. As a unit operation, fermentation involves several microbiological, biochemi-
cal, and chemical processes, which are based on stoichiometry and reaction kinetics 
(Doran,  1995 ).     
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  Material Balances for Packaging, Storage, and Distribution 

 Packaging, storage and/or distribution have special requirements where food materials 
are concerned. For example, special packaging materials with specifi ed permeability 
to moisture and O 2  or CO 2  gas, special atmospheric gas composition and/or special 
temperatures for both packaging and storage rooms may be required (Marsh and 
Bugusu,  2007 ). Control of mass transfer is the main consideration in packaging, 
storage, and distribution of foods not only for the preservation of quality but also for 
economic reasons. Weight loss due to improper packaging and/or improper storage 
conditions is an economic loss. During heat processing or cooling of packaged foods, 
the packaging affects the rate of heat transfer to and from the enclosed food products 
and hence the thermal properties of packaging materials are of concern in energy bal-
ances (Karel and Lund,  2003 ).   

  Energy Balances 

 The estimation of energy requirements using energy balances is an important step in 
food process design and is performed after, or simultaneously with, the estimation of 
material balances. Theoretically, energy balance is based on the principle of the con-
servation of energy (the fi rst law of thermodynamics), which states that energy can 
be neither created nor destroyed but can be transformed from one form to another. 
Therefore, the energy available in the universe always changes its form in a system 
in relation with its surroundings. 

  Energy of a System 

 The major energy forms present in a system are internal, kinetic, and potential ener-
gies. Kinetic energy ( E K  ) exists in a system if there is movement due to its velocity   ν   
(Equation  4.5 ).

    E mvK = 1
2

2     (4.5)   

 Potential energy ( E P  ) of a system is due to the force exerted on its mass by the gravi-
tational fi eld relative to a reference point as indicated by its height  h  (Equation  4.6 ).

    E mghP =     (4.6)   

 Internal energy ( U ) is a macroscopic measure of molecular, atomic, and subatomic 
energies related to their motion. Internal energy cannot be measured directly or 
expressed in absolute terms but the change in internal energy can be calculated with 
respect to changes in volume and temperature. In practice, change in internal energy 
at constant temperature with respect to volume is neglected and then its change at 
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constant volume with respect to temperature can be calculated by using heat capacity 
at constant volume ( C v  ) (Equation  4.7 ). Heat capacity is the amount of heat required 
to raise the temperature of a substance by one degree for systems without a phase 
change. Specifi c heat is sometimes used in place of heat capacity as it is given per 
unit amount of material (Himmelblau,  1996 ).

    ΔU m C dTv

T

T

i

f

= ∫     (4.7)   

 Energy can be transferred between a system and its surroundings in the form of heat 
or work. Heat ( Q ) is energy that fl ows across a system boundary due to the temperature 
difference between the system and its surroundings. The direction of heat fl ow is from 
the higher to the lower temperature. If there is no heat exchange between the system 
and its surroundings, the system is called  adiabatic . Heat may be transferred between 
the system and its surroundings in three forms: conduction, convection, and radiation. 
Mechanical, electrical, or electromagnetic energies must all be accounted for if their 
effects on the total heat content are signifi cant. 

 There are different types of work in a system, including fl ow, shaft, and electrical 
work. If the boundary of a system moves as a mass of matter enters at the input and 
leaves at the output, fl ow work ( W f  ) or  pV  work exists (Equation  4.8 ). Shaft work ( W s  ) 
is the work required for a moving part within the system, such as the shaft of a motor 
or a compressor. Electrical work is due to the voltage applied to a system, which leads 
to fl ow of current and an increase in the internal energy of the system.

    W m pdVf

V

V

= ∫
1

2

    (4.8)   

 Enthalpy is a property that is conveniently used in energy balance equations. 
Enthalpy is a function of temperature and pressure and is related to internal energy 
and fl ow work as shown in Equation  4.9 .

    H U pV= +     (4.9)   

 The absolute enthalpy of a system cannot be measured like internal energy. Enthalpy 
is a state function and is always given relative to a reference state. An arbitrary refer-
ence state can be chosen depending on the conditions of the system. In practice, 
enthalpy change at constant temperature with respect to pressure can be ignored and 
enthalpy of a system can then be calculated using heat capacity at constant pressure 
( C p  ) (Equation  4.10 ). However, this approach may not be applicable at high pressures 
and must be evaluated for this type of system (Himmelblau,  1996 ).
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    ΔH m C dTp

T

T

i

f

= ∫     (4.10)    

  Energy Balance in a System 

 Energy balance for a system can be written in a general form by using an equation 
similar to that for material balance (i.e. Equation  4.2 ). In this equation, generation and 
consumption terms may be ignored in most food processes because they exist only in 
special cases such as radioactive decay. Magnetic, electrical, and surface energies are 
also ignored (Himmelblau,  1996 ). However, in processes involving novel food process-
ing methods, radioactive, electrical, and magnetic energies must be considered in 
energy balance calculations. If there is a chemical reaction in a system, such as fer-
mentation, the enthalpy of the reaction should also be taken into account. 

 Total change in energy of a system from an initial to a fi nal state (  E ET Tf i− ) can be 
expressed in terms of energy input and output by considering all energy types, as in 
Equation  4.11  (Himmelblau,  1996 ). In this equation, specifi c energy terms and specifi c 
volume (per unit mass), shown by the symbol  “  ̂   ” , are used.

    E E m U E E p V m U E E p VT T i Ki Pi i i o Ko Po o of i− = + + +( ) − + + +(∑ in out
ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ )) + +∑ Q Ws     (4.11)   

 Enthalpy can be substituted for internal energy and fl ow work in Equation  4.11 , as 
shown in Equation  4.12 , and a fi nal form of the energy balance equation is obtained 
as in Equation  4.13 . In this equation, the sign of work is positive if the work is done 
on the system, as this indicates gain of energy by the system. The sign of heat is posi-
tive if the heat is absorbed by the system.

    E E m H E E m H E E Q WT T i Ki Pi o Ko Po sf i− = + +( ) − + +( ) + +∑ ∑in out
ˆ ˆ ˆ ˆ ˆ ˆ     (4.12)  

    Δ Δ Δ ΔE H E E Q WK P s= − + + + +( )     (4.13)   

 This general energy balance equation can be modifi ed based on the properties of the 
system under consideration. If the system is at steady state, then there is no accumu-
lation of energy and  Δ  E  will be equal to zero. If there is no change in velocity and eleva-
tion, kinetic and potential energies, respectively, can be neglected. If the system is 
closed and there is no exchange of material between the system and its surroundings, 
then energies related to mass transfer can be neglected. If there is no heat exchange 
between the system and its surroundings, as in adiabatic systems, then the heat term 
can be neglected. 

 For a system at steady state, without work, potential and kinetic energies, the 
energy balance equation can be reduced to Equation  4.14 . This is a commonly applied 
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form of energy balance equation and states that the heat content of a system is deter-
mined from changes in enthalpy.

    Q H= Δ     (4.14)    

  Energy Balances Involving Enthalpy and Heat 

 Heat is a major form of energy in many food operations such as evaporation, cooling, 
pasteurization, drying, and freezing/thawing, where it accounts for a substantial 
portion of the total energy in a process (Saravacos and Kostaropoulos,  2002 ; Smith, 
 2003 ; Kleme š  and Perry,  2008 ). Therefore, in most cases heat is considered in energy 
balance calculations during preliminary process design. Other forms of energy related 
to mechanical and electrical operations such as pumping, transportation, mixing, and 
refrigeration are evaluated separately in the design of related equipment (Maroulis and 
Saravacos,  2003 ). 

 In systems where heat exchange leads to a temperature change, sensible heat is 
considered. In systems where there is a phase change, the latent heat required for the 
phase change is considered. For a system with both temperature and phase changes, 
total change in enthalpy can be calculated as the sum of sensible and latent heat 
(Figure  4.5 ). Another form of heat encountered in food processing is heat of respiration, 
which is released during storage of fruits and vegetables. This heat should be consid-
ered in the estimation of cooling requirements during storage of produce. Empirical 
equations or published values reported with respect to temperature for specifi c com-
modities can be used for this purpose (USDA,  2004 ).   

Figure 4.5 Specifi c enthalpy changes for a material with respect to temperature. Sensible heat, 
calculated using heat capacity ( Cp), is required to increase temperature within each phase. Latent 
heat is required for phase changes. 
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  Enthalpy Changes in Systems with Temperature Change 

 The heat required for heating and cooling operations in systems without a phase 
change can be determined from enthalpy change, also called sensible heat. Enthalpy 
changes in such systems can be calculated if enthalpy values at initial and fi nal states 
are known. Enthalpy changes for water can be calculated in this way, as enthalpy 
values for water in different states can be found from steam tables (Keenan,  1972 ). 
Another method for calculating enthalpy change in such systems is to use heat capac-
ity at constant pressure. As enthalpy values for food materials are not available from 
the literature, this method is commonly used. 

 The heat capacity of a material depends on temperature and its phase. The tempera-
ture dependence of the heat capacity of a material in the gaseous state is higher than 
that in the liquid or solid state. Although heat capacity is dependent on temperature, 
mean heat capacity (  Cpave

) values can be found in handbooks or calculated using an 
equation for a temperature range where there is no phase change (Himmelblau,  1996 ). 
If mean heat capacity is available, then Equation  4.15  can be used to estimate sensible 
heat within a certain temperature range.

    ΔH mC T Tp f iave= −( )     (4.15)   

 Limited data are available in the literature regarding the thermal properties of food 
materials (Polley  et al .,  1980 ; Delgado  et al .,  2006 ) (Table  4.1 ). Because the composi-
tion and structure of food materials are complex, existing theories for pure chemicals 
cannot be applied in estimations. However, heat capacity can be measured experimen-
tally or empirical equations can be driven for use in its estimation. The heat capacity 
of mixtures as in foods can be calculated by considering the molar or mass fraction 
of each component in the mixture. Several equations have been proposed for estima-

Table 4.1 Mean heat capacity of some foods above freezing point.

Food Moisture content (%) Mean heat capacity (J ·kg−1·K−1)

Apples 84 3600
Beans (fresh) 90 3935
Butter 14 2050
Carrots 88 3770
Chicken 74 3310
Cucumber 97 4103
Flour 12 1800
Milk (whole) 87 3850
Oranges 87 3770
Potatoes 14 1840
Spinach 85 3770
Strawberries 91 3885

Source: compiled from Polley et al. (1980).
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tion of the heat capacity of food materials based on this approach. Equations have also 
been reported for specifi c food products (Hwang and Gunasekaran,  2003 ).   

 Siebel ’ s equation is most commonly used for estimating the heat capacity of food 
materials and accounts for the heat capacities of water and nonfat solids present 
(Siebel,  1918 ; Equation  4.16 ). Siebel ’ s equation underestimates heat capacity in some 
cases because it assumes that the heat capacities of all nonfat solids are the same 
(Smith,  2003 ). Other models for foods that include the contribution of each food com-
ponent above freezing point have been reported by Toledo  (2007)  (Equation  4.17 ) and 
by Heldman and Singh  (1981)  (Equation  4.18 ). In these equations,  X  is the mass frac-
tion of a component and the unit of heat capacity is J · kg  − 1  · K  − 1 .

    C Xpave = +3349 837 36water .     (4.16)  

    C X X Xpave = + +4186 8 837 36 1674 72. . .water nonfatsolids fat     (4.17)  

    C X X X Xpave = + + + +4187 837 1424 1549 16water ash carbohydrate protein 775Xfat     (4.18)   

 These heat capacity equations provide mean heat capacity and do not include the 
effect of temperature on heat capacity. Choi and Okos  (1986)  derived equations for 
calculation of the heat capacity of different components of foods as a function of 
temperature using data from the literature for different foods. The heat capacity of a 
food product with a particular composition can then be calculated by incorporating 
the heat capacity and the mass fraction of each component in Equation  4.19  (Choi 
and Okos,  1986 ):

    C C Xp p i

i

n

i=
=

∑
1

    (4.19)   

 Protein:  C p      =    2008.2    +    1208.9    ×    10  − 3  T     –    1312.9    ×    10  − 6  T  2  
 Fat: C  p      =    1984.2    +    1473.3    ×    10  − 3  T     +    4800.8    ×    10  − 6  T  2  
 Carbohydrate:  C p       =     1548.8    +    1962.5    ×    10  − 3  T     –    5939.9    ×    10  − 6  T  2  
 Fiber: C  p      =    1845.9    +    1830.6    ×    10  − 3  T     –    4650.9    ×    10  − 6  T  2  
 Ash: C  p      =    1092.6    +    1889.6    ×    10  − 3  T     –    3681.7    ×    10  − 6  T  2  
 Water above freezing (0 – 150    ° C): C  p      =    4176.2    –    9086.4    ×    10  − 5  T     +    5473.1    ×    10  − 6  T  2  
 Water below freezing ( − 40 to 0    ° C): C  p      =    4081.7    –    5306.2    ×    10  − 3  T     +    9951.6    ×    10  − 4  T  2  
 Ice: C  p      =    2062.3    +    6076.9    ×    10  − 3  T  

 Siebel ’ s equation was reported to yield values in agreement with experimental values 
when the mass fraction of water is above 0.7 and no fat is present (Toledo,  2007 ). The 
Choi and Okos  (1986)  method is preferred at low moisture contents and with more 
complex food composition (Toledo,  2007 ). 

 The heat capacity of frozen foods depends on the amounts of frozen and unfrozen 
water, which change with temperature. The latent heat of fusion of water and heat 
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capacities of liquid water and ice should be considered. The reader is referred to Toledo 
 (2007)  for a detailed discussion. In addition, in processes with evaporation and freez-
ing, boiling point elevation and the freezing point depression, respectively, for water 
caused by solids in food materials should also be taken into account (Toledo,  2007 ).  

  Enthalpy Changes in Systems with Phase Change 

 Enthalpy change in systems with phase change can be calculated by using latent 
heat for the phase change. Phase transitions take place at constant temperature. Heat 
released or absorbed by the system during a phase change is called latent heat. 
Heat of fusion (  ΔĤf) is required for transition of a solid to a liquid, heat of evaporation 
(  ΔĤv) for transition from liquid to gas, and heat of sublimation (  ΔĤs) for transition 
from solid to gas. Heat of condensation is the negative of the heat of vaporization. In 
food processing, most phase changes are observed in water, so the latent heat for water 
is required for calculations.   

  Properties of Energy - related Utilities in Food Processing 

  Air 

 Air is used for drying operations, packaging, and storage in food processing. Air is 
present with water vapor in storage areas, packaging atmospheres, and during drying 
operations. The thermodynamic properties of an air and water vapor mixture at 
standard atmospheric pressure can be determined from the psychrometric chart, 
which includes dry bulb temperature, wet bulb temperature, specifi c enthalpy, spe-
cifi c volume, and absolute and relative humidity. If two of these intensive properties 
of an air – water vapor mixture are known, then other properties can be determined 
from the psychrometric chart. The reference states for the psychrometric chart are 
liquid water at 0    ° C and 1   atm for water and 0    ° C and 1   atm for air (Felder and Rousseau, 
 2000 ). 

 Enthalpy values for air and water vapor in a specifi c state with respect to a reference 
state can be found in handbooks (Logan,  1999 ; Toledo,  2007 ). Mean heat capacity 
values for air and water vapor have also been reported (Toledo,  2007 ). The heat capac-
ity of wet air (humid heat,  C s  ) composed of 1   kg dry air and water vapor at an absolute 
humidity of  H  (mass of water vapor/unit mass of dry air) can be calculated by using 
Equation  4.20 . If the heat capacities of air and water vapor are taken as constant under 
regular conditions of air - conditioning and humidifi cation, the heat capacity of wet air 
can be calculated using Equation  4.21 , with units of kJ · K  − 1  per kg dry air (Himmelblau, 
 1996 ).

    C C C Hs p p= +dry air water vapor ( )     (4.20)  

    C Hs = +1 005 1 88. . ( )     (4.21)   
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 The specifi c enthalpy of an air – water vapor mixture can then be calculated as the sum 
of sensible heat of air – water vapor mixture with respect to a reference temperature of 
 T  ref  and specifi c latent heat of vaporization of water at  T  ref  (Himmelblau,  1996 ):

    Δ Δˆ ˆ
,H C T T H Hs v= −( ) +ref ref     (4.22)    

  Water and Steam 

 Water in liquid or vapor state is used as a heat transfer medium in food processing 
operations. If a vapor is just about to condense, it is called a saturated vapor. If a liquid 
is just about to vaporize, it is called a saturated liquid. Saturated vapor and saturated 
liquid can exist together, termed a wet vapor. The mass fraction of the saturated vapor 
in a wet vapor is known as quality. If water vapor is heated to a temperature above 
its vaporization temperature, it becomes superheated steam. Degrees of superheat for 
a superheated steam can be calculated as the difference between the vaporization 
temperature and the temperature which steam is heated to. 

 Thermodynamic properties such as saturation temperature and pressure, specifi c 
volume and enthalpy of saturated vapor, saturated liquid, superheated steam and sub-
cooled liquid states of water are provided in steam tables, which can be found in 
textbooks and handbooks (Keenan,  1972 ). Temperature and pressure in steam tables 
correspond to the saturated state (Toledo,  2007 ). The absolute pressure at a given 
temperature is also the vapor pressure of water. The reference state is liquid water at 
its triple point (0.01    ° C and its vapor pressure) where enthalpy is set to zero 
(Himmelblau,  1996 ). One can fi nd the state of water at any temperature and pressure 
by using steam tables. Enthalpy change for water between two states (temperature 
and pressure) can also be calculated. Interpolation or double interpolation may be 
required between two given temperature or pressure values to determine a value in 
between tabulated values. If steam quality is less than 100%, then specifi c volume 
and enthalpy of the mixture can be calculated by using mass fraction of water and 
liquid in the mixture. Some commonly used thermal properties of water are given in 
Table  4.2 .     

Table 4.2 Some thermal properties of water. 

Property State Value

Heat capacity 0°C, ice 
0°C, liquid 
25°C, liquid 
50°C, liquid 

2.093kJ·kg−1·K−1

4.220kJ·kg−1·K−1

4.182kJ·kg−1·K−1

4.183kJ·kg−1·K−1

Latent heat of vaporization 100°C, 1 atm
0°C, 1 atm

2257.1kJ·kg−1

2501.4kJ·kg−1

Latent heat of fusion 0°C, 1 atm 333.8kJ·kg−1

Source: compiled from Geankoplis (2003).



64 Handbook of Food Process Design: Volume I

  Mechanical Energy Balance 

 Mechanical energy balance is used in calculation of energy requirements for transpor-
tation of fl uids. The general energy balance equation can be modifi ed to calculate the 
change in total energy for an incompressible fl uid fl owing from point 1 to point 2 in 
an open system at steady state as in Equation  4.23  (Himmelblau,  1996 ; Toledo,  2007 ). 
Because energy supplied to the system cannot be used completely for transport of the 
fl uid due to frictional resistance caused by viscosity of the fl uid and between the fl uid 
and the pumping system (pipes, fi ttings and valves), frictional losses ( F ) are incorpo-
rated into the equation:

    Δ Δ ΔE VdP E E W Fk p s

P

P

= + + − + =∫
1

2

0     (4.23)   

 Equation  4.23  can be further modifi ed by replacing volume with m/ ρ  and dividing 
both sides of the equation by mass:

    
Δ Δ

Δ
P

g h F Wsρ
υ

+ + + =
2

2
ˆ ˆ     (4.24)   

 In Equation  4.24 , an  α  coeffi cient can be used in the denominator of the kinetic energy 
term to account for variations in velocity at different radial positions in a pipe. The 
value of  α  is 1 for turbulent fl ow and 0.5 for laminar fl ow. Frictional losses can be 
calculated depending on fl uid fl ow behavior (Newtonian or non - Newtonian) and types 
of fi ttings, valves and other devices that obstruct fl ow by applying corresponding fric-
tion factors, which can be found in handbooks. Shaft work required for pumping the 
fl uid can be calculated by using Equation  4.24 . If there is no frictional loss and shaft 
work, then the calculation reduces to the commonly used Bernoulli equation that can 
be applied to turbulent fl uid fl ow in a pipe. The reader is referred to Peters and 
Timmerhaus  (1991)  for detailed evaluation of energy requirement for pumping. 

 Material and energy balances are used simultaneously in some systems that combine 
heat, mass and/or momentum transfer (e.g. drying, blanching, baking, evaporation, 
fl ash cooling), where input and output of material are related to energy consumption 
(Farkas and Farkas,  1997 ). Calculations are similar to those used in separate material 
and energy balances. 

 Energy balance calculations only provide information for an idealized process 
without considering effi ciency. The effi ciency of an operation or the equipment should 
also be taken into account when estimating energy requirements (Himmelblau,  1996 ). 
In addition, these calculations do not provide any information about the time required 
for the process (Farkas and Farkas,  1997 ). The time required for an operation in a 
process can be estimated by using the corresponding heat and mass transfer equations 
for a specifi c operation or equipment (Heldman and Singh,  1981 ; McCabe  et al .,  2001 ; 
Singh and Heldman,  2001 ; Geankoplis,  2003 ; Toledo,  2007 ).   
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  Examples of Material and Energy Balances in Food Processing 

 Material and energy balance equations should be solved simultaneously to fi nd 
unknown variables in some systems. Two examples of simultaneous use of material 
and energy balances are described here. 

  Example 1: Material and Energy Balances for a Single Effect Evaporator 

 Feed at fl ow rate  F  is to be concentrated from a solids content of  x F   to  x P   to yield 
concentrated product at fl ow rate  P  by using a single effect evaporator (Figure  4.6 ). 
Steam at fl ow rate  S  and temperature  T S   is used for heating.   

   Assumptions 

 Reference temperature is taken as 0    ° C. There is no heat loss from the system. Boiling 
point elevation is neglected. (If there is signifi cant boiling point rise in the feed solu-
tion due to concentration of solids, then this should be taken into consideration. This 
will have an effect on the  T  1  value and other variables related to the  T  1  value.) System 
is at steady state. 

 System is taken as evaporator. In drying operations, it is practical to use the solid 
balance, as solids are tie components. Unknown quantities can be found by determin-
ing total mass (Equation  4.25 ) and solids balances (Equation  4.26 ). 

     F V P= +     (4.25)  

    x F x PF P=     (4.26)   

Figure 4.6 Evaporation with a single effect evaporator .
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 The general energy balance equation is modifi ed to obtain an enthalpy balance for the 
system:

    Δ ΔH Hin out− = 0     (4.27)  

    Δ ΔH Hin out=     (4.28)   

 The enthalpies of the input and output streams are inserted into Equation  4.28 , as in 
Equation  4.29 . Equation  4.29  is further modifi ed by using specifi c enthalpy of satu-
rated vapor (  ΔĤS), specifi c enthalpy of saturated liquid at  T S   (  ΔĤC), specifi c enthalpy 
of saturated vapor at  T  1  (  ΔĤV), obtained from steam tables, and specifi c enthalpy of 
feed (  ΔĤF) and product (  ΔĤP) (Equation  4.30 ).

    Δ Δ Δ Δ Δˆ ˆ ˆ ˆ ˆH H H H HF S V P C+ = + +     (4.29)  

    F H S H V H P H S HF S V P CΔ Δ Δ Δ Δˆ ˆ ˆ ˆ ˆ+ = + +     (4.30)   

 The specifi c enthalpy of the feed and product streams can be calculated by using their 
heat capacity values according to total solids content (Equations  4.31  and  4.32 , 
respectively):

    Δ ˆ ( )H C TF pF F= − 0     (4.31)  

    Δ ˆ ( )H C TP pP= −1 0     (4.32)   

 After incorporation of all enthalpy values into Equation  4.30 , the amount of steam 
required for heating can be calculated. Steam economy is an important process vari-
able that indicates the effi ciency of evaporation. It is simply the ratio of the amount 
of evaporated vapor ( V ) to the amount of steam used ( S ). To increase steam economy, 
more than one effect is used for evaporation. In this case, as the number of unknown 
variables would be increased, assumptions can be made and a trial and error method 
can be used to determine unknown variables (Geankoplis,  2003 ).  

  Problem 

 Tomato paste with solids content of 32% is to be produced from 10   000   kg · h  − 1  tomato 
juice with solids content of 5% at 20    ° C by using a single effect evaporator. Required 
energy is supplied by condensation of saturated steam at 120    ° C. If evaporation takes 
place at 70    ° C under vacuum in the evaporator, calculate the amount of required steam 
and steam economy for this operation.  

  Solution 

 Reference temperature is taken as 0    ° C. It is assumed that there is no heat loss and 
boiling point elevation is neglected. System is taken as the evaporator. Basis is taken 
as the fl ow rate of tomato juice fed to the evaporator. 
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 Material balances can be written using Equations  4.25  and  4.26 . Amounts of product 
and evaporated water can be found by solving these equations.

    10 000 = +V P  

    0 0510 000 0 32. ( ) . ( )= P  

    P = ⋅ −1563 kg h 1  

    V = ⋅ −8437 1kg h   

 Energy balances can be written for enthalpy changes in the system by using Equation 
 4.30 .

    10 000 8437 1563Δ Δ Δ Δ Δˆ ˆ ˆ ˆ ˆH S H H H S HF S V P C( ) + = ( ) + ( ) +   

 The specifi c enthalpies of tomato juice and tomato paste can be calculated by using 
Equations  4.31  and  4.32 , respectively. Heat capacity in these equations can be calcu-
lated by Siebel ’ s equation (Equation  4.16 ).

    Δ ˆ ( . ) . ( )HF = +[ ] − = ⋅3349 0 95 837 36 20 0 80378 J kg–1  

    Δ ˆ ( . ) . ( )HP = +[ ] − = ⋅3349 0 68 837 36 70 0 218028 J kg–1   

 The specifi c enthalpy of saturated vapor at 120    ° C, saturated liquid at 120    ° C and satu-
rated vapor at 70    ° C can be found from steam tables. If the specifi c enthalpy values of 
each stream (units kJ · kg  − 1 ) are incorporated into Equation  4.30 , the amount of steam 
required for the operation can be calculated.

    10 000 80 378 2706 3 8437 2626 8 1563 218 028 503 7( . ) ( . ) ( . ) ( . ) ( .+ = + +S S 11)  

    S = ⋅ −9852 1kg h   

 Thus steam economy in this operation is 8437   kg vapor/9852   kg steam    =    0.856.    

  Example 2: Material and Energy Balances for a Continuous Countercurrent 
Dryer 

 Raw feed material ( V , kg · h  − 1 ) is fi rst treated (e.g. cleaning, sorting, cutting, destoning, 
stemming) depending on the nature of the food material. Then prepared material ( F , 
kg · h  − 1 ) enters a dryer at temperature  T F   and with water and solids content of  x WF   and 
 x SF  , respectively (Figure  4.7 ). The product ( P , kg · h  − 1 ) is at temperature  T p   with water 
and solids content of  x WP   and  x SP  , respectively. Air fl ows into the dryer at fl ow rate  A  
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(kg dry air per hour) at temperature  T a   1  with absolute humidity  H a   1  (kg water/kg dry 
air) countercurrently to the feed fl ow and exits at temperature  T a   2  with absolute 
humidity  H a   2 .   

   Assumptions 

 Reference temperature is 0    ° C. The system is adiabatic. 
 System is taken as the dryer. Material and energy balances can be written on dry 

basis in drying systems. Dry solids and dry air are tie components; therefore, their use 
reduces the number of unknowns. Here, dry basis is used for air only. Material bal-
ances can be written for dry solids and water:  

    x F x PSF SP=     (4.33)  

    x F AH x P AHWF a WP a+ = +1 2     (4.34)   

 Enthalpy balance for the system can be written by including specifi c enthalpies of 
feed (  ΔĤF), product (  ΔĤP), incoming air (  ΔĤa1) and exiting air (  ΔĤa2):

    F H A H P H A HF a P aΔ Δ Δ Δˆ ˆ ˆ ˆ+ = +1 2     (4.35)   

 The specifi c enthalpies of feed and product can be calculated by using the heat capaci-
ties of solids and liquid water with respect to the reference temperature by Equations 
 4.36  and  4.37 , respectively.

    Δ ˆ ( ) ( )H x C T x C TF SF pS F WF pW F= − + −0 0     (4.36)  

    Δ ˆ ( ) ( )H x C T x C TP SP pS P WP pW P= − + −0 0     (4.37)   

 The specifi c enthalpy of humid air entering into and exiting from the system can be 
calculated according to Equation  4.22 , as shown by Equations  4.38  and  4.39 , 
respectively.

Figure 4.7 Drying with a continuous countercurrent dryer .
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    Δ Δˆ ( ) ˆ ,H C T H Ha s a a a v C1 1 1 1 00= − + °     (4.38)  

    Δ Δˆ ( ) ˆ ,H C T H Ha s a a a v C2 2 2 2 00= − + °     (4.39)   

 Unknown variables in the system can be found after incorporation of known variables 
and available data from the literature into the derived equations above.  

  Problem 

 Sliced vegetables with moisture content of 70% are being dried to 5% moisture 
content using a continuous countercurrent dryer. Vegetables enter the drying chamber 
at a rate of 100   kg · h  − 1  at 25    ° C and exit at 35    ° C. Ambient air with humidity of 0.012   kg 
water/kg dry air at 25    ° C is heated to 90    ° C before entering the dryer and its tempera-
ture drops to 40    ° C after drying. The heat capacity of the solids in vegetables is 
1.8   kJ · kg  − 1  ·  ° C  − 1 . Calculate the product yield, assuming 8% by mass of the original 
vegetables is lost in preparation of vegetables for drying, and the fl ow rate of air 
required for drying and its humidity at the exit.  

  Solution 

     •      Reference temperature is 0    ° C.  
   •      System is at steady state.  
   •      The system is adiabatic.  
   •      Basis is taken as 100   kg · h  − 1  of prepared vegetables for drying.    

 Material balances for dry solids for the system of preparation can be written as shown 
below:

    100 0 92= . V   

 where  V  is the total mass of raw vegetables used, and then

    V = ⋅ −108 7 1. kg h   

 Material balances for dry solids for the system of dryer can be written using Equation 
4.33:

    0 3100 0 95. ( ) .= P  

    P = ⋅ −31 58 1. kg h   

 Thus product yield is

    P = =
31 58
108 7

100 29
.
.

%  
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 Material balance for water around the dryer can be written using Equation 4.34:

    0 7100 0 012 0 05 31 58 2. ( ) ( . ) . ( . )+ = +A AHa   

 The specifi c enthalpies of feed and product can be calculated from Equations  4.36  and 
 4.37 . The mean heat capacity for water is taken as 4.18   kJ · kg  − 1  ·  ° C  − 1 .

    Δ ˆ ( . )( . )( ) ( . )( . )( ) .HF = − + − = ⋅0 30 1 8 25 0 0 70 4 18 25 0 86 65 kJ kg–1  

    Δ ˆ ( . )( . )( ) ( . )( . )( ) .HP = − + − = ⋅0 95 1 8 35 0 0 05 4 18 35 0 67 17 kJ kg–1   

 The specifi c enthalpy of humid air entering into and exiting from the system can be 
calculated according to Equations  4.38  and  4.39 , respectively. Enthalpy of vaporization 
for water at 0    ° C is 2501.4   kJ · kg  − 1 .

    Δ ˆ . . ( . ) ( ) . ( . ) .Ha1 1 005 1 88 0 012 90 0 0 012 2501 4 122 50= +[ ] − + = kJ/kg ddry air  

    Δ ˆ . . ( ) ( ) ( . ) . .H H H Ha a a a2 2 2 21 005 1 88 40 0 2501 4 40 2 2576 6= +[ ] − + = +   

 The energy balance for enthalpies of input and output streams in the system can now 
be written by inserting the specifi c enthalpy values into Equation 4.35:

    100 86 65 122 50 31 58 67 17 2. . . .( ) + ( ) = ( ) +A A HaΔ ˆ   

 Simultaneous solution of this equation and the material balance equation for water 
provides the amount of dry air required and the humidity of the air exiting the dryer.

    A = 3304 kg dry air/h  

    Ha2 0 0327= . kg water/kg dry air      

  Example 3: Material and Energy Balances in a Dryer with Air Recycling 

 In drying systems, air is recycled to control humidity in the dryer and reduce the cost 
of drying (Geankoplis,  2003 ). Part of the moist air leaving the dryer is recycled and 
mixed with ambient air (Figure  4.8 ). Then it is heated and fed to the dryer. As can be 
seen in Figure  4.8 , the humidity and temperature of the moist air exiting the dryer 
and of recycled air are the same. In processes with recycle, bypass or purge, mixing 
and splitting points can be selected as a system for setting up material balances.   

 However, the problem can also be solved by considering the system as a whole, 
enclosing the recycle stream within the system boundary depending on available data. 
Entering the system are air, wet solids, and steam. Steam is the only heat source and 
is responsible for the sensible heat gain of air and of wet solids through the process. 
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It is also assumed that water lost from the wet solids is equal to water gained by the 
entering air. The problem is then solved by setting up the material and energy balance 
equations as in Example 2.   
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   Introduction 

 The word  “ thermodynamics ”  consists of two parts: the prefi x  thermo , referring to 
heat and temperature, and  dynamics , meaning motion. Thermodynamics is the study 
of the transformation of energy and the accompanying changes in the state of the 
involved matter. Thermodynamic principles can be used to study a wide variety of 
physical, chemical, and biochemical phenomena. Foods are not chemically pure 
systems and their thermodynamic properties depend on their composition. Water is 
the most common and important component in all foods, affecting the chemical, 
physical, microbiological, and thermodynamic properties of the food system. Along 
with water, protein, fat, carbohydrate, and minute amount of vitamins and minerals 
are present in any food. Therefore food is a complex mixture of all these organic com-
ponents, and its chemical or thermodynamic properties are not easily estimated from 
fi rst principles or determined experimentally. Further, food often exists in metastable, 
nonequilibrium, amorphous states that exhibit time - dependent thermodynamic prop-
erties. Knowledge of thermodynamic properties is essential for understanding the unit 
operations and behavior of foods. Application of the fundamental laws of thermody-
namics is therefore important for food engineers when designing food processing 
equipment and storage, and for studying the phase change behavior of foods. For more 
detailed study on thermodynamics, readers are referred to more extensive treatments, 
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such as Baianu  (1997) , Atkins and DePaula  (2006) , Sandler  (2006) , Smith  et al .  (2003)  
and Tinoco  et al .  (2002) .  

  Thermodynamic Fundamentals 

 The application of thermodynamics to any real problem starts with the identifi cation 
of a particular region in the universe as the focus of attention, for example a beaker 
containing solution, a chemical reactor, an evaporator, a piece of bread. The region 
under study, which may be a specifi ed volume in space or a quantity of matter, is 
called the system; the rest of the universe is its surroundings. This implies the exist-
ence of a boundary, separating the system from the surroundings. The thermodynamic 
state of the system is characterized by the properties of the system, namely density, 
pressure, volume, temperature, composition, or other variables. The state of agglom-
eration of the system (i.e. gas, liquid, or solid) is called its phase. The state of a homo-
geneous system can be defi ned by three variables: pressure, volume, and temperature. 
A system can contain energy in various forms: internal energy ( U ); kinetic energy (KE); 
potential energy (PE); and other energy forms (electrical, magnetic energy). Internal 
thermal energy is stored in the molecules without regard to external fi elds. Kinetic 
energy is related to the motion of the system (KE    =     ½  mv  2 ). Potential energy is due to 
elevation from a reference point (PE    =     ρ  gz ). An open system can exchange mass and 
energy with its surroundings; a closed system can exchange energy but not mass; and 
if no mass or energy crosses the boundary of the system, the system is said to be 
isolated. The state of the system is quantifi ed by a few measurable macroscopic prop-
erties, which are conveniently separated into two classes. Extensive properties depend 
on the amount of matter and thus include mass, volume, energy, heat capacity, etc. 
Intensive properties are independent of the amount of matter and thus include tem-
perature, pressure, viscosity, density, pH, and compositional parameters. The tran-
sient state changes with time but the equilibrium state does not change with time 
but it may change with location in the fl owing system. 

 Equilibrium is a fundamental requirement in thermodynamic transformations. 
When a system reaches a condition where its properties remain constant, a state of 
equilibrium is attained. For example, if mechanical forces between a closed system 
and its surroundings completely balance each other, then the system is in mechanical 
equilibrium. If the system does not exchange heat with its surroundings, the system 
is in thermal equilibrium. In addition, if there is no net change in chemical compo-
nents of the system, then the system is in chemical equilibrium. Whenever the system 
is in chemical, thermal, and mechanical equilibrium, so that no chemical, thermal, 
and mechanical changes can occur in the system, the system is said to be in thermo-
dynamic equilibrium. The science of thermodynamics deals with systems in equilib-
rium. Thermodynamics cannot predict how long it will take for equilibrium to occur 
within a system, but it can predict the fi nal properties at equilibrium. When a process 
occurs, mass and/or energy may be transferred between the system and surroundings 
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under consideration. The major task of thermodynamics is to keep track of the balance 
of these exchanges and to relate them to changes in well - defi ned properties or variables 
of the system. A system may be engaged in a process which changes the states of the 
system. The important variables considered are volume ( V ), pressure ( P ), mechanical 
work ( W ), and heat exchanged ( Q ). The isothermal, isobaric, isochoric, isentropic, 
isenthalpic processes take place at constant temperature, pressure, volume, entropy, 
and enthalpy. Further, if no heat exchange has taken place between system and 
surroundings, the process is adiabatic. If the frictional force is zero, a process is 
reversible. 

 Classical thermodynamics is based on the development of a set of general physical 
laws of macroscopic behavior without considering the microscopic structure of a 
matter. Classical thermodynamics is based on two physical laws: the fi rst law deals 
with the quantities involved in energy changes, while the second law is involved in 
the direction in which the changes take place. Statistical thermodynamics is based on 
the laws of averaging to predict the macroscopic behavior of a collection of micro-
scopic atoms and molecules. 

  Temperature Scale and Zeroth Law of Thermodynamics 

 Zeroth law of thermodynamics states that if two bodies are each in thermal equilib-
rium with a third body, then it follows that the fi rst two bodies are in thermal equi-
librium with each other. This law in fact forms the basis of the concept of temperature. 
The temperature of a system can be defi ned as a property which measures whether 
the body is in thermal equilibrium with its surroundings. If two systems are not in 
thermal equilibrium, then they are at different temperatures. A temperature scale is 
therefore needed that is inalterable and via which comparison is made. The Celsius 
scale ( ° C) is established by assigning the value 0.01    ° C to the triple point of water and 
the value of 100    ° C to the boiling point of water at an atmospheric pressure of 1   atm 
(760   mmHg). The absolute temperature scale is related to the Celsius scale by the 
relation:

    T t= ° +( ) .C 273 15   

 where  T  is given in kelvins. An absolute temperature scale has considerable theoreti-
cal infl uence and is used extensively in the chemical and physical sciences.   

  First Law of Thermodynamics: Conservation of Energy 

 The fi rst law of thermodynamics states that energy is neither created nor destroyed 
but can be converted from one form to another. Thus the total energy of the system 
and surroundings is constant or conserved. In a closed system, the system can exchange 
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heat ( Q ) or work ( W ) with the surroundings. The total change in internal energy ( U ) 
for the system in moving from state 1 to state 2 is

    ΔU Q W= +     (5.1)   

 where  Δ  U  is the change in internal energy. If the work done is of the pressure – volume 
type, the system is closed, the process is reversible, and the pressure is constant, then 
Equation  5.1  can be written as

    dU dQ dW= +     (5.2)  

    dW pdV= −     (5.3)   

 For compression,  dV   <    0 and  dW  is positive (i.e. work is done on the system). For 
expansion,  dV   >    0 and  dW  is negative (i.e. the system does the work). Combining 
Equations  5.2  and 5.3:

    dU dQ pdV= −     (5.4)  

    dQ dU pdV= +     (5.5)   

   Problem 1 

 In a food product blending unit, the ingredients are mixed homogeneously by a 
mechanical agitator. In order to remove heat generated due to agitation, a cooling coil 
of heat transfer area ( A ) 2   m 2  is installed inside the vessel. The change in internal 
energy of this system has been calculated to be 238   W. Calculate the power required 
for the mechanical agitator. 

  Data required  
 Overall heat transfer coeffi cient ( U )    =    43.48   W · m  − 2  · K  − 1  
 Log mean temperature difference ( Δ  T )    =    23   K   

   Solution 

 Heat transferred to the surroundings ( Q )    =     UA  Δ  T     =    43.48    ×    2    ×    23    =    2000.08   W 
 Change in internal energy ( Δ  U )    =    238   W 

 Considering the heat transfer from the system to the surroundings to be negative 
and applying the fi rst law of thermodynamics for nonfl ow processes:

    Q U W= +Δ  

    − = +2000 08 238. W  

    W = −2238 08.  W   



78 Handbook of Food Process Design: Volume I

 The negative sign indicates that the work is done on the system. The power require-
ment of the mechanical agitator is thus 2.238   kW. 

 Equation  5.5  is a special case of a thermodynamic parameter called enthalpy ( H ). 
Enthalpy ( H ) is defi ned as

    H U PV= +     (5.6)  

    or dH dU dPV dU PdV VdP= + = + +     (5.7)   

 Because  U ,  P , and  V  are state functions, the enthalpy is also a state function. In addi-
tion, the change in enthalpy ( Δ  H ) between any pair of initial and fi nal states is inde-
pendent of the path between them. For a closed system with constant pressure:

    dH dU PdV dQ= + =     (5.8)   

 For a closed system with constant volume and pressure

    dQ dU=     (5.9)     

  Heat Capacity 

 The temperature dependence of the energy of systems is very important since tem-
perature is one of the state variables that can be easily measured and controlled. 
Equation  5.4  can be rewritten to express the temperature dependency of a constant 
volume and constant pressure reversible process applicable to closed systems. So for 
a constant volume process ( dV     =    0):
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= ∂( )
∂( )
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Q
T
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V V

V     (5.10)   

 where  C V   is the change in internal energy with temperature at constant volume and 
is equal to the change in heat content with temperature at constant volume.  C V   is 
commonly called the constant volume heat capacity. From Equation  5.4 :
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  where  C P   is constant pressure heat capacity and is equal to the change in enthalpy 
with temperature at constant pressure for a closed reversible system. Solving Equation 
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 5.12  for an ideal gas in which enthalpy is only a function of temperature and assuming 
 C P   is independent of temperature:

    Δ ΔH C dT C T T C TP

T

T

P P= = − =∫
1

2

2 1( )     (5.13)   

 Equation  5.13  can be used extensively in heat balances to determine sensible heat 
changes (not phase changes) in systems. The heat capacity at constant pressure is 
always larger than heat capacity at constant volume because at constant pressure some 
of the added heat may be used to expand the material, whereas at constant volume 
all the added heat produces a rise in temperature. From Equations  5.10  and  5.12 , it 
follows that

    C C
H
T

U
T

U
T

P
U
T

U
T

P V
P V P P V

− = ∂( )
∂( )

− ∂( )
∂( )

= ∂( )
∂( )

+ ∂( )
∂( )

− ∂( )
∂( )     (5.14)  
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V

dV
V
T

dT
T V

= ∂( )
∂( )

+ ∂( )
∂( )     (5.15)  

    dV
V
T

dT
V
P

dP
P T

= ∂( )
∂( )

+ ∂( )
∂( )     (5.16)  

    Then
∂( )
∂( )

= ∂( )
∂( )

∂( )
∂( )

+ ∂( )
∂( )

U
T

U
V

V
T

U
TP T P V

    (5.17)   

 Substituting Equation  5.17  into Equation  5.14  yields

    C C P
U
V

V
T

P V
T P

− = + ∂( )
∂( )

⎡

⎣
⎢

⎤

⎦
⎥

∂( )
∂( )

    (5.18)   

 The term   P
V
T P

∂( )
∂( )

 represents the contribution to the heat capacity caused by the change  

in volume of the system against the external pressure  P . The term   ∂( )
∂( )

U
V T

 is called the 

internal pressure, which is large for liquids and solids and negligible for gases. For an 

ideal gas,   
∂( )
∂( )

=U
V T

0. Since the gaseous equation of state is  PV     =     nRT , it follows that:

    C C P
V
T

P nR P nRP V
P

− = ∂( )
∂( )

= × =/     (5.19)   

 It is important to know how temperature and pressure affect physical and chemical 
changes in the system, for example phase changes (melting of solid, vaporization of 
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liquid, etc.) or chemical reactions. Some common physical (phase) changes are sum-
marized in Table  5.1 .   

 In a reversible phase change, from phase a to phase b, at constant temperature and 
pressure, the work done on the system is:

    W P V= − Δ     (5.20)   

 where  Δ  V  (volume change)    =     V  (phase b)    –     V  (phase a). The heat absorbed by the 
system at constant  P  is  Q P  . It is equal to  Δ  H     =     H  (phase b)    –     H  (phase a). Values of  Δ  H  
are available for various reversible phase changes. For any process at constant pressure, 
the heat and enthalpy change are equal only if  PV  - type work is involved. The energy 
change of a phase change at constant  P  is

    Δ Δ ΔU H P V= −     (5.21)   

 Often the  Δ  U  or  Δ  H  value is known for one set of  T  and  P  but is needed at another. 
The generalized equation for expressing temperature dependence of enthalpy of a 
phase change is

    Δ Δ ΔH T H T C T TP( ) ( )) ( )2 1 2 1= + −     (5.22)   

 where

    ΔH H H= −( ) ( )phase b phase a  

    ΔC C CP P P= −( ) ( )phase b phase a   

 The energy of a phase change at constant  P  can be obtained from Equation  5.21 . If one 
of the phases in the phase change is a gas (vaporization, sublimation), the volume of 
the soild or liquid is negligible in comparison to the volume of the gas. Further, the 
gas phase can be approximated as an ideal gas. In the case of vaporization:

    Δ Δ Δ ΔU H P V g V l H PV g H nRT= − −⎡⎣ ⎤⎦ ≅ − ≅ −( ) ( ) ( )     (5.23)   

Table 5.1 Some common phase changes. 

Phase changes Name

Gas → liquid or solid Condensation
Solid → liquid Fusion or melting 
Liquid → solid Freezing, crystallization 
Liquid → gas Vaporization
Solid → gas Sublimation
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 As with phase changes, the concept of energy and enthalpy during chemical changes 
or reactions is very important. The chemical change in a system can be represented 
by the general reaction:

    n A n B n C n DA B C D+ → +     (5.24)   

 The change in property of a state for the chemical reaction, such as  Δ  H , can be 
expressed in terms of the algebraic sum of this property for reactants and products:

    
Δ
Δ

H H H

H n H n H n H n HC C D D B B A A

= −
= + − −

( ) ( )products  reactants
    (5.25)   

 where   H     =    enthalpy mol  − 1 . Physicochemical changes are called endothermic if they 
are accompanied by the adsorption of heat ( Δ  H     >    0) and exothermic if there is evolu-
tion of heat ( Δ  H     <    0). For further information, readers are referred to physical chem-
istry textbooks (Tinoco  et al .,  2002 ; Atkins and De Paula,  2006 ). 

 The mathematical expression of the fi rst law of thermodynamics for a steady - state 
fl ow process may be expressed as follows:

    Δ Δ ΔH Q WS+ + = −( ) ( )PE KE   

 where  W S   is shaft work. 

   Problem 2 

 Milk is to be pumped at the rate of 5   kg    · s  − 1  from a tank to a storage vessel placed at 
a height of 15   m above the tank. The temperature in the tank is maintained at 283   K. 
The milk passes through a heat exchanger where it is heated at the rate of 523.5   kW 
before its delivery to the storage tank. It the temperature of the milk at the discharge 
point is 311   K, calculate the power requirement of the pump. 

  Data required  
 The specifi c heat capacity is constant at 3.77   kJ · kg  − 1  · K  − 1  and the datum temperature 
may be taken as 273   K. Assume negligible kinetic energy change.   

   Solution 

 Applying the fi rst law of thermodynamics for a steady - state fl ow process for the 
present system we get

    Δ ΔH g Z Q Ws+ = −   

 Mass fl ow rate of the milk    =    5   kg · s  − 1  
 Heat supplied to the milk    =    523.5    ×    1000/5    =    104   700.00   J · kg  − 1  
 Initial specifi c enthalpy of the milk ( H  1 )    =    3770 (283    –    273)    =    37   700.00   J · kg  − 1  
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 Final specifi c enthalpy of the milk ( H  2 )    =    3770 (311    –    273)    =    143   260.00   J · kg  − 1  
 Change in specifi c enthalpy ( Δ  H )    =     H  2     –     H  1     =    105   560.00   J · kg  − 1  
 Change in potential energy ( g  Δ  Z )    =    9.81    ×    15    =    147.15   J · kg  − 1  
 Substitution of values in equation gives  W s      =     – 1007.15   J · kg  − 1  (negative sign indicates 

that the work is done on the system) 

 Power requirement of the pump    =    1007.15    ×    5/1000    =    5.04   kW     

  Second Law of Thermodynamics: Entropy 

 The second law of thermodynamics introduces the concept of entropy. Entropy can 
be considered a measure of disorder: the greater the disorder, the greater the entropy. 
Disorder occurs spontaneously and thus entropy tends to increase. Consider the three 
states of water: ice, water, and vapor. The water molecules become increasingly dis-
ordered as it changes from ice to liquid water to vapor. As disorder increases, the 
entropy of the system is said to have increased. The second law of thermodynamics 
can be expressed in terms of the entropy as follows. 

 The entropy of an isolated system increases in the course of a spontaneous change, 
i.e.  Δ  S  tot     >    0, where  S  tot  is the total entropy of the system and surroundings. Thermo-
dynamically irreversible processes are spontaneous processes and are accompanied 
by an increase in entropy.  Δ  S  tot     =    0 defi nes a reversible process in which the system 
may change states, but upon completion of the cycle the fi nal state comes back to its 
initial state. The thermodynamic defi nition of entropy is based on the expression:

    dS
dQ

T
= rev     (5.26)   

 For a closed system with a reversible and constant pressure process:

    dS
dQ

T
dH

T
dH dQ TdS= = = =rev rev

rev revor     (5.27)   

 where  Q  rev  is the change in heat in a reversible process and  T  is the absolute tempera-
ture at which the process has occurred. For a measurable change between two states, 
1 and 2, the equation can be expressed as:

    ΔS
dQ

T
= ∫ rev

1

2

    (5.28)   

 Thus entropy change as a function of temperature can be calculated as:

    ΔS
dQ

T
C dT

T
C

T
T

T

T
P

P

T

T

= = =∫ ∫rev

at constant pressure an
1

2

1

2
2

1

ln

( dd independent of temperatureCP )

    (5.29)  
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    ΔS
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2
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2
2

1
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    (5.30)   

   Problem 3 

 Orange juice (2000   kg · h  − 1 , 40    ° C) is to be cooled in a double - pipe heat exchanger by 
passing countercurrently chilled water entering at 15    ° C. The temperature of approach 
at both the ends may be taken as 10    ° C. Find the entropy change of the juice and water 
and the total entropy change of the system. 

  Data required  
 The specifi c heat capacities of orange juice and water are 3.73   kJ · kg  − 1  · K  − 1  and 
4.2   kJ · kg  − 1  · K  − 1  respectively.   

   Solution 

 Let the outlet temperatures of the hot fl uid orange juice and the cold fl uid chilled water 
be  t  2  and  t  4  respectively. Since the temperature of approach at both the ends is 10    ° C

    40 10 304 4− = = °t tor C  

    t t2 215 10 25− = = °or C   

 Let the mass fl ow rate of the chilled water be  w  kg · h  − 1 . Since there is no heat loss to 
the surroundings, by heat balance

    2000 3 73 40 25 4 2 30 15× − = × −. ( ) . ( )w  

    w = −1776 19 1. kg h   

 The process is executed at constant pressure. 
 Entropy change of the orange juice    =    2000    ×    3.73 ln 298/313    =     – 366.36   kJ · h  − 1  · K  − 1  
 Entropy change of chilled water    =    1776.19    ×    4.2 ln 303/288    =    378.76   kJ · h  − 1  · K  − 1  
 Total entropy change    =     – 366.36    +    378.76    =    12.4   kJ · h  − 1  · K  − 1    

   Problem 4 

 Ice (5   kg,  − 5    ° C) is heated at a constant pressure of 101.3   kPa to generate superheated 
steam at 120    ° C. Find the total entropy change of the process. 
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  Data required  
 Heat of fusion of ice and heat of vaporization of water are 336   kJ · kg  − 1  and 2256.9   kJ · kg  − 1  
respectively. Specifi c heat of both ice and superheated steam is 2.1   kJ · kg  − 1  · K  − 1 .   

   Solution 

 Basis: 5   kg of ice 

  Entropy change  

  1.     Ice at  − 5    ° C to ice at 0    ° C,  Δ  S  1     =    5    ×    2.1 ln (273/268)    =    0.194   kJ · K  − 1   
  2.     Ice at 0    ° C to water 0    ° C,  Δ  S  2     =    5    ×    336/273    =    6.154   kJ · K  − 1   
  3.     Water at 0    ° C to water at 100    ° C    =    5    ×    4.2 ln (373/273)    =    6.554   kJ · K  − 1   
  4.     Water at 100    ° C to saturated steam at 100    ° C    =    5    ×    2256.9/373    =    30.253   kJ · K  − 1   
  5.     Saturated steam at 100    ° C to superheated steam at 120    ° C    =    5    ×    2.1 ln 

(393/373)    =    0.548   kJ · K  − 1   
  6.     Total change of entropy ( Δ  S )    =    0.194    +    6.154    +    6.554    +    30.253    +    0.548    =    43.708   kJ · K  − 1       

  Thermodynamic Potential: Gibbs Free Energy 

 Thermodynamic changes in a closed system can be presented diagrammatically as a 
pressure – volume ( P  –  V ) or temperature – entropy ( T  –  S ) diagram. The fi rst law of ther-
modynamics is about the conservation of energy but the second law of thermodynam-
ics is about the feasibility/chance of occurrence of a process spontaneously. With 
regard to the second law, for a process to occur the entropy of the universe (system    +    sur-
roundings) is positive and increasing. For any system, the gain in entropy of the uni-
verse is the sum of gain in entropy of the system plus gain in entropy from the 
surroundings.

    Δ Δ ΔS S Suniv sys surr= + ≥ 0     (5.31)   

 The change in entropy from the surroundings for a reversible constant pressure process 
in Equation  5.28 :

    Δ
Δ

S
Q
T

H
T

surr
rev

surr

surr= ⎛
⎝⎜

⎞
⎠⎟ =     (5.32)   

 If the temperature of the system and the surroundings is equal, then substituting 
Equation  5.30  into Equation  5.29  gives:

    Δ Δ
Δ

Δ Δ ΔS S
H
T

T S H T Suniv sys
sys

univ sys sysor= − ≥ − = − ≤0 0     (5.33)   
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 Equation  5.33  expresses the total entropy of the universe only in terms of thermody-
namic properties of the system. Now a new thermodynamic function, Gibbs free 
energy ( G ), is defi ned as:

    
G H TS

dG dH dTS
= −
= −or

    (5.34)   

 At constant temperature ( T )

    dG dH TdS= −   

 At constant temperature ( T ) and pressure ( P )

    dG dH TdS= − ≤ 0     (5.35)   

 Equation  5.35  is a more useful equation because it considers both enthalpy and 
entropy changes in the system.  Δ  G  sys  is generally referred to as the thermodynamic 
potential. The criteria for equilibrium and spontaneity can now be expressed as 
changes in free energy of the system: for equilibrium,  Δ  G     =    0; for a spontaneous 
process,  Δ  G     <    0. 

 For processes at constant  T  and  V , a similar quantity, the Helmholtz free energy 
( A ), can also be defi ned:

    A U TS= −     (5.36)   

 This thermodynamic function is less useful as most processes occur at constant pres-
sure rather than constant volume. For most real - life situations, temperature and pres-
sure are the two important process variables. It is therefore necessary to consider the 
dependence of free energy on  T  and  P . By defi nition:

    
G H TS U PV TS

dG dU PdV VdP TdS SdT
= − = + −
= + + − −

    (5.37)   

 For reversible processes involving  P  –  V  work, the fi rst and second laws of thermody-
namics give:

    dU dQ PdV TdS PdV= − = −     (5.38)   

 Substituting Equation  5.38  into Equation  5.37  gives the temperature and pressure 
dependence of free energy:

    dG VdP SdT= −     (5.39)   
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 This equation is applicable for any homogeneous system of constant composition at 
equilibrium where only work of expansion takes place and the partial derivatives can 
be written as:

    
dG
dP

V
dG
dT

ST

T

P

P

= = −     (5.40)   

 For an ideal gas at constant temperature ( dT     =    0),  PV     =     nRT  and  dG     =     VdP 
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∫ ∫ ∫= =

= − =Δ ln

    (5.41)   

 If  P  1     =    1   atm for an ideal gas, then

    G G RT P= +0 ln     (5.42)   

 and  G  0  is called the standard free energy. However, for practical applications multi -
 component systems with varying concentrations are frequently encountered. Therefore 
Gibbs free energy of a multicomponent system undergoing any change will depend 
not only on temperature and pressure, as described in Equation  5.39 , but also on the 
amount of each component present in the system. The number of moles of each com-
ponent should be considered along with natural variables like temperature and pres-
sure for each thermodynamic state function. For a multicomponent system of varying 
composition, if  n  1 ,  n  2 ,  n  3  . . .  n i   indicates the numbers of moles of component 1, 2, 3 …  i , 
then

    G f T P ni= ( , , )     (5.43)   

 A complete differential for the above function can be written as:

    dG
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nT n P n ii T P ni i j i
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ddni     (5.44)   

 The partial molar Gibbs free energy is called the chemical potential of component  i  
(termed   μ  i  ) and can be presented mathematically as

    μi
i T P n

G
n

j ii

= ∂
∂

⎛
⎝⎜

⎞
⎠⎟

≠, ,
    (5.45)   

 This depicts the change in the total free energy per mole of component  i  added, when 
the temperature, pressure and number of moles of all components other than  i  are 
kept constant. 
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 The expression for  dG  for a reversible change is expressed as:

    dG VdP SdT dni i

i

= − + ∑μ     (5.46)   

 For systems with constant composition ( dn i  ), as in pure substances or in systems with 
no chemical reaction occurring, Equation  5.46  reduces to the original Equation  5.39 . 

 The chemical potential (  μ  i  ) is extremely useful for thermodynamic calculation and, 
as with the Gibbs free energy, can be written:

    
∂⎛

⎝⎜
⎞
⎠⎟ =μi

T
i

dP
V     (5.47)   

 Combining with the ideal gas law, one can describe the chemical potential of compo-
nent  i  in the gas phase at pressure  P i  

    
d

RT
P

dP

RT P

i

i i i

μ

μ μ

=

= +0 ln
    (5.48)   

 where   μi
0 is the chemical potential at reference pressure (1   atm). This equation is 

applicable for ideal gas components, but for application to real - life systems Lewis and 
Randall  (1923)  introduced a new function called the fugacity ( f ):

    μ μi i iRT f= +0 ln     (5.49)   

 The condition imposed on the fugacity is that when the gas is very dilute ( P     →    0) and 
the ideal gas law is obeyed, it is identical to the partial pressure. Thus one can write

    lim
P

i

i

f
P→

⎛
⎝⎜

⎞
⎠⎟ =

0
1     (5.50)   

 Thus fugacity is just corrected or fake pressure. For expressing a relation between 
fugacity and pressure of the respective component, another dimensionless parameter, 
the fugacity coeffi cient (  γ  fi   ), is introduced. The fugacity coeffi cient is an indication of 
the deviation from the ideal.

    γ fi
i

i

f
P

=     (5.51)   

 Ideal solutions follow Raoult ’ s law and exhibit behavior similar to ideal gases in terms 
of thermodynamic expressions. For an ideal solution of a volatile solvent,  i , in equi-
librium with its vapors, the chemical potential is expressed as a function of mole 
fraction ( x i  )

    μ μi i iRT x( ) ( ) ln*soln soln= +     (5.52)   
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 where   μ  i   *  is the chemical potential of pure  i . For a real solution, the term activity ( a ) 
is introduced similar to fugacity:

    μ μi i iRT a( ) ( ) ln*soln soln= +     (5.53)   

 As Raoult ’ s law is applicable for pure solvents and dilute solutions, the limiting value 
of activity ( a i  ) is defi ned as

    lim
x

i

ii

a
x→

⎛
⎝⎜

⎞
⎠⎟ =

1
1     (5.54)   

 Similar to the fugacity coeffi cient, the activity coeffi cient (  γ  ai  ) may be defi ned as a 
dimensionless ratio of the activity to the mole fraction:

    γ γai
i

i
i ai i

a
x

or a x= =     (5.55)   

 In food items, water exists as primary solvent with other constituents such as carbo-
hydrates, proteins, and lipids. At constant temperature, all constituents and water in 
the food are in thermodynamic equilibrium with each other in both adsorbed and 
vapor phases. By considering that water is present in only two phases, one can write:

    μ μw w( ) ( )vapor food=     (5.56)  

    μ μw w w wRT f RT a0 + = +ln ln*     (5.57)   

 By denoting the fugacity of the water vapor in equilibrium with pure water by  f w   * , 
the standard chemical potential of pure water becomes

    μ μw w wRT f* *ln= +0     (5.58)   

 Substituting the   μ  w   *  in Equation  5.57 , we obtain

    
RT a RT f RT f

a
f
f

w w w

w
w

w T

ln ln ln *

*

= −

= ⎛
⎝⎜

⎞
⎠⎟

    (5.59)   

 As the fugacity of water vapor in equilibrium with pure water equals the vapor pres-
sure exerted by pure water, the water activity becomes

    a
P
P

w f
w

w T

= ⎛
⎝⎜

⎞
⎠⎟γ

*     (5.60)   
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 The fugacity coeffi cient of water vapor as a function of pressure was given by 
Haas  (1970) . As the fugacity coeffi cient approaches unity, water activity in food is 
expressed as

    a
P
P

ERH
w

w

w T

= ⎛
⎝⎜

⎞
⎠⎟ =

* 100
    (5.61)   

 where  P w   is the vapor pressure of water present in the food at temperature  T , and   Pw
*  

the vapor pressure of pure water at the same temperature. 

   Problem 5 

 Calculate the activity   ( )aH O2  of liquid water at 300   K and at pressures of 10   bar and 
800   bar.     

  Application of Thermodynamics in Food Systems 

 All food materials comprise multiple biomolecules such as water, protein, fat, carbo-
hydrate, vitamins, fl avonoids, and pigments, and foods are available in solid, liquid, 
semisolid, and gel form. Food materials can therefore be considered as a multicom-
ponent mixture of different biomolecules. For an appreciation of thermodynamic 
principles in food systems, three broad areas are extremely important: solution ther-
modynamics, phase equilibria, and colligative properties. 

  Solution Thermodynamics 

 In real - life situations, a number of foods such as fruit juice, beverage, wine, etc. exist 
in the form of a solution. During manufacturing, different food carbohydrate or protein 
solutions are mixed together with major ingredients for product development. 
Therefore food is not a pure substance, but a mixture of different components. In 
general descriptions of the thermodynamic properties of mixtures, partial molar prop-
erties like  “ partial molar volume ”  is conventionally used. Partial molar volume is the 
contributing volume of component A in the total volume of sample. 

  Partial Molar Quantities and Chemical Potential 

 Consider a huge volume of water at 25    ° C. When we add 1   mol of water to it, the 
volume increases by 18   cm 3  and we report that the molar volume of pure water is 
18   cm 3  · mol  − 1 . However, when we add 1   mol of water to a huge volume of pure ethanol, 
the volume increases by only 14   cm 3 . This 14   cm 3  · mol  − 1  is the partial volume of water 
in ethanol. The reason for the difference in volume increase is because the nature of 
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the molecules surrounding the water molecules is different in the two cases and the 
packing of water molecules changes in a new environment. Let us consider a solution 
containing  n A   mol of A and  n B   mol of B. If we have a large volume of solution, then 
adding 1   mol of A or B does not change the concentration of solution appreciably and 
one can measure the increase in volume when 1   mol is added at constant  T  and  P . The 
increase in volume is called the partial molar volume of the component in the solu-
tion at the specifi c temperature, pressure, and composition. The partial molar volume 
is denoted as  V A   and written as:

    V
V
n

A
A T P nB

= ∂
∂

⎛
⎝⎜

⎞
⎠⎟ , ,

    (5.62)   

 The partial molar volume,  V J  , of substance J at some general composition can be 
expressed as

    V
V
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A T P n
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∂
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⎞
⎠⎟ , , /

    (5.63)   

 where subscript  n  /  signifi es that the amounts of all other substances are constant. 
Thus for a binary mixture of A and B, the composition of the mixture is changed with 
addition of  dn A   of A and  dn B   of B, then the total volume of the mixture changes by
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    (5.64)   

 If the composition is kept constant as the amounts of A and B are increased, the fi nal 
volume of the mixture can be calculated by integration. Because the partial molar 
volume is constant, one can write:

    V V dn V dn V n V nA A
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    (5.65)   

 The concept of partial molar quantities can be extended for any state function:
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    (5.66)   

 The total Gibbs energy of a binary mixture is



Thermodynamics in Food Process Design 91

    G n nA A B B= +μ μ     (5.67)   

 where   μ  A   and   μ  B   are the chemical potentials at the compositions of the mixture if the 
pressure and temperature are constant. As the chemical potential depends on composi-
tion, when the composition changes infi nitesimally, the Gibbs energy of a binary 
system changes by

    dG n d dn n d dnA A A A B B B B= + + +μ μ μ μ     (5.68)   

 As  G  is a state function at constant temperature and pressure, for binary systems

    n d n d d
n
n

dA A B B B
A

B
Aμ μ μ μ+ = = −0 or     (5.69)   

 This is a special case of the Gibbs – Duhem equation:

    n dj j

i

μ∑ = 0     (5.70)   

 The Gibbs – Duhem equation signifi es that the chemical potential of one component 
of a mixture cannot change independently of the chemical potential of the other 
components. 

   Problem 6 

 A bar tender wants to make an alcohol mix having composition 45 weight percent 
ethanol and 55 weight percent water from a 5   dm 3  vodka stock comprising 55 weight 
percent ethanol and 45 weight percent water. Find the volume of water to be added 
to the stock solution to achieve the desired alcohol mix. Find also the total volume 
of the desired solution obtained by mixing water in the stock solution. 

  Data required  
 Partial molar volume data at 298   K and 101.3   kPa 

In 45 wt% alcohol solution (m 3·kg−1) In 55 wt% alcohol solution (m 3·kg−1)

Ethanol 12.065 × 10−4 12.43 × 10−4

Water 9.722 × 10−4 9.53 × 10−4
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          Solution 

 Let  W B   be the mass of water to be added to the stock solution to obtain the desired 
alcohol mix. By overall mass balance

    W W WS B D+ =     (i)   

 where  W S   is mass to stock solution and  W D   is mass of desired solution. 
 By water balance

    0 45 0 55. .W W WS B D+ =     (ii)   

 From Equations  (i)  and  (ii) 

    W WD S= 1 222.     (iii)  

    W WB S= 0 222.     (iv)   

 Total volumes of water ( V B  ) and fi nal solution ( V D  ) are given by

    V v V vB B S s= 0 222. ( ) /     (v)  

    V v V vD D S s= 1 222. ( ) /     (vi)  

  where  v s  ,  v B   and  v D   are, respectively, specifi c volumes of stock solution, water and 
desired alcohol mix;  V S   is the total volume of stock solution (5    ×    10  − 3    m 3 ). 

 The specifi c volume of the mixture is give by

    V x Vi i= ∑   

 Hence for the stock solution

    vs = × × + × × = × ⋅− − − −0 55 12 43 10 0 45 9 53 10 11 125 104 4 4 3 1. . . . . m kg   

 and for the desired alcohol mix

    vD = × × + × × = × ⋅− − − −0 45 12 065 10 0 55 9 722 10 10 776 104 4 4 3 1. . . . . m kg   

 From the data given,  v B      =    1/997    =    10.03    ×    10  − 4    m 3  · kg  − 1 . Now from Equation  (v) 

    VB = × × × × × = ×− − − −0 222 10 03 10 5 10 11 125 10 1 000746 104 3 4 3 3. . . ./ m  

    VD = × × × × × = ×− − − −1 222 10 776 10 5 10 11 125 10 5 918 104 3 4 3 3. . . ./ m   
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 Total volume of materials mixed    =    5    ×    10  − 3     +    1.000746    ×    10  − 3     =    6.000746    ×    10  − 3    m 3  

 Note that the volume of the desired solution is less than the total volume of materials 
mixed.   

   Problem 7 

 The molar enthalpies of a liquid system having two components A and B at 298   K and 
101.3   kPa are given below for different molar compositions of A. 

Mol percent of A 0 10 20 30 40 50 60 70 60 90 100
Molar enthalpy 

(J·mol−1)
400 423 446 467 488 508 527 545 564 582 600

      Find the partial molar enthalpies of A and B for a 50   mol% solution of A. Find also 
the partial molar enthalpies of A and B at infi nite dilution.   

   Solution 

 Make a plot of molar enthalpy versus mol% A. The tangent drawn at  x A      =    0 gives the 
intercept on the opposite ordinate as the partial molar enthalpy of A at infi nite dilu-
tion   ( )HA

∞ −= ⋅640 1 J mol  Similarly the tangent drawn at  x A      =    1 gives the intercept on 
the opposite ordinate as the partial molar enthalpy of B at infi nite dilution 
  ( )HB

∞ −= ⋅420 1 J mol . Again the tangent drawn at  x A      =    0.5 gives the intercept on the 
ordinate at  x A      =    1 as the partial molar enthalpy of A   ( )HA = ⋅ −605 1 J mol . Similarly, 
the intercept on the ordinate at  x A      =    0 gives the partial molar enthalpy of B 
  ( )HB = ⋅ −410 1 J mol .    

  Ideal and Nonideal Mixtures 

 At equilibrium, the chemical potential of a substance A present as a vapor must be 
equal to its chemical potential in the liquid (Figure  5.1 ). The chemical potential of 
pure A in the vapor can be written as

    
μ μ
μ μ

A A A

A A A

RT p

RT p

* *

* *

ln

ln

= +
= −

Φ

Φ
    (5.71)     

 while the chemical potential of A in the liquid is expressed as

    μ μA A ART p= +Φ ln     (5.72)   

 By combining Equations  5.56  and  5.57  we obtain

    μ μ μ μA A A A A A A
A

A

RT p RT p RT p RT
p
p

= + = − + = +Φ ln ln ln ln* * * *
*

    (5.73)   
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 where   μA
Φ  is the standard chemical potential of A,  p A   and  p B   are partial vapor pressures 

of components A and B, and   pA
*  and   pB

*  are the vapor pressures of pure liquids A and 
B. Raoult found that the ratio of partial vapor pressure of each component to its vapor 
pressure as pure liquid   p pA A/ *  is approximately equal to the mole fraction of A in the 
liquid mixture and the following relationship is known as Raoult ’ s law:

    p x pA A A= *     (5.74)   

 Some mixtures obey Raoult ’ s law extremely well, particularly when the components 
are structurally similar. Mixtures that obey Raoult ’ s law throughout the composition 
range from pure A to pure B are called ideal solutions. 

 For an ideal solution   μ μA A ART x= +* ln . In an ideal solution the solute as well as 
the solvent obeys Raoult ’ s law. However, for real solutions at low concentration, the 
vapor pressure of the solute is proportional to its mole fraction, but the constant of 
proportionality is not the vapor pressure of the pure substance. So for dilute and real 
solutions, Henry ’ s law applies:

    p x K K
p
x

B B B B
B

B

= =or     (5.75)   

 where  x B   is the mole fraction of the solute and  K B   is an empirical constant (Henry ’ s 
law constant). Henry ’ s law can be written in terms of molality of the solution and the 
constant  K B   has units in atmospheres. Figure  5.2  shows the relationship between vapor 

Figure 5.1 Chemical potential of substance A in gaseous and liquid phase at equilibrium are equal. 

mA (g,p) and mB (I,p)

are equal at equilibrium

mA (g,p)

mB (I,p)

A(g) + B(g)

A(I) + B(I)
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pressure and mole fraction of an ideal and ideal dilute solution obeying Raoult ’ s and 
Henry ’ s law respectively. Both the ideal and ideal dilute solution show linear depend-
ence of vapor pressure with mole fraction, but with different slopes, i.e. vapor pressure 
of pure liquid and Henry ’ s law constant respectively. Henry ’ s law constant for selected 
gases in water is listed in Table  5.2 .     

 Mixtures in which the solute obeys Henry ’ s law and the solvent obeys Raoult ’ s law 
are called ideal dilute solutions (Figure  5.3 ). For an ideal solution the solvent obeys 
Raoult ’ s law at all concentrations. One can write a similar expression for the solution 
which does not obey Raoult ’ s law:

    μ μA A ART a= +* ln     (5.76)     

 The quantity  a A   is the activity of A, an effective mole fraction, which can be 
measured as

Table 5.2 Henry’s law constant, KB (atm), for gases in water at three temperatures. 

Gas 0°C 25°C 37°C

He 133 × 103 141 × 103 140 × 103

N2 51 × 103 85 × 103 99 × 103

CO 35 × 103 58 × 103 68 × 103

O2 26 × 103 43 × 103 51 × 103

CH4 23 × 103 39 × 103 47 × 103

Ar 24 × 103 39 × 103 46 × 103

CO2 0.72 × 103 1.61 × 103 2.16 × 103

C2H2 0.72 × 103 1.34 × 103 1.71 × 103

Figure 5.2 Total vapor pressure and the two partial vapor pressures of an ideal binary mixture are 
proportional to the mole fractions of the components. 
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    a
p
p

A
A

A

=
*     (5.77)   

 As solvents obey Raoult ’ s law   x
p
p

A
A

A

=⎛
⎝⎜

⎞
⎠⎟*

 closely as the concentration of solute 

approaches zero, the activity of the solvent approaches the mole fraction as  x A      →    1.

    a x xA A A→ →as 1   

 A new function activity coeffi cient is therefore introduced to express this 
conveniently:

    a x xA A A A A= → →γ γ 1 1as  at all temperatures and pressures   

 The chemical potential of the solvent is

    μ μ γA A A ART RT x= + +* ln ln     (5.78)   

 The standard state of the solvent, the pure liquid solvent at 1   bar, is established when 
 x A      =    1. 

 For a binary system of liquids, 1 and 2, the Gibbs energy of mixing of two liquids 
to form a solution is calculated in the same way as for mixing of two gases. The total 
Gibbs energy before liquids are mixed is:

    G n ni = +1 1 2 2μ μ     (5.79)   
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     Figure 5.3   Vapor pressure –mole fraction diagram of ideal and ideal dilute solution obeying Raoult ’s
and Henry ’s law respectively. 
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 When the two liquids are mixed, the total Gibbs energy is:

    G n RT x n RT xf = + + +1 1 1 2 2 2( ln ) ( ln )* *μ μ     (5.80)   

 Consequently the Gibbs energy of mixing is:

    ΔmixG nRT x x x x= +( ln ln )1 1 2 2     (5.81)   

 where  n  1     +     n  2     =     n . As the ideal enthalpy of mixing and change in volume on mixing 
is zero, the ideal entropy of mixing of two liquids can be expressed as:

    ΔmixS nR x x x x= − +( ln ln )1 1 2 2     (5.82)   

 In real (non - ideal) solutions there may be changes in volume or enthalpy as the liquids 
mix. So the thermodynamic properties of real (non - ideal) solutions are expressed in 
terms of excess function,  X E  , i.e. the difference between the observed thermodynamic 
function of mixing and the function for an ideal solution. The excess entropy, for 
example, can be defi ned thus:

    S S SE = −Δ Δmix mix
ideal     (5.83)   

 The excess enthalpy and volume are both equal to the observed enthalpy and volume 
of mixing, because the ideal values are zero in each case. The deviations of the excess 
energies from zero indicate the extent of deviation of the solution from ideal solution. 
The useful model system is the regular solution in which excess enthalpy  H E    ≠  0 but 
excess entropy  S E      =    0. One can consider that two kinds of molecules are distributed 
randomly in regular solution with different energies of interaction. Real solutions are 
composed of particles that interact in different ways: 1 – 1, 2 – 2, and 1 – 2. Thus excess 
enthalpy depends on the composition of the mixture as:

    H nARTx xE = 1 2     (5.84)   

 where  A  is a dimensionless parameter that is a measure of the energy of the 1 – 2 
interaction relative to that of the 1 – 1 and 2 – 2 interactions. If  A     <    0, mixing is exo-
thermic and solute – solvent interaction is more favorable than solute – solute and 
solvent – solvent interactions; when  A     >    0 the mixing is endothermic. As the entropy 
of mixing has its ideal value for a real solution, excess Gibbs energy is equal to the 
excess enthalpy and the Gibbs energy of mixing:

    ΔmixG nRT x x x x Ax x= + +( ln ln )1 1 2 2 1 2     (5.85)   

 Figure  5.4  shows how  Δ  mix  G  varies with composition for different values of  A . The 
excess Gibbs energy satisfi es the Gibbs – Duhem equation and goes to zero as  x  1     →    0 
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and  x  1     →    1. The simplest polynomial representation of excess Gibbs energy  G E   is thus 
expressed as:

    G Ax xE = 1 2     (5.86)     

 where  A  is an empirical parameter that is a complicated function of macroscopic and 
molecular properties. 

 The activity coeffi cients are related to the mole - fraction of components as:

    ln lnγ γ1 2
2

2 1
2= =Ax Ax     (5.87)   

 These relations are called a one - constant Margules equation. We can write activity of 
species 1 as:

    a x x xx x
1 1 1 1 1

12
2

1
2= = ⋅ = ⋅⋅ −γ β βe e ( )     (5.88)   

 As the activity of species 1 is the ratio of vapor pressure of species 1 in the solution 
to the vapor pressure of pure species 1, one can write:

    p x px
1 1

1
1

1
2= ⋅{ }−eβ( ) *     (5.89)   

 The interesting feature of the one - constant Margules equation is that for two species 
(1 and 2) the activity coeffi cients are mirror images of each other as a function of 
composition. The one - constant Margules equation provides a satisfactory representa-

Figure 5.4 The Gibbs energy of mixing for different values of A. 
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tion for activity coeffi cient behavior only for liquid mixtures containing constituents 
of similar size, shape and chemical nature. For more complicated systems, particularly 
mixtures of dissimilar molecules, one - constant Margules equations do not hold. More 
complex expressions are thus required for more complex mixtures. One possible gen-
eralization of Equation  5.86  is the Redlich – Kister expansion.

    G x x A B x x C x xE = + − + − +{ }1 2 1 2 1 2
2( ) ( ) …     (5.90)   

 where  A ,  B , and  C  are temperature - dependent parameters. The number of terms 
retained in the expansion depends on the shape of the excess Gibbs energy curve as 
a function of composition and the accuracy of the experimental data. When 
 A     =     B     =     C     =     . . .     =    0, the ideal solution model is reached. For  A     ≠    0,  B     =     C     =     . . .     =    0, 
the one - constant Margules equation is obtained. For the situation  A     ≠    0,  B     ≠    0, 
 C     =     D     =     . . .    0, we get

    
ln

ln

γ α β
γ α β

1 1 2
2

1 2
2

2 2 1
2

2 1
2

= +
= +

x x

x x
    (5.91)   

 where   α  i      =     A     +    3( − 1)  i    + 1  B ;   β  i      =    4( − 1)  i B  and i denotes the species and has values of 1 and 
2. These expressions are known as two - constant Margules equations. The expansion 
of Equation  5.75  can also lead to the Wohl equation:

    
G

RT x q x q
a z z a z z a z z a z z

E

( )1 1 2 2
12 1 2 112 1

2
2 1112 1

3
2 1222 1 22 3 4 4

+
= + + + 33

1122 1
2

2
26+ +a z z …     (5.92)   

 where  q i   is a measure of the volume of molecule i (liquid molar volume) and the 
parameter  a  arises due to interaction of unlike molecules (species 1 – species 2). The 
term  z i   is the volume fraction, defi ned by:

    z
x q

x q x q
i

i i=
+1 1 2 2

    (5.93)   

 Thus the liquid phase activity coeffi cient can be deducted assuming  a  12     ≠    0, 
 a  112     =     a  122     =     . . .     =    0

    ln ( )γ i

EG
RT

x q x q a z z
a x q x q
x q x q

= = + =
+1 1 2 2 12 1 2

12 1 1 2 2

1 1 2 2

2
2

    (5.94)   

 Thus we have the van Laar equation:
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    (5.95)   

 where   α      =    2 q  1  a  12  and   β      =    2 q  2  a  12 . 
 The van Laar equation is frequently used to correlate activity coeffi cient data over 

the whole composition range. Alternatively, if only limited data are available, the van 
Laar equation can be written as

    
α γ

γ
γ

β γ
γ

γ

= +⎛
⎝⎜

⎞
⎠⎟

= +⎛
⎝⎜

⎞
⎠⎟

1

1

2 2

1 1

2

1

1 1

2 2

2

2

x
x

x
x

ln
ln

ln

ln
ln

ln

    (5.96)   

 When   α      =      β  , the van Laar equation  (5.95)  reduces to the Margules equation  (5.87) . 
Despite the simplicity of the model equation, the van Laar model is inapplicable to 
most real solutions, particularly polar non - ideal mixtures.  

  Local Composition Model 

 The concept of local composition has been widely applied in the study of solution 
thermodynamics and excess free energy calculation. This approach assumes that 
around each molecule in solution there is a local composition and that this is different 
from bulk composition. Important examples of local composition models are 
the Wilson model (Wilson,  1964 ), the NRTL model (Renon and Prausnitz,  1968 ), the 
Flory – Huggins model and the UNIQUAC equation (Abrams and Prausnitz,  1975 ). 
The Wilson model is a two - parameter model and is written as:
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    (5.97)   

 Another model, the Flory – Huggins model, is meant to apply to mixtures of molecules 
of very different size, including solution of polymers.
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 where   ϕ  i   are the volume fractions,  m  is (volume of species 2)/(volume of species 1), 
and  χ  is an adjustable parameter referred to as the Flory interaction parameter. In an 
attempt to develop a versatile model Abrams and Prausnitz  (1975)  used statistical 
mechanics to derive UNIQUAC (universal quasichemical) equation to calculate excess 
Gibbs energy or activity coeffi cients. Because of the stronger theoretical basis, this 
model is applicable to binary as well as multicomponent mixtures of polar and non-
polar liquids. The UNIQUAC equation treats  g     =     G E  / RT  as consisting of two additive 
parts: a combinatorial term  g C   to account for molecular size and shape differences, 
and a residual term  g R   to account for molecular interaction.

    g g gC R= +     (5.99)   

 Function  g C   contains pure - species parameters only, while function  g R   incorporates two 
binary parameters for each pair of molecule. For a multicomponent system ( i  denotes 
species),

    g x
x

z
x qC

i
i

ii

i i
i

ii

= +∑ ∑ln ln
φ θ

φ2
    (5.100)  

    g x qR
i i j ji

ji

= −
⎛

⎝⎜
⎞

⎠⎟∑∑ ln θ τ     (5.101)  

  where  r i   is volume parameter for species i,  q i   is the surface area parameter for species 
i, and  z  is the average coordination number, usually taken to be 10. The other param-
eters are defi ned below:

    Volume fraction of species i = =
∑

φi
i i

j j

j

x r

x r  

    Area fraction of species i = =
∑

θi
i i

j j

j

x q

x q  

    ln
( )τ ji

ij jju u
RT

= − −  

  where  u ij   is the average interaction energy for species  i  – species  j  interaction. Thus one 
can write:

    ln ln ( ) ln ( )γ γ γi i i= +combinatorial residual     (5.102)  
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  where  l i      =    ( r i      −     q i  ) z /2    −    ( r i      −    1). 
 The size and surface area parameters  r i   and  q i   can be evaluated from molecular struc-

ture information. However, the UNIQUAC equation does not use the volume ( r i  ) and 
surface area ( q i  ) parameters for each molecule, but instead two terms  τ  12  and  τ  21 , which 
are evaluated by a group contribution method. The UNIFAC model (Fredenslund  et al ., 
 1975, 1977 ) is a group contribution method that splits each component of a solution into 
a number of functional groups and treats the solution as a mixture of these functional 
groups rather than of molecules. Also the volume ( R i  ) and surface area ( Q i  ) of functional 
group  i  will be the same in any molecule in which that group occurs. 

 In food materials, water is the major component present in every plant -  and animal -
 based food item and is found widely distributed throughout foods as a solvent system 
for sugar, salt, hydrocolloids, etc. Food is a complex material and is a totally nonideal 
mixture. Applying thermodynamic principles of nonideal solution behavior for food 
is rather limited. The application of the UNIQUAC/UNIFAC model is mainly limited 
to different carbohydrate solutions, as aqueous sugar solutions are very important in 
biological systems and in the food and beverage industries. LeMaguer  (1992)  provides 
an excellent review of the UNIQUAC equation for describing the excess properties of 
aqueous sugar systems. Several researchers have reported UNIQUAC/UNIFAC - type 
models for calculating the thermodynamic properties of carbohydrate systems (Larsen 
 et al .,  1987 ; Catte  et al .,  1995 ; Peres and Macedo,  1997 ; Prausnitz  et al .,  1999 ; Ferreira 
 et al .,  2003 ; Starzak and Mathlouthi,  2006 ). 

   Problem 8 

 Given  G E  / RT     =     Ax  1  x  2  for a solution of two components, show that the system follows 
the Gibbs – Duhem equation.   

   Solution 
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 Similarly,
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 The Gibbs – Duhem equation is given by
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 From Equation  (i) 
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 From Equations  (iv)  and  (v) :
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 Hence the proposition is proved.     

  Phase Equilibria 

 One of the most important areas of application of thermodynamics is phase equilibria. 
Vaporization of liquids and melting of ice - cream are both examples of phase change 
without change in chemical composition. The phase of a substance is a form of matter 
that is uniform throughout its chemical composition and physical state, for example 
the solid, liquid, and gas phases of a substance. Phase change or transition from one 
phase to another occurs spontaneously at a characteristic pressure and temperature 
(Figure  5.5 ).   

 The phase diagram represents the relationship between the pressure and tempera-
ture of a system. In Figure  5.5 , the solid lines represent the conditions under which 
two phases coexist at equilibrium. The point where all three phases coexist is called 
the  triple point , at  T     =    273.16   K and  P     =    0.00603   atm for water. The  critical point  
describes a pressure and temperature above which the liquid and vapor phases are 
indistinguishable. The critical point for water is  T     =    547.6   K and  P     =    219.6   atm. Above 
the critical point, a single uniform phase called  supercritical fl uid  exists; the 
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properties of supercritical fl uids are entirely different from either the liquid or vapor. 
The unique behavior of supercritical fl uids is used in the separation of food compo-
nents by supercritical carbon dioxide. 

 A useful rule when considering phase equilibria was derived by Gibbs and is called 
the phase rule. It is a general relation between the degree of freedom ( F ), the number 
of components ( C ), and the number of phases at equilibrium ( P ) for a system of any 
composition:

    F C P= − + 2     (5.105)   

 For a one - component system such as pure water,  F     =    3    –     P . When only one phase is 
present,  F     =    2 and both  P  and  T  can be varied independently without changing the 
number of phases. When two phases are in equilibrium,  F     =    1; when three phases are 
in equilibrium,  F     =    0 and the system is invariant. We can identify these features in a 
phase diagram of water. When two components are present,  C     =    2 and  F     =    4    –     P . Phase 
diagram is depicted in terms of either pressure and composition or temperature and 
composition. 

 In the food industry one of the most important processes is removal of water by 
evaporation or drying or distillation, for example food fl avors and alcohols are pro-
duced by distillation. These processes are based on the difference in vapor pressure of 
components at a given temperature. In order to understand these processes, it is useful 
to construct diagrams that display vapor pressure of a solution as a function of mole 
fraction as well as composition of the vapor in equilibrium with the solution. 

 The partial vapor pressures of the components of an ideal solution of two volatile 
liquids (A and B) are related to the composition of the liquid mixture by Raoult ’ s law:

Figure 5.5 Phase diagram of a substance. 
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p x p

p x p
A A A

B B B

=
=

*

*
    (5.106)   

 where   pA
*  is the vapor pressure of pure A and   pB

*  that of pure B. The total vapor pres-
sure  p  of the mixture is therefore defi ned according to Dalton ’ s law as:

    p p p x p x p p p p xA B A A B B B A B A= + = + = + −* * * * *( )     (5.107)   

 This expression indicates that the total vapor pressure (at fi xed temperature) changes 
linearly with composition from   pB

*  to   pA
*  as  x A   changes from 0 to 1. Also the mole 

fractions of component A and B in the vapor phase,  y A   and  y B  , are expressed as:

    y
p
p

y
p
p

A
A

B
B= =     (5.108)   

 Thus by combining Equations  5.92  and  5.93  one can write

    y
x p

p p p x
y yA

A A

B A B A
B A=

+ −
= −

*

* * *( )
1     (5.109)   

 The pressure and temperature composition diagram is shown in Figure  5.6 . In this 
fi gure, point  a  indicates the vapor pressure of a mixture of composition  x A   and point 
 b  shows the composition of the vapor that is in equilibrium with the liquid at that 
temperature. One can similarly look at temperature – composition or boiling point 
diagrams. The liquid phase lies in the lower part of the diagram. It shows that in an 

Figure 5.6 (a) Pressure and (b) temperature composition diagram. 
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ideal mixture with component A more volatile than component B, successive boiling 
and condensation of a liquid of original composition  a 1   lead to a condensate, i.e. pure 
A. The fractional distillation process uses these successive evaporation and condensa-
tion cycles until the desired pure component is separated out.   

 As most solutions are nonideal, experimentally determined temperature – composition 
diagrams often deviate from the ideal. If the system deviates in a positive direction 
from Raoult ’ s law, the curve will show a lower boiling point and excess Gibbs energy 
is positive. Conversely, a negative deviation will lead to higher boiling point and 
excess Gibbs energy is negative. Under these situations, the vapor and liquid will have 
the same composition. The resulting mixtures are called azeotropes. In the food indus-
try, the deviation is positive and low boiling mixtures are produced, for example 
water – ethanol. 

  Vapor – Liquid Equilibria 

 For phase equilibria between liquid and vapor, the free energy per mole must be the 
same for both phases. Thus at a fi xed temperature ( T ) and pressure ( P ):

    G GA
L

A
V=     (5.110)   

 If  T  and  P  are shifted to some infi nitesimal amount so that molar free energies become 
  G dGL L+  and   G dGV V+ , under equilibrium conditions:

    

G dG G dG

dG V dP S dT dG V dP S dT

dP
dT

S S
V V

L L V V

L L L V V V

V L

V L

+ = +

= − = = −

= −
−

=or
ΔΔ
Δ

S
V

vap

vap

    (5.111)   

 where   ΔSvap  and   ΔVvap  are the molar entropy and volume change of vaporization, 
respectively. Since   Δ Δ ΔG H T Svap vap vap= − = 0  for a reversible process, one can write:

    
dP
dT

H
T V

=
Δ
Δ

vap

vap
    (5.112)   

 where   ΔHvap  is the molar enthalpy of vaporization. Equation  5.112  is extremely impor-
tant and is one form of the Clausius – Clapeyron equation. At moderate temperature 
and over a limited range,   ΔHvap may be assumed constant and since  V V      ≥     V L  ,   ΔV VVvap ≈ . 
For atmospheric conditions and applying the ideal gas laws   V RT PV = / , then

    
dP
dT

H P
RT V

T

T

1

2

2∫ =
Δ

Δ
vap

vap
    (5.113)  
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    or vapln
( )P

P
H T T

RTT
2

1

2 1

1 2

=
−Δ

    (5.114)   

 Equation  5.114  is called Clausius – Clapeyron equation. A plot of ln  P  versus 1/ T  gives 
a straight line with slope   ΔH Rvap / .

    ln ( ) /P T A
H
RT

A B Tvap
vap= − = −

Δ     (5.115)   

 In addition, the Antoine equation is expressed more commonly to correlate tempera-
ture dependence of vapor pressure:

    ln ( )P T A
B

T C
vap = −

+
    (5.116)    

  Solid – Liquid Equilibria 

 For phase equilibria between solids and liquids, the free energy per mole must be the 
same for both phases. Thus for these equilibria one can write expressions like the 
Clausius – Clapeyron equation:

    
dP
dT

H
T V

H
T V VL S

= =
−

Δ
Δ

Δfus

fus

fus

( )
    (5.117)   

 In this case, the equilibrium between the solid and liquid phases of a given substance 
is taking place at the melting point.   ΔHfus is the molar heat of fusion of substance, 
and   VL  and   VS  are the molar volumes of solid and liquid respectively. For a substance 
like ice,   V VL S−  is negative, so the melting point is lowered with rise in 
temperature.  

  Solid – Vapor Equilibria 

 For solid – vapor equilibria, the Clausisus – Clapeyron equation is:

    
dP
dT

H
T V

= Δ
Δ

sub

sub

    (5.118)   

 where the subscript denotes sublimation. According to Hess ’ s law,   ΔHsub  may be 
calculated as the sum of   Δ ΔH Hsub fus+ . Consequently, the slope of the equilibrium line 
between solid and vapor is greater than that between liquid and vapor because of the 
additional heat of fusion. 
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   Problem 9 

 The following vapor pressure data are available: 
     

Ice ( °C) Pvap (mmHg) 

Ice –4 3.280

–2 3.880
Water +2 5.294

+4 6.101

 Calculate (1) heat of sublimation of ice, (2) heat of vaporization of water, (3) heat of 
fusion of ice, and (4) the triple point of water.     

  Colligative Properties 

 For an ideal dilute solution, the colligative properties depend only on the number of 
solute molecules present (mole fraction) and not on the size or identity or molecular 
weight of the molecules. Colligative properties include lowering of vapor pressure, 
elevation of boiling point, depression of freezing point, and osmotic pressure. 

  Vapor Pressure Lowering 

 Consider a dilute solution containing a nonvolatile solute. By applying Raoult ’ s law, 
one can write

    P x PA= ⋅ 0     (5.119)  

    x x
P P

P
n

n n
n
n

B A
B

A B

B

A

= − = − =
+

≅1
0

0     (5.120)  

  where  x A   is mole fraction of solvent,  x B   is mole fraction of solute,  P  0  is vapor pressure 
of pure solvent,  P  is vapor pressure of solvent in solution,  P  0     –     P  is vapor pressure 
lowering of solvent, and  n A   and  n B   are number of moles of solvent and solute, 
respectively. 

 Designating weight of solute as  Wt B  , the number of moles of solute ( n B  ) is equal to 
 Wt B  / M B  , and therefore

    M
Wt
n

P
P P

B
B

A

=
−

0

0     (5.121)    

  Boiling Point Elevation 

 The boiling point of a solution is the temperature at which its vapor pressure is equal 
to the external pressure. Addition of a small amount of nonvolatile solute to the 
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solvent causes lowering of vapor pressure and results in rise of boiling point of the 
solution. The boiling point elevation can be calculated from the Clausius – Calpeyron 
equation for the solution:

    ln
( )P

P
H T T

RTT

0
0

0

=
−Δ vap     (5.122)   

 where  P  0  and  T  0  are the vapor pressure and temperature of pure solvent at its boiling 
point and  P  and  T  are the vapor pressure and boiling point of the solution.   ΔHvap is 
the enthalpy of vaporization of solution, and for dilute solution may be taken as the 
enthalpy of vaporization for solvent. Also, for a dilute solution the boiling point eleva-
tion is small, so one can write   TT T0 0

2≅ . For a dilute solution, one can write Raoult ’ s 
law as

    P x P
P
P

xA A= =0
0

ln ln     (5.123)   

 As ln    x A      =    ln   (1    −     x B  ) and for  x B      ≤    0.2

    ln( )1
2 3

2 3

− = − ≅ −x
x x

xB
B B

B�   

 Therefore

    ln
P
P

xB

0

=     (5.124)   

 for  x B      ≤    0.2. Substituting Equation  5.124  into Equation  5.122 :

    x
H T T

RT
H T

RT
B =

−
=

Δ Δ Δvap vap bp( )0

0
2

0
2

    (5.125)   

 where  Δ  T  bp  is the boiling point elevation. From Equation  5.125  we get

    

Δ
Δ

T
RT x

H

x x
P P

P
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n n
n
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W M
W M
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B A
B

A B

B
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A B
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=
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2

0

0
1

    (5.126)   

 for  n A      >     n B  .  W A   and  W B   are the mass of solvent and solute, respectively, and  M A   and 
 M B   are the respective molecular weights. Thus for water as a solvent

    Δ
Δ

T
RT

H
W
M

K mB

B
bbp

vap

= =18
1000

0
2

    (5.127)   
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 where  m  is molality of solute. Therefore boiling point rise is directly proportional to 
the molality. The proportionality constant or boiling point constant  K b   depends only 
on the properties of the solvent. For dilute aqueous solution,  K b      =    0.52   K · kg · mol  − 1 .  

  Freezing Point Depression 

 In a similar thermodynamic analysis, freezing point depression for dilute aqueous 
solution can be written as:

    T T T
RT

H
m K mf0

0
218

1000
− = = =Δ

Δbp
fus

    (5.128)   

 where  T 0   is freezing point of pure solvent,  T  is freezing point of the solution,   ΔHfus is 
the enthalpy of fusion, and  K f   is freezing point constant. For water, the freezing point 
constant  K f      =    1.86   K · kg · mol  − 1 .  

  Osmotic Pressure 

 The concept of osmotic pressure can be demonstrated by considering the equilibrium 
condition between a pure solvent and a solution separated by a semipermeable mem-
brane. The semipermeable membrane only allows solvent to pass. The equilibrium 
occurs in an osmometer in which the extra pressure  Π  is necessary in the solution 
side (Figure  5.7 ). At equilibrium there will be no net fl ow of solvent across the mem-
brane, so the chemical potential of solvent at pressure  P  must be equal to the chemical 
potential of the solvent in solution at pressure  P     +     Π 

    μ μA AP P( , ) ( , )solution solvent+ =Π     (5.129)     

Figure 5.7 Osmometer showing equilibrium condition; A is solvent molecule. 
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 From thermodynamic principles it can be shown that

    Π = cRT     (5.130)   

 where  Π  is osmotic pressure (atm),  c  is concentration of solute (mol · L  − 1 ),  R  is the gas 
constant (0.08205   L · atm · K  − 1  · mol  − 1 ), and  T  is absolute temperature (K). Equation  5.130  
can be rewritten as:

    Π = wRT
M

    (5.131)   

 where  w  is concentration of solution and  M  is molecular weight of the solute. 
Measurement of osmotic pressure is the most useful colligative property for determi-
nation of molecular weight of the solute. Osmotic pressure measured at different 
concentrations can be extrapolated to zero concentration to check the deviation from 
the ideal behavior.    
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6

   Introduction 

 Chemical kinetics is a well - defi ned fi eld of physical chemistry that arose as a comple-
ment to the investigation of chemical equilibria. In chemical equlibria, the energy 
relations between the reactants and the products are controlled by thermodynamics 
without concerning the intermediate or time. The time variable has been introduced 
in chemical kinetics, and the rate of change of concentration of reactant/product with 
respect to time is followed. Chemical kinetics therefore deals with the quantitative 
determination of the rate of chemical reactions and associated factors affecting the 
rate. From an engineering point of view, reaction kinetics has various functions, 
including (i) establishing the mechanism of a reaction, (ii) obtaining the order and 
stoichiometry of reaction, (iii) obtaining experimental rate data, (iv) correlating rate 
data by equations or other means and developing reaction models, and (v) designing 
suitable reactors and specifying operating conditions, control methods, and auxiliary 
equipment to meet the technological and economic needs of the reaction process 
(Walas,  1997 ). 

 Chemical and biochemical reactions signifi cantly affect food products during 
processing and storage. Reaction kinetic studies provide a mathematical model for 
evaluating reaction rate as a function of experimental variables (such as reactant con-
centration, time, temperature, and pH). Estimating reaction kinetics and kinetic 
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parameters pertaining to foods is challenging. One of these challenges is to estimate 
reaction kinetics for a new ingredient or new enzyme that will be incorporated in the 
product line. The reaction mechanism, reaction kinetics and/or kinetic parameters 
will provide information on the action taken or modifi cation of the product line. In 
general, the product formation or consumption term is one of the four terms in the 
mass balance equation, and to calculate this term the rate of reaction should be known 
(Bas  et al .,  2007 ). In addition, reaction kinetics related to processing and storage has 
signifi cant effects on determining quality and shelf - life of the product. 

 Interestingly, the principles developed for chemical reactors have been extended to 
other related fi elds, including food, pharmaceutical, and microbial biotechnology. In 
this chapter, we describe the basics of chemical reaction kinetics and its application 
to food processing and related areas in order to provide a comprehensive understanding 
of the subject. The second part of the chapter offers a statistical approach to reaction 
kinetics and parameter estimation by nonlinear methods.  

  Basics of Chemical Reaction Kinetics 

  Rate of Reaction 

 The term  “ rate of reaction ”  indicates the rate of decomposition per unit volume. More 
precisely, the rate of reaction is defi ned as change in number of molecules of reactant 
per unit time:

    r
V

dn
dt

a
a= −

1     (6.1)  

  where  r a   is the rate of reaction,  V  is the volume of the reactor (L),  n a   is the number 
of moles and  t  is time (s). The negative sign is introduced so rate will be positive 
numerically. 

 In constant - volume processes, the number of molecules may be replaced by the 
concentration. At constant volume,

    r
dC
dt

a
a= −     (6.2)    

  Rate Constant 

 Consider an elementary reaction:

    aA bB cC dD+ → +     (6.3)   

 The rate of reaction is proportional to [ A ]  a      ×    [ B ]  b  , i.e.
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    rate = ×k A Ba b[ ] [ ]     (6.4)  

  where  k  is known as the rate constant or the velocity constant at constant tempera-
ture. At unit reactant concentration, the rate is equal to  k ;  a  and  b  are the order of 
reactions. The rate constant can be determined by either measuring the rate of reac-
tion at unit concentration of reactants or by knowing the rate of any concentration 
of reactant and substituting in Equation  6.4 .  

  Order of Reaction (Figure  6.1 ) 

 Equation  6.4  indicates that the rate of reaction is proportional to the  a th order of 
reactant A and  b th order of reactant B and the overall order of the reaction is ( a     +     b ). 
The order of the reaction with respect to a reactant can be defi ned as the power to 
which the concentration of the reactant is raised into the rate law and the overall 
order of the reaction is the sum of the powers of the concentration involved in the 
reaction.     

  Types of Reactions 

 The rate at which a substrate disappears and produces a new product is commonly 
studied by reaction kinetics. The rate can vary with different factors, such as tempera-
ture, pressure, moisture content, acidity, amount of reactants/ingredients, and envi-
ronmental conditions. 

  Zero - order Reactions 

 For a zero - order reaction, the rate is independent of concentration. This may occur in 
two situations: (i) when intrinsically the rate is independent of reactant concentration 
and (ii) when the reactant concentration is excessive compared with the concentration 
actually taking part in a reaction so the overall reaction rate remains independent of 
concentration. For a zero - order reaction the rate equation can be expressed as:

Figure 6.1 Determination of reaction order. 
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    − =
dC
dt

k     (6.5)  

  where  C  is the measured concentration of reactant at time  t , and  k  is the reaction rate 
constant (min  − 1 ). Integrating the above equation with the boundary conditions at 
 C     =     C  0  (initial concentration) at time  t     =    0, and  C     =     C  at time  t     =     t :

    C C kt= −0     (6.6)   

 A reaction is zero order if the plot of concentration versus time results in a straight 
line. The slope of this line is the negative of the zero - order rate constant  k  (Figure 
 6.2 a). The units of the reaction rate constant for a zero - order reaction are ML  − 3 T  − 1 . A 
frequently reported example of a zero - order reaction is the formation of brown color 
in foods as a result of the Maillard reaction.   

 The variation in concentration with time provides a highly detailed description of 
how fast a reaction is occurring. In many circumstances, though, it is desirable to have 
a simple approximate measure of the reaction rate, and the half - life provides such a 
measure. The half - life,  t   ½  , is defi ned as the time at which the concentration decreases 
to half its initial value. The half - life for a zero - order reaction can be obtained by insert-
ing  C     =     C  0 /2 and  t     =     t   ½  . The resulting equation is:

    t
C

k
1 2

0

2
=     (6.7)    

  First - order Reactions 

 A mathematical expression for a fi rst - order reaction can be written as:

    − =
dC
dt

kC     (6.8)  

Figure 6.2 Types of reactions: (a) zero order; (b) fi rst order; (c) second order. 
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  where  k  is the fi rst - order reaction rate constant. After integration, the above equation 
changes to the following form:

    − =ln
C
C

kt
o

    (6.9)   

 A plot of ln( C / C  0 ) versus  t  represents a logarithmic change in the concentration of a 
reactant with time and the slope corresponds to  –  k  as shown in Figure  6.2 b. The unit 
of  k  for a fi rst - order reaction is T  − 1 . First - order reactions in food processing are fre-
quently observed, for example color/pigment degradation during processing, and inac-
tivation of enzymes and microorganisms. The half - life for a fi rst - order reaction can be 
calculated as:

    kt1 2
1
2/ ln= − ⎛

⎝⎜
⎞
⎠⎟     (6.10a)  

    or t
k k

1 2
2 0 6931

/
ln .

= =     (6.10b)   

 Equation  6.10  indicates that the half - life and reaction rate for a fi rst - order reaction are 
independent of concentration.  

  Second - order Reactions 

 The equation for a second - order reaction is:

    − =
dC
dt

kC2     (6.11)   

 The equation for a second - order reaction indicates that the rate of decrease of reactant 
is proportional to the square of the reactant concentration. By integration, the above 
equation changes to the following form:

    
1 1

0C C
kt− =     (6.12)   

 The units of  k  are L 3 M  − 1 T  − 1 . A plot of 1/ C  versus  t  for a second - order reaction is shown 
in Figure  6.2 c. Second - order reactions are not common in food systems, but are some-
times reported for changes in amino acids involved in the Maillard reaction. The 
half - life for a second - order reaction can be calculated as:

    
1 1

0
1 2 1 2

0C
kt t

C k
= =/ /or     (6.13)    
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   n th - Order Reactions 

 The general rate law for  n th - order reactions is for a single reactant at concentration 
 C :

    − = >dC dt kC nn/ 1    (6.14)   

 Equation  6.1  can be integrated with respect to time and generalized in the following 
form for  n th - order reactions:

    C C n kt nn n1
0
1 1 1− −− = − >( )     (6.15)  

  where  C  0  is the concentration of reactant at zero time. The reaction order of an 
unknown reaction can be determined by trial and error, which involves considering 
different values for  n  and selecting the value that would result in the best fi t with the 
 n th - order equation. The half - life for an  n th - order reaction is given by:

    t C n k
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  Fraction Conversion Concept 

 In reaction kinetics there are many instances where conversion of reactant is consid-
ered by defi ning the amount of reactant consumed or product made (Levenspiel,  1972 ). 
For a constant - volume system, if  C x   is the material reacted, then  C     =     C  0     −     C x  . For a 
fi rst - order reaction:

    
dC
dt

d C C
dt

k C C x
⎛
⎝⎜

⎞
⎠⎟ =

−
= − −

( )
( )0

0     (6.17)  
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ktx     (6.18)   

 The quantity  C x  / C  0  is a fraction that ranges between 0 and 1 for irreversible reactions 
and is commonly termed the fractional conversion of reactant  x . It is worth mention-
ing that the defi nition of fractional conversion in terms of concentration is strictly 
valid for constant - volume reaction systems. Therefore, the conversion is more appro-
priately represented as the ratio of moles reactant remaining to initial moles of reac-
tant. Hence,

    C C x= −0 1( )     (6.19)   
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 The fractional conversions for zero - , fi rst -  and second - order reactions are listed below.

    Zero order and: C kt x
kt
C

x = =
0

    (6.20)  

    First order: ln ln( )1 1
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−⎛
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  Temperature Dependence of the Rate Constants 

 Chemical reactions are temperature sensitive and the reaction rate accelerates during 
an increase in temperature. Traditionally, the temperature dependence of a fi rst - order 
reaction rate is described by the Arrhenius equation:

    k k e E RT= −
0

/     (6.24a)   

 The integrated form of the equation is:

    ln ln /k k E RT= −0     (6.24b)  

  where  k  0  is a constant known as the pre - exponential factor,  E  is the energy of activa-
tion (kJ · mol  − 1 ),  T  is absolute temperature (K), and  R  is the gas constant (8.314   J · mol  − 1  · K  − 1 ). 
The variation of  k  with temperature is often shown using the logarithmic form of the 
equation. For a temperature change from  T  1  to  T  2 , the change in  k  is given by the fol-
lowing expression:

    ln
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1 2 1

1 1⎛
⎝⎜

⎞
⎠⎟ = − −⎛

⎝⎜
⎞
⎠⎟     (6.25)   

 The activation energy can be calculated by using two  k  values from the above equation. 
 Activation energy is the minimum energy required to initiate a reaction at molecu-

lar level. The energy of activation is computed from the slope of ln( k ) versus the 
reciprocal of absolute temperature (1/ T ), obtained by linear regression. The Arrhenius 
model has been applied to a wide range of reactions related to food processing and 
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microbiology. The magnitude of  k  0  varies from 10 14  to 10 20    s  − 1  for unimolecular and 
from 10 4  to 10 11    s  − 1  for bimolecular reactions.  

  Types of Reactor 

 Reactors are generally vessels designed to perform desired reactions. The design of a 
reactor involves multiple aspects of engineering. Designers ensure that the reaction 
proceeds with the maximum effi ciency towards the desired end product, producing 
the highest yield with minimum operating cost. The key process variables in a reactor 
include volume, temperature, residence time, pressure, concentrations of chemical 
species, and heat transfer coeffi cients. In the case of a bioreactor, the chemical process 
involves microorganisms or biochemically active compounds derived from such 
organisms. 

 Basically, reactors are of two main types: batch and continuous. Batch processes are 
practiced in small operations where reaction time is long and needs superior selectiv-
ity. In some cases, batch reactors are not referred to as reactors but are named after 
the role they perform (e.g. crystallizer, bioreactor). The batch operation is conducted 
in tanks with stirring of the contents by internal impellers, gas bubbles, or a pump 
(Figure  6.3 a). These vessels may vary in size from less than 1   L to more than 15   000   L. 
The temperature is controlled with internal surfaces or jackets, refl ux condensers, or 
heat exchangers. These reactors are usually fabricated from steel, stainless steel, glass -
 lined steel, glass or exotic alloys. Liquids and solids are usually fed via connections 
in the top of the reactor. Vapors and gases also discharge through connections in the 
top of the reactor. Liquids are usually discharged from the bottom. The best examples 
for batch reactor use in the food and biochemical process industries are for enzyme 
and yeast production.   

 A continuous operation is best suited for large operations where production rates 
are high. The continuous reactions are carried out either in a series of stirred tanks 
or in units in which some degree of plug fl ow is achieved. Continuous stirred tank 

Figure 6.3 Types of reactor: (a) batch; (b) continuous. 

F1
F1 F2

V1 V2
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reactors (CSTRs) are frequently employed in series (Figure  6.3 b). The best example of 
such reactors in the food industry is in waste treatment, where a number of reactors 
are placed in series to reduce chemical and biochemical oxygen demand before water 
is discharged into a river or municipal sewage. Reactants are continuously fed to the 
fi rst vessel and then overfl ow through the others in succession, while being thor-
oughly mixed in each vessel. Ideally, composition is uniform in individual vessels, 
but a stepped concentration gradient exists in the system as a whole. In some cases, 
a series of fi ve or six vessels approximates the performance of a plug fl ow reactor. 
Instead of being contained in distinct vessels, the several stages of a CSTR battery can 
be enclosed in a single shell. If horizontal, the multistage reactor is compartmental-
ized by vertical weirs of different heights, over which the reacting mixture cascades. 
When reactants are of limited miscibility and have suffi cient differences in density, 
the vertical staged reactor lends itself to countercurrent operation, a real advantage 
with reversible reactions. A small fl uidized bed is essentially completely mixed. A 
large commercial fl uidized bed reactor is of nearly uniform temperature, but the fl ow 
patterns consist of mixed and plug fl ow and in - between zones. 

 Tubular fl ow reactors (TFRs) are characterized by continuous gradients of concentra-
tion in the direction of fl ow that approach plug fl ow, in contrast to the stepped gradi-
ent characteristic of the CSTR battery. They may have several pipes or tubes in 
parallel. The reactants are charged continuously at one end and products are removed 
at the other end. Normally a steady state is attained, a fact of importance for automatic 
control and for laboratory work. Both horizontal and vertical orientations are common. 
When heat transfer is needed, individual tubes are jacketed or shell - and - tube construc-
tion is used. 

 In the latter case the reactants may be on either the shell or the tube side. The 
reactant side may be fi lled with solid particles, either catalytic (if required) or inert, 
to improve heat transfer by increased turbulence or to improve interphase contact in 
heterogeneous reactions. Large - diameter vessels with packing or trays may approach 
plug fl ow behavior and are widely employed. Some of the confi gurations in use include 
axial fl ow, radial fl ow, and multiple shell (with built - in heat exchangers), horizontal, 
vertical, and so on. Quasi - plug fl ow reactors have continuous gradients but are not 
quite in plug fl ow. 

 Semi - fl ow or batch fl ow operations may employ a single stirred tank or a series of 
them. Some of the reactants are loaded into the reactors as a single charge and the 
remaining ones are then fed gradually. This mode of operation is especially favored 
when large heat effects occur and heat - transfer capability is limited, since exothermic 
reactions can be slowed down and endothermic rates maintained by limiting the con-
centration of some of the reactants. A fermenter is an example: it is loaded with a 
batch, which constantly produces carbon dioxide, and so it has to be removed con-
tinuously. Other situations making this sort of operation desirable occur when high 
concentrations may result in the formation of undesirable side products, or when one 
of the reactants is a gas of limited solubility so that it can be fed only at the dissolu-
tion rate.  
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  Reaction Kinetics Related to Food 

 Chemical reactions occur in foods during processing and storage. The quality of food 
products changes during processing. Some reactions result in loss of quality and must 
be minimized, whereas others result in the formation of a desired fl avor or color and 
must be optimized to obtain the best - quality product. 

  Kinetics Related to Quality 

 The term  “ quality ”  implies the degree of excellence of a product; it is a human per-
ception encompassing many properties or characteristics (Abbot,  1999 ). Food quality 
comprises physical, chemical, sensory, and nutritional attributes. Quality indicators 
are variable since the quality of a food changes over time. The most important quality -
 related changes are as follows (van Boekel,  2008 ):

   1.     Chemical reactions: mainly occur due to either oxidation or Maillard reactions.  
  2.     Microbial reactions: in the case of fermentation, growth of microorganisms is desir-

able. Otherwise, microbial growth will lead to spoilage and, in the case of patho-
gens, make food unsafe.  

  3.     Biochemical reactions: many foods contain endogenous enzymes that can poten-
tially catalyze reactions leading to loss of quality (enzymatic browning, lipolysis, 
proteolysis, etc.).  

  4.     Physical changes: many foods are heterogeneous in nature and contain particles. 
These particles make food unstable, e.g. coalescence, aggregation, and sedimenta-
tion lead usually to loss of quality. Also, changes in color and texture can be con-
sidered as physical reactions, although the underlying mechanism may be 
chemical.    

 The chemical, biochemical, microbial, and physical changes in quality can be evaluated 
by kinetics. Kinetic modeling implies that changes can be described in mathematical 
models containing characteristic kinetic parameters. Kinetic models are useful tools for 
the quantifi cation of loss of quality during processing. These models describe degradation 
of compounds (e.g. carotenoids, ascorbic acid), formation of undesirable compounds (e.g. 
acrylamide), kinetics of aggregation in texture formation (e.g. protein gel), kinetics of 
inactivation of enzymes (e.g. polyphenol oxidase) and microorganisms (e.g.  Listeria 
monocytogenes ), and kinetics of crystallization (e.g. honey). Foods are complex and many 
interactions may occur during processing and storage and therefore possible changes 
should be considered during model development to obtain precise results. Moreover, 
models help in controlling and predicting food quality attributes and their changes. 

 The kinetic parameters for degradation of quality can be calculated by two methods: 
isothermal and non - isothermal processes. In isothermal processes, the thermal lag 
(heat up or cool down) period is considered insignifi cant compared with the overall 
processing time and the reaction is considered to occur at constant temperature. In 
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non - isothermal heating, the reaction is considered to occur at a variable temperature 
and the data required include concentration of the degraded component and tempera-
ture profi le of the sample during the heating – cooling process. Degradation of the 
component during the thermal lag period is taken into account in data analysis. Most 
reports in the literature describe the use of isothermal kinetics for estimating kinetic 
parameters, although some recent studies have reported the use of non - isothermal 
kinetics. Numerous studies have been reported in the literature describing degradation 
kinetics of quality attributes of food. However, results are scattered. In this section, 
a brief overview of quality degradation kinetics of food is discussed. 

  Color/Pigment Degradation 

 Color is an important sensory and quality attribute of food products. Pigments such 
as chlorophyll, carotenoids, anthocyanins (cyanidin 3 - glucoside), xanthophyll, fl a-
vones, fl avonoles, lycopene, and many others are responsible for attractive food colors. 
Maintenance of naturally colored pigments in processed and stored foods is a major 
challenge in food processing (Clydesdale  et al .,  1970 ; Ihl  et al .,  1998 ). The rate of color/
pigment degradation depends on several factors, such as medium composition, pH, 
temperature, ultraviolet exposure, storage condition, and dissolved oxygen content; 
therefore, the kinetics of pigment degradation in food systems is rather complex. 

 Different techniques are employed to estimate color and pigment degradation, from 
simple spectrophotometric techniques to the tristimulus colorimeter to precise reverse 
phase - high performance liquid chromatography (RP - HPLC). Degradation of both 
pigment and visual color has been found to follow fi rst - order reaction kinetics (Shin 
and Bhowmik,  1995 ; Steet and Tong,  1996 ; Weemees  et al .,  1999 ; Gunawan and 
Barringer,  2000 ; Ahmed  et al .,  2002a,b ; Liu  et al .,  2008 ). 

 Tristimulus color value(s) or its combination ( L ,  −  a ,  b ,  a/b ,  Lab ), instead of concen-
tration, to monitor the extent of a chemical reaction in food processing has been 
reported (Shin and Bhowmik,  1995 ; Steet and Tong,  1996 ; Ahmed  et al .,  2002a,b, 2004 ). 
A further fraction conversion technique is used in many instances where it is assumed 
that color/pigment degradation takes infi nite time ( t   ∞  ) to complete the reaction and 
the corresponding concentration is  C   ∞  . An irreversible fi rst - order reaction equation in 
terms of fractional conversion (Equation  6.21 ; changing  x  to  f ) for degradation of green 
color ( −  a ) can be written as:
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  where  −  a  0  is green color value at initial time  t  0 ,  −  a  is green color value at any time  t , 
and  −  a   ∞   is green color value at infi nite time ( t   ∞  ) so that all chlorophylls (responsible 
for green color) were converted to pheophytins. 
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Table 6.1 Pigment/color degradation kinetics. 

Parameter and 
food system 

Temperature
range

Kinetics and fi ndings Reference

Green color and 
chlorophyll of 
green pea 

70–90°C Degradation of chlorophyll a and  b and greenness 
followed fi rst -order reaction. A fractional 
conversion technique is used 

Steet & Tong 
(1996)

Green color and 
chlorophyll of 
broccoli

80–120°C Chlorophyll degradation followed fi rst -order
kinetics and color degradation followed a 
two-step process. A fractional conversion 
technique is used 

Weemees et al.
(1999)

Green color and 
chlorophyll of 
green chilli 

50–90°C Chlorophyll degradation followed fi rst -order
kinetics and color degradation followed a 
two-step process. A fractional conversion 
technique is used 

Ahmed et al.
(2002b)

Carotenoids in 
papaya

70–105°C Chlorophyll degradation followed fi rst -order
kinetics and color degradation followed a 
two-step process. A fractional conversion 
technique is used 

Ahmed et al.
(2002c)

Red chilli 60–90°C Change in color combination value ( L × a × b)
and color difference ( ΔE) during processing and 
storage of red chilli followed the fractional 
conversion model adequately 

Ahmed et al.
(2002d)

Leafy vegetable 
puree

75–115°C Chlorophyll degradation followed fi rst -order
kinetics and color degradation followed a 
two-step process. A fractional conversion 
technique is used 

Ahmed et al.
(2002a)

Anthocyanin of 
blood orange 

70–90°C Cyanidin 3 -glucoside and cyanidin 3 -(6″-malonyl)
glucoside followed fi rst -order reaction kinetics 

Cao et al.
(2009)

Betanin and 
isobetanin in 
red beet 

45–65°C and 
50MPa
HP-CO2

A combined high -pressure carbon dioxide and 
thermal degradation reaction of betanin and 
isobetanin in aqueous solution is described by 
a fi rst -order degradation 

Liu et al. (2008)

Extruded maize 
grits

140–180°C A zero -order rate equation was used to model the 
kinetics of color changes 

Ilo & Berghofer 
(1999)

Deep-fat frying 
of potato 

160–180°C A fi rst -order rate equation was used to model the 
kinetics of crust color change during frying 

Moyano et al.
(2002)

Potato slice 
frying

120–180°C A fi rst -order reaction kinetics was used to model 
the color change 

Pedreschi et al.
(2007)

 The  −  a   ∞   value was estimated from a prolonged heating time and on the assumption 
that the asymptotic value was independent of reaction temperature. Furthermore, the 
 –  a   ∞   value would be dependent on the type of food and the stability of pigment adher-
ent to the food surface. Steet and Tong  (1996)  reported a  −  a   ∞   value of 6 from an initial 
 −  a  value of 24, whereas Ahmed  et al .  (2002a,b,d)  observed a corresponding  −  a   ∞   value 
of  − 0.31 for green chilli. 

 The reaction order and rates of visual green color degradation in different food 
systems at selected temperatures have been reported in the literature. A summary 
of color degradation kinetics is presented in Table  6.1 . Thermal degradation of 
two major anthocyanin pigments, cyanidin 3 - (6 ″  - malonyl) glucoside and cyanidin 
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Table 6.2 Thermal degradation parameters of anthocyanins extracted from blood orange deter-
mined by the pH -differential method and the HPLC method. 

Anthocyanin Temperature
(oC)

k (h −1) t ½ (h) Ea (kJ ·mol−1)

pH HPLC pH HPLC pH HPLC

Cyanidin 3 -glucoside 70 0.0532 0.0552 13.03 12.74
80 0.1257 0.1299 5.51 5.33 75.4 74.6
90 0.2278 0.2327 3.04 2.99

Cyanidin
3-(6″-malonyl)
glucoside

70 0.0372 0.0589 18.63 11.77
80 0.0975 0.1335 7.1 5.19 79.5 75.8
90 0.1722 0.2545 4.02 2.75

Source: adapted from Cao et al. (2009).

3 - glucoside, of orange juice followed fi rst - order reaction kinetics (Cao  et al .,  2009 ). 
The degradation was measured by the pH - differential method and RP - HPLC method, 
respectively. HPLC analysis indicated that cyanidin 3 - (6 ″  - malonyl) glucoside was 
labile and eliminated a malonyl moiety to form cyanidin 3 - glucoside before disap-
pearing during thermal treatment and showed a lower thermal stability than cyani-
din 3 - glucoside. In contrast, the result obtained by the pH - differential method 
recorded the content of both cyanidin 3 - (6 ″  - malonyl) glucoside and its degradation 
intermediate. Kinetic parameters for anthocyanin degradation are presented in 
Table  6.2 .   

 A combined high - pressure carbon dioxide (HP - CO 2 ; 10 – 50   MPa) and thermal (45 –
 65    ° C) degradation of betanin and isobetanin in aqueous solution was found to follow 
fi rst - order reaction kinetics (Liu  et al .,  2008 ). With elevated temperature,  k  values 
for the degradation of betanin and isobetanin increased signifi cantly ( P     <    0.05) at 
constant pressure, whereas HP - CO 2  treatment led to lower  k  values than thermal 
treatment. Results indicated that betanin was more stable than isobetanin under 
HP - CO 2 .  E a   values were 94.01   kJ · mol  − 1  for betanin and 97.16   kJ · mol  − 1  for isobetanin 
at 0.01   MPa and the corresponding values at 50   MPa were 170.83 and 142.69   kJ · mol  − 1 , 
respectively. 

 To describe the color degradation of carotenoids in papaya and red chilli, Ahmed 
 et al .  (2002a,b)  used a combination of tristimulus color values ( a     ×     b ), ( L     ×     a     ×     b ) and 
color difference value ( Δ  E ) during thermal treatment. In both cases, the degradation 
followed fi rst - order reaction kinetics (Figure  6.4 ). Furthermore, the authors reported 
that color change during product storage also followed fi rst - order reaction kinetics. 
However, Zepka  et al .  (2009)  reported biphasic behavior of thermal degradation kinet-
ics of carotenoids in a cashew apple juice model system. Results were best fi tted by 
a biexponential equation (Equation  6.28 ). The authors observed similar rate constants 
for the fast (  γ   1 ) and slow (  γ   2 ) degradation for both the carotenoids and color parameters 
at the same heating conditions (60 or 90    ° C). It infers that color difference parameters 
( Δ  E ) are good predictors of both all -  trans  -  β  - cryptoxanthin and all -  trans  -  β  - carotene 
thermal degradation.
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    γ γ γ γt A t A t= − + − + ∞1 1 2 2exp( ) exp( )     (6.28)  

  where   γ  t   and   γ    ∞   are carotenoid concentration or color parameter values at time  t  and 
at infi nity respectively,  A  1  and  A  2  are the pre - exponential factors, and   γ   1  and   γ   2  are the 
observed rate constants for the fast and slow decays, respectively. 

 The kinetics of color development in blanched and blanched NaCl - impregnated 
potato slices during frying was measured by using an inexpensive computer vision 
technique that allowed more precise and representative quantifi cation of tristimulus 
color values of complex surfaces such as those of potato slices during frying (Pedreschi 
 et al .,  2007 ). Blanched and soaked slices were fried at selected temperatures (120, 
140, 160 and 180    ° C) until reaching moisture contents of 1.8% (total basis) for color 
evaluation. A fi rst - order rate equation adequately described the kinetics of color 
change.  

  Color Kinetics of Maillard Reaction 

 The Maillard reaction is an important reaction in food processing operations since it 
controls the quality of fi nished products by affecting color, fl avor, taste, and nutri-
tional quality. The Maillard reaction takes place when reducing sugars and amino 
acids, proteins, and/or other nitrogen - containing compounds are heated together. The 
reaction rates in Maillard reactions depend on many factors, including temperature 
range, pH, types of sugar, buffers, and water activity. The parameters used to validate 
reaction kinetics during the Maillard reaction are different. A large literature is avail-
able on the subject, although one aspect is somewhat neglected, namely the study of 
kinetic aspects of the reaction, even though kinetic information is essential for con-
trolling the reaction (van Boekel,  2001 ). 

Figure 6.4 Fractional conversion technique applied to red chilli color degradation kinetics. (From
Ahmed et al., 2002d, courtesy of Elsevier.) 
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  Basic Kinetics 

 Most reports of the kinetics of the Maillard reaction use simple kinetics to describe 
changes. Following basic kinetics, one can measure loss of reactants (sugars, amino 
acids, amino acid residues in proteins) or formation of products (e.g. Amadori products, 
HMF). The procedure is to fi t an equation to the experimental results. The Maillard 
reaction is very complex and it is not wise to apply simple kinetics to achieve mecha-
nistic insight into the reaction (van Boekel,  2001 ). However, it can be useful as a 
mathematical tool, for instance for engineering purposes. It is worth mentioning that 
the same constituents can show different reaction kinetics depending on which tem-
perature range is selected. It has been reported in the literature that the Maillard 
reaction can follow either zero - order or fi rst -  or second - order kinetics. The results are 
very much dependent on experimental conditions, applied temperature range, and on 
the extent of the reaction. Huyghues - Despointes and Yaylayan  (1996)  observed that 
the decrease in glucose concentration conformed to second - order kinetics in the reac-
tion of glucose with morpholine (100    ° C, pH 3, 90% methanol,  ≈    10% water), whereas 
Baisier and Labuza  (1992)  reported that for an aqueous solution of glucose – glycine at 
37    ° C, glucose decreased following a pseudo fi rst - order plot, though it was in fact a 
second - order reaction. 

 By measuring the change in concentration of the sugar and the amino compound, 
and possibly the formation of the Amadori compound, the kinetics of the initial stage 
of the Maillard reaction can be determined. There are not many reports in the litera-
ture where this has been done. It is believed that the fi rst stage of the Maillard reaction 
is the condensation of unprotonated amino groups (A) with a reducing sugar in the 
open chain form (S ′ ), resulting in a Schiff ’ s base glycosylamine (AS ′ ), which is subse-
quently rearranged into the so - called Amadori product (ARP) (Ge and Lee,  1997 ). The 
probable kinetics are illustrated below. These authors advocated that the Schiff base 
formation is rate controlling in the formation of the Amadori product, and that the 
reverse reaction with rate constant  k   – 1  cannot be neglected. They reached this conclu-
sion by calculating the concentration of the Schiff ’ s base from the difference in amino 
acid concentration and the Amadori product:

    A S AS ARP+ ′ ′ ⎯ →⎯
−

k

k

k1

1

2� ⇀���↽ ����     (6.29)     

  Kinetics for Browning in Bakery Products 

 The formation of color in bakery products during baking is widely known as brown-
ing. Browning is the result of nonenzymatic chemical reactions that produce colored 
compounds during the baking process; such reactions are a combination of the Maillard 
and caramelization reactions. It has been demonstrated that development of browning 
during baking can be well described by a fi rst - order kinetic model, with parameters 
depending on local temperature and water activity of the product. In addition, although 
color formation is caused by a group of complex chemical reactions, it can be 
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simplifi ed by assuming a general mechanism of browning, and can be followed by 
using color models related to refl ectance methods, for technological purposes. Purlis 
 (2010)  recommended that surface lightness ( L ) can be considered as a browning index 
during baking and instead of Arrhenius ’ equation, the following expression has been 
used to describe the dependence of browning rate constant ( k ) with temperature:

    k k
A
T

= −⎛
⎝⎜

⎞
⎠⎟0 exp     (6.30)  

  where  k  0  and  A  are fi t parameters without physical meaning. Because of the infl uence 
of water activity of the product, Purlis and Salvadori  (2009)  correlated rate constant  k  
and water activity in the following equations:
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  where  a w   is water activity and  k  1  –  k  4  are equation parameters. The kinetic parameters 
can be estimated by various numerical analysis techniques.  

  Texture Degradation Kinetics 

 Texture is one of the quality attributes of food, undergoing deformation or softening 
during processing. Softening of the tissue in response to chemical and physical changes 
may cause the food to become unacceptable to the consumer (Rao and Lund,  1986 ). 
Firmness has been the most widely used parameter for quantifying kinetics of texture 
degradation of fresh produce because it best relates to customer perception (Bourne, 
 1987 ); it is quantifi ed as the maximum force produced upon compression of the 
sample. The fractional conversion technique has been frequently used for determining 
texture degradation kinetics of food (Rizvi and Tong,  1997 ). The fractional conversion 
for texture degradation can be represented as:

    f
F F
F F

t=
−
− ∞

0

0
    (6.33)  

  where  F  0  is the initial fi rmness at time zero,  F t   the fi rmness at time  t , and  F   ∞   the 
nonzero equilibrium fi rmness at infi nity. Rizvi and Tong  (1997)  applied the fractional 
conversion technique, which takes into account the nonzero equilibrium texture 
property, for kinetic data reduction and found that the kinetics of vegetables softening 
followed a simple fi rst - order kinetic model rather than the dual mechanism model. 
Later, other researchers confi rmed fi rst - order softening kinetics for potato texture 
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(Stoneham  et al .,  2000 ; Cunningham  et al .,  2008 ). The texture profi le analysis curve 
obtained for potato samples indicated two phases: a rapid softening phase, which may 
be associated with the high rate of water absorption, followed by a saturation phase 
where texture degradation rate slows until an equilibrium texture property is achieved 
(Cunningham  et al .,  2008 ). To evaluate texture degradation and texture loss of pota-
toes heated at 80    ° C, Stoneham  et al .  (2000)  used an Instron universal testing machine 
and a texture analyzer under two instrument crosshead speeds, two sample sizes, and 
either compression or shear modes of mechanical deformation. Using the fractional 
conversion as a texture index, the kinetics of texture degradation of potatoes fi tted a 
single fi rst - order reaction model. The variability in the degradation kinetic parameters 
can be made independent of testing parameters by the use of fractional conversion 
(Rizvi and Tong,  1997 ).   

  Enzyme Reaction Kinetics 

 Biochemical reactions take place in living cells and most of them involve proteins 
called enzymes, which work as effi cient catalysts. In food processing, enzymes have 
several applications, such as cheese processing, meat tenderization, juice clarifi ca-
tion, and saccharifi cation. However, enzymes mostly need to be deactivated to avoid 
deterioration in food quality. It is well known that the presence of residual endog-
enous enzymes in either raw or processed fruit or vegetable products may cause loss 
of quality during storage (Anthon and Barrett,  2002 ). Some common examples of 
enzyme inactivation are polyphenol oxidase in apple, mushroom and potato, peroxi-
dase in horseradish, pectin methylesterase in orange juice, and lipases in milk. 
Kinetic modeling can also be used for elucidating the mechanism of enzyme 
inactivation. 

 The classical Michaelis – Menten model is the one of the simplest approaches to 
enzyme kinetics. The equation correlates reaction velocity with substrate concentra-
tion for a system where a substrate S combines reversibly with an enzyme E to form 
an enzyme – substrate complex ES, which then reacts irreversibly to produce a product 
P and free enzyme E. This system can be represented schematically as follows:

    E S ES E P+ → +�     (6.34)   

 The Michaelis – Menten equation for the above system can be written as:

    V V
S

K S
=

+max
[ ]

[ ]M
    (6.35)  

  where  V  is the initial rate of reaction,  V  max  the maximum rate of the enzyme under 
the conditions studied, [S] is substrate concentration, and  K  M  the Michaelis constant. 
The two kinetic parameters,  V  max  and  K  M , will be different for every enzyme – substrate 
pair. Nonlinear regression is generally used for estimation of the parameter. 
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 The kinetics of the alkaline phosphatase - catalyzed hydrolysis of disodium  p  -
 nitrophenylphosphate (DNPP) in the presence of various sugars at different concentra-
tions follows Michaelis – Menten - type kinetics (Terefe  et al .,  2004 ). A typical 
Michaelis – Menten plot for the alkaline phosphatase - catalyzed hydrolysis is illustrated 
in Figure  6.5 . The kinetic parameters obtained in the presence of the different solutes 
are presented in Table  6.3 . It is observed that higher  V  max  relative to that of the pure 
buffer is observed in the presence of 20% sucrose, 20% fructose, 20% maltodextrin, 
and 10% maltodextrin.     

  Enzyme Kinetics Related to Food Processing 

 Food products, especially fruit and vegetable products, are commonly subjected to 
some type of treatment during processing in order to inactivate the enzymes and to 

Figure 6.5 Michaelis–Menten curve for the alkaline phosphatase -catalyzed hydrolysis of disodium 
p-nitrophenylphosphate (DNPP) in the presence of 40% (m/v) sucrose. (From Terefe et al., 2004,
courtesy of Elsevier.) 
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Table 6.3 Michelis–Menten parameters for the alkaline phosphatase -catalyzed hydrolysis of DNPP 
in different model systems at 25 °C.

Solution Solute concentration (%m/v) Vmax (10 −6 mol·L−1·s−1) KM (10 −3 mol·L−1)

Pure buffer 0 4.73 4.81
Fructose 20 7.30 22.56

60 3.16 23.14
Lactose 10 6.43 7.74
Sucrose 20 8.5 8.06

40 5.87 9.18
60 2.93 11.52

Maltodextrin 20 5.55 6.46
40 5.98 12.74
60 6.15 21.4

Source: adapted from Terefe et al. (2004).
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prevent spoilage. A heat treatment, such as blanching, pasteurization, or commercial 
sterilization, is the most common technique; however, other processes such as high 
pressure or pulsed electric fi elds have also been used (Anthon and Barrett,  2002 ). 

 Heat inactivation of enzymes is generally considered a reversible reaction; the fi rst 
step is the unfolding step, which can be reversed and the enzyme returned to its native 
form (Equation  6.36 ). This reversible unfolding reaction is followed by an irreversible, 
often fi rst - order, reaction with reaction rate constant  k i   leading to an irreversibly 
inactivated enzyme molecule I (Lumry and Eyring,  1954 ; Ahern and Klibanov,  1988 ).

    N U Iu

f

k

k

k� ⇀��↽ ��� 1⎯ →⎯     (6.36)  

  where N is the native enzyme molecule, U is a denatured inactive form, and  k  u  and 
 k  f  are unfolding and refolding reaction rate constants respectively. Typical reactions 
leading to irreversible inactivation above the denaturation temeperature include the 
hydrolysis of peptide bonds, reshuffl ing of disulfi de bonds, destruction of amino acid 
residues, and aggregation and formation of incorrect structures (Ahern and Klibanov, 
 1988 ). Heat inactivation of various proteinases can be well described by the general 
model. 

 Thermal inactivation of most enzymes follows fi rst - order reaction kinetics (Table 
 6.4 ). Schokker and van Boekel  (1997)  studied the kinetics of heat inactivation of the 
extracellular proteinase from  Pseudomonas fl uorescens  22F at 90 – 110    ° C. The authors 
reported that a fi rst - order kinetic inactivation model was not adequate, and alternative 
inactivation models were proposed and modeled to fi t the data. The model with the 
fewest statistically acceptable parameters consisted of two sequential irreversible 
fi rst - order reactions and could be used to predictively model the inactivation of the 
proteinase.   

Table 6.4 Reaction order of enzyme inactivation. 

Enzyme Substrate Reaction kinetics Reference

Peroxidase under heat/
ultrasound

Watercress Biphasic fi rst order Cruz et al. (2006) 

Polyphenol oxidase (PPO) Avacado puree First order Soliva-Fortuny et al. (2002)
PPO under ohmic heating Grape juice First order Icier et al. (2008)
Pectin methylesterase (PME) Potato and carrot Arrhenius equation Tijskens et al. (1997)
PME under high pressure 

(100–800MPa) and 
temperature (30 –60°C)

Orange juice First order Polydera et al. (2004)

Alkaline phosphatase Various sugars Second order Terefe et al. (2004)
Alkaline phosphatase under 

high pressure (0.1 –725MPa)
and temperature (25 –63°C)

Raw milk First order Ludikhuyze et al. (2000)

Trypsin and chymotrypsin 
inhibition

Black bean fl our First order Roa et al. (1989)

Proteinase Skim milk First order Schokker & van Boekel  (1997)
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 Kinetic parameters for thermal inactivation of several enzymes in carrot and potato 
homogenates have been evaluated by Anthon and Barrett  (2002) . It was observed that 
polygalacturonase was the most heat - resistant activity in carrots, followed by peroxi-
dase and pectin methylesterase. In potatoes, peroxidase was the most resistant, followed 
by pectin methylesterase, polyphenol oxidase, and lipoxygenase. There were several 
notable similarities between the inactivation kinetics in the two vegetables. In both 
cases peroxidase activity gave simple fi rst - order inactivation kinetics (Figure  6.6 ) but 
yielded a curved Arrhenius plot for temperature dependence. Pectin methylesterase in 
both commodities consisted of a labile and a resistant form. The relative amounts of 
the two forms and the temperature dependence of their inactivation were also similar.    

  Pressure -  and Temperature - induced Inactivation of Enzyme 

 The synergistic effect of pressure and temperature on pectin methylesterase (PME) 
inactivation was found to be very effective. The PME inactivation rate was described 
satisfactorily as a function of processing conditions (100 – 800   MPa and 30 – 60    ° C) by a 
composite mathematical model, enabling proper design of treatments with high pres-
sure combined with mild temperature for the stabilization of fresh orange juice 
(Polydera  et al .,  2004 ). 

 Inactivation of PME activity was described by a fi rst - order fractional conversion 
model for all pressure – temperature conditions used:

    
A A
A A

k t k f T Pf

f

−
−

= − ⋅ =
0

exp( ), ( , , )…     (6.37)  

  where  A  is PME activity after processing time  t  ( μ eq H  +   · min  − 1  · mL  − 1 ),  A f   the residual 
PME activity after completion of processing ( μ eq H  +   · min  − 1  · mL  − 1 ),  A  0  the PME activity 

Figure 6.6 Heat inactivation of polyphenol oxidase in potatoes. (From Anthon and Barrett, 2002,
courtesy of the Journal of Agricultural and Food Chemistry.)
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at zero processing time ( μ eq H  +   · min  − 1  · mL  − 1 ),  t  the processing time (min), and  k  the 
inactivation rate constant (min  − 1 ). The PME activity at time zero of processing ( A  0 ) 
ranged from about 25% (for intense pressure – temperature treatments) up to almost 
100% (for mild pressure – temperature treatments) of the initial activity of unprocessed 
orange juice. 

 PME inactivation rates increased as processing temperatures were increased. The 
temperature dependence of inactivation rate constant  k  can be expressed in terms of 
activation energy  E a   as:

    k k
E P

R T T
T

a= − −⎡
⎣⎢

⎤
⎦⎥

−⎛
⎝⎜

⎞
⎠⎟ref

ref

exp
( ) 1 1

    (6.38)  

  where  T  ref  is the reference temperature (323   K),   kTref the inactivation rate (min  − 1 ) at 
 T  ref , and R the universal gas constant (8.314   J · mol  − 1  · K  − 1 ). The   kTref and  E a   values at 323   K 
were found to be 0.07192   min  − 1  and 104   kJ · mol  − 1 , respectively (Polydera  et al .,  2004 ). 
PME inactivation was increased with increasing processing pressure at all tempera-
ture levels tested (30 – 60    ° C). It is worth mentioning that inactivation due to tempera-
ture alone (e.g. 60    ° C without pressure) is more rapid than that observed at moderate 
pressure (100 or 250   MPa), indicating an antagonistic effect of the low and medium 
end of high - pressure processing. A synergistic effect of pressure and temperature was 
reported in the lower temperature domain (up to 60    ° C), whereas in the high tempera-
ture domain an antagonistic effect was noted (Van den Broeck  et al .,  2000 ). The effect 
of pressure on the reaction rate constant  k  can be expressed through the activation 
volume  V a  :

    k k
V T

R
P P

T
P

a= − ⋅
−⎡

⎣⎢
⎤
⎦⎥ref

refexp
( ) ( )

    (6.39)  

  where  P  ref  is the reference pressure (600   MPa) and   kPref is the inactivation rate at  P  ref . 
The kinetic parameters associated with Equation  6.39  were determined for each tem-
perature by a nonlinear statistical procedure, using  k  values from Equation  6.37  for 
processing under various pressures. The estimated  V a   values were a function of process 
temperature and ranged from  − 36.7   mL · mol  − 1  at 30    ° C to  − 14.2   mL · mol  − 1  at 60    ° C. 
Negative activation volumes indicate that PME inactivation was favored by pressure. 
Increase in temperature resulted in reduced absolute values of  V a  , which indicates that 
inactivation rates became less pressure dependent. The dependence of activation 
volume on temperature can be expressed by a linear function as shown below:

    V a T T Va aT= ⋅ − +( )ref     (6.40)  

  where  T  ref  is 323   K,  V aT   is  − 19.8   mL · mol  − 1  ( V a   at  T  ref  ), and  a  is 0.703   mL · mol  − 1  · K  − 1 . The 
activation energy on the applied pressure was found to follow an exponential 
relationship:
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    E E b P Pa aP= ⋅ − ⋅ −[ ]exp ( )ref     (6.41)  

  where  P  ref  is 600   MPa,  E aP   is 109   kJ · mol  − 1  and  b  is 8.734    ×    10  − 4    MPa  − 1 . Based on Equations 
 6.38  and  6.39 , and taking into account the dependence of activation volume and acti-
vation energy on temperature and pressure respectively (Equations  6.40  and  6.41 ), the 
inactivation rate at different temperature and pressure conditions can be expressed by:
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  where  T  ref  is 323   K,  P  ref  is 600   MPa,  A  is 0.703   mL · mol  − 1  · K  − 1 , and  B  is 8:734    ×    10  − 4    MPa  − 1 . 
The parameters of the above equation were determined by nonlinear regression pro-
grams. Inactivation rate constants as a function of the applied pressure at selected 
temperatures are illustrated in Figure  6.7 .     

  Kinetics Related to Starch Gelatinization and Protein Gelation 

  Gelatinization Kinetics 

 Thermal transition of hydrated starch (gelatinization) remains an important phenom-
enon for cereal and legume starches. Gelatinization occurs over a range of tempera-
tures and can begin anywhere between 55 and 80    ° C when accompanied by suffi ciently 
high water content depending on the specifi c variety (Juliano  et al .,  1964 ). The process 
causes disruption of the starch granule structure and swelling of the granules up to 

Figure 6.7 Inactivation rate of pectin methylesterase as a function of pressure at different isother-
mal conditions. (From Polydera et al., 2004, courtesy of Elsevier.) 
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several times their original size. The process occurs in a nonequilibrium state, and 
thus reaction kinetics pertaining to gelatinization provides a distinct set of process 
parameters (temperature, time, viscosity, and mechanical strength) for a specifi c 
starch. These data are useful for process and equipment design for a specifi c starch or 
a blend. 

 Differential scanning calorimetry (DSC) is the technique that has been mostly used 
for measuring the degree of gelatinization from the gelatinization enthalpy (Baik 
 et al .,  1997 ; Spigno and De Faveri,  2004 ). According to most authors, starch gelatiniza-
tion in water/starch systems follows fi rst - order kinetics:

    ( )1− = −α e kt     (6.43)  

  where   α   is the gelatinized starch fraction,  k  is the reaction rate constant and  t  is time. 
A gelatinization degree (  α  ) is defi ned, as a function of time  t , as

    α( )
( )

max

t
Q t
Q

= −1     (6.44)  

  so that the starch fraction remaining ungelatinized is

    α( )
( )

max

t
Q t
Q

=     (6.45)  

  where  Q ( t ) and  Q  are the heat uptakes (peak areas) evaluated for partially baked and 
raw doughs, respectively. Starch gelatinization kinetics as a function of temperature 
and time are presented in Table  6.5 . The process activation energy for the gelatiniza-
tion process can be estimated using the conventional Arrhenius equation. According 
to many authors, the activation energy lies between 59 and 306   kJ · mol  − 1  within the 
50 – 100    ° C range. This considerable range also depends on the interpretation of the 
corresponding DSC trace.   

Table 6.5 Starch gelatinization kinetics as a function of temperature and time. 

Heating time (min) (1 − α)

65°C 70°C 73°C 79°C 90°C

10 1.00 1.00 0.92 0.52 0.43
20 1.00 0.98 0.87 0.61 0.31
30 1.00 0.91 0.84 0.44 0.15
60 1.00 0.80 0.76 0.36 0.03
120 1.00 0.64 0.62 0.29 ND
180 1.00 0.60 0.60 0.25 ND

Source: adapted from Zanoni et al. (1995)
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 However, sometimes DSC measurement is not able to detect gelatinization tem-
perature by providing the required endothermic curve. Compared with the DSC - based 
starch gelatinization technique, much less is known about the rheological approach, 
although a few studies on such kinetic approaches have been published (Kubota  et al ., 
 1979 ; Yamamoto  et al .,  2006 ; Ahmed  et al .,  2008 ; Sikora  et al .,  2010 ; Ahmed and 
Auras,  2011 ). Rheometric measurement (small amplitude oscillatory measurement) is 
found to be more precise for detecting gelatinization temperature during nonisother-
mal heating and provides more authentic information on gelatinization and also reac-
tion kinetics of the gelatinization process. 

  Nonisothermal Kinetic Studies 

 The nonisothermal kinetic is based on a combination of the Arrhenius equation and 
the time – temperature relationship (Rhim  et al .,  1989 ). The kinetic equation in terms 
of rheological parameters ( G  ′  and  dG  ′ ) instead of reactant concentration ( C ) and change 
in concentration ( dC ) can be written as (Ahmed  et al .,  2008 ; Ahmed and Auras  2011 ):
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  where  n  is the order of the reaction,  k  0  is the equation parameter and other terms have 
usual meanings. 

 A multiple linear regression was used with a starch kinetic dataset to determine 
the order of the reaction ( n ) after changing the above equations into the following 
linear forms:
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 The reaction orders of the above equations were calculated based on nonlinear regres-
sions. The reaction order of the above equation was found to be 0.95 for 25% rice 
starch dispersion (Ahmed  et al .,  2008 ), whereas the  n  value for unhydrolyzed and 
hydrolyzed lentil starch dispersions were 1.11 and 1.20, respectively. A wide range of 
 E a   values (42 – 434   kJ · mol  − 1 ) were recorded for gelatinization of starches (Figure  6.8 ).     

  Protein Gelation Kinetics 

 Heat - induced protein gelation has been studied extensively to understand gelation 
mechanisms and food texture. A two - step gelation model has been proposed by Ferry 
 (1948) , where the fi rst step is an initiation step involving unfolding of the protein 
molecule, followed by an aggregation process resulting in gel formation. Much research 
has been carried out to determine the effects of heating conditions on protein 
denaturation/gelation and gel properties (Kinsella,  1976 ; Acton  et al .,  1981 ; Asghar 
 et al .,  1985 ; Foegeding  et al .,  1986 ). Gelation kinetics is an interesting area of research 
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but may refl ect the problems in obtaining reliable data. It is now recognized that 
analysis of the frequency - dependent mechanical spectrum of a gelling system (trace 
of  G ′   and  G  ″  versus log  ω ) can, in principle, lead to a phenomenologically precise 
description of the gel point (Panick  et al .,  1999 ). At appropriate concentration, protein 
dispersions produce a three - dimensional network and during the heating process the 
material changes from a viscous liquid to a semisolid to hard gel. 

 Isothermal heating conditions are suffi cient for gelation to occur. Wu  et al .  (1991)  
measured time - dependent shear and mechanical energy loss moduli of chicken breast 
myosin sols/gels for various protein concentrations and isothermal conditions. 
Gelation followed second - order kinetics. Rate constants changed in a complex manner 
with respect to temperature. 

 The kinetics of the heat - induced irreversible denaturation of  α  - lactalbumin ( α  - LA) 
and  β  - lactoglobulins ( β  - LG) A and B in milk were studied over a wide temperature/
time range (70 – 150    ° C, 2 – 5400   s) by Dannenberg and Kessler  (1988) . Denaturation of 
 β  - LG was well described with an apparent reaction order of 1.5, whereas  α  - LA followed 
fi rst - order reaction kinetics (Figure  6.9 ). The abrupt changes in temperature depend-
ence of the rate constants ( α  - LA at 80    ° C,  β  - LG at 90    ° C) were interpreted in terms of 
the different activation energies and are shown in Table  6.6 .     

 Nonisothermal kinetics (Equations  6.46  and  6.47 ) has also been used to investigate 
thermal gelation of proteins (Yoon  et al .,  2004 ; Ahmed  et al .,  2006 ). Gelation occurred 
during a nonisothermal heating/cooling process at a constant rate. Ahmed  et al .  (2006)  
studied gelation kinetics of SPI by a nonisothermal technique as a function of elastic 
modulus ( G  ′ ). During experiments, it was observed that a critical concentration of 
10% was required to form a true SPI gel. Thermorheological data for 10% and 15% 
SPI dispersions were adequately fi tted by second - order reaction kinetics. The reaction 

Figure 6.8 Second-order reaction kinetics for 20% (w/w) lentil starch dispersion during thermal 
gelatinization. (From Ahmed and Auras, 2011, courtesy of Elsevier.) 
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order of gelation was initially calculated by a multiple regression technique correlating 
 dG  ′ / dt ,  G  ′  and temperature, which was fi nally verifi ed by linear regression of the 
kinetic equation at selected order. Isothermal data for 15% SPI dispersions at selected 
temperatures (70, 80, 85, and 90    ° C) was also adequately described by second - order 
reaction kinetics. 

 Denaturation of proteins in muscle of Atlantic cod was studied by differential scan-
ning calorimetry (Skipnes  et al .,  2008 ). Denaturation of the proteins occurs in a lower 
temperature range (35 – 66    ° C). Kinetic parameters for changes in denaturation enthalpy 
of cod protein were estimated in the temperature range of 58 – 68    ° C, corresponding to 
the denaturation of actin. The time - dependent decrease in denaturation enthalpy cor-
responded to a fi rst - order mechanism.   

  Microbial Inactivation Kinetics 

 The inactivation of microorganisms by thermal and other nonthermal processing 
methods (e.g. high pressure, pulsed electric fi eld) generally follows fi rst - order reaction 

Figure 6.9 First-order reaction kinetics of α-lactalbumin denaturation in skim -milk at selected 
temperatures. (From Dannenberg and Kessler, 1988, courtesy of John Wiley & Sons.) 
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Table 6.6 Reaction kinetics for milk protein denaturation. 

Protein component Temperature range ( °C) Reaction order Ea (kJ ·mol−1) ln ( k0)

α-Lactalbumin 70–80
85–150

1.0 286.6
69.0

84.92
16.95

β-Lactoglobulin-A 70–90
95–150

1.5 265.2
54.0

84.16
14.41

β-Lactoglobulin-B 70–90
95–150

1.5 280.0
47.8

89.43
12.66

Source: adapted from Dannenberg and Kessler (1988).
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kinetics (Table  6.7 ). The fi rst - order kinetic models for the inactivation of microorgan-
isms are believed to follow Eyring ’ s transition - state theory and the Maxwell – Boltzmann 
distribution of the speed of molecules from molecular thermodynamics (Teixeira and 
Rodriquez,  2003 ). Details of the thermal inactivation of microorganisms are available 
in food microbiology textbooks. At a given temperature the microbial inactivation 
kinetics of a population ( N ) of microorganisms is represented by the following fi rst -
 order reaction kinetics:

    ln( / )N N k t0 = − ⋅     (6.48)  

  where  N  0  and  N  represent number of viable organisms at time zero and time  t  respec-
tively. The equation can be transformed to the following form:

    log( / ) /N N t D0 = −     (6.49)  

  where  D     =    2.303/ k , which is termed the decimal reduction time (D - value). This is the 
time required (min) to result in one decimal reduction in the survival cell population 

Table 6.7 Reaction kinetics for inactivation of microorganisms. 

Microorganism Destruction type 
and condition 

Kinetics and major fi ndings Reference

Salmonella and  Listeria
sp. in chicken breast 
meat

Thermal treatment 
(55–70°C)

First-order inactivation models, 
with Arrhenius temperature 
dependency reported 

Murphy et al.
(2000)

Pseudomonas
fl uorescens strain 
172

Thermal treatment 
(52–62°C) and 
pH values (4 –7.5)

A nonlinear survivor model fi tted 
the data 

Chiruta et al.
(1997)

Escherichia coli
(O157:H7) and 
Listeria
monocytogenes
(Scott A) 

Pressure treatments 
(250–400MPa),
0–60min,
20–25°C

Destruction kinetics described as a 
dual effect, an initial destruction 
resulting from a pressure pulse 
followed by a fi rst -order rate of 
destruction during the pressure 
holding time 

Ramaswamy
et al. (2008)

L. monocytogenes type 
4a KUEN 136 

High-pressure CO 2
(1.51–6.05MPa),
25°C

Inactivation followed fi rst -order
kinetics, with k and  D ranging 
from 0.0668 to 0.5375 min−1 and 
from 34.49 to 4.31 min,
respectively

Erkmen (2001)

L. monocytogenes
Scott A in UHT 
whole milk 

High pressure 
(300–600MPa)

Weibull model consistently 
produced a better fi t than the 
linear model 

Chen & Hoover 
(2004)

L. monocytogenes was 
determined in 
sucrose solutions 

Thermal treatments 
(58–64°C)

Weibull distribution provided a 
good fi t for all the survival 
curves

Fernandez
et al. (2007)

Campylobacter jejuni Temperature −20 to 
+25°C

Weibull model used to model C.
jejuni survival in minced chicken 
meat

González et al.
(2009)

E. coli K12 Ultrasound,
100kPa/40°C

Followed fi rst -order kinetics Lee et al.
(2009)
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at a given temperature and is a measure of the resistance of an organism to lethal 
treatments (Figure  6.10 a).   

 With regard to the production of low - acid canned foods, a 12D process for reducing 
the numbers of spores of  Clostridium botulinum  has traditionally been considered a 
requirement for public health protection. This assumption is based on historical data 
which indicate that a heavy load of  C. botulinum  spores in a canned food product 
would comprise 10 12  spores, and therefore a 12D reduction would ensure a one - in - a -
 billion chance that a spore would survive. 

 The thermal inactivation kinetics of microbial spores at reference temperature  T  ref , 
and the corresponding reference reaction rate constant  k  ref , can be obtained from 
Equation  6.38 . The temperature sensitivity of D - values is well characterized by the 
z - value, which indicates the infl uence of temperature on D - values. The z - value is the 

Figure 6.10 (a) Decimal reduction time curve for microorganisms. (b) Thermal resistance curve 
for microorganisms. 
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temperature needed to reduce the D - value by one log - unit, and is obtained by plotting 
the D - values on a log scale against the corresponding temperatures (Figure  6.10 b) 
(Stumbo,  1973 ). Mathematically, the z - value is represented as:

    z T T D D= − −( ) / [log( ) log( )]2 1 1 2     (6.50)  

  where  D  1  and  D  2  represent decimal reduction times at temperatures  T  1  and  T  2  respec-
tively. Different microorganisms have different z - values, and even the z - value of the 
same microorganism may vary with circumstances. The z -  and D - values are then used 
to predict survival curves at temperatures other than the experimental temperatures 
and calculate the integrated lethal effect of temperature under nonisothermal heat 
treatment if the temperature history is known (Stumbo,  1973 ; Teixeira,  1992 ). Details 
of thermal process calculations are discussed in Chapter  14 . 

 Various researchers have suggested that the conventional fi rst - order model for inac-
tivation of microorganisms is not adequate. Signifi cant deviations from linearity have 
been reported (Peleg and Cole,  1998 ; van Boekel,  2002 ) in the form of so - called shoulders 
and/or tails in the survival curves (Cerf,  1977 ), and also downward and upward concav-
ity in the survival curves. The reason for the phenomenon is that microbial populations 
consist of several subpopulations, each with its own inactivation kinetics. The survival 
curve is thus the result of several inactivation patterns, giving rise to nonlinear survival 
curves. To describe the nonlinear survival curves, various models have been tested, 
and the Weibull model has been found to be the best choice due to its simplicity and 
fl exibility (Chen and Hoover,  2003, 2004 ) (Figure  6.11 ). Moreover, the model can be 
used for both thermal and nonthermal inactivation of microorganisms (Table  6.7 ) 
(Fernandez  et al .,  1999 ; Mattick  et al .,  2001 ; Peleg and Cole,  2000 ). This model consid-
ers that cells and spores in a population have different resistances and a survival curve 
is just the cumulative form of a distribution of lethal agents. An excellent overview 
of the Weibull distribution is given by Smith  (1991) . A decimal logarithmic form of 
the Weibull model is shown below (van Boekel,  2002 ; Gonz á lez  et al .,  2009 ):

Figure 6.11 Survival curves of Listeria monocytogenes Scott A in whole milk at selected pres-
sures. Data were fi tted with linear and Weibull models.  (From Chen and Hoover, 2004, courtesy of 
Elsevier.)
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    log
N
N

t

0

= −⎛
⎝⎜

⎞
⎠⎟δ

β

    (6.51)  

  where  N  0  is the cell concentration at the inoculation time, and   β   indicates the shape 
of the (dimensionless) curves (  β      >    1 produces convex curves, whereas   β      <    1 describes 
concave curves). In this model,   δ      >    0 corresponds to the fi rst reduction time that leads 
to a one log reduction of the surviving population. The model is valid for the fre-
quently observed nonlinearity of semi - logarithmic survivor curves, and the fi rst - order 
approach is a special case of the Weibull model when   β      =    1. In the latter case, the   δ   
parameter can be assimilated into the traditional D - value of thermal resistance curves 
(van Boekel,  2002 ). Furthermore, the Weibull distribution parameters   β   and   δ   are 
affected by external conditions such as temperature, pH, and pressure (Peleg and Cole, 
 2000 ; Mattick  et al .,  2001 ). 

 The Weibull model provides a good fi t, enabling the study of  Campylobacter jejuni  
survival in minced chicken meat over a wide range of extended storage temperatures 
( − 20 to  + 25    ° C). Fitting parameters are given in Table  6.8a . The survival curves of 
 Listeria monocytogenes  Scott A inactivated by high hydrostatic pressure at four tem-
peratures (22 – 50    ° C) and two pressure levels (400 and 500   MPa) in UHT whole milk 
indicated that elevated temperatures substantially promoted the pressure inactivation 
of  L. monocytogenes  (Chen and Hoover,  2003 ). The Weibull model provided reason-
able predictions of inactivation of  L. monocytogenes  over the temperature range of 
40 – 50    ° C (Table  6.8b ).   

Table 6.8a Weibul fi tting parameters as a function of temperature for 
survival of Campylobacter jejuni in minced chicken meat. 

Temperature ( °C) δ β log N0

−20 3.32 0.27 6.19
−5 6.28 0.64 6.26
4 11.07 0.85 6.19

15 5.47 0.61 6.17
25 2.23 0.73 6.52

Source: adapted from Gonz ález et al. (2009).

Table 6.8b Weibul fi tting parameters for pressure inactivation kinet-
ics of Listeria monocytogenes Scott A. 

Temperature ( °C) 400MPa 500MPa

δ β δ β

40 0.821 0.487 3.423 0.277
45 3.116 0.226 4.094 0.303
50 4.138 0.214 5.941 0.186

Source: adapted from Chen and Hoover (2003).
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  Other Kinetic Models 

 Some other kinetic models used for microbial inactivation are given below. 

  Log - logistic Model 

 The following equation was proposed by Cole  et al .  (1993)  to describe the nonlinear 
thermal inactivation of microorganisms:

    log
( log )/( )

N
e t

= +
−

+ − −α ω α
σ τ ω α1 4

    (6.52)  

  where  α  is the upper asymptote (log CFU/mL),  ω  is the lower asymptote (log CFU/
mL),  σ  is the maximum rate of inactivation [log (CFU/mL)/log min] and  τ  is the log 
time to the maximum rate of inactivation (log min).  

  Modifi ed Gompertz Model 

 The modifi ed Gompertz equation was originally proposed by Gibson  et al .  (1988)  to 
model growth curves and later was used to model inactivation kinetics by various 
researchers (Linton  et al .,  1995 ; Xiong  et al .,  1999 ).

    log
( )N

N
Ce Cee eBM B t M

0

= −− − − −
    (6.53)  

  where  M  is the time at which the absolute death rate is maximum,  B  is the relative 
death rate at  M , and  C  is the difference in value of the upper and lower asymptotes. 
The modifi ed Gompertz model yielded a good fi t to the observed nonlinear inactiva-
tion data of  Escherichia coli  K12. Since the parameters in the modifi ed Gompertz 
model do not have biological meaning, it has not been widely used in practical kinetic 
studies.  

  Biphasic Linear Model 

 The biphasic linear model assumes that the population is split into two populations, 
one resistant to treatment and the other sensitive to treatment (Cerf,  1977 ).

    log log ( ) / /N
N

f ft D t D

0
10 1 10 10= − ⋅ + ⋅[ ]− −sens res     (6.54)  

  where (1    −     f ) and  f  are the fraction of treatment - sensitive and treatment - resistant popu-
lations, respectively.  D  sens  and  D  res  are the decimal reduction times (min) of the two 
populations, respectively. Microbiological models are normally empirical models. 
These should not be used outside the range of factors used to create them, because there 
is no underlying principle on which to base extrapolation (Stewart and Cole,  2003 ). 
Extrapolation of microbiological inactivation data could produce under - processing or 
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over - processing of food products, resulting in inferior quality of product. On the other 
hand, interpolation provides a better understanding of data and processing. Evidence 
for thermal death of  C. botulinum  213B indicates that extrapolation is problematic in 
non - log - linear as well as log - linear models (Stewart and Cole,  2003 ).     

  Statistical Aspects of Kinetic Modeling 

 The mathematics of kinetic modeling does not deal with any uncertainty. Statistics are 
necessary because there is uncertainty in the measurements, and because different 
methods are available for estimating parameters. A helpful distinction has been made 
between  “ uncertainty ”  and  “ variability ”  (Anderson  et al .,  1999 ; Pouillot  et al .,  2003 ). 
 “ Uncertainty ”  refers to lack of precise knowledge of the true measured value, and can 
be minimized by taking more measurements.  “ Variability ”  refers to natural differences 
in the variables, such as the biological variability of a nutrient in a fruit variety. 
Variability cannot be decreased by taking more measurements, but can be more accu-
rately determined. For the purposes of this chapter, we will not make this distinction 
and will call all data errors  “ uncertainty ”  or  “ error. ”  The reader is referred to Nauta 
 (2000)  for techniques to discriminate between uncertainty and variability. 

 Another useful defi nition is that for  “ parameters, ”  which are the coeffi cients or 
 “ constants ”  in the model. For experiments, parameters are typically unknown and 
must be estimated by suitable regression techniques on measured data, comprising 
the pairs of independent and dependent variables ( x i  ,  Y i  ). 

 The uncertainty in the measured data  Y i  , in the independent variable  x , and in the 
model leads to variability in the estimated parameter,  β . Because we cannot know the 
true parameter  β  but can approximate it by appropriate regression on the collected 
data, we call the process  “ parameter estimation. ”  Taking more measurements, using 
a different model, transforming the model, and designing optimal experiments can 
reduce the error in the parameter estimation. One goal of parameter estimation is to 
minimize the variance of the parameters. Other related criteria include the Akaike 
information criterion (AIC), which seeks to minimize the error in the predicted  Y  
while also minimizing the  “ cost ”  of using additional parameters. Therefore, if adding 
an additional parameter does not suffi ciently decrease the  Y  error, the AIC recommends 
not adding the parameter to the model, thus producing the most parsimonious model. 

  Probability Distributions 

 In addition to the commonly assumed normal distribution, there are the gamma, log-
normal, Weibull, Gumbell, Beta, and Poisson distributions, among many others. Each 
has different characteristics and may be more appropriate for the kinetic model. 
Lindqvist  (2006)  reported that microbial growth parameters may be non - normally dis-
tributed. Although log survival data for inactivation data may be reasonably normally 
distributed, the associated parameters may be non - normally distributed. Non - normal 
distribution emerges more often in food research than might be expected. Often the 
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distribution is not reported because the researcher may not have enough collected data 
points to show that the data are signifi cantly non - normal (Whiting and Golden,  2002 ). 

 Although the normal distribution is widely known and often assumed, there is no 
guarantee that the measured  Y  or the parameter estimates are normally distributed. 
Because most regression routines require errors to be normally distributed, it is wise 
to check the normal assumption after performing the regression. A limited dataset 
can be analyzed in standard statistical software to determine normality. This proce-
dure is reasonable for a fi rst test, but the number of data may not allow the test to 
give suffi ciently discriminating results. A better test would be to generate more data 
using Monte Carlo simulation, which generates hundreds or thousands of synthetic 
datasets based on the error of the original data.  

  Linear Regression 

 A model is defi ned as linear in parameter   β  i   if the fi rst derivative of the model with 
respect to that parameter is not a function of the parameter. In equation form,

    
∂
∂

≠
η
β

β
i

if( )     (6.55)  

  where   η   is the dependent variable of the model. The foremost advantage of a linear 
model is that the linear parameters can be estimated directly from the collected data 
with one explicit equation and one computation. No initial estimates and no iteration 
are required. Because of the mathematical simplicity of the linear model, researchers 
understandably prefer to use it when possible. Also, the  “ black - box ”  nature of statisti-
cal programs, including Excel, that can fi t various models without specialized knowl-
edge opens up simple linear parameter estimation to a much larger audience. 

  Example of Transformation from Nonlinear to Linear Model 

 Model:

    η β β= −
1

2exp t     (6.56)   

 To determine if the model is linear in   β   1 ,

    
∂
∂

= −η
β

β

1

2exp t     (6.57)   

 Notice that   β   1  does not appear on the right side of the equation, so the model is linear 
in   β   1 . However, in the following equation   β   2  appears on the right side of the equation 
and therefore the model is nonlinear in   β   2 . Therefore, there is no close - formed solution 
to solve explicitly for   β   2 . The solution for nonlinear models is dealt with in a later section.
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∂
∂

= − −η
β

β

2

2t texp     (6.58)   

 Because this model is nonlinear in at least one of the parameters, it may be advanta-
geous to use a logarithmic transformation:

    ln lnη β β= −1 2t     (6.59)   

 For this new model, the dependent variable is no longer   η   but ln   η  . The parameters 
are now ln   β   1  (not   β   1 ) and   β   2 . Taking the derivatives of the new model with respect to 
the parameters,

    
∂
∂

=
(ln )
(ln )

η
β1

1    (6.60)  

    
∂
∂

= −
(ln )η

β2

t     (6.61)   

 The right sides of Equations  6.60  and  6.61  do not contain the corresponding param-
eters. Therefore the model is linear in both parameters. The parameter estimates can 
be computed explicitly using the commonly used equations to solve for slope ( −   β   2 ) 
and intercept (ln   β   1 ). The   β   1  and   β   2  computed from the transformed model are not 
necessarily the same as the   β   1  and   β   2  computed from the original model, but often 
they will be acceptable if the error structure is not changed dramatically (see section 
Statistical inferencing and residual analysis). 

 The assumption that the variance of the model predictions is nearly the same for 
both models is used in Excel for all nonlinear models. This assumption is why Excel 
does not require initial estimates for the nonlinear curve - fi tting feature. Excel is so 
seamless in its curve - fi tting of various nonlinear models that users may not know 
that Excel is  not  fi tting the nonlinear model, but is fi rst transforming the data to a 
linear model. Its procedure is identical to what was described above. It is recom-
mended that transformed models be used only to give initial estimates of the nonlinear 
parameters. Then the initial estimates can be fed into a nonlinear regression program 
to obtain more accurate estimates of the parameters. 

   Example 1:   linear parameter estimation 

 Table  6.9  shows simulated duplicate data for degradation of thiamine in water at 
constant temperature 110    ° C where the measured compound decreases approximately 
by a fi rst - order reaction (Equation  6.8 ):

    − =
dC
dt

kC  
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  where  C  is the measured concentration (mg · g  − 1 ),  k  is the rate constant (T  − 1 ), and  t  is 
time. Equation  6.8  can be solved as a differential equation, using Runge – Kutta methods 
or by integration. 
 The integral solution for Equation  6.8  is exponential decay:

    C C e kt= −
0     (6.8a)  

  where  C  0  is the initial compound concentration (mg · g  − 1 ). If these data are plotted in 
Excel, and an  “ exponential ”  trend line is plotted, Excel transforms the nonlinear 
model to the linear model so the parameters can be solved for explicitly:

    ln lnC C kt= −0     (6.8b)   

 The linear parameter estimates are  k     =    0.0351   min  − 1  and  C  0     =    130.19   mg · g  − 1 . Using 
Solver (nonlinear regression routine) in Excel, the nonlinear parameter estimates based 
on the model are  k     =    0.0277   min  − 1  and  C  0     =    104.06   mg · g  − 1 . Figure  6.12  shows the data 

Table 6.9 Time effect on concentration. 

Time (min) Concentration (mg ·g−1) Time (min) Concentration (mg ·g−1)

0 110.0 50 28.16
0 107.50 60 14.41

10 72.88 60 21.00
10 70.74 70 20.61
20 54.95 70 23.29
20 58.78 80 15.45
30 48.67 80 8.27
30 44.51 90 3.04
40 37.43 90 2.54
40 35.45 100 3.21
50 33.65 100 2.21

Figure 6.12 Prediction of thiamine concentration at 110 °C in Table 6.9 using linear and nonlinear 
parameter results for Equation 6.62.
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and both curves. The nonlinear fi t is clearly better, as shown by root mean square 
error (RMSE) of 5.1   mg · g  − 1  compared with RMSE of 10.9   mg · g  − 1  for linear fi t. The dif-
ference between linear and nonlinear results (Figure  6.12 ) increases as the variance of 
the linear residuals from Equation  6.8b  becomes more nonconstant (discussed in 
section Statistical inferencing and residual analysis).      

  Confi dence Intervals for Linear Models 

 Just as parameters for linear models can be solved for explicitly, confi dence intervals 
for parameters and for the dependent variable in linear models are exact and sym-
metrical. Reporting a parameter estimate without the standard error or confi dence 
interval (CI) is not helpful. The CI may be so large that it includes zero, showing 
unacceptable error, or the CI may be very small, showing an estimate with small error 
(van Boekel,  2008 ). The level of confi dence, such as 95 or 99%, should also be reported. 

 The CI for the dependent variable is not often reported for microbial inactivation 
or growth models. The 95% CI for  Y  indicates the region where 95 of 100  regression 
lines  would be expected to fall. Because regression lines are only slightly affected by 
one or two outlying data points out of a total of about 50, often 50% or more of the 
data points lie outside the CI. 

 The prediction interval (PI) is even more rarely reported in microbial growth or 
inactivation studies, yet it is arguably more important than the CI. The PI shows the 
region within which 95% of the data are expected to fall. Therefore, the PI can be 
twice or more as wide as the CI. When food safety is an issue, one may be more con-
cerned with where individual data lie than where the average of the data lie.   

  Nonlinear Parameter Estimation 

 When the derivative of the model with respect to the parameter is a function of that 
parameter, the model is nonlinear with respect to that parameter. The nonlinear 
parameter cannot be solved for explicitly because the matrix solution for the param-
eter includes the derivative, and the derivative contains the parameter on the right 
side of the equation. An iterative solution is required. Therefore, an initial guess for 
the parameter must be made, and different types of nonlinear regression can be per-
formed on different criterion functions. The most common criterion is to minimize 
the sum of squares of residuals. Nonlinear regression routines include the reduced 
gradient method, Box – Kanemasu, and Gauss – Newton, among others. Although non-
linear methods have been written about for decades, it is only in the last 15 years that 
high - speed, low - cost computing methods have become accessible to everyone. For 
example, Excel Solver is a powerful built - in tool that can solve many nonlinear 
problems. 

 The method of ordinary least squares nonlinear regression can be described visually 
and in words. Pictorially, Figure  6.13  shows the criterion function, sum of squares of 
residuals, on the  z  - axis (Mishra  et al .,  2008 ). The  x  -  and  y  - axes are the two parameter 
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values. The goal is to fi nd the combination of the two parameter values that will give 
the minimum sum of squares. In words, the nonlinear regression routine adjusts the 
initial guesses of the parameters until the minimum is nearly reached and there is 
very little change in the sum of squares.   

 How does the nonlinear regression routine guide the change in parameter estimates 
so that they are proceeding toward the minimum sum of squares? For algorithms using 
derivatives, at each step, the routine adds on to the previous parameter estimates a 
scaling factor times a function of the sensitivity coeffi cient matrix, known by statisti-
cians as the  “ Jacobian. ”  The sensitivity coeffi cient matrix is the derivative of the 
model with respect to each parameter. It is possible to have poor initial estimates, or 
a poorly formed ( “ ill - posed ” ) Jacobian such that the parameter values will not con-
verge. These two problems, as well as other challenges, are inherently possible with 
nonlinear iterative methods. 

  Confi dence Intervals for Nonlinear Models 

 Unlike CIs for linear models, CIs for parameters and for the dependent variable for 
nonlinear models are asymmetric and inexact. The most common approximation of 
the CI is the symmetric asymptotic CI (van Boekel,  1996 ) :

    a t± −( )σ α ν1 0 5. ,     (6.62)  

  where  a  is the parameter estimate,   σ   is the standard error of the estimate, and  t  is the 
 t  - distribution statistic with degrees of freedom   ν   (number of data minus number of 
parameters). The CI is called asymptotic because as more data are added, the computed 
CI moves closer to the true, but unknown, CI. Most statistical programs supply the 

Figure 6.13 Example of sum of squares vs. rate constant and activation energy. (From Mishra 
et al., 2008, courtesy of John Wiley & Sons.) 

E (kJ·g–1·mol–1) k110°C(min–1)
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asymptotic CI because of computational effi ciency. The asymptotic CI can be com-
puted explicitly and in one pass. The disadvantage is that these CIs can be signifi cantly 
larger or smaller than the true CI. Monte Carlo simulations will give a more accurate 
estimate of the true CI, as well as of the PI (Mishra  et al .,  2011 ).  

  Correlation 

 Some parameters have correlation due to the form of the model. For example, the 
Arrhenius parameters  k r   and  E  are highly correlated (Equation  6.25 ) unless a fi nite 
reference temperature is used (Himmelblau,  1970 ):

    k k
E

R T T
r

r

=
−

−⎛
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⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟exp

1 1
    (6.63)  

  where  k r   is the rate constant (T  − 1 ) at reference temperature  T r   (K), and  E  is the activa-
tion energy (J · mol  − 1 ). Suggested values for  T r   are in the upper half of the total tempera-
ture rise. Many studies implicitly set  T r   at  ∞ , resulting in Equation  6.24a . 

 Equation  6.24a  is suitable for explaining reaction kinetics, as originally proposed by 
Arrhenius. However, it is not helpful for nonlinear parameter estimation, because the 
infi nite reference temperature will result in correlation of nearly 1.0 between  E  and 
 k  0 , and may give enormous CIs for  k  0 , if  k  0  can be estimated at all (Dolan,  2003 ). Such 
a result says that the error in k o  is so great that we have little idea what its value is.  

  Sensitivity Coeffi cients 

 Sensitivity coeffi cients are good indicators of the identifi ability of the parameters 
occurring in the model. The sensitivity coeffi cient of a parameter is the partial deriva-
tive of the function with respect to the parameter, i.e. X     =     ∂  Y / ∂  p i   for parameter  p i  . 
Sensitivity coeffi cients can be scaled for comparison of several parameters to the 
response variable. 

 A scaled sensitivity coeffi cient ( X  ′ ) for parameter  p i   can be represented as:

    ′ ≡
∂
∂

X p
Y
p

p i
i

i     (6.64)   

 Alternatively, the scaled sensitivity coeffi cient can be approximated by the fi nite dif-
ference method as:

    ′ ≈
+( ) − ( )

X p
Y p dp Y p

dp
p i

i i i

i
i     (6.65)  

  where  dp i   is a very small number such as  p  * 10  − 4 . We desire scaled sensitivity coeffi -
cients to be large and uncorrelated to estimate the parameters more easily (Beck and 
Arnold,  1977 ).   
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  Dynamic Models and Visual Kinetics 

 How can we estimate parameters if one or more independent variables are changing 
simultaneously over time? For food applications, typical variables that may change 
are temperature (Cohen  et al .,  1994 ) and moisture content for drying (Mishkin  et al ., 
 1984 ). Let us approach the problem from fi rst principles, and allow only one variable 
to change with time. Assume temperature is changing throughout the reaction. Write 
the rate model being used and insert the model for  k  (Equation  6.8 ):

    − =
dC
dt

kC   

 Substitute the Arrhenius model (Equation  6.63 ) for  k,  and set up the integral:
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  and solve for  C , assuming  k r   is not a function of time:

    C C e kr= −
0

β     (6.67)  

  where time – temperature history is:

    β =
−

−⎛
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    (6.68)   

 Because there are three parameters, initial estimates for  k r   (rate constant at reference 
temperature),  E a   and  C  0  must be supplied. Equations  6.67  and  6.68  can be solved using 
Solver in Excel (Microsoft, Redmond, WA), MATLAB (Mathworks, Natick, MA), or 
another nonlinear regression routine. CIs for the parameters and the response variable 
 C  can be computed tediously in Excel using matrices, or more easily in MATLAB or 
dedicated statistical software. 

   Example 2 

 The simulated temperature history for degradation of anthocyanins in water in a pres-
surized, sealed, and heated container is shown in Figure  6.14 . The three parameters 
were estimated using nlinfi t in MATLAB, and the observed (simulated) and predicted 
concentration values  C  from Equation  6.66  are plotted in Figure  6.15 . Also shown are 
the confi dence band and prediction band for  C  (Figure  6.15 ).   
 The parameter estimates and the parameter asymptotic CIs are shown in Table  6.10 . 
It is more common than one might expect for parameter  E  to have a proportionally 
large standard error (2.19    ×    10 4  out of the estimate 6.66    ×    10 4 ), giving a wide CI. To 
reduce the parameter CI and improve the estimation, one method is to optimize the 
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Figure 6.14 Simulated temperature history of anthocyanins in water in a sealed container 
(Example 2). 

Figure 6.15 Anthocyanin retention in water during heating as shown in Figure 6.14 (Example 2). 
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Table 6.10 Parameter estimates for reference rate constant kr, activation energy E, and intial 
concentration C0 for Example 2. Reference temperature  Tr = 135°C.

Parameter Estimate Standard error 95% confi dence interval 

Reference rate constant k135°C 0.0656min−1 0.0064 (0.0524, 0.0789) 
Activation energy E 66600J·mol−1 21900 (21000, 112 200)
Initial concentration 3.89 0.149 (3.58, 4.2) 
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experimental time – temperature history, a topic investigated by Balsa - Canto  et al . 
 (2007) .   

 The confi dence band shows the region where 95% of the fi tted regression lines 
(Motulsky and Christopoulos,  2004 ) are likely to lie if numerous sets of experiments 
were run. Because the regression line does not move greatly due to one or two points, 
the confi dence band is relatively tight and excludes a high percentage of the data 
(Figure  6.15 ). The prediction band shows the region where 95% of the data are likely 
to lie if multiple sets of experiments were conducted. In Figure  6.15 , it so happens 
that all the data are included in the prediction band. However, if more data were col-
lected we would expect 5% of the data to lie outside these bands. 

 The scaled sensitivity coeffi cients are shown in Figure  6.16 . None of the  X  ′  are cor-
related to each other, indicating that all three parameters can be estimated separately. 
Because the absolute value of  X  ′   kr   is more than twice as large (1.5) as  X  ′   E   (0.6), the 
parameter  E  was more diffi cult to estimate than  k r  , and  E  had a larger CI (Table  6.10 ). 
 C  0  was easily estimated at the early times (0 – 10   min), as shown by its large value of 
the scaled sensitivity coeffi cient at that time. By observing where  X  ′   E   was largest, 
activation energy was most easily estimated during the heating period from 10 to 
17.5   min (Figure  6.16 ), when the temperature was large and was changing rapidly 
(Figure  6.14 ). Beyond this time, the temperature rise slowed down and  X  ′   E   decreased, 
crossing zero at 22.5   min (Figure  6.16 , when temperature    =     T r  ). The optimal time to 
estimate  k r   was relatively late in the experiment, from 17.5 to 30   min (Figure  6.16 ), 
when the retention was about 57% to 12% (Figure  6.15 ). Before running the experi-
ment, it is unlikely a researcher could know what heating times were best (minimiz-
ing variance of the parameter estimate) for estimating parameters. Therefore, it is 
recommended that scaled sensitivity coeffi cients be plotted before experiments are 

Figure 6.16 Scaled sensitivity coeffi cients for Example 2. 
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run. However, to do this, the researcher must have some knowledge of the approxi-
mate values of the parameters. Even if only the ranges of the parameter values are 
known, e.g.  “ from zero to 100, ”  plotting the scaled sensitivity coeffi cients can give 
good insight.      

  Statistical Inferencing and Residual Analysis 

   Residuals for Example 1 

 Examination of residuals can reveal problems with the model or with the assumptions. 
For regression analysis, one of the assumptions is a constant variance of errors. 
Therefore, a logarithmic transformation will work well if the resulting error variance 
is more constant than the original error variance. Figure  6.17  shows the linear regres-
sion for Example 1, and Equation  6.63  the logarithmic transformation. Figure  6.18  
shows the associated residuals.   

Figure 6.17 Linear regression for Example 1 (Equation 6.63).
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Figure 6.18 Residuals for Example 1. 
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 The variance of the residuals is not constant, and is increasing with time (Figure  6.18 ). 
This  “ cone ”  shape indicates that the transform will result in parameter values signifi -
cantly different from the true nonlinear values. 

 Figure  6.19  shows the residuals for the linear and nonlinear fi t in Figure  6.12 . The 
residuals for the nonlinear fi t are nearly constant over time, ranging from  − 8.1 to  + 8.3 
(Figure  6.19 ). This result of a nearly constant  “ band ”  of residuals meets the assump-
tions of regression analysis, and gave a much better fi t than the linear results. 
The residuals for the linear fi t were again not constant, ranging from  − 22.6 to 12.2 
(Figure  6.19 ).     

   Residuals for Example 2 

 Figure  6.20  shows the residual scatter plot for Example 2. The variance is reasonably 
constant, as shown by a  “ band ”  of residuals within  ± 0.5, except for three points. There 
is no pattern, indicating that the residuals are uncorrelated. These results fi t within 
standard assumptions of constant variance and uncorrelated errors. The mean of the 
residuals was  − 0.00562, close to the standard assumption of zero mean for errors. The 
residual histogram (Figure  6.21 ) is needed to view whether the errors are normally 
distributed. Figure  6.17  shows that there are a few more negative residuals, indicated 
by the mean of  − 0.00562. However the shape is nearly normal. Because there are only 
24 data points, a more thorough analysis to determine whether the errors are normally 
distributed could be done by bootstrapping the original dependent  C  data (Mishra 
 et al .,  2009 ).      

  Model Discrimination and Criticism 

 In a previous section, we discussed residual diagnostics. Residuals are helpful in deter-
mining if the model fi ts the data well and satisfi es the standard statistical assumptions 

Figure 6.19 Residuals for linear and nonlinear fi ts in Figure  6.12.
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in the model. However, sometimes we are faced with the situation where alternative 
models can be considered which might fi t the same dataset. For example, in a liner 
regression case including interactions of the variables with  p     −    1 parameters, 2  p    − 1  
alternative models can be created. In some cases the number of possible models can 
be large and overwhelming to the analyst, and in other cases there might be few, say 
two or three competing models. So how can one choose the best model from several 
competing models? This can be done by a model selection procedure where a subset 
of models can be regarded as candidate models and then further narrowed down to 

Figure 6.20 Scaled sensitivity coeffi cients for rate constant, activation energy, and initial concen-
tration for Example 2. 

Figure 6.21 Residual histogram for Example 2. 
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select the best model. In the following section, the  F -  test statistic, Akaike information 
criterion and Schwarz ’  Bayesian criterion are briefl y discussed. 

   F  test 

 The  F  test is also called  “ lack of fi t ”  test. This  F  test is possible if we have replication 
for at least some values of variables considered in the experiment. This test is helpful 
when the models are related or nested. For example, a quadratic and cubic polynomial 
model can be compared for best fi t, using  F  test. Also, a nonlinear model with two 
parameters and same model with an added parameter can be compared using the  F  
test, since they are related. 

 The procedure for performing an  F  test starts with specifying a full model ( F M  ), which 
might fi t very well, and then specifying a reduced model ( R M  ), which will have fewer 
parameters compared with the full model. The  F  - statistic accesses whether a reduced 
model would fi t the data as well as a full model. The  F  - statistic is given by:

    F

SSE R SSE F
df df

SSE F
df

M M

R F

M

F

M M

M

=

−( )
−( )

( ) ( )

( )
    (6.69)  

  where  SSE ( R M  ) is error sum of squares of reduced model and is  SSE ( F M  ) error sum of 
square of full model. The difference between the two above - mentioned sum of squares 
is also called lack of fi t sum of squares. In the  F  - statistic equation,  df  represents 
degrees of freedom. If the computed  F  - statistic ’ s  P  - value is large enough (based on the 
CI, for example  P     >    0.05), then we can conclude that the reduced model fi ts the data 
as well as the full model.  

  Akaike Information Criterion and Schwarz ’  Bayesian Criterion 

 These methods are useful when comparing models that are completely different and 
not related to each other. We have seen in a previous section that the  F  test will not 
be helpful when comparing models which are not related. Akaike ’ s information cri-
terion (AIC P ) and Schwarz ’  Bayesian criterion (SBC P ) provide a penalty for adding 
parameters in the model. Models having the lowest value of AIC P  and SBC P  are prefer-
able over the ones having larger values. These criteria for nonlinear least squares are 
given by:

    AIC n SSE n n pP P= − +ln( ) ln( ) 2     (6.70)  

    SBC n SSE n n n pP P= − + [ ]ln( ) ln( ) ln( )     (6.71)  

  where  n  is sample size and  p  is the number of parameters in the model. 



158 Handbook of Food Process Design: Volume I

   Example 

 This demonstrates the use of model discrimination methods as mentioned earlier. The 
data as presented in Table  6.11  is for the growth of total bacterial counts in the aspara-
gus packed in modifi ed atmospheric packages and stored for a shelf - life study. The 
modifi ed Gompertz function for minimally processed food products can be expressed 
as:

    Y N t k Ae e

e
A

t

= = + −
−( )+⎛

⎝⎜
⎞
⎠⎟

log ( )
μ λmax 1     (6.72)  

  where  N ( t ) (CFU · g  − 1 ) is the dependent variable, i.e. the number of cells at time  t ,  k  
[log(CFU · g  − 1 )] is the initial cell concentration,  A  [log(CFU · g  − 1 )] is maximum bacterial 
growth at the stationary phase,   μ   max  [log(CFU)/(g · day)] is the maximal growth rate,   λ   
is the lag time in days, and  t  is the independent variable, time in days, and  e     =    2.7183 
(Corbo  et al .,  2006 ; Zwietering  et al .,  1990 ). 

 Now let us consider that the following reduced model will fi t the data as well as 
the full model given in Equation  6.73 , where   λ   is removed:
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 The values of model sum of squares are shown in Table  6.11 , along with the number 
of data points and the number of parameters in the full and reduced models. The value 
of the  F  - statistic is 0.05 and hence we cannot reject the hypothesis that the reduced 
model fi ts the data as well as the full mode. AIC and SBC values are lower for the 
reduced model and hence favor the reduced model as opposed to the full model.      

  Conclusions 

 Reaction kinetics has a vital role in describing inactivation of enzymes/microorganisms 
and controlled degradation of food quality attributes during processing. This chapter 
covers most of the important aspects of food quality degradation kinetics and microbial 
inactivation kinetics under thermal and nonthermal processing. Thermal degradation/
inactivation processes of sensitive food materials have conventionally been treated in 
terms of reaction kinetics of different orders. In most cases, fi rst - order kinetics are 

Table 6.11 Model discrimination criteria for the microbial growth example. 

Model Data points Parameters SSE Degrees of freedom F AIC SBC

Full 24 4 10.0681 20 0.05 −12.8484 −8.1361
Reduced 24 3 10.0905 21 −14.795 −11.2609
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applied because of their simplicity. However, this is usually not true when the reac-
tion involves large or complex molecules in a complex chemical environment where 
various alternative mechanisms, not all of them fully known, can operate simultane-
ously. In such a situation, the reaction ’ s order and sometimes even the general math-
ematical structure of its kinetic model cannot be postulated in advance. Despite the 
widespread acceptance of these theories, there is now suffi cient evidence that microbial 
survival only rarely follows fi rst - order kinetics. Numerous reports have confi rmed 
 “ nonlinear inactivation ”  for microorganisms. Among various models, perhaps the 
simplest and most intuitive is the Weibullian model (Peleg and Cole,  1998 ). 

 The role of statistical analysis and estimation of nonlinear regression parameters in 
reaction kinetics have been discussed in some detail. Nonlinear regression software 
is readily available, so there is no good reason to restrict ourselves to linear regression 
when the data clearly point otherwise. We recommend plotting scaled sensitivity 
coeffi cients before running the experiment, to gain insight into what times are best 
for taking measurements and what parameters will be most easily estimated. Linear 
transformations should be used only to obtain initial guesses of the parameters for 
nonlinear models. Finally, after estimating nonlinear parameters, at the very least, the 
standard error and confi dence intervals should be reported.  

  References 

    Abbott ,  J.   ( 1999 )  Quality measurements of fruit and vegetables .  Postharvest Biology 
and Technology   15 :  207  –  225 .  

    Acton ,  J.C.  ,   Hanna ,  M.A.   and   Satterlee ,  L.D.   ( 1981 )  Heat - induced gelation and protein –
 protein interaction of actomyosin .  Journal of Food Biochemistry   5 :  101  –  113 .  

    Ahern ,  T.J.   and   Klibanov ,  A.M.   ( 1988 )  Analysis of processes causing thermal inactiva-
tion of enzymes .  Methods of Biochemical Analysis   33 :  91  –  127 .  

    Ahmed ,  J.   and   Auras ,  R.   ( 2011 )  Effect of hydrolysis on rheological properties of lentil 
starch slurry .  Lebensmittel - Wissenschaft und - Technologie   44 :  976  –  983 .  

    Ahmed ,  J.  ,   Kaur ,  A.   and   Shivhare ,  U.S.   ( 2002a )  Color degradation kinetics of spinach, 
mustard leaves and mixed puree .  Journal of Food Science   67 :  1088  –  1091 .  

    Ahmed ,  J.  ,   Shivhare ,  U.S.   and   Debnath ,  S.   ( 2002b )  Color degradation and rheology of 
green chilli puree during thermal processing .  International Journal of Food Science 
and Technology   37 :  57  –  64 .  

    Ahmed ,  J.  ,   Shivhare ,  U.S.   and   Sandhu ,  K.S.   ( 2002c )  Thermal degradation kinetics of caro-
tenoids and visual color of papaya puree .  Journal of Food Science   67 :  2692  –  2695 .  

    Ahmed ,  J.  ,   Shivhare ,  U.S.   and   Ramaswamy ,  H.S.   ( 2002d )  A fraction conversion kinetic 
model for thermal degradation of color in red chilli puree and paste .  Lebensmittel -
 Wissenschaft und - Technologie   35 :  497  –  503 .  

    Ahmed ,  J.  ,   Shivhare ,  U.S.   and   Raghavan ,  G.S.V.   ( 2004 )  Thermal degradation kinetics 
of anthocyanin and visual colour of plum puree .  European Food Research and 
Technology   218 :  525  –  528 .  



160 Handbook of Food Process Design: Volume I

    Ahmed ,  J.  ,   Ramaswamy ,  H.S.   and   Alli ,  I.   ( 2006 )  Thermorheological characteristics of 
soybean protein isolate .  Journal of Food Science   71 :  E158  –  E163 .  

    Ahmed ,  J.  ,   Ramaswamy ,  H.S.  ,   Ayad ,  A.   and   Alli ,  I.   ( 2008 )  Thermal and dynamic rheol-
ogy of insoluble starch from Basmati rice .  Food Hydrocolloids   22 :  278  –  287 .  

    Anderson ,  E.L.  ,   Hattis ,  D.  ,   Matalas ,  N.    et al . ( 1999 )  When and how can you specify a 
probability distribution when you don ’ t know much? II. Foundations .  Risk Analysis  
 19 :  47  –  68 .  

    Anthon ,  G.E.   and   Barrett ,  D.M.   ( 2002 )  Kinetic parameters for the thermal inactivation 
of quality - related enzymes in carrots and potatoes .  Journal of Agricultural and Food 
Chemistry   50 :  4119  –  4125 .  

    Asghar ,  A.  ,   Samejima ,  K.   and   Yasui ,  T.   ( 1985 )  Functionality of muscle proteins in 
gelation mechanisms of structured meat products .  CRC Critical Reviews in Food 
Science and Nutrition   22 :  27  –  107 .  

    Baik ,  M.Y.  ,   Kim ,  K.J.  ,   Cheon ,  K.C.  ,   Ha ,  Y.C.   and   Kim ,  W.S.   ( 1997 )  Recrystallization 
kinetics and glass transition of rice starch gel system .  Journal of Agricultural and 
Food Chemistry   45 :  4242  –  4248 .  

    Baiser ,  W.M.   and   Labuza ,  T.P.   ( 1992 )  Maillard browning kinetics in liquid model 
system .  Journal of Agricultural and Food Chemistry   40 :  707  –  713 .  

    Balsa - Canto ,  E.  ,   Rodriguez - Fernandez ,  M.   and   Banga ,  J.R.   ( 2007 )  Optimal design of 
dynamic experiments for improved estimation of kinetic parameters of thermal 
degradation .  Journal of Food Engineering   82 :  178  –  188 .  

    Ba ş  ,  D.   and   Boyac ı  ,   İ .H.   ( 2007 )  Modeling and optimization II: comparison of estimation 
capabilities of response surface methodology with artifi cial neural networks in a 
biochemical reaction .  Journal of Food Engineering   78 :  846  –  854 .  

    Beck ,  J.V.   and   Arnold ,  K.J.   ( 1977 )  Parameter Estimation in Engineering and Science . 
 John Wiley  &  Sons ,  New York .  

    Bourne ,  M.C.   ( 1987 )  Effect of blanch temperature on kinetics of thermal softening of 
carrots and green beans .  Journal of Food Science   52 :  667  –  668 .  

    Cao ,  S.  ,   Liu ,  L.  ,   Pan ,  S.  ,   Lu ,  Q.   and   Xu ,  X.   ( 2009 )  A comparison of two determination 
methods for studying degradation kinetics of the major anthocyanins from blood 
orange .  Journal of Agricultural and Food Chemistry   57 :  245  –  249 .  

    Cerf ,  O.   ( 1977 )  Tailing of survival curves of bacterial spores .  Journal of Applied 
Bacteriology   42 :  1  –  19 .  

    Chen ,  H.   and   Hoover ,  D.G.   ( 2003 )  Pressure inactivation kinetics of  Yersinia 
enterocolitica  ATCC 35669 .  International Journal of Food Microbiology   87 : 
 161  –  171 .  

    Chen ,  H.   and   Hoover ,  D.G.   ( 2004 )  Use of Weibull model to describe and predict pres-
sure inactivation of  Listeria monocytogenes  Scott A in whole milk .  Innovative 
Food Science and Emerging Technologies   5 :  269  –  276 .  

    Chiruta ,  R.J.  ,   Davey ,  K.R.   and   Thomas ,  C.J.   ( 1997 )  A model for the growth of potential 
bacterial contaminants on surface tissue of beef carcasses with concomitant evapo-
rative mass and heat losses during air cooling . In:  Proceedings of the Third 
International Conference on Modeling and Simulation ,  International Association 



Chemical Reaction Kinetics Pertaining to Foods 161

for the Advancement of Modelling and Simulation Techniques in Enterprises , 
 Melbourne, Victoria , October 29 – 31,  1997 , pp.  347  –  351 .  

    Clydesdale ,  F.M.  ,   Fleischman ,  D.L.   and   Francis ,  F.J.   ( 1970 )  Maintenance of 
colour in processed green vegetables .  Journal of Food Product Development   4 : 
 127  –  130 .  

    Cohen ,  E.  ,   Birk ,  Y.  ,   Mannheim ,  C.H.   and   Saguy ,  I.S.   ( 1994 )  Kinetic parameter -
 estimation for quality change during continuous thermal - processing of grapefruit 
juice .  Journal of Food Science   59 :  155  –  158 .  

    Cole ,  M.B.  ,   Davies ,  K.W.  ,   Munro ,  G.  ,   Holyoak ,  C.D.   and   Kilsby ,  D.C.   ( 1993 )  A vital-
istic model to describe the thermal inactivation of  Listeria monocytogenes  .  Journal 
of Industrial Microbiology   12 :  232  –   239 .  

    Corbo ,  M.R.  ,   Del Nobile ,  M.A.   and   Sinigaglia ,  M.   ( 2006 )  A novel approach for calculat-
ing shelf life of minimally processed vegetables .  International Journal of Food 
Microbiology   106 :  69  –  73 .  

    Cruz Rui ,  M.S.  ,   Vieira ,  M.C.   and   Silva ,  C.L.M.   ( 2008 )  Effect of heat and thermosonica-
tion treatments on watercress ( Nasturtium offi cinale ) vitamin C degradation kinet-
ics .  Innovative Food Science and Emerging Technologies   9 :  483  –  488 .  

    Cunningham ,  S.E.  ,   McMinn ,  W.A.M.  ,   Magee ,  T.R.A.   and   Richardson ,  P.S.   ( 2008 )  Effect 
of processing conditions on the water absorption and texture kinetics of potato . 
 Journal of Food Engineering   84 :  214  –  223 .  

    Dannenberg ,  F.   and   Kessler ,  H.G.   ( 1988 )  Reaction kinetics of the denaturation of whey 
proteins in milk .  Journal of Food Science   53 :  258  –  263 .  

    Dolan ,  K.D.   ( 2003 )  Estimation of kinetic parameters for nonisothermal food processes . 
 Journal of Food Science   68 :  728  –  741 .  

    Erkmen ,  O.   ( 2001 )  Kinetic analysis of  Listeria monocytogenes  inactivation by high 
pressure carbon dioxide .  Journal of Food Engineering   47 :  7  –  10 .  

    Fernandez ,  A.  ,   Salmeron ,  C.  ,   Fernandez ,  P.S.   and   Martinez ,  A.   ( 1999 )  Application of a 
frequency distribution model to describe the thermal inactivation of two strains of 
 Bacillus cereus  .  Trends in Food Science and Technology   10 :  158  –  162 .  

    Fernandez ,  A.  ,   Lopez ,  M.  ,   Bernardo ,  A.  ,   Condon ,  S.   and   Raso ,  J.   ( 2007 )  Modelling 
thermal inactivation of  Listeria monocytogenes  in sucrose solutions of various 
water activities .  Food Microbiology   24 :  372  –  379 .  

    Ferry ,  J.D.   ( 1948 )  Protein gels .  Advances in Protein Chemistry   4 :  1  –  78 .  
    Foegeding ,  E.A.  ,   Allen ,  C.E.   and   Dayton ,  W.R.   ( 1986 )  Effect of heating rate on ther-

mally formed myosin, fi brinogen and albumin gels .  Journal of Food Science   51 : 
 104  –  108 .  

    Ge ,  S.J.   and   Lee ,  T.C.   ( 1997 )  Kinetic signifi cance of the Schiff base reversion in the 
early - stage Maillard reaction of a phenylalanine – glucose aqueous model system . 
 Journal of Agricultural and Food Chemistry   45 :  1619  –  1623 .  

    Gibson ,  A.M.  ,   Bratchell ,  N.   and   Roberts ,  T.A.   ( 1988 )  Predicting microbial growth: 
growth responses of salmonellae in a laboratory medium as affected by pH, sodium 
chloride and storage temperature .  International Journal of Food Microbiology   6 : 
 155  –  178 .  



162 Handbook of Food Process Design: Volume I

    Gonz á lez ,  M.  ,   Skandamis ,  P.N.   and   H ä nninen ,  M.   ( 2009 )  A modifi ed Weibull model 
for describing the survival of  Campylobacter jejuni  in minced chicken meat . 
 International Journal of Food Microbiology   136 :  52  –  58 .  

    Gunawan ,  M.I.   and   Barringer ,  S.A.   ( 2000 )  Green color degradation of blanched broccoli 
( Brassica , Oleracea) due to acid and microbial growth .  Journal of Food Processing 
and Preservation   24 :  253  –  263 .  

    Himmelblau ,  D.M.   ( 1970 )  Process Analysis by Statistical Methods .  John Wiley & 
Sons ,  New York .  

    Huyghues - Despointes ,  A.   and   Yaylayan ,  V.A.   ( 1996 )  Kinetic analysis of formation and 
degradation of 1 - morpholino - 1 - deoxy -  d  - fructose .  Journal of Agricultural and Food 
Chemistry   44 :  1464  –  1469 .  

    Icier ,  F.  ,   Yildiz ,  H.   and   Baysal ,  T.   ( 2008 )  Polyphenoloxidase deactivation kinetics 
during ohmic heating of grape juice .  Journal of Food Engineering   85 :  410  –  417 .  

    Ihl ,  M.  ,   Monslaves ,  M.   and   Bifani ,  V.   ( 1998 )  Chlorophyllase inactivation as a measure 
of blanching effi cacy and colour retention of artichokes ( Cynara scolymus  L.) . 
 Lebensmittel - Wissenschaft und. - Technologie   31 :  50  –  56 .  

    Ilo ,  S.   and   Berghofer ,  E.   ( 1999 )  Kinetics of colour changes during extrusion cooking of 
maize grits .  Journal of Food Engineering   39 :  73  –  80 .  

    Juliano ,  B.O.  ,   Bautista ,  G.M.  ,   Lugay ,  J.C.   and   Reyes ,  A.C.   ( 1964 )  Studies on the physi-
cochemical properties of rice .  Journal of Agricultural and Food Chemistry   12 : 
 131  –  138 .  

    Kinsella ,  J.E.   ( 1976 )  Functional properties of proteins in foods: a survey .  Critical 
Reviews in Food Science and Nutrition   7 :  219  –  280 .  

    Kubota ,  K.  ,   Hosokawa ,  Y.  ,   Suzuki ,  K.   and   Hosaka ,  H.   ( 1979 )  Studies on the gelatiniza-
tion rate of rice and potato starches .  Journal of Food Science   44 :  1394  –  1397 .  

    Lee ,  H.  ,   Zhou ,  B.  ,   Liang ,  W.   and   Feng ,  H.   ( 2009 )  Inactivation of  Escherichia coli  cells 
with sonication, manosonication, thermosonication, and manothermosonication: 
microbial responses and kinetics modeling .  Journal of Food Engineering   93 : 
 354  –  364 .  

    Levenspiel ,  O.   ( 1972 )  Interpretation of batch reactor data . In:  Chemical Reaction 
Engineering ,  2nd edn .  John Wiley & Sons, Inc .,  New York , pp.  41  –  47 .  

    Lindqvist ,  R.   ( 2006 )  Estimation of  Staphylococcus aureus  growth parameters from 
turbidity data: characterization of strain variation and comparison of methods . 
 Applied and Environmental Microbiology   72 :  4862  –  4870 .  

    Linton ,  R.H.  ,   Carter ,  W.H.  ,   Pierson ,  M.D.   and   Hackney ,  C.R.   ( 1995 )  Use of a modifi ed 
Gompertz equation to model nonlinear survival curves for  Listeria monocytogenes  
Scott A .  Journal of Food Protection   58 :  946  –  954 .  

    Liu ,  X.  ,   Gao ,  Y.  ,   Xu ,  H.  ,   Wang ,  Q.   and   Yang ,  B.   ( 2008 )  Impact of high - pressure carbon 
dioxide combined with thermal treatment on degradation of red beet ( Beta vulgaris  
L.) pigments .  Journal of Agricultural and Food Chemistry   56 :  6480  –  6487 .  

    Ludikhuyze ,  L.  ,   Claeys ,  W.   and   Hendrickx ,  M.   ( 2000 )  Combined pressure – temperature 
inactivation of alkaline phosphatase in bovine milk: a kinetic study .  Journal of Food 
Science   65 :  155  –  160 .  



Chemical Reaction Kinetics Pertaining to Foods 163

    Lumry ,  R.   and   Eyring ,  H.   ( 1954 )  Conformation changes of proteins .  Journal of Physical 
Chemistry   58 :  110  –  120 .  

  MATLAB Version 7.10.0.499 (R2010a). The MathWorks Inc., Natick, MA,  2011 .  
    Mattick ,  K.L.  ,   Legan ,  J.D.  ,   Humphrey ,  T.J.   and   Peleg ,  M.   ( 2001 )  Calculating  Salmonella  

inactivation in non - isothermal heat treatments from isothermal non - linear survival 
curves .  Journal of Food Protection   64 :  606  –  613 .  

    Mishkin ,  M.  ,   Saguy ,  I.   and   Karel ,  M.   ( 1984 )  A dynamic test for kinetic models of 
chemical changes during processing: ascorbic - acid degradation in dehydration of 
potatoes .  Journal of Food Science   49 :  1267  –  1270 .  

    Mishra ,  D.K.  ,   Dolan ,  K.D.   and   Yang ,  L.   ( 2008 )  Confi dence intervals for modeling 
anthocyanin retention in grape pomace during nonisothermal heating .  Journal of 
Food Science   73 :  E9  –  E15 .  

    Mishra ,  D.K.  ,   Dolan ,  K.D.   and   Yang ,  L.   ( 2011 )  Bootstrap confi dence intervals for the 
kinetic parameters for degradation of anthocyanins in grape pomace .  Journal of Food 
Process Engineering   34 :  1220  –  1233 .  

    Motulsky ,  H.   and   Christopoulos ,  A.   ( 2004 )  Fitting Models to Biological Data Using 
Linear and Nonlinear Regression: A Practical Guide to Curve Fitting .  Oxford 
University Press ,  Oxford .  

    Murphy ,  R.Y.  ,   Marks ,  B.P.  ,   Johnson   E.R.   and   Johnson ,  M.G.   ( 2000 )  Thermal inactiva-
tion kinetics of  Salmonella  and  Listeria  in ground chicken breast meat and liquid 
medium .  Journal of Food Science   65 :  706  –  710 .  

    Nauta ,  M.J.   ( 2000 )  Separation of uncertainty and variability in quantitative microbial 
risk assessment models .  International Journal of Food Microbiology   57 :  9  –  18 .  

    Panick ,  G.  ,   Malessa ,  R.   and   Winter ,  R.   ( 1999 )  Differences between the pressure -  and 
temperature - induced denaturation and aggregation of  β  - lactoglobulin A, B, and AB 
monitored by FT - IR spectroscopy and small - angle X - ray scattering .  Biochemistry  
 38 :  6512  –  6519 .  

    Pedreschi ,  F.  ,   Bustos ,  O.  ,   Mery ,  D.  ,   Moyano ,  P.  ,   Kaack ,  K.   and   Granby ,  K.   ( 2007 )  Color 
kinetics and acrylamide formation in NaCl soaked potato chips .  Journal of Food 
Engineering   79 :  989  –  997 .  

    Peleg ,  M.   and   Cole ,  M.B.   ( 1998 )  Reinterpretation of microbial survival curves .  Critical 
Reviews in Food Science and Nutrition   38 :  353  –  380 .  

    Peleg ,  M.   and   Cole ,  M.B.   ( 2000 )  Estimating the survival of  Clostridium botulinum  
spores during heat treatments .  Journal of Food Protection   63 :  190  –  195 .  

    Polydera ,  A.C.  ,   Galanou ,  E.  ,   Stoforos ,  N.G.   and   Taoukis ,  P.S.   ( 2004 )  Inactivation kinet-
ics of pectin methylesterase of greek Navel orange juice as a function of high 
hydrostatic pressure and temperature process conditions .  Journal of Food Engineering  
 62 :  291  –  298 .  

    Pouillot ,  R.  ,   Albert ,  I.  ,   Cornu ,  M.   and   Denis ,  J.B.   ( 2003 )  Estimation of uncertainty and 
variability in bacterial growth using Bayesian inference. Application to  Listeria 
monocytogenes  .  International Journal of Food Microbiology   81 :  87  –  104 .  

    Purlis ,  E.   ( 2010 )  Browning development in bakery products: a review .  Journal of Food 
Engineering   99 :  239  –  249 .  



164 Handbook of Food Process Design: Volume I

    Purlis ,  E.   and   Salvadori ,  V.O.   ( 2009 )  Modelling the browning of bread during baking . 
 Food Research International   42 :  865  –  870 .  

    Ramaswamy ,  H.S.  ,   Zaman ,  S.   and   Smith ,  J.P.   ( 2008 )  High pressure destruction kinetics 
of  Escherichia coli  (O157:H7) and  Listeria monocytogenes  (Scott A) in a fi sh slurry . 
 Journal of Food Engineering   87 :  99  –  106 .  

    Rao ,  M.A.   and   Lund ,  D.B.   ( 1986 )  Kinetics of thermal softening of foods: a review . 
 Journal of Food Processing and Preservation   10 :  311 .  

    Rhim ,  J.W.  ,   Nunes ,  R.V.  ,   Jones ,  V.A.   and   Swartsel ,  K.R.   ( 1989 )  Determinant of kinetic 
parameters using linearly increasing temperature .  Journal of Food Science   54 : 
 446  –  450 .  

    Rizvi ,  A.E.   and   Tong ,  C.H.   ( 1997 )  Fractional conversion for determining texture deg-
radation kinetics of vegetables .  Journal of Food Science   62 :  1  –  7 .  

    Roa ,  V.  ,   DeStefano ,  M.V.  ,   Perez ,  C.R.   and   Barreiro ,  J.A.   ( 1989 )  Kinetics of thermal 
inactivation of protease (trypsin and chymotrypsin) inhibitors in black bean 
( Phaseolum vulgaris ) fl ours .  Journal of Food Engineering   9 :  35  –  46 .  

    Schokker  ,   E.P.  and  van   Boekel  ,   M.A.J.S.   ( 1997 )  Kinetic modeling of enzyme inactiva-
tion: kinetics of heat inactivation at 90 – 110  ° C of extracellular proteinase from 
 Pseudomonas fl uorescens  22F .  Journal of Agricultural and Food Chemistry   45 : 
 4740  –  4747 .  

    Shin ,  S.   and   Bhowmik ,  S.R.   ( 1995 )  Thermal kinetics of color changes in pea puree . 
 Journal of Food Engineering   24 :  77  –  86 .  

    Sikora ,  M.  ,   Kowalski ,  S.  ,   Krystyjan ,  M.    et al . ( 2010 )  Starch gelatinization as measured 
by rheological properties of the dough .  Journal of Food Engineering   96 :  505  –  509 .  

    Skipnes ,  D.  ,   Van der   Plancken ,  I.  ,   Van   Loey  ,   A.  and  Hendrickx  ,   M.E.   ( 2008 )  Kinetics 
of heat denaturation of proteins from farmed Atlantic cod ( Gadus morhua ) .  Journal 
of Food Engineering   85 :  51  –  58 .  

    Smith ,  R.L.   ( 1991 )  Weibull regression models for reliability data .  Reliability Engineering 
and System Safety   34 :  55  –  77 .  

    Soliva - Fortuny ,  R.C.  ,   Elez - Mart ı nez ,  P.  ,   Sebastian - Calder ,  M.   and   Mart ı n - Belloso ,  O.   
( 2002 )  Kinetics of polyphenol oxidase activity inhibition and browning of avocado 
puree preserved by combined methods .  Journal of Food Engineering   55 :  131  –  137 .  

    Spigno  ,   G.  and  De   Faveri  ,   D.M.   ( 2004 )  Gelatinization kinetics of rice starch studied 
by non - isothermal calorimetric technique: infl uence of extraction method, water 
concentration and heating rate .  Journal of Food Engineering   62 :  337  –  344 .  

    Steet ,  J.A.   and   Tong ,  C.H.   ( 1996 )  Degradation kinetics of green color and chlorophyll 
in peas by colorimetry and HPLC .  Journal of Food Science   61 :  924  –  927 ,  931 .  

    Stewart ,  C.M.   and   Cole ,  M.B.   ( 2003 )  Comparison of alternative models with the fi rst -
 order model when applied to preservation processes   Food Technology   57 :  42  –  43 .  

    Stoneham ,  T.R.  ,   Lund ,  D.B.   and   Tong ,  C.H.   ( 2000 )  The use of fractional conversion 
technique to investigate the effects of testing parameters on texture degradation 
kinetics .  Journal of Food Science   65 :  968  –  973 .  

    Stumbo ,  C.R.   ( 1973 )  Thermobacteriology in Food Processing .  Academic Press ,  New 
York .  



Chemical Reaction Kinetics Pertaining to Foods 165

    Teixeira ,  A.A.   ( 1992 )  Thermal process calculations . In:  Food Engineering Handbook  
(eds   D.R.   Heldman   and   D.B.   Lund  ).  Marcel Dekker ,  New York , pp.  563  –  619 .  

    Teixeira ,  A.A.   and   Rodriquez ,  A.C.   ( 2003 )  Mechanistic, vitalistic, and probabilistic 
model approaches .  Food Technology   57 :  40  –  41 .  

    Terefe ,  N.S.  ,   Van Loey ,  A.   and   Hendrickx ,  M.   ( 2004 )  Modelling the kinetics of enzyme -
 catalysed reactions in frozen systems: the alkaline phosphatase catalysed hydrolysis 
of di - sodium - p - nitrophenyl phosphate .  Innovative Food Science and Emerging 
Technologies   5 :  335  –  344 .  

    Tijskens ,  L.M.M.  ,   Waldron ,  K.W.  ,   Ng ,  A.  ,   Ingham  ,   L.  and  van   Dijk  ,   C.   ( 1997 )  The 
kinetics of pectin methyl esterase in potatoes and carrots during blanching .  Journal 
of Food Engineering   34 :  371  –  385 .  

    van   Boekel  ,   M.A.J.  S. ( 1996 )  Statistical aspects of kinetic modeling for food science 
problems .  Journal of Food Science   61 :  477  –  486 .  

    van   Boekel  ,   M.A.J.S.   ( 2001 )  Kinetic aspects of the Maillard reaction: a critical review . 
 Nahrung/Food   45 :  150  –  159 .  

    van   Boekel  ,   M.A.J.S.   ( 2002 )  On the use of the Weibull model to describe thermal 
inactivation of microbial vegetative cells .  International Journal of Food Microbiology  
 74 :  139  –  159 .  

    van   Boekel  ,   M.A.J.S.   ( 2008 )  Kinetic modeling of food quality: a critical review . 
 Comprehensive Reviews in Food Science and Food Safety   7 :  144  –  158 .  

    Van den   Broeck ,  I.  ,   Ludikhuyze ,  L.R.  ,   Van   Loey  ,   A.M.  and  Hendrickx  ,   M.E.   ( 2000 ) 
 Inactivation of orange pectinesterase by combined high pressure and temperature 
treatments: a kinetic study .  Journal of Agricultural and Food Chemistry   48 : 
 1960  –  1970 .  

    Walas ,  S.M.   ( 1997 )  Reaction kinetics . In:  Perry ’ s Chemical Engineers ’  Handbook ,  7th 
edn  (eds   R.H.   Perry   and   D.W.   Green  ).  McGraw - Hill ,  New York , pp  7 . 1  –  7 .11.  

    Weemees ,  C.A.  ,   Ooms ,  V.  ,   Loey ,  A.M.   and   Hendrickx ,  M.E.   ( 1999 )  Kinetics of chloro-
phyll degradation and color loss in heated broccoli juice .  Journal of Agricultural 
and Food Chemistry   47 :  2404  –  2409 .  

    Whiting ,  R.C.   and   Golden ,  M.H.   ( 2002 )  Variation among  Escherichia coli  O157:H7 
strains relative to their growth, survival, thermal inactivation, and toxin production 
in broth .  International Journal of Food Microbiology   75 :  127  –  133 .  

    Wu ,  J.Q.  ,   Hamann ,  D.D.   and   Foegeding ,  E.A.   ( 1991 )  Myosin gelation kinetic study 
based on rheological measurements .  Journal of Agricultural and Food Chemistry  
 39 :  231  –  236 .  

    Xiong ,  R.  ,   Xie ,  G.  ,   Edmondson ,  A.G.   and   Sheard ,  M.A.   ( 1999 )  A mathematical model 
for bacterial inactivation .  International Journal of Food Microbiology   46 :  45  –  55 .  

    Yamamoto ,  H.  ,   Makita ,  E.  ,   Oki ,  Y.   and   Otani ,  M.   ( 2006 )  Flow characteristics and 
gelatinization kinetics of rice starch under strong alkali conditions .  Food 
Hydrocolloids   20 :  9  –  20 .  

    Yoon ,  W.B.  ,   Gunasekaran ,  S.   and   Park ,  J.W.   ( 2004 )  Characterization of thermorheologi-
cal behavior of Alaska pollock and pacifi c whiting surimi .  Journal of Food Science  
 69 :  E238  –  E243 .  



166 Handbook of Food Process Design: Volume I

    Zanoni ,  B.  ,   Schiraldi ,  A.   and   Simonetta ,  R.   ( 1995 )  A naive model of starch gelatiniza-
tion kinetics .  Journal of Food Engineering   24 :  25  –  33 .  

    Zepka ,  L.Q.  ,   Borsarelli ,  C.D.  ,   Azevedo ,  M.A.  ,   da   Silva  ,   P.  and  Mercadante  ,   A.Z.   ( 2009 ) 
 Thermal degradation kinetics of carotenoids in a cashew apple juice model and its 
impact on the system color .  Journal of Agricultural and Food Chemistry   57 : 
 7841  –  7845 .  

    Zwietering ,  M.H.  ,   Jongenburger ,  I.  ,   Rombouts  ,   F.M.  and  van ’ t   Riet  ,   K.   ( 1990 )  Modeling 
of the bacterial growth curve .  Applied and Environmental Microbiology   56 : 
 1875  –  1881 .   

 



Thermal Food Processing Optimization: Single 
and Multi - objective Optimization Case Studies  
  Ricardo     Simpson   and     Alik     Abakarov       

7

   Introduction 

 Thermal processing is an important method of food preservation in the manufacture 
of shelf - stable canned foods, and has been the cornerstone of the food processing 
industry for more than a century (Teixeira,  1992 ). The basic function of a thermal 
process is to inactivate bacterial spores of public health signifi cance as well as food 
spoilage microorganisms in sealed containers of food using heat treatments at tem-
peratures well above the ambient boiling point of water in pressurized steam retorts 
(autoclaves). Excessive heat treatments should be avoided because they are detrimen-
tal to food quality, and underutilize plant capacity (Simpson  et al .,  2003 ). 

 Thermal process calculations, in which process times at specifi ed retort tempera-
tures are calculated to achieve safe levels of microbial inactivation (lethality), must 
be carried out carefully to assure public health safety and minimum probability of 
spoilage. Therefore, the accuracy of the methods used for this purpose is of importance 
to food science and engineering professionals working in this fi eld (Holdsworth and 
Simpson,  2007 ). Considerable work has been reported in the literature, showing that 
variable retort temperatures (VRT) can be used to marginally improve the quality of 
canned food and signifi cantly reduce processing times in comparison to traditional 
constant retort temperature (CRT) processing (Teixeira  et al .,  1975 ; Banga  et al .,  1991, 
2003 ; Chen and Ramaswamy,  2002 ). 
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 Optimization of thermal sterilization is an optimal control problem, where it is 
necessary to search for the best retort temperature as a function of process time. Banga 
 et al .  (1991)  showed that this optimal control problem could be transformed into a 
single - objective nonlinear programming (SONLP) problem and, in most cases, the 
SONLP problem became a multimodal optimization problem with several types of 
constraints. This problem has been solved by a series of optimization techniques. 
These techniques include the gradient - based methods (Vassiliadis  et al .,  1994 ), the 
stochastic method known as integrated controlled random search (ICRS) (Banga and 
Casares,  1987 ), genetic algorithms (Chen and Ramaswamy,  2002 ) and the adaptive 
random search method (ARSM) (Abakarov  et al .,  2009a ). 

 In this chapter we deal with the particular case of a cylindrical container with radius 
 R  and height 2 L , and the mathematical model describing heat transfer by conduction 
is a mixed boundary problem, as follows (Teixeira  et al .,  1969 ):

    
∂
∂

=
∂
∂

+
∂
∂

+
∂
∂

⎛
⎝⎜

⎞
⎠⎟

T
t

T
r r

T
r

T
z

α
2

2

2

2

1
    (7.1)   

 where  T  is temperature,  t  is time,  r  and  z  are radial and vertical locations within the 
container, and alpha (  α  ) is the thermal diffusivity of the product. The model has the 
following initial and boundary conditions (by symmetry):
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  where  T rt  ( t ),  t     ∈    [0,  t f  ] will be the retort temperature as a function of time, and  T  in  is 
the initial temperature at  t     =    0. The lethality constraint can be specifi ed as follows:

    F t Ff
d

0 0( ) ≥     (7.7)   

 where   Fd
0  is the fi nal required lethality and is calculated as a function of time and 

temperature at the critical point (cold spot), normally the geometric center of the 
container (in the case of conduction - heated canned foods), according to the following 
equation:
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 where  T  is the temperature at the critical point or cold spot, and  T  ref  is the reference 
temperature, normally equal to 121.1    ° C. Quality retention, on the other hand, is 
greatly affected by the nonuniform temperature distribution within the package from 
the heated boundary to the cold spot, and it must be integrated in space over the 
volume of the container as well as over time. To accomplish this integration over 
both space and time, the following approach was used:

    C t Cf
d( ) ≥     (7.9)   

 where  C d   is the desired volume - average fi nal quality retention value and is calculated 
as shown in the following equation:
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 It is well known that the majority of real - life optimization problems, including the 
problems arising in food engineering, are of a multi - objective nature with confl icting 
objectives (particular objective functions), where it is necessary to compute more than 
one optimal solution. These solutions are called nondominated or Pareto - optimal 
solutions (Steuer,  1985 ). Each of the Pareto - optimal solutions can be considered as a 
fi nal  “ compromise ”  solution of a multi - objective optimization (MOO) problem because 
it has no a priori advantage over other Pareto - optimal solutions. Therefore, the ability 
to compute the maximum possible Pareto - optimal solutions is very important.  

  Types of Optimization Methods 

 Various optimization methods to solve MOO problems have been proposed over the 
last few decades. These methods can be divided into two classes: those belonging to 
the fi rst class are called aggregating functions (Andersson,  2000 ) and consist of trans-
forming the MOO problems into a single global optimization problem such that their 
optimal solutions for several chosen parameters yield one Pareto - optimal point. The 
optimization of the obtained single optimization problem can be done by any of the 
existing optimization methods including deterministic ones, for example gradient -
 based or various direct search algorithms (Himmelblau,  1972 ). However, the imple-
mentation of such methods in practice is usually avoided, in view of the multi - extremal 
nature of the single optimization problems to be solved. Other global optimization 
algorithms such as genetic algorithms (Goldberg,  1989 ), simulated annealing (Czyzak 
and Jaszkiewicz,  1998 ; Bandyopadhyay  et al .,  2008 ), complex methods (Erdogdu and 
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Balaban,  2003 ), tabu searches (Cavin  et al .,  2004 ; Jaeggi  et al .,  2008 ) and other types 
of random search methods are preferable in this case. 

 The methods of this second class are called multi - objective evolutionary algorithms 
(Horn  et al .,  1994 ; Srinivas and Deb,  1994 ; Fonseca and Fleming,  1995 ; Zitzler and 
Thiele,  1998 ; Deb,  1999a,b ; Alves and Almeida,  2007 ) and are based on the utilization 
of genetic algorithms. Over the last 15 years, a variety of evolutionary methods have 
been proposed for handling MOO problems. The most important among them are as 
follows:

    •      Non - dominated Sorting Genetic Algorithms (NSGA - I, NSGA - II) (Deb,  1999a,b ; Deb 
 et al .,  2004 ).  

   •      Niched - Pareto Genetic Algorithms (NPGA - I, NPGA - II) (Horn and Nafploitis,  1993 ; 
Erickson  et al .,  2001, 2002 ; Grandinetti  et al .,  2007 ).  

   •      Multi - objective Genetic Algorithms (MOGA) (Fonseca and Fleming,  1993 ; Leung 
 et al .,  2008 ).  

   •      Strength Pareto Evolutionary Algorithms (SPEA, SPEA2) (Zitzler and Thiele,  1999 ; 
Zitzler  et al .,  2001 ; Bar á n  et al .,  2005 ).  

   •      Pareto Archived Evolution Strategy (PAES) (Knowles and Corne,  2000 ).  
   •      Pareto Envelope - based Selection Algorithms (PESA) (Corne  et al .,  2000 ).  
   •      Micro - genetic Algorithms (Coello Coello and Pulido,  2001 ; Sardi ñ as  et al .,  2006 ).    

 The great advantage of the multi - objective evolutionary algorithm is that its nature 
allows an entire set of multi - objective solutions to be evolved in a single run of the 
algorithm, instead of having to perform a series of separate runs, as in the case of the 
aggregating functions method (Deb,  1999a,b ; Sarkar and Modak,  2005 ). Other disad-
vantages of the aggregating functions method include the following:

    •      its sensitivity to the shape of a Pareto - optimal front;  
   •      the features of the particular multi - objective functions;  
   •      the spread of Pareto - optimal solutions;  
   •      the requirements for specifi c knowledge of the problem to be solved.    

 However, these could be avoided by choosing the appropriate optimization algorithm 
and aggregating functions. It should also be noted that aggregating function methods 
are very easy to implement and computationally effi cient. 

 A potential disadvantage of the genetic algorithms is the need for many more func-
tion evaluations in comparison with other stochastic global optimization algorithms, 
which is the effect of the parameterization of critical dependences on genetic algo-
rithms (Solomatine,  1998, 2005 ). For example, the main criticism of the NSGA 
approach has been the need for specifying the tunable sharing parameter  σ  share . 
Additionally, this approach has high computational complexity, including nondomi-
nated sorting and a lack of elitism (Sarkar and Modak,  2005 ). 
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 Multi - objective optimization has rarely been implemented in the food industry. One 
of the earliest studies concerned with MOO utilization was published by Nishitani 
and Kunugita  (1979) , where the optimal fl ow pattern in a multi - effect evaporator 
system was determined (Seng and Rangaiah,  2008 ). Over the last few decades around 
40 papers on MOO have been published, in which a variety of applications have been 
proposed for the food industry sector (Kopsidas,  1995 ; Kiranoudis  et al .,  1999 ; 
Kiranoudis and Markatos,  2000 ; Krokida and Kiranoudis,  2000 ; Therdthai  et al .,  2002 ; 
Erdogdu and Balaban,  2003 ; Gergely  et al .,  2003 ; Hadiyanto  et al .,  2009 ). A novel 
multi - criteria optimization method was successfully applied by Send í n  et al .  (2004, 
2010)  for the thermal processing of foods, where the simultaneous maximization of 
the retention of several nutrients and quality factors and the minimization of total 
process time was considered, and the aggregating function method was utilized by 
Abakarov  et al .  (2009a)  to solve the same MOO problem. The most interesting of 
MOO studies realized for food industry problems have been described in Seng and 
Rangaiah  (2008) .  

  Single - objective Optimization of Thermal Food Processing 

 In general, the single - objective optimization problem consists of maximization or 
minimization of a chosen objective function subject to given constraints of different 
nature. A single - objective optimization problem may be written as follows:

    Φ x
x X

( ) →
∈

min     (7.11)   

 subject to the following equality and inequality constraints:

    g x c i ki i( ) = ∈, : ,1     (7.12)  

    h x d i lj i( ) ≤ ∈, : ,1     (7.13)  

  where:

   X     ⊂     R n        is a non - empty set of feasible decisions (a proper subset of  R n  ),  
  x     =     〈  x  1 ,  x  2 ,    . . .    ,  x n   〉     ∈     X       is a real  n  - vector decision variable,  
  Φ    :    R n      →     R       is a continuous objective function, and  
  g i  ( x ) and  h j  ( x )      are constraint functions that need to be satisfi ed.    

 Thermal process optimization problems have been studied by several authors 
(Teixeira  et al .,  1975 ; Simpson  et al .,  1993, 2008 ; Chen and Ramaswamy,  2002 ; 
Banga  et al .,  2003 ; Garc í a  et al .,  2005 ; Abakarov  et al .,  2009a ). The following types of 
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single - objective thermal process optimization problems were considered by the 
authors mentioned here.

   1.     Find such a retort function,  T rt  ( t ),  T  low     ≤     T rt  ( t )    ≤     T  hight , where the fi nal quality reten-
tion   C t( ) is maximized, while the fi nal process lethality,   Fd

0 , is held to a specifi ed 
minimum.  

  2.     Find a retort function,  T rt  ( t ),  T  low     ≤     T rt  ( t )    ≤     T  hight , such that the fi nal process time  t f   
is minimized subject to the same lethality requirement above, while the quality 
retention must not fall beneath some specifi ed minimum.  

  3.     Find a retort function,  T rt  ( t ),  T  low     ≤     T rt  ( t )    ≤     T  hight , such that the fi nal process time  t f   
is minimized subject to the same lethality requirement above, while the quality 
retention must not fall beneath some specifi ed minimum, and energy consumption 
must not exceed a specifi ed maximum; minimum and maximum values are com-
puted at constant retort temperature profi les (Simpson  et al .,  1993 ).    

 In the general case, the function  T rt  ( t ) over  t     ∈    [0   :    t f  ] can be parameterized using  N p   
points, and during each time interval   ′ = +t t tk k k[ , )1 ,  k     ∈    0   :   ( N p      −    1), the value of   T trt k( )′  
remains constant at  u k   (Teixeira  et al .,  1975 ; Banga  et al .,  1991, 2003 ). However, in 
this case, the use of a cubic spline in approaching global optimization problems with 
ARSM techniques can produce superior results over discrete stepwise functions 
(Simpson  et al .,  2008 ; Abakarov  et al .,  2009a ), mainly because the cubic spline approxi-
mation allows for signifi cantly reducing the number of decision variables and there-
fore the necessary number of objective function computations to reach the global 
solution. Therefore, the approximation by the cubic spline was utilized in this study 
in order to fi nd optimal variable retort temperature profi les. 

 In the general case, the single - thermal - process optimization problem utilizing the 
cubic spline approximation can be presented as:

      Φ( , , , , ) , [ , ]u u u t t P P P t t tN f f fP1 2 1 1 2 3… − = + + + ∈ left right     (7.14)   

 where  u i  ,  I     ∈    1   :   ( N p      −    1) are the control variables, and  t  left  and  t  right  are obtained from 
the following expressions:

    F dtd
T T

z

t

0

0

10=
−

∫
( )low ref

right

    (7.15)  

    F dtd
T T

z

t

0

0

10=
−

∫
( )hight refleft

    (7.16)   

  P  1 ,  P  2  are the penalty functions for lethality and nutrient retention, respectively, and 
the following expressions can be used as penalty functions:

    P A F F t F F td d

t

tf

1 0 0 0 0

0

= × − + −( )
=
∑ ( ) ( )     (7.17)  
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    P A C C t C C td d

t

tf

2

0

= × − + −( )
=
∑ ( ) ( )     (7.18)   

  P  3  is the penalty function used simultaneously with the cubic spline approximation 
in the search process in order to hold the autoclave temperature profi le  T rt  ( t ) in the 
given range [ T  low ,  T  hight ]:

         P A T T t T T t T Trt rt

t

tf

3

0

= × − + − − −( )( )
=
∑ low hight low hight( ) ( )     (7.19)   

 Use of these kinds of penalty functions will lead very quickly to fi nding  X   ′      ⊆     X  such 
that all the given constraints are satisfi ed when the ARSM is implemented.  

  Multi - objective Optimization of Thermal Food Processing 

  Basic Principles of Multi - objective Optimization 

  Pareto - optimal Solutions 

 A general MOO problem can be formulated as follows:

    Φ x f x f x f xl
x X

( ) = ( ) ( ) ( ) →
∈

1 2, , , min…     (Function 7.1)  

  where:

   X     ⊂     R n        is a non - empty set of feasible decisions (a proper subset of  R n  ),  
  x     =     〈  x  1 ,  x  2 ,    . . .    ,  x n   〉     ∈     X       is a real  n  - vector decision variable, and  
  f i     :    R n      →     R       are particular multi - objective functions.    

 We assume that all the constraints are included in the particular objective functions 
(7.1) by utilizing the penalty functions (Himmelblau,  1972 ). 

 If no vector   x x x x Xn
* * * *, , ,= ∈1 2 …  exists such that   x f x

x X
i

* arg min= ( )
∈

,  ∀  i     ∈    1   :    l , that

is, if no vector exists that is optimal for all objectives concurrently, then there is no 
unique optimal solution  –  if it exists we call such a solution a utopian solution  –  and 
a concept of acceptable solutions is needed. The subset  WP ( X )    =    { x p      ∈     X :  such that 
there does not exist an x     ∈     Xwith fi  ( x )    ≤     fi  ( x p  ),  ∀  i     ∈    1   :    l  is called the set of Pareto -
 optimal solutions of the problem (Function 7.1). Pareto - optimal solutions are the only 
acceptable solutions of a MOO problem, since any other solution can be improved. 
Pareto - optimal solutions are also known as nondominated or effi cient solutions. The 
space in  E l   formed by the points of the set  P ( X )    =    { x | x     ∈     WP ( X )} is called a Pareto -
 optimal frontier or front. Figure  7.1  provides a visualization of the defi nitions made 
for the two - dimensional problem (Function 7.1) and two particular objectives.   

 The following defi nition ensures whether a set of solutions belong to a local Pareto -
 optimal set (Deb,  1999a,b ). 



174 Handbook of Food Process Design: Volume I

  Local Pareto - optimal solutions : the set  WP  ′ ( X ) is called a set of local Pareto - optimal 
solutions for any x  ′     ∈     WP  ′ ( X ), when the following condition holds:

      f x f x i l x B X X B X x x xi i′( ) ≤ ( ) ∀ ∈ ∈ ( ) ⊂ ( ) = − ′ ≤{ }, : , ,1 ε ε δ     (Function 7.2)   

 where   δ   is a small positive number.  

  Multi - objective Optimization Approach 

 The MOO approach used in this study is based on optimizing the following aggregat-
ing functions by using the ARSM (Sushkov,  1969 ; Abakarov and Sushkov,  2002 ; 
Simpson  et al .,  2008 ; Abakarov  et al .,  2009a ). 

  Function 1: Linear Weighted Sum Aggregating Function  

    Φ x f xi i

i

l

x X
i

i

l

i( ) = ( ) → = ≥
=

∈
=

∑ ∑λ λ λ
1 1

1 0min ,     (Function 7.3)  

  where   λ  i   is the weight used for the  i  - th particular objective function  f i  ( x ). As mentioned 
above, this and the following aggregating functions were used to transform the initial 
MOO problem (Function 7.1) into a single global optimization problem such that their 
optimal solutions for several chosen parameters give us one Pareto - optimal point. The 
procedure of computing the Pareto - optimal point, involving aggregating function 
(Function 7.1), is simple: choose a value of the random weight vector   λ   and optimize 

Figure 7.1 Visualization of two -dimensional multi -objective optimization problem and two particular 
objectives. (From Abakarov et al., 2009b, courtesy of Wiley -Blackwell.)
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the single - objective function (7.3). If the solution obtained is optimal, then this solu-
tion belongs to the set of Pareto - optimal ones (Deb,  1999a ). Thus, the aggregating 
function (7.3) allows the computation of any Pareto - optimal solution by choosing a 
value of the weight vector   λ   and optimization of an obtained single objective function, 
but in the case of convex Pareto - optimal front only (Steuer,  1985 ; Deb,  1999a ). The 
approximation of the Pareto - optimal front can be computed by generating the values 
of the weight vector   λ   from an appropriate probability distribution; for example, from 
a uniform probability distribution, since a uniform probability distribution does not 
require a priori knowledge of the multi - objective problem to be solved.

    Function 2: Weighted Min - Max Aggregating Function  

    Φ x f x
x X i l

i i i

i

l

i( ) = ( ) = ≥
∈ ∈

=
∑minmax ,

:1
1

1 0λ λ λ     (Function 7.4)   

 The procedure of computing the Pareto - optimal point, involving aggregating function 
(7.2) consists of choosing a value of the random weight vector   λ   and optimizing the 
single - objective function (7.4). The optimization process for one turn consists of mini-
mization over  x  of the particular objective function, which has a maximum value, i.e. 
Function 7.4 performs a minimization of the maximum possible weighted loss. 
Function 7.4 enables the fi nding of solutions of the nonconvex Pareto - optimal fronts 
and, as before, a priori knowledge of the system can be implemented by using a prob-
ability distribution to generate the values of weight vector   λ  . The uniform probability 
distribution might be the most convenient choice. 

 The third aggregating function could be considered a modifi cation of the following 
well - known   ξ   - perturbation (or   ξ   - constant):

    Φ x f x
x X

k( ) = ( )
∈

min     (Function 7.5)  

  subject to:

    f x j l k jj j( ) ≤ ∈ ≠ξ , : ,1     (7.20)  

  where   ξ  j   are constants. In this case, the single optimization problem is constructed by 
choosing all but one particular objective as constraints. Only one is used as the objec-
tive function. The approximation of the Pareto - optimal front can be computed by 
progressively changing the   ξ   - constant values. An important disadvantage in utilizing 
this function is that knowledge of an appropriate range of   ξ   - constant values for each 
particular objective function is required a priori. This disadvantage was eliminated in 
the following aggregating function by utilization of the penalty functions, as follows. 
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   Function 3: Penalty Aggregating Function  

    Φ x f x P xk
s

j
s

j

l

x X
( ) = ( ) + ( ) →

=
∈∑

1

min     (Function 7.6)  

  where  k , k     ∈    1   :    l  is a randomly chosen number at the fi rst step of an adaptive random 
search of a particular objective function, f k  ( x s  ) is the value of the  k  - th particular objec-
tive function at step  s  of the ARSM, and  P j  ( x s  ) is the penalty function of the  j  - th 
particular objective function computed at step  s  of the ARSM. The following formula 
is used to compute the penalties  P j  ( x s  ),  j     ∈    1   :    l :

    P x A f x f x f x f xj
s

j
s

j
s

j
s

j
s( ) = ( ) − ( ) + ( ) − ( )( )− −1 1     (Function 7.7)   

 where  A  is a suffi ciently large number. The optimization process of Function 7.6 could 
be interpreted as minimization of the  k  - th particular objective function over  x  subject 
to the constraints  f j  ( x s  )    ≤      ξ  j  ,  j     ∈    1   :    l , where   ξ  j      =     f j  ( x s    − 1 ). The approximation of a Pareto -
 optimal front is computed by generating the  k  values from a uniform probability 
distribution. The penalty aggregating function is also applicable in the case of a non-
convex Pareto - optimal front. 

 The aggregating Functions 7.3 and 7.4 are well known in MOO, and Function 7.5 
is proposed by the authors. In this chapter, the food quality factors of thiamine content 
and texture retention of pork pur é e were considered as particular objective functions. 
Each of the quality factors can be computed from expression for fi nal quality retention 
  C tf( ) with its corresponding  D  ref  and  z  values. The last chosen particular objective is 
the thermal process time; therefore, the following multi - objective optimization of the 
thermal process optimization problem considered in this study was:

    Φ Φ Φ1 2 3u u u
u U

( ) ( ) ( ) →
∈

, , min     (7.21)   

 subject to:
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Φ
Φ

Φ

    (Function 7.8)   

 where  U  is the domain of control variables  u i  ,  i     ∈    1   :   ( N p      −    1),  Φ  1  is thiamine retention 
multiplied by  − 1,  Φ  2  is texture retention multiplied by  − 1,  Φ  3  is thermal process time, 
  C Cd d

1 2,  are desired retention values and  T l   and  T r   are left and right limits of the process 
time, respectively.   
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  Adaptive Random Search Algorithm 

 The adaptive random search method belongs to a specifi c class of global stochastic 
optimization algorithms (Zhigljavsky,  1991 ; Zhigljavsky and Zilinskas,  2008 ). This 
class of algorithms is based on generating the decision variables from a given probabil-
ity distribution, and the term  ‘  ‘ adaptive ”  consists of modifi cations to the probability 
distribution utilized in the searching process, which, throughout the whole search 
process, act as minimum computations of the objective function, locating global solu-
tions. The pedestal probability distribution is utilized in the adaptive random search. 
After every calculation of optimization problem to be solved, the pedestal distribution 
of decision vector  x     =     〈  x  1 ,  x  2 ,    . . .    ,  x n   〉  is modifi ed so that the probability of fi nding the 
optimal value of the objective function is increased. Figure  7.2  shows a pedestal fre-
quency distribution for the two - dimensional case of an optimization problem. In this 
fi gure, 2 q  is the width of the perspective interval for the objective function domain, 
  ( , )x xo o

1 2  is the center of the perspective interval,  H  is the probability density for the 
perspective interval, and  h  is the probability density for a nonperspective interval.      

  Results and Discussion 

  Single - objective Thermal Processing Optimization 

 The two following single - objective thermal processing optimization problems were 
solved with the use of this method:

Figure 7.2 Pedestal frequency distribution for a two -dimension optimization problem. (From
Simpson et al., 2008, courtesy of Elsevier.) 
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    •      Search for the optimum variable retort temperature profi le to maximize retention 
of a specifi ed quality factor (thiamine) within the constraint of assuring minimum 
required target lethality.  

   •      Search for the optimum variable retort temperature profi le to minimize process time 
within the constraints of assuring both minimum required target lethality and 
quality retention.    

 As a fi rst step, it was necessary to fi nd all those combinations of CRT and process 
time for the conditions listed in Table  7.1  that would deliver the same fi nal target 
value of lethality. In this example, a target lethality of   Fd

0 8= min was chosen to 
produce the isolethality curve shown in Figure  7.3 . Each point on this curve defi nes 
a CRT and process time resulting in a fi nal target lethality of   Fd

0 8= min (typical for 
many canned foods). For each of these equivalent processes, the fi nal level of quality 
(thiamine) retention   C t( ) was calculated, and presented as an optimization curve in 
Figure  7.4 . We can see from Figure  7.4  that the maximum level of thiamine retention 
possible with a CRT was approximately 53% over the range of possibilities, which 
could be as low as 40%. The optimum CRT process for this product is one in which 
the retort temperature is held constant at 118    ° C, with a corresponding process time 
(time between steam on and off) of 98   min. These results agree well with those 
reported earlier for the same problem by Balsa - Canto  et al .  (2002)  as well as those 
reported much earlier by Teixeira  et al .  (1969) .     

  Maximizing Quality Retention Problem 

 This numerical experiment consists of searching for the optimum variable retort 
temperature profi le to maximize retention of a specifi ed quality factor (thiamine) 
within the constraint of assuring minimum required target lethality and by variable 
retort temperature profi le utilization, within the upper and lower limits of retort 
temperature in the range of this study (110 – 140    ° C). In this example, a fi nal target 
lethality of   Fd

0 8= min was chosen (typical for many canned foods). 

Table 7.1 Parameters utilized in the single -objective thermal processing 
simulation study. 

Can radius: 0.04375 m
Can height: 0.1160 m
Thermal diffusivity ( α): 1.5443 × 10−7 m2·s−1

T0: 71.11 °C

Microorganism: Bacillus stearothermophilus
zM,ref: 10 °C
TM,ref(s): 121.11 °C

Nutrient: Thiamine 
zN,ref: 25.0 °C
Dref(s): 178.6 min
TN,ref(s): 121.11 °C
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Figure 7.3 Isolethality curve for F0 = 8min, showing equivalent process combinations of retort 
temperature and process time that will deliver the same target lethality of F0 = 8. (From Abakarov 
et al., 2009b, courtesy of Wiley -Blackwell.)
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 The results obtained by ARSM is shown in Figure  7.5 . The thiamine retention of 
55% was achieved only for 600 iterations of ARSM (computation of optimization 
problem), and at the same time the processing time was signifi cantly reduced from 
98 to 89   min in comparison with the optimum CRT process time, which achieved 
only 53% maximum thiamine retention.    

  Minimization Process Time Problem 

 This numerical experiment deals with searching for the optimum variable retort 
temperature profi le to minimize process time within the constraints of assuring both 
minimum required target lethality and quality retention. In this case, the search 
routine was restricted in two ways, fi rst to satisfy the lethality constraint of 
  Fd

0 8= min, as before, and secondly that the quality constraint thiamine retention 
could not fall below 50% (  C t( ) .> 0 5 ). Reference to Figures  7.3  and  7.4  shows that the 
optimum CRT process that will deliver minimum process time while holding thia-
mine retention above 50% is a process with CRT at 125    ° C and a process time of 
71   min. 

 The results obtained by ARSM are shown in Figure  7.6 . In this case, the same 
minimum thiamine retention of 50% was achieved, but this time with a further 
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Figure 7.4 Optimization curve showing thiamine retention (quality attribute) as a function of equiva-
lent constant retort temperature processes, taken from isolethality curve shown in Figure 7.3. (From
Abakarov et al., 2009b, courtesy of Wiley -Blackwell.)
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reduction in process time, down to only 68   min. The 600 iterations of ARSM were 
made only to obtain above - mentioned results.     

  Multi - objective Optimization of Thermal Processing 

 All the parameters utilized in this work are presented in Table  7.2  (Garc í a  et al .,  2005 ; 
Holdsworth and Simpson,  2007 ). As a fi rst step in the multi - objective optimization 
problem (Function 7.8), it was necessary to fi nd all those combinations of CRT and 
process time, for the conditions listed in Table  7.2 , which would deliver the same 
fi nal lethality. In this example, a target lethality of   Fd

0 6= min was chosen to pro-
duce the isolethality curve shown in Figure  7.7 . Each point on this curve defi nes a 
constant retort temperature and process time resulting in a fi nal target lethality of 
  Fd
0 6= min.     

 For each of these equivalent processes, the fi nal level of thiamine and texture reten-
tions were calculated and are presented in Figure  7.7 . This shows that the maximum 
level of thiamine retention with a CRT was approximately 55% over the range of 
possibilities, which could be as low as 36%. In addition, the maximum and minimum 
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levels of the texture retention were 46 and 27%, respectively. The optimum CRT 
process for the product chosen in terms of thiamine retention is one in which the 
retort temperature is held constant at 116    ° C, with a corresponding processing time 
of 112   min. The optimal conditions for texture retention were obtained at 128    ° C con-
stant temperature and 69   min of processing time. Taking into account the value of 
texture retention at 116    ° C with a corresponding processing time of 112   min, and the 
value of thiamine retention at 128    ° C and 69   min, we obtained two solutions for 
thermal processing (Table  7.3 ).   

 As a second step, the Pareto - optimal solutions of the thermal processing optimiza-
tion problem (Function 7.8) were computed by utilizing each of the aggregating func-
tions (7.3, 7.4 and 7.5) and the VRT profi les. For problem 7.8 the values 0 and 115 
were taken as left ( T l  ) and right ( T r  ) limits of the process time, and the values 35 and 
40% as the desired retention values   C Cd d

1 2, , respectively. Tables  7.4 ,  7.5  and  7.6  present 
the Pareto - optimal solutions obtained for thermal processing. The 800 computations 
of each aggregating function were made by the ARSM to obtain the nondominated 
thermal processing solutions (profi les). One of the obtained profi les is presented in 
Figure  7.8 . The maximum computation time spent by the aggregating Function 7.5 
for computation of the Pareto - optimal solutions for thermal processing did not exceed 
2000   s.     

Figure 7.5 Optimum VRT profi le for maximum thiamine retention (55%) from adaptive random 
search algorithm using cubic spline approximation and 600 iterations. (From Abakarov et al., 2009b,
courtesy of Wiley -Blackwell.)
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Table 7.2 Parameters utilized in the multi -objective thermal processing 
simulation study. 

Can radius: 0.04375 m
Can height: 0.1160 m
Thermal diffusivity ( α): 1.5443 × ×10−7 m2·s−1

T0: 45.00 °C

Microorganism: Bacillus stearothermophilus
zM,ref: 10 °C
TM,ref: 121.11 °C

Nutrient: Thiamine 
zN,ref: 25.0 °C
Dref: 178.6 min
TN,ref: 121.11 °C

Quality factor: Texture 
zN,ref: 45.0 °C
Dref: 178.6 min
TN,ref: 121.11 °C

F d
0 : 6.0 min

Cd
1 : 35.0% 

Cd
2 : 40.0% 

T l: 45 min
Tr: 115 min

Figure 7.6 Optimum VRT profi le to minimize process time while assuring minimum thiamine reten-
tion (50%) from adaptive random search algorithm using cubic spline approximation and 600 itera-
tions. (From Abakarov et al., 2009b, courtesy of Wiley -Blackwell.)
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Figure 7.7 Isolethality curve for F d
0 6= min, showing equivalent process combinations of retort 

temperature and process time, and curves showing thiamine and texture retentions (quality attributes). 
(From Abakarov et al., 2009b, courtesy of Wiley -Blackwell.)
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Table 7.3 Solutions obtained by CRT profi les utilization. 

Process
time (min) 

Thiamine
retention (%) 

Texture
retention (%) 

112 55 42
69 48 46

Table 7.4 Summary of results from linear weighted sum aggre-
gating function.

Process
time (min) 

Thiamine
retention (%) 

Texture
retention (%) 

111 58 47
100 57 46
76 52 47
71 50 47
60 45 45
52 40 44
47 38 42
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Figure 7.8 Optimum VRT profi le for multi -objective thermal processing optimization problem for 
process time equal to 100 min. (From Abakarov et al., 2009b, courtesy of Wiley -Blackwell.)
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Table 7.6 Summary of results from penalty aggregating 
function.

Process
time (min) 

Thiamine
retention (%) 

Texture
retention (%) 

106 58 45
90 55 48
80 53 47
76 51 48
56 45 43
49 38 43

Table 7.5 Summary of results from weighted min -max aggregat-
ing function. 

Process
time (min) 

Thiamine
retention (%) 

Texture
retention (%) 

112 59 45
91 56 47
85 55 47
69 49 48
65 47 47
61 45 46
50 39 43
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 From Tables  7.3 ,  7.4 ,  7.5  and  7.6 , we can see that the VRT profi les are capable of 
achieving higher levels of quality retention with lower process time, and thereby the 
VRT optimization involved in the multi - objective optimization of thermal processing 
of food allows for obtaining global Pareto - optimal solutions. Depending on the real -
 world application, expert food engineers can choose one suitable  “ best ”  solution from 
among those presented in Tables  7.4 ,  7.5  and  7.6 .   

  Summary and Conclusion 

 A summary of the results presented in this chapter are listed below:

   1.     Global optimization with ARSM techniques can be used effectively to search for 
optimum variable retort temperature processes that will either:  
  (a)     Maximize quality retention subject to achieving minimum target lethality, or  
  (b)     Minimize process time to reach target lethality subject to holding quality reten-

tion to a specifi ed minimum.    
  2.     Use of the cubic spline in approaching global optimization problems with ARSM 

techniques can produce superior results over discrete stepwise functions in cases 
when the optimal VRT profi les are expected to be a smooth curve so can be better 
approximated by the implementation of cubic spline (instead of increasing the 
number of discretization points of the domain [ t  0 ,  t f  ]).  

  3.     The multi - objective optimization approach was utilized to demonstrate a tech-
nique for solving the problem of optimization of the thermal sterilization process 
for packaged foods. A set of particular criteria that could be most important was 
chosen, and the nondominated thermal processing profi les were computed. With 
the expertise of food engineers, any of them can be chosen as a suitable  “ best ”  
solution. It should be noted that the set of particular criteria used in this research 
cannot be considered to be unique and, depending on a practical situation, this set 
can be changed, and the processing profi les can be recomputed.     
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   Introduction 

 In food processing, process control is an important strategy to improve the productiv-
ity of facilities and workers, reduce product losses, increase the consistency of product 
quality, increase the hygiene and safety level of processes, and especially reduce the 
effect of natural variation in food materials. Food process control can also be consid-
ered a tool for continuous process optimisation with respect to time. In a process 
control system, instrumentation and sensors are essential components of the system 
hardware. Basically, a sensor is an instrument that provides some specifi c measure-
ment information about the process to the control command system (Trystram and 
Courtois,  1994 ). Patel and Beveridge  (2003)  defi ned the term  sensor  as a device, includ-
ing control and processing electronics, software and interconnection networks, that 
responds to a physical or chemical quantity to produce an output which is a measure 
of that quantity. In general, a sensor can simply be defi ned as a device for converting 
information of measurement (i.e. input signal) to an output signal in real time, as 
illustrated in Figure  8.1 . The ratio of the output signal to the input signal is called 
gain. The higher the gain, the higher the sensor ’ s sensitivity (discussed further in 
section Sensor performance specifi cations). To measure the quantity correctly, a 
sensor should not suffer from interference. The output signal should only be changed 
in accordance with a change in the subject of measurement, and other factors should 
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not affect the output. The sensor should generate very little noise. In addition, the 
physical condition of the subject of measurement should not be disturbed by the 
sensor (Ohba,  1992 ).   

 Real - time measurement can help monitor the progress of a food process during its 
operation. It has been claimed that monitoring is one of the most diffi cult functions 
of a food process control system, as sensors have to be able to operate within process 
constraints, be cleaned in place and be compatible with food (Trystram and Courtois, 
 1994 ). The demand for real - time sensors in food processing has increased, driven 
mainly by issues such as legislation (food safety concerns), consumer need (quality 
consistency), business competition (high productivity and low process loss) and envi-
ronmental concerns (waste minimisation) (Patel and Beveridge,  2003 ). 

 Recently, new instruments have been developed to deal with complex interactions 
within the food matrix so that changes in food properties during processing can be 
determined conveniently. Instruments have also been developed to have a wider appli-
cation range, e.g. the reliability of sensors for determining fl ow rate and temperature 
during processing has been much improved. Sensors for determining the freshness and 
status of contamination of foods have also been developed. These sensors can provide 
reliable information within a very short time, which helps ensure food safety and 
maintains good manufacturing practice. However, developing instruments for food 
process control systems is still a challenging task due to a wide range of variables (e.g. 
temperature, pressure, pH, composition, colour, aroma and texture). In addition, 
locating sensors in a processing line is not a simple issue (Kress - Rogers and 
Brimelow,  2001 ). 

 As the instrumentation for food processes is a large topic, this chapter aims to 
provide an overview of the needs and requirements of sensors for a food process control 
system. Specifi c instruments for particular food processes can be found in other rel-
evant chapters of this book.  

  Classifi cation of Sensors 

 Sensors can be classifi ed into three categories according to their construction and 
utilisation: sensors for at - line measurement, sensors for on - line measurement, and 
smart sensors (Bimbenet and Trystram,  1992 ). A sensor for at - line measurement 
samples from a production line and then transmits the measurement off the line but 

Figure 8.1 Schematic diagram of a sensor system. 
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close to the line, with or without a conditioning of the sample such as pH adjustment 
or dilution. In contrast, a sensor for on - line measurement is installed on a production 
line and requires no sampling. A smart sensor measures a complicated variable for 
which no direct or cost - effective sensor for on - line measurement is available. A smart 
sensor utilises on - line sensors for other easily measured variables (e.g. temperature 
and pressure) and then relates these measurement to that of the complicated variable. 
Smart sensors often comprise the following elements: sensors for direct measure-
ments, mathematical models and algorithms, data processing software, and system 
implementation hardware. Artifi cial intelligence techniques such as neural networks 
are utilised in some smart sensors. 

 Sensors can also be classifi ed into a number of groups based on the type of signal 
domain, i.e. mechanical signal domain, optical signal domain, magnetic signal domain, 
thermal signal domain, chemical signal domain and electrical signal domain (Ristic 
and Roop,  1994 ). For food processes, sensors may also be classifi ed into two groups by 
the objective of measurement, i.e. sensors for food safety (e.g. biosensors to determine 
food contaminants) and sensors for food quality (e.g. image analysis of food surface 
and colours) (Tothill,  2003 ).  

  Measurements and Sensors in Food Process Control Systems 

 Regardless of the type of food processing, the most common process variables meas-
ured in food process control systems include temperature, pressure, fl ow, food com-
position, pH, and  ° Brix. 

  Temperature 

 Temperature is frequently controlled in food processes to ensure safety and quality of 
foods. Resistance temperature detectors (RTDs) and thermocouples are electrical 
devices commonly used because they are easy to implement. An RTD has a metal 
resistor possibly made of platinum or nickel with a standard resistance (e.g. 100, 500 
or 1000  �   ). It can be used over a wide range of operating temperatures. However, its 
response time may be slow and its sensitivity is not high. A large change in tempera-
ture only results in a small change in resistance. In addition, RTD sensors have to be 
well designed to protect them from vibration and shock. A thermocouple is made of 
two different metal wires joined together at the ends. A temperature difference at the 
two ends will create a potential difference that can be measured. However, thermo-
couples have nonlinear signals, low stability and low sensitivity. Generally, thermo-
couples have a wider range of operating temperature and faster response time, but are 
less accurate in comparison with RTDs. They are inexpensive, but performance may 
deteriorate due to metallurgical change and ageing (Berrie,  2001 ). A reference tempera-
ture at one of the two ends of a thermocouple needs to be known for it to work, which 
is often measured by an RTD or a thermistor. There are several types of thermocouple, 
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classifi ed by the metals used. For food applications, types T, J, E and K are the most 
popular (Mittal,  1997 ). 

 To measure the temperature of products, non - destructive measurement methods 
(e.g. infrared thermometry) are preferred. An infrared thermometry system consists of 
an infrared energy collection component, an infrared detector and dedicated precision 
electronics, and an electronic signal processor. It can measure both low and high 
temperatures at either a single spot or in a two - dimensional mapping domain. In some 
hostile environments, fi breoptics can help. Accuracy is reasonably high. However, 
infrared thermometry has not been widely used in food process control because of its 
high cost and limitation to surface measurement only. For food safety reasons, the 
measurement of core temperature is often required (Ridley,  2001 ).  

  Pressure 

 Pressure can be measured by manometers, mechanical pressure sensors and electri-
cal pressure transducers. Pressure sensors can also be classifi ed according to whether 
pressure is measured directly or indirectly. Manometry, perhaps the oldest pressure 
measurement system, is a direct method and the simplest, and is still commonly used. 
A manometer consists of a U - tube with liquid inside. One end of the tube is connected 
to the supplied pressure (or acting pressure) while the other end is connected to a 
steady reference pressure. The fl uid level moves as a consequence of the acting pres-
sure. Measurement is temperature sensitive, so control of temperature is required. 
Mechanical devices convert the acting pressure into a mechanical effect, either dis-
placement or strain. Common mechanical devices include tubes, capsules and dia-
phragms. The mechanical device can be connected to another mechanical component 
called an indicator or pointer, thus forming a total mechanical pressure sensor. More 
often, however, various displacement and strain sensors such as potentiometers, linear 
variable differential transformers and strain gauges can be used to further convert the 
mechanical effects into electrical signals and the complete assembly forms an electri-
cal pressure transducer. Electrical pressure transducers can be connected to a process 
line using a fl ush mount without a cavity and therefore cleaning is easier than with 
other methods. It is the most suitable for automatic process control (Berrie,  2001 ).  

  Flow 

 Flow measurements are required for quantifying the movement of material. Flow 
sensors are diverse as their design is dependent on whether the material of concern is 
solid, liquid or gas. Solid fl ow is often measured in terms of mass fl ow rate, which is 
derived by measuring the weight of solid over a fi xed section of a conveyer and using 
information on the speed of the conveyer. Fluid fl ow can be measured in terms of 
volume fl ow rate, mass fl ow rate or velocity. Measurement methods can be further 
classifi ed into direct and indirect methods and obstruction and non - obstruction 
methods. The most common device for measuring liquid volume fl ow rate is the 
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positive displacement fl owmeter (i.e. a direct and obstruction method). When a liquid 
fl ows into the meter, a fi xed volume device can be rotated. The rate of rotation is 
dependent on fl ow volume. There are several designs including rotary piston, oval gear 
meters and bi - rotor meters. To clean the device, the parts are removed and re - calibration 
is required. 

 Fluid fl ow inside a pipe can also be measured indirectly. A restriction is introduced 
into the pipe that results in a pressure drop, which is measured with a restriction fl ow 
sensor, from which the fl ow rate is derived. Figure  8.2  illustrates some of the common 
restriction designs, including Venturi, orifi ce and nozzle. For such restrictions, based 
on Bernoulli ’ s equation, volume fl ow rate can be related to the pressure drop by:

Figure 8.2 Schematic diagram of three typical restriction fl ow sensors: (a) Venturi, (b) orifi ce, 
(c) nozzle. 
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    Q K P= Δ     (8.1)     

 where  Q  is volume fl ow rate,  Δ  P  the pressure drop over the restriction and  K  is a 
constant. The value of  K  depends on a number of factors including the properties of 
the liquid, size of pipe, temperature, type of restriction, etc. Based on similar princi-
ples, a Pitot tube can be employed for measuring the fl ow rate of gases. Further details 
are described in Chapter  11 . 

 Among non - obstruction fl ow sensors, an electromagnetic fl owmeter is composed of 
a magnetic fi eld and a pair of electrodes. When a conductive liquid is moving through 
the magnetic fi eld and where fl ow direction is perpendicular to the fi eld, a voltage is 
induced according to Faraday ’ s law and this is detected by the electrodes. The voltage 
signal is linearly proportional to the fl ow rate of the liquid, the magnetic fi eld strength, 
and the distance between the electrodes, which is often the diameter of the pipe. The 
measurement is not sensitive to fl uid density, viscosity, temperature and pressure. A 
non - conductive section of pipe is required for the sensor to work, which can be done 
by insulating the pipe section with a non - conductive material. The device may be 
cleaned using a standard cleaning - in - place (CIP) procedure. Therefore it is an ideal 
fl ow sensor for conductive liquids (Berrie,  2001 ). 

 Another non - obstruction fl ow measurement technique is based on the propagation 
of ultrasound waves (100   kHz to 10   MHz) through fl uids, and this can be applied to 
non - conductive fl uids. In one confi guration, transducers made of piezoelectric crystals 
capable of transmitting and receiving ultrasonic signals are placed at 45 °  to the fl ow. 
The time difference between the ultrasonic signal travelling with the fl uid and the 
one travelling against the fl uid is proportional to the velocity of the fl uid. The Doppler 
effect is the basis of another ultrasonic fl owmeter confi guration. A signal of known 
frequency is transmitted through a liquid, which will be refl ected back to the receiv-
ing element of the meter by solids, bubbles or any discontinuity in the liquid. Because 
of the velocity of the liquid, a frequency shift will occur at the receiver that is pro-
portional to the velocity. Most of these sensors require that the liquid contains at least 
25   ppm of particles or bubbles having diameters of at least 30    μ m. Accuracy of about 
5% of full scale can be achieved by these sensors (Holman,  2001 ).  

  Viscosity 

 Viscosity is an important rheological property whose measurement is often required 
to adjust an operating condition to ensure food product quality. Measurement of vis-
cosity in a laboratory setting can be done by using either capillary or rotary viscom-
eters. Both methods can be modifi ed to develop an on - line measurement device. A 
capillary viscometer has a U - tube through which the fl uid fl ows. The viscosity relates 
to the corresponding pressure drop and measurement should be done under controlled 
temperature conditions. To install it in a process line, a bypass is required to allow 
fl uid to fl ow through the sensor. The corresponding CIP system for the production 
process may face some diffi culties when dealing with such a sensor, due to its narrow 
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capillary. Both off - line and on - line measurements are limited to Newtonian liquids of 
low viscosity. A rotary viscometer is composed of two surfaces, one of which rotates. 
Measurements are performed under either shear rate - controlled or shear stress -
 controlled conditions. In a shear rate - controlled system, a constant rotation speed is 
maintained while the corresponding torque is the variable. In contrast, in a shear 
stress - controlled system, constant torque is maintained while the corresponding rota-
tion speed is the variable. Viscosity is subsequently derived from the values of torque 
and rotation speed. An on - line sensor must have a bypass chamber installed that 
allows fl uid to fl ow past the sensor (McKenna and Lyng,  2001 ). Again, cleaning of such 
a sensor is a challenge to the CIP system of modern processing lines. For on - line 
measurement of viscosity, the most promising sensors, which are CIP compatible, are 
based on damping of mechanical oscillation by a viscous fl uid. For example, the oscil-
lation can be transmitted by a metal plunger vibrated by a piezoelectric device and 
the corresponding amplitude of the oscillation measured. This type of viscosity sensor 
is called a vibrational or resonant viscometer. However, such a sensor can only provide 
apparent viscosity with assumed knowledge on density.  

   ° Brix 

 Refractometers measure the refractive index of a solution, which is related to the 
concentration of soluble solids in the solution. The concentration can also be pre-
sented on a  ° Brix scale. The refractive index of a solution is defi ned as the ratio of 
light speed in a vacuum to light speed in the solution. When light passes through a 
solution, its propagation is changed, in accordance with the solution ’ s refractive index. 
The refractive index is temperature sensitive and thus temperature compensation 
should be made. To measure the refractive index in real time during food processing, 
a sensor is installed in such a way that the solution passes through the sensor, gen-
erating a signal. The signal can then be sent to a control system. There are also sensors 
that can measure both refractive index and temperature, which can then be used to 
calculate liquid concentration and density. Real - time measurement of refractive index 
can be used to monitor changes in the soluble solids concentration of a solution and 
control the end point in processes such as evaporation and fermentation.  

  pH 

 pH is an indicator of the hydrogen ion concentration in a solution. It is one of the 
important parameters for food processes. The operating conditions of some processes 
such as sterilisation, pasteurisation and UHT are designed in accordance with the pH 
level of food materials being processed. Other processes such as fermentation need to 
monitor pH change throughout the process in order to determine the end point. Ion -
 selective fi eld effect transistors and ion - selective electrodes can be used on - line to 
measure a potential difference due to change in the logarithm of ion concentration. 
The potential difference is positively correlated with the logarithm of ion concentra-
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tion for cation - responsive electrodes and negatively correlated for anion - responsive 
electrodes (IUPAC,  1997 ). Ion - selective fi eld effect transistors are glass - free, robust 
and durable, with ease of cleaning. The measurements are temperature sensitive and 
therefore temperature compensation is essential.  

  Others 

 Besides those discussed above, there are also a number of other variables that might 
need to be measured in a food process control system. These include position (or dis-
placement), motion (i.e. speed), acceleration, rotation, level, force, relative humidity 
and colour. Sensors have been developed and are commercially available for each of 
these variables. 

 Recently, some quick methods to detect contaminants and toxins using biosensors 
have been developed, for example BIAcore to determine mycotoxins and antibiotics, 
membrane - bound enzyme to determine glutamate, glucose and lactose, and Analyte 
2000 to detect staphylococcal enterotoxin B (Patel and Beveridge,  2003 ). In addition, 
non - destructive measurements of food composition using near infrared (NIR) have 
been developed for process control. However, it is still an expensive technology for 
the food industry. More information on this topic is presented in the section Recently 
developed measurement techniques for food processes. 

 The advantages and disadvantages of each of the sensors discussed above are sum-
marized in Table  8.1 .     

  Criteria for Selection of Sensors 

 There are a number of factors and specifi cations to consider when choosing sensors 
for a food process control system. 

  Measurement Parameter 

 To select an appropriate sensor, the measurement parameter has to be clearly defi ned 
in order to decide, fi rstly, whether its measurement is important to a process control 
system and, secondly, what technique to use (e.g. direct or indirect measurement). 
Measurement parameters can be classifi ed into six groups (Ohba,  1992 ):

   1.     Dynamic quantity (fl ow rate, pressure, force, level, displacement, speed, vibration, 
direction, weight, etc.).  

  2.     Optical quantity (light, radiation, etc.).  
  3.     Electromagnetic quantity (vision, image, etc.).  
  4.     Quantity of energy or heat (temperature, humidity, dew point, etc.).  
  5.     Chemical quantity (concentration, acidity, ions, etc.).  
  6.     Sensory quantity (vision, odour, etc.).    



Table 8.1 Measurements in food process control system. 

Measurement
parameter

Sensors Advantages Disadvantages

Temperature Thermocouples Wide application range 
Simple and inexpensive 

Need protection from adverse environment 
conditions

Small signal 
Resistance

temperature
detectors (RTD) 

Wide application range 
Accurate

Slow response time 

Infrared (IR) 
sensors

Non-destructive method Only surface temperature is measured due 
to limited penetration depth 

Costly compared with other sensors 
Pressure Manometer Simple Not suitable for sterile process, due to 

direct contact measurement 
Need to control measuring temperature 

Mechanical
pressure
sensors

Quick display Integral part of the process, so some 
cleaning diffi culties are possible 

Hard to be integrated into a computerised 
control system 

Electrical pressure 
transducer

No cavity at the 
mounting location 
and easy to clean 

Ideal for process 
control automation 

More expensive compared with other types 

Flow Venturi, orifi ce, 
nozzle fl ow 
sensors

Simple and easy to use Obstruction of the process line 
Frequent cleaning is required to prevent 

contamination
Positive

displacement
fl owmeter 

Suitable for high 
viscous materials 
such as honey, 
syrup, etc. 

Obstruction of the process line 
Materials have to be free of suspension or 

solid particles 

Electromagnetic
fl owmeter 

No obstruction 
Easy to clean 

Ineffective for liquids suspended with solid 
particles

Only for conductive liquid 
Accuracy may be reduced when fl ow 

regimen is laminar or transitional 
Viscosity Capillary tube 

viscometer
Simple and not 

expensive
Good for Newtonian 

liquid

Ineffective for power law liquids 
Need a bypass system to set up on -line

measurement
May have some diffi culties in CIP 

Rotary viscometer Good for both 
Newtonian and 
non-Newtonian
liquids

Can be used in open 
and closed systems 
under pressure or 
vacuum

Need a bypass system to set up on -line
measurement

°Brix Refractometer On-line measurement Temperature dependence 
Need corrective factor for measurement at 

high temperature 
pH Ion-sensitive fi eld 

effect transistor 
On-line measurement 
Robust and durable 
Easy to clean 

Temperature dependence 

Food
composition

Near infrared 
(NIR)

Non-destructive method 
Not temperature 

dependent

Limitation of sample thickness 
Expensive

Contaminants/
toxins

Semiconductor
enzyme/
antibody sensor 

Quick method Non-sterilisable
Limited lifespan 
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 For example, measurement of product temperature during a freezing process is neces-
sary to determine the end of the process. However, direct measurement of the core 
temperature of frozen products is not a simple task due to its hard structure. Direct 
measurement of the surface temperature of frozen products may also not be practical 
due to possible errors from the effect of contact thermal resistance. Jannot  et al .  (2004)  
introduced an indirect measurement method that recorded thermal perturbations 
created on the product surface. The transient temperature was recorded and used for 
estimating surface temperature.  

  Sensor Performance Specifi cations 

  Span and Range 

 The span of a sensor refers to the range of input signal from minimum to maximum 
that can be measured by the sensor.  

  Accuracy 

 Accuracy of a sensor is a measure of the maximum deviation of the output signal from 
the true value that should be generated in response to the actual input signal. Accuracy 
is usually specifi ed as a percentage of full - scale output or as a percentage of the reading 
and sometimes even in an absolute term of input. Accuracy is affected by sensitivity 
and internal noise (i.e. noise generated by the sensor itself). Higher sensitivity and 
lower internal noise tend to lead to higher accuracy (Ohba,  1992 ). Accuracy is not to 
be confused with precision, which is a measure of repeatability of a sensor.  

  Linearity 

 The output signal of a sensor can be described by a straight line that best fi ts a cali-
bration curve of the output signal. The maximum deviation of the calibration curve 
from the best - fi t straight line is called linearity error (Ristic and Roop,  1994 ). This 
error is often described as a percentage of the reading or as a percentage of the full -
 scale reading. A sensor of higher linearity (i.e. smaller linearity error) is desirable.  

  Sensitivity 

 The sensitivity of a sensor is defi ned as the ratio of the change of output signal cor-
responding to a change of input signal over that change of input signal. Sensitivity 
dependent on the angle between the subject of measurement and the sensor is called 
direction - dependent sensitivity (Ristic and Roop,  1994 ). The higher the sensitivity, 
the better the sensor. Higher sensitivity may be obtained by using analogue conver-
sion, where the relationship between input signal and output signal is continuous. 
However, analogue conversion has limited resolution (typically about 0.1%) and no 
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robustness due to the impact of noise. To increase robustness, digital conversion 
should be applied. Particularly in smart sensor systems that process data by a micro-
computer, digital conversion that provides a digital signal directly is preferred. Where 
analogue conversion is used in a smart sensor system, re - conversion from the analogue 
signal to a digital signal is required. This may reduce the signal - to - noise ratio of the 
sensor (Ohba,  1992 ).  

  Resolution 

 The resolution of a sensor is the smallest detectable change of input signal that causes 
a change in output signal (Ristic and Roop,  1994 ). In other words, the resolution of a 
sensor is simply the smallest measurable change in the input. The smaller the resolu-
tion, the better the sensor.  

  Internal Noise and Signal - to - noise Ratio 

 Noise refers to the random part of an output signal that is not related to the corre-
sponding input signal (Ristic and Roop,  1994 ). Signal - to - noise ratio (abbreviated SNR 
or S/N) is normally defi ned as the ratio of signal power to noise power. Lowering signal 
power would increase the effect of noise, while increasing signal power reduces the 
impact of noise. Therefore, the higher the SNR, the better the performance of a sensor. 
Every time a signal conversion is made, SNR is decreased. In addition, internal noise 
can be used to determine the minimum detectable amount, i.e. resolution (Ohba, 
 1992 ).  

  Hysteresis 

 A sensor is expected to produce the same output signal every time it measures an 
input signal of the same assigned level, regardless of whether the input signal is 
approached from a level above or below. Lack of this ability of the sensor is called 
hysteresis. It is normally described as a percentage of full - scale output.  

  Dynamic Specifi cations 

 The specifi cations discussed above are all static. Dynamic specifi cations describe the 
performance of a sensor in terms of how its output changes over time in response to 
a change in input signal. Some of the common dynamic specifi cations are time con-
stant, dead time and rise time. Time constant is the time for the output to change by 
63.2% of its maximum possible change. Dead time is the length of time from the 
application of a step change at the input of the sensor until the output begins to 
change. Rise time can be defi ned in several ways, one of which is the length of time 
it takes for the output to reach 10 – 90% of the full response when a step change is 
applied to the input. For all these dynamic specifi cations, the smaller the values, the 
better the sensor.   
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  Cost - effectiveness 

 The cost of a sensor, including its purchase, delivery, implementation and mainte-
nance, needs to be carefully balanced against its necessity and required quality of 
measurement. In addition, the expected working life of a sensor should be considered 
(Bhuyan,  2007 ).  

  Implementation 

 Before introducing sensors into a food processing line, a number of sensor character-
istics should be considered, including compatibility, hygienic design, safety and ease 
of use, and maintenance. For example, in order to determine the compatibility of a 
temperature sensor, the operating temperature range of the process, i.e. the range of 
temperature where the sensor is expected to maintain its output signal within a speci-
fi ed error level, has to be considered (Ristic and Roop,  1994 ). For food production 
processes, the hygienic design of sensors is essential. Safety should also be a priority: 
some potentially dangerous situations, such as particle ignition and fi re hazard, should 
be carefully evaluated when choosing sensors.   

  Recently Developed Measurement Techniques for Food Processes 

  NIR Sensors for Food Composition 

 NIR has been used as a quick on - line method for determining food composition (e.g. 
moisture, fat, protein). For measurement of moisture content, the advantage of the 
NIR method versus the conventional oven method lies in its non - destructive nature. 
It therefore does not disturb the production line. In addition, its response time is 
comparable to the typical speed of products on conveyors in the food industry. In 
terms of accuracy, NIR measurement is reasonably good as NIR is not affected by 
variations in temperature. In contrast, an alternative on - line method that measures 
the electrical properties of a product and then converts the measurements into mois-
ture content can be temperature sensitive. However, NIR measurements may be sensi-
tive to variations in ambient lightness. This problem may be overcome by installing 
an additional cover for the measuring area. The major limitation of NIR measurements 
is the penetration depth of NIR into a product. In general, penetration depth can be 
increased by decreasing the wavelength of NIR. Nonetheless, penetration is still not 
more than a few tenths of a millimetre (Benson and Millard  2001 ).  

  Non - mechanical Anemometers 

 Non - mechanical anemometers include hot - wire anemometers, hot - fi lm anemometers 
and laser - Doppler anemometers. Normally, this type of sensor could be either a thin 
wire or a metal fi lm laid over a glass support and coated with quartz. An electronic 
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circuit is used to heat up the sensor. Based on convective heat transfer between the 
sensor and fl uid, the amount of power supplied to the circuit can be related to the 
velocity of fl uid fl ow. In a constant temperature system, a variable resistor is used for 
balancing resistance at no airfl ow. When fl uid passes the sensor, the wire/fi lm is 
cooled down, decreasing its resistance and increasing the corresponding voltage and 
current. As a result, its temperature is increased towards the initial value. The change 
in voltage is related to the velocity of fl uid (Street  et al .,  1996 ). To measure near - wall 
velocity using a hot - wire anemometer, the distance between the wire and the wall 
substrate and the convective velocity at the wire ’ s location can affect the dynamic 
response (Khoo  et al .,  1998 ). 

 There have been further developments in non - mechanical anemometers to over-
come many practical problems. To eliminate the infl uence of resistance on the probe 
overheat ratio, Ligeza  (2000)  developed a four - point non - bridge constant temperature 
circuit. The circuit was good at measuring fl ows under conditions of low probe resist-
ance, low overheat ratio range, and low velocity range. To improve the sensitivity of 
a hot - wire anemometer, Lee and Kauh  (1997)  proposed a new circuit with one arm of 
the bridge being substituted with a photoconductive cell or a transistor (a voltage -
 controlled variable resistor). 

 Variable - temperature anemometers have been proposed based on the reduction in 
wire resistance due to the velocity of fl ow. In the variable - temperature system (also 
called constant current/voltage system), the sensor element is connected in series with 
a large resistor (compared with the sensor resistance) to maintain the current/voltage. 
The voltage becomes unbalanced after the fl ow passes the sensor. The unbalanced 
voltage has to be greatly amplifi ed before it can be related with fl ow velocity (Street 
 et al .,  1996 ). With regard to static response, variable - temperature anemometers are 
sensitive to velocity fl uctuations at high overheat ratios and sensitive to temperature 
fl uctuations at low overheat ratios (Kegerise and Spina,  2000a ). With regard to dynamic 
response, variable - temperature anemometers are slightly dependent on the overheat 
ratio and Reynolds number (Kegerise and Spina,  2000b ). 

 While the concept of non - mechanical anemometers is not new, with regard to food 
processes there are some particularly diffi cult issues in measuring airfl ow velocity, 
such as rapid time - dependent variations and space - dependent variations, that make 
the further development of anemometers necessary. Variation in velocity can signifi -
cantly affect product temperature, particularly in baking and cooling processes, where 
a moderate velocity (up to 3   m · s  − 1 ) is involved (Mirade and Daudin,  1998 ). The impact 
becomes more signifi cant in a high - temperature process than in a low - temperature 
one (Verboven  et al .,  2001 ). 

 In order to measure air velocity in baking ovens that were hard to access, a hot - wire 
anemometer attachable to baking trays was specifi cally developed to be used in con-
tinuous industrial baking ovens (Therdthai  et al .,  2004 ). Such ovens required an instru-
ment that could be applied in a high - temperature and low - velocity environment. 
Furthermore, the instrument had to travel through the oven with loaves in baking 
tins. The structure of the developed hot - wire anemometer is illustrated in Figure  8.3 ; 
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its size and shape fi tted into one baking tin. Figure  8.4  shows how the sensor was 
used in a continuous industrial bread baking oven.    

  Ultrasonic and Acoustic Instrumentation 

 Ultrasonic techniques have been well used in food processing for measuring level, 
thickness, fl ow rate, particle size, etc. Hay and Rose  (2003)  demonstrated that it was 
also possible to use ultrasonic - guided waves for detection of fouling in food process 
piping. Pipe fouling is characterised by the presence of a thin viscous or solid layer on 
the internal pipe wall. Various modes of ultrasound can be used, including bulk lon-
gitudinal, bulk shear, circumferential, torsional, longitudinal, and fl exural. 

 When applying acoustic devices to measuring texture, piezoelectric sensors covering 
the full audio frequency range up to 20   kHz can be used to detect vibration that is 
related to food textural properties. The sound frequency of the crispness of food has 
been reported to be up to 10 – 12   kHz, which is within the frequency range of piezoelec-
tric sensors. An instrument to measure texture has been designed to mimic the initial 
bite action of human front teeth. The instrument consists of three parts: a probe, a 
piezoelectric sensor and a computer. The probe penetrates food samples, simulating 
the action of human teeth. The piezoelectric sensor receives signals (simulating 
nerves) and transmits them to the computer (simulating the human brain) (Taniwaki 
 et al.,   2006 ). With regard to the discrimination of taste, a high - frequency acoustic wave 

Figure 8.3 Structure of a hot -wire anemometer developed for continuous industrial baking ovens. 
(From Therdthai et al., 2004, with permission from Elsevier .)
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Figure 8.4 Schematic diagram of a continuous industrial bread -baking oven and the positioning 
of the travelling anemometer assembly during baking operation. (From Therdthai et al., 2004, with
permission from Elsevier .)
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can be applied to liquid samples. In order to decrease acoustic loss in liquids, a hori-
zontally polarised mode of vibration should be used. Consequently, the sensing system 
is based on mechanical interactions between the shear of the horizontal acoustic wave 
and the liquid samples. The resulting perturbation of wave propagation is converted 
to electrical signals (Leonte  et al .,  2006 ). Propagation behaviour of ultrasonic waves 
through liquid foods can be related to the rheological properties of the foods (Lee 
 et al .,  1992 ; McKenna and Lyng,  2001 ).  

  Biosensors 

 A biosensor is a device producing an electrical signal in response to an analyte(s), such 
as sugars (glucose, fructose), amino acids (histamine, tyramine), alcohols (ethanol), 
lipids (glycerol), proteins, nucleotides (hypoxanthine), preservatives (sulphite) and 
pesticides (organophosphates, carbamates). A biosensor is mainly composed of a bio-
logical recognition element and a signal transduction element (Patel and Beveridge, 
 2003 ). Biological recognition elements can be classifi ed into two groups: biocatalysts 
and bioligands. Biocatalysts include enzymes, microorganisms, tissue materials, and 
so on, while bioligands include antibodies, nucleic acids, lectins, etc. The response of 
the biological element is converted into an electrical signal using the signal transduc-
tion element (e.g. electrochemical, optical, thermal and magnetic transducers). 
Transducers can signifi cantly affect the sensitivity of a biosensor. Biosensors are 
attractive for food process control systems because they have little or no requirement 
for sample preparation, require a small amount of test sample, have short analytical 
time and high sensitivity, and are fully automated (Castillo  et al .,  2004 ). 

 Biosensors have been used to detect antimicrobial drug residues (Sternesjo,  2003 ), 
heavy metal contaminants (Castillo  et al .,  2004 ), pesticide contaminants (Luxton and 
Hart  2003 ), dioxins (Mascini  et al .,  2005 ) and so on. However, there can be some 
electrochemical interference from the food matrix. Therefore, electrode surfaces may 
require some modifi cation in order to be selective to a single substance. Nevertheless, 
such modifi cations are not a simple task. Moreover, enzyme - based biosensors suffer 
from reduced stability of the enzymes, leading to a short sensor lifetime (Castillo 
 et al .,  2004 ).  

  Optical Fibre 

 Optical fi bre sensing is based on the induction of reversible changes in optical or 
spectroscopic properties, including absorbance, refl ectance, transmittance, fl uores-
cence, and so on. Its advantages over other sensing techniques are its immunity to 
electromagenetic interference, small size and remote sensing. An optical fi bre sensor 
for pH measurement developed by Alvarado - M é ndez  et al.   (2005)  required only 2   cm 
of doped fi bre. It could measure pH in real time due to its fast response time (approxi-
mately 10   s). The optical fi bre sensing technique has been successfully used to monitor 
milk coagulation and whey separation on - line and thereby improve the control of curd 
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moisture content in a cheese - making process. Optical fi bre light backscatter sensors 
were designed and installed on the wall of a cheese vat. One optical fi bre was used 
for transmitting infrared radiation into a test sample, while another was used for 
transmitting the scattered radiation from particles in the test sample to a photodetec-
tor. The obtained signal was recorded, analysed and presented as a light backscatter 
ratio. During coagulation, the light backscatter ratio was increased whereas it was 
decreased after gel cutting. Time from enzyme addition to the infl ection point of the 
light backscatter ratio and the decrease in sensor signal during syneresis could be used 
for prediction of curd yield, whey fat content and curd moisture content (Fagan  et al ., 
 2007 ). 

 For monitoring food surface colour in an oven during industrial - scale production, 
optical fi ber sensors of 400    μ m in diameter were used, with the aid of artifi cial neural 
networks, to classify food product into raw, light, correct and dark (O ’ Farrell  et al ., 
 2004 ). Because of the high - temperature environment in the oven, the sensors needed 
an insulator that was made of stainless steel. With the insulator, the sensors were 
resistant to temperatures up to 250    ° C. Their response time was 1   s. The complex neural 
network structure may have increased the response time. Therefore, instead of directly 
using raw input data from the sensors, the raw data (194 variables) were fi rst processed 
using principal component analysis (PCA) to reduce the number of input variables. By 
reducing the input neurones/variables to three, the effi ciency of classifi cation was 
improved and computational time was decreased as well (Lewis  et al .,  2008 ).  

  Electronic Nose and Electronic Tongue 

 The fl avour and aroma of foods are key factors in their acceptability to consumers. 
Information on fl avour and aroma could be transformed into an electric signal, which 
may lead to the development of an electronic nose and electronic tongue. These 
devices would consist of a sample delivery component, a detection component com-
prising an array of chemical sensors, and a data processing component. The array of 
chemical sensors in the detection component would generate electrical signals on 
contact with aroma and fl avour compounds or chemical solutions. The data processing 
component would use various techniques to process the signal data into a correspond-
ing aroma and fl avour response. An electronic nose and tongue would need to be 
trained before being used. Artifi cial intelligence techniques such as artifi cial neural 
networks can be applied to such training. 

 Recently, Kumar  (2006)  introduced a technique using discriminant inequalities in 
order to maximise mutual information. Mutual information is a measure of the sta-
tistical correlation between the electrical output signal (e.g. taste) and the input signal 
(e.g. various analyte concentrations in food products). The matrices of covariance and 
correlation coeffi cient were symmetric. Their diagonal and non - diagonal elements 
were composed of uncorrelated and correlated components. To maximise mutual 
information, upper and lower bounds of the correlated components of the variance 
matrix were applied to a taste sensor to show that tastes could be selectively sup-
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pressed. The taste sensor was not the same as the conventional chemical sensors. Its 
outputs were quality and intensity of tastes, whereas the outputs of conventional 
chemical sensors are the amounts of specifi c taste substances. Determinants of the 
covariance matrix could be maximised by a priori knowledge of the bounds on the 
correlated components of the correlation coeffi cient matrix. It was demonstrated that 
the lower bound of quinine concentration enhanced sour and sweet tastes from its 
bitter taste, whereas the upper bound of quinine enhanced saltiness by suppressing its 
bitter taste. Therefore, the discrimination index of the taste in the mixture of analytes 
could be estimated from the upper and lower bounds of the correlated components of 
the covariance matrix. The technique of determinant inequalities has been claimed 
to be better than the PCA technique due to its ability to selectively enhance or sup-
press a particular taste in the mixture of various tastes. In addition, determinant 
inequalities considered the whole structure of variation. In contrast, PCA only takes 
covariance into account. Moreover, high - order covariance matrices can be processed. 
Therefore errors due to collapsing of covariance matrices can be avoided. However, 
the technique of determinant inequalities was restricted to linear response.   

  Summary 

 Sensors are essential for monitoring and controlling a food process. Sensors can be 
generally classifi ed using various criteria, including their utilisation, construction, 
signal type and objective of measurement. In food process control systems, on - line 
sensors are usually required to measure temperature, pressure, fl ow, viscosity, pH, 
total soluble solids, and so on. Each type of sensor is based on different principles and 
has a unique design to suit specifi c process conditions. To select suitable sensors for 
a control system, the objective of measurement should be clearly defi ned. The advan-
tages and limitations of each candidate sensor should be considered. The static and 
dynamic specifi cations of sensors should be examined and compared, and might 
include span, accuracy, linearity, sensitivity, resolution, signal - to - noise ratio, hyster-
esis, time constant, dead time and rise time. In general, on - line measurements are 
preferred over at - line measurements. However, installation of some sensors into a 
processing line may present a challenge by obstructing the production process. The 
structure and the materials used in the construction of sensors should be chosen to 
prevent contamination and favour line cleaning. Recently developed sensors have been 
constructed to be quick (i.e. short response time), non - obstructive, easy to install, easy 
to maintenance and clean, and intelligent. Non - obstructive and no - contact measure-
ments are among future directions for sensor development.  
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   Introduction 

 Automation and control play a signifi cant role in the food processing industries 
because they increase production rate, guarantee better quality of fi nal products, 
reduce production costs and manufacturing time, improve the effi ciency of using raw 
materials, enhance hygienic conditions and ensure safety. Automation of unit opera-
tions and processes in the food industries can be benefi cial in many other ways, for 
example it can suppress the infl uence of external disturbances, ensure stability of the 
process, and optimize process performance (Stephanopoulos,  1984 ). 

 Automation and control have economic effects on the process industry. Production 
costs can be signifi cantly decreased by replacing labor - intensive units, decreasing 
wastage, and saving time. The accuracy and repeatability of computer control and 
automation systems also ensures effi cient use of raw materials and improves fi nal 
product quality (C á rdenas  et al .,  2009 ). 

 Automation also provides a means for data collection and storage. The capacity of 
such a storage system is incomparable with any other available system. An on - line 
monitoring system can retrieve and store all the process variables, such as raw mate-
rial consumption, heat requirements, and product quality. Reports can be readily 
generated on a daily, weekly, monthly or yearly basis as required by the management. 
These data can provide important information regarding the sources of disturbances, 
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batch - to - batch variations, scope for quality improvement and supply - chain manage-
ment. The stored data can be further analyzed for process and product modifi cation, 
and troubleshooting of process upsets (Selman,  1987, 1990 ; Choudhury and Alleyne, 
 2009 ). 

 Food processing steps can often be physically hard and monotonous for the people 
involved in the operation. Automated processes can replace human operators in such 
laborious jobs, ensuring a better working environment and increasing productivity 
(Hinrichsen,  2010 ). Computer - controlled robots can be programmed for materials 
pickup, handling, transporting and unloading with greater precision and repeatability 
than the human operator. 

 Maintaining the quality of food products is challenging. Increased awareness at the 
consumer end has emphasized the need for better food quality monitoring, for example 
uniformity and consistency in taste, texture and appearance (Selman,  1990 ). Monitoring 
by human inspectors may be expensive and error - prone. Computer vision systems 
(CVS) have found useful applications in sorting operations, classifi cation, quality 
evaluation and damage detection (Utku and K ö ksel,  1998 ; Zion  et al .,  1999 ; Park  et 
al .,  2002 ; Sun and Brosnan,  2003a,b ; Du and Sun,  2004 ). 

 Food processing plants usually produce several similar products using shared equip-
ment. Switchover from product to product is time - consuming since preset values for 
different steps (e.g. temperature, mixing requirements) often require to be changed. 
Automation and control systems can increase the throughput of such plants by mini-
mizing the downtime and optimizing the processing sequences (Selman,  1990 ). 

 Cleanliness is another very important factor in food processing. Cleaning and steri-
lization of vessels and piping are done with various cleaning solutions, water and 
steam after manufacturing (Yokogawa,  2006 ; Malkov and Tocio,  2008 ). Cleaning solu-
tions include hypochlorous acid, caustic soda, nitrous acid and peracetic acid. Cleaning -
 in - place (CIP) systems can monitor the cleaning process by measuring the electrical 
conductivity of cleaning solutions. Implementation of CIP optimizes the cleaning 
process and reduces operating cost. 

 The modern food industry operation entails sophisticated automation and control 
architecture. By applying the proven success of modern control technology to many 
of its operations, including food preservation, manufacturing, packaging, and handling, 
the productivity of food plants can be signifi cantly improved (Nambiar and Mahalik, 
 2010 ). 

 The chapter focuses on the current status of automation and control technology in 
the food processing industries. The basic concept of control theory is described fol-
lowed by the current practice and future trends of automation in the food industry.  

  Food Processing Automation and Control: Current Status 

  Unit Operations in the Food Industry 

 Starting with a wide range of raw materials, food processing industries produce prod-
ucts and byproducts suitable for human consumption. Unlike any other processing 
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industry, the number of processing methods and techniques in the food industry is 
enormous. Table  9.1  lists some of the unit operations commonly encountered in food 
processing.    

  Automation and Control in the Food Industry 

 The food industry involves numerous complex processes that convert a wide range 
of raw materials into edible foods. As a result, unlike the petroleum and chemical 

Table 9.1 Unit operations in the food industry. 

Group Unit operation Examples of operation 

Cleaning Washing Fruits, vegetables 
Removal of foreign bodies Grains, corns 
Cleaning-in-place (CIP) All food plants 

Physical
separation

Filtration Sugar refi ning, salt refi ning 
Screening Grains
Sorting Coffee beans 
Membrane separation Ultrafi ltration of whey 
Centrifugation Separation of milk 
Pressing, expression Oilseeds, fruits 

Diffusion-based
separation

Adsorption Bleaching of edible oils 
Distillation Alcohol production 
Extraction Vegetable oils 

Mechanical
transformation

Size reduction Chocolate refi ning 
Mixing Beverages, dough 
Emulsifi cation Mayonnaise
Homogenizing Milk, cream 
Forming Cookies, pasta 
Agglomeration Milk powder 
Coating, encapsulation Confectionery

Chemical
transformation

Cooking Meats
Baking Biscuits, bread 
Frying Potato fries 
Fermentation Wine, beer, yogurt 
Aging, curing Cheese, wine 
Extrusion cooking Breakfast cereals 

Preservation Thermal processing (blanching, 
pasteurization, sterilization) 

Pasteurized milk, canned vegetables 

Chilling Fresh meat, fi sh 
Freezing Ice cream 
Concentration Tomato paste 
Chemical preservation Pickles
Dehydration Milk powder 
Freeze drying Instant coffee 

Packaging Filling Bottled beverages 
Sealing Canned foods 
Wrapping Fresh salads 

Source: adapted from Berk (2009).
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industries, the food industry has additional constraints for automation and control. 
Use of perishable raw materials of variable composition, and which have properties 
that are diffi cult to sense online, are some of the obstacles in adopting computer -
 integrated manufacturing (CIM) systems (Ilyukhin  et al .,  2001 ). However, recent 
surveys indicate that food companies are gradually shifting toward automation to 
improve productivity through greater manufacturing fl exibility and higher speed of 
operation. Programmable logic controllers (PLC) are an automation priority for food 
manufacturers (Higgins,  2007, 2008, 2009 ). Another constraint is the seasonal variabil-
ity of agricultural raw materials as compared with the chemical process industry. 

  Automation and Control in Cleaning and Disinfection 

 Cleaning and disinfection are integral parts of food production processes. Cleaning or 
disinfection involves a wide range of materials: raw materials (e.g. fruits, vegetables), 
vehicles used for transportation of raw materials, storage areas, process equipment, 
buildings, fl oor areas, and employees or workers (personal hygiene, garments, etc.) 
(Berk,  2009 ). Since hygiene is the top priority in food production, cleaning processes 
usually involve huge amounts of water and cleaning agents. 

 Cleaning of process equipments can be done in two ways: cleaning out of place 
(COP) and cleaning in place (CIP). COP involves dismantling of equipment, followed 
by rinsing, disinfecting and reassembling and requires high labor costs. In CIP, on the 
other hand, water, cleaning agents, and sanitizers are passed through the process 
equipment in a predetermined sequence. Usually a food manufacturer needs to run 
CIP operations several times a day, before starting each batch of production. 

 Use of automatic control has greatly increased the acceptability of CIP by optimiz-
ing the cleaning and sterilization applications and by reducing operating costs and 
scope for human error. Automated units can lower chemical costs by 15 – 20% and 
reduce cleaning cycle time by 10% through precise control of the variables associated 
with mechanized cleaning (Lelieveld  et al .,  2003 ).  

  Automation and Control in Fermentation 

 Fermentation is a process where carbohydrates are generally transformed into lower -
 carbon - containing ethanol (e.g. beer, wine, cider) by the action of microorganisms. 
However, fermentation is also widely employed in the preparation of various food 
products including vinegar, cheese, yogurt, sauerkraut, and bread. 

 The brewing process consists of multiple steps: malting, milling, mashing, laturing, 
boiling, fermenting, conditioning, fi ltering, fi lling, and packaging (Briggs  et al .,  2004 ). 
Each of these steps requires proper monitoring and control to ensure the strength, 
clarity, color, fl avor, and aroma of the fi nished product. Major parameters of interest 
include volume of containers, pH, oxygen concentration, infl ow and outfl ow in the 
units, pressure, and temperature (Esslinger,  2009 ). Classical PID controllers and 
advanced controllers such as knowledge - based controllers or fuzzy controllers have 
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found useful application in brewing processes. Details on automation and process 
control in brewing can be found in Esslinger  (2009)  and Priest and Stewart  (2006) .  

  Automation and Control in Thermal Processing 

 In thermal processing, the combination of temperature and time plays a signifi cant 
role in eliminating the desired number of microorganisms from the food product 
without compromising its quality. Thermal processing refers to heating, holding, and 
cooling of food products to eliminate the potential of food - borne pathogens. Thermal 
processing of food can be categorized into two major groups: pasteurization and steri-
lization. Pasteurization involves heating a food material to a desired temperature for 
a defi nite duration of time so that pathogenic organisms are destroyed or inactivated 
while allowing the thermoduric organisms to survive. Pasteurized products are not 
shelf - stable and require refrigeration for their short storage life (1 – 2 weeks). For steri-
lization, food products are sealed in containers and exposed to a desired temperature 
for a defi nite time period to ensure total deactivation of microorganisms. The full 
canning sterilization process has been designed to achieve at least 12 log reductions 
of key spore - forming pathogens (mesophilic  Clostridium botulinum ) to achieve com-
mercial sterility. The shelf - life of the sterilized product is more than 6 months. 

 In thermal processing, the most important factor is to control cumulative lethality, 
a measure of bacterial inactivation. During thermal processing, foods are heated to a 
specifi ed temperature and held there for certain periods of time, and then cooled to 
ambient temperature. The inactivation of bacteria is achieved during both the heating 
and cooling processes. Therefore, cumulative lethality is the summation of the lethali-
ties accumulated during the heating and cooling process. Once cooling is started, the 
lethalities cannot be controlled. Therefore, total cumulative lethality is controlled by 
the heating process and a predicted value of lethality is required for the cooling 
process. Prediction of lethality for the cooling process requires a good model of the 
process, enabling the use of feedforward control. The manipulated variable is heating 
duration so that the desired or set - point value of the total lethalities can be achieved. 
A feedback – feedforward combination of control strategies is often more useful for 
these processes. More details are available elsewhere (Ryniecki and Jayas,  1997 ).  

  Automation and Control in Food Drying 

 Many food process industries require the use of dryers in order to produce their prod-
ucts. Examples include cereal and chips. Drying requires a large amount of energy and 
energy is expensive. Therefore, the optimum use of energy is important for today ’ s 
process industries. In order to ensure the optimum use of energy, there is no alterna-
tive to automatic control. For most drying processes, the variables are initial moisture 
content, fi nal moisture content, mass fl ow rate, temperature, and inlet and outlet 
temperature of the heating medium. Often the fi nal moisture content and temperature 
of the product are the controlled variables while the fl ow rate of the heating media or 
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the product rate is the manipulated variable. A PID controller along with a feedforward 
controller can be used effectively for drying processes. Other   advanced control strate-
gies, such as model predictive control, decoupler for interaction removal,   and non-
linear control, are increasingly gaining popularity in the food industry. Nonlinearity 
is a big problem for automatic control in the food industry. Linearization is often 
simple and easier to implement. However, nonlinear control in a multi - input multi -
 output (MIMO) confi guration would be the best solution (Courtois,  1997 ).  

  Automation and Control in Freezing 

 In food freezing processes, lowering the product temperature suffi ciently below 0    ° C 
causes the retardation of microbial and enzyme activities. In addition, water inside 
the product crystallizes to form ice, which reduces the availability of free water for 
deterioration reactions. The quality of food preserved by freezing is generally consid-
ered of superior quality than that preserved by canning and drying. Freezing, if control-
led properly, is effective in retaining the quality, fl avor, color, and nutritional value 
of the food, while textural qualities may be affected in some instances (Ramaswamy 
and Sablani,  1997 ). The quality of the frozen food depends on the number and size of 
water crystals formed, which in turn depend on the rate of freezing. Freezing equip-
ment is designed to achieve effi cient product freezing while retaining product quality. 
Freezing time or rate is the most important factor associated with selection of a freez-
ing system that ensures optimum food quality. Mathematical models to predict freez-
ing time or rate are in use so that freezing equipment design can be optimized. Various 
freezing equipment is available, such as air - blast freezers, tunnel freezers, belt freezers, 
spiral freezers, carton freezers, fl uidized bed freezers, impingement freezers, fl exible 
freezers, contact freezers and cryogenic freezers. Whichever freezing technique is used, 
there is ample scope to improve the design and operation of the equipment so that 
the temperature trajectory of freezing and freezing rate can be well controlled and 
regulated in order to ensure fi nal product quality. Freezing equipment manufacturers 
are continually improving and refi ning their products with regard to ease of access for 
cleaning and maintenance, improving the effi ciency of refrigeration, minimizing the 
use of refrigerant, and providing better control and operation of the equipment. Further 
details can be found in Ramaswamy and Sablani  (1997) .  

  Automation and Control in Packaging 

 In modern society most food products come in various forms of packaging, such as 
bottles, boxes, cartons, pouches, bags, tubs, jugs, and many other containers. Packages 
are made of glass, plastic, paper, metal, and combinations of other materials. The 
packaging operation is an important step in food processing industries. The packaging 
operation must consistently and reliably form, fi ll, close, and seal the packages so that 
they perform their basic functions during all phases of distribution and marketing. In 
the past, line speeds were relatively low and most packaging operations were either 
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manual or under the control, monitoring and inspection by human operators. Today 
packaging operations are fully automated in most of the food industries. Packaging is 
fast, and electronic instrumentation and computer control systems are able to perform 
a wide variety of operational, safety and quality checks. Modern instrumentation is 
suffi ciently fast to inspect every package that passes down the line and items that do 
not meet the quality specifi cation or which contain foreign materials are automati-
cally withdrawn from the production line. Data from various sensors can be used for 
multiple purposes, such as to generate statistical process control charts and feed man-
agement information systems. Sensors are generally connected with a PLC or distrib-
uted control system (DCS) so that the PLC or DCS can perform proper control, take 
decisions and issue instructions to adjust the operation of packaging machinery 
(Hughes,  1997 ). Through computerized automation systems, a wide variety of nonde-
structive tests, such as metal detection, checkweighers and leak detection in packages, 
can be performed.    

  Basic Control Theory 

 The processing of raw materials into consumer products requires several steps depend-
ing on the nature of the raw material and the fi nal product. However, a requirement 
of the process is not only to produce the desired product, but also to ensure that pro-
duction is economical and safe for the workers and that the quality of product is 
uniform. The process should also be adaptive to external infl uences or disturbances. 
All these requirements dictate the need for continuous monitoring and control to 
guarantee satisfaction of the operational objectives. 

 An automatic control system works in a similar way to the human brain. The 
system compares the variables to be controlled (controlled variables) with a preset 
value. If any deviation is recorded, then the system acts by changing the manipulated 
variables in a way so that all the external/internal disturbances are nullifi ed. For 
example, when heating a room on a cold winter day, the temperature of room air is 
the controlled variable, the state of the heating medium is the manipulated variable, 
and heat loss through the wall and roof is the process disturbance. Automation control 
reduces human intervention, reduces work hazards, optimizes operating costs, and 
improves product quality. 

  Hardware for Process Control 

  Measuring Instruments or Sensors 

 Measuring instruments or sensors are used to measure the disturbances, the controlled 
variables, or the secondary output variables. Sensors are the eyes of the process. They 
can work on - line or off - line. In the food industry, major on - line process measurements 
are pressure, temperature, pH, fl ow rate, and liquid levels in the vessels. 
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  Pressure Sensors 

 Pressure sensors are used to measure pressure in process vessels or pipelines. Pressure 
measurements can be absolute, gauge, or differential. Pressure can be measured in 
several ways (Boyes,  2003 ):

    •      by balancing a column of liquid of known density (e.g. manometer);  
   •      by allowing the unknown pressure to act on a known area and measuring the result-

ant force (e.g. dead - weight tester);  
   •      by allowing the unknown pressure to act on a fl exible member and measuring the 

resultant motion (e.g. Bourdon tube);  
   •      by allowing the unknown pressure to act on an elastic member and measuring the 

resultant stress or strain (e.g. piezoresistive pressure sensor).    

 The last two methods are suitable for on - line measurement and are frequently used 
in process industries. Besides measuring pressure, pressure sensors are also used for 
measuring liquid level and fl ow rates.  

  Temperature 

 Temperature plays a major role in many unit operations in food processing. Temperature 
can be measured by its direct effect on various properties of materials. The effect of 
temperature on volume is used for temperature measurements using  fi lled thermom-
eters . Various liquids, gases, and even solids are used for this purpose (Boyes,  2003 ). 
For example, in a bimetal thermometer (two strips of different metals with different 
thermal expansion coeffi cient bonded together) a change in temperature causes the 
strips to bend, producing a reading on a dial and thereby indicating the temperature 
value. 

 In  resistance thermometers  and  thermistors , the temperature is measured by cor-
relating the resistance of the metal and the semiconductor with temperature respec-
tively. In an electric circuit consisting of two dissimilar metals, if the junctions 
between the two metals are exposed to different temperatures, then there will be an 
electromagnetic force (emf) in the circuit, causing current to fl ow. The produced emf 
and current are functions of the temperatures of the two junctions. This is the founda-
tion on which  thermocouples  are used to measure temperature.  Radiation thermom-
eters  measure temperature based on the spectra of emitted radiation from a heated 
body.  

   p  H  

 pH is a measure of the acidity or alkalinity of a solution. The pH value plays an 
important role in food processing industries (Anon.,  2005 ; Queeney,  2007 ). The pH of 
a solution is measured by inserting a cell composed of a glass electrode and a silver 



Automation and Process Control 219

chloride or calomel electrode into the solution (Covington  et al .,  1985 ). The potential 
difference between the electrodes gives the pH value.  

  Flow Rate 

 Flow can be measured using differential pressure devices, rotating mechanical meters, 
or electronic fl owmeters. Differential pressure devices such as orifi ces and Venturi 
tubes measure the pressure drop through a constriction in the pipeline. This pressure 
drop is then converted to fl ow rate by using a calibration chart. Differential pressure 
meters are the most widely used of all the fl ow measurement devices. 

 Rotating mechanical meters (e.g. positive - displacement, turbine meter) usually have 
a a moving rotor, rotation of which is proportional to the fl uid fl ow rate. Electronic 
fl owmeters (e.g. electromagnetic fl owmeters, oscillatory fl owmeters) still have limited 
use in the process industries (Boyes,  2003 ).  

  Level 

 Measurement of level plays a very important role in controlling the liquid or solid 
level in process vessels and storage tanks. Level can be determined by measuring the 
hydrostatic pressure for liquids and by acoustic or microwave instruments for both 
liquids and solids (Berk,  2009 ).   

  Transducers and Transmission Lines 

 Measurements are often needed to be converted to physical quantities (e.g. electric 
voltage, pneumatic signal) for transmission. Transducers are used for this purpose. In 
practice, they are often coupled with the sensor. 

 Pneumatic transmission systems are based on a standardized signal range of 3 – 15   psig. 
In such transmitters the primary element produces a movement proportional to the 
measured quantity. However, pneumatic transmitters are not very useful when the 
transmission line is more than a few hundred meters, due to the time delay and 
response lag (Boyes,  2003 ). 

 On the other hand, electronic systems generate a current signal in the range of 
4 – 20   mA DC, in which the generated signal is proportional to the measured quantity 
by the sensor. The signal is transmitted over a two - wire system.  

  The Controller 

 The controller is the brain of the control system. The controller receives the measured 
data from the sensors and compares the value with the set value. If any discrepancy 
is found, the controller takes appropriate action to ensure that the process variable 
remains close to the prescribed set value. Different types of controller will be described 
in a later section of this chapter.  
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  The Final Control Element 

 The fi nal control element implements the decision taken by the controller. A pneu-
matic valve is the most frequently encountered fi nal control element. Other control 
elements used in the process industries include relay switches (for on – off control), 
variable speed pumps, variable speed compressors, and heavy load electrohydraulic 
actuators (Stephanopoulos,  1984 ).  

  Recording Elements 

 Recording elements provide a visual demonstration of process behavior. Different 
process variables (e.g. pressure, temperature, fl ow rate) are measured and displayed in 
the control room. Inclusion of digital computers in process control and data acquisi-
tion systems has greatly enhanced data recording and storage facilities.   

  Control Theory 

  On – Off Controller 

 On – off control systems are simple and inexpensive. On – off controllers are frequently 
used in household appliances and also used in some simple industrial operations. 
Figure  9.1  shows a block diagram for an on – off control system.   

 On - off controllers are often called two - position controllers since the controller 
always directs the control element to set the manipulated variable at either the 
maximum or minimum value:

    m t
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    (9.1)  

  where  m  indicates the manipulated variable,  e  is the error (e.g. set point    −    measured 
value), and  m  max  and  m  min  denote the  “ on ”  and  “ off ”  valves respectively. 

 On – off controllers result in continuous cycling of the controlled variable since the 
system over - reacts because a small change in the error will make the manipulated 
variable change over the full range (Figure  9.2 ). This sudden change in the manipulated 
variable might cause excessive wear on the control valve (Seborg  et al .,  2003 ).    

Figure 9.1 Block diagram of an on –off control system. 
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  Feedback Control: PID Control 

 Feedback controllers can have three different components: proportional, integral, and 
derivative. 

  Proportional Mode 

 Proportional control is characterized by the proportional relationship between the 
controller input and output:

    u K e bc= +     (9.2)  

  where  u  is the controller output,  e  is the error or the controller input,  K c   is the pro-
portional gain, and  b  is the bias value. The controller gain is the only adjustable 
parameter and can be used to change the controller ’ s error sensitivity. Equation  9.2  
expresses the ideal behavior of a proportional controller as shown in Figure  9.3 . 

 However, in real cases the controller output should have certain limits. The upper 
range,  u max  , and the lower range,  u min  , are related to the proportional gain by propor-
tional band (PB):

    u u Kcmax min− = × PB     (9.3)     

Figure 9.2 Controller output and controlled variable for on –off control. 
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 Since  u  max     −     u  min  usually equals 100%, the above equation can be written as:

    PB /= 100 Kc     (9.4)   

 Usual values of PB range between 1 and 1000 (Stephanopoulos,  1984 ). Higher PB values 
indicate less controller sensitivity, while lower PB values indicate higher controller 
sensitivity. The real behavior of a proportional controller is shown in Figure  9.4 .   

 Proportional control deals only with the present error and cannot consider the past 
error history or possible future consequences of an error trend. Another problem with 
proportional control is that it never reaches the set - point. By increasing the gain, this 
offset can be eliminated. However, for high gain values most processes become unsta-
ble. Therefore, proportional control is usually used for slow processes that can tolerate 
higher proportional gain or in processes where offset is tolerable. It can also be suc-
cessfully used for integrating processes.  

  Integral Mode 

 Unlike proportional control, integral mode takes the past error history into considera-
tion while taking corrective action. For this reason, integral control can eliminate the 
offset which proportional control cannot remove. The mathematical expression for 
integral controller is:

Figure 9.3 Ideal behavior of proportional controller. 
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Figure 9.4 Actual behavior of a proportional controller. 
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    u
K

edt bc

I

= +∫τ
    (9.5)  

  where   τ  I   is the integral time constant, also known as reset time or repetition time. 
For integral control, reset time is the adjustable parameter and is usually given in 
minutes. The usual value of reset time lies between 0.1 and 50   min (Stephanopoulos, 
 1984 ). The signifi cance of the name  “ reset ”  lies in the fact that integral control repeats 
the initial proportional action in its output every   τ  I   minutes. 

 Integral control by itself is hardly ever used.  Proportional - plus - reset  or PI control is 
the most widely used control system. The mathematical expression for PI control is 
as follows:

    u K e edt bc
I

= +⎡
⎣⎢

⎤
⎦⎥

+∫1
τ

    (9.6)   

 Here, the proportional mode acts as a noise amplifi er and the integral mode takes 
corrective action to eliminate offset, which would remain if proportional control is 
used alone, and gives an error - free output. 

 Since the integral mode continues to act on the process until error is completely 
eliminated, often it produces larger output until saturation (e.g. completely open or 
closed valve) is reached. In such cases, the process response becomes oscillatory with 
larger overshoots. This problem is referred to as  integral or reset windup  and occurs 
during manual operational changes such as shutdown or changeover. Modern control-
lers have anti - reset windup technology to eliminate this problem.  

  Derivative Mode 

 Derivative control allows action proportional to the rate of change of error. The math-
ematical expression for derivative control is given by:

    u K
de
dt

bc D= +τ     (9.7)  

  where   τ  D   is the derivative time constant, usually expressed in minutes. 
 Since, derivative control deals with the rate, it has the ability to predict the future 

and take necessary measures for errors about to happen. When the error starts to 
change, derivative mode performs a correction equal to the correction that a propor-
tion controller would take after   τ  D   time. Therefore, for longer   τ  D  , derivative control 
can predict further into the future. 

 Derivative control is not used alone. When used with proportional control, it is 
known as PD control. PD control has limited application. However, the combination 
of proportional, integral, and derivative mode is known as PID control and is more 
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widely used. Equations  9.8  and  9.9  show the mathematical expressions for PD and 
PID control, respectively.

    u K e
de
dt

bc D= +⎡
⎣⎢

⎤
⎦⎥

+τ     (9.8)  

    u K e edt
de
dt

bc
I

D= + +⎡
⎣⎢

⎤
⎦⎥

+∫1
τ

τ     (9.9)   

 Derivative mode has some limitations. Firstly, for constant nonzero error it would 
not produce any action since in such a case  de / dt  is always zero. Again, derivative 
control might produce large control actions for noisy but almost zero response. Since 
noise is amplifi ed due to derivative action, when using the derivative component a 
proper fi lter must be designed and implemented. Designing a proper fi lter requires 
extra caution and good knowledge of the process time constant. Therefore, derivative 
control is not very popular in process industries.   

  Feedforward Control 

 Feedback control loops take action only after disturbances affect the process variable. 
Measurement, transmission and control action involve some time lag. Therefore, the 
response of the feedback controller is usually slow. 

 Compared with feedback control, feedforward control directly measures the distur-
bances and takes action based on measurement of the disturbance. Therefore, if all 
the disturbances to the process can be properly identifi ed, a feedforward controller can 
be good alternative. 

 The use of feedforward control requires a good model of the process, which is dif-
fi cult to obtain. Also, it is impossible to measure all the disturbances impacting on 
the process. Therefore, in practice the combination of feedback and feedforward control 
is used. Figure  9.5  shows the application of such a feedback and feedforward controller 
for water level in a boiler drum. For feedback control, the controller does not take 
action until any offset is found between the set - point and the process variable (i.e. 
level). On the other hand, the feedforward system considers both steam and feedwater 
fl ow rate as disturbances. If either of these values shows deviation from the prescribed 
value, the controller will immediately adjust the control valve opening to ensure the 
disturbances do not affect water level inside the boiler.   

 Feedforward control requires proper identifi cation of sources of disturbance and it 
is costlier than feedback control. However, in processes that are very slow to respond 
to corrective action, feedforward control is used along with feedback control.  

  Ratio Control 

 Ratio control is a special type of feedforward control and is used for keeping a constant 
ratio of two or more fl ow rates. Ratio control is extensively used in industry for con-
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trolling blending, air – fuel ratio, reactor feed ratio, recycle ratio, and refl ux and boil - up 
ratios of distillation columns. Of the two streams involved, uncontrolled fl ow is often 
termed the  “ wild stream. ”  

 Ratio control can be applied in three ways, one of which involves simple scaling of 
signals while the other two are based on PID control. In the scaling approach, fl ow 
transmitter output from the wild stream is used directly to control the fl ow of the 
other stream. However, careful sizing of the control valve is essential for this approach. 
A simple example of the scaling approach to ratio control is shown in Figure  9.6 .   

 In the direct approach (Figure  9.7 ), both fl ow rates are measured. The ratio of the 
fl ows is then compared with the preset ratio value. When any discrepancy appears, 
the fl ow rate of the controllable stream is adjusted. Figure  9.8  shows the indirect 
approach to ratio control. In this approach, the wild stream is measured and multiplied 
by the desired ratio to calculate the desired fl ow rate of the controllable stream. This 
value is then compared with the measured fl ow rate of the controllable stream. A PID 
controller is then employed to act on the error.   

 Of these approaches, the scaling technique is seldom used. Although the direct 
approach is the one mostly used in industry, the indirect approach has some benefi ts 
over the direct approach (Love,  2007 ).

Figure 9.5 Level control of a boiler drum: feedback and feedforward loop. 
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Figure 9.7 Ratio control: direct approach. 

Figure 9.6 Ratio control: scaling approach. 

    •      In the direct approach, low fl ow in one of the streams can produce an indeterminate 
ratio (division by zero).  

   •      In the direct approach lower fl ow produces greater error sensitivity, while in the 
indirect approach sensitivity remains the same.     

  Cascade Control 

 A conventional feedback controller does not take action until a disturbance causes 
deviation of the controlled variable from its set - point, while a feedforward controller 
requires the measurement of disturbance and a good model of the process. An alterna-
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Figure 9.8 Ratio control: indirect approach. 

tive approach that can signifi cantly improve the dynamic response to disturbances 
employs a secondary measurement and a secondary feedback controller. The second-
ary measurement point should be located such that the disturbance or upset is recog-
nized sooner than the controlled variable. This approach, called cascade control, is 
widely used in the process industries and is particularly useful when the disturbances 
are associated with the manipulated variable or when the fi nal control element exhib-
its nonlinearity (Shinskey,  1994 ; Seborg  et al .,  2003 ). 

 In cascade control the process is broken down into primary process and secondary 
process and one controller is used for each of these processes. Figure  9.9  shows a 
cascade system for controlling the water level in a boiler drum. Here, the set - point of 
the feedwater fl ow rate controller is set by the primary controller, LC. However, if 
the pressure in the water feed line is decreased, it will cause the feedwater fl ow to 
decrease irrespective of the liquid level in the drum. In such cases, the secondary 
controller (FC) would increase water fl ow rate. Therefore, FC is acting here on the 
secondary disturbance before affecting the controlled variable. The corresponding 
block diagram is shown in Figure  9.10 .   

 The cascade control loop structure has two distinguishing features.

   1.     The output signal of the primary or master controller acts as the set - point of the 
secondary or slave controller.  

  2.     Two feedback loops are nested, with the secondary (slave) control loop located 
inside the primary (master) control loop.    

 Thus there are two controlled variables, two sensors, one manipulated variable, and 
one fi nal control element. The secondary loop is correcting the secondary disturbance 
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Figure 9.9 Cascade control of boiler drum water level. 

before it infl uences the primary variable (liquid level). Phase lag seen by the primary 
controller is reduced since the secondary loop isolates the primary loop from second-
ary disturbances.  

  Selective or Override Control 

 For control systems with fewer manipulated variables than controlled variables, selec-
tors are used for sharing the manipulated variables among the controlled variables. In 
selective control systems, control action transfers from one output to another depend-
ing on the process requirement/predefi ned logic. A selector is a practical solution for 
choosing the appropriate measurement from among a number of available measure-
ments. Selectors are used to improve control system performance as well as protect 
equipment from unsafe operating conditions. On instrumentation diagrams, the 
symbol    >    or the notation  “ HSS ”  denotes a high selector switch, while the 
symbol    <    denotes low selector switch. 

 Figure  9.11  shows selector or override control of a reactor hotspot temperature. A 
high selector is used to determine the hotspot temperature in a fi xed bed reactor. In 
this application, the output from the high selector is the input to the temperature 
controller. Because a hotspot can potentially develop at one of several possible loca-
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tions in the reactor, multiple measurement points are employed. This approach helps 
indentify when a temperature has risen too high at some point in the bed. Other 
examples of selector control include split - range control and median selector control 
(Seborg  et al .,  2003 ).    

  Nonlinear Control 

 Most physical processes are nonlinear to some extent. Linear control techniques such 
as ubiquitous PID control are still very effective if (i) the nonlinearities are mild and 
(ii) nonlinear processes are operating in a locally linear fashion over a small operating 
region. For some highly nonlinear processes, the second condition is not met and as 
a result a linear control strategy may not be adequate. In such cases nonlinear control 
strategies can provide signifi cant improvement over PID control (Seborg  et al .,  2003 ). 
Three types of nonlinear modifi cations are in use in practice: nonlinear modifi cation 
of standard PID control algorithms, nonlinear transformation of input or output vari-
ables, and controller parameter scheduling (called gain scheduling). Shinskey  (1994)  
has provided an informative overview of these methods and related techniques.  

  Advanced Control 

 Advanced control techniques were developed to deal with various challenging control 
problems (Agachi,  2006 ):

    •      nonlinear dynamic behavior of processes;  
   •      multivariable interactions between manipulated and controlled variables;  
   •      uncertain and time - varying parameters of the processes;  
   •      deadtime on inputs and measurements;  
   •      constraints on manipulated and state variables;  
   •      high - order and distributed processes;  
   •      unmeasured state variables and disturbances.    

Figure 9.11 Selective (override) control of a reactor hotspot temperature. 
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  Model Predictive Control 

 Model predictive control (MPC) is a collection of control schemes. MPC uses a model 
to predict future process output and calculate control sequences by minimizing an 
objective function appropriate for the process. Figure  9.12  shows the basic structure 
of MPC. The process model predicts process output based on past input and output 
data. Based on predicted future errors, cost function and process constraints, the opti-
mizer takes decision about future process inputs. This basic structure also indicates 
the importance of the process model since it must incorporate process dynamics 
properly to predict future outputs precisely.   

 MPC can be either linear or nonlinear, based on the type of process models used. 
Linear models include step response, impulse response, state space, and polynomial 
models. On the other hand, artifi cial neural networks and fuzzy models are some of 
the nonlinear models. Detailed discussion about MPC can be found in Agachi  (2006) , 
Camacho and Bordons  (2004) , Garc í a  et al .  (1989) , Morari and H. Lee  (1999)  and 
Rossiter  (2003) .  

  Adaptive Control 

 Adaptive control systems can adjust parameters automatically to compensate for the 
variations in process characteristics. Adaptive control automatically detects changes 
in process parameters or set - points and readjusts the controller setting. Adaptation 
can be either feedforward (gain scheduling, i.e. based on the inputs entering the process 
such as operating conditions and measurable disturbances) or feedback (self - adaptation, 
i.e. based on closed - loop performance) (Shinskey  et al .,  2006 ). Gain scheduling can be 
explained through a pH neutralization process. pH neutralization is a nonlinear process 

Figure 9.12 Basic structure of model predictive control. (From Camacho and Bordons, 2004,
courtesy of Springer.) 
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and the process gain varies with the slope of the pH titration curve. As the process 
gain rises, controller gain is required to change to ensure that the loop does not become 
unstable (Shinskey  et al .,  2006 ). With gain scheduling, the controller gain is varied to 
maintain a constant value of closed - loop gain. Figure  9.13  shows the control structure 
with gain scheduling.   

 Feedback adaptation can be either model - reference adaptive control (MRAC) or self -
 tuning regulator (STR). MRAC consists of two loops: one loop is the ordinary feedback 
loop and the other loop includes the adaptation mechanism. The adaptation mecha-
nism loop uses a reference model, compares the process output and the model output, 
and fi nally adjusts the controller parameters (Figure  9.14 ).   

 STR also involves two loops: one is the ordinary feedback loop and the other consists 
of a parameter estimator and an adjustment mechanism for the controller parameters 
(Figure  9.15 ).       

Figure 9.13 Gain-scheduling adaptation mechanism. 

Kc =
KpKmKf

Figure 9.14 Model-reference adaptive control. 
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Figure 9.15 Self-tuning regulatory (STR) control. 

  Current Practice and Future Trends in Food Process Automation 

 The constant drive toward greater profi t has led to huge investment in process control 
systems and components in diverse fi elds from oil and gas processing to the food, 
drink and pharmaceutical industries. A recent report by US advisory group ARC con-
cluded that the worldwide market for process automation systems is expected to grow 
at a compounded market rate of 9.8%. Automation and control expenditures in the 
food processing industry suffered a downward trend in 2009 due to recent economic 
recession. However, according to a new study by the ARC advisory group, expendi-
tures in automation technology in the food and beverage industries are expected to 
reach $6 billion by 2013 ( Food Engineering Magazine , 2010). The three major areas of 
focus in food and beverage manufacturing are cost management and margin protec-
tion, more sustainable manufacturing focused on energy usage and waste reduction, 
and improvement in food safety. To stay competitive, food processors are concerned 
about quality product, packaging and manufacturing innovation. 

 Key automation products to help food processing industries gain control of their 
processes include enterprise asset management, motion control, laboratory informa-
tion management systems, plant asset management, adaptive control drives, PLCs, 
DCS, foundation fi eldbus technology for data communication, process safety systems, 
human – machine interfaces, fi eld transmitters and valves, process engineering tools, 
real - time process optimization, and production management. 

 The future is complete integration of the plant. There are several levels of integra-
tion as shown in Figure  9.16 . Integration allows process control and process safety 
systems to communicate directly with each other and share important data, such as 
diagnostics information, system status, alarms, events and other critical information. 
This helps improve productivity, minimize troubleshooting time, and provides faster 
recovery from interruptions without compromising safety or security.   
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   Case Study: Fluidized Bed Dryers 

 Fluidized bed dryers are commonly used for drying solids with size range 50 – 2000    μ m 
(Law,  2006 ). Fluidized bed dryers have been successfully applied in the production of 
baby foods, baker ’ s yeast, instant coffee, seeds, tea, vitamins and many other food 
products (Bahu,  1997 ). 

 In a fl uidized bed dryer, solid particles are fl uidized by a hot gas, usually air. These 
dryers can be either batch or continuous. Batch dryers are used for small throughputs 
and are easier to control since the entire bed is homogeneous at any instant. 
Temperature and velocity of the fl uidizing gas are the important factors. For continu-
ous dryers, control of solid feed rate and product discharge rate are also important. 

 Figure  9.17  shows the arrangement for a typical plug - fl ow fl uidized bed dryer. Here 
the control objective is to obtain predefi ned moisture content in the fi nal product in 
order to maintain product quality and consistency. Moisture content in the product 
is infl uenced by the velocity and temperature of the hot air and the solid feed rate. 

Figure 9.16 Total integration or enterprise -wise integration. (Used with permission of Rockwell 
Automation.)
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Hot air velocity as the manipulated variable is found to be most effective (Villegas 
 et al .,  2008 ). The control loop is shown in Figure  9.18 .   

 The outlet air temperature is measured. From the outlet air temperature, the mois-
ture content of the product (controlled variable) can be estimated (Villegas  et al .,  2008 ). 
The controller then compares the controlled variable with the set - point and adjusts 
the air velocity accordingly. Solid feed rate and seasonal variation of moisture content 
work as disturbance variables. This example demonstrates simple feedback control of 
the dryer process. Most recent literature reports the use of more sophisticated control 
techniques, such as neural network control, fuzzy logic control, adaptive control, and 
MPC (Temple  et al .,  2000 ; Ortega  et al .,  2007 ; K ö ni  et al .,  2009 ).    

Figure 9.17 Typical arrangement of a plug -fl ow fl uidized bed dryer. 

Figure 9.18 Control loop for a plug -fl ow fl uidized bed dryer. 
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  Conclusions 

 This chapter has discussed automation and control in the food and beverage industries, 
described the basic theory of control, and presented the current and future trends of 
automation in the food industry. Investment in automation and control is increasing 
because an automated system can provide high - speed production, increase throughput 
rate, minimize downtime, enhance quality, ensure safety, and integrate information 
from top to bottom of an organization. The future of the food industry depends on 
total integration of the business for increased profi tability.  
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   Introduction 

 Mathematical modelling allows a rational approach to process design, operation and 
optimisation. It provides an opportunity for generalizing experimental results and, if 
successful, obtaining indications about processes different from those studied. 
Moreover, it is a useful tool in the development of scaling - up procedures from labora-
tory to pilot and industrial scales. Although model - based simulation, optimisation 
and control are widely used in chemical and pharmaceutical processes, the use of 
model - based activities in food processes has been limited (Saravacos and Kostaropoulos, 
 1996 ). This is mainly due to diffi culties in representing the many thermophysical 
properties of food accurately and because of the absence of useful databases aiding 
calculation of such properties, even though the engineering and physical properties of 
foods have been published in handbooks of food engineering (Heldman and Lund,  1992 ; 
Rahman,  1995 ). Although reliable property data are available for liquid foods (oils, 
juices, beverages, etc.), most data on solid and semi - solid foods are specifi c for a certain 
structure and processing treatment, thus making the use of computational tools 
limited in the food industry. However, the scenario has rapidly changed over the last 
decade. 

 Interestingly, the food, chemical and pharmaceutical industries share many common 
unit operations, such as reactor, distillation, extraction, drying, crystallisation, 
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fi ltration, evaporation, and cooling. This chapter categorises food processing according 
to unit operations involved in the processing and focuses on the modelling of such 
processes and the use of computational tools for simulation, optimisation and control 
of such processes.  

  Reactor in Food Processing 

 Food processing is mostly carried out in small - scale batches in multipurpose batch 
plants. Processing time varies from a few hours to a few days. Batch reactor is an 
essential unit operation in many food processes. It is used for small - scale operations, 
for testing new processes that have not been fully developed, for the manufacture of 
expensive products and for processes that are diffi cult to convert to continuous opera-
tions (Fogler,  1992 ). In batch reactor (Figure  10.1 ), there is no infl ow or outfl ow of 
reactants or products while the reaction takes place. The reactants charged into a 
container are well mixed and are left to react for a certain period and then 
discharged.   

 Food quality often deteriorates as a result of multiple causes (which often occur 
simultaneously or sequentially) including physical phenomena, chemical reactions 
and microbiological spoilage. Food spoilage is due to chemical reactions and these 
affect major quality attributes, such as colour, fl avour, texture, taste and overall 

Figure 10.1 Typical batch reactor system. 
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appearance of perishable food products. A number of chemical reactions occur in foods 
during processing and storage and these can be described as consecutive, parallel and 
complex reactions; for example, non - enzymatic browning (also known as Maillard 
browning reaction), chlorophyll degradation during heating, and enzymatic hydrolysis 
of maltose (Van Boeckel,  1998 ; Labuza and Baisier,  2001 ; Bas  et al .,  2007a ; Giannakourou 
and Taoukis,  2007 ). A controlled atmosphere (nitrogen, oxygen, carbon dioxide, ozone) 
limits chemical reactions in post - harvest food (in a large batch reactor) and enhances 
shelf - life (Shalluf,  2010 ). 

 Thermal treatment is frequently used in food preservation. However, excessive 
heating may result in considerable loss of quality and especially in the organoleptic 
properties of foods. Development of kinetic models of thermal destruction is impor-
tant for designing new processes in order to provide a safe food product with maximum 
retention of quality factors. Small - scale batch reactors are often used to develop such 
kinetic models (Avila and Silva,  1999 ; Sarioglu  et al .,  2001 ). 

 Table  10.1  summarises the work on the use of reactors in food processing, highlight-
ing the use or development of empirical correlations, data - driven input – output models 
or full process models based on mathematical equations. All work reported in Table 
 10.1  applies to batch reactors unless stated otherwise.    

Table 10.1 Use of reactor in food processing. 

Reference Study EC/IOM/PM

Yang & Okos  (1989) Hydrolysis of lactose in plug -fl ow reactor PM
Lee & Ramirez  (1994, 1996) Fed-batch bioreactor for protein production PM
Tholudur & Ramirez  (1996) Fed-batch bioreactor for protein production PM
Fitzpatrick & Engler  (1995) Production of lactate from whey in cyclic 

batch and continuous reactor 
PM

Koljonen et al. (1995) Brewery mashing process: hydrolysis of 
starch

PM

Carrasco & Banga  (1997) Protein production PM
Avila & Silva  (1999) Kinetics of thermal degradation of colour 

in peach pur ée
EC

Illanes et al. (2000) Sequential batch reactor with chitin -
immobilised lactase 

PM

Sarioglu et al. (2001) Kinetics of immobilised pectinase EC
Li et al. (2004) Brewery mashing process: degradation of 

arabinoxylans
PM

Garcia et al. (2006) Fermentation of glucose to produce 
ethanol

PM

Prieto et al. (2007) Hydrolysis of whey protein EC
Bas et al. (2007a,b) Hydrolysis of maltose IOM/PM
Rodríguez-Nogalez et al. (2007) Hydrolysis of pectin by enzymes from 

Aspergillus niger CECT 2088 
IOM

Mujtaba (2009) Control of general batch reactors PM
Durand et al. (2009) Brewery mashing process PM
Pereira et al. (2009) Ethyl lactate synthesis in a simulated 

moving bed reactor 
PM
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  Distillation in Food Processing 

 The distillation process has been in use for many centuries. It is perhaps the oldest 
technology for separating/purifying liquid mixtures and is the most widely used sepa-
ration method in the chemical, pharmaceutical and food industries. 

 Distillation separates two or more components in a liquid mixture using the prin-
ciple of relative volatility or boiling points. The degree of difference in relative volatil-
ity of the components dictates the extent of separation of the mixture. The distillation 
process involves the production of vapour by boiling the mixture in a still and removal 
of the vapour from the still by condensation. Because of differences in relative volatil-
ity (or boiling points), the vapour becomes richer in light components and the liquid 
becomes richer in heavy components. Usually a part of the condensate is returned 
( refl ux ) back to the still and is mixed with the outgoing vapour (Figure  10.2 ). This 
helps further transfer of lighter components from the liquid phase to the vapour phase 
and transfer of heavier components from the vapour phase to the liquid phase. As a 
consequence, the vapour phase becomes richer in light components and the liquid 
phase becomes richer in heavy components. In order to enhance mass transfer, devices 
known as plates, trays or packing are used to bring the vapour and liquid phases into 
intimate contact.   

 The process can be carried out in  continuous ,  batch  or  semi - batch  (or  semi -
 continuous ) mode. The main issues for researchers and process engineers in the last 
few decades (Mujtaba,  2004 ) have been as follows:

Figure 10.2 Typical extraction system with solvent recovery by distillation. 
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    •      design of alternative and appropriate column confi gurations for batch distillation;  
   •      development of mathematical models in line with the development of numerical 

methods;  
   •      formulation and solution of steady - state and dynamic optimisation problems for 

optimal design, operation and control;  
   •      development of off - cut recycling strategies;  
   •      use of distillation in reactive and extractive mode; and  
   •      use of artifi cial neural networks in modelling, optimisation and control.    

 Table  10.2  briefl y summarises work on the use of distillation in food processing, 
highlighting the use or development of empirical correlations or full process models. 
All the studies reported in Table  10.2  refer to batch distillation unless stated 
otherwise.    

Table 10.2 Use of distillation in food processing. 

Reference Study EC/IOM/PM

Arul et al. (1988) Fractionation of anhydrous milk fat by short -path
distillation

Ondarza & Sanchez  (1990) Steam distillation and supercritical fl uid extraction 
of some Mexican spices 

Calabro et al. (1994) Membrane distillation in the concentration of 
orange juice 

PM/EC

Karlsson & Tr ägårdh (1997) Aroma recovery by distillation during beverage 
processing

Engel et al. (1999) Isolation of aroma compounds from complex food 
matrices by extractive distillation 

Seo et al. (1999) Recovery of lactic acid in batch reactive distillation 
Petrotos & Lazarides  (2001) Osmotic concentration of liquid foods by 

membrane distillation 
Hernandez-Gomez et al. (2003) Melon fruit distillation 
Campos et al. (2003) Fractionation of milk fat by short -path distillation 
Osorio et al. (2004) Wine distillations PM
Osorio et al. (2005) Wine distillations PM
Zamar et al. (2005) Rectifi cation of essential oils PM
Babu et al. (2006) Osmotic membrane distillation of phycocyanin 

colorant and sweet -lime juice 
EC

Martins et al. (2006) Enriching tocopherols in soybean oil deodoriser 
distillate (SODD) using a molecular distillation 
process

Joglekar et al. (2006) Review of downstream processing options for 
lactic acid (distillation, fermentation, extraction, 
absorption)

EC/PM

Shao et al. (2007) Molecular distillation for recovery of tocopherol 
from rapeseed oil 

EC/IOM

Osorio et al. (2008) Soft-sensor for on -line estimation of ethanol 
concentrations in wine stills 

EC/IOM

Munir & Hensel  (2009) Biomass energy utilisation in solar distillation 
system for essential oils extraction from herbs 

Mujtaba et al. (2010) Synthesis of lactic acid PM
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  Extraction in Food Processing 

 Solid – liquid extraction is one of the methods for extracting a desired intracellular 
component from plant tissues (Simeonov  et al .,  1999 ; Bird  et al .,  2002 ). For example, 
extraction of sugar is carried out in counter - current extraction units in sugar factories 
around the world (Sotudeh - Gharebagh  et al .,  2009 ). 

 Extraction of high - value - added compounds such as cocoa butter, lycopene and caro-
tene from natural sources such as cocoa beans and tomatoes using supercritical fl uids 
is the most widely studied application, with several hundred published scientifi c 
papers (Baysal  et al .,  2000 ; Cadoni  et al ,  2000 ; Saldana  et al .,  2002 ; Reverchon and De 
Marco,  2006 ). Several extractants have been examined as supercritical fl uid extraction 
(SFE) solvents, for example hydrocarbons such as hexane, pentane and butane, nitrous 
oxide, sulphur hexafl uoride and fl uorinated hydrocarbons (Smith,  1999 ). However, 
carbon dioxide (CO 2 ) has been the most popular SFE solvent as it is safe, readily avail-
able and a low - cost fl uid, allowing supercritical operations at low pressures and at 
near - room temperatures. Often the solvents used are recovered when using a distilla-
tion column and are recycled (Figure  10.3 ).   

 Table  10.3  summarises the literature on the use of extraction in food processing, 
highlighting the use or development of empirical correlations or full process models. 
Further information can be obtained from the published paper by Reverchon and De 
Marco  (2006) .    

Figure 10.3 Typical batch distillation column. 
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  Thermal Treatments in Food Processing 

 Heating (i.e. drying, sterilisation, cooking) and cooling (i.e. chilling, refrigeration, cold 
storage) are common thermal processes in the food industry (Figure  10.4 ). Drying of 
fruits, vegetables and rice have occurred since ancient times, using the sun and the 
wind (Salunkhe  et al .,  1991 ; Quirijns,  2006 ; Wongrat,  2009 ). Drying is one of the most 
important methods of preserving perishable food products throughout the world. 
Because of the high water content, the water in the food can serve as the medium for 
chemical, enzymatic and microbial reactions, leading to ultimate loss of quality and 
nutritional value (Labuza,  1980 ; Askar and Treptow,  1993 ). In tropical countries fresh 
food materials are dried to prevent wastage of surplus seasonal crops (e.g. mangobar 
from mango pulp, dried apricot, dried pineapple) (Uddin  et al .,  1990 ; Rahman and 
Lamb,  1991 ; Chauhan  et al .,  1993 ). Industrial batch - type tray air driers are used 
for drying fruits and vegetables, whereas microwaves are usually used for drying 

Table 10.3 Use of extractor in food processing. 

Reference Study EC/IOM/PM

Marrone et al. (1998), Reverchon &
Marrone (2001)

Almond oil from almonds PM

Dunford et al. (1998) Fish oil from Atlantic mackerel PM
Reverchon & Marrone  (2001),

Reverchon et al. (1999)
Essential oil from fennel seeds PM

Roy et al. (1996) Ginger oil extraction PM
Reverchon & Marrone  (1997) Essential oil from cloves PM
de Franca & Meireles  (2000) Carotene and lipids from palm oil PM
Tonthubthimthong et al. (2004) Nimbin from neem seeds EC
Teberikler et al. (2003) Phosphatidylcholine from soybean lecithin mixture PM
Ferreira & Meireles  (2002) Essential oil from black pepper PM
Esquivel et al. (1999) Oliive husk oil from olives EC/PM
Lee & Shibamoto  (2002) Antioxidant potential of volatile extracts isolated 

from various herbs and spices 
Sotudeh-Gharebagh et al. (2009) Sugar extraction PM

Figure 10.4 Schematic diagram of a tray dryer for food. 
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heat - sensitive foods (Lian  et al .,  1997 ; Ahmad  et al .,  2001 ). Drying of products improves 
the shelf - life and improves the handling of products in terms of lower weight, packag-
ing and transportation costs and storage space (Salunkhe  et al .,  1991 ).   

 The canning process (also known as the sterilisation process) is a thermal process 
whereby food is steam heated to a temperature suffi cient to destroy pathogenic micro-
organisms. It extends the shelf - life of food products and makes the food safe for human 
consumption. Of the several techniques used for food preservation, canning is still the 
most effective. The product specifi cations, container type and size, and its orientation, 
as well as the characteristics of the heating medium dictate the time required for the 
sterilisation process. Excessive heating can affect the quality and nutritional proper-
ties of the food (Ghani  et al ,  1999 ; Miri  et al .,  2008 ). In the canning process, both 
constant retort temperature (CRT) and variable retort temperature (VRT) methods are 
used (Chen and Ramaswamy,  2002 ). 

 In supermarkets, cold room and air blast chilling are widely used for cooling of 
vegetables and fruits in bulk (Maidment and Tozer,  2002 ; Cai  et al .,  2008 ). Vacuum 
cooling is also used to rapidly chill leafy vegetables and cooked foods (Wang and Sun, 
 2003 ). This is different from conventional slow air, air blast and water immersion 
cooling methods because of the internal generation of cooling source due to water 
evaporation under vacuum pressure. 

 Table  10.4  summarises the research on the use of thermal treatments in food 
processing, highlighting the use or development of empirical correlations or full 
process models.     

  Model - based Techniques in Food Processing: Simulation, 
Optimisation and Control 

 The simulation of food processes (at both unit operation and at plant level) has 
received considerable attention (Fryer,  1994 ; Sun  et al .,  1995 ; Datta,  1998 ; Banga 
 et al .,  2003 ; Wong  et al .,  2006, 2007 ; Miri  et al .,  2008 ; Wongrat,  2009 ; Yadav and Jana, 
 2010 ). The majority of these processes result in models described by a system of non-
linear, ordinary and/or integral partial differential and algebraic equations with or 
without logic conditions (modelling discrete events and/or transitions) (Banga  et al ., 
 2003 ). The complexity of these models ranges from the simple (e.g. empirical or input –
 output data driven) to the highly complex (e.g. fl uid dynamics coupled with mass 
transfer, heat transfer and reactions) as shown in Tables  10.1 ,  10.2 ,  10.3  and  10.4 . 

 Mathematical optimisation can be a diffi cult task because of the following charac-
teristics of the mathematical models of food processing operations (Banga  et al .,  2003 ):

    •      nonlinear and/or dynamic with possible discrete operation;  
   •      multiple variables of interest (temperature, concentration, pressure, etc.) often dis-

tributed in space resulting in partially or fully distributed systems (i.e. described by 
partial differential equations) with coupled transport phenomena;  
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   •      presence of complicated nonlinear constraints due to safety and quality 
requirements.    

 Table  10.5  highlights the types of models and their use in simulation, optimisation 
and control in food processing. Where available it also captures the computational 
tools used. Models using nonlinear algebraic equations are referred to as NAE, non-
linear differential and algebraic equations as DAE, nonlinear partial differential and 
algebraic equations as PDAE, nonlinear integral partial differential and algebraic equa-
tions as IPDAE, and data - driven models as EC or NN (neural network). Here we only 
present the cases where full process simulation, optimisation and control are consid-
ered in food processing.   

 Readers are directed to the review papers by Reverchon and De Marco  (2006)  for 
modelling work on extraction, Wang and Sun  (2003)  for modelling work on thermal 
processing, Banga  et al .  (2003)  for dynamic optimisation of food processes and Erdogdu 
 (2009)  for optimisation in food processing. Readers are also directed to Maroulis and 
Saravacos  (2003)  on food process design, Maroulis and Saravacos  (2008)  on food plant 
economics and Sablani  et al .  (2007)  on food and bioprocess modelling techniques. 
Information available in these texts can be very valuable for developing model - based 

Table 10.4 Thermal treatment in food processing. 

Reference Study EC/IOM/PM

Rahman & Lamb  (1991),
Uddin et al. (1990)

Pineapple drying characteristics EC

Wang & Brennan  (1995) Potato drying characteristics EC
Sun et al. (1995) Grain drying process PM
Madamba et al. (1996) Garlic drying characteristics EC
Simal et al. (1996) Green peas drying characteristics EC
Trelea et al. (1997) Corn drying process IOM
Willis et al. (1997) Cooking extruder process IOM
Ghani et al. (1999) Canning process PM
Togrul & Pehlivan  (2002) Apricots drying characteristics EC
Chen & Ramaswamy  (2002) VRT canning process IOM
Wang & Sun  (2002a,b) Vacuum cooling process PM
Krokida et al. (2003) Drying kinetics of vegetables EC
Hernandez-Perez et al. (2004) Drying of cassava and mango IOM
Herman-Lara et al. (2005) Batch drying of food PM
Quirijns (2006) General food drying characteristics PM
Wong et al. (2006, 2007) Bread baking process PM
Wongrat (2009) Rice drying EC&PM
Goyal et al. (2007) Drying kinetics of plums EC
Jain & Pathare  (2007) Modelling of the internal cooling of 

fi sh during ice storage 
PM

Miri et al. (2008) Canning process PM
Cai et al. (2008) Supermarket refrigeration system PM
Cai & Stoustrup  (2008) Supermarket refrigeration system PM
Yadav & Jana  (2010) Tomato juice by evaporation 

process
PM
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Table 10.5 Use of models and computational software in food processing. 

Reference Purpose/process Model type Computational
methods/tools

Fitzpatrick & Engler  (1995) Simulation of cyclic batch and 
continuous reactor for 
lactate production 

DAE

Sun et al. (1995) Simulation of grain drying 
process

PDAE gPROMS

Roy et al. (1996) Simulation ginger oil 
extraction

PDAE Crank Nicholson 

Koljonen et al. (1995) Simulation of brewery 
mashing process 

DAE Fourth-order
Runge–Kutta

Lee & Ramirez  (1996) Optimisation and on -line
control of fed -batch
bioreactor for protein 
production

DAE

Tholudur & Ramirez  (1996) Optimisation fed -batch
bioreactor for protein 
production

DAE+NN

Saravacos & Kostaropoulos 
(1996)

Review of the importance of 
food properties in food 
process simulation 

Carrasco & Banga  (1997) Optimisation of batch reactor 
for protein production 

DAE Fortran /DASSL 

Willis et al. (1997) Optimisation of cooking 
extruder process 

NAE Genetic algorithm 

Dunford et al. (1998) Simulation of fi sh oil 
extraction

NAE

Payne & Morison  (1999) Simulation of brine salting in 
cheese

DAE MATLAB

Georgiadis et al. (1998a),
Georgiadis & Macchietto 
(2000)

Simulation of plate heat 
exchangers in milk 
processing

IPDAE gPROMS

Georgiadis et al. (1998b) Simulation of shell and tube 
plate heat exchangers in 
milk processing 

IPDAE gPROMS

Georgiadis et al. (1998c) Optimal design and operation 
heat exchangers in milk 
processing

IPDAE gPROMS

Esquivel et al. (1999) Optimisation of olive husk oil 
extraction process 

PDAE

Ghani et al. (1999, 2001) Simulation of canning process PDAE CFD (PHOENICS) 
Illanes et al. (2000) Optimisation of sequential 

batch reactor with 
chitin-immobilised lactase 

DAE Visual Basic 5.0 

de Franca & Meireles 
(2000)

Simulation of carotene and 
lipids extraction from 
palm oil 

PDAE

Marrone et al. (1998),
Reverchon & Marrone 
(2001)

Simulation of extraction for 
almond oil and other 
vegetable oils 

PDAEs

Chen & Ramaswamy  (2002) Optimisation of VRT canning 
process

NN Visual Basic 5.0 
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Reference Purpose/process Model type Computational
methods/tools

Wang & Sun  (2002a) Modelling vacuum cooling 
process for meat 

DAE Visual C ++

Wang & Sun  (2002b) Modelling vacuum cooling 
process under vacuum 
pressure for meat 

PDAE Finite Element 

Morison & She  (2003) Optimisation of multi -stage
membrane plants for whey 
ultrafi ltration 

NAE Excel

Banga et al. (2003) Review on use of modern 
optimisation methods for 
improving food processing 

NAE/DAE/
PDAE

ABACUSSII,
EcoimPro,
gPROMS

Wang & Sun  (2003) Review of numerical 
modelling of thermal 
processes

Finite difference/
fi nite element/
CFD/CFX/Star-CD

Osorio et al. (2004) Simulation of wine distillation DAE+EC+NN MATLAB
Li et al. (2004) Parameter estimation by 

optimisation and simulation 
of brewery mashing 
process

DAE Simplex and 
fourth-order
Runge–Kutta

Osorio et al. (2005) Optimisation of wine 
distillations

DAE MATLAB

Zamar et al. (2005) Optimisation of batch 
distillation for essential oils 

NAE Visual Basic 

Herman-Lara et al. (2005) Simulation of convection food 
batch drying 

PDAE Runge–Kutta

Calabro et al. (1994) Simulation of membrane 
distillation for concentration 
of orange juice 

NAE+EC

Garcia et al. (2006) (a) Optimisation of semi -
continuous fermentor 
ethanol production 

(b) Optimisation of canning 
process

DAE+PDAE gPROMS

Quirijns (2006) Modelling general food drying 
process

PDAE gPROMS

Wong et al. (2007) Control of bread baking 
process

PDAE CFD (Fluent 6.2.16) 

Bas et al. (2007b) Simulation of maltose 
hydrolysis in batch reactor 

DAE+NN MATLAB

Shao et al. (2007) Optimisation of molecular 
distillation for recovery of 
tocopherol from rapeseed 
oil

NN

Jain & Pathare  (2007) Modelling fi sh cooling during 
ice storage 

NAE Linear regression 

Osorio et al. (2008) Control of wine stills EC/NN MATLAB
Miri et al. (2008) Global optimisation of 

canning process 
PDAE gPROMS

Martinho et al. (2008) Simulation and optimisation of 
vegetable oil processes 

NAE PRO-II and ICAS 

Table 10.5 (Continued ) .

(Continued)
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Reference Purpose/process Model type Computational
methods/tools

Wongrat (2009) Optimisation of rice drying 
process

DAE Generalized disjunc
tive programming

Pereira et al. (2009) Simulation of simulated 
moving bed reactor for 
ethyl lactate synthesis 

PDAE gPROMS

Sotudeh-Gharebagh et al.
(2009)

Simulation and optimisation of 
sugar extraction process 

PDAE Genetic algorithm 

Durand et al. (2009) Dynamic optimisation of 
mashing process 

DAEs gPROMS/particle
swarm
optimisation/
fi fth -order
Runge–Kutta

Cai et al. (2008) Optimisation of supermarket 
refrigeration syestem 

DAE gPROMS

Cai & Stoustrup  (2008) Minimise quality deterioration 
of refrigerated foodstuffs 

DAE gPROMS

Perez-Correa et al. (2008) Dynamic optimisation of food 
processing

DAEs MATLAB

Mujtaba et al. (2010) Energy minimisation in lactic 
acid synthesis 

DAE gPROMS

Yadav & Jana  (2010) Simulation and control of 
double effect evaporator for 
tomato juice 

DAE

Table 10.5 (Continued ) .

techniques for simulation, optimisation and control of food processes. It is noticeable 
that the use of model - based techniques has signifi cantly increased since the paper by 
Saravacos and Kostaropoulos  (1996) . Model - based techniques in food processing have 
been used signifi cantly more for reactor, extractor and thermal processing units than 
in distillation over the last four decades.  

  Food Properties in Model - based Techniques 

 The accuracy of model predictions depends heavily on thermophysical properties. 
Some of these properties for food products can be found in Rahman  (1995)  and Sweat 
 (1985) . The accuracy of a model prediction can be signifi cantly improved by using 
temperature -  and composition - dependent thermal properties. Heat transfer models 
can be used to optimise the experimental design when measuring physical properties 
(Wang and Sun,  2003 ). Alternatively, thermal properties of foods can be calculated 
from the composition of foods and the thermal properties of each substance (Wang  &  
Sun,  2002a,b ). The main constituents of foods are usually water, protein and fat while 
other constituents such as salt and ash comprise very small amounts. The temperature -



Use of Various Computational Tools 251

 dependent thermal properties of these constituents can be measured or obtained from 
the literature (Lewis,  1987 ). The thermal properties of foods can also be determined 
by using analytical or numerical heat transfer models and experimentally measured 
temperature history. To determine a thermal property, an assumed value of the 
thermal property is fi rst used to solve the numerical model. The predicted tempera-
tures are then compared with their corresponding measured values. The value of the 
thermal property is acceptable if the minimum difference between the predicted and 
measured temperatures is achieved (Schmalko  et al .,  1997 ).  

  Computational Software in Food Processing 

 Table  10.5  identifi es a number of computational methods and software packages that 
have been used in food processing over the last three decades. Interestingly, the 
thermal processing of foods has attracted a large number of commercial software pack-
ages (Fortran, CFX, Star - CD, Phoenix, MATLAB, Visual Basic, Excel, PRO - II, ICAS 
 (2001)  and gPROMS), with a signifi cant increase in the last decade. This is due to the 
importance of control of post - harvest quality (colour, taste, longevity), transport and 
packaging, and of energy savings. 

 While the use of commercial CFD software is noticeable mainly in modelling 
thermal processing unit operations, gPROMS has been widely used not only in model-
ling of thermal processes but also in reactor and distillation and for dynamic optimisa-
tion of food processes. The features of gPROMS software are briefl y introduced in the 
following section. 

  gPROMS Software 

 gPROMS is a general process modelling system for simulation, optimisation and 
control (both steady state and dynamic) of highly complex processes ( http://www.
psenterprise.com/ ). The clear concise language allows the user to concentrate on 
getting the modelling equations correct while not having to be concerned with the 
complexity of the solution techniques. All solvers have been designed specifi cally for 
large - scale systems and there are no limits regarding problem size other than those 
imposed by available machine memory. The generality of gPROMS means that it has 
been used for a wide variety of applications in petrochemicals, food, pharmaceuticals, 
specialty chemicals and automation. 

 gPROMS is supplied with libraries of common process models that can be freely 
extended and customised to ensure applicability to customer ’ s exact requirements. 
gPROMS allow the direct mathematical description of distributed unit operations 
where properties vary in one or more spatial dimensions (e.g. thermal process model-
ling in food processes). gPROMS provides facilities for solving systems of integral, 
partial and ordinary differential and algebraic equations, and therefore allows simula-
tion and optimisation of complex industrial processes including packed absorption/
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adsorption columns, and chromatographic and membrane separators. Moreover, 
gPROMS has also been used to directly model solid - phase operations involving parti-
cle size distributions or distributions with respect to other properties such as molecu-
lar weight, for example batch and continuous crystallisation processes, grinding 
operations and polymerisation processes (very useful for solid – liquid food extraction 
processes). 

  Modelling of Process Discontinuities 

 The physical and chemical behaviour of most processes is inherently discontinuous 
and therefore changes can take place abruptly and frequently due to phase transitions, 
fl ow regime transitions, geometrical limitations (i.e. irregular thermal processing 
units), and so on. gPROMS facilitates the description of processes with discontinuities 
very easily.  

  Modelling of Operating Procedures 

 The operating procedures of a process are as important as describing the physics and 
chemistry of the various unit operations in it. gPROMS views processes as a combina-
tion of equipment models and their operating procedures. gPROMS adopts a dual 
description for processes in terms of MODELs (which describe the physical, chemical 
and biological behaviour of the process) and TASKs (which operate on MODELs and 
describe the operating procedure that is used to run the process). The gPROMS TASK 
language is general and fl exible and allows the description of highly complex operating 
procedures, each comprising a number of steps to be executed in sequence, in parallel, 
conditionally or iteratively. This capability is important when dealing with batch 
processes (as used frequently in food processing), where description of the physical 
and chemical operations is as important as the description of the operating policy that 
is used to run the process.  

  Dynamic Optimisation 

 gPROMS provides a modelling platform that allows formal mathematical algorithms 
to automatically optimise large - scale dynamic processes (both lumped and distrib-
uted). gPROMS allows optimisation of integer or discrete parameters using mixed 
integer optimisation (MIO) which can be applied to both steady - state and dynamic 
gPROMS models involving discontinuous equations. Systems involving over 40   000 
time - varying quantities have been successfully optimised to date. Examples include 
optimal start - up and shutdown procedures; optimal design and operation of multi -
 phase batch/semi - batch reactors; optimal grade switching policies for continuous 
polymerisation reactors; optimal tuning of PID controllers; and nonlinear model pre-
dictive control.  
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  Parameter Estimation 

 gPROMS facilitates estimation of model parameters through optimisation from both 
steady - state and dynamic experimental data. This can be a very useful tool in estimat-
ing food properties when experimentation is very diffi cult. Parameter estimation is a 
key tool for model validation and gPROMS has been used for many years for this 
purpose in a broad variety of industrial applications (Jarullah  et al .,  2011 ). gPROMS 
has a number of advanced features including the ability to estimate an unlimited 
number of parameters and to use data from multiple steady - state and dynamic experi-
ments. Moreover, it has a built - in interface to MS Excel that allows automatic testing 
of the statistical signifi cance of results, generates plots overlaying model data and 
experimental data, plots confi dence ellipsoids, and so on.  

  Open Architecture 

 Another important feature of gPROMS is that it has open software architecture that 
allows easy incorporation of third - party software components within gPROMS and 
incorporation of gPROMS within third - party applications. Four different categories of 
interface are currently supported, each via a formally defi ned and well - tested com-
munication protocol.

    •      Foreign Object Interface (FOI): part of the model can be described by external soft-
ware such as physical properties packages, legacy code for unit operations, etc., and 
CFD tools.  

   •      Foreign Process Interface (FPI): this feature allows gPROMS simulations to exchange 
information with external software such as real - time control systems, operator 
training packages and tailored front - ends for non - expert users.  

   •      Output Channel Interface (OCI): in this protocol external software can capture and 
manipulate all results produced by gPROMS simulations. A good example of this 
is the built - in interface that gives the user freedom to send and receive data from a 
gPROMS model to and from MS Excel without having to write any macros.  

   •      Open Solver Interface (OSI): this allows external mathematical solvers to be inter-
faced to gPROMS.    

 Further details are available at  http://www.psenterprise.com/  and in the references 
given in Table  10.5 .    

  Conclusions 

 This chapter highlights the use of unit operations such as reactor, distillation column, 
extractor, dryer and cooler (heat exchangers) in the food industry. The models used in 
food processing to evaluate thermophysical properties or the performance of units are 
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also highlighted wherever possible. The types of models (simple correlations to detailed 
mathematical models) and their uses are also briefl y presented. Finally, the computa-
tional methods or tools used in model - based techniques (simulations, optimisation 
and control) are highlighted, with a detailed description of the features of the widely 
used software gPROMS in food processing.  
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   Introduction 

 The fl ow behavior of fl uids is important to virtually every aspect of commercial 
process operations and related industries. Food processing operations involve transport 
of fl uid (as food or heating/cooling medium) from one location to another through 
piping systems containing fi ttings and valves by means of a driving force, such as that 
provided by a pump, some static elevation change or some other source of pressure. 
Food process engineers are thus interested in various aspects of the problems associ-
ated with fl ow of fl uids. Process engineers are initially concerned with the fl ow of 
fl uids through pipelines and require measurement of the pressure drop during trans-
portation and estimation of the power requirements for pumping. The purpose of this 
chapter is to review the fundamental concepts of fl uid fl ow and to provide information 
for the selection of pump for fl uid fl ow situations.  

  Nature of Fluids 

 A fl uid is a substance which undergoes continuous deformation when subjected to a 
shear stress. Fluid is a general term and is used to represent either liquid or gases. In 
this chapter we consider only liquid as fl uid. A good understanding of fl uid properties 
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is essential for good engineering design and the analysis of fl uid fl ow problems. 
Density and viscosity are the most important physical and transport properties in fl uid 
fl ow studies. These properties infl uence the power requirements during fl uid transport 
and fl ow characteristics within the pipeline. A better understanding of these properties 
helps process engineers design an optimum fl ow transport system. 

 The density of fl uid is defi ned as mass per unit volume (kg · m  − 3 ). The density of fl uid 
is a function of temperature and pressure. If the change in density is small with mod-
erate temperature and pressure, the fl uid is termed  “ incompressible ” ; if the changes 
are noteworthy, the fl uid is termed  “ compressible. ”  Liquids are generally incompress-
ible whereas gases are compressible. The density of water is maximum at 4    ° C and 
decreases with increase in temperature. 

 A fl uid may be assumed to be matter composed of different layers. A fl uid starts to 
move when an external force is applied. Viscosity is an inherent property that resists 
the relative movement of adjacent layers in the fl uid. The viscosity of a fl uid usually 
varies signifi cantly with temperature and remains independent of pressure. For most 
fl uids, as the temperature of fl uid increases, the viscosity decreases. Figure  11.1  illus-
trates a thin layer of fl uid sandwiched between two parallel plates, of area  A , separated 
by a small distance  h , the bottom one fi xed and the top one subject to an applied force 
parallel to the plate, which is free to move in its plane. The fl uid is considered to 
adhere to the plates and its properties can be classifi ed by the way the top plate 
responds when the force is applied. Application of a force  F  to the upper plate causes 
it to move at velocity  u . The fl uid continues to deform as long as the force is applied, 
unlike a solid, which would undergo only a fi nite deformation. For an incompressible 
Newtonian fl uid, the resulting shear stress (force per unit area of the shearing plane, 
  τ  ) is equal to the product of the shear rate (velocity gradient  du / dy ,   �γ ) and the viscosity 
(  μ  ) of the fl uid medium. The equation which describes the behavior is:

    τ μγ= �     (11.1)     

 A plot of shear stress versus shear rate (known as a rheogram) for several types of 
time - independent fl uids is shown in Figure  11.2 . Newtonian fl uids exhibit a straight 
line relationship between shear stress and shear rate with zero intercept. Dynamic 

Figure 11.1 Material fl ow through pipe. 
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viscosity and coeffi cient of viscosity are synonyms for the term  “ viscosity ”  in refer-
ring to Newtonian fl uids (Steffe,  1996 ). Liquid foods like fruit juice, milk and honey 
represent Newtonian fl uids.   

 When shear stress is not directly proportional to shear rate but is related in more 
complex ways, the fl uid is termed as non - Newtonian. In such a situation, the variable 
fl uid viscosity is defi ned as   τ γ/ �. It becomes a function of either shear stress or shear 
rate. This viscosity is known as the apparent viscosity and is designated by  η .

    η τ γ τ γ= =f( , ) ( / )� �     (11.2)   

 Non - Newtonian materials can be grouped conveniently into three classes (Holdsworth, 
 1971 ; Chhabra and Richardson,  1999 ):

   1.     Fluids for which the rate of shear at any point is determined only by the value of 
shear stress at that point are known as  time - independent  or  purely viscous  or  gen-
eralized Newtonian fl uids .  

  2.     More complex fl uids for which the relation between shear stress and shear rate 
depends, in addition, on the duration of shearing and the kinematic history are 
termed  time - dependent fl uids .  

  3.     Materials exhibiting characteristics of both ideal fl uids and elastic solids and exhib-
iting partial elastic recovery after deformation are termed  viscoelastic fl uids . Details 
of viscoelastic fl uids are discussed elsewhere (Ahmed,  2010 ).    

  Time - independent Fluid Behavior 

 A general relationship to represent the behavior of non - Newtonian fl uids is the 
Herschel – Bulkley model as given below:

Figure 11.2 Rheograms for Newtonian and non -Newtonian food products. 
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    τ γ τ= +K n
o�     (11.3)  

  where  K  is the consistency index (Pa.s n ),  n  is the fl ow behavior index, and   τ  o   is the 
yield stress (Pa). This model is most frequently used for fl uid foods and is the most 
versatile one. This equation can be applied for various steady - fl ow rheological models 
(Newtonian, Bingham, power) for food and can be considered a special case of the 
Herschel – Bulkley model (Steffe,  1996 ). 

 For the Newtonian (Equation  11.1 ) and Bingham plastic models  K  becomes viscosity 
( η ) and plastic viscosity (  η  p  ) (Equation  11.4 ) respectively. The simplest form of the 
Herschley – Bulkley model is the power law where there is no yield term (Equation 
 11.5 ). Commonly, two types of behavior are generally observed for food materials: (i) 
a decrease in shear stress with increasing shear rate is known as shear - thinning or 
pseudoplastic fl uid (0    <     n     <    1); and (ii) a reverse trend (increase in shear stress with 
increase in shear rate) of fl uid (1    <     n     <     ∞ ) is termed shear - thickening or dilatent fl uid 
(Figure  11.2 ). Shear - thickening materials are much less common in industrial prac-
tices. Examples of different fl ow behaviors of food are presented in Table  11.1 . Food 
products like chocolate or pur é ed foods do not fl ow until they attain a threshold stress 
(  τ  o  ) known as yield. The details of the yield stress, its measurement and applications 
are described in the literature. For further details readers can consult Steffe  (1996) .

    τ τ η γ= +y p �     (11.4)  

Table 11.1 Rheological parameters for selected non -Newtonian food products. 

Food product Model used Temperature
range ( °C)

Yield (Pa) K (Pa ·sn) n Reference

Orange juice 
(65°Brix)

−18 to 30 – 0.14–10.26 0.81–1.0 Vitali & Rao 
(1984)

Peach pur ée
(12°Brix)

Casson and 
Herschel–
Bulkley

5–55 0.85–1.47 1.5–3.13 0.34–0.38 Massa et al.
(2010)

Sweet potato 
purée

Herschel–
Bulkley

5–80 0.54–1.76 Ahmed &
Ramasawmy
(2006)

Mayonnaise Casson 25 10.81 0.61 Correia &
Mittal (1999)

Egg albumen Herschel–
Bulkley

20 0.77 0.03 0.87 Ahmed et al.
(2003)

Egg yolk Power law 4–60 – 0.07–1.68 0.84–0.88 Telis-Romero
et al. (2006)

Rice fl our paste Power law 25–80 0.23–1.23 0.49–0.59 Wang et al.
(1999)

Glycomacropeptide
solution (12.5% 
w/w)

Herschel–
Bulkley

25 0.01 0.003 0.97 Ahmed &
Ramaswamy
(2003)

Xanthan gum (1% 
solution)

Power law 25 – 9.86 0.17 Naji et al.
(2012)
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    τ γ= K n�     (11.5)     

 The Casson model has been used to describe steady shear stress/shear rate behavior 
of some food products like tomato paste, molten chocolate and yoghurt and the equa-
tion can be written as:

    τ τ η γ0 5 0 5 0 5. . .( )= +o Ca �     (11.6)  

  where   τ  o   is the Casson yield stress and   η  Ca   is the Casson plastic viscosity. The 
International Offi ce of Cocoa and Chocolate has accepted the Casson model as the 
offi cial method for interpretation of chocolate melt rheology data.  

  Time - dependent Flow 

 Time - dependent fl uids are those in which structural rearrangements occur during 
deformation at a very slow rate to maintain equilibrium confi gurations. Thixotropic 
fl uids are the best examples, where shear stress decreases during continuous shearing 
and consequently apparent viscosity decreases with shearing time. The opposite phe-
nomenon from thixotropy is known as antithixotropy or rheopexy, i.e. when fl ow 
causes a reversible time - dependent increase in viscosity or shear stress; it is less well 
documented than thixotropy. Some examples of time - dependent fl uids are given in 
Table  11.2 .   

 A thixotropic sample is described by a hysteresis loop because stress will lag behind 
shear rate. The area enclosed by the hysteresis loop has been used as a characteristic 
of thixotropy. The typical thixotropic behavior of whole liquid egg and albumen is 
illustrated in Figure  11.3 . The shear rate is systematically increased and decreased 
between 0 and 200   s  − 1 . The area within the loop provides the degree of relaxation and 
the rate at which the shear rate is altered. The area and the shape of the hysteresis 
loop can vary markedly according to the material. The thixotropic behavior of food 
products is described using three well - known equations: Weltmann (Equation  11.7 ), 
Figoni and Shoemaker (Equation  11.8 ) and Tiu and Boger (Equation 11.9):

Table 11.2 Rheological behavior of fl uid foods. 

Type of fl ow Effect of shear rate Time dependency Examples

Newtonian No No Milk, water, honey, cooking oil 
Pseudoplastic Thinning No Fruit pur ée, starch dispersion, juice 

concentrate
Dilatent Thickening No Liquid chocolate, corn starch dispersion 
Thixotropic Thinning Yes Milk cream, condensed milk 
Rheopectic Thickening Yes Rare in food systems 
Bingham plastic No Tomato paste 

Source: adapted from McCabe et al. (2001).
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    τ = −A B tln( )     (11.7)  

    τ τ τ τ= + − −c i e IK t( )exp( )     (11.8)  

    τ τ τ τ= + −
+e
i c

IIK t1
    (11.9)     

 where   τ  i   and   τ  e   are the initial and equilibrium shear stress at constant shear rate. 
Parameter  A  in Equation  11.7  represents the shear stress required to initiate structural 
breakdown during the shearing process, and parameter  B  is the time coeffi cient 
of thixotropic breakdown. In Equations  11.8  and  11.9 ,  K I   and  K II   are the fi rst -  and 

Figure 11.3 Hysteresis loop of egg components after high pressure at 20 °C: (a) whole liquid egg 
after 300 MPa; (b) albumen after 250 MPa. (From Ahmed et al., 2003, courtesy of Elsevier.) 
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second - order kinetic constants, respectively, and   τ  i      −      τ  e   is a measure of the structural 
breakdown. More details of the mechanism and structure of thixotropy are well 
described by Mewis and Wegner  (2009) .  

  Infl uence of Temperature on Consistency Index and Apparent Viscosity 

 The infl uence of temperature on the apparent viscosity (  η  ) or consistency index ( K ) of 
non - Newtonian fl uids may be expressed in terms of an Arrhenius - type equation 
(Equation  11.10 ), involving the absolute temperature ( T ), the universal gas constant 
( R ), the pre - exponential factor (  η  o  ) and the energy of activation for viscosity ( E a  ) (Steffe, 
 1996 ). A shear rate of 50   s  − 1  was generally used to match the pumping speed (start 
pump) and agitation processes, according to Branco  (1995) .

    η ηor K
E
RT

o
a= ⎛

⎝⎜
⎞
⎠⎟exp     (11.10)    

  Viscoelastic Fluids 

 Some food products, like dough, cheese, yoghurt and pur é ed food, exhibit both viscous 
and liquid properties and are termed viscoelastic food materials. For such materials, 
the viscous and liquid properties both play major roles in fl uid transfer and pump 
operation. Viscoelastic fl uids show elastic recovery from deformation when stress is 
removed. The relaxation time is a property of viscoelastic fl uids, and is a measure of 
the time required for elastic effects to decay. Viscoelastic effects may be important 
with sudden changes in rates of deformation, as in fl ow start - up and stop, rapidly 
oscillating fl ows, or as fl uid passes through sudden expansions or contractions where 
accelerations occur (Tilton,  1997 ). In many fully developed fl ows where such effects 
are absent, viscoelastic fl uids behave as if they were purely viscous. In viscoelastic 
fl ows, normal stresses perpendicular to the direction of shear are different from those 
acting in a parallel direction. These give rise to such behaviors as the Weissenberg 
effect, in which fl uid climbs up a shaft rotating in the fl uid, and die swell, where a 
stream of fl uid issuing from a tube may expand to two or more times the tube diameter 
(Tilton,  1997 ). 

 The Deborah number (ratio of the characteristic relaxation time of the fl uid to the 
characteristic time - scale of the fl ow) is considered an indicator of whether viscoelastic 
effects are important. For small Deborah numbers, the relaxation is fast compared 
with the characteristic time of the fl ow, and fl uid behavior is purely viscous. For very 
large Deborah numbers, the behavior closely resembles that of an elastic solid. 

 Analysis of viscoelastic fl ows is very diffi cult. Simple constitutive equations are 
unable to describe all the material behavior exhibited by viscoelastic fl uids even in 
geometrically simple fl ows. In this chapter, viscoelastic fl uids are excluded from dis-
cussion as they require different treatment compared with fl uids commonly used In 
food processing. Chapter  30  discusses viscoelastic food materials in depth.   
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  Basic Equations Related to Fluid Flow 

  Equation of Continuity 

 The principle of the conservation of matter is used to handle fl uid fl ow problems. The 
equation of continuity states that for an incompressible fl uid fl owing in a tube of 
varying cross - section, the mass fl ow rate is the same everywhere in the tube (Figure 
 11.4 ). The mass fl ow rate is simply the rate at which mass fl ows past a given point, 
i,e. total mass fl owing past divided by the time interval.   

 The equation of continuity for location 1 and 2 can be expressed as:

    �m A v A v= =ρ ρ1 1 1 2 2 2     (11.11)   

 where   �m is the mass fl ow rate (kg · s  − 1 ),   ρ   is the density (kg · m  − 3 ),  v  is the velocity (m · s  − 1 ) 
and  A  is the area (m 2 ). Generally, the density of the fl uid remains constant and thus 
the equation changes to the following form:

    A v A v1 1 2 2=     (11.12)  

    or Av V= �     (11.13)   

 where   v is mean velocity and   �V is volumetric fl ow rate.  

  Fluid Flowing Through a Pipe and Reynolds Number 

 Fluid fl owing in pipes exhibits two primary fl ow patterns. The pattern of fl ow is smooth 
when the velocity is low, but fl ow becomes more disturbed as the velocity increases 
and eddies develop and swirl in all directions and at all angles to the general line of 
fl ow. Further, the behavior of a fl owing fl uid largely depends on whether the fl uid is 
under the infl uence of solid boundaries. The fl uid adheres to the solid at the interface 
between solid and fl uid. If the wall is at rest in the solid – fl uid system, the velocity of 
the fl uid at the interface is zero. However, the velocity of the fl uid varies with location 
and also time. The fl ow is termed steady fl ow when the velocity at a given location is 
constant and the fi eld is invariant with time. 

Figure 11.4 Fluid fl ow through varying cross -section of pipe. 
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 At low velocities fl uids tend to fl ow without lateral mixing and adjacent layers slide 
past one another. Reynolds demonstrated this by injecting a thin stream of dye into 
a fl uid and fi nding that it ran in a smooth stream in the direction of fl ow. Such 
straight - line type fl ow is known as  laminar fl ow . In the same experiment, Reynolds 
found that as the velocity of fl ow increased, the smooth line of dye changed until 
fi nally, at high velocities, the dye was rapidly mixed into the disturbed fl ow of the 
surrounding fl uid. Such fl ow is known as  turbulent fl ow . There is also a critical zone 
when the fl ow can be either laminar or turbulent or a mixture. This intermediate fl ow 
is termed  transitional fl ow . 

 This instability in fl uid behavior passing through a pipe can be predicted in terms 
of the relative magnitudes of the velocity and the viscous forces acting on the fl uid. 
The kinetic forces have a tendency to maintain the fl ow in its general direction, 
whereas the viscous forces tend to retard this motion and to preserve order and reduce 
eddies. The transition between laminar and turbulent fl ow appears when fl uid velocity 
exceeds a critical limit. Reynolds studied this transition and found that the phenom-
enon depends on four quantities: pipe diameter ( D ), density (  ρ  ), viscosity (  μ  ) and 
average liquid velocity   ( )V . These four parameters can be combined into a dimension-
less group known as the Reynolds number (Re) and the change between the different 
types of fl ow occurs at a defi nite value of Re:

    Re = =DV DVρ
μ υ

    (11.14)  

  where   υ   is the kinematic viscosity (  μ  /  ρ  ) of the liquid. The fl ow inside a pipe is laminar 
at Re below 2100, while fl ow becomes turbulent when Re exceeds about 4000. The 
fl ow is considered in transition when Re varies between 2100 and 4000. 

   Problem 

 Calculate the Reynolds number and predict nature of the fl ow when cranberry juice 
is pumped through a pipe with internal diameter of 0.75   m with average fl uid velocity 
of 10   cm · s  − 1 . The density and viscosity of cranberry juice is 1020   kg · m  − 3  and 
1200    ×    10  − 6    Pa · s, respectively. 

  Data given  
 Pipe diameter ( D )    =    0.75   m 
 Average velocity ( V )    =    10   cm · s  − 1     =    0.10   m · s  − 1  
 Density (  ρ  )    =    1020   kg · m  − 3  
 Viscosity (  μ  )    =    1200    ×    10  − 6    Pa · s    =    1200    ×    10  − 6    kg · m  − 1  · s  − 1   

  Solution 

 According to Equation  11.14 , the Reynolds number is given by:
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    Re
m m s kg m

kg m s

3

= = × ⋅ × ⋅
× ⋅ ⋅

− −

− −

DVρ
μ

0 75 0 10 1020
1200 10

1

6 1

. ( ) . ( ) ( )
( −− =

1)
63 750   

 The value is above 4100 and therefore the fl ow is turbulent.    

  Entrance and Fully Developed Region 

 When a fl uid enters a pipe at a uniform velocity, viscous effects due to the pipe wall 
will develop. The region where viscous effects are predominant is referred to as the 
boundary layer. In the boundary layer the velocity increases from zero at the wall to 
the constant velocity existing in the core. The velocity profi le, as shown in Figure 
 11.5 , will also vary due to the growth of this boundary layer. When the velocity profi le 
reaches a constant (i.e. the velocity profi le no longer changes along the pipe), the fl ow 
is said to be fully developed. The cross - sectional velocity profi le is parabolic in shape. 
The length required for the fl ow to reach fully developed conditions is called the 
entrance length ( L e  ), and it can be estimated from the following empirical relations:

    For laminar flow ReL De / .= 0 06     (11.15)  

    For turbulent flow ReL De / . ( ) /= 4 4 1 6     (11.16)     

 The velocity profi le for laminar fl ow and fully developed condition as a function of 
radial position  r  in a circular pipe of radius  R  in terms of the average velocity in a 
horizontal pipe is given by:

    v
PR

L
r
R

= − ⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

Δ 2 2

4
1

μ
    (11.17)   

 The fully developed fl ow shows a parabolic profi le. The maximum velocity ( v  max ) is 
obtained at the center of the pipe when  r     =    0:

    v
PR

L
max =

Δ 2

4μ
    (11.18)   

Figure 11.5 Fully developed region and boundary layer of fl uid in a pipe. 
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 The volumetric fl ow rate for the entire pipe cross - section is given by:

    �V
P R

L
=

Δ π
μ

4

8
    (11.19)   

 The above equation is known as Poiseuille ’ s law.  

  Momentum Balance 

 The momentum balance is a vector equation as momentum is a vector quantity. The 
momentum balance can be written as:

    
Rate of momentum accumulation Rate of momentum entering

Ra

= −
tte of momentum leaving Sum of force acting on the system+

  

 By carrying out the momentum balance over a small cube, the momentum balance 
for the  x  - component can be written in Cartesian coordinates:

    ρ τ τ τ ρDu
Dt

p
x x y z

gxx yx zx
x= −

∂
∂

−
∂
∂

+
∂
∂

+
∂
∂

⎛
⎝⎜

⎞
⎠⎟

+     (11.20)  

  where  Du / Dt  is the substantial derivative or the derivative following the motion,   ρ   
is fl uid density,   τ  xx  ,   τ  yx   and   τ  zx   are normal stresses along  x ,  y  and  z  faces,  p  is fl uid 
pressure, and  g  the gravitational force per unit mass.  

  Mechanical Energy Balance 

 The principle of the conservation of energy states that in a steady fl ow the sum of all 
forms of mechanical energy in a fl uid along a stream line is the same at all points on 
that stream line. This requires that the sum of kinetic energy and potential energy 
remains constant. Let us consider a parcel of fl uid moving along the stream line 
in a pipe from location 1 to location 2 as illustrated in Figure  11.6 (a,b). The fl ow 
is considered as steady, inviscid (viscosity of the fl uid is zero) and the liquid is 
incompressible.   

 Consider an external force  F  1  applied to a fl uid to move it in one direction and a 
force  F  2  applied to the fl uid to move it in the opposite direction. The work done on 
the system by external force  F  1  acting through distance  d  1  is given by  F  1  d  1 . Similarly 
the work done on the system by force  F  2  through distance  d  2  is given by  F  2  d  2 . The net 
work done in the system is this  F  1  d  1     −     F  2  d  2 . From the principle of the conservation of 
energy we can write:

    E E Ek pin/out = +Δ Δ     (11.21)  
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Figure 11.6 (a, b) Bernoulli equation using work –energy relationship. 
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 Since the fl uid in discussion is incompressible and the amount of mass present at 
point 1, i.e.   ρ A  1  d  1 , is equal to the corresponding mass at point 2, i.e.   ρ A  2  d  2 :

    
Fd
A d

F d
A d

v v g h h1 1

1 1

2 2

2 2
2
2

1
2

2 1
1
2

− = − + −ρ ρ( ) ( )     (11.23)   

 where   ρ      =    mass/volume. Again,  P  1     =     F  1 / A  1  and  P  2     =     F  2 / A  2  changes the above equation 
into the following form:

    P P v v g h h1 2 2
2

1
2

2 1
1
2

− = − + −ρ ρ( ) ( )     (11.24)   

 After rearranging,

    P v gh P v gh1 1
2

1 2 2
2

2
1
2

1
2

+ + = + +ρ ρ ρ ρ     (11.25)  
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P
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2

1
2

2
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2
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2

1
2ρ ρ

+ + = + +     (11.26)   
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 Equation  11.26  is known as the Bernoulli equation for an incompressible inviscid fl uid 
without friction. The equation is one of the foundations of fl uid mechanics. It is a 
mathematical expression, for fl uid fl ow, of the principle of the conservation of energy 
and it covers many situations of practical importance. Each term in the above equa-
tion is a scalar and has the dimension of energy per unit mass. 

 Most fl uid fl ow problems are associated with boundary layers. This occurs when 
fl uid moves through pipes and other equipment, where the entire stream may be in 
boundary layer fl ow. To overcome this practical situation, two modifi cations are 
required: (i) a minor modifi cation involving correction of the kinetic energy term for 
the variation of local velocity  v  with position in the boundary layer; and (ii) correction 
for fl uid friction, which exists when the boundary layer develops. When fl uid fl ows 
along a stream line, the quantity  P  1 /  ρ      +     ½  v  2     +     gh  is not constant in the direction of 
fl ow. An amount of heat equivalent to loss of mechanical energy is produced. This 
phenomenon is termed  fl uid friction  ( h f  ). The corrected form of the Bernoulli equation 
for an incompressible fl uid becomes:

    
P

V gh
P

V gh hf
1

1 1
2

1
2

2 2
2

2
1
2

1
2ρ

α
ρ

α+ + = + + +     (11.27)   

 where   α   is the kinetic energy correction factor and is given by:

    
α =

∫ v dS

V S
s

3

3

    (11.28)   

 where  dS  is the elemental cross - sectional area,  S  is the total area and  h f   represents all 
the friction generated per unit mass of fl uid at two different locations. The value of 
  α   is 2.0 for laminar fl ow and 1.05 for highly turbulent fl ow.  

  Pump Work as Bernoulli ’ s Equation 

 A pump is used to transfer fl uid from one location to another by increasing the 
mechanical energy of the fl uid. The Bernoulli equation with pump work is given by:

    
P

V gh W
P

V gh hp f
1

1 1
2

1
2

2 2
2

2
1
2

1
2ρ

α η
ρ

α+ + + = + + +     (11.29)  

  where  W p   is the work done by the pump per unit mass of fl uid and   η      =    ( W p      −     h fp  )/ W p   
where   η   is the effi ciency of the pump and  h fp   is the total friction in the pump per unit 
mass of fl uid. 

  Developed Head in a Pump 

 The power requirement of a pump can be computed from all the changes in energy 
related to pumping liquid from one location to another. A Bernoulli equation for loca-
tion 1 and 2 (Figure  11.7 ) can be written as:
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Figure 11.7 Pump fl ow. 

    η
ρ

α
ρ

αW
P

V gh
P

V ghp = + +⎛
⎝⎜

⎞
⎠⎟

− + +⎛
⎝⎜

⎞
⎠⎟

2
2 2

2

2

1
1 1

2

1

1
2

1
2

    (11.30)     

 The friction is occurring in the pump itself and is accounted for by pump effi ciency, 
so there is no fl uid friction in the above equation ( h f      =    0). The quantities in parentheses 
are termed  total heads  and are denoted by  H .

    H
P

V gh= + + = + +
ρ

α1
2

2 pressure head velocity head elevation head   

 If  H  1  is the total suction head and  H  2  is the total discharge head, then  Δ  H     =     H  2     −     H  1  
and further we can write:

    W
H H H

p =
−

=2 1

η η
Δ

    (11.31)   

 Dividing each term by  g , we obtain the following equation:

    
H
g

P
g

V
g

h= + +
ρ

α 2

2
    (11.32)   

 Equation  11.32  indicates that the head developed by a pump is measured by units of 
length.  

  Power Requirement of a Pump 

 The power supplied to the pump from an external source can be calculated from the 
following equation:
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    P mW
m H

p p= =�
� Δ

η
    (11.33)   

 where  P p   is the power supplied to the pump and   �m is the mass fl ow rate. The power 
supplied to the fl uid ( P f  ) can be estimated from the head developed by the pump and 
mass fl ow rate as shown below:

    P m Hf = � Δ     (11.34)   

 Combining Equations  11.33  and  11.34  we can write:

    P
P

p
f=

η
    (11.35)    

  Suction Head 

 When the pressure in a liquid decreases below the vapor pressure corresponding to its 
temperature, the liquid will vaporize. When this happens within an operating pump, 
the vapor bubbles will be carried along to a point of higher pressure, where they sud-
denly collapse. This phenomenon is known as cavitation. When the absolute suction 
pressure is low, cavitation may occur in the pump inlet and damage results to the 
impeller vanes near the inlet edges and this affects pump suction. To avoid this phe-
nomenon, the pressure at the pump inlet must exceed the vapor pressure of the fl uid; 
this is known as the net positive suction head (NPSH). Generally, the NPSH for a 
small centrifugal pump is 2 – 3   m. NPSH can be calculated as follows (Figure  11.7 ):

    NPSH =
−

−⎛
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⎞
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−
1 0

1
g

P P
h hv

fsρ
    (11.36)  

  where  P  0  is the absolute pressure at the surface of the reservoir,  P v   is the vapor pres-
sure and  h fs   is the friction in the suction. 

   Problem 

 A pump draws a 20    ° Brix orange juice from a storage tank through a 75 - mm (3 - inch) 
Schedule - 40 steel pipe at 25    ° C. The pump effi ciency is 70% and the velocity in the 
suction line is 1   m · s  − 1 . The pump discharges through a 50 - mm (2 - inch) Schedule - 40 
pipe to a higher - level reservoir. The end of the discharge pipe is 12   m above the level 
of the juice in the feed tank. Friction loss in the entire system is 20   J   kg  − 1 . Compute 
the power requirements of the pump.  

  Solution 

 Consider station 1 at the surface of the orange juice to be pumped and station 2 at the 
end of the 50 - mm pipe (Figure  11.8 ). Further, consider datum plane for elevations 
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Figure 11.8 Power requirements of a pump: numerical problem. 

through station 1. The velocity at station 1 is negligible due to the large diameter of 
the tank compared with the pipe. For turbulent fl ow,  α     =    1. Equation  11.30  thus 
becomes:

    ηW V gh hp f= + +1
2

2
2

2     (11.37)     

 The cross - sectional area of the 3 - inch and 2 - inch pipes are 0.0513 and 0.0233 square 
feet. The velocity in the 2 - in pipe is:
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 Pressure developed by the pump is given by:
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 The mass fl ow rate is given by:

    �m = × × × = −0 0513 0 3048 1 1100 1720 1. .  kg s   

 The power requirement is obtained by:

    P mWp= = × =−� 17 20 200 2 3 44. . . J s  kW1        

  Measurement of Flowing Fluids 

 Flow measurement is the determination of the amount of a fl uid that passes through 
an open channel or close conduit such as a pipe or duct. The devices used for meas-
uring the fl ow rate are known as fl owmeters. There are several types of fl ow measur-
ing devices used in the food processing industries, including Venturi meter, orifi ce 
meter, fl ow nozzle, Pitot tube, and rotameter. Selection of a meter is based on appli-
cation, range of fl ow rate measurements, installation and operational cost, and preci-
sion of measurement. Few fl owmeters can measure mass fl ow rate directly, and the 
majority record volumetric fl ow rate or average fl ow velocity, from which the volu-
metric fl ow rate can be easily converted. These measuring devices are briefl y dis-
cussed below. 

  Venturi Meter 

 A Venturi meter is a tube with a constricted throat that increases velocity and 
decreases pressure. These are widely used for measuring the fl ow rate of both com-
pressible and incompressible fl uids. In a Venturi tube, the fl ow rate of the fl uid is 
measured by reducing the cross - sectional fl ow area in the fl ow path in order to gener-
ate a pressure difference. The pressure drop ( dp ) in the upstream cone is utilized to 
measure the rate of fl ow through the instrument. As shown in Figure  11.9 , as the fl uid 
enters the downstream area, the velocity is decreased and pressure is largely recovered. 
The Venturi meter is simple in application and a dependable fl ow measuring system. 
It is often used in applications with low pressure drops. The major limitations of this 
measuring system are its price and the considerable space it occupies.   

 The basic equation for a Venturi meter is the Bernoulli equation (Equation  11.29 ) 
for a steady, inviscid, and incompressible fl uid between two points ( A  1  and  A  with 
corresponding velocity  V  1  and  V ) as shown in Figure  11.9 . Assuming fl ow is horizontal 
( z     =     z  1 ), Equation  11.29  can be written as:

    P V P V1 1
2 21

2
1
2

+ = +ρ ρ     (11.39)   

 If we assume the velocity profi les are uniform at both sections, the continuity equa-
tion states that:
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Figure 11.9 Venturi meter. 
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 where  Q  is the fl ow rate and  A  is the fl ow area. Combination of Equations  11.39  and 
 11.40  results in the following theoretical fl ow rate:
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 where  dP     =     P  1     −     P , the pressure difference between the two ends. 

   Example 

 Fluid fl owing through a Venturi meter (Figure  11.9 ) has a density of 850   kg   m  − 3  and 
fl ow rate of 0.05   m 3    s  − 1 . The diameter of the larger area is 0.1   m and that for the smaller 
area is 0.06   m. Calculate the pressure difference required to measure this fl ow rate.  

  Solution 

 If the fl ow is assumed to be steady, inviscid and compressible, the relationship 
between fl ow rate and pressure can be written using Equation  11.41 . After rearranging, 
we get
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  Orifi ce Meter 

 An orifi ce meter creates a restriction to fl ow through an orifi ce plate to create a pres-
sure drop. An orifi ce meter is shown in Figure  11.10 . The minimum cross - sectional 
area of the jet is known as the  vena contracta . As the fl uid approaches the orifi ce, the 
pressure increases slightly and then drops suddenly as the orifi ce is passed. It contin-
ues to drop until the vena contracta is reached and then gradually increases. Orifi ce 
plates are simple, cheap and can be employed for almost any application in any mate-
rial. However, orifi ce coeffi cients are more empirical than those for Venturi meters 
and it is necessary to calibrate them empirically. Extensive and detailed design stand-
ards for orifi ce meters are available in the literature.    

  Flow Nozzle 

 Nozzles are used to determine the fl ow rate of fl uid through a pipe, as shown in Figure 
 11.11 . Flow nozzles are similar to Venturi tubes. However, the nozzle opening is an 
elliptical restriction of the fl ow. In fl ow nozzles, fl ow capacity is greater and accuracy 
prolonged over longer periods of time than for an orifi ce plate. Flow nozzles can handle 
both clean and dirty fl uids. However, viscosity can pose a problem through a con-
stricted orifi ce.    

Figure 11.11 Flow nozzle meter. 

dp

Figure 11.10 Orifi ce meter. 
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Fluid Flow and Pump Selection 281

     Figure 11.12   Pitot tube. 
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  Pitot Tube 

 In a Pitot tube, fl uid fl ow rate can be measured by converting the kinetic energy in 
the fl uid fl ow into potential energy. It consists of a right - angled tube placed vertically 
in the moving fl uid with the mouth of the tube directed upstream (Figure  11.12 ). 
Depending on fl uid fl ow, the pressure is measured with an attached device and can 
be used to calculate the velocity. The Pitot tube is a simple and convenient instru-
ment for measuring the difference between static, dynamic and total pressure. However, 
it has substantial dynamic resistance to changing conditions and thus cannot accu-
rately measure unsteady, accelerating, or fl uctuating fl ows. The main disadvantage of 
the Pitot tube is that most designs do not provide average velocity directly.    

  Rotameter 

 A rotameter is a variable area fl owmeter that consists of a tapered tube and fl oat 
(Figure  11.13 ). It provides a simple, precise and economic means of indicating fl ow 

     Figure 11.13   Rotameter. 
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rates in fl uid systems. This variable area principle consists of three basic elements: a 
uniformly tapered fl ow tube, a fl oat, and a measurement scale. A control valve may 
be added if fl ow control is also desired. The height of the fl oat is directly proportional 
to the fl ow rate. The greater the fl ow, the higher the fl oat is raised. With liquids, the 
fl oat is raised by a combination of the buoyancy of the liquid and the velocity head 
of the fl uid.   

 The fl oat moves up or down in the tube in proportion to the fl uid fl ow rate and the 
annular area between the fl oat and the tube wall. The fl oat reaches a stable position 
in the tube when the upward force exerted by the fl owing fl uid equals the downward 
gravitational force exerted by the weight of the fl oat. A change in fl ow rate upsets this 
balance of forces. The fl oat then moves up or down, changing the annular area until 
it again reaches a position where the forces are in equilibrium. To satisfy the force 
equation, the rotameter fl oat assumes a distinct position for every constant fl ow rate. 
However, it is important to note that because the fl oat position is gravity dependent, 
rotameters must be vertically oriented and mounted.   

  Pipes, Fittings and Valves 

  Pipes and Tubing 

 Fluids are generally transported in pipes and tubing, which are circular in cross - section 
and vary widely in size, wall thickness and material of construction. There is no clear -
 cut difference between pipes and tubing. However, a pipe is generally more rigid than 
a tube, and is usually produced in heavier wall thicknesses. The diameter of pipe is 
larger with moderate lengths of 20 – 40 feet (6.1 – 12.2   m). Pipe is specifi ed by a nominal 
dimension that does not refl ect the actual dimensions of the pipe. Industrial pipe 
thicknesses follow a set formula, expressed as schedule number. The schedule number 
increases with thickness. There are 10 schedule numbers: 10, 20, 30, 40, 60, 80, 100, 
120, 140, and 160. Standard stainless steel pipe dimensions, wall thickness and weight 
(ANSI/ASME B36.19) for stainless steel are given in Table  11.3 . More details are avail-
able in any standard chemical or mechanical engineering handbook (Antaki,  2003 ; Liu, 
 2003 ; Nayyar,  2000 ). For example, 2 - inch Schedule 40 pipe represents a pipe with an 
actual outside diameter (OD) of 2.221 inches (56.4   mm), a wall of 0.154 inches (3.9   mm), 
and an inner diameter of 2.067 inches (52.5   mm). Tube refers to round, square, rectan-
gular, or any shape of hollow material of uniform thickness that is defi ned by the OD 
and wall thickness. Figure  11.14  shows the difference between pipe and tube of the 
same schedule. A North American set of standard sizes of pipes are designated Nominal 
Pipe Size (NPS). However, in Europe it is known as Diameter Nominal (DN), which 
is a dimensionless designator of pipe size in metric units.     

 Based on the NPS and schedule of a pipe, the pipe OD and wall thickness can be 
obtained from reference tables, which are based on ASME standards (ASME B36.19M, 
 1985 ). The designations of pipe wall thickness vary depending on the pressure of the 
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Figure 11.14 Difference between pipe and tubing. 

1.625′′ OD 1.25′′ OD

1&1/4′′ pipe 1&1/4′′ tube

fl uids passing through the pipe. If pipe is meant to carry higher - pressure fl uids, pipe 
will have thicker walls with a designation known as extra strong (XS) or extra heavy 
(XH). If the pressure requirement is too high, pipe will have thicker walls with a des-
ignation known as double extra strong (XXS) or double extra heavy (XXH), while the 
standardized ODs remain unchanged. 

 American National Standards Institute (ANSI Z535.1,  1991 ) recommends that pipe 
must be marked with colors in order to properly indicate the contents inside the pipe. 
Color may be used as continuous and intermittent displays.

    •      Pipes that carry materials that are not naturally hazardous should be green.  
   •      Pipes that carry fi re - quenching materials such as water, CO 2  and foam should be 

red.  
   •      Pipes that carry materials that are naturally hazardous (fl ammables, explosives, 

radioactive materials, materials with extreme temperatures or pressures) must be 
yellow.  

   •      Pipes that carry gases that are not naturally hazardous or gas admixtures should be 
blue.  

   •      Pipes that supply chilled water, distilled water, and domestic hot water should be 
orange.     

  Joints and Fittings 

 Joint and fi ttings connect various parts of a piping system. The methods used for 
joining pieces of pipe or tubing basically depend on thickness of the wall. Thick - walled 
pipes are connected by screwed fi ttings, by fl anges or by welding, whereas thin - walled 
tubing is connected by soldering or by compression. 

 Generally used joints and fi ttings comprise the following types (Noyes,  1992 ): (i) 
coupling and unions of two pieces of pipe, (ii) elbows and tees to alter pipe direction, 
(iii) reducers and expanders to change pipe diameter, (iv) plugs and caps to terminate 
a fl ow, and (v) Tees, Ys and crosses to join two or more streams together. Different 
types of fi ttings are shown in Figure  11.15 . Energy loss through a particular type of 
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Figure 11.15 Different types of fi ttings: (a) elbow, (b) union cross, (c) male union, (d) reducer, 
(e) nipple, (f) bends, (g) Tee and (h) bushings. 

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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fi tting depends on a constant known as the friction factor ( k ). Values of this constant 
 k  for various types of fi ttings are given in Table  11.4 .      

  Valves 

 A processing unit contains numerous valves of many different shapes and sizes. 
However, the primary purpose of all valves is the same: to slow down or cease the 
fl ow. A valve is a mechanical component that regulates either the fl ow or pressure of 
the fl uids within a system or process by opening or closing of the passages. The prin-
cipal functions of valves are (i) starting and stopping fl ow, (ii) regulating or throttling 
fl ow, (iii) preventing back fl ow, and (iv) regulating the pressure. Valves can be catego-
rized into the following design types: gate valve, globe valve, ball valve, needle valve, 
check valve, butterfl y valve, diaphragm valve. Details of the operations and mainte-
nance of different types of valves are discussed by Nesbitt  (2007)  and Skousen  (2004) . 
Each of these valves is discussed below. 

  Gate Valve 

 A gate valve is a linear motion valve that opens by lifting a round or rectangular gate 
in order to allow the fl ow of fl uid. When the disk is fully closed, as shown in Figure 
 11.16 , the disk offers resistance to the fl ow of fl uid. Gate valves are most suitable for 
applications that usually involve viscous fl uids, such as honey, myonnaise, and soup. 
However, it is not suitable for throttling applications.    

  Globe Valve 

 A globe valve consists of a movable disk and a stationary ring seat (Figure  11.17 ). When 
the disk moves down (i.e. the valve closes), the annular space between the disk and 

Table 11.4 Values of friction loss factors in various types of fi ttings. 

Fittings Friction loss factor ( k)

Gate valve, fully open 0.16
Gate valve, half open 4.5
Globe valve, fully open 6.0
Globe valve, one -quarter open 24
Elbow, 90 ° standard 0.74
Elbow, medium sweep 0.5
Elbow, long radius 0.25
Elbow, square 1.5
Tee, used as elbow 1.5
Tee, straight through 0.5
Entrance, large tank to pipe, sharp 0.5
Entrance, large tank to pipe, rounded 0.05
Coupling or union 0.4

Source: Wilhelm et al. (2004), Earle and Earle (2004).
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Figure 11.16 Gate valve. 

ring seat gradually closes, which restricts the fl ow of fl uid. Globe valves are used for 
applications requiring throttling and frequent operation. However, obstructions and 
discontinuities in the fl ow path lead to high head loss during operation.    

  Ball Valve 

 A ball valve consists of a rotating ball, instead of a guide disk, that serves as the fl ow 
control medium. The ball (Figure  11.18 ) performs the same function as the disk in a 
globe valve. When the valve is open, the ball rotates to a point where the hole through 

Figure 11.17 Globe valve. 
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the ball is in line with the valve body inlet and outlet. When the valve is closed, the 
hole is perpendicular to the ends of the valve and fl ow is blocked. Ball valves are best 
used for on – off service and require no lubrication. However, they do not offer superior 
control in throttling applications.    

  Needle Valve 

 A needle valve has a long tapered point at the end of the valve stem. The  “ needle ”  
acts as the disk of a globe valve. Needle valves are used to control the fl ow, where 
precise adjustments of fl ow and small fl ow rate are necessary.  

  Check Valve 

 Check valves are automatic valves that open with forward fl ow and close against reverse 
fl ow. These valves are also referred to as non - return valves or one - way valves. The oper-
ating principle of a check valve is shown in Figure  11.19 . The fl uid pressure opens the 
valve, while closure is accomplished by the weight of the check mechanism, by back 
pressure, by a spring, or by a combination of these means. As soon as the pressure in the 
line is re - established, the check valve opens and fl ow is resumed in the same direction 
as before. The general types of check valves are swing, ball, piston, and butterfl y.    

  Butterfl y Valve 

 A butterfl y valve is a rotary motion valve that is used to control the fl ow of fl uid. In 
a butterfl y valve, the actuator is designed so that an axial movement of the piston is 
transformed into a 90 °  rotation of a shaft (Figure  11.20 ). Butterfl y valves offer many 
advantages such as small size that makes them suitable for space - limited applications 

Figure 11.18 Operation of a typical ball valve. 
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Figure 11.19 Wafer type check valve. 

and high coeffi cient of fl ow. However, the largest drawback to using a butterfl y valve 
is that its service is limited to low pressure drops.    

  Diaphragm Valve 

 A diaphragm valve uses an elastomeric diaphragm in order to control and regulate 
the fl ow of fl uid. When open, fl uid is free to pass. However, when compressed, the 

Figure 11.20 Butterfl y valve. 
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diaphragm is pushed against the bottom of the body to restrict fl uid fl ow (Figure  11.21 ). 
A diaphragm valve is ideal for on – off service as it provides minimal pressure drop. 
These valves are also suitable for handling of corrosive fl uids, fi brous slurries, and 
radioactive fl uids. The criteria for selecting a valve useful for a particular application, 
with advantages and disadvantages, are discussed by Peter and Zappe  (2004) .      

  Pumps 

 A pump is a device that is used to deliver fl uids from one location to another through 
a conduit. The basic requirements for defi ning an application are suction and delivery 
pressures, pressure loss in transmission, and the fl ow rate. The primary means of 
transfer of energy to the fl uid that causes fl ow are gravity, displacement, centrifugal 
force, electromagnetic force, transfer of momentum, mechanical impulse, or a com-
bination of these mechanisms. Gravity and centrifugal force are the most common 
energy - transfer mechanisms in use. 

 There are four major types of pumps (Boyce,  2002 ): (i) positive displacement, (ii) 
dynamic (kinetic), (iii) lift, and (iv) electromagnetic. Piston pumps are positive dis-
placement pumps. The most common centrifugal pumps are of dynamic type; ancient 
bucket - type pumps are lift pumps; and electromagnetic pumps use electromagnetic 

Figure 11.21 Diaphragm valve. 

Closed form
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Figure 11.22 Classifi cation of pumps. 

force and are common in modern reactors. Each of these major classifi cations may be 
further subdivided into several specifi c types (Figure  11.22 ).   

  Centrifugal Pump 

 A centrifugal pump is one of the most commonly used pumps in the food processing 
industries for pumping water and Newtonian fl uids. These pumps are available in a 
wide range of sizes, in capacities from 0.5   m 3  · h  − 1  to 2    ×    10 4    m 3  · h  − 1 , and for discharge 
heads (pressures) from a few meters to approximately 48   MPa (Boyce,  1997 ). The size 
and type best suited to a particular application can be determined only by an engineer-
ing study of the problem. A centrifugal pump consists of two basic parts, a rotating 
part and a stationary part. The rotating part includes the impeller and shaft, and the 
stationary part includes the casing, casing cover and bearing. The impeller contains a 
number of blades, called vanes, which are usually curved backward. 

 There are three general types of casings: circular, volute, and diffuser. Each type 
consists of a chamber in which the impeller rotates, and an inlet and exit for the liquid 
being pumped. A circular casing contains an annular chamber around the impeller. 
Volute casings take the form of a spiral that increases uniformly in cross - sectional 
area as the outlet is approached. In a diffuser - type casing, guide vanes or diffusers are 
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interposed between the impeller discharge and the casing chamber. Losses are kept to 
a minimum in a well - designed pump of this type, and improved effi ciency is obtained 
over a wider range of capacities. Computer - aided design of centrifugal pumps based 
on three - dimensional CAD, CFD and inverse design methods is commonly employed 
in order to improve the effi ciency of the pump (Goto  et al .,  2002 ; Asuaje  et al .,  2005 ; 
Rajenthirakumar and Jagadeesh,  2009 ). 

  Action of a Centrifugal Pump 

 External power is supplied to the shaft, rotating the impeller within the stationary casing. 
The liquid enters the suction nozzle and then enters the eye (center) of a revolving device 
known as the impeller. When the impeller rotates, it moves the liquid sitting in the 
cavities between the vanes outward and provides centrifugal acceleration. The velocity 
head it has acquired when it leaves the blade tips is changed to pressure head as the 
liquid passes into the volute chamber and then out through the discharge. Because the 
impeller blades are curved, the fl uid is pushed in a tangential and radial direction by 
centrifugal force. The impeller can have 4 – 24 blades (Baoling  et al .,  2006 ). Figure  11.23  
illustrates a cross - section of a centrifugal pump indicating the movement of liquid.   

 The key point is that the energy created by the centrifugal force is kinetic energy. 
The amount of energy supplied to the liquid is proportional to the velocity at the edge 
or vane tip of the impeller. The velocity of the liquid at the vane tip will be higher as 
the impeller rotates faster or with a large impeller and thus the greater the energy 
imparted to the liquid. Detailed constructions and working principles of each of these 
pumps can be obtained in Chaurette  (2003)  and Karassik  et al .  (2008) .   

  Reciprocating Pump 

 A reciprocating pump, as shown in Figure  11.24 , consists of a cylinder in which a 
piston moves, suction and delivery pipes, suction and delivery valves, and a rotating 

Figure 11.23 Centrifugal pump. 
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Figure 11.24 Cross-sectional diagram of a simple single -piston reciprocating pump. 
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device that moves the piston. When the piston moves backward, the volume of the 
cavity increases and pressure inside it drops. This vacuum causes the suction valve 
to open and fl uid enters the cylinder until the differential pressure between the supply 
side and the chamber is zero. This is called the suction stroke. When the piston moves 
forward, the volume of the chamber decreases which increases the pressure inside the 
chamber. Because of the increase in pressure, the inlet valve closes and the outlet 
valve opens and this expels the fl uid from the chamber to the discharge line until the 
differential pressure is zero. This is known as the delivery stroke. This cycle repeats 
and intermittent discharge of fl uid is obtained.    

  Rotary Pumps 

 In general, rotary pumps operate in a circular motion and displace a constant amount 
of liquid with each revolution of the pump shaft. However, a wide range of pumps 
occupy this category and their construction and operating principles are different. An 
external gear pump, an example of a rotary pump, is shown in Figure  11.25  (Wilhelm 
 et al .,  2004 ).   

 An external gear pump consists of two identical gears rotating against each other. 
As the gears rotate, the teeth disengage and create an expanding volume on the inlet 
side of the pump. Fluid fl ows into the cavity, becomes trapped by the housing, and 
travels until it reaches the discharge side of the pump. Finally, the meshing of the 
gears forces liquid through the outlet port under pressure. In a rotary gear pump, the 
pump size and shaft rotation speed determine how much water is pumped per hour. 

 In general, priming is required before starting a centrifugal pump in order to remove 
all the air contained in the pump. Priming is carried out by fi lling the pump fully with 
the liquid to be pumped. Some self - priming pumps, such as reciprocating pumps of 
piston or plunger type, do not require priming. Positive displacement pumps of the 
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rotating type, such as rotary or screw pumps, are also self - priming. These types of 
pumps have clearances that allow the liquid in the pump to drain back to the suction. 
The various operational methods and arrangements used for priming the pumps are 
described by Bloch and Budris  (2006) .   

  Fans, Blowers and Compressors 

 Fans, blowers and compressors are pumps that move gases, usually air, at high fl ow 
rate. They are differentiated by the method used to move the air and by the system 
pressure at which they operate. The specifi c ratio (ratio of discharge pressure over 
suction pressure) is highest for compressors but lowest for fans. Fans are mainly clas-
sifi ed as centrifugal fans and axial fans. 

 Centrifugal fans operate on the same principle as centrifugal pumps. They produce 
high pressures, which is suitable for operation in harsh conditions. Depending on the 
type of blades, centrifugal fans can further classifi ed as radial fans, forward - curved fans 
and backward - curved fans. In a radial fan, the rotation of the impeller causes the air 
to travel through it in a radial direction. Radial fans are suitable for high static pres-
sures and high temperature applications. In forward - curved fans, the blades are pointed 
in the direction of fan rotation. These fans are typically very compact as it can transfer 
large volumes of gas/air for a minimum wheel diameter. These fans are well suited 
for residential heating and ventilation. Backward - curved fans consist of blades point-
ing away from the direction of wheel rotation and operate at very high speed. These 
three types of centrifugal fans are shown in Figure  11.26 .   

 In axial fans, the air stream moves along the axis of the fan. The most common 
type of axial fl ow fan is the exhaust fan used in houses. Axial fl ow fans are suitable 

Figure 11.25 An external gear pump. 
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Figure 11.26 Three types of centrifugal fan blades. 

thgiartSevrucdrawroF Backward slope

for low - pressure ventilation applications. Two other axial fl ow fans are tube - axial and 
vane - axial fans. Tube - axial fans are suitable for medium pressure and high fl ow rate, 
while vane - axial fans are suitable for medium to very high pressure applications that 
require high effi ciency rate, such as ducted HVAC installations.  

  Selection of Pump and Performance Evaluation 

 Selection of a pump is primarily based on (i) the total head or pressure required, (ii) 
the desired fl ow rate, (iii) the suction lift, (iv) characteristics of the fl uid to be pumped, 
and (v) other special factors such as space and limitations and environmental consid-
erations. Manufacturers often give the most essential performance details for an entire 
range of pump sizes in order to facilitate the selection of a particular pump. 

 The pump fl ow rate and head for a range of process pumps are selected based on 
suction and discharge pipe and impeller diameters. Depending on the curve reference 
number, more detailed performance data for a particular pump can easily be found in 
any mechanical engineering handbook. A pump performance curve that includes 
pump pressure and fl ow, the required horsepower, and pump effi ciency for a range of 
impeller diameters is shown in Figure  11.27 .   

 An important parameter that is very useful in selecting a pump for a particular appli-
cation is specifi c speed ( N s  ). Pumps with a low specifi c speed have a low capacity. The 
specifi c speed of a pump can be evaluated based on its design speed, fl ow, and head:

    N
NQ
H

s =
0 5

0 75

.

.
    (11.43)   

 where  N  is rpm,  Q  is fl ow rate (m 3  · s  − 1 ), and  H  is head (m). Another important param-
eter that helps in evaluating pump suction limitation (e.g. cavitation) is suction -
 specifi c head, which can be expressed as:
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    S
NQ

NPSH
=

0 5

0 75

.

.( )
    (11.44)   

 In general, for single - suction pumps, suction - specifi c speed above 11   000 is considered 
excellent, below 7000 is poor, and 7000 – 9000 is average.  

  References 

    Ahmed ,  J.   ( 2010 )  Rheological properties of food . In:  Mathematical Modeling of Food 
Processing  (ed.   M.M.   Farid  ).  CRC Press ,  Boca Raton, FL , pp.  92  –  112 .  

    Ahmed ,  J.   and   Ramaswamy ,  H.S.   ( 2003 )  Effect of high - hydrostatic pressure and tem-
perature on rheological characteristics of glycomacropeptide .  Journal of Dairy 
Science   86 :  1535  –  1540 .  

    Ahmed ,  J.   and   Ramaswamy ,  H.S.   ( 2006 )  Viscoelastic properties of sweet potato puree 
infant food .  Journal of Food Engineering   74 :  376  –  382 .  

    Ahmed ,  J.  ,   Ramaswamy ,  H.S.  ,   Alli ,  I.   and   Ngadi ,  M.   ( 2003 )  Effect of high pressure on 
rheological characteristics of liquid egg .  Lebensmittel - Wissenschaft und - Technologie  
 36 :  517  –  524 .  

   American National Standards Institute .  ANSI Z535.1 - 1991 Safety Color Code . ANSI, 
New York.  

   American Society of Mechanical Engineers . ASME B36.19M,  1985 . Stainless Steel 
Pipe. ASME, New York.  

    Antaki ,  G.A.   ( 2003 )  Piping and Pipeline Engineering .  Marcel Dekker ,  New York .  
    Asuaje ,  M.  ,   Bakir ,  F.  ,   Kouidri ,  S.  ,   Noguera ,  R.   and   Rey ,  R.   ( 2005 )  Computer - aided design 

and optimization of centrifugal pumps .  Journal of Power and Energy   219 :  187  –  193 .  

Figure 11.27 Typical pump performance curve for centrifugal pump. 

5

To
ta

l p
re

ss
ur

e 
(k

P
a)

10

Power

Efficiency

Pressure

Pumping rate (1/s)
15 20

E
ffi

ci
en

cy
 (

%
) 

&
 p

ow
er

 (
kw

)

100

90

80

70

60

50

40

30

20

10

0
0

1600

1400

1200

1000

800

600

400

200

0



Fluid Flow and Pump Selection 297

    Baoling ,  C.  ,   Zuchao ,  Z.  ,   Jianci ,  Z.   and   Ying ,  C.   ( 2006 )  The fl ow simulation and experi-
mental study of low - specifi c - speed high - speed complex centrifugal impellers . 
 Journal of Chemical Engineering   14 :  435  –  441 .  

    Bloch ,  H.P.   and   Budris ,  A.R.   ( 2006 )  Pump User ’ s Handbook: Life Extension ,  2nd edn . 
 Fairmont Press ,  Lilburn ,  GA .  

    Boyce ,  M.P.   ( 1987 )  Transport and storage of fl uids.  In:  Perry ’ s Chemical Engineers ’  
Handbook ,  6th edn  (eds   R.H.   Perry   and   D.W.   Green  ).  McGraw - Hill ,  New York .  

    Boyce ,  M.P.   ( 2002 )  Handbook of  Cogeneration and Combined Cycle Power Plants  . 
The American Society of Mechanical Engineers, New York, pp.  255  –  265 .  

    Branco ,  I.G.   ( 1995 )  Suco de laranja concentrad: comportamento reol ó gico a baixas 
temperaturas . MS thesis,  Universidade de Campinas ,  Campinas, Brasil .  

    Chaurette ,  J.   ( 2003 )  Pump System Analysis and Sizing ,  5th edn .  Fluide Design Inc .  
    Chhabra ,  R.P.   and   Richardson ,  J.F.   ( 1999 )  Non - Newtonian Flow in the Process 

Industries: Fundamental and Engineering Applications .  Butterworth - Heinemann , 
 London .  

    Correia ,  L.R.   and   Mittal ,  G.S.   ( 1999 )  Food rheological studies using coaxial rotational 
and capillary extrusion rheometers .  International Journal of Food Properties   2 : 
 139  –  150 .  

    Earle ,  R.L.   and   Earle ,  M.D.   ( 2004 )  Unit Operations in Food Processing . The New 
Zealand Institute of Food Science and Technology, web edition.  

    Goto ,  A.  ,   Nohmi ,  M.  ,   Sakurai ,  T.   and   Sogawa ,  Y.   ( 2002 )  Hydrodynamic design system 
for pumps based on 3 - D CAD, CFD, and inverse design method .  Journal of Fluid 
Engineering   124 :  329  –  335 .  

    Holdsworth ,  S.D.   ( 1971 )  Applicability of rheological models to the interpretation of 
fl ow and processing behavior of fl uid food products .  Journal of Texture Studies   2 : 
 393  –  418 .  

    Karassik ,  I.J.  ,   Messina ,  J.P.  ,   Cooper ,  P.   and   Heald ,  C.C.   ( 2008 )  Pump Handbook ,  4th 
edn .  McGraw - Hill ,  New York .  

    Liu ,  H.   ( 2003 )  Pipeline Engineering .  CRC Press ,  Boca Raton, FL .  
    McCabe ,  W.L.  ,   Smith ,  J.C.   and   Harriott ,  P.   ( 2001 )  Unit Operations of Chemical 

Engineering ,  6th edin .  McGraw - Hill ,  New York , pp.  83  –  90 .  
    Massa ,  A.  ,   Gonzalez ,  C.  ,   Maestro ,  A.  ,   Labanda ,  J.   and   Ibarz ,  A.   ( 2010 )  Rheological 

characterization of peach purees .  Journal of Texture Studies   41 :  532  –  548 .  
    Mewis ,  J.   and   Wagner ,  N.J.   ( 2009 )  Thixotropy .  Advances in Colloid and Interface 

Science   147 – 148 :  214  –  227 .  
    Nayyar ,  L.M.   ( 2000 )  Piping Handbook ,  7th edn .  McGraw - Hill ,  New York .  
    Naji ,  S.  ,   Razavi ,  SMA.   and   Karazhiyan ,  H.   ( 2012 )  Effect of thermal treatments on 

functional properties of cress seed ( Lepidium sativum ) and xanthan gums: A com-
parative study .  Food Hydrocolloids   28 :  75  –  81 .  

    Nesbitt ,  B.   ( 2007 )  Handbook of Valves and Actuators .  Butterworth Heinemann ,  London .  
    Noyes ,  R.   ( 1992 )  Handbook of Leak, Spill and Accidental Release Prevention 

Technique .  Noyes Data Corporation ,  Park Ridge, NJ , pp.  80  –  84 .  



298 Handbook of Food Process Design: Volume I

    Rajenthirakumar ,  D.   and   Jagadeesh ,  K.A.   ( 2009 )  Analysis of interaction between geom-
etry and effi ciency of impeller pump using rapid prototyping .  International Journal 
of Advanced Manufacturing Technology   44 :  890  –  899 .  

    Skousen ,  P.L.   ( 2004 )  Valve Handbook ,  2nd edn .  McGraw - Hill ,  New York .  
    Smith ,  P.   and   Zappe ,  R.W.   ( 2004 )  Valve Selection Handbook: Engineering Fundamentals 

for Selecting the Right Valve Design for Every Industrial Flow Application ,  5th 
edn .  Gulf Professional Publishing ,  Burlington, MA .  

    Steffe ,  J.F.   ( 1996 )  Rheological Methods in Food Process Engineering .  Freeman Press , 
 East Lansing, MI , pp.  1  –  91 .  

    Telis - Romero ,  J.  ,   Thomaz ,  C.E.P.  ,   Bernardi ,  M.  ,   Telis ,  V.R.N.   and   Gabas ,  A.L.   ( 2006 ) 
 Rheological properties and fl uid dynamics of egg yolk .  Journal of Food Engineering  
 74 :  191  –  197 .  

    Tilton ,  J.N.   ( 1997 )  Fluid and particle dynamics . In:  Perry ’ s Chemical Engineers ’  
Handbook ,  6th edn  (eds   R.H.   Perry   and   D.W.   Green  ).  McGraw - Hill ,  New York .  

    Vitali ,  A.A.   and   Rao ,  M.A.   ( 1984 )  Flow properties of low - pulp concentrated orange 
juice: serum viscosity and effect of pulp content .  Journal of Food Science   49 : 
 876  –  881 .  

    Wang ,  H.  ,   Sun ,  D.W.  ,   Zeng ,  Q.   and   Lu ,  Y.   ( 1999 )  Flow behavior and rheological models 
of rice fl our pastes .  Journal of Food Process Engineering   22 :  191  –  200 .  

    Wilhelm ,  L.R.  ,   Dwayne ,  A.S.   and   Gerald ,  H.B.   ( 2004 )  Food and Process Engineering 
Technology .  American Society of Agricultural Engineers ,  St Joseph, MI .   

 



Heating and Cooling System Analysis Based on 
Complete Process Network  
  Mart í n     Pic ó n - N ú  ñ ez       

  12 

   Introduction 

 This chapter seeks to provide an integrated view of the problem of designing heating 
and cooling utility systems for a process plant. Heat supply and removal plays an 
important role in the operation of processes since the temperature of streams is one 
of the conditions under which a process must operate. The design of a process fl ow 
sheet is a large and rather complex task on its own; therefore, it would be of great 
benefi t if the design of the utility systems and the heat exchanger network involved 
was carried out independently. A number of design techniques have appeared and 
evolved since the early 1980s that provide the required insight into the basic relations 
between energy fl ows in processes, and which allow design and even retrofi t in a 
practical manner. The principles behind these techniques are presented in this chapter 
and assembled so as to provide an overall picture for undertaking the design of heating 
and cooling systems. 

 The chapter is organised in the following way. First, the targeting techniques to 
determine the minimum heating and cooling needs of a process ahead of design are 
described. These concepts lead to the consideration of the network of exchangers that 
will meet the minimum external energy consumption and which will undertake the 
task of recovering the maximum practical amount of heat for maintaining operating 
costs at a minimum. The ways in which heat exchanger networks subdivide into a 
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heating network, a cooling network and a heat recovery network is also explored. This 
stage is when the design of heating and cooling systems can be undertaken in more 
detail. The chapter closes with a section that describes the heat exchanger technology 
that is best suited for the food and process industry.  

  Determination of Process Heating and Cooling Needs 

 Minimum process heating and cooling demands can be systematically determined 
ahead of design through the application of an energy targeting technique originally 
known as pinch technology (Linnhoff  et al .,  1982 ). The main concepts behind the 
determination of these energy targets are (i) the composite curves, (ii) maximum heat 
recovery, (iii) minimum heating and cooling demands, (iv) the pinch point ( Δ  T  min ), and 
(v) the problem table algorithm. 

 The heat recovery pinch is the concept that gave birth to the various tools for the 
design of integrated production systems, going from single processes to complex sites 
with special emphasis on the effi cient use of energy, raw materials, capital cost and 
the reduction of environmental effects. This concept and its graphical tools have 
evolved to become what is now known as  pinch analysis  (Kemp,  2007 ). 

  Heating and Cooling Targets 

 A schematic of a typical composite curve profi le is shown in Figure  12.1 . The com-
posite curves represent the overall heat and mass balance of a continuous process for 
a given production rate. The diagram consists of two separate curves: the hot com-
posite curve, which is the result of the thermal summation of all hot streams and 
therefore represents the overall process needs for thermal energy removal; and the cold 
composite curve, which represents the overall heating needs of the process. Both 
curves can be superimposed so that they overlap over a range along the enthalpy axis. 
The extent of the overlap indicates how much energy can be recovered from the hot 
streams and transferred to the cold streams, a process carried out through heat exchang-
ers. Additionally, for the given amount of heat recovery, the composite curves also 
indicate the amount of external heating and cooling the process requires for complet-
ing the energy balance. An inverse relationship therefore arises between the level of 
heat recovery and the external consumption of energy, i.e. the larger the heat recovery 
the lower the need for external energy consumption.   

 The composite curves also show the temperature driving forces available for the 
heat recovery process to occur. The point of minimum temperature approach between 
the curves is known as the pinch point and its value is directly related to the amount 
of energy recovered, the external energy consumption and the capital investment in 
terms of heat transfer equipment. In most applications, the minimum temperature 
approach occurs at a point located along the zone where the two curves overlap. At 
this point, the whole process can be separated into two distinctive areas: above the 



Heating and Cooling System Analysis Based on Complete Process Network 301

pinch where external heating is supplied to the process and below the pinch where 
external cooling is required. 

 There exist three different ways of expressing the limit for the heat recovery problem, 
namely a thermodynamic limit, an economic limit, and a practical limit. 
Thermodynamically, the maximum heat recovery that can be accomplished is found 
when the composite curves are moved closer to one another, to the extent that the 
curves touch each other, resulting in a zero temperature driving force. This type of 
limit serves the purpose of being only a reference since under this condition no heat 
transfer is possible and the corresponding investment in heat transfer equipment 
would be too large. The direct relationship between the minimum temperature 
approach ( Δ  T  min ) and external energy consumption on the one hand and the inverse 
relationship between  Δ  T  min  and capital investment in heat transfer equipment on the 
other gives rise to the need to fi nd the design point where total operating costs are 
brought to a minimum. The level of heat recovery that minimises the total operating 
costs is known as the economic limit. 

 A practical aspect related to the design of heat recovery networks is the selection 
of the minimum temperature approach for the particular exchanger technology to 
be employed in a given application. Apart from low temperature processes where 
the reduction of temperature driving force is directly related to power savings and 

     Figure 12.1     The composite curves represent the maximum energy recovery and minimum heating 
and cooling utilities for a given  Δ  T  min .  
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therefore temperature approaches down to 3    ° C are common, in most above - ambient 
processes temperature approaches between 12 and 15    ° C are normally found. The 
practicalities of choosing a minimum temperature approach of 12    ° C are linked to the 
need to avoid large temperature crosses when heat exchangers with more than two 
passes in one of the streams is required. Failing to do so may cause unnecessary addi-
tional surface area to be installed in order to achieve the required duty within the 
specifi ed inlet and outlet temperatures and pressure drops. Now, for evaporation proc-
esses where heat transfer coeffi cients are a function of the temperature difference, at 
least a 15    ° C difference is required for boiling to start. 

  Generation of Composite Curves 

 The construction of the composite curves constitutes the principal element in the 
determination of process heating and cooling needs. Its construction proceeds after 
the appropriate process data has been gathered. In the case of new processes, once the 
process fl ow sheet and the heat and mass balance for a given throughput have been 
specifi ed, the required data can be extracted. These data include the identifi cation of 
the hot and cold streams; hot streams are those that must absorb heat in order to 
increase its temperature to a given target and cold streams are those that require heat 
to be taken out. The basic stream data to be extracted include mass fl ow rates ( m ), 
specifi c heat capacity ( C p  ), supply temperature ( T s  ) and target temperature ( T T  ). 

 There are some principles that must be taken into consideration during the gather-
ing of data from the fl ow sheet and mass and energy balances. Consider the process 
fl ow sheet in Figure  12.2 . Streams are fi rst identifi ed as hot and cold streams; their 
supply and target temperatures correspond to the one existing between the major 
pieces of equipment. Heat exchangers included in the fl ow sheet are not considered 
as such. In the case of mixing points, the main consideration is that streams must 
mix isothermall, i.e. the streams participating in the process must be separately taken 
from their supply temperature to the fi nal mixing target temperature. For a process 
where the stream undergoes a temperature change, care must be taken that the supply 
and target temperatures refl ect real opportunities for heat recovery.   

 In Figure  12.2 , the reactor feed, a cold stream, available at 25    ° C, must be heated to 
200    ° C before is fed to the reactor. The effl uent from this reactor constitutes a hot 
stream that must be cooled down to 90    ° C before it enters a fl ash separation unit. The 
liquid coming out of this unit, available at 90    ° C, is heated to 130    ° C to be separated 
in a distillation tower. A fraction from the bottom stream of the distillation column 
absorbs heat at a temperature of 160    ° C and is returned to the column. The vapour 
emerging from the dome of the column is mixed with the vapour stream from the 
fl ash unit at 90    ° C. This vapour mix is compressed and sent as recycle to the reactor. 
As a result of the compression process, the vapour increases its temperature from 90 
to 120    ° C and before it is fed to the reactor its temperature is further increased to 
200    ° C. Part of the vapour emerging from the top of the distillation column is con-
densed and returned as condensate to the column and the rest taken out for down-
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     Figure 12.2     Process fl ow sheet for data extraction.  
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  Table 12.1    Process data extracted from process fl ow sheet. 

   Stream description     Type      T s   ( ° C)      T T   ( ° C)      mC p   (kW ·  ° C  − 1 )      Δ  H  (kW)     Type of heat transfer process  

  Reactor feed    C1    25    200    25    4375    Sensible  
  Reactor effl uent    H1    200    90    65    7150    Sensible  
  Column feed    C2    90    130    30    2000    Sensible  
  Reactor recycle    C3    120    200    40    3200    Sensible  
  Condenser    H2    90    90     –     4500    Latent  
  Reboiler    C4    160    160     –     5000    Latent  
  Column top product    H3    90    40    15    750    Sensible  
  Column bottom 

product  
  H4    160    80    20    1200    Sensible  

stream processing. Table  12.1  shows the process data for the fl ow sheet under 
consideration.   

 The thermal summation of the hot streams results in the hot composite curve, the 
graphical procedure that describes the way two simple hot streams are added together 
in a temperature vs. enthalpy diagram (Figure  12.3 ). The same approach applies for 
the case of cold streams.    
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  Problem Table Algorithm 

 As discussed before, the external heating and cooling needs of a process are a function 
of the level of heat recovery, which in turn is also a function of the minimum tem-
perature approach. The algorithm that permits the exact calculation of the heating 
and cooling needs given a  Δ  T  min  is known as the  problem table algorithm  and it con-
sists of the following steps:

   1.     Determination of modifi ed temperatures.       For the specifi ed  Δ  T  min , the supply and 
target temperatures of each stream are modifi ed by  ½  Δ  T  min . Hot streams are affected 
by  −  ½  Δ  T  min  and cold streams by  +  ½  Δ  T  min . The modifi ed temperature data of the 
case study considering a  Δ  T  min  of 12    ° C is shown in Table  12.2 .    

  2.     Generation of heat balances per temperature interval .      For each modifi ed tempera-
ture interval, enthalpy balances are carried out in order to determine whether a 
surplus or defi cit of heat exists at the corresponding interval. Figure  12.4  shows the 
enthalpy balances per temperature interval.    

  3.     Heat cascading .      The principle behind heat cascading is that any surplus of heat is 
allowed down to lower temperature intervals to supply the heat need in that inter-
val. A fi rst heat cascade exercise (Figure  12.5 a) reveals that a heat fl ow of  − 5780 
units fl ows across the temperature line representing the modifi ed temperature of 
166    ° C which is unfeasible. This unfeasibility must be removed by cascading the 

     Figure 12.3     Construction of the hot composite curve.  
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  Table 12.2    Modifi ed data for case study ( Δ  T  min     =    12    ° C). 

   Stream description     Type       Ts
* ( C)       TT

* ( C)      mC p   (kW ·  ° C  − 1 )      Δ  H  (kW)     Type of heat 
transfer process  

  Reactor feed    C1    31    206    25    4375    Sensible  
  Reactor effl uent    H1    194    84    65    7150    Sensible  
  Column feed    C2    96    136    30    2000    Sensible  
  Reactor recycle    C3    126    206    40    3200    Sensible  
  Condenser    H2    84    84     –     4500    Latent  
  Reboiler    C4    166    166     –     5000    Latent  
  Top column product    H3    84    34    15    750    Sensible  
  Bottom column 

product  
  H4    154    74    20    1200    Sensible  

     Figure 12.4     Enthalpy balances per temperature interval.  
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minimum amount of heat that will make the heat fl ow at least zero; this amount 
corresponds to the largest negative heat fl ow, which in this case is 5780. This 
amount of heat is added right at the top and the heat cascade process is repeated 
(Figure  12.5 b). The point where the heat fl ow equals zero represents the modifi ed 
pinch temperature. The amount of heat added at the top is the minimum energy 
consumption (5780   kW) and the amount of heat released at the lower temperature 
is the minimum cooling required by the process (6005   kW) for a minimum tem-
perature approach of 12    ° C. Figure  12.6  shows the composite curves for the process.        

  Heat Exchanger Network 

 The network of heat exchangers, coolers and heaters that will carry out the duty of 
recovering heat and supplying the minimum external heating and cooling is graphi-
cally represented by means of a grid diagram in which hot streams are shown as 

     Figure 12.5     Heat cascade: (a) surplus heat is cascaded down to lower temperature intervals; 
(b) heat is added from hot utility to make all heat fl ows zero or positive.  
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straight lines going from right to left while cold streams run in the opposite direction. 
Utility exchangers are symbolised by circles with the notation H or C for heaters and 
coolers respectively, whereas process to process heat recovery exchangers are illus-
trated as two circles linked by a vertical straight line. The heat load of each exchanger 
is indicated at the top of the unit and supply and target temperatures are also shown 
for each stream. The pinch design method for heat recovery networks that gave rise 
to the network structure shown in Figure  12.7  is based on heuristic rules (Linnhoff 
 et al .,  1982 ) and to date is one of the most practical approaches to the design of heat 
recovery networks. For most applications, the design of a heat recovery network is 
conducted for point conditions, which means that no allowance is made for operations 
moving away from the fi xed expected conditions. Since during actual operation 
changes to operating conditions are bound to occur, the problem deserves attention 
right from the design stage. An example of changed operating conditions is when the 
production rate of a plant changes over the year due to marked demands. One approach 
to the problem consists in making the design of heat exchanger networks fl exible 
enough to cater for these variations (Pic ó n - N ú  ñ ez and Polley,  1995 ).   

 The network structure of Figure  12.7  can be subdivided into three substructures: 
the process to process heat recovery network, the heating network and the cooling 
network. Although the three structures are linked to each other, each one has unique 
features and their actual design deserves special attention. Figures  12.8  and  12.9  show 
a grid representation of a water cooling network and a steam heating network 
respectively.    

     Figure 12.6     Composite curve for  Δ  T  min     =    12    ° C.  
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     Figure 12.7     Heat recovery network for  Δ  T  min     =    12    ° C.  
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  Selection of Heating and Cooling Utilities 

 A practical tool for the design and selection of heating and cooling utilities is the 
grand composite curve, which provides clear graphical information on not only the 
amount of heating and cooling required by the process but also the temperature at 
which such utilities can be supplied. The grand composite curve can be constructed 
from the information displayed from the heat cascade. This is shown in Figure  12.10 , 
where we see that the total heating duty can be supplied to the process in various 
ways, for example part of it by means of high - pressure steam (HP) and the rest using 
medium - pressure steam (MP). In the case of the cooling needs, the grand composite 
curve reveals other opportunities apart from cooling water; in this case high - level heat 
is removed, using it for preheating purposes.   

 The grand composite curve is useful in defi ning the way the heating and cooling 
needs of a single process can be supplied, but when a total site or a group of various 
plants is considered an additional tool that gives an overview of all heating and cooling 
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needs is required. Such a tool is known as the site composite curve and is constructed 
by combining the information of heat sources and sinks contained within the site 
(Klemes  et al .,  1997 ). The site source profi le and the site sink profi le are similar, 
respectively, to the hot and cold composite curve of a single process. 

 For the construction of the site composite curves, we start by identifying the heat 
sinks and heat sources sections in the grand composite curve of each individual plant. 
The heat sinks are the straight lines above the pinch with a positive slope; the straight 
lines below the pinch with a negative slope represent the heat sources. Heat sinks are 
then thermally added to produce the site sink composite curve and the procedure is 
repeated for the heat sources. One difference that must be noted is that the site com-
posite curves are shifted by the total  Δ  T  min  on the temperature enthalpy diagram. This 
contrasts with the grand composite curve, which utilises  ½  Δ  T  min . Thus site source 
profi les appear shifted down the whole  Δ  T  min  and site sink profi les shifted up the whole 
 Δ  T  min . Another difference is that their graphical representation does not include any 
overlap. Typical site source and sink profi les are shown in Figure  12.11 .   

 One way of making the best use of the heat sources and sinks within a site is 
through the use of a steam distribution system. When a hot source is available in a 
plant, steam can be produced, uploaded into the steam mains and used where heat is 
required. The site composite curves give the designer the information needed to make 
decisions regarding the location of steam levels, namely low - , medium -  and high -
 pressure steam. In the example shown in Figure  12.11  we see that low - pressure and 

     Figure 12.8     Grid representation of a water cooling network.  
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medium - pressure steam can be raised from process sources and used to supply the 
needs of the process sinks.   

  Process Heating 

  Types of Hot Utilities 

 External heating can be supplied to a process in various ways: fi red heaters or furnaces, 
steam heating, exhaust hot gases, cogeneration systems, hot oil systems, heat pumps 
and electrical heating. The use of the grand composite curve for the design of some 
of these heating systems is illustrated in Figure  12.12 . The suitability of one or the 
other type of utility is dictated by process characteristics and economic viability and 
at times it is not unusual to fi nd a combination of various technologies. Amongst the 
most versatile, safe and simple ways of supplying the heating needs of a process is the 
use of steam. As described in the previous section, there is a systematic way of design-
ing the steam system of a single process or a whole production site. The design of a 

     Figure 12.9     Grid representation of a steam heating network.  
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     Figure 12.10     The grand composite curve shows the various possibilities for the design and selec-
tion of process utilities. HP, high pressure; MP, medium pressure.  
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     Figure 12.11     The site source and sink profi les establish the basis for targeting the use and gen-
eration of steam within a site. HP, high pressure; LP, low pressure; MP, medium pressure.  
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     Figure 12.12     Some types of hot utility systems: (a) thermal integration of steam turbines; (b) hot 
oil systems; (c) heat pumps; (d) exhaust gases from gas turbines. HP, high pressure; LP, low pres-
sure; MP, medium pressure.  
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steam system involves the defi nition of heat duties and the pressure level at which 
steam can be produced for servicing the various heat sinks in the process and also the 
whole structure for steam distribution. In consequence, a closer look at the main 
characteristics of a steam distribution system follows.    

  Steam Distribution Systems 

 Once the steam requirements of a process have been identifi ed, the distribution 
system can be designed. The use of steam in a process plant falls within one of the 
following categories: (i) direct contact, (ii) indirect contact with possible contamina-
tion of condensate, (iii) indirect contact without possible contamination of conden-
sate, (iv) process reaction and operations, and (v) utilities. 

 Steam and condensate systems have the following components (Smith,  2005 ):

    •      three pressure levels of steam, namely high, medium and low pressure;  
   •      a boiler production unit;  
   •      direct and indirect process consumers of steam;  
   •      steam turbines;  
   •      waste heat recovery systems (where steam is produced);  
   •      pressure let - down stations;  
   •      condensate recovery system (condensate fl ashing).    

 When heat and power are simultaneously produced within the plant through a steam 
turbine, very high pressure (VHP) steam is required for operation of the cogeneration 
system and typically consists of superheated steam. The operating pressures of VHP 
are in the range 5.5 – 10   MPa. In the case of the mains for the distribution of steam, 
typical operating pressures are 4   MPa for high - pressure steam, 1   MPa for medium -
 pressure steam and 0.9 – 0.15   MPa for low - pressure steam. A schematic of an overall 
steam distribution system is shown in Figure  12.13 .   

 When a plant contains a cogeneration system, back - pressure turbines are employed 
to convert part of the energy content of steam into electricity when steam is expanded 
from a high to a lower pressure and the turbine exhaust steam serves the purpose of 
providing the heating duties to the process. Steam can also be used in turbines for 
mechanical drive applications, where the shaft work produced by the turbine is used 
directly to run systems like induced - draft and forced - draft fans, boiler feed - pumps and 
air compressors. 

 Steam can be supplied from the boiler at the boiler pressure condition. There is 
always a pressure difference between the boiler output pressure and the point where 
it is used. This difference is available for overcoming friction in the distribution 
system. 

 The needs of low - pressure steam in a plant can be met by generating it in a number 
of ways: from a turbine generator exhaust, from a turbine - driven pump or compressor 
exhaust, by direct expansion of high - pressure steam through a pressure - reducing valve, 
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     Figure 12.13     Principal components a plant steam system. HP, high pressure; LP, low pressure; 
MP, medium pressure.  
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or by means of a condensate fl ashing system. The latter is a common system and the 
amount of steam generated depends on the amount of condensate and the pressure 
difference between the condensate and the fl ash tank. Pressure - reducing valves are 
used to control the pressure in the steam system, for example they are used to main-
tain a constant back - pressure for turbine generators which makes their operation 
easier to control. Also, they take steam supplied by the boiler and reduce its pressure 
to the level required by the process consumers.   

  Process Cooling 

  Types of Water Cooling Systems 

 A water cooling system is a typical component of a process plant used for low - grade 
thermal energy removal. It consists of three major components: a cooling tower, a 
water fl ow system (pipeline and pumps) and a network of coolers. The main types of 
systems for process plant heat rejection are as follows:

   1.     Direct contact cooling .      Used mainly for applications such as quenching hot acidic 
gases or for condensation duties. In this case it is not required to recover the cooling 
water. Figure  12.14  shows a schematic of the system.    

     Figure 12.14     Direct contact cooling (hot gas quenching process).  
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  2.     Direct cooling through a heat exchanger using a once - through cooling system .      When 
sea water or river water is available, low - grade process heat is removed using water 
on a once - through basis and discharged back to the cold sink as shown in Figure 
 12.15 .     

  3.     Indirect cooling using a secondary coolant and a once - through cooling system .      In 
this type, an intermediate fl uid is used to remove the waste heat from the process 
to be discharged through an intermediate heat exchanger where once - through sea 
or river water is used. The system arrangement is shown in Figure  12.16 .    

  4.     Open circuit evaporative systems .      Evaporative cooling systems are the most 
common type of cooling systems in processing plants. Cooling water is recirculated 
around the system and after removing heat from the process, it is cooled down in 
a wet cooling tower in a direct contact process with atmospheric air. During the 
cooling process, part of the water is evaporated and in doing so cools down the 
remaining water. Depending on the fl ow direction in which water and air fl ow with 
respect to one another, the cooling tower may be in counter - current or cross - fl ow 
arrangement. Now, with respect to the way the airfl ow is made to enter the 
systems, wet cooling towers are further classifi ed as natural draft or mechanical 
draft. The latter use fans to move the air through the cooling system. When the air 

     Figure 12.15     Once - through cooling system.  

Network of coolers

Sea or river
water 
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is forced through the tower, fans force the air from the bottom of the tower to the 
top. When the fan is located at the top of the tower, air is drawn upwards through 
it. Internally, the tower consists of a packing structure that promotes effi cient 
contact between air and water that increases the rate of heat and mass transfer with 
low pressure drop. A typical system is shown in Figure  12.17 .    

  5.     Closed circuit dry cooling systems .      Another type of cooling system is that where 
water fl ows in a closed circuit. This means that the heat removal process for the 
cooling of the hot water takes places through the use of dry systems where natural 
draft tower or air - cooled heat exchangers are used to ultimately dispose of the heat 
to the environment. Figure  12.18  shows a schematic of this type of system.      

 Since most existing water cooling systems are of the open circuit evaporative type, 
they will be examined in more detail in the following sections. However, before 
moving any further, some central design aspects have to be addressed. These include 
fouling, fl uid velocity and fl uid pressure drop. These three parameters are closely 
related. The extent of fouling depends on the nature of the water used, on the kind of 
water treatment employed, on the heat transfer surface temperature and on the fl uid 
velocity. With good water quality and an appropriate water treatment, the rate of 
fouling deposition is then a function of the velocity of the water through the heat 
exchangers; the lower the velocities, the higher the propensity to foul. A recom-
mended minimum fl uid heat exchanger velocity is 2   m   s  − 1 . During the design of heat 

     Figure 12.17     Open circuit evaporative cooling system.  
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exchangers, a parameter that at times becomes a design constraint is pressure drop. 
Velocity and pressure drop are closely related, in general terms; pressure drop increases 
with the square of the velocity. 

 The exchanger surface temperature has a direct effect on the fouling rate. This is 
because one of the main fouling mechanisms with cooling water is scaling, which is 
related to the deposition of calcium and magnesium carbonates and sulphates. These 
salts are of inverse solubility, and therefore the higher the wall temperature, the higher 
the velocity of scaling deposition. With this constraint in mind when designing 
cooling systems, water return temperatures should be kept below 50    ° C. 

 As mentioned before, in open evaporative cooling systems, the cooling process takes 
place as a result of the evaporation of a fraction of the water being recirculated around 
the system. This process causes the concentration of salts to increase. When the con-
centration reaches a certain value, the system is purged to eliminate the solids; such 
practice is known as blowdown. Fresh water is then added to the system as makeup. 
The term  cycles of concentration  is the ratio between the concentrations of dissolved 
solids in the blowdown and that of the makeup water (Smith,  2005 ). For the sake of 
calculation, the blowdown includes all type of non - evaporative losses such as drift, 
leaks and blowdown. 

 The number of cycles of concentration ( CC ) is expressed as the ratio of the concen-
tration of dissolved salts such as chlorides or sulphates in the blowdown ( C B  ) and the 
makeup ( C M  ): 

    CC
C
C

B

M

=     (12.1)   

 From a mass balance of the solids entering the system and those leaving in the blow-
down we have:

    F C F CM M B B=     (12.2)   

 where  F M   and  F B   are the mass fl ow rates of the makeup and the blowdown respectively. 
Combining Equations  12.1  and 12.2:

    CC
F
F

M

B

=     (12.3)   

 Now, since

    F F FM B E= +     (12.4)   

 where  F E   represents evaporative looses, the blowdown and makeup fl ow rates can 
respectively be calculated from:



Heating and Cooling System Analysis Based on Complete Process Network 319

    F
F

CC
B

E=
−1

    (12.5)  

    F
F CC

CC
M

E=
−1

    (12.6)   

 As the number of concentration cycles is increased, the makeup water reduces; 
however, the amount of dissolved solids increases, leading to increased corrosion and 
salt deposition. Less makeup water will also lead to increased amounts of fouling -
 preventing chemicals.  

  Design of Water Cooling Networks 

 A process plant may contain a large number of coolers. For all of them to perform 
satisfactorily, it is essential to have an effi cient water distribution system that ensures 
both the removal of the required thermal duty and the minimum water velocities. 
Failure to achieve adequate fl ow distribution may result in under - performance of some 
units due to less than minimum water fl ow rates in some cases and erosion and 
mechanical damage in others. 

 The distribution pipework of cooling systems is normally designed on a velocity 
basis. For instance, for carbon steel pipelines, the economic velocity lies between 1.5 
and 2   m   s  − 1 . Above 2.5   m   s  − 1 , erosion may become a problem. For the design of a cooler 
network and its pipework, the overall pressure drop between the points of discharge 
of the pumping system to the point of return to the cooling tower may be up to 
150   kPa. This pressure drop must be balanced for the system to have an adequate water 
fl ow distribution. 

 In most existing industrial facilities, cooler networks are designed with a parallel 
arrangement; this implies that cooling water enters every single cooler at the same 
temperature as supplied by the cooling tower. Other types of cooler arrangements are 
also possible, for instance there are situations where some of the exchangers are set 
in series. Figure  12.19  shows an actual industrial cooling system of a petrochemical 
facility in Mexico (Pic ó n - N ú  ñ ez  et al .,  2004 ). The network consists of 50 coolers with 
a heat removal capacity of 95.23   MW. The amount of water that fl ows around the 
system is 144   m 3    s  − 1  and the cooling tower receives hot water from the process at 36    ° C 
and cools it down to 29    ° C. The pumping system consists of fi ve pumps, each driven 
by 500   hp motors. Most coolers in the system are arranged in parallel; however, there 
are three areas of the plant where the exchangers are set in series as in the case of 
exchangers: C1 – C2, C42 – C47 – C48 and C43 – C49 – C50.   

 The design of heat exchanger cooling networks can be approached in two systematic 
ways:

   1.     The pinch design method: this is based on the concept of vertical heat transfer for 
minimum heat transfer surface area to be achieved (Townsend and Linnhoff,  1984 ).  
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     Figure 12.19     Diagram of an existing cooling facility that depicts the three main components of a 
cooling system and the various cooler network arrangements.  
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  2.     The minimum water use design method (Kim and Smith,  2001 ): this derives a 
network design based on the concept of minimising the water fl ow rate through 
water reuse.    

 The resulting cooler network structures obtained from any of these methods exhibit 
a combination of parallel and series arrangements. In an attempt to establish a means 
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of comparison between the various structures derived, these two design approaches 
are compared with two extreme design arrangements, namely full parallel and full 
series arrangements in terms of heat transfer surface area requirements (Morales -
 Fuentes and Pic ó n - N ú  ñ ez,  2005 ). To this end, the case study in Table  12.3  is consid-
ered. The cooler network to meet the required thermal duty is designed according to 
the methodologies mentioned above. Cold water is available at 20    ° C. Since higher 
return temperatures improve cooling tower performance but also increase fouling 
problems in the heat transfer units due to scaling, in this case the maximum hot water 
return temperature is fi xed at 40    ° C. For the purposes of exchanger design, the water 
side pressure drop is distributed linearly according to the heat load. A total pressure 
drop on the water side is assumed to be 81   kPa. For the purposes of this case study, 
all exchangers are assumed to be shell and tube and single phase.   

 Four network arrangements are analysed: parallel, series, and two examples of 
series – parallel arrangement. One of the combined network structures is obtained by 
designing the network according to the pinch design method, while the second one is 
obtained using the design methodology for minimum water fl ow rate. An implicit 
assumption in this latter method is that to achieve minimum water fl ow rate, outlet 
temperatures are relaxed; therefore in the case under study, the actual return tempera-
ture is 57.8    ° C (Kim and Smith,  2001 ). 

 Figures  12.20 ,  12.21 ,  12.22  and  12.23  show the network structures for the series –
 parallel (vertical heat transfer), series – parallel (minimum water fl ow rate), parallel and 

  Table 12.3    Process data for cooling network design. 

   Stream      T  in  ( ° C)      T  out  ( ° C)      mC p   (kW ·  ° C  − 1 )      Q  (kW)  

  1    50    30    20    400  
  2    50    40    100    1000  
  3    85    40    40    1800  
  4    85    65    10    200  

     Figure 12.20     Design of a cooling network using the pinch design approach: (a) composite curves 
for plant cold end; (b) network structure.  
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     Figure 12.21     Design of a cooling network using the minimum water consumption approach: 
(a) heat exchange matches; (b) network structure.  
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     Figure 12.22     Design of a cooling network under parallel arrangement: (a) heat exchange matches; 
(b) network structure.  
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series design arrangements. Tables  12.4 ,  12.5 ,  12.6  and  12.7  show the detailed exchanger 
design. Capital costs are calculated directly using the cost models contained in the 
commercial software B - Jac of Aspen Tech and are shown in Table  12.8 .     

 The comparison between the various network structures shows that the series 
arrangement requires less heat transfer surface area and capital investment; the reason 
behind this is that the capital cost of a network of coolers depends on both the surface 
area and the number of exchangers. Of both, the number of units plays a major role 
in the total cost. For instance, in the case of the pinch design method based on verti-
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cal heat transfer, although it exhibits less overall surface area than the rest of the other 
methodologies, the number of heat exchangers required to fulfi l the vertical heat 
transfer criterion increases; thus, with seven heat exchangers the capital cost is much 
higher. In the case of the minimum water fl ow rate approach, bigger heat exchangers 
are required to meet the thermal duty. One of the principles of this approach is the 
determination of the minimum fl ow rate that will remove the required heat duty; this 
can only be achieved by allowing water to be reused. The reuse of water has an effect 
on the temperature driving forces since it destroys it. Additionally, minimum water 
fl ow rates are accompanied by small temperature approaches or high thermal effective-
ness and near balanced exchangers. Under these conditions, the design of a heat 
exchanger falls in an asymptotic region where the achievement of a minor increase 
in heat load is obtained at the expense of a large increase in surface area. 

 The question that arises is: Will different cooler network structures perform differ-
ently when they undergo changes in the operating conditions? For instance, as the 
plant throughput is changed, the heat loads on coolers also change. Other types of 
common disturbance enter the system through changes in ambient conditions such 
as dry and wet bulb temperatures. The work done on the subject (Pic ó n - N ú  ñ ez  et al ., 
 2007 ) demonstrates that the network response to changed operating conditions is 
independent of the structure. So, how should we go about the design of a cooling 
network? To answer this question we turn to the overall plant layout where areas of 
integrity can be identifi ed. An area of integrity is a geographical part of a plant where 
simple cooler structures can be devised. Working in areas of integrity will also make 
the water pipework less complex and therefore cheaper. The separation of the whole 
process in areas of integrity has the advantage that local designs are simpler in struc-
ture and require less number of coolers. Under this condition, the series arrangement 

     Figure 12.23     Design of a cooling network under series arrangement: (a) heat exchange matches; 
(b) network structure.  
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is the fi rst choice provided the water outlet temperatures from upstream units and 
piping complexity allow it. 

 In the case study discussed above, the calculation of the network surface area was 
based on the specifi cation of shell and tube heat exchangers for the required duties. 
However, other types of exchanger technologies such as plate and frame exchangers 
offer special characteristics, such as the availability of materials of construction and 
ease of cleaning, that make them suitable for the particular needs of the food industry. 
In the following section, guidelines on design and selection of these types of exchanger 
are presented.   

  Heat Exchangers for Heating and Cooling in the Food Industry 

 Plate and frame heat exchangers (PFHE) are widely used in the process industries, 
particularly the food and beverage industries, for heating, cooling and heat recovery 
applications. This is mainly due to their construction characteristics that facilitate 
cleaning and also due to their versatility in terms of the materials of construction. 
Some of their limitations are that they cannot be used in applications with high pres-
sures and temperatures and in situations where a large difference in operating pressure 
between streams exists since this can cause plate deformation (Marriot,  1971 ; Shah 
and Focke,  1988 ). 

 PFHEs consist of a stack of corrugated plates in a bolted frame; one end frame is 
fi xed and the other end is mobile allowing addition or removal of plates. The plates 
are supported by shaped slots in the top and bottom of the plates that engage in upper 
and lower guiding bars mounted on the frame. The plates are sealed by means of 
gaskets made of polymeric material. With PFHE, the need for distribution headers is 
eliminated since ports are an essential element of the plate design and are incorporated 
in it. The geometry of this type of heat exchanger is characterised by the following 
elements: number of plates ( N ), plate length ( L ), plate width ( W ), chevron angle (  β  ), 
plate spacing ( b ), port diameter ( D p  ), plate thickness (  τ  ), plate pitch ( p ) and enlargement 
factor (  φ  ). This last term refers to the ratio of the actual surface area of a plate to the 
area projected on the plane. The geometrical features of the plates and the whole 
exchanger assembly are shown in Figure  12.24 .   

 The thermal performance of PFHE is dictated by the geometry of the corrugation of 
the plates. The most common corrugation is the chevron type, characterised by an 
angle  β  with respect to the horizontal in the direction of fl ow. Designs with a high  β  
angle present low levels of turbulence and low heat transfer coeffi cients and pressure 
drops, whereas designs with low values of  β  exhibit high turbulence and therefore 
higher heat transfer coeffi cients and pressure drops. The chevron angle is depicted in 
Figure  12.24 (a). The typical geometrical dimensions of commercial PFHEs are provided 
in Table  12.9 .   

 A PFHE is a fl exible system that can be adjusted in various ways to achieve the 
required heat load within the restrictions of the specifi ed pressure drop. This can be 
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     Figure 12.24     Plate and frame heat exchanger: (a) plate geometry; (b) detail of sectional area for 
fl uid fl ow; (c) overall exchanger assembly.  

t

Dp

gaskets

b

b p

W

L

(b)

Cold fluid in
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plates
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Guiding bar

  Table 12.9    Typical plate dimensions. 

   Dimension     Range  

  Length,  L  (m)    0.5 – 3.0  
  Width,  W  (m)    0.2 – 1.5  
  Port diameter,  D p   (m)    0.254 – 0.4  
  Chevron angle,   θ      25 – 65  
  Plate spacing,  p  (mm)    1.5 – 5.0  
  Plate thickness,   τ   (mm)    0.5 – 1.2  
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done by (i) increasing or reducing the number of thermal plates, (ii) changing the type 
of plate according to its thermohydraulic performance, (iii) modifying the plate dimen-
sions, and (iv) modifying the number of passes. 

 The number of fl ow pass arrangements that can be achieved with this type of 
exchanger is large. However, all of them are a combination of the basic three types: 
series, circuit and complex (Figure  12.25 ). The series arrangement contains  n     −    1 
thermal plates, where  n  is the total number of passages, and is used in applications 
with low fl ow rates and when close temperature approaches are required. The circuit 
arrangement is the most commonly used since it gives a pure counter - fl ow arrange-
ment. It is normally used in applications with large fl ow rates and where close tem-
perature approaches are sought. The complex arrangement is a combination of the 
circuit and series arrangement; it is characterised by more than one pass in at least 
one stream.   

 The procedure for the sizing of PFHEs is quite specialised. The two main aspects to 
be considered in the design of PFHEs are the geometry and the thermohydraulic per-
formance of the plates, and the sizing of the unit that will satisfy the heat duty within 

     Figure 12.25     Basic fl ow arrangements in plate and frame heat exchangers: (a) series; (b) U circuit; 
(c) Z circuit; (d) complex (two passes to one 1 pass).  

(a)

(b) (c)

(d)
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the specifi ed pressure drops. There is a considerable amount of literature on the ther-
mohydraulic performance of PFHEs, both for single and two - phase fl ow (Kumar,  1993 ; 
Ayub,  2003 ). 

 Most design methods for PFHEs centre on a rating approach of a selected geometry. 
The most widely used methods are the thermal effectiveness method (number of heat 
transfer units,  ε  - NTU) and the differential method where each one of the channels is 
analysed independently to give the channel outlet temperature. The differential 
methods are applied to account for the infl uence of end channels and channels between 
passes on the thermal performance (Gut and Pinto,  2003 ). Although fl ow passage 
arrangement in this type of exchanger can be counter - current, the presence of fl ow 
maldistribution and temperature distortions due to end effects make this type 
exchanger depart from ideality so that a correction factor for the log mean temperature 
difference has to be employed (Prabhakara  et al .,  2002 ). More recent design techniques 
have been developed to provide a quick means of sizing PFHEs; these techniques are 
based on the development of thermohydraulic models and the application of the design 
space concept (Pic ó n - N ú  ñ ez  et al .,  2010 ). 

 Finally, due to the small free fl ow area in these exchangers, they are not suitable 
for application with dirty fl uids since passage clogging is likely to occur. In addition, 
care must be taken during design, especially when applying conventional fouling 
factors that are used for shell and tube exchangers. Fouling factors in PFHEs are much 
smaller and the use of excessive values may lead to unnecessary large fl ow areas, 
which in turn result in lower velocities and consequently higher tendency to foul. 
Panchal and Rabas  (1999)  reported a comparison of fouling factors for compact surfaces 
and shell and tube exchangers. These alternative values are more convenient for use 
in the design of this type of unit.  

  Summary 

 This chapter deals with the problem of the design of utility systems for the supply 
and removal of thermal energy in process plants. The fi rst step in the design of heating 
and cooling systems is the determination of the targets for minimum hot and cold 
utility required for a given level of heat recovery. The actual values of the minimum 
external utilities are calculated from the application of the problem table algorithm 
to the process data. The composite curves that represent the overall mass and energy 
balance give a clear picture of the process external utility needs for the fi xed level of 
heat recovery. 

 The heating and cooling needs of a process are supplied through heat exchangers. 
The heat exchanger network that will achieve the minimum utility consumption is 
conveniently represented by means of a grid diagram, which incorporates valuable 
process information such as hot streams, cold streams, supply and target temperatures, 
heat capacity – mass fl ow rate, overall enthalpy change per stream and heat exchanger 
thermal duty. A whole process heat exchanger system can be seen as being composed 
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of three interacting sub - networks, namely the heating network, the cooling network 
and the heat recovery network. From a practical point of view, the design of a heat 
recovery network must take into consideration both heat exchanger technology and 
the maximisation of heat recovery. A minimum temperature approach for heat recov-
ery of 12    ° C will ensure that any heat exchanger technology, particularly in the case 
of multipass units, will render acceptable design in terms of dimensions while max-
imising heat recovery. 

 The design of heating networks using steam as the heating medium is outlined. 
Various aspects are covered: the determination of the number of steam mains, its 
operating pressure and the distribution system for single processes and total sites. In 
the case of cooling, the characteristics of the various alternatives for water cooling 
systems are described. General guidelines are provided for the design of open circuit 
evaporative cooling systems, its main components are outlined and practical design 
aspects for the overall system are provided (e.g. cooler network arrangement, heat 
exchanger water side velocity, pressure drop and fouling). Finally, due to the fact that 
PFHEs are one of the most suitable technologies for heating and cooling in the food 
industry, their construction characteristics are described along with a shortcut design 
approach.  
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Pasteurisation Process Design  
  Gary     Tucker       

13

   Introduction 

 Pasteurisation is a mild heat treatment process that destroys a selected group or groups 
of microorganisms, and then relies on further preservation hurdles to ensure the sur-
viving microorganisms do not grow during storage of that food. There are many pres-
ervation hurdles, but the most commonly used hurdles that are combined with 
thermal processing include the following:

   1.     control of the load of microorganisms, avoiding initial contamination;  
  2.     restrictive pH;  
  3.     anaerobic conditions;  
  4.     low storage temperatures, e.g. chilling and freezing;  
  5.     drying or low water activity;  
  6.     chemical preservation;  
  7.     irradiation.    

 Even if an appropriate heat treatment is applied at the desired level, if one or more of 
these other factors are not controlled, there is the potential for microorganisms to 
grow and spoil the food. With regard to the hurdles, the following statements are 
usually true.
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    •      Most spore - forming bacteria are inhibited by a combination of pH less than 4.5 and 
water activity ( a  w ) less than 0.90.  

   •      Acid - tolerant spore - forming bacteria will survive and grow at pH above 3.8. This 
includes many of the butyric anaerobes, a group of bacteria that under anaerobic 
conditions can ferment sugars to butyric acid, and includes  Bacillus macerans  and 
 Bacillus polymyxa .  

   •      Some xerophilic osmophilic spore - forming yeasts and moulds can grow at  a  w  less 
than 0.85.  

   •      Antimycotic agents (preservatives) have been successfully used in foods to prevent 
the outgrowth of yeasts and moulds.  

   •       Clostridium botulinum  does not usually germinate and grow in foods with pH less 
than 4.5 or  a  w  less than 0.94, although some experimental conditions have shown 
growth and toxin production by  C. botulinum  at pH less than 4.5 (Raatjies and 
Smelt,  1979 ).  

   •      Chilling is only a short - term barrier to microbial growth.    

 Pasteurised foods can fall into a number of categories, in which there is always a 
hurdle present that slows down or stops microorganism growth. Traditional pasteur-
ised foods used salt, sugar and vinegar to prevent growth, whereas modern technology 
and understanding of microorganism control has allowed pasteurisation to expand into 
arguably the most common form of food preservation. 

 Milk is the most widely consumed pasteurised food and the process was fi rst intro-
duced commercially during the 1930s, when treatments of the order of 63    ° C for 30   min 
were used. Modern milk pasteurisation uses an equivalent process of 72    ° C for 15   s (in 
the UK). Pasteurisation is nowadays used extensively in the production of many dif-
ferent types of food, such as fruit products, pickled vegetables, jams and ready meals 
(Campden BRI,  1992, 2006 ).  

   HACCP  in Pasteurisation Process Design 

 In order to understand the design of pasteurisation processes it is important to know 
how microorganisms behave. In the context of hazard analysis and critical control 
points (HACCP), food safety with respect to microorganisms is controlled by quantify-
ing their introduction to the food, growth within that food and survival through the 
production stages (Bauman,  1974 ). A factory HACCP plan will consider introduction, 
growth and survival at all stages of manufacture. 

 The temperature sensitivity of microorganisms can be categorised, as shown below, 
and this helps to defi ne and position the thermal processes that are applied to pas-
teurised foods.

    •      Psychrotrophic (cold - tolerant) organisms can reproduce in chilled storage condi-
tions, sometimes as low as 4    ° C. Having evolved to survive in extremes of cold, 
these are the easiest to destroy by heat.  
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   •      Psychrophilic (cold - loving) organisms have an optimum growth temperature of 
20    ° C.  

   •      Mesophilic (medium - range) organisms have an optimum growth temperature 
between 20 and 44    ° C. Most of the pathogenic organisms are in this group.  

   •      Thermophilic (heat - loving) organisms have an optimum growth temperature 
between 45 and 60    ° C. In general, these organisms are only of concern with pasteur-
ised foods produced or stored in temperate climates.  

   •      Thermoduric (heat - enduring) organisms can survive above 70    ° C, but cannot repro-
duce at these temperatures. These are not relevant.    

 The middle three categories are of greatest importance in the manufacture of pasteur-
ised foods. As stated above, most of the pathogenic microorganisms fall within the 
mesophilic category, such as  Salmonella ,  Listeria  and  Escherichia coli  O157, and so 
food production conditions are designed to minimise their growth and survival during 
food manufacture. The scheduled thermal processing conditions of hold temperature 
and time are designed specifi cally to suit the intended storage conditions that dictate 
microorganism growth. There are four stages in bacterial (or microorganism) growth, 
of which the fi rst two, lag phase and log phase, are important during manufacture:

   1.     Lag phase: bacteria are acclimatising to their environment; this phase can be several 
hours long.  

  2.     Log phase: reproduction occurs logarithmically for the fi rst few hours. Conditions 
for growth are ideal during this period and toxin production is most common.  

  3.     Stationary phase: the bacteria ’ s reproduction rate is cancelled by the death rate.  
  4.     Mortality or decline phase: exhausted nutrient levels or the level of toxic metabo-

lites in the environment prevents reproduction, with the result that the bacteria 
gradually die off.    

 The lag phase is critical in chilled food production because it allows the food manu-
facturer to complete the processing and assembly of the food without the surviving 
microorganisms germinating. Chilled ready meal production is a good example of this: 
the high - risk environment post processing is likely to be held at low temperatures 
(10 – 15    ° C) in order that microorganism germination and growth are controlled. Even 
psychrophilic organisms require many hours to germinate at these temperatures. The 
log phase is to be avoided since this can result in microorganisms doubling in numbers 
in short periods (e.g. every 20 – 30   min if conditions permit). Toxin production is most 
likely to occur during the log phase.  

  Processing Options 

 Manufacture of a pasteurised food can be broken down into two basic process 
operations:
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   1.     The food is heated to reduce numbers (to an acceptably small statistical probability) 
of pathogenic and spoilage microorganisms capable of growth under the intended 
storage conditions.  

  2.     The food is sealed within a hermetic package to prevent recontamination.    

 Preservation methods such as traditional canning achieve this by sealing the food in 
its package before the application of heat to the packaged food product. On the other 
hand, continuous processing operations heat the food within a heat exchange system 
prior to dispensing it into the package. Both methods reduce the numbers of micro-
organisms in the food to commercially accepted levels and the packages prevent 
recontamination over the shelf - life. Choice of an in - pack or in - line heat process 
depends on many factors. Primarily, the choice is to apply the most suitable heat 
process to a food product so that quality is maximised. It is also dependent on the 
type of packaging and whether an in - pack process is suitable for that packaging. For 
example, most fruit juices are pasteurised in heat exchangers and fi lled (either hot or 
cold) into cartons or plastic bottles. 

 A hot - fi ll process will only require a short hold time at high temperature for the 
fi lled package so that the inside container surfaces are pasteurised. This is usually 
achieved in a raining water tunnel pasteuriser, although it is possible to omit this step 
if (i) the food ’ s acidity is high (pH    <    3.8), (ii) the fi lling temperature is above 95    ° C, and 
(iii) the containers are pre - warmed or of low heat capacity. The shelf - life of a sauce of 
low pH will be many months if hot - fi lled, and is determined by its chemistry and not 
by its microbiology. 

 A cold - fi ll process will not guarantee commercial sterility of the container, and as 
such requires far greater attention to hygiene in order to minimise the introduction 
of microbial contamination during fi lling. Most cold - fi lled products are sold chilled 
and have a shelf - life up to 10 - 12 days. This is where the concept of low -  and high - care 
factories becomes important, in that shelf - life extension beyond 10 – 12 days can be 
achieved. Many of the ready meals sold chilled or frozen are assembled in high - care 
areas, with their components having been manufactured in different factories and 
transported chilled to the assembly factory. 

 A full thermal sterilisation process is required if no preservation hurdle to microbial 
growth exists in the food product. For low - acid foods the most heat - resistant pathogen 
that might survive the thermal process is  Clostridium botulinum  (Esty and Meyer, 
 1922 ). This bacterium can form heat - resistant spores under adverse conditions, which 
will germinate in the absence of oxygen and produce a highly potent toxin that causes 
a lethal condition known as botulism. This can cause death within 7 days and has 
been implicated in several notorious incidents. 

 The heat process must target the correct type of microorganism in order that the 
product has the correct shelf - life. This is because there are millions of types of micro-
organisms that can grow within food products and the selection of which ones to 
target is critical. Fortunately, only a few can cause damage to our health. Of primary 
concern from a public health perspective are those that produce toxins, such as 
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 Clostridium botulinum ,  Listeria monocytogenes ,  Salmonella ,  Escherichia coli  O157, 
 Staphylococcus aureus ,  Bacillus cereus  and  Campylobacter . Food poisoning organ-
isms such as  Listeria ,  Salmonella ,  E. coli  O157 and  Campylobacter  are not very 
resistant to heat and are therefore not considered when designing processes for low -
 acid foods. These organisms are relevant to certain groups of pasteurised foods in 
which the levels of heat applied are substantially less than for a full sterilisation 
process.  

  Pasteurisation Design Principles 

 Death of bacteria by moist heat is assumed to be almost logarithmic (Ball and Olsen, 
 1957 ; Stumbo,  1973 ) or, in other words, it follows fi rst - order reaction kinetics in which 
the rate of decomposition is directly proportional to the concentration. Equation  13.1  
describes the rate of change in concentration (or numbers  N ) of microorganisms with 
time ( t ), where  k  is the proportionality constant:

    − =
dN
dt

kN     (13.1)   

 The conventional microbiological approach to quantifying thermal processing uses 
the decimal reduction time ( D T  ), which is defi ned as the time required to destroy 90% 
of the organisms by heating at a single reference temperature ( T ). Substituting termi-
nology from microbiological death kinetics into Equation  13.1  provides the following 
simplifi ed expression:

    D
k

T =
2 303.     (13.2)   

 The heating time is also referred to as a sterilisation or F - value, and represents the 
target number of minutes at temperature  T  to achieve the desired log reduction in 
microorganisms from an initial population ( N  0 ) to a fi nal population ( N ):

    F D
N
N

T= ⎛
⎝⎜

⎞
⎠⎟.log 0     (13.3)   

 Thus, for a sterilisation process where 12 - log reductions are required, the target 
F - value for an organism with D - value of 0.3   min at 121.1    ° C is 3.6   min. The conven-
tional approach in the UK (Department of Health,  1994 ) uses a D - value of 0.21   min at 
121.1    ° C for  C. botulinum  spores, which equates to a minimum F - value of 2.52   min. 
For convenience this is rounded up to 3   min. 

 The mathematical theory of pasteurisation is the same as for sterilisation, other 
than that the target microorganisms are less heat resistant and so effectively the 



340 Handbook of Food Process Design: Volume I

reference temperatures ( T  ref ) and z - values used are different. Some pasteurisation proc-
esses are described by Pasteurisation Units (PU), similar to the  F  0  value for a low - acid 
product. PU are also referred to as P - values but the meaning is identical. The PU was 
originally designed for the pasteurisation of beer, where it has a reference temperature 
of 60    ° C and a z - value of 7    ° C. This is a yeast process. Note that the z - value is a measure 
of how the D - value changes with temperature. 

 Calculation of PU is useful for providing a reference thermal exposure for the 
process, but there is no international minimum as there is for low - acid canned foods 
(i.e.  F  0     =    3). Although there are some general guidelines, for many canned acid foods 
the processes are designed so that a minimum temperature is achieved at the coldest 
part of the product. 

 The aim of pasteurisation is to reduce the number of pathogenic and spoilage organ-
isms by a specifi c amount, usually 6 - log reductions. This, together with one or more 
microorganism growth hurdles, should be suffi cient to ensure that a satisfactory shelf -
 life is attained. The death kinetics of spores and vegetative cells (D and z values) 
represent the heat resistance of particular organisms, and are affected by the environ-
ment (product type) that they occupy. Thus, the lethal effect of heat exposure can be 
enhanced, reduced or synergised by the presence of sugars, acids, fats and even the 
concentration of the specifi c product in question. Tables  13.1 ,  13.2  and  13.3  present 
a selection of industrially relevant data for pasteurisation processes, with much of 
these results taken from Campden BRI guidelines (Campden BRI,  1992, 2006 ).   

 Data on heat resistance are usually taken from work published by researchers, as it 
is usually impractical to determine the z - value required for calculating a process by 
commissioning heat resistance experiments. Using values from the literature, the 
time required to process a product to achieve a specifi c reduction in microbial load 
can be calculated. The method uses Equation  13.3  but substitutes the pasteurisation 
value ( P ) for sterilisation value ( F ). 

 Once the required lethality has been calculated, the equivalent process at other 
temperatures can be calculated using Equation 13.4:

Table 13.1 Heat resistance data for Bacillus and  Clostridium.

Organism Heating substrate Heating temperature ( °C) D-value (min) z-value ( °C)

Bacillus cereus Buffer (pH 7.0) 100 8.0 10.5
Bacillus coagulans Red pepper (pH 

4.5)
100 5.5 –

Bacillus licheniformis Buffer (pH 4.0) 100 1.05 10.2
Bacillus polymyxa Buffer (pH 7.0) 100 18 (approx.) –
Clostridium botulinum

non-proteolytic type E 
Water 80 3.3 9.4

Clostridium butyricum Buffer (pH 7.0) 85 23 –
Clostridium

pasteurianum
Buffer (pH 4.5) 95 3.95 –

Clostridium
tyrobutyricum

Buffer (pH 7.0) 90 18 –
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    L T T z= −−log [( ) ]10 1
ref /     (13.4)   

 where  L  is the lethal rate (equivalent to a P - value of 1   min at  T  ref ),  T  is the temperature 
under consideration ( ° C),  T  ref  is the reference temperature ( ° C), and  z  is the z - value of 
the organism under consideration ( ° C). Therefore Equation  13.5  is used to calculate 
the required number of minutes to process at the chosen temperature in order to 
achieve the required lethality ( L ).

    Process time /= P L     (13.5)    

  Empirical Data and P - Value Guidelines 

 Many pasteurised foods, such as fruits, are very heat sensitive and so the processes 
are often very close to the minimum P - value requirements. These are often established 
by trial and error, because the low pH of most fruits ensures that food poisoning is 

Table 13.2 Heat resistance data for other bacteria. 

Organism Heating substrate Heating temperature ( °C) D-value (min) z-value ( °C)

Enterococcus
(Streptococcus)
faecalis

Fish 60 15.7 6.7

Escherichia coli Broth 56 4.5 4.9
Lactobacillus

plantarum
Tomato juice 70 11 12.5

Listeria
monocytogenes

Carrot 70 0.27 6.7

Pseudomonas
fl uorescens

Broth 60 3.2 7.5

Salmonella
senftenberg

Pea soup 60 10.6 5.7

Staphylococcus
aureus

Pea soup 60 10.4 4.6

Table 13.3 Heat resistance data for yeasts and moulds. 

Organism Heating substrate Heating temperature ( °C) D-value (min) z-value ( °C)

Byssochlamys fulva Grape drink 93 5.0 7.8
Saccharomyces

cerevisiae
(ascospores)

Buffer (pH 4.5) 60 22.5 5.5

Zygosaccharomyces
bailii (vegetative 
cells)

Buffer (pH 4.5) 60 0.4 3.9

Zygosaccharomyces
bailii (ascospores) 

Buffer (pH 4.5) 60 14.2 3.9
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not a risk with these products. Hence, the processes are based on spoilage and there 
are more variations in the guidance than are found with fully sterilised foods that 
must achieve  F  0  value at 3. 

 Fruit processing was one of the earliest applications for pasteurisation. Products of 
different pH can support the growth of different spoilage organisms, and so different 
P - values are often used. The recommendations in Table  13.4  were taken from Eisner 
 (1988) . This is one of the few information sources that provides processes for products 
over a wide range of pH (2.5    <    pH    <    4.5).   

 Another source of information is the National Food Processors Association (USA) 
who give the following recommendations for processing acid products that may 
contain butyric anaerobes (e.g. tomatoes):

    •      For products between pH 4.0 and 4.3 the process should be equivalent to 5   min at 
200    ° F (93.3    ° C), i.e. P - value    >    5   min ( T  ref  200    ° F, z 15    ° F) or ( T  ref  93.3    ° C, z 8.3    ° C).  

   •      For products between pH 4.3 and 4.6 the process should be equivalent to 10   min at 
200    ° F (93.3    ° C), i.e. P - value    >    5   min ( T  ref  200    ° F, z 15    ° F) or ( T  ref  93.3    ° C, z 8.3    ° C).     

Table 13.4 Suggested P -values ( Tref 93.3 °C, z 8.9 °C) for fruit and 
vegetables.

Product pH P-value
(minutes at 93.3 °C)

Lemon juice 2.5 0.1
Plums 2.8 0.2
Gooseberries 3.0 0.5
Pickled vegetables 3.0 0.5
Greengages 3.2 0.8
Rhubarb 3.2 0.2–0.4
Mandarins 3.2–3.4 1.0–2.0
Grapefruit juice 3.2 0.2–0.4
Apricots 3.2–4.0 1.0–8.0
Apples 3.3 0.2–0.6
Blackberries 3.3
Orange juice 3.5–3.8 0.2–0.6
Pineapples 3.5 0.6–0.8
Strawberries 2.3–4.0 0.8
Jams 3.5 0.8
Sour cherries 3.5 0.2–0.4
Sauerkraut 3.5–3.9 0.5
Pickled gherkins 3.5–3.8 0.5–1.0
Bilberries 3.7 0.5
Sweet cherries 3.8 0.6–2.5
Guavas 3.8 0.8
Nectarines 4.0 1.5–8.0
Peaches 4.0 1.5–8.0
Pears 4.0 1.3–10.0
Sweet and sour gherkins 3.6–4.1 0.5–1.0
Tomatoes 4.2–4.5 2.0–10.0
Tomato paste 4.2–4.5 1.0–5.0

Source: Eisner (1988).
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  Equipment for Pasteurisation Processes 

 It was stated earlier that a heat process can either operate in batch or continuous 
mode. The intention of this section is to introduce the principal equipment options, 
and so only the most common techniques are described. These are systems that 
operate using heat exchangers, in - pack retorts, batch vessels, or new or emerging 
technologies. 

  Heat Exchangers 

 In - line processing of liquid foods, as compared to in - container processing, offers many 
economic advantages. It is claimed that by minimising the exposure of food to the 
adverse effects of high temperatures and long processing times, commercial benefi ts 
can be realised in terms of improved product quality, increased safety and increased 
plant throughput. A classic example of this is UHT milk, where in - pack sterilisation 
usually results in excessive browning reactions and an undesirable product. By operat-
ing a HTST (high temperature short time) process, it is possible to reduce these brown-
ing effects and produce milk that has a more acceptable appearance and taste to the 
consumer. A heat exchanger, such as a plate pack or narrow - bore tubular, will be the 
core of this process and will deliver a rapid rise and fall in milk temperature. The heat 
exchanger part of the HTST process for milk is no longer a diffi cult technical chal-
lenge, with the exception of minimising the fouling that builds up during the run - time 
and which reduces heat transfer effi ciency. 

 A challenge for the design of heat transfer equipment for the liquid food industry 
are the so - called prepared food products, such as tomato products, soups and sauces 
and dessert products. These products are normally of high viscosity as well as of 
complex composition. In each case the optimal heat processing equipment has to be 
chosen in order to retain particulate integrity, fl avour and colour of the end product. 
There is no one heat exchanger that will process all these types of products, from 
fi brous fruit juices to soups with particulates. These are the product types for which 
it is necessary to understand how their fl ow behaviour interacts with the heat 
exchanger. 

 A typical continuous processing line consists of preparation modules, the heat 
exchangers and a fi lling machine. The preparation modules are used mainly for for-
mulated food products (e.g. vanilla puddings, salsa sauces), where the product is pre-
pared and exits this section ready to be pasteurised or sterilised. The processing 
modules comprise the heat exchangers, where product fl ow is counter - current to the 
heating or cooling media. Filling systems will either operate hot or cold, or require a 
balance tank or aseptic storage tank that acts as the buffer between the processing 
and fi lling modules. 

 With respect to fl ow behaviour or rheology, most of the formulated products are 
typically non - Newtonian, showing in many cases quite extraordinary behaviour. Few 
foods fl ow as Newtonian liquids, apart from milk and thin fruit juices. Most food 
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products are shear - thinning and some also display time - dependent properties caused 
by the complex macromolecular structures used in their formulation. These properties 
must be considered when designing a processing system so that excessive damage is 
avoided to the delicate structures. Depending on the rheological properties of the 
product and the possible presence of particulates, the design and choice of equipment 
can vary signifi cantly from case to case. Various additives (e.g. thickeners and stabilis-
ers) often also change the physical and rheological properties of the product. The next 
section provides a brief introduction to some of the complexities of the fl ow behaviour 
of foods. 

  Flow Behaviour 

 When designing heat exchangers and heat exchanger confi gurations, the fl ow behav-
iour of the product has to be taken into consideration. The fl ow behaviour will affect 
the residence time distribution in the pipework and hence the design of heat exchang-
ers and holding cells to obtain suffi cient thermal treatment. There are two types of 
fl ow that will be experienced by a fl owing food  –  laminar and turbulent  –  but with a 
transitional region between the two types as the fl ow changes from one to the other. 
It is important to know which fl ow regime is present in all parts of a continuous 
process so the residence times can be calculated correctly. 

 The basic difference between laminar (streamline) and turbulent fl ow is well known, 
as is the effect on the velocity profi le by heating or cooling of the product. For example, 
the maximum velocity in laminar fl ow, originating from the parabolic velocity profi le, 
is theoretically twice the mean velocity; in turbulent fl ow it is around 20% higher 
than the mean velocity. Laminar fl ow is assumed to occur up to Reynolds numbers 
of around 2100, whereas turbulent fl ow occurs at Reynolds numbers greater than 
10   000 (see Equation  13.6 ). The region between 2100 and 10   000 is referred to as the 
transitional region, because the fl ow regime is changing from laminar to turbulent. 
This is a region that equipment designers will try to avoid because of the uncertainties 
in fl ow behaviour and the key relationship between fastest and mean velocity. Should 
a heat exchanger be operated under transitional fl ow, then it would be safe to assume 
that the fastest liquid along the pipe centre could be travelling twice as fast as the 
mean velocity. The US Food and Drug Administration takes a Reynolds number of 
4000 as the division between laminar and turbulent fl ow, and assumes there is no 
transitional region. This is a simplifi cation of what happens in practice but it does 
make process calculations much clearer. 

 For viscous products, the fl ow conditions are nearly always laminar. A tomato paste 
steriliser, for instance, operates at a Reynolds number (Re) around 1. For milk and 
juice products, fl ow conditions are almost always turbulent.

    Re =
dhρ

μ
v

    (13.6)   
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 where  d h   is hydraulic diameter (m) of the processing system,   μ   is dynamic viscosity 
of liquid (Pa · s),   ρ   is density of liquid (kg · m  − 3 ), and  v  is average velocity in the process-
ing system (m · s  − 1 ). 

 Equation  13.6  is for Newtonian liquids with viscosity independent of shear rate. 
Most, if not all, formulated foods contain macromolecular thickening agents in which 
the viscosity depends on the shear applied in the processing system. These non -
 Newtonian foods are certain to fl ow under laminar conditions because of their high 
viscosity values, and they also display velocity profi les that are still more complex. 
As the degree of non - Newtonian behaviour increases, the velocity profi le increases in 
fl atness across the pipe cross - section. In practice this means that the maximum veloc-
ity decreases from its Newtonian value of twice the mean velocity. However, there 
are few commercial operations that do not apply the factor 2 when calculating holding 
tube length, irrespective of the measured fl ow behaviour index. 

 Further complications to the velocity profi le arise when additives (e.g. xanthan or 
gellan gum) are used. These have viscoelastic properties and are benefi cial for enhanc-
ing the particulate - carrying properties of a sauce. The so - called yield value, which 
normally is a measure of the product ’ s willingness to fl ow by itself (e.g. from a storage 
tank or bottle), is also a measure of the particulate - carrying abilities. A signifi cant 
yield value, typical of paste - like products, also adds to the fl atness of the velocity 
profi le and hence further increases deviation from the parabolic shape. 

 The above descriptions of fl ow behaviour and Reynolds number are very much a 
simplifi cation of what is a highly complex and fascinating subject. However, they 
serve as an introduction to the subject and are the minimum information required for 
designing a holding tube in a continuous fl ow process.  

  Choice of Heat Exchanger 

 The choice of optimal heat exchanger depends a great deal on the fl ow conditions. 
Fluids with low viscosities and no particulates are preferably treated in a plate heat 
exchanger (Figure  13.1 ). This should be the fi rst choice of exchanger because of its low 
cost and high heat transfer rate. For fruit juices with pulp and fi bres up to 5   mm in 
length, special types of plates are available with more open channels that allow the 
fi bres to pass through unhindered. In addition, even with high viscosity foods, the 
plate heat exchanger can be utilised as long as the pressures developed are not too 
high and the rheological behaviour does not indicate that a yield stress is present. 
Foods that contain yield stresses can experience maldistribution of fl ow between the 
plate gaps and in some instances this can lead to fl ow stagnation and blockages.   

 For fruit juices with fi bres up to 15   mm in length and for relatively water - like foods, 
a multi - tube tubular heat exchanger is preferably used (Figure  13.2 ). Also, fl uids of 
moderate to high viscosity with only small particulates ( < 5   mm) will fl ow through a 
multi - tube heat exchanger without problems. Despite being less thermally effi cient 
than a plate heat exchanger, multi - tubes can be confi gured in various options with 
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Figure 13.2 Multi-tube tubular heat exchanger. (Courtesy of Tetra Pak Processing Components AB.) 

Figure 13.1 Plate heat exchanger. (Courtesy of Tetra Pak Processing Components AB.) 

regard to tube diameter and number of tubes in parallel . This gives them a high degree 
of fl exibility.   

 A common application for the multi - tube exchanger is milk sterilisation, despite 
the heat transfer disadvantage of tubes compared with plates. Tube bundles containing 
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large numbers of small - diameter tubes in parallel offer adequate thermal effi ciency 
with the benefi t of cleanability without dismantling. A plate heat exchanger would 
need to be taken apart to remove the fouling deposits that build up over several hours 
of processing. This increases the downtime and increases the chances of contamina-
tion being introduced with poorly fi tted gaskets. 

 Most tubular heat exchangers now use corrugations on the shell and tubes to 
enhance heat transfer with the heating and cooling media, typically water. The design 
of the corrugations will be specifi c to the company supplying the heat exchanger but 
they will each create the same effect, which is to generate turbulence in the water 
fl ow. This reduces the resistance to heat transfer caused by boundary layers that can 
be set up adjacent to the tube walls. In effect, it ensures that the media, whether 
heating water or cooling water, does not restrict the heat transfer performance of the 
exchanger. The limit to performance is therefore within the tubes. 

 The length of most commercial tubular systems has been standardised at 6   m, and 
therefore tubular heat exchangers are long and thin in terms of their geometry. This 
makes them suitable for placement next to factory walls or even above head height. 
The need for access to the tubes is rare because the tubes themselves are designed to 
be cleaned in place and access will only be required to the connecting pipes and equip-
ment. These can be positioned at ground level where access is easy. 

 One of the greatest challenges to heat exchanger design is when food fl uids are 
signifi cantly viscoelastic (i.e. exhibit a large yield value), often in combination with 
a high viscosity that is shear dependent. For these fl uids, there is a risk of maldistribu-
tion across the inner tubes of a multi - tube heat exchanger. In the worst case, the 
product fl ow will stop in some of the tubes causing overcooking of parts of the product 
and also cleaning problems where the food burns onto the inner tube surfaces. Examples 
of such products are hot break tomato pastes or stiff dessert puddings, where the 
multi - tube is not suitable and concentric tubes are the preferred choice (Figure  13.3 ).   

 Concentric tubes have only one product channel, which eliminates the risk of 
maldistribution. Here, the product fl ows in a gap between two concentric tubes with 
the media on both sides, therefore increasing heat transfer effi ciency. Particulate 

Figure 13.3 Concentric tube heat exchanger. (Courtesy of Tetra Pak Processing Components AB.) 
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products can be processed in wide gap modules, with particulate sizes up to 5 – 6   mm. 
Concentric tubes are a common choice of heat exchanger for tomato ketchup manu-
facture because this product possesses a yield stress that is an essential feature of the 
ketchup. 

 If large particulates are present in the food product, the mono - tube is probably the 
optimal choice (Figure  13.4 ). The drawback with a mono - tube compared to a concen-
tric tube or multi - tube is reduced thermal effi ciency due to the thicker product layer. 
However, the particulates present in the product will to a great extent work as  ‘ inter-
nal mixers ’  and will promote heat transfer. This makes design of mono - tube exchang-
ers diffi cult unless prior knowledge of the heat transfer behaviour of that food is 
available. The limiting design criterion for mono - tubes is the heat treatment given to 
the particulates, because of the need for heat to conduct into the particulate. The need 
for suffi cient contact time between the carrier liquid and the particulates can be an 
advantage of the tubular concept, in which the food product has suffi cient residence 
time in the exchanger to equilibrate towards a uniform temperature.   

 If none of the tubular types are suitable, a scraped surface heat exchanger is the last 
option (Figure  13.5 ). In principle, a scraped surface heat exchanger is a mono - tube 
equipped with a rotating internal scraper. The scraper keeps the heating surface free 
from any deposits and also promotes turbulence. This type of heat exchanger is ideal 
for products of very high viscosity, possibly also containing large particulates, and 
especially for products that can foul the heated or cooled surfaces. Unlike tubes that 
usually operate with water as the media, scraped surface heat exchangers often use 
steam for greater heat transfer effi ciency. There are drawbacks with scraped surface 
heat exchangers in that purchasing costs are high and ongoing maintenance is higher 
than with tubular heat exchangers because they have moving parts that wear.   

 One common application for scraped surface heat exchangers is where cooled sur-
faces without the scraping action are likely to foul quickly as high - viscosity layers 
develop on the surfaces or hard fats deposit. These will (i) insulate the cold surfaces 

Figure 13.4 Mono-tube heat exchanger. (Courtesy of Tetra Pak Processing Components AB.) 
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from the product to be cooled and so reduce thermal effi ciency, and (ii) reduce the 
effective cross - sectional area for fl ow, which will increase the velocity and again 
reduce thermal effi ciency. Continuous removal of these layers is essential for its 
application. 

 There are a small number of novel designs with scraping actions that do not conform 
with the typical heat exchangers described above. For example, UNICUS  ®   is a tubular 
heat exchanger with a lateral scraped surface action, as is the ViscoLine dynamic unit. 
Both have applications for products such as fruit and vegetable pur é es, pulps and 
concentrates, ketchup, dairy desserts, chocolate and UHT milk. Attempts have also 
been made to construct scraped plate systems so that the exchangers benefi t from very 
high surface areas and scraped surfaces are kept free of fouling. The OCTATOR from 
Nova 2K is one example.  

  Maximising Product Recovery 

 Food products have a high ingredient cost and so efforts are made to recover as much 
of the product as possible from the processing systems. Pigging systems for tubular 

Figure 13.5 Scraped surface heat exchanger. (Courtesy of Tetra Pak Processing Components 
AB.)
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heat exchangers are in widespread use in the food industry because of the high costs 
and large volume of product held up in the tubes, for example for a cook - in - sauce 
product, this can be up to several tonnes of product. The simplest pigging system 
operates using air to displace the product. Complex geometries can be pigged using 
air at high pressure, although high - viscosity materials often requires pressures too 
high for air systems. There is also a signifi cant risk that the air will core through the 
centre of the fl ow channels where the material viscosity in a cooling application is at 
its lowest. 

 Pigs are usually made of plastic or plastic - coated spheres that are pushed through 
the tubes by water or air pressure. Clearance between the pig and tube surfaces is only 
a few millimetres. Pigs can navigate 90 °  bends but cannot deform and pass through 
the gaps present in plate or scraped surface heat exchangers. These exchangers require 
a different type of pigging system such as a cheap material with similar physical 
properties to the food, for example a gelled starch. A recent development in deform-
able pigging options is the ice pig. It has an advantage over a starch pig in that the ice 
moves through the system as a solid plug, with the boundary between ice and surfaces 
lubricated by a thin water layer. Recovery of expensive product is likely to be greater 
with the ice pig compared with a starch pig.   

  In - pack Retorting 

 One of the major advantages of retorting ready - meal packages is that both food and 
package are thermally processed together, which allows the fi lled packages to be com-
mercially sterile. Low - acid ambient - stable ready meals are always retorted since they 
do not have any other preservation hurdle. However, retorting also has benefi ts for 
extending the shelf - life beyond the 10 – 12 days achieved with pasteurised and cold -
 fi lled ready meals for chilled storage. The disadvantages with retorting are that the 
containers need to be strong enough to withstand the high temperatures and the 
swings in pressure differential that can occur, and that the retorts are the production 
bottleneck in most factories. The former disadvantage incurs extra cost with the 
packaging. 

 The traditional retorted package is the metal can processed in a steam atmosphere, 
although glass jars, pouches and fl exible plastic or aluminium trays can now be suc-
cessfully processed in steam or hot water. These containers require an air overpressure 
to counteract the natural expansion of the gases present in the headspace and those 
released from the food as it rises in temperature. The desired effect is to push the lid 
or sides back to their original position and therefore minimise the stress on the seals. 

 In the traditional in - pack process, the packs are fi lled and hermetically sealed before 
being thermally processed in a retort. Care must be taken to ensure that the heat 
penetrates to the slowest heating point in the can, so that no part of the food is left 
under - processed. A metal can is the ideal package from a processor ’ s perspective 
because, relative to other packaging media, it offers high production speeds, pack size 
fl exibility, and high compression strength to withstand physical abuse during process-



Pasteurisation Process Design 351

ing and distribution. However, many of the recent retorts have arisen because of the 
desire to process more sensitive pack types. After heating, the food needs to be cooled, 
and it is vital that no post - process contamination occurs through the package seals or 
seams.  

  Batch Retorting 

 Batch retorts operate using a variety of heating media, including condensing steam, 
mixtures of steam and air, water immersion, or water droplets either sprayed or rained 
onto the packs. These offer considerable fl exibility for many combinations of food 
type and package. By applying an air overpressure, above that of the saturated steam 
pressure, the package shape can be maintained through the process so that stress on 
the seals is reduced. This allows delicate packages such as pouches and trays to be 
processed; for glass jars it prevents the lids from being forced off, and it ensures plastic 
packs retain their shape and size. 

 The baskets (or crates) within a batch retort can be rotated in order to induce mixing 
inside the food by end - over - end agitation of the packs. This increases the rate of heat 
transfer to the thermal centre (i.e. slowest heating point) of the pack. Typical rotation 
speeds can vary between 2 and 30   rpm, depending on the strength of the pack and the 
convective nature of the food inside the pack. For example, a plastic pouch containing 
rice would be rotated slowly (e.g. 2 – 5   rpm) so that the delicate pack and its contents 
are not damaged. However, the rotation is suffi cient to reduce the process times to 
an extent that economic gains are made and measurable quality benefi ts are achieved. 

  Condensing Steam Retort 

 Steam retorts are historically the method of choice for processing foods packaged in 
metals cans. They were the system used when the canning industry was established 
over 100 years ago. These retorts are vented at start - up to eliminate air pockets in the 
retort that can result in low - temperature regions and reduced heat transfer. Very high 
surface heat transfer coeffi cients associated with the condensing steam process ensure 
uniform heating throughout the vessel. Nowadays, most companies in Europe and the 
USA have replaced their steam retorts with a retort type that can apply an overpres-
sure. This enables a wider variety of container types to be processed.  

  Crateless Retort 

 This is an unusual type of retort that consists of a single can conveyor and a bank of 
batch processing vessels (Figure  13.6 ) that are arranged so the fl ow of fi lled cans is 
almost continuous. At the start of an individual process, the retort is initially fi lled 
with water to cushion the cans as they enter the retort directly from the conveyor. 
When an individual retort is full, as determined by a can counter, the conveyor diverts 
the continuous fl ow of cans to the next retort in the bank. Simultaneously, the door 
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is closed on the fi lled retort, a bottom vent is opened, and steam enters the vessel 
through a circular distribution spreader at the top of the retort, rapidly evacuating the 
remaining cushion water together with any air present in the retort. Cans are then 
heated in condensing steam for the design process time. At the end of heating, the 
retort is fl ooded with cooling water, and the product is pressure cooled for a specifi ed 
length of time. At the end of the pressure cooling step, a door located in the bottom 
of the vessel is opened, and cans are discharged onto a conveyor located in a cooling 
canal. The processed cans move through the cooling canal and then on to the labelling 
area.   

 The concept is an interesting one but has some drawbacks. On the positive side, 
energy effi ciency is improved over the traditional steam retort by eliminating the need 
for a venting time. Also, the fl ow of cans through a bank of crateless retorts can be 
almost continuous, and is therefore effi cient. However, the method of fi lling the 
retorts by dropping cans into water is known to lead to a small level of can damage. 
Orientation of the cans in a crateless retort is totally random, as the falling cans settle 
into a random packing pattern. This results in cans processed in different orientations 
and nesting of shallow profi le cans, which reduces the heat penetration effectiveness. 
Most crateless retorting systems have been removed over the last 20 years and replaced 
with modern overpressure retorts.  

  Water Immersion Retort 

 One of the fi rst types of water immersion retort was the Stock Rotomat (now Satori 
Stocktec GmbH, Germany) (Figure  13.7 ). During a retort cycle, processing water is 
preheated in the upper vessel and then released at the start of the process to fi ll the 
processing or lower vessel. This reduces the normally lengthy period required to heat 
a large volume of water to processing temperature. When the containers are fully 
immersed, water is pumped from the base of the lower vessel through an external 
steam injection heat exchanger and back into the top of the same vessel. At the end 
of the hold period, cold water is injected into the top of the processing vessel while 
hot water is pumped from the base of the processing vessel back into the upper vessel 

Figure 13.6 Crateless retort. (Courtesy of Malo Inc.) 
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Figure 13.7 Water immersion retort. (Courtesy of Stock America Inc.) 

to be reheated and used in the next cycle. Overpressure is established by introducing 
steam or compressed air to the retort during processing.   

 The major disadvantage of the water immersion system is the need to operate with 
two vessels, which makes this system considerably more expensive than the alterna-
tives. As a result, they have become less popular over the last 15 years. One distinct 
advantage of immersion is the buoyancy provided by the water, which allows glass 
jars to be processed using quite high end - over - end rotation speeds (e.g. up to 20   rpm). 
This can result in high - quality sauce products where product movement is used to 
increase heat penetration rates.  

  Water Spray and Cascade 

 These retorts operate by circulating water from the base of the retort through an external 
heat exchanger and then distributing it inside the retort, either through spray nozzles 
(Figure  13.8 ) or as a cascade generated by fl ow through a perforated plate (Figure  13.9 ). 
The resulting spray or cascade of heated water is then directed through the load to heat 
individual containers. Overpressure is established by introducing steam or compressed 
air to the retort during processing. Several designs are in commercial use.   

 Barriquand (now Sterifl ow SAS) pioneered the Sterifl ow system in which a perfo-
rated plate provides a powerful cascade of droplets over the containers. This system 
has been used for cylindrical metal cans and allows cans with easy - open ends to be 
processed by operating with an overpressure towards the end of the heating phase. 
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Figure 13.9 Water cascade retort. 

Figure 13.8 Water spray retort. (Courtesy of Holmach Ltd.) 
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Heating and cooling of the process water uses a tubular heat exchanger. Several inci-
dents of canned food spoilage are known to have resulted from leaks in the heat 
exchanger that allowed untreated cooling water to contaminate the sterilised process 
water. This is one point of weakness of this system. Another is the introduction of 
top - up water into the retort during cooling. Most of the older retorts have since been 
modifi ed to prevent cooling water being introduced during cooling. 

 FMC (now JBT FoodTech) developed the Surdry sprayed water system that uses a 
series of spray nozzles to direct water into the crates of food containers. This is a 
recently introduced retort but has quickly gained popularity because of its fl exibility 
and excellent temperature distribution. The latest version has a ring of spray nozzles 
that rotates (SuperAgi retort) around the food containers so that the temperature dis-
tribution is improved further.  

  Steam/Air Retort 

 These retorts utilise condensing steam to supply the heat energy for heating and com-
pressed air for overpressure (Figure  13.10 ). Processes start with a short vent cycle to 
provide a large initial fl ow of steam into the retort and to vent most of the air. After 
venting, steam and air are added independently to obtain the desired operating condi-
tions. A high - speed circulation fan pulls the steam/air mixture through the load and 
then forces it to the back along the length of the retort, either through an annular 
space between the rotating cage and the retort shell, or through side plenum chambers 
in a static system.   

Figure 13.10 Steam/air retort. (Courtesy of Holmach Ltd.) 
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 At the end of the hold period, the cooling cycle commences with a pre - cool when 
cooling water is sprayed slowly into the circulating steam/air mixture to collapse the 
steam in a controlled manner. Air is also added to maintain the retort pressure and 
ensure package integrity. After the pre - cool, the circulation fan is stopped and water 
accumulated in the base of the retort is pumped through an external heat exchanger 
to cool the water. The circulation pump returns the cooled water into the processing 
vessel via a row of spray nozzles at the top of the retort. In rotary processes, rotation 
commences with steam - on and continues through the completion of the cooling cycle. 
With no buoyancy forces to protect the containers from damage, rotation speeds are 
limited to a maximum of around 15   rpm.  

  Shaka Retort 

 This is a unique concept and a recent addition to the options for batch retorting. Its 
point of difference is that it uses high - frequency longitudinal agitation instead of end -
 over - end or axial rotation. This is the mode of agitation that an individual would use 
if asked to agitate a cylindrical metal can of food product. The principle is that the 
headspace will be forced through the liquid or semi - solid food during one lateral agita-
tion cycle. Reductions in process time are claimed to be signifi cant, highlighted by 
heating factors ( f h   values) that drop from 30 – 40   min in a static process to 2 – 3   min in 
a Shaka process (for a standard can, 73    ×    115   mm). This has benefi ts by reducing energy 
use and process times and, in doing so, increasing production effi ciency. Figure  13.11  
shows the Shaka retort principle.     

  Continuous Retorting 

 All the retorts described above operate in batch mode, whereby containers are loaded 
into crates that are loaded into the retort. A more effi cient means of operating a steri-
lisation process is to continuously load the system. Continuous retorting systems 
come in two main types: reel and spiral, and hydrostatic. Both use the ability of the 
metal can to roll along a pathway as the means of propelling the cans into the system. 

Figure 13.11 Shaka retort principle. (Courtesy of Zinetec Ltd.) 
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  Reel and Spiral Retort 

 In these systems, cans enter and exit the processing vessel through mechanical pres-
sure locks (Figure  13.12 ). Once in the vessel, cans move through a spiral track mounted 
on a reel that is rotating inside a horizontal cylindrical shell. In one revolution of the 
reel, cans roll by gravity along the bottom part of the arc (approximately 90 – 120 ° ), 
which provides most of the product mixing within the can. This is known as fast axial 
rotation (FAR) and delivers a very rapid rate of heat penetration to the can centre. The 
cans are essentially static as they pass through the remainder of the arc (approximately 
240 – 270 ° ).   

 Systems are usually confi gured as a number of vessels with different functions con-
nected in series, for example a preheat shell, heating shell, and cooling shell could 
make up a complete system. Soups, sauces and foods that can move within the can 
are processed in reel and spiral cooker - coolers. These will benefi t from agitation. It is 
estimated that almost 50% of the worldwide production of foods in metal cans is 
produced using reel and spiral retorts.  

  Hydrostatic Retort 

 A hydrostatic retort (Figure  13.13 ) does not invoke such dramatic rotation but instead 
carries the cans on carrier bars through various chambers. The only rotations are half -
 turns as the cans move between the chambers. It uses the pressure generated by 
the height of water in the entry and exit legs to create a pressure in the heating 
dome equal to the saturated steam pressure at the processing temperature. During 

Figure 13.12 Reel and spiral retort. (Courtesy of JBT Corp., formerly FMT FoodTech Ltd.) 
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processing, containers undergo a preheat treatment as they move through the entry 
leg, are exposed to condensing steam in the heating dome, are cooled as they move 
through the exit leg, through a cooling water spray, and are then discharged. Typical 
chamber temperatures are preheat at 80 – 90    ° C, sterilisation at 120 – 130    ° C, pre - cool at 
80 – 90    ° C and fi nal cooling at 40    ° C.   

 The length and speed of the conveyor or chain carrying the containers determine 
the processing time in the steam dome. Because of their large size, venting of these 
retorts is time and energy intensive. This, combined with a high capital investment, 
requires that these retorts generally run 24 hours per day, 7 days per week. Hydrostats 
are used for high - viscosity foods where rotational forces cannot be utilised to increase 
heat transfer rates, for example in solid petfoods and meat products.   

  In - vessel Systems 

 A vessel raises the food temperature to that required for pasteurisation, and once the 
food is pasteurised it can be fi lled either hot or cold into containers. A typical vessel 
size is around 800 – 1000   kg, and usually comprises a hemispherical steam - jacketed 
base with cylindrical sides (Figure  13.14 ). Direct steam injection can be used to effect 
a more rapid heating rate. A hinged lid is usually present to reduce heat loss and 
prevent foreign objects falling into the food. With high - viscosity foods it is essential 
that the food is well mixed, otherwise laminar boundary layers develop that reduce 
the thermal effi ciencies and may assist burning onto the heated surface. Horizontal 
agitators with scraped surface blades offer the most effective mixing, although recir-
culating pumps and vertical mixing blades are alternatives.    

Figure 13.13 Hydrostatic retort principle. 
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  New and Emerging Technologies 

 High - pressure processing was originally considered in the 1890s, but it was not until 
the 1970s that Japanese food companies started to develop its commercial potential. 
Pressures of several thousand atmospheres (500 – 600   MPa) are used to kill microorgan-
isms, but there is little evidence that high pressure is effective on spores or enzymes. 
Thus, chilled storage or high acidity are essential hurdles in preventing microbial 
growth. Jams were the fi rst products to be produced in this way in Japan, and the 
process is now being investigated in Europe and the USA. Sterilisation of the package 
is not possible using high pressure, and without aseptic fi lling this may restrict its 
widespread use. There is interest in high - pressure processing for ready meals and for 
acidic juices, jams and preserves. 

 Ohmic heating achieves its preservation action via thermal effects, but instead of 
applying external heat to a food as with in - pack or heat exchangers, an electric current 
is applied directly to the food. The electrical resistance of the food to the current 
causes it to heat it up in a similar way to a light bulb fi lament. The advantage is that 
much shorter heating times can be applied than would otherwise be possible, and so 
the food will maintain more of its nutritional and fl avour characteristics. The limita-
tion is that ohmic cooling, or some other means of effecting rapid cooling, cannot be 
applied and so cooling relies on traditional methods that are slow in comparison with 
ohmic heating. Foods containing large particulates are suited to ohmic heating because 
the electrical properties of the particulate and carrier liquid can be designed so that 
the particulate heats preferentially and instantaneously. The only commercial ohmic 
heater in operation in the UK at present is used to pasteurise fruit preparations, 
in which good particle defi nition is a key requirement. Prior to its use for fruit 

Figure 13.14 Processing vessel. (Courtesy of T. Giusti Ltd.) 
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preparations this ohmic heater was used for ready meal sterilisation. Meals manufac-
tured were of high quality but were not a commercial success for various reasons. One 
such reason was that their fl avour was different to that of traditional processes because 
of the different rates of cooking reactions. 

 Microwave processing, like ohmic heating, destroys microorganisms via thermal 
effects. Frequencies of 950 and 2450   Hz are used to excite polar molecules, which 
produces thermal energy and increases temperature. On the European continent, a 
small number of microwave pasteurisation units are in operation, primarily manufac-
turing pasta products in transparent plastic trays. Some ready - meal production uses 
microwaves to effect the microbial kill step. Rapid heating can result in improved 
quality for foods that are sensitive to thermal degradation. The technology has not 
received widespread adoption because of the high capital costs of the equipment and 
the wide distribution in temperatures across a package. Heat generated by microwaves 
pasteurises the food and the package together, and the products are sold under chilled 
storage to achieve an extended shelf - life. Microwave sterilisation has not developed 
much because of the need for air overpressure to maintain the shape of the fl exible 
packages during processing. This creates complications with continuous systems in 
that transfer valves are required between the chambers. 

 Irradiation has seen much wider applications in the USA than in the UK, where 
public opinion has effectively sidelined it. In the UK there is a requirement to label 
food that has been irradiated or which contains irradiated ingredients. In addition to 
killing bacterial pathogens, such as  Salmonella  on poultry, it is especially effective at 
destroying the microorganisms present on fresh fruit such as strawberries and thus 
markedly extends their shelf - life. Its biggest advantage is that it has so little effect on 
the food itself that it is very diffi cult to tell if the food has been irradiated. It also has 
some technical limitations, in that it is not suitable for foods that are high in fat, as 
it can lead to the generation of off - fl avours. This restricts its use for sterilising ready 
meals. The only commercial foods that are currently licensed for irradiation in the 
UK are dried herbs and spices, which are notoriously diffi cult to decontaminate by 
other techniques without markedly reducing fl avour. A major application for irradia-
tion is in decontaminating packaging.   

  Summary and Future Trends 

 This chapter presents the principles of food pasteurisation, from microbiological 
requirements through to the equipment that can be used to effect the thermal treat-
ment. Much of the equipment uses steam, either in direct contact with the food or, 
more commonly, via a barrier that prevents the steam and food mixing together. 
Selected new technologies have also been described, although their impact on the total 
market for pasteurised foods still remains small. 

 The trend for pasteurised foods is one of increasing popularity. This is because of 
the desirable feature of being able to achieve a commercially sterile food with a man-
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ageable shelf - life but without the need for a full sterilisation process. Quality benefi ts 
are clear when compared with a food that requires a full sterilisation process. The 
result is a wide variety of pasteurised foods on the market that includes acidic foods 
such as fruits and juices, chilled products such as milk, yoghurts, meat and ready 
meals, frozen products such as ice cream, meat pies and ready meals, and alcoholic 
beverages. One of the major growth areas is for chilled foods in which the component 
parts are assembled in a high - care environment that minimises recontamination. 
Some of the components could have received a pasteurisation process, for example 
the meat, vegetables and pasta in a ready meal, and this takes place in a low - risk 
environment. The caution with this type of food product is bringing the cooked and 
raw components together without introducing microbiological contamination.  

  References 

    Ball ,  C.O.   and   Olsen ,  F.C.W.   ( 1957 )  Sterilization in Food Technology. Theory, Practice 
and Calculation .  McGraw - Hill Book Co. ,  New York .  

    Bauman ,  H.E.   ( 1974 )  The HACCP concept and microbiological hazard categories .  Food 
Technology   28 :  30  –  32 ,  74 .  

   Campden BRI  ( 1992 )  Food Pasteurisation Treatments . Technical Manual No. 27. 
 Campden BRI ,  Chipping Campden, UK .  

   Campden BRI  ( 2006 )  Pasteurisation: A Food Industry Practical Guide ,  2nd edn . 
Guideline 51.  Campden BRI ,  Chipping Campden, UK .  

   Department of Health  ( 1994 )  Guidelines for the Safe Production of Heat Preserved 
Foods .  HMSO ,  London .  

    Eisner ,  M.   ( 1988 )  Introduction into the Technique and Technology of Rotary 
Sterilization .  Private Author ’ s Edition ,  Milwaukee, WI .  

    Esty ,  J.R.   and   Meyer ,  K.F.   ( 1922 )  The heat resistance of the spores of  B. botulinus  and 
allied anaerobes. XI .  Journal of Infectious Diseases   31 :  650  –  663 .  

    Raatjies ,  G.J.M.   and   Smelt ,  J.P.   ( 1979 )   Clostridium botulinum  can grow and form toxin 
at pH value lower than 4.6 .  Nature   281 :  398  –  399 .  

    Stumbo ,  C.R.   ( 1973 )  Thermobacteriology in Food Processing ,  2nd edn .  Academic 
Press ,  New York .  

  Further Reading 

    Holdsworth ,  D.   ( 1997 )  Thermal Processing of Packaged Foods .  Blackie Academic and 
Professional ,  London .  

    Richardson ,  P.   (ed.) ( 2000 )  Thermal Technologies in Food Processing .  Woodhead 
Publishing ,  Cambridge .  

    Tucker ,  G.S   and   Featherstone ,  S.F.   ( 2011 )  Essentials of Thermal Processing .  Wiley -
 Blackwell ,  Oxford .    



Sterilization Process Design  
  Ricardo     Simpson  ,     Helena     N ú  ñ ez   and     Sergio     Almonacid       

14

   Introduction 

 Thermal processing is an important method of food preservation in the manufacture 
of shelf - stable canned foods, and has been the cornerstone of the food processing 
industry for more than a century. The process of retorting was invented in France in 
1795 by Nicholas Appert, a chef who was determined to win the 12,000 - franc prize 
offered by Napoleon for fi nding a way to prevent military food supplies from spoiling. 
Appert canned meats and vegetables in jars sealed with pitch and by 1804 had opened 
his fi rst vacuum - packing plant. Although the process was a French military secret, it 
soon leaked across the English Channel (Holdsworth and Simpson,  2007 ). In 1810, an 
Englishman, Peter Durand, took the process a step further and developed a method of 
sealing food into unbreakable tin containers. This technique was perfected by Bryan 
Dorkin and John Hall, who set up the fi rst commercial canning factory in England in 
1813. More than 50 years later, Louis Pasteur provided the explanation for the effec-
tiveness of canning when he demonstrated that the growth of microorganisms causes 
food spoilage. A number of inventions and improvements followed, and by the 1860s 
the time required to process food in a can had been reduced from 6 hours to 30   min. 
Canned foods were soon commonplace. Tin - coated steel, semi - rigid plastic containers 
and fl exible retortable pouches are used today. The basic principles of canning have 
not changed dramatically since Nicholas Appert and Peter Durand developed the 
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process: heat suffi cient to destroy microorganisms is applied to foods packed into 
sealed or  “ airtight ”  containers. 

 The sterilization of canned foods has a long tradition and it is most likely that it 
will continue to be popular because of its convenience and extended shelf - life (1 – 4 
years at ambient temperature) and for being economic. Commercial sterilization in 
discontinuous retorts has been the most widely used procedure in plants canning fi sh 
and agricultural foods over the last 75 years. Even though this system has sometimes 
been replaced by continuous sterilization, the low versatility of the latter when using 
different sizes, package geometries or types of product and the elevated installation 
costs make discontinuous or batch retorts very popular today.  

  Importance of Microorganisms in Sterilization and Pasteurization 

 The main goal of a well - designed sterilization process is to inactivate microorganisms 
that cause spoilage and especially the ones that cause food poisoning. Thus the prin-
cipal reason for characterizing the heat resistance of microorganisms is in order to 
design a safe sterilization step. The goal is to determine the required operating condi-
tions (time/temperature) to achieve (guarantee) the pre - established sterilization crite-
rion. Table  14.1  shows the heat - resistance data of some typical microorganisms. One 
of the main factors that affects a microorganism ’ s heat resistance is pH. It is possible 
to classify food products into three groups according to pH:

    •      Low - acid products: pH    ≥    4.6    
   •      Medium - acid products: 3.7    ≤    pH    ≤    4.6  
   •      Acid products: pH    ≤    3.7    

 Table  14.2  shows the pH range of various products: fi sh, meat, vegetables (other than 
fruits), and dairy products fall in the low - acid group. This is important because the 
heat resistance of microorganisms is greater at this pH ( ≥ 4.6). On the other hand, fruits, 

Table 14.1 Heat resistance data for some typical microorganisms. 

Organism Conditions for inactivation 

Vegetative cells 10min at 80 °C
Yeast ascospores 5min at 60 °C
Fungi 30–60min at 88 °C
Thermophilic organisms 

Bacillus stearothermophilus 4min at 121.1 °C
Clostridium thermosaccharolyticum 3–4min at 121.1 °C

Mesophilic organisms 
Clostridium botulinum spores 3min at 121.1 °C
Clostridium botulinum toxins types A and B 0.1–1min at 121.1 °C
Clostridium sporogenes 1.5min at 121.1 °C
Bacillus subtilis 0.6min at 121.1 °C
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juices and most soups are medium - acid or acid products and require a much softer 
heat treatment to achieve the sterilization criterion.   

  Sterilization Criterion 

 The target microorganism in the thermal processing of low - acid food (pH    ≥    4.6) is 
 Clostridium botulinum . This organism is capable of producing seven neurotoxins, but 
toxins A, B, E and F are the ones that produce the lethal illness botulism.  Clostridium 
botulinum  is a strict anaerobe, Gram - positive rod that produce endospores (spores) 
that can survive under very severe environmental conditions. The spores are heat 
resistant and can survive in foods that are incorrectly or minimally processed. 

 Considering a theoretical fi rst - order kinetic equation for  C. botulinum  inactivation, 
it can be demonstrated that the required time to fully inactivate  C. botulinum  is 
infi nite:

    dN
dt

kN= −     (14.1)   

 Separating variables and integrating, we obtain:

    
dN
N

kdt
N

N tf

0 0
∫ ∫= −     (14.2)   

 Assuming constant temperature, then  k  is constant, and therefore:

    N N e N ef
kt D

t
= =− −

0 0

10ln
    (14.3)  

    or t
k

N
N

D N
N

f

f

= − =
1

100

0ln
ln

ln     (14.4)   

 In Equation  14.4  the fi nal concentration of  C. botulinum  ( N f  ) tends to zero when time 
( t ) tends to infi nity, and thus it is not possible practically to reach a fi nal concentra-
tion of zero for the target microorganism. Thus, the (commercial) sterilization crite-
rion should be defi ned so that it is possible to design a process that is safe but occurs 
within a fi nite time and which is economically feasible. 

 According to Stumbo  (1973)  the commercial sterilization criterion was established 
arbitrarily. The commercial sterilization criterion states that the minimum thermal 
process should reduce initial microorganism concentration by 10 12 . In other words, if 
the initial concentration of  C. botulinum  is  N  0 , then the fi nal concentration should 
be  N  0 /10 12 . This is the well - known 12D concept (also referred as a  “ botulimun cook ” ), 
so named because  D  is the time required for a 10 - fold reduction in microorganism 
concentration. In practice, commercial processes are normally well above 12D for 
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several reasons: (i) safety margins, (ii) cooking requirements, and (iii) to prevent the 
growth of thermophilic spoilage microorganisms. Unfortunately, in technical and 
nontechnical literature, it is possible to fi nd different interpretations of 12D and how 
this concept was fi rst developed. 

  The Probability Argument 

 Some researchers have argued that if there is one spore per can, then after the applica-
tion of a 12D treatment there will be one spore in 10 12  cans. A quantitative estimation, 
according to this statement, should assume that worldwide consumption of sterilized 
low - acid foods is of the order of 100 million cans per day. Thus over a 100 - year period 
worldwide consumption will be 3.65    ×    10 12  cans. Thus, the 12D criterion would 
predict three to four outbreaks every 100 years. In addition, the probability argument 
for the 12D concept implies that one spore will be found per 10 12  cans, resulting in a 
process time that varies with can size. How, then, does the required process time 
change (at 121.1    ° C) with can size if target lethality is focused on one spore in 10 12  
cans? 

 Let us consider an analysis using the following parameters.

   1.     For  C. botulinum ,  D  121.1 ° C     =    0.21   min (highest resistance has been found for  C. botu-
linum  at 121.1    ° C).  

  2.     A wide range of can sizes: 0.1 – 5   L.  
  3.     Highest concentration found for  C. botulinum : one spore per gram.    

 Firstly, analyzing the smallest can of 0.1   L and considering a product mass of approxi-
mately 100   g, then according to point 3 there will be 100 spores per can. The target is 
a fi nal concentration of 10  − 12  spores per can, and therefore:

    dN
N

kdt
t

100

10

0

12−

∫ ∫= −     (14.5)   

 Given that:

    k
D

=
ln10     (14.6)   

 Then replacing and evaluating the integral, we obtain  t     ≅    2.94   min. 
 Secondly, analyzing the largest can of 5   L and considering a product mass of approxi-

mately 5000   g. Then according to point 3 there will be 5000 spores per can. The target 
is a fi nal concentration of 10  − 12  spores per can, and therefore:

    dN
N

kdt
t

5000

10

0

12−

∫ ∫= −     (14.7)   
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 Then replacing and evaluating the integral, we obtain t    ≅    3.29   min. 
 These calculations show that the required process time is not particularly sensitive 

to can size. In the aforementioned example, the biggest can size was 50 times larger 
than the smallest one, but the required processing time only increased by about 10%. 
This result indicates that a unique criterion that is independent of can size will not 
only be very practical but also have a credible scientifi c basis. 

 Strictly, the universal 12D concept does not discriminate between can sizes. As 
applied to  C. botulinum , the 12D concept requires a processing time of 2.52   min, 
which is independent of package size. This value is similar to those obtained from 
our analyses above using the criterion of one spore in 10 12  packages (2.94 – 3.29   min). 
As previously mentioned, much more demanding treatments than those indicated by 
the 12D criterion are applied in normal practice. 

 Currently, a common commercial sterilization treatment for  C. botulinum  is  F  0  in 
the range 6 – 8   min, although some companies use  F  0  of 10   min or higher. An interesting 
question thus arises with respect to the number of outbreaks that should be expected 
when applying this criterion. An analysis of the worst - case scenario, with the largest 
package size (5   L) and the minimum time requirement (6   min) at 121.1    ° C follows. 
According to Equation 14.3:

    

N N e
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f
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t
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=
= ×

−

− ∗

−

0

10

2 303
0 21

6

25

5000

1 335 10

ln
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 Therefore we should expect one outbreak in several billion years (to be precise, one 
hundred thousand billion years). In fact, at least in the past 50 years, no outbreak has 
been directly related to the sterilization criterion.   

  Pasteurization Criterion 

 Pasteurization is a mild heat treatment in comparison with sterilization, mainly 
because the target microorganisms are much less resistant than  C. botulinum . Products 
suitable for pasteurization are acid and high acid (pH    <    4.6) and under this condition 
 C. botulinum  is inhibited from germinating. In the strict sense, pasteurization is also 
a sterilization treatment, but for less resistant microorganisms. Thus pasteurization 
has the same imperative as sterilization: to free the food of microorganisms. 

 One of the differences between pasteurization and sterilization is the reference 
temperature. While it is common to use a reference temperature of 121.1    ° C for steri-
lization, in the case of pasteurization the reference temperature is around 65    ° C. In 
addition, given that the target microorganisms are also different, the z - value is no 
longer 10    ° C but commonly 8    ° C. Another difference is that the pasteurization crite-
rion varies according to the food product. As was extensively discussed above, in the 
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case of sterilization of low - acid foods, it is common to use a unique criterion. An 
excellent review on this subject is given by Silva and Gibbs  (2004) . As suggested by 
these authors, the criterion for high - acid fruit products will be 1D with  Alicyclobacillus 
acidoterrestris  as the reference microorganism.   

  Heat Transfer in Thermal Processing 

 The main heat transfer mechanisms involved in the thermal processing of canned 
foods are shown in Figure  14.1 . A similar situation will arise when processing other 
packages, including retortable pouches, rigid plastic containers and glass containers. 
Given that the development of a theoretical model for the prediction of a time –
 temperature history inside the packaging material is extremely diffi cult, from a practi-
cal point of view a satisfactory process will be determined at the slowest heating point 
(cold spot) within the packaging material. The rule of thumb indicates that if the food 
is solid, the slowest heating point will be located at the mass center of the package. 
For liquids, on the other hand, the rule of thumb indicates that the slowest heating 
point will be located one - third of the distance from bottom to top in a cylindrical 
container. However, these rules of thumb are no longer suffi cient for today ’ s new 
packaging developments (e.g. retort pouches). In our experience, the slowest heating 
point (cold spot) must be experimentally determined in most cases.   

Figure 14.1 Heat transfer to food product in a cylindrical container. 
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  Historical Perspective on Process Calculation Techniques 

 Thermal process calculations, in which process times at specifi ed retort temperatures 
are calculated to achieve safe levels of microbial inactivation (lethality), must be 
carried out carefully to assure public health safety. Over - processing must also be 
avoided because thermal processes have a detrimental effect on quality (both nutri-
tional and sensorial factors). Therefore, the accuracy of the methods used for this 
purpose is of importance for food science and engineering professionals. 

 The fi rst procedure to calculate thermal processes was developed by W.D. Bigelow 
in the early part of the twentieth century and is usually known as the General Method 
(Bigelow  et al .,  1920 ). The General Method makes direct use of the time – temperature 
history at the coldest point to obtain the lethality value of a process ( F  0 ). The procedure 
was fi rst carried out graphically using a plot of lethal rate versus time to produce a 
lethality curve, with the area beneath corresponding to the accumulated lethality 
delivered by the process. If more or less lethality were required, the procedure was 
repeated with an estimate of the cooling portion of the cold spot temperature (cooling 
profi le) advanced or retarded on a trial - and - error basis until the desired lethality was 
achieved. As a result, this method became known as the graphical trial and error 
method (Stumbo,  1973 ). 

 Bigelow ’ s procedure earned the name  “ general ”  because it could be applied to any 
product/process situation. Because it relies solely on the measured cold spot tempera-
ture, the method is independent of process conditions, mode of heat transfer, product 
properties, or container size and shape. This  “ immunity ”  to product/process condi-
tions has always been the strength of the General Method, in addition to its unques-
tioned accuracy. For this very same reason, the greatest limitation of the General 
Method was that it could only be used to calculate process times for the same retort 
temperature used in the heat penetration test from which the cold spot temperature 
profi le was originally obtained. Thus, the General Method has limited predictive 
power (Pham,  1987 ). Over time, several improvements were introduced to the original 
General Method, such as those contributed early on by Ball  (1928)  and Schultz and 
Olson  (1940)  and later by Patashnik  (1953)  and Hayakawa  (1968) . In recent years 
(Simpson  et al .,  2003 ), the General Method has been improved and performs with at 
least the same ease of use and reliability as the Formula Method but with better 
accuracy. Because of diffi culties with the General Method in 1920s a semi - analytic 
method for thermal process calculations was developed and proposed to the scientifi c 
community by Ball  (1923) . This method is the well - known Formula Method and works 
in a different way from the General Method. 

 In the 1920s, accurately evaluating and calculating  F  0  was a major task. Although 
the numerical integration and accurate evaluation of the  F  0  integral is easy with the 
currently available technology, these calculations were almost impossible to perform 
in the 1920s. To overcome this, Ball  (1923)  basically utilized an empirical model of 
the temperature history at the slowest heating point. He then substituted this empiri-
cal model for temperature in the integral of  F  0  and solved the integral analytically. 
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The method has been further developed by several authors (Hicks,  1951 ; Gillespy, 
 1953 ; Jacobsen,  1954 ; Hayakawa and Ball,  1971 ; Stumbo,  1973 ). Among the different 
reviews of the method, an interesting one is an evaluation of Ball ’ s formula method 
of thermal process calculations by Merson  et al .  (1978) .  

  Process Safety: Stating the Problem to be Solved 

 The objective is to achieve a specifi c lethality for the selected microorganism, for 
example for low - acid foods the chosen microorganism is  C. botulinum . Firstly, utiliz-
ing a standard engineering approach (mass balance) we will derive an equation to 
evaluate the required conditions (time and temperature) to achieve the specifi ed 
lethality or sterilization criterion. 

 When defi ning a closed system (canned food, retortable pouches, a particle in a 
moving system, etc.) and performing a survivor balance, we obtain Equation  14.8 . In 
general, for an open system in nonsteady - state condition (integral form), the survivor 
balance can be expressed as:

    QN QN M
dN
dt

dMN
dt

[ ] − [ ] + ⎡
⎣⎢

⎤
⎦⎥

= ⎡
⎣⎢

⎤
⎦⎥i o

I S

    (14.8)   

 where the fi rst two terms correspond to the amount (mass fl ow) of microorganisms 
that are entering and leaving the system under study. Applying Equation  14.8  for the 
particular case of closed systems (canned food, retortable pouches, a particle in a 
moving system, etc.) the above general survivor balance is reduced to:

    
dN
dt

dN
dt

⎡
⎣⎢

⎤
⎦⎥
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⎦⎥I S

    (14.9)   

 where  N  is microorganism concentration,  t  is time, I is inactivation and S is system. 
Considering fi rst - order kinetics for microorganism inactivation and replacing into 
Equation 14.9:

    –kN
dN
dt

= ⎡
⎣⎢

⎤
⎦⎥S

    (14.10)   

 Separating variables and integrating, and taking into account the D - value defi nition:

    − =∫ ∫kdt
dN
N

D

N

N

0

10

0

0

    (14.11)   

 and therefore,
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    k
D

=
ln10     (14.12)   

 Given that  D  can be expressed as a function of temperature according to Equation 
 14.13 , then (Holdsworth and Simpson,  2007 ):

    D Dr

T T
z

r

=
−

10     (14.13)   

 Replacing Equation  14.13  into Equation  14.12  and then into Equation  14.10 , we 
obtain:

    − = ⎡
⎣⎢

⎤
⎦⎥−
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10D
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r

T T
z

r
S

    (14.14)   

 where  T  is temperature at the cold spot,  T r   is reference temperature,  D r   is decimal 
reduction time at reference temperature, and  z  is temperature change necessary to 
reduce D value by ten times. Integrating Equation  14.14  from  N  0  to  N  0 /10  x   for micro-
organisms (where  x  represents the number of decimal reductions needed to achieve 
the desired lethality) and between 0 through  t  for time:

    x D dtr

T T
z

t
r

⋅ =
−

∫10
0

    (14.15)   

 When the product  xD r   is denominated as  F r  , then:

    F dtr

T T
z

t
r

=
−

∫10
0

    (14.16)   

 In the case of  T r      =    121.1    ° C,  F r   has been denominated as  F  0 :

    F dt
T

z

t

0
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0
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∫
.

    (14.17)   

 Note that Equation  14.17  was derived for closed systems and fi rst - order inactivation 
kinetics. In the case of sterilization,  z     =    10    ° C ( C. botulinum ). Then:

    F dt
Tt

0

121 1
10

0

10=
−

∫
.

    (14.18)     

  Quality Evaluation 

 Thermal processing not only inactivates microorganisms but also has a detrimental 
effect on vitamins, color, texture and other quality attributes. As previously discussed, 
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the sterilization criterion is very strict. We have shown through different examples 
that an  F  0  value in the range 6 – 8   min (commonly utilized in the canning industry 
worldwide) is a very severe heat treatment that will guarantee the safe production of 
sterilized products. The minimum acceptable heat treatment for low - acid foods is 
 F  0     >    3   min. 

  Historical Perspective and Analysis 

 The cooking value was fi rst proposed by Mansfi eld  (1962, 1974) , then discussed and 
used by several authors, and later accepted by the food science and technology com-
munity. The basic equation for the cooking value   CT

z
ref

 is given by:

    C dtr

T T
z

t r

c=
−

∫10
0

    (14.19)   

 The cooking value parameters  z c   and  T r   differ according to the particular thermolabile 
component that is being considered. For cooking, the  z c   value chosen is usually 
33.1    ° C, and the reference temperature 100    ° C, which is designated   C100

33.1, although 
  C121.1

33.1  is often used for comparison with  F  0  values. It is important to defi ne the con-
stants  z c   and  T r   clearly so that there is no misunderstanding (Holdsworth and Simpson, 
 2007 ). 

 According to Equation  14.19 , the only other requirement, in addition to the tem-
perature history, for estimating the cooking value is the  z c   value. According to its 
defi nition, the z - value represents the temperature dependency, but not the thermal 
resistance, of a given attribute. On the other hand, the D - value directly relates to the 
thermal resistance of the target attribute and, as such, is not required for estimating 
cooking value. The method selected to interpret the obtained cooking value represents 
an intricate problem. Clearly, the cooking value will have different meanings depend-
ing on the target attribute. According to Holdsworth and Simpson  (2007) , D 121  values 
vary widely, from 0.45 to 2350   min. For example, how should a cooking value of 30 
[min] ( T r      =    100    ° C) be interpreted? Choosing real values for quality factors from 
Holdsworth and Simpson  (2007)  (pea pur é e and green beans) with the same  z c   (32.5    ° C) 
but different  D r   (4 and 115   min at 121    ° C), the following results were obtained. In the 
case of the less resistant attribute, a 0.8 decimal reduction and a surface retention of 
15.84% were obtained. For the most resistant attribute, a 0.028 decimal reduction and 
a surface retention of 93.8% were obtained. 

 Another critical aspect of the utilization of the cooking value is that  z c   has a wide 
range among different target attributes. Accepting a universal value of 33.1    ° C for  z c   
seems diffi cult. According to Holdsworth and Simpson  (2007) ,  z c   values range from 
2.66 to 109.7    ° C. A difference as small as 5    ° C in  z c   will account for a 10 – 15% differ-
ence in the cooking value, while still leaving the problem of its particular interpreta-
tion unaddressed.  
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  Quality Retention 

 The evaluation of target attribute retention is a better way to examine the impact of 
a given thermal process within its specifi ed constraints on quality. Assuming fi rst -
 order kinetics for the deterioration of the attribute, we can obtain an equation for 
surface retention:

    Q
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 After relating the surface retention to the cooking value, we obtain:
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 The main difference between Equation  14.20  and the equation for cooking value is 
that the surface retention is a direct calculation of the process impact over the food 
product surface. The calculations for surface retention require not only the value  z c  , 
but also the  D r   value. 

 In addition, in the case of retention, an equation for the average retention in the 
whole product can be derived. The volume - average quality retention value is given 
by:
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    (14.22)   

 The main drawback of Equation  14.22  is the required information. Temperature data 
for the whole container for the whole process must be available.   

  Industrial Equipment 

 Over the last decade there has been an enormous increase in the range of products 
and packaging formats for canned food products, and this selection is continuously 
expanding. It is now highly unlikely that a single type of retort will be suitable for all 
the different types of products and packaging. It is possible that each product will 
require a different optimal heat transfer method. Retort manufacturers have provided 
the industry with different types of retorts. A general classifi cation of the different 
retorts is as follows:

    •      full immersion into hot water retorts;  
   •      spray retorts;  
   •      cascading water retorts;  
   •      steam/air with overpressure retorts;  
   •      pure steam retorts;  
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   •      Shaka retort processes;  
   •      hydrostatic sterilizers;  
   •      continuous rotary sterilizers.    

  Brief Description of Equipment 

  Full Immersion into Hot Water Retort 

 Some of the water immersion retorts includes severe - duty sterilization machines for 
processing trays, jars, bottles and cans in a fl ooded/water - immersion process. In addi-
tion, for heat - sensitive products (e.g. drinks, soups), water immersion retorts are avail-
able in rotational confi guration. Static and rotational retorts are designed with upper 
preheat water storage vessels and lower process vessels. Normally, the retorts are 
fabricated in 304 and 316 grade stainless steel.  

  Spray Retort 

 Spray retorts utilize a high - volume pump with an array of spray nozzles strategically 
located to create an even temperature distribution. Overriding air pressure is used to 
maintain container integrity during sterilization. Pressure cooling is accomplished in 
the retort by utilizing a water showering system. Normally, the retorts are fabricated 
in 304 and 316 grade stainless steel.  

  Water Cascading Retort 

 A small quantity of water at the bottom of the retort is recirculated by pump and 
evenly distributed on baskets. Heating and cooling of this water is made through a 
plate heat exchanger. Vertical water circulation is ideal for round cans or glass jars, 
but is not most suitable for fl at or square packaging because of the umbrella phenom-
enon which creates a temperature gradient between the points closest and furthest 
from the point of water spray.  

  Steam/Air with Overpressure Retort 

 Steam/air sterilization retorts are used to process retortable pouches, trays, and bottles. 
Steam/a\ir sterilization retorts utilize a forced - convection/fan - driven circulating steam 
process with overriding air pressure to preserve package integrity. Pressure cooling is 
accomplished in the retort by utilizing a water showering system. Normally, the 
retorts are fabricated in 304 and 316 grade stainless steel.  

  Pure Steam Retort 

 These types of retorts are primarily used to process rigid containers. Some manufac-
turers fabricate saturated steam retorts that are capable of immersion and spray 
cooling with overriding pressure control.  
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  Shaka Retort Process 

 Packages in the retort are vigorously agitated (shaken) at a frequency of 100 – 200 cycles 
per minute. The shaking movement is achieved through horizontal movement of the 
baskets. Package agitation allows an increase in heat transfer rate. Thus processing 
time is greatly reduced compared with standard retort systems. 

 Reduction in process time has a very positive impact on the quality of the end 
product (color, taste, vitamin retention, etc.) compared with the quality retention 
obtained with standards retorts. One of the main advantages of this fairly new system 
is that it can be used with all types of packages, from rigid cans, glass jars and trays 
to fl exible packaging such as retortable pouches. Products such as sauces, soups, baby-
food, vegetables and petfood have been positively tested. In addition, a signifi cant 
reduction in process time greatly improves the utilization of the sterilization equip-
ment (production capacity).  

  Hydrostatic Sterilizer 

 Hydrostatic sterilizers provide continuous processing of almost all container sizes and 
types, including tin cans, glass jars and plastic. The hydrostatic sterilizer is ideal for 
processing products that require long cook and cool times, high throughputs and that 
derive little or no benefi t from agitation. 

 The hydrostatic sterilizer has the following advantages:

    •      Allows the most fl exibility with regard to process and container sizes.  
   •      Allows the processing of a wide variety of products and container types.  
   •      Minimizes container damage and machine downtime.  
   •      Reduces maintenance costs and improves equipment reliability and longevity.  
   •      Improves labor and utility savings, precise processing and HACCP compliance, 

accurate record - keeping and reduced water usage.  
   •      Reduces cook time while maintaining product safety. Advanced numerical mode-

ling for deviation correction.  
   •      Minimizes fl oor space usage.  
   •      Reduces replacement costs and faster replacement time.     

  Continuous Rotary Sterilizer 

 The seamed cans enter the line from the closing machine. A feed device delivers the 
cans through the in - feed valve to the revolving reel of the cooker. The reel, working 
in conjunction with the stationary spiral, carries the cans through the cooking system 
(direct injection process). The continuous spiraling motion and the rotation of the can 
through the cylinder gives an even cook to every can. At the end of the cook process, 
the cans are fed, via a transfer mechanism, into the cooler unit where a similar process 
slowly cools them. The latest generation can handle today ’ s lightweight stackable 
cans with easy - to - open ends. 
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 The continuous rotary sterilizer has the following advantages:

    •      Continuous pressure cooking and cooling.  
   •      Adapts to various food products.  
   •      Handles a variety of container types and sizes.  
   •      Processes metal cans at temperatures up to 135    ° C.  
   •      Handles glass and plastic containers on special.      

  General Guidelines for Retort Selection 

 In order to select a retort the following aspects should be considered:

    •      Shape and type of different processed packages.  
   •      Production capacity.  
   •      Product types.  
   •      New product developments (short -  and long - term planning).  
   •      Energy effi ciency.  
   •      Growth plans for each product.  
   •      Possibility of plant automation.     

  Control Systems 

 Control of thermal process operations in food canning factories has traditionally con-
sisted of maintaining specifi ed operating conditions that have been predetermined 
from product and process heat penetration tests, such as process calculations for the 
time and temperature of a batch cook. Sometimes unexpected changes can occur 
during the course of the process operation such that the prespecifi ed processing condi-
tions are no longer valid or appropriate, and off - specifi cation product is produced that 
must be either reprocessed or destroyed, at appreciable economic loss. These types of 
situation are known as process deviations. Because of the important emphasis placed 
on the public safety of canned foods, processors must operate in strict compliance 
with the regulations of the US Food and Drug Administration (FDA) for low - acid 
canned food (LACF). Among other things, these regulations require strict documenta-
tion and record - keeping of all critical control points in the processing of each retort 
load or batch of canned product. Particular emphasis is placed on product batches that 
experience an unscheduled process deviation, such as a drop in retort temperature 
during the course of the process, which may result from unexpected loss of steam 
pressure. In such a case, the product will not have received the established scheduled 
process and must be fully reprocessed, destroyed, or set aside for evaluation by a com-
petent processing authority. If the product is judged to be safe, then batch records 
must contain documentation showing how that judgment was reached. If judged 
unsafe, then the product must be fully reprocessed or destroyed. Such practices are 
costly. 
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 Processors of LACF make every effort to have effective and dependable systems for 
controlling the retort sterilization process to avoid unexpected process deviations that 
would leave the resulting process lethality in question. Despite these efforts, unex-
pected process deviations continue to occur from time to time, and cannot be avoided. 
Processors are constantly searching for methods that would allow them to  “ correct ’  
the process shortly after recovery from the deviation in order to compensate for the 
lost lethality caused by the deviation, while the process is still underway (on - line 
correction of process deviation). When this can be done precisely without unnecessary 
overprocessing, and automatically without operator intervention, it can be referred to 
as  “ intelligent on - line control. ”  For a detailed review of this topic, we recommend the 
article by Simpson  et al .  (2006) .   
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   Introduction 

 The purpose of this chapter is to introduce the basic concepts of refrigeration and air 
conditioning and their application in daily life, especially in food preservation at both 
domestic and industrial levels. At the domestic level, refrigerators, water coolers, 
chillers and deep freezers are very common. In industry, high - capacity chillers and 
freezers are used. In fact, in cases where the application involves very low temperature, 
cryogenics like liquid nitrogen, dry ice (solid carbon dioxide), and liquefi ed air are also 
used, but this is beyond the scope of this book. 

 With the rise in global temperature by 0.6   K since last century, there is an urgent 
need to address the issue of global warming, since most refrigerants have very high 
global warming potential. The focus is now shifting to the use of solar refrigeration 
and CO 2  - based refrigeration systems. A few such studies are mentioned here: Kim and 
Ferriera  (2008)  presented a state - of - the - art review on the technologies that can deliver 
refrigeration using solar energy. Pearson  (2005)  conducted a review on the use of CO 2  
as an alternative refrigerant and the future development of refrigeration systems using 
CO 2  as refrigerant. 

 Refrigeration is the process of removing heat from a system (or region), thereby 
lowering its temperature below that of the surroundings. The substance used 
to extract heat from the system is known as the refrigerant. A knowledge of basic 
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thermodynamic cycles and heat transfer is a prerequisite for understanding the fun-
damentals of refrigeration. Air conditioning, on the other hand, is a process of cooling/
heating the air for some specifi c purpose and also includes humidity control, indoor 
air quality, and ventilation requirements. The conditioning of air requires refrigeration 
equipment whose capacity will depend on the type of requirement. In fact, the cooling 
load for the space to be cooled is calculated and the capacity of the refrigerating 
machine is then decided. These requirements may include comfort air conditioning 
for residential and commercial shopping complexes, while other applications include 
the preservation of perishable food items, drugs and other chemicals. A knowledge of 
psychrometry is essential for calculating the cooling load. Refrigeration and air con-
ditioning have a huge number of applications, for example domestic refrigerators, air 
conditioners (window type, split - unit) and central air conditioning systems. A cold 
store is used for preserving perishable foodstuffs for a longer duration and utilises the 
commercial application of both refrigeration and air - conditioning principles.  

  Refrigeration 

 Refrigeration is the process of absorbing heat from a body by a fl owing fl uid (refriger-
ant). The refrigerant changes its phase by absorbing the latent heat of vaporisation at 
a desired cooling temperature. 

  Basic Cycles 

 There are four basic cycles involved in refrigeration: Carnot cycle, vapour compression 
cycle, vapour absorption cycle and Bell – Coleman cycle. The Carnot refrigeration cycle 
forms the basis for performance evaluation of refrigeration equipment. Although it is 
the most effi cient cycle, it is impractical. The Carnot cycle is used for comparing the 
performance of different refrigerating machines. The vapour compression cycle is the 
cycle on which most refrigeration equipment is based, but the work of compression 
is high and hence its energy requirement is high. Another important refrigeration cycle 
is the vapour absorption cycle. The work of compression is greatly reduced but the 
equipment becomes bulky and less effi cient. The system based on the Bell – Coleman 
cycle uses air as the refrigerant, which is easily available. Such systems are employed 
in aircraft. These cycles are discussed in detail in subsequent sections (Stoecker,  1982 ; 
Ballaney,  2003 ; Prasad,  2003 ; Arora,  2005 ; Ameen,  2006 ; Dossat,  2008 ). 

  Carnot Refrigeration Cycle 

 The Carnot refrigeration cycle forms the basis of refrigeration. Figure  15.1  shows the 
Carnot refrigerator, in which heat is continuously drawn from the low - temperature 
body and pumped to the high - temperature body by doing a certain amount of work 
(Figure  15.1 a). When the amount of heat extracted ( Q  o ) is absorbed from a body, then 
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the system acts as a refrigerator. If in the same system the heat rejected ( Q k  ) is to be 
utilised, the system acts as a heat pump. The cycle is hypothetical but it is the most 
effi cient. Thus, it is only used for the purpose of comparison. The Carnot cycle is 
impractical for the following reasons:

    •      All the processes are assumed reversible. Reversible processes are impossible to 
attain in actual practice.    

   •      The compression process starts within the liquid – vapour region. Reciprocating 
compressors are not designed to handle liquid – vapour mixtures as liquid droplets 
are detrimental to compressor valves. Further isentropic compression and expansion 
cannot be attained practically.  

   •      Isothermal heat transfer can only occur within the saturation region. During the 
phase change process, the heat transfer is associated with the latent heat. Outside 
the saturation (or L    +    V) region, heat transfer at constant temperature is not 
possible.    

 The index of performance is evaluated by a quantity known as the coeffi cient of 
performance (COP), which may be defi ned as the ratio of desired effect to the work 
input:

    COP
Desired effect
Work input

=     (15.1)   

 The desired effect for a refrigerator is obtained at the low - temperature body, where 
heat is absorbed and thus making it cool, whereas the desired effect for a heat pump 
is obtained at the high - temperature side, where the rejected heat can be utilised for 
some purpose.

Figure 15.1 Carnot refrigeration cycle: (a) block diagram; (b) temperature –entropy diagram. 
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 Figure  15.1 (b) shows the Carnot cycle on a temperature – entropy diagram. The cycle 
consists of the following four reversible processes: 1 – 2, isentropic compression; 2 – 3, 
isothermal heat rejection; 3 – 4, isentropic expansion; and 4 – 1, isothermal heat 
addition.  

  Vapour Compression Cycle 

 Most refrigeration equipment is based on the vapour compression cycle. The advan-
tage of the vapour compression system is that COP is high compared with systems 
based on vapour absorption or the Bell – Coleman cycle. Heat transfer is associated with 
phase change during condensation and evaporation, which causes the refrigerating 
effect to be highest among other forms of refrigeration cycle. The four major com-
ponents of a vapour compression refrigeration system are evaporator, compressor, 
condenser and expander (Figure  15.2 ). The vapour compression cycle can be repre-
sented on a temperature – entropy diagram (Figure  15.3 a) and a pressure – enthalpy 
diagram (Figure  15.3 b). Both ideal and actual vapour compression cycles are repre-
sented on the two diagrams. The four processes, shown in Figure  15.3 , that form the 
ideal vapour compression cycle are 1 – 2, isentropic compression; 2 – 3, isobaric heat 
rejection and condensation; 3 – 4, isenthalpic expansion; and 4 – 1, isobaric heat addition 
and evaporation.   

 After producing the refrigerating effect inside the evaporator (by absorbing the heat 
from the surrounding region), the refrigerant changes its phase from liquid to vapour. 

Figure 15.2 Vapour compression refrigeration system. 



Refrigeration, Air Conditioning and Cold Storage 385

The dry saturated vapour then enters the compressor. The compressor activates low -
 pressure saturated refrigerant vapour to high - pressure superheated vapour. The hot 
vapour is then cooled and condensed inside the condenser at constant pressure. The 
saturated liquid emerging from the condenser is expanded inside the expander. The 
expander is usually a thermostatic expansion valve (TXV) in high -  and variable -
 capacity systems and a capillary tube in low -  and constant - capacity systems. The 
expansion process is usually considered as isenthalpic. The low - quality vapour, after 
expansion, absorbs heat and the refrigerating effect is produced. To ensure that the 
liquid refrigerant should not enter the compressor, a liquid accumulator is placed 
between the evaporator and compressor for separating liquid from vapour. The refrig-
erating effect is given by:

    q h h0 1 4= −     (15.4)   

 The work input or compressor work per unit mass fl ow rate of refrigerant is given by:

    w v dP h hC f

P

Pk

= = −∫
0

2 1     (15.5)   

 The COP for the equipment working on the vapour compression cycle is given by:

    COP =
−
−

h h
h h

1 4

2 1
    (15.6)   

 In reality, no refrigerating machine operates on an ideal vapour compression cycle, 
but rather via the actual vapour compression cycle represented by 1 ′  – 2 ′  – 3 ′  – 4 ′  – 1 ′  in 

Figure 15.3 Vapour compression cycle: (a) temperature –entropy diagram; (b) pressure –enthalpy
diagram.
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Figure  15.3 . The actual compression (1 ′  – 2 ′ ) can never be isentropic and the actual work 
of compression can be obtained by dividing the isentropic work of compression by the 
adiabatic effi ciency of the compressor. The condensation process (2 ′  – 3 ′ ) will not 
remain isobaric as friction will cause the pressure to drop in the condenser coils. 
Similarly, the pressure drops due to friction inside the evaporator coils. Ideally, after 
condensation, saturated liquid should enter the expansion device. In actual condition, 
the refrigerant emerges out of the condenser in a subcooled liquid state. In the expan-
sion device (capillary tube), the process is assumed isenthalpic. However, the process 
of expansion is adiabatic. In the liquid region, enthalpy remains constant. In the two -
 phase region, a part of this enthalpy is converted into kinetic energy. The two - phase 
fl uid accelerates inside the capillary tube as the drop in pressure causes more and more 
vapour to generate. The reason is that for a constant mass fl ow rate through the capil-
lary tube, the fall in density will lead to an increase in fl ow velocity as the cross -
 sectional area of the capillary tube remains fi xed.  

  Vapour Absorption Cycle 

 Figure  15.4  shows the vapour absortion system. It is similar to the vapour compression 
system, with the compressor being replaced by the absorber, pump, generator and 
throttling valve. This is basically done to reduce compressor work. The work of com-
pression is given by Equation  15.5  as the product of specifi c volume and the pressure 
difference. The specifi c volume of liquid is small compared with that of vapour. Thus, 
pump work is less than compressor work and so the running costs of equipment are 
substantially reduced. However, installation cost is high. The space requirement also 
increases, with an increase in the number of components. The refi gerant vapour 
emerging from the evaporator is absorbed by another fl uid (known as the absorbent) 
inside the absorber. The solution is then pumped to a device known as the generator, 
where heat is applied to separate refrigerant from absorbent. Thus, pure refrigerant 

Figure 15.4 Vapour absorption refrigeration system. 
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vapour enters the condenser and the weak solution is then throttled back to the 
absorber.   

 Absorption systems are used where a large quantity of inexpensive or waste heat is 
available. Environmental concerns with refrigerants used in vapour compression 
systems have drawn more attention to absorption systems, as the refrigerants (water 
and ammonia) used in these systems have no adverse effects on the atmosphere. The 
biggest disadvantage of such plants is that their COP is very low compared with plants 
operating on the vapour compression cycle. Moreover, the system requires more space 
because of increased number of components. Figure  15.5  shows the energy fl ow 
diagram for a vapour absorption system. From the fi rst law of thermodynamics:

    Q Q Q Wk g o P= + +     (15.7)     

 From the second law of thermodynamics:

    Δ Δ Δs s sg o k+ + ≥ 0     (15.8)  
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Figure 15.5 Energy fl ow diagram in an absorption system. 
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  Bell – Coleman Cycle 

 Air refrigeration systems work on a reversed Brayton cycle or Bell – Coleman cycle. In 
these systems, air is compressed to high pressure, cooled in a heat exchanger and 
expanded to low pressure in a turbine. As the temperature of air drops during expan-
sion, a refrigeration effect is produced. 

 Like the vapour compression cycle, the air refrigeration cycle also consists of four 
components: air compressor, air cooler, expansion device and refrigerator (Figure 
 15.6 a). The air cooler is used to cool the compressed air. The cooled air is expanded 
and consequently a further decrease in pressure as well as temperature takes place. 
The cold air picks up the heat from the surroundings, thus creating the refrigerating 
effect. Air refrigeration, shown in Figure  15.6 (b), comprises four processes: 1 – 2, isen-
tropic compression; 2 – 3, constant pressure heat rejection; 3 – 4, isentropic expansion; 
and 4 – 1, constant pressure heat absorption.   

 Refrigeration systems based on the Bell – Coleman cycle use air as refrigerant, which 
is easily available and cheap. Also, the total weight per tonnage is less. On the other 
hand, the COP of such systems is low and the quantity of air required per tonnage is 
also high. These systems are used in aircraft to provide conditioned air to the cabin. 
By fl ying at subsonic speeds and at high altitude, the ambient air is compressed (1 – 2) 
by the ram effect in the aircraft engine. A part of this compressed air bleeds to a heat 

Figure 15.6 Air refrigeration system: (a) block diagram; (b) temperature –entropy diagram. 
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exchanger, where it cools down at constant pressure (2 – 3). The bled air is expanded 
in a turbine (3 – 4) and supplied to the cabin. The expansion process is carried out in a 
turbine, which is connected to the compressor, thereby reducing the work of compres-
sion. After expansion the cold air picks up the heat (4 – 1) from the cabin. After extract-
ing the heat, the air is released into the atmosphere. 

 The compression and expansion processes are isentropic. For the cycle shown in 
Figure  15.6 (b), temperature can be related to pressure as follows (assuming air to be a 
perfect gas):

    T
T

T
T

p
p

k

o

2

1
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4
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 Refrigerating effect (process 4 – 1):

    q c T To p= −( )1 4     (15.14)   

 Heat rejection (process 2 – 3):

    q c T Tk p= −( )2 3     (15.15)   

 Work of compression (process 1 – 2):

    w c T TC p= −( )2 1     (15.16)   

 Work of expansion (process 3 – 4):

    w c T TE p= −( )3 4     (15.17)   

 Hence, the magnitude of net work of compression and from the fi rst law of 
thermodynamics:

    w w w q qC E k o= − = −     (15.18)  
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 The COP of the air refrigeration cycle is obviously lower than that of the vapour 
compression cycle. This is because the vapour compression cycle involves phase 
change of refrigerant during the heat absorption process. Phase change is associated 
with latent heat of vaporisation, which takes place at constant pressure while the 
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temperature also remains constant (similar to the Carnot cycle), whereas in the 
Bell – Coleman cycle heat absorption takes place at constant pressure and the tempera-
ture does not remain constant. This means that the mean temperature during heat 
absorption is higher than that in vapour compression and Carnot cycles.   

  Major Components of Vapour Compression Refrigeration Systems 

 Because the vapour compression refrigeration cycle is the most commonly used cycle 
in refrigeration and air conditioning applications, this chapter considers only the 
components used in refrigerating machines based on the vapour compression cycle. 
The major components of a vapour compression cycle are compressor, condenser, 
expansion device and evaporator. 

 Much simulation work has been carried out to optimise and predict the performance 
of vapour compression systems. Ding  (2007)  conducted a review of the simulation for 
vapour compression refrigeration systems. The models for evaporator, condenser, 
compressor, capillary tube and envelop structure were summarised. 

  Refrigerant Compressors 

 Compressors are mainly classifi ed into two categories: positive displacement compres-
sors (e.g. reciprocating pumps, scroll compressor, screw compressor and rotary com-
pressor) and non - positive displacement compressors (e.g. centrifugal compressors). 

 In positive displacement compressors the refrigerant is sucked and displaced to 
delivery without the undesirable reversal of fl ow, whereas in non - positive displace-
ment pumps the refrigerant glides over the vanes fi xed on the rotating impeller, 
thereby increasing the pressure energy of the refrigerant. Positive displacement pumps 
are characterised by intermittent refrigerant fl ow at high pressure at delivery. 
Conversely, in non - displacement compressors, fl ow is continuous but delivery pres-
sure is comparatively low at the exit. Of the compressors mentioned above, the two 
most commonly used are the reciprocating compressor and the centrifugal compres-
sor, and these are discussed in more detail here. 

 In a reciprocating compressor, shown in Figure  15.7 , the piston moves inside the 
cylinder in a reciprocating fashion. The piston rings are used to maintain pressure 
inside the cylinder and to avoid leakage of refrigerant to the other side of the piston. 
The piston is connected to the crank by means of the connecting rod. The crank is 
the rotating member of the compressor and is keyed to the motor shaft. It converts 
rotational motion into the reciprocating motion of the piston. The refrigerant is 
sucked into the cylinder by movement of the piston to the right; when the piston 
reaches the end of its stroke, the suction valve closes. Now the piston moves leftwards 
and the refrigerant becomes compressed. By the time the piston reaches the end of its 
leftward movement, the delivery valve is opened. High - pressure refrigerant is obtained 
at delivery. Reciprocating compressors are classifi ed as hermetically sealed, semi -
 hermetic and open - type. The motor and compressor are housed together in hermetic 
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and semi - hermetic types of compressor. In an open - type compressor, the compressor 
and motor are separate units. The compressor is run by the motor by means of a 
belt and pulley arrangement.   

 In a centrifugal compressor, shown in Figure  15.8 , there are four main components: 
inlet casing, impeller, diffuser and volute casing. The inlet casing is designed to accel-
erate the fl uid to the inlet of the impeller (eye). The impeller transfers energy received 
from the motor to the fl uid, which in turn increases its pressure and kinetic energy. 
The function of the diffuser is to convert the kinetic energy at the exit of the impeller 
into pressure energy. The volute casing collects the fl uid emerging from the diffuser 
and is of diverging cross - section to further increase the pressure energy, thereby 

Figure 15.7 Reciprocating compressor. 

Figure 15.8 Centrifugal compressor. 
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increasing the enthalpy. The enthalpy is the sum of internal energy and fl ow work 
(product of pressure and specifi c volume).    

  Refrigerant Condensers 

 The process of heat rejection is accomplished inside the condenser. The superheated 
refrigerant vapour emerging from the compressor undergoes a de - superheating process 
followed by phase change from vapour to liquid. The commonly used refrigerant con-
densers are air - cooled and water - cooled condensers. This classifi cation is based on the 
fl uid medium required to cool the refrigerant vapour leaving the compressor exhaust 
port. 

 Air - cooled condensers comprise both natural and forced circulation types. For low -
 capacity refrigeration units like domestic refrigerators, the natural circulation air -
 cooled condenser is used. In such condensers, fi ns are provided outside the tube to 
increase the heat transfer area and no external agency is used to blow the air over the 
fi nned tubes. In fact, the heat is picked up by the surrounding air from the hot fi nned 
tubes naturally. In contrast, in forced circulation air - cooled condensers, a fan is used 
to pump air over the condenser tubes, thereby increasing the rate of heat transfer. 
Such condensers are suitable for refrigeration units having capacities up to 5   tons, for 
example deep freezers and room air conditioners. 

 Figure  15.9 (a) shows the natural circulation air - cooled condenser at the back of a 
domestic refrigerator. It has thin rods (fi ns) attached to it to enhance the rate of heat 

Figure 15.9 Air-cooled condenser: (a) natural circulation type; (b) forced circulation type. 
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transfer from the condenser coil surface. The air - cooled condenser works on the prin-
ciple of natural convection. The air in the immediate vicinity of the hot condenser 
coil surface is heated, its density reduces and it starts moving upwards. The fl uid layer 
is replenished and the process continues. Figure  15.9 (b) shows a forced circulation 
air - cooled condenser fi tted inside a window - type room air conditioner. In these con-
densers, a fan is placed in front of the hot condenser fi nned coils. The air is forced 
through the tiny inter - fi n spaces of the condenser coil. The rate of heat transfer 
increases signifi cantly because of the increased velocity of fl ow.   

 Another category of condenser is the water - cooled condenser, in which water is used 
to condense the superheated vapours emerging from the compressor. Water - cooled 
condensers can be classifi ed as shell - and - tube condensers, shell - and - coil condensers 
and double pipe condensers. Shell - and - tube condensers can be further classifi ed in 
terms of the number of passes the water is allowed to undergo before it fi nally leaves 
the condenser, i.e. single pass, double pass and multiple pass. Figure  15.10  shows a 
double - pass shell - and - tube condenser, where the water is tube - side and the refrigerant 
vapours are shell - side. The water enters through the tubes in the bottom section, 
travels the entire condenser length and returns through the upper tubes. Thus the 
water travels the condenser length in two passes: one forward pass and one return 
pass. The refrigerant vapours condense over the tubes and the condensate is collected 
in the lower portion of the cylindrical shell. The refrigerant then enters the expansion 
device, where expansion takes place. The hot water (after absorbing the latent heat of 
vaporisation of the condensing refrigerant) emerging from the condenser is cooled in 
a cooling water. The condenser cooling water is circulated between the condenser and 
the cooling water by means of a pump.    

Figure 15.10 Double-pass shell -and-tube water -cooled condenser. 
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  Expansion Devices 

 The high - pressure subcooled/saturated refrigerant is expanded inside an expansion 
device to become the low - pressure liquid – vapour mixture that enters the evaporator. 
The most commonly used expansion devices are thermostatic expansion valve (TXV) 
and capillary tube. 

 The basic difference between these two expansion devices is that capillary tubes are 
used in low - capacity refrigeration systems where the load is constant, whereas TXV 
is used in high - capacity refrigeration systems and is suitable for variable cooling load 
conditions. Capillary tube has found applications in domestic refrigerators, water 
coolers and window - type room air conditioners, whereas TXV has applications in the 
refrigeration units used in industry and vehicle air conditioners. The TXV maintains 
a constant degree of superheat in the evaporator, thus ensuring the entry of dry super-
heated vapour into the compressor. 

 Figure  15.11  shows a typical TXV commonly used in refrigeration and air condition-
ing units. The liquid refrigerant from the condenser enters at the bottom of the valve. 
A needle controls refrigerant fl ow into the evaporator and its motion is controlled by 
the forces exerted on it by the spring and the diaphragm. The force on the diaphragm 
is dependent on the superheat available at the exit of the evaporator. In fact, the 
remote bulb is soldered onto the compressor suction - line immediately after the evapo-
rator, which is connected by means of capillary tube to the TXV. The bulb and capil-
lary tube are fi lled with the same liquid refrigerant as in the refrigeration system. As 
the load on the evaporator increases, the refrigerant evaporates at a faster rate and the 
rate of evaporation becomes higher than the pumping capacity of the compressor. This 

Figure 15.11 Thermostatic expansion valve. 
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causes a rise in evaporator pressure and consequently the degree of superheat at the 
outlet of the evaporator increases. The increased temperature of the suction - line 
causes the refrigerant to evaporate and thus the pressure inside the bulb increases. 
The increased pressure forces the diaphragm and ultimately the needle to move down-
wards, resulting in more refrigerant entering the evaporator via the outlet of the TXV. 
The increase in refrigerant supply to the evaporator causes evaporator pressure to 
decrease. In the same way, if the load on the evaporator decreases, the supply of refrig-
erant to the evaporator is controlled. This is how the TXV operates under variable 
load conditions and ensures the entry of refrigerant vapour at the desired superheat.   

 Another commonly used expansion device is the capillary tube, which has the 
advantages of simplicity, low cost, and low starting torque requirement for compressor 
motor. Capillary tube is narrow - drawn copper tube of internal diameter 0.5 – 2.0   mm 
and length 0.5 – 6   m. It is used in low - capacity systems where the load is fairly constant. 
A capillary tube is classifi ed by geometry as straight, helical or spiral, and on the basis 
of fl ow as adiabatic or diabatic. In adiabatic arrangement the capillary tube is insu-
lated, whereas in diabatic arrangement the capillary tube is in thermal contact with 
the compressor suction - line and heat transfer from the capillary tube to suction - line 
takes place. This heat exchange causes the refrigerant vapours inside the suction - line 
to become superheated, thereby reducing the chances of liquid refrigerant entering the 
compressor. Conversely, refrigerant at the capillary exit emerges with low quality. 
Thus, a higher refrigerating effect is obtained inside the evaporator. 

 In general, the refrigerant enters the capillary tube in a subcooled state. The fl ow 
inside an adiabatic capillary tube is perceived to be divided into two distinct regions: 
a liquid region near the entrance and a two - phase region containing liquid – vapour 
mixture in the remaining part. In the liquid region, the temperature remains constant 
while pressure drops due to friction alone. The drop in pressure below the saturation 
pressure corresponding to the inlet refrigerant temperature marks the inception of 
vaporisation. With the onset of vaporisation, the acceleration pressure drops; in addi-
tion, there is a decrease in friction pressure, the magnitude of which depends on the 
quality of fl owing refrigerant. More and more refrigerant vapours are generated as a 
result of the increasing pressure drop in the downstream direction until the exit is 
reached. In fact, the majority of the total pressure drop is contributed by the two - phase 
region of the capillary tube. 

 Capillary tube design and selection involves knowledge of operating parameters 
such as refrigerant mass fl ow rate, condenser and evaporator pressures, temperature 
at the capillary tube inlet (inlet subcooling), capillary tube diameter, and internal 
surface roughness of the tube. With these values known, the length of the capillary 
tube is computed by obtaining the governing equation for both single - phase and two -
 phase regions of the capillary tube. These governing equations are obtained by apply-
ing the conservation laws of mass, momentum and energy. The length of the 
single - phase liquid region and two - phase regions is determined numerically, solving 
the governing equations with given boundary conditions (Khan  et al .,  2007, 2008a  – c, 
2009a,b).  
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  Evaporators 

 The actual refrigerating effect is obtained inside the evaporator, where the heat from 
the surrounding space is absorbed by the refrigerant, thereby making the surroundings 
cool, for example the evaporator coil is placed inside the refrigerated space of a domes-
tic refrigerator; air is passed over the evaporator coil of an air conditioning unit before 
entering the refrigerated room. Evaporators may be classifi ed under two broad catego-
ries: fl ooded type and direct expansion (or dry) type. Both these evaporators are shell -
 and - tube heat exchangers, with the difference that the refrigerant is in the shell in the 
former type whereas it is in the tubes in the latter type (Figure  15.12 ).   

 In a fl ooded evaporator, the tubes containing the fl uid to be chilled are completely 
submerged in the liquid refrigerant (Figure  15.12 a). The level of liquid refrigerant 
inside the shell is maintained using a fl oat valve. The heat transfer effi ciency is higher 
as the entire heat transfer area is in contact with the liquid refrigerant. The liquid 
refrigerant absorbs heat from the fl uid to be chilled through the tube walls and changes 
its phase to vapour state. The refrigerant vapours are collected over the liquid surface 
and from there they are sucked into the compressor. The refrigerant charge is rela-
tively larger than that in a dry - type evaporator. Unlike a fl ooded - type evaporator, the 
fl ow of refrigerant into the tubes of a dry - type evaporator is controlled by means of a 
TXV. The fl uid to be chilled enters the shell and passes across a number of tubes car-

Figure 15.12 Evaporators: (a) fl ooded type; (b) dry type. 
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rying the refrigerant, through a number of baffl e plates (Figure  15.12 b). These baffl e 
plates help to create turbulence in the fl ow and better mixing of different fl uid layers 
is attained, resulting in substantial increase in the overall heat transfer coeffi cient. 
The fl owing refrigerant absorbs heat and changes its phase while travelling the length 
of the tube. Finally, dry saturated/superheated vapour is obtained at the outlet of the 
evaporator, from where it is sucked into the compressor.   

  Capacity Control 

 Most refrigeration and air conditioning systems are designed to meet the requirements 
of peak load conditions. It has been seen that load is not constant and varies with 
time, as in cold storage of fruits, vegetables and dairy products. Obviously, the daytime 
load greatly exceeds the night - time load. Likewise, the load differs from season to 
season. This variation of load has led to some capacity control techniques for effective 
operation of these systems. There are various ways of controlling the cooling capacity 
of a system as per the requirement. Intermittent operation of the compressor to control 
the capacity is one such technique. This technique is not very advantageous as more 
wear and tear is infl icted on the compressor, thereby reducing its life. Also, in such a 
situation it is diffi cult to maintain the steady temperatures within desirable limits. 
Capacity control can also be achieved by varying refrigerant fl ow rate through the 
evaporator. This can be achieved by using a variable speed compressor or by unloading 
one of the cylinders. 

 Other popular schemes include hot gas bypass, suction gas throttling and cylinder 
unloading (Figure  15.13 ). These three schemes have been discussed and analysed by 
Yaqub and Zubair  (2001) .   

Figure 15.13 Capacity control schemes. 
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  Hot Gas Bypass 

 A fraction of the superheated refrigerant vapour emerging from the discharge manifold 
is bypassed and mixed with saturated vapour emerging from the evaporator. The 
refrigerant supply to the evaporator will then be accordingly reduced and thus reduc-
tion in the evaporator ’ s cooling capacity is achieved. This reduction in capacity 
depends on the fraction of superheated vapours bypassed.  

  Cylinder Unloading 

 The cooling capacity of the evaporator can also be reduced by cutting off the refriger-
ant supply to one of the cylinders in a multi - cylinder compression arrangement. The 
amount of refrigerant pumped will be reduced and thus less refrigerant will be avail-
able in the evaporator and capacity will be reduced in this way. However, in doing so, 
a small amount of work is consumed in driving the piston inside the unloaded 
cylinder.  

  Suction Gas Throttling 

 Another way of controlling the cooling capacity of a refrigeration system is obtained 
by throttling the refrigerant vapours before actually introducing them into the com-
pressor. This causes further reduction in the suction pressure at the inlet of compres-
sor and consequently in the discharge pressure. A reduction in the overall refrigerant 
mass fl ow rate through the cycle results and hence capacity is reduced.   

  Refrigerants 

 A refrigerant is a fl uid medium which absorbs the heat from a system while operating 
in a cycle, thus making it cool. Conversely, refrigerants absorb heat (in the evaporator) 
at low pressure and reject heat at high pressure (in the condenser). 

 A refrigerant is said to be  primary refrigerant  if it is used directly in a refrigeration 
cycle where it undergoes the following processes: evaporation, compression, condensa-
tion and expansion. It is called a primary refrigerant because it directly absorbs the 
heat from the system to be cooled. Examples of primary refrigerants include chlo-
rofl uorocarbons (CFCs), hydrofl uorocarbons (HFCs), hydrochlorofl uorocarbons 
(HCFCs) and carbon dioxide (CO 2 ). Another category of refrigerants, known as  second-
ary refrigerants , are not used directly in a vapour compression cycle like a primary 
refrigerant. Rather, these refrigerants are cooled by the primary refrigerant inside the 
evaporator. After being cooled, the secondary refrigerant is used to cool a given 
system/body/fl uid. Examples of secondary refrigerants are brines and chilled water. 

 In general, a refrigerant should have the following desirable properties:

    •      low boiling point (low temperatures in the evaporator will be attained);  
   •      high latent heat of vaporisation (refrigerating effect will be high);  
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   •      high critical temperature (condensable);  
   •      positive suction and discharge pressures;  
   •      stable and inert;  
   •      non - toxic, non - corrosive and infl ammable;  
   •      low specifi c volume (work of compression will be less);  
   •      low viscosity (both for liquid and vapour phases so that pressure drop will be less);  
   •      high thermal conductivity (heat transfer rate will be high);  
   •      miscible with lubricating oil;  
   •      low cost;  
   •      zero ozone depletion potential;  
   •      low global warming potential.    

 The use of refrigerants for cooling purpose has a long history. Calm  (2008)  has pre-
sented the historical background of different generations of refrigerants. He divided 
refrigerants into the following four generations.

    •      First - generation refrigerants (1830 – 1930): whatever worked was used as a refrigerant. 
The refrigerants in this category are ethers, CO 2 , NH 3 , H 2 O and CCl 4 .  

   •      Second - generation refrigerants (1930 – 1990): the objective was safety and durability 
and examples include CFCs, HCFCs, NH 3  and H 2 O.  

   •      Third - generation refrigerants (1990 – 2010): the objective was ozone layer protection. 
This group includes HCFCs, HFCs, H 2 O, CO 2  and HCs.  

   •      Fourth - generation refrigerants (2010 onwards): the issue is global warming. The 
search for refrigerants having low global warming potential and zero ozone potential 
has already begun.    

 Because of the environmental concerns, especially the high ozone depletion potential, 
the use of CFCs was banned under the Montreal Protocol (1987). Having zero ozone 
depletion potential, HFCs were then used as substitutes for CFCs. However, like 
CFCs, HFCs do have high global warming potential. The Kyoto Protocol (1997) decreed 
that there should be a global reduction in the production of greenhouse gases. Riffat 
 et al .  (1997)  proposed that alternatives to HFCs could be naturally occurring sub-
stances such as NH 3 , HCs, H 2 O, CO 2  and air. The properties of the commonly used 
refrigerants are listed in Table  15.1  (Arora,  2005 ; Ameen,  2006 ).     

  Air Conditioning Systems 

 In the previous sections we have studied the types of refrigeration systems and the 
different components that comprise these systems. In this section, the application of 
refrigeration to conditioning air is studied. The cooling of air can be performed directly 
by passing air over the evaporator coils of the vapour compression refrigeration system 
or indirectly by chilled water emerging from the evaporator of a refrigeration system. 
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Table 15.1 Commonly used refrigerants and their properties. 

Refrigerants Properties Areas of application 

NH3 (R717) • Despite being toxic, fl ammable and explosive (to 
some extent), its excellent thermal properties 
make it the best industrial refrigerant 

• It has the highest refrigerating effect per unit mass 
• Eco-friendly refrigerant 
• Immiscible in oil 
• Least expensive and readily available 

Commonly used in the food 
industry, e.g. dairy products, 
ice cream, frozen food 
production plants, cold storage 
warehouses, storage and 
processing of meat, poultry 
and fi sh 

H2O (R718) • Available virtually free of cost 
• Non-toxic, non -fl ammable 
• High freezing point 

Used as a secondary refrigerant. 
Also used as refrigerant in 
LiBr vapour absorption system 

CO2 (R744) • Non-toxic, non -infl ammable 
• Low GWP compared to CFCs, HFCs, etc. 
• High operating pressures 
• Immiscible in oil 

Widely used in marine services. 
Also used in air conditioning of 
hospitals, hotels, theatres, etc. 
Production of dry ice 

CCl3F (R11) • Low operating pressures 
• Very high ODP 

Now obsolete due to very high 
ODP. It was chiefl y used for 
air conditioning purposes. Also 
used as secondary refrigerant 

CCl2F2 (R12) • Non-toxic, non -infl ammable, stable 
• Very high ODP 
• Miscible with oil 
• Comparatively lower work of compression 

Now obsolete due to very high 
ODP. It was the most widely 
used of all refrigerants for low, 
medium and high temperature 
applications

CHClF2

(R22)
• Low operating pressures 
• Low ODP (to be phased out by 2030) 
• Operating pressures are higher for R22 
• Affi nity towards moisture (hygroscopic) 

Useful in low temperature 
industrial and commercial 
applications. Extensively used 
in packaged air conditioners 

CF3CH2F
(R134a)

• Has been used as a suitable replacement for R12 
• Odourless, non -toxic, non -infl ammable 
• Zero ODP, lower GWP compared to R12 

Extensively used in domestic 
refrigerators, mobile air 
conditioning units in vehicles 

ODP, ozone depletion potential; GWP, global warming potential. 

 In fact, air conditioning involves very much more than just cooling of the air. Air 
conditioning is the process of making air suitable for a particular application, which 
might include human comfort, industrial processes or storage of food products (Figure 
 15.14 ). The air conditioning system is designed to suit that particular application. For 
example, when designing an air conditioner for human comfort, the following points 
must be kept in mind.

    •      Temperature should be held within narrow ranges: summer comfort, 19 – 24    ° C; 
winter comfort, 17 – 22    ° C.    

   •      Moisture should be low: relative humidity (RH) should not be high (50% RH).  
   •      Noise level must be low: operation of the system should be quiet.  
   •      Air must be clean, i.e. free from dust, tobacco smoke, allergens, etc.  
   •      Proper ventilation.    
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 These points are also applicable to the other two categories of air - conditioning 
applications, the only difference being the magnitudes of the above parameters. An 
air conditioner can be made to operate in cooling as well as heating mode by the use 
of a reversing valve. Such air - conditioning units are often termed  ‘ heat pumps ’  because 
they pump heat from one location to another. Thus the same air - conditioning unit 
can be used in both summer and winter. An air conditioner unit is shown operating 
in cooling mode in Figure  15.15 (a) and in heating mode in Figure  15.15 (b). Each unit 
has two sets of expansion and bypass valves in addition to the reversing valve. The 
expansion valve of one assembly is used in conjunction with the bypass valve of the 
other assembly, as shown in Figure  15.15 . The reversing valve reverses the direction 
of fl ow, so that the heat exchanger acts as an evaporator in cooling mode but as a 
condenser in heating mode. In summer, the heat pump operates in cooling mode, with 
the condenser outside the room and the evaporator inside the room. In this manner, 
heat is pumped out of the room to the high - temperature surroundings. When operated 
in heating mode, the condenser becomes the evaporator and the evaporator becomes 
the condenser. The refrigerant fl owing inside the evaporator absorbs heat from the 
colder outside environment and is pumped into the room. In this way the temperature 
inside the room is maintained within the desired limits, in both summer and winter.   

  Classifi cation of Air Conditioners 

 Air - conditioning systems may be classifi ed as unitary systems (window type/self -
 contained/single - package unit and split unit) and as central air conditioning systems. 

 The window - type air conditioner is shown in Figure  15.9 (b). All the four compo-
nents  –  evaporator, compressor, condenser and expansion device (capillary tube)  –  are 
placed inside a compartment as a single package. This unit is usually fi xed in a 
window such that the evaporator side faces the interior of the room. The unit is sealed 
so that there is no exchange of air between the room and the outside. A blower sucks 
room air from the front panel through the evaporator coil and guides it back into the 
room. In such an air conditioner, the temperature of the outside air is higher than the 
ambient air due to continuous rejection of heat from its condenser. 

Figure 15.14 Applications of air conditioning. 
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Figure 15.15 Heat pumps: (a) cooling mode; (b) heating mode. 
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 The split - unit air conditioner (Figure  15.16 ) has two units, one containing the evapo-
rator and blower and the other the condensing unit and the expansion device. The 
evaporator and blower unit is wall mounted inside the room, whereas the condensing 
unit may be kept a suitable distance from the room. This arrangement is more effec-
tive as heat is rejected suffi ciently distant from the room being cooled. Thus, the air 
near the wall of the room being cooled remains at ambient temperature.   

 Compared with unitary systems, a central air conditioning system is used to cool 
larger installations like shopping malls, hotels, corporate offi ces, public libraries and 
hospitals. Unlike unitary systems, a central air conditioner is used to cool the entire 
building by the use of ducts in each room. A simple central air - conditioning system 
(Figure  15.17 ) consists of an air handling unit (AHU) with ducting. Usually, the AHU 

Figure 15.16 Split-unit air conditioner. 

Figure 15.17 Central air conditioning system. 
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comprises a mixing chamber (also known as plenum), air fi lter, set of cooling and 
heating coils, and a blower or fan to pump the conditioned air at the required rate into 
the different rooms of the building by means of a supply duct. A return duct is installed 
to carry the air from the conditioned space to the plenum, where it is mixed propor-
tionally with fresh air from outside. In fact, not all the return air is recirculated to the 
rooms so that air quality is maintained at an acceptable level. Thus a proportion of 
the return air is discharged as exhaust into the atmosphere. The return air, being cooler 
than the outside air, ultimately reduces the cooling load on the refrigeration equip-
ment (not shown in the fi gure). All the mechanical equipment is located remotely 
from the conditioned space so that it is almost free from noise and vibration. The 
heating coil is used in conjunction with the cooling coil in order to control the tem-
perature and humidity requirements of the conditioned space with change in outside 
weather. For very large installations, more than one AHU is recommended to keep 
duct size and blower capacity to manageable levels.   

 The two most common types of central air conditioning systems are constant air 
volume (CAV) and variable air volume (VAV) systems. The CAV system supplies air 
at a constant rate into the conditioned room and the temperature of the supply air is 
varied as per the requirement, whereas in VAV systems the air volume is controlled 
as per the requirement. CAV systems are further classifi ed as single - zone systems, 
multi - zone systems, terminal reheat systems and dual duct systems. Single - zone 
systems are designed to serve a single temperature/humidity zone. They have a single 
supply duct with branches leading to different rooms of the building. The multi - zone 
system, on the other hand, is used for temperature/humidity requirements. The cold 
and warm air streams are mixed in the central AHU by a number of zone dampers 
(controlled by zone thermostats). The mixed conditioned air is distributed throughout 
the building by a system of single - zone ducts. A terminal reheat system is used where 
the load inside the conditioned space is unequal. In such a system, air at a constant 
temperature is supplied by the central AHU and to meet changed conditions a reheat 
coil (controlled by a thermostat) is placed just before the supply duct terminal branches 
into the room. In a dual duct system, the two parallel supply ducts, one carrying cold 
air and another warm air, from the AHU are connected to the mixing chamber, where 
the two streams of air are mixed in a proportion dictated by the room thermostat. 

 In VAV systems, like CAV systems, the outside and return air streams, after being 
mixed in the plenum, are cooled and dehumidifi ed while passing over the cooling coil. 
The conditioned air is then delivered into the conditioned space by means of supply 
ducts. The rate of airfl ow into the duct is controlled by varying the fl ow area of 
dampers of the terminal device. Airfl ow through the dampers is controlled by the 
room thermostat. This will lead to changes in the static pressure of the duct and 
sensors to detect the rise and fall in pressure are placed inside the supply duct. The 
static pressure is controlled by providing a vent that connects the inlet of the supply 
duct blower to the supply duct. The VAV system is cheaper than the CAV system and 
requires no zoning. The biggest disadvantage of such systems is the loss of air motion 
due to throttling (Ameen,  2006 ; Pita,  2007 ).  
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  Basic Psychrometry 

 In order to study air conditioning, knowledge of air and its psychrometric properties 
is very important. Psychrometry deals with the study of air with respect to its mois-
ture content. Air is a mixture of various gases, mostly nitrogen (78%) and oxygen 
(21%), while the remaining 1% comprises other gases like carbon dioxide, helium, 
neon and argon. In addition to these gases, air consists of water vapour, which varies 
from place to place in the range of 1 – 3%. The presence of water vapour in the air is 
due to continuous evaporation of water from various water bodies like ponds, lakes, 
seas, oceans and springs. 

 Every gaseous or vapour component of air exerts an individual partial pressure 
equivalent to the pressure it would exert in the same given volume. The summation 
of the partial pressures of all components is equal to the total pressure of air. This is 
known as  Dalton ’ s law of partial pressures . It should be noted that when air is at a 
particular temperature, all its constituents are at the same temperature and occupy 
the same volume but have different partial pressures. For the sake of convenience, air 
may be assumed to have only two components, i.e. dry air and water vapour. If the 
temperature of air ( T a  ) is higher than the saturation temperature ( T sat  ) of water vapour 
corresponding to its partial pressure ( p v  ), then the water vapour in the air will be in a 
superheated state. When the air temperature is the same as the saturation tempera-
ture, the water vapour in the air becomes saturated and the air is termed  ‘ saturated ’  
and the temperature is known as the dew point temperature (DPT). The presence of 
moisture (water vapour) in a given column of air is known as humidity. The air is said 
to be dry air if it does not contain any water vapour, whereas moist air is referred to 
simply as  ‘ air ’ . 

  Relative humidity  is the ratio of the mass of water vapour to the mass of water 
vapour when the air is saturated at the same temperature in a given volume.
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 When the air is assumed to be a perfect gas, RH is the ratio of the partial pressure of 
water vapour to the saturation pressure of water vapour in air at the same 
temperature. 

  Specifi c humidity  (  ω  ), also known as humidity ratio, is the ratio of mass of water 
vapour to the mass of dry air:
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 where  M a   and  M v   are the molecular masses of dry air and water respectively. 
  Dry bulb temperature  (DBT) is the temperature of air measured by any ordinary 

thermometer, whereas  wet bulb temperature  (WBT) is the temperature measured by 
any ordinary thermometer whose bulb is wrapped in a wet cotton wick. 
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  Sensible heat of the air : the term  ‘ sensible ’  is associated with the rise and fall in 
temperature of a particular fl uid. When heat exchange causes a change in temperature, 
then such process is known as sensible heating. The sensible heat is taken as the 
enthalpy of dry air. It is dependent on DBT. 

  Latent heat of the air : the term  ‘ latent ’  is associated with change of phase of a par-
ticular substance at a given temperature and pressure. The latent heat of the air is the 
latent heat of vaporisation of water vapour present in it. In fact, other constituents 
remain in gaseous state under normal conditions. The latent heat of the air is depend-
ent on DPT. 

  Enthalpy of the air  is the sum of the sensible heat of the air (enthalpy of dry air) 
and the latent heat of the air. For any given combination of DBT and DPT, the WBT 
has a unique value; it follows that the WBT is an index of enthalpy. 

 Psychrometric charts are the graphical representation of the psychrometric proper-
ties of air. Such a chart is shown in Figure  15.18 . It is plot between DBT and specifi c 
humidity (  ω  ). The WBT line is the same as the constant enthalpy line. The other 
properties, i.e. the lines of constant RH and constant specifi c volume, can also be seen. 
The chart is helpful in determining the solution of a particular problem without going 
through tedious and monotonous mathematical calculations.   

 Figure  15.19  depicts the following processes on the psychrometric chart:

    •      sensible cooling (0 – 1);    
   •      sensible heating (0 – 2);  

Figure 15.18 Various quantities on psychrometric chart. 
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   •      humidifi cation (0 – 3);  
   •      dehumidifi cation (0 – 4);  
   •      cooling and humidifi cation (0 – 5);  
   •      heating and humidifi cation (0 – 6);  
   •      cooling and dehumidifi cation (0 – 7);  
   •      heating and dehumidifi cation (0 – 8).     

  Cooling Load Calculations 

 Air - conditioning equipment must be capable of meeting the cooling/heating require-
ments of the space to be conditioned. The load is termed the  ‘ cooling load ’  if the 
air - conditioning equipment is used to cool the space especially during the summer, 
where as it will be called  ‘ heating load ’  if the equipment is used for heating during 
the winter. The CLTD method described here for the cooling load calculation has been 
adapted from the ASHRAE Fundamental Handbooks 1989, 1997 and 2005 (see Example 
3). The major load contributing factors are solar heat gain through windows, heat gain 
through walls and roof, equipment and lighting loads, occupancy load, and ventilation 
and infi ltration loads. These have been depicted in Figure  15.20 .   

 In the present discussion, the cooling load will be considered. Solar heat gain 
through glass windows is due to the entrainment of solar radiation into the space to 
be cooled. The solar heat gain through glass with external shading is given by:

    Q A SC SHGF CLFSHG = ( )( )     (15.22)   

Figure 15.19 Various processes on psychrometric chart. See text for description of numbered 
processes.
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 where  A  is area of glass (m 2 ),  SC  is shading coeffi cient,  CLF  is cooling load factor and 
 SHGF  is solar heat gain factor (W · m  − 2 ). Solar heat gain depends on the location, month 
of the year and orientation of the building. Heat will also enter the space by means 
of conduction through the walls and roof. Such load is termed transmission load, 
which is given by:

    Q UA CLTD= ( )     (15.23)   

 where  A  is heat transfer area of the wall/window glass/roof (m 2 ),  U  is overall heat 
transfer coeffi cient (W · m  − 2  · K  − 1 ) and  CLTD  is cooling load temperature difference, 
which takes into account (i) the time lag in heat transmission through walls and roof 
and (ii) time delay by thermal storage in converting radiant heat gain to cooling load. 
The corrected  CLTD  is given by the following relation:

    CLTD CLTD T Tc i o= + − + −( . ) ( . )25 5 29 4     (15.24)   

 where  T i   is inside design temperature ( ° C) and  T o   outside design temperature ( ° C):

    To = −Outside temperature
Daily range

2
    (15.25)   

Figure 15.20 Factors affecting cooling load. 
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 The overall heat transfer coeffi cient for a composite wall of  n  layers of different mate-
rials is given by:

    
1 1 11

1

2

2UA h A
L

k A
L

k A
L

k A h Ai

n

n o

= + + + + +�     (15.26)   

 where  L  is material layer thickness (m),  k  is material thermal conductivity (W · m  − 1  · K  − 1 ), 
 h i   is inside heat transfer coeffi cient (W · m  − 2  · K  − 1 ),  h o   is inside heat transfer coeffi cient 
(W · m  − 2  · K  − 1 ) and  A  is area of the wall/roof (m 2 ). Equation  15.26  can also be expressed 
in terms of thermal resistances, and equivalent thermal resistance is the summation 
of thermal resistances of individual layers of materials of the wall or roof:

    R R R R R Rth i n o= + + + + +1 2 �     (15.27)   

 The heat transfer rate through the wall/roof is given by applying Fourier ’ s law of 
heat conduction, which is analogous to Ohm ’ s law of electrical circuits where tem-
perature difference is analogous to potential difference, heat fl ow is analogous to 
current fl ow and electrical resistance is analogous to thermal resistance (Figure  15.21 ) 
(Holman,  2008 ):

    Q
T T

R
i o

th

=
−( )

    (15.28)     

 The heat released from electrical appliances such as fans, tube lights and computers 
in the space to be conditioned will ultimately increase the load on the air conditioner 
and thus must be taken into consideration in the cooling load calculation. The appli-
ance or equipment load is given by:

    Q CLFequip = ×Rating ( )     (15.29)   

 where Rating is the power rating of the equipment (W) and  CLF  is cooling load factor, 
which depends on hours of operation. The number of occupants inside the space 
release energy in the form of both sensible heat gain ( Q s  ) and latent heat gain ( Q L  ):

    Q n SHG CLFs = × ×     (15.30)   

Figure 15.21 Electrical analogy: equivalent thermal resistance. 
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 where  n  is number of occupants,  SHG  is sensible heat gain (W), which depends on 
time of occupancy and occupant activity, and  CLF  is cooling load factor.

    Q n LHG CLFL = × ×     (15.31)   

 where  n  is number of occupants,  LHG  is latent heat gain (W), which depends on time 
of occupancy and occupant activity, and  CLF  is cooling load factor. 

 Infi ltration load is due to the intrusion of outside air into the conditioned space 
through cracks in the doors and windows and by the frequent opening and closing of 
doors. Infi ltration is usually taken as 0.5 air change per hour. Ventilation is the 
amount of air required by the occupants to work comfortably inside the conditioned 
space. Improper ventilation may lead to suffocation. ASHRAE Standard 62 recom-
mends minimum ventilation rates for offi ces as 10   L · s  − 1  per person.   

  Cold Storage 

 Figure  15.22  shows the refrigerated supply chain of a given food commodity which 
connects producer with the consumer. After its production the food item is sent to a 
food processing industry, where it is processed into a usable form for consumers. The 
processed food item is then either shipped to the local market or to the cold stores. 
In the cold stores, the item is preserved until its shipment to the national or interna-
tional market. Care must also be taken during the shipment of perishable food items. 
Shipment from the cold stores to the distribution store is usually by refrigerated vans. 
Surplus foodstuffs must also be preserved for long periods so that they can be supplied 
in the aftermath of a natural calamity like fl ood, drought, famine, earthquake or any 
other disaster. Cold stores thus play an important role in the growth of an economy.   

Figure 15.22 Refrigerated supply chain. 
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 A cold store is a structure designed to store perishable food items like beef, fi sh, 
dairy products and agricultural products. The structure must be capable of providing 
suitable temperatures and humidities necessary for the preservation of the given food-
stuff. A cold store used for storing various food items is termed a multipurpose or 
multi - commodity cold store. Such a cold store consists of different chambers (each 
for a particular commodity) and each chamber is maintained at a temperature suitable 
for the preservation of that commodity. On the other hand, if a cold store is designed 
to preserve a particular food item, it is known as single - commodity cold store. 
Depending on the availability of land, cold stores are also classifi ed on the basis of 
number of fl oors as single - storey and multi - storey cold stores. In countries where 
land is costly, multi - storey cold stores are popular. In countries like India, single -
 storey cold stores are constructed to preserve all types of food commodities; multi -
 storey cold stores are rarely seen. Figure  15.23  shows the general layout out of a 
multipurpose cold store with four cold rooms maintained at different temperatures 
for the preservation of different types of food item. The food commodities are loaded 
and unloaded in the dock area provided at the entrance to the building. The dock is 

Figure 15.23 General layout of a multipurpose cold store. 
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large enough to facilitate the free movement of trucks. A machine room houses the 
refrigeration plant and electric generator. The conditioned air is carried from the 
refrigeration plant to the respective cold rooms by means of ducts. An offi ce is pro-
vided for business deals and for maintaining the record of goods movement in and out 
of the cold store.   

 Figure  15.24  shows construction details and a sectional view of a cold store. The 
material used for the construction of cold stores is brick with RCC frame. The roof is 
composed of trusses with a covering of galvanised iron sheet. A layer of thermal insula-
tion around the conditioned space prevents heat from entering the cold store. Com-
monly used insulation materials include polystyrene, fi breglass or polyurethane. Sheet 
metal claddings are also gaining acceptance as a promising insulation. Also shown in 
the fi gure are racks or stacks. The food items are stacked on a number of steel racks, 
suffi ciently spaced to allow the free movement of conditioned air. The movement of 
conditioned air from the air cooling unit to the stacked food items is shown by means 
of large arrows. The air must be evenly distributed so that all the food items are exposed 
to the conditioned air required for preservation (Surange,  1998 ). The factors that should 
be taken into account when designing a cold store are as follows:

    •      type or types of food item to be stored;    
   •      volume/quantity of the foodstuff to be preserved;  
   •      duration of preservation;  
   •      daily movement of goods to/from the cold store;  
   •      stack height.    

 Both temperature and RH depend on the type of food item to be preserved. Table 1 in 
the 1998 ASHRAE Refrigeration Handbook gives food properties and design conditions 

Figure 15.24 Sectional elevation of a cold store room. 
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for preserving some of the common food items. The procedure for calculating cooling 
load is similar to that discussed in the previous section. In addition to loads discussed 
above, the product load is also considered when calculating the cooling load for a cold 
store. The product load is due to the heat of respiration produced by a food commod-
ity. The heat of respiration is a function of storage temperature: it increases with the 
storage temperature.  

  Worked Examples 

   Example 1 

 A domestic refrigerator (85   W, 180   L, refrigerant R - 134a) operates on vapour compres-
sion cycle. The condenser and evaporator are maintained at 55    ° C and  − 20    ° C, respec-
tively. Determine (i) discharge temperature, (ii) compressor input power, (iii) heat 
rejection inside condenser, (iv) COP of the refrigerator, (v) Carnot COP, and (vi) volu-
metric effi ciency of the compressor if the piston displacement is 5   cc and compressor 
motor speed is 2800   rpm. The refrigerant properties are given below. 

  Saturated properties  

Temperature
(T) ( °C)

Pressure
(P) (MPa) 

Specifi c volume 
(m3·kg−1)

Enthalpy (kJ ·kg−1) Entropy
(kJ·kg−1·K−1)

1/vf vg hf hg sf sg

–20.00 0.13273 1358.3 0.14739 173.64 386.55 0.9002 1.7413
54.00 1.4555 1083.2 0.01351 277.89 424.83 1.2563 1.7055
56.00 1.5282 1073.4 0.01278 281.06 425.47 1.2658 1.7045

  Superheated properties  

P = 1.400MPa P = 1.600MPa

Temperature
(°C)
T

Density
(kg·m−3)
ρ = 1/v

Enthalpy
(kJ·kg−1)

h

Entropy
(kJ·kg−1·K−1)

s

Temperature
(°C)

T

Density
(kg·m−3)
ρ = 1/v

Enthalpy
(kJ·kg−1)

h

Entropy
(kJ·kg−1·K−1)

s

60.00 66.61 433.69 1.7347 60.00 80.74 428.99 1.7124
70.00 62.25 445.31 1.7691 70.00 74.43 441.47 1.7493

  Solution 

  Data supplied  
  Q o      =    85   W,  T o      =     − 20    ° C,  T k      =    55    ° C,  V s      =    5   cc,  N     =    2800   rpm 
 Using saturation tables of refrigerant R - 134a: 
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    P Po sat To
= ( ) = 0 13268. MPa  

    h hg To1
1386 66= ( ) = ⋅ −. kJ kg  

    s s sg To2 1
1 11 7417= = ( ) = ⋅ ⋅− −. kJ kg K  

    v vg To1
3 10 14744= ( ) = ⋅ −. m kg  

    P Pk sat Tk
= ( ) = 1 49165. MPa  

    h h hg Tk4 3
1279 45= = ( ) = ⋅ −. kJ kg  

 The vapour compression cycle for this problem is shown in Figure  15.25 .   
 Refrigerating effect    =     h  1     −     h  4     =    107.21   kJ · kg  − 1  
 Refrigerant mass fl ow rate

    m
Q

h h
o=

−
=

×
= × ⋅− −

1 4
3

3 185
107 21 10

0 79 10
.

. kg s   

 Properties at state point 2 can be determined from superheated tables of R - 134a cor-
responding to  s  2  and  P  2  ( =     P k  ). The pressure  P  2     =    1.49165   MPa lies between 1.4 and 
1.6   MPa. In order to determine the temperature at state point 2, linear interpolation 
for temperatures corresponding to entropy  s  2  for both 1.4 and 1.6   MPa will be deter-
mined. Further, linear interpolation is carried between the pressures 1.4 and 1.6   MPa 
to determine the temperature  T  2  corresponding to  P  2 .

Figure 15.25 Demonstration of the refrigeration cycle on pressure –enthalpy diagram. 
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    T2 1 4 60
1 7417 1 7347
1 7691 1 7347

70 60 62 035( ) = +
−
−

−( ) = °.

. .

. .
.MPa C  

    T2 1 6 60
1 7417 1 7124
1 7493 1 7124

70 60 67 94( ) = +
−
−

−( ) = °.

. .

. .
.MPa C  

    T2 62 035
1 49165 1 4

1 6 1 4
67 94 62 035 64 74= +

−
−

−( ) = °.
. .

. .
. . . C   

 A similar approach is used to determine the enthalpy at state point 2:

    h2 1 4 433 65
1 7417 1 7347
1 7691 1 7347

445 31 433 69( ) = +
−
−

−(. .
. .
. .

. .MPa )) = ⋅ −436 01 1. kJ kg  

    h2 1 6 428 99
1 7417 1 7124
1 7493 1 7124

441 7 428 99( ) = +
−
−

−( ). .
. .
. .

. .MPa == ⋅ −439 08 1. kJ kg  

    h2
1436 01

1 49165 1 4
1 6 1 4

439 08 436 01 437 4= +
−

−
−( ) = ⋅ −.

. .
. .

. . . kJ kg   

 Compressor input power:

    W m h hc = −( ) = × −( ) =2 1 0 79 437 4 386 66 40 26. . . . W   

 Condenser heat rejection:

    Q m h hk = −( ) = × −( ) =2 3 0 79 437 4 179 45 124 8. . . . W   

 COP of the refrigerator:

    COP =
−
−

=
−

−
=

h h
h h

1 4

2 1

386 66 279 45
437 4 386 66

2 11
. .
. .

.  

    COP carnot[ ] =
−

=
−

=
T

T T
o

k 0

253
329 253

3 33.   

 Volumetric effi ciency is defi ned as the ratio of volume rate of refrigerant sucked by 
the compressor to that of the swept volume (piston displacement) per revolutions per 
second. Actual volume rate of refrigerant sucked:

    V m va = × = × × = × ⋅− −
1

3 3 3 10 79 10 0 14744 0 1164 10. . . m s  
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    ηv
a

s

V
V N

= =
× ×
× ×

=
−

−

60 60 0 1164 10
5 10 2800

0 499
3

6

.
.    

  Example 2 

 Air at 35    ° C DBT and 60% RH is cooled and dehumidifi ed to (i) 25    ° C DBT, 60% RH; 
(ii) 25    ° C DBT, 50% RH; (iii) 25    ° C DBT, 70% RH. Determine the amount of heat and 
moisture needed to be removed from 0.5   m 3  · s  − 1  of this air in each of the above cases. 
Show these processes on the psychrometric chart.  

  Solution 

 Using the psychrometric chart in Figure  15.26 , the initial and fi nal conditions for all 
three cases have been determined and tabulated below.   

DBT ( °C) RH (%) h (kJ ·kg−1) v (m 3·kg−1) ω (g/kg dry air) 

Initial condition 35 60 90.5 0.903 21.5
Final condition (a) 25 60 56.0 0.861 12.0
Final condition (b) 25 50 45.2 0.857 10.0
Final condition (c) 25 70 61.0 0.864 14.0

Figure 15.26 Demonstration of processes on a psychrometric chart. 
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Cases Heat removed (kW) 
Q = m(hi − hf)

Moisture removed (g ·s−1)
mw = m(ωi − ωf)

(i) 0 5
0 903

90 5 56 19 1
.

.
. .−( ) = 0 5

0 903
21 5 12 5 26

.
.

. .−( ) =

(ii) 0 5
0 903

90 5 45 2 25 08
.

.
. . .−( ) = 0 5

0 903
21 5 10 6 36

.
.

. .−( ) =

(iii) 0 5
0 903

90 5 61 16 33
.

.
. .−( ) = 0 5

0 903
21 5 14 4 15

.
.

. .−( ) =

  Example 3 

 Determine the cooling load for a general CAD laboratory of 9.25    ×    8.99    ×    3.58   m with 
three glass windows on the north wall, two glass windows on the west wall and a 
door on the south wall (Figure  15.27 ). The adjoining laboratory on the east wall is 
conditioned, while the corridor on the south wall is unconditioned. The dimensions 
of each glass window are 2.79    ×    1.65   m and of the glass door 1.83    ×    2.44   m. The walls 
of the laboratory are composed of 254 - mm fl at brick with 25 - mm stucco/plaster on 
either side. The roof, on the other hand, is composed of 127 - mm concrete with 20 - mm 
gypsum/plaster on the inside surface, 25 - mm plaster/stucco on the upper side and 
3 - mm rubber sheet pasted on it on the top. The laboratory is open from 08.00 to 18.00 
(10 hours).    

  Assumptions 

    1.     There will be no transmission heat gain through the east wall of the laboratory. 
Hence in the cooling load calculation, heat transmission through east wall is 
neglected.  

  2.     The temperature in the unconditioned corridor on the south wall is assumed to be 
the same as outside.  

  3.     The calculations have been made for the month of June at 18.00, as peak load 
conditions are achieved at 1800 solar hours.  

  4.     Infi ltration is assumed as 0.5 air change per hour.     

  Solution 

  Location  
 CAD Lab, IIT Patna Building, Patna, India (latitude 25.583  ° N, longitude 85.25  ° E, 
altitude 41   m) 

  Psychrometric analysis  
 Outdoor design conditions: DBT 36.7    ° C, RH 77.17%, daily temperature range 10    ° C 
(average values for the month of June for Patna city) 

 Indoor design conditions: DBT 24    ° C, RH 50% (Ameen,  2006 ) 
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Figure 15.27 (a) Layout of CAD lab; (b) wall and roof cross -sections.
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Figure 15.28 Outdoor and indoor conditions for Patna city in the month of June. 

DBT ( °C) WBT ( °C) RH (%) h (kJ ·kg−1) ω

Outdoor 36.7 77.17 116.2 0.0308914
Indoor 24.0 50.00 47.9 0.0093504
Difference 12.7 27.17 68.3 0.0215410
Daily range ( °C) 10.0

  Transmission load  

  Calculation of areas  

Dimension Quantity Area (m 2)

Glass windows North 2.79 × 1.65 3 13.8105
West 2.79 × 1.65 2 9.207

Glass door South 1.83 × 2.44 1 4.4652
Wallsa North 9.25 × 3.58 – 19.3045

West 8.99 × 3.58 – 22.9772
South 9.25 × 3.58 – 28.6498

Roof 9.25 × 8.99 83.1575

a The wall area is calculated by subtracting area of windows/door on that wall from the total wall area. 

 From the psychrometric chart (Figure  15.28 )   
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  Calculation of    U    - values/   R    - values  
 The wall consists of different material layers and each layer will offer resistance to 
the fl ow of heat, depending on its thermal conductivity. Therefore, the equivalent 
resistance for the wall cross - section (Figure  15.27 b) is given by:

    R R R R Rwall o b p i= + + +2   

 where  R i   and  R o   are the thermal surface resistances (convective    +    radiative) for inside 
and outside of the wall respectively, and  R b   and  R p   are the thermal resistances due to 
brick layer and plaster layers, respectively. From Table 11 in the 1997 ASHRAE 
Handbook, the above thermal resistances can be determined: 

Code number Description Symbol Value (m 2·K·W−1)

A0 Outside surface resistance Ro 0.059
A1 25-mm stucco/plaster Rp 0.037
A2 100-mm face brick Rb 0.076
E0 Inside surface resistance Ri 0.121
E1 20-mm gypsum Rg 0.026
B16 4-mm insulation Rins 0.088
C5 100-mm high -density concrete Rconcrete 0.059

Source: adapted from 1997 ASHRAE Fundamentals Handbook, Table 11. 

 Since the brick layer is 254   mm thick, a factor of (254/100) is multiplied by the thermal 
resistance of 100 - mm face brick to get the correct value of thermal resistance of the 
brick layer. Hence, the wall resistance is:

    Rwall = + × + × + = ⋅ ⋅ −0 059 0 076
254
100

2 0 037 0 121 0 44704 2 1. . . . . m K W   

 The overall heat transfer coeffi cient for the wall is:

    U
Rwall

= = ⋅ ⋅− −1
2 237 2 1. W m K   

 Like the wall, the thermal resistance and the overall heat transfer coeffi cient for the 
roof can be evaluated in a similar fashion and the design code for the given roof is 
E0E1C5A1B16.

    R R R R R R Rroof o rubber p concrete g i= + + + + +  

    Rroof = + + × + + = ⋅ ⋅ −0 059 0 088
127
100

0 059 0 026 0 121 0 369 2 1. . . . . . m K W   
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 Hence, the overall heat transfer coeffi cient for the wall is;

    U
Rroof

= = ⋅ ⋅− −1
2 71 2 1. W m K   

 The thermal resistance for glass is calculated by dividing the thickness of glass by its 
thermal conductivity. Thickness of glass sheet is 6   mm and the conductivity of glass 
is taken as 0.78   W · m  − 1  · K  − 1 . The total resistance is given by:

    Rglass = + + = ⋅ ⋅ −0 059
0 006
0 78

0 121 0 1877 2 1.
.
.

. . m K W  

    U
Rglass

= = ⋅ ⋅− −1
5 33 2 1. W m K   

  Cooling load temperature difference  
 The CLTD values for walls, roof and glass windows and door are evaluated from 
ASHRAE design tables. After that, the corrected value of CLTD is calculated using 
the following relation:

    CLTD CLTD T Tc i o= + − + −( . ) ( . )25 5 29 4   

 where  T i   is inside design temperature (24    ° C) and  T o   is outside design temperature, 
which is given by:

    To = − = °36 7
10
2

31 7. . C   

 The wall number has to be selected before fi nding a CLTD value from Table 32 in the 
1997 ASHRAE Fundamentals Handbook. Since the wall is made up of face brick (A2) 
and stucco (A1) on both sides with  R     =    0.44704 lying in the range 0.44 – 0.53, the cor-
responding wall is  ‘ Wall number 5 ’ . Now from Table 33A in the 1997 ASHRAE 
Fundamentals Handbook, for wall number 5 at 1800 solar hours, the corresponding 
values of CLTD for north, west and south walls are 13, 25 and 20    ° C respectively. 

 The roof number can be selected using Table 12 in the 1997 ASHRAE Fundamentals 
Handbook. The  R  - value is 0.369, which lies in the range 0 – 0.88 and under without 
suspended ceiling category and for code C5, the corresponding roof group is  ‘ Roof 
Number 3 ’ . From Table 30 in the 1997 ASHRAE Fundamentals Handbook 30, the 
CLTD corresponding to roof number 3 and 18.00 solar time is 37    ° C. 

 The CLTD for glass can be determined from Table 34 in the 1997 ASHRAE 
Fundamentals Handbook: at 18.00 it is 7    ° C. 

 The CLTDs for walls, roof and glass door and windows can be tabulated as follows. 
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CLTD ( °C) CLTDc = CLTD + (25.5 − Ti) + (To − 29.4)

Walls North 13 16.8
West 25 28.8
South 20 23.8

Roof 37 40.8
Glass windows North 7 10.8

West 7 10.8
Glass door South 7 10.8

 Therefore, the transmission load is calculated using the following equation:

    Q UA CLTDtrans c= ( )   

Description A (m 2) U (W ·m−2·K−1) CLTD CLTDc Q (W) 

Walls North 19.3045 2.237 13 16.8 725.5
South 28.6498 2.237 20 23.8 1525.3
West 22.9772 2.237 25 28.8 1480.3

Roof 83.1575 2.71 37 40.8 9194.6
Glass North 13.8105 5.33 7 10.8 795

South 4.4652 5.33 7 10.8 257
West 9.207 5.33 7 10.8 530

Total transmission load (W) 14507.7

  Solar heat gain through glass  
 In the present case the solar heat gain will occur only through the window glass on 
the west and north walls of the laboratory. The solar heat gain through a glass is given 
by the following equation:

    Q A SC SHGF CLFSHG = ( )( )   

 where solar heat gain factor ( SHGF ), shading coeffi cient ( SC ) and cooling load factors 
can be determined from the design tables in the ASHRAE 1989 Fundamentals 
Handbook. 

 In Table 34 in the 1989 ASHRAE Fundamentals Handbook, the solar heat gain factor 
( SHGF ) corresponding to the location of Patna, i.e. 25.583  ° N, is evaluated by applying 
linear interpolation between 24  ° N and 28  ° N for the month of June as follows:

    North glass W m:
.

.SHGF = +
−

−
−( ) = ⋅ −174

25 583 24
28 24

161 174 168 8 2  

    West glass W m:
.

.SHGF = +
−

−
−( ) = ⋅ −669

25 583 24
28 24

672 669 670 2 2   
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 Shading coeffi cient ( SC ) for this glass (6 - mm thickness and with no interior shading), 
determined from Table 20 in the 1989 ASHRAE Fundamentals Handbook, is 0.95. 

 Cooling load factor ( CLF ) for north and west glass corresponding to 18.00 is deter-
mined from Table 36 in the 1989 ASHRAE Fundamentals Handbook.  CLF  for north 
glass is 0.79 and for west glass is 0.55. 

Description Area SC SHGF CLF Q (W) 

North 13.8105 0.95 168.8 0.79 1749.6
South
West 9.207 0.95 670.2 0.55 3224.1

Total solar gain (W) 4293.7

  Equipment/appliances load  
 In the laboratory there are 30 computers, six compact fl uorescent lamps (CFL) and 
fi ve tube lights. The load of these electrical appliances can be obtained from the fol-
lowing equation:

    Q CLFequip = ×Rating ( )   

Description Number Power rating (W) CLF Q (W) 

Lights Tube light 5 40 1 200

CFL 6 25 1 150
Computer 480-mm TFT monitor 30 90 1 2700

Total appliance load (W) 3050

  Occupancy load  
 The number of occupants in the laboratory is 30. The heat released by them has both 
sensible as well as latent heat load components and is dependent on the degree of 
activity. Table 3 in the 1997 ASHRAE Fundamentals Handbook gives the sensible and 
latent heat gains for the occupants. 

Number SHG/LHG CLF QL (W) Qs (W) 

Sensible 30 75 – 2250
Latent 30 55 – 1650

Total occupancy gain 1650 2250

  Ventilation/infi ltration load  
 Ventilation of air into the conditioned space is required to keep the occupants comfort-
able. The ventilated air through the cooling coils of the air conditioner is supplied by 
its blower. Infi ltration, on the other hand, is the entrainment of outside air either 
through the cracks in door and windows or by frequent opening and closing of the door. 
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 Both ventilated and infi ltrated air has sensible and latent heat gain factors, given 
by the following equations:

    Sensible heat gain: ( . )Q m c Ts p actual= × + ×1 88ω Δ  

    Latent heat gain: Q m hL fg= × ×Δω   

 ASHRAE Standard 62 recommends minimum ventilation rates for offi ces of 10   L · s  − 1  
per person. Therefore for 30 persons,

    ∀ = × = ⋅ −
ven 30 10 300 1L s   

 Infi ltration has been assumed as 0.5 air change per hour. The equivalent volume rate 
is obtained by multiplying the air change per hour by volume of the room and dividing 
the whole by 3600   s:

    ∀ = ×
× ×

= ⋅ −
inf .

. . .
.0 5

9 24 8 99 3 58
3600

41 3 1L s   

 Using psychrometric analysis of the inside and outside design conditions, the sensible 
and latent heat gains can be calculated from the above equations. The air mass fl ow 
rate is obtained by multiplying the air density (1.2   kg · m  − 3 ) with the air discharge. The 
specifi c heat of air is 1.005   kJ · kg  − 1  · K  − 1 . While calculating the latent heat load, the latent 
heat of water vapour of inside air ( h fg  ) at inside design temperature is multiplied by 
the mass of water vapour:

    hfg( ) = ⋅°
−

24
12444 02C kJ kg.   

Recommended ∀(L·s−1) QL (W) Qs (W) 

Ventilation 10L·s−1 per person 300 18959.6 4675.2
Infi ltration 0.5 air change/hour 41.3 2610.1 643.6

Total ventilation/infi ltration 21569.7 5318.9

Note: 1 ton of refrigeration = 3.5kW.

 Other miscellaneous cooling loads due to ducts and other air conditioning accessories 
have been assumed negligible. The grand total cooling loads are as follows: 

 Total latent load: 23   219.7   W 
 Total sensible load: 29   420.3   W 
 Total load: 52   640   W 
 Tons of refrigeration: 15.04 

 Table  15.2  is a summary of the cooling load calculations for this example.    
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Table 15.2 Form of cooling load calculation (Example 3). 

Project CAD Lab 

Buiding IIT Patna Location Patna India 

Zone/Room Single

Month June Day Time 18.00

1. Psychrometric Analysis

Item DBT ( °C) WBT ( °C) RH (%) h (kJ ·kg−1) ω
Outside 36.7 77.17 116.2 0.0308914

Inside 24 50 47.9 0.0093504

Difference 12.7 27.17 68.3 0.021541

Daily range ( °C) 10

2. Transmission Load

Item Area (m 2) U (W ·m−2·K−1) CLTD CLTDc Q (W) 

Walls

North 19.3045 2.237 13 16.8 725.5

South 28.6498 2.237 20 23.8 1525.3

West 22.9772 2.237 25 28.8 1480.3

Roof 83.1575 2.71 37 40.8 9194.6

Glass

North 13.8105 5.33 7 10.8 795.0

South 4.4652 5.33 7 10.8 257.0

West 9.207 5.33 7 10.8 530.0

Total transmission cooling load 14507.7

3. Solar Gain

Description Area SC SHGF CLF Q (W) 

North 13.8105 0.95 168.8 0.79 1749.6

South

West 9.207 0.95 670.2 0.55 3224.1

Total solar gain (W) 4973.7

4. Internal Loads

Number Rating (W) CLF Q (W) 

Lights

Tube lights 5 40 1 200

CFL 6 25 1 150

Desktop computers 30 90 1 2700

Total internal gain cooling (W) 3050

5. Occupancy

Number SHG/LHG CLF QL Qs

Sensible 30 75 2250

Latent 30 55 1650

Total occupancy gain 1650 2250

(Continued)
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  Example 4 

 Calculate the cooling load of a chilling room (10    ×    10    ×    5   m) of a single - storey cold 
storage (Figure  15.29 ). The room is used to chill 12   000   kg of beef per day from an 
initial temperature of 37    ° C to a fi nal temperature of 1    ° C. The adjacent room on the 
right is maintained at the same temperature as the room under investigation. The 
conditions outside the room are 35    ° C and 50% RH.    

  Assumptions 

    1.     Occupancy: 3.  
  2.     Lighting load: 1000   W.  

Figure 15.29 Layout of a cold store. 

6. Ventilation/Infi ltration

Recommended L·s−1 QL (W) Qs (W) 

Ventilation 10L·s−1 per person 300 18959.6 4675.2

Infi ltration 0.5 air change per hour 41.3 2610.1 643.6

Total ventilation/infi ltration load (W) 21569.7 5318.9

7. Miscellaneous Heat Gains 0

Total Miscellaneous Heat Gain (W) 0

8. Grand Total Cooling loads

Total latent load (W) 23219.7

Total sensible load (W) 29420.3

Total load (W) 52640

Tons of Refrigeration 15.04

Table 15.2 (Continued)
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  3.     Infi ltration: 0.5 air change per hour.  
  4.     Overall heat transfer coeffi cient: 1.5   W · m  − 2  · K  − 1  (for both walls and ceiling).  
  5.     Chilling factor:0.5.  
  6.     6 - hour operating time for cooling equipment.     

  Solution 

  Transmission load  

A (m 2) U (W ·m−2·K−1) ΔT (K) Q = U × A × ΔT (W) 

Walls
North 10 × 5 = 50 1.5 35 − 1 = 34 2550
South 10 × 5 = 50 1.5 35 − 1 = 34 2550
West 10 × 5 = 50 1.5 35 − 1 = 34 2550
Roof 10 × 10 = 100 1.5 35 − 1 = 34 5100

Total transmission cooling load 12750

Total transmission load = 12.75kW

  Infi ltration load  
 Infi ltration has been assumed as 0.5 air change per hour. The equivalent volume rate 
is obtained by multiplying the air change per hour and volume of the room and divid-
ing the whole by 3600   s. The volume of infi ltrated air is:

    ∀ = ×
× ×

= ⋅ = ⋅− −
inf . . .0 5

10 10 5
3600

0 06944 69 43 1 1m s L s   

 From the psychrometric chart: 
 Enthalpy of outside air (35    ° C and 50% RH),  h o      =    82   kJ · kg  − 1  
 Enthalpy of inside air (1    ° C and 90% RH),  h i      =    10   kJ · kg  − 1

     Q h ho iinf = × ∀ × −( )ρ  

    Qinf . .= × × −( ) =1 2 0 06944 82 10 6 kW   

  Product load  
 The product load is the load only due to the heat required to be removed from the 
beef to bring it to the storage temperature. As the beef is dead, the load due to respira-
tion will be zero.

    Q
m c T T

t
product

product storage

operation Chilling Factor
=

× × −( )
×

  

 where  c  is the specifi c heat of the beef, which is available in Table 1 in the 1998 
ASHRAE Handbook.
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    Qproduct kW=
× × −( )
× ×

=
12000 3 08 37 1

16 3600 0 8
28 875

.
( ) .

.   

  Equipment load 

    Q Nequip Rating= ×  

    Qequip kW= =1000 1   

  Occupancy load 

    Q Noccupants Heat released by an occupant= ×  

    Qoccupants kW= × =3 220 0 66.   

 The heat released during light bench work in a factory (Table 3 in 1997 ASHRAE 
Handbook) is 220   W. Therefore the total cooling load will be the summation of above 
loads:

    Qtotal kW= + + + + =12 75 6 28 875 1 0 66 49 285. . . .   

 Therefore total tonnage    =    49.285/3.5    =    14.08   tons (as 1   ton of refrigeration    =    3.5   kW).    
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   Introduction 

 Chilling, freezing, and thawing are important unit operations in food processing. Rapid 
cooling of the produce to safe storage temperature is imperative to preserve quality 
and to increase the shelf - life by arresting the deterioration caused by physiological 
and pathological changes. The harvested produce contains substantial amounts of heat 
associated with the product temperature and is known as  “ fi led heat, ”  a signifi cant 
part of the cooling load. Precooling is the rapid extraction of heat from the produce 
before transport, storage, and processing (Mishra and Gamage,  2007 ). Freezing is one 
of the most commonly used method of food preservation. In many instances, frozen 
products need to be thawed before consumption or futher processing, for example 
cooking in order to make the product ready to be consumed.  

  Chilling 

  Basic Equations of Heat Transfer 

 Heat can be lost from the surface of a body by four basic mechanisms: radiation, con-
duction, evaporation, and convection. The rate of heat transfer by radiation can be 
approximated as:
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    Q A T Tr s a= −( )σ θ 4 4     (16.1)   

 where   θ   is the emissivity,  A  is the surface area of the food (m 2 ),   σ   is the Stefan –
 Boltzmann constant (5.669    ×    10  − 8    W · m  − 2  · K  − 4 ) and  T s   and  T a   are the temperatures of the 
surface and the enclosure (K), respectively. In order to utilize radiative heat transfer, 
a large temperature difference between the product and enclosure is required. 

 The rate of heat transfer by conduction can be estimated by Fourier ’ s law of heat 
transfer:

    Q kA
T
x

c =
Δ
Δ

    (16.2)   

 where  k  is the thermal conductivity of the medium through which the heat is passing 
(W · m  − 1  · K  − 1 ) and  Δ  T / Δ  x  is the temperature gradient ( ° C · m  − 1 ). Physical contact between 
the product and a cooler surface is required to extract heat by conduction. Heat must 
be be conduced from within the product to its surface before it can be removed. 
Conduction is the transmission of heat by molecular vibration. In the case of solids, 
there are two principal carriers of heat energy from molecule to molecule: (i) free 
electrons that are usually present in metals and semiconductors, and (ii) lattice waves 
that are always present. In metals, which have more free electrons than alloys and 
thermal insulating materials, heat conduction occurs mainly due to the fl ow of free 
electrons. In alloys and thermal insulating materials that have limited free electrons, 
heat conduction from molecule to molecule depends mainly on lattice vibrations. This 
difference in the number of free electrons causes metals to have higher thermal con-
ductivities than most alloys and insulating materials. The rate of mass tranfer from 
the surface of an unwrapped food is expressed as:

    M A P a Pm o w s= −φ ( )     (16.3)   

 where   ϕ  m   is the mass transfer coeffi cient (kg · m  − 2  · Pa  − 1  · s  − 1 ),  A  is the area (m 2 ),  P s   is the 
saturated vapor pressure at the surface (Pa),  a w   is water activity, and  P s   is the vapor 
pressure above the food surface (Pa). 

 Heat loss due to evaporation can be obtained as:

    Q Me v= λ     (16.4)   

 where  M  is the mass loss due to evaporation (kg · s  − 1 ) and   λ  v   is the latent heat of evapo-
ration water (J · kg  − 1 ). In spray cooling systems, the rate of heat removal is enhanced by 
evaporation from the surface and has the advantage of reduced weight loss compared 
with air cooling. In the case of vacuum cooling, evaporation is the primary cooling 
mechanism (James,  2006 ). 

 Most chilling systems rely on the convection cooling and the heat transfer can be 
predicted from Newton ’ s law of cooling:
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    Q h A T Tc c s a= −( )     (16.5)   

 where  h c   is the surface heat transfer coeffi cient (W · m  − 2  · K  − 1 ) and  T a   is the temperature 
of cooling medium ( ° C). The heat transfer coeffi cient depends on the shape, surface 
roughness, thermophysical properties, and velocity of the medium around the object. 
Values range from 7 for still air to over 500   W · m  − 2  · K  − 1  for agitated water.  

  Chilling Methods 

  Air Circulation 

 In this method a fan blows cooled air around an insulated room and products can be 
passed through on conveyers or spirals. It is economical, hygienic, and relatively non-
corrosive to the equipment. In practice, uniform air distribution is a major problem 
and the air temperature needs to be above freezing in order to avoid freezing injury. 
The heat tranfer rate is usually low, but this is not important if conduction within 
the product is the rate - controlling factor. A major disadvantage is excessive dehydra-
tion from the unwrapped product surface (James,  2006 ). For effi cient heat removal, the 
product container should be well vented and stacked so that the container surface is 
in contact with cold air and storage space is utilized to the maximum extent. High 
relative humidity (90 – 95%) is maintained in the air to avoid desiccation and weight 
loss during cooling (Mishra and Gamage,  2007 ). 

 In a batch system warm food is commonly placed in refrigerated rooms for chilling. 
Individual items are hung from rails, while smaller products are placed on racks or 
pallets, and bulk items in large bins. Conveying products overcomes problems of 
uneven air distribution since each item is subjected to the same velocity/time profi le 
(James,  2006 ).  

  Hydrocooling 

 In this method, the product is immersed in or sprayed with cool water, either at 
ambient or near 0    ° C. Water, being liquid, is a superior heat transfer medium than air 
due to its large heat capacity. Near - freezing water cools the product about 15 times 
faster than air. It is usually less expensive and relatively rapid, although the product 
may gain weight. A combination of air and liquid spray is used during later stages of 
chilling. This approach could reduce weight loss (i.e. no desiccation). Water may be a 
source of contamination if soil and debris picked up during cooling are not removed 
before recycling. Water needs to be appropriately fi ltered and disinfected. Chlorination 
is the most commonly used method to control infection due to microorganisms. 
Maintenance of high chlorine levels (50 – 200   ppm) and continuous monitoring of chlo-
rine concentration are highly recommended to ensure sanitization. Hydrocooling is 
best suited for medium -  to large - scale cooling of products and packages that are both 
water and chlorine tolerant (James,  2006 ; Mishra and Gamage,  2007 ).  
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  Ice or Ice – Water Chilling 

 This method involves keeping a fi nely crushed, fl aked ice, and ice – water mixture in 
direct contact with the product for cooling and maintaining low temperatures during 
short - term storage, transit, and display in superstores. The use is limited for products 
that can tolerate both the weight of ice and the water that wets the product and the 
package (Mishra and Gamage,  2007 ). Chilling with crushed ice or an ice – water mixture 
is simple and effective. It is commonly used for cooling fi sh. The individual fi sh are 
packed in boxes between layers of crushed ice, which extract heat from the fi sh and 
consequently melt. The temperature of the system remains at a constant 0    ° C until 
all ice turns into water. The process is labor intensive although automatic fi lling is 
being developred (James,  2006 ). Ice may cause mechanical damage because of sharp-
enend ice.  

  Vacuum Cooling 

 In this process the product is placed in a vacuum chamber and surface evaporation 
removes heat from the product. In general, a 5    ° C reduction in product temperature is 
achieved for every 1% of water that is evaporated. Pre - wetting is commonly applied 
to facilitate cooling without weight loss. This process has low labor costs, but incurs 
large capital costs for the vacuum vessels and vacuum pumps (James,  2006 ). This 
method does not require any cooling medium as in other methods of precooling, for 
example air in forced cooling or water in hydrocooling. This method can be used to 
precool products that have high surface - to - mass ratio, freely available water and highly 
porous nature, and whose structure will not be damaged by the removal of water. The 
product may encounter a weight loss of about 3 – 4%, although adding a preselected 
amount of water before or during precooling can prevent weight loss (Mishra and 
Gamage,  2007 ).  

  Cryogenic Cooling 

 In this process liquid nitrogen or solid carbon dioxide are sprayed over the product. 
Surface freezing is the main problem and this subsequently damages fresh products.  

  Heat Exhangers 

 In the case of liquid foods, different types of heat exchanger, such as double - pipe 
coolers, falling fi lm coolers, scraped surface heat exchangers (especilly for viscous 
liquid), drum freezers and plate heat exchangers, are used.    

  Freezing 

 Freezing process design mainly involves the selection of type of freezer based on (i) 
required cost and quality, and production rate (i.e. size and capacity), (ii) specifi cations 
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of the operating conditions (i.e. space required, cooling medium temperature, heat 
transfer coeffi cient achieved, evaporation loss, energy recovery), (iii) prediction of 
freezing time, and (iv) estimation of heat load (i.e. cooling power) in order to ensure 
that both the freezer and refrigeration system can perform at required capacity. In 
addition proper packaging and fi nal storage temperature need to be decided based on 
the required quality of the frozen product. The complete design requires the estima-
tion of capital and operating costs (i.e. cost – benefi t analysis), and protocols for hygenic 
cleaning, operation, and maintenance of the freezing plant (Cleland and Valentas, 
 1997 ; Camou - Arriola  et al .  2006 ). More details of frozen food plant sanitation are 
outlined by Cross  (2006) . In addition, Good Manufacturing Practice (GMP) rules need 
to be developed and implemented throughout the whole processing chain. 

  Physics of the Freezing Process 

 In a freezing process, product is exposed to a low temperature to remove sensible and 
latent heat of fusion of water (Figure  16.1 ). In a frozen food product, the process trans-
forms water (liquid) into ice (solid) and aqueous phase with water content of about 
20   g per 100   g sample. It is important to allow suffi cient time for the freezing process, 
which is followed by storage at low temperature (most commonly  − 18    ° C). A typical 
freezing process can be split into three parts (Figure  16.2 ): a precooling section where 
the product is brought down to its freezing point, a period during which ice crystal-
lization occurs, and a tempering section where product temperature falls from freezing 
point towards the freezing medium. Heat is removed at the surface by convective heat 
transfer and by conduction within the product. Heat removal causes a frozen layer at 
the surface and the freezing front moves from the outside towards the thermal center. 
The shape and dynamics of the freezing front depend on the geometric shape of the 
product.   

Figure 16.1 Schematic diagram of a freezing process. 
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 Fast freezing may well be the most economical and practical process and it very 
likely reduces weight loss from unwrapped food. Fast freezing produces smaller ice 
crystals than slower freezing processes, and thus better quality product is expected. 
However, research shows that differences in ice crystal size does not translate into 
effects that can be detected by taste panels or qualitative sensory measurements 
(James,  2006 ).  

  Types of Freezing System 

 The overall cost of freezing preservation is lower than that of canning and/or drying 
if the freezer can be kept full (Harris and Kramer,  1975 ). If the material enters the 
freezer at just above the freezing point, a more controlled crystallization occurs com-
pared with material at ambient temperature. Different types of freezing systems are 
available for foods but it is important to remember that no single freezing system can 
satisfy all freezing needs because of the wide variety of food products and process 
characteristics (Hung and Kim,  1996 ). The criteria for selecting a freezing method 
include type of product, reliable and economic operation, easy to clean and hygienic 
design, and desired product quality (ASHRAE,  1994 ). 

 In the food industry, plate contact, immersion, air blast, fl uidized - bed, and cryogenic 
freezing are common methods. The freezing rate in these methods is achieved by 
controlling the convective or surface heat transfer coeffi cient within a typical range 
of 5 – 2000   W · m  − 2  · K  − 1  (Velez - Ruiz, 2004, unpublished results) and the thermal conduc-
tivity of foods in the range 0.5 – 1.5   W · m  − 1  · K  − 1  (Sun and Li,  2003 ). On the other hand, 
the heat to be removed from foods (i.e. refrigeration load) mainly depends on the 

Figure 16.2 Typical temperature –time curve for a freezing process. 
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specifi c heat and latent heat (Cengel and Boles,  2002 ; Velez - Ruiz and Soriano - Morales, 
 2003 ; Velez - Ruiz, 2004, unpublished results). Different types of freezing process are 
reviewed by Cleland and Valentas  (1997) , Rahman and Velez - Ruiz  (2007)  and Camou -
 Arriola  et al .  (2006) . 

  Freezing by Contact with a Cooled Solid: Plate Freezing 

 In this method the product is sandwiched between metal plates and pressure is usually 
applied to induce good contact. Plate freezers are only suitable for regularly shaped 
materials or blocks, and freezing time is usually shorter than with air freezing systems. 
In the case of irregularly shaped products, air - blast freezers are most suitable. When 
the product is frozen in a plate freezer, hot liquid is circulated to break the ice seal 
and defrost. A hydraulic system is used to open the space between the plates for 
loading and unloading in order to provide effective contact. Spacers should be used 
between the plates during freezing to prevent crushing or bulging of the package. In 
this system, foods are not in direct contact with the coolant. This requires close 
contact with the food through the package material, so gaps between food and package 
should be avoided. A high packing density of the product (low void space) ensures 
effi cient operation. The process can be operated horizontally or vertically, as well as 
in batch or continuous mode. The major disadvantage of plate freezers is the high 
capital cost, especially if they are automated to run continuously (Cleland and Valentas, 
 1997 ; Rahman and Velez - Ruiz,  2007 ).  

  Freezing by Contact with a Cooled Liquid: Immersion Freezing 

 In this method food is immersed in a low - temperature brine to achieve fast tempera-
ture reduction through direct heat exchange (Hung and Kim,  1996 ). Products with 
irregular shapes are easily handled. The fl uids usually used include salt solutions 
(sodium chloride, calcium chloride), sugar solutions, glycol and glycerol solutions, and 
alcohol solutions. The solutes used must be safe to the product in terms of health, 
taste, color and fl avor, and the product must be denser than the fl uids. Fluid leaking 
from the food may dilute the concentration, so it is necessary to control the concen-
tration to maintain a constant bath temperature. In order to ensure that the food does 
not come into contact with liquid refrigerants, fl exible membranes can be used to 
enclose the food completely while allowing rapid heat transfer (George,  1993 ). If the 
product is in direct contact with the refrigerant, coolant selection becomes limited. 
Water loss and salt gain are, respectively, less than 2 and 1   g per 100   g of the initial 
gelatin gel in immersion freezing with sodium chloride solution. Salt penetration is 
hindered by formation of an ice barrier (Lucas and Raoult - Wack,  1996 ). A mixture of 
glycerol and glycol, a liquid – liquid medium, can also be used since there is no eutectic 
point. As the temperature is lowered, a point is reached where ice crystals are formed 
as slush. The temperature at which slush ceases to fl ow is called the  “ fl ow point. ”  
Methanol or ethanol can also be used. Although methanol will be removed during 
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cooking, it is poisonous whereas ethanol is safe. Alcohols also pose a fi re hazard in 
processing plants. Although high freezing rates can be achieved, this process is now 
used less commonly.  

  Freezing by Contact with a Cooled Gas 

  Cabinet Freezing 

 In this method cold air is circulated in a cabinet where product is placed in a tray. 
The moisture absorbed from the product surface may deposit on the cooling coils as 
frost, which acts as insulation. A cabinet freezer with air velocity at least 5   m · s  − 1  
generates high heat transfer rates (Hung and Kim,  1996 ). A cold room can also be used 
for this purpose.  

  Air - blast Freezing 

 In this method the temperature of food is reduced with cold air fl owing at a relatively 
high speed. Air velocities between 2.5 and 5   m · s  − 1  give the most economical freezing. 
Lower air velocities result in slow product freezing, and higher velocities increase unit 
freezing costs considerably (ASHRAE,  1994 ). These freezers can be simple and oper-
ated in batch or continuous mode. The batch mode consists of manual loading and 
unloading. Continuous freezers are best suited to processing large volumes of product. 
They required lower labor costs, and generally provide more uniform freezing condi-
tions, but are less fl exible (Cleland and Valentas,  1997 ). Horizontal or vertical airfl ow 
can be used. In continuous systems, air and product fl ows can be co - current, counter-
current or cross - fl ow. The major advantages of air - blast freezers are their simplicity 
and fl exibility. In addition they can be perfectly adapted regardless of the form of 
product or its dimension. The disadvantages of air - blast freezers are (i) they require 
substantial fan energy to increase surface heat transfer and to achieve uniform air 
distribution, (ii) they cause signifi cant evaporative weight loss especially upward 
product, (iii) they may cause bulging of packaged products, and (iv) the evaporator coils 
require defrosting or frost prevention (Cleland and Valentas,  1997 ; Camou - Arriola 
 et al .  2006 ). This method can be further divided into tunnel freezing, belt freezing, 
and fl uidized bed freezing, depending on how air interacts with the product (Hung and 
Kim,  1996 ). 

  Fluidized Bed Freezing 
 A fl uidized bed freezer is an individual quick freezing process and it consists of a bed 
with a perforated fl oor through which refrigerated air is blown vertically upwards. The 
air velocity must be greater than the fl uidization velocity. This freezing method is 
suitable for small particulate food bodies of fairly uniform size, i.e. peas, diced carrots 
and potatoes, corns, and berry fruits. The high degree of fl uidization improves the 
heat transfer rate and results in good use of fl oor space. Fluidization achieves good 
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distribution of the product and prevents clumping. The average residence time is fi xed 
by the feed rate and volume of the bed (Cleland and Valentas,  1997 ).  

  Belt Freezing 
 The fi rst mechanized air - blast freezers consisted of a wire mesh belt conveyor in a 
blast room for continuous product fl ow. Uniform product distribution over the entire 
belt is required to achieve uniform product contact and effective freezing. Controlled 
vertical airfl ow forces cold air up through the product layer, thereby creating good 
contact with the product particles and increasing the effi ciency. The principal current 
design is the two - stage belt freezer. Temperatures used are usually  − 10 to  − 4    ° C in the 
precool section and  − 32 to  − 40    ° C in the freezing section (ASHRAE,  1994 ).  

  Spiral Freezing 
 A spiral belt freezer consists of a long belt wrapped cylindrically in two tiers, thus 
requiring minimal fl oor space. The spiral freezer uses a conveyor belt that can be bent 
laterally. It is suitable for products with a long freezing time (generally 10   min to 3 
hours), and for products that require gentle handling during freezing. It also requires 
a spatial air - distribution system (ASHRAE,  1994 ).  

  Tunnel Freezing 
 In this process, products are placed in trays or racks in a long tunnel and cool air is 
circulated over the product. Tunnel freezing equipment is very fl exible and adaptable 
to products (with or without packaging) of all dimensions and forms.    

  Cryogenic Freezing 

 In cryogenic freezing liquefi ed gases are placed in direct contact with the food. Food 
is exposed to an atmosphere below  − 60    ° C through direct contact with liquid nitrogen 
(boiling point  − 196    ° C) or liquid carbon dioxide (boiling point  − 79    ° C) or their vapors 
(Hung and Kim,  1996 ). This is a very fast method of freezing, so adequate control is 
necessary for achieving quality products. It also provides fl exibility by being compat-
ible with various types of food products and having low capital cost, ease of operation, 
compact size, low equipment cost, rapid installation and start - up, mechanical simplic-
ity, and low maintenance cost (George,  1993 ). The main disadvantage is the high cost 
of the cryogens. 

 The rapid formation of small ice crystals greatly reduces the damage caused by cell 
rupture, preserving color, texture, fl avor, and nutritional value. The rapid freezing also 
reduces evaporative weight loss from the product, provides high product throughput, 
and has low fl oor space requirements (George,  1993 ). However, thermal diffusivity of 
the food will restrict the transfer of heat from the product to the freezing medium 
(George,  1993 ). Cryogenic gases can also be advantageously applied to produce a hard 
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frozen crust on a soft product to allow easier handling, packaging, or further process-
ing (Londahl and Karlsson,  1991 ). The cryomechanical technique utilizes a cryogenic 
gas to create a frozen crust on a fl uid product, after which the product may be conveyed 
to a conventional mechanical freezer. A combination of these processes offers the 
advantages of both systems (George,  1993 ). The advantages of liquid nitrogen are that 
it is colorless and odorless and is chemically inert and boils at  − 195.8 ° C (Sham and 
Marpaung,  1993 ). Thus, it is safe for direct contact with foods. It also creates a high 
heat transfer coeffi cient over the product surface. In addition, liquid nitrogen causes 
lower losses by freezing dehydration and thawing drainage. It is usually used for high -
 value products due to the high capital cost for gas compression. However, installation 
expenses are approximately 30% less compared with any freezing system of the same 
capacity (Camou - Arriola  et al .  2006 ). Special care must be exerted with carbon dioxide 
because it forms a low - density snow. 

 The product can be exposed to a cryogenic medium in three ways: (i) the cryogenic 
liquid is sprayed directly onto the product in a tunnel freezer; (ii) the cryogenic liquid 
is vaporized and blown over the food in a spiral freezer or batch freezer; or (iii) the 
product is immersed in cryogenic liquid in an immersion freezer. Cryogenic liquids 
are usually delivered as high - pressure liquids, rather than being produced on - site, and 
are vented to the atmosphere after use. Thus a cryogenic storage system is a signifi cant 
cost component and effective insulation and/or refrigeration of the storage tank is 
necessary to prevent excess heat ingress and cryogenic loss (Gupta,  1992 ; Sham and 
Marpaung,  1993 ; Cleland and Valentas,  1997 ; Rahman and Velez - Ruiz,  2007 ).  

  Emerging Freezing Techniques 

 Some new freezing techniques or combinations are being developed for their potential 
benefi ts, technical and economical advantages, and quality enhancements. Although 
all commercial freezing processes are operated at atmospheric conditions, there are 
potential applications of high - pressure assisted freezing and thawing of foods. The 
depression of freezing point and melting point by pressure enables the sample to be 
supercooled at low temperature (e.g.  − 22    ° C at 207.5   MPa), resulting in rapid and 
uniform nucleation and growth of ice crystals on release of pressure. Other results 
include increased thawing rates, the possibility of nonfrozen storage at subzero tem-
peratures, and various high - density polymorphic forms of ice (Kalichevsky  et al .  1995 ). 
Details of the applications of this process are reviewed by Kalichevsky  et al .  (1995) . 

 Several kinds of high - pressure ices with different chemical structures and physical 
properties have been reported (Fletcher,  1970 ; Hobbs,  1974 ). A pressure - shift or high -
 pressure freezing process can generate small and uniform ice crystals (Li and Sun, 
 2002 ; Zhu  et al .  2004 ). Improved structures by pressure - shift freezing have been 
reported for tofu (soybean curd) (Kanda  et al .  1992 ; Fuchigami and Teramoto,  1997 ), 
carrots (Fuchigami  et al .  1997 ), and meat muscle (Zhu  et al .  2004 ). The freezing point 
of water can be shifted from 0    ° C at 101.3   kPa to  − 21    ° C at 2.1    ×    10 5    kPa (Zhu  et al . 
 2004 ). 
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 Cryomechanical or combined freezing, with cryogen followed by air - blast freezing, 
has been utilized to improve frozen food product quality (Agnelli and Mascheroni, 
 2002 ). In this combined process, immersion in liquid nitrogen induces the formation 
of a protective crust, which is characteristic of the products. The dehydro - freezing 
method is a combined method involving controlled dehydration prior to the freezing 
stage, which appears promising mainly for fruits and vegetables because of due their 
high moisture content. This technique reduces refrigeration loads, and packaging, 
storage and distribution costs; and provides comparable quality (Li and Sun,  2002 ).   

  Prediction of Freezing Time 

 A key calculation in the design of a freezing process is the determination of freezing 
time. Different models or equations are used to predict the freezing time. 

  Plank ’ s Equation 

 The simplest equation for predicting freezing time was proposed by Plank  (1913)  and 
adapted to food by Ede  (1949) . This equation predicts only the phase change period of 
the freezing process. Plank ’ s equation can be written as:

    t
T T

pa
h

ra
k

F
F F

F a c F

=
−

+⎛
⎝⎜

⎞
⎠⎟

ρ λ 2

    (16.6)   

 The constants  p  and  r  are used to account for the infl uence of product shape, with 
  p = 1

2 and   r = 1
8 for infi nite plate,   p = 1

4 and   r = 1
16  for infi nite cylinder, and   p = 1

6 and 
  r = 1

24 for sphere. The assumptions used in the Plank equation are as follows:

   1.     Unidirectional heat fl ow from two major surfaces (i.e. infi nite sphere, infi nite slab, 
and infi nite cylinder).  

  2.     The material is initially unfrozen but at its freezing point.  
  3.     Heat transfer in the frozen layer takes place under steady - state conditions.  
  4.     The physical and thermal properties are independent of temperature.  
  5.     The environmental conditions of the freezer are constant.  
  6.     Convective heat transfer at the surface is described by Newton ’ s law of cooling.  
  7.     Freezing takes place at a defi nite temperature (i.e. ideal freezing plateau).    

 Another aspect of Plank ’ s equation is that the initial and fi nal product temperatures 
are not accounted for estimation (Singh and Heldman,  2003 ). Different attempts have 
been made to refi ne Plank ’ s equation to account for the observations that not all water 
freezers are at the freezing point and that the freezing process may proceed to a specifi c 
fi nal product temperature (Cleland and Earle,  1984 ).  



Chilling, Freezing and Thawing Process Design 441

  Pham Method 

 Pham  (1986)  estimated the freezing time for single - shaped objects by dividing the 
freezing time into two parts: (i) the precooling period and (ii) the phase change and 
postcooling period. The equation can be written as:
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 where  r c   is a characteristic dimension, either shortest distance to the center, or radius 
(m) and  E  is a shape factor, an equivalent heat transfer dimension.  E     =    1 for an infi nite 
slab,  E     =    2 for an infi nite cylinder, and  E     =    3 for a sphere.  Δ  H  1  is the change in volu-
metric enthalpy for the precooling period (J · m  − 3 ) as:

    ΔH C T Tu u i F1 = −ρ ( )     (16.8)   

 where  C u   is the specifi c heat of the unfrozen material (J · kg  − 1  · K  − 1 ),  T i   is the initial tem-
perature of the material ( ° C) and  Δ  H  2  is the change in volumetric enthalpy for the 
phase change and postcooling period obtained from the following expression:

    ΔH C T TF F F F e2 = + −[ ]ρ λ ( )     (16.9)   

 The temperature gradients  Δ  T  1  and  Δ  T  2  are obtained from the following equations:
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    ΔT T TF a2 = −     (16.11)   

 Pham  (1986)  developed the empirical equation for  T F   as:

    T T TF e a= + +1 8 0 263 0 105. . .     (16.12)   

 The Pham approach can be used for fi nite cylinder, infi nite rectangular rod, and rec-
tangular brick, which are commonly encountered in freezing foods (Singh and Heldman, 
 2003 ). In order to calculate  E , two dimensional ratios are required,   β   1  and   β   2 . These 
factors are defi ned as:

    β1 =
Second shortest dimension of object

shortest dimension
    (16.13)  

    β2 =
Second shortest dimension of object

shortest dimension
    (16.14)   
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 The equivalent dimension  E  is obtained as follows:

    E G G E G E= + +1 2 1 3 2     (16.15)   

 where the values of  G  1 ,  G  2 , and  G  3  are obtained from Table  16.1 , and  E  1  and  E  2  are 
obtained from the following equations:
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 where  Y  1  and  Y  2  are obtained from the following equations:
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 Cleland  (1991)  and Hossain  et al .  (1992)  modifi ed the Pham  (1986)  approach as:
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 This approach was found to be accurate by comparing with high - quality experimental 
data for high - moisture products ( > 55% water) for a wide range of freezing conditions 
(Pham,  1986 ; Cleland,  1991 ). Because of uncertainties with the data, freezing time 
estimates should be treated as being accurate to within about  ± 20% at best (Cleland 
and Valentas,  1997 ). 

 The  E  values in Equation  16.15  are always between 1 and 3. A sphere is perfectly 
three - dimensional so all three dimensions contribute fully and  E     =    3. An infi nitely 
long cylinder has two fully contributing dimensions so  E     =    2. An infi nite slab only 

Table 16.1 G values for different shapes. 

Shape G1 G2 G3

Finite cylinder, height < diameter 1 2 0
Finite cylinder, height > diameter 2 0 1
Rectangular rod 1 1 0
Rectangular brick 1 1 1

Source: Singh and Heldman (2003).
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has heat transfer in one dimension so  E     =    1. For other products shapes,  E  can be esti-
mated as (Cleland,  1991 ; Hossain  et al .  1992 ):
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 If the volume of the product cannot easily be measured directly from the geometric 
characteristics, then it can be estimated from the mass of the product divided by 
apparent density of the product.  A  is the smallest cross - sectional area of the object 
measured through the thermal center. The values of  E  for selected irregular shapes 
were estimated by Cleland and Cleland  (1992)  as: 

  Lamb (shoulder)     E     =    1.4  
  Lamb (deep leg)     E     =    2.0  
  Beef side (deep leg)     E     =    1.3  
  Albacore tuna fi sh     E     =    1.8  

  Numerical Method 

 Different numerical procedures, such as fi nite differences and fi nite elements, have 
been developed to predict the freezing time, as reviewed by Cleland  (1990)  and Singh 
and Mannapperuma  (1990) . These techniques can be applied to a wide range of condi-
tions, including a variety of modes of surface heat transfer, time - variable conditions, 
and complex object geometries. In addition they also predict full temperature – time 
profi les not just freezing time (Cleland and Valentas,  1997 ). Mannapperuma and Singh 
 (1989)  found that prediction of freezing/thawing times of foods using a numerical 
method based on enthalpy formulation of heat conduction with gradual phase change 
provided good agreement with experimental results. The disadvantages of numerical 
methods are their complexity and high implementation costs, especially for computer 
program development and testing and data preparation and, to a lesser extent, com-
putation time (Cleland and Valentas,  1997 ).   

  Freezing Rate 

 The freezing rate is defi ned as the difference between the initial and the fi nal tem-
perature divided by the freezing time (International Institute of Refrigeration,  1986 ). 
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Since the temperature at different locations of a product varies, a local freezing rate 
is usually defi ned.  

  Thermal Properties 

 This section presents the thermal properties of foods that are required for freezing 
process design. The changes in thermal properties during freezing are dominated by 
the change in phase of the water component from liquid water to ice. The topic is 
regulated by the widely accepted and useful prediction procedures. 

  Freezing Point 

 The freezing point and ice content are the important thermal properties needed for 
freezing process design since discontinuity starts at the freezing point and formation 
of ice occurs. The freezing point data and prediction models of different foods are 
thoroughly reviewed by Rahman  et al .  (2009) . In this section only the widely accepted 
and useful prediction procedures are included. The theoretical Clausius – Clapeyron 
equation can be used for an ideal solution as:
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 where  U  is the molar freezing point constant of water (1860   kg · K/kg mole),   τ  w   is the 
molecular weight of water (18   kg/kg mole), and  N  is the molecular weight ratio of 
water and solutes (  τ  w  /  τ  s  ). The Clausius – Clapeyron equation is limited to an ideal solu-
tion (i.e. very dilute solutions). Theoretical models can be improved by introducing 
parameters for nonideal behavior when the fraction of total water is unavailable for 
forming ice. The unfreezable water content  B  can be defi ned as the ratio of unfrozen 
water even at very low temperatures to total solids. Equation  16.22  can be modifi ed 
based on this concept (Schwartzberg,  1976 ):
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 The model parameters are compiled in Table  16.2 . Selected generic empirical equa-
tions for different groups of foods are also presented. Chang and Tao  (1981)  provide 
equations to predict the freezing point of food materials based on statistical correlation 
techniques. They divided food materials into three groups: meat/fi sh, juice, and fruits/
vegetables. Using data for three food types tabulated by Dickerson  (1969) , the correla-
tion between initial freezing point and water content was expressed as linear and 
quadratic expressions:

    For meat group: . .δ = +1 9 1 47Xw
o     (16.24)  
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    For vegetables and fruits group: . . .δ = − + −14 46 49 19 37 07X Xw
o

w
o(( )2     (16.25)  

    For juice group: . . .δ = − − ( )152 63 327 35 176 49 2
X Xw

o
w
o     (16.26)     

 Rahman and Driscoll (1991) developed the following equations for fresh seafood and 
meat:

    For fresh seafood:
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. .

δ =
−

−
X

X
w
o

w
o

1
0 0072 0 488

    (16.28)   

 Jie  et al .  (2003)  measured the freezing points of 11 species of fruits and correlated the 
decreasing effect as a function of soluble solids:

    T XF s
o= −0 15 0 196. .     (16.29)   

 Pham  (1996)  developed the freezing point prediction equation for meat, fi sh, fruit and 
nonfat dairy foods as:
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Table 16.2 Model parameters of Equations 16.22 and  16.23.

Material Equation 16.22 Equation 16.23 Reference

Xs
o range N B (kg/kg 

dry solids) 
N

King fi sh 0.20–0.69 0.008 0.303 0.028 Sablani et al. (2007)
Garlic 0.20–0.82 0.068 −0.062 0.080 Rahman et al. (2005)
Abalone 0.25–0.66 0.071 0.301 0.034 Sablani et al. (2004)
Gelatin 0.10–0.75 0.029 0.029 0.052 Rahman et al. (2010)
Date fl esh 0.22–0.76 0.147 0.053 0.129 Rahman (2004)
Tuna meat 0.27–0.63 0.071 0.383 0.033 Rahman et al. (2003)
Apple 0.14–0.76 0.238 −0.156 0.320 Bai et al. (2001)
Beef (raw) – – 0.185 0.023 Rahman (1994)
Meata (raw) – – 0.192 0.021 Rahman (1994)
Seafoodb (raw) 0.14–0.24 0.049 0.650 0.041 Rahman & Driscoll  (1994)
Squid 0.18–0.65 0.082 0.120 0.067 Rahman & Driscoll  (1994)

a Beef, lamb, pork, poultry, venison, fi sh. 
b Cuttle, octopus, calamari, king prawn, squid, mussel, oyster, scallop, crab. 
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 In Equation  16.30 , carbohydrate represents mainly the sugar content, while ash rep-
resents the salt content. Pham  (1996)  pointed out that a limited number of data were 
used and the values of sugar content were low; thus not too much signifi cance should 
be attached to this equation as a generic model. In most cases, the errors in the generic 
models based only on water content could be as high as 50%. Thus generic models 
should include other variables derived from composition and physicochemical param-
eters in order to incorporate variability due to factors such as species, variety, matu-
rity, growing conditions and environment, and product formulation.  

  Ice Content 

 In the case of frozen foods, different types of water are usually defi ned as total water 
(  Xw

o ), ice ( X I  ), unfreezable water (  ′Xw), and unfrozen water (  Xw
u ) (Rahman,  2009 ). Total 

water as different phases or states in frozen foods can be written as:

    X X X Xw
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w
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I w= + + ′     (16.31)   

 At any temperature in the frozen state the total water before freezing consists of three 
components. Unfreezable water (  ′Xw ) is defi ned as water that cannot be formed as ice 
even at low temperatures (i.e.  − 40    ° C or below). The frozen water is the ice content 
( X I  ) that increases with decrease in temperature. At any temperature below freezing 
point, the amount of ice increases with decrease in unfrozen water. 

 The amount of ice can be estimated by different methods as discussed by Rahman 
 (2009) . These are based on freezing point data and freezing curve. Nakaide  (1968)  pro-
posed the simplest and most widely used equation:
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 This equation considers all water as freezable water, and thus better prediction can 
be achieved considering only freezable water as:
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 where (  X Xw
o

w− ′ ) is total freezable water. Unfreezable water is usually measured and 
expressed in terms of kilogram of unfreezable water per kilogram of sample or total 
dry solids:
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 where  B  is the unfreezable or bound water (kg/kg dry solids). Other forms of equations 
are reviewed by Rahman  (2009) . The unfreezable water can be estimated from a modi-
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fi ed Clausius – Clapeyron equation, enthalpy diagram and using maximal - freeze - con-
centration condition in the state diagram. Although Equation  16.23  is used to predict 
the unfreezable water, Rahman  (2004)  conclusively indicated that Equation  16.23  can 
predict the freezing point with accuracy but this does not explain the physics when 
experimental data on freezing point are used to fi t the equation (although it is origi-
nally based on the physics). It is recommended that the determination of unfreezable 
water is most acceptable and accurate when   ′Tm  in the state diagram is used, since 
this is the real point when all freezable water forms ice and is experimentally evident 
by achieving maximal freeze concentration condition, which can be achieved with 
slow cooling or annealing (i.e. holding sample at a specifi c temperature for predeter-
mined duration) (Rahman,  2004 ; Rahman  et al .,  2005 ). The unfreezable water deter-
mined from the state diagram is compiled in Table  16.3 .    

  Thermal Conductivity 

 Thermal conductivity data and models are reviewed by Ahmed and Rahman  (2009)  
and Rahman and Al - Saidi  (2009) . The thermal conductivity of foods is affected by three 
factors: composition, structure, and processing or environmental conditions. Water 
content plays a signifi cant role due to the relative magnitude of the conductivities of 
water in foods. The structural factors consist of porosity, pore size, shape and distribu-
tion, and arrangement or distribution of different phases, such as air, water, ice, and 
solids. Thermal conductivity prediction models can be categorized as (i) theoretical -
 based models, (ii) models based on distribution factors, (iii) percolation theory, (iv) 
effective medium theory, and (v) empirical - based models. All theoretical - based and 
distribution factor - based models need details of the structural distribution of compo-
nents in the material, which is diffi cult to fi nd. If the distribution factor is known, 
models based on distribution concepts, such as Krichers ’  models, should be used. 
Otherwise series, parallel, or random models can be used, which make predictions 
based on volume fractions of the components with assumed distribution of series, 

Table 16.3 Unfreezable water for different foods. 

Material ′Tm ( °C) ′Xw (kg/kg 
sample)

B (kg/kg 
dry solids) 

Reference

Abalone −18.0 0.317 0.464 Sablani et al. (2004)
Apple −57.8 0.264 0.359 Bai et al. (2001)
Date (fl esh) (Khalas) −43.6 0.238 0.312 Rahman (2004)
Date (fl esh) (Deglet Nour) −38.2 0.220 0.282 Guizani et al. (2010)
Garlic −26.0 0.180 0.220 Rahman et al. (2005)
Gooseberry −41.8 0.153 0.181 Wang et al. (2008)
King fi sh (fl esh) −17.4 0.312 0.453 Sablani et al. (2007)
Sucrose −34.0 0.200 0.250 Roos and Karel (1991)
Tuna (fl esh) −13.3 0.390 0.639 Rahman et al. (2003)
Gelatin (bovine) −11.9 0.200 0.250 Rahman et al. (2010)
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parallel, or random. In the series distribution, two phases are thermally in series with 
respect to the direction of heat fl ow. The series distribution, which generally results 
in a minimum for  k , corresponds to the weighted harmonic mean of the continuous 
and discontinuous phase conductivities. The series model can be written as:
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1k kse

i

ii

n

=
=

∑ ε
    (16.35)   

 In parallel distribution, the phases are considered as thermally in parallel with respect 
to the direction of heat fl ow. The parallel distribution (maximum  k ) corresponds to a 
weighted arithmetic mean of the conductivities of the component phases and can be 
written as:
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 An intermediate model, which is the weighted geometric mean of the component 
phases, can be written as:

    k k k k kra n
n= 1 2 3

1 2 3ε ε ε ε…     (16.37)   

 The thermal conductivities of the components can be estimated from the equations 
compiled in Table  16.4 .    

  Density and Porosity 

 Density and porosity data and models have been compiled by Michailidis  et al .  (2009) . 
The apparent density of foods can be estimated from the following equation based on 
the conservation of mass and volume (Rahman,  1991 ):
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 In the case of no voids or no interaction of component phases, it is possible to consider 
  ε    a      =    0, and   ε    ex      =    0. The porosity data of different foods and food products are scarce in 
the literature. The density values of food components are estimated from the equa-
tions compiled in Table  16.5 . Many food products contain internal voids as gaseous 
phase. The voids can be within the food material, between the items, or within spaces 
between product items within a cartoon.    

  Specifi c Heat and Enthalpy 

 The specifi c heat of foods can be estimated from the following equation using the 
specifi c heat values of food components (Table  16.5 ) and their mass fraction:
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Table 16.5 Density of food components as a function of temperature. 

Density
Air: ρair = 1.285 − 3.236 × 10−3T
Water: ρw = 9.972 × 102 + 3.144 × 10−3T − 3.757 × 10−3T 2

Ice: ρI = 9.169 × 102 − 0.1307T
Protein: ρpr = 1.330 × 103 − 0.5184T
Carbohydrate: ρca = 1.599 × 103 − 0.3105T
Fat: ρfa = 9.256 × 102 − 0.4176T
Fiber: ρfi = 1.312 × 103 − 0.3659T
Ash: ρash = 2.424 × 103 − 0.2806T

Specifi c heat
Watera: CW = 4.0817 × 103 − 5.3062T + 9.9516 × 10−1T 2

Waterb: CW = 4.1762 × 103 − 9.0864 × 10−2T + 5.4731 × 10−3T 2

Ice: CI = 1.9842 × 103 + 1.4733T − 1.3129 × 10−3T 2

Protein: Cpr = 2.0082 × 103 + 1.2089T − 1.3129 × 10−3T 2

Carbohydrate: Cca = 1.5489 × 103 + 1.9625T − 5.9399 × 10−3T 2

Fat: Cfa = 1.9842 × 103 + 1.4733T − 1.3129 × 10−3T 2

Fiber: Cfi = 1.8459 × 103 + 1.8306T − 4.6509 × 10−3T 2

Ash: Cash = 1.0926 × 103 + 1.8896T − 3.6817 × 10−3T 2

ρ (kg ·m−3), T ( °C), C (J ·kg−1·°C−1).
a Temperature range −40 to 0 °C.
b Temperature range 0 –150°C.
Source: data from Choi and Okos (1986).

Table 16.4 Thermal conductivity of major food components as a function of temperature. 

Material Equation Reference

Air (dry air) k = 0.0184 + 1.225 × 10−4T Luikov (1964)
Air (moist air: 20 –60°C) k = 0.0076 + 7.85 × 10−4T + 0.0156ψ Luikov (1964)
Air k = 3.24 × 10−3 + 5.31 × 10−4T Luikov (1964)
Air (0 –1000°C) k = 2.43 × 10−2 + 7.98 × 10−5T –

1.79 × 10−8T 2 – 8.57 × 10−12T 3
Maroulis et al. (2002)

Air ( P: mmHg, P ≤ 2mmHg) k = 0.0042 P + 0.01 Fito et al. (1984)
Air ( P: mmHg, P ≥ 2mmHg) k760/k = 1 + 1.436 (1 /P) Fito et al. (1984)
Protein ( T: −40 to 150 °C) k = 1.79 × 10−1 + 1.20 × 10−3T – 2.72 × 10−6T 2 Choi and Okos (1986)
Gelatin k = 3.03 × 10−1 + 1.20 × 10−3T – 2.72 × 10−6T 2 Renaud et al. (1992)
Ovalbumin k = 2.68 × 10−1 + 2.50 × 10−3T Renaud et al. (1992)
Carbohydrate ( T: −40 to 

150°C)
k = 2.01 × 10−1 + 1.39 × 10−3T – 4.33 × 10−6T 2 Choi and Okos (1986)

Starch k = 4.78 × 10−1 + 6.90 × 10−3T Renaud et al. (1992)
Gelatinized starch k = 2.10 × 10−1 + 0.41 × 10−3T Maroulis et al. (1991)
Sucrose k = 3.04 × 10−1 + 9.93 × 10−3T Renaud et al. (1992)
Fat ( T: −40 to 150 °C) k = 1.81 × 10−1 – 2.76 × 10−3T – 1.77 × 10−7T 2 Choi and Okos (1986)
Fiber ( T: −40 to 150 °C) k = 1.83 × 10−1 + 1.25 × 10−3T – 3.17 × 10−6T 2 Choi and Okos (1986)
Ash ( T: −40 to 150 °C) k = 3.30 × 10−1 + 1.40 × 10−3T – 2.91 × 10−6T 2 Choi and Okos (1986)
Water ( T: −40 to 150 °C) k = 5.71 × 10−1 + 1.76 × 10−3T – 6.70 × 10−6T 2 Choi and Okos (1986)
Water k = 5.87 × 10−1 + 2.80 × 10−3(T – 20) Renaud et al. (1992)
Water k = 5.62 × 10−1 + 2.01 × 10−3T – 8.49 × 10−6T 2 Nagaska and Nagashima 

(1980, cited by Hori, 1983)
Water (0 –350°C) k = 5.70 × 10−1 + 1.78 × 10−3T –

6.94 × 10−6T 2 + 2.20 × 10−9T 3
Maroulis et al. (2002)

Ice ( T: −40 to 150 °C) k = 2.22–6.25 × 10−3T + 1.02 × 10−4T 2 Choi and Okos (1986)
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 Based on the Schwartzberg  (1976)  model for specifi c heat, the enthalpy can be esti-
mated as (Cleland and Valentas,  1997 ):
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 The total enthalpy change would be the sum of  H  1  and  H  2 . Pham  et al .  (1994)  rewrote 
the Schwartzberg enthalpy model (Schwartzberg,  1976 ) as:

    H T
T
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1 2
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 Assuming that all freezable water is frozen at its freezing point, the enthalpy change 
can be written as:
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 The latent heat of fusion of ice can be estimated from the following equation proposed 
by Riedel  (1978) :

    λF T T= + − × −334 1 2 05 4 19 10 3 2. . .     (16.44)   

 where   λ  F   is in kJ · kg  − 1  and T in K.  

  Heat Transfer Coeffi cient 

 Heat transfer on the surface can be convective, radiative and evaporative. In this case 
an effective heat transfer coeffi cient is used. It is usually assumed that  h c   is constant 
during the freezing process and uniform over the full product surface. The heat transfer 
coeffi cient for different freezing processes is given in Table  16.6 .     
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  Heat Load 

 The heat load during freezing is required in order to determine the size of the refrig-
eration system and to estimate the energy costs. The heat load has two main compo-
nents: product and fans or pumps. Other smaller components include insulation 
ingress, air infi ltration, equipment other than fans or pumps (i.e. mechanical drives), 
defrost (if the freezer is defrosted while product is present), and freezer pull - down 
(batch operations only) (Cleland and Valentas,  1997 ). 

 In the case of a freezer with continuous product loading and unloading, product heat 
load remains essentially uniform with respect to time. For a batch freezer, the heat 
load is highest at the start and decreases as freezing progresses. The mean product 
heat load can be estimated from the following equation (Cleland and Valentas,  1997 ):

    Q Hload = ×γ Δ     (16.45)   

 where   γ   is the production rate (kg · s  − 1 ) and  Δ  H  is enthalpy change estimated from 
Equation  16.43 .  

  Preparation of the Raw Material 

 After initial cleaning, many vegetables are cut, sliced or otherwise processed prior to 
freezing. Such commodities include sliced or diced carrots, French fry potatoes, and 
corn without the cob (Kerr,  2006 ). Most vegetables require blanching prior to freezing. 
Blanching is the use of water or steam to deactivate enzymes in the vegetable. Its 
other advantages include deactivation of pectinases which soften tissue, reduction in 
microbial load, and reduction in internal gases (Kerr,  2006 ).  

  Packaging of Frozen Foods 

 Packaging is vital for protecting frozen foods from mechanical damage, moisture loss, 
oxidation, and fl avor loss. For packaging frozen foods, paper and plastics are most 

Table 16.6 Typical heat transfer coeffi cients for different freezing systems. 

Freezer type Conditions hc (W ·m−2 ·K−1)

Cold room Still air 5–10
Air-blast Air velocity 2.5 –5m·s−1 15–30
Tunnel Counter fl ow of food item and air 15–60
Fluidized bed Suspending air stream 80–120
Plates Contact to solid 50–120
Cryogenic Gas zone/spray zone 40–60/100–140
Liquid immersion Circulating brine 60–90
Liquid immersion Specialized refrigeration 500–1200

Source: Rahman and Velez -Ruiz (2007).
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commonly used, metal is occasionally used, while glass is seldom used. In some 
package design, combinations of paper and plastics are used. For example, a frozen 
meal may be placed inside a plastic tray with a lid and the tray placed inside a paper-
board carton (Yam  et al.,   2006 ). 

 Paper and paperboard are mainly used to provide structural support and protection 
from mechanical damage. Paper sometimes provides a light barrier, but its moisture 
and oxygen barrier properties are poor. In order to improve moisture and oxygen 
barrier properties, paperboard is sometimes coated or laminated with plastics or alu-
minum. It is quite common that a plastic bag containing a frozen food product is 
placed inside a paperboard carton. In this case, the plastic bag provides the gas and 
vapor protection, while the carton provides the structural support and mechanical 
protection. Many frozen food products are packaged in plastics for protection of 
moisture, oxygen, fl avor and odor (Yam  et al .,  2006 ). Different types of packaging 
materials and their characteristics are reviewed by Yam  et al .  (2006)  and Driscoll and 
Rahman  (2007) . 

 Frozen products need to be stored at low temperatures all the time. Temperature 
abuse due to improper handling may result in lower food quality and, if the abuse 
is severe, microbial growth. A time – temperature indicator (TTI) can be used to help 
determine whether the product is still fresh at point of sale and at home by provid-
ing the consumer with a visual indication. It is a self - adhesive label that can be 
attached to a food package and which typically involves color or size change due to 
diffusion or chemical or enzymatic reaction. Two common types of TTI are available. 
The fi rst type indicates when a certain temperature limit is exceeded, for example 
if the upper limit is set at  − 5    ° C, the TTI will trigger a color indication once the 
temperature limit is exceeded. The second type indicates when the time – temperature 
limit is exceeded, for example if the indicator is set at 60 days and  − 18    ° C, the TTI 
will trigger a color indication once this time – temperature history is exceeded (Yam 
 et al .,  2006 ).   

  Thawing 

 Although freezing and thawing processes have some similarities since both involve a 
phase change, there are also a number of differences. One of the dissimilarities is the 
complicated surface boundary conditions during thawing due to the formation and 
later melting of frost on the surface (Mannapperuma and Singh,  1989 ). Cleland ( 1991 ) 
proposed the following equation to predict the thawing time as:
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    ω2
20 5 0 4271 2 122 1 4847= + −. ( . . .St St     (16.48)   

  Δ  H  10  is the volumetric enthalpy change of the product from 0 to  − 10    ° C.  

  Nomenclature 

    A       Surface area (m 2 )  
  a       Thickness (m) or activity  
  B       Unfreezable water (kg water/kg dry solids)  
  Bi       Biot number  
  C       Specifi c heat at constant pressure (J · kg  − 1  ·  ° C  − 1 )  
  d       Characteristic dimension  
  E       Shape factor  
  G       Component of shape factor  
  H       Enthalpy (J · kg  − 1 )  
  h       Heat transfer coeffi cient (W · m  − 2  · K  − 1 )  
  k       Thermal conductivity (W · m  − 1  · K  − 1 )  
  M       Mass transfer (kg · s  − 1 )  
  N       Molecular weight ratio of water and solute  
  n       Number of phases  
  P       Pressure (Pa)  
  Pk       Plank number  
  p       Shape characteristic  
  Q       Heat fl ow (W)  
  r       Shape characteristic  
  St       Stefan number  
  T       Temperature ( ° C or K; identifi ed in the text if K is used)  
  t       Time (s)  
  U       Molar freezing point constant of water (1860   kg · K/kg mole)  
  V       Volume (m 3 )  
  X       Mass fraction (wet basis, kg/kg)  
  x       Distance  
  Y       Model parameter (Equations  16.16  and 16.17)    
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  Greek Symbols 

     α        Model parameter of Equation 16.42  
   β        Shape factor dimesion  
   δ        Freezing point depression ( T w      −     T F  )  
   θ        Emissivity  
   σ        Stefan – Boltzmann constant (5.669    ×    10  − 8    W · m  − 2  · K  − 4 )  
   λ        Latent heat (kJ · kg  − 1 )  
   ρ        Density (kg · m  − 3 )  
   ω        Parameter of Equation 16.46  
   γ        Production rate (kg · s  − 1 )  
   τ        Molecular weight  
   ε        Volume fraction  
  Δ       Change or difference  
   ϕ        Mass transfer coeffi cient (kg · m  − 2  · Pa  − 1  · s  − 1 )  
   ψ        Relative humidity     

    Subscripts  

   a       ambient or apparent  
  air       air  
  as       ash  
  c       convective or characteristic  
  ca       carbohydrate  
  e       evaporation or end  
  ex       excess  
  F       freezing or frozen or fusion  
  fa       fat  
  fi        fi ber  
  I       ice  
  i       initial or  i th component  
  m       mass transfer or melting  
  o       saturated  
  pa       parallel  
  pr       protein  
  r       radiative  
  s       surface or saturated or solute  
  se       series  
  T       thawing  
  u       unfrozen  
  v       evaporation  
  w       water  
 1      stage or condition 1  
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 10      difference between 0 and  − 10    ° C  
 2      stage or condition 2  
 3      stage or condition 3     

  Superscripts 

    o       before freezing  
  ‘       unfreezable      
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   Introduction 

 Evaporation is a unit operation that eliminates a volatile liquid (solvent) from a non-
volatile component (solid) in solution by boiling. The apparatus where the unit opera-
tion is carried out is called an evaporator. Normally, the nonvolatile component stays 
in liquid phase until 80 – 85% of the solvent is removed by evaporation. The most 
common solvent in liquid foods is water, but they may also contain other volatile 
compounds (e.g. alcohol, aroma, ammoniac, dissolved gases). 

 Thermal concentration is used in liquid foods (Yih,  1986 ; Tonelli  et al .,  1990 ) for 
three main purposes: (i) to reduce the volume and weight of the product, which sub-
sequently reduces the cost of storage, packaging and distribution (e.g. fruit juice, milk, 
tomato juice); (ii) to increase the stability of liquid food by reducing water activity 
(e.g. sugar syrup, jam); and (iii) as an intermediate processing technique in the food 
industry (e.g. before milk drying, before sugar crystallization). Moreover, thermal 
evaporation provides additional sensory and nutritional attributes to food, such as 
coloration for sugar juice, aroma for fruit juice, taste for milk, thermal destruction 
and/or oxidation of pigment for tomato, and vitamins for citrus. For example, during 
fruit juice concentration many components of aroma are lost due to their high volatil-
ity in aqueous solutions. These compounds are rather important for the sensorial 
quality of juices and must therefore be recovered and added back to the concentrated 
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juice (Pereira  et al .,  2006 ). However, evaporation causes a reduction in the clarity and 
color of apple juice (Sant ’ Ana  et al .,  2008 ). 

 The quantity of heat required to evaporate each kilogram of water is very important, 
especially when feed liquids are diluted. Because the latent heat of vaporization of 
water is high (2260   kJ · kg  − 1  at 100    ° C) (Bimbenet  et al .,  2002 ), the energy required for 
evaporation is high. Thus many systems attempt to reduce the cost of evaporation by 
using, for example, multiple - effect evaporators, mechanical vapor recompression and 
ejector compression. 

 Normally in the food industry, the maximum allowable boiling temperature is 
substantially below 100    ° C, and evaporators are mostly operated under high vacuum 
( < 0.09   bar or 9   kPa) as pure water can be evaporated at about 45    ° C. This protocol is of 
special interest for heat - sensitive material such as milk and fruit juices. 

 The principal factors affecting evaporator design (type, exchange surface, effect 
number) are overall heat transfer coeffi cient, maximum allowable temperature of the 
liquid, evaporation pressure, and characteristics and thermophysical properties of the 
liquid food (e.g. viscosity, surface tension).  

  Thermophysical Properties of Liquid Food 

 Generally, the operation and design of evaporators depend on the thermophysical 
properties of the product (e.g. viscosity, density, specifi c heat, enthalpy). These proper-
ties of liquid foods change with product dry matter concentration ( X  DM ), temperature 
  θ  , and shear rate   �γ  for the non - Newtonian component of some liquid foods.

    •       Viscosity : the rheological component of liquid food changes through the evaporation 
process. For example, the viscosity of most fruits and vegetables increases with dry 
matter concentration, but decreases when the temperature is raised.  

   •       Density : the density of liquid foods slowly increases with both dry matter concen-
tration and liquid temperature.  

   •       Specifi c heat capacity : the specifi c heat capacity decreases with increasing dry 
matter concentration. Generally, liquid food solutions are composed of water 
(solvent) and soluble solids such as sugar, salt, protein and lipids. Many equations 
to calculate specifi c heat may be found in the literature (Chen,  1992 ). A typical 
equation for specifi c heat of liquid foods is given by Rahman  (1995) :  

    C C x x x x xP P= + + + + water sugar salt protein Lipid w ( . . . .0 34 0 2 0 37 0 4 aater)     (17.1)   

 where  C P   is specifi c heat capacity (kJ · kg  − 1  ·  ° C  − 1 ) and  x  is weight fraction of water or 
soluble solids.  

   •       Enthalpy  (kJ · kg  − 1 ): the enthalpy of a solution depends on its temperature and its 
components. These data may be available only for some solutions (Rahman,  1995 ). 
The enthalpy of an aqueous solution composed of sugar, salt, protein and lipids may 
be calculated from the following equation (Rahman  1995 ):  
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    H CL P L= θ     (17.2)   

 where  C P   is specifi c heat capacity from Equation  17.1  and   θ  L   is the liquid tempera-
ture ( ° C).     

  Characteristics of Liquids and Some Evaporator Problems 

 In liquid food concentration, problems such as fouling and scaling may occur due to 
various components that exist in the liquid, such as proteins, tannins, colloidal par-
ticles, suspended solids and pectin. 

  Fouling 

 Fouling, or the deposition of liquid food on the heated surface, is a major problem in 
the food evaporation process. The sedimentation of viscous heat - sensitive food materi-
als (e.g. curdled protein of milk, caramel of sugar in fruit juice or concentrated toma-
toes) on the inside surface of evaporator tubes affects the production rate of the 
evaporator and product quality. 

 To reduce the speed of fouling, the following procedures are recommended: (i) reduce 
evaporation boiling temperature (operate evaporator under vacuum), (ii) increase the 
circulation speed of the liquid, and (iii) pretreat some liquid foods. In a model of milk 
mineral solution, fouling was reduced when the pH was higher, preheating was 
greater, and the citrate concentration was lower (Marison and Tie,  2002 ). 

 The longer an evaporator is in operation, the higher the chances of fouling and the 
lower the overall heat transfer coeffi cient. It is therefore recommended that the evapo-
rator is cleaned regularly (cleaning in place).  

  Scaling 

 Scaling is the precipitation of inorganic salts (e.g. calcium) on the heating surface. In 
the sugar industry, scale formation depends on the quality of processed beet or cane 
and the degree of juice purifi cation (Van der Poel  et al .,  1998 ). The formation of insolu-
ble calcium salts on the heating surface decreases the overall heat transfer coeffi cient, 
and shutting down of the evaporator and cleaning the heating surface will be neces-
sary. The addition of antiscaling agents to the thin juice delays the formation of scale 
on the heating surface.  

  Foaming 

 Foaming is caused by the interaction between surface - active agents or material such 
as protein in liquid food and dissolved gases in the liquid inside the evaporator. In this 
case, the foam or maybe the entire mass of liquid fl ows out of the evaporator with 
emitted vapor. Foaming can often be controlled by addition of antifoaming compounds 
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such as silicon resins (not recommended for liquid food) or by using a specially 
designed vapor – liquid separator.   

  Single - effect Evaporator and Design Calculations for Evaporators 

 Typically, an evaporator comprises three functional sections: a heat exchanger (which 
transfers heat from steam to liquid), a vapor – liquid separator (in which the vapor 
leaves the liquid), and a condenser. In the food industry, vacuum produced by a con-
denser equipped with a mechanical pump or steam ejector extracts the noncondensed 
gases. In a conventional evaporator, all three sections are contained in a single vertical 
cylinder. A steam heating system is located in the center of the cylinder, with pipes 
passing through it that contain the liquid to be evaporated. At the top of the cylinder, 
there are baffl es that allow vapor to escape but check liquid droplets. 

  Material and Energy Balances 

 A schematic diagram of a single - effect evaporator is shown in Figure  17.1 . In the heat 
exchanger section, steam condenses in the space surrounding the tubes and the diluted 

Figure 17.1 A schematic diagram of a single -effect evaporator. 
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liquid being evaporated boils on the inside of the tubes or in the space above the upper 
tube plate, where  V  0  is steam fl ow rate (kg · h  − 1 ),  C  is condensate fl ow rate (kg · h  − 1 ), and 
 F  is feed (diluted liquid) fl ow rate (kg · h  − 1 ). The vapor emitted at the surface of the 
boiling solution escapes to the top of the evaporator and is condensed by means of a 
condenser. The concentrated product (liquid) leaves at the bottom of the evaporator, 
where  L  is concentrate fl ow rate (kg · h  − 1 ). Every liquid may be characterized by its 
temperature (  θ  ), pressure ( p ), and mass enthalpy ( H ) in addition to its fl ow rate. Let  V  
(kg · h  − 1 ) represent emitted vapor.   

 The material and energy balances for describing this single - effect evaporator may 
be calculated as follows. In steady state, the total material balance for the product is 
given by material in equals material out:

    F L V= +     (17.3)   

 Material balance for the solute (solid) is:

    Fx Lxf p=     (17.4)   

 where  x f   is dry matter weight fraction of the solute in the feed and  x p   is dry matter 
weight fraction of the solute in the fi nal product (concentrated liquid). 

 The material balance for the solvent (water) is:

    F x V L xf p( ) ( )1 1− = + −     (17.5)   

 A formula to calculate the evaporation rate and feed rate can be derived from Equations 
 17.3  and  17.5  as follows:

    Evaporation rate: V F
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1     (17.7)  

    Material balance on the heated steam: V C0 =     (17.8)   

 The energy balance, disregarding thermal loss from evaporation body, may be written 
in stationary state as follows:

    FH V H LH VH CHF V L V C+ = + +0 0     (17.9)   
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 From Equations  17.3  and 17.9:

    V H CH F H H V H HV C L F V L0 0 − = − + −( ) ( )     (17.10)   

 where  V  0  is steam rate (kg · h  − 1 ),   HV0 is enthalpy of heated vapor (kJ · kg  − 1 ) and  H C   is 
enthalpy of condensate heated vapor. 

 In this case, the heat of vaporization (  ΔHV0) is defi ned as follows:

    ΔH   H HV V C0 0= −     (17.11)   

 From Equations  17.8 ,  17.10  and 17.11:

    V H   F H H V HV L F V0 0Δ Δ= − +( )     (17.12)   

 where the difference between the enthalpy of emitted vapor and enthalpy of concen-
trated liquid approximately equals the latent heat of vaporization for solvent or water 
in the tested liquid ( Δ  H V  ). 

 Also, the energy balance (Equation  17.12 ) may be written in terms of latent heat of 
vaporization and specifi c heat as follows:

    Q  V H  FC  V HV p F V= = − +0 0Δ Δ( )θ θ     (17.13)   

 where   θ   is the boiling temperature of the liquid in the evaporator,   θ  F   is the temperature 
of the feed,  C p   is the specifi c heat of the feed, and  Q  is the rate of heat transfer (kJ · h  − 1 ) 
or heat exchanged. Generally, the units for  Q  are W (J · s  − 1 ) or kW (kJ · s  − 1 ). 

 Thus, the steam requirement is:

    V   
FC V H

H
p F V

V
0

0

=
− +( )θ θ Δ
Δ

    (17.14)   

 Also, if the liquid feed in the evaporator is about at its boiling temperature (  θ      ≈      θ  F  ), 
the steam fl ow rate approximately equals the emitted vapor fl ow rate. In this case, 
the condensation of 1   kg of steam will evaporate 1   kg of water from the solution.   

  Types of Evaporator 

 Many types of evaporator are used for the concentration of liquid food. The choice of 
evaporator may be determined according to the properties of the liquid food, such as 
high viscosity or heavy solids, heat transfer property, maintenance required, past plant 
experience, and energy and cost factors. Some common types used in the food industry 
are described in Chen and Hernandez  (1997) , Saravacos and Kostaropoulos  (2002) , 
Glover  (2004) , and Ali Adib  (2008) . 
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  Double - jacketed and Coil Evaporators 

 The double - jacketed evaporator (Figure  17.2 ) was the fi rst evaporator to use vapor for 
heating. The heat can be supplied through a steam jacket or through coils. The overall 
heat transfer varies between 300 and 1200   W · m  − 2  ·  ° C  − 1  depending on solution viscosity. 
Such evaporators are simple and low in capital cost, but have expensive running (heat) 
costs. In these two types of evaporator, the heated surface is submerged below a free 
surface of liquid at its boiling temperature (referred to as pool boiling). Double - jacketed 
evaporators are recommended when good mixing is required, the product is very 
viscous, and ease of cleaning is important. They are not recommended for temperature -
 sensitive products or products containing solids. Coil evaporators are used for small -
 capacity products that are diffi cult to handle; the spiral fl ow also reduces fouling.    

  Horizontal Tube Evaporator 

 In this type of evaporator (Figure  17.3 ), the steam condenses at the heat - exchange 
surface in the tubes. It is the only type of evaporator in which the heating medium is 
inside the tubes (Glover,  2004 ). Where the heat - exchange surface is submerged in the 
boiling liquid, it is referred to as pool boiling. An overall heat transfer coeffi cient of 
2500   W · m  − 2  ·  ° C  − 1  is commonly found for water at atmospheric pressure when the tem-
perature difference (steam/boiling liquid) equals 25    ° C (Leleu,  1992 ). Horizontal tube 
evaporators are used for nonscaling liquids, for small - capacity evaporation, and when 
headroom is limited.    

Figure 17.2 A schematic diagram of a jacketed evaporator. 
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  Vertical Short - tube Evaporator (Robert) 

 This evaporator consists of a vertical body with an array of tubes 2.5 – 3.5   m long and 
33 – 46   mm inside diameter (Figure  17.4 ). Because it operates at higher temperatures 
and high residence times (10 – 20   min), it is less suitable for heat - sensitive liquids. It is 
used with products that are not sensitive to heat such as sugar solutions (Chen and 
Hernandez,  1997 ). The liquid is fed into the lower part of the calandria where it is 
heated and boils, the emitted vapor bubbles rise in the tubes, and the circulation of 
liquid is spontaneous. The concentrate exits down the central well and is also returned 
for subsequent effect. In this case, the optimal level of liquid should be between 

Figure 17.4 A schematic diagram of a vertical short -tube evaporator. 
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one - fi fth and one - third the height of the tubes, because this has an important effect 
on the heat transfer coeffi cient. These evaporators produce high heat transfer rates at 
high temperature differences. Overall heat transfer coeffi cients range from 1000 to 
1500   W · m  − 2  ·  ° C  − 1  (Chen and Hernandez,  1997 ) depending on liquid viscosity and tem-
perature difference (steam/boiling liquid). An overall heat transfer coeffi cient of 
2600   W · m  − 2  ·  ° C  − 1  is usually found for water at atmospheric pressure (Leleu,  1992 ). The 
advantages of the short - tube evaporator include high heat transfer rates at high tem-
perature differences, low headroom, suitable for liquids with moderate tendency to 
scale, ease of cleaning, and low initial investment. Disadvantages include relatively 
high liquid holdup and poor heat transfer rates at low temperature difference or high 
viscosity; it is not suitable for temperature - sensitive materials and for crystalline 
products.    

  Rising Film Evaporator 

 In these evaporators, the liquid is pumped to the bottom of the evaporator and rises 
through the tubes under vacuum (forced convection) and the heated steam is con-
densed outside the tubes (Figure  17.5 ). Four zones may be identifi ed. The liquid zone 

Figure 17.5 A schematic diagram of a rising fi lm evaporator. 
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at the bottom of the evaporator produces bubbles at the surface that grow and are 
carried in the mainstream of the liquid. The volume fraction of vapor increases and 
individual bubbles coalesce to form vapor  “ slugs ”  (second zone). The slug zone is fol-
lowed by an annular fl ow zone where the liquid forms a fi lm. This fi lm moves along 
the inner surface, while vapor moves at greater velocity through the core of the tube, 
and fi nally the liquid forms droplets in the vapor (mist). However, it is recommended 
that this fi nal zone is not attained in this type of evaporator; more details of two - phase 
fl ow are provided by Incropera and Dewitt  (2002) . Therefore, temperature differences 
and overall heat transfer coeffi cients can be quite dissimilar at the bottom and the top 
of the evaporator. Because of static head and pressure drop, boiling points increase at 
the bottom of the evaporator by 5 – 10    ° C and holdup times vary between 2 and 3   min 
(Chen and Hernandez,  1997 ). In this type of evaporator, the heat transfer coeffi cient 
is still high because shear is raised along the inner tube surface, even for liquids 
assumed to be very viscous. Typical evaporators have vertical stainless steel tubes 7   m 
long on average and they are commonly used for the concentration of tomato and for 
sugar solutions. An overall heat transfer coeffi cient of 3000   W · m  − 2  ·  ° C  − 1  is usually found 
for water at atmospheric pressure (Leleu,  1992 ). This type of evaporator is one of the 
most widely used tubular evaporators (Glover,  2004 ). The advantages of rising fi lm 
evaporators are ability to handle foamy liquids, relatively high heat transfer coeffi -
cient, and reduced fl oor space requirements. The disadvantages are high headroom 
requirement, that the hydrostatic head at the bottom of the tubes may increase 
product temperature (so not recommended for heat - sensitive materials), and that 
there is a lower pressure drop through the tubes compared with the falling fi lm 
evaporator.    

  Vertical Tube Falling Film Evaporator 

 This type of evaporator is common in the food industry. The advantages of thin falling 
fi lm evaporators are the high heat transfer coeffi cients at low temperature differences, 
minimum static head, short residence time, and relatively low cost. Thus they are 
usually recommended for heat - sensitive materials such as fruit juice, whey, sugar 
solutions, and milk (Yih,  1986 ; Glover,  2004 ). In contrast, these types of evaporator 
are not suited for scaling or salting materials. 

 Figure  17.6  shows that liquid is fed into the upper portion of vertical tubes using a 
special distributor (Minton,  1986 ; Yih,  1986 ). The main problem associated with 
falling fi lm units is the need to distribute the liquid evenly to all tubes. It then fl ows 
downward as a fi lm on the inner surface of the tubes. Normally, a distribution system 
is installed above the tube sheet. A typical distributor system consists of a fl at - bottom 
container with holes (5 – 8   mm in diameter) that allows liquid to fl ow onto the fl at tube 
sheet between the evaporator tubes (Marison  et al .,  2006 ). Typically, the entire surface 
of the tube is wetted. The process requires suffi cient fl ow, expressed as mass fl ow rate 
per unit of perimeter length ( Γ , kg · s  − 1  · m  − 1 ). The vapor emitted at the surface of the 
boiling liquid is drained downward in the center of the tube and as the momentum 
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of the vapor accelerates the downward movement, the liquid fi lm becomes thinner. 
Both liquid and vapor leave the tube toward the bottom of the evaporator, where phase 
separation takes place. An overall heat transfer coeffi cient of 4000   W · m  − 2  ·  ° C  − 1  is usually 
found for water at atmospheric pressure (Leleu,  1992 ).   

 Others types of evaporator may be found, such as forced circulation evaporator, 
horizontal tube falling fi lm evaporator, and plate type evaporator (Minton,  1986 ; 
Sacadura,  2000 ; Incropera and Dewitt,  2002 ).   

  Heat Transfer Coeffi cient in Evaporators 

  Overall Heat Transfer Coeffi cient 

 According to the heat transfer equation, the overall heat transfer coeffi cient  U  needs 
to be estimated when designing an evaporator. The heat transfer equation describing 
heat transferred from the heating steam to the fi nal product being evaporated is:

    Q  V H   UAV= =0Δ Δθ     (17.15)   

Figure 17.6 A schematic diagram of a vertical tube falling fi lm evaporator. 
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 where  A  is heat transfer area (m 2 ),  Δ   θ      =      θ    V 0     −      θ    v   [  θ    V 0  is the condensing steam tempera-
ture (temperature on the heating steam side) and   θ   is the temperature on the boiling 
liquid side], and  Q  is the heat exchanged (W). 

 The overall heat transfer coeffi cient may be calculated from the overall resistance 
that results from the addition of four resistances in series: the resistance to heat trans-
fer on the heating steam side (1/ h v  ), in the tube wall thickness ( e /  λ  w  ), in an eventual 
fouling layer ( R F  ) on the product side, and at the interface with the boiling liquid (1/ h  ′ ):

    
1 1 1
U

  
h

e
R  

hv w
F= + + +

′λ
    (17.16)   

 Figure  17.7  shows a temperature profi le diagram with results for saturated steam and 
boiling liquid.   

 Let us consider that the resistance between the wall and the evaporated liquid (1/ h ) 
equals the sum of the resistance in the fouling layer on the product side ( R F  ) and the 
resistance at the interface with the boiling liquid (1/ h  ′ ). Typically, if fouling did not 
form on the tube wall of the product side, it would be evident that 1/ h     =    1/ h  ′ . Also, 
when the resistance between the wall and the evaporated liquid (1/ h ) decreases with 
time, the resistance in the fouling layer on the product side ( R F  ) is calculated as 
1/ h     −    1/ h  ′ . 

 Local heat transfer coeffi cients ( h v   and  h ) are generally expressed as dimensionless 
groups. Here, Nu (Nusselt number) or  h  *  (dimensionless form of local heat transfer 
coeffi cient) is given as a function of Re (Reynolds number) and Pr (Prandtl number):

    Nu( *) Re Prh a b c=   

Figure 17.7 A temperature profi le diagram describing heat transfer in an evaporator. 
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 where  a ,  b  and  c  are experimental constants. However, the defi nitions of the dimen-
sionless numbers are quite different among the different formulas used to calculate 
local heat transfer coeffi cients (Ali Adib and Vasseur,  2008 ). 

  Heat Transfer on the Heating Steam Side 

 The local heat transfer coeffi cient on the heating steam side ( h v  ) is limited by the 
resistance of the condensed fi lm layer on the wall steam side. Normally, it has little 
contribution to the overall heat transfer coeffi cient in comparison to other resistances. 
Generally,  h v   depends on the type of evaporator and exchange surface form (vertical 
or horizontal tube), but it also depends on the fl ow regime. To increase  h v   and improve 
the effi ciency of the evaporator, it is necessary to continuously extract the non-
condensed gases and to prevent use of superheated steam as heated vapor, when it is 
assumed to be a bad heat conductor. Normally,  h v   is between 5 and 10   kW · m  − 2  · K  − 1  for 
fi lm condensing steam and between 0.2 and 2   kW · m  − 2  · K  − 1  for noncondensed zones 
(Bimbenet  et al .,  2002 ). 

 Some dimensionless equations to estimate  h v   for different fl ow regimes and evapora-
tors are as follows: 

 Nusselt equation for condensing steam on vertical tubes and laminar fl ow, 
Re Fc     <    1800 (Nusselt,  1916 ):

    h* . Re= −1 47
1

3
Fc     (17.17)   

 Kirkbride equation for condensing steam on vertical tubes and turbulent fl ow, 
Re Fc     >    1800 (Sacadura,  2000 ):

    h* .. Re= 0 0077 0 4
Fc     (17.18)   

 where

    h
h
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2

1
3

4and  Fc
Γ   

 Others equations for calculating  h v   for different conditions may be found in Incropera 
and Dewitt  (2002) , Saravacos and Kostaropoulos  (2002) , Sacadura  (2000)  and Yih  (1986) .  

  Heat Transfer on the Product Side 

 Generally, the resistance to local heat transfer on the product side (1/ h ) is the limiting 
resistance, especially when the viscosity increases at high concentration. In a steady -
 state situation using the transfer equation:

    φ θ 
Q
A

 h= = Δ     (17.19)   
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 where   ϕ   is heat fl ux (W · m  − 2 ) and  Δ   θ   equals (  θ  s      −      θ  ) where   θ  s   is surface temperature at 
the interface between surface and liquid. The estimation of the local heat transfer 
coeffi cient is very diffi cult because it depends on many factors (Yih,  1986 ; Bimbenet 
 et al .,  2002 ).

    •      Liquid properties: liquid dynamic viscosity, liquid density, surface tension at the 
interface of liquid and emitted vapor.  

   •      Process conditions: heat fl ux or the difference between temperatures of the surface 
and boiling liquid, boiling temperature or pressure, specifi c fl ow rate, nature and 
geometry of the heating surface. Also,  h  depends on the type and confi guration of 
evaporator (Rohsenow and Hartnett,  1973 ; Ali Adib and Vasseur,  2008 ), whereas 
boiling may occur under various conditions according to the type of evaporator (Ali 
Adib and Vasseur,  2008 ).  

   •      In most cases the estimation of  h  depends on the type of boiling regime, although 
Nukiyama identifi ed different boiling regimes (non - nucleate, nucleate, etc.) that 
may be defi ned according to the temperature difference or heat fl ux. Nukiyama ’ s 
curve may be consulted in Ali Adib  (2008) , Incropera and Dewitt  (2002)  and Sacadura 
 (2000) .    

 Many dimensionless equations for different applications and types of evaporators have 
been proposed. The Rohsenow equation applies to liquids (water, benzene, ethanol, 
etc.) and different heating surfaces (chromium, copper, stainless steel, etc.) under a 
nucleate pool boiling regime (Rohsenow and Hartnett,  1973 ; Hahne and Grigull,  1977 ):  

    C
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    (17.20)   

 where the coeffi cient  C sf   and the exponent  n  depend on the surface – liquid combination 
(e.g.  C sf      =    0.013,  n     =    1 for stainless steel – water). Others values of  C sf   and  n  have been 
proposed in the literature (Rohsenow and Hartnett,  1973 ; Incropera and Dewitt,  2002 ; 
Ali Adib,  2008 ). 

 The Chun and Seban equation applies to water at its boiling temperature in turbu-
lent regime, non - nucleate boiling and vertical tube falling fi lm evaporator. The range 
of Re F  is 1600 – 21   000 and the range of Pr 1.77 – 5.7 (Chun and Seban,  1971 ):

    h   * . .. Re Pr= × −3 8 10 3 0 4 0 65
F     (17.21)   

 where
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 The Bouman experimental dimensional equation applies to whole milk fl owing inside 
a stainless steel vertical tube in falling fi lm evaporator under the following conditions: 
 x , 8.5 – 35.9%;   θ  , 43.9 – 72.2    ° C;  Γ , 0.06 – 0.5   kg · m  − 1  · s  − 1 ; and heat fl ux, 1200 – 27   400   W · m  − 2  
in nucleate boiling regime (Bouman  et al .,  1993 ):

    h = −6 05 0 47 0 26 0 44. . . . φ ηΓ     (17.22)   

 where  h  is in units of W · m  − 2  ·  ° C  − 1 . 
 The Ali Adib  (2008)  experimental dimensional equation applies to sugar solution 

fl ow outside a stainless steel vertical tube falling fi lm evaporator under the following 
conditions:  x , 10 – 70%,  P , 311 – 1013   mbar;  Γ , 0.07 – 0.7   kg · m  − 1  · s  − 1 ; and heat fl ux 
2 – 80   kW · m  − 2  or  Δ   θ   0.4 – 25    ° C in non - nucleate and nucleate boiling regimes (Ali Adib, 
 2008 ; Ali Adib  et al .,  2009 ):

    h  x= + − + +523 23 35 884 30φ θΓ     (17.23)  

    or h  x= + − + +36 6 80 2 43 8 115 5 37 9. . . . .Δθ θΓ   

 where  h  is in units of W · m  − 2  ·  ° C  − 1  and  Δ   θ      =      θ  s      –      θ  . 
 Other equations to calculate  h  under different conditions may be found in Saravacos 

and Kostaropulos  (2002) , Incropera and Dewitt  (2002) , Sacadura  (2000)  and Hahne and 
Grigull  (1977) .   

  Boiling Point Elevation 

 The boiling point elevation (BPE) caused by a nonvolatile solid in food solution follows 
solution theory, whereas the pressure of water vapor for an aquatic solution ( P vs  ) can 
be predicted by Raoult ’ s law:

    P a Pvs w sat=     (17.24)   

 where  P sat   is the saturated vapor pressure (vapor of pure water at product temperature) 
and  a w   is the water activity of aquatic or food solution (0    ≤     a w      ≥    1), which is a function 
of the soluble solids content. 

 The addition of solute to water leads to a difference in boiling temperature (BPE) 
between the solution and pure water at the same pressure. According to Bimbenet 
 et al .  (2002) , BPE for a dilute food solution ( a w      ≥    0.8) can be calculated by the follow-
ing relationship:

    BPE = − RT
H

asat

e
w

2

Δ
ln     (17.25)   

 where  R  is the gas constant (8.314   J · mol  − 1  · K  − 1 ),  T sat   is boiling temperature of pure water 
(K), and  Δ  H e   is molar latent heat of vaporization (J · mol  − 1 ). 
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 According to Raoult ’ s law for dilute solution ( a w      ≥    0.95), water activity equals the 
water molar fraction in the solution (Rahman,  1995 ):

    a X   X
  x
x E

w WM DM= = − = −
− +

1
1

1 1( )
    (17.26)   

 where  X WM   is water molar fraction (solvent),  X DM   is solute molar fraction,  x  is dry 
matter weight fraction in the solution, and  E  is the rapport between water molecular 
mass and solute molecular mass. 

 A formula for calculating BPE with regard to dry matter concentration can be 
derived from Equations  17.25  and  17.26 , noting that ln(1    −     X DM  )    ≈     −  X DM   for very smal 
solute molar fraction:

    BPE = ⋅
− +

⎡
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⎤
⎦⎥
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E x
 x E
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v

2

18 1 1Δ ( ( ))
    (17.27)   

   Example 

 Find the boiling temperature of saturated sucrose solution for dry matter weight frac-
tion  x     =    30% at atmospheric pressure of 1013   mbar.  

  Solution 

 From a table of saturated water vapor, the boiling temperature of water at 
1013   mbar    =    100    ° C    =    373.13   K,  Δ  H v      =    2257   J · g  − 1 , and  E     =    18/342    =    0.0526. 

 From Equation 17.26:

    BPE = ×
×

⋅ ×
− +

⎡
⎣⎢

⎤
⎦

8 314 139129
18 2257

0 053 0 3
1 0 3 1 0 053

. . .
( . ( . )) 

 
 

 ⎥⎥ = 0 7.   

  T sucrose     =    373.13    +    0.7    =    373.83   K    =    100.7    ° C 

 Also, Duhring charts are commonly used to estimate BPE for simple solutions of sugar 
and salts (McCabe and Smith,  1976 ).     

  Energy Economics 

 Generally, in evaporation there are high capital costs and energy consumption. Steam 
economy (SE) is determined by the rapport between the mass of vapor carried to the 
condenser and the mass of heated steam, or the rate of vapor fl ow ( V , kg · h  − 1 ) to the 
rate of heated steam fl ow ( V  0 , kg · h  − 1  (for single effect)):

    SE
mass of water evaporated

mass of heated steam
= = V

V0
    (17.28)   
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 In a simple - effect evaporator, SE may be less than 1 (Chen and Hernandez,  1997 ). In 
the sugar industry, 6 tonnes of evaporated water are needed to produce 1 tonne of 
sugar (Bimbenet  et al .,  2002 ). 

 It is possible to reduce the consumption of energy in two ways: (i) multiple - effect 
evaporation system and (ii) vapor recompression. Table  17.1  shows the steam economy 
of industrial evaporators (Hartel,  1992 ; Chen and Hernandez,  1997 ; Maroulis and 
Sarvacos,  2003 ).   

  Multiple - effect Evaporation 

 In the food industry, several single evaporator bodies are connected to form a multiple -
 effect system that allows energy consumption to be reduced. Heated steam received 
from the power station is passed into the fi rst effect, and each subsequent effect 
receives the emitted vapor from the preceding effect as the heating medium. In this 
case, the pressure and temperature differences between the steam and the condenser 
are spread across many effects in a multiple - effect system. The pressure and tempera-
ture in one effect are lower than the pressure and temperature in the preceding effect 
(from which it receives vapor) and greater than the pressure and temperature in the 
subsequent effect (to which it supplies vapor). A multiple - effect evaporator may be 
operated with forward feed (co - current), backward feed (countercurrent) or mixed feed. 

 SE in a multiple - effect system is higher than 1 but less than the number of effects, 
 n  (see Table  17.1 ):

    SE = =∑V V i ni / ( , )0 2   

 Figure  17.8  shows temperature and typical distribution of heating vapor (co - current) 
in a beet and cane sugar factory (Van der Poel  et al .,  1988 ). The distribution of heating 
media, and a dry matter content of thick juice above 70%, makes it possible to operate 
the factory at a steam consumption as low as  ∼ 20   kg per 100   kg beet and  ∼ 30   kg per 
100   kg cane sugar (Van der Poel  et al .,  1988 ).   

 To design a multiple - effect evaporator, all the characteristic parameters of each 
effect should be taken into account: dry matter concentration, temperature difference 
(steam – liquid), liquid boiling temperature    =    saturated temperature    +    BPE, and mass 

Table 17.1 Steam economies of evaporator systems. 

Evaporator system Steam economy (kg water/kg steam) 

Single effect 0.97–0.98
Double effect 1.7–1.9
Triple effect 2.4–2.8
Four effect 3.2–3.6
Six effect 4.6–4.9
Thermocompressor, 3, 4, 5 and 6 effect 4–9.5
Mechanical vapor recompression 10–30
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fl ow rate per unit of perimeter length ( Γ ) for some evaporator types (falling fi lm evapo-
rator). Estimation of the heat transfer coeffi cient for each effect is related to these 
parameters, and is necessary for calculating the heat transfer area ( A i  ) for each effect 
in a multiple - effect evaporator. 

 BPE has a negative effect on the operation of a multiple - effect evaporation system. 
In such a case, the emitted vapor emerging from each effect will be superheated by 
BPE but will be condensed in the heater of the next effect at saturation temperature, 
losing the BPE superheat as available driving force ( Δ   θ  ). For most liquid foods, BPE is 
usually small and can be neglected, except in very concentrated sugar solutions and 
juices. 

Figure 17.8 Temperature and distribution of heating vapor from fi ve -effect evaporator in factories 
equipped with continuous evaporating crystallizers: (a) beet sugar factory; (b) cane sugar factory. 
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  Economic Cost and Optimization 

 The installed cost (IC) of multiple - effect evaporation is usually related to the heat 
transfer area of evaporation ( A ) raised to the power  m  (King,  1980 ):

    IC = + + … +K A   A  Am m
n
m( )1 2   

 where  K  is cost per unit area and  m  is a constant depending on the type of evaporator 
and is usually less than 1. 

 The total cost of the evaporator is the sum of capital equipment costs, involving 
initial equipment costs and annual fi xed charges; operating costs, which include steam 
and maintenance costs; and personnel costs. Calculation of the optimum number of 
effects involves balancing operating costs, capital equipment costs and personnel 
costs. Figure  17.9  shows an evaluation of different types of evaporator costs as a func-
tion of effect number, and the optimum effect number.     

  Vapor Recompression 

 Vapor economies can be obtained by vapor recompression, which produces steam 
economies far higher than those obtained in multiple - effect evaporators (see Table 
 17.1 ). Vapor recompression is typically carried out over one or two evaporator effects. 
In other words, all or part of the emitted vapors from a fi rst or second effect are com-
pressed to the pressure of the heating steam in the fi rst effect and then supplied there. 
Recompression is achieved via either mechanical or thermal compressors. 

Figure 17.9 Evaluation of different types of cost with regard to effects number. For defi nition of 
abbreviations, see Nomenclature section. 
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  Mechanical Vapor Recompression 

 All, or some of, the emitted vapors are compressed mechanically to raise their tem-
perature to that of heating steam; they are then used as the heating medium in the 
evaporator (Figure  17.10 ). A small amount of heated steam is added to the system to 
make up the condensate formed during vapor compression. This system allows the 
temperature difference ( Δ   θ  ) to be increased by 5 – 10    ° C. More economical operation is 
obtained with tube fans, which are compatible with a low temperature difference of 
5    ° C. Thus mechanical vapor recompression at low  Δ   θ   can be applied to falling fi lm 
evaporators, operating with no appreciable BPE and low pressure drop in the tube. 
Mechanical vapor recompression evaporators are preferred when electrical power is 
available at low cost.    

  Thermal Vapor Recompression 

 Vapors are compressed by a jet compressor (Figure  17.11 ) using high - pressure steam 
(about 6   bar absolute) and the mixture is used as a heating medium, which has about 
the same effect as a multi - effect evaporator. The vapor recycle can be around the fi rst 
effect only or from the second or third back to the fi rst stage. Thermal compression 
is economical when high - pressure steam is available at low cost.   

 Other methods to reduce energy consumption may be found in the literature 
(Minton,  1986 ; Van der Poel  et al .,  1988 ; Bimbenet  et al .,  2002 ).    

  Hygienic Design and Methods of Cleaning 

 In the food industry, the hygienic design of food processing equipment is very impor-
tant to avoid health risks in products. It is recommended that stainless steel 304 or 

Figure 17.10 Schematic diagram of mechanical vapor recompression evaporator. 
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316 is used for tubes or heat exchange surfaces in food evaporators. This is because 
stainless steel resists corrosion and has a good surface fi nish with little roughness that 
reduces fouling of the heating surface and which can be cleaned easily. If there are 
chlorides in the product or cleaning chemicals, stainless steel 316 is best (Dennis 
 et al .,  2007 ). 

 To ensure that all tubes and reservoirs are cleaned effectively, dead spaces with 
corners must be avoided. In addition, the liquid fl owing inside or outside the pipes 
must cover the entire surface without any dried sites that could cause fouling of the 
heated surface and provide a site for bacterial growth. These bacteria can by countered 
by using a sterilizing agent in the last rinse of the plant after cleaning (Dennis  et al ., 
 2007 ). Deposits and precipitate on the heated surface of an evaporator can be removed 
by two methods: chemical cleaning and mechanical cleaning. 

  Chemical Cleaning 

 This method is often used to remove various deposits from either the inside or the 
outside of tubes by introducing a cleaning chemical such as sodium hydroxide and 
nitric acid into the feed tank. Qualifi ed organizations are frequently employed to 
determine the nature of deposits, furnish proper cleaning fl uids with inhibitors, and 
provide a complete cleaning job (Minton,  1986 ). In the sugar industry, in order to 
remove scale, which contains calcium oxalate, from stainless steel evaporator tubes, 
hot soda caustic may be used as a preliminary treatment. This dissolves the oxalate 
and forms calcium carbonate, which can be simply removed by subsequent acid 
treatment. 

 Acid treatment may cause serious corrosion problems with stainless steel tubes, 
especially in cases where hydrochloric acid is used. To avoid this corrosion, it is nec-
essary to add inhibitors to the acidic solutions. Inhibitors can react cationically or 

Figure 17.11 Schematic diagram of thermal vapor recompression. 



Thermal Evaporator Design 481

anionically (Van der Poel  et al .,  1988 ). Inhibitors are often produced by a Mannich 
reaction: a condensation of ammonia, amines or a keto compound and formaldehyde. 
Also, in Kestner evaporators, spraying procedures are preferred to boiling with cleaning 
solution. Spraying reduces the volume of cleaning solution, fl ushing and cooling of 
vessels is quicker, and it uses less water than boiling, and may be used to avoid the 
formation of corrosive sulfuric acid (Whitelaw,  1988 ).  

  Mechanical cleaning 

 Mechanical cleaning must be used when effective chemical cleaning is impossible. 
First, mechanical cleaning of the outside of the tubes requires that the tube bundle 
be removable. Second, to enable the tool to penetrate the bundle, the tubes must be 
on a square or wide triangular pitch (Minton,  1986 ). In Kestner evaporators, conven-
tional mechanical cleaning with high - speed cutters was unable to maintain clean 
heating surfaces, especially with second effects. Also, using mechanical cleaning led 
to replacement of tubes after only 5 years of operation (Whitelaw,  1988 ).   

  Example 

 A triple falling fi lm evaporator is concentrating a sugar solution (juice) from 10% to 
50% total solids at a total feed rate in the fi rst effect of 20   000   kg · h  − 1 . In the fi rst effect, 
steam is available at 153   kPa absolute. The pressure in the evaporation space in the 
fi nal effect is 40   kPa absolute. 

   Assumptions 

     •      The emitted quantity of vapor is equivalent in all the effects.  
   •      The sugar juice feeds in the fi rst effect at its boiling temperature.  
   •      The temperature difference is equivalent in all the effects.  
   •      The effect of the mass fl ow rate per unit of perimeter length ( Γ ) on the heat transfer 

coeffi cient is neglected.  
   •      The boiling point elevation is neglected.  
   •      Stainless tube is 1   m long, 5   cm internal diameter and 1   mm thickness.  
   •      Surface temperatures at the interface of surface and liquid (  θ  s  ) in each effect are as 

follow:   θ  s   1     =    104    ° C,   θ  s   2     =    93    ° C,   θ  s   3     =    83    ° C.     

  Calculate 

     •      The dry matter concentration and fl ow rate in each effect.  
   •      The vapor fl ow rate in each effect.  
   •      The heat exchange in kW.  
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   •      The overall heat transfer coeffi cient, where the mass fl ow rate per unit of perimeter 
length on the heating stem side  Γ   C      =    0.0362 and the thermal conductivity of stain-
less tube is 15   W · m  − 1  ·  ° C  − 1 .  

   •      The fl ux rate in each effect and the heat transfer area in each effect.  
   •      Steam economy for the multiple - effect evaporator.     

  Solution 

       

 From material balance, and conservation of dry matter in the solution in each effect, 
we can write:

   Fx L x L x L x L x L xF L L L L L= = =1 1 1 1 2 2 2 2 3 3, and  

   20 000 0 1 0 51 1 2 2 3× = = = ×. .L x L x LL L  

   Thus kg h and kg hL F L V Vi i3
1

3
14000 16 000= ⋅ = + = ⋅− −∑ ∑   

 From the hypothesis, the emitted vapor quantity is equivalent in all the effects, so:

   V V V1 2 3
116 000 3 5333 33= = = = ⋅ −/ . kg h  

   In first effect: . , .F L V L Fx L x xF L L= + = = =1 1 1 1 1 114 666 67 0 136  

   In second effect: . , .L L V L L x L x xL L L1 2 2 2 1 1 2 2 29333 33 0 214= + = = =   

 Using these values:

   X FF = = ⋅ −0 1 20 000 1. , kg h  

   X L VL1 1
1

1
10 136 14 666 67 5333 33= = ⋅ = ⋅− −. , . .kg h and kg h  



Thermal Evaporator Design 483

   X L VL2 2
1

2
10 214 9333 33 5333 33= = ⋅ = ⋅− −. , . .kg h and kg h  

   X L VL3 3
1

3
10 5 4000 5333 33= = ⋅ = ⋅− −. , .kg h and kg h   

 From the hypothesis, the temperature difference is equivalent in all the effects:

   Δθ θ θI V L∑ = − = − = °0 3 112 76 36 C  

   Δ Δ Δθ θ θL L L1 2 3 12= = = °C  

   θ θ θL L L1 2 3100 88 76= ° = ° = °C C C, ,   

 From Equation 17.1:

   C  C x x x x xP P= + + + + water sugar salt protein Lipid ( . . . .0 34 0 2 0 37 0 4 wwater )  

 With thensalt protein lipid  water sugar wx x x C C x xP P= = = = +0 0 34, ( . aater )  

   And with thenwater sugar sugar  waterx x C  x CP P= − = −1 1 0 66, ( . )  

   Thus andC   x H CPLi Li Li pLi Li= − = ⋅( . ) .1 0 66 4 18 θ   

 Using these values:

   θF pLF FC H= = ⋅ ⋅ = ⋅− − −100 3 90 3901 1 1°C kJ kg °C and kJ kg, .  

   θL pL LC H1 1
1 1

1
1100 3 80 380= ° = ⋅ ⋅ ° = ⋅− − −C kJ kg C and kJ kg, .  

   θL pL LC H2 2
1 1

2
188 3 59 315 92= ° = ⋅ ⋅ ° = ⋅− − −C kJ kg C and kJ kg, . .  

   θL pL LC H3 3
1 1

3
176 2 8 212 8= ° = ⋅ ⋅ ° = ⋅− − −C kJ kg C and kJ kg, . .   

 From saturated water tables:

   θV V CH H0 0
1

0
1112 2694 3 469 78= ° = ⋅ = ⋅− −C kJ kg and kJ kg, . .  

   θV V CH H1 1
1

1
1100 2676 419 06= ° = ⋅ = ⋅− −C kJ kg and kJ kg, .  

   θV V CH H2 2
1

2
188 2656 9 368 53= ° = ⋅ = ⋅− −C kJ kg and kJ kg, . .  

   θV V CH H3 3
1

3
176 2637 1 318 13= ° = ⋅ = ⋅− −C kJ kg and kJ kg, . .   

 From heat balance at fi rst effect:
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   V H FH V H L H C HV F V L C0 0 1 1 1 1 0 0+ = + +  

   ΔHV0
12694 3 469 78 2224 52= − = ⋅ −. . . kJ kg   

 and from steam material balance at the fi rst effect  V  0     =     C  0 , so  V  0     =    5414.8   kg · h  − 1

    Q  V HV1 0 0 2224 52
5414 8
3600

3345 9= = × =Δ .
.

. kW  

   Q   V HV2 1 1 3343 6= =Δ . kW  

   Q   V HV3 2 2 3390= =Δ kW   

 From Equation  17.16 , the overall heat transfer may be calculated as follows:

   
1 1 1
U

  
h

  
e

  R  
hv w

F= + + +
′λ
  

  R F   is neglected,  e     =    0.001   m and   λ  w      =    15   W · m  − 1  ·  ° C  − 1 . The heat transfer coeffi cient on 
the vapor side is calculated from the Nusselt equation:
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 With  Γ     =    0.0362   kg · s  − 1  · m  − 1  in all the effects, and from saturated water tables:

   θ λ η ρV c C C0
1 1 3112 0 685 0 000248 949 66= = ⋅ ⋅ ° = ⋅ = ⋅− − −, . , . , .W m C Pa s kg m  

   θ λ η ρV c C C0
1 1 3100 0 681 0 000279 958 85= = ⋅ ⋅ ° = ⋅ = ⋅− − −, . , . , .W m C Pa s kg m  

   θ λ η ρV c C C0
1 1 388 0 675 0 000318 966= = ⋅ ⋅ ° = ⋅ = ⋅− − −, . , . ,W m C Pa s kg m   

 And thus the results are:

   h h hv v v1
2 1

2
2 1

3
2 16276 6069 5843= ⋅ ⋅ ° = ⋅ ⋅ ° = ⋅ ⋅ °− − − − − −W m C W m C W m C, ,   

 We may calculate the heat transfer coeffi cient on the liquid side for sugar solution 
using the Ali Adib equation:

   h    x= + − + +36 6 80 2 43 8 115 5 37 9. . . . .Δθ θΓ   

 With  Δ   θ      =      θ  s      −      θ  L   and  Γ  neglected:

   ′ = + × − × + ×h   1 36 6 80 2 4 43 8 10 37 9 100. ( . ) ( . ) ( . )  
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   ′ = ⋅ ⋅ ° ′ = ⋅ ⋅ ° ′ = ⋅ ⋅ °− − − − − −h h h1
2 1

2
2 1

3
2 13709 2950 2238W m C W m C W m C, ,   

 And from the equation:

   
1 1 1
U

  
h

  
e

  
hv w

= + +
′λ
 

   U U U1
2 1

2
2 1

3
2 12005 1822 1575= ⋅ ⋅ ° = ⋅ ° = ⋅ ⋅ °− − − − − −W m C W m C W m C, ,   

 The fl ux rate in each effect may be calculated as   ϕ      =     U  Δ   θ  

   φ φ φ1
2

2
2

3
224 060 21 864 18 900= ⋅ = ⋅ = ⋅− − −W m W m W m, ,   

 From the heat transfer equation  Q     =     UA  Δ   θ  :

   A A A1
2

2
2

3
2139 153 179= = =m m m, ,   

 From Equation  17.28 , the steam economy for a multiple - effects evaporator is:

   SE = + + = × =V V V
V

1 2 3

0

5333 33 3
5414 8

2 95
.

.
.      

  Nomenclature 

    A       Evaporator heat transfer area (m 2 )  
  a w        Water activity  
  C p        Specifi c heat capacity (kJ · kg  − 1  ·  ° C  − 1 )  
  C       Condensate fl ow rate (kg · h  − 1 )  
  e       Tube wall thickness (m)  
  F       Feed fl ow rate (kg · h  − 1 )  
 g      Acceleration due to gravity (m · s  − 2 )  
  H       Enthalpy (kJ · kg  − 1 )  
  h v        Local heat transfer coeffi cient on the heating steam side (W · m  − 2  ·  ° C  − 1 )  
  h  ′       Local heat transfer coeffi cient on the product side (W · m  − 2  ·  ° C  − 1 )  
  h  *       Dimensionless local heat transfer coeffi cient  
  K       Cost per unit area ($ · m  − 2 )  
  L       Concentrate fl ow rate (kg · h  − 1 )  
  P       Pressure (Pa)  
 Pr      Prandtl number  
  Q       Heat exchanged (W)  
  R F        Resistance of eventual fouling layer (m 2  ·  ° C · W  − 1 )  
 Re      Reynolds number  
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 Re F       Film Reynolds number  
  R       Perfect gas constant (J · mol  − 1  · K  − 1 )  
  T       Temperature (K)  
  V       Emitted vapor fl ow rate (kg · h  − 1 )  
  V  0       Steam fl ow rate (kg · h  − 1 )  
  U       Overall heat transfer coeffi cient (W · m  − 2  ·  ° C  − 1 )  
  x       Dry matter weight fraction  
  Δ  H e        Molar latent heat of vaporization (J · mol  − 1 )  
  Δ  H V   0       Heat of vaporization (kJ · kg  − 1 )  
  Δ  H V        Latent heat of vaporization for solvent in tested liquid (kJ · kg  − 1 )    

  Greek Symbols 

     ϕ        Heat fl ux (W · m  − 2 )  
   Γ         Mass fl ow rate per unit of perimeter length (kg · s  − 1  · m  − 1 )  
   �γ        Shear stress (Pa)  
   η        Dynamic viscosity (Pa · s)  
   λ  w        Wall thermal conductivity (W/m  ° C)  
   θ        Temperature ( ° C)  
   ρ        Density (kg · m  − 3 )  
   σ        Surface tension (N · m  − 1 )  
   τ        Shear rate (s  − 1 )     

  Subscripts 

    c       condensate  
  f       feed  
  i       number of effect or stage (1, 2, 3, … ,  n )  
  L       liquid  
  p       product  
  sat       saturated vapor  
  v       vapor  
  w       wall     

  Abbreviations 

   BPE      Boiling point elevation  
 CEC      Capital equipment coast  
 DM      Dry matter  
 IC      Installed cost  
 MVR      Mechanical vapor recompression  
 OC      Operating cost  
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 PC      Personnel cost  
 SE      Steam economy  
 TVR      Thermal vapor recompression      
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   Introduction 

 The tools offered by food engineering have been gaining increasing recognition over 
the last decades. These tools have contributed signifi cantly as documented by the 
constant stream of new food products and their manufacturing processes, and also by 
the capital projects to implement these processes. Furthermore, even traditional proc-
esses have often been revisited to increase production effi ciency and improve product 
features. 

 With its language and potential for innovation, food engineering places itself as an 
intermediary between product, process and system. An important branch of food 
engineering, transport phenomena, can help make inferences on local features of 
products, processes and systems using numerical and experimental techniques of heat, 
mass and momentum transfer. 

 Research in transport phenomena has resulted in many new methods. One of the 
latest and most promising developments in this area is air jet impingement (JI). Air JI 
has been used in various industrial operations involving heat and mass transfer such 
as textile and paper drying, electronic cooling and glass quenching (Angioletti  et al ., 
 2003 ). Encouragingly, over the last decade, air JI has evolved to assist effi cient food 
processing operations, such as drying, baking, toasting, cooling and freezing (reviewed 
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by Sarkar and Singh,  2004 ). Food JI sometimes involves arrays of jets that impinge air 
on the surface of a product (Figure  18.1 ).   

  Heating and Cooling Treatments by Jet Impingement 

 In the food industry, air JI applications can be classifi ed into two categories: heating 
and cooling treatments. Heating of raw foods is performed for different purposes, such 
as reduction of the microbial population, inactivation of enzymes, reduction of the 
amount of water (drying), modifi cation of the functionality of certain compounds, 
cooking and fi nishing treatments. Food heating processes may involve chemical, 
biochemical, and biological changes of the food material that must be considered 
simultaneously with the physical heating process. The main purpose of special 
heating processes, such as cooking, baking, roasting, drying, and frying, is to 
improve the eating quality of the food products (Sep ù lveda and Barbosa - Canov à s, 
 2003 ). 

 It is important to note that, with regard to the food substrate, the heat transfer 
cannot be divided or considered independently from the mass transfer. The residual 
moisture in foods is strongly altered by the administration of heat. In turn, tempera-
ture distribution and evolution is modifi ed by the evaporation of water, via the related 
latent heat. Therefore heating is strongly connected with drying (De Bonis and Ruocco, 
 2008 ). 

 On the other hand, heat is removed from foods to reduce the rate of deterioration 
of the chemical and enzymatic reactions and to inhibit microbial growth, extending 
shelf - life by cooling and freezing. Typical applications include preservation of fresh 
products, such as vegetables, through pre - cooling and chilling, cold storage of fruits, 
vegetables, meat, and fi sh, and freezing of meat and fi sh (Sep ù lveda and Barbosa -
 Canov à s,  2003 ).  

Figure 18.1 A common jet impingement confi guration. 
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Finite or indefinite food substrate
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  Processing Control and Multiphysics 

 Air JI has been used successfully to attain high local heat and mass transport coeffi -
cients, but can also be employed to achieve better control and avoid under -  or over -
 processing of substrates. 

 In heating/drying food processes, the majority of the water normally contained in a 
food substrate is removed by applying heat under controlled conditions, but excessive 
or nonuniform local heating may cause local deterioration of both eating quality and 
nutritional value of the food. With air JI, both heat rate and moisture removal from 
the substrate are controlled by the air velocity and by the special combination of local 
fl ow fi elds (Angioletti  et al .,  2003 ) that improve the surface fi nishing treatment. 

 To implement process optimization, JI can be usefully complemented with other 
physical mechanisms, such as microwaves. With exposure to microwave perturbation 
(a volumetric heating due to the effect of the radio waves on the water dipoles), a 
nonuniform heat and moisture distribution would result: the surface temperature 
would be lower than the interior because of the lack of ambient heat and the cooling 
effect of evaporation (Datta and Anantheswaran,  2001 ; Marra  et al .,  2010 ). Better 
control of food characteristics at the exterior surface of the food is achieved, with 
microwaves further enhancing internal heat transfer (Smith,  1986 ). For example, the 
addition of air JI (as in impingement microwave ovens) can aid in the formation of 
surface crusts, thus increasing versatility of the process. These ovens are also claimed 
to be more energy effi cient, signifi cantly reducing energy requirements. Based on the 
advantages offered by this mixed technology, it is expected that the use of impinge-
ment systems in industrial frameworks will continue to grow in the future (Sarkar 
and Singh,  2004 ). 

 Enhanced and localized heat transfer by air JI can be used for cooling applications 
as well, where precise and rapid thermal control is required. Knowledge of transient 
temperature distributions within the processed food and related local heat transfer is 
important in this case, in order to achieve the desired system performance in the most 
effi cient manner.   

  Principles of Air Jet Impingement 

  Basic Design 

 The basic design of an air impingement system is simple (see Figure  18.1 ). It essen-
tially consists of a blower arrangement that forces air of the desired temperature into 
a plenum or through a nozzle of specifi ed geometry. When the length of the nozzle is 
at least 10 times its width, a slot jet is produced. The product is placed on trays or 
conveyors. 

 Heat and mass transfer are implicitly related to fl uid fl ow in impingement processes. 
Hence, it is important to understand the fl uid fl ow characteristics of JI to understand 
the physics of heat and mass transfer. Polat  et al .  (1989)  categorized the fl ow patterns 
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from JI into three characteristic regions: free jet region, stagnation fl ow region, and 
radial fl ow or wall jet region (Figure  18.2 ).   

 The characteristics of turbulence in the  free jet region  have been attributed by 
various researchers (Gardon and Akfi rat,  1966 ; Martin,  1977 ; Polat  et al .,  1989 ) to 
nozzle shape, the velocity at nozzle exit, the shape factors of the nozzle such as length 
and diameter, and exit sharpness. The turbulence in the free jet region and associated 
dissipation of energy is an important factor contributing to heat transfer in the jet 
further downstream (stagnation and jet) where the actual heat transfer takes place 
between the fl uid and the product. As a result, the features of turbulence and fl ow in 
the free jet region, at the temperature relevant to the application, are essential for the 
heat transfer downstream. As the jet approaches the impingement surface, the fl ow 
undergoes steep deceleration in the vertical direction, causing strong velocity and 
temperature gradients near the  stagnation point . The velocity in the vertical direction 
eventually comes close to zero at this point. On the other hand, acceleration increases 
promptly just slightly off the stagnation, so this point is characterized by very high 
heat and mass transfer coeffi cients. From the stagnation point, the fl uid velocity 
increases in the radial direction due to acceleration; this region of the fl ow is called 
the radial fl ow region or  wall jet region  because the wall bounds the fl ow into a bound-
ary layer (Sarkar and Singh,  2004 ).  

  Classifi cation of Jet Impingement 

 Practical application of air impingement systems requires proper design of the equip-
ment (Sarkar and Singh,  2004 ). There are a few papers in published journals that 
describe various types of impingement equipment for food processing. Ovadia and 

Figure 18.2 Jet impingement geometry and fl ow regions.  (From De Bonis and Ruocco, 2007,
courtesy of Elsevier.) 
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Walker  (1998)  have described various impingement systems, mostly with round jets 
for a variety of processes. 

 Common jet confi gurations used in impingement devices include rectangular 
nozzles (edges  L  1  and  L  2 ) and circular nozzles (diameter  d j  ), sometimes arranged in 
arrays. The driving parameters are the  H / d j   ratio,  L  1 / L  2  ratio, and jet Reynolds number 
(Re) at nozzle exit. 

 The heat transfer coeffi cient for a single jet impinging on a fl at surface shows a 
maximum in the stagnation region of the jet. The magnitude of this maximum is 
shown to be a function of the Reynolds number and nozzle - to - plate separation (Gardon 
and Akfi rat,  1966 ; Martin,  1977 ). Longer jets with higher  L  1 / L  2  tend to produce a more 
uniform fl ow at exit and may prove benefi cial for maintaining uniform heat transfer, 
but cleaning and maintenance can be problematic. 

 Multiple circular jet designs can be either staggered or aligned. In this type of 
multiple - jet confi guration, another important factor to be considered is jet - to - jet dis-
tance ( S ) expressed nondimensionally as  S / H  ratio. Slot jets tend to produce more 
uniform jet fl ow and heat transfer but need higher fl ow rates. Hence when the product 
is sensitive to heat transfer variations or when high fl ow rates are feasible, slot jets 
are preferred. Recirculation of spent air reduces fl ow rate requirements and tends to 
improve applicability of slot jets. The heat transfer characteristics for multiple jets in 
the stagnation region are expected to be similar to those of a single jet (Nitin and 
Karwe,  2003 ). In the lateral spread region, some difference in heat transfer character-
istics is expected due to interaction of adjacent jets. 

 Nozzles are also classifi ed as sharp or bell - shaped (Martin,  1977 ; Moreira,  2001 ). The 
sharpness at nozzle exit signifi cantly affects free jet turbulence. It is important to 
ascertain that the design of the plenum and nozzles allows equal jet exit velocities 
from all the jets, so that they do not interfere with each other, and all the jets behave 
similarly. This allows uniform heat transfer to the product.   

  A Conjugate Approach 

 As mentioned earlier, all transport phenomena (heat, mass, and momentum) are 
strictly correlated and interrelated. Based on these considerations, a coupled analysis 
of the three closely related topics, i.e. fl uid dynamics, heat transfer, and mass transfer, 
allows detailed description of food substrate evolution during JI treatment. 

 When convection and conduction are both relevant in the processing of a substrate, 
the heat transfer coeffi cient cannot be considered as constant and known a priori, and 
the temperature distribution in the substrate cannot be easily obtained with this single 
piece of information about thermal interaction with the fl uid. Problems where the 
thermal boundary condition at a fl uid boundary is not known a priori are called  “ con-
jugate ”  problems and require simultaneous solution of temperature fi elds in both the 
substrate and adjacent convecting fl uid. The situation is generally even more compli-
cated due to the fi nite dimensions of the subject substrate. 
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 The complex combination of transport phenomena and technological aspects such as 
the application of heat and the removal of moisture from a food substrate that occurs 
during JI drying suggests that the drying must be considered very much a conjugate phe-
nomenon (De Bonis and Ruocco,  2007 ): this means that the transfer of mass and heat are 
solved simultaneously in both solid and fl uid phases. Thus an innovative, further inter-
dependent approach is to solve a model in which the mass and energy interface fl uxes 
vary seamlessly in space and time as the solution of fi eld variables, such as the velocity 
fi eld. The heat and mass transport equations contain the macroscopic term of convec-
tive transport but the boundary conditions at the substrate surfaces are independent of 
the empirical heat and mass transfer coeffi cients,  h T   and  h M  . 

 In the last decades, a vast number of contributions have been reported on the tra-
ditional approach to drying analysis of porous or multiphase media, as in Chen and 
Pei  (1989)  and Barbosa - Canov à s and Vega - Mercado  (1996) , or on the diffusional model 
approach (Mulet,  1994 ). For heat and mass transfer in JI, a comprehensive review has 
been proposed by Sarkar and Singh  (2004) . For the fi rst time, in Sarghini and Ruocco 
 (2004) , a JI analysis has been proposed without reference to empirical transfer 
coeffi cients. 

  Driving Equations 

 The standard governing Reynolds - averaged equations in vector form are enforced to 
yield for concentration of vapor and liquid water, pressure, velocity and temperature 
(Bird  et al .,  2002 ; De Bonis and Ruocco,  2007 ) in two distinct air and substrate sub -
 domains. Using the concepts of the cooling rate due to evaporation   �q, and the rate of 
species production or depletion  Kc  (De Bonis and Ruocco,  2008 ): 

  In the substrate  
 Continuity, liquid water:

    ∂
∂

= ∇ ⋅ ∇( ) −
c
t

D c Kcl
ls l l     (18.1)   

 Continuity, water vapor:

    ∂
∂

= ∇ ⋅ ∇( ) +
c
t

D c Kcv
vs v v     (18.2)   

 Energy:

    ρs ps sc
T
t

k T q
∂
∂

= ∇ ⋅ ∇( ) − �     (18.3)   
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  In the drying air  
 Continuity, water vapor:
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∂
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 Momentum:
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 Energy:
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t
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∂
∂

= ∇ ⋅ +( )∇[ ] − ⋅ ∇u     (18.6)   

 The cooling rate due to evaporation   �q  can be computed as:

    �q h M Kcvap l l= Δ     (18.7)   

 As for the rate of vapor production  Kc , a negative source term  Kc l   ( K  being the rate of 
production of water vapor mass per unit volume) is included in Equation  18.1  to 
account for the depletion of liquid water; symmetrically, a positive source term  Kc v   
is included in Equation  18.2  to account for the production of water vapor. 

 An exponential model of evaporation has been adopted, based on an Arrhenius fi rst -
 order irreversible kinetics formulation:

    K K e Ea RT= −
0

/     (18.8)   

 where:

    •       K  0  is a reference constant, to be found empirically by matching a parametric numeri-
cal analysis with the available experimental/numerical data for each confi guration, 
meaning that for a given confi guration (air velocity/humidity, and geometry)  K  0  is 
held constant in the present model;  

   •      the activation energy  E a   is taken as 48.7   kJ · mol  − 1  (Roberts and Tong,  2003 );  
   •       T  is the local substrate temperature.    

 This model allows for a real coupled transfer mechanism as the surface transfer rates 
are implied in the computation, overcoming the limitations as in the works by Braud 
 et al .  (2001) , who fi rst applied JI to food drying. 

 This comprehensive model was applied for the fi rst time to a JI heating process by 
De Bonis and Ruocco  (2007) . In Figure  18.3  a thin food substrate is reported, exposed 
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to hot, fully turbulent air discharged through a round nozzle with a given velocity 
distribution. Upon impact of the free jet on the substrate, the characteristic stagnation 
and wall jet regions are formed. After  t     =    300   s exposure, the heating forms a gradual 
thermal gradient in the entire substrate, varying from  T     =    358   K on the exposed surface 
directly under the jet to  T     =    298   K at the substrate ’ s bottom to  T     =    303   K at the sub-
strate ’ s end side (Figure  18.3 a). In Figure  18.3 (b), the related velocity distribution is 
reported. The heat/mass transfer rates are therefore highly nonuniform along the 
exposed surface, and conduction in the substrate contributes to lateral heat transfer.   

 The model can also be applied to determine the residual water content upon treat-
ment, which varies on a local basis as well. By computing the local residual moisture, 
the method of Grover (Barbosa - Canov à s and Vega - Mercado,  1996 ) can be used, for 
example, to assess local water activity (De Bonis and Ruocco,  2007 ). In Figure  18.4 (a), 
after 20   s the water activity ( a w  ) distribution is clearly infl uenced by the jet offset: the 
lowest value of 0.700 is detected under the stagnation region (uniform along  x  for the 
 x  - wise limited extension). Its progress is monotone with  r , increasing up to 2   cm from 
the edge (maximum value 0.729), then decreasing again very slightly. The same 
progress is found for a later time  t     =    30   s (Figure  18.4 b). It is evident that even such a 
short - duration increase contributes to decisive dehydration as the lowest and highest 
values are 0.589 and 0.625 in this case.    

Figure 18.3 Simulation of heating/drying by jet impingement: (a) qualitative temperature fi eld and 
(b) qualitative velocity fi eld for a thin corn starch –water mixture after t = 300s, for a 40 m·s−1 inlet 
jet velocity, at 418 K and 23% moisture w/b. (From De Bonis and Ruocco, 2007, courtesy of Elsevier.) 

(a) (b)End of jet
core region

Food substrate

Figure 18.4 Simulation of heating/drying by jet impingement: water activity aw maps at (a)  t = 20s
and (b) t = 30s for a thin food substrate under the same conditions as Figure 18.3.

(b) water activity aw at t = 30 s

(a) water activity aw at t = 20 s
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  Use of Dimensionless Numbers in Conjugate Local Analysis 

 The dimensionless transfer notation can be usefully invoked in order to characterize 
a number of heat and mass transfer analyses. Several dimensionless quantities can be 
used in a conjugate formulation. 

 In Dirita  et al .  (2007) , the analysis focused on the air impingement cooling of food 
protrusions, which can be used to study the initial stage of quick - freezing operations. 
The analysis led to a description of the temperature distributions within the food and 
at its surface, as well as the associated fl ow fi eld due to the jet – food interaction. 

 With this analysis, the conjugate local Nusselt number was evaluated along a pro-
trusion ’ s surface and during the process time, by including the presence of the under-
lying food, yielding a comparison of macroscopic (convective) transport and diffusive 
(conductive) transport. The effect of localized forced convection by JI has been reported, 
showing how the heat fl ux is strongly nonuniform along the cylindrical surface, and 
that the local Nusselt number is highly dependent on the conjugate effect. 

 A dimensionless temperature  T  ′  can be computed based on a reference temperature 
difference, with  y  ′  a dimensionless curvilinear coordinate normal to the protrusion ’ s 
surface. Hence, a local Nusselt number can be computed as dependent on the generic 
 x  coordinate, by using an interpolation of the  T  ′  derivative:

    Nu( )x
T
y

= −
∂ ′
∂ ′

    (18.9)   

 Cefola  et al .  (2005)  analyzed the conjugate heat and mass local transport of a food slab 
due to moderately turbulent JI. The local superfi cial water activity values, dependent 
on the generic  x  coordinate, have been calculated by imposing a mass balance across 
each sample surface, recalling the heat/mass transfer analogy, and imposing a local 
heat transfer correlation. In a given time interval  Δ  t , superfi cial water relative content 
 Δ  m  is transferred from the impinged surface to the jet fl ow under a water activity 
difference  Δ  a ws   which drives it (Toledo,  1999 ):

    Δ
Δ

Δ
m
t

h x SM a xM v vs= ( ) ( )     (18.10)   

 where  h M   is a modifi ed local mass transfer coeffi cient and  M v   is the molecular weight 
of water. By measuring the local water depletion, the local superfi cial change in water 
activity can be inferred, when the mass transfer coeffi cient is assumed. 

 The dimensionless mass transfer coeffi cient is the Sherwood number, based on jet 
diameter  d j  :

    Sh( )
( )

x
h x d

D
M j

va

=     (18.11)   

 where  D va   is a nominal modifi ed diffusivity coeffi cient of the binary system:
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    D
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a va

a

=
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    (18.12)   

 where  M a   is the molecular weight of air, and the air properties density   ρ  a   and common 
mass diffusivity  d va   for the binary system are evaluated at a reference temperature 
(Toledo,  1999 ). 

 The aforementioned analogy between heat and mass transfer can be invoked and, 
as suggested by Martin  (1977) , for the single round impinging jet the following rela-
tionship involving the Prandtl and Schmidt numbers holds:

    Nu Sh
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Sc
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    (18.13)   

 The distribution of local Nusselt number can be measured in a number of ways, for 
example by sublimation of naphthalene (Angioletti  et al .,  2003 ). Therefore, once the 
local Nusselt number distribution is calculated, the local Sherwood number is known 
and hence the data reduction closure is obtained by fi nding the local mass transfer 
coeffi cient  h M  .  

  Data Reduction in Practical JI Processes 

 As mentioned earlier, on application of surface heat transfer by JI on a wet medium, 
water vapor is produced at and removed from the substrate surface. Similarly, as heat 
is diffused within the substrate, liquid water is depleted into additional water vapor. 
The process then results in combining surface and volumetric heat/mass transfer 
mechanisms. 

 If the injected fl ow rate is described by the average jet velocity   wj, an important 
fl ow descriptor can be calculated as usual, the Reynolds number:

    Re =
w dj j

jν
    (18.14)   

 As usual, the heat transfer is referred to by a local Nusselt number, dependent on 
Reynolds and Prandtl numbers and related to the heat Biot number (Bird  et al .,  2002 ). 
Similarly, mass transfer was referred to by a local Sherwood number, dependent on 
Reynolds and Schmidt numbers and related to the mass Biot number (Jambunathan 
 et al .,  1992 ; Cho  et al .,  1998 ). In the present framework, a simplifi ed approach is pro-
posed instead, emphasizing the following four  “ external ”  driving parameters:

    •      the fl uid dynamic regime, through the jet Reynolds number, Re;  
   •      the thermal regime, through the jet temperature,  T j  ;  
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   •      the geometry confi guration, through the dimensionless jet height,  H  *     =     H / d j  , and 
the dimensionless distance from stagnation,  r  *     =     r / d j  ;  

   •      the process duration,  Δ  t .    

 The injected fl ow rate and ultimately Re is evaluated on measurement of the airfl ow 
at inlet outdoor conditions, based on mass conservation. 

 As the working air temperature is signifi cantly high and the measurements are 
carried out at about normal conditions, no variation in the relative humidity (RH) of 
the environmental air is taken into account.   

  Food Processing and Control of Heating/Drying Treatments 

  Design of an Air Jet Impingement Pilot Plant 

 To conclude that a JI treatment implies a fairly large variation in energy and mass 
transfers, an experimental evaluation can be set up to confi rm the data reduction seen 
earlier. To this end, a simple pilot plant can be built and operated. Air is drawn from 
the outdoor by a blower: its velocity is monitored by an anemometer and its tempera-
ture and RH are detected by a probe. The fl ow is ducted to an electric heater and 
through a 26.14   mm internal diameter ( d j  ), adiabatic, long pipe for full hydrodynamical 
and thermal development, necessary to characterize the jet velocity and thermal 
profi le. Then temperature and humidity are measured again, and the fl ow is directed 
perpendicularly into a 0.8    ×    0.8    ×    0.4   m thermally insulated enclosure (Figure  18.5 ).   

 The enclosure is provided with a large number of small exit slots to ensure exit fl ow 
uniformity and no recirculation. The jet impinges on a Tefl on target tray (0.6    ×    0.6   m), 
whose distance to the nozzle,  H  (Figure  18.2 ), can be varied continuously in the range 
0.0 – 0.40   m. The dough segment samples are inserted in three circular slots (shown in 
Figures  18.2  and  18.5 ) in the target tray, numbered with distance from jet stagnation. 
The slots have semicircular sections of 1   cm diameter in the  y  direction, starting at 
 r     =    1.5   cm from stagnation (sample no. 1) and spaced by 4   cm in the  r  direction (Figure 
 18.2 ). These slots are provided with K - type thermocouples that are immersed at 
uniform depths within the samples, carefully avoiding parasitic conductances (i.e. 
contact with holding Tefl on tray). Their signals are acquired and converted by a dedi-
cated datalogger. 

 In order to study the spatial progress and evolution of water activity and moisture 
content, subject to an air, JI, target samples of moist corn fl our dough are prepared 
and cast as circular segments and weighed by a precision balance, with initial water 
activity  a w   of 95    ±    3% and initial moisture content (wet basis)  U  of 44    ±    3%. The 
process is initiated by turning on the blower and the heater. When fl ow and tempera-
ture have been adjusted and stabilized, the temperature signals are acquired. The target 
tray, initially maintained at outdoor temperature  T o  , is then exposed to the JI as the 
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dough samples (kneaded at the same temperature) are inserted in it. After each given 
process duration, the samples are removed from the tray, vacuum - packaged to avoid 
further moisture loss, and allowed to cool until equilibrium with the ambient. 

 After each given process duration, a portion of each sample is analyzed for bulk  a w  . 
This measurement is based on the water vapor that leaves the sample; during meas-
urement, this vapor saturates the available space in the container, yielding a constant 
RH increment until equilibrium is reached. Moreover, after the same process duration, 
the samples are also evaluated for residual moisture content. This measurement is 
carried out by drying the samples according to Method 925.10 of AOAC  (1995)  in a 
measurement convection oven.  

  Temperature, Moisture and Water Activity Results 

 Eight preliminary experiments have been performed and are listed in Table  18.1 . To 
help describe the thermal regime, temperature evolution in the substrate samples 
during the process are presented in Figure  18.6 . As expected, the temperature depends 
on sample distance from jet stagnation, and on the interaction of typical JI fl ow fi eld 
regions (stagnation and wall jet) with the underlying samples. In sample 1, just within 
the stagnation region, the temperature increases logarithmically with time, until 
reaching linear progress at  Δ  t     >    300   s. However, the evolution of temperature is linear 
for samples affected by the wall jet region, with onset of an approximate steady state 
at  Δ  t     >    900   s. Depending on these temperature progressions, it is expected that  a w   and 
 U  will perform similarly.     

Figure 18.5 A jet impingement pilot plant. 
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 An uncertainty analysis for water activity and moisture measurements can be per-
formed by following the ISO guide to the expression of uncertainty in measurement 
(Dunn,  2005 ). For a confi dence level of 95%, the uncertainties for water activity and 
moisture are 0.0316 and 0.00566, respectively. Moreover, for the same confi dence 
level, the combined uncertainty due to the propagation of uncertainties on the meas-
urement of all independent variables (Re,  T j  ,  H  and  r ) is 0.132 or 0.11, depending on 
the operating regime (jet Reynolds number and temperature). All uncertainties are 
provided in the result fi gures as error bars in each plot. 

 Figures  18.7  and  18.8  report water activity progression with dimensionless distance 
from stagnation,  a w  ( r  * ), for one value of jet height ( H ), four values of jet Reynolds 
number (Re) and two process durations ( Δ  t ), corresponding to eight datasets (Table 
 18.1 ). An interpolating line is provided in each plot.   

Figure 18.6 Typical temperature evolution for the jet j and substrate samples 1 –3.

Table 18.1 Datasets.

Dataset Re Tj (K) Δt (s) 

1 6950 483 300
2 7640 423 300
3 9910 483 300
4 10900 423 300
5 6950 483 900
6 7640 423 900
7 9910 483 900
8 10900 423 900
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 In Figure  18.7  the results for short height ( H     =    5.22   cm) and duration ( Δ  t     =    300   s) are 
presented. The drying is more effi cient with decreasing distance from stagnation, as 
expected, due to the aforementioned temperature evolution. In the wall jet region, the 
sample (position 3, Figure  18.5 ) is being dried less effi ciently, and therefore the veloc-
ity at the boundary layer is less important in convecting water vapor away from the 
substrate surface. Then, by inspecting the plots for different dataset couplings (Table 
 18.1 ), one would also expect that with increasing Re (i.e. larger fl ow rate and higher 
turbulence at substrate surface due to JI mixing and fl uctuations), higher surface heat 
and mass transfer would result, especially in the stagnation region (position 1). The 
water activity decrement instead appears to depend monotonically on  T  rather than 
on Re. This is exactly the situation depicted in Figure  18.7  for datasets 3 and 4: the 
Re in the latter plot is higher than in the former, although with a lower  T j   (dataset 4) 
the water activity decrement is lower. A similar, confi rming effect is found by com-
paring datasets 1 and 2 in Figure  18.7 . It is evident, then, that for the lowest  T j   the 
drying proceeds less effectively, compared with the other cases. The contribution of 
the thermal driving force is therefore stronger than the fl uid dynamic driving force. 

Figure 18.7 aw(r*) evolution with stagnation distance for datasets 1 –4 (Table 18.1).
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 A longer drying exposure is presented in Figure  18.8 . The dependence of  a w  ( r  * ) on 
 T j   is confi rmed and, additionally, it is evident that a longer exposure dries the sub-
strates much further (by comparing plots of datasets 3 and 7 on Figures  18.7  and  18.8 ). 
However, by comparing all data ranges, it is confi rmed that the cumulative effect of 
longer process duration does exist, though nonlinearly. However, highly nonuniform 
substrates result for the combination of the highest  T j   and higher mass fl ow rate 
(Re    =    9910), whereas increasing Re is found for the furthest sample only at the longer 
exposure (dataset 8 plot in Figure  18.8 ): here the relatively high turbulence rate con-
tributes by extracting comparatively more water from the substrate. 

 The experimental protocols as described above were also run with double the value 
of  H . However, these results are not reported here as this confi guration proved unfa-
vorable. The effect of longer duration is seen uniformly, as mass transfer depends less 
on JI fl uid structures. An even progression of  a w  ( r  * ) results for all thermal and fl uid 
dynamic regimes, and therefore it is concluded (for the specifi c nozzle design employed 
so far) that increase in jet height or Re is useless to the drying process, as no improve-
ment to treatment uniformity results. 

Figure 18.8 aw(r*) evolution with stagnation distance for datasets 5 –8 (Table 18.1).
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 The analysis on local drying is complemented by examining moisture content evo-
lution,  U , with distance from stagnation (Figures  18.9  and  18.10 ). The same datasets 
have been examined (Table  18.1 ). Moisture content progression is similar to the water 
activity distribution discussed earlier. It is evident therefore that processing is again 
rather nonuniform, with a drying increment for the substrate close to jet stagnation, 
as expected.   

 In Figure  18.11  the desorption isotherms for all employed datasets are reported. 
Knowledge of the desorption properties of foods is of great importance in modeling 
food dehydration (Barbosa - Canov à s and Vega - Mercado,  1996 ), as commonly performed 
for example by De Temmerman  et al .  (2008) . Nevertheless, this study proposes, for 
the fi rst time, the concept of  “ local ”  isotherms: in Fig. 4.7 such isotherms are reported 
for each sample, under the same operating conditions. The most effi cient treatments, 
discussed earlier, are those described by datasets 3 and 7. However, in these cases 
strong nonuniformities exist along the substrate, under the same conditions, i.e. 
samples in position 3 have much higher moisture content than those in positions 1 
and 2. More uniform treatments result, instead, from applying datasets 1, 4, 5, and 8: 

Figure 18.9 U(r*) evolution with stagnation distance for datasets 1 –4 (Table 18.1).
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these combinations of thermal and fl uid dynamic driving forces are perfect for avoid-
ing local under -  or over - processing, with implications for the safety and quality of the 
food substrate. It is clear then that the present local approach should be employed 
when determination of the uniformity of treatment is under consideration, and this 
simply cannot be ascertained by the usual  “ substrate - average ”  (time - dependent only) 
approach.     

  Conclusions 

 Air JI systems can be fundamentally characterized for dehydration of a moist food 
substrate. Four driving parameters (namely fl ow rate, thermal regime, process dura-
tion, and geometry) have been found to infl uence the evolution of water activity and 
moisture content in the substrate. 

 The residual water varies substantially with distance to stagnation, especially with 
different values of the operating thermal regime. The fl uid dynamic regime in the 

Figure 18.10 U(r*) evolution with stagnation distance for datasets 5 –8 (Table 18.1).
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explored confi gurations is less effective in determining drying strength. The treatment 
is always rather nonuniform, and appears to depend linearly on exposure time and jet 
height. 

 The  “ local ”  desorption isotherms are introduced. This concept is useful when the 
uniformity of the treatment is being assessed, together with the usual food stability 
and quality considerations. The present procedure can help design drying processes 
using air JI, by evaluating a given set of governing system parameters instead of using 
empirical transfer coeffi cients.  

  Nomenclature 

    a w        Water activity, or relative humidity of substrate  
  c       Species concentration (mol · m  − 3 )  
  c p        Specifi c heat (J · kg  − 1  · K  − 1 )  
  d       Diameter (m)  

Figure 18.11 Local desorption isotherms for all datasets (Table 18.1), with indication of the sample 
number.
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  D       Mass diffusivity of substrate (m 2  · s  − 1 )  
  E a        Activation energy (kJ · mol  − 1 )  
  h       Transfer coeffi cient  
  H       Jet height (m)  
  k       Thermal conductivity (W · m  − 1  · K  − 1 )  
  K       Rate of production of water vapor mass (s  − 1 )  
  K  0       Reference constant (s  − 1 )  
  M       Molecular weight (g · mol  − 1 )  
 Nu      Nusselt number  
  p       Pressure (Pa)  
 Pr      Prandtl number  
         Cooling rate due to evaporation (W · m  − 3 )  
  r       Radial coordinate (m)  
  R       Universal gas constant (kJ · mol  − 1  · K  − 1 )  
 Re      Reynolds number  
 Sc      Schmidt number  
 Sh      Sherwood number  
  t       Time (s)  
  T       Temperature (K)  
  u       Velocity vector (m · s  − 1 )  
  U       Moisture content, wet basis (kg liquid water/kg substrate)  
  y       Height coordinate (m)  
  w       Air velocity (m · s  − 1 )    

  Greek Symbols 

    Δ  t       Process duration (s)  
  Δ  h vap        Latent heat of evaporation (kJ · kg  − 1 )  
   μ        Dynamic viscosity (Pa · s)  
  ν       Kinematic viscosity (m 2  · s  − 1 )  
           Air density (kg · m  − 3 )     

  Subscripts 

    a       air  
  j       jet  
  l       liquid  
  M       mass  
  s       substrate  
  t       turbulent  
  T       heat  
  v       vapor     

�q



508 Handbook of Food Process Design: Volume I

  Superscripts 

    *       dimensionless      
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   Introduction 

 Drying is defi ned as the removal of moisture from its initial level to a level that 
ensures food stability during storage. Drying is the oldest technique for preserving 
food materials. The advantages of drying include reduction in water activity, enhance-
ment of shelf - life, maintenance of fl avor and nutritive value, and reduction in packag-
ing and transportation costs. When the water activity of a dried product is reduced to 
below 0.6, the growth of microorganisms is inhibited and the rates of other reactions 
that cause deterioration are substantially reduced. 

 Drying is a simultaneous heat and mass transfer operation in which heat is com-
monly supplied externally to evaporate moisture and air is forced through the bed to 
carry away the moisture. Maximum process effi ciency can be expected with maximum 
exposure of solid surface to the gas phase, together with thorough mixing of gas and 
solids. The following two processes occur simultaneously while a moist food material 
is being dried (Menon and Mujumdar,  1987 ):

   1.     transfer of thermal energy from the surrounding environment to evaporate surface 
moisture, or transfer of electromagnetic energy into the material; and  

  2.     transfer of internal moisture to the surface of the food material and its subsequent 
evaporation to the surroundings.    
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 The rate at which drying is accomplished is governed by the rate at which the two 
processes proceed. In a drying operation, any one of these processes may be the limit-
ing factor governing the rate of drying, although they both proceed simultaneously 
throughout the drying cycle (Menon and Mujumdar,  1987 ). Energy transfer as heat 
from the surroundings to foodstuff can occur as a result of convection, conduction, or 
radiation, and in some cases as a result of combinations of these mechanisms. In most 
cases, heat is transferred to the surface and then to the interior of the food being dried. 
However, in dielectric drying, energy is supplied to generate heat internally within 
the solid and this fl ows to the exterior surface. Industrial dryers differ in type and 
design, depending on the principal method of heat transfer employed. 

 Removal of moisture as vapor from the material surface depends on the external 
temperature, relative humidity (RH) and velocity of air, the area of exposed surface, 
and pressure. Movement of moisture internally within the food material is a function 
of the physical nature, moisture content, and temperature of the foodstuff. The eco-
nomic cost of drying processes depends on many factors, for example the time the 
material remains in the drying passage, temperature, ratio of wetness, size of granules, 
the the size of the contact space between the dryer and the material, and the type of 
contact (solid object, gas dynamics) (Haddad,  2009 ). 

 Traditional drying methods (e.g. sun and solar drying) have several limitations due 
to their inability to handle the large throughput of mechanical harvesters and to 
achieve the high - quality standards required for food products. High ambient air tem-
perature and RH during the harvesting and drying season promote the development 
of insects and molds in harvested crops. Despite the growing popularity of continu-
ous dryers, tray or cabinet and tunnel dryers are still used because of their simplicity 
and versatility (Luh and Woodruff,  1988 ). In these cases, the heating medium is hot 
air, which is blown horizontally between the trays with a velocity between 2 and 
6   m · s  − 1 . 

 A tray or compartment or cabinet dryer is an enclosed insulated housing in which 
solids are placed on tiers of trays of particulate solids or stacked in piles or on shelves 
in the case of large objects (Moyers and Baldwin,  1997 ), where air enters the dryer, 
is mixed with recirculating air, is heated and passed across the trays. Tray or cabinet 
dryers are extensively used for dehydration of relatively small individual batches of 
fresh produce (e.g. apples, carrots, potatoes, peas, green leafy vegetables, onion and 
garlic) or some products where longer heating times are preferred at low temperature 
in batch operation. Tray dryers are simple to construct and easy to operate, although 
different confi gurations are available to meet different requirements. The velocity, 
temperature and humidity of the air, and the drying time, can be varied widely to 
suit a particular product. Tray dryers are mostly used for small - scale operations, for 
example rapidly changing product lines, pilot plant operation, and high - value prod-
ucts. The major limitation is the high manpower requirement for loading and unload-
ing of trays. 

 Tunnel or truck dryers are an extension of tray dryers and can be single - stage or 
multi - stage units. The material is placed on trays or racks on trucks and these are 
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generally conveyed mechanically through the dryer by guide rails in a continuous or 
semi - continuous fashion. Belt and screen conveyors which are truly continuous rep-
resent major labor savings over batch operations but require additional investment for 
automatic feeding and unloading devices (Moyers and Baldwin,  1997 ). Air blown 
within the tunnel causes drying at a specifi ed rate, so that the food product reaches 
the end on completion of drying. Fans circulate heated air or combustion gas. Different 
types of airfl ow are employed in tunnel dryers:

    •      co - current fl ow, in which the air moves in the same direction as the trolleys con-
taining wet food materials (Figure  19.1 a);    

   •      countercurrent, in which hot air fl ows in the opposite direction to the trolleys 
(Figure  19.1 b);  

   •      a combination of co - current and countercurrent fl ow (Figure  19.1 c);  
   •      transverse fl ow, in which inter - stage reheating of the air is carried out with appro-

priate ducting (Figure  19.1 d).    

 The design of a drying system should be based on heat and mass transfer estima-
tions. The most important aspect of drying technology is the mathematical modeling 
of the drying processes and equipment (Hawlader  et al .,  1997 ). It helps design engineers 
to choose the most suitable operating conditions and the size of the drying equipment 
and drying chamber that correspond to the desired operating conditions. The principle 
of modeling is based on having a set of mathematical equations that can adequately 
characterize the system. In particular, the solution of these equations must allow the 
prediction of process parameters as a function of time at any point in the dryer based 

Figure 19.1 Tunnel dryer airfl ow confi gurations: (a) co -current fl ow; (b) countercurrent fl ow; 
(c) mixed fl ow; (d) transverse fl ow. WF, wet food; DF, dry food; HA, hot air; CA, cold air; CWA, cold 
wet air; HDA, hot dried air. 
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only on initial conditions (Strumillo and Kudra,  1986 ). In particular, process design 
principally involves structural and parametric optimization methodologies, carried 
out under fl ow sheet constraints, in order to formulate mathematical problems that 
tackle predefi ned construction and operational needs. The fi nal design should consider 
heat and mass balance along with construction and operating costs (Keey,  1978 ). The 
focus of this chapter is the design of tray and tunnel dryers for fresh food produce, 
emphasizing the latest developments in the fi eld.  

  Drying of Food 

 Drying of food consists of three steps (Lewicki,  2006 ): (i) pre - drying processing, (ii) 
drying per se, and (iii) post - drying treatment. The effect of each step on quality of the 
product depends solely on the kind of processed material and the way the product will 
be used. In drying of solid food materials, there are various pre - drying steps, including 
sulfi ting, immersion in salt or sugar solution, texture hardening (e.g. calcium chloride 
treatment), use of surfactants, and impregnation with biopolymers. In order to con-
centrate more on the design aspects, the pre - drying and post - drying steps are not 
explored further here but are available in any food science or processing textbook. 

  Factors Affecting Rate of Drying 

 The air drying rate of food materials depends on various process parameters, of which 
the most important are temperature, airfl ow and velocity of drying air, relative humid-
ity, initial and fi nal air and product temperature, and material size. 

  Temperature 

 Temperature is the key element in a food drying operation. The drying rate increases 
with temperature and the total drying time can be substantially reduced by using high 
temperature drying air, leading to enhanced capacity of the drying system. However, 
there seems to be a limit to which the drying air temperature can be increased, since 
excessively high temperatures may adversely affect quality with respect to discolora-
tion, crack formation, and even burning of the dried product. A proper balance between 
rate of heat and mass transfer is therefore essential for maintaining optimum product 
quality. 

 The movement of moisture from within the product to the surface takes place 
through capillaries, and a higher temperature at the surface may cause excessive 
shrinkage of the capillaries at the material surface. Consequently, moisture cannot 
easily escape to the surrounding air even though temperature and moisture gradients 
exist to drive the diffusion process. This phenomenon is known as  “ case hardening. ”  
Texture attributes (crispness/hardness) are adversely affected when case - hardened food 
products equilibrate in packages.  
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  Relative Humidity 

 The drying rate increases, and drying time decreases, with reduction in RH of the 
drying air, so wet air extends the drying time. However, a comparatively higher RH 
of drying air is recommended in combination with high temperature because a high 
RH assists in maintaining the capillary pores and thus minimizes the chances of case 
hardening. In practice, the RH of the drying air is not regulated. At high humidity 
levels, the drying conditions become less intense and, as a consequence, the product 
has to be treated for longer periods in the dryer (Kiranoudis  et al .,  1997 ).  

  Air Velocity 

 Air is usually used as a medium for heat and mass transfer in drying operations. 
Ideally, the air velocity (or fl ow rate) should be such that when the air exits the product 
bed, it should give up all its sensible heat and become saturated with moisture. If the 
air velocity is too low, the air temperature may drop rapidly to the ambient level and 
may become saturated with moisture before it reaches the top of the bed. If the hot 
air temperature falls below its dew point before exiting the bed, the moisture will 
condense in the upper layers of the bed. On the other hand, if a very high velocity of 
air is used for drying, its heat and mass transfer potential would be under - utilized. At 
higher airfl ow rates, there is a logarithmic decrease in drying time (Figure  19.2 ). 
However, these theoretical results are limited by the  “ crusting ”  effect that results 
from excessively high airfl ow rates. These limits can be identifi ed experimentally by 
studying product crusting, which depends on drying air conditions and size parameters 
and also on maturity (Desmorieux  et al .,  2008 ). The exiting air may still possess con-
siderable heat transfer potential and may leave the bed unsaturated. Pressure is another 
important aspect to be considered along with air velocity and has signifi cance in the 
design of blowers for drying systems with respect to pressure drop. A bed of solids 
offers resistance to airfl ow. The kinetic energy of the incoming drying air decreases 

Figure 19.2 Effect of airfl ow rate on drying time of moist food. 
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continuously as it impinges upon the particles in the bed and rises from the bottom 
to the top of the particulates bed. If the incoming air has given up all its kinetic energy 
before it reaches the upper layer, it will cease fl owing and only trickle into the bed.   

 The drying rate increases with the velocity of drying air during the constant rate 
period, when enough moisture is present at the material surface to be evaporated and 
carried away by passing air. However, during the falling rate period, the rate of drying 
is limited by the availability of moisture at the surface, and air velocity does not 
infl uence the drying rate beyond a certain limit. In this situation, increasing the air 
velocity (or the fl ow rate) does not increase the drying rate, and the heat and mass 
transfer potential of the air would be under - utilized. In such cases, air velocity should 
be just enough to accomplish both heat and mass transfer and to overcome pressure 
drop. Usually, an air velocity of 0.1   m · s  − 1  is considered adequate for drying food materi-
als during the falling rate period.  

  Size and Shape 

 Reduction in size (length and thickness) increases the total surface area available for 
heat and mass transfer. The drying rate therefore increases with reduced size of food 
material with consequent shorter drying time. Small - size food materials may therefore 
be dried whole, whereas large ones should be cut into smaller pieces to achieve faster 
rates of drying, reduction in total drying time, and maintenance of quality.   

  Drying Curve 

 When a wet food material is dried in a dryer, data relating moisture content and time 
are usually obtained. These data are plotted as moisture content ( X ) versus time ( t ), 
as presented in Figure  19.3 (a). This is a general case showing that a wet solid food 
loses moisture fi rst by evaporation from a saturated surface on the solid, followed by 
a period of evaporation from a saturated surface of gradually decreasing area and, 
fi nally, when the latter evaporates in the interior of the solid. The drying rate, i.e. the 
amount of moisture removed from the dried food material in unit time per unit of 
drying surface, ( dX / dt ) varies with time and moisture content. This variation can be 
well represented graphically by plotting drying rate versus time (Figure  19.3 b) or drying 
rate versus moisture content (Figure  19.3 c). Figure  19.3 (b) therefore provides the time 
required to complete a drying operation, whereas Figure  19.3 (c) provides an appropriate 
method for representing fundamental drying behavior.   

 When drying rate is plotted as a function of time and moisture content (Figure 
 19.3 b,c), three distinct periods are apparent. Section AB represents the  preheating  or 
 warming - up period  of wet food (drying rate is almost zero). The portion BC represents 
the  constant - rate period  ( t c  ), where the mass of water evaporating from the surface in 
equal intervals of time remains constant. During this period, the temperature of the 
material is also constant. Point C represents the critical moisture content, where the 
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constant rate ceases and the drying rate starts to fall. The constant - rate period starts 
from an initial moisture content  X o   before reaching critical moisture content  X c  . The 
drying rate further decreases linearly before reaching zero (i.e.  X     =    0). The CD and CE 
portions in Figure  19.3 c represent the  falling - rate period  ( t f  ), whereas only the CD 
portion represents  t f   in Figure  19.3 b and CD and DE in Figure  19.3 c: it takes more 
time for internal moisture to appear at the surface, and evaporation of water is no 
longer constant. As a result, drying rate will decline, and some of the heat from the 
drying air will heat up the material. There may be more than one falling - rate period 
(DE in Figure  19.3 c) due to structural changes in the food product during drying.  

  Drying Time 

 The total drying time ( t t  ) takes into account both the constant - rate and the falling - rate 
periods for a given drying operation. If estimates for these time periods are available, 
the total drying time is calculated as:

    t t tt c f= +   

Figure 19.3 (a) Moisture content vs. time curve for wet food; (b) drying rate vs. time curve for wet 
food; (c) drying rate vs. moisture content curve for wet food. 
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 The expression for drying time during the constant - rate period is:

    t
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c

o c

c

=
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    (19.1)   

 where  R c  , the constant drying rate, can be calculated from the following expression:
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 where   �mv is rate of evaporation (kg · s  − 1 ),  A  is drying area (m 2 ),  h y   is heat transfer coef-
fi cient (J · m  − 2  · s  − 1  ·  ° C  − 1 ),  T  is hot air temperature ( ° C),  T i   is interface temperature ( ° C), 
and   λ  i   is latent heat at temperature  T i   (kJ · kg  − 1 ). The expression for drying time during 
the falling - rate period can be expressed as:
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 After integrating the above equation from constant - rate time ( t c  ) to end of drying time 
( t ) and the corresponding moisture content  X c   to  X , the following equation results:
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 After substituting  t c   from Equation  19.1 , the total time can be predicted as:
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 The above equation is valid for one falling - rate period of drying. The equation for the 
falling - rate period can also be derived from Fick ’ s law of diffusion as:

    MR
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= −     (19.6)   

 where  k  is a drying constant (h  − 1 ),  t  is drying time (h), and  a  is a constant. Details 
are available in any unit operation book. Different analytical expressions are 
obtained for the drying times  t f   depending on the functional form of drying rate or 
the model used to describe the falling rate, for example liquid diffusion, capillarity, 
evaporation – condensation. For some solids, a receding front model (wherein the 
evaporating surface recedes into the drying solid) yields good agreement with experi-
mental observations. The principal objective of all falling - rate drying models is to 
allow reliable extrapolation of drying kinetic data over various operating conditions 
and product geometries. Very little theoretical information is available for drying of 
foods in this region and experimental drying curves are only an adequate guide to 
design.   
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  Drying Systems 

 Mechanical drying systems are used to dry food materials. The major objectives of a 
drying system are (i) to maintain maximum temperature and vapor pressure gradients 
between the drying medium (e.g. hot air) and the interior parts of the foodstuff and 
(ii) to maintain high convective coeffi cients at the material surface (Singh and Heldman, 
 2001 ). In hot air drying, the rate of heat transfer is given by:

    q hA T Ta= −( )     (19.7)   

 where  q  is the rate of heat transfer (W),  h  is the surface heat transfer coeffi cient 
(W · m  − 2  · K  − 1 ),  A  is the area (m 2 ) through which heat fl ow is taking place,  T a   is air tem-
perature, and  T  is the temperature (K) of the material surface being dried. Heat transfer 
coeffi cients vary according to dryer design, but range between 5 and 30   W · m  − 2  · K  − 1 . The 
equations governing the rate of mass transfer are similar to those for heat transfer. 
The rate of mass transfer is proportional to the potential (pressure or concentration) 
difference and to the properties of the transfer system characterized by a mass - transfer 
coeffi cient and represented as:

    
dX
dt

k A Yg= ′ Δ     (19.8)   

 where  X  is the mass (kg) being transferred,  A  is the area (m 2 ) through which the transfer 
is taking place,   ′kg is the mass transfer coeffi cient (kg mol · m  − 2  · s  − 1 ), and  Δ  Y  is the humid-
ity difference (kg water/kg of dry air). Equating heat and mass transfer during the 
drying operation, wet bulb equation (relationship between equilibrium temperature 
and humidity) and adiabatic humidifi cation equation (relationship between air humid-
ity change and temperature), the following expressions can be obtained (Toledo,  1997 ):
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 where  Y  is humidity of the drying air (kg water/kg dry air),  Y s   the humidity at the 
interface (kg water/kg of dry air),  h  the heat transfer coeffi cient (W · m  − 2  · K  − 1 ),  T s   the 
temperature at the interface (K),  C p   the specifi c heat capacity (J · kg  − 1  · K  − 1 ),  k gw   the mass 
transfer coeffi cient for water (kg mol · m  − 2  · s  − 1 ) and  h fg   the enthalpy of vaporization 
(J · mol  − 1 ) at the temperature of the interface. The mass transfer coeffi cient can be 
determined in similar fashion to the heat transfer coeffi cient by using a dimensionless 
number. The Sherwood number (Sh) in mass transfer is analogous to the Nusselt 
number (Nu) in heat transfer, and can be represented as:

    Sh =
k D
D

g

wm

    (19.11)   
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 where  D  is the diameter and  D wm   is the diffusivity (kg mol · m  − 1  · s  − 1 ). Similarly, the 
equivalent of the Prandlt number (Pr) in mass transfer is the Schmidt number (Sc) as 
shown below:

    Sc = =
μ

ρ
μ

D M Dm a wm

    (19.12)   

 where  D m   is the mass diffusivity (m 2  · s  − 1 ) or  D wm   (kg mol · m  − 1  · s  − 1 ). For drying operations, 
 M a   (molecular weight) of air is 29   kg/kg mol and  D m   (diffusivity of water vapor in air) 
for water in air is 2.2    ×    10  − 5    m 2  · s  − 1 .  

  Design Considerations in Tray and Tunnel Dryers 

 The design of tray or tunnel dryers is primarily based on empirical knowledge, whereas 
modeling and simulation can improve design performance and product quality. In 
practice, tray and tunnel dryers are designed based on the drying curves obtained in 
simple laboratory convection dryers. This approach is sound provided that the data 
obtained are reliable and under conditions similar to those envisaged in the actual 
dryer. Designing a tray or tunnel dryer as well as the drying process is a complex 
operation and therefore many factors have to be taken into consideration. The factors 
that have direct infl uence on the capacity of a drying system are amount of moisture 
to be removed, quantity of air required to effect drying, volume of air to effect drying, 
blower design and capacity, quantity of heat required, heat transfer rate, actual heat 
used to effect drying, rate of mass transfer, thermal effi ciency of the dryer and drying 
rate. Tests on plant - scale dryers are usually carried out to obtain design data for a 
specifi c material, to select a suitable dryer type, or to check present performance of 
an existing dryer with the objective of determining its capacity potential (Moyers and 
Baldwin,  1997 ). The following general points should be considered when designing 
tray and tunnel dryers for food materials:

    •      mode of operation, whether batch or continuous;  
   •      physicochemical properties of the wet and fi nished material;  
   •      moisture content of the wet and fi nished material;  
   •      heating media (hot air) characteristics (inlet temperature, humidity, etc.);  
   •      drying kinetics, critical point and isotherms;  
   •      optimum confi guration (number of trucks and trays, etc.);  
   •      best set point of the controllers;  
   •      process safety (fi re, explosion proof);  
   •      energy effi cient process.    

 The size of the dryer is determined as a function of the drying area needed per kilogram 
of food materials to be dried. The drying temperature is established as a function of 
the maximum allowable temperature of the food material. Climatic data provide the 
mean average day temperature and relative humidity, while the humidity ratio can 
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be obtained from the psychrometric chart. From the results of preliminary experi-
ments on the food, the optimal drying temperature, fi nal moisture content of material 
for storage, and the corresponding RH can be estimated. 

 Data related to design should be taken from actual measurements, previous experi-
ence, or from the literature. It is preferable to carry out a pilot plant trial before select-
ing an industrial - scale tray and tunnel dryer that would optimize process parameters 
as well as product quality. Pilot plant trial may improve the design of the dryer, or 
even sometimes prompt the designer to follow a different approach to desirable 
product characteristics. Having achieved the desired product specifi cations using the 
pilot plant, designers use empirical scale - up rules with appropriate safety margins to 
estimate the dimensions of full - scale dryers (Chou  et al .,  1997 ). Drying of food materi-
als may also be accomplished in two different types of dryers to obtain better quality 
characteristics. The initial drying requires substantial moisture evaporation while the 
second operation is inherently slow. Thus, a combination dryer could be benefi cial 
for processing as well as quality. Therefore, there is a need for a dryer model that 
designers can use to obtain the dimensions of a purpose - built dryer and that can 
further be used as a tool to assess the performance of the dryer as process parameters 
vary (Chou  et al .,  1997 ). 

 The fi nal goal of tray and tunnel dryer design is to obtain food products of the desired 
quality. Food materials are generally sensitive while drying at higher temperatures. 
The saleability of dried food products depends on color and texture. The drying param-
eters used for one food material may not be applicable to another because of differences 
in initial moisture content, cellular structure, and pigments. Optimum process design 
must maintain quality of the product.  

  Design of Tray Dryers 

 A tray dryer consists of one or more trucks that are connected to a source of air heated 
by gas, diesel, or biomass. Each of these trucks can be considered as a separate batch 
tray dryer. In a typical industrial tray dryer (Figure  19.4 ), the materials are placed 
uniformly on the surface of each tray and air is blown over the trays so that the product 
has uniform moisture content at the end of drying. The fi rst truck of the train is 
withdrawn from the dryer as the product reaches the desired moisture content. The 
remaining trucks proceed towards the exit and a new truck is introduced at the end 
of the train. The gases produced from a burner that consumes hydrocarbon fuel and 
fresh air are utilized to heat the recirculated air. The satisfactory operation of tray - type 
dryers depends on maintaining a constant temperature and a uniform air velocity over 
all the material being dried. In order to control the humidity and temperature of the 
drying air stream entering the product, a fuel induction valve and fresh air dumper 
are usually employed. Circulation of air at velocities of 1 – 10   m · s  − 1  is desirable to 
improve the surface heat transfer coeffi cient and to eliminate stagnant air pockets. 
Proper airfl ow in tray dryers depends on suffi cient fan capacity, on the design of duct-
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work to modify sudden changes in direction, and on properly placed baffl es. Nonuniform 
airfl ow is one of the most serious problems in the operation of tray dryers (Moyers 
and Baldwin,  1997 ).   

 Trays may be constructed in different geometrical shapes, but are mostly square 
and rectangular, with areas of 0.5 – 1   m 2 . The trays can be made from any material 
compatible with humidity and temperature. There should be a clearance of not less 
than 4   cm between the material in one tray and the bottom of the tray immediately 
above when the trays are stacked in the truck. 

  Mathematical Modeling 

 Numerous mathematical treatments of tray dryer design are available in the literature. 
One of the most important works on dryer designs was reported by Nonhebel and 
Moss  (1971) , who suggested that the performance of a dryer can be estimated during 
the constant - rate drying period by applying the mass and heat transfer equations and 
a simple mass balance for each particular type of air circulation. However, it is rather 
diffi cult to estimate the falling - rate drying period without experimental data on the 
material to be dried. It is therefore recommended that drying tests are performed in 
simple tray dryers; if this is not possible, then performance can be deduced by analogy 
from data on similar materials. 

Figure 19.4 Schematic diagram of a tray dryer. 
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 The mathematical model of the dryer involves heat and mass balance of the air 
streams and product trays in the dryer and the burner (Kiranoudis  et al .,  1997 ). The 
arrangement of product and air streams within the dryer and burner compartments is 
shown in Figure  19.5 . The analysis of model components is considered together with 
the corresponding heat and mass balances over each individual truck. It is assumed 
that the dryer involves  N  trucks and that each truck  i  ( i     =    1,    . . . ,  N ) can be loaded to 
a maximum total load. The corresponding product dry mass ( W ) can be readily com-
puted as a function of the maximum total load of the truck and the initial material 
moisture content of the product. The moisture transfer mechanisms in the  i th truck 
are expressed by the following equation:

    − = −
dX
dt

k X XS
i

M S
i

SE
i( )     (19.13)     

 where  X S   is the material moisture content (kg/kg dry basis),  X SE   is the equilibrium 
material moisture content (kg/kg dry basis),  k M   is the drying constant (h  − 1 ) and  t  is 
time (h). The amount of heat transfer within a particular truck can be expressed:
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dt
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Figure 19.5 An industrial tray dryer with trucks and trays. (Adapted from Kiranoudis et al., 1997,
with permission from Elsevier.) 
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 where,  i     =    1,    . . . ,  N  and  N  is total number of trucks,  h s   is the specifi c enthalpy of the 
humid product (kJ · kg  − 1 ),  U A   is the volumetric heat transfer coeffi cient (kW · kg  − 1  · K  − 1 ), 
 T A   is the temperature of the output air stream ( ° C),  T S   is the temperature of the product 
( ° C), and  Δ  H S   is the latent heat of vaporization of water (kJ · kg  − 1 ). Similarly, the expres-
sion for mass balance of air passing through a particular truck can be expressed as:

    F X X W
dX
dt

AC A
i

A
i S

i

( )− + =−1 0     (19.15)   

 where,  F AC   is the fl ow rate of the drying air stream,  X A   is the absolute humidity of the 
output air stream, and  W  is the truck load. The corresponding heat balance for the 
drying air stream passing through the ith truck suggests that its specifi c enthalpy 
diminution through the product is equal to the amount of heat removed from the 
drying air stream, as expressed by the following equation:

    F h h WU T TAC A
i

A
i

A A
i

S
i( ) ( )− + − =−1 0     (19.16)   

 The mathematical model of each truck for both product tray and drying stream is 
obtained from Equations  19.7 – 19.10 . Repetition of this model for all trucks yields the 
overall mathematical model of the complete drying compartment. More detailed 
analysis is available elsewhere (Kiranoudis  et al .,  1997 ).  

  Components of a Tray Dryer 

 A basic tray dryer consists of the following components (Das  et al .,  2001 ): (i) drying 
chamber, (ii) air blower, (iii) heating chamber, (iv) hot air distribution, (v) air discharge/
recirculation, and (vi) control panel. 

  Drying Chamber 

 The drying chamber is made of thick aluminum sheet with an outer layer of glass 
wool. A layer of galvanized sheet further protects the insulation. The air inlet and 
outlet ports are defi nite slots on opposite sides of the wall and equal distances apart. 
The inlet ports are controlled by baffl es that force the air to spread throughout the 
chamber and trays. The number of trays and tray area are calculated based on available 
area and tray load. Trays may be rectangular or square, and their area varies from 0.5 
to 1   m 2 . The depth of wet food materials varies from 1 to 5   cm. Length to breadth ratio 
and distance between two trays has to be optimized based on tray load and good 
airfl ow, respectively. Laboratory - scale tray dryers with tray loading of 4 – 7   kg · m  − 2  are 
reported in the literature (Das  et al .,  2001 ).  

  Air Blower 

 The blower transfers hot air from the heat exchanger to the dryer trays. To force 
the hot air through the chamber and to recirculate air over the trays at a specifi c air 
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velocity, a minimum blower capacity has to be selected. Selection is based on the 
total volumetric fl ow of air per second through the inlet ports. Selection of a blower 
is based on the characteristics of centrifugal fan performance, which is based on the 
following equations (Henderson and Perry,  1976 ):

    N N
Q
H

H
Q

2 1
1
0 50

1
0 75

2
0 75

2
0 5

= ⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

.

.

.

.
    (19.17)  

    D D
H
Q

Q
H

2 1
1
0 25

1
0 50

2
0 50

2
0 25

= ⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

.

.

.

.
    (19.18)  

    P P
D
D

N
N

2 1
2
5

1
5

2
3

1
3

= ⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

    (19.19)   

 where  N  is rpm of the electric motor,  H  is static pressure (Pa),  Q  is volumetric fl ow 
rate of air (m 3  · min  − 1 ),  D  is diameter of the blower (m), and  P  is horsepower of the 
motor.  

  Heating Chamber 

 The heating chamber is made of mild steel sheet and is fi tted with a heater that heats 
the incoming fresh air from ambient temperature to drying temperature. Heater capac-
ity is calculated assuming that there is no heat loss to the surroundings during the 
heating process. Heater capacity can be calculated based on the following equation:

    Heater capacity
mass flow rate of air specific heat of air rise in t

=
× × eemperature

heater efficiency
 

   (19.20)    

  Hot Air Distribution 

 Hot air is distributed over the trays where wet food materials are spread for drying. 
Air is circulated by propeller or centrifugal fans; the fan is usually mounted within or 
directly above the dryer. Air recirculation is generally in the order of 80 – 95%, except 
during the initial drying stage of rapid evaporation. Fresh air is drawn in by the cir-
culating fan, frequently through dust fi lters. In most installations, air is exhausted by 
a separate small exhaust fan with a damper to control air recirculation rates. 

 To achieve uniform distribution of drying airfl ow and temperature, Amanlou and 
Zomorodian  (2010)  used computational fl uid dynamics (CFD) to optimize the design 
of a tray dryer with selected geometries and a side - mounted plenum chamber (Figure 
 19.6 ). In order to validate the CFD simulation results, the best design was fabricated 
and evaluated under different operating conditions. A long diffuser with rectangular 
end cross - section was used at the drying chamber air inlet. Six fl ow straighteners were 
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installed in the attached plenum chamber (three in the fl oor and three in the ceiling). 
These two accessories helped to produce a more uniform and even airfl ow in the 
plenum chamber. There were no inclination or geometrical changes perpendicular to 
airfl ow direction in the plenum chamber.   

 It was observed that hot air distribution was not adequate in design (a) (Figure  19.6 ) 
because the air inlet and exit are small in comparison with tray width. Hood - type 
ceilings in designs (e) and (f), introducing a defl ector into the air inlet in design (d), 
and lowering the distance of sample trays from dryer ceiling in design (g) did not 
improve air temperature distribution in the dryer chamber. All designs, except design 

Figure 19.6 Various designs of tray dryer. (Adapted from Amanlou and Zomorodian, 2010, cour-
tesy of Elsevier.) 
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(a), maintained maximum temperature similar to inlet temperature in the tray zone. 
Designs (b) and (c) both show reasonably uniform air temperature distribution in the 
drying chamber. Comparing the results showed that drying air temperatures in designs 
(b) and (c) were higher than the air temperatures of the other designs in the tray zones. 
Changing the shape of the drying chamber had more infl uence on air velocity distribu-
tion than on air temperature distribution. In design (a), airfl ow canalizes through the 
bottom of the drying chamber to the air exit. This canalization can be attributed not 
only to the small size of the air inlet and exit in comparison with chamber dimensions 
but also to small divergence angle  α . It was observed that increasing angle  α  in design 
(b) improved air velocity distribution and transferring the air exit to the center caused 
more uniform air velocity distribution in the tray zones. Design (a) is not recom-
mended for a dryer chamber. Shifting the air exit to the right of design (c) would 
weaken air velocity distribution at the dryer chamber corners. Introducing an air 
defl ector in design (d) created airfl ow resistance and caused a decrease in air velocity 
at the right and bottom corners at the given inlet air velocity. Hood - type air exit 
(designs e and f) did not improve the velocity distribution in comparison with design 
(b). Therefore design (b) seems to be the best, taking into account all considerations 
such as simplicity of structure, and uniformity of air temperature and velocity 
distribution.  

  Air Recirculation 

 After passing through the chamber the hot air loses heat and is discharged through a 
discharge duct. A portion of the hot air is recirculated to economize the drying process. 
A throttle valve regulates the exhaust to the outside and another duct for recircula-
tion. It is also possible to extract some of the heat from the exhaust air.  

  Performance Evaluation 

 The performance of a dryer can be evaluated by using the heat utilization factor (HUF) 
and thermal heat effi ciency (THE) (Majumdar,  1995 ). Both terms can be expressed as:

    HUF
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  where  c p   is the specifi c heat capacity of air (J · kg  − 1  · K  − 1 ),  t  the drying time,  T  the tem-
perature of air, and 0, 1, 2, and  w  are subscripts denoting ambient air, drying air, 
exhaust air and dew point of drying air, respectively. HUF and THE were found to be 
17 – 20% and 21 – 24%, respectively, for potato chips in a laboratory - size dryer. 
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   Problem 

 In a tray dryer, apple slices enter at a rate of 200   kg · h  − 1  with a moisture content of 
 m  1     =    0.9. The  “ dried ”  slices have a moisture content of  m  2     =    0.10. The drying air 
enters at 50    ° C and exits at 25    ° C with 90% relative humidity. Calculate the water 
removed and the entering airfl ow rate.  

  Solution 

 The amount of water in the entering slices:

    � �m m mw T1 1 1
1200 0 90 180= × = × = −.  kg h of water   

 Hence the amount of dry matter:

    � � � �m m m mD D T w1 2 1 1
120= = − = − kg h of dry matter   

 We can fi nd the output rate of the product:

    m
m
m

mw

D
w2

2

2
20 10 20 0 10 2= = = × = −�

�
�. , . .i e kg h of water1   

 The water removed from the apple slices is then

    � � �m m mw w wremove  kg h of water= − = − = −
1 2

1180 2 178   

 Using the temperature and humidity of the exit air, we can fi nd the dry and wet bulb 
temperature and other parameters from the psychrometric chart (Table  19.1 ), such as:

    Tdb ( )entering C= °50  

    Twb ( ) .entering C= °23 7  

    Tdb ( )exiting C= °25  

    Twb ( ) .exiting C= °23 7  

    Specific volume  m kgv = ⋅ −0 925 3 1.  

    
Moisture content entering gH O/kgDA and exitingW W( ) . ( )= =7 7 12 88 2gH O/kgDA

where DA represents dried apple

,

.
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 Hence moisture gained by each unit mass of dry air:

    ΔW W W= − = − =1 2 20 018 0 0077 0 0103. . .  kgH O/kgDA  

    Airflow rate
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h
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  Design of Tunnel Dryers 

 In a tunnel dryer, the heated drying air is introduced at one end of the tunnel and 
moves through trays of products being carried on trucks. The trucks are moved 
through the tunnel at a rate required to maintain the time needed for dehydration. A 
typical tunnel dryer is illustrated in Figure  19.7 . Airfl ow can be totally co - current, 
countercurrent, or a combination of both as discussed earlier. In a co - current dehydra-
tion process, a high - moisture product is exposed to high temperature air, and evapora-
tion assists in maintaining lower product temperature. The lower - moisture product 
is exposed to lower - temperature air at locations near the tunnel exit. In a countercur-
rent dehydration process, a lower - moisture product is exposed to high - temperature 
air, and a smaller temperature gradient exists near the product entrance to the tunnel. 
In order to conserve energy, the concept of air recirculation is usually used. Moreover, 
cross - fl ow designs are frequently used, with the heating air fl owing back and forth 
across the trucks in series. Reheat coils are installed after each cross - fl ow pass to 
maintain constant - temperature operation. Large propeller - type circulating fans are 
installed at each stage, and air may be introduced or exhausted at desirable points. 
Tunnel equipment has the advantage of fl exibility for any desired combination of 
airfl ow and temperature setting. Tunnel equipment is more suitable for large - quantity 
production, usually representing investment and installation savings over (multiple) 
batch compartments.   

Table 19.1 Typical tray dryer: design operating conditions. 

Inlet material temperature: 25 °C
Drying temperature: 75 °C
Initial moisture content: 4 kg water/kg dry matter 
Final moisture content: 0.2 kg water/kg dry matter 
Truck loading: 1000 kg wet basis 
Air humidity: 0.01 kg/kg dry air 

Source: adapted from Kiranoudis et al. (1997).
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Figure 19.7 Tunnel dryer with safety features. (Based on ASHRAE Handbook.)
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  Semi - continuous Rotary Tunnel Dryer 

 Most dryer designs available in the literature are laboratory or small - scale operations, 
but for industrial large - scale dryers, electronic control is preferred. Desmorieux and 
his group (Desmorieux and Garro,  1999 ; Desmorieux  et al .,  2008 ) have worked on 
higher - capacity tunnel dryers, and have developed a semi - continuous tunnel dryer 
with a fresh produce capacity of 500   kg in one cycle (Desmorieux  et al .,  2008 ). The 
design was based on a laboratory dryer with characteristics 35    <     T     <    60    ° C and 
5%    <    RH    <    70%. By taking shrinkage into account, the identifi ed characteristic drying 
function was linear and the critical moisture value varied around the initial moisture 
content. Simulation with fresh produce – air allowed heat and mass transfer in the 
industrial dryer to be observed: all the produce on all the wagons have the same fi nal 
moisture content. 

 The temperature of the dryer is controlled and set to 60    ° C. The temperature of the 
air is stabilized in a stillness chamber before air is allowed into the drying tunnel. It 
is further distributed through an adapted diffuser before it encounters the trays of the 
fi rst wagon. Hot air and wagons move in opposite directions. RH is controlled manu-
ally or automatically by allowing or preventing the entrance of external air on order 
to obtain a mean constant RH. There are 12 wagons, each 1.3   m high, so that 500   kg 
of wet material may be dried. Over a 24 - hour cycle, a wagon enters the dryer every 
hour so that 12 wagons are processed during this period (Figure  19.8 ). At the end of 
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the cycle, all the wagons are progressively removed, one per hour. At the same time, 
new wagons are introduced one by one, while dry products are removed and processed. 
Each tray contains 21 trays, each loaded with 2   kg of wet food. For modeling purposes, 
the mean size of a chip was assumed to be 60   mm long and the two sides 10   mm thick.   

 The dryer simulation enables the calculation of moisture content and wet food 
temperature on each tray using the Runge – Kutta method and a calculation step of 
0.1   s. Program entry data consists of the airfl ow rate, the size and number of trays and 
wagons, and the temperature and RH of the drying air. The drying time is expressed 
in hours to give a more realistic representation of the situation. Model validation was 
achieved by comparing simulated drying curves and the experimental drying curves 
obtained in the laboratory convective dryer for the characterization of mango drying.  

  Mathematical Modeling for Tunnel Dryers 

 The generalized methodology for dryer modeling and design is well described by van 
Brakel  (1980)  and Reay  (1989) . It comprises both an equipment model and a material 
model. The material model describes the drying kinetics and equilibrium, i.e. factors 
that are specifi c to the product being dried. The equipment model considers the condi-
tion of the airfl ow and the exchange of sensible and latent heat between the air and 
the product in the adiabatic dryer. The two models are then integrated to form the 
overall drying model for the prediction of required chamber dimensions. However, in 
the above method, experimentation is still needed to establish the drying character-

Figure 19.8 Operation of a semi -continuous tunnel dryer: (a) fi rst wagon entry; (b) dryer loaded 
and waiting for drying operation; (c) exit of fi rst wagon and entry of the fi rst wagon in next batch. 
(Adapted from Desmorieux et al., 2008, courtesy of Elsevier.) 

C1CC1 C2Air inlet
Air exit

Wagon entry

P1 P2 P3 P4 P6P5 P7 P8 P9 P10 P11 P12

Air exit

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12

C1 C2 C3 C4 C5 C7C6 C8 C9 C10 C11 C12Air inlet

Wagon entry

C2 C1
cycle2

C7 C10C3 C6 C9 21C4C C5 C8 C11Air inlet

Air exit

Wagon entry

P1 P12P2 P3 P4 P5 P6 P7 P8 P9 P10 P11

C1
cycle
1

(a)

(b)

(c)



Hot Air Drying Design: Tray and Tunnel Dryer 531

istics of the material. Later, Ratti and Crapiste  (1992)  provided the generalized drying 
curve (GDC) model. According to the GDC model, moisture loss by the product may 
be interpreted by the  “ receding front ”  model. It is reported that during drying of food 
materials, an evaporation zone is conspicuous. This evaporation zone divides the 
product into two regions: a wet zone and a dry zone. Further, the front recedes from 
the free surface into the product as drying progresses. 

 Chou  et al .  (1997)  and Hawlader  et al .  (1997)  have described methodologies for 
estimating the required dimensions of tunnel dryers for various moist food materials. 
The dryer simulation model incorporates a material model and an equipment model. 
The material model, which takes into account the drying kinetics of the product, is 
based on the receding evaporation front phenomenon (which assume that the internal 
liquid of the product is effectively stationary and an evaporative interface exists which 
recedes into the solid surface; moisture transport is by vapor diffusion through the dry 
outer layer), whereas the equipment model describes the dynamics of the dryer. The 
overall dryer model in fi nite - difference form is used to simulate the performance of a 
tunnel dryer under varying conditions. The resulting simulation algorithm becomes 
an engineering tool for designers of tunnel dryers, enabling the estimation of required 
dimensions and drying time to reach the desired moisture content under different 
drying conditions and dryer performance. The overall dryer model equations in fi nite -
 difference form for moisture, air humidity, product temperature, air temperature, and 
effective area are given below. Detailed analysis is available elsewhere (Ratti and 
Crapiste,  1992 ; Chou  et al .,  1997 ; Hawlader  et al .,  1997 ). 

  Material Model 

 For product moisture content:
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 where  X j   and  X j    + 1  are beginning and end of moisture content difference interval (kg 
water per kg dry matter),  Δ  t  is the time interval,  A p   is thermal communication area 
of the product (m 2 ),  k g   is mass transfer coeffi cient (kg · m  − 2  · s  − 1 ),   Ysat and   Ya are average 
humidity at saturation and for air in time interval (kg water per kg of dry air),  m p   is 
dry mass of product (kg),  Bi m   is the mass transfer Biot number (dimensionless), and  Φ  
is the distance from the surface to the receding front (dimensionless). For product 
temperature:
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 where   Tp
j and   Tp

j+1 are temperature at the beginning and end of moisture content differ-
ence interval (K),  h g   is heat transfer coeffi cient (W · m  − 2  · K  − 1 ),  h fg   is heat of evaporation 
(J · kg  − 1  · K  − 1 ),  C pp   and  C pw   are specifi c heat for product and water (kJ · kg  − 1  · K  − 1 ) respectively.  
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  Equipment Model 

 The equipment model considers a co - current fl ow tunnel dryer. The equipment model 
equations are obtained from Chou  et al .  (1997) . For air humidity:
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 where  Y j   and  Y j    + 1  are humidity of air at the beginning and end of moisture content 
difference interval (kg water per kg dry air),  v a   and  v p   are velocity of air and product 
(m · s  − 1 ) respectively,  ε  is bed porosity (dimensionless), and   ρ  a   is air density (kg · m  − 3 ). 

 For air temperature:
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  Effective Area Model 

 The effective area model considers the product shrinkage phenomenon as described 
by Lozano  et al .  (1983) . The effective area model assumes that the thermal commu-
nication area of the product and the air is relatively small for the lateral surface due 
to a high diameter - to - thickness ratio of the potato disks.

    S
V
V

A
A

X
X X

fb
p

p

p

p i

= = = + +
+

⎛
⎝⎜

⎞
⎠⎟ +

1 1

0 161 0 816 0 022
0 018

0 025
. . . exp

.
.

11−⎛
⎝⎜

⎞
⎠⎟

X
Xi

    (19.27)   

 where  S b   is the ratio of volume of the product to initial volume (dimensionless) and 
 f     =    0.209    −     S b   ,   f   and  S b   ,   f      =    0.966/( X i      +    0.796). 

 Equations  19.23 – 19.26  constitute the mathematical model describing the quasi -
 steady - state behavior of the dryer. They are solved simultaneously, along with the 
effective area model given by Equation  19.27 , which caters for the change in surface 
area of the product as its moisture content changes. The present simulation method 
adopts the fully explicit method, which is simple and found to be stable within a range 
of selected grid intervals during the simulation process.  

  Simulation Methodology 

 The drying process in the chamber is discretized into a fi nite number of quasi - static 
product loading intervals. For each interval, the moisture content decreased to a 
desired level. The intervals, representing successive moisture content decrease, are 
made small enough to enable a local decoupling of the equations and to improve the 
stability and precision of the fi nite - difference method. The summation of the  Δ  t  over 
all the moisture content difference intervals provides the time span required to dry 
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the product in the chamber from  X i   (initial moisture content) to  X d   (desired moisture 
content). Once the time span is known, the required length of the drying chamber can 
be suitably determined. 

 For each interval, the heat and mass transfer equations are solved step by step as 
described below (Chou  et al .  1997 ):

   1.     The term  Y j    + 1  is calculated from Equation  19.25  based on the initial air condition 
and the required moisture content difference and known values of  ε ,  v p  ,  v a  ,   ρ  p  , 
and   ρ  a  .  

  2.     In next step,   Ysat,   Ya,  k g   and  h g   for the fi rst moisture content difference interval are 
calculated based on the condition of the inlet air to the drying chamber.  

  3.     Equation  19.24  is then solved for the duration of the interval  Δ  t . With  Δ  t  known, 
and assuming that   T Tp p

j=  and   T Ta a
j=  for the moisture content difference interval, 

the solution to the heat transfer equation  (19.26)  and energy balance equation 
 (19.23)  results in the product temperature   Tp

j+1 and the air temperature   Ta
j+1.  

  4.       Tp and   Ta are then calculated by taking the arithmetic average of the inlet ( j ) and 
outlet ( j  + 1) values for the same moisture content difference interval.  hg ,  k g   and   Ysat 
for the same interval are recalculated using the new average product and air tem-
peratures. Steps (3) and (4) are then repeated to yield the corrected value of  Δ  t  for 
the interval. The process is continued until the value of  Δ  t  converges.  

  5.     The entire algorithm from steps (1) to (4) is repeated for the next moisture content 
difference interval. The computation is halted when the desired moisture content 
of the product is obtained.    

 The sum of  Δ  t  for all moisture content difference intervals is then calculated, thus 
providing the overall drying time needed for the product to reach the desired fi nal 
moisture content or the equilibrium moisture content, whichever is the higher value. 
This information, together with the product velocity, allows calculation of the length 
of the drying chamber. Design data related to tunnel dryers as reported by Chou  et al . 
 (1997)  is presented in Table  19.2 .   

Table 19.2 Typical tunnel dryer design data. 

Drying operating conditions
Inlet material temperature: 28 °C
Drying temperature: 72.5 °C
Initial moisture content: 3 kg water/kg dry matter 
Final moisture content: 1 kg water/kg dry matter 
Velocity of material: 0.0007 m·s−1

Air velocity: 3.0 m·s−1

Air humidity: 0.008 kg/kg dry air 

Design parameters
Drying time: 2.39 hours 
Tunnel length: 6.02 m
Chamber area: 2.25 m2

Source: adapted from Chou et al. (1997).
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 Hawlader  et al .  (1997)  validated the above model with drying data obtained from 
two dryers of different dimensions and drying capacity. The fi rst dryer was a prototype 
heat pump dryer, whereas the second one was a laboratory - scale heat pump dryer. 
Heat pump - assisted dryers can be used to recover both sensible and latent heat from 
the dryer exhaust air and this improves overall thermal performance. Additionally, 
the heat pump - driven dryers available on the market are considered state - of - the - art 
drying equipment, producing high - quality dried food products and reducing energy 
demand by 50% (Schmidt  et al .,  1998 ). Heat pump tunnel dryers also allow close 
control of drying conditions, such as air velocity, temperature and humidity. A sche-
matic diagram of a prototype heat pump tunnel dryer with computer arrangements is 
shown in Figure  19.9 . These arrangements are typical for drying fruits and vegetables. 
Products are placed on several trays over which air is blown. Air heated to the desired 
temperature is forced by the fan to circulate and then fl ows through the trays. The 
wet air is partially recycled and mixed with fresh ambient air, and then re - enters the 
tunnel. The walls of the dryer are insulated with several centimeters of rockwool.   

 A schematic diagram of the laboratory set - up model of the heat pump - assisted 
tunnel dryer is shown in Figure  19.10 . The system consists of two main circuits: the 
air circuit and the refrigeration circuit. The air circuit consists of an axial booster fan, 
a heating chamber, and a cabinet drying chamber where samples of the drying speci-
mens are placed. The moist hot air leaving the dryer is directed to pass through the 
evaporator, where dehumidifi cation takes place. The heating chamber consists of two 

Figure 19.9 Schematic diagram of a prototype heat pump tunnel dryer. (Based on Hawlader 
et al., 1997.)
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helical fi nned heating elements arranged in a staggered fashion in three rows used as 
an auxiliary energy source. The air heated in the condenser is passed to the dryer to 
dry the product. The amount of fresh air introduced to the system is equal to the 
amount of exhaust air vented to the atmosphere. The velocity of the air stream in the 
dryer is controlled by the booster fan installed upstream. The refrigerating circuit 
consists of an evaporative unit, a fan - assisted unit, a capillary valve, and a hermetic -
 shaped compressor. In the refrigerating circuit, the working fl uid is evaporated in the 
evaporator by gaining both latent and sensible heat from the air, and is then com-
pressed to give up the heat in the condenser to the circulating air. The high - pressure, 
high - temperature liquid is then expanded into a mixture of vapor and liquid at low 
pressure and temperature through the expansion valve. Turbulence in the air stream 
is minimized by the U - bend joining the refrigerating unit and the booster fan section 
fi tted with guide vanes. The air is further streamlined by passing through a honeycomb 
straightener section before entering the cabinet chamber.     

  Parametric Effect on Dryer Length 

 Further, based on the effect of drying parameters, namely air temperature, RH and 
velocity, on the required drying energy and total dryer length, Hawlader  et al .  (1997)  

Figure 19.10 Schematic diagram of a laboratory -scale heat pump dryer. A, anemometer sensor; 
H, relative humidity sensor; Td, dry bulb type T -thermocouple; Tw, wet bulb type T -thermocouple.
(Based on Hawlader et al., 1997.)
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produced a chart to yield the necessary residence time of the product in the chamber. 
Figure  19.11  relates the energy required for drying to dryer length for low drying air 
temperature in the range 40 – 47.5    ° C and RH 30 – 45%. It can be seen that at a constant 
temperature of 47.5    ° C, reducing the humidity of air has an insignifi cant effect on 
drying time and consequently on product residence time in the dryer; a shorter dryer 
length is then required. However, for low - temperature drying at 40    ° C, lowering the 
humidity signifi cantly affects the drying time.   

 Product tray velocity has a direct impact on the period of thermal contact between 
the air and the product. Below optimum product velocity it is diffi cult to reduce the 
drying time substantially as a result of lower specifi c moisture extraction rate (mois-
ture removal for unit energy consumption). On the other hand, operating above the 
optimum product velocity results in the penalty of increased drying time and size of 
the tunnel dryer. To avoid this and yet achieve the desired moisture removal, a multi-
stage drying process is advantageous. Knowing the thermal path of the drying air in 
the chamber allows designers to size the necessary equipment to recondition the exit 
air from the dryer to the original drying state. The initial conditions of the drying air 
have direct implications for not only the size of the drying chamber but also the capac-
ity of the thermal equipment, which will eventually determine the overall perform-
ance of the dryer.   

  Economic Performance of Tray and Tunnel Dryers 

 In order to carry out a realistic techno - economic evaluation of a dryer installation, 
specifi ed performance factors are used, including energy effi ciency, thermal effi ciency, 
adiabatic thermal effi ciency, specifi c heat energy consumption, specifi c electric energy 
consumption, specifi c volume of the dryer, and specifi c gas consumption (Pakowski 

Figure 19.11 Design chart relating drying conditions to drying energy and dryer length. 
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and Mujumdar,  1995 ). The energy effi ciency of the drying system,   η   (%), can be esti-
mated by the following equation (Pakowski and Mujumdar,  1995 ):

    η = ×
Q
Q

e

t

100     (19.28)   

 where  Q e   and  Q t   is the heat utilized to evaporate moisture from the product and total 
energy supplied to the dryer (kJ). The specifi c heat energy consumption of the dryer, 
 Q s   (kJ · kg  − 1  water), is calculated from the following equation:

    Q
Q

G
s

h=
Δ

    (19.29)   

 where  Δ  G  is the mass of evaporated water (kg). The specifi c electrical energy consump-
tion of the dryer,  P s   (kJ · kg  − 1  water), is calculated as follows (Pakowski and Mujumdar, 
 1995 ):

    P
fP z
G

s
e=     (19.30)   

 The economy of the dryer operation was calculated by Soysal and Oztekin  (2001) . The 
net present value of the drying system,  N p   ($), can be calculated by using the following 
expression:

    N
A

i
Cp

t
t

t

n

p=
+

−
=

∑ ( )11

    (19.31)   

 where  A t   is the cash fl ow for period  t  ($) and  i  is the annual minimum acceptable 
interest rate in decimals ( i     =    0.10). Table  19.3  provides the economic performance 
characteristics of the heated - air tray drying system for medicinal plants.    

Table 19.3 Economic performance characteristics of the heated -air dryer system for medicinal 
herbs.

Economic parameter Mentha Hypericum

Annual throughput (kg dry matter) 12870 13936
Evaporated water (kg per year) 41130 15764
Drying capacity (ha per year) 1.44 2.48
Total annual cost ($) 9717 5955
Total annual return ($) 32176 90585
Payback period (months) 1.34 0.35
Net present value ($) 168329 641200

Source: adapted from Soysal & Oztekin  (2001).
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  Energy Management of Tray and Tunnel Dryers 

 Tray or tunnel dryers can operate with an effi ciency of water removal greater than 
50%. It is possible to conserve energy signifi cantly by minimizing air leakage, increas-
ing air recirculation, utilizing a furnace heat shield to prevent heat losses, and maxi-
mizing input (Thompson  et al .,  1981 ). The wide range of energy effi ciencies observed 
is due to factors such as tunnel design, level of maintenance, and operating procedures. 
The energy use effi ciency is affected by the following specifi c factors (Thompson 
 et al .,  1981 ):

    •      heat loss in exhaust air;  
   •      heat loss through air leaks;  
   •      amount of material dried per tray/tunnel per day;  
   •      conductive and radiative heat loss through walls;  
   •      heat losses from burner.     

  Costs of Drying Operations 

 The cost of the dryer is the fi nal step in designing a dryer and the process. Two types 
of costs are generally involved selecting a dryer: fi xed costs and operating costs (Park 
 et al .,  2010 ). The area of the equipment is directly related to its cost and serves as a 
base for selecting the best dryer. Lapple  et al .  (1955)  defi ned several functions for 
calculating the cost of a dryer in relation to drying area ( A ). Based on these correla-
tions, one common cost equation can be written as:

    Cost = c At
c

1
2     (19.32)   

 where  c  1  and  c  2  are constants obtained from the correlations. The cost evaluated is 
based on the cost of constructing the equipment and does not include possible acces-
sories, which affect the total cost of dryer. The operating cost is calculated based on 
the energy consumed by the dryer. In order to start the drying process, the material 
has to be heated. The cost of energy used in heating is obtained in two ways (Park 
 et al .,  2010 ). In a convective dryer, the heat potency applied is given by the difference 
between ambient air enthalpy ( H a  ) and enthalpy of air heated by dry gas fl ow ( H g  ):

    q G H Hg a= −( )     (19.33)   

 In a conductive dryer, heating is obtained by the quantity of heat applied during drying:

    q M X Xf= −λ ( )0     (19.34)   

 The product of potency used during heating, total drying time, and cost of energy 
provide the operating cost. Details of cost analysis are discussed in Chapter  46 .  
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  Conclusions 

 Tray and tunnel dryers are routinely used in the food industry for drying of fresh 
produce. Most of the changes to the material produced by drying are detrimental to 
the quality of the fi nal product. However, these changes can be reduced by appropriate 
design of the drying process. A thorough knowledge of the drying process as well as 
drying kinetics are required in order to design the process and to obtain a product of 
desired quality. Design of both tray and tunnel dryers involves the determination of 
optimum fl ow - sheet confi guration and operational conditions. Mathematical mode-
ling and computer software are used to obtain a better process equipment design and 
adequate energy management. The effect of market economics on design is critical 
for the number of dryers used and the overall cost of the plant.  

  Acknowledgment 

 We thank Ms Florence Janvier, IRSST, Montreal, Quebec for providing technical 
papers related to this chapter.  

  References 

    Amanlou ,  Y.   and   Zomorodian ,  A.   ( 2010 )  Applying CFD for designing a new fruit 
cabinet dryer .  Journal of Food Engineering   101 :  8  –  15 .  

    Chou ,  S.K.  ,   Hawlader ,  M.N.A.  ,   Chua ,  K.J.   and   Teo ,  C.C.   ( 1997 )  A methodology for 
tunnel dryer chamber design .  International Journal of Energy Research   21 : 
 395  –  410 .  

    Das ,  S.  ,   Das ,  T.  ,   Rao ,  P.S.   and   Jain ,  R.K.   ( 2001 )  Development of an air recirculatory 
tray dryer for high moisture biological materials .  Journal of Food Engineering   50 : 
 223  –  227 .  

    Desmorieux ,  H.   and   Garro ,  O.   ( 1999 )  Le transfert de technologie Nord - Sud d ’ un 
s é choir vu comme un processus de conception . Presented at International Seminar 
 “ S é chage et valorisation du karit é  et de l ’ a ï  é l é  ” , N ’ gaound é r é , Cameroun.  

    Desmorieux ,  H.  ,   Diallo ,  C.   and   Coulibaly ,  Y.   ( 2008 )  Operation simulation of a convec-
tive and semi - industrial mango dryer .  Journal of Food Engineering   89 :  119  –  127 .  

    Haddad ,  J.S.   ( 2009 )  Basic theoretical backgrounds of the engineering design procedure 
of a drying plant .  American Journal of Engineering and Applied Sciences   2 : 
 466  –  470 .  

    Hawlader ,  M.N.A.  ,   Chou ,  S.K.   and   Chua ,  K.J.   ( 1997 )  Development of design charts for 
tunnel dryers .  International Journal of Energy Research   21 :  1023  –  1037 .  

    Henderson ,  S.M.   and   Perry ,  R.L.   ( 1976 )  Agricultural Process Engineering .  AVI 
Publishing ,  Westport, CT .  



540 Handbook of Food Process Design: Volume I

    Keey ,  R.B.   ( 1978 )  Introduction to Industrial Drying Operations .  Pergamon Press , 
 Oxford .  

    Kiranoudis ,  C.T.  ,   Marouliqa ,  Z.B.  ,   Marinos - Kouris ,  D.   and   Tsamparlis ,  M.   ( 1997 ) 
 Design of tray dryers for food dehydration .  Journal of Food Engineering   32 : 
 269  –  291 .  

    Lapple ,  W.C.  ,   Clark ,  W.E.   and   Dybdal ,  E.   ( 1955 )  Drying: design and costs .  Chemical 
Engineering   62 :  177  –  181 .  

    Lewicki ,  P.P.   ( 2006 )  Design of hot air drying for better foods .  Trends in Food Science 
and Technology   17 :  153  –  163 .  

    Lozano ,  J.E.  ,   Rotstein ,  E.   and   Urbicain ,  M.J.   ( 1983 )  Shrinkage, porosity and bulk 
density of foodstuffs at changing moisture contents .  Journal of Food Science   48 : 
 1497  –  1553 .  

    Luh ,  B.S.   and   Woodroof ,  J.G.   (eds) ( 1988 )  Commercial Vegetable Processing .  Van 
Nostrand Reinhold ,  New York .  

    Majumdar ,  S.A.   (ed.) ( 1995 )  Handbook of Industrial Drying ,  2nd edn.   Marcel Dekker , 
 New York .  

    Menon ,  A.S.   and   Mujumdar ,  A.S.   ( 1987 )  Drying of solids: principles, classifi cation, and 
selection of dryers . In:  Handbook of Industrial Drying  (ed.   A.S.   Mujumdar  ).  Marcel 
Dekker ,  New York .  

    Moyers ,  C.G.   and   Baldwin ,  G.W.   ( 1997 )  Psychrometry, evaporative cooling, and solids 
drying . In:  Perry ’ s Chemical Engineers ’  Handbook ,  7th edn  (eds   R.H.   Perry  ,   D.W.  
 Green   and   J.O.   Maloney  ).  McGraw - Hill ,  New York , pp.  12 . 35  –  12 .36.  

    Nonhebel ,  M.A.   and   Moss ,  A.A.H.   ( 1971 )  Drying of Solids in the Chemistry Industry . 
 Butterworths ,  London .  

    Pakowski ,  Z.   and   Mujumdar ,  A.S.   ( 1995 )  Drying of pharmaceutical products . In: 
 Handbook of Industrial Drying ,  2nd edn  (ed.   A.S.   Mujumdar  ).  Marcel Dekker ,  New 
York .  

    Park ,  K.J.B.  ,   Alonso ,  L.F.T.  ,   Cornejo ,  F.E.P.  ,   Dal Fabbro ,  I.M.   and   Park ,  K.J.   ( 2010 ) 
 Drying system designs: global balance and costs .  Journal of Food Process Engineering  
DOI: 10.1111/j.1745 - 4530.2009.00573.x.  

    Ratti ,  C.   and   Crapiste ,  G.H.   ( 1992 )  A generalized drying curve for shrinking food 
material , In:  Drying  ’ 92 , Part A (ed.   A.S.   Majumdar  ).  Elsevier ,  Amsterdam , 
pp.  864  –  873 .  

    Reay ,  D.   ( 1989 )  A scientifi c approach to the design of continuous fl ow dryers for par-
ticular solids .  Multiphase Science and Technology   4 :  1  –  102 .  

    Schmidt ,  E.L.  ,   Klocker ,  K.  ,   Flacke ,  N.   and   Steimle ,  F.   ( 1998 )  Applying the transcritical 
CO 2  process to a drying heat pump .  International Journal of Refrigeration   21 : 
 202  –  211 .  

    Singh ,  R.P.   and   Heldman ,  D.R.   ( 2001 )  Introduction to Food Engineering ,  3rd edn.  
 Academic Press ,  London .  

    Soysal ,  Y.   and    Ö ztekin ,  S.   ( 2001 )  Technical and economic performance of a tray dryer 
for medicinal and aromatic plants .  Journal of Agricultural Engineering Research   79 : 
 73  –  79 .  



Hot Air Drying Design: Tray and Tunnel Dryer 541

    Strumillo ,  C.   and   Kudra ,  T.   ( 1986 )  Drying: Principles, Applications and Design .  Gordon 
and Breach Science Publications ,  Montreux, Switzerland .  

    Thompson ,  J.F.  ,   Chhinnan ,  M.S.  ,   Miller ,  M.W.   and   Knutsoni ,  G.D.   ( 1981 )  Energy con-
servation in drying of fruits in tunnel dehydrators .  Journal of Food Process 
Engineering   4 :  155  –  169 .  

    Toledo ,  R.T.   ( 1997 )  Fundamentals of Food Process Engineering .  CBS Publication ,  New 
Delhi .  

    van   Brakel  ,   J.   ( 1980 )  Mass transfer in convective drying . In:  Advances in Drying , Vol. 
 1  (ed.   A.S.   Mujumdar  ).  Hemisphere Publications ,  New York .   

 
 
 



Hot Air Drying Design: Fluidized Bed Drying  
  R.T.     Patil   and     Dattatreya M.     Kadam       

20

   Introduction 

 Fluidized bed dryers are used for uniform and rapid drying of powders and particles. 
The moist material to be dried is fl uidized by passing hot air through it, setting the 
particles in motion. The fl uid bed is imparted with unique properties as air travels 
through it, allowing improved mixing. The machine helps to agglomerate particles, 
instantize the product, and improve its fl ow properties. Fluidized bed technology has 
extensively been used in the pharmaceutical industry for drying, granulating, and 
coating. A fl uidized bed dryer signifi cantly reduces drying time compared with a tray 
dryer or vacuum dryer. The fl uid bed exposes the entire product surface area to the 
high - volume air stream and heat is transferred to the product surface by convection. 
The advantages of a fl uidized bed dryer are (i) it is a multifunctional machine that can 
be used for drying, granulating, coating, and pelleting and (ii) it dries up to 10 – 20 times 
faster and more effi ciently than other conventional dryers. 

 In fl uidized bed drying, heat is supplied by the fl uidization gas, but the gas fl ow 
need not be the only source. Heat may be effectively introduced by heating surfaces 
(panels or tubes) immersed in the fl uidized layer. Heat may also be removed by cooling 
surfaces immersed in the fl uidized layer. Fluidized bed drying offers important advan-
tages over other methods of drying particulate materials. Particle fl uidization provides 
easy material transport, high rates of heat exchange at high thermal effi ciency, while 
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preventing overheating of individual particles. Fluidized bed dryers are designed to dry 
powder particles, where the residual moisture content is higher than desired in the 
fi nal powder. Hot drying air is distributed through specially designed perforated plates 
on which the powder particles/agglomerates are resting. The velocity of the drying air 
causes the powder to  “ fl uidize, ”  i.e. the particles become airborne; however, only the 
fi nest/smallest particles leave the fl uid bed with the air, while the bigger particles/
agglomerates are conveyed with the upward -  and forward - directed fl ow of air (due to 
the pattern of perforations in the plate) into the subsequent section. Here, cold and/
or dehumidifi ed air is introduced to cool the powder to the desired temperature. 
Fluidized bed drying is suited for powders, granules, agglomerates, and pellets with 
an average particle size between 50 and 5000    μ m (5   mm). Very fi ne light powders or 
highly elongated particles may require vibration for successful fl uidized bed drying. 

 A  fl uidized bed  is formed when a quantity of a solid particulate substance (usually 
present in a holding vessel) is placed under appropriate conditions to cause the solid/
fl uid mixture to behave as a fl uid. This is usually achieved by the introduction of 
pressurized fl uid to the particulate medium. This causes the medium to exhibit many 
of the properties and characteristics of normal fl uids, such as the ability to fl ow freely 
under gravity or to be pumped using fl uid - type technologies. The resulting phenom-
enon is called  fl uidization . 

 Raw materials fed into the machine at the inlet move forward continuously along 
the fl uidized bed under the action of vibration. Hot air passes through the fl uidized 
bed and heat exchange occurs with the damp raw material. The damp air is then 
exhausted through a cyclone separator and duster and the dry raw material is dis-
charged through the outlet. The vibration is created by a motor. 

 Fluidized bed dryers consist of a hollow vertical chamber where dry heated air enters 
at the bottom and exhaust air exits at the top or rear of the chamber. A perforated 
diffuser plate at the bottom of the chamber diffuses the upward fl owing air and this 
helps create a stable and uniform fl uidized bed. The diffuser plate can also support 
the bed when there is no airfl ow. The heated dry air acts as both a fl uidizing and 
drying medium for the solids. Fluidized bed drying is a batch process so the amount 
of material that can be dried depends on the size of the dryer and nature of the 
material. 

 The stationary fl uidized bed dryer has no moving parts. Fluidization enables the 
product to fl ow continuously through the fl uid bed, overfl owing at the opposite end. 
Multiple zones in the dryer allow heating and cooling within the same unit. Each zone 
has independent control of temperature, dew point, and fl uidizing velocity. Residence 
time in each unit can vary up to fourfold by adjusting the weir height for each zone. 
The dryer ’ s gentle but effi cient drying action is well suited for friable or soft agglomer-
ated particles, and works best for products within a narrow particle size range. It has 
enhanced heat and mass transfer through intimate contact and mixing with the fl uid-
izing gas. Heat - sensitive materials can be dried at temperatures lower than the boiling 
point due to reduced vapor pressure, and indirect heat transfer surfaces can be added 
to increase capacity or reduce bed area.  
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  Design Features 

 The area of fl uidized bed varies from 0.9 to 9.6   m 2  and capacity to remove vapor mois-
ture varies from 2035 to 200   280   kg · h  − 1 . Inlet and outlet air temperature ranges are 
70 – 140    ° C and 40 – 70    ° C, respectively. The features of a commercial dryer are shown 
in Figure  20.1 .   

  Fluidization 

 Fluidization is a process similar to liquefaction whereby a granular material is con-
verted from a static solid - like state to a dynamic fl uid - like state. This process occurs 
when a fl uid (liquid or gas) is passed up through the granular material. When a gas 
fl ow is introduced through the bottom of a bed of solid particles, it will move upwards 
through the bed via the empty spaces between the particles. At low gas velocities, the 
aerodynamic drag on each particle is also low, and thus the bed remains in a fi xed 
state. As the velocity increases, the aerodynamic drag forces will begin to counteract 
the gravitational forces, causing the bed to expand in volume as the particles move 
away from each other. Further increases in velocity will produce a critical value at 
which the upward drag forces will exactly equal the downward gravitational forces, 
causing the particles to become suspended within the fl uid. At this critical value, the 
bed is said to be fl uidized and will exhibit fl uidic behavior. With even further increases 
in gas velocity, the bulk density of the bed will continue to decrease and its fl uidiza-
tion becomes more violent, until the particles no longer form a bed and are  “ conveyed ”  
upwards by the gas fl ow. 

Figure 20.1 Commercial fl uidized bed dryer: 1, feeding hopper; 2, inlet air fi lter; 3, hot air blower; 
4, stream heater; 5, cyclone separator; 6, fan; 7, cooling fan; 8, air fi lter; 9, vibration motor; 10, 
vibrating separator. 
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 When fl uidized, a bed of solid particles will behave as a fl uid, like a liquid or gas. 
Like water in a bucket, the bed will conform to the volume of the chamber, its surface 
remaining perpendicular to gravity; objects with a lower density than the bed density 
will fl oat on its surface, bobbing up and down if pushed downwards, while objects 
with a higher density sink to the bottom of the bed. This fl uidic behavior allows the 
particles to be transported like a fl uid, channeled through pipes and not requiring 
mechanical transport (e.g. conveyer belt). 

 A simple everyday example of a gas – solid fl uidized bed is a hot - air popcorn popper. 
The popcorn kernels, all being fairly uniform in size and shape, are suspended in the 
hot air rising from the bottom chamber. The intense mixing of the particles, akin to 
that of a boiling liquid, allows a uniform temperature of the kernels throughout the 
chamber, minimizing the amount of burnt popcorn. After popping, the now larger 
popcorn particles encounter increased aerodynamic drag, which pushes them out of 
the chamber and into a bowl. 

 A fl uidized bed is designed to dry products as they fl oat on a cushion of air or 
gas. The process air is supplied to the bed through a special perforated distributor 
plate and fl ows through the bed of solids at a velocity suffi cient to support the 
weight of particles in a fl uidized state. Bubbles form and collapse within the fl uid-
ized bed of material, promoting intense particle movement. In this state, the solids 
behave like a free - fl owing boiling liquid. Very high heat and mass transfer values are 
obtained as a result of the intimate contact between individual particles and the 
fl uidizing gas. 

 For even greater thermal effi ciency and where inertization is required, recycling of 
exhaust gases can be implemented (this can be fi tted on all our air stream drying 
systems and retrofi tted on customer ’ s existing drying systems). Contact tubes can be 
incorporated in the presence of noncohesive materials that can be processed at tem-
peratures approaching those of the fl uid within the tubes. The result is a signifi cant 
reduction in airfl ow compared with the typical standard fl uid bed. Many materials 
begin at, or pass through, a sticky, softening, or cohesive phase during processing. 
Vibrating beds are extremely effective in keeping the material in a live fl uidized state 
during this transitionary phase. 

 Batch and continuous units range from pilot scale to large scale (28   m 2 ). The fl uid 
bed has been used to dry products in the food, chemical, mineral and polymer indus-
tries. A broad range of feed materials, including powders, crystals, granules, and prills, 
can be processed. This technology can also be used for cooling applications, either as 
a separate unit or combined with drying in a single zoned bed as an open circuit fl uid-
ized bed dryer/cooler (Figure  20.2 ).    

  Spray Granulation 

 Fluidized bed dryers can also be used for spray granulation, a process where powders 
are agglomerated into granules while suspended in a fl uidized hot air stream by the 
application of a liquid binding agent (Figure  20.3 ).   
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Figure 20.3 Fluidized bed dryers for spray granulation. 
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 Fluidized bed dryers are commonly used to dry batches of wet granules produced in 
a high shear mixer granulator. Fluidized bed dryers remove the moisture from the gran-
ules by suspending them in a heated air stream until dry. The movement of the granules 
in the heated air stream provides a relatively quick, effi cient, and uniform method of 
removing the liquids introduced in the previous wet mixing/granulation step. 
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 The features of fl uidized bed dryers for this application are as follows: contact 
surfaces should be made of mirror - fi nished 316 stainless steel, while noncontact 
surfaces and the heater should be made of 304 stainless steel. The dryer can be 
designed for batch capacities between 1 and 350   L. The extraction system should be 
equipped with proper fi lters and fan. The safety interlocked earth grounding should 
be provided to prevent build - up of static electricity. The design should allow easy 
access to internal spaces for cleaning and inspection and be suitable for cleaning - in -
 place (CIP) and washing - in - place (WIP) procedures. A glass observation window of 
tempered borosilicate glass should be provided. Sensors should be provided for 
product, inlet/outlet air temperature and airfl ow and suitable dampers should be 
installed for inlet/outlet airfl ow control along with removable bowl for fi nished 
product.  

  Design of Beds 

 A fl uidized bed consists of a fl uid – solid mixture that exhibits fl uid - like properties. As 
such, the upper surface of the bed is relatively horizontal, which is analogous to 
hydrostatic behavior. The bed can be considered to be a homogeneous mixture of fl uid 
and solid that can be represented by a single bulk density. Furthermore, an object with 
a higher density than the bed will sink, whereas an object with a lower density than 
the bed will fl oat, and thus the bed can be considered to exhibit the fl uid behavior 
conforming to Archimedes ’  principle. As the  “ density ”  (actually the solid volume 
fraction of the suspension) of the bed can be altered by changing the fl uid fraction, 
objects with different densities comparative to the bed can, by altering either the fl uid 
or solid fraction, be caused to sink or fl oat. 

 In fl uidized beds, contact betwen the solid particles and the fl uidization medium 
(gas or liquid) is greatly enhanced compared with packed beds. This behavior in 
fl uidized combustion beds enables good thermal transport inside the system and 
good heat transfer between the bed and its container. Similarly to good heat transfer, 
which enables thermal uniformity analogous to that of a well - mixed gas, the bed 
can have a signifi cant heat capacity while maintaining a homogeneous temperature 
fi eld. 

 Several fl ow regimes describe the different bed types.

    •      Slugging bed :      a bed in which air bubbles occupy entire cross - sections of the vessel 
and divide the bed into layers.  

   •      Boiling bed :      a fl uid bed in which the air or gas bubbles are approximately the same 
size as the solid particles.  

   •      Channeling bed :      a bed in which the air (or gas) forms channels in the bed through 
which most of the air passes.  

   •      Spouting bed :      a fl uid bed in which the air forms a single opening through which 
some particles fl ow and fall to the outside. At higher airfl ow rates, agitation becomes 
more violent and the movement of solids becomes more vigorous.     
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  Sizing the Dryer 

 In fl uidized bed dryers, the air acts as the vehicle for both heat and mass transfer and 
is also the fl uidizing medium. The required airfl ow rate is functionally dependent on 
each of these requirements. The functional design of a fl uidized bed dryer requires 
certain basic information, such as inlet and outlet moisture requirements, required 
residence time, inlet and outlet air temperature, operational limits, maximum and 
minimum fl uidizing velocity, and limitations on operational bed depth, if any. 
Knowledge of the relationship between bed temperature and retention time require-
ments can be most useful in terms of minimizing the combination of capital require-
ments and operational costs. The usual approach to the design problem is to select 
one combination of retention time and operating bed temperature (usually based on 
the minimum bed temperature for thermal effi ciency) and design around these 
conditions. 

 The resulting simplifi ed design shows that size of the fl uidized bed dryer can be 
controlled by several different parameters. For instance, if the outlet air humidity is 
excessive, it is necessary to dilute the discharge moisture by using more air. This will 
typically require a larger diameter dryer. It should be noted that, in general, the airfl ow 
rate is based on the heat load and that the diameter of the dryer is properly selected 
to distribute this airfl ow rate at an acceptable fl uidizing spatial velocity. This example 
also demonstrates that there is a need for basic information such as the degree of bed 
expansion as a function of fl uidizing velocity, as well as the most satisfactory fl uid-
izing velocity to be used within the acceptable range. The fl uidizing velocity within 
any given system extends over a fairly wide range, limited on both high and low ends 
by channeling, slugging, elutriation, or some combination of these. Equipment manu-
facturers usually resort to pilot - scale testing of the particular system before fi nalizing 
commercial design.  

  Modeling Fluidized Bed Drying Phenomenon 

 When the packed bed has a fl uid passed over it, the pressure drop of the fl uid is 
approximately proportional to the fl uid ’ s superfi cial velocity. In order to transition 
from a packed to a fl uidized bed, the gas velocity is continually raised. For a free -
 standing bed there will be a point, known as the minimum or incipient fl uidization 
point, whereby the bed ’ s mass is suspended directly by the fl ow of the fl uid stream. 
The corresponding fl uid velocity is known as the minimum fl uidization velocity ( v mf  ). 
Beyond the minimum fl uidization velocity ( v     ≥     v mf  ), the bed material will be sus-
pended by the gas stream and further increases in velocity will have a reduced effect 
on the pressure, owing to suffi cient percolation of the gas fl ow. Thus the pressure drop 
for  v     >     v mf   is relatively constant. 

 At the base of the vessel the apparent pressure drop multiplied by the cross - sectional 
area of the bed can be equated to the force produced by the weight of the solid particles 
(less the buoyancy of the solid in the fl uid):

    ΔP H gw w w s f= −( ) −( )1 ε ρ ρ     (20.1)   
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  Δ  P w   is pressure drop,  H w   is the static bed height,   ε  w   is the void fraction,  g  is acceleration 
due to gravity,  ρ  is density of the fl uid.  

  Grouping of Feed 

 In 1973, Professor D. Geldart proposed the classifi cation of powders into four groups, 
so - called  “ Geldart groups. ”  The groups are defi ned by their location on a diagram of 
solid – fl uid density differences and particle size. Design methods for fl uidized beds can 
be tailored based on the particle ’ s Geldart grouping.

    •      Group A :      particle size is between 20 and 100    μ m, and particle density is typically 
1400   kg · m  − 3 . Prior to the initiation of a bubbling bed phase, beds composed of these 
particles will expand by a factor of two to three at incipient fl uidization due to 
decreased bulk density. Most powder - catalyzed beds utilize this group.  

   •      Group B :      particle size lies between 40 and 500    μ m and particle density between 
1400 and 4500   kg · m  − 3 . Bubbling typically forms directly at incipient fl uidization.  

   •      Group C :      this group contains extremely fi ne and subsequently the most cohesive 
particles. With a size of 20 – 30    μ m, these particles fl uidize under conditions that are 
very diffi cult to achieve, and may require the application of an external force, such 
as mechanical agitation.  

   •      Group D :      particles are above 600    μ m and typically have high particle densities. 
Fluidization of this group requires very high fl uid energies and is typically associated 
with high levels of abrasion. Drying grains and peas, roasting coffee beans, gasifying 
coals, and some roasting metal ores are such solids, and they are usually processed 
in shallow beds or in the spouting mode.     

  Distributor 

 The distributor plate (Figure  20.4 ) is vital to the success of the overall design. The 
requirements are as follows:

   1.     It must distribute the fl uidization gas around the bed suffi ciently evenly to avoid 
excessive local gas velocities, which may cause channeling, or low velocity regions, 
where defl uidization may occur.    

  2.     The pressure drop through the holes should not be excessively high.  
  3.     The holes must not be so large that bed material can fall through them into the 

plenum chamber.  
  4.     The distributor must be strong enough to provide support for the solids in the 

bed and to withstand thermal stresses from the heating and cooling of the bed and 
the gas.     

  Drag 

 An object moving through a fl uid experiences a drag force in a direction opposite to 
its motion (Figure  20.5 ). A force is any external agent that causes a change in the 
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Figure 20.4 Different type of distributor plate used in fl uidized bed dryers. 
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motion of a free body or that causes stress in a fi xed body. Terminal velocity is 
achieved when the drag force  F D   is equal in magnitude but opposite in direction to 
the force propelling the object, in this case the force of gravity  F g  .   

 Mathematically, terminal velocity without considering buoyancy effects is given 
by:

    v
mg
AC

t
D

= 2
ρ

    (20.2)   

 where  v t   is terminal velocity,  m  is mass of falling object,  g  is acceleration due to 
gravity,  C D   is drag coeffi cient,   ρ   is density of the fl uid through which the object is 
falling, and  A  is projected area of the object. 

 In fl uid dynamics,  drag  (sometimes called air resistance or fl uid resistance) refers 
to the force that opposes the relative motion of an object through a fl uid (a liquid or 
gas). Unlike other resistive forces such as dry friction, which is nearly independent of 
velocity, drag forces depend on velocity. For a solid object moving through a fl uid, the 
drag is a component of the net aerodynamic or hydrodynamic force acting opposite to 
the direction of movement. The component perpendicular to this direction is called 
 lift . Therefore drag opposes the motion of the object, and in a powered vehicle it is 
overcome by thrust. 

  Aerodynamic force  is the resultant force exerted on a body by the air (or some other 
gas) in which the body is immersed, and is due to the relative motion between the 

Figure 20.5 Effect of drag on terminal velocity. Shown is a sphere in Stokes fl ow at very low 
Reynolds number. Small arrows show direction of movement of fl uid relative to the sphere. 
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body and the fl uid. An aerodynamic force arises from two causes: (i) the force due to 
the pressure on the surface of the body and (ii) the force due to viscosity, also known 
as skin friction. When a body is exposed to the wind, it experiences a force in the 
direction in which the wind is moving. This is an aerodynamic force. When a body is 
moving in air or some other gas, the aerodynamic force is usually called drag. When 
an aerofoil or a wing or a glider is moving relative to the air, it generates an aerody-
namic force that is partly parallel to the direction of relative motion and partly per-
pendicular to the direction of relative motion. This aerodynamic force is commonly 
resolved into two components:

   1.     drag is the component parallel to the direction of relative motion;  
  2.     lift is the component perpendicular to the direction of relative motion.    

 The force created by a propeller or a jet engine is called thrust and it is also an aero-
dynamic force. The aerodynamic force on a powered airplane is commonly resolved 
into three components: thrust, lift and drag. The only other force acting on a glider 
or powered airplane is its weight, but this is not considered an aerodynamic force. 

 In astrodynamics, depending on the situation,  atmospheric drag  can be regarded as 
an ineffi ciency requiring expense of additional energy during the launch of a spacecraft 
or as a bonus that simplifi es return from orbit. 

  Types of Drag 

 Drag is generally divided into the following categories: (i) parasitic drag, consisting of 
form drag, skin friction, and interference drag (Table  20.1 ); (ii) lift - induced drag; and 

Table 20.1 Relative contributions of form drag and skin friction to total drag. 

Shape and fl ow Form drag Skin friction 

0% 100%

∼10% ∼90%

∼90% ∼10%

100% 0%
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(iii) wave drag (aerodynamics) or wave resistance (ship hydrodynamics). The term 
 “ parasitic drag ”  is mainly used in aerodynamics, since in this setting drag is generally 
small compared with lift. For fl ow around bluff bodies, drag is frequently dominating, 
and then the qualifi er  “ parasitic ”  is meaningless. Form drag, skin friction, and inter-
ference drag on bluff bodies are not regarded as elements of parasitic drag, but directly 
as elements of drag itself.   

 Further, lift - induced drag is only relevant when wings or a lifting body are present, 
and is therefore usually relevant in either aviation or shipbuilding (design of semi -
 planing or planing hulls). Wave drag occurs when a solid object is moving through a 
fl uid at or near the speed of sound in that fl uid or if there is a freely moving fl uid 
surface with surface waves radiating from the object (e.g. from a ship). 

 For high velocities, or more precisely at high Reynolds numbers, the overall drag of 
an object is characterized by a dimensionless number called the drag coeffi cient, cal-
culated using the drag equation. Assuming a more - or - less constant drag coeffi cient, 
drag will vary as the square of velocity. Thus, the resultant power needed to overcome 
this drag will vary as the cube of velocity. The standard equation for drag is one - half 
the coeffi cient of drag multiplied by the fl uid mass density, the cross - sectional area 
of the specifi ed item, and the square of velocity (see Equation  20.3 ). 

  “ Wind resistance ”  is a nontechnical term used to describe drag. Its use is often 
vague, and is usually used in a relative sense (e.g. a badminton shuttlecock has more 
wind resistance than a squash ball).  

  Drag Equation at High Velocity 

 The drag equation calculates the force experienced by an object moving through a 
fl uid at relatively high velocity (i.e. high Reynolds number, Re    >     ∼ 1000), also called 
 quadratic drag . The equation is attributed to Lord Rayleigh, who originally used  L  2  
in place of  A  ( L  being length). The force on a moving object due to a fl uid is:

    F v ACD D= − 1
2

2ρ v̂     (20.3)   

 where  F D   is the force of drag,   ρ   is the density of the fl uid,  v  is the speed of the object 
relative to the fl uid,  A  is the reference area,  C D   is the drag coeffi cient (a dimensionless 
parameter, e.g. 0.25 – 0.45 for a car), and   ̂v is the unit vector indicating the direction of 
the velocity (the negative sign indicating that drag is opposite to that of velocity). The 
reference area  A  is often defi ned as the area of the orthographic projection of the object 
on a plane perpendicular to the direction of motion (e.g. for objects with a simple 
shape, such as a sphere, this is the cross - sectional area). Sometimes different reference 
areas are given for the same object, in which case a drag coeffi cient corresponding to 
each of these different areas must be given. In the case of a wing, comparison of the 
drag to the lift force is easiest when the reference areas are the same, since then the 
ratio of drag to lift force is just the ratio of drag to lift coeffi cient. Therefore the refer-
ence for a wing often is the plan form (or wing) area rather than the frontal area. 



554 Handbook of Food Process Design: Volume I

 For an object with a smooth surface and nonfi xed separation points, like a sphere 
or circular cylinder, the drag coeffi cient may vary with Reynolds number, even up to 
very high values (Re  ∼    10 7 ). For an object with well - defi ned fi xed separation points, 
like a circular disk with its plane normal to the fl ow direction, the drag coeffi cient is 
constant for Re    >    3500. Further, the drag coeffi cient  C D   is generally a function of the 
orientation of fl ow with respect to the object (apart from symmetrical objects like a 
sphere). 

 The drag equation may be derived to within a multiplicative constant by the method 
of dimensional analysis. If a moving fl uid meets an object, it exerts a force on the 
object, according to a complicated (and not completely understood) law. We might 
suppose that the variables involved under some conditions to be velocity ( v ), fl uid 
density (  ρ  ), viscosity of the fl uid (  η  ), size of the body expressed in terms of its frontal 
area ( A ), and drag force ( F D  ). Using the algorithm of the Buckingham  π  theorem, one 
can reduce these fi ve variables to two dimensionless parameters: drag coeffi cient ( C D  ) 
and Reynolds number (Re). Alternatively, one can derive the dimensionless parame-
ters via direct manipulation of the underlying differential equations. 

 This becomes obvious when the drag force  F D   is expressed as part of a function of 
the other variables in the problem:

    f F v Aa D , , , ,ρ η( ) = 0     (20.4)   

 This rather odd expression is used because it does not assume a one - to - one relation-
ship. Here,  f a   is some (as yet unknown) function that takes fi ve arguments. We note 
that the right - hand side is zero in any system of units, so it should be possible to 
express the relationship described by  f a   in terms of only dimensionless groups. 

 There are many ways of combining the fi ve arguments of  f a   to form dimensionless 
groups, but the Buckingham  π  theorem states that there will be two such groups. The 
most appropriate are the Reynolds number, given by:

    Re =
v A

η     (20.5)   

 and the drag coeffi cient, given by:
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 Thus the function of fi ve variables may be replaced by another function of only two 
variables:
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  where  f b   is some function of two arguments. The original law is then reduced to a law 
involving only these two numbers. Because the only unknown in the above equation 
is the drag force  F D  , it is possible to express it as:
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  or

    F Av f C fD c D c= ( ) = ( )1
2

2ρ Re Reand with     (20.9)   

 Thus the force is simply  ½   ρ Av  2  times some (as yet unknown) function  f c   of the 
Reynolds number, a considerably simpler system than the original fi ve - argument func-
tion given above. 

 Dimensional analysis thus makes a very complex problem (trying to determine the 
behavior of a function of fi ve variables) a much simpler one: the determination of drag 
as a function of only one variable, the Reynolds number. The analysis also gives other 
information for free, so to speak. We know that, other things being equal, the drag 
force will be proportional to the density of the fl uid. This kind of information often 
proves to be extremely valuable, especially in the early stages of a research project. 

 In order to determine the Reynolds number dependence empirically, instead of 
experimenting on huge bodies with fast - fl owing fl uids (such as real - size airplanes in 
wind tunnels), one may just as easily experiment on small models with slow - fl owing 
more viscous fl uids, because these two systems are similar.  

  Power 

 The power required to overcome aerodynamic drag is given by:

    P F v ACD D D= ⋅ = 1
2

3ρη     (20.10)   

 Note that the power needed to push an object through a fl uid increases as the cube 
of the velocity. With a doubling of speed, the drag (force) quadruples. Exerting four 
times the force over a fi xed distance produces four times as much work. At twice the 
speed, the work (resulting in displacement over a fi xed distance) is done twice as fast. 
Since power is the rate of doing work, four times the work done in half the time 
requires eight times the power.  

  Velocity of a Falling Object 

  Terminal Velocity 

 The velocity as a function of time for an object falling through a nondense medium, 
and released at zero relative velocity  v     =    0 at time  t     =    0, is roughly given by a function 
involving a hyperbolic tangent (tanh):
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 The hyperbolic tangent has a limit value of 1, for large time  t . In other words, velocity 
asymptotically approaches a maximum value called the terminal velocity  v t  :

    v
mg
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t
D

= 2
ρ

    (20.12)   

 For a potato - shaped object of average diameter  d  and density   ρ   obj , terminal velocity is 
about:

    v gdt =
ρ
ρ
obj     (20.13)   

 For objects of water - like density (raindrops, hail, live objects such as animals, birds, 
insects) falling in air near the surface of the Earth at sea level, terminal velocity ( v t  ) 
is roughly equal to   90 d , with  d  in meters and  v t   in m · s  − 1 .  

  Very Low Reynolds Numbers: Stokes ’  Drag 

 Let us imagine a simple experiment: three objects are thrown into the air at the same 
angle and their individual trajectories are measured as shown in Figure  20.6 . The 
object represented by the solid line in Figure  20.6  does not experience any form of 
drag and moves along a parabola. The object represented by the dashed line experiences 
Stokes ’  drag, while the object represented by the dotted line experiences Newtonian 
drag.   

 The equation for viscous resistance or linear drag is appropriate for objects or 
particles moving through a fl uid at relatively slow speeds where there is no turbu-
lence (i.e. low Reynolds number, Re    <    1). In this case, the force of drag is approxi-
mately proportional to velocity, but opposite in direction. The equation for viscous 
resistance is:

    F bvD = −     (20.14)   

Figure 20.6 Very low Reynolds numbers: Stokes ’ drag. 
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 where  b  is a constant that depends on the properties of the fl uid and the dimensions 
of the object,  V  is the fl ow speed, and  v  is the velocity of the object. When an object 
falls from rest, its velocity will be:

    v t
Vg

b
e bt m( ) = −( ) −( )−ρ ρ0 1     (20.15)   

 which asymptotically approaches the terminal velocity:

    v
Vg

b
t = −( )ρ ρ0     (20.16)   

 For a given  b , heavier objects fall faster. 
 For the special case of small spherical objects moving slowly through a viscous fl uid 

(and thus at small Reynolds number), George Gabriel Stokes derived an expression for 
the drag constant:

    b r= 6πη     (20.17)   

 where  r  is the Stokes radius of the particle, and   η   is fl uid viscosity. For example, 
consider a small sphere with radius  r  of 0.5    μ m (diameter 1.0    μ m) moving through 
water at a velocity  v  of 10    μ m · s  − 1 . Using 10  − 3    Pa · s as the dynamic viscosity of water, 
we fi nd a drag force of 0.09   pN. This is about the drag force that a bacterium experi-
ences as it swims through water.   

  Drag in Aerodynamics 

  Parasitic Drag 

 Parasitic drag (also called parasite drag) is drag caused by moving a solid object through 
a fl uid. Parasitic drag is composed of multiple components, including viscous pressure 
drag ( form drag ) and drag due to surface roughness ( skin friction drag ). Additionally, 
the presence of multiple bodies in relative proximity may incur so - called  interference 
drag , which is sometimes described as a component of parasitic drag (Figure  20.7 ).   

 In aviation, induced drag tends to be greater at lower speeds because a high angle 
of attack is required to maintain lift, creating more drag. However, as speed increases 
the induced drag becomes much less, but parasitic drag increases because the fl uid is 
fl owing faster around protruding objects, increasing friction or drag. At even higher 
speeds in the transonic, wave drag enters the picture. Each of these forms of drag 
changes in proportion to the others based on speed. The combined overall drag curve 
therefore shows a minimum at some airspeed and an aircraft fl ying at this speed will 
be at or close to its optimal effi ciency. Pilots will use this speed to maximize endur-
ance (minimum fuel consumption) or maximize gliding range in the event of an engine 
failure.  
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  Lift - induced Drag 

 Lift - induced drag (also called induced drag) is drag that occurs as a result of the crea-
tion of lift on a three - dimensional lifting body, such as the wing or fuselage of an 
airplane (Figure  20.8 ). Induced drag consists of two primary components: drag due to 
the creation of vortices ( vortex drag ) and the presence of additional viscous drag ( lift -
 induced viscous drag ). The vortices in the fl ow - fi eld, present in the wake of a lifting 
body, derive from the turbulent mixing of air of varying pressure on the upper and 
lower surfaces of the body, which is a necessary condition for the creation of lift.   

 With other parameters remaining the same, as the lift generated by a body increases 
so does the lift - induced drag. For an aircraft in fl ight, this means that as the angle of 

Figure 20.8 Lift-induced drag: creation of lift on a three -dimensional lifting body. 
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attack, and therefore the lift, of the lifting body increases to the point of stall, so does 
the lift - induced drag. At the onset of stall, lift is abruptly decreased, as is lift - induced 
drag, but viscous pressure drag, a component of parasite drag, increases due to the 
formation of turbulent unattached fl ow on the surface of the body.  

  Wave Drag in Transonic and Supersonic Flow 

 Wave drag (also called  compressibility drag ) is drag created by the presence of a body 
moving at high speed through a compressible fl uid. In aerodynamics, wave drag con-
sists of multiple components depending on the speed regime of the fl ight. 

 In transonic fl ight (Mach number    >    0.5 and  < 1.0), wave drag is the result of the 
formation of shock waves on the body, formed when areas of local supersonic fl ow 
(Mach number    >    1.0) are created. In practice, supersonic fl ow occurs on bodies traveling 
well below the speed of sound, as the local speed of air on a body increases when it 
accelerates over the body, in this case above Mach 1.0. Therefore, aircraft fl ying at 
transonic speed often incur wave drag through the normal course of operation. In 
transonic fl ight, wave drag is commonly referred to as transonic compressibility drag. 
Transonic compressibility drag increases signifi cantly as the speed of fl ight increases 
towards Mach 1.0, dominating other forms of drag at these speeds. 

 In supersonic fl ight (Mach number    >    1.0), wave drag is the result of shock waves 
present on the body, typically oblique shock waves formed at the leading and trailing 
edges of the body. In highly supersonic fl ows or in bodies with turning angles suffi -
ciently large, unattached shock waves, or bow waves will instead form. Additionally, 
local areas of transonic fl ow behind the initial shock wave may occur at lower super-
sonic speeds, and can lead to the development of additional, smaller shock waves 
present on the surfaces of other lifting bodies, similar to those found in transonic 
fl ows. In supersonic fl ow regimes, wave drag is commonly separated into two com-
ponents: supersonic lift - dependent wave drag and supersonic volume - dependent wave 
drag. 

 A closed form solution for the minimum wave drag of a body of revolution with a 
fi xed length was found by Sears and Haack, and is known as the Sears – Haack distribu-
tion. Similarly, for a fi xed volume, the shape for minimum wave drag is the Von 
K á rm á n ogive. Busemann ’ s biplane is not, in principle, subject to wave drag at all 
when operated at its design speed, but is incapable of generating lift.     

  Design of  HTST  Pneumatic Fluidized Bed Dryer 

 Partially dehydrated potato cubes were subjected to high temperature short time 
(HTST) treatment under fl uidized bed conditions to achieve puffi ng with further 
dehydration. The set - up comprised the following major elements (Figure  20.9 ): air 
supply unit, air heating unit, plenum chamber, and fl uidized bed chamber for dehydra-
tion and puffi ng. As per process conditions could not be optimized beforehand, the 
maximum attainable conditions were considered as the basis of design.   
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  Basic Assumptions and Considerations for Design 

    1.     As the optimum initial moisture content of the partially dehydrated potato cubes 
was not known, the calculations were made on the basis of the moisture content 
of fresh potatoes (8.3% wet basis).  

  2.     Initial sample capacity of 200   g batch was considered.  
  3.     Since the optimum air velocity for HTST operation was not known initially, the 

terminal velocity of fresh potato cubes (13.75   m · s  − 1 ) was considered.  
  4.     Preliminary trials revealed that the practically dehydrated potato cubes were puffed 

up to a maximum air temperature of 275    ° C, without appreciable quality deteriora-
tion. The temperature drop of the hot air between inlet and outlet was found 
experimentally to be 35    ° C when the inlet temperature was 275    ° C.  

  5.     Partially dehydrated potato cubes puffed to maximum within 30   s at 275    ° C.  
  6.     The absolute humidity of the drying air was 0.02   kg/kg dry air.  
  7.     Only 60% of the generated heat was utilized by the air.    

Figure 20.9 Schematic view of high temperature short time (HTST) fl uidized bed drying cum 
puffi ng: 1, centrifugal blower (main); 2, plenum chamber; 3, centrifugal blower (secondary); 4, burner; 
5, plenum chamber (viewing glass); 6, drying column; 7, drying column (viewing window); 8, dis-
charge door; 9, ignition port with threaded cap; 10, fi re break platform; 11, inner insulation; 12, outer 
insulation; 13, wedge of 45 °; 14, air outlet (perforated lid); 15, fi re clay lining; 16, outer insulation. 
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  Calculation of Heat Requirement and Diameter of the Column 

 The heat energy required for the process with 200   g of fresh potatoes is given by:

    Q W c T T Ws p w w= −( ) +0 λ     (20.18)   

 where  W s   is weight of batch (0.2   kg);  c p   is specifi c heat of potato at 83% (wet basis) 
moisture and average temperature between  T a   and  T  0  (i.e. 75    ° C) and approximately 
equals 3866   J · kg  − 1  ·  ° C  − 1 ;  T  is average material temperature while puffi ng (120    ° C);  T  0  is 
initial material temperature (30    ° C);  W w   is quantity of moisture evaporated, deter-
mined experimentally as 0.065   kg (13 – 15%); and   λ  w   is latent heat of evaporation at 
120    ° C (2176   kJ · kg  − 1 ). Thus,  Q     =    211   028   J. 

 Considering a process time of 30   s, the power required ( Q p  ) is 211   028/30    =    7034   W. 
In order to supply this heat energy, the mass fl ow rate of hot air ( G ) was determined 
from the following equation:

    Q G c C H T Tp pa pv a i o= +( ) −( )     (20.19)   

 where  c pa   is specifi c heat of dry air at 275    ° C (1.036   kJ · kg  − 1  · K  − 1 ),  c pv   is specifi c heat of 
water vapour at 275    ° C (1.972   kJ · kg  − 1  · K  − 1 ),  T i   is inlet air temperature (275    ° C),  T o   is 
outlet air temperature (240    ° C), and  H a   is absolute humidity of drying air (0.02   kg/kg 
dry air). Hence  G     =    0.1869   kg · s  − 1 . 

 The diameter of the column ( D c  ) required in the process was calculated using the 
following relationship:

    G D vc f= π ρ4
2     (20.20)   

 where  v  is required air velocity, i.e. terminal velocity of 1   cm 3  fresh potato cubes, 
determined experimentally as 13.75   m · s  − 1  and   ρ  f   is density of air at 30    ° C (1.168   kg · m  − 3 ). 
Hence,  D c      =    14.81   cm ( ∼ 15   cm).  

  Capacity of the Heating Unit 

 The heat power required for the process, as calculated earlier, is approximately 7.05   kW. 
It was assumed that 60% of the heat was utilized by the air and the rest was accounted 
for by radiation, conduction and other losses. Thus the required capacity of the heating 
unit was 11.75   kW ( ∼ 12   kW).  

  Height of the Dryer Column 

 For 200   g fresh potato cubes at an air velocity just below the velocity of the material, 
the expanded bed height was determined experimentally as 55   cm. However, to prevent 
the entrainment of the materials, an extra 10   cm was added to give a total column 
height of 65   cm.  
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  Heat Loss Through Insulation 

 Suffi cient insulation was provided in the plenum chamber as well as in the dryer 
column to prevent heat loss. Total heat loss through the different layers of insulation 
was calculated by:

    Q
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( )
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    (20.21)   

 where  Q L   is total heat loss (kJ),  Δ  T  is temperature difference ( ° C), and  R th   is equivalent 
thermal resistance. 

  For Dryer Column 

     R R R R Rth th th th thtotal( ) = + + +1 2 3 4     (20.22)  
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    R h ath o o4 1 is outside film resistance = ( )   

 where  k  in  is thermal conductivity of insulation (glass wool 0.038   W · m  − 1  ·  ° C  − 1 , asbestos 
rope 0.166   W · m  − 1  ·  ° C  − 1 , asbestos plaster 0.067   W · m  − 1  ·  ° C  − 1 , asbestos sheet 0.38   W · m  − 1  ·  ° C  − 1 ); 
 r o   is outer radius of insulation (m) and  r i   is inner radius of insulation (m);  k  Al  is thermal 
conductivity of aluminum (86   W · m  − 1  ·  ° C  − 1 );  h o   is outer fi lm coeffi cient (natural convec-
tion) (10   W · m  − 2  · K  − 1 );  h i   is inner fi lm coeffi cient (calculated) (30   W · m  − 2  · K  − 1 );  a o   is outside 
cross - sectional area (m 2 );  a i   is inside cross - sectional area (m 2 ).  

  For Plenum Chamber 

     R R Rth th thtotal( ) = +3 4     (20.23)  

    R b k ath3 = in  

    R h ath o o4 1= ( )  
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  wher  b  is insulation thickness (m),  a  is cross - sectional area across heat fl ow (m 2 ),  a o   
is outside cross - sectional area (m 2 ), and  h   i   was calculated from the empirical 
relationship:

    h
D
k

i
c = 0 023 0 8 1

3. Re Pr.     (20.24)  

  where  D c   is diameter of column (m), Re is Reynolds number (  ρ  f D c v /  μ  ), and Pr is Prandtl 
number ( c p  μ  / k ). The total heat loss through different parts of the apparatus, through 
layers of insulation, was found to be 975   W.   

  Air Supply Unit 

 The capacity of the blower to maintain the required airfl ow was determined based on 
the total pressure drop in the system and maximum airfl ow rate required. Considering 
the diameter of 15   cm, the maximum airfl ow rate was estimated as:

    Vmax . . .= ( ) × = ⋅ −π 0 75 13 75 0 2432 3 1m s   

  Total pressure drop in the system 

 Total pressure drop in the system is equal to the pressure drop across the bed ( Δ  P b  ) 
plus the frictional pressure drop in different parts of the system ( Δ  P f  ). The pressure 
drop across the bed ( Δ  P b  ) was estimated as equal to the weight of the bed per unit area 
of cross - section allowing for the buoyant force of the displaced fl uid, i.e.

    ΔP H gw w w s f= −( ) −( )1 ε ρ ρ     (20.25)   

 where  ε  is porosity in fi xed bed (0.4),   ρ  s   is particle density (1070   kg · m  − 3 ), and   ρ  f   is fl uid 
density at 275    ° C (1.66   kg · m  − 3 ). The static bed height ( H ) was determined assuming the 
material weight and porosity as given above and was found to be about 3   cm. Thus:

    Δ Δ Δ Δ ΔP P P P Pr f f f f= + + +1 2 3 4     (20.26)   

 where  Δ  P f   1  is frictional pressure drop due to delivery duct (10   cm diameter, 60   cm long), 
 Δ  P f   2  is frictional pressure drop due to expansion (duct to plenum chamber, 
30    ×    45    ×    75   cm),  Δ  P f   3  is frictional pressure drop due to contraction (plenum chamber 
to column), and  Δ  P f   4  is frictional pressure drop in the column (15    ×    65   cm). 

 In pipe fl ow,  Δ  P r   was calculated by using the relationship:

    ΔP
flv
D

f
c

f= 4
2

2

ρ     (20.27)   

 where  f  is fanning friction factor    =    0.046(Re)  − 0.2 ,  l  is length of the pipe (m),  D c   is diam-
eter of pipe (m),  v  is air velocity in pipe (m · s  − 1 ), and   ρ  f   is fl uid density (1.166   kg · m  − 3 ). 
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 For frictional pressure drop due to enlargement and contraction the following equa-
tions were used:

    ΔP
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 where  a  1  is cross - sectional area of delivery duct (0.0078   m 2 ),  a  2  is vertical cross -
 sectional area of plenum chamber facing duct (0.225   m 2 ), and  v  1  is air velocity in 
delivery duct (30.9   m · s  − 1 ).
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 where  a  1  is horizontal cross - sectional area of plenum chamber (0.135   m 2 ),  a  2  is cross -
 sectional area of puffi ng column (0.0117   m 2 ), and  v  2  is air velocity in the column 
(13.75   m 2 ). The following values for frictional pressure drop were obtained by substi-
tuting the corresponding values in the equations.

    Δ  P f   1     =    53.11   Pa  
   Δ  P f   2     =    172.22   Pa  
   Δ  P f   3     =    45.79   Pa  
   Δ  P f   4     =    8.22   Pa    

 Hence total pressure drop in the system:

    Δ Δ Δ Δ Δ ΔP P P P P Pb f f f f= + + + +1 2 3 4     (20.30)   

 Thus  Δ  P  equals 468.34   Pa or 4.77   cmH 2 O. Static pressure of the blower is therefore 
4.77   cmH 2 O. Therefore, total power required for the blower is  Δ  P     ×     V  max     =    115.9   W, 
where  V  max  is maximum fl ow rate (0.243   m 3  · s  − 1 ). Considering the power transmission 
and other losses, a 1 - horsepower (746   W) single - phase AC motor can be selected to 
drive the blower.     

  Types of Fluidized Bed Dryers 

 Bed types can be coarsely classifi ed by their fl ow behavior as follows:

    •      Stationary or bubbling beds, where fl uidization of the solids is relatively stationary, 
with some fi ne particles being entrained.  

   •      Circulating beds, where fl uidization suspends the particle bed due to a larger kinetic 
energy of the fl uid. As such the surface of the bed is less smooth and larger particles 
can be entrained from the bed than for stationary beds. These particles can be clas-
sifi ed by a cyclone separator and separated from or returned to the bed, based on 
particle cut size.  
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   •      Vibratory fl uidized beds are similar to stationary beds, but add a mechanical vibra-
tion to further excite the particles for increased entrainment.    

  Classifi cation of Fluidized Bed Dryers 

 Fluidized bed dryers can be classifi ed on the basis of different criteria as follows:

    •      Processing mode: batch type (small throughputs) or continuous type (high 
throughputs).  

   •      Particulate fl ow regime: well mixed, plug fl ow, hybrid (well mixed followed by plug 
fl ow).  

   •      Operating pressure: low pressure, near atmospheric pressure, high pressure (5   bar in 
steam dryers).  

   •      Fluidizing gas fl ow: continuous, pulsed.  
   •      Fluidizing gas temperature: constant or time dependent.  
   •      Heat supply: convection or convection/conduction, conduction, continuous or 

pulsed.  
   •      Fluidization action: by gas fl ow (pneumatic only), by jet fl ow (spouted, recirculating, 

jet fl ow), with mechanical assist (i.e. vibrators or agitators).  
   •      Fluidized materials: particulate solids, paste/slurry, spray onto a bed of inert parti-

cles or absorbents such as silica gel, biomass.  
   •      Fluidizing medium: air, gases, direct combustion products, superheated steam or 

vapors.  
   •      Number of stages: single or multiple.     

  Batch Fluidized Bed Dryer 

 Batch - type dryers are used for small - scale production They are low - capacity dryers 
with outputs ranging from 50 to 1000   kg · h  − 1  and can be used for a variety of products, 
especially cash crops and high - value food products. The design of this type of dryer is 
shown in Figure  20.10 . The wet feed is loaded in a tray - type container with a distribu-
tion plate (wire mesh supporting screen), subjected to a stream of heated air, and held 
in suspension to obtain the desired fi nal moisture content. Air used for drying is fi rst 
cleaned by passing through a fi lter and then heated by steam, hot water or natural gas 
up to a fi xed temperature but with the capacity to vary the temperature according to 
the product. The optimum speed of the inlet air depends on particle size and density 
of product. The exhaust air passes through fi lter bags located at the top to trap any 
entrained solids.    

  Continuous Fluidized Bed Dryer 

 Continuous fl uid systems are used wherever high throughputs are required. They 
offer better economy for uniform reproducible product quality with gentle product 
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handling. In a typical continuous dryer (Figure  20.11 ), air is passed through a fi lter, 
dehumidifi er (optional) and heater before entering the dryer, and the air temperature 
can be controlled. Moist starting product is fed continuously to the fi rst fl uidized bed 
chamber (with scatter and agitator devices) and mixed with hot air. The design of this 
type of dryer can include an overfl ow discharge pipe and supporting grill base through 

Figure 20.11 Schematic fl ow diagram of continuous fl uidized bed dryer: 1, exit air; 2, cyclone; 
3, dry solids; 4, hot air; 5, heater; 6, blower; 7, ambient air; 8, feed inlet for fresh solids. 

Figure 20.10 Batch fl uidized bed dryer: 1, exhaust air; 2, wet solids; 3, hot air gas; 4, dry solids. 
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which the fl uidizing air is introduced, and the dried product can be withdrawn con-
tinuously at a controlled rate. The waste air with fi ne powder passes through the 
cyclone, bag fi lter and then the hydroscrubber, removing the dust.   

 Depending on the solid fl ow pattern, continuous fl uidized bed dryers can be further 
classifi ed as well - mixed fl ow designs and plug fl ow designs. 

  Well - mixed Fluidized Bed Dryer 

 In a well - mixed bed dryer, the particle residence time distribution approaches the 
exponential perfect mixing law and hence it is given the name of well - mixed fl uidized 
bed dryer (Figure  20.12 ). These type of dryers are most suitable for feeds with high 
moisture content and that are nonfl uidizable in their original state but which become 
fl uidizable after a short time in the dryer (i.e. after removal of surface volatiles from 
the particles). They have a circular or square cross - section, which produces near 
perfect mixing of solids. Mixing in turn helps in proper fl uidization by distributing 
the feed over the bed of relatively dry material, and thus makes the fl uid bed most 
suitable for handling wetter feedstocks. Product temperature and moisture are uniform 
throughout the fl uidized layer. The entrained solids are separated by cyclone. The 
height of the bed is 2300 – 2400   mm and throughput is very high, up to 2000   kg · h  − 1 . The 
only limitation is that product moisture content distribution can become quite broad, 
so this type of dryer is mostly used when average moisture content is the controlling 
parameter of product quality.    

Figure 20.12 Well-mixed fl uidized bed dryer. 
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  Plug Flow Fluidized Dryer 

 This type of dryer is used for feed products with low levels of unbound moisture and 
which are directly fl uidizable. The plug fl ow provides a relatively narrow product 
residence time distribution. Plug fl ow dryers may be different shapes and sizes, with 
length to width ratio ranging from 4   :   1 to 30   :   1. In this dryer the solids fl ow continu-
ously through a channel that is 1 – 2   m in width and 20   m in length (Figure  20.13 ). Fluid 
beds are either rectangular or circular in design and may be equipped with baffl es to 
limit solid mixing in the horizontal direction. Circular beds employ spiral baffl es, 
whereas in relatively small circular beds with high powder layers radial baffl es are 
used. The moisture content and temperature of the product decreases gradually during 
the fl ow of solids along the dryer, so a high - temperature drying agent cannot be used 
because at the end of the process dry material is in contact with gas of high tempera-
ture, which could easily lead to local overheating The critical point in this type of 
process is at feed entry, where wet feedstock must be directly fl uidized, so a higher 
air velocity is used in this section. Proper precautions are required to avoid the corners 
where dead zones may appear and which can cause deviations from plug fl ow. To 
overcome these problems and to obtain a product at the required temperature, the 
chamber can be divided into separate sections. This enables the gas temperature to be 
regulated along the dryer.    

  Vibrating Fluidized Beds 

 There are many materials or food products that fl uidize poorly due to a number of 
reasons: broad particle size distribution range, highly irregular particle shape, sticky 
and fragile nature, sensitivity to high temperature. During processing some food 

Figure 20.13 Plug fl ow fl uidized bed dryer: 1, wet solid; 2, hot air; 3, dry solids; 4, exhaust air; 
5, partition plate. 
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matrices pass through a softening or cohesive phase, which again restricts their fl uidi-
zation. Hence vibrating beds are extremely effective in keeping such materials in a 
live fl uidized state during their transitory phase (Figure  20.14 ). Like conventional 
fl uidized bed processors, vibrating fl uidized bed (VFB) dryers function by passing 
heated air directly through a bed of perforated plate mounted on a plenum chamber. 
The entire plenum chamber is suspended on leaf springs and vibrated with an eccen-
tric shift drive. Frequency (5 – 25   Hz) and amplitude (a few millimeters) are two impor-
tant parameters to be considered when designing a vibrating fl uidized bed dryer. There 
can be various fl ow patterns in a VFB dryer depending on the type of chamber and 
confi guration that will be used. VFB dryers offer advantages over conventional fl uid-
ized dryers: gas velocity can be lowered by 8 – 25% to avoid excessive elutriation, while 
large particles are kept moving by vibrations; furthermore, the pressure drop between 
the distributor plate and the bed is much less than that in conventional fl uidized 
bed dryers.    

  Multistage/Multitier Fluidized Bed 

 Materials with a high proportion of unbound moisture are not usually suitable for 
drying in plug fl ow bed dryers and are dried in multistage fl uidized bed dryers. 
Multistage dryers combine the advantages of both well - mixed and plug - fl ow types. 

Figure 20.14 Vibrating fl uidized bed dryer: 1, exhaust air; 2, feed; 3, hot air; 4, product; 
5, vibrator. 
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 In a multistage fl uidized bed dryer, two or more fl uid beds are used, where the upper 
tier utilizes back - mix or plug fl ow for pre - drying (i.e. removing of unbound moisture) 
and the lower tier utilizes plug fl ow for post - drying. The drying gas travels countercur-
rent to the solids, so that the gas leaving the lower tier transfers its sensible heat to 
the upper tier, thus resulting in higher thermal effi ciency. With these kind of systems 
even wet and sticky feedstocks can be handled effectively. Depending on the state of 
a feed (solid or liquid slurry, etc.) a pneumatic dryer or spray dryer can be used during 
the fi rst stage, with the fl uidized bed providing a long residence time during the second 
stage to remove internal moisture. Generally, for organic products or any materials 
that are explosive as dust, a multitier (four - stage) fl uid bed is used, where different 
sections have different air temperature and velocities. Here beds are pressure shock 
resistant and provided with explosive membranes.  

  Contact Fluidized and Internally Heated Fluidized Bed Dryers 

 In this type of dryer some contact heating surfaces are immersed in the fl uidized 
layer to provide a signifi cant portion of required energy, hence reducing the tempera-
ture and fl ow of gas through the system, which in turn reduces the amount of exhaust 
and, most importantly, power consumption of the unit This is particularly important 
for drying of heat - sensitive materials or fi nes with particle size as small as 100    μ m. 
Thus immersing heating elements can lead to signifi cant capital and operating cost 
savings.  

  Superheated Steam Dryers 

 Superheated steam dryers are also gaining popularity due to the enormous advantages 
offered, such as absence of fi re or explosion hazards, absence of oxidative damage, 
ability to operate at vacuum or high - pressure operating conditions and, last but not 
least, ease of recovery of latent heat supplied for evaporation with a multiple effect 
operation (Figure  20.15 ).    

  Jetting Fluidized Bed 

 Small - scale jetting fl uidized beds are most commonly used in processes such as 
coating and granulation. In an ordinary fl uidized bed, the inlet gas is passed through 
nozzles that perforate the distributor plate evenly, with jetting regions appearing above 
every nozzle. However, a jetzone dryer has a solid base instead of a perforated distribu-
tor, air being blown downwards at high velocity from an array of pipes onto this 
surface, lifting the bed of particles away from it and creating an air cushion. One 
distinctive feature of a jetting fl uidized bed is that even nonspherical materials like 
fl akes can be processed if their density is reasonably low.  
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Figure 20.15 Superheated steam bed dryer: 1, steam from dryers; 2, cyclone; 3, steam supply; 
4, fl uidized bed; 5, dry product; 6, screw conveyor; 7, impeller; 8, distributor plate; 9, condensate; 
10, wet product in; 11, pressurized screws; 12, heat exchanger. 

  Recirculating Fluidized Bed Dryer 

 The insertion of a draft tube into an ordinary spouted fl uidized bed changes its opera-
tional and design characteristics. This type of fl uidized bed is known as a recirculating 
fl uidized bed (or internally circulating fl uidized bed). Unlike spouted beds, recirculat-
ing fl uidized beds do not have the limitations of maximum spoutable bed height and 
minimum spouting velocity. The spouting gas stream is confi ned within the draft tube 
and does not leak out horizontally toward the downcoming gas stream. After passing 
through the draft tube, particles follow a certain fl ow pattern in the bed and fl ow 
downward in the downcomer region. The technique is mainly used in the pharmaceu-
tical industries for powder and particles, and coating of tablets.  

  Spouted Bed Dryers 

 Spouted bed dryers are reported to process the widest range of particles, minerals, 
grains, fl ours and pastes; they can also be used for drying large particles (75   mm) which 
exhibit slugging under normal fl uidization (Figure  20.16 ). In a spouted bed, a high -
 velocity jet of gas penetrates an opening at the bottom of the bed of particles and 
transports the particles to the bed surface. At higher airfl ow rates, agitation becomes 
more violent and the movement of solids becomes more vigorous. Energetic spouting 
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at the bed surface thrusts the particles into the freeboard region at the center of the 
bed. After losing their momentum, these particles fall back onto the bed surface. This 
fountain - like action induces good solid mixing and a cyclical fl ow of particles is thus 
created. Spouting bed dryers have been applied to drying, granulating, and coating as 
well as drying of pastes, solutions, slurries and suspensions. Majumdar has further 
classifi ed these spouted fl uidized bed dryers as periodically spouted beds, multiple 
spouted beds, and two - dimensional isolating spouted beds.      

  Application of Fluidized Bed Drying 

 Fluidized beds have the ability to promote high levels of contact between gases and 
solids. In a fl uidized bed a characteristic set of basic properties can be utilized that 
are indispensable to modern process and chemical engineering, including:

    •      extremely high surface area contact between fl uid and solid per unit bed volume;  
   •      high relative velocities between the fl uid and the dispersed solid phase;  
   •      high levels of intermixing of the particulate phase;  
   •      frequent particle – particle and particle – wall collisions.    

  Fluidized Bed Drying of Soybeans 

 The fl uidized bed drying characteristics of soybeans at high temperature (110    ±    14.8    ° C) 
and moisture content (31    ±    49% dry basis) were modeled using drying equations from 

Figure 20.16 Spouted bed dryer: 1, bed surface; 2, spout; 3, conical section; 4, spouting gas. 
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the literature. Air speeds of 2.4    ±    4.1   m · s  − 1  and bed depths of 10 – 15   cm were used. The 
minimum fl uidized bed velocity was 1.9   m · s  − 1 . From a quality point of view, fl uidized 
bed drying was found to reduce the level of urease activity, which is an indirect 
measure of trypsin inhibitor, with 120    ° C being the minimum required to reduce 
urease activity to an acceptable level. Increased air temperatures caused increased 
cracking and breakage, with temperatures below 140    ° C giving an acceptable level for 
the animal feed industry in Thailand. The protein level was not signifi cantly reduced 
in this temperature range. The drying rate equations and quality models were then 
combined to develop optimum strategies for fl uidized bed drying, based on quality 
criteria, drying capacity, energy consumption, and drying cost. The results showed 
that from 33.3% dry basis, soybeans should not be dried below 23.5% dry basis in the 
fl uidized bed dryer to avoid excessive grain cracking. The optimum conditions for 
minimum cost, minimum energy, and maximum capacity coincided at a drying tem-
perature of 140    ° C, bed depth of 18   cm, air velocity of 2.9   m · s  − 1 , and fraction of air 
recirculated of 0.9. These conditions resulted in 27% cracking, 1.7% breakage, and 
energy consumption of 6.8   MJ/kg water evaporated.  

  Spouted Fluidized Bed Dryer and Granulator for the Treatment 
of Animal Manure 

 This drying system comprises a spouted fl uidized bed dryer with a conical lower 
section provided with a packing of heat exchange particles. A cyclone separator is 
connected to the top of the dryer, with separated particles collected by a receiver con-
nected to the leg of the cyclone. A vapor fan compresses the air – vapor mixture before 
it passes to the heat exchanger and mixing chamber. A tube/shell - type heat exchanger 
is where effl uent gases from the vapor fan are preheated by the outcoming high -
 temperature gases. A combustion and incineration chamber is installed at the top and 
the high - temperature fl ame is used to incinerate the effl uent gases introduced from 
the annulus channel of the chamber in order to destroy odors and volatile organic 
compounds. The mixing chamber is where the high - temperature stream from the 
incineration chamber is mixed with the low - temperature stream from the vapor fan 
to serve as the drying media, with the temperature maintained at around 400    ° C. A 
slurry discharge nozzle is located below the packing and connected to a slurry con-
tainer via piping and a slurry pump for releasing slurry to the surface of the particles 
within the packing. Evaporation of water occurs mostly on the surface of the particles 
by contact with hot drying media. A gas – air mixture is fed to the burner through a 
feed pipeline wherein fresh air is supplied.  

  Fluidized Bed Reactor 

 A fl uidized bed reactor (FBR) is a device that can be used to carry out a variety of 
multiphase chemical reactions (Figure  20.17 ). In this type of reactor, a fl uid (gas or 
liquid) is passed through a granular solid material (usually a catalyst, possibly shaped 
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as tiny spheres) at suffi ciently high velocities to suspend the solid and cause it to 
behave as though it were a fl uid. This process, known as fl uidization, imparts many 
important advantages to the FBR and as a result it is now used in many industrial 
applications.   

  Basic Principles of Fluidized Bed Reactor 

 The solid substrate (the catalytic material upon which chemical species react) is typi-
cally supported by a porous plate known as a distributor. Fluid is then forced through 
the distributor up through the solid material. At low fl uid velocities, the solid remains 
in place as the fl uid passes through voids in the material. This stage is known as a 
packed bed reactor. As the fl uid velocity is increased, the reactor will reach a stage 
where the force of the fl uid on the solids is enough to balance the weight of the solid 
material. This stage is known as incipient fl uidization and occurs at minimum fl uidi-
zation velocity. Once this minimum velocity is surpassed, the contents of the reactor 
bed begin to expand and swirl around much like an agitated tank or pan of boiling 

Figure 20.17 Schematic view of a fl uidized bed reactor. 
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water. The reactor is now a fl uidized bed. Depending on the operating conditions and 
the properties of the solid phase, various fl ow regimes can be observed in this reactor.  

  Advantages 

 The increased use of the FBR in today ’ s industrial world is largely due to the inherent 
advantages of the technology.

    •      Uniform particle mixing .      Because of the intrinsic fl uid - like behavior of the solid 
material, fl uidized beds do not experience poor mixing as in packed beds. This 
complete mixing allows a uniform product that can often be hard to achieve in other 
reactor designs. The elimination of radial and axial concentration gradients also 
allows better fl uid – solid contact, which is essential for reaction effi ciency and 
quality.  

   •      Uniform temperature gradients .      Many chemical reactions require the addition or 
removal of heat. Local hot or cold spots within the reaction bed, often a problem in 
packed beds, are avoided in a fl uidized situation such as an FBR. In other reactor 
types, these local temperature differences, especially hotspots, can result in product 
degradation. Thus FBRs are well suited to exothermic reactions. Researchers have 
also learned that the bed - to - surface heat transfer coeffi cients for FBRs are high.  

   •      Ability to operate reactor in continuous state .      The fl uidized bed nature of these 
reactors allows the ability to continuously withdraw product and introduce new 
reactants into the reaction vessel. Operating in a continuous process state allows 
manufacturers to produce their various products more effi ciently due to the removal 
of start - up conditions in batch processes.     

  Disadvantages 

 As in any design, the FBR does have its drawbacks, which any reactor designer must 
take into consideration.

    •      Increased reactor vessel size .      Because of the expansion of the bed materials in the 
reactor, a larger vessel is often required than that for a packed bed reactor. This 
larger vessel means that more must be spent on initial capital costs.  

   •      Pumping requirements and pressure drop .      The requirement for the fl uid to suspend 
the solid material necessitates that a higher fl uid velocity is attained in the reactor. 
In order to achieve this, more pumping power and thus higher energy costs are 
needed. In addition, the pressure drop associated with deep beds also requires addi-
tional pumping power.  

   •      Particle entrainment .      The high gas velocities present in this style of reactor often 
result in fi ne particles becoming entrained in the fl uid. These captured particles are 
then carried out of the reactor with the fl uid, where they must be separated. This 
can be a very diffi cult and expensive problem to address depending on the design 
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and function of the reactor. This may often continue to be a problem even with 
other entrainment - reducing technologies.  

   •      Lack of current understanding .      Current understanding of the actual behavior of the 
materials in a fl uidized bed is rather limited. It is very diffi cult to predict and cal-
culate the complex mass and heat fl ows within the bed. Due to this lack of under-
standing, a pilot plant for new processes is required. Even with pilot plants, the 
scale - up can be very diffi cult and may not refl ect what was experienced in the pilot 
trial.  

   •      Erosion of internal components .      The fl uid - like behavior of the fi ne solid particles 
within the bed eventually results in wear of the reactor vessel. This can require 
expensive maintenance and upkeep for the reaction vessel and pipes.    

 Due to the advantages of FBRs, a large amount of research is devoted to this technol-
ogy. Most current research aims to quantify and explain the behavior of the phase 
interactions in the bed. Specifi c research topics include particle size distributions, 
various transfer coeffi cients, phase interactions, velocity and pressure effects, and 
computer modeling. The aim of this research is to produce more accurate models of 
the inner movements and phenomena of the bed. This will enable scientists and engi-
neers to design better, more effi cient reactors that may effectively deal with the 
current disadvantages of the technology and expand the range of FBR use.    
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   Introduction 

 The use of energy from fossil fuels raises a number of issues: fi rstly, because of their 
limited supply, fossil fuels may not be available for much longer; and secondly, the 
global warming created by use of fossil fuels will affect future generations. In fact, 
these concerns have been the impetus for considerable research and development in 
the area of alternative energy sources. There are two reasons for this concern: (i) the 
increase in demand for energy resources as the world population steadily increases 
with unprecedented technological advancement; and (ii) persistent efforts to maintain 
the environment in a healthy state for the benefi t of present and future generations. 
As a result, numerous research and development activities have been implemented to 
identify reliable and economically feasible alternative energy sources. The use of heat 
pumps for cooling/heating applications is very common. When in cooling mode, a 
heat pump absorbs thermal energy from a low - temperature source (usually the space 
to be cooled), raises its energy level (temperature increased to about 85    ° C), and dis-
charges it to the atmosphere. Attempts have been made to recover waste heat from 
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heat pumps and considerable success has been achieved in recent years. Attempts have 
also been made to collect solar and ambient energy using the evaporator/collector (in 
the heat pump system), leading to signifi cant improvements in performance of heat 
pumps. 

 One area where heat pumps can overcome existing ineffi ciencies is the utilisation 
of waste heat for some useful purposes, for example drying of agricultural and phar-
maceutical products. Drying of such materials plays an important role in improving 
product quality, leading to better marketability and increased storage life. When the 
materials to be dried are agricultural products, the drying process becomes much more 
important, as the chances of spoilage due to the activity of microorganisms are very 
high (Sokhansanj and Digvir,  1991 ). As drying is an energy - intensive process, use of 
conventional energy sources may not be a desirable choice due to the factors men-
tioned previously. The use of an energy recovery system with the help of suitably 
designed heat pumps will be one of the better alternatives for this application. Besides 
the energy - saving perspective, another important reason for the use of heat pumps for 
drying is that products dried by heat pump retain their quality and texture, particularly 
temperature - sensitive agricultural products. This is due to the fact that unlike normal 
drying, independent control of temperature and relative humidity (RH) is possible in 
heat pump drying (HPD). 

 From an engineering perspective, drying is a process of moisture removal. It can be 
achieved by various means, such as chemical drying, where the drying is performed 
by desiccants, or by chemical decomposition of the water in the substance. Other 
forms of drying are freeze drying, mechanical drying and thermal drying, which are 
discussed elsewhere in this book. Drying with heat pump belongs to the category of 
thermal drying, which is used mainly for the drying of temperature - sensitive agricul-
tural or pharmaceutical products and involves the removal of moisture from the mate-
rial under controlled conditions using recovered thermal energy. 

 Most of the commonly used heat pumps work on the principle of vapour compres-
sion cycle. One single vapour compression device can produce cooling and heating 
effects simultaneously but at two different locations (MacArthur,  1984 ). There have 
been many innovative improvements in the design of heat pumps since they were 
developed in the 1930s. Heat pumps, unlike refrigerators, have to compete with all 
other conventional and non - conventional cooling/heating processes. 

 When heat pumps are used for drying of food products, air is the working fl uid for 
the drying process and normally it is recirculated in a closed - loop arrangement. After 
a few cycles the air in the closed - loop system becomes saturated and loses its drying 
potential. To restore the drying potential of the air, the evaporator is partially or fully 
utilised depending on the degree of dehumidifi cation required for the drying process. 
In the evaporator, while the air is undergoing dehumidifi cation, the waste heat (both 
sensible and latent) is recovered and made available for the condenser (Hawlader and 
Jahangeer,  2006 ). 

 In this chapter, the fundamental concepts of the heat pump, the various kinds of 
heat pump, and their applications and design essentials are presented.  
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  Types of Heat Pump 

 Heat pumps can be classifi ed based on their fi eld of application, utilisation, heat source 
and heat pump process (Braven and Vince Mei,  1993 ). By fi eld of application, they are 
classifi ed as household (up to 70   kW), agricultural (up to 120   kW) and industrial (up to 
10   MW) based on their capacities. Another classifi cation of heat pumps categorises 
them as vapour compression heat pumps, solar thermal heat pumps, vapour absorption 
heat pumps, thermoelectric heat pumps and vapour jet heat pumps. The working 
principles of vapour compression and absorption heat pumps are briefl y described. 

  Vapour Compression Heat Pumps 

 These work on the mechanical vapour compression cycle. The four components of 
the mechanical vapour compression cycle are shown in Figure  21.1  and the cycle is 
depicted in the pressure – enthalpy diagram in Figure  21.2 . The processes in this cycle 

Figure 21.1 Schematic diagram of mechanical vapour compression refrigeration cycle. 
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include evaporation (low - grade heat absorption), compression (expenditure of energy), 
condensation (heat extraction) and expansion. Two of the four components, the com-
pressor and expansion valve, help the cycle to repeat and produce the desired heating 
effect at the condenser side of the system. The desired heating effect obtained at the 
condenser is the net sum of the heat absorbed at the evaporator and the energy sup-
plied by the compressor during the compression process. The low - pressure and low -
 temperature refrigerant enters the evaporator, which is the heat source for the heat 
pump. The absorbed heat in the evaporator makes the refrigerant vapour slightly 
superheated. The compressor in the heat pump transforms this slightly superheated 
refrigerant vapour to a high - pressure and high - temperature vapour and the resulting 
heat energy is made available at the condenser for useful purposes.   

 There can be two or more working fl uids in this kind of heat pump depending on 
the application. The common working fl uids used are environmentally amenable 
refrigerants like R134a, R407, air and water. The refrigerant is used as the primary 
working fl uid inside the system while the air and water generally act as secondary 
heat - extracting fl uids, which in turn are utilised for drying and other domestic or 
industrial applications. As the temperature lift in vapour compression heat pumps is 
usually small, the coeffi cient of performance (COP) of the system is high, with typical 
COPs of nearly 8. The output temperature of this category of heat pump is normally 
110 – 150    ° C and in some cases even up to 200    ° C.  

  Vapour Absorption Heat Pumps 

 This kind of heat pump (Figure  21.3 ) differs from mechanical vapour compression heat 
pumps in that the compressor is replaced by three new components, namely generator, 
absorber and solution pump. The other three original components, namely evaporator, 

Figure 21.3 Schematic diagram of vapour absorption refrigeration cycle. 
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condenser and expansion valve, are retained. The refrigerant leaving the evaporator is 
absorbed by the absorbent in the absorber with the release of heat. The diluted absorb-
ent solution is pumped into the generator. By adding required heat to the solution at 
the generator, part of the refrigerant is evaporated and the vapour is delivered to the 
condenser. The strong absorbent solution is returned to the absorber through a valve. 
The refrigerant vapour produced at the generator is condensed in the condenser and 
passes through an expansion valve and evaporated in the evaporator, absorbing heat 
and thereby creating a cooling effect. It is evident from the working principle of absorp-
tion heat pumps that heat is released at both the absorber and condenser at two dif-
ferent temperatures. This heat at two different temperatures can be used for two 
different applications or for a single application with the incorporation of some aux-
iliary heating or cooling system. The working fl uids in vapour absorption heat pumps 
are the refrigerants and the absorbent in the absorber. Commonly used refrigerant/
absorbent pairs include ammonia/water and water/lithium bromide. Currently, vapour 
absorption heat pump systems with water/lithium bromide as the refrigerant/absorbent 
pair can achieve output temperatures up to 100    ° C and the COP of the systems typi-
cally ranges from 1.2 to 1.4.     

  Drying of Agricultural Products and Heat Pump 

 Drying is a process of moisture removal from a solid using thermal energy as input. 
In the agricultural industries around the world, large quantities of food products are 
subjected to drying to improve their shelf - life, reduce packaging cost, lower shipping 
weights, enhance appearance, retain original fl avour and maintain nutritional value 
(Perry,  1985 ). This can be achieved by various means, such as chemical drying, freeze 
drying, mechanical drying, inert gas drying and thermal drying. Drying under an inert 
gas environment is employed when the products to be dried are very expensive (e.g. 
pharmaceuticals) and the quality of the product cannot be compromised. HPD is used 
mainly for drying agricultural products. As the temperature and RH are controlled 
independently, the drying can be performed at low temperature without having any 
effect on the quality and nutrient value of the product. 

 Drying is considered an important process that plays a signifi cant role in improving 
the quality of any climate - sensitive product, leading to better marketability and 
increased storage life (Zyalla  et al .,  1982 ). As drying is an energy - intensive process 
(Chou  et al .,  1994 ), use of conventional energy sources may not be a desirable choice 
due to factors such as dwindling global fossil fuel stocks as well as issues pertaining 
to greenhouse gas emissions and global warming. These issues can be addressed 
with the use of novel heat pump drying systems with or without energy recovery 
arrangements. 

 Drying is a complex combination of heat and mass transfer processes that depends 
on external parameters such as temperature, humidity and velocity of the air stream 
and the properties of the material to be dried such as surface characteristics (rough or 
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smooth surface), chemical composition and physical structure (porosity, density). In 
most cases, drying of food results in products with modifi ed properties. Depending on 
the preset drying conditions, food products may undergo various changes, ranging from 
degrees of browning, shrinkage, and loss of nutrients. According to Chou  et al .  (1994) , 
the post - drying degradation of food products can be categorised into three areas: 
chemical, physical and nutritional. Fruits and vegetables are usually rich in water, 
carbohydrate and vitamins. The composition of these three constituents is easily 
altered if high - temperature drying is used, resulting in deterioration in the quality of 
the product (Xiguo  et al .,  1990 ). This will have serious repercussions for marketability 
and desirability of the product. However, if the drying conditions are controlled, the 
same raw materials will become products with completely different, perhaps favour-
able physical and edible characteristics resulting in increased marketability. 

 The ever - increasing need for high - quality products with higher marketability at 
competitive cost requires the use of suitable less energy intensive drying methods 
(Alvarez and Leagues,  1986 ). Deployment of such a drying method may require a trade -
 off between quality and cost, which in turn will necessitate further studies and analy-
ses of the particular drying system. Usually a drying process is selected based on three 
criteria: product quality and marketability, economic considerations and environmen-
tal factors. Product quality must consider factors that may cause undesirable changes 
that affect the marketability of the dried product; the economic considerations must 
aim to balance the initial investment and running costs so that the process operates 
optimally; while the environmental concerns should be addressed by ensuring mini-
misation of energy consumption in the drying process. With regard to these three 
criteria, it is generally agreed that HPD is one of the most promising drying technolo-
gies for food processing purposes (Pendyala  et al .,  1990 ), because of the ability of heat 
pumps to convert the latent heat of vapour released during condensation and transfer 
it as sensible heat to an air stream passing through the condenser. It should also be 
emphasised that HPD can be operated over a wide range of temperatures, providing 
very good conditions for the drying of heat - sensitive materials as it enables independ-
ent control of temperature and relative humidity (RH). 

 HPD technology is far less energy intensive compared with other technologies 
because of the inherent latent heat recovery in the closed - loop arrangement and 
because it is independent of ambient weather conditions (Hawlader  et al .,  2004 ). 
Strommen  et al .  (2002)  reported that HPD consumes 60 – 80% less energy than that 
consumed by other dryers for the same drying temperature. Rossi  et al .  (1992)  reported 
that onion slices dried by HPD used about 40% less energy. Rosen  (1995)  observed 
that HPD has been used in wood kilns to dehumidify air and control lumber quality. 
O ’ Neill  (2001)  reported that when air was replaced with inert gas, dried apple cubes 
were found to be porous enabling faster rehydration. Perera  (2001)  reported that apples 
dried using modifi ed atmospheric HPD showed excellent colour and retention of 
vitamin C, while overall quality of the product was very high. 

 Selection of an effi cient HPD system also depends on the characteristics of the 
material to be dried, especially the drying kinetics. The rate of drying or moisture 



584 Handbook of Food Process Design: Volume I

removal from the interior to the outside differs from one material to another and 
depends on whether the material is hygroscopic or non - hygroscopic. Hygroscopic 
materials are those which will always have residual moisture content, whereas non -
 hygroscopic materials can be dried to zero moisture level. When hygroscopic material 
is exposed to air, it will either absorb or desorb moisture depending on the RH of the 
air. The equilibrium moisture content will soon be reached when the vapour pressure 
of water in the material equals the partial pressure of water in the surrounding air. 
The equilibrium moisture content is therefore important in the drying since this is 
the minimum moisture to which the material can be dried under a given set of drying 
conditions. 

 The equilibrium moisture content,  M e  , for food grains can be determined with the 
help of the following expression (Mujumdar,  1987 ):

    M E F R T Ce a= − ⋅ − +( ) ( )[ ]ln ln RH     (21.1)    

  Heat Pumps for Food Processing 

 Various kinds of heat pump employed for food processing are described in the follow-
ing section, beginning with the conventional heat pump. The other types of heat 
pumps are essentially modifi ed versions of the conventional one, but with additional 
components incorporated for improving their energy effi ciency and to make them 
operate in an environment friendly manner. 

  Conventional Heat Pump 

 As the name suggests, this is the basic heat pump available in the market. It uses the 
popular vapour compression cycle wherein the four processes of evaporation, compres-
sion, condensation and expansion take place in the evaporator, compressor, condenser 
and thermostatic expansion valve, respectively (Stoecker and Jones,  1982 ). The desired 
heating effect is extracted at the condenser via a direct or indirect process depending 
on the application. For instance, for space heating applications, the heating medium 
(air) can be blown directly across the condenser coils and subsequently into the space 
to be heated. The path of the air fl owing across the condenser and to the point of 
application is designed as an open or closed - loop arrangement. In a closed - loop arrange-
ment, the waste latent and sensible heat is recovered at the evaporator through cooling 
and dehumidifying processes. In an open - loop arrangement, it is always the fresh 
working fl uid (air/water) that is drawn across the evaporator, and not the recirculated 
air as in a closed loop. In heat pumps with closed - loop arrangement, this recovered 
heat coupled with the work of compression is made available at the condenser of the 
heat pump. Figure  21.1  is a schematic diagram of a simple heat pump working on a 
vapour compression refrigeration cycle. 
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 Referring to Figure  21.1 , the low - temperature and low - pressure liquid refrigerant 
enters the evaporator and extracts heat load (both sensible and latent) from the sur-
roundings as well as the air/water fl owing across it. The liquid refrigerant in the 
evaporator is evaporated and the thermostatic expansion valve meters the refrigerant 
liquid quantity in such a way that the refrigerant vapour emerging from the evaporator 
is slightly superheated. The slightly superheated refrigerant vapour entering the com-
pressor is compressed to high pressure and temperature suitable for subsequent con-
densation in the condenser. The heat of de - superheating and condensation released in 
the condenser is channelled to the point of application. After complete condensation 
of the refrigerant in the condenser, the refrigerant is either in a saturated or slightly 
sub - cooled condition when it reaches the thermostatic expansion valve and the cycle 
repeats.  

  Heat Pumps in Drying 

 A schematic diagram of a tunnel heat pump (Hawlader  et al .,  1996 ) for the drying of 
agricultural products is shown in Figure  21.4 . This HPD system is equipped with 
improved features for better capacity control and effi cient drying. This is called a 
tunnel dryer because of the presence of a tunnel confi gured drying chamber. Other 
important components in the system include an 8 - ton refrigerating system, a 50 - L 
chilled - water system with cooling coils and a 5 - kW auxiliary heater. Control of the 
humidity of the air to the desired level is achieved with the chilled - water system. In 
the heat pump system, drying conditions are measured with the various sensors 
installed (type T thermocouples, RH probes and rotary vane anemometer). The drying 
trays of the tunnel dryer are designed with screen bottoms so that both sides of the 
product are exposed to the hot air. A pair of tension/compression load cell sensors 
measure the changes in moisture content of the product with time. The capacity of 
each load cell is rated at 5   kgf with 0.05% sensitivity of full scale. The tunnel dryer is 
designed for a maximum temperature of 75    ° C for the drying of agricultural products.    

  Heat Pump with Two - stage Evaporation 

 This heat pump system uses two direct expansion evaporators for the cooling and 
dehumidifi cation of the air from the drying chamber. A schematic diagram of a heat 
pump with two - stage evaporation is shown in Figure  21.5 . The liquid refrigerant from 
the condenser is channelled to the two evaporators with the help of pressure regula-
tors. The rationale for the use of two evaporators at two different pressure levels is to 
improve the latent/total cooling power of the evaporator. The high - pressure evaporator 
operates as a partial dry/wet coil while the low - pressure one acts as a dedicated wet 
coil with more dehumidifi cation capability. Better partial load control is achieved 
with the use of the direct expansion evaporator coils. A back - pressure regulator in the 
heat pump system provides better capacity control as well as preventing frost accu-
mulation on the coils under extreme low humidity drying. A hot gas condenser in the 
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Figure 21.4 Schematic diagram of tunnel dryer. (From Hawlader et al., 1996.)
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system in conjunction with two sub - cooling units provides the required sensible 
heating for the drying air. This eliminates the requirement for an auxiliary heater and 
hence improves the overall energy effi ciency of the system. Pre - cooling of the air 
before it enters the evaporator and pre - heating of the air before it enters the condenser 
both increase the specifi c moisture extraction rate (SMER) by a signifi cant percentage, 
as high as 130% at 30% RH for a temperature range of 10 – 60    ° C. In order to carry out 
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the pre - cooling and pre - heating of the air, a refrigerated economiser is installed in the 
system (Figure  21.5 ). The heat pump system also has two air vents, which allow 
release of used air from the system and intake of an equivalent amount of fresh air 
from outside. This feature enables the dried product to achieve the expected level of 
quality by preventing/minimising the presence of bacteria in the drying air. The 
admission of fresh air through the vents also improves the COP of the heat pump 
system because of the resulting higher amount of latent heat recovery from the air. 
In comparison with the tunnel dryer, control is improved by the incorporation of 
proportional integral derivative (PID) controllers, which direct the various modula-
tions of valves, dampers and centrifugal fan.    

  Multi - mode Heat Pump 

 HPD can also be operated as a multi - mode system (Islam  et al .,  2003 ) for the drying 
of food and other agricultural products. Figure  21.6  shows such a heat pump system. 

Figure 21.5 Schematic diagram of heat pump system with two -stage evaporation. (From Hawlader 
et al., 1996.)
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Generally, the system is equipped with the necessary instrumentation to measure 
the drying kinetics and other characteristics of the products during the drying pro-
cess. This dryer is called a multi - mode dryer because the required heat input source 
for drying can be via convection, conduction or radiation or their appropriate 
combinations.   

 The drying chamber typically contains a suitably sized quartz heater (for radiation 
mode) and heating plates (for conduction mode). The quartz heater is normally installed 
directly under the ceiling of the drying chamber and can be in multiple numbers 
depending on the area of the drying chamber. Each unit of the quartz heater can be 
controlled separately and the quartz heaters are used to heat the product by radiation. 
The heating plates can be controlled separately and are used to heat the product 
by conduction. PID - type temperature controllers with a solid state relay maintain 
the desired temperature profi les of the quartz heater and the heating plates. The air 
heater/blower combination (for convection mode) is strategically placed inside a 
network of ducts. The heat pump system in convection mode can be designed to run 
in an open or closed loop manner. In closed - loop arrangement of the heat pump, the 
pre - heated air at the desired temperature is directed through the drying chamber and 
absorbs moisture from the product. The moisture - laden air is then cooled and dehu-

Figure 21.6 Photograph of heat pump. (From Islam et al., 2003.)

Drying chamber

Controller

Air blower

A
ir 

he
at

er

Heat pump



Heat Pump Design for Food Processing 589

midifi ed using the evaporator of the heat pump. The cooled and dehumidifi ed air is 
reconditioned to the desired temperature/RH combination with the help of the con-
denser and bypass air circuit in the system. The fi nal desired temperature of the air 
is then attained sensibly with the help of the air heater. In contrast, in an open - loop 
arrangement, part of the moisture - laden air from the drying chamber is allowed to 
sink into the environment. Automatic controllers are typically used to switch and 
combine the modes as per the drying requirement.  

  Drying with Inert Gas 

 An inert gas heat pump dryer (Figure  21.7 ) operates in a closed - loop manner (Hawlader 
 et al.   2006 ). There are two condensers, one external and one internal. According to the 
desired temperature, different amounts of refrigerant are piped into the internal con-
denser. The status of the refrigerant is monitored at several key points by thermocouples 

Figure 21.7 Schematic of heat pump dryer. (From Hawlader et al., 2006.)
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and pressure gauges. A blower controls the air/inert gas fl ow, enabling it to condense 
water vapour in the internal evaporator and, after removal of water vapour, the gas is 
heated at the condenser. A two - compartment rotating tray is placed inside the drying 
chamber, which enables the product to be heated uniformly. A vacuum pump and a 
gas cylinder are connected to the chamber, which are needed when modifying the 
atmosphere.   

 When using inert gas, the chamber is fi rst evacuated before nitrogen or carbon 
dioxide is pumped in. This procedure is repeated three times at the beginning of 
each run, making sure that normal air is substituted as completely as possible. The 
drying temperature inside the chamber is measured by T - type thermocouples (accu-
racy  ± 0.1    ° C) that are inserted in the middle of the inlet cross - section. Flow velocity 
can be measured in advance and set at a particular value. A humidity sensor placed 
inside measures RH. The weight of the drying product can be continuously monitored 
with the help of a load cell. All the above data are acquired with the help of a data 
logger and downloaded to a personal computer for further analysis and performance 
evaluation of the drying system. In this kind of dryer, in steady - state condition, RH 
of around 10%, air velocity of 0.7   m · s  − 1  and a temperature slightly fl uctuating by 
about  ± 0.5    ° C at 45    ° C are generally maintained in the drying chamber. The drying 
time, naturally, will vary depending on the product and the required fi nal moisture 
content.  

  Solar - assisted Heat Pump with Air Collector 

 Solar - assisted heat pump with air collector (Figure  21.8 ) comprises three distinctive 
parts, namely solar air collector, a vapour compression heat pump and a drying 
chamber. The working fl uid in the air collector is air, which is heated to the required 
drying temperature using the sun ’ s irradiation falling on the collector. The evaporator 
of the heat pump acts as a dehumidifi er to cool and dehumidify the air emerging from 
the drying chamber. An air - cooled condenser is connected in series with a water tank 
in the heat pump. Refrigerant in a superheated state enters the air - cooled condenser 
and transfers heat to the solar (air collector) pre - heated air fl owing across the con-
denser. The sensible and latent heat exchange in the condenser cause the refrigerant 
to condense. The refrigerant, a mixture of vapour and liquid, enters the water tank 
and transfers the latent heat to the water, thereby also ensuring complete condensa-
tion of the refrigerant vapour. Commonly, refrigerants R134a and R410a are used in 
the system because of their better environmental and thermodynamic performance 
characteristics. The temperature of the air from the air - cooled condenser is monitored 
with a temperature sensor (T - type thermocouple). The air is brought to the set drying 
temperature either by heating with an auxiliary heater or mixing with ambient air. 
The drying chamber consists of multiple parallel trays arranged for parallel airfl ow. 
Air at the dryer outlet is cooled and dehumidifi ed and allowed to fl ow through the air 
collector for the next cycle of operation.    
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  Solar - assisted Heat Pump with Evaporator Collector 

 In the solar - assisted heat pump with evaporator collector, the solar air collector is 
replaced with an evaporator collector (Hawlader and Jahangeer,  2006 ). The evaporator 
collector is an unglazed absorber plate and serpentine tube assembly. The serpentine 
tubes are brazed underneath the absorber plate and refrigerant fl owing through the 
tubes is evaporated either by the sun ’ s irradiation or the energy absorbed from the 
ambient. The refrigerant used in the system is R134a or R410a, as in the solar - assisted 
heat pump with air collector. The system is suitable for 24 - hour operation as the 
evaporator collector is able to absorb heat even from the ambient air in the absence 
of solar radiation. This is due to the low boiling point refrigerant circulated through 
the evaporator collector.  

Figure 21.8 Schematic diagram of a solar -assisted heat pump with air collector. 
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  Solar - assisted Heat Pump with Air and Evaporator Collector 

 A schematic diagram of this system is shown in Figures  21.9  and  21.10 . The system 
consists of two distinct paths, as described below.   

  Air Path 

 The various components in the air path are the solar air collector, air - cooled con-
denser, auxiliary heater, blower, dryer unit, dehumidifi er, temperature controller and 
dampers. The drying chamber contains a number of nylon mesh trays to hold the 
material to be dried and expose it to the air. A well - designed duct system delivers the 
air to the desired locations in the required quantities. 

 The duct system is thermally insulated to produce an adiabatic environment. The 
incoming air is heated by the solar air collector and then fl ows over the condenser 
coil, where it is heated further by the heat released by the condensing refrigerant. The 
magnitude of the desired dryer inlet temperature and the meteorological conditions 
determine the amount of auxiliary energy required for the drying application. Air at 
the pre - set drying condition enters the dryer inlet and performs its drying function. 
The air leaving the dryer is cooled and dehumidifi ed to remove the moisture absorbed 
in the dryer. Simultaneously, sensible and latent heat is removed from the air in the 
dehumidifi er and subsequently passed to the air - cooled condenser for reprocessing of 
the air for the next cycle. The cycle repeats until the product attains the desired 
moisture level.  

Figure 21.9 Schematic diagram of a mechanical vapour compression refrigeration system with 
two parallel evaporators. 
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  Refrigerant Path 

 The refrigerant path consists of a vapour compression heat pump unit, with dehumidi-
fi er (EV1), evaporator collector (EV2), compressor, evaporator pressure regulators, 
expansion valves and a condenser tank. The two evaporators, EV1 and EV2, are con-
nected in parallel with individual expansion valves (Figure  21.9 ). The refrigerant 
emerging from the air - cooled condenser passes through the coil immersed in a 
tank and heats the water in the tank to ensure complete condensation. The typical 
component specifi cations for the HPD system and their characteristics are shown in 
Table  21.1 .      

  Modelling, Simulation and Design of Heat Pumps 

 Heat pump design essentially involves the design of all the components, namely com-
pressor, evaporator, condenser and expansion valve, and other added components to 
enhance the performance of the system. The following section briefl y describes the 
salient features to be considered in the design of the above components, along with 
the important mathematical formulations necessary for performance evaluation of the 
system. 

  Modelling of Heat Pumps 

  Evaporator/Dehumidifi er 

 The evaporator of a dehumidifi er - assisted dryer is used for cooling and dehumidifying 
air. The heat exchangers used are normally made of fi nned circular tubes and uitlise 
cross - countercurrent fl ow (Arora,  2000 ). The working fl uid, the refrigerant, fl ows 
inside the tubes while the air fl ows over the fi nned exterior. Outside the evaporator 
tubes, the heat source continuously supplies heat energy by physical contact with the 
fi nned or unfi nned evaporator tubes. If the heat source is air, depending on the coil 
surface temperature, the air can be cooled to its dew point temperature; thereafter, it 
is cooled and dehumidifi ed as it loses its moisture by condensation on the tube surface. 
This process is very desirable if the evaporator is part of a closed - loop heat pump 
drying system, as the process recovers heat during the cooling and dehumidifi cation 
of the humid air that would otherwise have been wasted. The condition of the refrig-
erant at the inlet and outlet of the evaporator is two - phase and superheated, 
respectively. 

  General Assumptions 

    1.     One - dimensional, homogeneous, steady - state, two - phase fl ow.  
  2.     Evaporator tube orientation: horizontal/vertical.  
  3.     Condition of the refrigerant vapour at the evaporator: under normal practice, the 

refrigerant at the outlet is in the superheated state.     
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Table 21.1 Typical specifi cation of various components of a heat pump with evaporator and air 
collectors.

Air collector
Area: 1.26 m2

Absorber plate: 6.0 mm aluminium (air collector) 
Surface treatment: black paint coating (absorptivity 90%, emissivity 90%) 
Glazing: normal window glass of thickness 5 mm
Number of glazings: 1 
Back insulation: fi breglass wool of thickness 60 mm
Side insulation: polystyrene of thickness 20 mm
Casing: stainless steel of thickness 3 mm
Collector tilt: 10 °
Airfl ow area: 0.035 and 0.0175 m2

Solar evaporator collector
Area: 1.5 m2

Absorber plate: copper of thickness 1.0 mm
Surface treatment: black paint coating (absorptivity 90%, emissivity 90%) 
Tube: copper of outer diameter 9.52 mm, inner diameter 8 mm, spacing 100 mm

Evaporator (dehumidifi er)
Type: cross -fl ow fi n and tube 
Fins: 1550 per m 2

Casing: galvanised iron 

Compressor
Bore: 0.035 m
Stroke: 0.026 m
Capacity: 1.5 kW
Speed: 1500 –2800rpm

Condenser
Type:air-cooled fi n and tube 
Fins:13 per 6.25 cm2

Casing:galvanised iron 

Water tank
Size: 250 L (dimensions: 0.97 × 0.67 × 0.67m)
Insulation: polyurethane of thickness 50 mm

Drying chamber
Dimensions: 1 × 0.5 × 0.5m
Tray: nylon mesh 

Blower
Type: axial 
Capacity: 260 m3·h−1

Static head: 300 Pa

Auxiliary heater
Capacity: 12 kW

Source: Hawlader et al. (2006), copyright Elsevier. 
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  Governing Equations 

 An enthalpy balance over an elemental length,  dZ , will yield,

    dQ
dZ

U A T T
Z

ev ev a r=
−( )     (21.2)   

 An energy balance involving the two - phase region will yield,

    dQ m h dxr fgr=     (21.3)   

 An energy balance for the superheated single - phase region will yield,

    dQ m C dTr pr r=     (21.4)   

 An energy balance in the cooling and dehumidifi cation region will give (Domanski 
and David,  1983 ),
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 The overall heat transfer coeffi cient for the evaporator can be expressed as follows:

    1 1 1
U A h A h Aev o i i o o

= +     (21.7)   

 The heat transfer coeffi cients,  h i   and  h o  , for the refrigerant and air sides, respectively, 
can be approximated by the following expressions (Domanski and David,  1983 ; Ozisik, 
 1985 ):
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 For sizing of the evaporator of a heat pump with air as the heat source, it is recom-
mended that air velocity through the coil does not exceed 2 – 3   m · s  − 1  (Prasertsan and 
Saen - Saby,  1998 ). The main reason for this is to avoid the condensed water being 
blown off the fi ns into the air stream. An air velocity of 2.5   m · s  − 1  is commonly used 
in heat pump applications. Tube diameters are commonly between 12 and 18   mm with 
a tube pitch of 25 – 50   mm. The fi n pitch commonly used is 2.5 – 5   mm. Heat transfer 
coeffi cients ranging from 17 to 35   W · m  − 2  · K  − 1  can be achieved under these conditions 
without any heat transfer augmentation techniques employed.   

  Compressor 

 The compressor used in a heat pump can range from a positive displacement simple 
reciprocating type to a scroll type. Compressor ineffi ciency has a detrimental effect 
on the COP of heat pumps and so selection of an appropriate compressor is very 
important. Generally, it is desirable for the compressor to have a service life of at least 
5 years, which translates into a maintenance - free operating period of approximately 
25   000 hours. The compression ratio generally depends on the heat source temperature 
as well as the desired output temperature of the application involving the heat pump. 
With external air as the heat source, the compressor will usually be working over an 
evaporating temperature range of  − 35 to  + 15    ° C and up to a condensing temperature 
of  + 65    ° C. The pressure ratio requirement of the compressor for this range is 9. 
Reciprocating compressors are either hermetic or semi - hermetic type and compression 
is achieved through the positive displacement action of the piston and cylinder. 
Another type of displacement compressor is the screw - type compressor, in which 
rotating slide valves or multiple vanes move large - volume fl ows by overcoming rela-
tively small pressure differences. This type of compressor is used for the low - pressure 
phase of multi - stage heat pumps and is usually designed for higher output. Generally, 
the capacity of a screw - type compressor lies between that of reciprocating and cen-
trifugal compressors. In centrifugal compressors, the pressure of the refrigerant vapour 
is raised by the accelerated motion of the rotor and this mechanism of action is totally 
different from that of displacement - type compressors. In centrifugal compressors, the 
output pressure ratio is determined by the rotor dimensions and the speed. 

 A good compressor should have the following desirable characteristics:

    •      The compressor should not be very sensitive to the aspirated refrigerant vapour, wet 
or superheated vapour.  

   •      Rapid change in operating pressure should not cause foaming of oil in the 
crankcase.  

   •      Compressor and drive motors must have the highest possible effi ciency and 
minimum heat loss to the surroundings.    

 If the compressor used is an open - type reciprocating type, it is very often coupled with 
an electric motor and a frequency inverter is used to control the compressor in part -
 load situations. 
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  Governing Equations 

 Assuming a polytropic compression process with a constant polytropic index  n , the 
different governing equations for the compressor are expressed as follows (Stoecker 
and Jones,  1982 ). 

 Volumetric effi ciency of the compressor is expressed as:
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 Mass fl ow rate of refrigerant through the compressor is given by:
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 Work required for driving the compressor:
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 Discharge temperature of the refrigerant:
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  Condenser 

 After the evaporator, the condenser is the other heat exchanger used in a heat pump, 
where heat is exchanged between the working fl uids (refrigerant and air or water). 
Hence, the design and selection of a condenser is also very important for heat pump 
effi ciency. As for any other heat exchanger, the design of a condenser is entirely based 
on the principle of maximisation of attainable heat transfer coeffi cient. Hence all pos-
sible techniques to enhance the overall heat transfer coeffi cient of the condenser need 
to be explored when designing a condenser. Currently, specifi c heat transfer augmen-
tation techniques to improve heat transfer coeffi cients are in common use. While 
employing such heat transfer augmentation techniques, one should be careful of any 
inadvertent increase in fl ow resistance, which would nullify the advantage of a higher 
heat transfer coeffi cient. Heat transfer augmentation techniques such as vortex -
 producing baffl es are generally used on the refrigerant side of the condenser. They are 
not used on the air or water side of the condenser because of the possibility of fouling 
and other cleaning issues, which also nullifi es the enhancement achieved. 

 Heat is generally extracted by passing air or water through the condenser in a cross -  
or counter - fl ow fashion. If the heat is extracted by air, the condenser is called an air -
 cooled condenser. An air - cooled condenser is generally of the fi n and tube type, where 
the process air fl owing across the condenser is heated by the heat released by the 
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refrigerant vapour in the condenser. A water - cooled condenser has either the con-
denser coils immersed in a tank fi lled with water or the coils exposed to fi ne water 
spray. Modelling of a water - cooled condenser assumes that there is a mixed tank in 
which, at any instant, the temperature of the water remains uniform. 

  Governing Equations 

 The condenser equations are expressed as follows (Herbas  et al .,  1993 ). 

  Air - cooled Condenser 
 Condenser heat rejection:

    Q m h hc r a a= −( )2 1     (21.15)   

 Heat received by air:

    Q m C T Ta a pa ao ai= −( )     (21.16)   

 Condenser heat rejection in terms of maximum temperature:

    Q m C T Tc a pa cond a ai= −( )ε 2     (21.17)   

 Effectiveness of the condenser:

    εcond NTU= − −( )1 exp     (21.18)   

 Number of transfer units of condenser:

    NTU
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    (21.19)    

  Water - cooled Condenser 
 Condenser heat rejection:

    Q m h hcw w w w= −( )2 1     (21.20)   

 Heat received by water:

    Q m C T Tw w pw wo wi= −( )     (21.21)   

 Condenser heat rejection in terms of maximum temperature:

    Q m C T Tcw w pw condw w wi= −( )ε 2     (21.22)   

 Effectiveness of the condenser:

    εcondw condwNTU= − −( )1 exp     (21.23)   
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 Number of transfer units of condenser:

    NTU
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m C
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( )

    (21.24)   

 The water temperature in the tank at the end of time increment  Δ  t  can be determined 
as follows (Lavan and Thompson,  1977 ):
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    h K Di r r r i= 0 026 0 8 0 33. Re Pr /. .     (21.27)  

    h K Do a h= 0 193 0 618 0 33. Re Pr /. .     (21.28)   

 As for the evaporator, when sizing a condenser with air as the heat source, it is rec-
ommended that the air velocity through the coil does not exceed 2 – 3   m · s  − 1 . Internal 
heat transfer coeffi cients of 2500 – 5000   W · m  − 2  · K  − 1  are common in condensers.    

  Expansion Valve 

 The high - pressure and medium - temperature refrigerant liquid emerging from the 
condenser needs to be restored to its original state before it enters the evaporator. The 
thermostatic expansion valve is employed to perform this function. It is also respon-
sible for ensuring and, if necessary, maintaining a constant degree of superheat at the 
evaporator outlet. Modelling of the expansion valve assumes an isenthalpic expansion 
process, and therefore:

    h hf i f o, ,=     (21.29)   

 Assuming the capacity of the expansion valve is large enough, the mass fl ow rate of 
the refrigerant can be calculated as follows (Herbas  et al .,  1993 ):

    M PD N
V

r
v

a

= ( ) ⎛
⎝⎜

⎞
⎠⎟

η
    (21.30)    

  Added Heat Pump Components 

 Sometimes, auxiliary heat source components such as an evaporator collector and 
solar air collector are added to the heat pump system. This is done on a case by case 
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basis depending on the amount of heat required at the condenser, particularly when 
the heat pump system is multifunctional. These two components are described below. 

  Solar Evaporator Collector 

 An evaporator collector is generally made of copper plate, the top surface being coated 
with black paint or matt fi nish for better absorption characteristics. Underneath the 
plate, serpentine tubes are brazed for the refrigerant to fl ow. Flow through the evapo-
rator collector is regulated by an expansion valve attached at the inlet of the collector 
evaporator. Refrigerant fl owing through the evaporator collector is vaporised due to 
the useful energy gained from solar radiation. Generally, during sunshine hours, the 
refrigerant at the collector evaporator outlet is in a superheated state. In the absence 
of sun, the evaporator collector is still able to absorb the heat from the ambient and 
the thermostatic expansion valve will ensure the refrigerant vapour at the exit is still 
in a superheated condition. Hence, these kinds of collectors are generally able to be 
operate round the clock. 

 The useful energy that can be gained from the collector can be expressed in four 
different ways as follows (Duffi e and Beckman,  1991 ):

    Q A F I U T Tu c R T L fi a= − −[ ( ) ( )]τα     (21.31)  

    Q m h hu r= −( )1 4     (21.32)   

 An expression for the mean plate temperature of the evaporator collector can be 
written as follows:

    T T
Q F

A F U
pm fi

u R

c R L

= +
−( )1

    (21.33)   

 The temperature distribution between two tubes is based on the following 
assumptions:

   1.     Temperature gradient in the heat fl ow direction is negligible.  
  2.     Temperature gradient through the absorber plate is negligible.  
  3.     The plate above the bond is at some local base temperature  T b  , as shown in Figure 

 21.11 .    
  4.     Consideration of the region between the centreline separating the tubes and the 

tube base as a fi n problem, as shown in Figure  21.11 .    

 The total useful gain   ′qu can be written in terms of this resistance, as follows:

    ′ = ′ − −( )[ ]q WF S U T Tu L f a     (21.34)  

    S IT= ( )τα     (21.35)  
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    ′ =

−( ) +[ ]
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L b i fi

1

1 1 1
π

    (21.36)   

 From Equation  21.36 , the evaporator collector effi ciency factor can be defi ned as the 
ratio of heat transfer resistance from the absorber plate to the ambient air to the heat 
transfer resistance from the fl uid to the ambient air.

    ′ = =F U

U

U
U

L

L

1

1

0

0     (21.37)   

 The collector heat removal factor,  F R  , which relates the actual useful energy gain of 
a collector to the useful gain if the whole collector surface were at the fl uid inlet 
temperature, can be expressed as (Duffi e and Beckman,  1991 ):

    F
m C
A U

A U F
m C

R
a pa

c L

c L

a pa

= − − ′⎛
⎝⎜

⎞
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⎡

⎣
⎢

⎤

⎦
⎥1 exp     (21.38)   

 For the present collector, where the working fl uid is refrigerant,  h fi    can be calculated 
from the expression (Chaturvedi  et al .,  1982 ):

    h
K

D

J x h

L
fi

f

i

Di fg
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=
−( )[ ]⎧

⎨
⎩

⎫
⎬
⎭

0 0082 12 0 4
. Re .

    (21.39)   

 The governing equations for the two - phase fl ow in the evaporator are based on the 
following assumptions (Wallis,  1969 ):

   1.     Flow is one - dimensional steady state.  
  2.     Flow is homogeneous.  
  3.     The tube cross - sectional area is constant.  
  4.     The tube is horizontal.    

Figure 21.11 Energy balance on an element of a solar collector. 
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 The total pressure gradient is the arithmetic sum of the above three terms (Chaturvedi 
 et al .,  1982 ):

    dp
dZ

dp
dZ

dp
dZ

dp
dZF A G

= ⎛
⎝⎜

⎞
⎠⎟ + ⎛

⎝⎜
⎞
⎠⎟ + ⎛

⎝⎜
⎞
⎠⎟

    (21.40)   

 The frictional pressure gradient can be rewritten as:

    −⎛
⎝⎜

⎞
⎠⎟ = +[ ]dp

dZ
fG
D

v xv
F

f fg
2 2

    (21.41)   

 The acceleration pressure gradient is determined as follows:

    −⎛
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 The gravitational pressure gradient equation can be written as:

    −⎛
⎝⎜

⎞
⎠⎟ =

+
dp
dZ

g
v xvG f fg

cosθ 1
    (21.43)   

 Substituting Equations  21.41 ,  21.42  and  21.43  in Equation  21.40 , we get the total 
pressure gradient:
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 After simplifi cation, the pressure drop along the horizontal (  θ      =    0) can be expressed as:

    −⎛
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    (21.44)   

 The total pressure drop along the tube,  Δ  p , can be calculated as follows. Determine 
the equivalent length,  L e  , of the tube after taking into account all the bends. The 
length corresponding to the bends,  L eN  , is given by:

    L N
kd

f
L L L

eN

e eN

=

= +
4     (21.45)   
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 Then integrate the total pressure gradient from 0 to  L e  ,

    Δp
dp
dZ

dZ
Le

= ∫
0

    (21.46)   

 Since  x     =     x ( p , h ), we can write the following expression:

    dx
dZ

x
p

dp
dZ

x
h

dh
dZ h

dh
dz

x
p

d

h p fg h

=
∂
∂

⎛
⎝⎜

⎞
⎠⎟

+
∂
∂

⎛
⎝⎜

⎞
⎠⎟ = +

∂
∂

⎛
⎝⎜

⎞
⎠⎟

1 pp
dZ

    (21.47)   

 In the absence of large pressure drops,   
∂
∂

⎛
⎝⎜

⎞
⎠⎟

x
p

dp
dZh

 can be neglected compared with the 

fi rst term, and the previous equation becomes:

    
dx
dZ h

dh
dZfg

=
1

    (21.48)   

 An energy balance at the collector evaporator will yield:

    m
dh
dZ

WF S U T TL f a= ′ ( ) − −( )[ ]τα     (21.49)   

 Eliminating enthalpy from Equations  21.48  and  21.49 , we get,

    m
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S U T T
fg

L f a= ′ ( ) − −( )[ ]τα     (21.50)   

 The length of the collector tube at which superheating starts (single - phase region) is 
given by the following expression (Stoecker and Jerold,  1982 ):
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    (21.51)   

 The properties of the working fl uid,  v f  ,  v fg  ,  h g  ,  h fg   and  T f   can be expressed as a function 
of pressure:

    v h h T f pf fg g fg f, , , ,ν = ( )     (21.52)     
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Figure 21.12 Schematic diagram of the drying chamber. 

Air

Air

  Dryer 

 The design of the drying chamber of a heat pump is based on the materials to be dried 
and special holding trays are constructed accordingly, generally using polymer materi-
als with low thermal conductivity. The drying chamber can be operated on a closed -
 loop or open - loop system depending on the application requirements. Typically, one 
or more electronic load cells will also be installed in the chamber to measure the 
moisture change of the drying material with time. Load cells usually come with direct 
data logger connections, enabling data to be directly recorded to a personal computer 
for later analysis. 

 Dryer models can be categorised into material and equipment models (Chou  et al ., 
 1997 ). Material models describe drying kinetics and equilibria, which are the factors 
related to the product to be dried. Equipment models deal with the drying airfl ow and 
heat and mass transfer between the product and air in the drying chamber, which is 
considered to be adiabatic. A combined material and equipment model will provide a 
complete tool for designing and evaluating the performance of the system, such as 
drying time, energy requirement, etc. 

 Figure  21.12  shows a schematic diagram of a drying chamber. Basically, the drying 
chamber consists of multiple trays arranged in parallel with gaps between the trays 
to allow the air to fl ow. As shown in the fi gure, the chamber is designed so that there 
is uniform airfl ow along the whole air path.   

  Assumptions 

 The assumptions made for the dryer model are as follows.

   1.     The products to be dried are of uniform size.  
  2.     Distribution of the product in the drying chamber is uniform.  
  3.     Drying process is adiabatic and there is no heat loss to the environment.  
  4.     Wet bulb temperature of the drying medium coincides with the adiabatic saturation 

temperature.     
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  Material Model 

 A simpler expression for the average moisture content (Hachemi and Abed,  1998 ) of 
food material is given as:

    
dM
dt

k M Me= − −( )     (21.53)   

 The drying constant,  k , is expressed by the Arrhenius equation (Tagawa and Kitamura, 
 1996 ), as follows:

    k d
f

T
=

−⎛
⎝⎜

⎞
⎠⎟exp     (21.54)   

 The equilibrium moisture content,  M e  , for food grains can be expressed by the follow-
ing equation (Spencer,  1969 ):

    M E F R T Ce a= − − +( ) ( )[ ]ln ln RH     (21.55)    

  Equipment Model 

 This aims to establish energy and mass balance between the air and the product. 
Energy transferred through the air – product interface is given by:

    dQ h dA T TA P a a p/ = −( )     (21.56)   

 and the energy gained by the product is:

    dQ dm C MC
dT
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heg p p pw
p

p fgp= +( ) +     (21.57)   

 Equating Equations  21.56  and  21.57 , on simplifi cation the product temperature vari-
ation with time can be expressed as:

    dT
dt

h dA T T dm
dM
dt

h

dm C MC
p

a a p p fg

p p pwp

=
−( ) −

+( )
    (21.58)   

 Also, for the air control volume,

    m C C dT m d h dm
dM
dt

h h dA T Ta pa pv a a v TA p v TP a a p+( ) + = − −( )ω ω @ @     (21.59)   
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 Rearranging and simplifi cation will yield the air temperature increment as:

    dT
m d h h h dA T T

m C C
a

a v TP v TA a a p

a pa pv

=
−( ) − −( )[ ]

+( )
ω

ω
@ @     (21.60)   

 Writing a mass balance for a small product element will yield:

    m d dm
dM
dt

a pω =     (21.61)  

    d dm
dM
dt

mp aω =     (21.62)   

 Substituting for  dM / dt  from Equation  21.53 , the humidity change of air can be 
expressed as:

    d dm k M M mp e aω = − −( )[ ]/     (21.63)   

 Equations  21.53  and  21.58  constitute the material model, whereas Equations  21.60  
and  21.63  constitute the dryer equipment model.  

  Overall Dryer Model 

 The overall dryer model can be described by the four equations, and these equations 
can be written in a fi nite difference way as follows:

    M M dt k M Mj j e− = − −( )[ ]+1     (21.64)  
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    T T m d h h h dA T T m C Ca
j

a
j

a v TP v TA a a p a pa pv
+ − = −( )[ ] − −( ) +( )1 ω ω@ @ /     (21.67)   

 The heat and mass transfer coeffi cient can be calculated by the equations (Ozisik, 
 1985 ) as follows:

    Nu (laminar flow)= < ×0 332 5 100 5 0 33 5. Re Pr Re. .     (21.68)  

    Nu (turbulent flow)= > ×0 0296 5 100 8 0 33 5. Re Pr Re. .     (21.69)    
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  Evaluation of Moisture Content: Equations 

 Moisture content of any drying material can be expressed as either dry or wet basis. 
Some useful expressions for calculating the moisture content of the drying material 
are dealt with in the following sections (Mujumdar,  2007 ). The equation for calculat-
ing moisture content based on dry basis (db) is given by:

    % moisture content db
weight of moisture

bone dry mass
( ) = = =

−w
w

w wm

d

d

wwd

×100     (21.70)   

 and for moisture content on wet basis (wb) by:

    % moisture content wb
weight of moisture

total weight
( ) = = =

−w
w

w w
w

m d ××100     (21.71)   

 A useful relation for calculating the moisture that would be lost during drying from 
an initial moisture content  m i   to a fi nal moisture content  m f   can be formulated as 
follows. Initial weight of a drying sample,  w , can be denoted  w i   and it consists of the 
initial moisture weight  w mi   and bone - dry weight  w d  . We know that

    w w w m
w
w

w m wi mi d i
mi

d
mi i d= + = = ×, and   

 Therefore

    w w w m w w w mi mi d i d d d i= + = × + = +( )1     (21.72)   

 Similarly we can write the fi nal weight after drying  m f   as:

    w w mf d f= +( )1   

 and the expression for moisture loss during drying can be written as:

    w w w m w m w m mi f d i d f d i f− = +( ) − +( ) = −( )1 1     (21.73)   

 This relation can be expressed in terms of the initial weight as follows:
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 Substituting this value for  w d   in the above equation for moisture loss gives us a rela-
tion connecting the moisture loss and initial weight, initial moisture content and fi nal 
moisture content:

    Moisture loss =
−( )

+( )
w m m

m
i i f

i1
    (21.75)      

  Simulation Methodology 

 A typical simulation methodology for a solar HPD system based on a computer 
program developed by the authors is described below. The Fortran program code con-
sists of a main, which calls various subroutines or subprograms for different compo-
nents of the system. A fl ow chart of the simulation program is shown in Figure  21.13 .   

Figure 21.13 Flow chart for a typical heat pump system simulation. 
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 Each component or subsystem is represented by equations or functions and the 
simultaneous solution of these equations or functions enables evaluation of the per-
formance of the system. Of the input parameters, some are known values, while others 
are unknown so have to be assumed at the beginning of the simulation. The assumed 
input parameters need to be fi xed through an iterative process with an acceptable 
degree of convergence. The psuedocode or the step - by - step method of simulation of 
the system is as follows:

   1.     As a fi rst step, the  ‘ Radiation ’  subroutine, which mainly deals with the solar energy 
calculation, is called on to the main program and the radiation on the tilted col-
lector surface is calculated.  

  2.     With the radiation on the collector surface, the collector characteristics and inlet 
air temperature as input to the  ‘ Air collector ’  subroutine, the useful energy avail-
able and hence the collector outlet air temperature can be determined.  

  3.     The drying temperature of the product is a predetermined value set prior to drying 
of the product in the drying chamber. The temperature of the air emerging from 
the condenser is determined. If this temperature is still below the set drying tem-
perature, necessary auxiliary heating needs to be performed. The dryer inlet tem-
perature, airfl ow rate and humidity ratio of the air forms the input for the  ‘ Dryer ’  
subroutine. Solving the  ‘ Dryer ’  subroutine provides the temperature and humidity 
of the air at the dryer outlet.  

  4.     The temperature and humidity ratio of the air calculated in the previous step, along 
with assumed values for refrigerant mass fl ow rate, refrigerant temperature, refrig-
erant condensing temperature and degree of superheating, are used as input data 
for the  ‘ Dehumidifi er ’  subroutine, which determines the new refrigerant conditions 
at the dehumidifi er outlet. These new conditions are compared with the assumed 
conditions at the beginning of the computation by checking the enthalpies at the 
inlet and outlet of the tube. Iterative computation of the saturation temperature is 
continued until the enthalpies of the refrigerant at the inlet and outlet of the dehu-
midifi er match as per the given convergent criteria level. The condition of the air 
at this point is used for the input to the air collector in the next cycle of operation 
of the system.  

  5.     As in the previous step, with the initially assumed values for refrigerant mass fl ow 
rate, condensing temperature, refrigerant quality and refrigerant temperature at the 
outlet of the evaporator, along with the radiation on the collector surface deter-
mined from the  ‘ Radiation ’  subroutine, the refrigerant condition at the outlet of 
the evaporator collector is established. The converging criteria for this step are 
same as in the previous step, i.e. the enthalpy at the inlet and outlet of the evapo-
rator collector should match.  

  6.     Once the refrigerant temperature and mass fl ow rate in both the dehumidifi er and 
evaporator collector are determined, an average temperature is taken as the suction 
temperature for the  ‘ Compressor ’  subroutine. With the suction temperature and 
degree of superheat known, and an assumed value for discharge pressure, the dis-
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charge temperature is determined from the  ‘ Compressor ’  subroutine. The difference 
between this discharge temperature and the assumed degree of superheat on the 
compressor discharge side is taken as the condensing temperature. With the new 
condensing temperature, the calculation in steps (4) and (5) are repeated in an itera-
tive manner until the degree of superheat at the condenser discharge matches the 
convergence criteria.  

  7.     With the converged condensing temperature and mass fl ow rate and the condenser 
physical parameters as  ‘ Condenser ’  subroutine input, the quantity of heat available 
at the air - cooled and water - cooled condensers is determined. From these heat quan-
tities, the air and water temperatures at the outlet of the air - cooled and water -
 cooled condensers are evaluated.  

  8.     As the drying temperature is fi xed, by knowing the air temperature the auxiliary 
heat requirement, if any, can be calculated.  

  9.     Finally, the desired moisture content or the total drying time is checked and, if 
attained, the simulation is stopped and output data are printed. Otherwise, the 
entire simulation cycle is repeated until the desired drying of the product is 
achieved.    

   HPD  Performance Parameters 

 Simulation enables evaluation of system performance and allows necessary design 
changes to improve performance if needed. Performance of the system is evaluated 
and analysed by considering various performance indices, which for a heat pump 
system are generally COP and SMER. If there is any solar contribution to the heat 
source, solar collector effi ciency and solar fraction (SF) also need to be considered 
when evaluating the performance of the system. The defi nition for each of the above 
performance indices is given below. 

  Solar Collector Effi ciency 

 Solar collector effi ciency,   η  c  , is defi ned as the ratio of the useful gain over some speci-
fi ed time period to the incident solar energy over the same time period:

    ηc
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    (21.76)    

  Solar Fraction 

 Solar fraction of the system, for any period of interest, is defi ned as the ratio of the 
energy obtained from the solar components (solar air collector and collector/evaporator) 
to the energy required by the load:
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    (21.77)    

  Coeffi cient of Performance 

 The COP of the heat pump is defi ned by the following equation:

    COP
Thermal energy released by the condenser
Electrical energy inp

=
uut to the compressor

    (21.78)    

  Specifi c Moisture Extraction Rate 

 The SMER is an indication of the energy required for the removal of unit moisture 
content from the material being dried. The SMER can be defi ned as the ratio of the 
moisture removed (kg) to the energy input (kWh):

    SMER
Moisture removed in kg

Energy input in kWh
=     (21.79)    

  Contact Factor 

 The contact factor (CF) of a dryer is defi ned as the ratio of the difference in the mois-
ture content of the air entering and leaving the dryer to that of the entering and leaving 
air at fully saturated condition based on an assumption of a fully adiabatic process:

    CF =
−

−
ω ω

ω ω
2 1

100 1%

    (21.80)       

  Practice Problems 

   Problem 1 

    1.     A drying sample of 2.0   kg green beans with a bone dry mass of 1.2   kg is to be dried 
to a moisture content of 10% on dry basis. Determine (a) the initial moisture 
content of green beans on wet and dry basis, (b) amount of moisture removed, and 
(c) the fi nal moisture content on wet basis.  

  2.     If 500   kg of the same green beans are to be dried to the same fi nal drying state as 
part (1), using a heat pump dryer with an SMER of 1.5   kg · kWh  − 1 , estimate the 
running cost of the HPD process. The electricity cost is about $0.25 per kWh.     
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  Solution 

  Question 1(a)  
 Total weight of the sample  w     =    2.0   kg; bone dry mass  w d      =    1.2   kg 

 Initial moisture content  w mi   of beans    =     w     −     w d      =    2.0    −    1.2    =    0.8   kg 

 Wet basis initial moisture content    =      
Initial moisture content

Total weight
/= = =

w
w

mi 0 8 2 0 0 4. . .
 = 40%

 Dry basis initial moisture content    =      
Initial moisture content

Bone dry weight
/= = =

w
w

mi

d

0 8 1 2 0 667. . .  

  Question 1(b)  
 Required fi nal moisture content  w mf      =    10% dry basis moisture content, i.e  w mf  / w d      =    0.1, 
so  w mf      =    0.1    ×    1.2    =    0.12   kg 

 Amount of moisture removed    =    initial moisture content    −    fi nal moisture content    =    
0.8    −    0.12    =    0.68   kg 

  Question 1(c)  
 Total weight of beans  w     =    500   kg; new bone dry mass  w d      =    1.2    ×    500/2.0    =    300   kg 
 Initial moisture content  w mi   of beans    =    w    −     w d      =    500    −    300    =    200   kg 
 Required fi nal moisture content  w mi      =    0.1    ×    300    =    30   kg 

  Question 2  
 Amount of moisture removed by heat pump    =    200    −    30    =    170   kg 
 SMER of heat pump dryer    =    1.5   kg · kWh  − 1  
 Requirement for drying process (see Equation  21.79 )    =    170/1.5    =    113.34   kWh 
 Running cost of drying process    =    113.34    ×    0.25    =    $28.34  

  Problem 2 

 A total of 500   kg of green beans need to be dried in a heat pump dryer from an initial 
moisture content of 60% (0.6) to a fi nal moisture content of 10% (0.1) (wb) in 10 hours. 
Drying medium is air with temperature ( T a  ) 40    ° C and RH 15%. The refrigerant R134a 
is used in the heat pump. The heat pump operating parameters are as follows: evapo-
rating temperature ( t evp  ), 2    ° C; condensing temperature ( t cond  ), 55    ° C; suction side pres-
sure, 5   bar; and discharge side temperature, 75    ° C. Determine the SMER and COP of 
the heat pump system.  

= 66.. %7
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  Solution 

 From the initial moisture content, the calculations proceed as follows. 

 Initial moisture content (wb)    =    ( w i      −     w d  )/ w i   (see Equations 21.70ff.) 
 Inserting values gives 0.6    =    (500    −     w d  )/500 and therefore 500    −     w d      =    0.6    ×    500 
 Thus  w d      =    200   kg and initial moisture content is 300   kg

    Final moisture content wb /( ) ( )= −w w wf d f   

 So  w f      =    222.23   kg and fi nal moisture content is 22.23   kg 

 Moisture removed ( m  removed ) in drying process    =    300    −    22.23    =    277.77   kg 

 Heat required for moisture removal,  Q heat      =     m  removed     ×     h fg   (2450   kJ · kg  − 1 )    =    277.77    ×    
2450    =    680.537    ×    10 3    kJ 

 Mass fl ow rate of air required in drying chamber,   m
Q

C t t
a

pa db wb

=
−( )

=heat

dryingθ
 

(wet bulb temperature,  t wb  , is read from the 

psychrometric chart for the given RH and dry bulb temperature) 

 Humidity ratio (  ω  do  ) and temperature of air at dryer outlet ( t do  ) are calculated from the 
modifi ed form of Equations  21.59  and  21.61  as:

    
ω ω

θ
ω ω

θdo di
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do di
am m

− = = +
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drying
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  (inlet humidity ratio,   ω  di  , is read from the psychrometric chart for the given RH and 
dry bulb temperature) 

 Temperature of air at dryer outlet,   t
C t h C t h

C C
do

pa di di fg pv di do fg

pa do pv

=
+ +( ) −

+
=

ω ω
ω

 

(where  C pv   is specifi c 

heat capacity of water vapour and assumed as 1.867   kJ · kg  − 1  · K  − 1 ) 

 Enthalpy of air at dryer outlet,  h do      =     C pa t do      +      ω  do  ( h fg      +     C pv t do  )    =    1.02    ×    20.45    +    0.01512    
×    (2450    +    1.867    ×    20.45)    =    58.48   kJ · kg  − 1  

×
−( ) × ×
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 Assuming a bypass factor (BF) of 0.2 and evaporator tube surface temperature, 
 t es      =     t evp      +    5    =    7    ° C, air temperature at the evaporator exit,  t eo      =     t es      +     BF ( t do      −     t es  )    =    7    +    
0.2    ×    (20.4    −    7)    =    9.68    ° C 

 Enthalpy of air at evaporator outlet,  h eo      =     C pa t eo      +      ω  eo  ( h fg      +     C pv t eo  )    =    1.02    ×    9.68    +    
0.007    ×    (2450    +    1.867    ×    9.68)    =    27.15   kJ · kg  − 1  

 Enthalpy of air at dryer inlet,  h di      =     C pa t di      +      ω  di  ( h fg      +     C pv t di  )    =    1.02    × 40    +    0.01512    ×    
(2405    + 1.86    ×    40)    =    58.15   kJ · kg  − 1  

 Cooling load in evaporator,  q evp      =     m a  ( h do      −     h eo  )    =    0.95    ×    (58.48    − 27.15)    =    29.76   kW 

 For the given heat pump operating conditions, the refrigerant R - 134a property table 
provides refrigerant enthalpies as:  h  1     =    426,  h  2     =    455,  h  3     =     h  4     =    279   kJ · kg  − 1  

 Refrigerant mass fl ow rate,   m
q

h h
r

evp=
−

=
−

= −

1 4

129 76
426 279

0 202
.

. kg s  

 Compressor work input,   W
m h h

comp
r=

−
=

× −
×

=
( ) . ( )

. .
.2 1 0 202 455 426

0 95 0 96
6 42

η ηmech motor

 kWW (mechanical 

and motor effi ciency of compressor as 95 and 96%, respectively) 

 Heating load in condenser,  q cond      =     m a  ( h di      −     h eo  )    =    0.95    ×    (58.15    −    27.15)    =    29.45   kW

    SMER removed

fan drying

=
+( ) =

+ ×
=

m
W W hcomp θ ( )

.
( . )

.
277 77

7 25 1 10
3 3677 1 kg kWh−   

 COP:   SMER = = =
q
W

cond

comp

29 45
6 42

4 59
.

.
.     

  Summary 

 Various heat pump confi gurations in conjunction with other equipment are described 
in this chapter. These heat pump systems are likely to play a signifi cant role in the 
future, when the use of fossil fuels will be restricted for various reasons. The chapter 
also describes the factors to be considered when designing the various components of 
the heat pump system. One area where heat pump application is promising is the 
drying of temperature - sensitive agricultural and pharmaceutical products. The energy -
 intensive processes involved in such applications, coupled with the requirement for 
best - quality products, will give added impetus to the use of heat pump systems in the 
future. The independent control of temperature and RH of the drying medium enables 
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heat pumps to retain the quality and nutrients of the dried product. This additional 
feature will make heat pumps attractive when dealing with temperature - sensitive 
products for industrial applications. In addition, heat pumps can make use of solar 
energy and ambient energy as the heat source.  

  Nomenclature 

    A       Drying bed cross - sectional area (m 2 )  
  A c        Area of collector (m 2 )  
  A ev        Area of evaporator (m 2 )  
  A f        Fin area (m 2 )  
  A o        Tube outside surface area, m −1   
  C       Constant in Equation  21.55  (dimensionless)  
  C b        Bond conductance (W · m  − 1  · K  − 1 )  
  C p        Specifi c heat (kJ · kg  − 1  · K  − 1 )  
  CR       Capacitance ratio (dimensionless)  
  c       Compressor clearance factor (dimensionless)  
  d       Constant in Equation  21.54  (dimensionless)  
  dT a        Increment in air temperature (K)  
  dT r        Increment in refrigerant temperature (K)  
  d ω        Increment in air humidity (kg/kg dry air)  
  dx       Increment in refrigerant quality (dimensionless)  
  D       Pebble diameter (m)  
  D i        Inside tube diameter (m)  
  D h        Collector characteristic length (m)  
  E       Constant in Equation  21.55  (dimensionless)  
  f       Constant in Equation  21.54  (dimensionless)  
  F  ″       Collector fl ow factor (dimensionless)  
  F  ′       Collector effi ciency factor (dimensionless)  
  F       Fin effi ciency and constant in Equation  21.55  

(dimensionless)  
  F R        Collector heat removal factor (dimensionless)  
  G o        Mass velocity of the air (kg · m  − 2  · s  − 1 )  
  h  11       Heat transfer coeffi cient (W · m  − 2  · K  − 1 )  
  h  22       Heat transfer coeffi cient (W · m  − 2  · K  − 1 )  
  h  1       Enthalpy at the inlet of compressor (kJ · kg  − 1 )  
  h  2       Enthalpy at the exit of compressor (kJ · kg  − 1 )  
  h  3       Enthalpy at the exit of condenser (kJ · kg  − 1 )  
  h  4       Enthalpy at the inlet of evaporator (kJ · kg  − 1 )  
  h a        Airside heat transfer coeffi cient (W · m  − 2  · K  − 1 )  
  h fi         Fluid to tube heat transfer coeffi cient (W · m  − 2  · K  − 1 )  
  h fgw        Latent heat of evaporation of water (kJ · kg  − 1  · K  − 1 )  
  h fgr        Latent heat of evaporation of refrigerant (kJ · kg  − 1  · K  − 1 )  
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  h g        Mass transfer coeffi cient (kg · m  − 2  · s  − 1 )  
  h i        Tube inside heat transfer coeffi cient (W · m  − 2  · K  − 1 )  
  h o        Tube outside heat transfer coeffi cient (W · m  − 2  · K  − 1 )  
  h w        Wind heat transfer coeffi cient (W · m  − 2  · K  − 1 )  
  I T        Solar irradiation on the collector surface (W · m  − 2 )  
  I TC        Solar critical irradiation (W · m  − 2 )  
  J       Mechanical equivalent of heat (kg · m · kJ  − 1 )  
  k       Thermal conductivity (W · m  − 1  · K  − 1 )  
  k       Drying constant (min  − 1 )  
  L       Rock - bed length (m)  
  L c        Length of the collector (m)  
  L Evat        Evaporator tube length (m)  
  L o        Product characteristic length (m)  
  M       Product moisture content (kg/kg dry air)  
  M e        Equilibrium moisture content (kg/kg dry air)  
  M s        Product surface moisture content (kg/kg dry air)  
  m a        Air mass fl ow rate (kg · s  − 1 )  
  m r        Refrigerant mass fl ow rate (kg · s  − 1 )  
  N       Number of cover (dimensionless)  
  N       Compressor speed (rpm)  
 Nu      Nusselt number (dimensionless)  
  n       Polytropic index (dimensionless)  
  NTU       Number of transfer unit (dimensionless)  
  Δ  P       Pressure drop (Pa)  
  P  1       Compressor suction pressure (Pa)  
  P  2       Compressor discharge pressure (Pa)  
  PD       Piston displacement (m)  
  Q       Useful energy gain (W)  
 Pr      Prandtl number (dimensionless)  
 Re      Reynolds number (dimensionless)  
 RH      Relative humidity (dimensionless)  
  S       Absorbed irradiation (W · m  − 2 )  
  T a        Ambient temperature (K)  
  T a        Air temperature (K)  
  T b        Bed temperature (K)  
  T p        Product temperature (K)  
  T r        Refrigerant temperature (K)  
  T f        Collector fl uid temperature (K)  
  T pm        Mean plate temperature (K)  
  t       Time (s)  
  U ev        Evaporator overall heat transfer coeffi cient (W · m  − 2  · K  − 1 )  
  U L        Collector overall loss coeffi cient (W · m  − 2  · K  − 1 )  
  U t        Collector top loss coeffi cient (W · m  − 2  · K  − 1 )  
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  U b        Collector back loss coeffi cient (W · m  − 2  · K  − 1 )  
  U e        Collector edge loss coeffi cient (W · m  − 2  · K  − 1 )  
  V       Volume (m 3 )  
  V       Velocity (m · s  − 1 )  
  W       Tube pitch (m)  
  W c        Compressor work input (W)  
  x       Refrigerant quality (dimensionless)  
  Z       Tube length (m)    

  Greek Symbols 

     α        Collector absorptance (dimensionless)  
   τ  α        Transmittance absorptance product (dimensionless)  
   β        Solar collector tilt (degrees)  
   φ        Solar collector groove angle (degrees)  
   η        Effi ciency (dimensionless)  
   μ        Kinematic viscosity (kg · s  − 1  · m  − 1 )  
   ω        Humidity of air (kg/kg dry air)  
   ρ        Density (kg · m  − 3 )  
   σ        Boltzmann ’ s constant (W · m  − 2  · K  − 4 )  
  ε       Emittance (dimensionless)  
   δ        Plate thickness (m)     

  Subscripts 

    a       air  
  c       collector  
  w       water, wind  
  i       inlet, initial  
  o       outlet, outside  
  v       vapour  
  f       fl uid, fi n  
  p       plate  
  g       glass  
  r       refrigerant  
  evp       evaporator      
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Freeze - drying Process Design  
  Cristina     Ratti       

22

   Introduction 

 Freeze - drying or lyophilization is often regarded as the best method of water 
removal to obtain fi nal products of the highest quality. Because of the absence of liquid 
water and the low temperatures required for the process, most of the deterioration 
reactions and microbiological activities are prevented, which gives a fi nal product of 
excellent quality. The solid state of water during freeze - drying protects the primary 
structure and the shape of the product, with minimal reduction in volume. Freeze -
 dried products have a long shelf - life without refrigeration, 2 years for a product 
with a 2% residual moisture content being usual (Williams - Gardner,  1971 ). This tech-
nique has been applied with success to diverse biological material, such as meat, 
coffee, juices, dairy products, cells and bacteria and is now standard practice in the 
production of penicillin, protein hydrolysates, hormones, blood plasma and vitamin 
preparations. 

 The application of freeze - drying to food products has traditionally been confi ned to 
the production of heat -  or oxygen - sensitive foodstuffs, or those foods having a special 
end - use such as space foods, military or extreme - sport foodstuffs and instant coffee 
(Ratti,  2001 ). Recently, however, the market for  “ natural ”  and  “ organic ”  products has 
been increasing strongly, along with consumer demand for foods with minimal process-
ing and high quality but without the presence of preservatives. The market for higher 

Handbook of Food Process Design, First Edition. Edited by Jasim Ahmed and Mohammad Shafi ur Rahman.
© 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.



622 Handbook of Food Process Design: Volume I

quality food powders or ingredients is not only increasing in volume but also diversi-
fying (Brown,  1999 ). 

 Despite many advantages, freeze - drying has always been recognized as the most 
expensive process for manufacturing a dehydrated product. The high operating and 
maintenance costs are the main problems with the process. The long drying times under 
continuous vacuum increases energy consumption enormously and makes this process 
considerably more expensive compared with drying at atmospheric pressure. These 
reasons have limited the wide application of freeze - drying to the food industry. 

 In this chapter, the basis of freeze - drying will be analyzed, plus some hints about 
process design regarding operating parameters such as temperatures and pressure. It 
is important to note that this chapter is intended to help people working primarily in 
the food industry. Practical use of the glass transition temperature concept to interpret 
food quality, particularly in relation to the freeze - drying process, is also discussed. 
Finally, the latest innovations in freeze - drying and their application to food materials 
are analyzed in order to draw conclusions on the state - of - the - art and future of the 
process.  

  Underlying Principles of Freeze - drying 

 Figure  22.1  presents the water phase diagram (pressure versus temperature), which 
indicates the conditions for the existence of the liquid, vapor and solid phases of 
water. Three important lines shown in this fi gure mark the passage from solid to 
vapor (sublimation), from liquid to vapor (evaporation) and from solid to liquid 
(fusion). Point T in Figure  22.1  represents the triple point of water (at 0.01    ° C and 

Figure 22.1 Phase diagram of water. T, triple point; C, critical point. 
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0.612   kPa) where the three phases coexist, while point C is the critical point of water 
(374    ° C and 22   060   kPa).   

 Freeze - drying mainly uses the sublimation phenomenon (at temperatures lower 
than 0.01    ° C and vapor pressures below 0.612   kPa) to eliminate most of the water in 
a product. In Figure  22.1 , if a product at the pressure and temperature corresponding 
to ambient conditions (point A) is to be freeze - dried, it will follow the path from point 
A to point D, i.e. the product should fi rst be frozen by decreasing its temperature, 
then the water vapor pressure should be lowered below the pressure corresponding to 
the triple point and fi nally some heat should be supplied to help the ice to convert 
into vapor by sublimation. After all the ice has been sublimated (and during sublima-
tion), desorption of nonfreezable water occurs. Therefore, we may say that three 
important steps characterize the freeze - drying process: freezing, sublimation (or 
primary drying stage) and desorption (or secondary drying stage). 

 Figure  22.2  shows a schematic diagram of a food product during freeze - drying at 
different stages of the process. Although freeze - drying could take place at atmospheric 
pressure in an inert gas atmosphere, most freeze - drying operations are carried out 
under vacuum. In Figure  22.2 , the frozen food is placed in a vacuum chamber on a 
shelf plate (or heating plate) which supplies the necessary energy for sublimation and 
desorption by conduction ( q c  ). Also, the product can receive heat from the top shelf 
and the surroundings by radiation ( q R  ). Convection is rare because very few fl uid mol-
ecules are available under vacuum so the purely convective heat transfer coeffi cient 
should be negligible in high vacuum situations (i.e. freeze - drying). Thus, heat in the 
freeze - drying chamber is mainly transferred to the product by radiation and/or conduc-
tion from the shelf plates. However, it should be taken into account that conduction 

Figure 22.2 Schematic representation of a food product during freeze -drying at initial time ( t = t0),
during sublimation ( t = t1), and when desorption takes place ( t = t2). qc, conduction heating; qR,
radiation.
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heat transfer from the bottom shelf plate to the product can be reduced signifi cantly 
if there is not good contact between the product and the heating plate, since conduc-
tion will only take place through contact points. On the other hand, heat transfer by 
conduction is predominant within the product.   

 As the product receives heat, sublimation is initiated ( t  1 ). Drying is faster during 
primary drying due the availability of large amounts of unbound water in the frozen 
state. Ice sublimation leaves a porous dry layer that increases as drying proceeds 
(receding front). During sublimation, two distinct phases separated by a receding front 
are present in the product: the dry layers and a frozen core (Figure  22.2 ). During sec-
ondary drying ( t  2 ), bound water has to be lost. A major portion of the bound water is 
in the unfrozen sate and the drying rate is very slow (Mellor,  1978 ; Vega - Mercado 
 et al. ,  2001 ). 

 Figure  22.3  shows typical moisture loss (a) and product temperature (b) curves during 
vacuum freeze - drying (the example shown is apple juice, with and without pulp, 
freeze - dried at 50    ° C heating plate temperature; data taken from Raharitsifa,  2003 ). 
The traditional exponential loss of moisture during freeze - drying can be observed in 
Figure  22.3 (a), particularly after 200   min. Initially, unbound water can easily leave the 
matrix and thus the drying rate is almost constant; however, as the matrix dries out, 
the kinetics slow down, primarily because sublimated vapor passes through a dry layer 
with increasing thickness over time and, at the end of the process, because water is 
progressively more bound as drying proceeds. When only desorption of highly bound 
water takes place, freeze - drying kinetics are very slow.   

 The evolution of product temperature during freeze - drying is well visualized in 
Figure  22.3 (b). At the start of the process, the frozen product is placed inside the freeze -
 dryer and vacuum is applied. Although the heating plate temperature is high in this 
case (50    ° C), product temperature remains low (approximately  − 30    ° C) during primary 
drying due to the signifi cant amount of heat expended for sublimation, which protects 
the sample from heating up. In Figure  22.3 (b), the temperature plateau that extends 
for 460   min is the  “ sublimation ”  stage. When there is no ice remaining, the tempera-
ture of the product suddenly increases and secondary drying (desorption) starts. It is 
interesting to note in Figure  22.3  that although sublimation ends at approximately 
the same time for both types of juice samples (with or without pulp), juice with pulp 
showed a slower drying rate (higher water content marked with a dashed line and 
arrow at the end of sublimation), probably due to a higher amount of bound water 
present in juice with pulp. 

 In the example shown in Figure  22.3 , the samples could be considered dry after 
approximately 800   min when the relative moisture content is near zero and the 
product temperature (46    ° C) is constant and close to the heating plate temperature 
(50    ° C). In general at the end of freeze - drying, the product has a temperature 3 – 6    ° C 
below the heating plate temperature, the difference depending on the geometry of the 
freeze - dryer and thermal properties of the foodstuff. Product temperature evolution 
during freeze - drying is an interesting parameter to follow closely, since it provides 
useful information for determining the end of sublimation, estimating the end point 
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of the freeze - drying cycle, assessing potential quality - related problems and predicting 
which transfer, heat or mass, controls the process.  

  Process Design 

 Two types of products are usually the focus of food freeze - drying applications: solid 
foodstuffs and homogeneous solutions such as juice and liquid coffee. Although small 
volume is common in the pharmaceutical and nutraceutical industry, processing these 

Figure 22.3 Freeze-drying of apple juice (with and without pulp) at Tp = 50°C (shelf temperature), 
30mTorr (total pressure), and product thickness 8 mm: (a) moisture loss and (b) product temperature 
at the center of the product. (Data from Raharitsifa, 2003.)
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types of products in small volumes (i.e. vials, ampoules) is not often seen in the food 
industry where the products are mainly processed in bulk on trays. Many parameters 
play an important role in obtaining a premium - quality freeze - dried product but in this 
chapter only some of them are explored, namely product pretreatments, sample thick-
ness and process parameters. Chamber pressure and shelf temperature are the main 
operational parameters. Although in the pharmaceutical industry freeze - drying is run 
following complicated temperature and pressure cycles, an effi cient freeze - drying 
operation for food applications can be achieved using a single - step cycle, where the 
shelf temperature is set for secondary drying and the product temperature for primary 
drying is controlled by adjusting chamber pressure (Chang and Fischer,  1995 ). 

  Product Pretreatments 

 Pretreatment of a material prior to drying has long been used as a technique to accel-
erate drying rates as well as improve fi nal product quality (Ratti,  2008a ). The most 
common pretreatments in freeze - drying are concentration (to reduce the amount of 
water to sublimate) and grinding (to reduce the size of the particles). Readers are 
encouraged to acquire in - depth knowledge of the subject by researching the numerous 
articles in the literature. Hard - to - dry samples, such as oil or sugar - rich foodstuffs, 
represent technical problems for processing by freeze - drying. Foaming the sample prior 
to freeze - drying could be benefi cial in these cases (Kudra and Ratti,  2006 ).  

  Thickness 

 Thickness of the product to be freeze - dried is an important parameter to take into 
account before starting the process. Equation  22.1  is one of the most well - known 
representations of freeze - drying sublimation time as a function of different parameters 
(Karel,  1975 ) and was developed for strict application in freeze - drying cases where heat 
and mass are transferred through the dry layers, i.e. when radiation from both surfaces 
or radiation in one surface and  “ contact ”  convection in the other are the main heat 
transfer mechanisms (shown schematically in Figure  22.2 b):

    t
L X X H

k T T
o f s

d s

=
−( )

−( )

2

8
ρ Δ

ice

    (22.1)   

 where  t  is the freeze - drying time,  L  the thickness of the slab,   ρ   the bulk density of 
the solids,  X o   and  X f   the initial and fi nal moisture contents,  Δ  H s   the latent heat of 
sublimation,  k d   the thermal conductivity of the dry layer and  T s   and  T  ice  the maximum 
permissible surface temperature and ice temperature, respectively. Equation  22.1  was 
developed by considering slab geometry with negligible end effects, as well as the 
assumption that the maximum allowable surface temperature is reached instantane-
ously and that it remains constant during freeze - drying (Karel  et al .,  1975 ). As seen 
from Equation  22.1 , the sublimation drying time should increase dramatically with 
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thickness and this is the reason why in most practical situations a maximal sample 
thickness of 1   cm is used. 

 In order to use Equation  22.1 , several parameters must be known, such as thermal 
conductivity of the dry layer, density of bulk solids, or ice sublimation heat. Thermal 
conductivity of the dry layer is a property not only dependent on total pressure, nature 
of the surrounding gas and temperature, but also on porosity and total solid concentra-
tion. Information on average thermal conductivity of freeze - dried foodstuffs (i.e. beef, 
whole milk, apple, peach, tomato juice, coffee, avocado) at the very low pressures used 
in freeze - drying can be found in Kessler  (1975) . However, more scarce information on 
experimental values for thermal conductivity of freeze - dried foods as a function of 
total pressure or other variables, as well as models to represent this property, can be 
found in the literature (Harper,  1962 ; Qashou  et al .,  1972 ; Fito  et al .,  1984 ; Sagara and 
Ichiba,  1994 ; Lombra ñ a and Izkara,  1996 ). Heat of sublimation varies slightly with 
temperature and is in the order of 2839   kJ · kg  − 1  (Ratti,  2008a ). Bulk solids density can 
be considered to be in the region of 300 – 330   kg · m  − 3  (Karel  et al .,  1975 ). 

 Figure  22.4  shows freeze - drying kinetic curves (a) and product temperature (b) of 
apple juice at different thicknesses (Raharitsifa and Ratti,  2010 ). As can be seen, thick-
ness has a signifi cant impact ( P     <    0.01) on juice freeze - drying kinetics. For instance, 
the time for a sample of 4 - cm thickness to reach  X / X o      =    0.1 is four times higher than 
that for a sample of 1   cm. The shape of the temperature curves is similar to those 
obtained for most products during the freeze - drying process (Sagara and Ichiba,  1994 ). 
The initial temperature of both the heating plate and product after freezing was  − 40    ° C. 
As the temperature of the heating plate increases to 20    ° C, product temperature 
increases with a delay corresponding to the sublimation time. After all the ice subli-
mated, the temperature increased gradually to reach the heating plate temperature.   

 A simplifi ed energy balance for the frozen region of a product undergoing freeze -
 drying can be estimated by assuming a lumped parameter approach due to the higher 
thermal conductivity of frozen materials:

    m C
T
t

Q H Ni pi s w
∂
∂

= −input  Δ     (22.2)   

 where  T  is product temperature,  t  is time,  m i   and  C pi   the mass and specifi c heat of 
frozen material, respectively,  Q  input  the heat that gets into the frozen control volume 
by conduction and  N w   the water fl ux due to sublimation. In Equation  22.2 , if all the 
heat received in the control volume is used for sublimation, then   ∂ T /  ∂ t     =    0 and con-
sequently  T  is constant. In this case, neither heat nor mass transfer can be considered 
separately as the controlling step. On the other hand, the process can be considered 
to be mass transfer limited when  N w   is small and thus the derivative   ∂ T /  ∂ t  is positive. 
This is the case for juice samples of 4 - cm and 6 - cm thickness for which the tem-
perature curves shown in Figure  22.4 (b) are above  − 40    ° C (initial temperature). Thus 
in most cases, juice freeze - drying seems to be mass - transfer controlled. In addition, 
from Figure  22.4 (a,b) it can be observed that the time taken to achieve fi nal product 
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Figure 22.4 Freeze-drying of apple juice at different sample thickness at Tp = 20°C (shelf tem-
perature) and 30 mTorr (total pressure). 
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temperature (close to shelf temperature) is shorter than the time necessary for a dry 
product, confi rming that in this case freeze - drying is controlled by mass transfer. 
Finally, limited heat transfer occurs in the situation where the derivative in Equation 
 22.2  is negative. Thus, temperature profi les have proven helpful in understanding the 
type of controlling transfer (heat or mass) during freeze - drying. 

 Performing simple calculations from data shown in Figure  22.4 (a), it can be con-
cluded that the relationship between drying time and thickness is linear for apple juice 
samples. Also and despite the relationship shown in Equation  22.1 , Shishehgarha 
 et al .  (2002)  showed that the freeze - drying time of strawberry slices correlated better 
with a linear function on thickness than with a quadratic one. In this study, experi-
mental freeze - drying times for strawberries of 5 and 10   mm thickness were determined 
at several water content values. Prediction of freeze - drying time for 10 - mm slices, 
calculated as if it varied proportionally to the smallest thickness of the product (in 
this case 5   mm), were also presented. It was observed that, for most water content 
values, predicted and actual drying times for the 10 - mm thickness were very close, 
indicating that the freeze - drying time of strawberries can be considered proportional 
to thickness. Other authors have previously found a linear relationship between 
freeze - drying time and thickness, for example Sharma and Arora  (1995)  for yoghurt 
under different heating transfer modes and Saravacos  (1967)  for apple and potato. As 
shown in Equation  22.1 , freeze - drying time is often presented in the literature as 
proportional to the square of the piece size, since the process is usually explained from 
diffusion theory. However, King ( 1968 ) explained the anomaly with respect to pure 
diffusion theory based on an externally controlled (boundary layer) freeze - drying 
process, which clearly describes the linear relationship between freeze - drying time 
and product thickness.  

  Freezing Rate, Process Temperatures, and Chamber Pressure 

 Freezing rate controls the size of ice crystals and therefore the porosity of the dry 
layer, which could have an impact on drying time (Hammami and Ren é ,  1997 ). From 
porous media theory, vapor removal will be easier from a material having larger pore 
size. In this regard, a slow freezing rate would be preferable since it forms larger ice 
crystals. In addition, freezing rate has a marked impact on food quality, most of the 
published information indicating that preservation of quality in cellular food systems 
is only enhanced by rapid cooling (de Kock  et al. ,  1995 ; Allan - Wojtas  et al .,  1999 ; 
Boonsumrej  et al .,  2007 ). The size and shape of ice crystals are critical for the fi nal 
quality of frozen foodstuffs, the rate of heat removal being one of the main factors 
determining crystal growth rate (Fernandez  et al .,  2006 ). Slow freezing promotes the 
formation of large extracellular ice crystals that damage vegetable tissues, whereas 
rapid freezing promotes intensive nucleation and formation of small intracellular ice 
crystals (Fernandez  et al .,  2006 ). Thus, determination of the  “ optimal ”  freezing rate 
for a product that is to be freeze - dried poses an interesting compromise between accel-
eration of dehydration and enhancement of fi nal quality. According to King  et al.  
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 (1968) , the appearance of freeze - dried turkey meat seemed to depend on freezing condi-
tions. Quick - frozen meat samples maintained a whiter color than those frozen slowly. 
Similar results were found by Karel  et al.   (1975)  and Flink  (1975)  for freeze - dried coffee. 
In another study, however, Genin and Ren é   (1996)  showed that freezing rate had no 
infl uence on the fi nal quality of the freeze - dried product nor on the dehydration time, 
a fi nding supported by Hammami and Ren é   (1997)  for strawberries. 

 On the other hand, process temperature is the main parameter affecting the quality 
of freeze - dried products. Increasing the freezing or shelf temperature certainly reduces 
costs associated with energy consumption during the whole process, but it could lead 
in turn to product deterioration. Volume reduction during freeze - drying is minimal if 
operating pressures and temperatures are appropriate (Jankovi é ,  1993 ; Hammami and 
Ren é ,  1997 ; Krokida and Maroulis,  1997 ; Shishehgarha  et al. ,  2002 ). However, collapse 
may occur causing the sealing of capillaries, which also leads to reduced dehydration 
and puffi ness. Thus, in the case of the freeze - drying process, both freezing and drying 
temperatures have an impact on fi nal product quality (Khalloufi  and Ratti,  2003 ). 
Therefore, the control and optimization of operating parameters during product 
manipulation and processing could prove essential in achieving a viable and effi cient 
operation and one might expect that the optimal operating conditions are infl uenced 
by the type of product being processed. 

  Collapse,  “ Scorch ”  and Glass Transition Temperatures 

 In order to achieve an effi cient freeze - drying operation, process parameters (chamber 
pressure, freezing and heating plate temperatures) should be carefully chosen. First, 
the  “ target ”  temperatures for the specifi c food product should be determined. Collapse 
temperature is the single most important parameter determining conditions during 
freezing and primary drying (Shalaev and Franks,  2002 ). Collapse results in loss of 
structure and porosity, signifi cant decrease in water sublimation rate, increase in 
product density and residual water content, change in color and even loss of aroma 
and nutrients. To avoid collapse during freezing and primary drying, product tempera-
ture should be below its collapse temperature. During freeze - drying and for a specifi c 
food product for which moisture permeability and thermal conductivity of the dry 
layer are fi xed, this can be achieved by adjusting the chamber pressure as explained 
later. On the other hand,  “ scorch ”  temperature is the maximum allowable tempera-
ture for the dry layer, the value of which is based on quality considerations (often 
browning) that mark the transition from an acceptable to an unacceptable product 
(Flink  et al .,  1974 ). To avoid scorching during secondary drying, product temperature 
should be below its  “ scorch ”  temperature. 

 Table  22.1  shows some literature values for collapse and  “ scorch ”  temperatures of 
different types of foods. Collapse temperatures are related, among other product prop-
erties, to composition and structure of the food matrix. From Table  22.1 , it is interest-
ing to note that collapse temperatures are much lower for products having a  “ weak ”  
structure, such as juices or tomato. Also, it should be pointed out that  “ scorch ”  tem-
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peratures for most foodstuffs are higher than 40    ° C, as shown for some selected foods 
in Table  22.1 . Most of the values shown in the table were probably determined by 
trial and error, following visual observations. Other methods, such as intruded poros-
ity or specifi c volume, could also be used to determine collapse (Levi and Karel,  1995 ). 
However, it could be of practical use to fi nd out if these  “ target ”  temperature values 
could actually be predicted.   

 Collapse phenomenon is closely related to glass transition phenomenon. Glass 
transition temperature,  T g  , is a product property linked to deterioration during thermal 
processing (Karel,  1993 ; Sapru and Labuza,  1993 ; Chuy and Labuza,  1994 ; Taoukis 
 et al. ,  1997 ). It can be defi ned as the temperature at which an amorphous system 
changes from a glassy state to a rubbery state (Roos and Karel,  1991 ; Karmas  et al ., 
 1992 ), which is mainly a function of water content, molecular weight and nature of 
the dry matter compounds (e.g. sugars) in a given substance (Slade and Levine,  1991 ; 
Genin and Ren é ,  1995 ; Roos,  1995 ). The effect of moisture on the  T g   of foods has been 
extensively reported in the literature (Roos,  1987 ; P ä  ä kk ö nen and Roos,  1990 ; Khalloufi  
 et al. ,  2000 ). The Gordon – Taylor equation (Gordon and Taylor,  1952 ) is commonly 
used to fi t experimental data on  T g   of food products as a function of water content 
and composition:

    T
x T kx T

x kx
g

g g=
+
+

1 1 2 2

1 2

    (22.3)   

 where  T g   and  x  are the glass transition temperature and mass fraction,  k  is a parameter 
determined from experimental data and subscripts 1 and 2 correspond to dry solids 
and water, respectively. 

Table 22.1 Collapse and “scorch” temperatures for selected foods. 

Product Collapse
temperature ( °C)

“Scorch”
temperature ( °C)

Reference

Strawberry −15 70 Karel et al. (1975)
Potato −12 — Fellows (2002)
Tomato −41 — Fellows (2002)
Sweetcorn −8 to −15 — Fellows (2002)
Beef, quick frozen −14 60 Karel et al. (1975)
Beef, slow frozen −17 60 Karel et al. (1975)
Chicken −20 60 Karel et al. (1975)
Salmon −29 80 Karel et al. (1975)
Cheddar cheese −24 — Fellows (2002)
Apple juice (22%) −41.5 — Fellows (2002)
Grape juice (16%) −46 — Fellows (2002)
Orange juice −43 49 Karel et al. (1975)
Guava juice −37 43 Karel et al. (1975)
Coffee extract (25%) −20 — Fellows (2002)
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 When cooling a solution, ice crystallizes out at temperatures below the freezing 
temperature, resulting in concentration of the remaining material. With further reduc-
tions in temperatures more ice crystallizes and the material becomes increasingly 
concentrated until it forms a glass at   ′Tg, the temperature of maximum freeze -
 concentration where viscosity is such that it is impossible to form more ice (Hatley 
and Franks,  1991 ). This temperature of maximum freeze - concentration is also known 
as the absolute glass transition temperature, which occurs at the moisture content of 
the freeze - concentrate (amount of unfrozen water at   ′Tg). Although sometimes much 
higher, collapse temperatures during freeze - drying are linked to   ′Tg . The reported value 
for potato collapse temperature (Table  22.1 ) is 33    ° C higher than the   ′Tg value for fresh 
potato given by Karathanos  et al .  (1996) . For strawberry,   ′Tg has been reported as  − 35    ° C 
(Hammami and Ren é ,  1997 ), while collapse temperature is reported as  − 15    ° C (Table 
 22.1 ). This is because collapse is a dynamic process not only dependent on the specifi c 
foodstuff but also on the difference between its proper temperature and   ′Tg as well as 
on the time that the material is under this temperature difference condition. In a work 
on collapse of freeze - dried carbohydrates, Levi and Karel  (1995)  showed that volume 
reduction in freeze - dried sucrose/raffi nose mixture (3   :   2) increases as ( T     −     T g  ) and time 
increases. Thus,   ′Tg could be seen as a  “ theoretical ”  maximum temperature limit that 
should not be surpassed during primary drying, while collapse temperature is the limit 
from a practical standpoint. 

 The differential scanning calorimeter and freeze - drying microscope are two special-
ized techniques for determining important product properties related to freeze - drying. 
Hatley and Franks  (1991)  indicated that   ′Tg,   ′wg (unfrozen water at   ′Tg) and  T gs   (glass 
transition of dry - cake) are properties that provide suffi cient information to optimize 
a freeze - drying cycle and can be measured using the differential scanning calorimeter. 
To complete these measurements, a freeze - drying microscope provides real - time 
images of freezing, melting, crystallization, collapse and melt - back during freezing 
and freeze - drying processes (Wang,  2004 ). 

 It is possible that if the vacuum level in the freeze - dryer is low enough, then this 
fi rst thermal limit (product temperature lower than collapse temperature) is always 
achieved. The second thermal limit is accomplished when the fi nal temperature of 
the product is lower than the maximum permissible surface temperature, i.e.  “ scorch ”  
temperature. This latter limit could be assumed to be the glass transition temperature 
of dry solids (Khalloufi  and Ratti,  2003 ). Shrinkage and  T g   are interrelated in that 
signifi cant changes in volume and collapse are noticed only if the temperature of the 
process is higher than the  T g   of the material at that particular moisture content (Genin 
and Ren é ,  1995 ). Khalloufi  and Ratti  (2003)  showed that equal freeze - drying conditions 
had different impacts on the quality attributes of freeze - dried strawberry, apple and 
pear. In this paper, shrinkage and quality changes during freeze - drying were related to 
glass transition temperature and microstructure of the samples. Knowledge of the 
microstructural arrangement of a heterogeneous food can also help in understanding 
quality deterioration and collapse during processing. Pore formation during freeze -
 drying of apples and dates was studied at different shelf temperatures (Sablani and 
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Rahman,  2002 ), from which it was concluded that glass transition theory alone could 
not explain pore formation during freeze - drying. In a review article on porosity predic-
tion during drying, Rahman  (2001)  described several physical mechanisms, in addition 
to glass transition changes, which may play an important role in the control of col-
lapse during drying (i.e. pore pressure, moisture transfer regime, mechanical strength 
of the matrix, environmental pressure, etc.). Further research on the relationship 
between freeze - drying and collapse is required to fully predict the phenomenon from 
a practical standpoint.  

  Chamber Pressure 

 Figure  22.5  shows pressure – temperature data for water from  − 70 to 0    ° C. During 
primary drying, sublimation rate ( g / h ) can be represented by:

    N k p Pw m= −( )ice chamber     (22.4)     

 where  k m   is a coeffi cient quantifying the easiness of the dry layer for vapor transfer, 
 p  ice  is the pressure at the receding front, which should be at the target temperature to 
avoid collapse and  P  chamber  is the chamber pressure. Thus from Equation  22.4  it is 
obvious that the driving force during primary drying depends directly on the difference 
in pressure between the ice in the product and the chamber pressure. Historically, it 
was believed that lowering the vacuum in the chamber and the condenser temperature 
as much as possible would accelerate freeze - drying. However, it is now well under-
stood that allowing the condenser temperature to rise and bleeding air or inert gas 
into the freeze - drying chamber can actually accelerate sublimation (Rowe,  1976 ). This 

Figure 22.5 Pressure–temperature data for pure water at temperatures below 0 °C.
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is because lowering the vacuum level too much can cause large heterogeneity in heat 
transfer (Tang and Pikal,  2004 ). 

 Tang and Pikal  (2004)  proposed an equation for determining  “ optimal ”  chamber 
pressure ( P  chamber , in Torr):

    P Tt
chamber = × ( )0 29 10 0 019. .     (22.5)   

 where  T t   is the target temperature for the product. As an example, strawberry has a 
collapse temperature of  − 15    ° C (Table  22.1 ), so a margin of 5    ° C below the collapse 
temperature is acceptable. Thus the target temperature ( T t  ) at which the product 
should be kept during primary drying is  − 20    ° C. From Figure  22.5 , we can determine 
the  p  ice  for the product at this temperature as 750   mTorr (100   Pa). And from Equation 
 22.5 , the chamber pressure to achieve goal temperature during primary drying can 
be calculated as 120   mTorr (16   Pa). In trial - and - error freeze - drying/quality experiments 
on strawberries, Hammami and Ren é   (1997)  determined an optimal chamber pressure 
of 200   mTorr (26.7   Pa). In the case of grape juice, for which collapse temperature is 
much lower ( − 46    ° C from Table  22.1 ), a low chamber pressure of 30   mTorr (4   Pa) could 
be optimal. Condenser temperatures in commercial freeze - dryers range between 
 − 45 and  − 60    ° C. Specialized freeze - drying equipment have condensers operating up 
to  − 95    ° C.  

  Heating Plate Temperature 

 Shelf temperature is an important freeze - drying parameter, especially at the end of 
drying when desorption of bound water has to be accomplished. Tang and Pikal  (2004)  
indicated that one of the most time - consuming tasks in freeze - drying process design 
is the determination of shelf temperature. They provide some interesting equations 
and guidelines for determining the  “ optimal ”  shelf temperature as a function of 
primary drying conditions so as to maintain product temperature during sublimation 
always below its collapse temperature. Nevertheless, other authors have shown that 
although heating plate temperature has an effect on product temperature during sub-
limation, this effect is not as dramatic as that of chamber pressure. On the other hand, 
sublimation rate can be noticeably increased by rising shelf temperature during 
primary drying. In an article on the development of a single - step freeze - drying cycle 
for a recombinant human IL - 1ra formulation, Chang and Fischer  (1995)  showed that 
a very effi cient freeze - drying cycle can be obtained when shelf temperature is set as 
high as possible depending on the system and product stability and, at the same time, 
product temperature is maintained below its collapse temperature by reducing chamber 
pressure. 

 The design of shelf temperature during a secondary drying step is based on the 
principle that product dry - cake temperature should be lower than the  “ scorch ”  tem-
perature. Also, as Franks  (1990)  stated, freeze - drying should be controlled such that 
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the temperature of the product never exceeds the glass transition temperature at that 
particular moisture content. Thus, the maximal heating plate temperature should be 
chosen based on the glass transition temperature of the dry product. During freeze -
 drying of cabbage, strawberry and pear, Giasson and Ratti ( 2000 ) showed that the 
amorphous dry portion of the solid was in contact with a shelf plate maintained at a 
high temperature for long periods. This dry matrix has low moisture content and a  T g   
corresponding to that of the dry cake. This suggests that the glass transition tempera-
ture of the dry layer ( T gs  ) could be an interesting optimization parameter for the freeze -
 drying process. This parameter is also a useful tool for determining the maximum 
water content at the end of the process for stable storage of freeze - dried products. 
When freeze - drying apple, pear and strawberry, Khalloufi  and Ratti  (2003)  also showed 
a relationship between quality loss and glass transition temperature of dry cake, 
although they indicated that glass transition theory alone cannot explain all the 
observed quality changes. In a detailed work on freeze - drying of pear and apple juices, 
Raharitsifa  (2003)  developed a shelf plate temperature selection method based on glass 
transition temperature of dry cake. The procedure is shown schematically in Figure 
 22.6 , where both glass transition temperature of the dry cake and fi nal product tem-
perature ( T f  ) are plotted as a function of heating plate temperature. The cross - point 
between curves helps determine the maximum heating plate temperature for avoiding 
quality problems during secondary drying. Using this method, the optimal shelf tem-
perature for juice freeze - drying was determined as 54.6    ° C for apple juice and 45.9    ° C 
for pear juice (whose dry cake has a lower glass transition temperature than apple 
juice) (Raharitsifa,  2003 ). In this work, the optimal shelf temperature parameters were 
in agreement with freeze - dried product quality determinations.      

Figure 22.6 Selection of maximum shelf temperature, TsMAX.
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  Modeling the Process 

 One of the earliest and simplest models considers a receding front inside the product 
during freeze - drying and the energy used solely for ice sublimation (Sandall  et al. , 
 1967 ; Karel,  1975 ). If heat and mass transfer takes place through the dry layer, then 
Equation  22.1  is applied. This model is usually applied in the case of heating by radia-
tion to both faces of the solid undergoing freeze - drying. If conduction through the 
frozen layer is the prevailing heating mechanism, another equation is used (Karel, 
 1975 ) where the temperature and vapor pressure at the interface should be evaluated 
simultaneously by iteration in order to obtain the drying time. Ratti  (2008b)  compiled 
some of the commonly used simple equations representing heat and/or mass transfer 
during vacuum and freeze - drying. Although easier to use than complex mathematical 
models, these equations make several key assumptions not usually applicable: (i) the 
maximum allowable surface temperature,  T s  , is reached instantaneously; (ii) the heat 
output of the external supply is adjusted to maintain  T s   constant throughout the 
drying cycle; (iii) partial pressure in the drying chamber is constant; and (iv) all the 
heat is used for sublimation of water vapor (Karel,  1975 ; Khalloufi   et al. ,  2005 ). 

 Numerical models employing highly detailed freeze - drying equations have been 
developed (Liapis and Bruttini,  1995a ; Lombra ñ a and Izkara,  1996 ; Lombra ñ a  et al. , 
 1997 ; Br ü lls and Rasmuson,  2002 ; George and Datta,  2002 ; Khalloufi   et al. ,  2005 ; 
Nastaj and Ambrozek,  2005 ). However, in most cases adjustable parameters are needed 
to match the model predictions to experimental data (Liapis and Marchello,  1984 ; 
Millman  et al. ,  1985 ; Sharma and Arora,  1995 ; Sadikoglu and Liapis,  1997 ; Sheehan 
and Liapis,  1998 ; George and Datta,  2002 ; Nastaj and Ambrozek,  2005 ). In other cases, 
no comparison with experimental data is presented (Liapis and Bruttini,  1995b ; Nastaj, 
 1991 ). In addition, most of the models were developed for liquids and not for solid 
products such as foodstuffs (Sadikoglu and Liapis,  1997 ; Sheehan and Liapis,  1998 ; 
Br ü lls and Rasmuson,  2002 ). Khalloufi   et al.   (2005)  developed a freeze - drying model 
for solid foods based on microscopic energy and mass balances in the dried and frozen 
regions of the product. All the parameters involved in the model (i.e. thermal conduc-
tivity, permeability, heat transfer coeffi cients, etc.) were obtained independently from 
actual experimental data. Simulation results agreed closely with apple and potato 
freeze - drying data (Khalloufi   et al. ,  2005 ). The model presented by Nastaj and Ambrozek 
 (2005)  is interesting since it deals with multicomponent freeze - drying (simultaneous 
desorption of water and other organic compounds), which could be applied to the 
simulation of aroma retention during the process.  

  Industrial Freeze - drying 

 Figure  22.7  shows a schematic diagram of a typical batch freeze - dryer, in which the 
three main design components are as follows:
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   1.     A vacuum system for evacuating air from the apparatus before and during drying. 
Vacuum levels range from 30 to 200   mTorr (4 – 26.7   Pa). Most commercial freeze -
 dryers for food applications work at a pressure of 100   mTorr (13.3   Pa).    

  2.     A heat transfer system, which allows cooling to  − 50    ° C or heating up to 70    ° C.  
  3.     A condenser operating at  − 60    ° C or lower.    

 Heat transfer is usually performed through hollow and fl uid - fi lled shelves, whose 
freezing or heating temperatures can be controlled. Condensers are needed due to the 
enormous quantity of vapor generated during primary drying that cannot be extracted 
solely by the vacuum system. Condensers are critical  “ pumps ”  maintaining the freeze -
 drying conditions (Sutherland,  2000 ), while the vacuum pump just removes the non-
condensable gases of the environment. Condensers can be located inside the drying 
chamber (less expensive option, although some dried products such as juices and high 
sugar content foods could reconstitute during secondary drying), or outside in the path 
prior to the vacuum pump. In order to work correctly, the ice formed in the condenser 
should have a maximum thickness of 1 – 1.5   cm. Some auxiliary components of indus-
trial freeze - dryers include (i) a defrost system to rapidly melt the condensed ice once 

Figure 22.7 Batch freeze -dryer showing main components. 
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the freeze - drying operation is fi nished; (ii) a sterilization system to kill contaminant 
microorganisms (in - place pressurized steam sterilization, at 121    ° C or higher tempera-
ture, is presently the fi rst choice for industrial applications); and (iii) a cleaning - in -
 place system with sterile water sprayed at high pressure from internal nozzles (Liapis 
and Bruttini,  1995a ). A description of the different technical procedures for operation 
of cleaning - in - place/sterilization - in - place for freeze - drying equipment can be found in 
Beurel  (2004) . 

 Because freeze - drying is performed under vacuum, processing of food is frequently 
undertaken in batch (Figure  22.7 ), which is a major drawback for industry. An indus-
trial batch freeze - dryer can function with trays or multi - cabinets and can process up 
to 2000   kg where there is a tray surface of 150   m 2  (Lombra ñ a,  2009 ). Tunnel freeze -
 dryers utilize large vacuum cabinets where trolleys carrying the trays are loaded at 
intervals through a large vacuum lock located at the entrance to the freeze - dryer and 
discharged in a similar way at the exit (Liapis and Bruttini,  1995a ). The food industry 
uses this type of freeze - dryer for processing cottage cheese and coffee. Recently, great 
interest has been shown in developing continuous freeze - dryers for handling a single 
product, which can be in trays if delicate or with agitation for bulk materials for 
improving heat transfer (Liapis and Bruttini,  1995a ). The  “ dynamic ”  freeze - drying 
continuous method is used for fl uid/free - fl owing products in direct contact with 
the heating surface. Figure  22.8  shows such a system for fl uid/free - fl owing products 

     Figure 22.8   Continuous “dynamic” freeze -dryer. (Adapted from ALD Vacuum Technologies GMBH, 
 2010 .)  
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(ALD Vacuum Technologies GMBH,  2010 ). The frozen and granulated product is 
brought into the sublimation/drying tunnel by a special lock device. Inside the drying 
tunnel, the product is uniformly dry in a short time. At the end of the belt transport 
system, the freeze - dried product passes an outlet vacuum lock and is fi lled into storage 
containers.    

  Costs 

 Freeze - drying costs vary depending on the type of raw material, the product, the pack-
aging, the capacity of the plant and duration of cycle (Lorentzen,  1979 ; Sunderland, 
 1982a ). Compared with air drying, freeze - drying costs are four to eight times higher 
(Ratti,  2001 ). Table  22.2  shows the fi xed and operating costs of freeze - drying compared 
with other drying methods when applied to lactic acid bacteria (data from Santivarangkna 
 et al .,  2007 ). The costs of freeze - drying (both fi xed and operational) are double those 
for vacuum drying and are 75% higher than for other dehydration methods. Although 
the differences in costs between freeze - drying and other drying methods are consider-
able, it is important to include all energy use when evaluating or comparing different 
processes. For example, the costs of freeze - drying compared with other methods of 
food preservation (e.g. freezing) are quite advantageous if the energy of the home 
storage freezer is taken into account (calculations based on Flink,  1977  and Judge 
 et al. ,  1981 ). Also, the energy expended in the freeze - drying process itself becomes 
insignifi cant when dealing with high - value raw materials. Freeze - drying should there-
fore not be regarded as a prohibitively expensive preservation process if it gives a 
reasonable added value to the product or if it maintains its high value compared with 
other preservation methods (Lorentzen,  1979 ).   

 It is important that a freeze - drying investigation should aim to reduce operation 
times and consequently lower energy consumption, analyze ways of controlling heat 
intensity and vacuum pressure and investigate approaches for optimizing the freeze -
 drying process. Several studies have been carried out in laboratory -  and pilot - scale 
plants (Sagara and Ichiba,  1994 ; Kuu  et al .,  1995 ; Liapis  et al .,  1996 ). Simulation 
has also been used as a preliminary tool for evaluating the freeze - drying process. As 

  Table 22.2 Comparison of fi xed and operating costs of different dehydra-
tion methods for lactic acid bacteria. 

   Drying process   Fixed costs (%)   Operating costs (%) 

  Freeze -drying  100.0  100.0 
  Vacuum drying  52.2  51.6 
  Spray -drying  12.0  20.0 
  Rotating drum  9.3  24.1 
  Fluidized bed  8.8  17.9 
  Hot air  5.3  17.9 

  Source : data from Santivarangkna et al. (2007).
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mentioned previously, several theoretical models concerning heat and mass transfer 
phenomena during freeze - drying can be found in the literature (Karel,  1975 ; Mellor, 
 1978 ; Liapis and Bruttini,  1995a ; Lombra ñ a and Izkara,  1996 ; Lombra ñ a  et al. ,  1997 ; 
Khalloufi   et al..   2005 ). 

 From an energy point of view, the freeze - drying process comprises four main opera-
tions: freezing, vacuum, sublimation and condensing. Each of these operations shares 
the total energy consumption but while sublimation consumes almost half of the total 
energy of the process, the freezing step is not highly energy consuming. The energy 
consumption of vacuum and condensation is practically the same (Ratti,  2001 ). Any 
technological improvement to classical vacuum freeze - drying in order to reduce energy 
costs should address the following goals: (i) improve heat transfer in order to help 
sublimation; (ii) cut drying times in order to reduce vacuum; and (iii) avoid using 
condensers.  

  Unconventional Freeze - drying 

  Microwave Heating 

 Microwave heating provides an energy input that is not only essentially unaffected 
by the dry layers of the material undergoing vacuum or freeze - drying, but is absorbed 
mainly in the humid region (Sunderland,  1982b ). Since the humid region has high 
thermal conductivity, microwave energy aids sublimation so that freeze - drying times 
are decreased by up to 60 – 75% (Peltre  et al. ,  1977 ; Rosenberg and B ö gl,  1987 ). In addi-
tion, compared with conventional freeze - drying, microwave - assisted freeze - drying 
leads to products of similar or even higher quality (Rosenberg and B ö gl,  1987 ; Barrett 
 et al. ,  1997 ). Nevertheless, microwave freeze - drying is still not widely used in industry 
since many technical problems can be encountered, some related to the extreme low 
pressures used during freeze - drying (i.e. corona discharges, melting and overheating of 
the frozen kernel, nonuniform heating, etc,) so it remains of academic interest only.  

  Adsorption Freeze - drying 

 Adsorption freeze - drying uses a desiccant (e.g. silica gel) to create a high vapor drive 
at low temperatures (Bell and Mellor,  1990a ). The adsorbent replaces the condenser 
and leads to a reduction of 50% in total costs compared with traditional freeze - drying. 
Despite the many advantages over regular freeze - drying (Bell and Mellor,  1990b ), the 
quality of adsorption freeze - dried foods is slightly reduced and sometimes poor as 
compared with that obtained by traditional freeze - drying.  

  Atmospheric Freeze - drying 

 Another method that has been developed and which is becoming popular is the fl uid-
ized atmospheric freeze - dryer. This process can be summed up in three words: adsorp-
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tion, fl uidization and atmospheric pressure (Wolff and Gibert,  1987 ). It is a freeze - drying 
operation at atmospheric pressure that utilizes a fl uidized bed of adsorbent particles 
(Di Matteo  et al. ,  2003 ). The adsorbent particles should be compatible with the mate-
rial to be freeze - dried since it could be diffi cult to separate the adsorbent from the 
freeze - dried product (Kudra and Mujumdar,  2009 ). Approximately 34% energy reduc-
tion can be obtained with the use of this method (Wolff and Gibert,  1990 ). However, 
drying times are increased by up to threefold since the use of atmospheric pressure 
changes the process from one involving heat transfer to one involving mass transfer, 
which renders the kinetics extremely slow. In addition, other studies have shown that 
the quality of products is inferior when atmospheric pressure is used instead of 
vacuum, since the risk of product collapse is increased (Lombra ñ a and Villar á n,  1996; 
1997 ). After a study of heat and mass transfer during atmospheric freeze - drying in a 
fl uidized bed, Di Matteo  et al.   (2003)  concluded that choosing the proper set of vari-
ables (sample size, bed temperature and nature of the adsorbent are the main ones) is 
key to success in the application of this technique in the food industry. 

 Recently, Mujumdar (personal communication, April 2007) has reported ongoing 
work on the potential for use of a vibrated bed atmospheric freeze - dryer for cost -
 competitive drying of heat - sensitive materials like fruits and vegetables. Using a 
vortex tube to provide the cooled air and combined conduction and radiation modes 
for supplying the heat of sublimation, their results on a laboratory - scale unit show 
that a vibrated bed dryer can operate successfully without using the large volumes 
required for fl uidization in conventional manner. By ensuring that product tempera-
ture is always above the triple point (considering the freezing point depression caused 
by soluble sugars or salts), they were able to obtain dried product quality characteris-
tics (e.g. color, porosity and rehydration) that closely matched those obtained in 
vacuum freeze - drying. By addition of suitable adsorbents to the bed of model materials 
they tested (carrot and potato cubes and slices), they showed that the drying time can 
also be reduced by up to 20%. This work may lead to cost - competitive atmospheric 
freeze - drying processes that can compete with vacuum drying in general, which tend 
to be generally expensive in capital and operating costs.   

  Conclusions 

 Freeze - drying is an expensive process used to manufacture high - quality food products 
and powders. Because of the intricate relationship between process variables and 
product properties, the freeze - drying cycle is usually determined by trial and error. In 
this chapter, simple advice for designing this complicated process has been given in 
order to guide users on how to predict an effi cient cycle in order to obtain maximum 
quality in freeze - dried foodstuffs in an optimal time. Analyzing world trends on foods 
and eating habits, some predictions can be made about the future of freeze - drying as 
a method of preserving foods. Recently, the market for  “ natural ”  and  “ organic ”  prod-
ucts has been increasing strongly, as has consumer demand for foods with minimal 
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processing and high quality. With this in mind, the demand for freeze - dried foodstuffs 
and ingredients will certainly increase in the future.  
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   Introduction 

 In the food industry, crystallization is used primarily for two purposes (Brennan  et al ., 
 1990 ): either to separate a substance or to produce desirable crystals within a material 
to enhance its quality characteristics. Examples of separation include the production 
of sugars (e.g. sucrose, dextrose and lactose), salt manufacture, fat fractionation, and 
the separation of water as ice in freeze concentration. Examples of the second purpose 
include the crystallization of ice and fats in ice cream, the crystallization of fats in 
chocolate manufacture, and the crystallization of lactose in whey prior to drying. In 
ice manufacture, it is important to control crystallization such that the size of the ice 
crystals is less than 50    μ m so as to give a smooth texture. In chocolate manufacture 
it is important to crystallize the right form of fat crystals in order to enhance the 
appearance of the product and prevent fat bloom. In whey powder production, the 
lactose is often precrystallized prior to drying in order to prevent stickiness problems 
associated with the drying of amorphous lactose. The structure of foods provides the 
desired rheological properties, such as crispiness, and contributes to organoleptic 
properties, such as melting rate, and crystalline microstructure can play a signifi cant 
role in some foods (Hartel,  2001 ). 
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 In this chapter, the focus is on crystallization in liquid solutions (Geankoplis,  1994 ; 
Mersmann,  2001 ; Mullin,  2001 ; Jones,  2002 ; McCabe  et al .,  2005 ; Green and Perry, 
 2008 ), such as the crystallization of sugars and salts, although the basic principles can 
be applied to other types of crystallization. The driver for both crystallization and 
precipitation processes is the same, namely supersaturation whereby the concentra-
tion of the substance is manipulated so that it is above its solubility limit. A crystal 
is structurally highly organized, where molecules have very specifi c positions relative 
to each other in three - dimensional space. Crystals are sometimes referred to as pre-
cipitates, although this latter term also includes solid particles where the molecules 
have stuck together randomly. With regard to these particles, the molecules have 
not had suffi cient time to orientate themselves individually and bind together in 
an organized structure and thus represent a higher energy state than the crystal struc-
ture. The rest of this chapter focuses on crystallization, although it must be kept in 
mind that many of the basic principles apply to precipitation processes. Furthermore, 
the words  “ crystallization ”  and  “ precipitation ”  are often used interchangeably in 
practice. 

 A typical separation process including crystallization for the separation of a pure 
substance from a liquid phase is illustrated in Figure  23.1 . The feed enters the crystal-
lizer where the substance of interest is crystallized. The crystal slurry leaving the 
crystallizer is fed to a crystal separator, such as a fi lter centrifuge, where the crystals 
are separated from most of the mother liquor. The mother liquor will contain some 
of the substance of interest in solution because not all the substance is crystallized. 
Recycling some of the mother liquor can crystallize out more of the substance 
and achieve higher yields. Total recycle is not applied because this would result in 
other soluble impurities being trapped in the system and their concentrations would 
continuously increase and would eventually interfere with the substance crystalliza-
tion. Consequently, a fraction of the mother liquor is bled off or wasted. The crystal 

Figure 23.1 Typical separation process involving crystallization. 
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separator does not produce a total separation of crystals. Instead a wet cake is produced 
with some of the mother liquor, including soluble impurities, remaining between the 
crystal particles. This is a source of impurity and crystal washing is often implemented 
to remove these impurities and thus increase substance purity. The wash step is 
usually done as part of the crystal separation process. Finally, a crystal drying step is 
applied to remove the residual solvent to produce a dry crystal powder. The reasons 
for using crystallization processes in liquid solutions include the following:

    •       Separation of a substance from solution : crystallization of a substance followed by 
crystal separation is a way to separate the substance from the solution and other 
substances in the solution.    

   •       Purifi cation : crystals formed of a single substance from solution are pure forms of 
the substance. Total separation of pure crystals from the liquid represents the ulti-
mate in purifi cation. Consequently, crystallization followed by crystal separation 
can attain very high levels of purifi cation.  

   •       Enhanced shelf - life : the dry crystal form is a stable form that can enhance the shelf -
 life of many products. For example, at room temperature a dilute sugar solution will 
be degraded by microbes, whereas dry sugar can last indefi nitely.  

   •       Reduced mass : crystallization and crystal separation removes the liquid and thus 
reduces the mass of material that needs to be stored and handled.    

  Design Considerations and Purity Issues 

 The design of crystallization processes strives to achieve high crystal yield and high 
purity. 

  High Crystal Yield 

 Yield is defi ned as the mass of crystallized substance produced leaving the crystallizer 
divided by the mass of substance in solution in the feed entering the crystallizer.  

  High Purity 

 Crystals should be highly pure, although the following purity issues may arise:

    •      If crystals form too rapidly, mother liquor may become trapped within the crystal 
structure, thus trapping impurities within the crystal structure.  

   •      If crystals adhere to form aggregates, considerable amounts of mother liquor can be 
occluded within the aggregates, thus trapping impurities within the aggregates.  

   •      During crystal separation from the surrounding mother liquor, some of the 
mother liquor will be carried over with the crystals. This represents a source of 
impurities which may require a washing step to remove these impurities and 
increase purity.     
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  Satisfactory Crystal Size Distribution and Appearance 

 Crystal size distribution (CSD) is an important quality parameter of crystals. Further-
more, it will infl uence the separation performance of the crystal separator. For example, 
smaller particles lead to lower fi ltration rates.   

  Crystals 

 A crystal can be defi ned as a solid composed of atoms, ions, or molecules organized 
in an orderly repetitive manner. It is a highly organized type of matter. 

  Invariant Crystals 

 Invariant crystals maintain their geometric similarity during growth. Most crystals 
are invariant and will maintain geometric similarity. Their shape will remain constant 
throughout the crystallization process.  

  Isomers, Hydrates, Solvates, and Polymorphs 

 A molecule may crystallize out under given conditions as a specifi c isomer (e.g.  α  
versus  β  lactose crystals). Some molecules may incorporate water molecules as part 
their basic crystal lattice structure. These are referred to as hydrates, e.g. lactose 
monohydrate. There is also the anhydrous lactose crystal form, which incorporates 
no water molecules in the crystal structure. Likewise, other crystallizations take place 
in nonaqueous solvents and these may incorporate solvent molecules into the lattice 
structure. These are often referred to as solvates. 

 Some molecules form different crystal structures when crystallized under different 
conditions. These are called polymorphs, i.e. the same molecules comprise the crystals 
but crystal structure or positioning/bonding between the molecules is different. This 
can be measured using X - ray diffraction, a commonly used technique to evaluate the 
structure of crystals. In the food industry, polymorphism is of particular importance 
in fat crystallization as many triglycerides can crystallize into a number of distinct 
polymorphic structures (Brennan  et al .,  1990 ; Hartel,  2001 ).    

  Crystallization 

 Crystallization can be characterized as a sequence of three steps: supersaturation, 
nucleation, and crystal growth. Nucleation is the formation of solid microscopic 
nuclei from which the crystals will grow. There is a minimum number of molecules 
that must bond together to achieve a particle that is thermodynamically stable, e.g. 
80 water molecules for ice crystals. This is referred to as primary nucleation. Crystal 
growth is the growth of nuclei to their fi nal crystal form. In industrial crystallizers, 
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primary nucleation is discouraged. Instead, crystallizers are seeded with crystals and 
these crystals along with any nuclei formed grow to produce the fi nal crystals. 

  Supersaturation 

 A solution is saturated if it contains an amount of dissolved solute equal to the solu-
bility limit of the solute in solution, at a given temperature. When supersaturated, 
the amount of dissolved solute is greater than the solubility limit.

    Supersaturation
Actual concentration of solute in solven

( )S =
tt

Concentration of solute in a saturated
solution at same teemperature

    (23.1)   

 where  S     >    1. Supersaturation is the driver for both nucleation and crystal growth. 

  Phase Diagrams and Solubility Curves 

 The equilibrium relationships for crystallization systems are expressed in the form of 
solubility data, which are plotted as phase diagrams or solubility curves. It is impor-
tant to know the concentration units used to express solubility as it can be expressed 
in different ways, for example g/g solution, g/g solvent, g/mL solvent, g/100   mL 
solvent. It is very important to be clear about the units used as these will affect any 
mass balance calculations, as outlined below. 

 The concentration is normally plotted as a function of temperature and has no 
generic shape or slope. Pressure usually does not have a major infl uence. This is 
essential data in the design of a crystallization process. Most substances have a solu-
bility curve similar to that shown in Figure  23.2 , where solubility decreases at lower 

Figure 23.2 Phase diagram: typical variation of solubility with temperature. 
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temperatures. A few substances have solubility curves that are not much affected 
by temperature or whose solubility decreases at higher temperatures. Some sub-
stances have much more complicated diagrams, such as sugars and inorganic sub-
stances that crystallize out with water. Figure  23.3  illustrates the phase diagram for 
dextrose, where a monohydrate or anhydrous form may crystallize depending on the 
concentration – temperature combination. Other substances may have more compli-
cated phase diagrams, such as MgSO 4 , which has a number of different hydrate forms 
including MgSO 4  · 7H 2 O. Furthermore, it must be kept in mind that impurities in the 
feed may affect the solubility limit of the substance of interest, so solubility data with 
respect to the feed is required.    

  How is Supersaturation Achieved 

 There are a number of relatively simple methods for attaining a supersaturated 
solution. 

Figure 23.3 Phase diagram of dextrose. (Adapted from Markande, 2009, courtesy of Taylor and 
Francis.)
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Figure 23.4 Producing a supersaturated solution by (a) cooling and (b) heating. 
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  Cooling 

 This simply involves cooling of the solution and is undertaken when the solubility 
limit decreases rapidly with reduced temperature, as illustrated in Figure  23.4 (a). This 
is very commonly used in practice as the solubility of many substances decreases with 
reduced temperature.    

  Heating 

 The solubility of some substances decreases with higher temperature, e.g. water hard-
ness salts, and thus heating the solution can be used to produce a supersaturated 
solution (Figure  23.4 b).  

  Concentration or Removal of Solvent 

 Evaporation is commonly used to remove some of the solvent and thus concentrate 
the substance to above its solubility limit (Figure  23.5 ). It is typically used when the 
solubility of the substance does not vary much with temperature.    
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Figure 23.5 Producing a supersaturated solution by evaporating solvent. 
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  Concentration or Removal of Solvent Under Vacuum 

 This is commonly done using vacuum evaporation, which reduces the pressure and 
thus reduces the boiling temperature at which evaporation can take place. The differ-
ence between an evaporative and vacuum evaporative crystallizer is the operating 
pressure. In an evaporative crystallizer the operating boiling pressure is 1   bar (0.1   MPa), 
while in a vacuum evaporative crystallizer it is less than 1   bar. Lowering the pressure 
results in a lower operating boiling temperature, which may be benefi cial if the sub-
stance is temperature sensitive. Furthermore, if the solubility of the substance 
decreases with lower temperature, then the same level of supersaturation can be 
achieved at a lower substance concentration under vacuum (Figure  23.6 ). Thus, less 
solvent needs to be evaporated under vacuum and less heat input is required. This 
saves on heating costs, although there is the additional cost associated with creating 
the vacuum.    

Figure 23.6 Producing a supersaturated solution by evaporating solvent under vacuum. 
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  Addition of a Third Component 

 Addition of a third component, for example an acid, may reduce the solubility limit 
of the crystallizing substance of interest. If the solubility is reduced below the con-
centration of the crystallizing substance in solution, then a supersaturated solution 
is produced (Figure  23.7 ). Furthermore, addition of the third component will also 
dilute the solution, causing a reduction in the concentration of the crystallizing 
substance. Addition of another solvent, referred to as anti - solvent crystallization, is 
sometimes used to reduce the solubility of the crystallizing substance and supersatu-
rate it. It should be noted that addition of a third component may alter the solubility 
of other soluble impurities present, causing them to also become insoluble and crys-
tallize out.      

  Crystal Nucleation and Growth 

  Nucleation 

 Nucleation can be classifi ed as primary and secondary nucleation (Figure  23.8 ). Primary 
nucleation is nucleation without the desired crystalline substance and may be classi-
fi ed as homogeneous nucleation and heterogeneous nucleation on foreign particles. 
Secondary nucleation is nucleation in the presence of crystalline material and may be 
classifi ed as contact nucleation and heterogeneous nucleation on crystals of the desired 
crystallizing substance. These nucleation mechanisms are explained below.   

  Homogeneous Nucleation 

 Solute molecules randomly come together to form clusters. The clusters may grow to 
form nuclei or break down to individual molecules. The solubility of crystals in the 
sub - micrometer region is greater than the solubility of larger crystals because their 
surface area per unit volume is much greater, and therefore they are more greatly 

Figure 23.7 Producing a supersaturated solution by addition of a third component. 
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Figure 23.8 Classifi cation of crystal nucleation.  (Adapted from Markande, 2009, courtesy of Taylor 
and Francis.) 
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affected by solution random motions. The infl uence of supersaturation on the rate of 
homogeneous nucleation is illustrated in Figure  23.9 (a).   

 There exists a metastable zone where the rate of nucleation is negligible or very 
low (Figure  23.9 b) because the solubility of the clusters in the sub - micrometer region 
is higher than that of larger crystals. It is only after a certain value of  S  that signifi cant 

Figure 23.9 (a) Supersaturation and rate of homogeneous nucleation and (b) metastable zone. 
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nucleation rate occurs. This rate increases with increasing  S , but has a maximum 
because of the corresponding increase in viscosity which hinders the transport of 
molecules. As  S  increases further, a solid will eventually be formed.  

  Heterogeneous Nucleation on Foreign Particles 

 This is where nucleation takes place on the surface of foreign particles that are dis-
persed in the solution, and is similar to heterogeneous nucleation on crystals described 
below.  

  Heterogeneous Nucleation on Crystals 

 This mechanism involves disruption of a thin layer of molecules, formed by diffusion 
of molecules of the crystalline species from bulk solution onto the crystal surface, 
around the growing crystal. This adsorption layer is thought to represent a transition 
zone between molecules in solution and molecules in the crystal lattice. It is likely 
that groups of molecules orient into some form of precrystalline structure prior to 
being incorporated into the lattice. If these precrystalline embryos are dislodged and 
dispersed into the solution due to suffi cient fl uid shear, they will grow into stable 
nuclei depending on the critical size and supersaturation at that temperature. This 
mechanism is also known as  “ surface ”  secondary nucleation. There is also the concept 
of a secondary nucleation threshold (Srisa - nga  et al .,  2006 ), whereby secondary nuclea-
tion will only occur above a certain level of supersaturation and is usually within the 
metastable zone.  

  Contact Secondary Nucleation 

 Contact nucleation is due to the breakage of existing crystals (Figure  23.10 ). This is 
caused by collisions between crystals and collisions between crystals and other sur-
faces such as impellers, vessel and pipe surfaces. It is infl uenced by the intensity of 
agitation and pumping. Because the fractured crystals have signifi cant size, they are 
stable and will grow at low levels of supersaturation within the metastable zone.     

Figure 23.10 Contact secondary nucleation. 
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  Crystal Growth and Quality 

 At high levels of supersaturation, excessive fi ne particle production can occur due to 
the occurrence of spontaneous homogeneous nucleation throughout the crystallizer. 
This leads to the formation of a large number of nuclei that usually grow to become 
small crystals because of the large number of crystals exhausting the substance avail-
able in solution. Production of a large number of small - sized crystals is usually unde-
sirable as they are much more diffi cult to separate from the liquid. To prevent this, 
homogeneous nucleation is discouraged by operating the crystallizer at supersatura-
tion within the metastable zone. Consequently, to obtain crystal growth in a super-
saturated solution in the metastable zone, the solution must be  “ seeded ”  with a 
predefi ned size and quantity of crystals that allows them to grow into larger crystals 
that are easy to separate. 

 High levels of supersaturation are often also undesirable from a crystal quality per-
spective as this can lead to crystal defects (McCabe  et al .,  2005 ). Veiled growth may 
occur at higher levels of supersaturation and is the result of the occlusion of mother 
liquor into the crystal face, giving a milky surface and an impure product. The cause 
of veiled growth is excessively rapid crystal growth, which traps mother liquor into 
the crystal faces. Also at large supersaturations, abnormal needle - like and whisker - like 
growths from the ends of the crystals may occur. These spikes are weakly bound to 
the parent crystal and are easily broken off, resulting in increased fi nes.   

  Industrial Crystallization by Seeding the Crystallizer 

 In most industrial crystallizations, crystal seeds are supplied to the crystallizer in the 
form of smaller crystals (called  “ seeding ”  the crystallizer). The seed crystals are added 
to a supersaturated solution to initiate crystallization (Figure  23.11 ). The seed crystals 
are much greater in size than nuclei produced by homogeneous or heterogeneous 
nucleation. They may be produced by milling a portion of the large product crystals, 

Figure 23.11 Seeding of a batch stirred crystallizer. 

Seed crystals

Supersaturated
solution



660 Handbook of Food Process Design: Volume I

or they may be supplied by separating small product crystals formed from the larger 
ones and recycling these back to the crystallizer.    

 The crystallization is performed within the metastable zone to prevent homogene-
ous nucleation of a large number of small nuclei. Secondary nucleation may occur if 
supersaturation is above the secondary nucleation threshold. Crystallization usually 
takes place under mild agitation so as to allow the crystals to grow into larger crystals 
while inhibiting crystal breakage by contact nucleation. Satisfactory growth rates of 
crystals are obtained at low levels of supersaturation in the metastable zone by sup-
plying a suffi cient amount of the seed crystals. Furthermore, it is desirable to have 
crystal growth at low levels of supersaturation in commercial crystallizers because 
better - quality crystals are produced, as undesirable veiled and spikewise crystals may 
form at higher levels of supersaturation.   

  Crystallization Equipment 

  Crystallizers 

 A crystallizer is an apparatus in which an environment is created suitable for the 
formation and growth of crystalline material. Paramount in the design of such equip-
ment is the method chosen to create supersaturation, for example by cooling, heating, 
evaporation, or addition of a third substance. 

  Cooling Crystallizers 

 Jacketed stirred tanks operated in batch mode are commonly used where cooling of 
the solution over time is used to create and maintain supersaturation (Figure  23.12 ). 
Agitation is required to keep the crystals in suspension, aid mass transfer of molecules 
onto crystal surfaces, enhance heat transfer from solution, and reduce temperature 
gradients throughout the solution. Temperature gradients throughout the solution are 
undesirable as these create different levels of supersaturation. The lowest temperature 

Figure 23.12 Batch cooling stirred tank crystallizer. 
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is in the liquid at the jacketed wall surface. If this is too low, then a high level of 
supersaturation may exist causing homogeneous nucleation. This will give rise to 
more fi nes but may also lead to encrusting of crystal material on the jacketed wall, 
which will interfere with the whole cooling operation. Cooling can also be applied by 
the use of other heat transfer equipment. For example, viscous feed, such as an ice -
 cream mix, can be cooled in a continuous scraped - surface heat exchanger to crystallize 
out a substance such as ice. The reason for using this device is to enhance the rate of 
heat transfer from this viscous material. Jacketed stirred tanks and continuous heat 
exchange devices are also used when supersaturation is achieved by heating where the 
solubility of the substance decreases at higher temperatures.    

  Evaporative and Vacuum Evaporative Crystallizers 

 In evaporative and vacuum evaporative crystallizers, a heat exchanger supplies heat 
to evaporate some of the solvent. The difference between the two is the operating 
pressure: the pressure is below atmospheric in a vacuum evaporative crystallizer, 
where the solvent vapor leaving is withdrawn under vacuum, as illustrated in Figure 
 23.13  for a forced circulation (FC) crystallizer. The three most commonly used evapo-
rative crystallizers are the FC, draft tube baffl e (DTB) and  “ Oslo ”  crystallizers (Ulrich 
and Jones,  2009 ). The DTB and Oslo types are illustrated in Figure  23.14 . In the FC 
crystallizer, a pump is used to circulate the entire suspension of liquid and crystals 
from the main chamber through the heat exchanger and back into the main chamber. 
Impact of crystals with the pump impeller can lead to breakage and contact nuclea-
tion, which limits the maximum achievable size.   

 As crystal size and its distribution are important crystal properties, many crystal-
lizers have aspects to their design that try to promote the removal of larger crystals 
and inhibit the removal of fi ner crystals. The DTB crystallizer (Figure  23.14 ) has an 
elutriation leg in which there is a greater probability that larger crystals will settle 
because of their greater settling velocities. It is from here that the product crystal 
slurry discharges, thus promoting the discharge of larger crystals. An impeller in 
the draft tube circulates the crystals at low speed, which results in less attrition of 

Figure 23.13 Continuous forced circulation (FC) evaporative or vacuum evaporative crystallizer. 
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crystals. Furthermore, there is a take - off pipe higher up in the vessel that removes 
some of the solution for addition with feed and recirculation through the heat 
exchanger. As the fi ner crystals have lower settling velocities, there is a greater prob-
ability that they will be carried away in this pipe, thus resulting in mainly fi ne crystals 
and feed circulating through the circulation pump and heat exchanger. This greatly 
reduces the breakage of bigger crystals, which can now attain larger sizes. 

 Large crystal sizes can be obtained in the Oslo - type crystallizer (Figure  23.14 ), which 
consists of two chambers one on top of the other connected by a pipe. Supersaturated 
solution fl ows down the pipe due to static pressure and moves up through a fl uidized 
bed of growing crystals. The bed will stratify, with bigger crystals towards the bottom 
and smaller crystals towards the top. The liquid above the fl uidizing bed is circulated 
by a pump through the heat exchanger into the top chamber. As there is only liquid 
and some fi ne crystals moving through the pump, this results in low crystal breakage. 
Furthermore, crystals will settle out of the bottom of bed and be removed only when 
they become large enough.   

  Crystallizer Selection 

 Crystallizer selection is infl uenced by the method of supersaturation and this is infl u-
enced by the temperature – solubility diagram. If the solubility of the substance 
decreases rapidly with decreasing temperature, then cooling - type crystallizers will 
permit high overall yields and reduce the overall energy requirement of the crystalliza-
tion process. On the other hand, if the solubility decreases with higher temperature, 
then heating will be supplied to achieve supersaturation. 

Figure 23.14 Draft tube baffl e (DTB) and  “Oslo” type crystallizers. 

Draft Tube Baffle (DTB) “Oslo” type

Vapor
Vapor

Feed

ng
er

eed

E
xc

ha
ng

er

H
ea

t 
E

xc
ha

n

Elutriation
Leg

H
ea

t
E

Feed

Crystal Slurry

Crystal Slurry



Crystallization Process Design 663

 If the solubility does not vary signifi cantly with temperature, then an evaporative 
crystallizer or addition of a third substance is required. Many substances have moder-
ate reduction in solubility at lower temperature, and consequently vacuum evapora-
tion may be more benefi cial. For many large - scale continuous applications, vacuum 
evaporative crystallizers are commonly used. Vacuum evaporative crystallizers are 
versatile insofar as both the vacuum pressure and the heat input for evaporation can 
be used in controlling the crystallization process.   

  Process Design of Batch Cooling Crystallizers 

 In crystallization process design it is necessary to select and design a crystallizer that 
can produce high - quality crystals with high yield and satisfactory crystal size distribu-
tion (CSD). It is also important to take into consideration the energy input require-
ments as this can be a major operating cost. Solubility data coupled with mass 
balances can be used to evaluate the mass of crystals produced and crystal yield. 
Energy balance calculations can be used to evaluate the energy input requirement. 
Industrial crystallizations are usually performed in the metastable zone to prevent 
excessive fi nes production and produce good - quality crystals. 

  Batch Cooling Crystallization Process 

 Batch cooling crystallizers are commonly used in many process industries, including 
the food industry where the solubility of a substance such as lactose decreases at lower 
temperatures. The crystallizer consists of a jacketed stirred vessel. The solution is 
initially cooled to produce a low level of supersaturation (Figure  23.15 ). The low level 

Figure 23.15 Batch cooling crystallization path. 
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of supersaturation is to prevent poor - quality crystals being formed and to prevent 
homogeneous nucleation from producing many fi ne crystals. The solution is then 
seeded and the seeded solution is cooled over time. Coolant is usually passed through 
the heat transfer jacket on the vessel so that heat naturally transfers from the solution 
to the cooling medium. The cooling rate must be such that low levels of supersatura-
tion are maintained throughout the cooling process. If the cooling rate is too high, 
then higher levels of supersaturation will occur which is undesirable for crystal 
quality. An appropriate cooling rate can fi rst be estimated by small - scale tests, in 
which a number of cooling rates can be tried to see how they affect the dissolved 
substance concentration and supersaturation over time. The quality of the crystals 
produced can also be assessed. Cooling rates can often be slow, with crystallization 
times often on the order of many hours. The crystallization time is an important 
process design variable as this will have a major infl uence on the size of the crystal-
lizer required. Smaller crystallization times require smaller crystallizers.    

  Crystal Yield and Mass of Crystals Produced 

 It is very important in process design to calculate the mass and yield of substance 
recovered in crystal form. The temperature – solubility diagram can be used to estimate 
this as outlined below, assuming a fi nal level of supersaturation  S  at the end of crys-
tallization. Let the initial concentration of substance be  C  0  with initial temperature 
 T  0  as illustrated in Figure  23.15 . The temperature is reduced to temperature  T E   at the 
end of the crystallization process. The solubility of the substance is  C S   at temperature 
 T E  . Assuming that a supersaturation of  S  is achieved at the end of the crystallization, 
then the corresponding concentration of soluble substance is:

    C SCE S=     (23.2)   

  Defi nition of Concentration 

 The substance solubility and the concentration of the substance in solution can be 
expressed in different ways, for example mass of substance per unit mass of solution 
or per unit mass of solvent. If the substance solubility is expressed as substance mass 
per unit mass of solvent (  CS

Solv), this can be converted to per unit mass of solution ( C S  ), 
i.e. per mass of substance and solvent, as follows:

    C
C

C
S

S
Solv

S
Solv

=
+ 1

    (23.3)   

 These alternative defi nitions of concentration can lead to signifi cant deviations 
between the solubility curves, as illustrated in Figure  23.16  for lactose, especially at 
higher concentrations. In the mass balance equations below, substance concentration 
is defi ned as a mass fraction, as mass of substance divided by the combined mass of 
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Figure 23.16 Lactose solubility. (Data obtained from Fox, 1992.)
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substance plus solvent. Furthermore, the mass of feed ( M F  ) is defi ned as the mass 
substance plus mass of solvent. This assumes that impurities are not included or not 
present. The presence of impurities further complicates the defi nition of concentra-
tion and this is considered below.    

  Mass Balances 

 Applying a total mass balance gives:

   Mass of solution at end of crystallization Mass of feed so= llution

Mass of crystals produced

( )

( )

M

M
F

C−
    (23.4)  

  where  M C   is defi ned as the mass of crystals formed during the crystallization. Applying 
a substance mass balance gives:

    
Mass of crystals produced Mass of substance in feed

Mass o

= −
ff substance in solution at end of crystallization

  

 Expressing this quantitatively gives:

    M M C M M CC F F C E= − −( )0     (23.5)   

 Rearranging this equation gives:

    M
M C C

C
C

F E

E

=
−( )

−( )
0

1
    (23.6)   
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 The crystal yield is defi ned as the mass of crystals produced divided by the mass of 
substance in the feed solution:

    Crystal yield =
M

M C
C

F 0

    (23.7)   

   Example 1 

 A batch crystallizer contains 20   000   kg of lactose solution with lactose concentration 
of 430   g/kg of solution and at 50    ° C. The solubility of the lactose decreases signifi cantly 
with lower temperature, so crystallization is to be achieved by cooling the solution 
to 15    ° C where the lactose solubility is 169   g/kg of water. At the beginning of crystal-
lization, the batch is seeded with lactose crystals and at the end of the batch crystal-
lization time, the level of supersaturation is 1.1. Assuming there are no water 
evaporation losses and impurities can be neglected, calculate (a) the mass of crystals 
produced and (b) the yield of crystals.  

  Solution 

  M F      =    20   000   kg;  C  0     =    0.5   kg/kg;   CS
Solv  =    0.169   kg/kg at 15    ° C;  S     =    1.1 

  (a) Mass of crystals produced  
 At the end of crystallization:

    C
C

C
S

S
Solv

S
Solv

=
+

=
1

0 145. kg/kg  

    C SCE S= = ( ) =1 1 0 145 0 160. . . kg/kg  

    M
M C C

C
C

F E

E

=
−( )

−( )
=

−( )
−

=0

1
20 000 0 43 0 16

1 0 16
6428

. .
.

kg   

  (b) Yield of crystals 

    
M

M C
C

F 0

6428
20 000 0 43

74 7=
( )

=
.

. %     

  Infl uence of Impurities on Mass Balance Calculations 

 If impurities are present, then they need to be incorporated into the mass balances. 
The mass of solution consists of the substance, solvent and impurities, and let this 
mass be designated   MF

*. This can be converted to  M F   ( mass of substance and solvent) 
as follows:

    M M CF F I= −( )* *1     (23.8)  
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  where   CI
* is the concentration of impurities expressed as kg/kg of solution (which 

includes the impurities). If the substance concentration is expressed as kg/kg of solu-
tion (  C0

*) including impurities, then this can be converted to kg/kg of substance plus 
solvent ( C  0 ) by the following equation:

    C
C

CI
0

0

1
=

−

*

*
    (23.9)   

   Example 2 

 A batch crystallizer contains 30   000   kg of dextrose solution with a dextrose concentra-
tion of 650   g/kg of solution and at 42    ° C. There are impurities present in the solution 
at a concentration of 30   g/kg of solution. The solubility of dextrose decreases signifi -
cantly with lower temperature, so crystallization is to be achieved by cooling the 
solution to 33    ° C where the dextrose solubility is 568   g/kg of dextrose    +    water. The 
dextrose solubility is not infl uenced by the concentration of impurities. At the begin-
ning of crystallization, the batch is seeded with dextrose crystals and at the end of the 
batch crystallization time the level of supersaturation is 1.05. Assuming there are no 
water evaporation losses, calculate (a) the mass of crystals produced and (b) the yield 
of crystals.  

  Solution 

     M C C CF I S
* kg kg/kg kg/kg kg/kg at= = = = °30 000 0 65 0 03 0 568 330; . ; . ; .* * CC; .S = 1 05  

    M M CF F I= −( ) = −( ) =* * .1 30 000 1 0 03 29 100 kg  

    C
C

CI
0

0

1
0 65

1 0 03
0 67=

−
=

−
=

*

*

.
.

.   

  (a) Mass of crystals produced  
 At the end of crystallization:

    C SCE S= = ( ) =1 05 0 568 0 596. . . kg/kg  

    M
M C C

C
C

F E

E

=
−( )

−( )
=

−( )
−

=0

1
30 000 0 67 0 596

1 0 596
3725

. .
.

kg   

  (b) Yield of crystals 

    
M

M C
C

F 0

3725
30 000 0 65

19 1=
( )

=
.

. %      

  Heat Transfer Requirement 

 The amount of heat that must be removed during the course of a batch will determine 
the amount of cooling medium required and the jacket heat transfer area requirement. 
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An energy balance is applied to estimate the batch heat removal requirement as 
follows:

    

Batch heat removal Heat removal during cooling of batc( )QB = hh solution from

initial temperature to final temperatur( )T0 ee

Heat input due to agitation Heat of crystallization

( )TE

+ +
−− Heat losses

  

 The mechanical energy input by the agitator will be dissipated as heat. In addition, 
as the molecules crystallize they will give up heat because the crystal state, being 
solid, is a lower energy state than the liquid state. The equation above can be trans-
formed into the following quantitative expression:

    Q M C T T E MB F P E Ag C C= −( ) + + −0 λ heat losses     (23.10)   

 where  M F   is mass of feed solution in the crystallizer,  C P   the specifi c heat of feed solu-
tion,  E Ag   the mechanical energy input due to agitator, and   λ  C   the heat of crystallization. 
As the cooling rate is usually slow, the heat transfer area on a jacketed vessel is usually 
suffi cient. 

   Example 3 

 For the batch crystallization in Example 1, calculate the average rate of heat removal 
during the batch crystallization process if the agitation power input per kg of solution 
is 10  − 4    kW/kg and the crystallization time is 24 hours. The specifi c heat of the solution 
is 3.5   kJ · kg  − 1  ·  ° C  − 1  and the heat of crystallization is 43   kJ · kg  − 1 . Ignore any heat losses.  

  Solution 

 Mechanical energy input

    E MAg F= × = × ( ) =− −10 10 20 000 86 400 172 8004 4( )time seconds kJ  

    Q M C T T E MB F P E Ag C C= −( ) + +0 λ  

    
QB = ( ) −( ) + + ( )

= + +

20 000 3 5 50 15 172 800 6428 50

2 450 000 172 800 321 400

.

== 2 944 200 kJ
 

    Rate of heat removal kW= = =QB / /86 400 2 944 200 86 400 34      

  Sizing the Crystallizer 

 The working volume ( V ) of the crystallizer will depend on the mass of crystal product 
( M P  ) that must be produced in time  t P  , for example it is required to produce 100   000   kg 
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of substance from the crystallizer in 1 year. It will also depend on the total batch 
crystallization process time. As the crystallization process is batch, this time will 
consist of the actual crystallization time ( t C  ) plus the average downtime between 
batches ( t d  ). The downtime comprises time required to fi ll and empty the crystallizer, 
cleaning time, maintenance time, and any idle time. This is often diffi cult to evaluate 
accurately because the downtime depends on the size of the crystallizer. 

 The actual crystallization time can be estimated from a series of small - scale batch 
crystallization tests to investigate how the cooling temperature – time profi le in par-
ticular, seed addition (mass of seed per mass of solution and seed CSD) and agitation 
infl uence yield over time. The temperature – time profi le has two aspects: fi rstly the 
duration required to reduce the temperature and secondly the shape of the profi le, for 
example linear versus convex versus concave. This testing can also provide some 
insight into how these variables infl uence the fi nal CSD. This approach is only 
approximate and provides an estimate of the crystallization time ( t C  ) because the 
system dynamics will vary with scale. This is mainly due to mixing because there are 
usually greater fl uctuations in concentration and temperature at larger scale. This 
leads to greater fl uctuations in supersaturation which affects crystallization dynamics. 
Allied to this is the variation in mixing intensity throughout the vessel with scale, 
which produces differences in crystal breakage kinetics. Considering the above, the 
crystallizer volume can be estimated as follows. 

 The mass of crystal product produced from a batch crystallizer ( M B  ) with working 
volume  V  can be obtained from Equation  23.6 , where  M F   is the working volume times 
the feed density (  ρ  F  ):

    M
V C C

C
B

F E

E

=
−( )

−( )
ρ 0

1
    (23.11)   

 The number of batches ( N B  ) that can be performed in time  t P   is given by:

    N
t

t t
B

P

C d

=
+( )

    (23.12)   

 Now the total mass of crystals obtained from the crystallizer equals the mass from 
one batch multiplied by the number of batches:

    M N MP B B=     (23.13)   

 Substituting Equation  23.11  for  M B   gives:

    M
N V C C

C
P

B F E

E

=
−( )

−( )
ρ 0

1
    (23.14)   
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 Substituting Equation  23.12  for  N B   gives:

    M
t

t t
V C C

C
P

P

C d

F E

E

=
+

⎛
⎝⎜

⎞
⎠⎟

−( )
−( )

ρ 0

1
    (23.15)   

 Rearranging this equation gives the crystallizer working volume:

    V
M t t t C

C C
P P C d E

F E

= [ ] +( ) −( )
−( )

/ 1

0ρ
    (23.16)   

   Example 4 

 A crystallizer is required to produce 200   000   kg per year of crystallized lactose. The 
crystallization process will operate for 300 days a year. This process will be a batch 
process taking place in a jacketed stirred tank. The initial lactose concentration in 
solution is 430   g/kg of solution and the density of the solution is 1200   kg · m  − 3 . The 
solubility of the product decreases signifi cantly with lower temperature, so crystalliza-
tion is to be achieved by cooling the solution from 50 to 15    ° C where the solute solu-
bility is 145   g/kg of solution. At the beginning of crystallization, the batch is seeded 
with lactose crystals and at the end of the batch crystallization time the level of 
supersaturation is 1.1. The crystallization time is 24 hours and the average design 
downtime between batches is 12 hours. Assuming there are no water evaporation 
losses, calculate (a) number of batches per year, (b) working volume of the crystallizer 
and (c) mass of crystals produced per batch.  

  Solution 

  (a) Number of batches per year 

    N
t

t t
B

P

C d

=
+( )

= ( )
+( )

=
300 24
24 12

200   

  (b) Working volume of the crystallizer  
  C  0     =    0.43   kg/kg;  C S      =    0.145   kg/kg at 15    ° C;  S     =    1.1

    C SCE S= = ( ) =1 1 0 145 0 16. . . kg/kg  

    

V
M t t t C

C C
P P C d E

F E

= [ ] +( ) −( )
−( )

=
+( ) −

/

/

1

200 000 7200 24 12 1 0 16

0ρ

[ ] .(( )
−( )

=
1200 0 43 0 16

2 6 3

. .
. m
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  (c) Mass of crystals produced per batch 

    

Mass of crystals produced per batch

Mass of crystals produ= cced per year/Number of batches per year

/  k= =200 000 200 1000 gg
     

  Control of Crystal Size Distribution 

 CSD is an important crystal quality parameter and infl uences subsequent operations 
such as fi ltration, drying and crystal powder handling. To obtain higher fi ltration and 
drying rates, it is desirable to have larger crystals with fewer fi nes. In batch cooling 
crystallizers, CSD is infl uenced by cooling rate, seed addition, intensity of agitation, 
and any fi nes destruction techniques. 

 The cooling rate has a major infl uence on the level of supersaturation achieved. 
Three cooling profi les are illustrated in Figure  23.17 . If the cooling rate is initially 
fast, as in natural cooling, this may rapidly increase the level of supersaturation within 
the liquor. It may thereby exceed the metastable limit in the early stages of operation, 
leading to high homogeneous nucleation rates, nucleating a large number of tiny 
crystals throughout the bulk. This will result in excessive fi nes because there is a 
limited amount of solute available to grow all these crystals. Alternatively, the cooling 
rate can be manipulated or controlled such that the level of supersaturation remains 
within the metastable zone at all times. This should prevent homogeneous 
nucleation.   

 If the level of supersaturation is maintained in the metastable zone, then there is 
little or no homogeneous nucleation. The liquor is seeded and only the crystal seeds 
should grow if there is no secondary nucleation. In this situation, the size of the seed 
crystals and the amount added will infl uence the fi nal crystal size. Limiting the mass 

Figure 23.17 Cooling profi les.  (Adapted from Markande, 2009, courtesy of Taylor and Francis.) 
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of seeds added results in the crystallized mass being deposited onto fewer crystals, 
resulting in more desirable larger crystals with narrow spread. However, in practice, 
crystal breakage and surface secondary nucleation often do occur producing more 
crystals and this will reduce the mean size. Agitation intensity in the crystallizer will 
infl uence contact nucleation and will eventually limit the crystal size that can be 
attained. 

 Controlling the cooling rate such that supersaturation is maintained in the metast-
able zone results in larger mean crystal sizes, although it is evident in practice that 
small crystals (fi nes) are also present in the product. In a seeded solution, the fi nes 
arise from secondary nucleation due to crystal breakage and surface nucleation. One 
method of improving CSD is to employ a fi nes destruction technique (Jones,  2002 ). 
This could involve the use of an inverted elutriation or sedimentation leg within the 
crystallizer where liquor is slowly drawn off from the top of the leg. There is little 
effect of agitation within the leg, so bigger crystals will have higher settling velocities 
than smaller crystals. Consequently, as liquor moves up through the leg there will be 
a stratifi cation with bigger crystals towards the bottom and smaller crystals towards 
the top, so the fi nes will be carried away in the stream drawn off from the top. This 
stream is then heated up to dissolve the fi nes and the resultant solution is then 
returned to the crystallizer. This approach can greatly reduce fi nes and produce a 
tighter crystal CSD.   

  Process Design of Continuous Evaporative and Vacuum Evaporative 
Crystallizers 

  Continuous Evaporation and Vacuum Evaporation Crystallization Processes 

 Consider an agitated evaporative or vacuum evaporative crystallizer (such as the DTB 
crystallizer illustrated in Figure  23.14 ) being operated continuously at steady state. In 
an agitated crystallizer, the agitator will strive to attain a uniform steady - state con-
centration of soluble substance or level of supersaturation throughout the vessel. In 
practice, especially at larger scale, there will fl uctuations in concentration and super-
saturation throughout the vessel contents due to nonideal mixing, although these 
fl uctuations will be around a mean steady - state value. Evaporative crystallizers are 
used when there is no signifi cant variation in solubility of the substance with tem-
perature. The only difference between an evaporative and vacuum evaporative process 
is the operating pressure. This is an important difference because the level of vacuum 
is an additional variable that can be manipulated in process design.  

  Selection of the Level of Supersaturation 

 Selection of the level of supersaturation is very important as this will infl uence crystal 
quality, size distribution, crystallization kinetics, and size of the crystallizer. Typically, 



Crystallization Process Design 673

Figure 23.18 Evaporative or vacuum evaporative crystallizer. 
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supersaturation is somewhere within the metastable zone to prevent spontaneous 
nucleation and the production of excessive fi ne crystals. However, as supersaturation 
is the driver for crystal growth, lower supersaturation will result in lower crystal 
growth rates and thus greater residence times and crystallizer working volumes are 
required to maintain this steady - state supersaturation. Therefore, it is desirable to 
select a suffi ciently high level of supersaturation within the metastable zone without 
causing homogeneous nucleation or the development of crystal defects. Experimentation 
is usually required to evaluate the metastable zone and to investigate how supersatu-
ration infl uences crystal defects.  

  Mass of Crystals Produced, Crystal Yield and Concentration 

 Mass balances can be applied in the evaluation of the rate of crystal mass production, 
yield and crystal concentration. Consider the vacuum evaporative crystallizer illus-
trated in Figure  23.18 , the fl ows entering and leaving it, and the notation used in the 
analysis below (where  F  is feed mass fl ow rate,  G  is mass fl ow rate of solvent vapor 
leaving, and  E  is mass fl ow rate of crystal slurry leaving).   

 At this stage, assume a design level of supersaturation has been determined. Consider 
also an operating pressure. From the solubility – temperature data, the solubility limit 
( C S  ) at the boiling temperature corresponding to the operating pressure can be obtained. 
The steady - state concentration of substance in solution is evaluated from:

    C SCE S=     (23.17)   

 Applying a mass balance to the substance gives:

    

Rate of crystal mass production Mass flow rate of subs( )MC = ttance in feed

Mass flow rate of substance in solution

leav

−
iing crystallizer
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  Furthermore

    

Mass flow rate of solution leaving crystallizer

Mass flow = rrate of slurry leaving crystallizer Mass flow rate of ( )E − ccrystals in

slurry leaving crystallizer ( )MC

 

   (23.18)   

 Thus, rate of crystal production is given quantitatively by:

    M FC E M CC C E= − −( )0     (23.19)   

 Rearranging this equation gives:

    M
FC EC

C
C

E

E

=
−

−( )
0

1
    (23.20)   

 To evaluate this expression,  E  must fi rst be determined. This will depend on the mass 
fraction of solvent evaporated ( R SE  ). If it is assumed that the crystallizing substance is 
the dominant substance in solution and that all other impurities are negligible, the 
amount of solvent in the feed is given by:

    Solvent flow rate in the feed )= −F C(1 0     (23.21)   

 With this, the solvent vapor evaporation rate ( G ) is obtained from:

    G R F CSE= −( )1 0     (23.22)  

  and from this  E  can be evaluated from a total mass balance as:

    E F G= −     (23.23)   

 Substituting Equation  23.22  into Equation  23.23  gives:

    E F R CSE= − −( )[ ]1 1 0     (23.24)   

 Substituting this equation into Equation  23.19  gives:

    M
F C R C C

C
C

SE E

E

=
− − −( )[ ]( )

−
0 01 1

1
    (23.25)   

 The crystal yield is defi ned as the mass of crystals produced divided by the mass of 
substance in feed solution:
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    Crystal yield =
M
FC

C

0

    (23.26)   

 The magma crystal concentration or concentration of crystals in the crystal slurry 
( C MC  ) is given by:

    C
M
E

MC
C=     (23.27)   

 It is important to keep in mind that  C MC   is not too high, otherwise the agitation system 
or pump may not be able to deal with it.  

  Heat Transfer Requirement 

 The heating rate requirement ( Q H  ) can be evaluated by applying an energy balance as 
follows:

    

Heat input rate Heat required to evaporate solvent

Heat re

=
+ qquired to heat feed to boiling temperature

Heat released − bby crystallization Heat input due to agitation

Heat losse

−
+ ss

  

 This is expressed quantitatively as:

    Q G FC T T M EH V P E C C Ag= + −( ) − − +λ λ0 heat losses     (23.28)   

 where   λ  V   is the latent heat of evaporation of the solvent at temperature  T E  ,  T  0  the 
temperature of the feed,  C P   the specifi c heat of the feed,   λ  C   the heat of crystallization, 
and  E Ag   the mechanical power input.  

  Sizing the Crystallizer 

 The above are steady - state calculations in which the level of supersaturation  S  is fi xed. 
To achieve the required level of  S , the residence time of material passing through the 
crystallizer must be suffi cient. Allied to this, the crystallizer must be large enough to 
allow suffi cient residence time within the crystallizer for the mass fl ow rate of mate-
rial through it. 

 As the residence time is increased, there is more time for the crystals to grow and 
thus there is an increase in yield and in the magma crystal concentration. With more 
crystals, there is less dissolved solute and thus supersaturation is reduced. A typical 
plot of how crystallizer residence time ( t R  ) affects supersaturation, yield and magma 
crystal concentration is illustrated in Figure  23.19 .   
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 Pilot - scale trials with a small - scale crystallizer over a range of residence times can 
be used to approximately create the above diagram. These trials are conducted under 
conditions of known crystallizer pressure and fraction of solvent evaporated. For each 
time, the crystallizer is operated until steady - state conditions are obtained. The 
magma crystal concentration is then measured and from this the yield and supersatu-
ration can be evaluated. In addition, the CSD is measured as this is an important 
product quality parameter. 

 A residence time ( t R  ) is selected to obtain the design level of supersaturation. From 
this, an estimate of the crystallizer working volume can be calculated as feed volu-
metric fl ow rate multiplied by the residence time:

    V
F

t
F

R= ⎛
⎝⎜

⎞
⎠⎟ρ

    (23.29)  

  where   ρ  F   is the density of the feed. 

   Example 5 

 It is necessary to design a vacuum evaporative crystallizer operated continuously that 
can produce 500   kg · h  − 1  of crystal product. The concentration of the product in the feed 
is 0.25   kg/kg of solution. The crystallizer is to be operated at steady state under 
vacuum where the boiling temperature of water is 46    ° C. The corresponding solubility 
of the product in solution is 0.268   kg/kg of solution. The feed temperature is 40    ° C 
and the feed density is 1150   kg · m  − 3 . The design level of supersaturation is 1.1 and the 
design crystal yield is 0.9. Calculate (a) feed mass fl ow rate required to produce the 
crystal production rate; (b) water vapor evaporation rate; (c) magma crystal concentra-
tion; (d) heat input rate requirement if latent heat of water evaporation is 2390   kJ · kg  − 1  

Figure 23.19 Infl uence of crystallizer residence time on supersaturation, crystal yield and magma 
crystal concentration. 
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and heat of crystallization is 50   kJ · kg  − 1  (ignore mechanical power input and heat 
losses); and (e) volume of the crystallizer if the residence time required to obtain a 
yield of 0.9 is 7 hours.  

  Solution 

  M C      =    500   kg · h  − 1 ;  C  0     =    0.25   kg/kg;  C S      =    0.268   kg/kg;  S     =    1.1; yield    =    0.9

    C SCE S= = ( ) =1 1 0 268 0 293. . . kg/kg   

  (a) Feed mass fl ow rate 

    Yield
Yield

kg h=
( )

⇒ =
( )

=
( )

=
M
F C

F
M

C
C C

0 0

500
0 9 0 25

2222 2
. .

.   

  (b) Water vapor evaporation rate 

    G R F CSE= −( )1 0   

 Firstly,  R SE   needs to be evaluated from following equation:

    M
F C R C C

C
C

SE E

E

=
− − −( )[ ]( )

−
0 01 1

1
  

 Rearranging this equation gives:

    

R

C
M C

F
C

C
SE

C E

E

=

−
− −( )⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

−( )
=

1

1

1
0 586

0

0

. kg/kg of solvent

  

 Thus

    G R F CSE= −( ) = ( ) −( ) = ⋅ −1 0 586 2222 2 1 0 25 9770
1. . . kg h   

  (c) Magma crystal concentration 

    E F G= − = ⋅ −1245 2 1. kg h  

    C M EMC C= = =/ / kg/kg500 1245 2 0 4. .   

  (d) Heat input rate 

    

Q G FC T T MH V P E C C= + −( ) −

= ( ) + ( ) −( ) + ( )

=

λ λ0

977 2390 2222 2 3 46 40 500 50.

22 335 030 40 000 25 000 2400 1+ + = ⋅ −MJ h
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  (e) Volume of crystallizer 

    V
F

F
tR=

⎛

⎝
⎜

⎞

⎠
⎟ = ⎛

⎝⎜
⎞
⎠⎟ =

ρ
2222 2
1150

7 13 5
.

. m3      

  Process Optimization 

 The optimization of a vacuum evaporative crystallizer is complex as both the level of 
vacuum and the fraction of solvent evaporated ( R SE  ) can be independently manipulated. 
The optimization is to determine the values of these variables that minimize costs to 
produce a defi ned output of crystal product with satisfactory crystal properties. Level 
of vacuum and  R SE   will both infl uence crystal yield (obtained from the mass balances 
above) and the heat input requirement (obtained from the heat balance), which in turn 
will affect process economics.   

  Monitoring and Control of Crystallization Processes 

 On - line and in - line monitoring can be applied to the control of crystallization proc-
esses (Yu  et al .,  2007 ). In addition to measurements of temperature and pressure, two 
other important variables that require monitoring are the concentration of the crystal-
lizing substance that remains in solution and the CSD. Two important crystallizer 
performance parameters are fi nal CSD and crystal yield, with yield being determined 
from the fi nal substance concentration in solution. Furthermore, the substance con-
centration determines supersaturation, which has a major infl uence on progression of 
the crystallization process, in terms of the evolution of substance concentration and 
CSD during the crystallization process. On - line and in - line monitoring can also be 
used to interpret how changes in process variables infl uence the performance of a 
crystallizer. For example, in a batch crystallization, in - line monitoring can be used to 
measure the substance concentration in solution and CSD continuously over time 
and these parameters can be used to investigate how process variables, such as seed 
size or cooling rate, infl uence the fi nal crystal yield and fi nal CSD (Markande  et al ., 
 2009 ). 

  Monitoring Substance Concentration 

 The measurement technique depends on the substance to be measured. In the crystal-
lization of electrolytes, the solute concentration can be estimated by placing a con-
ductivity probe in the crystal slurry. In sugar crystallizations, the sugar concentration 
in solution can be estimated by measuring the refractive index of sugar syrups. The 
refractive index measurement is used to give the Brix, from which the total dissolved 
solids content can be evaluated. If the initial purity of the syrup is known, then the 
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sugar concentration can be determined. In - line process refractometers, such as the 
K - Patents process refractometer, have advantages that include robustness in industrial 
environments, ease of handling, no calibration, and straightforward data collection. 
Temperature may affect the measurement and the K - Patents probe has an in - built 
temperature sensor to compensate for the effect of changing temperature, which is 
important in a cooling crystallizer.  

  Monitoring Crystal Size Distribution 

 Laser light scattering methods are commonly used for on - line CSD measurement in 
many applications, in which the approach is to direct a laser beam through a sample 
cell and collect the light scattered through the cell. The CSD in dense crystal slurries 
can be addressed by an automatic sampling and dilution unit. However, it is chall-
enging to collect a representative sample from an industrial - scale crystallizer and 
ensure that the temperature is suffi ciently constant so that the sample remains 
representative. 

 An alternative light scattering approach is based on the insertion of a probe directly 
into the crystallizer, focusing a laser beam through a window in the probe tip, and 
collecting the laser light scattered back to the probe. This back - scattering approach 
can measure particle size distribution information even for dense slurries. This 
approach is the basis adopted for the focus beam refl ectance measurement (FBRM), 
which in recent years has emerged as a widely used technique for the  in situ  charac-
terization of high concentration particulate slurries. FBRM is a probe - based measure-
ment, the probe being installed directly in the crystallizer without the need for sample 
dilution or manipulation (Barrett and Glennon,  1999 ). FBRM measures a chord length 
distribution, which is a function of number, size, and shape of particles under inves-
tigation. Lasentec FBRM typically measures tens of thousands of chord lengths per 
second, resulting in a robust number - by - chord length distribution. The measured 
chord length, which is not directly related to particle size distribution, is the straight 
line between any two points on the edge of the particle. The advantages of the tech-
nique include ease of use, little maintenance or no calibration requirement, and 
application in concentrated particulate slurries. 

 The use of ultrasonic attenuation spectroscopy offers a variety of advantages com-
pared with optical techniques. In the ultrasonic attenuation principle, the particle 
size distribution is determined by measuring its ultrasonic attenuation coeffi cient as 
a function of frequency and then using a suitable mathematical model to interpret 
the data. Like the FBRM probe, the ultrasonic probe can easily be adapted to process 
pipes, either directly as a fi nger probe or in a bypass location, making it very suitable 
for  in situ  monitoring of crystallization processes. The major disadvantage of the 
technique is that it requires a large set of accurate data related to the physical 
properties of both the liquid and particle phases, some of which may be diffi cult to 
obtain. 
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 A weakness of the aforementioned CSD sensors is that the distribution of the crystal 
shape cannot be directly determined. However, because of the rapid progress in 
high - speed in - line digital imaging sensors, there is great potential for applying image 
analysis techniques to real - time monitoring as well as to the control of shapes and 
sizes of particulate products. One such instrument is the Lasentec Particle and Vision 
Measurement (PVM) system by Mettler Toledo, in which pictures are taken of the 
crystals in solution using a probe inserted directly into a dense crystal slurry. PVM 
has been used as a complementary method to FBRM measurements to combine par-
ticle shape and size analysis. At high solid particle concentration in the slurry, on - line 
images taken in a crystallizer are particularly challenging to analyze because of out -
 of - focus and overlapping particles and uneven background intensity. The most impor-
tant and challenging step during  in situ  image analysis is to distinguish the particles 
from the background, i.e. segmentation.   
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   Introduction 

 Aseptic processing offers an alternative to conventional canning to meet the demand 
for convenient and high - quality foods. Aseptic processing of foods is a process in which 
the product and the package are sterilized separately and brought together in a sterile 
environment. It involves sterilization of a food product, followed by a specifi ed period 
of time in a holding tube, cooling, and fi nally packaging in a sterile container. Aseptic 
processing uses high temperature for a short period of time to yield a high - quality 
product (nutrients, fl avor, color, or texture) compared to that achieved with conven-
tional canning. Some of the other advantages associated with aseptic processing 
include longer shelf - life (1 – 2 years at ambient temperature), fl exible package size and 
shape, less energy consumption, less space requirement, elimination of the need for 
refrigeration, easy adaptability to automation, and need for fewer operators. However, 
some of the disadvantages of aseptic processing include slower fi ller speeds, higher 
overall initial cost, need for better quality control of raw ingredients, better trained 
personnel, better control of process variables and equipment, and stringent validation 
procedures (David  et al .,  1996 ). Some of the products which are aseptically processed 
include fruit juices, milk, coffee creamers, pur é es, puddings, soups, baby foods, and 
cheese sauces. Some of the companies which deal with aseptic processing include 
International Paper (Memphis, TN, USA), Tetra Pak (Vernon Hills, IL, USA), SIG 
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Combibloc (Linnich, Germany), Alfa Laval Inc. (Glen Allen, VA, USA), FranRica 
(Stockton, CA, USA), Elopak AS (Oslo, Norway), Scholle Packaging Inc. (Northlake, 
IL, USA), and Bosch Packaging Technology Inc. (New Richmond, WI, USA) (Sandeep 
and Simunovic,  2006 ).  

  History of Aseptic Processing 

 The work of Olin Ball and the American Can Research Department laid the founda-
tions of aseptic processing in the USA as early as 1927 when the HCF (heat, cool, fi ll) 
process was developed. Although the process itself was not a great success, it was a 
milestone in the development of aseptic processing. In 1942, the Avoset process was 
developed by George Grindrod. In this process, steam injection was used to sterilize 
the product and the product was packaged in containers that were sterilized by hot 
air. The Dole – Martin aseptic process was developed in 1948. This consisted of four 
steps: (i) product sterilization in a tubular heat exchanger, (ii) metal container sterili-
zation using superheated steam at temperatures as high as 230    ° C (since dry heat 
requires higher temperature than wet heat), (iii) aseptic fi lling of the product, and (iv) 
sealing of the cooled product in a superheated steam environment. The fi rst commer-
cial aseptic plant was built in 1951 in Washington state, USA by Roy Graves and Jack 
Stambaugh. The process was based on one of the aseptic canning machines used in 
the Dole process. The early 1960s was marked by the advent of a form – fi ll – seal tet-
rahedron package made of polyethylene in Switzerland for aseptic fi lling of milk. This 
was the starting point for the development of different package types and sizes. The 
late 1960s saw the advent of the Tetra Brick aseptic processing machine. The late 
1970s saw the arrival of the Combibloc aseptic system, which used carton blanks 
instead of roll stocks. Soon, aseptic fi lling in drums and bag - in - box fi llers were estab-
lished. The use of hydrogen peroxide for the sterilization of packaging surfaces was 
approved by the Food and Drug Administration (FDA) in 1981 (Buchner,  1993 ; David 
 et al .,  1996 ). In 1997, Tetra Pak received a no - objection letter from the FDA for aseptic 
processing of low - acid foods containing large particulates. Although this product was 
not commercially marketed, it demonstrated the feasibility of validating an aseptic 
process for multiphase foods. 

  Components of an Aseptic Processing System 

 A schematic of an aseptic processing and packaging system is shown in Figure  24.1 . 
The product is pumped from the product supply tank to the deaerator or the heating 
section. Pumping of the product at a constant rate is important for ensuring that every 
portion of the product receives the required amount of heat treatment. The product 
is sometimes deaerated to minimize oxidative reactions, which may reduce the quality 
of the product during storage. The deaerated product is pumped to the heating section 
where the product is heated to the sterilization temperature (125 – 150    ° C). Heating 
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systems can be classifi ed as direct (steam injection or steam infusion), indirect (tubular 
heat exchangers, plate heat exchangers, scraped surface heat exchangers), or volumet-
ric (microwave or ohmic heating). There is direct physical contact between the product 
and the heating medium in direct heating systems. In indirect heating systems, the 
product is physically separated from the heating medium. Direct heating systems 
(steam injection or steam infusion) add water to the product (10% water addition per 
56    ° C increase in product temperature) due to the condensing steam. The amount of 
added water should be either accounted for in the product formulation or removed by 
fl ash cooling in a vacuum chamber. After the heating section, the product is held at 
the required temperature for the required period of time in a holding tube to achieve 
the necessary heat treatment. Product fl ows from the holding section to the cooling 
section where the product is cooled either in a vacuum chamber to remove the added 
water (direct heating systems) or in a heat exchanger (indirect or volumetric heating 
systems). In addition to cooling the product, the vacuum chamber removes moisture 
added during heating by the condensing steam. A back - pressure valve (placed after the 
cooling section) provides suffi cient pressure (at least 69 – 103.5   kPa over the vapor pres-
sure of the hottest portion of the product) to prevent boiling of the product during 
processing. An automatic fl ow diversion valve prevents nonsterile product from reach-
ing the packaging equipment. An aseptic surge tank provides the means for continuous 
supply of product to the packaging system or for temporary storage of sterile product 
during malfunctioning of the packaging system (Lund and Singh  1993 ).   

Figure 24.1 A schematic representation of an aseptic processing and packaging system. 
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 Packaging systems range from consumer - size retail packs ( ∼    140   g) to bulk storage 
containers of up to 4000   m 3 . Bulk storage has been used for single strength orange 
juice, tomato paste, and soy sauce. Packaging types for aseptic processing include rigid 
containers (cans, metal drums, glass bottles, stainless steel totes, and glass jars), paper-
board containers (webfed paper/foil/plastic cartons and preformed cartons), semi - rigid 
plastic containers (preformed cups, trays, and tubs), and fl exible plastic containers 
(blow molded bottles, pouches, and bag - in - box) (Floros,  1993 ; Singh,  2007 ).  

  Sterilization of an Aseptic Processing System 

 Pre - production sterilization or pre - sterilization refers to sterilization of the processing, 
packaging, and airfl ow systems prior to processing. Pre - sterilization of processing 
equipment and fi lling lines is accomplished with saturated steam or pressurized hot 
water. The pre - sterilization is usually monitored by temperature measurement at the 
coldest point in the system. The recommended heating for pre - sterilization (with hot 
water) of the processing equipment for low - acid foods (pH    >    4.6) should be equivalent 
to 121.1    ° C for 30   min. The corresponding time – temperature combination for high - acid 
foods (pH    <    4.6) should be equivalent to 104.4    ° C for 30   min. Air systems are pre -
 sterilized by high - effi ciency particulate arresting (HEPA) fi lters or incineration. Pre -
 sterilization of an aseptic surge tank is usually done by saturated steam because it is 
diffi cult to pre - sterilize such a large volume with hot water. After pre - sterilization, 
the system is maintained sterile by keeping it under constant positive pressure (David 
 et al .,  1996 ; Sandeep and Simunovic,  2006 ). 

 Methods for sterilizing packaging equipment and materials include use of heat 
(saturated steam, superheated steam, or hot air), radiation (ultraviolet, infrared or ion-
izing radiation), and various chemicals such as hydrogen peroxide (H 2 O 2 ) and/or per-
acetic acid. A combination of these methods is sometimes used for improved effi ciency. 
Bulk bags are sterilized by irradiation, whereas chemicals are used to sterilize bulk 
rigid containers. With FDA approval in the USA in 1981, H 2 O 2  has been widely used 
for sterilizing preformed aseptic containers. Sterilization is performed either by spray-
ing H 2 O 2  into formed packages or by dipping the packaging material into an H 2 O 2  bath. 
The level of residual H 2 O 2  has been set by the FDA at 0.1   ppm (Ansari and Datta,  2003 ; 
Singh,  2007 ). 

 After pre - sterilization of the aseptic processing system, sterility of the system 
should be maintained up to the end of production. One of the common ways to achieve 
this is to maintain the product under constant positive pressure. A back - pressure valve 
located after the cooling section prevents any contamination of the product. The 
portion of the processing system between the back - pressure valve and fi ller should 
also be maintained under positive pressure. Any equipment with rotating or recipro-
cating shafts such as pumps and stems of aseptic valves should be equipped with 
effective barriers such as steam seals. A steam seal consists of an area where steam 
forms a ring (sterile zone) around the pump shaft or covers the total stroke of a valve 
stem (Bernard  et al .,  1993 ). Once the product is processed, the system undergoes 
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cleaning - in - place (CIP). The CIP cycle for low - acid foods involve the use of hot water, 
alkali, hot water, acid, and hot water sequentially. The CIP cycle for high - acid foods 
is shorter and involves the use of hot water, alkali, and hot water sequentially (Sandeep 
and Simunovic,  2006 ).   

  Important Aspects of Aseptic Process Design 

 The key elements involved in the design of an aseptic process include characteristics 
of the product (pH, water activity, composition, thermophysical properties), selection 
and design of equipment, fl uid fl ow aspects (residence time distribution of fl uid ele-
ments and particles), heat transfer characteristics (transfer of heat from heating 
medium to the liquid and particles of the product), kinetics of the destruction of 
microorganisms and nutrients, thermal process calculation, biological validation, 
process monitoring, and process control. 

  Characteristics of the Product 

 The extent of thermal treatment given to a food product depends on whether the food 
is a high - acid or a low - acid product. A high - acid food product is one with a natural 
equilibrium pH of less than 4.6 and a water activity of 0.85 or more. These food prod-
ucts include jams, jellies, tomato - based sauces, and pickled products. High - acid food 
products are typically treated at 90 – 95    ° C for a period of 30 – 90   s to inactivate yeasts, 
molds, and bacteria ( Lactobacillus  species). A low - acid food product is one with a 
natural equilibrium pH greater than 4.6 and a water activity of 0.85 or more. These 
food products include butter, cheese, fresh eggs, pears, papaya, sweet apples, and 
raisins (Skudder,  1993 ). Low - acid food products require severe thermal treatment 
because they are capable of sustaining the growth of  Clostridium botulinum  spores. 
 Clostridium botulinum  is an anaerobic, Gram - positive, heat - resistant spore - forming 
bacterium that produces a potent neurotoxin. Composition of the product (presence 
or absence of particles, use of preservatives, etc.) also plays an important role in design-
ing an aseptic process. Thermophysical properties of the product that are of impor-
tance include density (  ρ  ), viscosity (  μ  ), specifi c heat ( c p  ), thermal conductivity ( k ), and 
thermal diffusivity ( α     =     k /  ρ c p  ). These properties have a signifi cant effect on fl uid fl ow 
characteristics and rate of heat transfer. Therefore, determination of these properties 
plays an important role in the design of an aseptic process.  

  Selection and Design of Equipment 

  Pumps 

 The continuous fl ow of product at a constant rate through the holding tube is critical 
in aseptic processing. A timing or metering pump, located upstream from the holding 
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tube, is used to maintain the required rate of product fl ow. The pump can be either 
fi xed rate or variable speed. If the pump has a variable speed drive, a means of prevent-
ing unauthorized speed change must be provided. The choice of pump depends on the 
fl ow rate, presence of particles in the product, extent of slippage (back - fl ow of the 
product), piping arrangement, properties (density and viscosity) of the fl uid, and cost 
(Sandeep and Puri,  2001 ). Details of pump selection are discussed in Chapter 11. 

 Determination of the pumping requirement of a pump involves the use of the 
Bernoulli equation (Singh and Heldman,  2008 ):

    E
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    (24.1)  

  where subscripts 1 and 2 refer to the inlet and outlet port, respectively;  E p   is the energy 
(J · kg  − 1 ) per unit mass supplied by the pump; the fi rst term on the right - hand side of 
the equation denotes energy dissipation associated with change in pressure; the second 
term on the right - hand side denotes changes in kinetic energy, where  α  is a correction 
factor, which is 0.5 for laminar fl ow and 1 for turbulent fl ow; the third term on the 
right - hand side denotes changes in potential energy; and  E f   is the total loss in energy 
(J · kg  − 1 ) per unit mass due to friction. The frictional energy loss is the sum of major 
and minor frictional energy losses. Major frictional energy loss ( E f   ,major ) due to the fl ow 
of fl uid in a straight tube of circular cross - section is given by (Singh and Heldman, 
 2008 ):
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  where  Δ  P f   is the pressure drop (Pa) due to friction,   ρ   is the density (kg · m  − 3 ) of the fl uid, 
 L  is the length (m) of the tube,  D  is the inside diameter (m) of the tube,  f  is friction 
factor, and   u  is average fl uid velocity (m · s  − 1 ), which is given by:

    u
V
A

=     (24.3)  

  where  V  is volumetric fl ow rate (m 3  · s  − 1 ) and  A  is the cross - sectional area of fl ow (m 2 ). 
The friction factor is the ratio between shear stress (  σ  w  ) at the wall and the kinetic 
energy (  ρu2 2/ ) of fl uid per unit volume. The friction factor for laminar fl ow conditions 
in a straight tube is given by (Singh and Heldman,  2008 ):

    f
N

=
16
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    (24.4)  

  where  N  Re  is the Reynolds number (  = ρ μuD/ ). For transition and turbulent fl ow condi-
tions ( N  Re     >    2100),  f  is usually determined from the Moody chart. The Moody chart 
represents friction factor as a function of Reynolds number for various magnitudes of 
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relative roughness ( e / D ) of tube. For turbulent fl ow conditions,  f  can also be estimated 
as follows (Singh and Heldman,  2008 ):
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 The minor frictional energy loss ( E f   ,minor ) is due to the various components used in 
pipeline systems such as bends, fi ttings, contractions, and expansions. Although these 
types of losses are minor, they should also be considered when calculating the total 
frictional energy loss. 

 Once  E p   is determined, the power of the pump is determined by:

    Power = =
( )�m E V Ep p

p

p

pη
ρ

η
    (24.6)  

  where   �mp is the mass fl ow rate (kg · s  − 1 ) of the product and   η  p   is the effi ciency of the 
pump. After determining the power of the pump, the type of pump (positive displace-
ment vs. centrifugal) is determined. Positive displacement pumps function by applying 
a direct force to a confi ned product and move the product with minimum shear. 
Positive displacement pumps may further be classifi ed as rotary (progressive cavity, 
lobe, gear, vane, peristaltic, sine, etc.) and reciprocating (diaphragm, piston, etc.). 
Centrifugal pumps use centrifugal force to move products from the center to the 
periphery of the impeller of the pump (Singh and Heldman,  2008 ). Positive displace-
ment pumps are the preferred choice because they are less sensitive to pressure fl uc-
tuations and slippage. The type of positive displacement pump used is dependent on 
the characteristics of the product, pressure drop in the system, and cost. The most 
commonly used pumps in aseptic processing are reciprocating piston - type pumps for 
low -  to medium - viscosity products or interlocking lobe - type pumps for medium -  to 
high - viscosity products. Lobe - type pumps do not perform very well as a metering 
pump because of slippage between the lobes. Sinusoidal (sine) and peristaltic pumps 
impart very low shear to the product and have very low slippage. A rotary positive 
displacement pump is the preferred choice when the pressure drop in the system is 
less than 1.03   MPa and the product is homogeneous. At pressure drops greater than 
1.03   MPa, a piston - type pump should be used. For products with particulates, a recip-
rocating piston pump is the preferred choice. Centrifugal pumps should not be used 
as timing pumps because their fl ow rate is affected by the system pressure. However, 
centrifugal pumps can be used for pre - sterilization and CIP of the processing system 
(Lund and Singh,  1993 ; Bhamidipati and Singh,  1995 ; Singh,  2007 ). 

 Some of the companies that manufacture pumps include Megator Corp. (Pittsburgh, 
PA, USA), Moyno Inc. (Springfi eld, OH, USA), Pump Solutions Group (Grand Terrace, 
CA, USA), Fristam Pumps (Middleton, WI, USA), SPX Flow Technology (Charlotte, 
NC, USA), Murzan Inc. (Norcross, GA, USA), Seepex GmbH (Bottrop, Germany), 
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Sundyne Corp. (Arvada, CO, USA), Waukesha Cherry - Burrell (Delavan, WI), and 
Marlen Research Corp. (Shawnee Mission, KS, USA).  

  Deaerator 

 Apart from minimizing oxidative reactions, deaeration of the product also increases 
the rate of heat transfer during heating and cooling, maintains the specifi c volume of 
the product in the holding tube, maintains a constant fi lling rate, and prevents 
foaming of the product during packaging. The deaerator is a vessel maintained at a 
certain degree of vacuum by means of a vacuum pump. A deaerator adds complexity 
to the design of an aseptic process because the packaging system should be operated 
under inert gas (Lund and Singh,  1993 ).  

  Heating and Cooling System 

 The choice of heating system depends on the rheological and thermal properties of 
the product, potential for fouling, ease of cleaning, and cost. Direct - type heating 
systems are used for homogeneous and high - viscosity products and are particularly 
suited for shear - sensitive products such as creams, dessert, and sauces. In a steam 
injection heating system, liquid product is heated by injection of culinary steam into 
the product. Rapid heating by steam combined with rapid methods of cooling can yield 
a high - quality product. A steam infusion heating system, similar to steam injection, 
involves infusing a thin fi lm of liquid product into an atmosphere of steam which 
provides rapid heating. 

 There are three main types of indirect heating systems: tubular, plate, and scraped 
surface heat exchangers. Tubular heat exchangers are used for homogeneous and high -
 viscosity products (soups and fruit pur é es) containing particles of sizes up to approxi-
mately 10   mm. The simplest tubular heat exchanger is a double - pipe heat exchanger 
consisting of a pipe located concentrically inside another pipe (Figure  24.2 ). Double -
 tube heat exchangers can be classifi ed according to the path of fl uid fl ow through the 
heat exchanger. The three basic fl ow confi gurations are co - current, countercurrent 
and cross - fl ow. In co - current heat exchangers, both the fl uid streams enter simultane-
ously at one end and leave simultaneously at the other end, as shown in Figure  24.2 . 

Figure 24.2 Schematic of a double -tube heat exchanger for co -current fl ow confi guration. 
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In countercurrent heat exchangers, both of the fl uid streams fl ow in opposite direc-
tions. In cross - fl ow heat exchangers, one fl uid fl ows through the heat transfer surface 
at right angles to the fl ow path of the other fl uid.   

 Plate heat exchangers are used for homogeneous and low - viscosity ( < 5   Pa · s) products 
(milk, juices, and thin sauces) containing particle sizes up to about 3   mm. These heat 
exchangers consist of closely spaced parallel stainless steel plates pressed together in 
a frame. Gaskets made of natural or synthetic rubber seal the plate edges. These heat 
exchangers provide a rapid rate of heat transfer due to their large surface area and 
turbulent fl ow characteristics. Scraped surface heat exchangers are used for viscous 
products (diced fruit preserves and soups) containing particles of sizes up to about 
15   mm. These heat exchangers consist of a jacketed cylinder housing scraping blades 
on a rotating shaft. The rotating action of the scraping blades prevents fouling on the 
heat exchanger surface and improves the rate of heat transfer. These exchangers are 
the best choice for viscous products containing particulates (Skudder,  1993 ). 

 Volumetric heating systems, such as microwave, radiofrequency, and ohmic heating, 
can provide very rapid heating which is desirable for aseptic processing. However, it 
is challenging to maintain a uniform temperature distribution within the product. An 
ohmic heating system operates by passing electric current directly through a product. 
The electrical resistance of the product to the passing electric current generates heat. 
Microwave and radiofrequency heating systems apply rapidly changing electromag-
netic fi eld to the product. Movement of the molecules of the product due to the 
changing electromagnetic fi eld generates heat (Coronel  et al .,  2008 ). 

 When the product is heated using a direct heating system, the cooling system cools 
the product by evaporative cooling using a vacuum chamber or an indirect cooling 
system. An indirect cooling system is similar to the indirect heating system, the only 
difference being that the medium for transfer of heat is chilled water or glycol instead 
of hot water or steam. 

 Some of the companies that manufacture heating and cooling systems are Tetra Pak 
Inc. (Vernon Hills, IL, USA), Alfa Laval Inc. (Glen Allen, VA, USA), FMC FoodTech 
(FranRica Madera, CA, USA), Feldmeier Equipment Inc. (Syracuse, NY, USA), VRC 
Co Inc. (Cedar Rapids, IA, USA), Industrial Microwave Systems (Morrisville, NC, 
USA), The Ferrite Company (Nashua, NH, USA), Radio Frequency Co. Inc. (Millis, 
MA, USA), and APV Heat Transfer (Goldsboro, NC, USA).  

  Holding Tube 

 The holding tube must be inclined upwards at least 0.25 inches per foot (6.35   mm per 
0.3   m) in order to avoid air pockets and ensure proper draining of product during shut-
down. During aseptic processing, the FDA gives credit for heat treatment achieved 
only in the holding tube. The FDA does not credit heat treatment achieved in the 
heating section because of the uncertainty about the temperature distribution within 
the product in the heating section. Credit for heat treatment is also not given in the 
cooling section because the particles could possibly break up and cool rapidly due to 
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their smaller size (Sandeep and Simunovic,  2006 ). This makes the design of the holding 
tube critical. Heat should not be applied at any point along the holding tube. However, 
the holding tube may be insulated. When the product is heated using a direct heating 
system, the calculation of holding tube length should account for the added water 
(Lund and Singh,  1993 ).  

  Back - pressure Valve 

 The back - pressure valve is usually a piston - type air - actuated valve, diaphragm valve, 
or pressurized tank. During aseptic processing, the product is subjected to very high 
temperatures (125 – 150    ° C) in the heating and holding section. The product remains at 
these high temperatures even during the initial stage of cooling. Therefore, the back -
 pressure valve is placed after the cooling section to prevent boiling of product in the 
cooling section (Sandeep  et al .,  2004 ).  

  Aseptic Surge Tank 

 The aseptic surge tank provides operational fl exibility during aseptic processing by 
providing a means of storing sterile product temporarily. It allows the processing 
(heating and cooling) and packaging systems to operate independently. It provides a 
continuous supply of sterile product to the fi ller or diverts sterile product during 
malfunctioning of the packaging system. The sterilized product is pumped to the pre -
 sterilized aseptic surge tank, which is maintained under a sterile environment with 
fi ltered air. The pressure inside the tank should always be greater than the pressure 
of the outside environment. This prevents any contamination of the product in the 
tank. When the product is pumped from the tank, sterile air or gas is used to maintain 
positive pressure in the tank (Lund and Singh,  1993 ).  

  Flow Diversion Valve 

 An automatic fl ow diversion valve (FDV) prevents nonsterile product from reaching 
the packaging equipment. It should be designed so that it can be adequately sterilized 
and operated reliably. FDV should be activated by the control system that monitors 
critical factors such as process temperature (temperature at the exit of holding tube), 
differential pressure in the regenerator, or positive pressure in the surge tank. In case 
of a deviation in any of these critical factors, the FDV diverts the product away from 
the packaging system (Bernard  et al .,  1993 ).   

  Fluid Flow During Aseptic Processing 

 Shear stress of Newtonian fl uids is directly proportional to shear rate, whereas non -
 Newtonian fl uids (pseudoplastic and dilatant) do not exhibit direct proportionality 
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between shear stress and shear rate. The Herschel – Bulkley model, the most commonly 
used model to describe fl uids, is given by (Singh and Heldman,  2008 ):

    σ σ γ= + ( )0 K n�     (24.7)  

   For   Newtonian   fl uids:     σ   0     =    0,    K     =      μ  ,   and    n     =    1  
  For   pseudoplastic   fl uids:     σ   0     =    0,    K     =      μ  ,   and    n     <    1  
  For   dilatant   fl uids:     σ   0     =    0,    K     =      μ  ,   and    n     >    1    

 where   σ   is shear stress (Pa),   σ   0  is yield stress (Pa),  K  is the consistency coeffi cient 
(Pa · s  n  ),  n  is the fl ow behavior index,   �γ  is the shear rate (s  − 1 ), and   μ   is viscosity (Pa · s) 
of the fl uid. For a non - Newtonian fl uid, apparent viscosity (  μ  app  ) is defi ned as the ratio 
of shear stress to shear rate at a specifi ed shear rate. For a pseudoplastic fl uid, apparent 
viscosity decreases with an increase in shear rate, whereas the apparent viscosity 
increases with an increase in shear rate for a dilatant fl uid (Singh and Heldman,  2008 ). 

 The viscosity of a fl uid is also dependent on time and temperature. The fl uid is 
antithixotropic if the shear stress under a constant shear rate increases with time. If 
the shear stress decreases with time, the fl uid is called a thixotropic fl uid. The infl u-
ence of temperature on viscosity of a food product can be described by an Arrhenius -
 type relationship (Singh and Heldman  2008 ):

    ln lnμ( ) = ( ) +B
E

R T
A

A

g A

    (24.8)  

  where   μ   is the apparent viscosity (Pa · s),  B A   the Arrhenius constant (Pa · s),  E A   the acti-
vation energy constant (J · mol  − 1 ),  R g   the gas constant (8.314   J · mol  − 1  · K  − 1 ), and  T A   the 
temperature (K). 

 The fl ow of a fl uid may be laminar or turbulent depending on the value of the gen-
eralized Reynolds number ( N  GRe ), which is defi ned as (Singh and Heldman  2008 ):

    N
u D
K

n
n

n
h

n

n

n

GRe = ( )
+

⎛
⎝⎜

⎞
⎠⎟

−

−

ρ 2

18
4

3 1
    (24.9)  

  where   ρ   is density (kg · m  − 3 ) of the fl uid,   u the average fl uid velocity (m · s  − 1 ), and  D h   the 
hydraulic diameter (m), which is calculated as follows (Singh and Heldman  2008 ):
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  where  A s   is free surface area (m 2 ) and  P w   is the wetted perimeter (m). The hydraulic 
diameter for a pipe of circular cross - section proves to be its inside diameter. The criti-
cal value of the generalized Reynolds number [2100    +    875(1    −     n )], which determines 
whether a fl ow is laminar or turbulent, depends on the fl ow behavior index ( n ). A 
value of generalized Reynolds number less than the critical value indicates laminar 
fl ow (Steffe and Daubert,  2006 ). 
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 Equation  24.9  reduces to   N uDhRe = ρ μ/  for a Newtonian fl uid by substituting  n     =    1 
and  K     =      μ  . A Reynolds number of less than 2100 indicates laminar fl ow whereas a 
Reynolds number greater than 4000 indicates turbulent fl ow. The velocity profi le for 
laminar fl ow conditions in a straight tube of circular cross - section is given by (Singh 
and Heldman,  2008 ):
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  where  u  is fl uid velocity (m · s  − 1 ) at a radial distance  r  from the center,  u  max  the 
maximum fl uid velocity (m · s  − 1 ), and  r  the radial distance (m) from the center of the 
tube. Maximum velocity ( u  max ) occurs at the center of the holding tube and its mag-
nitude is   2u for Newtonian fl uids. Under turbulent fl ow conditions,  u  max  for Newtonian 
fl uids is   1 2. u. For a pseudoplastic fl uid ( n     <    1), the maximum velocity is less than 
twice the average velocity.  

  Residence Time Distribution 

 The distribution of times spent by various fl uid elements within the tube is known 
as the residence time distribution (RTD) of the fl uid elements. RTD for a fl uid product 
is determined by pulse input method. In the pulse input method, a small amount of 
tracer is injected into the feed stream and the concentration of the tracer at the outlet 
is monitored. RTD is generally described by exit age distribution function,  E ( t ), and 
cumulative distribution function,  F ( t ).  E ( t ) is defi ned as the fraction of material in the 
outlet stream that has been in the system for times between  t  and  t     +     dt .  E ( t ) is cal-
culated as (Ramaswamy  et al .,  1997 ):
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  where  C ( t ) is the tracer concentration at time  t . The  F ( t ) function is related to the  E ( t ) 
function by measuring an output response after the introduction of a tracer. The  F ( t ) 
function represents the accumulation of tracer particles at the exit with a residence 
time of  t  or less and is calculated as (Ramaswamy  et al .,  1997 ):
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 The mean residence time ( t m  ) is calculated as (Ramaswamy  et al .,  1997 ):
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 The mean residence time can also be obtained by dividing the total mass of the system 
( M t  ) by the mass fl ow rate (  �m). 

 For multiphase foods, the distribution of times spent by different particles is the 
RTD of particles. RTD of food particles in the heating and holding section is important 
for establishing the thermal process because temperature at the center of the slowest 
heating particle depends on both time and heating rate. RTD of particles depends on 
fl ow rate, rheological properties, and density of the carrier fl uid; size, shape, density, 
and concentration of particles; and diameter and length of the holding tube. Analysis 
of RTD for particles is relatively simple when only one type of particle is present. 
However, the fl ow behavior is very different when different types of particles are 
present. The existence of different RTD for the particles results in some particles 
receiving more heat treatment than others in the holding tube. If the RTD of particles 
is narrow, the quality of the product is better because there is not much difference 
between the residence time of the fastest and slowest particles. One of the ways of 
narrowing the RTD of particles is by using helical holding tubes. Flow in helical tubes 
is characterized by fl ow in the primary (axial) and secondary directions. The narrowing 
of RTD is attributed to the development of secondary fl ow, which is characterized by 
the Dean number (Sandeep and Puri,  2001 ). Laser beam, radioactive tracers, magnetic 
response, photoelectric sensors, and modifi ed pulse technique are some of the methods 
used to determine RTD of particles (Ramaswamy  et al .,  1995 ; Sandeep and Puri,  2001 ).  

  Heat Transfer During Aseptic Processing 

 The goal in aseptic processing is to ensure that the slowest heating point (cold spot) 
within the product receives adequate heat treatment. The cold spot for a fl uid product 
is usually at the center of the product. For fl uid food products, the rate of heat transfer 
depends on the overall heat transfer coeffi cient between the heating medium and the 
product. The overall heat transfer coeffi cient in an indirect heating system can be 
estimated by considering thermal resistance at the inside surface of the pipe, conduc-
tion in the wall of the tube, and free convection at the outside surface of the pipe. 
The overall heat transfer coeffi cient ( U o  ) based on outside area ( A o  ) of the pipe is given 
as (Singh and Heldman,  2008 ):
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  where  h i   is the convective heat transfer coeffi cient (W · m  − 2  · K  − 1 ) at the inside surface of 
the pipe,  A i   the inside surface area (m 2 ) of the pipe,  L  the length (m) of the pipe,  k  the 
thermal conductivity (W · m  − 1  · K  − 1 ) of the material of the pipe,  r o   the outside radius of 
the pipe,  r i   the inside radius of the pipe,  h o   the convective heat transfer coeffi cient 
(W · m  − 2  · K  − 1 ) at the outside surface of the pipe, and  A o   the outside surface area (m 2 ) of 
the pipe. The overall heat transfer coeffi cient based on the inside area ( A i  ) of the pipe 
is denoted by  U i  . To avoid the use of different areas for heat transfer ( A i   and  A o  ) in a 
tubular heat exchanger, a log mean cross - sectional area ( A lm  ) is defi ned as:
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 The overall heat transfer coeffi cient ( U ) based on  A lm   of the pipe is given as (Singh 
and Heldman  2008 ):
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 The convective heat transfer coeffi cient ( h ) is not a property of the material but 
depends on the properties (density, specifi c heat, viscosity, and thermal conductivity) 
of the fl uid, velocity of the fl uid, and the surface properties (geometry and roughness) 
of the material. A high value of  h  results in a high rate of heat transfer (Singh and 
Heldman,  2008 ). Determination of  h  is very important for designing heat exchangers 
and determining temperature distribution in fl uids. The convective heat transfer coef-
fi cient can be determined from empirical correlations based on dimensionless numbers 
such as Reynolds ( N  Re ), Nusselt ( N  Nu ), and Prandtl ( N  Pr ) numbers. 

 Nusselt number, which is the ratio of convective heat transfer to conductive heat 
transfer, is given by (Singh and Heldman,  2008 ):

    N
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  where  h  is the convective heat transfer coeffi cient (W · m  − 2  · K  − 1 ),  d c   the characteristic 
dimension (m), and  k  the thermal conductivity (W · m  − 1  · K  − 1 ) of the fl uid. For fl ow 
through a circular pipe, the characteristic dimension is the inside diameter. 

 Prandtl number, which is the ratio of momentum diffusivity to thermal diffusivity, 
is given by (Singh and Heldman  2008 ):
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  where  c p   is the specifi c heat of the fl uid. 
 For laminar fl ow of Newtonian fl uids in pipes, Nusselt number is given by (Singh 

and Heldman,  2008 ):
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  where  L  is the length (m) of the pipe,  d c   the characteristic dimension (m), and all fl uid 
properties are obtained at the average fl uid temperature except   μ  w   which is obtained 
at the surface temperature ( T w  ) of the wall. 

 For turbulent fl ow of a Newtonian fl uid in pipes, Nusselt number is given by (Singh 
and Heldman  2008 ):
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 Additional correlations for Nusselt number arising from different situations can be 
found in the literature (Rahman,  1995 ; Holman,  1997 ; Kakac and Liu,  2000 ). 

 The rate of heat transfer ( q ) is the quantity of interest in the design of a heat 
exchanger. The rate of heat transfer using the overall heat transfer coeffi cient ( U ) based 
on  A lm   can be written as (Singh and Heldman,  2008 ):

    q m c T T m c T T
T

UA
p p p po pi h p h hi ho

lm

lm

= −( ) = −( ) =( ) ( )� � Δ
1

    (24.22)  

  where   �mp is the mass fl ow rate (kg · s  − 1 ) of the product,  c p   (   p   )  the specifi c heat (J · kg  − 1  · K  − 1 ) 
of the product,  T po   the product temperature ( ° C) at the outlet,  T pi   the product tem-
perature ( ° C) at the inlet,   �mh the mass fl ow rate (kg · s  − 1 ) of the heating medium,  c p   (   h   )  
the specifi c heat (J · kg  − 1  · K  − 1 ) of the heating medium,  T ho   the heating medium tempera-
ture ( ° C) at the outlet, and  T hi   the heating medium temperature ( ° C) at the inlet. 
 Δ  T lm   is the log mean temperature difference and is given as (Singh and Heldman, 
 2008 ):

    
Δ

Δ Δ
Δ
Δ

T
T T

T
T

lm =
−

⎛
⎝⎜

⎞
⎠⎟

2 1

2

1

ln
    (24.23)  

  where  Δ  T  1  is the temperature difference between the two fl uids at the inlet of the heat 
exchanger and  Δ  T  2  the temperature difference between the two fl uids at the outlet of 
the heat exchanger. 

 For volumetric heating systems, the heat transfer model should include the appro-
priate volumetric heating term. The power absorption for volumetric heating using 
microwave and radiofrequency is given as (Coronel  et al .,  2008 ):

    P f E= ′′2 0
2π ε ε     (24.24)  
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  where  P  is power absorbed (W · m  − 3 ) per unit volume,  f  the microwave frequency (Hz), 
 ε  0  the permittivity of free space (8.86    ×    10  − 12    F · m  − 1 ),  ε  ″  the dielectric loss factor, and  E  
electric fi eld strength (V · m  − 1 ). For ohmic heating, the volumetric heating term is given 
as (Coronel  et al .,  2008 ):

    P E= 2σ     (24.25)  

  where  E  is the electric fi eld strength (V · m  − 1 ) and   σ   the electrical conductivity (S · m  − 1 ). 
 For multiphase food products, the fl uid portion of the product heats the particulates. 

Thus considerably more heat needs to be applied to the particle surface in the holding 
tube to bring the center temperature of the particle to the required temperature 
because the particles heat slowly by conduction. Heat transfer from fl uid to particu-
lates depends on the convective heat transfer coeffi cient between the particles and the 
fl uid ( h fp  ) and thermal diffusivity (  α  ) of the particulates. The heat transfer coeffi cient 
 h fp   depends on the rheological and thermal properties of the fl uid, fl ow fi eld around 
the particles, characteristics (size, shape, and concentration) of the particles, and 
thermal properties of the particles (Astrom and Bark,  1994 ). Microbiological history 
indicators, moving thermocouple, melting point, liquid crystal method, relative veloc-
ity method, transmitter method, and stationary particle method are some of the 
experimental methods used to determine  h fp   for particulate foods (Ramaswamy  et al ., 
 1997 ). The cold spot in a multiphase product is usually the center of the particle (criti-
cal particle) that receives the least heat treatment. In a multiphase product, the fastest 
moving particle may not be the critical particle because the fastest moving particle 
with a high thermal diffusivity can receive more heat treatment than a slower moving 
particle with a low thermal diffusivity. The main problem in determining the critical 
particle in a multiphase product has been the inability to measure the temperature of 
particles suspended in a carrier fl uid and fl owing in a continuous system (Sandeep and 
Puri,  2001 ).  

  Kinetics in Aseptic Processing 

 When a homogeneous population of viable spores is subjected to a constant tempera-
ture  T , the rate of destruction of spores follows fi rst - order reaction kinetics and is 
given by (David  et al .,  1996 ):

    
−

=
dN
dt

K NT     (24.26)  

  where  N  is the number of spores surviving after time  t  (s) and  K T   the reaction rate 
(s  − 1 ). Integration of Equation  24.26  from time 0 to time  t  yields:

    
N
N

e K tT

0

= −     (24.27)  
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  where  N  0  is the number of spores at time  t     =    0. Equation  24.27  can be rewritten as:

    log10
0

N
N

t
D

⎛
⎝⎜

⎞
⎠⎟ =

−
    (24.28)  

  where  D     =    2.303/ K T  .  D  is the decimal reduction time, i.e. the time required to reduce 
the number of surviving spores by 90%. The  D  value determined at a reference tem-
perature ( T ref  ) is denoted by  D ref  .  D  has been found to vary with temperature as follows 
(David  et al .,  1996 ):

    log10
D
D

T T zT

ref
ref

⎛
⎝⎜

⎞
⎠⎟

= − −( )/     (24.29)  

where  D T   is the  D  value at temperature  T  and  z  the change in temperature ( ° C) required 
to change the  D  value by 90%.  D  and  z  values for most of the common microorgan-
isms are shown in Table  24.1 .   

 The ratio of  D ref   to  D  is referred to as the lethal rate ( L r  ). The  F  value for a process 
is defi ned as the process time (s) at a given temperature to achieve a certain level of 
microbial kill. The  F  value required for a process depends on the nature of the food 
(pH and water activity), storage conditions after processing (refrigerated vs. room tem-
perature), target organism, and initial population of microorganisms (Singh,  2007 ). The 
 F  value can be computed in terms of lethal rate as:

    F L dt dt D
N
N

r

t t

ref

T Tref
z= = ( ) = −∫ ∫

−

0 0 0

10 log     (24.30)   

Table 24.1 D and  z values of microorganisms. 

Microorganisms Temperature
(°C)

D value 
(min)

z value 
(°C)

Reference

Bacillus cereus 121.1 0.0065 9.7 Lund (1975)
Bacillus coagulans 121.1 3 Holdsworth (2004)
Bacillus coagulans 110 6.6–9 Cousin (1993)
Bacillus coagulans var.  thermoacidurans 96 8 Holdsworth (2004)
Bacillus licheniformis 100 13 Holdsworth (2004)
Bacillus stearothermophilus 121.1 4 7 Lund (1975)
Bacillus stearothermophilus 150 0.008 Cousin (1993)
Bacillus subtilis 121.1 0.48–0.76 7.4–13 Lund (1975)
Bacillus subtilis 140 0.001 Cousin (1993)
Clostridium botulinum 121.1 0.21 9.9 Lund (1975)
Clostridium butyricum 85 8 Holdsworth (2004)
Clostridium sporogenes 121.1 0.15 13 Lund (1975)
Clostridium sporogenes PA 3679 121.1 0.3–2.6 10.6 Cousin (1993)
Clostridium thermosaccharolyticum 121.1 16–22 1.7–2.2 Lund (1975)
Desulfotomaculum nigrifi cans 121.1 3–5 Holdsworth (2004)
Desulfotomaculum nigrifi cans 121.1 13–54.4 Cousin (1993)
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 For a constant temperature process, the above equation for  F  reduces to:

    F t
T Tref

z=
−

10     (24.31)   

 The  F  value at a reference temperature of 121.1    ° C (250    ° F) and a  z  value of 10    ° C (18    ° F) 
is referred to as the  F  0  value. The  F  0  value required to achieve a 12 - log reduction of 
 Clostridium botulinum  in a low - acid food product is 3   min. An  F  0  value of 3   min 
indicates that the process is equivalent to a heat treatment of 3   min at 121.1    ° C. Thus, 
many combinations of time and temperature can yield an  F  0  value of 3   min. The ratio 
of  F  0  value of the process to the  F  0  required for commercial sterility is known as 
lethality. Thus lethality must be at least 1 for commercial sterility of the product. 
Thermal death time, given as the product of  F  0  value required for commercial sterility 
and   10 T T zref −( ) , is the time required for total destruction of a microbial population or 
the time required for destruction of microorganisms to an acceptable level (David 
 et al .,  1996 ). 

 The destruction of nutrients and inactivation of enzymes follow similar kinetics to 
that of the destruction of microorganisms.  D c   and  z c   values for enzymes and quality 
attributes are shown in Table  24.2 . The destruction of nutrients in food products is 
quantifi ed as cook value ( C ) which has been defi ned as (Mansfi eld,  1962 ):

    C dt
T Tref

zc

t

=
−

∫10
0

    (24.32)     

 The  C  value at a reference temperature of 100    ° C (212    ° F) and a  z c   value of 33.1    ° C 
(91.5    ° F) is referred to as the  C  0  value. 

Table 24.2 D and  z values for enzymes and quality attributes. 

Enzyme or quality attribute Temperature ( °C) D value (min) z value ( °C)

Anthocyanin (in grape juice) 121.1 17.8 23.2
Thiamin (in whole peas) 121.1 164 26.1
Thiamin (in pea pur ée) 121.1 247 26.7
Thiamin (in peas in brine) 121.1 226.7 27.2
Thiamin (in lamb pur ée) 121.1 120 25
Lysine (in soyabean meal) 121.1 786 21.1
Chlorophyll a (in spinach, pH 6.5) 121.1 13 51.1
Chlorophyll b (in spinach, pH 5.5) 121.1 14.7 79.4
Peroxidase (in peas) 121.1 3 37.2
Chlorophyll (in blanched pea pur ée) 121.1 14 36.7
Chlorophyll (in unblanched pea pur ée) 121.1 13.9 45
Color (in peas) 121.1 25 39.4
Organoleptic quality (in peas) 121.1 2.3 28.3
Texture (in peas) 121.1 1.4 32.2
Overall quality (in peas) 121.1 2.5 32.2
Color (in green beans) 121.1 21 38.9
Color (in asparagus) 121.1 17 41.7

Source: Lund (1975).
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 The objective of a food processor is to produce a commercially sterile product that 
retains nutritional and quality attributes at an acceptable level. Therefore, an appropri-
ate combination of time and temperature for processing is based on factors such as 
nutrient retention and enzyme inactivation.  D c   and  z c   values for destruction of nutri-
tional and quality attributes are larger than those for microorganisms. This implies 
that the rate of destruction of microorganisms at higher temperature will be much 
higher than the rate of destruction of nutritional and quality attributes. Thus, aseptic 
processing of food materials can achieve commercial sterility with better retention of 
nutritional and quality attributes (David  et al .,  1996 ).  

  Thermal Process Calculation and Validation 

 For a fl uid food product, process time  t  for a given  F  value and process temperature 
(temperature of the product at the exit of the hold tube,  T ) can be calculated from 
Equation  24.30  or  24.31 . The required process time must be achieved for the fastest 
moving portion of the product. Length ( L ) of the hold tube is calculated as:

    L u t= max     (24.33)   

 Maximum velocity ( u  max ) should be based on the specifi c volume of the product at the 
process temperature. 

 For multiphase food products, the calculation of process time is more diffi cult than 
for fl uid food products. The challenges associated include determination of RTD and 
convective heat transfer coeffi cient between the particles and the fl uid. In an attempt 
to address the problem of validation of aseptic processing of multiphase foods, work-
shops were organized by the Center for Advanced Processing and Packaging Studies 
(CAPPS) and the National Center for Food Safety and Technology (NCFST) in 1995 
and 1996. The workshop participants included representatives from industry, universi-
ties, and the FDA. The conclusions from the workshop were that determination of 
RTD of at least 299 particulates in the products, determination of the heat transfer 
coeffi cient between particulates and fl uid, mathematical modeling, and biological 
validation are vital in process validation. Determination of RTD of 299 particles gives 
95% confi dence that at least one of these particles is in the fastest 1% of particle resi-
dence times. This was determined using the following formula (Digeronimo  et al ., 
 1997 ):

    N
C
P

i=
−( )
−( )

log
log

1
1

    (24.34)  

  where  N  is the population size,  C i   the confi dence interval, and  P  the fraction of fastest 
particles (1%). 

 The FDA has identifi ed the following elements that it expects a food processor to 
address when developing a fi ling of low - acid multiphase food product: identifi cation 
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and selection of appropriate  F  0  value, development of a conservative model that pre-
dicts the  F  0  delivered to the critical point, quantitative microbiological validation of 
the  F  0  value delivered to the critical point, and listing of critical factors and procedures 
for controlling the  F  0  value delivered to the critical point (Dignan  et al .,  1989 ). 

 Process validation requires use of a bioindicator that can be processed in an aseptic 
system, retrieved intact, and tested quantitatively for received heat treatment. 
Biological validation tests are done using  Clostridium sporogenes  PA 3679 inoculated 
within alignate particles. The validation tests should be conducted at different tem-
peratures to achieve a positive/negative result at the end of the process. This helps in 
determining the minimum allowable process temperature that will result in a safe 
process. Based on all these tests, a process is designed for fi nal validation of the estab-
lished process (Sandeep and Puri,  2001 ).  

  Process Monitoring and Control 

 Once process validation is completed, critical factors such as product characteristics 
(fl ow rate and rheological properties), process temperature, back pressure, and hold 
tube length should be monitored and controlled to ensure safety of the product. The 
product fl ow rate can be verifi ed by correlating the fl ow rate of water under no load 
conditions (no back pressure) with the pump speed. However, the effi ciency of some 
pumps can be affected by viscosity of the product and the presence of back pressure. 
Thus, fl ow rate established with water might not refl ect the true fl ow rate for the 
product. Flow measuring devices can indirectly provide an indication of the product 
fl ow rate. However, the use of such fl ow measuring devices should be validated for 
accurate indication of product fl ow rate. A temperature indicating device such as an 
accurate thermocouple recorder should be installed between the outlet of the holding 
tube and the inlet to fi rst cooler. An additional automatic recording device should be 
located in the product stream at the outlet of the holding tube (Bernard  et al .,  1993 ). 

 When regeneration is used in the heating section, the pressure of the sterilized 
product in the regenerator should be greater than that of the unsterilized product to 
ensure that the sterile product is not contaminated with the unsterile product in case 
of any leakage. This is accomplished by using a booster pump to push the sterile 
product through the heating system and is monitored by installing pressure sensors 
at the inlet of unsterile product and outlet of sterile product. The aseptic surge tank 
should be maintained under positive pressure by sterile air or gas (Lund and Singh, 
 1993 ).  

  Example Problems 

   Problem 1 

 A 20 - m long stainless steel (thermal conductivity 16   W · m  − 1  · K  − 1 ) double - pipe heat 
exchanger is to be used for aseptic processing of a low - acid beverage (density 950   kg · m  − 3 , 
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viscosity 0.0015   Pa · s, specifi c heat 4000   J · kg  − 1  · K  − 1 , and thermal conductivity 
0.5   W · m  − 1  · K  − 1 ). The preheated product enters the inner pipe (inside diameter 3.6   cm, 
outside diameter 3.8   cm) of the double - pipe heat exchanger at a temperature of 60    ° C 
and at a rate (  �mp) of 0.5   kg · s  − 1  while pressurized hot water (density 925   kg · m  − 3 , viscosity 
0.0002   Pa · s, specifi c heat 4260   J · kg  − 1  · K  − 1 , and thermal conductivity 0.68   W · m  − 1  · K  − 1 ) 
enters the outer pipe (inside diameter 4.8   cm, outside diameter 5.0   cm) at a temperature 
of 160    ° C and at a rate (  �mh) of 1   kg · s  − 1 . Determine the outlet temperature ( T po  ) of the 
product. Assume all the properties at the surface temperature of the pipe are same as 
the average fl uid temperature.   

   Solution 

    Length of heat exchanger,  L     =    20   m  
  Thermal conductivity of heat exchanger pipe material,  k     =    16   W · m  − 1  · K  − 1     
     
     Pipe dimensions 

Inner pipe Outer pipe 

di = 0.036m Di = 0.048m
do = 0.038m Do = 0.05m

Properties of the product and heating medium 

Properties of the product Properties of the heating medium 

ρp = 950kg·m−3 ρh = 925kg·m−3

μb(p) = 0.0015Pa·s μb(h) = 0.0002Pa·s
cp(p) = 4000J·kg−1·K−1 cp(h) = 4260J·kg−1·K−1

kp = 0.5W·m−1·K−1 kh = 0.68W·m−1·K−1

    Inlet temperature of the preheated product,  T pi      =    60    ° C  
  Mass fl ow rate of the product,   �mp = ⋅ −0 5 1. kg s   
  Inlet temperature of the heating medium,  T hi      =    160    ° C  
  Mass fl ow rate of the product,   �mh = ⋅ −1 1kg s     

 The governing equations for this problem are Equations  24.17 ,  24.22 , and  24.23 . The 
inside area ( A i  ), outside area ( A o  ), and log - mean area ( A lm  ) of the inner pipe are calcu-
lated as shown below:

    A r Li i= = =2 2 3 14159 0 018 40 2 26 2π ( . )( . )( ) . m  

    A r Lo o= = =2 2 3 14159 0 019 40 2 39 2π ( . )( . )( ) . m  

    Inserting the values of and in Equation mA A Ai o lm24 16 2 32 2. , .=     (24.35)   
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 Average fl uid velocity can be calculated from Equation  24.3 :

    u
V
A

m
A

= =
�

ρ
 

    with for inner pipe m sinnerA r ui= =
( )( )

= ⋅ −π 2 10 5
950 0 001

0 53,
.

.
.     (24.36)  

    and for annulus m sannulusA R r ui o= − =
( )( )

= ⋅π( ) ,
.

.2 2 1
925 0 0007

1 54 −−1   

 The next step is the calculation of  h i   and  h o  . 
 For determining  h i  , Reynolds number ( N  Re ) for the product can be calculated from 

Equation  24.9  by substituting  n     =    1 and  K     =      μ   as shown below:

    N
uDp h

b p
Re

. .
.

= = ( )( )( ) =
( )

ρ
μ

950 0 53 0 036
0 0015

12 084     (24.37)   

 Prandtl number ( N  Pr ) for the product can be calculated from Equation  24.19  as:

    N
c
k

p p

p
Pr

.
.

= = ( )( ) =( )μ 0 0015 4000
0 5

12     (24.38)   

 Reynolds number of great than 4000 indicates turbulent fl ow. Thus, Equation  24.21  
can be used to calculate Nusselt number as:

    NNu = ( ) ( ) ⎛
⎝⎜

⎞
⎠⎟ =0 023 12 084 12
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    (24.39)   

 Thus  h i   can be calculated from Equation  24.18  as:

    h
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.     (24.40)   

 For determining  h o  , hydraulic diameter ( D h  ) can be calculated from Equation  24.10  as:
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    (24.41)   

  N  Re ,  N  Pr , and  N  Nu  for the heating medium can be calculated as above:

    N
uDh h

b h
Re

. .
.

= = ( )( )( ) =
( )

ρ
μ

925 1 54 0 01
0 0002

71 225  
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    N
c
k

p h

h
Pr

.
.

.= = ( )( ) =( )μ 0 0002 4260
0 68

1 3     (24.42)  
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 Thus  h o   can be calculated from Equation  24.18  as:

    h
N k

d
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= = ( )( ) = ⋅ ⋅− −Nu W m K
191 2 0 68

0 01
13 002 2 1. .

.
    (24.43)   

 Thus, in Equation  24.17 , Alm    =    2.32   m2, Ai    =    2.26   m2, Ao    =    2.39   m2, ro    =    0.019   m, 
 r i      =    0.018   m,  L     =    20   m,  k     =    16   W · m  − 1  · K  − 1 ,  h i      =    1337.5   W · m  − 2  · K  − 1 ,  h o      =    13   002   W · m  − 2  · K  − 1 . 
Solving, we get  U     =    1104   W · m  − 2  · K  − 1 . From Equations  24.22  and  24.23 :

    
�m c T T UA

T T T T
T T
T T

p p p po pi lm
hi po ho pi

hi po

ho pi
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    (24.44)  

    � �m c T T m c T Tp p p po pi h p h hi ho( ) ( )−( ) = −( )   

 Thus, we end up with two equations and two unknowns,  T po   and  T ho  . Then, the fol-
lowing substitutions are made in Equation  24.44 :
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m c
m c
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    (24.45)   

 Solving Equation  24.44 ,  T po   is obtained as:

    T
T e T a e

ae
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hi pi
a

b
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b
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1 . C     (24.46)     

   Problem 2 

 In Problem 1, what should be the length of a holding tube (inside diameter 3.6   cm, 
outside diameter 3.8   cm) so that the product receives a thermal treatment equivalent 
to an  F  0  value of 3   min?   

   Solution 

 Since the Reynolds number for the product is well over 10   000, the fl ow is turbulent. 
Considering the product to be a Newtonian fl uid,   u umax .= 1 2 . Thus  u  max     =    1.2(0.53)    =    
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0.64   m · s  − 1 . Given  T     =    124.8    ° C, the time required ( t ) to achieve  F  0  value ( T ref      =    121.1    ° C, 
 z  value    =    10    ° C) of 180   s can be calculated from Equation  24.31  as shown below:

    t
F

T Tref
z

= = =− −
10

180

10
76 8124 8 121 1

10
. . . s     (24.47)   

 The length of the holding tube can be calculated from Equation  24.30  as:

    L u t= = ( )( ) =max . . .0 64 76 8 49 2 m     (24.48)       

  Regulations Related to Aseptic Processing 

 The FDA is responsible for aseptic processing of all products except those containing 
more than 3% raw meat or 2% cooked meat, which fall under the jurisdiction of US 
Department of Agriculture. In addition, milk products should also comply with the 
pasteurized milk ordinance (PMO). Unlike in European countries, where regulations 
are based on spoilage tests, the FDA requires microbiological validation to prove the 
safety of an aseptic process. FDA regulations for aseptic processing and packaging are 
contained in 21 CFR 108 (emergency permit control), 21 CFR 113 (low - acid canned 
foods, pH    >    4.6), 21 CFR 114 (acidifi ed foods, pH    <    4.6), 21 CFR 120 (juice HACCP), 
and 21 CFR 174 - 179 (packaging). The specifi c requirements for aseptic processing and 
packaging are covered under 21 CFR 113.40 (David  et al .,  1996 ). The FDA requires 
registration of the processing facility (form 2541) and a detailed process fi ling (form 
2541c for low - acid foods and form 2541a for high - acid foods) before an aseptically 
processed product can be distributed and sold (Hontz,  1993 ).  

  Case Study: Aseptic Processing of Sweetpotato Pur é e 

 This case study considers the design of an aseptic process for sweetpotato pur é e (SPP) 
using a continuous fl ow microwave heating system operating at 915   MHz. The fi rst 
step is to determine the dielectric and thermophysical properties of SPP. Dielectric 
properties were measured using an open - ended coaxial probe (Model HP 85070B, 
Agilent Technologies, Palo Alto, CA) connected to a network analyzer (Model HP 
8753C, Agilent Technologies, Palo Alto, CA). Differential scanning calorimetry (DSC7, 
Perkin Elmer Instruments, Norwalk, CT) was used to measure the specifi c heat of 
SPP. Thermal conductivity and thermal diffusivity were measured using a thermal 
properties analyzer (KD2 Pro, Decagon Devices Inc., Pullman, WA). The reported 
values of dielectric properties for SPP were in the range of products that have the 
potential to be processed using continuous fl ow microwave heating (Coronel  et al ., 
 2005 ). 
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 The next step is to design the process, including the choice of pump, heating system, 
holding tube, cooling system, and packaging system. A positive displacement pump 
is the preferred choice for pumping SPP because of its high viscosity. One of the major 
issues in implementing an aseptic process using microwave heating is the possibility 
of nonuniform temperature distribution within the product. Therefore, theoretical 
temperature distribution was generated by modeling microwave heating in a 5 - kW 
microwave system. SPP was processed in 5 - kW microwave system (Industrial 
Microwave Systems, Morrisville, NC) to validate the results from modeling. Processing 
the SPP in the 5 - kW system established its compatibility for continuous fl ow micro-
wave heating. However, large temperature differences were observed between the 
center and wall of the applicator tube. With the information gathered from tests with 
the 5 - kW system, additional pilot - scale tests were conducted in a 60 - kW microwave 
system (Industrial Microwave Systems, Morrisville, NC). Process time to achieve an 
 F  0  value of 13   min at a process temperature of 135    ° C was calculated to be 30   s. As 
observed in the 5 - kW system, temperature differences between the center (135    ° C) and 
wall (70    ° C) of the holding tube were large. In - line static mixers were installed at the 
exit of each microwave applicator of the system to minimize nonuniformity in tem-
perature. After installing the in - line mixers, temperature distribution was more 
uniform due to mixing of the product by static mixers. The fastest fl uid element 
(center of the tube) received a thermal treatment equivalent to  F  0  of greater than 20, 
resulting in the production of commercially sterile product. SPP was cooled in a 
tubular heat exchanger using glycol water as the cooling medium. Finally, the sterile 
product was packaged in aluminum/polyethylene laminated bags (Scholle Corp., 
Northlake, IL) using a bag - in - box fi lling machine (Model PTAF, Astepo, Parma, Italy). 
Microbiological tests of the fi nal packaged product showed absence of any viable 
microorganisms after 1, 15, and 90 days. The data acquisition system consisted of a 
datalogger (HP 3497A, Agilent Technologies, Palo Alto, CA). The temperatures of the 
product were monitored at the inlet and outlet of the microwave applicators, holding 
tube, and cooling section. The desired temperature at the exit of the microwave 
heating system was maintained by controlling the power generated by the microwave 
system (Coronel  et al .,  2005 ). 

 The above process was later validated using commercially available plastic pouches 
of bioindicators containing spores of  Geobacillus stearothermophilus  ATCC 7953 and 
 Bacillus subtilis  ATCC 35021. SPP with the bioindicators was subjected to three 
levels (under target, target, and over target) of processing based on the fastest fl uid 
element. The results showed that  B. subtilis  indicators were equivalent to the prede-
signed degrees of sterilization (Brinley  et al .,  2007 ). The outcome of this research led 
to the building of a facility in Snow Hill, North Carolina by Yamco, LLC, who per-
formed a fi nal validation and fi led this process with the FDA. This facility started 
operation in 2008 after receiving a letter of no objection from the FDA. To the best 
of our knowledge, this is the fi rst commercial application of continuous fl ow micro-
wave heating for a low - acid food product in the USA.  
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  Future Trends 

 Future developments in aseptic processing and packaging will focus on commerciali-
zation of multiphase food products, aseptic bulk packaging, development of new vali-
dation tools (biological, chemical, magnetic, and electronic sensors), developments in 
heat exchanger design, rapid cooling methods, and development of new fi lling and 
packaging equipment with higher line speed. Alternative heating technologies such 
as continuous fl ow microwave heating and ohmic heating can overcome some of the 
existing problems, such as slow heating rate of the particles in a multiphase product. 
Development in heat exchanger design will focus on widespread use of helical, dimpled, 
and corrugated heat exchangers. Research is also focused on developing newer packag-
ing materials and techniques for their sterilization. This will expand the number and 
variety of polymers for use in aseptic packaging. During the past few years, there have 
been changes in approach within the FDA as far as looking at new products and tech-
nologies go. This has helped companies willing to adopt new technologies, such as 
aseptic processing of multiphase foods using rapid and advanced heating methods. 
Coupled with advances in heating technologies comes the need for different types of 
measurement devices (for determination of properties and monitoring the process). 
There may also need to be changes in the types of pumps and back - pressure devices 
used. Aseptic processing and packaging will likely become more widespread in the 
USA because of increasing consumer demand for high - quality foods and the changing 
approach of the FDA.  
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   Introduction 

 Extrusion is a thermomechanical process where shaping of a plastic or dough - like 
material is obtained by forcing it through a die or restriction. Extruders are high -
 temperature short - time (HTST) reactors that can transform a variety of raw materials 
into modifi ed intermediate and fi nished products. Extrusion has an unlimited range 
of applications and continuous production capabilities to meet new market chal-
lenges, which make them attractive to processors and markets (Rosato,  1998 ). Riaz 
 (2000)  lists numerous functions of extrusion, such as agglomeration, degassing, dehy-
dration, expansion, gelatinization, grinding, homogenization, mixing, pasteurization 
and sterilization, protein denaturation, texture alteration, thermal cooking, shearing, 
shaping, and unitizing. Advantages of the extrusion process are versatility/adaptability, 
energy effi ciency, low cost, no effl uent, process scale - up, continuous high - throughput 
processing, ability to handle ingredients with a range of moisture contents from rela-
tively dry to very wet materials, high product quality (improved textural and fl avor 
characteristics), and control of the thermal changes which occur in the material. 
Extrusion is fi nding ever - increasing application in the food industry, such as the pro-
duction of ready - to - eat cereals, pasta, snacks, pet food, fi sh foods, and confectionary 
products, apart from its obvious applications in the plastics industry. The production 
of multidimensional third - generation snacks using extrusion are effi cient, economical 
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to run and result in a product with built - in marketing fl exibility due to long shelf - life 
and high bulk density prior to frying or puffi ng (Huber,  2001 ). This chapter deals with 
types of extruder (single and twin screw), extruder components (screw, barrel, die, feed 
and drive system), extruder process variables (screw speed, barrel temperature, feed 
rate), feed ingredient variables (composition, moisture, particle size), and their interac-
tions, product qualities, and supercritical fl uid extrusion.  

  Types of Extruder 

 According to Frame  (1994) , hydraulic ram, roller, and screw - type extruders are the 
three types of extruder found in the food industry. However, Riaz  (2000)  advocated 
that in today ’ s food industry the term  “ extruder ”  typically means a machine with 
Archimedean screw characteristics (a rotating fl ight screw which fi ts suffi ciently 
tightly in a cylinder to convey a fl uid) that continuously processes a product. Recently, 
Clark  (2010)  observed that roll extruders are commonly used in making confections 
and snacks by forming strips or ribbons of plastic material such as sugar - based taffy 
or cereal - based dough. The special features of the screw extruder are continuous 
processing and mixing ability, properties very different from the other two types of 
extruder. Single -  and twin - screw extruders are the most widely used in the food and 
feed industry (Senanayake and Clarke,  1999 ). 

  Single - screw Extruder 

 Single - screw extruders are readily available in a number of shapes and sizes, and the 
barrel, screw confi guration, and screw can be varied to suit a particular variety of 
product characteristics (Harper,  1978 ). The main advantages of single - screw over twin -
 screw extruders are that they are mechanically very simple and the cost is half the 
price of similar - sized twin - screw extruders (Riaz,  2000 ). Because of this, single - screw 
extruders are used wherever possible in the industry and in academic research. The 
material is conveyed along the length of the screw by a drag fl ow mechanism, where 
drag is directly proportional to screw speed. In general, single - screw extruders possess 
poor mixing ability, which necessitates premixing of ingredient prior to extrusion.  

  Twin - screw Extruder 

 This comprises two screws rotating either in the same direction (co - rotating) or in the 
opposite direction (counter - rotating). Based on screw confi guration and degree 
of intermeshing, twin - screw extruders can be classifi ed into fully intermeshing, par-
tially intermeshing, and non - intermeshing. Co - rotating twin - screw extruders are the 
most common in the food and snack industry for their pumping effi ciency, good 
control over residence time distribution, self - cleaning mechanism, and uniformity of 
processing (Schuler,  1986 ). Counter - rotating intermeshing twin - screw extruders were 
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developed for the processing of polyvinyl chloride, which comprises resin beads that 
are slippery and diffi cult to process in a single - screw extruder (Clark,  2010 ). Twin -
 screw extruders are more fl exible in operation than single - screw extruders but they 
are more expensive. Some of the advantages of twin - screw extruders include ability 
to handle a variety of materials (viscous, oily, sticky, and wet) and a wide range of 
particle sizes, nonpulsating feed, positive pumping action, self - cleaning, and scaling -
 up (Riaz,  2000 ).   

  Extruder Components 

 Screw, barrel, die, feed and drive systems are the major components of an extruder 
and their details are discussed in this section. Figures  25.1  and  25.2  depict key com-
ponents of single - screw and twin - screw extruders. The food contact surface should be 
noncorrosive and nontoxic. All screws and liners are constructed of high - quality, wear -
 resistant, stainless steel alloys (heat treatable 400 series).   

  Screw 

 The screw is the central part of an extruder. Important screw parameters are given in 
Figure  25.3 . Screw diameter ( D ) is the distance between two fl ights across the screw 
shaft. Channel depth ( h ) is the distance from the top of the fl ight to the root. Pitch ( t ) 
is the distance between consecutive fl ights. All these parameters vary depending on 
design and the manufacturer. Helix angle ( Φ ) is the angle between the fl ight and a line 
perpendicular to the screw shaft and it varies between 12 and 15 ° . Clearance between 
fl ight tips and barrel ( δ ) is usually 0.5   mm and will ensure effi cient pumping of the 
material. Axial fl ight width ( e ) of a screw is usually 10% of screw diameter.   

 The relative motion of the screw and barrel causes drag fl ow, which can be calcu-
lated by applying downstream velocity over the screw channel cross - section. Drag 
fl ow is a simple function of screw speed ( N ) and geometry and is independent of vis-
cosity for any screw design:

    Q Nd = α     (25.1)  

  where  Q d   is volumetric drag fl ow and   α   is drag fl ow geometry parameter. In general, 
geometry parameter increases with screw diameter, channel depth, and pitch. The 
geometry factor for rectangular channels and shallow fl ights can be calculated as:

    α π= −⎛
⎝⎜

⎞
⎠⎟

1
2

12 2D h
ne
t

sin cosΦ Φ     (25.2)  

  where  n  is number of fl ights. 
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Figure 25.1 (a) A schematic depicting key components of an extruder. (b) View of a fully assem-
bled laboratory -scale extruder. 
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 All extrusion processes experience heat generation from shearing of the viscous 
product. The drive motor power refl ects the amount of heat generated during extru-
sion. The total energy transfer can be described approximately using the following 
equation and is a product of screw speed, shear stress (viscosity, screw speed), and 
surface area (extruder diameter and length):
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Figure 25.3 Schematic drawing of screw parameters. 
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  where   μ   is viscosity of the product and  l  is wetted screw length. 
 Some manufacturers make a screw in one piece (Figures  25.1 b and  25.4 ), whereas 

others make them in segments (Figure  25.2 a). These segments are interchangeable in 
any order depending on the requirement on the continuous spline or key of the shaft. 
The most frequently employed screw confi gurations in the food industry are variable 
pitch, constant depth, increasing root diameter, increasing number of fl ights, and 
decreasing diameter. In single - screw extruders, screw geometry not only infl uences 
different functions such as mixing, kneading, heat and pressure development but also 
the capacity of the extruder.   

 The movement and transformation of material within a single - screw extruder can 
be categorized into three sections: feeding, transition, and metering (Harper,  1981 ; 
Mercier  et al .,  1989 ). The feed throat of the screw accepts the low - density precondi-
tioned or dry blend, with deep fl ights and long pitch facilitating movement. The func-
tion of the feed section is to ensure transportation of material down the screw and fi ll 
it completely. According to Harper  (1981) , the feed section is typically 10 – 25% of the 
total length of the screw. The transition section is also called the compression or 
kneading section because of its function. The food material loses its powder/granular 
form and changes into amorphous or plasticized dough, thereby increasing the density. 
Decrease in screw pitch and fl ight depth and angle are the most common ways to 
achieve transition/compression/kneading. The transition section is the longest section 
of the screw, being approximately half total screw length. This section of the screw 
can have forward, neutral, or reverse pitched elements depending on the application 
(Huber,  2000 ). The metering section is the part of the screw with shallow fl ights, 
which increases shear rate to maximum within the screw. A twin - screw extruder has 
more options because the entire screw section can consist of combinations of convey-
ing elements, kneading elements, reverse screw elements, and additional elements. A 
combination of thermal and mechanical energy inputs plasticizes the food material 
above its melt transition temperature thus increasing the density. Compression ratio 
(channel depth at feed to channel depth at discharge) has a direct impact on shear 
development and temperature profi le within the extruder barrel. A gradual decrease 
in fl ight depth in the direction of discharge and a decrease in pitch in the compression 
section are the most common ways to achieve compression (Harper,  1981 ). Compression 
ratio typically ranges from 1   :   1 to 5   :   1. However, for excluding air from cereal product 
and improving heat transfer effi ciency, a modest compression of less than 3   :   1 is often 
used (Miller and Mulvaney,  2000 ). 

 A good mixing action is one of the most important functions of an extruder. As 
mentioned earlier, single - screw extruders have poor mixing ability, but this can be 
solved by introducing a mixing section in the screw confi guration (Figure  25.4 c). A 
venting screw (Figure  25.4 d) is used whenever necessary to vent moisture or other 
volatile gases trapped or contained within the extruder. A hole made in the barrel at 
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a proper position and a larger fi ll in the screw releases the pressure of the material. 
Moisture removal from the material reduces product expansion, which is desirable in 
nonexpanded product and for adjusting the density of aqua - feeds (Fang  et al .,  2003a ).  

  Barrel 

 The barrel is the cylindrical housing that accommodates the rotating screw(s) and 
should be mechanically strong enough to withstand the pressure developed in the 
barrel and resist wear (Senanayake and Clarke,  1999 ). A common practice is to relate 
the barrel length to diameter (L/D) ratio (Rosato  et al .,  2003 ) with throughput of a 
single - screw extruder (Giles  et al .,  2005 ). Barrels are composed of honed and nitrided 
stainless steel (416) in various L/D ratios. Nitriding may not be effective when abrasive 
materials are fed into the extruder. Hardening of stainless steel lowers corrosion resist-
ance but has a negative effect on heat transfer. A thicker biometallic coating not only 
addresses abrasion and corrosion but also improves wear resistance (Giles  et al .,  2005 ). 
The L/D ratio can be varied to accommodate the geometrical design of the individual 
components. Harper  (1981)  notes that food extruders typically have L/D ratios ranging 
from 1   :   1 to 20   :   1. For macaroni extrusion, screws are designed with L/D ratios between 
6   :   1 and 9   :   1 with a screw diameter of 120 – 200   mm. However, an L/D ratio of 30 is 
required for accomplishing both cooking and forming of cereals in a single extruder 
(Miller and Mulvaney,  2000 ). Typically, twin - screw extruders have a shorter barrel 
length than that of single - screw extruders (Martelli,  1983 ). Martelli  (1983)  observed 
that the L/D ratio has no real meaning with twin - screw extruders in the usual sense, 
probably because the feeding is controlled by other devices as described later. Most of 
the food materials are sticky in nature during cooking and thus smooth - bore extruder 
barrels are not desirable. In order to accomplish positive transport, a material must 
slip on the rotating screw and this is enhanced if the barrel wall is grooved (longitu-
dinal or spiral). In general, the extruder barrel is segmented and these segments are 
jacketed to allow temperature control of individual zones. Heating is typically accom-
plished with overheated steam, hot oil or band heaters, whereas cooling is achieved 
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with tap water (Fang  et al .,  2003a ). Heaters are usually located along the barrel, with 
a thermocouple in each zone to control the heaters and barrel temperature. Giles 
 et al .  (2005)  noted that the most common type of thermocouple used on extruders is 
the K thermocouple. Miller and Mulvaney  (2000)  remarked that cooling facilitates the 
handling of products after extrusion by increasing the viscosity, which results in better 
retention of shape, and by reducing stickiness. Low shear stress (forming) extruders 
are used to densify materials with high moisture content and have a long L/D ratio, 
which imparts a low level of mechanical energy per unit of throughput. Expanded 
products are produced in high shear stress extruders, which have the shortest L/D 
ratios.  

  Die 

 Dies are small openings at the end of the die section through which the product is 
extruded. These play an important role in deciding product physical properties such 
as density, expansion, surface texture, and fi nal shape (Senanayake and Clarke,  1999 ) 
based on die design, extrusion confi guration, processing conditions, and blend (Riaz, 
 2000 ). According to Huber  (2000) , highly restrictive dies increase barrel fi ll, residence 
time, and energy input. Chevanan  et al .  (2007)  studied the effect of die dimensions 
(Figure  25.5 ) on extrusion processing parameters and the properties of DDGS (dried 
distillers grains with solubles) - based extrudates. The simplest form of die is a hole, 
annular openings and slits being common. In general, small - scale extruders have only 
one opening in the die assembly, whereas large - scale extruders have multiple openings 
(Fang  et al .,  2003a ), which alter die shear rates (Huber,  2000 ). Cereal processing nor-
mally requires multiple die openings (Miller and Mulvaney,  2000 ). High shear rate 
dies are responsible for imparting energy to starch - bearing products, thereby promot-
ing starch damage that results in increase in water solubility in addition to other fi nal 
product characteristics (Huber,  2000 ). Die insert, die plate, and breaker plates are other 
options of die used in the food industry.    

Figure 25.5 (a) Different die geometries; (b) die assembly. 

(a) (b)
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  Feed System 

 In order to achieve consistent and uniform operation of an extruder, ingredient feeding 
should also be uniform and consistent. Feed throat and hopper geometry should allow 
material to fl ow freely into the extruder with minimum restriction. The feed hopper 
should have suffi cient capacity for continuous operation and is an integral part of the 
feeding system. The feed rate of modern extruders is typically controlled by a variable 
speed auger, vibratory feeder weigh belts. Live bottoms are hoppers equipped with 
devices at their discharge outlets that ensure a continuous fl ow of ingredients; the 
volume of material must be suffi cient to allow an orderly shutdown of the system if 
necessary. Rokey  (2000)  notes that when the fat content of a formulation exceeds 12%, 
that portion of fat above the 12% level should be introduced into a single - screw 
extruder in a separate ingredient stream. Preconditioning is an essential step, blending 
steam and water with dry ingredients to achieve temperature and moisture equilib-
rium. This operation not only hydrates the dry ingredient but also begins the cooking 
under slower shear conditions than those that exist in the extruder and this process 
allows the extruder to focus on fi nal heating and forming (Clark,  2010 ). According to 
Mercier  et al .  (1989) , preconditioning increases residence time and capacity and 
reduces mechanical energy consumption. Preconditioning enhances fl avor develop-
ment and also aids fi nal product texture, especially corn -  and oat - based products 
(Huber,  2000 ). Modern preconditioners (arrowed in Figure  25.2 d) have a double - shaft 
design with different dimensions and speeds and can be operated at both atmospheric 
pressure and elevated pressures, resulting in better mixing with retention times 
between 2 and 4   min (Hauck,  1988 ).  

  Drive System 

 The main function of the drive system is to provide power to rotate the extruder 
screw(s) (Fang  et al .,  2003a ). The drive usually consists of an electric motor, a reduc-
tion gear, a torque transfer system, and a bearing support mechanism as mentioned 
by Rokey  (2000) . The size of the motor depends on the application and capacity of the 
extruder and may be as large as 400   hp (Harper,  1981 ). For instance, a low shear stress 
(slow speed) extruder may require a motor of 13   hp, whereas a high shear stress 
extruder used for the production of light density expanded snacks may require a motor 
of 160   hp per ton of throughput (Rokey,  2000 ). In general, synchronous speed of an 
electric motor is 1800   rpm; however, the actual maximum speed of the motor is 
1725 – 1750   rpm because of slip (Harris,  2004 ). Harper  (1981)  notes that the screw speed 
of food extruders is normally less than 500   rpm. Required speed reduction is usually 
accomplished through a V belt or gear. Gearbox construction for a single - screw extruder 
is simple because the gearbox has only one output shaft to drive the screw. Gearbox 
construction for a twin - screw extruder is complicated because there are two output 
shafts to rotate two screws and also because there is limited radial space to accom-
modate bearings to support both the radial and thrust load from the extruder. In 
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general, a three - bearing arrangement (two to support the radial load and a third to 
absorb thrust load) is used if a single - screw extruder has a motor size of more than 
100   hp.   

  Extruder Variables 

 Screw speed, barrel temperature, screw and barrel confi guration, die opening, and feed 
rate are some of the parameters that affect extruder performance. Extruder operation 
depends on pressure build - up in the barrel (prior to exiting the die), slip at the barrel 
wall (transportation), and the degree of fi lling. 

  Screw Speed 

 In general, screw speed is responsible for the rate of shear development and the mean 
residence time of the feed. The heat dissipation from the mechanical energy input to 
dough depends on screw speed, which in turn infl uences dough viscosity. As noted 
by Fang  et al .  (2003b) , in some cases completion of texture formation and chemical 
reactions within the barrel require a long residence time, which corresponds to slow 
screw speed.  

  Barrel Temperature 

 In order to avoid plugging and back - fl ow of material, the feed zone temperature is low 
and barrel temperature ramps up as the material travels down the screw. Barrel tem-
perature usually has a positive effect on the degree of starch gelatinization and extru-
date expansion, whereas it has a negative effect on product color especially at elevated 
temperatures. Several studies have indicated that elevated temperature leads to more 
moisture evaporation when exiting the die, and thus results in more expanded prod-
ucts (Chen  et al .,  1979 ; Kokini  et al .,  1992 ; Mercier  et al .,  1989 ).  

  Feed Rate 

 Extruder feed rate depends on the type of screw element, screw speed, type of feeding 
element, and feed moisture. According to Fang  et al .  (2003b) , feed rate has an infl uence 
on residence time, torque requirement, barrel pressure, and dough temperature.   

  Feed Ingredient Variables 

 Feed composition, moisture content, and particle size have the greatest effects on 
extrusion as discussed in this section. 
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  Feed Composition 

 The typical composition of any blend consists of starch, protein, lipid/fat, and fi ber, 
which all contribute to product quality. Starch degradation usually reduces product 
expansion. It is essential that infant and weaning foods have high starch digestibility, 
which is largely dependent on full gelatinization (Camire,  2000 ). Lipid levels over 
5 – 6% act as a lubricant, reducing slip within the barrel and resulting in poor product 
expansion. If the production of porous and expanded product is not the target, then a 
fat level of 15 – 18% can be used in single - screw extruders and a fat level of 20 – 22% 
in twin - screw extruders (Riaz,  2000 ). According to Camire  (2000) , the lipid content of 
the extruded product is low. Rancidity is an issue for extruded products during storage 
because of lipid oxidation, which causes rapid deterioration of sensory and nutritional 
qualities. As Riaz  (2000)  notes, sugar and salt (functional ingredients) will have more 
effects on wear than other ingredients. In cereal processing, sugar concentration has 
a negative effect on viscosity and high sugar concentration inhibits gelatinization, 
requiring higher temperatures to achieve the same degree of product expansion (Miller 
and Mulvaney,  2000 ). Salt will assist in obtaining uniform moisture migration after 
drying of third - generation pellets during moisture equilibration. In general, salt reduces 
water activity, which leads to poor product expansion (Miller and Mulvaney,  2000 ). 
Generally, fi ber is a noninteracting component that contributes to low expansion, 
cohesiveness, durability, and water stability. High fi ber content usually results in high 
screw wear (Camire,  1998 ).  

  Feed Moisture 

 Moisture is a critical variable that has multiple functions in starch gelatinization, 
protein denaturization, barrel lubrication, and fi nal product quality (Fang  et al .,  2003b ). 
According to Huber  (2000) , processing is uneconomical at in - barrel moistures below 
20% and results in undesirable nutritional quality. However, a dry extruder can 
process materials with 8 – 22% moisture with no additional drying of extrudates (Said, 
 2000 ). In general, a medium shear stress extruder can handle food with 16 – 30% in -
 barrel moisture, whereas a low shear stress extruder can handle food with more than 
30% in - barrel moisture (pasta dough has 31%). An increase in moisture content will 
have a pronounced effect on the rheological properties of the melt in the barrel (Miller 
and Mulvaney,  2000 ). High - moisture feeds decrease the mechanical energy require-
ment and reduce the wear and thereby operating cost. However, most extruded snacks 
have a moisture content between 8 and 12% and require additional drying to impart 
the desired texture and mouth - feel (Rokey,  2000 ). Camire  (1998)  reported that high 
moisture reduces vitamin loss during extrusion due to limited thermal degradation.  

  Feed Particle Size 

 Riaz  (2000)  reports a general rule of thumb that the extruder feed should not have 
particles larger than one - third the diameter of die holes. Particle size also plays an 
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important role not only in moisture distribution, heat transfer, and viscosity but also 
in fi nal product quality. Coarse ingredient particles have more effect on wear than 
fi ne particles (Riaz,  2000 ). A product composed of fi ne particles will have good water 
stability, water absorption index, expansion, and fl oatability.   

  Interactions Between Extruder and Ingredient Variables 

 A better understanding of the interactions between the extruder and ingredients 
within the barrel facilitates the development of not only screw and barrel confi gura-
tions for converting mechanical energy to heat through friction but also new products. 
A literature survey reveals that extrusion experiments typically examine two to three 
variables, but many factors are important as shown in Figure  25.6 . The outer circle 
shows the primary extruder and ingredient variables and the inner circle the secondary 
variables. The combination of Figure  25.6  and Table  25.1  should enhance understand-
ing of the infl uence of primary extrusion variables on secondary extrusion variables.     

 According to Caldwell  et al .  (2000) , viscosity is a refl ection of the molecular weight 
of functional polymers and its measurement correlates with the energy input to an 
extruder. Although viscosity and residence time are placed in the inner circle, they 

Figure 25.6 Interrelationships among extruder and ingredient variables. 
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are affected by other variables in the same circle. In general, an extruder converts 
ingredients into dough. Gelatinization of starch causes a substantial uptake of mois-
ture, resulting in an increase in dough viscosity. An increase in feed rate and screw 
speed and reduction in L/D ratio has a negative effect on product residence time, 
which in turn affects dough viscosity. As screw speed increases, dough viscosity 
decreases because dough exhibits non - Newtonian behavior. According to Camire 
 (2000) , high temperature and low moisture are responsible for the formation of Maillard 
compounds and heterocyclic chemicals, resulting in a typical cooked grain fl avor. 
High barrel temperature, screw speed, specifi c mechanical energy (SME), low feed 
moisture, die diameter, and throughput are the variables that increase vitamin loss 
during extrusion (Killeit,  1994 ). A die with long land results in a dense product and 
thereby increased bulk density (Williams,  2000 ). The amount of starch, protein, and 
fat present in the blend affects product expansion and fi rmness (Riaz,  2000 ). 

 According to Fichtali and van de Voort  (1989) , the torque indicates the amount of 
energy absorbed by the material due to shear exerted by the screw(s). Motor torque is 
a very sensitive indicator of stable operation during extrusion. Fluctuation in motor 
torque usually indicates nonsteady - state extrusion conditions; it occurs when there 
is erratic feeding and surging, and may cause plugging of the die. Therefore, one must 
ensure uniform and consistent feeding. SME indicates the extent of molecular break-
down or degradation that the material undergoes during the extrusion process. An 
increase in moisture content decreases the viscosity of dough in the extruder, shortens 
the mean residence time, and reduces the conversion ratio of extruder mechanical 
energy into heat energy, and consequently SME becomes lower. 

 In general, the power supplied to a screw is used to transport, compress, and shear 
the melt/mass. Considering shear stress on the melt at the inner wall and the contact 
area of a single - screw extruder, the power requirement can be calculated using the 
following equation (Crawford,  1987 ):

    P D NL= τπ 2 2     (25.4)  

  where  P  is power (W),   τ   shear stress (N · m  − 2 ),  D  screw diameter (m),  N  screw speed 
(rpm), and  L  length of fi lled section (m). This equation defi nes the thermomechanical 
process for a given screw geometry. SME is defi ned as the mechanical energy input 
required to obtain unit weight of extrudate and can be calculated by the following 
equation (van Lengerich,  1990 ):

    SME =
Γω
mf

    (25.5)  

  where SME is specifi c mechanical energy (W · h · kg  − 1 ),  Γ  torque (N · m),   ω   angular velocity 
(s  − 1 ), and  m f   mass fl ow rate of feed (kg · h  − 1 ). These equations show that the torque 
developed in an extruder is apparently the product of shear stress and fi lled length 
since the screw speed is expressed as angular velocity. As Miller and Mulvaney  (2000)  
observed, screw speed directly infl uences extrusion because the peripheral velocity of 
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the screw (  π DN ) is proportional to screw speed. The fi lled length and shear stress 
during extrusion depends on total throughput and in - barrel moisture content. 
Typically, SME is an indication of the viscous dissipation of mechanical energy, which 
is provided by the screw drive shaft, into the dough due to frictional resistance 
(Marsman  et al .,  1995 ). The SME for direct expansion of cereals is as high as 80   W · h · kg  − 1 , 
with high shear provided by high screw speeds and/or shallow screws (Miller and 
Mulvaney,  2000 ). Depending on the extrusion parameters listed in Table  25.1 , SME 
is 88 – 286   W · h · kg  − 1  for rice fl our (Guha  et al .,  1997 ), 51.6 – 101.4   W · h · kg  − 1  for fi sh - rice 
fl our (Pansawat  et al .,  2008 ), and 87.9 – 115   W · h · kg  − 1  for chickpea fl our (Meng  et al ., 
 2010 ) when extruded in a twin - screw extruder. During macaroni extrusion the power 
requirement is about 0.05   kW · h · kg  − 1 , of which 0.02 – 0.03   kW · h · kg  − 1  is typically dissi-
pated as heat (Harper,  1981 ). As screw speed increases, SME also increases because 
the changes in energy input to the screw are of a greater order of magnitude than the 
decrease in torque associated with the decrease in apparent viscosity due to the shear 
thinning behavior of non - Newtonian material (Mercier  et al .,  1989 ). An increase in 
barrel temperature generally leads to a decrease in dough apparent viscosity, which 
not only results in low SME to the drive screw shaft at a given speed but also produces 
a more expanded product on die exit. 

   Problem 

 The following data were collected during the production of a rice fl our - based snack 
using a single - screw extruder with a screw diameter of 25   mm and L/D ratio of 20   :   1. 
The feed moisture content was 25% wb. The extruder was operated at 150   rpm with 
a mass fl ow rate of 120   kg · h  − 1 . The recorded shear stress was 3   N · mm  − 2 . The torque 
was recorded as 65   N · m with the help of a computer attached to the extruder. Calculate 
the power requirement and SME for the given conditions.   

   Solution 

 Power requirement can be calculated using Equation  25.4 .
   Shear stress,   τ      =    3 N · mm  − 2   
  Screw diameter,  D     =    25   mm  
  Screw speed,  N     =    150   rpm  
  Screw length can be calculated from L/D ratio, 20    ×    25    =    500   mm  
  Assume that 90% of screw length was fi lled during the extrusion, so  L     =    500    ×    

0   0.9    =    450   mm    

 Substituting the above values in Equation  25.4 :

    P D NL= τπ 2 2  

    P = × × × ×3 3 14 25 150 4502 2.  

    P = ⋅ ⋅ −1 247 855 625 1N mm min   
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 Since 1   W    =    1   N · m · s  − 1 ,

    P =
×

× = =1 247 855 625
1
60

1
1000

20 797 6 20 8
N mm

s
m
mm

W kW
min

min
. .   

 Specifi c mechanical energy is calculated from the following data:
   Torque,  Γ     =    65   N · m  
  Screw speed,  N     =    150   rpm  
  Convert rpm to angular velocity using equation 2 π  N /60    =    radians/s  
  Therefore angular velocity    =    2    ×    3.14    ×    150/60    =    15.71 radians/s  
  Mass fl ow rate  m f      =    120   kg · h  − 1     

 Substituting the above values in Equation  25.5 :

    SME =
Γω
mf

 

    SME =
×65 15 71
120

.  

    SME
Nm/s
kg/h

W
kg/h

W h kg= = = ⋅ ⋅ −1021
120

1021
120

8 51 1.     

 According to Akdogan  (1996) , any variable affecting the viscosity of the material in 
the extruder would correspondingly affect torque. Feed composition plays a role in 
affecting secondary extrusion variables including torque (Pansawat  et al .,  2008 ). 
Bhattacharya and Prakash  (1994)  and Anuonye  et al .  (2007)  have reported that torque 
values increase with feed composition (starch and protein) in extruded rice/chickpea 
blends and acha/soybean blends. At low screw speeds, residence time of the viscous 
melt is increased, allowing greater plugging of the die section and subsequent increases 
in torque (Iwe  et al .,  2001a ). The torque required to turn the extruder screw is also 
related to degree of fi ll in the extruder barrel (Jin  et al .,  1994 ). The torque requirement 
has a negative correlation with barrel temperature for cassava starch (Kohda  et al ., 
 1989 ), cornmeal fortifi ed with 10% ground crab leg (Obatolu  et al .,  2005 ), and DDGS 
(Chevanan  et al .,  2008 ; Kannadhason  et al .,  2009 ). Moreover, increasing barrel tem-
perature contributes to decrease in viscosity, which results in more fl owable material 
and thus a lower required driving force (Kumar  et al .,  2006 ). At constant temperature, 
viscosity decreases with increasing moisture content because water acts as a lubricant 
(Hayashi  et al .,  1992 ). Such decreasing trends have been reported in many blends: 
cassava starch with 10 – 18% moisture content (Kohda  et al .,  1989 ), acha/soybean blend 
with 15 – 35% moisture content (Anuonye  et al .,  2007 ), and DDGS with 25 – 35% mois-
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ture content (Rosentrater  et al .,  2009 ) in a single - screw extruder; cornmeal and 10% 
ground crab legs with 25 and 30% moisture content (Obatolu  et al .,  2005 ), and starches 
with various amylose content with 27.5 – 42.5% moisture content (Su  et al .,  2009 ) in 
a twin - screw extruder. 

 Residence time infl uences the degree to which the raw material experiences shear-
ing, heating, shaping, mixing, and reaction. The effect of moisture content on the 
mean residence time is the result of two opposing effects of moisture content on 
rheology of feed material in the barrel and die of the extruder (Seker,  2005 ). On the 
one hand, increasing the moisture content of feed material results in a decrease in 
viscosity of feed dough in the barrel of the extruder, and lower force is required to 
pump the melt through the die. On the other hand, temperature in the die due to 
viscous dissipation is lower, and the lower temperature of the feed increases the vis-
cosity at the die, which tends to increase the restriction of fl ow through the die. 
Recently, an extrusion study of soy protein isolate conducted by Chen  et al .  (2010)  
confi rmed this observation by measuring in - line viscosity.  

  Product Qualities 

 Typical extrusion conditions vary depending on the type and amount of starches used. 
Generally, the temperature in the extruder ’ s cooking and forming zones will be 80 –
 150    ° C and 65 – 90    ° C, respectively. Extrusion moisture contents range from 25 to 30%, 
with a residence time of 30 – 90   s (Huber,  2001 ). These conditions will change the 
physical and chemical properties in addition to nutritional and sensory attributes, all 
of which in turn contribute to product quality. In general, the physical properties 
include expansion ratio, bulk density, hardness, color, water absorption index (WAI), 
water solubility index (WSI), and pellet durability index (PDI). Chemical properties 
usually refer to compositional analysis. Expansion ratio is the ratio of diameter of the 
extrudate to diameter of the die. A rule of thumb is that expansion ratio has an inverse 
relationship with bulk density. Color is an important physical property that is often 
used by customers to predict product quality. WAI and WSI are often used as indica-
tors of the volume of swollen gelled particles that maintain their integrity in aqueous 
dispersion (Mason and Hoseney,  1986 ) and also of the degradation of molecular com-
ponents (Kirby  et al .  1988 ). WSI also depends on the quantity of soluble matter, which 
increases due to the degradation of starch (Guha  et al .  1997 ). According to Chang and 
Wang  (1998) , PDI is a direct measurement of a pellet ’ s ability to withstand breakage 
and disintegration. 

  Effect of Feed Ingredient Composition on Product Expansion 

 Product expansion is an important quality and a complex phenomenon. As Chang 
 (1992)  outlines, it is a consequence of several events such as biopolymer structural 
transformations and phase transitions, nucleation, extrudate swell, bubble growth, 
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and bubble collapse, with bubble dynamics dominantly contributing to the expansion 
phenomenon. As depicted in Figure  25.6 , most of these factors contribute to product 
quality (expansion). Starch is the dominant polymer in most cereals and plays a major 
role in expansion, whereas other ingredients such as protein, fat, sugar, and fi ber act 
as diluents (Moraru and Kokini,  2003 ). Product expansion also depends on the source 
of starch and its purity. Conway  (1971)  suggested that the lower limit of starch 
content for good expansion is 60 – 70%. Starch is made of linear amylose and branched 
amylopectin, which impact expansion differently. Amylopectin - rich starches expand 
(light, elastic, and homogeneous textures) more than amylose - based starches because 
the linear amylose chains align themselves in the shear fi eld and are thus diffi cult 
to pull apart during expansion. Studies have indicated that starch has maximum 
expansion at an amylose content of 50% (Chinnaswamy and Hanna,  1990 ; 
Chinnaswamy,  1993 ). In general, small particles produce better product expansion 
than coarse particles. According to Mathew  et al .  (1999) , extrusion of small - particle 
cornmeal resulted in corn curl and pet food extrudates with a signifi cantly higher 
volumetric expansion index compared with feeds comprising coarse or medium - 
sized particles. An earlier study by Garber  et al .  (1997)  also showed that the larger 
the particle size (50 – 1622   mm), the lower the degree of expansion of cornmeal 
extrudates. 

 Product expansion depends on the type of protein and its concentration as shown 
in Table  25.2 . Protein affects water distribution within the matrix via its macromo-
lecular structure and conformation, all of which affects product expansion. In general, 
addition of fat reduces expansion due to decrease in barrel temperature caused by the 
lubricating effect of fat, preventing the severe mechanical breakdown of starch gran-
ules by shear stress and preventing water absorption by starch, which consequently 
decreases the degree of starch gelatinization (Lin  et al .,  1997 ). However, Singh  et al . 
 (1998)  reported that wheatgerm oil caused an increase in starch expansion and WSI of 
extrudates. According to Fan  et al .  (1996) , sugar has a negative effect on corn extrudate 
because of reduction in bubble growth and shrinkage. The effect of fi ber on expansion 
depends on its concentration, for example up to 10% rice bran in rice fl our (Grenus 

Table 25.2 Infl uence of protein type and its concentration on product expansion. 

Protein type Concentration Starch Expansion Reference

Soy protein isolate 1–8% Wheat + Faubion & Hoseney  (1982)
Wheat gluten Up to 11% Wheat − Faubion & Hoseney  (1982)
Whey protein 

concentrate
Up to 25% Corn, rice, and potato + Onwulata et al. (1998, 2001a) 

Whey protein 
concentrate

>25% Corn, rice, and potato − Onwulata et al. (1998, 2001a) 

+, increase; −, decrease. 
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 et al .,  1993 ) and up to 30% wheat or oat bran in cornmeal (Hsieh  et al .,  1988 ) had a 
positive contribution. In order to enhance the nutritional, textural, or sensory quality 
of extrudates, sometimes minor ingredients are added during extrusion. The addition 
of up to 0.2% calcium hydroxide correlates well with expansion of corn extrudates 
(Zazueta - Morales  et al .,  2001 ), whereas addition of cysteine decreases the expansion 
of wheat fl our extrudates (Li and Lee,  1996 ).    

  Infl uence of Extruder Variables on Product Expansion 

 Expansion is affected by not only feed composition but also processing conditions. 
Extrusion of corn starch by Chinnaswamy and Hanna  (1988)  revealed that die nozzle 
L/D ratio affects expansion more than screw speed and temperature. They also sug-
gested that extrusion pressure is a better indicator than nozzle L/D ratio for predicting 
starch expansion. However, Sokhey  et al .  (1997)  reported that the effects of die nozzle 
L/D on expansion are dominated by either die nozzle length or diameter separately, 
rather than by L/D. An increase in extrusion shear and temperature reduces viscosity 
of the extruded melt and facilitates high expansion at moderate shear (Lai and Kokini, 
 1990 ), whereas very high and very low shear reduces expansion. Increase in barrel 
temperature is positively correlated with product expansion in cereal fl ours 
(Chinnaswamy and Hanna,  1988 ; Bhattacharya and Prakash,  1994 ; Ali  et al .,  1996 ; 
Cha  et al .,  2001 ), red - bean fl our (Avin  et al .,  1992 ), and fi sh - rice fl our (Giri and 
Bandyopadhyay,  2000 ). The type of starch dictates the optimum temperature range for 
maximum expansion (Kokini  et al .,  1992 ). In general, screw speed has a positive effect 
on expansion due to the increase in shear, and thus high screw speeds decrease melt 
viscosity (Kokini  et al .,  1992 ). A direct comparison of different combinations of extru-
sion conditions such as screw speed, feeding rate, and torque can be made by examin-
ing SME, which is a good quantitative descriptor of extrusion processes. The amount 
of mechanical energy delivered to the extruded material determines the extent of 
macromolecular transformations and interactions, i.e. starch conversion, and conse-
quently the rheological properties of the melt. An increase in SME leads to low viscos-
ity, which promotes mobility and may thus lead to an increase in the rate of bubble 
growth. Extrusion studies conducted by Guy and Horne  (1988)  and Onwulata  et al . 
 (2001b)  confi rmed the above observation. 

 Moisture content is the driving force for expansion during extrusion and also con-
tributes to the rheological properties of the melt, which in turn affect expansion. 
Moisture is the main plasticizer of cereal fl ours, which enables them to undergo glass 
transition during the extrusion process and thus facilitates deformation of the matrix 
and its expansion. According to Ilo  et al .  (1996) , an increase in moisture content during 
extrusion decreases SME, apparent viscosity, and radial expansion ratio during extru-
sion of maize grits. Studies have confi rmed the reduction of expansion at high mois-
ture contents for different starches (Parsons  et al .,  1996 ; Garber  et al .,  1997 ; Liu  et al ., 
 2000 ).  
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  Effect of Extrusion Variables on Other Common Product Qualities 

 The effect of extrusion variables such as barrel temperature, screw speed, feed mois-
ture, type of starch, and feed rate on most common product characteristics such as 
density, WAI, WSI, and hardness are presented in Table  25.3 . Density is generally a 
function of expansion, size and shape; moreover, density has a negative relation with 
expansion as observed in Table  25.3 . In general, an increase in moisture content has 
a positive correlation with density and hardness. Screw speed and temperature usually 
decrease density. WAI and WSI have an inverse relation. Incorporation of other starches 
or pulp into the blend has a signifi cant infl uence on all product characteristics. As 
Riaz  (2000)  notes, color is usually a function of degree of cooking, particle size of 
ingredients, and added color. Elevated temperature and coarse particles contribute to 
a dark color of the product. PDI can indirectly assess the mechanical strength of 
extrudates and an increase in temperature decreases the PDI of extrudates. Sinking 
velocity is an important property in aquaculture feed and depends on the extent of 
expansion and density.    

  Effect of Extrusion Variables on Food Nutrition 

 The protein digestibility of extrudates is higher than that of nonextruded products due 
to denaturation of proteins and inactivation of antinutritional factors that impair 
digestion. According to Bhattacharya  et al .  (1988) , the feed ratio has maximum effect 
on protein digestibility followed by process temperature in the extrusion of a fi sh –
 wheatfl our blend, whereas L/D ratio and screw speed have insignifi cant effect. Lysine 
is one of the essential amino acids and its availability is limited in cereal - based prod-
ucts, and thus a focus on lysine retention during the extrusion process is important. 
In order to better retain lysine, feed rate and screw speed should be sufi ciently high 
and die diameter and moisture content low (Bjorck and Asp,  1983 ; Pham and Del 
Rosario,  1984 ; Iwe  et al .,  2004 ). According to Cheftel  (1986) , product temperature less 
than 180    ° C, particularly at moisture content below 15%, enhances lysine retention. 
In another study, Iwe  et al .,  (2001b)  reported that cysteine levels decrease with mois-
ture content less than 14.5%. The nutritional signifi cance of the Maillard reaction is 
most important in foods intended for weaning. According to Singh  et al .  (2007) , high 
barrel temperature and low feed moisture are known to favour the Maillard reaction. 
Vasanthan  et al .  (2002)  reported that extrusion increases total dietary fi ber of barley 
fl ours. Feed with low fat content results in minimum lipid oxidation, thus increasing 
the nutritional and sensory quality of foods and feeds. An increase in barrel tempera-
ture, screw speed, and SME and decrease in feed moisture, feed rate, and die diameter 
decreases the retention of vitamins (Singh  et al .  2007 ). Minerals are generally heat 
stable and unlikely to be lost in steam distillate at the die. As Singh  et al .  (2007)  
concluded, mild extrusion conditions such as high moisture content, low residence 
time, and low temperature favor higher retention of amino acids, high protein and 
starch digestibility, increased soluble dietary fi ber, decreased lipid oxidation, higher 
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retention of vitamins, and higher absorption of minerals. In short, high extrusion 
temperature ( ≥ 200    ° C) and low moisture content ( ≤ 15%) should be avoided to maintain 
nutritional quality.   

  Supercritical Fluid Extrusion 

 The formation of carbon dioxide (CO 2 ) during extrusion normally enhances extrudate 
expansion. When Hoseney  et al .  (1992)  added sodium bicarbonate during cereal extru-
sion, it reacted with acidulants or acids produced by the oxidation of starch during 
extrusion to form CO 2 . According to Singh  et al .  (2000) , sodium bicarbonate increased 
extrusion expansion of maize grits at 125    ° C and decreased it at 175    ° C. Instead of 
relying on CO 2  formed during extrusion, CO 2  can be injected into the extruder; thus 
the degree of expansion and structural homogeneity of starch or cereal fl our extrudates 
can be controlled using blowing agents. With this in mind, Rizvi  et al .  (1995)  devel-
oped a new low - temperature and low - shear extrusion technology called supercritical 
fl uid extrusion (SCFX). The schematic drawing in Figure  25.7  describes the operating 
principles of SCFX. This technology involves reactive extrusion of starch - based matri-
ces and injection of supercritical carbon dioxide (SC - CO 2 ) as a blowing agent to 

Figure 25.7 Schematic showing the operating principle of supercritical fl uid extrusion along with 
pressure profi le.  (From Alavi and Rizvi, 2010, with permission of Taylor and Francis.) 
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produce microcellular extrudates. CO 2  is the solvent of choice for use in SCFX because 
it is GRAS, nonfl ammable, noncorrosive, and inexpensive (Rizvi  et al .,  1994 ); its criti-
cal point is at 31.06    ° C and 7.386   MPa. According to Alavi  et al .  (1999) , the high tem-
peratures (130 – 170    ° C) and shear used in traditional extrusion prevents the use of 
thermally labile/heat - sensitive ingredients such as some fl avors, colors, and whey 
proteins. SCFX uses SC - CO 2  as a blowing agent to facilitate the formation of cellular 
structure in extrudates in place of the expansion of water on exit of the extruder barrel 
in conventional extrusion. Rizvi  et al .  (1995)  described a four - step process: (i) develop-
ment of a dough with gas - holding properties by mixing alone; (ii) injection of SC - CO 2 ; 
(iii) creation of controlled thermodynamic instability by manipulation of pressure and/
or temperature in the extruder; and (iv) control of the degree of cell growth during 
setting of the product through appropriate die selection and post - extrusion drying and 
cooling processes.   

 Product expansion by CO 2  offers several advantages over steam expansion: a closed 
cell structure; CO 2  does not condense, resulting in cell collapse; and the product ’ s 
interior is very nearly oxygen free. Moreover, the melt pH is low because dissolved 
SC - CO 2  inhibits the Maillard reaction, which otherwise would cause further loss of 
essential amino acids (Mulvaney and Rizvi,  1993 ). Alavi  et al .  (1999)  found that the 
physical properties of starch - based SCFX extrudates are governed by both extrusion 
and post - extrusion parameters, including die geometry, pressure - drop rate, residence 
time, ingredient composition and drying temperature. 

 Alavi  et al .  (1999)  also found that addition of egg - white proteins reduced shrinkage 
of high - moisture starch extrudates expanded with SC - CO 2 , and reported subsequent 
increases in the expansion ratio by 140 – 341% because of an increase in extrudate 
viscosity caused by protein cross - linking. Gogoi  et al .  (2000)  compared whey protein 
concentrate (WPC - 34) and egg white (4%) and found that egg white gave a softer skin 
and a fragile but well - formed cellular structure when extrudates dried between 70 and 
100    ° C, the overall structure being more homogeneous. Expansion and cellular char-
acterization of the starch - based extrudates produced with SC - CO 2  injection may be 
governed by viscosity - dependent parameters, including gas retention capability, CO 2  
diffusivity, and the pressure drop rate (Chen and Rizvi,  2006 ). An increase in the degree 
of gelatinization of starch – water mixtures using 0.45 wt% SC - CO 2  injection increased 
expansion and average cell density and decreased average cell size. Huber  (2001)  notes 
that SCFX technology is a patented process that has already resulted in new develop-
ments in cereals, confectioneries, pastas, fl avorings, pharmaceuticals, snacks and 
other products. Chen  et al .  (2002)  has successfully utilized the SCFX process to 
produce a unique masa - based chip product. Recently, Cho and Rizvi  (2010)  found that 
SC - CO 2  injection rate and product temperature at the die are the critical factors con-
trolling the expansion and texture of the fi nal product. They also observed that an 
increase in the concentration of whey protein concentrate (80 wt%) from 52.8 to 78.2 
wt% in the formulation increased cross - sectional expansion of baked and fried prod-
ucts by 65.8 and 44.4%, respectively.  
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  Cost Economics of Extrusion 

 Cost economics is essential in preparing the capital and operating cost estimates 
and profi tability analysis of any food processing plant (Couper,  2003 ). Based on the 
process fl owchart, one can calculate the material and energy balances and the utility 
requirements of the processing plant. The capital cost includes the cost of equipment, 
installation, commissioning, site development, buildings, and land. The cost of the 
extruder depends on the type of extruder (single/twin), construction material, capacity, 
accessories (preconditioner, dryer), and the manufacturer. Extruders are available for 
research and development in laboratory - scale (4.5 – 36   kg · h  − 1 ) and for industrial produc-
tion on large scale. A pilot - scale single - screw extruder (76.2   mm diameter and 305   mm 
length) with a capacity of 90   kg · h  − 1  would cost about $70   000, with an extra $20   000 if 
a live bottom hopper is included. Capacity varies from 25 to 25   000   kg · h  − 1 , with motor 
power varying correspondingly from 22 to 450   kW. Similarly, cost of the extruder also 
varies from $75   000 to $750   000. The cost of a single - screw extruder is about half the 
price of a twin - screw extruder and maintenance costs are lower. Although wet extrud-
ers (steam/water can be injected into the barrel) have higher capital cost than dry 
extruders (no external heating through addition of steam/water or jacket heating), they 
usually have lower operating costs. In general, wet extruders have higher capacities 
than dry extruders because of the large drive motor requirements per unit throughput 
on dry extruders (Riaz,  2001 ). 

 Direct production costs can be divided into raw materials (basic ingredients, 
sugar, salt, color, additives, etc.), labor (operator, supervisor, plant engineer, etc.), 
utilities (gas, steam, water, and electricity), packaging, spares and maintenance. Fixed 
charges comprise depreciation of equipment and facilities, interest on borrowed 
capital, local tax, insurance, rent, etc. According to Harper  (1981) , raw material con-
stitutes 35 – 60% of the cost, labor 5 – 10%, packaging 25 – 50%, utilities 5 – 10%, and 
all others including maintenance 5%. The wide variation in raw material and pack-
aging costs depends on the type of product and packaging. Packaging costs have 
increased considerably and depend on the type of product and size of the pack. 
Profi tability depends on the volume of product, for instance a high - volume product 
may have a profi t about 25%.  

  Conclusions 

 The body of literature on extrusion processing of various foods and biomaterials and 
design aspects is growing. Studies to date emphasize the importance of the balance 
between ingredient composition, the physical properties of the raw feed blends, the 
type of extruder, and processing conditions used. It is also important to understand 
how all these can affect extruder performance, and systematic modeling of extrusion 
processing of various feed ingredients is an area that needs more attention in order to 
effectively utilize extruder processing of various foods and biomaterials.  
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   Introduction 

 Baking is the fi nal and most important step in bakery production, and can be defi ned 
as the process which transforms dough, basically fl our and water (plus other ingredi-
ents such as sugars, fat, egg, leavening agent, and other additives depending on the 
specifi c product), into a food with unique sensorial features. In particular, bread is a 
staple food and its production is of great importance from a commercial point of view, 
besides its cultural relevance. 

 White or French bread is the most popular type of bread, and is distinguished for 
having a crunchy and brown crust, a sponge and light crumb with soft texture and 
intermediate moisture, and a typical fl avour. All these qualities are the result of a 
series of physical and chemical changes that occur during baking. Basically, dough is 
transformed into crumb due to starch gelatinisation and protein denaturation, and 
thermal expansion of carbon dioxide (produced by leavening agents) and water vapour; 
crust is subsequently formed as a result of water evaporation, cross - linking reactions 
and browning development, which is associated with formation of fl avour and harmful 
compounds (Mondal and Datta,  2008 ). 

 Despite technological advances and process automation in the food industry, 
baking is a traditional food process that still largely depends on the experience of 
skilled technologists. In addition, since no microbiological risks are involved a priori 
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(assuming that good manufacturing practices are applied), unlike other food processes 
such as pasteurisation or sterilisation, the baking process is assessed mainly by quality 
aspects (sensorial attributes) that are critical in the acceptance of the product consum-
ers, i.e. surface colour together with texture and fl avour. Nevertheless, knowledge of 
the relationship between process variables, such as process time and energy consump-
tion, and material properties and operating conditions is of key interest to design 
engineers and equipment users. 

 With this in mind, the concept of process design appears to be a powerful tool. 
Formerly developed as a component of chemical engineering, process design is based 
on unit operations, transport phenomena, process control and process economics. 
Furthermore, the recent trend is to apply fundamental physical, chemical and engi-
neering principles, use of computer modelling and process simulations. In this sense, 
systematic process design is being adopted instead of empirical approaches for the 
design and optimisation of food processes. As in chemical engineering, food process 
design seeks to reduce production costs. However, the overall quality of products, 
including sensorial, nutritional and safety aspects, is essential to any food process 
design (Maroulis and Saravacos,  2003 ). 

 Baking is a good example of the application of process design to food engineering. 
In recent years, efforts have been made to study the process from an integrated per-
spective, considering the transport phenomena and quality changes that occur during 
the process. Different approaches have been applied, mainly in the context of process 
optimisation. On the one hand, experimental studies allow empirical models (e.g. 
polynomial functions) to be developed by regression of experimental data that describe 
the variation of state variables (e.g. temperature, weight loss) or quality attributes (e.g. 
surface colour, texture parameters) as a function of operating conditions (e.g. oven 
temperature, baking time, heat transfer coeffi cient). Afterwards, optimisation can be 
performed using different methods, for example response surface methodology has 
been used to develop and improve new baking technologies for bread and cake 
(Demirekler  et al .,  2004 ; Sevimli  et al .,  2005 ), while (classical) nonlinear programming 
is another possibility (Therdthai  et al .,  2002 ; Dingstad  et al .,  2004 ). 

 On the other hand, a systematic approach can be used to design and optimise the 
baking process. This involves the use of transport models that describe transforma-
tions of the product (e.g. heat and mass transfer model coupled with quality kinetic 
models) as the starting point for process design. Using this concept, Hadiyanto  et al . 
 (2007, 2008a,b, 2009)  developed a series of optimisation algorithms for quality - driven 
process design to improve bakery production. 

 In bread (and other products) baking, with regard to process design, process optimi-
sation or direct technological application, it is clearly necessary to defi ne certain 
parameters based on empirical information associated with sensorial attributes, i.e. 
subjective values. For instance, even for a multi - objective process optimisation based 
on sophisticated algorithms, it is necessary to use weight factors and target values 
(e.g. end point of the process) to establish the global objective function, based on pre-
vious experience and preference of consumers. In addition, because there is a variety 
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of products or specifi cations related to different cultures and regulations, it is diffi cult 
to develop an objective and unique methodology that can design or optimise the 
baking process or determine a general heating strategy. 

 This chapter presents a review of the baking process from an engineering point of 
view, focusing on bread as product. The main objective is to deliver technological 
considerations based on a global perspective of the process, i.e. by simultaneously 
analysing transport phenomena and quality aspects occurring in the product during 
baking. In addition, baking equipment design is discussed in order to give a more 
extensive framework for baking process design. Process modelling and simulation 
appear to be very useful and powerful tools, following the principles of modern process 
design.  

  The Baking Process 

 Baking of bread (white or French type, made from wheat fl our) is taken as an example 
for analysing the baking process. Throughout this section, experimental results will 
be used to understand the major mechanisms occurring in bread during baking, which 
is essential for process design. A conventional process using an electrical batch oven 
is studied, where natural or forced convection can be applied (see section  ‘ Baking 
equipment ’  for description of baking oven). Although new technologies have been 
developed to improve traditional baking, e.g. microwave and infrared heating, mainly 
to reduce process time and energy consumption (Keskin  et al .,  2004 ; Sumnu  et al ., 
 2005 ), traditional baking represents a reference point. 

  Heat and Mass Transfer 

 From a transport phenomena point of view, bread baking is a simultaneous heat and 
mass transfer process occurring in a porous medium. In addition, a phase change (i.e. 
water evaporation) occurs in a moving front, which determines the three characteristic 
zones of the product:

    1.       Crumb : wet inner zone, where temperature does not exceed 100    ° C and dehydration 
does not occur.  

   2.       Crust : dry outer zone, where temperature increases above 100    ° C and drying takes 
place.  

   3.       Evaporation front : between the crumb and the crust, where temperature is about 
100    ° C and water evaporates.    

 At the beginning of the process, dough (with uniform temperature and water content) 
is placed in the oven at high temperature ( > 150    ° C) and low relative humidity. 
Consequently, the food surface increases its temperature and drying starts because of 
the difference in water vapour pressure with respect to the surrounding air. In other 
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words, both temperature and water content gradients are established, and then simul-
taneous heat and mass transfer inside the bread begins, which can be characterised by 
temperature and water content profi les, and related variables (e.g. weight loss). The 
following representative experimental results are presented in order to understand the 
transport phenomena occurring during the process (details about materials and methods 
can be found in Purlis and Salvadori,  2009a ). 

 Temperature variation in different regions of bread during baking is depicted in 
Figure  26.1 . The temperature at the bread surface (crust zone) follows the behaviour 
of oven air temperature (set - up profi le, non - steady regime), increasing continuously 
during the analysed period (30 - min process). It is worth noting that in some situations 
a short plateau at 100    ° C can be observed, which accounts for the rapid water evapora-
tion at the surface. On the other hand, in the core (crumb zone), temperature starts 
rising after thermal gradient is established, reaching 100    ° C asymptotically and showing 
a characteristic sigmoid trend. This rapid heating of the bread core has been explained 
by an evaporation – condensation mechanism (Sluimer and Krist - Spit,  1987 ; de Vries 
 et al .,  1989 ). Finally, in the intermediate zone (i.e. underneath the surface but not at 
the core), the temperature increase shows hybrid behaviour: like the core, temperature 
does not exceed 100    ° C but its variation before reaching the plateau is similar that of 
the surface region.   

 The typical variation in water content in bread during baking is presented in Figure 
 26.2 , where two different processes can be clearly distinguished. The outer zones of 
the bread suffer dehydration throughout the process, leading to the formation of the 
crust. At the end of baking, values for water content of crust are generally in the range 
5 – 10% (wet basis), depending on process conditions, i.e. high oven temperature and 
forced convection produce more dehydration. The crumb zone beneath the crust 

Figure 26.1 Typical temperature profi les during bread baking (220 °C under forced convection). 
Symbols indicate different zones of bread: surface (triangles), intermediate (squares), core (circles). 
Line corresponds to oven air. (From Purlis and Salvadori, 2010, courtesy of Elsevier.) 
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maintains the moisture content of the unbaked dough throughout the baking process. 
Furthermore, a slight increase can be detected in water content compared with initial 
conditions, also explained by the evaporation – condensation mechanism (Wagner 
 et al .,  2007 ; Purlis and Salvadori,  2009a ).   

 Weight loss continuously increases during baking, which is in agreement with the 
variation in water content at the crust zone, although the drying rate is not constant 
(Figure  26.3 ). According to Hasatani  et al .  (1991) , the drying rate increases up to when 
the crust is formed and the evaporation front is established, and then begins to 

Figure 26.2 Typical water content (kg water/kg dry matter) profi les during bread baking (220 °C
under forced convection). Symbols indicate different zones of bread: surface (triangles), core 
(circles). Dashed line corresponds to initial water content (raw dough). 
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Figure 26.3 Typical variation of weight loss (circles) and drying rate (triangles) of bread during 
baking (220 °C under forced convection). (From Purlis and Salvadori, 2009a, courtesy of Elsevier.) 

0

5

10

15

20

25

0 5 10 15 20 25 30

Time (min)

W
ei

gh
t l

os
s 

(%
)

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

D
ry

in
g 

ra
te

 (
kg

 w
at

er
/k

g 
dr

y 
m

at
te

r/
m

in
)



748 Handbook of Food Process Design: Volume II

decrease due to the enlarging crust thickness (Figure  26.4 ). In this way, formation of 
crust avoids further dehydration of the bread, the crust acting as a barrier to mass 
transfer to the oven ambient (W ä hlby and Skj ö ldebrand,  2002 ).   

 Finally, the volume change of leavened products (e.g. bread, cake) during baking is 
a distinguishing feature of this process. During baking, the dough fi rstly undergoes a 
volume increase because of thermal expansion of carbon dioxide (produced by leaven-
ing agents) and water vapour, until dough/crumb transition is reached. Secondly, slight 
shrinkage occurs due to fi nal crust formation and setting (Sommier  et al .,  2005 ). 
Subsequently, texture and other quality aspects are affected by these structural changes 
(Scanlon and Zghal,  2001 ). 

 Volume change depends on heat and mass transfer occurring during baking, and 
simultaneously change in volume may modify temperature and water content gradi-
ents due to changes in the characteristic dimensions of the system. Nevertheless, it 
is a complicated aspect of the process that depends on several variables, including 
product formulation, and it should be further studied. Purlis and Salvadori  (2010)  
simulated the bread - baking process, including the volume change, in their mathemati-
cal formulation and found that it could be neglected from a technological point of 
view, after experimental validation using heat and mass transfer data.  

  Quality Aspects 

 For bread and other bakery products, although the various typical quality features are 
related to each product, surface colour and texture and fl avour are the main consumer 
attributes because they are associated with level of satisfaction. However, it is fi rst 
necessary to establish a minimum requirement for considering a product as baked. In 
bread baking, complete starch gelatinisation in dough should be considered as the fi rst 

Figure 26.4 Enlargement of bread crust (i.e. outer dry zone) during baking (220 °C under forced 
convection). (From Purlis and Salvadori, 2009a, courtesy of Elsevier.) 
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quality index, i.e. the sensory acceptability of the product is not guaranteed if complete 
starch gelatinisation is not achieved (Zanoni  et al .,  1995 ). Starch gelatinisation (together 
with protein denaturation) is responsible for the transition of dough (raw material) 
into bread (product) and starts at about 50    ° C. The standard procedure for evaluating 
the degree of starch gelatinisation is by differential scanning calorimetry (DSC), which 
measures the temperature and enthalpy of this endothermic process (Fennema,  1996 ). 
Figure  26.5  shows experimental values for bread baking obtained by Zanoni  et al . 
 (1995) , where the extent of starch gelatinisation (  α  ) has been defi ned as [1    −    ( Q / Q max  )], 
where  Q  and  Q max   are heat uptakes for partially baked and unbaked dough, respec-
tively. Therefore, at initial condition,   α      =    0, i.e.  Q     =     Q max   (unbaked dough).   

 Once the acceptability of the product is ensured, consumer preference should be the 
objective of baking process design (i.e. product quality). In this regard, two aspects are 
relevant: sensorial attributes and nutritional value of food. In bakery products, surface 
colour is an important attribute associated with aroma, taste, appearance, and with 
the overall quality of food, and has an important effect on consumer judgement: colour 
infl uences the anticipated oral and olfactory sensations because of the memory of 
previous eating experiences (Abdullah,  2008 ). 

 The formation of typical colour in bakery products during baking is widely known 
as  browning . The development of browning is the result of the Maillard reaction and 
caramelisation of sugars. The ingredients of baked foods such as bread, cake, and 
biscuit (i.e. carbohydrates, proteins and water) are actually the reactants for these 
chemical reactions, which are catalysed by a low to medium level of moisture and 
high temperature obtained at the product surface during baking (Fennema,  1996 ). 
Browning is mainly infl uenced by temperature and water activity of the system, and 
results from the production and accumulation of coloured compounds during baking, 
principally hydroxymethylfurfural (HMF) and melanoidins. Browning can be followed 

Figure 26.5 Extent of starch gelatinisation of bread crumb as a function of temperature during 
baking. (From Zanoni et al., 1995, courtesy of Elsevier.) 
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by measuring the concentration of reaction products or, alternatively, by reactant 
consumption. On the other hand, the concept of lightness is commonly used to 
describe the variation of colour during baking, since lightness is a parameter of the 
CIE  L  *  a  *  b  *  colour space ( L  *  ranges from 100 to 0, white to black), an international 
standard for colour measurement. The later approach is preferred in industrial applica-
tions, since the involved methods can be automated, rapid and non - destructive, e.g. 
computer vision (Abdullah,  2008 ). 

 There are certain minimum requirements for the initiation of colour formation 
during baking of bakery products. In general, browning is detected once the tempera-
ture exceeds 105 – 120    ° C and water activity decreases to 0.4 – 0.7 (Purlis,  2010 ). Under 
such conditions, only the surface can show a signifi cant change in colour during 
baking (see Figure  26.1  and previous discussion). Figure  26.6  depicts a representative 
case of browning development during bread baking, measured using a computer vision 
system (Purlis and Salvadori,  2009b ). Standard or target values for lightness (or HMF 
concentration) are dissimilar because a great range of bakery products and operating 
conditions, besides consumer preference, is involved; some typical values of  L *   for 
various products are shown in Table  26.1 . Finally, when very high temperature and 
low water activity are achieved at the product surface, caramelisation takes place, 
producing more coloured compounds in addition to Maillard reaction products; this 
drastic condition is responsible for a burnt appearance characterised by low lightness 
of products, e.g.  L  *     <    60 in bread (Purlis and Salvadori,  2009b ).     

 The development of browning also produces important effects on the nutritional 
properties of bakery products (Purlis,  2010 ). A major concern is that the Maillard reac-
tion is associated with the formation of acrylamide, which is probably a carcinogenic 
compound (Mottram  et al .,  2002 ; Stadler  et al .,  2002 ). Production of acrylamide is 

Figure 26.6 Typical variation of surface lightness (as representative variable of browning develop-
ment) of bread during baking (220 °C under forced convection). (From Purlis and Salvadori, 2009b,
courtesy of Elsevier.) 
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strongly correlated with baking temperature and time and with content of asparagine 
and reducing sugars, and apparently starts at 120 – 130    ° C so could be found only in the 
crust of bakery products. In addition, acrylamide formation is highly correlated with 
colour development (Ahrn é   et al .,  2007 ), and this represents a technological advantage 
for controlling its occurrence during the baking process.   

  Baking Design Based on Process Modelling and Simulation 

 Understanding the main mechanisms of the (bread) baking process, i.e. heat and mass 
transfer, and the quality changes occurring in the product are very useful for the 
development of accurate mathematical models that aim to simulate the process. 
Instead of performing experimental tests to analyse the process, numerical simulation 
allows working under standardised operating conditions, thus minimizing the uncer-
tainties associated with such a complex process as (bread) baking. This section presents 
a summary of the results obtained from simulations of bread baking, with the objec-
tive of providing technological considerations about the process. Such conclusions are 
also of great importance for the design of baking equipment, major aspects of which 
are discussed in the next section. 

  Process Modelling and Simulation 

 The following discussion is based on the comprehensive study reported by Purlis 
 (2011) : process simulation was performed using a simultaneous heat and mass transfer 
model (extensively validated against experimental data) that considered bread baking 

Table 26.1 Some typical values of lightness ( L*) in bakery products for various baking 
conditions.

Product L* Operating conditions 

Biscuit 40–50 19min, 200 °C
55.7–14.4 6min, 240 –330°C
57.1 90min, 180 °C

Fermented dough, ∼10% sucrose 65.6 8–10min, 220 °C
White bread 84.1, 77.2 50min, 200 °C

81.6 60min, 200 °C
81.9, 82.1 30min, 210 °C
83.0 16min, 235 °C

Bread crisp 80.73 40min, 140 °C
72.40 34min, 160 °C
63.48 25min, 180 °C

Bun 52.13 8min, 225 °C
Muffi n 83.9 ± 2.8 (Commercial, unknown) 

Source: adapted from Purlis (2010).
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as a moving boundary problem with phase change occurring in a porous medium. 
Major assumptions of the model are as follows:

    •      Bread is homogeneous and continuous; the porous medium concept is included 
through effective or apparent thermophysical properties.  

   •      Heat arriving by convection and radiation to the bread surface is transported by 
conduction inside the product according to Fourier ’ s law, but an effective thermal 
conductivity is used to incorporate the evaporation – condensation mechanism in 
heat transfer.  

   •      Only liquid diffusion in the crumb and only vapour diffusion in the crust are 
assumed to occur, and are balanced by convective fl ux at the surface.  

   •      Volume change is neglected.    

 The mathematical model consists of a system of partial differential equations involv-
ing heat and mass balance equations with the corresponding boundary and initial 
conditions (a worked example can be found in the Appendix). For a detailed descrip-
tion of the transport model, including thermophysical properties, the reader is referred 
to Purlis and Salvadori  (2009a,c, 2010) . In addition, kinetic models for describing 
product quality changes, i.e. starch gelatinisation (Zanoni  et al .,  1995 ) and surface 
browning (Purlis and Salvadori,  2009b ), during the process were coupled to the trans-
port model. Input variables for process simulation were oven temperature (180 – 240    ° C), 
heat transfer coeffi cient (5 – 25   W · m  − 2  · K  − 1 ) and bread radius (0.025 – 0.035   m, character-
istic length of an infi nite cylinder); these ranges are in concordance with reported data 
for conventional baking ovens and common industrial practice (Purlis,  2011 ). 

 At this point, it is important to state that there are other mathematical models 
developed for baking, since the study and modelling of transport phenomena for this 
process still represent a challenge for food engineers. In this sense, it is not the inten-
tion of this chapter to discuss the modelling of baking, but to propose a systematic 
approach to designing the process. In this context, process modelling and simulation 
are useful tools for a global objective.  

  Technological Considerations of the Baking Process 

 For practical implications, it is useful to condense all the information obtained from 
process simulation into technological or industrial variables, i.e. variables that deter-
mine major changes in the product, and which can be effectively monitored during 
(or at some stage of) the process. Figure  26.7 a shows the variation of core and surface 
temperatures and weight loss of product during (simulated) baking. It should be noted 
that similar profi les have been previously described from experimental data (Figures 
 26.1  and  26.3 ); quantitative differences are due to different operating conditions.   

 Regarding the quality aspects of the process, Figure  26.7 b depicts the development 
of browning at the surface and the extent of starch gelatinisation at the core (coldest 
point). Kinetics models of these quality indices depend on temperature and water 
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activity (Purlis and Salvadori,  2009b ) and temperature (Zanoni  et al .,  1995 ), respec-
tively. According to process design principles, it is important that quality changes can 
be described by transport phenomena, in order to control the process via the operating 
conditions. 

 It has already been established that complete starch gelatinisation in dough should 
be considered the fi rst quality index, i.e. it is a minimum requirement to consider 
the product as baked; such a criterion is indicated in Figure  26.7 . As can be seen, 
only acceptable products with  L  *  below 75 can be obtained under such operating 

Figure 26.7 Variation of (a) core and surface temperature and weight loss, and (b) surface light-
ness and degree of gelatinisation at core of bread during (simulated) baking. Operating variables 
for simulation: oven temperature, 240 °C; heat transfer coeffi cient, 25 W·m−2·K−1; product radius, 
0.03m. Dashed line indicates α = 0.98. (From Purlis, 2011, courtesy of Elsevier.) 
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conditions. Thus if less browned products are desired, the magnitude of heat and mass 
fl uxes should be diminished in some way in order to allow the completion of baking 
before the target browning degree is accomplished. In addition, the increase in the 
characteristic length of product favours this situation, where certain values of brown-
ing cannot be obtained. This is because browning is mainly a superfi cial phenomenon 
(it only occurs when temperature is above 120    ° C) and transition of dough into crumb 
is assessed in the coldest point of the product. If the development of browning is 
accelerated, for example increasing heat transfer coeffi cient ( h ) and oven temperature, 
and the thermal gradient is diminished, for example increasing the characteristic 
length of product, the time required to achieve a low decrease in  L  *  is not enough to 
generate complete starch gelatinisation at the bread centre. Consequently, when 
slightly browned products are sought, it is recommended that there should not be 
a high driving force, for example  h     >    15   W · m  − 2  · K  − 1  and oven temperature    >    220    ° C 
(Purlis,  2011 ). 

 In this context, where unacceptable products could be obtained, a control variable 
should be established to overcome this problem, i.e. achieving the target value of 
surface lightness without complete baking. This is because the degree of gelatinisation 
cannot be monitored directly during the process. One possible solution is to establish 
a minimum value of 95 – 96    ° C for the core temperature of bread at the end of the 
process (Purlis,  2011 ). 

 On the other hand, when minimum requirements are accomplished, it is useful to 
analyse the relationships between different process variables, e.g. baking time, and 
quality aspects. Figures  26.8 ,  26.9  and  26.10  show variation of baking time, surface 

Figure 26.8 Variation of baking time as a function of oven temperature for different values of heat 
transfer coeffi cient (symbols, W ·m−2·K−1) obtained by process simulation. The end point of the 
process corresponds to L* = 75 for bread with radius 0.03 m. (From Purlis, 2011, courtesy of 
Elsevier.)
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temperature and weight loss, respectively, with oven temperature for one representa-
tive condition (i.e. fi nal  L  *     =    75) that was used to determine the end point of the 
process.   

 Firstly, baking time decreases when oven temperature and heat transfer coeffi cient 
are increased, showing an exponential trend (Figure  26.8 ); this is consistent with 

Figure 26.9 Variation of surface temperature of bread as a function of oven temperature for dif-
ferent values of heat transfer coeffi cient (symbols, W ·m−2·K−1) obtained by process simulation. The 
end point of the process corresponds to L* = 75 for bread with radius 0.03 m. (From Purlis, 2011,
courtesy of Elsevier.) 
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Figure 26.10 Variation of weight loss of bread as a function of oven temperature for different values 
of heat transfer coeffi cient (symbols, W ·m−2·K−1) obtained by process simulation. The end point of 
the process corresponds to L* = 75 for bread with radius 0.03 m. (From Purlis, 2011, courtesy of 
Elsevier.)
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transport phenomena theory. On the other hand, for  h     >    15   W · m  − 2  · K  − 1 , diminution of 
process time is produced in a slower manner. In this sense, when forced convection 
is applied, the cost of increasing the value of  h  (e.g. increasing oven fan velocity) would 
not be directly translated into reduction in baking time, i.e. the strategy of increasing 
 h  to diminish process time loses effi ciency at high values of  h . This can be explained 
by the relationship between internal and external resistance to heat transfer (i.e. Biot 
number): as heat transfer coeffi cient increases, the external resistance to heat transfer 
becomes negligible and all resistance is due to thermal conductivity of the product 
(low in foods). 

 The situation described above has a negative impact on the process, mainly from a 
nutritional point of view: high temperatures at the bread surface can be achieved when 
using high values of heat transfer coeffi cient and oven temperature, since surface 
temperature increases almost constantly with these two operating variables (Figure 
 26.9 ). Though browning and gelatinisation constraints are achieved in this case, the 
pathway for accomplishing the target  L  *  can produce a major detriment to bread 
quality due to the formation of harmful compounds such as acrylamide. In this way, 
it would be desirable to reduce the surface temperature of the product during baking 
as much as possible. 

 Secondly, the weight loss of bread decreases, approximately following linear behav-
iour, as oven temperature is augmented (Figure  26.10 ). This is because shorter times 
are required to achieve the fi nal  L  *  value for increasing baking temperature, as heat 
fl ux is augmented. Nevertheless, it can be seen that weight loss is almost independ-
ent of heat transfer coeffi cient. This behaviour is probably due to the criterion used 
to establish the end point of baking, i.e. surface lightness; experimental data support 
this observation in the tested range of operating conditions (Purlis and Salvadori, 
 2007 ).   

  Baking Equipment 

 As baking is the most important step in bakery production, the oven is the major piece 
of equipment in this food process. In a baking oven, the generated heat is transferred 
to the food by radiation, convection and conduction, transforming the dough into 
product. As previously discussed, operating conditions determine food quality as well 
as process aspects. In particular, baking is an energy - intensive process due to the 
evaporation of water in the product (latent heat of vaporisation of water, 2.257   MJ · kg  − 1  
at 100    ° C). The energy demand for a conventional baking process is around 3.7   MJ · kg  − 1 , 
although it can be higher (up to 7   MJ · kg  − 1 ) depending on specifi c products and operat-
ing conditions. In this sense, baking is similar to drying, both demanding a high 
amount of energy in comparison with chilling, freezing and canning, which need less 
than 1   MJ · kg  − 1  (Le Bail  et al .,  2010 ). 

 Ovens are often operated in an empirical way, using trial and error, since informa-
tion about manipulating oven settings for optimum production is still lacking and 
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poorly understood (Broyart and Trystram,  2002 ). As a result, inconsistency in the 
quality of bakery products is common in most industrial - scale processes. Moreover, 
since quality is assessed at the end of baking, unacceptable products will have to be 
discarded because baking is a non - reversible process. Obviously, this is economically 
unfavourable (Wong  et al .,  2007 ). 

 In summary, baking equipment design is of great importance for improving product 
quality and reducing energy consumption. Baking equipment (ovens) and related 
aspects are discussed in the following sections. It is worth noting that other devices 
are used for making bread and other products, before and after the baking process. 
Mixers, fermentation chambers, and divider, moulder and rounder devices are used to 
prepare dough from raw materials. After baking, mainly on industrial scale, chilling 
and packaging systems are required. In addition, freezing equipment is used for par-
tially ( ‘ part ’ ) baked frozen products. 

  Baking Ovens 

 Baking ovens can be classifi ed according to heat generation into direct and indirect 
heating ovens. In the former, heat is directly transferred by combustion gases from a 
clean gas fuel, such as natural gas or liquefi ed petroleum gas (LPG), or from a micro-
wave power source. Indirect heating occurs when air in the baking chamber is heated 
through the oven walls, from steam tubes, or by electrical resistance. In general, direct 
heating ovens are more energy effi cient and have shorter processing times (Maroulis 
and Saravacos,  2003 ). 

 In addition, baking ovens can be divided into batch and continuous ovens with 
respect to operation mode. In batch (or discontinuous) equipment, the product is 
placed directly onto decks (deck oven) or put in baking supports (trays, lids, pans, etc.) 
that are placed within a mobile rack or trolley (ventilated or rack oven) (Le Bail  et al ., 
 2010 ). Forced convection is used to provide a more uniform airfl ow to the product and 
thus minimises variations in quality due to spatial distribution inside the oven 
(Anishaparvin  et al .,  2010 ). Different confi gurations are designed with the aim of 
providing uniform baking to all product inside the oven, e.g. rotary and revolving 
ovens. Figure  26.11  shows some typical confi gurations of batch ovens, used mainly 
for small/medium - scale production.   

 In continuous equipment, baking is performed in tunnel ovens, where dough is 
transported on a conveyor band through the baking oven (Figure  26.12 ). Tunnel ovens 
of varying lengths and widths are common in most industrial - scale bakeries. In this 
type of oven, the baking time is defi ned by conveyor speed (i.e. residence time). 
According to specifi c products, the conveyor band can be made from steel, steel mesh, 
or  ‘ stone ’  (granite, concrete, etc.). In general, the baking chamber is divided into several 
zones, where different baking conditions can be established in order to perform an 
effi cient process (Figure  26.12 a). As in batch equipment, tunnel ovens are equipped 
with fans at different locations to recirculate the hot air. A   U   - movement confi guration 
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is used to ensure uniform heating, increased energy effi ciency and reduced length of 
tunnel (Figure  26.12 b).   

 In a baking oven, the heat is transferred to the product by radiation from the oven 
heating surfaces, by convection from the hot air, and by conduction from surfaces in 
direct contact with the food (deck, tray, conveyor band). The proportion of each indi-
vidual mode of heat transfer depends on oven design, confi guration and operation, 
although heat supply by radiation is more diffi cult to control than that by convection 
(Zareifard  et al .,  2009 ). Also, moisture control in the baking chamber is important for 
crust formation, whether required or not. For instance, in the case of crispy bread rolls 
(baguettes), steam is injected at the beginning of baking to plasticise the dough surface 
by steam condensation, which facilitates expansion of the bread (oven rise). Afterwards, 
the bread surface starts to dry and the typical crisp and browned crust is obtained (Le 
Bail  et al .,  2010 ). 

 This short review of baking equipment shows that many oven confi gurations are 
available, depending on product specifi cations and production scale. Baking oven 
design (or selection) and operation should take into account the quality of bakery 
products and production costs (energy consumption, process time) in order to maxim-
ise the economic benefi ts of the process.   

Figure 26.11 Schematic diagrams of batch ovens with different confi gurations: (a) deck oven; 
(b) rotary rack oven; (c) revolving oven. 
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  Trends in Baking Technology 

 Food process engineers are continually developing new technologies and methodolo-
gies to improve the (conventional) baking process. With regard to baking technology, 
alternative or non - traditional heating sources have been investigated with the aim of 
reducing time and energy consumption of the process. Microwave heating has poten-
tial in this regard, since it involves internal heat generation and therefore the heating 
rate can be very high. Microwave energy is distributed throughout the product, and 
the oven is at ambient temperature. In this way, browning and crust formation are 
not promoted, and products with unacceptable texture, high moisture loss and rapid 
staling are obtained (Demirekler  et al .,  2004 ). To solve these quality issues, different 
alternatives have been proposed in combination with microwave heating, leading to 
combination or hybrid ovens. Air impingement in combination with microwaves can 
produce acceptable browning, but products with low volume and fi rm texture are 
obtained (Li and Walker,  1996 ). 

 More recently, halogen lamp/microwave combination heating has been developed 
for baking oven design. Halogen lamp heating provides near - infrared radiation that 
is near the visible light region of the electromagnetic spectrum, with high frequency 
and low penetration depth. This radiation thus affects only the surface of foods, 
providing the required temperature values for browning development in bakery 

Figure 26.12 Schematic diagrams of tunnel ovens: (a) conventional confi guration; (b)  U-movement
confi guration. 
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products (Keskin  et al .,  2004 ). Very good results for bread and cake baking have been 
reported using a halogen lamp/microwave combination oven; products have compa-
rable quality with conventionally baked items, while process time was reduced by 
60 – 80% (Demirekler  et al .,  2004 ; Sevimli  et al .,  2005 ; Sumnu  et al .,  2005 ). Further 
work will be necessary to implement this promising technology in practical or indus-
trial situations. 

 As baking equipment design involves the study of fl uid fl ow (momentum transfer) 
coupled with heat and mass transfer, computational fl uid dynamics (CFD) is a power-
ful and versatile tool for process design. Basically, CFD is a simulation tool that applies 
numerical methods to model fl uid fl ow situations for the prediction of (simultaneous) 
momentum, heat and mass transfer in a given process. This methodology reduces the 
amount of experimentation and empiricism associated with process design and opti-
misation. In addition, CFD allows handling a large amount of information, which is 
not possible with sensors or measurement devices during baking. For more informa-
tion about CFD and its application in food processing, the reader is referred to Norton 
and Sun  (2006)  and Xia and Sun  (2002) . With regard to the baking process, CFD is 
rapidly becoming a common tool for food engineers to study and design the baking 
process and equipment under different operating conditions (Therdthai  et al .,  2003, 
2004 ; Mirade  et al .,  2004 ; Wong  et al .,  2007 ; Anishaparvin  et al .,  2010 ; Boulet  et al ., 
 2010 ).  

  Conclusions 

 Baking is a very complex process that involves many transport mechanisms and vari-
ables, involving both product quality and operating aspects. Knowledge of transport 
phenomena and chemical reactions occurring within the product as well as in the 
baking oven is essential to design, control and optimise the baking process. It is thus 
very useful to carry out simulations based on transport models coupled with (kinetic) 
models describing sensory and nutritional changes in the product, as a function of 
state variables and operating conditions. The results and discussion presented in this 
chapter lead to some technological considerations about bread baking that can be used 
as a starting point for process design when considering other products.

    •      Although the end point of baking may be determined by sensory attributes related 
to consumer preference (e.g. surface colour), a control variable associated with the 
complete process should be established in order to ensure the acceptability of the 
product. In bakery products, such a variable could be core temperature, with a lower 
limit value of 95 – 96    ° C, which ensures complete starch gelatinisation.  

   •      Intense heating should be avoided. High values of heat transfer coeffi cient and oven 
temperature may produce unbaked foods (although target parameters related to 
superfi cial phenomena are achieved). In addition, the baking time is not substan-
tially decreased because of the low thermal conductivity of product (internal resist-
ance to heat transfer).  
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   •      An advantageous strategy involves a low -  to medium - intensity baking process. 
High - quality products are obtained since lower values of surface temperature are 
achieved, which avoids the generation of harmful compounds.  

   •      It is important to promote the production and consumption of only slightly or 
minimally browned products, since the development of browning reactions is asso-
ciated with the accumulation of toxic compounds. High - quality food will be 
obtained, and the avoidance of such reactions will also reduce the weight loss of 
products and energy consumption during baking, generating economic benefi ts.    

 There are still challenges to overcome: food engineers and equipment designers need 
to develop more effi cient processes and new technologies for baking that help to 
reduce process time and energy consumption without degradation of product quality. 
Knowledge of transport phenomena occurring during the process and the use of simu-
lation tools will certainly help to achieve this aim.  

  Appendix: Worked Examples 

 The following four examples illustrate the concepts discussed in this chapter. It is 
worth noting that the proposed solutions, mainly in equipment design, are rough 
estimations that should be considered only as starting points, bearing in mind the 
complexity of the studied process and specifi c construction issues. 

  Example  A 1: A Mathematical Model for Bread Baking 

 The major assumptions of a mathematical model for bread baking were presented 
earlier in this chapter. Here we develop the governing equations and the corresponding 
boundary and initial conditions for such a model, considering bread as an infi nite 
cylinder of radius  R . Then we assume that bread is baked as an individual piece on a 
perforated tray or steel mesh, without a tin or container. In this sense, a one -
 dimensional model can be formulated by assuming axial symmetry, i.e. only radial 
direction is considered (Figure  26.A1 ).   

Figure 26.A1 Schematic description of the bread baking model. 
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 Heat and mass balance equations are based on Fourier ’ s law and Fick ’ s diffusion 
law, respectively:
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 The corresponding boundary conditions at product surface ( r     =     R ) can be written 
respectively as:
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  where  P s      =     a w P sat  ( T s  ) and  P   ∞      =    ( RH /100) P sat  ( T   ∞  ). 
 At the centre of bread, i.e.  r     =    0:
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 For initial conditions, uniform temperature and water content are assumed. Note that 
thermophysical properties are temperature and/or water content dependent, so a 
coupled system of partial differential equations is obtained. This is called a simultane-
ous heat and mass transfer model. 

 Finally, the proposed model incorporates the enthalpy jump corresponding to phase 
change (evaporation front) by defi ning equivalent thermophysical properties. This is 
a physical approach used to formulate moving boundary problems such as bread 
baking (Purlis and Salvadori,  2009a,c, 2010 ).  

  Example  A 2: Power Estimation of a Batch Oven 

 In the design of baking equipment, it is essential to determine the power required for 
a given process. As an example, we estimate the power of a batch oven that can be 
initially loaded with 75   kg of bread dough (individual pieces with cylindrical shape, 
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radius 3   cm). Let assume that the heat transfer coeffi cient of the oven is 15   W · m  − 2  · K  − 1 , 
and that a target value of surface lightness ( L  *     =    75) has been established for bread. 

 According to the technological considerations in this chapter, a low to medium oven 
temperature will be used, e.g. 180    ° C. From Figures  26.8  and  26.10 , the baking time 
and weight loss for the analysed product can be estimated approximately as 30   min 
and 17%, respectively. 

 On the other hand, it has been reported that about 20% of the energy is used for 
water evaporation in the product during baking (Le Bail  et al .,  2010 ). Therefore, a rough 
estimate of the oven power can be calculated as follows, taking one batch as basis:

    Mass of water evaporated Initial mass of dough Weight loss= × == × =75 0 17 12 75. . kg  

    

Energy consumption due to water evaporation

Mass of water = eevaporated Latent heat of vaporisation of water at C× °
=

( )100

112 75 2 257 10 28 777 106 1 6. . .× × ⋅ = ×−J kg J

 

    

Power required for water evaporation

Energy consumption d= ( uue to water evaporation /

Time per batch or baking time

)

( )

= (( . ) ( )28 777 10 1800 166× ≈J / s kW

 

    
Total power Power required for water evaporation / Propor= ( ) ( ttion of energy

used for water evaporation kW / kW) ( ) .= =16 0 2 80
  

 So the oven will need approximately 80   kW of power for the analysed baking process. 
This basic procedure can also be applied to the situation frequently encountered by 
food engineers: estimating the production rate or energy distribution for different 
products given a particular oven with specifi ed power.  

  Example  A 3: Operation of a Tunnel Oven 

 An important operating variable of a continuous tunnel oven is the speed of the con-
veyor band, which is determined by the baking time and the length of the baking zone. 
Suppose that bread loaves of cylindrical shape with radius 3   cm will be baked in a 
tunnel oven having a baking zone of 20   m length. If the target value for surface light-
ness is selected as  L  *     =    75, Figure  26.8  together with the length of the baking zone 
determine the speed of the conveyor band. An operating map for the specifi ed product 
and oven is shown in Figure  26.A2  for a wide range of baking conditions.   

 Although this is a simple example, it is important to note how the operating vari-
ables should be changed according to product specifi cations. In this case, the more 
intensive the baking process (high values of oven temperature and/or heat transfer 
coeffi cient), the higher the speed of the conveyor band, and the lower the residence 
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time of product. Finally, if the speed of the conveyor band is not controlled accurately, 
unacceptable products will be obtained.  

  Example  A 4: Thermal Insulation of an Oven 

 Insulation of the oven is an important aspect of baking equipment design, since a 
well - insulated oven has minimum energy losses. Since the surrounding ambient of an 
oven is at room temperature, a heat fl ux is established from the baking chamber (or 
combustion chamber) through the oven walls towards the exterior of the equipment, 
producing energy losses. Suppose a batch oven with a total area of 20   m 2  (sum of all 
walls) and 70   kW power can operate at a maximum temperature of 350    ° C with a heat 
transfer coeffi cient of 25   W · m  − 2  · K  − 1  in the baking chamber. 

 Rockwool ( k ins      ≈    0.06   W · m  − 1  · K  − 1 ) is commonly used as insulating material in oven 
construction; a thick layer of this material is placed between the internal and external 
walls of the ovens. Consider that a maximum energy loss of 5% has been established 
for the described equipment, i.e. 3.5   kW or 175   W · m  − 2 . We need to determine the thick-
ness of the insulating layer required for this design situation (Figure  26.A3 ).   

 Firstly, we consider that heat fl ux occurs by steady - state conduction through plane 
walls in series. Then we assume negligible thermal resistance of internal and external 
walls of the oven, due to the high conductivity of steel or similar construction materi-
als. Therefore, the heat fl ux per unit area can be expressed as (Bird  et al .,  2006 ):

    q
T T

h k hins

=
−

+ +
oven room

oven room1 1δ     (26.7)   

Figure 26.A2 Variation of speed of the conveyor band in a tunnel oven (baking zone length, 20 m),
as a function of oven temperature for different values of heat transfer coeffi cient (symbols, W ·m−2·K−1)
obtained by process simulation (see Figure 26.8). The end point of baking corresponds to L* = 75
for bread with radius 0.03 m.
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 If the room temperature is 30    ° C and the corresponding heat transfer coeffi cient is 
10   W · m  − 2  · K  − 1 , the thickness of the insulating layer   δ   will be approximately 100   mm. 
This procedure can also be applied to the selection of an insulating material given a 
fi xed thickness, e.g. for insulation replacement due to a change in power supply.   

  Nomenclature 

    a w        Water activity  
  C p        Specifi c heat (J · kg  − 1  · K  − 1 )  
  D       Water (liquid or vapour) diffusion coeffi cient of product (m 2  · s  − 1 )  
  h       Heat transfer coeffi cient (W · m  − 2  · K  − 1 )  
  k       Thermal conductivity (W · m  − 1  · K  − 1 )  
  k g        Mass transfer coeffi cient (kg · Pa  − 1  · m  − 2  · s  − 1 )  
  L  *       Lightness  
  P       Water vapour pressure (Pa)  
  q       Heat fl ux per unit area (W · m  − 2 )  
  R ,  r       Radius (m)  
  RH       Relative humidity (%)  
  T       Temperature (K)  
  t       Time (s)  
  W       Water (liquid or vapour) content (kg · kg  − 1 )    

  Greek Symbols 

     α        Degree of starch gelatinisation  
  ε       Emissivity  
   ρ        Density (kg · m  − 3 )  
   σ        Stefan – Boltzmann constant (5.67    ×    10  − 8    W · m  − 2  · K  − 4 )     

Figure 26.A3 Schematic description of heat fl ux through oven walls in a baking oven. 
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  Subscripts 

    ∞       ambient  
  s       solid or surface  
  sat       saturated      
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   Introduction 

 In recent years, the use of membranes in the food processing industry has become 
widespread, with major applications reported in the dairy and beverage industries. In 
the 1960s, the dairy industry was the fi rst to implement membrane technology and 
the development of newer membrane materials and design has resulted in wider uti-
lization of membranes in this sector. Concentration and fractionation are two major 
areas of interest to the membrane specialist in the dairy industry (Daufi n  et al .,  1998 ). 
The use of membranes in the dairy industry has resulted in better - quality products 
with minimum waste generation. In the case of concentration, membrane separation 
processes replaced thermal processes, resulting in energy effi ciency. Similarly, frac-
tionation with membranes resulted in minimum waste generation and recycling of 
byproduct. A major motivation for the acceptance of membrane processes in the food 
processing industry is their energy effi ciency, retention of food quality, and minimum 
waste generation (Bruschke,  1995 ). In recent years it has been reported that mem-
branes can also be used for cold sterilization of liquid food materials, with improved 
shelf - life and retention of fl avor and nutrients. Membrane technology has also been 
more openly accepted in the beverage industry and has improved the quality of product 
along with better economics (Memtec Ltd,  1998 ). Some of the current examples 
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include water desalination and purifi cation and cold sterilization of beverages; recov-
ery and fractionation of proteins from whey; clarifi cation of fruit juice, wines and beer; 
removal of bacteria from water; effl uent treatment for removal of heavy metals and 
organic materials; separation of oil and water emulsions; and removal of volatile 
organic compounds from air. 

 Membrane technology can be subdivided into four different processes depending on 
the size of membrane pore: microfi ltration, ultrafi ltration, reverse osmosis, and nano-
fi ltration. Microfi ltration is generally used for separation of macromolecules and 
particles that range in size from 1 to 10    μ m. Ultrafi ltration separates macromolecules 
by molecular mass, generally from 5 to 500   kDa. A membrane with a cut - off of 5   kDa 
can retain 90% of macromolecules with molecular mass of 5   kDa. Ultrafi ltration fi nds 
wider application in whey protein concentration and fractionation, while reverse 
osmosis fi nds application in the desalination of water. Nanofi ltration is a recent addi-
tion to membrane technology and its area of application lies between that of ultrafi l-
tration and reverse osmosis. 

 The material comprising the membrane plays an important role and today com-
mercial membranes are mostly made of polymers or inorganic material. Although 
inorganic membranes have the advantage of strength and steam sterilizability, their 
cost plays an important role in their suitability in commercial processes. A number 
of membrane modules are used in the commercial food processing industry: hollow -
 fi ber module, spiral wound module, plate and frame module, and tubular module. 
Among these, the spiral wound module has the highest specifi c area per unit volume 
but has limited application with a solution containing suspended particles. In the 
process fl ow - sheet, any membrane module can be adapted without much diffi culty 
and the requirement for less sophisticated control also favors easy replacement of 
traditional separation with membrane technology. However, the phenomenon of con-
centration polarization (see section Microfi ltration) results in low acceptability of 
membrane technology in continuous processes. Thus design parameters have a huge 
infl uence on the successful implementation of membrane processes in the commercial 
food processing industry. This chapter discusses the issues involved in the design and 
implementation of membrane technology in food processing operations.  

  Process Flow - sheet for Membrane Operation 

 A membrane process can be represented by the fl ow - sheet shown in Figure  27.1 . In 
commercial membrane processes, permeate or retentate can be a product and, depend-
ing on the requirement, the operation fl ow - sheet needs to be modifi ed. In most com-
mercial processes, tangential fi ltration is carried out, where fl ow of liquid is parallel 
to the membrane surface. To improve the fi ltration rate, high cross - fl ow velocity is 
maintained and this results in reduced thickness of the concentration polarization 
layer, which limits fl ux through the membrane.   
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  Material Balance 

 If a protein is concentrated in a membrane having feed concentration  C  in a batch 
operation, then we can write:

    v v vr p f+ =     (27.1)  

    C v C v Cvr r p p f+ =     (27.2)  

  where   ν  r   is volumetric fl ow rate of retentate (m 3  · s  − 1 ),   ν  p   volumetric fl ow rate of perme-
ate (m 3  · s  − 1 ),   ν   volumetric fl ow rate of feed (m 3  · s  − 1 ),  C r   concentration of protein in 
retentate (g · L  − 1 ),  C p   concentration in permeate (g · L  − 1 ), and  C  concentration of protein 
in solution (g · L  − 1 ). Now if we defi ne concentration factor ( F c  ) and recovery factor ( Q ) 
as follows:

    F C Cc r=     (27.3)  

    Q vP vF=     (27.4)  

  then we can write

    F
Q

C Q
C

c
p=

−
−⎡

⎣⎢
⎤
⎦⎥

1
1

1  

  which correlates concentration factor and recovery factor. Depending on the desired 
concentration, the process can be shut down at any point. However, due to the 

Figure 27.1 Process fl ow -sheet for membrane separation process. 
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formation of the concentration polarization layer, there is a limit on the achievable 
fi nal concentration of protein. In the case of a semi - continuous process, part of the 
retentate can be recycled to maintain a pseudo - steady fl ux across the membrane.   

  Basic Theoretical Principle, Membrane Operation Mode and 
Membrane Materials 

 Transmembrane pressure is the major driving force for the movement of solution 
across a membrane. Because of its larger size, the solute is retained by the membrane; 
as the process continues, the concentration of solute increases and this mass of solute 
is deposited on the membrane. Therefore there is a concentration gradient on the feed 
side of the membrane, with maximum concentration at the membrane surface. This 
build - up of solute cake (in membrane fi ltration) or solute layer (in ultrafi ltration) 
results in higher membrane resistance and thus decline in permeate fl ux across the 
membrane. The fl ow of liquid is tangential to the membrane surface, and this fl ow 
attempts to reduce the thickness of the cake. However, the increase in solute concen-
tration may also increase viscosity, which may affect transmembrane fl ux. Even if a 
pseudo - steady state is achieved, operation may not continue for long as there is a pos-
sibility of irreversible fouling of the membrane and eventual shutdown of the opera-
tion. Further cleaning and back - fl ushing of the membrane may result in restoration 
of the original fl ux. For solutes that are soluble, the concentration adjacent to the 
surface may reach the level of insolubility and precipitation of solute may result in 
higher membrane resistance and decline in permeate fl ux. In recent years, efforts have 
been made to reduce fouling by optimizing process parameters, design parameters, and 
membrane materials. 

 Diffusion - based membrane processes include diafi ltration and pervaporation, where 
concentration difference across the membrane is the driving force. Membrane separa-
tion is generally operated in batch or continuous modes. In batch mode, the volume 
of solution decreases and concentration of solute increases with time. However, there 
is an upper limit on the maximum concentration of solute achievable with membrane 
concentration processes. In batch mode, steady state is never achieved and this mode 
of operation is suitable for smaller - scale fi ltration. In continuous mode, the concentra-
tion of solute in retentate remains constant. This mode of operation is suitable for 
large - scale membrane separation processes. In other modes of operation, bleeding of 
retentate is carried out to maintain a constant level of solute concentration in the 
feed. By maintaining a constant concentration, steady - state fl ux can be achieved at a 
constant transmembrane pressure. Commercially, batch mode is more adaptable on 
the process fl ow sheet. 

 Membrane materials include natural polymers like cellulose acetate, synthetic 
polymer membranes, and composite or ceramic membranes. The fi rst commercial 
membranes used in reverse osmosis and ultrafi ltration were composed of cellulose 
acetate, which provides high permeate fl ux and is easy to manufacture but with the 
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disadvantages that it breaks down at high temperature and is sensitive to chemicals. 
Recently, polymer membranes made from polyamide, polyacrylonitrile, nylon, and 
polysulfones have been used, especially in ultrafi ltration, and these have better 
chemical resistance. Ceramic or composite membranes made from carbon, zirconium 
oxide, or alumina have the advantage of cleaning and sanitation due to their inert 
nature.  

  Membrane Modules 

 Four membrane modules are generally used in industrial applications: tubular module, 
hollow fi ber module, spiral wound module, and plate and frame module. 

 Tubular membranes are located inside a tube (Figure  27.2 ). Tubular membranes have 
a diameter of about 5 – 15   mm. Because of the size of the membrane surface, plugging 
of tubular membranes is not likely. A drawback of tubular membranes is that the 
packing density is low, which results in high capital cost per module. Ceramic mem-
branes are generally assembled in tubular modules. Some of the advantages of tubular 
module are easy replacement of membrane and cleaning of membrane surface and no 
need for any costly pretreatment of feed. Disadvantages of this module are high energy 
cost per unit of liquid treated, low surface area per unit volume, and necessity of high 
liquid fl ow rate to maintain turbulence in the module.   

 A hollow fi ber module (Figure  27.3 ) consists of a large number of small - diameter 
fi bers sealed at the ends with epoxy resin, polyurethanes and silicone rubber. 
Membranes are asymmetric in nature, the feed side having lower pore size, and are 
self - supporting. They have very high specifi c area per unit volume compared with 
tubular membranes, up to 30   000   m 2  · m  − 3 . It is preferable to use hollow fi ber modules 
with clean solution, and thus are most used in gas separation or pervaporation. Hollow 
fi ber membranes have low diameter so the chances of plugging are very high.   

 Plate and frame modules (Figure  27.4 ) were initially used for commercial purposes 
but their low specifi c area is unattractive. Plate and frame modules have been adapted 
into a conventional fi lter press. In this module two membranes are sandwiched with 

Figure 27.2 Tubular module. (From EPA Research & Development.) 

membranes

feed

Retentate

permeate



774 Handbook of Food Process Design: Volume II

Figure 27.4 Plate and frame module. (From USEPA, 2005. Membrane Filtration Guidance Manual 
(EPA 815 -R-06-009). Offi ce of Water.) 

Figure 27.3 Hollow fi ber module.  (From EPA Research & Development.) 
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the feed sides facing each other. A spacer is placed between the feed and permeate 
sides. To achieve the desired membrane area, a number of such sets are placed in 
parallel. Membrane replacement and cleaning is easier and there is no need for costly 
pretreatment of feed.   

 Spiral wound module (Figure  27.5 ) is an adaptation of plate and frame module, where 
membrane sets are wrapped around a central line for collecting permeate. It has the 
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advantages of compact structure with high pressure durability. It has the highest spe-
cifi c surface area among all the modules but feed needs to be free of particles.    

  Types of Membrane Process 

 A membrane is a selective barrier and this selectivity is important for separation (Reis 
and Zydney,  2007 ). Various selectivity parameters such as diffusivity, shape, size, 
electrostatic charge, physicochemical interactions, volatility, and solubility can be 
used to infl uence product concentration and removal of solute from solvent (e.g desalt-
ing, fractionation, gas separation, pervaporation). Membrane materials include organic 
polymers like polysulfone, polyether sulfone, cellulose acetate, polyamides, and poly-
acrylonitrile and inorganic material such as borosilicate glass, pyrolyzed carbon, and 
zirconia carbon. The driving forces of membrane processes include concentration 
gradient, transmembrane pressure, chemical potential, osmotic pressure, electric fi eld, 
magnetic fi eld, and partial pressure. For ultrafi ltration, microfi ltration, and reverse 
osmosis, membranes are classifi ed on the basis of molecular size of pores and trans-
membrane pressure, whereas pervaporation is based on separation driven by partial 
pressure and selectivity that depends on solubility and diffusivity of species in the 
membrane. 

Figure 27.5 Spiral wound module. (From EPA Research & Development.) 
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  Reverse Osmosis 

 Reverse osmosis is essentially a pressure - driven membrane diffusion process for sepa-
rating dissolved solvents. During the process, feed solution at high pressure is passed 
over the feed side of the membrane. The operating pressure is kept higher than the 
osmotic pressure of the feed solution so that water will fl ow from the more concen-
trated solution to the more dilute solution through the membrane. Reverse osmosis 
is used for desalination of seawater. The attractive features of the process are that 
there is no no requirement of phase change and it is a relatively low - energy requiring 
process. Normally, solvent (e.g. water) fl ows across a semipermeable membrane from 
the dilute solution to the more concentrated solution until equilibrium is reached. 
Thus applying high pressure at the high - concentration side will cause this process 
to reverse. This application of high pressure at the feed side results in solvent migra-
tions from the concentrated solution, leaving a higher concentration of solute. In 
process application, the waste stream containing salts fl ows past the membrane, 
resulting in solvent permeation (e.g. water) through the membrane and the remaining 
solutes (e.g. organic or inorganic components) get concentrated on the feed side of 
the membrane. 

 Most reverse osmosis membranes are made of polymers like cellulose acetate, and 
aromatic polyamides, and are rated at 96 – 99% NaCl rejection. These membranes are 
generally of two types: asymmetric or skinned membranes and thin - fi lm composite 
membranes. The support material is commonly polysulfones, while the thin fi lm is 
made from various polyamines and polyurea. Reverse osmosis membranes have the 
smallest pore structure, with pore diameter ranging from about 5 to 15    Å  (0.5 – 1.5   nm). 
The extremely small size of these pores allows only the smallest organic molecules 
and uncharged solutes to pass through the semipermeable membrane along with 
the water. Greater than 95 – 99% of inorganic salts and charged organics get rejected 
due to the repulsion of similar charge present at the membrane surface at process 
conditions. 

 The major advantage of reverse osmosis is requirement of low power for recovery 
of salts and chemicals from process effl uents. No latent heat of vaporization is involved 
for affecting separations; the main energy requirement is a high - pressure pump. It also 
requires low fl oor space (compact high - capacity units) as compared to traditional unit 
operation. The major problem of reverse osmosis is susceptibility to fouling. This is 
caused due to particulate and colloidal matter that is present at high concentration at 
the feed side of the membrane surface. Fouling of membranes by soluble components 
or colloids present in solution causes failures. Thus pretreatment is used to remove 
particulate matter from the feed water. A system operating at a high permeate fl ux is 
more likely to experience high fouling rates and thus require intermittent chemical 
cleaning. Low operational temperature range is another limitation of reverse mem-
brane process. For cellulose acetate membranes, the temperature operation range is 
18 – 30    ° C; while lower temperatures result in decreased fl uxes and higher temperatures 
increase the rate of membrane hydrolysis. These membranes are not chemically inert. 



Membrane Separation and Design 777

Strongly acidic or basic solutions, strong oxidizing agents, solvents, and other organic 
compounds should be avoided as these agents cause dissolution of the membrane. 
Some concentrated solutions may have high initial osmotic pressures and these solu-
tions are economically unattractive for reverse osmosis process.  

  Ultrafi ltration 

 Ultrafi ltration is a membrane separation process that operates under a pressure gradi-
ent and it can fractionate components of a liquid with respect to their solvated size, 
molecular weight, and structure. Even electrostatic charges play a role in fractionation 
of solutes. Ultrafi ltration membranes have a pore diameter of 0.01 – 0.1   mm and typi-
cally remove high - molecular - weight substances, colloidal materials, and organic and 
inorganic polymeric molecules, whereas microfi ltration membranes remove all bac-
teria and some viral contamination, even though viruses are smaller than the pores 
of a microfi ltration membrane (Bailey  et al. ,  2000 ). This is because viruses can attach 
themselves to bacterial bio fi lm. Ultrafi ltration membranes can also fi lter viruses. 
Permeability generally depends on pore size but other factors like electrostatic charge 
on membrane surface and solute also play a role. Ultrafi ltration also depends on 
applied pressure, nature of feed material, temperature of operation, feed concentration, 
and fl ow rate of feed stream across the membrane. 

 Ultrafi ltration membranes are produced from variety of synthetic polymers and 
have high thermal stability and chemical resistivity but are unable to tolerate harsh 
cleaning chemicals. Polyethersulfone is most preferably used as an ultrafi ltration 
membrane material as it has high rigidity, creep resistance, and good thermal and 
dimensional stabilities. The choice of membrane is guided by molecular weight cut -
 off, chemical and thermal resistance. However in recent times membrane surface 
properties like hydrophilicity have also become important criteria for selection of 
ultrafi ltration membrane. Hollow fi ber, fl at sheet cassettes, spiral wound cartridges, 
and tubular modules are generally used as the ultrafi ltration module in the commer-
cial process. Some of the advanced techniques, especially for protein, use charged 
ultrafi ltration membranes, electro - ultra fi ltration, and ultrafi ltration in the presence 
of an ultrasonic fi eld. Ultrafi ltration is most suitable for concentrating protein in 
whey, cheese - making process, reduction of salt concentration in process stream, and 
fractionation of whey protein. Ultrafi ltration membrane fi nds widespread application 
in the dairy industry.  

  Microfi ltration 

 Microfi ltration is a technique that allows concentration of the liquid containing 
insoluble particle, and the liquid passing through the fi lter is known as microfi ltrate. 
Pore diameter of microfi ltration membrane ranges from 0.1 to 10   mm. Cross - fl ow 
microfi ltration is used for applications like removal of bacteria and micelle casein. 
The material properties of the membrane determine its effi ciency. Previously 
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polysulfone and polycarbonate were used but their performances were not satisfactory. 
Polyethersulfone is now the standard material of microfi ltration membranes used in 
biological applications. The pore size of commercially available microfi ltration ceramic 
membranes ranges from 0.1 to 20   mm. Ceramic membranes are most advantageous in 
the dairy and food industry because of their strong mechanical resistance and wide 
pH tolerance. The operation of microfi ltration leads to a higher solute concentration 
closer to the membrane surface than in the bulk feed stream; this phenomenon is 
called concentration polarization and is caused by diffusive back fl ow of solute to the 
bulk feed. 

 Microfi ltration needs to be started with care as it can avoid rapid fouling. In the 
dairy industry, microfi ltration membranes are fi rst fi lled with warm water and then 
milk (Saboya and Maubois,  2000 ). Other dairy applications of microfi ltration include 
removal of microorganisms from milk to produce the sterilized raw material used to 
prepare fl uid milks, cheeses or long -  storage dairy products. The reason for this cold 
sterilization process is that milk collected from farms is contaminated with various 
pathogenic bacteria. 

 Microfi ltration offers an economically interesting alternative to heat treatment. In 
microfi ltration, skim milk heated to 50    ° C is circulated at a velocity of 7.2   m · s  − 1  along 
the membrane with uniform transmembrane pressure around 0.5   bar (0.05   MPa). 
Another application is the selective separation of micellar casein and selective frac-
tionation of globular milk fat. Microfi ltration is also used in microbial fermentation 
(upstream and downstream processing of biomass) and concentration of other metabo-
lites in batch and continuous process operations. 

 Microfi ltration is commonly used to recover macromolecules and retain suspended 
colloidal particles and is being integrated into both upstream and downstream proc-
esses. Large numbers of MF applications are reported, including removal of small 
molecules from bigger protein molecules, clarifi cation of suspensions for cell harvest-
ing, and sterilization of heat sensitive liquids to remove viruses and bacteria (Saxena 
 et al .,  2009 ). Another important role is protein separation and purifi cation, for 
example recovery of extracellular proteins from biomass. Other applications in the 
food industry include processed meat, nutritional beverages, infant formulas and 
dairy products.  

  Pervaporation 

 Liquid mixtures can be separated on nonporous polymer membranes by partial evapo-
ration. The procedure is called pervaporation because the substance crossing the 
membrane changes phase state (Marriot  et al. ,  2001 ). The substance encounters the 
membrane as a liquid and leaves it as a vapor, vacuum pressure on the permeate side 
causing the vapor to desorb. The membrane used in pervaporation can be hydrophilic 
or organophilic depending on its composition and is generally nonporous. Pervaporation 
is used in the wine industry because it can produce a more concentrated alcohol per-
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meate and thus the wine becomes less dense compared to membrane fi ltration process 
where only the consistency of the wine product changes slightly. In pervaporation, 
temperature is a very important parameter and choice of optimum temperature is the 
main goal for optimum process design. In comparison with other membranes, per-
vaporation has higher temperatures leading to higher fl ux and less membrane surface 
demand, which makes it economical because it increases effi ciency and production.   

  Flux Equations 

 Membrane fi ltration can be divided into two zones, a pressure dependent zone and a 
pressure - independent zone (Ghosh,  2006 ). In the pressure - dependent zone transmem-
brane pressure is the driving force, whereas in the pressure - independent zone mass 
transfer is the only limiting mechanism. In the case of a clean membrane, with pure 
solvent, permeate fl ux ( J v  ) is only dependent on transmembrane pressure and this can 
be represented as:

    J
p

R
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m
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    (27.5)  

  where  Δ  p  is transmembrane pressure (Pa) and  R m   membrane resistance (Pa · s · m  − 1 ). In 
the case of ultrafi ltration of solute, the additional resistance of the concentration 
polarization layer ( R c  , Pa · s · m  − 1 ) reduces permeate fl ux compared with pure solvent fl ux 
at the same hydrodynamic conditions and transmembrane pressure:
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 In the case of the concentration polarization layer, driving force is also reduced due 
to osmotic pressure ( Π ) of concentrated solute around the membrane, so permeate fl ux 
can be represented as:
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 The van ’ t Hoff equation gives the osmotic pressure of such a concentration polariza-
tion layer as:

    Π = MRT     (27.8)  

  where  Π  is osmotic pressure (kPa),  M  molar concentration (mol · m  − 3 ),  T  absolute tem-
perature (K), and  R  universal gas constant (8.314   J · mol  − 1  · K  − 1 ). In the case of ultrafi ltra-
tion, the concentration polarization layer is a problem that leads to increased resistance 
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and lower permeate fl ux, so the above equation is limited to a restricted range of pres-
sures in the pressure - dependent zone. Hence in the pressure - independent zone with 
concentration polarization layer resistance, mass transfer in ultrafi ltration can be 
described by a diffusion equation (assuming pseudo - steady state) (Earle and Earle, 
 2004 ):

    J k C Cv w= ′ ln( / )     (27.9)  

  where  C w   and  C  are the solute concentrations at the interface and in the bulk solution 
respectively. The effect of the physical properties of the material can be predicted from 
known relationships for the mass transfer coeffi cient  k  ′  (m · s  − 1 ). This equation has been 
found to predict, with reasonable accuracy, the effect on the mass transfer of changes 
in the physicochemical properties of the solution. This is done through well - established 
relationships between diffusivity  D , mass transfer coeffi cient  k  ′ , and other properties 
such as density (  ρ  ), viscosity (  μ  ), and temperature ( T ) giving:

    ′( ) = ( )[ ] × ( )k d D a dv m D nρ μ μ ρ     (27.10)  

 or    Sh Sc( ) = ′( ) = ( ) ( )k d D a m nRe     (27.11)  

  where  d  is the hydraulic diameter, (Sh) the Sherwood number ( k  ′  d / D ), (Sc) the Schmidt 
number (  μ  /  ρ D ), and  a ,  m , and  n  are constants. In the case of microfi ltration, permeate 
fl ux is represented by the following equation:

    J
P

R R
v

m C

=
+( )

Δ
μ

    (27.12)  

  where   μ   is permeate viscosity (Pa · s),  R m   membrane resistance (m  − 1 ), and  R C   cake resist-
ance (m  − 1 )    =     rV c  / A m   where  r  is specifi c cake resistance (m  − 2 ):

    r ds= −( )[ ]( )180 1 13 2ε ε/ /     (27.13)  

  where  ε  is cake porosity,  d s   particle diameter, and  A m   membrane area (m 2 ). In the case 
of dialysis, the driving force is the concentration difference across the membrane and 
this can be represented as:

    J C Rv m= Δ     (27.14)   

 In the case of dialysis, two solvents pass through the feed side and permeate side 
(dialyzate side) and thus overall fl ux of solute depends on membrane resistance 
( R m  ), feed side mass transfer resistance ( R f  ) and dialyzate side mass transfer resis-
tance ( R d  ):
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R R R
v

m f d

=
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Δ
    (27.15)   

  Sieving Coeffi cient in Ultrafi ltration 

 It has long been predicted that the ratio of the diameter of the macromolecule to the 
diameter of the membrane pore is the only criterion for selecting an ultrafi ltration 
membrane with appropriate molecular weight cut - off. However, it was experimentally 
observed that sieving of macromolecules through an ultrafi ltration pore is also depend-
ent on environmental parameters (pH, ionic strength, etc.), hydrodynamic parameters, 
and membrane properties. Thus to select an appropriate membrane, a new parameter, 
intrinsic sieving coeffi cient, was introduced and is defi ned as (Ghosh,  2006 ):

    ψ = C Cp w     (27.16)   

 The diffi culty in determining  C w   has resulted in the introduction of a new parameter 
known as apparent sieving coeffi cient,   ψ  a  , defi ned as:

    ψ a pC C=     (27.17)   

 It was observed that sieving coeffi cient and apparent sieving coeffi cient are related by 
the following mathematical expression:

    ln lnψ ψ ψ ψa a vJ k1 1−( )[ ] = + −( )[ ]     (27.18)   

 Thus by determining the apparent sieving coeffi cient at various values of permeate 
fl ux ( J v  ), intrinsic sieving coeffi cient (  ψ  ) and mass transfer coeffi cient can be calculated 
for a particular solute. However, it is worthwhile noting that   ψ   needs to be constant 
in the permeate fl ux range studied. It has been reported that   ψ   also depends on  J V  , but 
at low permeate fl ux and high permeate fl ux is independent of  J v  . Apparent sieving 
coeffi cient can be used for determining the selectivity of a membrane for fractionation 
of two macromolecules:

    α ψ ψ= a a1 2     (27.19)  

  where   ψ  a   1  is apparent sieving coeffi cient of more transmitted solute and   ψ  a   2  is apparent 
sieving coeffi cient of less transmitted solute.   

  Mode of Operation 

 Membrane operation is generally carried out in two modes: batch operation (Figure 
 27.6 ) and continuous mode (Figure  27.7 ). In large - scale operations, continuous mode 
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Figure 27.7 Continuous mode. 
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Figure 27.6 Batch operation. 
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of operation is important as low membrane area in batch operation cannot provide 
desired permeate fl ux.    

  Design of Membrane 

 The calculation of membrane area is the desired objective using known variables like 
recovery factor, feed fl ow and composition, temperature, transmembrane pressure, 
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permeate fl ow, permeability for solvent fl ow, and rejection factor. The concentration 
polarization layer effect is not considered in this method. The steps involved in deter-
mining the area of membrane are as follows.

   1.     Calculation of the concentration of the permeate stream:

    C C R Qp = −( ) −( )2 1 2     (27.20)  

  assuming nearly complete rejection of solute, where  R  is rejection of solute.  
  2.     Calculation of the fl ow of retentate (  ν  r  ) from the global balance Equation  27.1  and 

 Q  value:

    v v Qr f= −( )1    

  3.     Calculation of the concentration of the retained stream ( C r  ) from Equation  27.2  
using previously determined  C p  .  

  4.     Calculation of the mean concentration of the concentrated solution:

    C v C v C v vm r r f r f= +( ) +( )     (27.21)    

  5.     Determination of the concentration of the permeate stream:

    C C Rp m= −( )1     (27.22)    

  6.     Steps 3, 4, and 5 are repeated using this value of the concentration of the perme-
ate stream to obtain a new value of such concentration. If this fi nal value coincides 
with the  C p   value calculated in Equation  27.19 , then the process is fi nished; oth-
erwise steps 3, 4, and 5 are repeated in an iterative way until the values 
coincide.  

  7.     Calculation of the osmotic pressure of the concentrated solution using as concen-
tration value that of the weighed mean and Equation  27.8 .  

  8.     Determination of the solvent fl ux from the following equation:

    J Pv = −( )ε Δ ΔΠ  

  where  ε  is permeability of membrane for solvent.  
  9.     Calculation of the membrane area needed to carry out the separation is given by 

 A     =     v p  / J v  .    

 Another approach for designing membranes has been proposed by Lombardi and 
Moresi where the concentration polarization layer is included (Ibraz and Barbosa -
 C á novas,  2002 ).  
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  Fouling of Membrane in Ultrafi ltration and Microfi ltration 

 Fouling of the ultrafi ltration/microfi ltration membrane occurs due to of adsorption of 
the membrane surface and leads to increased resistance to fl ow, which can reduce 
fi ltration fl ux rate and process economy, effi ciency and recovery. Membrane fouling 
refers to the irreversible alteration in membrane properties caused by feed stream 
components. Fouling may be due to formation of a gel layer due to concentration 
polarization, adsorption or deposition, and pore blocking. Generally, fouling is char-
acterized by measuring clean water fl ux decline at constant pressure. 

 Fouling in microfi ltration membranes, particularly those used for purifi cation of 
proteins, has been overcome with the introduction of microsieves, which have well -
 structured morphology and controlled porosity that improve separation behavior and 
which show high feed fl ow rates. These lead to improved permeate fl ux, low operating 
pressures, and improved process economics. Other anti - fouling methods include 
surface modifi cation by chemical methods to, increase surface hydrophilicity, coating, 
and graft polymerization over membrane surface. The membrane material can also 
infl uence fouling: in ultrafi ltration, surface - modifi ed polyvinylidene fl uoride (PVDF) 
membranes have been found to have low fouling properties.  

  Cleaning and Sanitation 

 Cleaning of membrane equipment depends on the nature of the membrane material 
and availability of high quality water. Water should be free of suspended colloidal 
particles or microorganisms that are likely to cause irreversible blockage. A commonly 
used membrane cleaning cycle includes the following steps: (i) rinse with heating at 
50    ° C; (ii) alkaline cleaning with ternary detergents at 65 – 70    ° C for 20   min; acid clean-
ing with HNO 3  (0.5%) for 20   min at 50    ° C followed by rinse with water at 50    ° C.  

  Cost 

 Membrane separation is a highly cost - effective unit operation as as observed with the 
production of apple juice, in which the gross profi t and return on investment were 
higher using a membrane process with or without pervaporation or reverse osmosis 
in comparison with conventional operation. The annual manufacturing cost was also 
low in the membrane process while payback time was also low compared with con-
ventional operation (Cuperus,  1998 ).  

  Applications 

 Membranes in their various confi gurations, including spiral, hollow fi ber, and plate 
and frame, are used throughout the food industry. The two main benefi ts are improved 
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production process and the recovery of valuable products (Slater,  1989 ). Improved 
production processes include consistent high - quality permeate and retentate, reduced 
operating cost, low maintenance, low pressure drop, chemical resistance, and longev-
ity of membrane (Strathmann,  1981 ). Microfi ltration is used for clarifi cation and 
sterilization, both of which are the best options compared to centrifugation and heat 
sterilization. Thus microfi ltration can be used for the effi cient removal of suspended 
particles, fat globules, and high - molecular - weight proteins. Ultrafi ltration is used for 
fractionation, concentration, and purifi cation, for example concentrated skimmed 
milk has more calcium and protein content compared to conventionally treated milk, 
while in fruit juices ultrafi ltration removes polysaccharides, microbes, viruses, and 
yeasts that make the fi nal product unstable. Reverse osmosis has the advantages of 
high - quality product separation without heat damage, reduced waste treatment 
volume, and hence lower capital investment. Unique applications of membranes in 
the food industry include concentration of oil emulsions, recovery of proteins, clari-
fi cation of wines, concentration of fruit juices, and treatment of food processing waste 
products. Potential applications of various membrane systems in food processes are 
wide, for example in sugar mills ultrafi ltration has helped in the production of color-
less sugar and improved the sugar extraction process. 

 Membrane - based techniques have a fundamental role in the separation and puri-
fi cation of proteins. Ultrafi ltration, microfi ltration, and nanofi ltration have greatest 
application in protein purifi cation. Microfi ltration is used mainly for the recovery of 
extracellular protein produced by the fermentation of bacteria but also for removal 
of microbes and viruses in preparation of therapeutic proteins. Much effort has been 
made to improve mass transfer in ultrafi ltration and microfi ltration membranes. 
Some examples include rotating disk fi lters, cylindrical taylor vortex devices, and 
conically shaped rotors (Saxena  et al .,  2009 ). A material like polyethersulfone has 
been designed for selective permeation and protein recognition/purifi cation and is 
used in the purifi cation of soya protein. Electrically enhanced membrane fi ltration 
(EMF) is an advanced technique that utilizes an electrical fi eld for fi ltration. An 
electric fi eld has been found to have good impact on protein transmission and selec-
tivity (Nagarale  et al. ,  2006 ). In one approach ultrafi ltration in the presence of ultra-
sonic waves is used to separate proteins, which can solve the problem of polarization 
and fouling (Saxena  et al .,  2009 ). 

 Glucose syrup can be used as a food ingredient for biscuits, soft drinks, jams, and 
food preservatives. Ultrafi ltration is used to eliminate suspended solids and proteins 
from wheat hydrolysate, and does not even affect dextrose equivalent in fi ltered sugars 
(Pinelo  et al. ,  2009 ). In the case of vegetable proteins and their various derivatives 
used for a variety of beverages, processing with membranes has the advantages of 
reduction of transport cost and better manufacture of intermediate products. 
Membranes are also used for separation and harvesting of enzymes and microorgan-
isms. In fermentation, cells are harvested by centrifugation but for economic reasons 
the harvesting must be continuous, which is implemented using continuous cross -
 fl ow membrane fi ltration. 
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 In the beer industry, membranes are used to increase brightness (Le,  1987 ) and 
clarity, while fi ltration removes solids and particles from malt, hops and yeast. Rough 
beer is fi ltered in order to eliminate yeast and colloidal particles responsible for haze 
(Tak á cs  et al .,  2007 ). Microfi ltration of beer can ensure microbiological stability in a 
single operation. In the milk and dairy industry, membranes can be used to control 
microbial growth instead of heat treatment. Membrane fi ltration is used for globular 
milk fat fractionation (Daufi n  et al .,  2001 ). Microfi ltration is used in an integrated 
protein extraction process for the manufacture of micelle casein products and whey 
protein isolates. Membranes are also used in the treatment of dairy effl uents and waste 
stream. Membrane processes should contribute to process simplifi cation, improve 
competitiveness, and be environmentally benefi cial. 

 In juice production, use of membranes leads to better process economics and product 
quality. Enzymatic membrane reactor is used for the clarifi cation and maceration of 
juice, reverse osmosis for concentration, and pervaporation for recovery of aromas 
(Girard and Fukumoto,  2000 ). By choosing a suitable membrane confi guration, it is 
also possible to achieve direct pulping and clarifi cation in one step. Membranes are 
also used for agrowaste treatment. Membranes are used in processes especially devel-
oped for the treatment of persistent compounds like chlorobenzene, tetrachloroethyl-
ene, and trichloroethylene. In water these components are mostly present at a very 
low concentrations, which makes conventional processing ineffi cient. 

 Membrane systems are extensively used throughout the various biological and 
chemical industries to control variety of products (Pal  et al .,  2009 ). These membrane 
processes are successful because they are effective and economically implemented at 
the very large scale required for industrial application. A combination of different 
membrane processes gives interesting benefi ts not achieved by single operation. On 
an industrial scale, the integration of various membrane operations can be benefi cial 
because it leads to low environmental impacts, low energy consumption, and high -
 quality products. Dairy proteins, food additives, nutraceuticals and therapeutics 
processing by membrane integration can be advantegous. An example is shown in 
Figure  27.8 .    

  Conclusions 

 Most of the membrane technology used in the food industry originated in the dairy 
industry. Ultrafi ltration is the most widely used process in the dairy industry. 
Microfi ltration is used for removing microorganisms and casein micelles. Membranes 
play an important role in the fractionation of milk. Current membrane processes are 
limited by their low capacity due to fouling. Microfi ltration reduces the amount of 
bacteria and spores without affecting the taste and fl avors of milk. It can be used for 
the pretreatment of skim milk for production of raw milk cheeses. Ultrafi ltration has 
found major application in the production of cheese. Whey contains dissolved salts, 
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sugars and 25% of the original protein, and thus ultrafi ltration of whey allows these 
additional foods to be recovered. Another role of membrane separation is in fractiona-
tion of buttermilk, an application where both ultrafi ltration and microfi ltration can 
be used. In the food and beverage industry, safety, microbiological quality, functional-
ity, texture, and fl avors can be improved by membrane processes. Clarifi cation of fruit 
juices can be done by microfi ltration or ultrafi ltration and deacidifi cation by electro-
dialysis. Signifi cant developments have been made in membrane technology in the 
last decade but the potential is limitless and there is a great need for research in all 
these aspects. Lower cost, lower fouling rates, and lower energy consumption will 
improve commercialization.  
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   Introduction 

 Frying is a signifi cant and highly versatile process in the food industry due to signifi -
cant sales and availability of a wide range of fried products (Saguy and Dana,  2003 ). 
There are different shapes and forms of fried products available in the market, includ-
ing chips, crisps, doughnuts, and battered and breaded foods (Bouchon,  2006 ). 
Signifi cant increase in market volume of fried products is the result of customer 
preference for the taste, texture and appearance of fried food products (Rimac - Brncic 
 et al .,  2004 ). 

 Frying is an old and popular process that originated and developed around the 
Mediterranean area (Bouchon,  2006 ). It is defi ned as a process of immersing a food 
product in edible oil or fat at a high temperature, typically 150 – 200    ° C (Farkas  et al ., 
 1996 ). The most common temperature range for the process is between 170 and 190    ° C 
(Singh,  1995 ), where a higher rate of heat is transferred to the product and water is 
evaporated through the surface (Hubbard and Farkas,  1999 ). Shallow frying and deep 
frying are ways of producing the fried product under atmospheric conditions, and deep 
fat frying is mostly preferred in bulk production of fried food products. In addition to 
traditional atmospheric frying, where shallow and deep frying options are used, 
vacuum frying is another type of applied frying process (Garayo and Moreira,  2002 ). 
Vacuum frying, which has less adverse effects on oil quality (Shyu  et al .,  1998 ), is 
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considered to be an option for lower oil content fried products, with desirable texture 
and fl avor characteristics (Garayo and Moreira,  2002 ). 

 Besides traditional atmospheric and vacuum frying processes, high - pressure 
frying, where the boiling point of the fried product is determined by the pressure 
generated by vapor released from the product, is another approach for frying food 
(Rao and Delaney,  1995 ). Pressure frying, leading to higher heat transfer rates 
(Erdogdu and Dejmek,  2010 ) is also known to yield juicier and tender products 
(Ballard and Mallikarjunan,  2006 ; Innawong  et al .,  2006 ). This may be explained by 
the faster crust formation during the earlier stages of a frying process due to higher 
heat transfer rates occurring via the effect of higher heat transfer coeffi cients (Erdogdu 
and Dejmek,  2010 ). In pressure frying processes, either nitrogen gas or the vapor 
released from fried food to the medium is used to build up the desired pressure level. 
Increase in pressure level is also noted to lead to more moisture retention in the fried 
product (Ballard and Mallikarjunan,  2006 ; Sahin and Sumnu,  2009 ). Microwave frying 
has also been applied recently to reduce the frying time via additional heat generation 
in the fried product and to decrease oil absorption by the product during frying, with 
its disadvantages of nonuniform heating of the product and deterioration of oil at 
high temperatures (Sahin and Sumnu,  2009 ). 

 Frying comprises simultaneous heat transfer (convection between oil and surface of 
the food product and conduction within the food product) and mass transfer (removal 
of water vapor, formed via the effect of high temperature, as a result of concentration 
and pressure gradients). It is also considered to be a moving boundary problem, where 
moisture in the form of vapor is removed at the evaporation front, and this front moves 
towards the center as the frying process continues (Costa  et al .,  1999 ; Singh,  2000 ). In 
this intensive heat transfer process, signifi cant evaporation and spatially varied pres-
sure generation are produced as a function of porous structure of the fried product (Ni 
and Datta,  1999 ). The core region of the product stays at the boiling temperature of 
water for a longer period without increasing beyond this, while crust region tempera-
ture rises as the moisture content decreases due to rapid evaporation at the surface 
(Figure  28.1 ). As also explained by Singh  (1995) , core region temperature is unaffected 
by oil temperature because of the presence of the boundary at the evaporating front 
of moisture. On the other hand, the infl uence of oil temperature on the rise in tem-
perature of the crust section is clearly seen even in the early stages of a frying process 
(Figure  28.1 ).   

 Frying is a process of cooking and drying through contact with hot oil, and it is 
intended to make the product more palatable (Oreopoulou  et al .,  2006 ). Frying creates 
unique fl avors and textures in the fried product (Farinu and Baik,  2005 ), and typical 
crust and core regions are distinctive of fried products. The crust region, nonexistent 
prior to frying, develops on the porous surface and becomes thicker as the core region 
shrinks with frying time (Farinu and Baik,  2005 ). The crust of the fried product pro-
vides mostly texture, color, and fl avor while the core region provides the bulk of the 
moisture and nutrients, contributing to the texture (Farkas  et al .,  1996 ; Farinu and 
Baik,  2005 ). A soft and moist interior along with a crispy crust provides increased 
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palatability to the fried product (Innawong  et al .,  2006 ). Texture formation is noted 
to be the result of modifi cation of viscoelastic properties and mechanical strains 
(Parkash and Gertz,  2004 ) while desirable surface color and fl avor are due to the acti-
vation of nonenzymatic browning, Maillard reactions (Achir  et al .,  2008 ; Alvis  et al ., 
 2009 ), and toasting and caramelization (Alvis  et al .,  2009 ) triggered by the simultane-
ous heat and mass transfer process. In addition to the formation of surface color and 
fl avor, these reactions also contribute to the formation of potentially toxic and muta-
genic products, such as acrylamide, furfurals, and polycyclic aromatic hydrocarbons 
(Achir  et al .,  2008 ). Surface color and fl avor formation might also become a signifi cant 
process design and optimization criterion with the formation kinetics of these prod-
ucts of health concern (Erdogdu and Sahmurat,  2007 ). As stated by Achir  et al .  (2008) , 
monitoring these reactions that occur above the boiling point of water (as in a frying 
process) at industrial scale can be used to control the formation of the undesirable 
substances, as applied in similar circumstances to coffee and peanut roasting (Davidson 
 et al .,  1999 ; Hernandez  et al .,  2008 ). 

 A frying process consists of four stages (Farkas  et al .,  1996 ; Farinu and Baik,  2005 ; 
Oreopoulou  et al .,  2006 ):

   1.      Initial heating  (nonboiling phase of the frying process): the product surface is heated 
from its initial temperature to the boiling temperature of water at the given condi-
tion. Natural convection dominates heat transfer from the frying medium in this 
stage; this usually takes a short time and a negligible amount of water is lost.  

  2.      Surface boiling : there is rapid loss of moisture from the surface with apparent 
bubble formation with nucleate boiling.  

Figure 28.1 Center and surface temperature changes of a fried potato. 
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  3.      Falling rate : the longest stage, with temperature of the core region increasing to 
the boiling point and crust formation with its increasing thickness.  

  4.      Bubble end point : the fi nal stage of frying, describing the apparent end of moisture 
loss from the product.    

 Following initial heating and the start of surface boiling, bubbling increases to its 
maximum (Costa  et al .,  1999 ). The following stage is characterized by a signifi cant 
increase in heat transfer coeffi cient, where the surface conditions change from free 
convection to boiling with the start of crust formation. During this stage, random 
fl uctuations in the temperature of the oil are associated with turbulent motion of the 
fl uid, resulting in an increase in the convective heat transfer (Farinu and Baik,  2007 ). 
In the subsequent stages, heat transfer rate is decreased because the increase in the 
crust section (with its lower thermal conductivity, 0.1   W · m  − 1  · K  − 1 ) serves as an insulat-
ing layer (Farkas and Hubbard,  2000 ) and mass transfer is reduced via the reduction 
in moisture removal (Farkas  et al .,  1996 ). 

 For better process control and design and optimization purposes, it is important to 
determine the thermal parameters (thermal conductivity and specifi c heat of fried 
product) and physical parameters (shape, size, surface area, volume and density of food 
product) that dominate the frying process (an extensive review of thermal and physical 
properties of fried products is given by Mittal,  2009 ), because development of a math-
ematical model is required in order to determine fi rst the temperature changes inside 
the product and then the formation of the health - concerning chemicals. Thus reducing 
the formation of these chemicals is the objective function while the required degree 
of frying for texture and fl avor formation is the implicit constraint for a frying process 
within a certain time, with oil temperature as the explicit constraint. In addition, 
physical and chemical changes occurring in the fat or oil can also be used as optimiza-
tion parameters since an economic and superior - quality fried product is produced 
under optimum frying conditions (Blumenthal and Stier,  1991 ). 

 According to Erdogdu and Dejmek  (2010) , coupled heat and mass transfer with bub-
bling make frying a diffi cult process to model and further optimize. Changes occurring 
in the oil create extra challenges when trying to optimize a given frying process for 
different objectives such as fried product and frying medium quality. In addition, the 
complex fl ow fi eld around the fried product requires that the boundary conditions for 
the thermal transport equations utilize the convective heat transfer coeffi cient to 
characterize the interface between fl uid (oil) and solid (fried product) (Hubbard and 
Farkas,  1999 ). The vigorous movement of bubbles across this solid – fl uid interface 
causes considerable mixing in the oil (Oreopoulou  et al .  2006 ) that affects the heat 
transfer coeffi cient by increasing turbulence across the interface (Costa  et al .,  1999 ; 
Vitrac  et al .,  2000 ). The heat transfer coeffi cient was reported to be the most signifi -
cant parameter, besides the thermal and physical properties of the product itself, 
affecting surface temperature change and this needs to be controlled for when simulat-
ing reactions resulting in the formation of fl avor and health - concerning chemicals 
during the frying process (Achir  et al .,  2008 ). Hence, when modeling the simultaneous 
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heat and mass transfer process during frying, the fi rst step is to determine the char-
acteristics of heat transfer and fl uid fl ow across the interface (Hubbard and Farkas, 
 1999, 2000 ). 

 Based on the description of frying of food products, this chapter illustrates develop-
ments in the area of food frying from an engineering and food chemistry point of view 
and discusses possible ways to improve process design based on simultaneous heat 
and mass transfer phenomena.  

  Fried Products 

 The potato is probably the most popular food for frying (Rossell,  2001 ). Potatoes are 
used to make French fries and potato chips, the most popular fried food products in 
the world followed by fried chicken and fried fi sh. As indicated, poultry and seafood 
are also fried but commonly after being coated with a batter or breading. Once fried, 
this coating provides a crispy texture, a juicy interior, and aids in browning (Moreira 
 et al .,  1999 ). Frying has also been used as an important processing step in the produc-
tion of frozen coated (breaded or battered) products, which are usually par - fried prior 
to freezing and indeed require another frying step during fi nal preparation. 

 Other widely consumed fried products include tortilla chips, which have become 
increasingly popular over the last two decades. Although frying is not the only cooking 
step in tortilla chip processing (it follows a baking step), the unique characteristics of 
tortilla chips only develop after the frying step. Many different dough products are 
also prepared by frying, of which doughnuts, produced on a large scale, are probably 
the most popular.  

  Quality Attributes of Fried Products 

 Frying is a process that imparts unique characteristics to foods, for example the desir-
able taste, crispy texture, and golden color of fried potato products are developed 
during the frying process. Maillard reaction between reducing sugars and amino acids 
is responsible for desired color and fl avor formation. The quality of fried food products 
depends on the quality of the frying oil and type of fried product. In general, moisture 
and oil content, color and fl avor, texture, nutritional properties and shelf - life stability 
of the food product are the characteristics that determine overall quality (Moreira 
 et al .,  1999 ). Among these, moisture content is a signifi cant factor for quality main-
tenance and shelf - life stability. Especially in industrial - scale fried potato chip produc-
tion, on - line sensors are preferred to maintain quality (Brescia and Moreira,  1997 ). 
These sensors use the near - infrared refl ectance (NIR) technique, and surface moisture 
is easily measured with careful calibration to determine the effi ciency of the produc-
tion line. 

 Color is the fi rst sensory attribute perceived by consumers, and it is used to judge 
the acceptability of a food product. It is closely associated with food quality. If the 
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color is unacceptable, the two other major quality attributes, fl avor and texture, are 
unlikely to be judged at all (Claybon and Barringer,  2002 ). Color is not just a physical 
characteristic of the fried product but rather represents a range of input signals per-
ceived by the consumer (Chen  et al .,  2001 ). For example, in French fries, while a dark 
color might suggest poor quality, a golden yellow color indicates the use of proper 
methodology in the frying process. Although, on - line colorimeters are easily used for 
color measurement and control of the frying processes, appropriate sensory evaluation 
techniques should also be implemented to validate the instrumental results. 

 Texture is a multi - parameter characteristic of foods (Bourne,  1978 ) and is defi ned 
as the properties arising from structural elements and physiological senses (Szczesniak, 
 1963 ). Crispness, denoting freshness and high quality (Moreira  et al .,  1999 ), describes 
the textural characteristic of fried food products. Crispness is the initial slope of the 
force – deformation curve obtained instrumentally. Figure  28.2  shows a typical force –
 deformation curve obtained during texture measurement of a potato chip sample. A 
highly jagged plot is desirable for a potato chip, as jaggedness (force fl uctuations) is 
associated with crispy texture. Puncture tests are also reported to provide discrimina-
tion between the mechanical properties of the crust and can be used for products of 
different sizes and shapes since they are less sensitive to the cross - sectional geometry 
of the product (Moreira  et al .,  1999 ).   

 The oil content of fried products is another parameter of concern, especially with 
the widespread anxieties about the Western diet. Frying oil becomes a major compo-
nent of the fi nal product, ranging from 35 to 45% by weight in potato chips. Although 
oil is known to reinforce the fried taste and pleasant feeling in the mouth (Keijbets, 
 2001 ), there has been a great deal of interest in reducing the fat content of fried prod-
ucts since a high - fat diet is known to increase the risk of obesity and cardiovascular 

Figure 28.2 A typical force –deformation curve for potato chip. 
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disease. The need for alternative processes to produce low - fat fried products is increas-
ing as health - conscious consumers become more concerned about the fat and calorie 
content of food. The American Heart Association and other health organizations have 
been encouraging consumers to limit their fat intake to less than 30% of total calories. 
However, producing low - fat fried products that also taste good poses a unique chal-
lenge. With regard to the oil absorption of fried products, there is a general understand-
ing that oil uptake mostly occurs during the cooling stage of the process. 

 Fried products have public health signifi cance not only for their high fat content 
but also because of their high level of acrylamide, a potential carcinogen that forms 
during the processing of certain foods at high temperatures and low moisture, condi-
tions associated with frying, roasting and baking. Fried potato products such as potato 
chips and French fries are among the foods with the highest amounts of acrylamide, 
probably due to the relatively high levels of suspected acrylamide precursors (aspar-
agine and reducing sugars) present in potato. Composition of the food product and 
frying conditions have been shown to infl uence the quality attributes as well as the 
formation of acrylamide. The main pathway of acrylamide formation in foods is linked 
to the Maillard reaction, a reaction that is also responsible for the development of the 
desirable characteristic color, texture, fl avor, and aroma of fried products. Hence it is 
extremely important to determine the effect of factors related to composition and 
processing conditions on acrylamide formation during frying. In addition, monitoring 
the evolution of the Maillard reaction during a frying process might be helpful in 
controlling and optimizing the frying process.  

  Frying Oils 

 The oil is the most critical but also the most variable component of a frying system 
(Blumenthal and Stier,  1991 ) since each oil affects the fried food in a particular manner, 
and all are affected by heat, light, oxygen, hydrolysis, and components of the fried 
food (Blumenthal and Stier,  1991 ). A wide range of oils and fats, including vegetable 
oils (sunfl ower oil, soybean oil, cottonseed oil, canola oil, palm oil, almond and peanut 
oils), animal fats (animal tallow and lard) or a mixture of these, can be used in a frying 
process (Blumenthal and Stier,  1991 ; Bouchon,  2006 ). These range from nonhydrogen-
ated refi ned fats and oils to hydrogenated products (Oreopoulou  et al .,  2006 ). Among 
these, oils are mostly preferred because of their convenience in handling. As explained 
in the previous sections, oil uptake by fried products is a signifi cant issue, especially 
with regard to health concerns. Most frying oil confi ned to the surface of the fried 
product is absorbed during the cooling stage. While Gamble and Rice  (1987)  suggest 
that vacuum formation due to steam condensation results in the absorption of oil in 
the cooling stage, Moreira and Barrufet  (1998)  explain this mechanism in terms of 
capillary forces. In addition to these theories, Ufheil and Escher  (1996)  proposed a 
hypothesis involving surface phenomena, where equilibrium between adhesion and 
drainage of oil is involved on removing the fried product from the oil. Type of oil (due 
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to the effect of reduced interfacial tension via the formation of surfactants; Blumenthal 
and Stier,  1991 ) and quality of oil are expected to signifi cantly infl uence oil absorption 
(Bouchon,  2006 ). 

 Selection criteria for frying oils are infl uenced by stability to oxidation (long frying 
stability), cost, fl avor stability of fried product, long frying fl uidity, smoke formation, 
low tendency to foam, low tendency to polymerize, and melting point in the case of 
fats (frequently the higher the melting point, the lower the tendency to oxidation) 
(Bouchon,  2006 ; Oreopoulou  et al .,  2006 ). Among these, the most important factors, 
excluding cost, are inherent stability to oxidation, because of its direct effect on 
quality of the fried product, and smoke point, because of its effect on long - term use 
at higher frying temperatures. Sunfl ower oil is the most commonly used oil in frying 
due to its high smoke point and high content of linoleic acid, an essential multi -
 unsaturated fatty acid (Oztop  et al .,  2007 ). In contrast, olive oil has oxidative stability, 
with its high content of oleic acid, but has a smoke problem because of its nontrig-
lyceride constituents (Oreopoulou  et al .,  2006 ). 

 Physical changes that occur in oils during the frying process include increased vis-
cosity, darkening in color, and increased foaming with decrease in smoke point 
(Warner,  2004 ). In addition, because of the high temperatures used during the frying 
process, because components of the fried products leach into the oil, and because of 
thermal and hydrolytic breakdown of the oil on interaction with oxygen, the oil trans-
forms into a mixture of different compounds. Eventually, this results in variation in 
the heat transfer characteristics of the oil due to changes in heat transfer coeffi cient. 
This variation is a function of the reduction in surface tension with formation of 
surfactants due to the increased contact between oil and fried product (Blumenthal 
and Stier,  1991 ). The increase in concentration of surfactants (soaps, phospholipids, 
monoglycerides, diglycerides, slightly polar thermal polymers, highly polar thermal 
polymers, etc.) results in increased degree of foaming and bubble size, leading to the 
accelerated oxidative changes (Blumenthal and Stier,  1991 ). As also stated by 
Blumenthal and Stier  (1991) , formation of polar materials also results in changes in 
the physical properties of the oil, for example increase in viscosity, thermal conductiv-
ity and specifi c heat and decrease in surface tension. All these changes affect the heat 
transfer coeffi cient, leading to changes in temperature distribution within the fried 
product with the formation of fl avor and health - concerning components. Based on the 
formation of polymers and surfactants, an optimal quality fried product can be pro-
duced if the rate of polymer formation is limited and surfactant concentration is 
maintained in the range 35 – 75   ppm. This can be accomplished using active fi lters to 
remove surfactants and by establishing a uniform temperature gradient inside the fryer 
to control polymer formation (Blumenthal and Stier,  1991 ). 

 Based on these changes in the frying oils, it is extremely important to determine 
the variations in quality parameters of oils for better design and optimization of frying 
processes since proper monitoring would result in fried product of good quality (Lalas, 
 2009 ). Determination of the peroxide value and iodine value, changes in the fatty acid 
profi le and smoke point, formation of conjugated dienes, polar compounds and poly-
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Figure 28.3 Batch fryer. (Courtesy of Heat and Control Company.) 

mers, changes in color and sensory evaluation are possible ways to follow change in 
quality of frying oils (Lalas,  2009 ). Among these, peroxide value can be conveniently 
used to monitor changes in frying oils in order to indicate the state of oil deterioration 
(Oreopoulou  et al .,  2006 ).  

  Frying Equipment 

 A fryer is a pot or kettle with a means of heating the oil, but industrial - scale fryers 
might be somewhat larger sizes of batch (Figure  28.3 ) or continuous (Figure  28.4 ) 
construction. In batch fryers, used for small - scale production, oil can be heated directly 
by electrical resistance or by gas underneath the fryer itself. These fryers are capable 
of frying several hundred kilograms of product per batch (Gupta,  2009 ). In some instal-
lations, oil might also be heated in a shell and tube heat exchanger, with steam 
(180 – 200   psi) passing through the jacketed side of the heat exchanger (Gupta,  2009 ).   

 In large - scale processing conditions, continuous fryers are preferred: a frying vessel 
maintains the oil at the desired temperature, a conveyor feeds the product into the 
fryer and removes it at the opposite end, and an extraction system eliminates the 
fumes (Bouchon,  2006 ). In these systems, it is also possible to have multiple heating 
zones (multi - zone fryers) with their own temperature control units, enabling the use 
of optimal variable temperature control to improve product quality by applying 
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required optimization models. The heated oil might also enter these fryers at different 
entry points (Gupta  et al .,  2004 ). In addition to multi - zone fryers, straight - through and 
horseshoe fryers are the other types of continuous fryers (Gupta,  2009 ). 

 In continuous fryers, oil absorbed by the fried product should be continuously 
replenished with fresh oil (oil turnover defi ned as the ratio of weight of oil in fryer to 
the weight of oil added per hour). Oil turnover represents the time required to replace 
the oil in the fryer, and a fast turnover is desired in order to maintain the quality of 
oil for longer processing conditions in continuous frying operations (Bouchon,  2006 ; 
Oreopoulou  et al .,  2006 ). Gupta  (2009)  lists the oil turnover times for various fryers 
and fried products, for example 4 – 5 hours for extruded corn chips, 9.5 – 11 hours for 
potato chips. Based on fryer design, a turnover time of 5 – 12 hours is assumed to be 
normal in continuous production, and frying oil quality cannot be maintained with 
turnover times of 20 hours or more (Rossell,  2001 ). 

 In the calculation of turnover time, fryer capacity and oil content of the fried product 
are important parameters. 

   Example 1 

 In a fryer containing 2500   kg of oil for frying 1000   kg product per hour having 35% oil 
content, oil absorbed by the product and oil turnover time can be calculated as (Gupta, 
 2009 ):

Figure 28.4 Continuous fryer. (Courtesy of Heat and Control Company.) 



Food Frying Process Design 799

    Oil absorbed by the product kg h kg h= × =0 35 1000 350.  

    Oil turnover time
kg

kg h
hours= =

2500
350

7 14.   

 In addition to batch and continuous fryers, vacuum fryers (also counted as batch fryers) 
are used to produce chips of high quality with low levels of absorbed oil, since lower 
temperatures can be applied during the frying process. Vacuum fryers are preferred 
when frying fruits and vegetables. They are operated at pressures of 100   mmHg or less, 
where frying can be conducted at 121.1    ° C (Gupta,  2009 ). 

 The important criteria when selecting or designing a suitable fryer are listed below 
(Gupta  et al .,  2004 ; Gupta,  2009 ):

    •      desired product characteristics (texture, color and appearance);  
   •      product buoyancy (directly affects conveyor design since it determines whether 

product sinks or fl oats in the oil);  
   •      required production capacity;  
   •      required thermal load, depending on moisture content of the feed and the fi nished 

product for the given production capacity;  
   •      desired oil turnover time to minimize oil degradation during frying;  
   •      oil fi ltration system and ease of fryer sanitation with maintenance of the system;  
   •      direct or indirect mode of oil heating;  
   •      technical support from the manufacturer.    

 Among these criteria, product buoyancy is a signifi cant factor in selecting or designing 
a fryer. Different conveyor designs are available to handle the buoyancy of the food 
material. For example, for products that become buoyant very early in the frying 
process (e.g. potato chips), the frying system must include both main and submerger 
conveyors (Figure  28.5 ). On the other hand, a design similar to that shown Figure  28.6  
should be used for products that undergo a buoyancy change during frying, such as 

Figure 28.5 Fryer conveyor design for buoyant products. (Courtesy of Coat and Fry Technologies.) 
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French fries. There are also products which naturally remain submerged throughout 
the frying process (e.g. breaded chicken); such products require only a main conveyor 
(Figure  28.7 ).   

 Fryer capacity is another important parameter and selection of a particular capacity 
depends on production volume required and various other factors including number 
of operating hours, required frying time, and frequency of fryer sanitation. Gupta 
 et al .  (2004)  gives the following example to illustrate the key points (desired produc-
tion rate, physical dimensions of the product, frying time required, and belt loading) 
in determining the fryer size for 1 hour of frying.   

   Example 2 

 Desired production rate, 1500   kg · h  − 1  
 Recommended product loading, 7.25   kg · m  − 2 

Figure 28.7 Fryer conveyor design for nonbuoyant products. (Courtesy of Coat and Fry 
Technologies.)

Figure 28.6 Fryer conveyor design for products that undergo a buoyancy change during frying. 
(Courtesy of Coat and Fry Technologies.) 
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    Cook area required
kg h

kg m
h

m= × =1500
7 25

1
60

3 45
2

2

. min
.   

 Therefore fryer length (assuming 1   m of fryer width)    =    3.45   m 2 /1   m    =    3.45   m.   
 Fryers also include exhaust systems to collect and dispose of the vapor generated 

during frying and hot gases in a safe and sanitary manner. Exhaust systems are signifi -
cant components of a fryer. Because a sudden drop in oil temperature is observed after 
immersion of the food, temperature recovery is another important parameter when 
choosing a fryer for optimum process conditions. Also, the frying process deposits 
carbon on the fryer ’ s heating elements (Blumenthal and Stier,  1991 ), resulting in longer 
recovery times and leading to increases in the immersion time with possible loss of 
quality. A uniform temperature distribution within the fryer is also important for 
ensuring uniform temperature distribution inside the fried product, since temperature 
distribution directly affects the convective heat transfer coeffi cient. 

 Energy consumption during frying is another important problem from an engineer-
ing and economic point of view (Rywotycki,  2002, 2003 ). Research on this problem is 
limited, and a model to design and describe a food drying system to lower thermal 
energy consumption is required for process optimization purposes. With this objective 
in mind, Rywotycki  (2002)  lists the required tasks as the design and construction of 
a fryer insulated with low thermal conductivity material, formulation of a mathemati-
cal model for calculating the thermal power consumption as a function of frying 
temperature, and validation of the model with actual situations. The required math-
ematical model should include (Rywotycki,  2003 ):

    •      heat requirement for heating and evaporating water from raw product;  
   •      heat requirement for raw product heating and heating supplementary fat/oil;  
   •      heat transmitted to the environment through fryer casing and fryer ventilation 

system;  
   •      heat radiated into the environment.     

  Heat and Mass Transfer during Frying 

  Heat Transfer and Heat Transfer Coeffi cient 

 Frying is a very effi cient heat transfer process not only because of high heat transfer 
coeffi cient values associated with the hot frying oil, but also because of the hydrody-
namic conditions set up around the food material. During frying, heat and mass transfer 
occur simultaneously. As heat is transferred from hot oil to the surface of the food 
material, moisture is transferred from the interior to the surface. Heat transfer to the 
food material results in an increase in its internal energy, which in turn leads to the 
vaporization of water (boiling phase). Rapid escape of water as vapor bubbles creates 
turbulence around the food material, further enhancing the rate of heat transfer. 
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 The heat transfer coeffi cient is a measure of how fast heat transfer occurs between 
a surface and a fl uid. As in every convective heat transfer process, the heat transfer 
coeffi cient is a critical processing parameter that plays a vital role in frying. Although 
dimensionless convective heat transfer correlations exist for determining heat transfer 
coeffi cients, the boiling phase of frying requires the use of experimental methods. A 
common practice for determining the heat transfer coeffi cient during thermal process-
ing of foods is to use the lumped capacitance method, where highly conductive metals 
are used. However, for thermal processes such as frying during which simultaneous 
heat and mass transfer take place, the lumped capacitance method may fail to yield 
an accurate heat transfer coeffi cient. 

 Singh  (1995)  and Sahin  et al .  (1999)  have pointed out that use of a metal transducer 
to determine heat transfer coeffi cient during frying will yield a value quite different 
from what would be obtained by using the actual food product. When a cold lumped 
system is immersed in a hot medium, the object absorbs heat from its surroundings 
very rapidly and as a result the oil around the object cools substantially, resulting in 
an increase in its density. This creates a downward fl ow and hence convection cur-
rents around the object at a strength that would never exist for a food particle during 
frying. This may lead to over - calculation of the heat transfer coeffi cient, especially at 
the beginning of the frying process. As opposed to the cool - down effect of the lumped 
system, bubbles are present around the food being fried. As moisture within the food 
comes in contact with the surrounding hot oil, it suddenly boils and forms bubbles. 
This bubble formation may in fact become very violent and alter the conditions 
around the food. The presence of bubbles was reported to enhance the heat transfer 
process by creating turbulence (Costa  et al .,  1999 ; Vitrac  et al .,  2000 ; Budzaki and 
Seruga,  2005 ). This effect of bubbles on transport properties defi nitely needs to be 
taken into account when determining heat transfer coeffi cient. 

 Several researchers (Costa  et al .,  1999 ; Ngadi and Ikediala,  2005 ) have determined 
heat transfer coeffi cients during deep - fat frying of foods using the lumped capacitance 
approach. Ngadi and Ikediala  (2005)  used drum - shaped models made of aluminum to 
estimate the heat transfer coeffi cient during deep - fat frying of chicken drums. They 
obtained heat transfer coeffi cient values ranging from 67 to 163   W · m  − 2  · K  − 1  for different 
combinations of oil temperature, chicken drum size and oil viscosity. Costa  et al . 
 (1999)  determined heat transfer coeffi cients during frying of French fries at 140 and 
180    ° C using a steel piece and employing the lumped system approach. They placed 
potato strips in the fryer before immersing the steel piece to mimic the hydrodynamic 
conditions of the actual frying process. They found that the heat transfer coeffi cient 
reached a maximum value of 443   W · m  − 2  · K  − 1  at 140    ° C and 650   W · m  − 2  · K  − 1  at 180    ° C. At 
the end of frying, as bubbling ceased, lower heat transfer coeffi cient values were 
reported (353   W · m  − 2  · K  − 1  at 140    ° C and 389   W · m  − 2  · K  − 1  at 180    ° C). The heat transfer coef-
fi cient was also determined from the surface temperature data obtained during frying 
of a potato strip at 140    ° C. The maximum heat transfer coeffi cient value was found 
to be around 600   W · m  − 2  · K  − 1 , greater than that obtained with the steel piece at the same 
oil temperature (443   W · m  − 2  · K  − 1 ). 
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 In another approach proposed by Y ı ld ı z  et al .  (2007) , the actual food material was 
used to determine heat transfer coeffi cient, while knowledge of thermocouple location 
within the potato strip was not required, eliminating the errors as a result of using 
unreliable surface temperature data. Heat transfer coeffi cient values were found to be 
287, 227, and 181   W · m  − 2  · K  − 1  for oil temperatures of 150, 170, and 190    ° C, respectively, 
indicating a decreasing trend with increasing oil temperature. Table  28.1  shows the 
heat transfer coeffi cient values determined by all three methods (lumped system, 
lumped system with bubbles, and actual food material) at different frying tempera-
tures. According to this table, when the lumped system is used without a bubble 
source in the frying medium, heat transfer coeffi cient increases slightly with increas-
ing oil temperature, probably due to the effect of reduced viscosity of the frying oil at 
higher temperatures. However, heat transfer is greatly enhanced when bubbles are 
present. The effect of bubbles appears to become more pronounced as the frying tem-
perature increases, indicating that greater rate of water loss from the bubble source at 
higher temperatures favors the heat transfer process.   

 When the actual food material is used, water vaporization plays a primary role in 
determining internal temperature increase, and hence heat transfer coeffi cient deter-
mined from the time – temperature data. As water vaporizes from the food material, it 
extracts a large amount of the incoming energy, reducing the energy available for 
temperature increase. Therefore, heat transfer coeffi cient determined using this 
method incorporates the effect of the energy utilized for vaporizing the water in the 
food being fried, making the term  “ apparent heat transfer coeffi cient ”  more appropri-
ate. The difference between heat transfer coeffi cient values determined with the 
lumped system in the absence of bubbles and with the actual food material is not 
large. However, increasing the temperature of the frying oil results in opposite effects 
in these two methods: heat transfer coeffi cient decreases with increasing frying tem-
perature when the actual food material is used. It is thought that the increasing rate 
of water vaporization at higher oil temperatures absorbs increasingly more of the 
incoming energy, resulting in a reduction in the apparent heat transfer coeffi cient. 

 Another experimental method of determining heat transfer coeffi cient is based on 
obtaining the moisture loss rate during frying (Hubbard and Farkas,  1999 ). In this 
method, an energy balance is set up between the food and the frying medium (Equation 
 28.1 ). Erdogdu and Dejmek  (2010)  provide a detailed discussion on the energy balance 
methodology.

Table 28.1 Heat transfer coeffi cient values ( W·m−2·K−1) determined with different methods at dif-
ferent frying oil temperatures. 

Oil temperature ( °C) Lumped system 
(without bubble source) 

Lumped system 
(with bubble source) 

Actual food material 
(proposed approach) 

150 206.3 ± 3.8 587.8 ± 86.0 286.7 ± 15.4
170 223.9 ± 6.0 684.5 ± 62.8 227.3 ± 8.0
190 241.2 ± 8.9 727.2 ± 14.9 181.3 ± 6.5
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  where  h  is the heat transfer coeffi cient (W · m  − 2  · K  − 1 ),  A  the surface area of the product 
(m 2 ),  Δ  H  vaporization  the heat of vaporization of water at the prevailing conditions (e.g. 
2257    ×    10 3    J · kg  − 1  at 100    ° C),  dm / dt  the rate of moisture loss from the food (kg · s  − 1 ), and 
 T x    =    L   and  T  oil  are surface temperature of the food and oil temperature ( ° C), respectively. 
The major assumption when writing Equation  28.1  is that there is negligible tempera-
ture gradient  dT / dt  in the core region of the food being fried. This requires heating 
the food to the boiling temperature of water prior to immersion in the frying oil 
(Hubbard and Farkas,  2000 ). When this is not done, Equation  28.1  should include the 
internal energy increase term to account for the temperature change within the core 
region (Farinu and Baik,  2007 ):

    h A T T
dm
dt

H m c
dT
dt

x L p⋅ −( ) = − + ⋅=oil vaporizationΔ     (28.2)  

  where  m  is mass (kg) and  c p   is the specifi c heat capacity (J · kg  − 1  · K  − 1 ). 
 Blending different oils to provide lower levels of viscosity, and hence higher heat 

transfer coeffi cient values at frying temperatures, has recently been suggested for 
improving the quality of fried products and reducing costs associated with frying 
(Debnath  et al .,  2010 ). However, one should remember that the bottleneck of heat 
transfer during frying is the conduction of heat within the food material. Therefore, 
increasing heat transfer coeffi cient or oil temperature may easily result in near - surface 
regions reaching higher temperatures during frying, which will have a major effect on 
increased overall nutrient degradation and excessive browning, not to mention the 
increased levels of acrylamide in some products.  

  Mass Transfer 

 During frying, heat transferred from hot oil initially causes physical and chemical 
changes in the product, such as starch gelatinization, protein denaturation, crust for-
mation, and vaporization of water from the surface. Mass transfer during frying is 
characterized by the movement of water in vapor form from the fried product into the 
oil. During the production of potato crisps, for example, moisture content was reported 
to reduce from 80% to below 2% in the fi nal product (Gamble  et al .,  1987 ). In the 
early stages of the frying process surface water is lost by evaporation, resulting in 
intense bubbling over the surface. In the latter stages, via the effect of the evolving 
moisture concentration gradient, the moisture may be assumed to diffuse from the 
inside to the evaporation interface from where it is removed by the fi nal evaporation. 
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The rate of mass transfer is defi ned as the ratio of driving force over resistance (Rice 
and Gamble,  1989 ): the driving force is provided by the conversion of moisture into 
vapor, and the resistance to mass transfer is characterized by mass diffusion and 
surface resistance of the product (Farinu and Baik,  2005 ). 

 In the literature, as also reported by Singh  (1995) , there have been various empirical 
relationships describing moisture loss during frying. Kozempel  et al .  (1991)  applied 
Fick ’ s second law and solution to describe the moisture loss and oil gain in French 
fries. Yildiz  et al .  (2007)  also used this approach to determine both diffusion coeffi cient 
for moisture and mass transfer coeffi cient using the time – moisture data of the fries 
samples obtained at different time intervals. They found that mass transfer coeffi cient 
increased from 1.12 to 2.07    ×    10  − 5    m 2  · s  − 1  while moisture diffusion coeffi cient increased 
from 9.2 to 18.2    ×    10  − 9    m 2  · s  − 1  with an increase in frying temperature from 150 to 
190    ° C. This method enables determination of both mass transfer coeffi cient and dif-
fusion coeffi cient using a single set of data. A detailed discussion of this method is 
also given by Erdogdu  (2005) . 

 There is strong evidence that most of the oil is confi ned to the surface region of the 
fried product (Bouchon,  2006 ) and is mostly absorbed after the frying process is com-
pleted and during the cooling period due to condensation of steam creating a vacuum 
effect (Gamble and Rice,  1987 ). Ufheil and Escher  (1996)  suggested that oil uptake is 
a surface phenomenon, while Moreira and Barrufet  (1998)  explain this mechanism in 
terms of capillary forces. Farinu and Baik  (2005)  summarized the factors affecting oil 
uptake of fried products as the replacement of moisture where oil is entering the voids 
left by moisture removal, crust formation resulting in adsorption of oil, interfacial 
tension between the product and frying oil, capillary rise and porosity formation 
(Pinthus and Saguy,  1994 ).   

  Process Control 

 In the case of fried potato products, since the raw material is a natural product, pro-
duction must be carefully planned (Nikolaou,  2006 ). Potato tubers contain 18 – 28% 
dry matter, of which 60 – 80% is starch (Varns and Sowokinos,  1974 ). Since starch is 
directly related to fi nal product texture and fat content, potato tubers destined for 
frying must have relatively high starch level. In contrast to starch, the levels of reduc-
ing sugars in potatoes must be low. 

 Reducing sugars play a critical role in development of color and formation of 
acrylamide in potato chips and French fries. A high level of reducing sugars causes 
products to turn brown early in the frying process. Selection of suitable varieties is 
therefore an essential step for successful production. Although an upper limit has not 
been specifi ed for potato chip production, varieties with reducing sugars content of 
less than 3   g · kg  − 1  fresh weight are recommended by CIAA  (2009) . In Switzerland, pota-
toes with a reducing sugars concentration as low as 0.5   g · kg  − 1  are desired by potato 
chip manufacturers (Foot  et al .,  2007 ). Storage conditions play an important role in 
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controlling reducing sugars in potato tubers, since temperatures below 8 – 10    ° C are 
known to promote liberation of reducing sugars from starch (Grob  et al .,  2003 ). 

 Frying conditions also have a profound effect on product quality attributes. A high 
frying temperature may cause browning of the surface before the interior is cooked, 
while a low frying temperature results in more oil absorption and a soggy product. 
Acrylamide formation is also strongly dependent on processing conditions. Therefore, 
from a process control point of view, it is important to understand the effect of com-
positional and processing variables on quality attributes and acrylamide formation 
during frying. 

 Continuous monitoring of product moisture content is an effective way of control-
ling the frying process. For example, the moisture content of potato chips must be 
reduced to 2% by weight or less (Baumann and Escher,  1995 ) in order to obtain a crispy 
texture and an extended shelf - life. Therefore, the moisture content of potato chips can 
be a good indicator of process performance, and can easily be measured in real time 
using on - line moisture sensors positioned at the fryer exit. 

 The quality of oil is of paramount importance with regard to fried food quality. 
The fact that frying oil becomes a major component of fried food (15 – 20% in dough-
nuts and breaded or battered fi sh and chicken, 10% in French fries, and 35 – 45% in 
potato chips) further emphasizes this importance (Rossell,  2001 ). It should be noted 
that as soon as the frying oil comes into contact with water, it begins to degrade 
irreversibly. Its free fatty acid concentration increases, leading to off - fl avors in the 
fi nal product. The free fatty acid content of frying oil can be controlled by continu-
ously adding fresh oil to the fryer. Oil turnover in a fryer must be 8 hours or less 
in order to avoid free fatty acid build - up (Bennett,  2001 ). Using the fryer at its designed 
capacity and removing crumbs from the fryer are also important with regard to 
maintaining oil quality.  

  Conclusions and Future Needs 

 Frying is a simultaneous heat and mass transfer process, and therefore design and 
optimization of a frying process should consider quantifi cation of the changes in both 
the fried product and the frying medium (due to the irreversible degradation process 
with the start of frying) via the known thermal, physical, and kinetic - related param-
eters. For example, in addition to knowledge of heat and mass transfer parameters, 
the formation kinetics of the substances involved with the frying system should also 
be known in order to improve design of a frying process. Inclusion of the changes 
occurring in the frying medium brings additional positive benefi ts when designing a 
better frying process. 

 In addition to a design and optimization study, a future need lies in reducing the 
oil absorption of fried products. Producing low - fat fried products with the required 
quality attributes poses a unique challenge, and a comprehensive study is expected to 
provide additional information about the mass transfer of oil uptake. Fontes  et al . 
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 (2011)  describe the optimization of the deep - fat frying process of sweet potato chips 
in palm olein and stearin where the objective was to minimize the oil content incor-
porated in the food product by determining the optimum frying temperature.  
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   Defi nition and Purpose 

 Mechanical separation of raw agricultural materials into foods has been practiced by 
humans for centuries. Winnowing is an ancient method of mechanical separation that 
uses air currents to remove chaff from grain. The Bible frequently mentions a  “ wine-
press, ”  an invention used to separate juice from grapes. Egyptian tomb inscriptions 
dating to 1450  bc  show a sedimentation device employed to remove solids from drink-
ing water (Baker and Taras,  1981 ), a primary ingredient in processed foods. In the fi fth 
century  bc , Hippocrates invented the  “ Hippocrates Sleeve, ”  consisting of a cloth bag 
for fi ltering rainwater (Columbia Electronic Encyclopedia,  2007 ). The Industrial 
Revolution brought about large - scale mechanization of separation processes in the 
food industry, resulting in profound changes. Today ’ s modern food plant contains a 
signifi cant amount of specialized equipment dedicated to separation processes. 

 Mechanical separation is any operation that divides a mixture of ingredients into 
two or more fractions by the use or manipulation of physical force. Ingredients may 
be of plant or animal origin, from naturally occurring materials, fi ne chemicals, or 
waste products occurring in any of three phases (solid, liquid and gas) or combinations 
of these. The goal of mechanical separation of foods is to economically produce useful 
products or ingredients. Common examples of mechanical separation in food pro-
cessing include sifting, fi ltering, clarifying, rinsing, winnowing and dewatering. The 
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purpose of this chapter is to introduce the unit operation of mechanical separation 
and its applications in the food industry.  

  Food Products Processed by Mechanical Separation 

 Mechanical separation is a unit operation that is nearly ubiquitous in food processing. 
Table  29.1  lists examples of mechanical separation techniques and the food products 
they are used on.    

  Theoretical Principles of Mechanical Separation 

 Differences in the physical properties of materials, such as particle size, surface area, 
texture, density, color, melting point, phase, shape, viscosity, vapor pressure, polar 

Table 29.1 A sampling of mechanical separation techniques and food products they are used on 
(listed alphabetically by mechanical separation technique). 

Mechanical
separation
technique

Food products 
undergoing mechanical 

separation

Description of 
mechanical separation 

technique

Element(s) separated 
from food product 

Centrifuge Oils Spin at high speeds Unwanted phase(s) 
Clarify or settle Sugar syrup, oils, fats, 

juices, liquid foods 
Settle Solids, dense phase, 

light phase 
Cyclone Spray dried or powdered 

foods like milk, juices, 
coffee, butter 

Air fl otation and gravity Air

Dewater Fruits, vegetables, meats, 
seeds, nuts and more 

Shake, centrifuge, air 
blow, absorb 

Free water 

Filter Juices, oils, pumpable 
liquids

Porous media barrier used 
to remove particles 

Particles

Peel Fruits, vegetables Powered knife or steam Surface skin of fruit or 
vegetable

Pit Fruit Pitting machine Seed of fruit 
Press Oilseeds, fruits, vegetables Squeeze Liquid from solid 
Rinse Fruits, vegetables, meats, 

seeds, nuts, and more 
Rinse with water Debris and foreign 

materials
Sift Whole or ground solids 

like seeds, fl our 
Porous media and 

mechanical agitation 
Debris, foreign material, 

size classifi cation of 
base material 

Sort Fruits, vegetables, grain, 
nuts, eggs 

Screens, controlled gaps 
or spaces 

Different sizes or shapes 
of same material 

Trim Meat Powered knife Unwanted materials like 
hair, tissue, fat, debris 

Winnow or scalp Grains, nuts, seeds, fruits, 
vegetables

Air fl otation and gravity Debris and foreign 
materials
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charge, magnetism (Seader and Henley,  1998 ), and wettability (Answers.com,  2010 ), 
can be exploited to achieve mechanical separation of mixtures. There are fi ve general 
categories of mechanical separation (Seader and Henley,  1998 ): (i) phase creation, (ii) 
phase addition, (iii) barrier, (iv) solid agent, and (v) force fi eld. In the remainder of this 
section, the fi ve categories are explained and examples of each given. 

  Phase Creation 

 A second phase that can be separated from the feed phase is created by a sudden change 
in pressure, or the addition of energy through heat or mixing. Flash vaporization is a 
common mechanical separation process used to remove water from food products. 
Milk pasteurized by direct steam injection adds water (condensate) in the process. 
Added water is removed by fl ash vaporization when the line pressure of the hot liquid 
milk is suddenly reduced and water instantly evaporates (Bowser,  2003 ). Spray drying 
of liquid foods like broths, milk, and juices relies on the addition of heat to create a 
second phase (gas) that is gently separated from the liquid and solid phases of the 
product. 

 The mass and energy balance technique described by Crapiste and Rotstein  (1997)  
is practical for the design of phase creation processes. Materials composition is defi ned 
on a dry basis where water,  W , removed from the solid is given by:

    W S x xi f= −( )     (29.1)   

 where  S  is the fl ow rate of the bone dry solid product and  x  the moisture content of 
the product. Subscripts  i  and  f  indicate initial and fi nal conditions. When water is 
transferred to the air (spray drying),  W  is given by:

    W A y yf i= −( )     (29.2)   

 where  A  is the fl ow rate of dry air and  y  the moisture content of the air (kg vapor/kg 
dry air). For the case of a solid product or air, the energy balance can be represented 
by the following equations:

    Q SC T T W H C T TS pf pf pi w pi r= −( ) + − −( )[ ]Δ     (29.3)  

    Q A C C y T T WC T TA gi vi ai af v ai r= +( ) −( ) + −( )     (29.4)   

 where  Q S   and  Q A   are net energy transferred from the solid product and to the air, 
respectively, and  Q S      =     Q A  ;  C  is specifi c heat,  T  is temperature and  Δ  H  is the latent 
heat of vaporization of water at a reference temperature. Subscripts  a ,  g ,  p ,  r , and  v  
denote air, dry air, solid product, reference temperature, and water vapor, 
respectively.  
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  Phase Addition 

 A second phase that can be separated from the feed phase is added to dissolve or 
remove or physically change a portion of the feed material. Water washing or rinsing 
is a case of separation by phase addition. Water may carry away or dissolve a residue 
on the surface of the feed or fractions of the feed mixture. Dissolved air fl otation (DAF) 
uses air bubbles to fl oat particles to the surface of a liquid mixture (Britz  et al .,  2006 ) 
for subsequent removal via another mechanical separation method such as skimming. 
Ferreira - Leitao  et al .  (2010)  tested the use of CO 2  and steam in a sugar cane bagasse 
pretreatment process to increase sugar yields for ethanol production. Both CO 2  and 
steam were added phases that served to enhance the separation process. Barrington  et 
al .  (2002)  described the use of limestone dust to precipitate phosphorus from dairy 
manure. A 3.0% dosage of limestone dust was incorporated into a manure slurry, 
resulting in recovery of 90% of phosphorus.  

  Barrier 

 A physical barrier such as a screen, fi lter, or membrane is used to control or enhance 
the movement of particles or species with respect to the feed material. Reverse 
osmosis is commonly used to purify water used in food processing (American Water 
Works Association,  2007 ). Membrane systems have been used extensively to process 
fruit juices, sugar solutions, and dairy products (Saravacos and Kostaropoulos,  2002 ). 
Screens may be employed to clean, grade, sort, and separate fruits, vegetables, nuts, 
seeds and other food materials (Henderson  et al .,  1997 ). Moving screens have an 
optimum frequency, amplitude, and angle for each application. Residence time of 
product on the screens and sieve construction must also be considered. Some stand-
ards for product - specifi c sieve analysis are available (e.g. American National Standards 
Institute, ANSI, and American Society of Agricultural and Biological Engineers, 
ASABE). In the absence of a standard, sieving parameters must be determined experi-
mentally (Retsch,  2010 ). 

 In fi ltration systems, the rate of fl uid fi ltration is determined by examining fl ow as 
described by Earle  (1983) . Filtration rate is equivalent to the driving force divided by 
the resistance to fl ow:

    
dV
dt

A P R= ( )Δ     (29.5)   

 where  A  is the fi lter area,  Δ  P  the driving force or pressure difference across the fi lter, 
and  R  the resistance to fl ow that develops from the fi lter material and the cake of 
solids that accumulate on it. Total resistance is proportional to fl uid viscosity:

    R r L Lc= +( )μ     (29.6)   

 where   μ   is the viscosity of the fl uid,  r  the specifi c resistance of the fi lter cake, and  L c   
and  L  the thicknesses of the fi lter cake and fi lter material, respectively. For constant -
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 pressure fi ltration systems,  Δ  P  is constant and the thickness of the fi lter cake is equal 
to the volume of solids in the product to be retained by the fi lter divided by the surface 
area of the fi lter:

    L wV Ac =     (29.7)   

 where  w  is solids retained per unit volume of liquid,  V  the volume of liquid to be 
fi ltered, and  A  the surface area of the fi lter. Integrating Equation  29.6  from  V     =    0 to 
 V     =     V  from time  t     =    0 to  t     =     t  and substituting into Equation  29.7 , we obtain:

    
tA
V

rw
P

V A
rL
P

r= ⎛
⎝⎜

⎞
⎠⎟ ( ) +

μ μ μ
2Δ Δ

    (29.8)   

 Equation  29.8  can be used to predict fi lter performance by experimentally determining 
the slope (  μ rw /2 Δ  P ) of the line.  

  Solid Agent 

 A solid agent (normally loose or packed granular substance) has surface - active sites 
that separate by adsorption or chemical reaction with components of the feed mixture. 
Water is softened by ion exchange as the calcium and magnesium ions in the water 
are replaced by sodium ions (Nunn,  1997 ) as shown by the following reaction for 
calcium removal:

    Ca NaR CaR 2Naaq s 2 s aq
+

( )
+

( ) ( )+ ↔ +2 2     (29.9)   

 where R is the residual substance on the ion exchanger. The process is reversible and 
the solid agent can be reused until excessively fouled. Water softening is often pre-
ceded and followed by other mechanical separation techniques like fi ltering and 
reverse osmosis (barrier category) and sedimentation (force fi eld). Chromatography is 
another example of separation by solid agent.  

  Force Field 

 Separation by force fi eld involves the use of an imposed fi eld, like gravity, centrifugal, 
magnetic or electrical, over the feed mixture. For example, gravity separation is a 
critical processing step in the manufacture of specialized cheeses (Ma and Barbano, 
 2000 ). Often the force fi eld is established with a gradient; in the case of a spinning 
disk, the centrifugal effects are higher at the circumference, causing lighter feed com-
ponents to migrate to the axis of the disk and heavier fractions to move toward the 
perimeter. Thermal gradients have been used to improve the purity of rice bran oil 
fractions (Dunford and King,  2001 ) and glyceride mixtures (King  et al .,  1997 ). A mag-
netic fi eld can be used to remove ferromagnetic particles from a mixture. A centrifuge 
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develops a pressure gradient that separates fl uid mixtures by molecular weight (Seader 
and Henley,  1998 ) and particles from solution based on their shape, density, and the 
viscosity of the fl uid medium (IQS,  2010 ). The measurement of pressure applied to a 
sample in a centrifuge is termed  “ relative centrifugal force ”  (RCF) and is measured in 
units of gravity as (Geankoplis,  1978 ):

    RCF = ( )r N
g

2 2π
    (29.10)   

 where  g  is the gravitational constant,  r  the radius of rotation, and  N  the speed of 
rotation.   

  Equipment Used for Mechanical Separation 

 Much of the equipment available for mechanical separation has been developed 
over the years based on experience (Saravacos and Kostaropoulos,  2002 ) and need. 
Some of the most successful pieces of mechanical separation equipment exploit a 
number of the unique physical properties of the fractions to be divided. For example, 
a centrifuge can make use of phase, density, and viscosity and a simple water rinse 
can take advantage of solubility, relative density, fl uid transport, porosity, wettability, 
and texture. Table  29.2  provides examples of equipment used in the fi ve categories of 
mechanical separation and lists some advantages and disadvantages of each.   

 This remainder of this section lists, in alphabetical order, some of the important 
equipment used in mechanical separation of foods, providing a brief description and 
some of the physical parameters and empirical design information used to specify and 
install the equipment. Equipment manufacturers ’  websites are provided for the reader 
to access images and additional information. 

  Centrifuge 

 The centrifuge is used to separate liquids and particles suspended in a carrier fl uid by 
centrifugal force (force fi eld). Important process variables include percent suspended 
solids, volumetric slurry throughput, solids throughput, and product consistency at 
point of discharge. Incompressible materials of 45    μ m or larger are normally suited to 
fi ltration - type centrifuges and fi ner materials to sedimentation - type centrifuges 
(Broadbent,  2001 ). For coarse solids, a low residual liquid content is achievable. 
Substantial volumetric throughputs can be achieved relative to the size of a centrifuge, 
which may help offset the high capital and operating expense (Purchas,  1981 ). 

 Throughput of a sedimenting centrifuge is proportional to the square of the smallest 
particle size to be separated; therefore halving the throughput will permit separation 
of a particle size that is decreased by a factor of   1 2/ . Temperature is an important 
process variable since it affects density and viscosity of the liquid. Increased tempera-
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Table 29.2 Examples of equipment used in mechanical separation and advantages and disadvan-
tages of each. 

Category Equipment Advantage Disadvantage

Phase
creation

Flash vaporizer (e.g. 
milk cooling) 

Compact rapid 
process

Precise control 
possible

Rough treatment of product (high shear) 
Requires pressurization of product stream 

Gun puffi ng (e.g. 
cereal puffi ng) 

Compact rapid 
process

Precise control 
possible

Pressure vessel required 
Requires intensive heat transfer 

Steam peeling (e.g. 
potato peeling) 

Rapid process 
Low waste in 

comparison with 
other peeling 
processes

No chemicals 

Pressure vessel and steam source 
required

Phase
addition

Classifi er, wet and 
dry (e.g. winnowing 
of chaff [skin] from 
grain, water 
fl otation of trash 
from produce) 

Inexpensive
Quick and effi cient 
Continuous
Few moving parts 

Will not remove particles of similar size 
and density 

Uniform physical properties of infeed 
material required 

Dissolved air fl otation 
(e.g. removal of 
fats from waste 
water stream) 

Relatively
inexpensive

Effective

Flocculation aids may be required and may 
contaminate byproducts 

Requires large tanks 
Low effi ciency 
Additional separation equipment needed 

(e.g. skimming) 
Leaching (e.g. vanilla 

fl avoring from 
beans)

Inexpensive
Effective
Few or no moving 

parts

Ineffi cient 
Slow
Diffi cult to control 

Rinsing/washing Inexpensive
Quick
Effi cient 

Water residue may be undesirable 
May remove desirable components 
Water treatment and disposal costs 

Barrier Filter (e.g. liquid 
foods such as 
juices, fats and 
solutions)

Inexpensive
Effective
Rapid and compact 
Well understood 

Clogs over time 
Diffi cult to clean 
Eventually fi lter material must be replaced 
Pressure differentials 

Membrane (e.g. 
liquid foods such 
as juices, fats and 
solutions)

Rapid and compact Clogs over time 
Diffi cult to clean 
Membrane eventually requires replacement 
Pressure differentials 

Press (e.g. expel 
liquid from fruit) 

Inexpensive
Rapid
Continuous or 

batch

Ineffi cient 
Not preferential 
Pressing aid sometimes required 

Screens (e.g. sift 
fl our, dewater 
produce)

Inexpensive
Effective and rapid 
Well understood 

Diffi cult to clean 
Multiple passes may be required 
Pore clogging 
Vibration may be needed to increase 

effectiveness
(Continued )
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ture tends to decrease liquid density and viscosity, which increases throughput and 
reduces the size of the smallest particle that can be separated (Purchas,  1981 ). Tarleton 
and Wakeman  (2007)  list nine basic types of commercial centrifuge that are available 
with many variations and options that result in an extensive array of choices. 
Consulting with equipment manufacturers or an experienced engineer is often required 
to determine the best centrifuge for a particular job. Images and videos of a variety of 
centrifugal separators may be viewed at  www.wsus.com .  

  Chromatograph 

 Chromatography is a mechanical separation technique that has recently extended 
from analytical instrumentation to production. It is used to separate molecules based 
on their differences in structure and/or composition. A mobile phase is forced through 
a column containing stationary solids or immobilized liquids (solid agent) that adsorb 
substances from the mobile materials and/or cause differences in the rate of migration 
of the mobile materials through the column. Flow rate, pressure, and mobile phase 

Category Equipment Advantage Disadvantage

Solid
agent

Chromatography
(e.g. protein 
isolation)
(Clark, 2009)

Superior product 
High effi ciency 
Compact

New technology 
Intellectual properties agreements 

Water softener Effective and rapid 
Relatively

inexpensive
compared with 
other softening 
methods

Requires regeneration 
Produces regeneration waste 
Frequent maintenance required 
Cleanability issues 

Force
fi eld or 
gradient

Centrifuge (fi ltration 
and sedimentation 
types)

Compact
Effective and rapid 
Continuous
High capacity 

Numerous moving parts with high 
maintenance

Expensive compared to settling 
Set-up and controls may be diffi cult 

Clarifi er Inexpensive
No moving parts 
Simple controls 

Large space and time requirements 

Electrical (e.g. 
electrodialysis;
used to 
demineralize dairy 
whey)

Compact, effective, 
rapid

Used in tandem with membrane (barrier) 
separation

Fouling
Cost

Magnet (removal of 
ferrous metal from 
grain)

Compact
Effective and 

simple
Rapid

Removal of ferrous material and cleaning 
of magnet surface 

Table 29.2 (Continued )
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composition are important factors in system design (Hadden  et al .,  1971 ). Etzel  (2004)  
reports the use of chromatography in an inexpensive commercial separation process 
for dairy proteins. Images of commercial equipment and diagrams of principles of 
operation can be viewed at  www.upfront - dk.com .  

  Clarifi er 

 A clarifi er employs gravity to settle solids out of liquids (force fi eld). Clarifi cation 
should be used where possible (especially as an upstream process prior to other separa-
tion steps such as fi ltration) because of low cost and high effi ciency. Clarifi cation can 
remove particles down to 0.1    μ m, while fi ltration is normally capable of removing 
particles of 0.45    μ m (Riffer,  2000 ) with solids loadings from 4 to 40% w/w (Tarleton 
and Wakeman,  2007 ). Clarifi ers have no moving parts and are simple to control and 
operate. Liquid fl ow rate and solids load are important design criteria. Some clarifi ers 
have a back - washing facility to enable surfaces where solids accumulate to be cleaned. 
A typical solids removal rate is 80 – 90% (Salah,  2010 ). Visit  www.hydrofl otech.com  
to view inclined plate clarifi ers and application information.  

  Classifi er, Air 

 Streams of particles are divided according to their terminal velocity in air (Senden and 
Tels,  1978 ), which depends on the physical characteristics of the product such as 
projected area, density, mass, volume, and drag coeffi cient (Henderson  et al .,  1997 ). 
Particles in the range 2 – 40    μ m are commonly separated using air (Saravacos and 
Kostaropoulos,  2002 ). Ferrari  et al .  (2009)  optimized air classifi cation techniques in a 
process to separate  β  - glucan - enriched barley fl ours. Wilhelmi  et al .  (2009)  studied air 
classifi cation for separation of fi eld peas used in ethanol production. Photos and ani-
mated fi gures of air classifi cation equipment can be viewed at  www.sweco.com .  

  Classifi er, Water 

 Hydrocyclones are used to separate solid particles from a fl uid (water). They operate 
under a wide range of fl ow rates and pressures. The fl uid fl ows in a spiral path and 
particles are separated by centrifugal force and the difference in specifi c gravity 
between the solid and liquid (force fi eld). The square root of the diameter of the hydro-
cyclone is proportional to the minimum - sized particle that can be separated; thus 
small - diameter hydrocyclones are required to separate fi ne particles. Small diameters 
result in reduced throughput, which is incompatible with most process needs. This 
issue is generally resolved by staging cyclones in parallel (Purchas,  1981 ). Minimum 
effective particle size is about 10    μ m (Seo and Lee,  2009 ). Sand and silt removal from 
wash - water is a common application. Fluid classifi ers generally contain no moving 
parts and are simple to operate and maintain. Photos of equipment and animated 
fi gures of water classifi ers are available at  www.lakos.com .  
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  Cyclone 

 In a cyclone separator, centrifugal and gravitational forces act on particles to separate 
them from air (force fi eld). Air and entrained solids tangentially enter a conical tank 
and descend in a spiral motion that can be visualized by imagining a vortex. Uses of 
cyclone separators include removing dust from air and air from product in conveying 
and spray drying systems. Particles under 5    μ m are not effectively separated in cyclones. 
Although the theory of cyclone separation is well known, most designs are based on 
trial and error. Akulich and Lustenkov  (2007)  optimized the operating and design 
parameters of a combined dust separator that incorporates a cyclone separator and bag 
fi lter. Zenz  (2001)  provides design tips for cyclone separators. See  www.sweco.com  for 
equipment photos and animations.  

  Deaerator 

 A deaerator uses vacuum or steam to remove air or other dissolved or trapped gases 
from a solid or liquid ingredient (phase creation and/or addition). Deaeration is often 
used in boiler feedwater treatment to remove oxygen and carbon dioxide, which cause 
corrosion of heat exchange surfaces. Oxygen may also be removed from food products 
to prevent oxidation and to establish uniform density and texture or viscosity. In a 
pressurized deaerator, the liquid is maintained at its saturation temperature, reducing 
the solubility of gas in the liquid to zero (Spirax Sarco,  2010 ). Deaeration has been 
shown to improve fl avor, increase shelf - life of fruit juices (Marshall,  1951 ), and reduce 
thermal resistance of microorganisms in foods undergoing pasteurization processes 
(HRS Spiratube,  2010 ). Important design variables are pressure (differential), tempera-
ture, fl ow, and product level. Ferro  et al .  (2002)  successfully developed a deaeration 
model for a seawater desalination process that helped to reduce the cost of the deaera-
tor equipment and operation. Images and a drawing showing product fl ow in a deaera-
tor are given at  www.cornellmachine.com .  

  Dissolved Air Flotation Unit 

 DAF systems use chemical agents to fl occulate (or aggregate) particles to be removed 
from water. Fine air bubbles are introduced to the water and attach to the fl occulated 
particles, lifting them to the water surface (phase addition). A skimmer removes the 
fl oating particles. DAF systems are relatively compact and operate under loading rates 
as high as 7   L · min  − 1  · m  − 2  (Leopold,  2010 ). Hanafy and Nabih  (2007)  reported the most 
appropriate design conditions for processing oil and water emulsions. Chemical fl oc-
culants may make recovery of waste streams, such as oil, diffi cult for agricultural or 
food use since many are considered adulterants. Design parameters include recycle 
pressure, saturation effi ciency, recycle rate, tank detention, hydraulic loading rate, 
solids loading rate, and air/solids ratio (Ross  et al .  2000 ). Images and an animated DAF 
system can be viewed at  www.fbleopold.com .  
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  Electrostatic Precipitator 

 Electrostatic precipitation is often used to remove airborne contaminants in process 
exhaust streams. Airborne particles are electronically charged and then captured by 
attraction to oppositely charged collection surfaces (force fi eld). Design information 
includes airfl ow, contaminant loading, contaminant electrical charge properties, vis-
cosity, and density. Electrostatic precipitators have been studied as a means to achieve 
even and rapid application of smoke to food products such as meats (Baron  et al ., 
 2008 ). Particles may be collected for recycling or reuse. See  www.uasinc.com  for 
equipment images and specifi c details.  

  Filter 

 Filters remove particles from a fl uid stream using porous materials such as wire mesh, 
solids beds, cloth, and sintered metal (barrier). The porous medium catches the parti-
cles and allows the fl uid to pass through. A pressure difference is always created across 
the porous barrier. The effl uent from the barrier is known as the fi ltrate. The two 
classes of fi lters are (i) cake and (ii) deep bed. Cake fi lters rely on a porous barrier with 
openings smaller than the particles to be fi ltered. Particles that accumulate on the 
barrier form a cake, which eventually may become the primary fi lter and fl ow resist-
ance. Deep bed fi ltration uses fi bers, sand, or diatomaceous earth as the fi ltering 
medium. They are useful for fl uids that carry less than about 1% of suspended solids. 
Important design information includes fl uid viscosity, pressure gradient, particle char-
acteristics, and media fouling (Chou,  2000a ). Filtration equipment can be viewed at 
 www.komline.com .  

  Grader 

 Grading is the separation of mixtures of ingredients into two or more streams that 
may be defi ned based on their value and intended use (Henderson  et al .,  1997 ). Grading 
is normally preceded by other separation steps like color sorting, classifying, screen-
ing, and washing. Egg grading is a typical example. Eggs are graded according to size, 
but if eggs are not cleaned and defects removed prior to sizing, the separated eggs may 
not make grade specifi cation.  

  Magnet 

 Magnets are utilized to remove ferrous fractions from nonmagnetic materials (force 
fi eld). Materials to be separated may be solids, liquids, or a combination. Important 
design variables include temperature, fl ow rate, fl ow characteristics, materials to be 
processed, magnet capacity, and cleaning operations. Effi ciency of a magnetic separa-
tion process can be improved by maximizing the gradient and intensity of the applied 
fi eld (Tarleton and Wakeman,  2007 ). Luk and Liu  (2005)  reported use of a magnetic 
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coagulator for treatment of wastewater sludge. A good overview of magnet selection 
is given by Eriez Manufacturing Co.  (2007) . Photos of magnets can be viewed at 
 www.eriez.com .  

  Membrane 

 Membrane fi ltration uses semipermeable barriers to remove particles from fl uid 
streams similar to fi lters, but targets much smaller particles (sized from bacteria down 
to salts). Membrane fi ltration is divided into four categories, depending on the size of 
the particles to be removed (listed in order of decreasing size of particle removed): 
microfi ltration (0.1 – 20    μ m), ultrafi ltration (0.001 – 0.1    μ m), nanofi ltration (molecular 
weight 200 – 1000), and reverse osmosis (molecular weight  <    200). System operating 
pressure increases with decreasing size of particle to be removed. Important variables 
for system design include fl uid viscosity, membrane thickness, fouling, and pressure 
difference across the membrane. Plugging and fi lter cake build - up severely reduce 
system effectiveness and must be alleviated by back - washing, prefi ltration, and mem-
brane surface cleaning (Saska,  2000 ; Tarleton and Wakeman,  2007 ). Information and 
images of membrane systems can be viewed at  www.cuno.com  and geafi ltration.com.  

  Press 

 Pressing, or mechanical expression, is a means of separating juices and oils from agri-
cultural products. Pressure applied to the product breaks open cell walls and tissue to 
release liquid contents. Expression depends on the following factors (Brennan  et al ., 
 1990 ): mechanical pressure, yield stress of feed material, cake porosity, and viscosity 
of expressed liquid. Batch presses are confi gured as hydraulic or screw rams that com-
press the feedstock. Feed material may be contained in a cloth sack or by perforated 
materials (barrier). Continuous presses are preferred to batch presses because of less 
labor, higher throughput, and greater effi ciencies. The four major types are screw, 
roller, belt, and reamer (Saravacos and Kostaropoulos,  2002 ). Images of batch presses 
are available at  www.goodnature.com  while continuous systems for food and sludge 
can be found at  www.vincentcorp.com  and  www.komline.com  respectively.  

  Puffi ng Gun 

 A puffi ng gun is a batch processing device that relies on a sudden change in pressure 
to vaporize moisture (phase creation) in a product (typically a wholegrain like rice or 
wheat), rapidly expanding it. The same effect can also be achieved on a continuous 
basis for dough - based products using an extruder. Important design considerations for 
gun and extrusion puffi ng include product throughput, pressure differential, moisture 
content, specifi c heat, and gelatinization temperature. The Puritan Puffi ng Machine 
can be viewed at  www.purmfg.com . Wenger Manufacturing ( www.wenger.com ) has 
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developed an extrusion process that utilizes carbon dioxide as the expansion agent as 
an alternative to water.  

  Rinser 

 Rinsing is a simple method used to remove residue and soils by dipping products in 
water or by pouring or spraying water on the product (phase addition). Separation of 
materials occurs by dissolving, fl oating, sinking, transporting, or dislodging materials 
from the surface of the primary feed fraction. A multitude of spray nozzles are avail-
able for this purpose ( www.spray.com ) and a wide variety of equipment has been 
designed to rinse products ( www.key.net  and heinzen.com). Chemicals may be added 
to the rinse water to enhance the separation process ( www.ecolab.com ). Rinse water 
may be cleaned using other separation process, such as fi ltration, and recycled to 
reduce waste. Important design considerations include temperature, impingement 
force, and physical properties of residues (e.g. solubility, density, stickiness, and par-
ticle size).  

  Screen 

 Screens or sieves are probably the most widely used mechanical separation device 
(barrier). Screening processes may be wet or dry, depending on process requirements 
and capabilities. Important design considerations for the product include particle size 
(range), density, shape, moisture content, throughput, fl owability, and corrosiveness. 
The Association of Equipment Manufacturers ( www.aem.org ) offers a rich group of 
references for vibrating screen use, including an applications handbook. Screens can 
be mechanically agitated and/or inclined to improve throughput effi ciencies. Many 
variants of screen materials, geometry, and weaves are available to optimize the sepa-
ration process (Tarleton and Wakeman,  2007 ). Pressurized air or gas is often used as 
a combined separation technique and to dislodge particles captured in screens. Wedged 
particles may be removed by the addition of a screen self - cleaning device (Sweco, 
 2002 ), which incorporates elements that slide over or bump the upper or lower surfaces 
of the screen element. A wide range of screening equipment can be viewed at 
 www.sweco.com  and  www.kason.com .  

  Sorter 

 Sorting is the separation of mixtures of ingredients into two or more streams that may 
be defi ned based on their size, shape, density, texture, and color (Henderson  et al ., 
 1997 ). Mechanical sorting equipment includes a wide variety of screens, rollers, belts, 
weighing stations, and fl otation and other devices. Sorting overlaps with many of the 
other separation processes. One very important sorting process is optical sorting, 
which makes use of sensors to determine shape, color, and moisture of particles. Food 
objects such as peas are dropped or projected through a system that rapidly takes a 
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digital image of each particle and analyzes it. The object is diverted to the appropriate 
fraction by air jet, conveyor, gravity, or other means. Vision sorting technology has 
been successfully used to mechanically separate items that have similar density and 
color such as green glass particles and peas. Advanced vision technology used for 
sorting and grading can be viewed at  www.key.net  and  www.bestsorting.com .  

  Steam Peeler 

 Steam peeling is a rapid process used to remove the outer layer, or skin, from fruits 
and vegetables via steam (phase creation). Heat is rapidly transferred by steam into 
the surface layer of a product that is held under pressure. The pressure is suddenly 
released, causing the heated moisture in and on the surface layer to instantly evaporate 
and expand, shredding the outer surface of the product. The application of steam 
peeling can be very effective, with yields as high as 93% using steam pressure of 20   bar 
(2   MPa) and steam time of up to 8   s (Odenberg Engineering,  2008 ). Effi ciency of 
operation depends on many factors such as the cultivar, condition of the produce, 
intended use (fi nal product), throughput, cost and availability of steam and waste 
handling capabilities of the plant. Garrote  et al .  (2000)  reported the effects of heating 
on steam - peeled potatoes. Images and information about steam peelers is available at 
 www.odenberg.com .  

  Water Softener 

 Water softeners are used to remove  “ hardness ”  from water caused by an excess of 
calcium and magnesium using an ion - exchange resin bed (solid agent). Sodium ions 
on the bed are traded for the calcium or magnesium ions in the water. Hardness can 
result in ineffi cient use of soap, soap scum residues, chalky deposits on fi xtures and 
in pipes, and off - fl avors in foods (Crittenden  et al .,  2005 ). Water usage rates, peak 
demand, hardness characteristics of available water, water system pressure, and 
knowledge of the intended use of softened water are all needed to design softening 
systems. More information and images of industrial water softening systems can be 
viewed at  www.reskem.com .   

  Design of Mechanical Separation Processes 

 Identifi cation and defi nition of the mixture and fractions to be removed must occur 
early in the design process. The design engineer will reckon the physical force(s) to 
be manipulated and the materials properties to be exploited in the mechanical separa-
tion process. An understanding of the theoretical principles of the separation process 
will assist in selection of possible equipment choices and alternatives. A host of addi-
tional information must be collected and evaluated, including budget, site utilities, 
space available, ambient conditions, future processing plans, materials and waste 
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handling, maintenance and operations, quality standards, and safety. Safety of the 
mechanical separation process must be assessed early and continuously throughout 
the project. A brief section devoted to process hazard and safety analysis appears 
below. 

 Mechanical separation of food products requires unique considerations compared 
with separation of nonfoods. Separation processes must be cleanable, sanitary, and 
open to inspection or validation when applied to food products (Clark,  2003 ). 
 “ Cleanable ”  means that soils or process residues may be completely removed from 
the system during routine cleaning operations.  “ Sanitary ”  indicates the absence of 
fi lth, pathogens, and foreign materials. Inspection is necessary to prove that clean and 
sanitary conditions exist and confi rmed evidence must be available to substantiate 
the effi cacy of routine cleaning operations (Seiberling,  1999 ). 

 A process fl ow diagram (PFD) is often employed as an early step in designing a 
process (Bowser,  2007 ). Figure  29.1  shows a PFD of a portion of an apple sauce manu-
facturing process that utilizes fi ve unique mechanical separation steps (shown in bold). 
The mechanical separation steps of Figure  29.1  are described in Table  29.3  and are 
employed to clean and prepare apples for processing and to separate cooked pulp (raw 
apple sauce) from stems, core, skin, and seeds. The use of the mechanical separation 
process  “ fi nish ”  (see Table  29.3  for description) facilitates a low - labor, high - throughput 
production scheme for a superior quality commercial product.     

 Material and energy fl ows in mechanical separation processes can be identifi ed 
using a PFD. Figure  29.2  shows a simplifi ed materials fl ow based on the apple sauce 
PFD in Figure  29.1 . Table  29.4  uses information from Figure  29.2  to calculate the 
material fl ow rate of product entering and leaving each step of the given portion of 
the apple sauce manufacturing process.     

 In the  Handbook of Sugar Refi ning , Chou  (2000b)  lists the basic principles of sugar 
cane refi ning, which are adapted here to form the 10 basic principles of mechanical 
separation of foods.

Figure 29.1 Process fl ow diagram of a portion of an apple sauce manufacturing process. 
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Table 29.3 Purpose and description of mechanical separation steps shown in Figure 29.1.

Mechanical
separation step 

Purpose Description

Destem Separate attached stems, 
leaves and twigs 

Apples are transported over a bed of rollers that 
rotate the apples and in the process pinch and 
remove any attached twigs, stems or leaves 

Wash Separate soil and residues The fruit is deluged in water which dislodges or 
dissolves soil and residues 

Dewater Separate excess water 
from fruit 

Shaking sieve conveyor and forced air are used 
to remove surface moisture 

Decalyx Separate calyx from fruit Calyx (dried sepals of the fl ower) must be 
separated at this point with an automated trim 
knife or they will be very diffi cult to remove later 

Finish Separate seeds, skin, 
stem and core from fruit 
pulp

Soft fruit pulp is fl uidized under the pressure of 
rotating paddles which force it through a 
screen, leaving the tougher, denser parts of the 
fruit behind 

Figure 29.2 Materials fl ow for a portion of an apple sauce manufacturing process. 

500 kg·h–1 apples

125 kg·h–1 apple waste

2.5 kg·h–1 trash 50 kg·h–1 water

3 kg·h–1 gray water

2 kg·h–1 calyx waste

3 kg·h–1 water

2 kg·h–1 gray water

+ 0.5 kg·h–1 residue
1 kg·h–1 gray water

47 kg·h–1 gray water

+ 0.5 kg·h–1 residue

2 kg·h–1 vapor

   1.     Once a separation has been made, the divided portions should not be 
recombined.  

  2.     Each separation step should be completed to the highest feasible level.  
  3.     Feedstock in process should be limited to the smallest quantity possible.  
  4.     Separations should be carried out as quickly as possible.  
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  5.     The number of separation steps should be minimized.  
  6.     Separation processes should be simplifi ed to the maximum feasible level.  
  7.     Imposed quality standards should be surpassed, but not considerably exceeded.  
  8.     Reprocessing of separated components should be reduced or eliminated.  
  9.     Waste byproducts should be minimized or eliminated.  

  10.     Separation equipment should be self - cleaning or easy to clean.     

  Process Control 

 Process control of mechanical separation systems is generally supplied by the equip-
ment manufacturer. Additional controls may be needed to successfully install mechan-
ical separation equipment in processes, especially for feed and discharge streams. 
Gravimetric and volumetric techniques are among the most simple and relatively 
accurate means of process control of bulk materials encountered in physical systems. 
Gravimetric control makes use of load cells or mechanical scales to measure ingredi-
ents or products based on weight. Weight measurement can be batch or continuous. 

 Batch weight may be obtained using load cells to weigh an entire vessel, or structure, 
including its contents. Net weight is obtained by subtracting the weight of the vessel 
and any attached hardware. An example of a continuous weight measurement is a 
force plate or weigh belt that measures loading and integrates it over time to compute 
total weight (Omega Engineering,  1998 ). Loss - in - weight systems incorporate load cells 
that support a hopper with an integral feeder. The feeder continuously empties the 
hopper and a control system modulates the rate of emptying based on a set point and 
feedback from the load cells (Siev  et al .,  1993 ). 

 Volumetric control utilizes a known volume of space that is fi lled with the material 
being metered. The space is emptied and refi lled periodically to establish a given 
volume displacement or a rate of successive displacements. A piston pump, rotary 
vane, and screw feeders are examples of continuous volumetric feed devices. Mass 

Table 29.4 Materials fl ow rate between each process step of the  PFD shown in Figure  29.2
(represented by connecting arrows between process steps). 

Process step (see Figure 29.2) Material input Material output 

Receive 500.0kg·h−1 apples 
Destem 500.0kg·h−1 apples 497.5kg·h−1 destemmed apples 
Wash A 497.5kg·h−1 destemmed apples 497.0kg·h−1 washed apples 
Dewater A 497.0kg·h−1 washed apples 497.0kg·h−1 washed dry apples 
Decalyx 497.0kg·h−1 washed dry apples 495.0kg·h−1 decalyxed apples 
Wash B 495.0kg·h−1 decalyxed apples 494.5kg·h−1 clean apples 
Dewater B 494.5kg·h−1 clean apples 494.5kg·h−1 prepared apples 
Cook 494.5kg·h−1 prepared apples 492.5kg·h−1 cooked apples 
Finish 492.5kg·h−1 cooked apples 367.5kg·h−1 apple pulp 
Further process 367.5kg·h−1 apple pulp 
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measurement and control systems, such as a coriolis meter, are extremely accurate 
since they measure mass directly. Changes in material density, viscosity, pressure, 
and temperature do not affect the measurement. Current coriolis meter designs include 
straight tubes with no fl ow obstructions (Micromotion,  2010 ), which are reliable and 
simple to clean.  

  Hazard and Safety Issues 

 Mechanical separation systems are prone to failure and human errors in application, 
operation, and maintenance are likely. Hazards and safety risks must be reduced to 
the lowest extent possible. Kletz  (1998)  offers excellent ideas for reducing process 
hazards, including an atlas of safety thinking, which lists fi ve simple concepts to be 
applied: intensify, substitute, attenuate, simplify and change.

    1.       Intensify  refers to the practice of reducing volumes of hazardous materials to less 
objectionable levels. Enclosure and shrinkage of separation processes that generate 
hazardous dust is an example of intensifi cation.  

   2.       Substitute  means to use a less hazardous material or processing step. For example, 
supercritical CO 2  can be used as a solvent instead of hexane, and a wet separation 
can be used instead of dry to control dust.  

   3.       Attenuate  pertains to reducing the conditions that might cause hazards. For 
example, a separation process might be carried out at a lower ambient temperature 
to reduce the growth rate of unwanted microorganisms.  

   4.       Simplify  means to reduce process complexity and opportunities for error. Often 
processes are unnecessarily complicated to provide system fl exibility or to accom-
modate existing facilities, equipment, and outdated specifi cations.  

   5.       Change  is needed as soon as hazards are identifi ed. Early identifi cation of hazards 
(during the design and review phases of a project) is critical.     

  Cleaning and Sanitation Methods 

 Features that enable the cleaning and sanitation of mechanical separation equipment 
make them suitable for processing foods. Two basic cleaning regimens are employed 
to clean mechanical separation equipment: dry and wet. Dry cleaning systems are 
suitable for low - moisture stable products like fl ours, grains, nuts, seeds, minerals, and 
powders. Brushes, air jets and vacuum systems may be used to substantially remove 
product residue from equipment. Periods between cleaning cycles may be lengthy for 
dry systems when product safety is not an issue. 

 Wet cleaning systems incorporate water - washing techniques, which might include 
rinsing, impingement, scrubbing, chemical additives, heating, steaming, and drying 
steps. Periods between water washing cycles are normally short and occur at least 



Mechanical Separation Design 829

daily. Water washing removes food products and ingredients before they become haz-
ardous due to microbial growth or other spoilage effects. 

 Corrosion resistance is a key factor for cleaning and sanitation, since many proc-
essed materials and cleaning agents cause corrosion of product contact surfaces. Some 
byproducts of corrosion are considered adulterants that will render the product unsale-
able. Smooth, polished, impervious product contact surfaces without cracks or pockets 
make cleaning more effective. Seams and hollow sections in food contact areas are 
not permitted. Equipment design should allow for complete access and disassembly 
for access when necessary. Self - draining surfaces prevent puddling of materials. A 
concise summary of equipment design and construction considerations is given by 
Schmidt and Erickson  (2005) .  

  Capital and Operating Costs 

 Capital and operating costs of mechanical separation processes and associated equip-
ment tend to be less expensive than other separation processes because they utilize 
existing forces of nature such as gravity and magnetic fi elds, and the innate physical 
properties of materials. A settling process to remove oil from water is less energy 
intensive and requires simpler equipment and controls than an evaporation or distil-
lation process. Many pieces of mechanical separation equipment have few or no 
moving parts, further reducing costs. The requirements for cleanability and frequent 
need for corrosion - resistant materials increase capital costs compared with nonfood 
applications. 

 Most mechanical separation equipment runs automatically without the need for 
continuous, dedicated operator supervision. Signifi cant operating costs include normal 
maintenance activities such as replacement of bearings, wear surfaces, belts, and seals; 
utilities like electricity, water, steam, and natural gas; cleaning and sanitation; and 
waste products disposal and handling.  

  Future Needs 

 Mechanical separation is an important operation in food processing that has ancient 
origins. Physical forces such as gravity and magnetism are used to separate mixtures 
based on differences in their physical properties. Mechanical separation processes are 
generally low cost and simple to implement. Future needs of mechanical separation 
processes in the food industry include improved cleanability of equipment, reduced 
waste, value - added processing, and improved control and separation methods. 
Cleanability is the chief requirement for all food processing equipment and rapid and 
effective cleaning methods will reduce costs and improve food safety. Mechanical 
separation processes should be designed to eliminate or reclaim waste streams. 
Valuable components in food and agricultural products must be identifi ed and 
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economic methods developed to separate them. Better measurement and control tools 
are needed to improve process effi ciency and reliability. Finally, new separation 
methods should be developed to reduce or combine process steps.  
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   Introduction 

 Mixing and agitation are important unit operations in the food industry. Although it 
rarely serves as a stand - alone step in a processing operation, it is unquestionably one 
of the most important steps that determine the sensory, organoleptic, and nutritional 
quality of the end product. The food industry constantly tries to reduce production 
costs due to the strong competition of the global market and also has a strong drive 
to diversify product range. To meet the requirement of these two objectjves, mixing 
is considered an important unit operation. Much of the industry is trying to upgrade 
conventional mixing processes or to opt for advanced mixing solutions. Prior to the 
in - depth discussion in this chapter, it is necessary to distinguish the two apparently 
close terms  “ mixing ”  and  “ agitation. ”  Agitation is technically well defi ned and con-
trols pattern of fl ow in a fl uid. Power consumption is the single most important cri-
terion for characterizing agitation processes. On the other hand, mixing is defi ned by 
attainment of homogeneity in the end product and is not always well defi ned (Griskey, 
 2006 ). In this chapter, the term  “ mixing and agitation ”  defi nes an operation where at 
least uniform distributions of two or more components occur by promotion of fl ow. 
In the food process industry, the purpose of mixing and agitation is not only to increase 
homogeneity of the bulk material but also to achieve many process objectives. At 
times the objective is so complex that the equipment involved is not recognized as a 

Handbook of Food Process Design, First Edition. Edited by Jasim Ahmed and Mohammad Shafi ur Rahman.
© 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.



Mixing and Agitation Design 835

simple mixer, but is named after the process. Equipment such as emulsifi ers are basi-
cally mixers, but they cause uniform distribution of two or more components, i.e. 
stable dispersion of oil/aqueous droplets in a continuous aqueous/oil phase. Therefore, 
mixers often serve one or more purposes in many food processes. Operations may be 
classifi ed as liquid or solid mixing and a few examples are listed below.

    •       Liquid mixing : blending (liquid whole and skim milk in tank), enhanced heat and 
mass transfer effect (chocolate mix heating), accelerating reaction (enzymatic 
hydrolysis of corn starch for HFCS production), change of texture (conching), size 
reduction (emulsifi cation of fl uids), dissolution of solids in liquid/blending of mis-
cible liquids (fl avor - syrup mixing), dispersion of gas/solids/liquids in liquid 
(carbonation/fruit pieces in yoghurt/emulsifi cation), drying (concentrated milk), 
kneading (dough preparation).  

   •       Solid mixing : blending (different types of cocoa bean mixing), mixing of active 
ingredients into bulk powder (vitamin fortifi cation in fl our), mixing of multi -
 component mixers as formulation (cereal mix), admixer of liquid(s) in solid material 
(oil addition in instant soup mix), particle coating (chocolate coating), powder 
coating on particle (spice on snacks), cohesive powder/paste mixing with particles 
(mixing of salad constituents).    

 This unit operation can appear in various stages of a food process and with different 
degrees of impact on fi nal product quality. For example, in a typical dairy, mixing may 
be required in the milk receiving tank (mixer with approximately 4000 liters capacity 
capacity and mixing time about 10   min), milk standardization process (high - shear 
batch mixers, rotor – stator type, 4 – 15   kW power), solid ingredients premixing (ribbon 
mixers to mix powders like sugar, cocoa powder and carrageenan in 5 – 10   min), in - line 
solid – liquid blending (rotor – stator mixer with 2000   L · h  − 1  output), fermentation tank 
(agitated tank with low shear impeller), and yoghurt mixing (static mixer with output 
up to 10   000   L · h  − 1 ) 

 In subsequent sections theoretical discussion will follow description of different 
mixer types and their design principles, operational features and cost analysis of 
mixing processes.  

  Mixing and Agitation: Theoretical Principles 

 Food processes deal with raw materials with different physicochemical properties. For 
example, standardization of milk is a common unit operation in any dairy to attain 
proper process specifi cation, and typically needs mixing of solid nonfat (cohesive solid 
powder), cream (highly viscous non - Newtonian liquid), and milk (liquid). The situa-
tion becomes more complex when the mixing operation accompanies physicochemi-
cal reactions and phase change. In complex processes, such as bakery dough preparation, 
fl our, water, yeast, salt and other ingredients are mixed and worked to obtain a plastic 
mass. Therefore the dough mixer should not only uniformly distribute the multiple 
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solid and liquid raw materials but also facilitate gluten development that eventually 
gives rise to a viscoelastic dough. Such complexity demands expansion of mixing 
theories developed traditionally for the chemical industries. 

  Assessment of Mixing Quality 

 Mixing in food processes can be classifi ed, in relation to the continuous phase, as 
liquid mixing (follows laws of fl uid mechanics) and solid mixing (follows laws of solid 
physics and statistics). The theory of fl uid mixing is well developed due to its inherent 
simplicity and wide use across the process industries, whereas solid mixing is gener-
ally empirical. They also differ in assessment. When one or more component mixes, 
the element size of the component(s) (particulate solid or liquid) becomes smaller and 
smaller in order to attain a desired size. These arrange themselves throughout the 
available volume of the mixer or continuous phase during the mixing operation. At 
some point in such mixing, the uniformity can be quantifi ed by two parameters, the 
 scale of segregation  and the  intensity of segregation . The scale of segregation is 
the average dimension of separated regions, whereas the intensity of segregation is 
the different concentration of the minor components throughout the mixture. As the 
mixture becomes more homogeneous, both parameters should decrease. In practice, 
after some time, the scale of segregation becomes less than a minimum detectable 
level and sample variance may be preferred. In an ideal mixer, complete mixing can 
be confi rmed when every sample analyzed at regular intervals during mixing as well 
as from different locations within the mixer will have the same composition of indi-
vidual components as the whole mixture. For completely mixed samples, the variance 
( S  2 ) of concentration of minor component(s) should be zero. However, mixing compo-
nents are too different in their properties and never attain such conditions in practice. 
Especially for solid mixing, where no intrinsic motion like molecular diffusion is 
present and mixing simply randomizes the particles, uniformity is measured statisti-
cally (Lacey,  1943 ). Thus to assess mixing of a particulate mass,  scale of scrutiny  
becomes essential as it gives an idea about the best sample size. Then an acceptable 
value of variance (  S∞

2) needs to be fi xed to determine the end point of mixing. In the 
case of miscible liquid – liquid mixing or solid dissolution, the mixture eventually 
becomes single phase, resulting in   S∞

2 being zero. 
 In a batch mixer, mixing time is determined by the mixing index ( M ), a dimension-

less parameter. A few expressions for  M  are as follows:
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 for 0    <     M     <    1.  M  at 0 and 1 indicates completely unmixed and fully mixed solids, 
respectively.   S∞

2,   S0
2 and  S  2  are the variances at an accepted mixing level, at a completely 

segregated condition, and at any point during mixing, respectively. The choice of 
mixing index depends on a particular mixing operation and should correlate linearly 
with time. Using one of the above mixing indices, rate of change of variance ( dS  2 / dt ) 
can be expressed in terms of the driving force, i.e.   S S2 2−( )∞  by Equation  30.1 , which 
defi nes mixing time for a particular level of mixing (Equation  30.2 ):

    
dS
dt

k S S
2

2 2= − −( )∞     (30.1)  

    or S S S S M e kt2 2
0
2 2−( ) −( )[ ] = =∞ ∞

−     (30.2)   

 In the food industry, mixing is often undertaken with more than two components, as 
well as with multiple phases, and thus defi ning a  “ suitable ”  mixing index is a diffi cult 
task. It is also problematic to choose a local variable (e.g. concentration of a minor 
component) and then monitor it accurately in order to obtain a quantitative expression 
of the mixing index. However, the assessment of a food mixing operation is performed 
not only by measuring  “ degree of homogeneity ”  of the mixture in terms of one of the 
minor components but also by textural and/or organoleptic properties.  

  Mechanisms of Mixing 

 The selection of an appropriate mixer or optimization of a mixing process requires 
an understanding of the mechanism of mixing. Usually, in any liquid undergoing 
mixing, two regions are visible: a convective fl ow region that distributes mass 
throughout the space, and a high - shear region that increases contact area or reduces 
the degree of segregation. In liquid phase mixing, the mechanism depends on the 
fl ow pattern, i.e. laminar fl ow, turbulent fl ow, and transition fl ow, which is charac-
terized by Reynolds number (Re    =     dv ρ  /  μ  ) where   ρ   is density and   μ   viscosity of the 
liquid. On the other hand, characteristic length ( d ) and velocity ( v ) vary for different 
mixers. The ranges for Re for different set - ups are as follows: stirred tank, 10 – 10   000; 
static mixer (SMX Sulzer Static Mixer), 300 – 1500/3000 (Hirech  et al .,  2003 ); jet mixer, 
100 – 2000 (Revill,  1992 ); and simple pipe, 2100 – 4000. Practically, when the viscosity 
of either of the components and the mixture is typically less than 100   mPa · s 
( www.komax.com/det - reynolds.html ), fl ow in a mixer is expected to be turbulent 
(Hirech  et al .,  2003 ). Liquid in such a fl ow contains fl uid elements in swirling motion 
or eddies that exchange position in space. Larger eddies decay into smaller ones to 
produce a fast mixing effect (convective mixing) and eventually eddies decay to the 
molecular level (diffusive mixing). In a mixer, both mechanisms prevail simultane-
ously. In an agitated tank, diffusive mixing occurs mostly near the agitator whereas 
convective mixing prevails in the rest of the space. The dissolution of sugar in water 
and the blending of milk and water in a propeller - agitated tank are unique examples 
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of turbulent mixing. When mixing highly viscous liquid(s), fl ow promotion and 
mixing becomes diffi cult. In laminar fl ow, the liquid phase moves in layers, each 
layer moving with different velocity. The interfacial shear acting between these 
adjacent layers is called laminar shear. For such viscous liquids, if velocity increases 
in the direction of motion, an idealized elongation fl ow takes place that deforms the 
fl uid elements. Apart from these two mechanisms, the mixer element can generate 
a  “ slicing and replacing ”  effect that redistributes the components throughout the 
mixing space (distributive mixing). The three mechanisms discussed so far reduce 
the degree of segregation or increase the contact area between different components 
but the segregated elements fi nally decay by molecular diffusion. For a specifi c mixer 
the contribution of each mechanism may vary depending on a particular process and 
material (Lindley,  1991 ). 

 No molecular diffusion exists in powder mixing. The mixing is always assessed with 
respect to a predetermined scale of scrutiny at a coarser scale (Lindley,  1991 ). The 
spatial orientation of particles in a mixer is the result of two opposite phenomena, 
randomization and segregation. Solid particles not only need to be mixed carefully but 
the mixture requires careful handling, otherwise well - mixed particles can completely 
segregate during downstream processes (Ottino and Khakhar,  2000 ). 

 Food products encompass a variety of solids, for example free - fl owing solids such 
as salt or cohesive solids such as milk powder. Differences in the properties of the 
particles to be mixed, i.e. size, shape, density, and resilience, causes them to segregate. 
Particle size determines cohesiveness or fl owability of the material (Uhl and Gray, 
 1986 ). Smaller particles tend to stick together because of inter - particle forces such as 
van der Waals ’  force, electrostatic forces, and moisture bonding forces. On the other 
hand, bigger particles tend to separate due to gravity. As a rule of thumb, any particle 
larger than 75    μ m will completely segregate. Particles of less than 10    μ m in size show 
no tendency to segregate (Nienow  et al .,  1992 ). Complex food particles quite often 
deviate from this generalization. In any case, increased cohesiveness restricts particle 
fl ow as well as segregation. A good mixing process needs to optimize between ease of 
fl ow and segregation. When two particulate materials are mixed, a group of particles 
can displace relative to each other and create homogeneity at a coarser scale for con-
vection mixing. For diffusion mixing, individual particles move relative to each other 
and create mixing at fi ner scale. This is different from molecular diffusion in liquid 
phase caused by the Brownian motion of molecules. In another mechanism, shear 
mixing, solid particles slip along failure planes in the material. The contribution of 
these mechanisms to the mixing of solids depends on the process as well as the mixer 
design employed (Bayram and G ö  ğ  ü  ş ,  2008 ). If very fi ne powder is mixed with coarse 
particles, the fi ne particles can stick to the larger particles because of surface proper-
ties and in this way segregation is avoided. In a liquid admixture process, such as 
mixing fat in dry soup mixes, micro - level coating of particles occurs. In agglomeration, 
liquid bridges (mostly moisture) hold particles together to produce coarser particles 
(Niranjan  et al .,  1994 ).   
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  Mixing Equipment: Mode of Operation and Comparative Analysis 

 Various types of mixers and agitators are used to perform complex food mixing. In 
industry, agitators (impellers, pumps, etc.) are often regarded as simple  “ processing 
aids ”  because they are an auxiliary part of many unit operations (heat transfer, crystal-
lization, etc.). For simplicity, this chapter defi nes the terms  “ mixers ”  and  “ agitators ”  
synonymously. In the food industry, mixing can be achieved (at least partially) with 
simple equipment (hoppers, dosing pumps, and open pipelines) or with specially 
designed equipment (static mixers or rotor – stator mixers). These can be classifi ed by 
mode of operation (batch/continuous, in - line/in - tank), scale, application, or mixing 
intensity (high fl ow/low shear, low fl ow/high shear). There are two categories: liquid 
mixers deal with pure liquids, solutions or suspensions where the major phase is liquid 
of various consistencies (low viscosity, slurry, paste or plastic mass); and solid mixers 
handle powders with or without moisture, particulates with or without moisture and 
with various fl ow properties (free fl owing to cohesive). 

  Mixers for Liquid Mixing 

 In the food industry, many liquid mixers are used for various operations. Discussion 
of all of them is outside the scope of this chapter, but it would be logical to investigate 
some of the most popular liquid mixers in order to examine their methods of opera-
tion, scope, and limitations. Liquid mixing operations can be in - line or in - tank. As 
the name suggests, in - line mixing does not require a dedicated vessel, unlike in - tank 
mixing. Each has its advantages and disadvantages. Often, choice between the two is 
not obvious. For some food mixing processes, a hybrid system utilizing both types 
may be advantageous. 

  In - line Mixing Equipment 

 There are many types of equipment which can be used to enhance mixing within 
pipeline, for example elbows, nozzles, orifi ce plates, Tee mixers, jet mixers, valves, 
mixing pumps, in - line static mixers, and in - line dynamic mixers. Apart from in - line 
static and dynamic mixers, the other devices have a very narrow range of application 
and are not discussed further. In a static mixer, a helical (or some other shape) mixing 
element is placed in a pipeline to restrict the fl ow and impart a mixing effect on the 
components. The pressure drop across the element is converted into energy for mixing. 
This is a good alternative to agitated vessel mixers because of low equipment cost, 
minimal space requirement, maintenance, power requirement, and rapid mixing time. 
Mixing can occur in both laminar and turbulent regimes depending on the process 
fl uid. In laminar fl ow, mixing occurs because of fl ow division and redistribution. In 
turbulent fl ow, the mixing element magnifi es the degree of turbulence and radial 
mixing compared with the same phenomenon in an empty pipeline. For a laminar - type 



840 Handbook of Food Process Design: Volume II

static mixer, the greater the number of stationary elements, the greater the uniformity 
of the material, but the increased pressure drop leads to the requirement for a pump 
with higher capacity. Such mixers are useful for mixing soluble solids or miscible 
liquids in highly viscous liquids, or dispersion of gas or liquids in highly viscous liquids 
(e.g. sauce, margarine, jams, yoghurt). On the other hand, when blending soluble and 
less viscous liquids or dispersion of gas/liquids in low viscosity liquids, the stationary 
element promotes eddy formation. Smaller pipe length and fewer number of mixing 
elements is adequate to create homogeneity in a turbulent fl ow regime than in a laminar 
fl ow regime. Another class of in - line mixer employs a moving part to promote fl ow 
and generate shear. There are basically two types, rotor – stator type and extruder type. 
Both generate locally high shear forces that cause mixing (Etchells and Meyer,  2004 ). 

 In general, an in - line mixer is a good choice if a mixing process requires the 
following:

   1.     continuous operation;  
  2.     handling a fl uid with process viscosity  < 50   mPa · s;  
  3.     solid in liquid mixing with uniform solid particle size and consistent 

concentration;  
  4.     low residence time (process time being critical for loss of quality);  
  5.     process pressure is too high or seal problem;  
  6.     limited mixing duties like blending, dissolution, dispersion, heat transfer and 

reaction in plug fl ow mode (e.g. enzymatic reaction with starch solution);  
  7.     limited space and access;  
  8.     limited sanitation and maintenance;  
  9.     precise mixed product quality;  

  10.     low capital cost.    

 It is not feasible to compare the effi ciency of mixing using this equipment for a given 
process. Each is case specifi c and beyond the scope of this chapter. Generally, static 
mixers and rotor – stator in - line mixers are quite useful in several mixing operations 
across the food industry, especially in laminar fl ow regime. Static mixers are attractive 
for food processors because of proven process capacities in bulk mixing as well as in 
speciality mixing.  

  In - tank Mixing Equipment 

 In - tank mixers comprise two major components: a vessel and a fl ow promotion 
system. The fl ow promoter may be a mechanical agitator or a forced fl ow of gas or 
liquid. Design of both the components infl uences the performance of the mixer. 
Theoretically, there are many tank geometries (cylindrical body with spherical/ASME 
dish/conical bottom, cuboid, etc.) and types (with or without baffl e) that can be used 
for mixing. In the food industry, the choice of tank for tank mixers is limited by other 
operational constraints like ease of cleaning and sanitation. Dished or shallow bottom 
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and unbaffl ed tanks are preferred for food mixing. Complementary to tank design, 
there is a range of impeller designs available to impart different mixing duties. In jet 
mixers, instead of an impeller a liquid jet generates the motion required for mixing. 
The various designs of in - tank mixer can be classifi ed as general purpose or special 
purpose. The fi rst category is simpler in design and operation than the second category, 
which is complex in design and operation and specifi c for a process or even a product 

  General - purpose Mixers 

 These types of mixers are generally used for simple mixing duties, for example blend-
ing of low - viscosity liquids, solid – liquid or liquid – liquid dispersions. Design and 
operation are simple as well as fl exible and they may or may not be dedicated for a 
process. 

  Agitated Tanks 
 This is the most common type of mixer in the food industry, where an impeller 
mounted inside a cylindrical vessel moves the liquid along with other ingredients. 
Movement of the impeller creates a three - dimensional velocity fi eld: a radial compo-
nent ( V r  ) moves the liquid element towards the wall, an axial component ( V a  ) moves 
the liquid element along the axis of the impeller up or down, and a tangential com-
ponent ( V t  ) rotates the liquid element in the horizontal plane. Axial and radial velocity 
components contribute more to mixing than the tangential velocity component. Three 
basic types of impeller (propeller, turbine, and paddle) predominantly generate axial 
fl ow, radial fl ow and tangential fl ow, respectively (Figure  30.1 a – c).   

 Paddle impellers are large fl at blade(s) fi xed on a shaft and cover 50 – 70% of tank 
diameter. They produce more radial fl ow and very little axial fl ow at moderate opera-
tional speed (20 – 150   rpm). Such impellers improve heat transfer and handle crystalliza-
tion, liquid blending, and dissolution of solids. However, they are expensive and often 
need baffl es or other accessories for better mixing. When there is a need for a variety 
of mixing processes (blending, air dispersion and emulsion premixing with moderately 
viscous liquid), a turbine impeller is a better choice. This has at least four blades fi xed 
on the same boss that cover 30 – 50% of the tank diameter. Turbine impellers, despite 
being expensive, can generate strong axial and radial components at 30 – 500   rpm. 
Propeller mixers are useful for low - viscosity high - volume mixing, solid dispersion and 
simple emulsifi cation duties. They operate at very high speed (500 to a few thousand 
rpm) and promote rotational and axial fl ow. In contrast to the other two types, they 
have shorter blades that cover about 25% of tank diameter. 

 Hydrodynamically, in agitated vessels turbulent mixing is expected, where eddies 
can increase mixing intensity. In fact, a mixer contains both laminar and turbulent 
regions. There is more turbulence close to the impeller and baffl es. The state of tur-
bulence strongly depends on liquid rheology as well as impeller type. Impeller power 
number provides an indication of the expected turbulence. Depending on what kind 
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of mixing is desired, various types of impeller are employed in the food industry. 
However, impeller manufacturing companies are constantly upgrading impeller 
designs for versatile application and improved effi ciency. In addition to this, one can 
frequently encounter problems with such rotating impellers, for example vortex for-
mation, centrifugal segregation, and dead space. To avoid this, baffl es, alternative 
blade geometries (instead of fl at blades), multiple blades, and different orientation of 
impellers and multiple impellers can be employed. Different orientation of impellers, 
for example off - centered, inclined and horizontal mounting (see Figure  30.1 d – f), exhibit 
distinct fl ow patterns compared with a centrally located and vertically mounted 
impeller. 

 Portable mixers are a popular variant of the agitated vessel mixer for low - volume 
( < 1000   L) and fl exible mixing duties in the food industry. They come in various sizes 
and shapes, with impellers usually clamp - mounted or cup - mounted near the side of 
an open tank, usually without baffl es. The impeller makes a narrow angle with the 
vessel axis for better volumetric fl ow and mixing (see Figure  30.1 e). The type of impel-
ler, shaft length, and angle of offset from the axis govern the relative magnitude of 
the axial, radial, and tangential velocity components at a given rotation. The relative 
magnitude of the velocity components is important for optimizing a portable mixer 
for a given type of mixing duty. Standard makes of such mixers have a propeller impel-
ler with motor power between 0.25 and 3   hp, with or without a gear drive for multiple 
or single speed output.  

Figure 30.1 Schematic of agitated tank showing (a) axial fl ow impeller, (b) radial fl ow impeller, 
(c) tangential fl ow impeller, (d) off -centered axial fl ow impeller, (e) inclined axial fl ow impeller and 
(f) horizontally mounted axial fl ow impeller. Arrows indicate fl ow patterns generated by different types 
of impeller and different position of impeller. 

(a) (b) (c)

(d) (e) (f)
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  Jet Mixers 
 For low - viscosity processes, a submerged nozzle can be used to introduce a high -
 velocity jet of fl uid into another slow - moving/static fl uid to create mixing. Such 
mixers can be used in combination with agitated tanks or as a stand - alone mixing 
element in - tank/in - line (Revill,  1992 ). Available designs include static heads and 
rotary heads. In static - head designs, one or more nozzles is fi xed and each nozzle 
creates a jet in one direction all the time (Figure  30.2 a,b). In the rotary - head design 
(see Figure  30.2 c), one or more rotating nozzles in a plane simultaneously generate a 
high - velocity jet for more effi cient mixing than fi xed - head jets (Nordkvist  et al .,  2008 ). 
Although fi xed head jet mixers are suitable for general purpose mixing in large tanks, 
the rotary head type jet mixers possess extended applications. This type of mixer is 
ideal where stringent sanitation is required. Rotary jet mixers can be used for mixing 
sugar syrups, liquid ingredients and aroma with water, mixing of  “ smoothies, ”  deoxy-
genation and carbonization of water, beer, and soft drinks, and even for dissolution of 
solid material like food polymers. Advanced devices can be used for multiple roles 
such as mixing, deoxygenation, carbonization, and CIP.     

  Special - purpose Mixers 

 This class of mixers handles diffi cult powder dissolution, solid or liquid dispersion in 
liquid, emulsifi cation with wide - viscosity liquids, and special food processes involving 
slurrys, pastes or viscoelastic dough. There are two types: high - shear agitated vessels 
and tanks with rotor – stator assembly. 

  High - shear Agitated Vessels 
 These are specially designed vessels for mixing highly viscous paste, slurry or dough. 
For highly viscous substances ( > 5000   mPa · s) in agitated tanks, liquid motion decreases 
gradually with distance from the impeller and turbulent mixing is not possible. Since 
for non - Newtonian liquids (viscosity depends on shearing time or shear rate) shear 

Figure 30.2 Different jet mixer confi gurations showing (a) single static nozzle, (b) multiple static 
nozzle and (c) four rotary head. 

(a) (b) (c)T

Z H
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rate decreases from impeller to tank wall, different apparent viscosities exist inside 
the mixer. The situation can be even more complex where processing alters the rheol-
ogy of the components, such as increase in viscosity, during mixing. This causes 
nonuniform mixing. The problem can be avoided by using larger impellers or multiple 
impellers to induce intimate contact between the mixing element and the process 
liquid. However, this is at the expense of high power. Often, viscoelastic food materi-
als (e.g. dough) require specifi c mechanical work to be peformed to achieve a particular 
quality. Many subgroups of mixer belong to this category and mostly are custom made 
for a given food process. Some important and versatile designs are worth mentioning 
and fi ve basic types are described in Table  30.1  and Figure  30.3 . Because they execute 

Table 30.1 Comparative analysis of various high -shear agitated vessels. 

Type of mixer Description Limitation(s) Purpose

Pan mixers or 
vertical mixers 
(Type I) 

Stationary vessel with single or double 
impellers of 95% of tank diameter 
(anchor–gate type, multiple paddle type, 
helical, etc.) rotating at fi xed place 

High power 
requirement
with increase 
in impeller size 

Useful for batter mixing, 
low shear dispersions 

Pan mixers or 
vertical mixers 
(Type II) 

Stationary vessel with single or double 
impellers rotating in a planetary path 
(rotation speed 40 –370rpm). Different 
blades are used for different objectives: 
hooks for dough mixing, whisks for 
batter preparation 

Low volume and 
batch
operation

Useful for paste mixing, 
ingredients blending, 
dough mixing, 
wheeping and 
whisking at low 
power requirement 

Horizontal
trough mixers 

Horizontal trough with one or two heavy 
blades rotating parallel to the vessel 
axis (at 35 and 70 rpm). Mixing capacity 
45–1360kg of dough. Two blades can 
rotate independently or in a coordinated 
manner. Blades (sigma or Z -type) move 
tangentially or intermeshing. Power 
input varies between 0.065 and 
0.8kW·kg−1. “Short dough ” needs much 
less power 

Precise control 
required for 
mixing of 
viscous
material due to 
generated
heat and local 
reaction

Can perform wide 
variety of mixing like 
kneading, dispersing 
masticating

High-speed
mixers

Construction similar to vertical or 
horizontal type operating at higher 
agitator speed (300 –1200rpm) for 
higher output rate (3000 –5400kg·h−1).
Better for small batches (220 –385kg)
with high -moisture dough. Sometimes 
partial vacuum may assist mixing 

Precise control 
system
required

Best for faster dough 
process especially in 
continuous mode 
(mixing time ∼3min)

Screw
conveyors or 
extruder

A single or double Archimedean screw 
moves materials to knead and mix 
through obstruction in a cylindrical 
barrel. The vessel wall can have tooth 
intermeshing with the screws to impart 
additional shear. Space between the 
screws as well as space between the 
screws and the wall is high -shear zone 

Precise control 
required for 
mixing viscous 
material due to 
generated
heat and local 
reaction
situation

Kneading and mixing 
viscous pastes like 
margarine or butter 
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Figure 30.3 Simplifi ed design of (a) a single impeller pan mixer (type I), (b) a double impeller pan 
mixer (type I) with bottom clearance, (c) a single impeller planetary mixer, (d) a horizontal trough 
mixer with Z -type blade, (e) a double roller high speed mixer and (f) an extruder. 

(a)

(b)

(c)

(d)

(e)

(f)

specialized mixing duties, their design frequently includes automatic control systems, 
vacuum environment, and cooling arrangements.      

  Rotor - stator Mixers 
 The basic design of such a mixer comprises a high - speed rotor surrounded by a station-
ary perforated casing. The assembly draws liquid in and expels it at high velocity to 
create a circulatory motion as well as high shear. The liquid fl ow pattern for a typical 
rotor – stator head is shown in Figure  30.4 (d). This is ideal for high - shear dispersions 
like gum dispersion in water or other viscous food mixture. There are various designs 
of rotor and stator assemblies which at different rotor speed can achieve a wide range 
of mixing duties (see Figure  30.4 a – c).       

  Mixers for Solid Mixing 

 Compared with liquid mixers, solid mixers are relatively simple devices. Because solid 
mixing science is yet to be fully explored, the selection and operation of mixers are 
based on experience rather than theory. Six basic types of mixer are employed in the 
food industry: tumbler mixers, agitated mixers/convective mixers, high - shear mixers, 
pneumatic mixers, and gravity silo mixers. Often, more than one mixer can be used 
for the same application. 

  Tumbler Mixers 

 This is the simplest solid mixer, consisting of a covered vessel rotating about an axis 
that rolls over the particles inside the vessel. Common vessel geometries are double 
cone (Figure  30.5 a) and   V   or   Y   shaped (Figure  30.5 b). Typical speed of rotation for such 
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Figure 30.5 (a) Double cone tumbler mixer; (b) V -type tumbler mixer; (c) double arm high shear 
mixer.

(a) (b) (c)

Figure 30.4 Schematic diagram of (a) a typical rotor –stator assembly in tank, (b) rotor –stator mixer 
assisted with a paddle agitator for highly viscous mixing, (c) rotor –stator mixer with recirculation 
system for diffi cult powder dissolution, and (d) rotor –stator head with circular aperture. 

(b)

Powder dosing

(a)

Paddle
agitator

(c)

(d)

Stator

Rotor

Rotor stator
assembly

a mixer is 15 – 60   rpm. They can be as big as 50   m 3  and are normally operated at under 
half capacity. Addition of internal impellers, application of vacuum and/or baffl es can 
improve effi ciency of mixing. Usual mixing time is about 15   min. These mixers are 
useful for coarse mixing operations, such as tea blending, sandwich fi llings, meat, 
poultry and vegetable products.    

  Agitated Mixers/Convective Mixers 

 These mixers have a stationary vessel with an impeller. The impeller moves the mass 
of particles from one point to another and creates mixing. There are many impeller 
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designs, for example ribbon type, Z type, Archimedean screw, or paddle type (Figure 
 30.6 ). A twin impeller is used for heavy mixing duties. All designs should ensure 
mixing by sweeping the entire mixture volume or by maintaining natural circulation 
to force the entire mass through the impeller region. These mixers are particularly 
useful for powders with agglomerating tendencies (burger mixes, spices and dry ingre-
dients). There are fi ve common types of convective mixers: paddle mixer, plow mixer, 
ribbon mixer, orbital screw (Figure  30.7 a), and sigma mixer (see Table  30.2  for com-
parative analysis).      

  High - shear Mixers 

 These are similar to convective mixers but can generate higher shear, resulting in size 
reduction and simultaneous mixing (see Figure  30.5 c). They are ideal devices for con-
verting improperly mixed cohesive powders by rupturing clumps. Unfortunately, 
because of low heat dissipation by solids, the heat generated by the high - shear condi-
tions may sometimes cause heat accumulation. In such cases, a control mechanism 
is required to retain the organoleptic quality of the food products.  

Figure 30.6 Simplifi ed design of agitators: (a) plow type, (b) paddle type and (c) ribbon type. 

(a) (b) (c)

Figure 30.7 Schematic diagram of (a) orbital screw (Nauta) mixer, (b) gravity silo mixer and 
(c) modifi ed air merge mixer. 

(a) (b) (c)
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  Gravity Silo Mixers and Pneumatic Mixers 

 Properly designed hoppers can mix solids by gravity when feeding ingredients into a 
unit operation (see Figure  30.7 b). This is an auxiliary device for simple mixing duties. 
In pneumatic mixers for solids, gas or air is forced through the bed of particles to 
produce turbulence and mixing. They are applicable for mixing, coating, agglomera-
tion, and drying for example. Apart from such versatility, mixing time is also very 
much less (2 – 3   min) compared with tumbler or convective mixers. However, their 
design and operation is complicated. Some variants of pneumatic mixer include air 
merge type (see Figure  30.7 c), vertical screw, conical screw, Zeplin, Binsert and 
fl uid bed.    

  Design Principles of Mixers in the Food Industry 

 When designing a new mixer, the process requirement decides the type of mixing to 
be used (agitated vessel, static mixer, rotor – stator, etc.) and the size of the mixer. 
Empirical design equations are used to select and size mixers for a given process. The 
same equations can be used to rate or optimize an existing mixer for a new process. 
The fi nal conceptual design of the mixer is guided by the secondary requirements of 
the process, i.e. special operational requirements (variable speed for process versatility, 
operation in fi ll - up or draw - off condition, vacuum operation, etc.), capital cost, opera-
tional cost, management constraints (particular service life, low maintenance, lower 
manual labor, etc.), and regulatory constraints. The conceptual design should match 
engineering design standards and manufacturing tolerances. For challenging mixing 
processes (e.g. dough mixing, particulate batter mixing, hygroscopic powder mixing), 
where underlying scientifi c understanding is limited, a pilot plant study may be 
needed to scale up. Some selected mixer designs are discussed from the vast pool of 
mixers used in the food industry. 

  Design and Scale - up Principle: Liquid Mixing System 

 In terms of technology, there are fi ve distinct mixing systems used in the food indus-
try: agitated vessels, heavy - duty agitated vessels, jet mixers, static mixers, and rotor –
 stator mixers. These technologies are applied either in - tank or in - line. 

  In - tank Mixing Systems 

  Design of Agitated Tanks for Simple Mixing 

 Operationally such equipment can be of two types: off - line mixing tanks (e.g. milk 
storage tanks in dairies or oil storage tanks in vegetable oil processing plants) and on -
 line process vessels. For off - line mixing tanks, mixing time is greater than in on - line 
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process vessels due to large volume as well as stagnancy and this has signifi cant effects 
on design (Oldshue,  1983 ). 

 On - line mixing vessels can perform a variety of operations, for example solid 
dissolution/dispersion in liquid or mixing of miscible/immiscible liquids. The basic 
equipment comprises four major parts: tank, impeller, shaft bearing, and a motor that 
drives the shaft (with or without gears). Agitated vessels differ in impeller type, loca-
tion of the impeller, and number of impellers. The impellers used in such mixers can 
be any of three basic types (turbine, propeller or paddle) or their variants. Tanks where 
liquid height is greater than tank diameter require multiple impellers; where tank 
diameter is greater than 10   m, side - entry impellers are preferred. 

 Mechanistically, impellers are like pumps that generate fl ow ( Q     ∝     ND  3 , circulating 
capacity) and shear (  κ      ∝     N  2  D  2 , shear or velocity head) by utilizing the power supplied 
by the motor (Ludwig,  2002 ; Hemrajani and Tatterson,  2004 ). Power input ( P ) for an 
agitator can be calculated by Equation  30.3 :

    P Q P N Do= =κρ ρ 3 5     (30.3)   

 where  N  is impeller speed,  D  impeller diameter,   ρ   liquid density, and  P o   power number 
of the impeller, which is a function of impeller geometry and impeller Reynolds 
number [Re imp     =    ( D  2  N ρ  )/  μ  ]. There are many studies in the literature of several impeller –
 tank combinations and process conditions (blending, dispersion, etc.) but no univer-
sally accepted correlation exists between  P o   and Re. The next section deals with 
process - specifi c design of agitated tank mixers using some of the most accepted 
correlations. 

 Irrespective of the process, the design of a new agitated vessel starts with the tank 
and then moves on to the impeller, motor drive, shaft and seal. The type of process 
and volume of charge decides tank geometry and size. Once the tank design is known, 
process requirements determine the type of impeller (shape and dimension) and its 
location (mounting). Impellers can be selected using experimental data from labora-
tory trials or by applying rules of thumb followed by the industry. For blending, 
depending on process volume, one of the three basic types of impeller can be used 
(turbine, up to 1850   m 3 ; propeller, up to 3700   m 3 ; paddle, up to 5550   m 3 ) with ratio of 
tank diameter to impeller diameter (T:D) varying from 3   :   1 to 6   :   1. Similarly for solid 
dispersion, the applicability of the three basic types of impeller depends on solids 
percentage (turbine, up to 80%; propeller, up to 50%; paddle, 65 – 92%) where T:D and 
H tank :T vary from 2.0   :   1 to 3.5   :   1 and from 1   :   1 to 2   :   1, respectively. Ludwig  (2002)  has 
presented many such rules of thumb for impeller selection. 

 The motor drive is selected based on power requirement. Power consumption 
depends on the operational speed of the agitator. Calculation of the minimum opera-
tional speed can be done using empirical equations that correlate  “ mixing time ”  and 
 “ mixing quality. ”  Mixing time is either a management decision or dictated by the 
specifi c food process (e.g. minimum time of spoilage or fl avor loss). Mixing quality 
for a given mixing process can be expressed as percentage homogeneity (for blending), 
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drop size (for liquid dispersion), or simply mixing index. There are many correlations 
available in the literature for calculating minimum speed of the impeller and scien-
tifi c intuition is necessary to choose the most suitable one. After the calculation of 
impeller speed, motor power (Equation  30.3 ) can be obtained and a motor drive 
selected. In practice, impeller power ( P ) should be 80% of the rated power of a stand-
ard motor for safer operation. Along with the design of the motor, a gear or belt drive 
is selected at this stage. For variable speed operation, variable speed AC or DC drives 
are selected. Since impeller speed and power rating of the motor are known, torque 
on the shaft (  λ  ) can be calculated using the relation  P     =    2  π N λ  . The torque determines 
the shaft length and type suitable for the agitator. At this step a proper seal needs 
to be designed, as closed tank mixing must be supported by a durable seal for con-
tainment. Eventually, cost estimation and further process optimization help fi nalize 
the actual design. 

 Successful design requires a process - specifi c design approach that depends on the 
mixing process (blending, solid dissolution or suspension in liquid, or improvement of 
reaction rate or heat transfer). The next three sections discuss the principles of design 
of an agitated tank mixing both miscible and immiscible liquids as well as solid disper-
sion in liquid. To defi ne each process, the use of chemical engineering specifi cations 
is simpler than representing mixing quality in terms of organoleptic properties. For 
example, in the case of emulsifi cation, a particular droplet size in the dispersed phase 
is a common mixing objective in the chemical industry. However, in the case of a food 
emulsion, droplet size is not the only aim: achieving a particular fl avor and consistency 
is also important. Nevertheless, to make the design process easier, a basic chemical 
design scheme is followed with proper modifi cation to suit food systems. 

  Liquid – Liquid Blending in Turbulent Flow or Transition Regime 
 When designing a new agitator to blend miscible liquids, two factors are predeter-
mined: desired percentage homogeneity, i.e. mixing quality ( z ), and mixing time (  θ  ). 
Then, depending on fl uid properties (  ρ   and   μ  ), the fl ow regime can be calculated and 
eventually minimum mixing speed ( N ). For Newtonian liquid blending using propeller 
or turbine impellers, if Re imp  is above 200 the fl ow regime is defi nitely turbulent. 
However, near the turbulent transition boundary, it is necessary to determine the fl ow 
regime precisely using either of two parameters: Fourier number (Fo    =      μ  θ   95% /  ρ T 2  ) or 
  Po

1
3 Re( ). At the turbulent transition boundary, 1/Fo    =    1225 and   Po

1
3 Re    =    6370 (Grenville 

and Nienow,  2004 ).  P o   is fairly constant in the turbulent transition regime for a given 
type of impeller and it is usually supplied by the manufacturer. Once the type of 
impeller is selected, the required operational speed ( N  cal ) of the impeller can be calcu-
lated using Equations  30.4  or  30.5  (Grenville,  1992 ).

    In turbulent regime  Fo, Re .Po
1

3 5 2=     (30.4)  

    In transition regime  Fo, RePo
1

3 183=     (30.5)   
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 This speed is compared with output speed of standard gearboxes available in the 
market and the value closest to standard output speed is selected ( N ) (Hemrajani and 
Tatterson,  2004 ). Subsequently, power required ( P  cal ) by the agitator can be calculated 
by substituting  N  in Equation  30.3 . Finally, a standard motor (rated power  P ) can be 
selected to provide the required power using an appropriate safety factor. 

 In Equations  30.4  and  30.5 , Fo assumes mixing time for 95% homogeneity (  θ   95% ). 
However, any percentage homogeneity ( z ) can be investigated by replacing   θ   95%  with 
mixing time for  z % homogeneity (  θ  z   % ), which can be calculated in terms of   θ   95%  using 
Equation  30.6 . (Grenville and Nienow,  2004 ),

    θ θz z= −( )[ ]95 100 100 0 05ln ln .     (30.6)   

 When designing an agitator and motor for shear - thinning liquids (ketchup, sauces, 
etc.), the method described earlier changes because for such liquids viscosity decreases 
with shear. Since mixing becomes poorer as apparent viscosity increases, mixing will 
be good near the impeller and poor near the wall. Equations  30.4  and  30.5  need to be 
modifi ed to ensure mixing even in the most diffi cult region, i.e. at the wall of the 
mixer where apparent viscosity is highest. Although apparent viscosity near the wall 
is a complex function of liquid properties, impeller speed, and impeller and tank 
geometry, to simplify the design relevant wall properties (suffi x  w  for wall properties) 
can be calculated using Equations  30.7 ,  30.8 ,  30.9 , and  30.10  (Grenville and Nienow, 
 2004 ). For all standard motor speeds ( N ), corresponding values of   μ  w  , Fo  w   and Re  w   can 
be calculated and used for determining fl ow regions (at turbulent transition boundary 
1/Fo  w      =    1225 and   Po

1
3Re w     =    6370). Substituting the wall property values in Equation 

 30.4  or 30.5 and fi nally in Equation  30.11 , calculated speed ( N  cal ) can be found and 
tabulated with  N . When  N  and  N  cal  are the same, a particular  N  can be used for further 
design as used for blending of Newtonian liquids.

    Torque λ ρ π= P N Do
2 5 2     (30.7)  

    Wall shear stress τ λw T= 1 622 3.     (30.8)  

    Wall shear rate γ τw w
nK= ( )1     (30.9)   

       Wall apparent viscosity μ γw w
nK= −1     (30.10)  

    N P P Do w w ocal = ( ){ }1
3

1
3 2Re μ ρ     (30.11)    

 The design procedure changes signifi cantly for extremely shear - thinning liquids like 
yoghurt, fermentation broth, and high solid suspensions (fl ow behavior index,  n     ≤    0.3). 
In these cases, mixing occurs locally near the impeller and a distinct zone of mixing 
(termed a  “ cavern ” ) forms near the impeller (Figure  30.8 a). Beyond this active region 

(Grenville and Nienow,  2004 )
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in the tank almost no mixing can be noticed. At the boundary of the active region 
shear stress equalizes with the yield stress of the liquid and when the torque applied 
by the impeller is large enough to expand the cavern to the wall, it starts rising along 
the wall boundary and ensures effi cient mixing. Thus the shape of the cavern provides 
clues for the designer. The geometry of the cavern depends primarily on impeller type. 
For a given cavern dimension, minimum speed ( N  cal ) required for the mixing can be 
determined by Equation  30.12 , involving  P o  , fl uid yield stress (  τ   c ),and tank dimension. 
For effective mixing,  D c      =     T  and  H c  / D c   is generally supplied by the manufacturer of a 
particular impeller. Subsequently, standard gearbox speed ( N ) and motor rating can be 
selected as described elsewhere.

    D D P N D H Dc o c c c( ) = +( )3 2 2 21 3ρ τ π     (30.12)      

 for 0.25    ≤     D / T     ≤    0.6, where  H c   and  D c   are height and diameter of the cavern, respec-
tively. One drawback of this correlation is accurate determination of yield stress 
makes diffi cult to use it.  

  Dispersive Mixing in Turbulent Regime 
 Food dispersions contain at least one component as dispersed phase (droplets for 
immiscible liquid – liquid mixing; solid particles for solid suspension in liquid) sus-
pended in a continuous phase. During mixing the dispersed phase liquid(s) element 
(droplets or solid particles) breaks down to smaller size and spreads uniformly through-
out the continuous liquid phase to achieve a particular quality (consistency and 
fl avor). The resultant dispersion can be characterized by the following parameters. 

  Element size of the dispersed phase : Mean droplet sizes can be represented in many 
ways. One such representation is Sauter mean diameter (Sauter,  1926, 1928 ) for liquid 
dispersions:

    d n d n d d ai i

i

m

i i

i

m

v32
3 2

32 6= =∑ ∑/ , φ     (30.13)   

 where  n  i  is the number of drops of size  d  i . 

(Elson  et al .,  1986 )

Figure 30.8 (a) Schematic diagram of a cavern -forming liquid. (b –d) Schematic diagrams of 
solid suspensions under different conditions: (b) on -bottom suspensions; (c) off -bottom suspensions; 
(d) uniform suspensions. 

(a) (b) (c) (d)
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 where   ϕ   and  a v   are volume and area of the droplet, respectively. Dispersion with 
droplet size less than 0.5    μ m requires high - shear mixers (i.e. emulsifi ers) and surface -
 active agents. With droplet size above 3    μ m, dispersion becomes highly unstable and 
the material needs constant stirring or fl ow. 

 For solid dispersions, one way the mean particle diameter ( d p  ) can be represented is 
by mass - mean diameter:

    d n d n dp i i

i

m

i i

i

m

( ) = ∑ ∑43
4 3/     (30.14)    

 where  n  i  is the number of particles of size  d  i . 
  Ratio of dispersed phase and continuous phase : For liquid dispersions, it is indicated 

as the ratio of dispersed and continuous phase volume (  φ  ). If   φ   is less than 0.01, the 
system is dilute, above which coalescing becomes important (e.g. milk). Common food 
dispersions are highly concentrated systems (  φ      >    0.20). For solid dispersions, the ratio 
is in terms of weight fraction of solid ( X , kg solid/kg liquid). 

  Flow regime in the mixer : For liquid dispersions, Re imp  using average properties 
dictates the nature of the fl ow: for laminar regions, Re imp     <    10; for turbulent regions, 
Re imp     >    10   000; for transition regions, 10    <    Re imp     <    10   000 (Oldshue,  1983 ). For solid 
dispersions, particle Reynolds number (Re  p      =     d p  ν  l  ρ  l  /  μ  ) indicates the fl ow pattern in a 
mixer with solid dispersed in liquid. 

  Weber number and dispersion stability : For liquid dispersions, two important 
parameters are Weber number (We    =    disruptive inertial force/cohesive surface 
force    =      ρ  c N  2  D  3 /  σ  , where  ρ  c  is the density of continuous phase and  σ  is the interfacial 
tension) and dispersion stability, indicative of time of phase separation ( t s  ). For 
 t s      <    1   min, the system is fast coalescing; for  t s      >    2   min, the dispersion is moderately 
stable with slow coalescence. 

 Solid suspensions are of three types (see Figure  30.8 b – d). The rheology of suspension 
depends on the nature (especially shape) of the solid particle. Analogous to We, in 
solid suspensions the Froude number (Fr) (inertial force/gravity force) is a character-
istic parameter:

    
For immediate suspended solids  Fr, =

−
⎛
⎝⎜

⎞
⎠⎟

N D
g
js

c

l

s l

2 ρ
ρ ρ  

    For floating solids  Fr, = ND gc
2   

 where  N  is  is the impeller speed in immediately suspended solids. 
 For the design of mixers using liquid – liquid or solid – liquid dispersions, the follow-

ing correlations can be used to calculate required  N . The design steps are similar to 
liquid – liquid blending in turbulent regime. 

 For dilute liquid – liquid dispersions (  φ      <    0.01): 
 For dispersed phase with lower viscosity (Chen and Middleman,  1967 ):

    d D C32 1
3

5= −We     (30.15)   

(Baldi  et al .,  1978 )



Mixing and Agitation Design 855

 For dispersed phase with higher viscosity:

    d D Vi32
0 840 053 1 0 92

3
5

3
5= +( )−. . .We     (30.16)  

    where V NDi c d d= ( )ρ ρ μ σ
1

2     (30.17)    

 Usually  d  32  is a predetermined quality parameter. 
 For dense dispersions (  φ      >    0.2), Skelland and Seksaria  (1978)  described Equation 

 30.18  with limited set of system values  C  2  and  a :

    N D g C T D D ga
c d c cmin

. . / . .0 5 0 5
2

1 9 0 25 2 0 3= ( ) ( ) ( ) ( )μ μ ρ ρ σ ρΔ     (30.18)  

  where  Δ   ρ      =    |  ρ  d      −      ρ  c  | 
 Suffi x  c  denotes continuous phase in Equations  30.17  and  30.18 . 
 Solid dispersions with immediate suspended condition is mathematically expressed 

by Zwietering  (1958)  as:

    N v
g

X d Dis
c s l

l
p= −( )⎡

⎣⎢
⎤
⎦⎥

−ψ ρ ρ
ρ

0 1
0 45

0 13 0 2 0 85.
.

. . .     (30.19)  

  for 0.02    <     X     <    0.15, where   ψ   is a dimensionless number that is a function of impeller 
type and tank geometry,  N is   impeller speed for just suspended condition (rps),  g c   gravi-
tational acceleration constant (9.81   m · s  − 2 ), and   ρ   density (kg · m  − 3 ). Suffi xes  s  and  l  
indicate properties for solid particle and liquid, respectively. Values of   ψ   for various 
impellers and different confi gurations are available in the literature (Nienow,  1976 ; 
Armenante and Nagamine,  1998 ) or can be obtained experimentally for a defi ned 
process. 

 For dispersion with fl oating solids (Joosten  et al .,  1977 ):

    Fr = × ( ) −( )[ ]− −3 6 10 2 3 65 0 42. . .D T c s lρ ρ ρ     (30.20)    

  Liquid Blending in Laminar Region 
 In laminar fl ow region (process viscosity  > 5000   mPa · s), design of an agitated vessel is 
complex and often process specifi c. It starts with the critical step of impeller selection. 
When Re is less than 50, a special type of impeller (helical ribbons or the like) is 
undoubtedly required. For intermediate - range Re, both propeller and special types of 
impeller may be applicable. Mixing in the laminar fl ow region comprises two distinct 
phases, the stagnation zone and its disappearance. Re Trans  [(1.8 T / aD ) 2 ] denotes the dis-
appearance of the stagnant zone (Wichterle and Wein,  1981 ), where  a     =    0.375  Po

1
3. If 

Re Trans  is between 100 and 200, a specially designed impeller is essential for mixing. 
Once the impeller is chosen, Equation  30.21  can be used to calculate the desired speed 
of rotation ( N  cal ) for a given time of mixing (  θ  ): 

 Dimensionless blending time (Grenville and Nienow,  2004 )

    N Aθ = × −896 103 1 69.     (30.21)   

(Calabrese  et al .,  1986 )
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 where  A  is a function of impeller geometry (Rieger  et al .,  1988 ). 
 For helical impellers,

    A h D c D p D w D nb= ( )( ) ( ) ( )− −82 8 0 38 0 35 0 20 0 78. . . . .     (30.22)   

 where  c     =    wall clearance,  h     =    impeller height,  p     =    pitch,  w     =    blade width, and 
 n  b     =    number of blades. 

 However, for mixing in laminar range,  P o   ( =  A /Re )  is not constant and is a function 
of Re. Therefore, power input cannot be calculated as usual. Subsequently using 
Equation  30.3 , power requirement can be evaluated to select a standard motor. 

 A special case in this category is dough mixer design. During mixing of the ingre-
dients (fl our, sugar, salt, yeast, water and/or milk), the dough attains maximum vis-
cosity, but after a certain period of time is converted into a sticky mass with low 
viscosity. Therefore an optimal shear force for a given time is essential for good - quality 
dough. Various designs are available to meet this objective, i.e. vertical change - can 
type, horizontal batch or continuous type, and with single or multiple agitators (hook, 
paddle, spiral, etc.). In most cases, selection of a mixer for high - viscosity materials is 
based on experience. The design is tested at pilot plant level for scale - up. Power 
( P     ∝     N  (1 +    n   ) ) and torque (  λ      ∝     N n  ) where 0.25    <     n     <    0.5 (Valentas  et al .,  1997 ) are common 
parameters for comparing different dough mixers.  

  Design Calculation 

   Problem 1 

 A vegetable oil manufacturing company wants to produce fortifi ed oil with ricinol in 
liquid form. The mixing time specifi ed is 1   min. The process requires 99.9% homoge-
neity. Design a suitable impeller and mixer drive and calculate the shaft torque. 
Relevant information: tank diameter ( T ), 1.75   m; liquid height ( H ), 1.75   m; process 
viscosity,m 35   mPa · s; specifi c gravity, 0.94.  

  Solution 

 Vegetable oil behaves as a Newtonian fl uid. General form of Fo and   Po
1

3 Re considers 
mixing time for 95% homogeneity whereas the present problem requires 99.9% 
homogeneity. Using Equation  30.6 , mixing time can be calculated for 95% 
homogeneity:

    θ θ
θ θ
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    (30.23)   

 Substituting   θ   99.9%  in Fo expression, the fl ow regime condition is modifi ed for turbu-
lent transition boundary (1/Fo    =    1225):
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 In this case

    1 940 1 75 0 035 60 1370 83 2Fo kg m m Pa s s= ⋅( ) × ( ) ⋅( ) × ( ) =− . . .   

 Since 1/Fo    >    531.2, the fl ow condition is turbulent. A pitched - blade turbine will be 
suitable for such volumetric application, with  P o      =    1.80 and  D / T     =    0.5. Using the data, 
minimal operational speed can be calculated using Equation  30.25  with modifi cation 
for turbulent fl ow regime:

    P N D T Ho
1

3
99 9

2 1 5 0 5 5 2 2 306 11 99θ . %
. . . . .= × =     (30.25)   

 or  N     =    (11.99/(0.5) 2 )    ×    60    ×    (1.8) 1/3     =    0.66   rps    =    39.6   rpm (since T    =    H    =    1.75   m). This 
value is not a standard speed and the closest standard speed of 37   rpm (Hemrajani and 
Tatterson,  2004 ) can be selected. A higher speed will reduce mixing time but at the 
expense of power cost. So a lower speed drive is preferred for the process. For the 
gearbox speed output, power requirement can be calculated from Equation  30.3 :

    

P P N Do= = × × ⎛
⎝⎜

⎞
⎠⎟

× ( ) =

=

ρ 3 5
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hp   

 Choosing the nearest standard motor drive of 10   hp is not a safe option (standard motor 
power rating can be found in Hemrajani and Tatterson,  2004 ) because the mixer will 
consume 87% of the rated power. Hence, the next highest standard motor of 15   hp is 
a better option. The torque ( λ ) on the shaft can be calculated using the equation (30.7). 
So the value of

    λ = × × ⎛
⎝⎜

⎞
⎠⎟

× ( ) × =1 8 940
37
60

1 75
2

3 14 1681 63
2 2

.
.

. . .N m.      

  Scale - up Principle 
 In the design of large - scale mixing tanks for blending or dispersions, there are many 
scale - up techniques that consider geometry and kinematic and dynamic similarities. 
Suitable scale - up depends on the specifi c process. Two commonly used criteria for 
mixing in a turbulent transition fl ow regime are constant power per unit volume ( P / V ) 
and torque per unit volume ( T Q  / V ). Often  T Q  / V  is preferred because it has a direct 
impact on the overall size and cost of the mixer, including the gearbox (Hemrajani 
and Tatterson,  2004 ). For mixing in laminar fl ow, constant power input per kilogram 
is a useful scale - up criterion (Rudolph  et al .,  2009 ).   

  Design of Jet Mixers 

 For liquids with low viscosity ( < 1000   mPa · s) and larger tank volumes ( > 1000   US 
gallons), jet mixing is an effective technique for in - tank mixing but has longer mixing 
time (typically hours). Many confi gurations of the nozzle are available for jet mixing 
in a tank. One simple design is bottom drawing and side - bottom entering jet. Tank 
and nozzle dimensions and nozzle angle determine the free path and mixing effi ciency 
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of a jet. Jet free path ( Z ) is the longest distance that a liquid jet travels before reaching 
the farthest point of the liquid boundary. 

 Designing the output of a jet mixer must consider nozzle diameter, volumetric fl ow 
rate (  Q UDN= 0 25 2. π , where  U  is jet velocity), and pressure drop ( h  1     =    2.5 U  2 /2 g ) for 
pump specifi cation. Normally, the fl ow regime in a jet mixer is turbulent. In such 
condition, for a given blending time, Fo number and Equation  30.26  provides Re nozzle . 
From Re nozzle  [ =    ( D N v ρ  )/  μ  ], nozzle diameter ( D N  ) can be calculated. The diameter should 
be the nearest standard pipe diameter (from Perry and Green,  1997 ):

    Renozzle Fo= B      (30.26)   

  for  B     =    3.0, when Re    >    10   000 (turbulent fl ow), 0.2    <     H / T     <    2.0, 0.178    <     V     <    1200   m 3 , 
1.32    ×    10  − 2     <    ( UD N  / Z )    <    13.7    ×    10  − 2    m · s  − 1 , 86    <     Z / D     <    753. The design calculation below 
gives some more details of jet mixers. 

   Problem 2 

 A food industry uses a storage tank for a dilute molasses solution. Design a jet 
mixing system for mixing old and new batches in 20   min. Relevant information: tank 
diameter ( T ), 8   m; liquid height ( H ), 15   m; process fl uid viscosity, 1.5   mPa · s; specifi c 
gravity, 0.90.  

  Solution 

 For the system shown in Figure  30.2 (a), jet free path length:

    Z m= ( ) + ( )⎡⎣ ⎤⎦ = ( ) + ( )⎡⎣ ⎤⎦ = ( ) =H T2 2 2 21
2

1
2 1

215 8 289 17   

 To determine the fl ow regime, calculation of Re nozzle  is necessary and that can be found 
using Equation  30.26  and the expression for Fo:

    Fo Pa s s  kg m m= ( ) = ⋅( ) × ( ) ⋅( ) × ( )⎡⎣ ⎤⎦ =−μθ ρ Z 2 3 20 0015 1200 900 17 6 9. . 22 10 6× −  

    Re . . Re= = × = × >( )−3 3 6 92 10 4 33 10 1046 5Fo  turbulent regime   

 From the defi nition of Re, nozzle diameter ( D N  ) can be calculated:

    D UN = = ×( ) ⋅( ) ⋅( ) ⋅( ) =− −Re . . .μ ρ 4 33 10 0 0015 900 10 0 0725 3 1Pa s kg m m s m  

  wher jet velocity ( U ) is assumed to be 10   m · s  − 1 . Nearest standard pipe diameter of 
0.0725   m (3 in 80 schedule) can be used as nozzle diameter (refer to Perry and 
Green,  1997 ). Therefore, for the designed nozzle, volumetric fl ow rate and pressure 
head loss are:

(Greenville and Nienow, 2004)
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    Q UD= = ( )( )( ) = ⋅ = ⋅− −0 25 0 25 3 14 10 0 0725 0 041 2 462 2 3 1 3. . . . . . minπ m s m 11  

    h U g1
2 22 5 2 2 5 10 2 9 81 12 74= ( ) = ( ) ( )( ) =. . . . m      

  Design of Rotor – Stator Mixers 

 Rotor – stator mixers for dispersive processes are quite useful in the food industry. 
Unfortunately, understanding of the science that underlies such mixing is lacking. 
Design is mostly dependent on the manufacturer ’ s in - house technology and almost 
no correlation data are available in the literature. The same is true for in - line mixers 
involving rotor – stators. There are three basic types of rotor – stator mixer: (i) colloid 
mills and toothed devices, (ii) radial discharge impeller (Ross or Silverson type), and 
(iii) axial discharge impeller (Chemineer type). Standard mechanical design of rotor –
 stator mixers includes proper selection of the motor, design of mechanical or electrical 
drives for variable speed options, design of gearbox, seal and bearing, pressure tolerance 
of the unit, and selection of appropriate construction materials. Often, process - specifi c 
designs are supplied by the manufacturer. Customized design of rotor – stator mixers 
will employ pilot plant study and many manufacturers offer a rental service for such 
study. 

 Common scale - up criteria include maintaining a constant tip speed ( V  tip     =      π ND ) for 
pilot and industrial scale. Shear rate ( Y ) generated by the rotor – stator is the ratio of 
 V  tip  to the gap between rotor and stator (  δ  ). It is common practice not to change   δ   
during scale - up.   

  In - line Mixing: Static Mixer Design and Scale - up Principle 

 The design of static mixers involves two steps: selection of the mixer module and the 
sizing. Normally, selection of a mixer module is based on data from the manufacturer 
or from a similar process. An important selection criterion is the ratio of the pressure 
drop across the static mixer module versus that across empty pipe of the same length 
( K T   or  K L  ,  Δ  P  staticmix    :    Δ  P  pipe , where  K T   and  K L   are the pressure ratios for a particular static 
mixer module and process in turbulent and laminar conditions, respectively). Examples 
of  K T   and  K L   values, respectively, are as follows: Kenics (KMS), 6.9 and 1.5; Koch -
 Glitsch (SMX), 37.5 and 500; Koch - Glitsch (SMF), 5.6 and 130. Generally, the best 
static mixer should impart the lowest pressure drop for the same mixing duty. Various 
methods are adopted by individual manufacturers for sizing and comparing different 
mixing elements. 

  Graphical Method of Sizing 

 Manufacturers can provide empirical plots I and II (Figure  30.9 ) for a given element. 
In plot I, the number of mixing elements is plotted against velocity of fl uid. Each line 
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in the family of straight lines represents a particular Re. The fi rst step is to calculate 
velocity of the fl uid and Re. Velocity can be calculated from the desired fl ow rate of 
fl uid ( Q ) and cross - sectional area of pipe to be used. For each calculated value of Re, 
a line drawn from a particular velocity value on the  x  - axis will intersect the Re line 
and this then indicates the number of elements required on the  y  - axis. It is better to 
take the next higher value.   

 In plot II, pressure drop is plotted against fl uid velocity. Each line in the family 
of straight lines represents a particular number of elements. From plot I, the number 
of elements is selected as the appropriate parameter in plot II. A line drawn from a 
known velocity value on the  x  - axis will intersect the selected number of element 
line and this then indicates the pressure drop on the  y  - axis. Since these empirical 
plots are based on a standard fl uid, calculated pressure drop needs to be corrected 
for density and viscosity difference of the fl uid under consideration. The design 
output comprises the number of elements of the mixer and pump head required. 
Another method of comparing static mixers for blending of liquids is by coeffi cient 
of pressure drop and by correlation of coeffi cient of variation (CoV). In a static mixer 
the mixing quality can be measured by measuring concentration of one of the smaller 
(or essential) components in samples drawn from different positions in the pipeline 
and calculating the variance (CoV). CoV correlates with pipe geometry and the type 
of static mixer element. This is used as the design equation (Etchells and Meyer, 
 2004 ). 

 The common scale - up strategies for static mixers involve identical static mixers 
connected in parallel or series and increased tube diameter by keeping geometric 
similarity or pressure constant. Scale - up factor ( S  ′     =    throughput for full scale/
throughput for pilot plant) in parallel connection can be calculated as the ratio of 
number of tubes in full scale and pilot scale, whereas for series connection  S  ′  can be 
calculated as the ratio of Reynolds numbers. In the case of geometric similarity or 
constant pressure - based scale - up in turbulent region both  L / V  and  V  3 / D  is constant, 
but in the laminar region only  L / V  is constant (Thakur  et al .,  2003 ).    

Figure 30.9 Empirical plots for designing static mixers (not drawn to scale). Concept based on the 
plots from the technical report of Komax Inc., USA. (With kind permission of Komax Systems Inc., 
Huntington Beach, CA, USA.) 
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  Design and Scale - up Principle: Solid Mixing System 

 In terms of fl owability, food solids can range from extremely cohesive to free - fl owing. 
Neither extreme is good for mixing. A free - fl owing solid will have a tendency to com-
pletely segregate irrespective of time of mixing, whereas a highly cohesive material 
will be diffi cult to agitate but does not pose segregation problems once mixed well. 
A quantitative measure of fl owability is the fl owability index ( =      σ   1 /  σ   c , where   σ   1  is 
consolidation stress and   σ   c  compaction stress). According to fl owability index, solids 
can be classed as free - fl owing ( > 10), easy fl owing (4 – 10), cohesive (2 – 4), very cohesive/
not fl owing (1 – 2), and hardened ( < 1) (Jenike,  1964 ; Tomas and Schubert,  1979 ). Many 
components can affect fl owability of granular solids or solid powders: particle size and 
its distribution, shape, moisture, composition (e.g. presence of fat or fl ow conditioner), 
hygroscopic nature, and bulk density (Ganesan  et al .,  2008 ). If the fl ow properties of 
the solids to be mixed are known and the change in fl ow properties during process 
requirement is also known, one can select a generic design of mixer. Depending on 
other constraints, more detailed design can be made. Pilot plant study followed by 
scale - up is often preferred for better mixing process. 

 Rules of thumb for the mixing of solids include the following:

   1.     Use of ingredients of similar size, shape and other properties improves mixing 
effi ciency. This option is rare in the food industry.  

  2.     Highly segregating solids (particle size  > 5   mm) can be packed in proportion instead 
of mixing.  

  3.     If the weight percentage of any component to be mixed is less than 0.5%, premix-
ing of the material is better. This is quite common in food mixing.  

  4.     If the particles to be mixed have a wide range of sizes and size reduction is allowed, 
use of hammer or ball mills is a better choice. If addition of moisture is allowed, 
wet milling may be tried.  

  5.     If the moisture content is more than 2% and the mixture behaves like paste, close 
clearance mixers like sigma blade or extruders are required.  

  6.     For a free fl owing solid with segregating tendency: shear - insensitive materials can 
undergo wet milling; shear - sensitive materials can undergo ribbon or plow mixing.  

  7.     For a free - fl owing solid without segregating tendency, many mixers are suitable 
(e.g. silo mixer, tumbler mixer, ribbon mixer, plowshare), but for cohesive solids 
(lump forming) special designs (e.g. high - intensity pan mixer, orbiting screw with 
lump breaker, plowshare with chopper) are required.  

  8.     Fluidizable solids pose dusting problem, so pan mixer, orbiting tapered screw and 
plowshare are suitable varieties.  

  9.     Continuous mixing operation is preferred for large process volumes ( > 5   m 3 ) or where 
a low number of components ( < 3) are to be mixed without much fl exibility of 
operation. If the resultant mixture has no segregation problems, most of the solid 
food mixing processes are batch mode (Manjunath  et al .,  2004 ).    
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 Scale - up of tumbler mixer strongly depends on the properties of the materials to be 
mixed and does not vary with mixer variants (double cone, V - type, etc.). There are 
many scale - up criteria for agitated or convective type solid mixers. Parameters that 
are usually considered constant in both pilot scale and large scale include Froude 
number (Fr    =     R ω  / g , where   ω   is speed of rotation), peripheral velocity ( V     =      π ND ), 
mixing time [ t     =    ( L / T ) 2  ( T / v  where  T  is the  mixer tank diameter having mixer length 
of  L ) for Fr    <    3 and  t     ≈    ( L / T ) 2 ( T / v ) 3  for Fr    >    3], and power consumption. Constant 
power consumption is the most versatile scale - up criterion in solid mixing.  

  Advanced Process Design of Mixers 

 In the processed food sector, a wide variety of novel food products and ready - to - eat 
foods are introduced into the market periodically. The food industry is adopting faster, 
cleaner, and more economic processes to stay ahead in competition. Cutting - edge 
technology demands mixing devices for complex rheological systems (high solids 
content, 65 – 75%, chocolate mix), mixing with additional processing duties (incorpora-
tion of air in viscous liquid), cleaner mixer designs (especially for solid powder mixing 
or powder – liquid mixing), power economy (for power consuming dough or viscous 
liquid mixing), and fl exible operation (fl exibility of volume as well as recipe). Naturally, 
the design of a mixer (e.g. rotor – stator type or static mixer) and the mixing process 
(e.g. one - pot mixing instead of premixing step or a combination of mixers) look 
to exploit advanced technology. This is visible in three aspects of mixing, namely 
evaluation of mixing quality, modeling of mixing process (i.e. suitable composition 
of complex and often process - specifi c design equations), and design of mixing 
equipment. 

 Because the food industry commonly attempts to achieve a particular consistency 
or texture and fl avor and the presence of multiphase systems, the evaluation of mixing 
quality is diffi cult and often subjective. To evaluate mixing effi ciency in a mixer, the 
velocity fi eld can be measured using particle image velocimetry (PIV) and laser doppler 
anemometry (LDA). To visualize blending, a nonintrusive technique such as laser -
 induced fl uorescence (LIF) can be used. For faster and economic evaluation of hydro-
dynamics (shear, velocity profi le) in a mixer, computational fl uid dynamics (commercial 
CFD codes: Fluent, CFX Phoenix, Pam) (Xia and Sun,  2002 ) is routinely used. For solid 
mixers, near infrared (NIR) spectroscopy can be used for quality determination. 

 Traditional mathematical models of mixing processes are mostly derived for ideal 
systems with low volume of dispersed phase, binary mixtures, low viscosity levels, 
simple rheology, and nonhygroscopic solids with limited particle – particle interac-
tions. Some examples of advanced models are discussed below. 

 A model of local shear distribution for dough mixing in a slow mixer with asym-
metrical sigma blades using LDA technique is given by (Prakash and Kokini  2000 ):

    f
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 where   η   is average shear rate,  b  and  k  (properties of the fl uid) are constants, and  r  1  
and  r  2  are the distances of the nearest point with maximum shear rate and the nearest 
point with minimum shear rate, respectively from the longitudinal axis of the refer-
ence (slower) blade at the selected encoder position. These distances depend on fl uid 
rheology. This design technique gives quantitative values of shear rate at various loca-
tions, which provide a picture of a physical phenomenon like gluten development at 
those locations. This information can be used to compare two mixers as well as opti-
mize operation of a mixer. 

 Better power prediction for thixotropic fl uids and Bingham - type liquids can be per-
formed using Equation  30.28  (Maingonnat  et al .,  2005 ):
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 where   τ   0 ( t ) and   μ  e   0  are the intial values of time - dependent shear and viscosity. 
 Portillo  et al .  (2007, 2008)  have investigated mixing in a continuous drum mixer 

using a compartment model to optimize parameters, i.e. feed rate, active concentra-
tion of products, and blender processing angle. Chaudhuri  et al .  (2006)  have used the 
discrete element method (DEM) to simulate mixing in a blender. 

 For the mixing equipment manufacturer, computer - aided design (CAD) is currently 
a standard tool for conceptual design. CAD converts a process specifi cation into 
detailed drawing of the mixing equipment, including for example a customized agita-
tor (most probably with multiple impellers or multiple shafts for an agitated tank), an 
element for static mixer or a rotor – stator head. This improves not only the accuracy 
of design but also alows coordination between the food processor and the mixer 
manufacturer.   

  Operational Issues of Mixing Equipment 

  Process Control 

 In the food industry, conventional manual process control systems are being replaced 
by automated control systems due to increased scale and complexity of food process-
ing. Consistent mixing ensures better utilization of resources, regulatory conforma-
tion, and process integration. Nevertheless, food mixing processes can be manual, 
semi - automatic or automatic depending on the tolerance level (determined by scale 
and complexity) of the mixing process. For a storage tank where mixing has a 5% 
tolerance level, a manual control system is adequate; however, for a premixing unit 
with allowable tolerance of 2%, a semi - automatic or automatic control system is best. 
In a mixing - intensive process such as mayonnaise production (emulsifi cation) or a 
high - volume ready - to - cook powder blending unit, the quality of the mixture must not 
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deviate by more than 1% from the desired specifi cation. In such cases automatic 
systems with PID loop control systems and faster and accurate valves need to be 
employed despite higher cost (Lanham,  2003 ). For batch mixers, a dedicated control 
system comes with a semi - automated or automated (PLC) controller with appropriate 
sensors, valves, motors, and user - friendly human – machine interface. Typically, the 
control system can store a large number of recipes, has alarms to indicate process 
failures, and can record process history. They are quite fl exible and cost - effective at 
small scale (typical productivity, 1200   kg · h  − 1 ). Currently, mixer manufacturers design 
control systems for mixers as stand - alone units or as attachable units for semi -  con-
tinuous or continuous processes. However, continuous plants require stringent process 
control or mixing that is synchronized with other unit operations. Therefore, such 
plants employ distributed control systems or integrated control systems for the mixer, 
involving system and application software, computer and processing hardware, auto-
mation networks, controllers (multiple PLCs, e.g. Siemens TI545 controllers), process 
instruments and sensors and processing systems, and integration components. 

 Figure  30.10 (a) is a schematic diagram of a simple control system for mixing in an 
agitated tank. Citric acid is being mixed with water to achieve a certain pH, indicated 
by a pH electrode. When it attains the set value provided by the operator, the control-
ler will shut off the dosing valve for citric acid. The outlet has an additional pH elec-
trode to record the pH history of the product. Figure  30.10 (b) is an example of an in - line 
mixing control system, where two or more fl uids (in the example confectionary batter 
and steam) pass through a mixer to attain a process objective (i.e. cooking). The sensor –
 controller senses and determines if the mixing objective is reached by measuring the 
temperature of the exit fl uid. The mixing objective is correlated with the temperature 
of the product because the actual mixing objective, i.e. cooking, is diffi cult to quantify 
or measure directly. Hence, the target temperature or end point of mixing will be 
achieved by regulating the steam valve. However, such a simple feedback control 
system may not always be useful. Currently, the food industry is adopting practices 
of process integration, large - scale continuous production, predictive maintenance, and 
enterprise resource planning (ERP).    

  Maintenance 

 For dynamic equipment like mixers, maintenance occurs before installation (design) 
and during installation (Oldshue,  1983 ) not just after installation. Different mixing 
equipment needs different frequency and extent of maintenance. To minimize main-
tenance costs, a simple design is preferred and of course the design should consider 
operational fl uctuations such as shock loading and overfi ll conditions. Corrosion pro-
tection should take account of both storage and operational conditions. Proper coating 
(e.g. vapor phase inhibitor, anti - rust compound) of internal parts is essential. During 
installation, inspection of the equipment for any damage and proper mounting and 
alignment reduces the chance of frequent failures of the motor due to vibration and 
other operational damage. It is better to use a checklist (e.g. electrical wiring) for 
installation of every mixer. 
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 The following mixers are listed in decreasing requirement for maintenance: liquid 
mixers, high - shear mixers    >    impeller agitated tanks    >    rotor – stator mixer    >    jet mixer 
and solid mixers, high - shear mixers    >    convective solid mixers with fl uidization    >    con-
vective solid mixers    >    tumbler mixer    >    gravity silo mixer. The food industry typically 
follows a standard operating procedure (developed in combination with the manual 
supplied by the manufacturer) when devising a maintenance program for the mixer 
element, tank, electrical equipment, and instrumentation. For mechanically agitated 
vessels, with a short - term (say weekly) lubrication system, agitator drives, tank acces-
sories excluding impeller (e.g. seals, dosing systems, scrapers, pneumatic systems), 
drive motor, pumps and control accessories need inspection for physical damage, 
lubrication and calibration (wherever required), whereas agitators, tanks, motor cou-
pling, seals, gear drives, and temperature control systems require inspection every 
month for physical damage, alignment, and effi ciency. This is more elaborate than 
short - term inspection and may need corrective actions like replacement of seals, 
rubber parts and valves. Once or twice a year, components like the drive motor, lift 
or tilt system and gear drives of an agitated vessel may need overhauling. 

Figure 30.10 (a) An automatic control system for acidifi cation of fruit juice. (b) In -line static mixer 
for continuous steam cooking. (With kind permission of Komax Systems Inc., Huntington Beach, 
CA, USA.) 
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 For in - line static mixers, the mixing element requires minimum maintenance (one 
of the incentives of such mixers) while maintenance for the pump and the instrumen-
tation is the same as for other in - tank mixers. For jet mixing, nozzles need additional 
maintenance because the nozzle can undergo erosion (operational wear and tear), 
accidental damage, and corrosion as well as clogging or deposition of solid layers inside 
the nozzle, which can reduce the effi ciency of the nozzle. A preventive program should 
monitor pump fl ow rate, upstream pressure drop, and jet shape to check for the prob-
lems. Generally, high - shear mixers and solid mixers require more frequent mainte-
nance because of the process load.  

  Cleaning and Sanitation Methods 

 Cleaning and sanitation procedures can be manual or automated depending on the 
scale and type of process. The parts of the mixer that are in contact with the food 
materials (mixing element, pipeline, tank, dosing systems like hoppers, motors, and 
valves) need to be cleaned and sanitized properly. Mixers can be cleaned and sanitized 
in place or by dismantling the unit. All in - line mixers have a cleaning - in - place (CIP) 
option. Except for high - viscosity mixing processes, CIP and sanitation can be used for 
tank mixers. Food processors follow a standard operating procedure for cleaning and 
sanitation that takes account of the processing schedule, i.e. before start - up, between 
batches, after last batch of the day. The complexity of mixing and mixer design 
increases the diffi culty of cleaning and sanitation. Since this process accounts for 
much process time, man hours, power, and chemicals, mixer manufacturers always 
upgrade mixer designs for easier cleaning and sanitation. The philosophy behind such 
clean design is simple: there are fewer internal parts (i.e. less wet surface area), it cuts 
down multiple steps, there is faster intake, faster and complete discharge of the mix, 
no dead space, and reduced leakage. 

 High - viscosity mixers are generally considered the most diffi cult to clean and sani-
tize. Detachable agitators or change - can mixer design can improve the situation. Dry 
powder mixers can also create cleaning diffi culties by dusting, with sticky powders 
especially diffi cult to clean. Dustproof seals (covered with neoprene/silicon gasket) 
and automatic dosing systems with pneumatically or hydraulically operated lids can 
be a good option to stop dusting. Use of scrapers and wide - cornered vessels can elimi-
nate dead zones in paste and sticky powder mixers. Static mixers and spray nozzle 
mixer in - tank have inherent advantages for better CIP operations.   

  Capital and Operating Costs for Different - sized Equipment 

 In the food industry, the cost analysis of mixers includes (i) capital cost (inclusive of 
all dedicated auxiliaries), (ii) operational cost (cost of power mainly for the motor and 
other instrumentation and labor costs), (iii) maintenance and sanitation cost (materials 
as well as labor costs), and (iv) depreciation cost. It is subjective and diffi cult to 



Mixing and Agitation Design 867

perform a comparative cost analysis of all the different types of mixer suitable for a 
given mixing process but mixer selection is guided by both fi xed and recurring costs. 
However, for different designs of a particular class of mixer, cost comparison is pos-
sible. For a given volume of agitated vessel with side - entering impeller (25   hp with 
0.71   m diameter) and top - entering impeller (10   hp with 1.63   m diameter) the capital 
cost ratio would be about 2   :   5, whereas the operating cost ratio would be 5   :   2. 
Frequently, industry uses standard correlations for calculation of the capital cost of 
mixers. For a large - scale agitated vessel, the capital cost can be modeled in terms of 
torque and impeller diameter (Equation  30.29 ) (Oldshue,  1983 ):

    Capital cost =
+( )

aT D
x

0 8
1 6 4

2 4.
.

.     (30.29)   

 The value of  x  varies with the process (0    >     x     >     − 3). Operating cost equals motor power 
rating in kilowatts per unit electrical power cost.  

  Summary and Future Needs 

 From an industrial perspective, there are ample opportunities in the fi eld of mixing 
in the food processing sector. In order to manage existing food industries (trouble-
shooting mixing problems) effectively and to commercially realize future mixing -
 intensive food processes (new food emulsions, preparatory food mixes, etc.), 
understanding of mixing science is essential. This requires the close cooperation of 
food processors, mixing equipment manufacturers and of course academia, and will 
not only enrich mixing science but also allow better mixing solutions. 

 From a food processors perspective, the challenges in mixing can be summarized as 
follows:

    •      Development of standards for comparing different mixer types.  
   •      Better monitoring and control of mixing processes, particularly for food systems 

with memory (where physicochemical reactions initiated by mixing continue long 
after the cessation of mixer operation).  

   •      Improvement in mixing for rheologically diffi cult fl uids like shear thinning and 
viscoelastic types as well as liquids with foaming tendency.  

   •      Conversion of batch processes to continuous mode.  
   •      Scale - up of mixing of highly viscous liquids and solids.  
   •      Reducing number of mixing steps to one - pot mixing.  
   •      Mixing in vessels with unusual geometries (i.e.  H / T  away from 1).    

 To overcome these challenges, basic research in mixing processes is required as well 
as in various interdisciplinary areas such as particle properties, multiphase interaction 
(solid – liquid, liquid – liquid, solid – liquid – air, liquid – liquid – air), modeling and simula-
tion techniques and control strategies.  
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   Introduction 

 In the food and chemical industries, extraction or solvent extraction is the process of 
separating a component substance (the solute) from a solid or liquid mixture by dis-
solving it in a liquid solvent. Depending on the phase of the mixture and the extraction 
agent, extraction can be divided into the following types:

    •      liquid – liquid extraction, where a solvent extracts a solute from a liquid phase;  
   •      solid – liquid extraction, or leaching, where a solvent extracts a solute from a solid 

phase;  
   •      supercritical extraction, where a fl uid under supercritical conditions is used as the 

solvent.    

 Laboratory or commercial - scale applications in the food industry include the extrac-
tion or recovery of colours, fl avours, proteins, amino acids, enzymes, vitamins, oils, 
sugars, starch, and other carbohydrates. Solvents commonly used in the food indus-
tries include water, alcohol, and other organic solvents, or supercritical CO 2 . 

 Extraction is usually preceded by, or carried out simultaneously with, other opera-
tions to reduce the size of the solid (size reduction), to intimately mix the liquid or 
solid raw material with the solvent (mixing and agitation), and to separate the two 
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phases (mechanical separation). Extraction may also take place along with digestion 
or solubilisation of insoluble components to produce solutes that can be extracted, 
such as the hydrolysis of proteins with the help of enzymes, acids, bases or salts. 

 Extraction results in a solution consisting mainly of solvent and solute, but one 
that may often also contain other impurities. The extracted component may then have 
to be separated from the solvent by another separation process such as distillation or 
crystallisation. For supercritical extraction this separation is easily achieved by reduc-
ing the pressure and turning the solvent into a gas. In this chapter we are concerned 
only with the extraction operation itself, and the reader is referred to other chapters 
for the accompanying processes. An extraction plant can be carried out by assembling 
the components necessary for each stage of the process, but there is also specialised 
proprietary extraction equipment designed to combine several of the necessary steps 
together into one unit.  

  Liquid – Liquid Extraction 

  What is Liquid – Liquid Extraction? 

 Liquid – liquid extraction (LLE) is the extraction of a solute A from a solution of A in 
a liquid carrier C, using a liquid solvent B. The solvent is chosen to be highly miscible 
with A but immiscible with C. Some A will move from the feed solution to the solvent 
until equilibrium between the two phases is achieved. The product may be the extract, 
the raffi nate, or both. 

 LLE is a more complicated separation process than distillation due to the introduc-
tion of a solvent, which usually needs subsequently to be separated from the product 
as well as from the carrier streams, and recirculated to avoid wastage, using additional 
equipment such as distillation columns. LLE is more attractive than distillation when 
the components to be separated have close volatility; when the solute has low volatil-
ity (e.g. salts); when the product is heat sensitive (e.g. vitamins, antibiotics, food fl a-
vours); or when the desired product is the solvent – solute solution rather than pure 
solute. If the process is carried out in a single stage, the extraction effi ciency is limited 
by the carrying capacity of the solvent, which depends on the equilibrium distribution 
ratio and the mass ratio of solvent to carrier. Therefore, like most other mass transfer 
operations, LLE is usually carried out in countercurrent cascades (e.g. spray columns, 
tray columns or packed beds). A recent review of applications of LLE is given by Batista 
 et al .  (2009) .  

  Equipment 

 LLE equipment must be designed to carry out two basic operations, which have oppo-
site objectives and requirements: mixing and separation. Good mixing is necessary to 
increase the mass transfer coeffi cient, increase contact area between the two phases 
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and minimise the diffusion path of the solute molecules, by breaking up one or both 
liquid phases into small droplets suspended in the other phase. Separation means re -
 agglomerating these droplets into a continuous phase or at least into large enough 
drops, so that they can fl ow in the opposite direction to the other phase under gravity 
or centrifugal force and be separated from it. Since liquids that mix readily will be 
diffi cult to separate and  vice versa , and the density difference between liquids is 
usually small (much less than between vapour and liquids, as in a distillation column), 
the retention time in a LLE unit is often signifi cant and great care has to be paid to 
equipment design. Often, mixing and separation have to be mechanically assisted. 

  Mixer - Settlers 

 In the most basic set - up, a LLE stage will comprise a mixer followed by a separator. 
Any suitable type of mixer can be used, such as a pump, a mixing tank with agitator, 
a pressure nozzle or a static inline mixer. The reader is referred to the Chapter  30  for 
further information. The resulting mixture or emulsion is then separated by agglom-
eration and settling or centrifugation. Mixing and separation can be combined in a 
single vessel, termed a mixer - settler, possibly partitioned into a mixing compartment 
and a separation compartment (Figure  31.1 ).    

  Non - agitated Columns 

 In practice single - stage extraction is rarely used as the amount of extraction is usually 
limited. For increased extraction effi ciency, several mixer - settlers may be connected 
to form a countercurrent cascade, with the light and heavy phases moving in opposite 
directions. Countercurrent operation can also be carried out in standard types of 
countercurrent contacting column, such as spray columns, packed columns or sieve 
plate columns. In spray columns (Figure  31.2 ) one phase is broken up into droplets 

Figure 31.1 Mixer-settler.
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Figure 31.2 Spray column for liquid –liquid extraction (LLE). 
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which rise or fall countercurrently to the other continuous phase under gravity. In 
packed columns, the middle section is fi lled with packing and both phases may be 
broken up to some extent as each moves from one particle of packing to another. 
Many different types of packing have been designed to enhance mixing. In sieve plate 
columns, one phase rises through perforations in a plate where they are broken up 
into droplets, which coalesce and then are broken up again by the next plate. The 
second phase fl ows across each plate, then through a slot down to the next plate. 
For all column types, a settling section must be provided at each end to allow thor-
ough separation.   

 The above types of columns are driven purely by gravity. They will only work well 
if the densities of the two phases are signifi cantly different. If that is not the case, the 
droplets have to be reasonably large or the fl ow velocities slow enough to ensure that 
the droplets can rise or fall in the opposite direction to the other phase, both of which 
requirements lead to longer residence times and larger equipment sizes.  

  Mechanically Agitated Equipment 

 A number of proprietary mechanically agitated columns, an example of which is 
shown in Figure  31.3 a, have been designed to enhance mixing (Reissinger and Schroter, 
 1978 ; Perry and Green,  1997 ).

    •      In  pulsed columns  the fl ows may be pulsed at 1.5 – 4   Hz to enhance mass transfer.    
   •       Rotary agitated columns  have a central shaft running the length of the column 

fi tted with impellers. Most columns are divided into compartments, usually by 
annular plates, each compartment containing one impeller. The impellers help 
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break up the liquids and enhance mass transfer. The best known type is the rotary 
disc contactor (Lo  et al .,  1983 ). Others include the Scheibel column, the Oldshue –
 Rushton extractor, and the Kuhni column.  

   •       Reciprocating agitated columns  such as the Karr column use longitudinally recip-
rocating perforated plates.  

   •      The  Graesser raining bucket contactor  (Figure  31.3 a) has a disc and bucket assembly 
which rotates inside a horizontal shell. The light phase occupies the top half of the 
shell while the heavy phase occupies the lower half. The C - shaped buckets pick 
up the heavy liquid and release it into the light liquid, and  vice versa . The discs 
divide the shell into compartments or stages, while an annular gap between the 
discs and the shell enables the liquids to fl ow countercurrently. Agitation is gentle; 
thus this equipment is suitable for liquids that tend to form emulsions.     

Figure 31.3 Mechanically agitated and centrifugal extractors: (a) Graesser raining bucket contac-
tor. (b) Podbielnak centrifugal extractor (rotor only, casing not shown). 
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  Centrifugal Equipment 

 The major advantage of centrifugal equipment, an example of which is shown in 
Figure  31.3 b, is effi cient phase separation. Since phase separation occupies most of 
the equipment volume and takes up most of the total residence time, centrifugal 
equipment is very compact and can handle emulsions, which are diffi cult to separate. 
Furthermore, the rapid rotation allows the inclusion of effi cient mixers, resulting in 
rapid mass transfer and the ability to handle liquids with high surface tension (which 
are diffi cult to break up). One possible drawback is the high pressure experienced by 
the fl uids, up to 100 bars, which could adversely affect phase equilibrium by making 
the components more miscible.

    •       Centrifugal extractors  are basically centrifugal separators similar to those used for 
separating a liquid, with the addition of a mixing impeller or mixing plate to inti-
mately mix the feed and solvent.  

   •      The  multistage centrifugal extractor  (Rousselet Robatel) is a multistage mixer -
 centrifuge. Each stage consists of a mixing chamber near the axis, where the two 
liquids are mixed into a fi ne dispersion by a stationary disc mounted on the central 
drum, which also performs a pumping action to move the fl uids. The mixture then 
moves to a settling chamber where the two fl uids are separated by centrifugal force 
and routed in opposite directions. The design ensures both effi cient mass transfer 
and rapid separation.  

   •      The  Podbielnek centrifugal extractor  (Figure  31.3 b) is essentially a very fat rectan-
gular sieve plate column that is rolled into a cylindrical shape and rotated rapidly. 
The heavy liquid is released near the axis and the light liquid near the rim of a 
centrifuge. Concentric perforated cylindrical plates break up the streams, in a 
manner similar to a conventional sieve plate column. The centrifugal force is much 
higher than gravity, leading to higher velocities, better separation, and smaller resi-
dence times. Emulsions can easily be separated into separate liquid streams.    

 Table  31.1 , which summarises equipment characteristics, can be used for a prelimi-
nary screening. Reissinger and Schroter  (1978)  presented a simplifi ed fl owchart for 
selecting LLE equipment.     

  Process Design 

  Single - Stage Extraction 

 Let a feed stream (F) containing the solute to be extracted be intimately mixed with 
an immiscible solvent stream (S) in a mixer until the two phases are in equilibrium. 
The two phases are then allowed to separate and exit the settler as two single - phase 
streams, called the extract (E) and raffi nate (R) streams. The former consists mainly of 
solvent and extracted solute, while the latter will be mainly the carrier fl uid with some 
residual solute. However, both streams will in general contain all three components. 
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 If the fl ows and compositions of F and S are known, we can determine those of the 
products E and R by using a ternary diagram (Figure  31.4 ), in which the composition 
of a mixture is represented by a point in a triangle. The vertices of the triangle represent 
pure components (A, B or C). The concentration of any component  i  is directly pro-
portional to the distance from the point representing the mixture to the side 
opposite vertex  i . For example, points on the side opposite vertex B represent binary 

Table 31.1 Equipment characteristics summary. Note: any type of equipment can be connected 
into a multistage cascade. 

Equipment
type

Residence
time

Height Floor
area

Handles
emulsions

Pressure
effect

Mixing Separation Multistage

Mixer-settler Large Small Large No No Poor Poor No
Non-assisted

columns
Large Large Small No No Poor Poor Yes

Pulsed columns Large Large Small No No Medium Poor Yes
Rotating disc 

columns
Medium Large Small No No Medium Poor Yes

Reciprocating
plate column 

Medium Large Small Yes No Medium Poor Yes

Graesser
raining bucket 

Medium Small Large Yes No Medium Poor Yes

Centrifugal
extractors

Small Small Small Yes Yes Good Good No

Multistage
centrifugal
extractors

Small Small Small Yes Yes Good Good Yes

Podbielnak
centrifugal
extractor

Small Small Small No Yes Medium Good Yes

Figure 31.4 How compositions are represented on a ternary diagram. (a) Equilateral triangle. 
(b) Right triangle. 
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mixtures containing no B. Lines parallel to this side represent mixtures of varying 
concentration of B  –  the closer a line is to vertex B, the higher the concentration of B.   

 Ternary diagrams do not have to be equilateral triangles. Triangles of any shape may 
be used, as long as the scale remains linear, i.e. the mass fraction of each component 
is proportional to the distance from one side of the triangle. Right - angled triangles 
(Figure  31.4 b) are popular as they can be plotted using normal Cartesian graph paper 
or plotting software (the mass fractions of two components are plotted on the x and 
y axes respectively, that of the third being worked out from difference, although it 
could also be read on a diagonal scale). 

 If there are two immiscible phases, a mixture Q will spontaneously separate into 
two phases, raffi nate (carrier - rich) and extract (solvent - rich), as shown in Figure  31.5 . 
The line joining the two equilibrium concentrations is called a tie line. Different 
starting mixture compositions result in different tie lines and product compositions. 
The loci of the equilibrium concentrations (the tips of the tie lines) form the equilib-
rium curve, one half of which represents the extract and the other the raffi nate. For 
some systems and at given temperature ranges, at a certain point the compositions of 
the extract and raffi nate come together: this is the plait point. Beyond that point, the 
components are completely miscible and there is only one phase. Most systems 
become more miscible as temperature increases; thus the two - phase region will tend 
to shrink as temperature rises and may disappear altogether. For effi cient extraction, 
the two - phase region must be as large as possible, so extraction is easier at lower 
temperatures.    

  Lever Rule 

 If two streams P and Q with fl ow rates  p  and  q  respectively are mixed together, the 
composition  x     =    ( x A  ,  x B  ) of the mixture will be:

Figure 31.5 Ternary diagram with two liquid phases. On the left B and C form immiscible phases. 
On the right both B –C and A –B form immiscible phases. 
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    x
x x

M
P Qp q
p q

= +
+

    (31.1)  

  which can be rearranged into:

    
p q p q

q p

M M P Q

M P Q M

x x x x
x x x x

+ = +
− = −     (31.2)  

  which shows that, on any graph with linear composition scales such as the ternary 
diagram, the mixture composition is represented by a point M (termed the mixing 
point) between P and Q on the line PQ, such that the distances PM and MQ are in 
inverse proportion to the fl ow rates (Figure  31.6 ):

    PM
MQ

q
p

=     (31.3)     

 This graphical relationship, known as the lever rule, is readily used to deter-
mine graphically the separation performance of a single - stage extraction process 
(Figure  31.7 ):

   1.     Plot the entering feed and solvent concentrations on the ternary diagram.    
  2.     Determine the mixture M of feed and solvent from the lever rule: draw a line 

joining the entering compositions and calculate the position of M on the line from 
Equation  31.3 .  

  3.     Draw a tie line (by interpolation) passing through M and determine its intersections 
with the equilibrium curves.  

Figure 31.6 Lever rule. A mixture of one part P and two parts Q is represented by point M on PQ, 
which is twice as far from P as from Q. 
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  4.     Read off the extract and raffi nate compositions from these intersections.  
  5.     Apply the lever rule once more to determine the product fl ow rates from the ratio 

RM/ME, given that their sum is equal to the sum of entering feed and solvent fl ow 
rates:

    E F S
RM
RE

R F S
ME
RE

= +( ) = +( ),     (31.4)      

 Note that although the ternary diagram and graphical method have been presented in 
terms of mass fl ow rates and mass fractions, the same methods can be used if fl ow 
rates and concentrations are measured in molar terms. The ternary diagram and the 
distribution ratios  K i   will of course have to be expressed in terms of mole fraction. 
The same applies to other methods presented throughout this chapter.  

  Graphical Methods for Countercurrent Cascade 

 Extraction effectiveness can be increased by having the two phases fl owing in opposite 
directions. There is no point having more than one equilibrium stage if the liquids 
fl ow in the same direction (co - current cascade), since the streams leaving the fi rst 
stage are already in equilibrium and no further extraction will happen in the subse-
quent stages. Cross - current cascades, where the feed fl ows through a series of stages 
each with a supply of fresh solvent, are better than a co - current cascade, but less 
effi cient than a countercurrent cascade. 

 In designing a countercurrent cascade (Figure  31.8 ) we usually know the composi-
tions and fl ow rates of the two entering streams (feed F and solvent S), and also the 
required composition or at least the solute concentration of one of the product streams, 

Figure 31.7 Single equilibrium stage extraction process. S refers to the entering solvent stream, 
which may be contaminated, while B refers to the (pure) solvent substance. 
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either extract or raffi nate. Our job is then to calculate the number of equilibrium 
stages,  N .   

 Before we can describe the design method, we need to introduce a new concept: the 
 difference point . Let us put an imaginary stage at the end of the cascade so as to obtain 
a single stream D coming out at that end (Figure  31.9 ). From the material balance over 
the imaginary stage, mixing D with the stream F will give E. Therefore, D can be 
termed the  difference stream : it is the difference between F and E. On a ternary 
diagram, the lever rule dictates that D, F, and E lie on the same straight line. Similarly, 
by considering the material balance over the whole cascade, including the imaginary 
stage, we can see that D is also the difference of streams S and R, and therefore D, S, 
and R must be collinear. Thus, on the ternary diagram, D is simply the intersection 
of the straight lines FE and SR (extended as necessary) (Figure  31.10 a). Do not be sur-
prised that D lies outside the ternary diagram: it is only an imaginary stream and can 
have physically unrealistic compositions, such as mole or mass fractions outside the 
range 0 – 1.   

 What makes the difference point useful is that, by considering the mass balance 
between any interstage point along the cascade and the stream D (Figure  31.9 ), it can 
be seen that any pair of interstage streams (streams passing each other between two 
stages), such as (V  n    + 1 , L  n  ) or (V  n  , L  n –    1 ), will also have the same difference stream D. 
Hence, on a ternary diagram, all lines connecting pairs of interstage compositions 
must pass through D. Together with the requirement that any stream leaving a stage 
must lie on the equilibrium line, this gives us the means of graphically stepping from 
one stage to the next on the ternary diagram. We are now ready to describe the 
Hunter – Nash graphical design method for an LLE cascade (Treybal,  1963 ). 

Figure 31.8 Countercurrent cascade of equilibrium extraction stages. V denotes the solvent -rich
(extract) stream and L the carrier rich (raffi nate) stream. Subscripts refer to the stage from which a 
stream originates. 

N21

L1

V2

Extract
E or V1

Feed
F or L0

Solvent
S or VN+1

Raffinate
R or LN

N-1

LN-1

VN

LN-2

VN-1

Figure 31.9 The difference stream D is an imaginary stream which, if mixed with an L stream 
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  Step 1: Identify All Inlet and Outlet Compositions on the Diagram 

 For illustration ’ s sake, let us assume that the composition of the extract E is known 
and that of the raffi nate R remains to be determined. Since mixing these two exit 
streams would give the same mixture as mixing the entering streams F and S, these 
two pairs must have the same mixing point on the ternary diagram. Furthermore, we 
know that the compositions of both the leaving streams E and R must lie on the 
equilibrium curve, since each comes from an equilibrium stage. Thus, the unknown 
composition (in this case that of the extract) is simply obtained by locating the 
mixing point M of feed F and solvent S, then extending a straight line from the (known) 
extract R through M until it re - intersects the equilibrium curve at the raffi nate R 
(Figure  31.10 a).  

  Step 2: Identify the Difference Point (Operating Point) 

 Join F to E and R to S and extend these lines until they intersect (Figure  31.10 a). The 
intersection is the difference point D, as shown earlier.  

  Step 3: Use the Equilibrium Relationship 

 We may start from either end of the cascade, but for illustrative purpose let us assume 
that we start with stage 1, where the extract E leaves. The stream L 1  leaving stage 1 

Figure 31.10 (a) Identifying inlet/outlet compositions, mixing point M and difference point P on 
a ternary diagram. (b) Stepping between tie lines and material balance lines to count stages. 
(c) Physical interpretation of stepping procedure. M.B., material balance line. 
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is in equilibrium with E, and therefore E and L 1  are at the ends of a tie line (Figure 
 31.10 b). This allows us to determine the composition of L 1  on the ternary diagram by 
drawing a tie line from E.  

  Step 4: Use the Material Balance 

 Since the stream V 2  passes the stream L 1  forming an inter - stage pair, the points rep-
resenting their compositions on the ternary stage must be collinear with the difference 
point D, as already shown. Therefore, by joining point D to L 1 , we obtain the composi-
tion of V 2  where the material balance line DL 1  intersects the equilibrium curve (Figure 
 31.10 b). 

 By repeating steps 3 and 4 over and over until we reach or pass the composition of 
the desired raffi nate at the other end, we can determine the necessary number of 
equilibrium stages. Each stage is represented by a tie line that we have drawn in Step 
3 (Figure  31.10 b,c). 

 From the graphical method just described, a necessary condition for any separation to 
be possible is that the mixing point M must be inside the two - phase region, since the 
extract and raffi nate compositions must be on the equilibrium curve and on different 
sides of M. Thus, the line joining feed and entering solvent must pass through the 
two - phase region. Since the two - phase region tends to shrink with rising temperature 
due to increasing miscibility, separation by LLE is easier at lower temperature and 
product tends to be purer. Another condition for feasibility is that the difference point 
D must not be aligned with any tie line in the operating region. If this happens, we 
will go back and forth between the same L and V compositions in steps 3 and 4, i.e. 
an infi nite number of stages will result. These inoperability conditions will occur if 
the solvent - to - feed ratio is smaller than necessary or if the solvent already contains 
more than a certain amount of solute. 

   Example 1 

 1   kg · s  − 1  of vegetable oil containing 8% fatty acid by mass is de - acidifi ed by extracting 
with pure ethanol at 1.5 · kg · s  − 1  in a countercurrent cascade. Equilibrium data are given 
in the ternary diagram in Figure  31.11 , where A is oleic acid (solute), C is vegetable 
oil (carrier) and B is ethanol (solvent). Determine the number of equilibrium stages to 
bring the acid mass fraction to 1% or below.    

  Solution 

    1.     Identify the points F (feed composition), S (fresh solvent) and R (desired raffi nate). 
R must lie on the raffi nate (feed) side of the equilibrium curve and have  x A      =    0.01.  

  2.     Use the lever rule to identify mixing point M: MF/SM    =    1.5 or MF/SF    =    1.5/
(1    +    1.5)     =    0.6.  

  3.     Extend RM to re - intersect the equilibrium curve at E, the extract composition.  
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  4.     Using a ruler, RM/RE    =    0.65; therefore 65% of the total mass goes to extract and 
35% goes to raffi nate. Thus, the raffi nate fl ow is 0.35    ×     (1.0    +    1.5)    =    0.875   kg · h  − 1 , 
the extract fl ow is 0.65    ×     (1.0    +    1.5)    =    1.625   kg · h  − 1 .  

  5.     Extend FE and RS to get difference point D.  
  6.     Draw a tie line from R by interpolation, re - intersecting the equilibrium curve at 

the composition of the extract stream leaving the last stage, V  N  .  
  7.     Join D to this extract composition and extend to re - intersect the equilibrium curve. 

This is the composition of the next raffi nate stream, L  N –    1 .  
  8.     Repeat the previous two steps until the composition of the fi nal extract is reached 

or passed. This should happen at between two and three equilibrium stages, say 
2.5 stages. (Each stage is represented by a tie line.)        

  Approximate Methods for Countercurrent Cascade 

 An alternative approach that does not require graphical construction and is therefore 
more suitable for calculators and spreadsheets, is to use an approximate method such 
as Kremser ’ s method (Kremser , 1930 ; Edmister,  1957 ). A proof of the method can be 
found in Seader and Henley  (2006) . Kremser ’ s method is a rating method, i.e. it cal-
culates the performance (product concentration) from a given cascade with known 
feed and solvent fl ows and concentrations. However, it can be used for design by 
iterating or using an equation solver tool in a spreadsheet. It is applicable when the 
fl ow rates  V  and  L  do not vary greatly along the cascade. 

 First we defi ne the  extraction factor E i   and its inverse, the  absorption factor A i  :

    E
K V

L
A

L
K V

i
i

i
i

≡ ≡,     (31.5)   

Figure 31.11 Graphical method for liquid –liquid extraction (LLE) example. 
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 Since  y i,n      =     v i,n  / V  and  x i,n      =     l i,n  / L , where  v i,n   and  l i,n   are the component fl ows of compo-
nent  i  from stage  n , the equilibrium relationship between streams leaving stage  n  can 
be written as:

    v E l l A vi n i i n i n i i n, , , ,,= =     (31.6)   

 We shall now derive Kremser ’ s equations for a given component  i . In the following 
derivation we will drop the component subscript  i  but retain the subscript for stage 
number when necessary. Assuming for the moment that the solvent is free of solute, 
i.e.  s     =    0, material balance over the whole column (Figure  31.12 ) gives:

    f e r= +     (31.7)     

 Equilibrium for stage 1 (Equation  31.6 ) gives:

    e El= 1   

 Component material balance for the section comprising stages 2 to  N  gives:

    l v r1 2= +   

 Continuing to alternate between material balance and equilibrium:

    v El2 2=  

    l v r2 3= +  

 … 

    v ElN N− −=1 1  

    l v rN N− = +1  

    v ErN =     (31.8)   

Figure 31.12 Notation for Kremser ’s method. Lower case symbols represent component mass 
fl ows. 
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 By performing backwards substitutions from Equation  31.8  back to Equation  31.7  
(substituting for  v N   then  l N  –    1  then  v N –    1  etc.) we eliminate all the intermediate variables 
 l n   ,   v n   and obtain a relationship between  f  and  r :

    f E E E r
E

E
rN N

N

= + + + +( ) = −
−

−
+

1
1

1
1

1
...     (31.9)   

 Hence:

    r
E

E
f f

N
E= −

−
=+

1
11

Φ     (31.10)  

    e f r fE= − = −( )1 Φ     (31.11)  

  where  Φ   E  , defi ned by Equation  31.10 , is the unextracted fraction of component  i  enter-
ing with the feed. 

 Similarly, by considering a cascade where component  i  enters with the solvent but 
not with the feed, we obtain:

    e
A

A
s s

N
A= −

−
=+

1
11

Φ     (31.12)  

  where  Φ   A   is the unabsorbed fraction of component  i  entering with the solvent. 
 To get the equation for the extract fl ow for the general case (non - zero  f  and  s ) we 

combine the extracted fraction from Equation  31.11  and unabsorbed fraction from 
Equation  31.12 :

    e s fA E= + −( )Φ Φ1     (31.13)   

  Summary of Kremser ’ s Method 

    1.     Determine the mean distribution ratios  K i      ≡     y i  / x i   for all components  i,  averaged 
over the cascade, where  x i   is the concentration of  i  in the L phase (feed - raffi nate) 
and  y i   that in the V phase (solvent - extract).  

  2.     Estimate mean values of total fl ows  L  and  V  over the cascade.  
  3.     Calculate the extraction and absorption factors for component  i  from Equation  31.5 .  
  4.     Calculate the unabsorbed and unextracted fractions:

    Φ Φi
E i

i
N i

A i

i
N

E
E

A
A

≡ −
−

≡ −
−+ +

1
1

1
11 1

,     (31.14)    

  5.     Calculate the mass fl ow  e i   of component  i  in the fi nal extract from:

    e s fi i
A

i i
E

i= + −( )Φ Φ1     (31.13)    
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  6.     Calculate the mass fl ow  r i   of component  i  in the fi nal raffi nate from material 
balance over the cascade:

    r s f ei i i i= + −     (31.15)    

  7.     Repeat steps 3 – 6 for the other components.  
  8.     Once the fl ows  e  and  r  of all components are determined, add them up to re -

 calculate  E  and  R .  
  9.     Go back to step 2 if necessary (i.e. if  L  and  V  have changed signifi cantly).    

 If  L  and  V  vary greatly, Kremser ’ s method is not applicable and a graphical or rigorous 
method should be used. 

   Example 2 

 Use Kremser ’ s method to verify the results obtained graphically in Example 1, i.e. 
verify that about 2.5 ideal stages will produce a raffi nate containing 1% solute.  

  Solution 

 Read off the solute mass fractions ( x A  ,  y A  ) at the ends of a tie line and calculate 
 K A      =     y A  / x A  . For example, the bottom tie line gives  x A      =    0.011,  y A      =    0.012, hence 
 K A      =    1.09. Do this for a few tie lines in the operating range and calculate the geometric 
mean to get  K A      =    1.114. 

 The raffi nate and extract curves are quite close to the sides of the ternary diagram, 
showing that the solvent and carrier are not very soluble in each other (this can be 
verifi ed by calculating their K - values). Therefore, let us assume that  L  and  V  are con-
stant at  L     =    1.0   kg · s  -  – 1 ,  V     =    1.5   kg · s  − 1 . Now calculate the extraction factor:

    E
K V

L
A

A= = × =1 115 1 5 1 0 1 672. . . .  

    ΦA
E A

A
N

E
E

= −
−

= −
−

=+ +

1
1

1 672 1
1 672 1

0 133
1 2 5 1

.
.

.
.   

 The parameters  A A   and   ΦA
A are not required since there is no solute in the entering 

solvent.

    f FxA A feed= = × = ⋅ −
, . . .1 0 0 08 0 08 1kg s   

 From Equation  31.13 :

    e fA A
E

A= −( ) = −( ) × = ⋅ −1 1 0 133 0 08 0 069 1Φ . . . kg s  

    r s f eA A A A= + − = + − = ⋅ −0 0 08 0 069 0 011 1. . . kg s   
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 The solute mass fraction in the raffi nate is:

    x r LA raffinate A, .= = 0 011  

 This is very close to the specifi cation of 1% solute in the raffi nate. In fact, setting 
 N     =    2.6 will give exactly 1% solute in the raffi nate. We will leave the reader to carry 
out the iteration (steps 7 – 9).     

  Rigorous Methods for Countercurrent Cascade 

 Rigorous methods are methods that solve rigorously the material and energy balances 
and equilibrium equations over each stage in a cascade, using a purpose written com-
puter program. Most rigorous methods involve the simultaneous solutions of the 
MESH equations (Material balances, Equilibria, Summation, enthalpy or H - balance), 
which apply to each stage. For each stage  n , these equations consist of:

    •      one material balance for each component  i :

    Lx Vy Lx Vyi i in i i out+( ) − +( ) = 0     (31.16)    

   •      one equilibrium relationship for each component  i  relating the streams leaving the 
stage:

    y K xi i i=     (31.17)    

   •      two summation equations:

    x yi

i

i

i
∑ ∑= =1 1,     (31.18)    

   •      enthalpy or H - balance:

    LH VH LH VHL V in L V out+( ) − +( ) + =Heat input 0     (31.19)      

 These equations are solved together with thermodynamic relationships for calculating 
K - values and specifi c enthalpies  H L   and  H V  , all of which vary with composition, tem-
perature and pressure. LLE usually takes place under isothermal conditions so the 
enthalpy balance equation may be dropped. The equations are non - linear, with strong 
interactions between the parameters (such as the dependence of K - values on composi-
tion and  vice versa ); therefore an iterative solution method must be used. There are 
several different approaches to solving the MESH equations, such as the Sum Rate 
Method (Sujata,  1961 ; Friday and Smith,  1964 ), the Simultaneous Correction Method 
(Naphtali and Sandholm,  1971 ), the Inside Out Method (Boston and Sullivan,  1974 ), 
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etc., differing in their approach to minimising the number of calculations and accel-
erating convergence. Some well - known commercial process simulation packages that 
implement one or more rigorous methods are Aspen, Hysys, Prosim, Chemcad, and 
ChemSep. Since readers are unlikely to write a program themselves and will make 
use of one of these packages, we will not go into the details of the computerised solu-
tion methods. 

  Activity Coeffi cient Models 

 In using rigorous methods, the most important choice for the user is that of a ther-
modynamic model, which must be used to calculate K - values from composition and 
temperature. Many such models have been proposed but only a few can accurately 
handle two - phase liquid systems such as those encountered in LLE. The condition for 
equilibrium between two liquid phases L and V is that the activity of component  i  is 
the same in each phase, or:

    γ ξ γ ξi
L

i
L

i
V

i
V=     (31.20)   

 where   γ  i   are the activity coeffi cients and   ξ  i   the mole fraction of  i  in the L and V phases 
respectively. The molar K - values (mole fraction in V/mole fraction in L at equilibrium) 
are therefore given by:

    Ki
molar i

V

i
L

i
L

i
V

≡ =ξ
ξ

γ
γ

    (31.21)   

 while the mass fraction K - values (mass fraction in V/mass fraction in L at equilibrium) 
are given by:

    K
y
x

M M
M M

M
M

i
i

i

i i
V

V

i i
L

L

L

V

i
L

i
V

= = =ξ
ξ

γ
γ

    (31.22)   

 where  M L   and  M V   are the average molecular weights of each phase. Thus, the calcula-
tion of K - values is reduced to the problem of calculating activity coeffi cients. 

 The best known activity coeffi cient models for LLE calculations are the Non -
 Random Two - Liquid (NRTL) model (Renon and Prausnitz,  1968 ) and the UNIQUAC 
model (Abrams and Prausnitz,  1975 ). These models calculate activity coeffi cients in 
a liquid mixture from a set of empirical binary interaction parameters that are found 
by curve - fi tting  x – y  equilibrium data. NRTL and UNIQUAC parameters for many 
systems have been published in the DECHEMA Chemical Data Series publications 
(Arlt  et al .,  1979 – 1987 ). These data are available online in the DETHERM database 
(DECHEMA,  2009 ) and incorporated in most major commercial process simulation 
software packages. 
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 When experimental data are unavailable, a Group Contribution Model can be used 
to predict binary interaction parameters from the functional groups on each molecule. 
Well - known group contribution models include the UNIFAC Model (Fredenslund 
 et al .,  1975 ; Hansen  et al .,  1991 ), the Modifi ed UNIFAC (Dortmund) model (Weidlich 
and Gmehling,  1987 ; Gmehling  et al .,  1998 ) and the ASOG model (Derr and Deal, 
 1969 ; Kojima and Tochigi,  1979 ). Functional group UNIFAC parameters for LLE were 
published by Magnussen  et al .  (1981)  and ASOG parameters by Tochigi  et al .  (1990) . 
Batista  et al .  (1999)  presented improved values for both UNIFAC and ASOG 
parameters. 

 Commercial simulation software usually contains databases for interaction param-
eters that enable many systems to be modelled. Food engineers, however, often do not 
have precise knowledge of the molecular structure of components they are dealing 
with, hence equilibrium data often have to be obtained experimentally and curve -
 fi tted to determine the binary parameters. Some process simulation software has 
facilities for calculating binary parameters from  x – y  data by regression.     

  Solid – Liquid Extraction (Leaching) 

  What is Solid – Liquid Extraction? 

 Solid – liquid extraction (SLE) is the removal of a soluble component A from a solid C 
by contact with a liquid solvent B. It is also called leaching, although this term is 
sometimes reserved for situations when the dissolution of A is caused or accompanied 
by a chemical reaction. In this chapter we will use the terms solid – liquid extraction 
and leaching interchangeably. An everyday example is the leaching of coffee from 
ground coffee beans with hot water. The desired product of leaching may be the solute 
(which will have to be separated from the solvent in the extract liquid by other means), 
the liquid extract (i.e. solute – solvent solution) or the depleted solid. Osmodehydration 
is the extraction of water using a low water activity solution (such as a concentrated 
sugar solution), accompanied by diffusion of other solutes into the solid. SLE is a very 
widely used process in the food industry and the number of applications is still 
growing. Table  31.2  lists some typical applications (Schwartzberg,  1980 ).   

 To accelerate the diffusion of solutes out of the solid, leaching is often preceded by 
some form of size reduction, such as grinding, breaking, cutting or fl aking. It will be 
seen later that the required extraction time is proportional to the square of the particle 
size. Furthermore, grinding helps in breaking down the cell wall structure of many 
foods, which facilitates the diffusion process.  

  Equipment 

 Due to the diffi culty of circulating solids, leaching is often carried out in batch fashion. 
Therefore, leaching equipment can be classifi ed into batch extractors and continuous 
extractors. 
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Table 31.2 Examples of solid –liquid extraction in the food industry (Schwartzberg, 1980). If the 
solid product is listed, it is the desired product; if not, the solute is the product. 

Solid product Solute Raw material Solvent

Sugar Sugar beet, sugar cane Water

Vegetable oil Oil seeds Hexane
Softened corn 

kernels
Corn steep solids Dry corn kernel Water
Instant coffee Roasted ground coffee Water

Collagen Keratin, globulins, 
mucosopolysaccharides,
albumins, elastins 

Hide, ossein Calcium hydroxide 
solution, dilute acid 

Gelatine Collagen Water or dilute acid 
Pectin Apple pomace Dilute acid 

Tapioca Cyanogenic glucosides Manioc Water
Vanilla Vanilla beans 35% ethanol, 65% water 
Carageenan Kelp Water
Zein Corn 90% ethanol, 10% water 
Iodine Seaweed H2SO4

Fish protein 
concentrate

Fish oil Trash fi sh Ethylene dichloride, 
ethanol, butanol, hexane 

Prune juice Dried prunes Water
Fish oil Fish Ethylene dichloride, 

butanol, hexane 
Alfalfa protein 

concentrate
Chlorophyll pigments, 

chlorogenic acid 
Coagulated alfalfa 

proteins
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  Batch Extractors 

 Agitated vessels are often used for batch leaching of small particles that can be easily 
suspended in the liquid. Various types of impellers, propellers or paddles may be used. 
The reader is referred to Chapter  30  for further information. The leaching time 
depends on the size of the particles, the diffusivity of the solute in the solid matrix, 
and the mass transfer coeffi cient. The latter depends on the fl ow pattern and mechani-
cal energy input to the mixer. When the desired residence time has been reached, 
agitation is stopped and the solid allowed to settle out of the liquid. The liquid is then 
decanted or fi ltered. 

 Percolators are another possibility, especially when the particle sizes are large or 
dense and diffi cult to keep in a suspended state. The solid is held in a vessel while 
the solvent is fed at the top and percolates down the bed, possibly under pressure to 
increase the fl ow rate. A well - known example is the espresso coffee machine.  

  Countercurrent Extractors 

 Batch extraction is not very effi cient as the most that can be achieved in a batch unit 
is one equilibrium stage. As with LLE, higher extraction effi ciencies require a coun-
tercurrent cascade with solid and solvent fl owing in opposite directions. Batch perco-
lating extractors can be operated as a countercurrent cascade in a semi - continuous 
manner. Several vessels are connected in a series and the solvent fl ows through the 
vessels sequentially, say from left to right. When the solid in the fi rst (leftmost) vessel 
becomes depleted, it is emptied, fi lled with fresh solid, and shifted to the end of the 
cascade, while the second tank receives the fresh solvent. In practice, this rearrange-
ment can be achieved simply by re - routing the fl uid fl ow with a system of valves 
(Figure  31.13 ).   

 A countercurrent cascade can also be assembled from continuous mixers and separa-
tors, similar to the mixer - settlers used for LLE. Separators may include gravity settlers 
(clarifi ers and thickeners), fi lters, hydrocyclones or centrifugal separators. Dedicated 
countercurrent leaching units contain several countercurrent stages within the same 
vessel. They differ mainly in the arrangement used to convey the solid from one stage 
to another. Schwartzberg  (1980)  gives a comprehensive review of equipment used in 
the food industry, although many types have become obsolete. Two examples are 
shown in Figure  31.14 .   

 Belt and screw conveyors are readily converted to leaching equipment simply by 
adding a liquid circulation system (pump or gravity). In the perforated - belt extractor, 
a horizontal perforated belt conveys the solid from left to right. Solvent is intro-
duced as a spray at the right end, collected under the belt, pumped to the next spray 
nozzle to the left, and so on, creating countercurrent contact. In screw extractors, the 
screw conveys the solid up the slope while the solvent percolates down the slope 
(Figure  31.14 ).   
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  Process Design 

  Single - Stage Batch Extraction 

 In a single - stage batch extractor, solid particles are mixed and suspended in the liquid 
for a given time, and then the two phases are separated. The main concerns are (i) to 
allow the solute suffi cient time to diffuse out of the solid, (ii) to provide adequate 
agitation to suspend the solid particles and disperse the solute, and (iii) to ensure a 
suffi ciently large liquid - to - solid ratio so that enough solute may be extracted, given 
the limits imposed by equilibrium. In the following treatment we shall assume that 
the solute is evenly dispersed in the liquid phase, i.e. there is no concentration gradi-
ent in the liquid near the solid ’ s surface. 

 The solute ’ s diffusion in a solid particle is usually described by Fick ’ s second law 
of diffusion:

    
∂
∂

= ∇c
t

D cAB
2     (31.23)   

Figure 31.13 Using batch percolators in a countercurrent cascade. 
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 where  D AB   is the diffusion coeffi cient, or diffusivity. Values of diffusivity for many 
food systems are listed by Schwartzberg  (1982) . The above equation can be solved 
using the initial condition:

    c t r a c= ≤( ) =0 0,     (31.24)  

    c t cL L=( ) =0 0     (31.25)  

  where  a  is the half thickness or radius of the particle,  c  0  the initial solid - phase solute 
concentration,  c L   the liquid - phase solute concentration and   cL

0 the initial liquid - phase 
solute concentration. The boundary condition is:

    c r a t c KL
c= >( ) =, 0     (31.26)  

    c R c c cL L= −( ) +0 0     (31.27)  

Figure 31.14 Some commercial solid liquid extractors. (a) Hildebrandt screw extractor. (b) Rotocel 
extractor.
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  where  R  is the solid - to - liquid volume ratio and  K c   is the concentration distribution 
ratio of the solute, ( c L  / c )  equilibrium  . Due to diffusion, the outer part of the particle 
becomes depleted of solute faster, while the solute from the inner part diffuses out to 
replace it. The leaching rate gradually decreases as the solid becomes depleted and  c L   
gradually rises from the dissolved solute. Eventually, when the liquid and solid come 
to equilibrium, we obtain by material balance:

    Rc c Rc K cL
eq c eq0 0+ = +     (31.28)   

 where the subscript  eq  indicates equilibrium values, hence:

    c
Rc c
R K

eq

L

c

= +
+
0 0     (31.29)   

 Solutions for simple particle shapes (infi nite slabs or fl akes, infi nite cylinders or 
spheres) have the form of infi nite series of exponential terms. They are given in Crank 
 (1975)  and summarised by Schwartzberg  (1982) . Here the solution is expressed in terms 
of fractional distance from equilibrium:

    φ ≡
−
−

c c
c c

m eq

eq0

    (31.30)   

 where  c m   is the mean solid - phase concentration at time  t.  ϕ   is plotted against the 
dimensionless time or Fourier number  Fo , defi ned by:

    Fo
D t
a
AB≡
2

    (31.31)   

 As  R/K c   increases (less liquid for given mass of solids), the approach to equilibrium is 
faster, but the equilibrium concentration also becomes higher according to Equation 
 31.29 . For the case  R/K c      =    0 (infi nite liquid capacity), the liquid concentration remains 
constant as extraction proceeds. For this case, when enough time is allowed to bring 
the unleached fraction to less than about 0.7, the contributions of all exponential 
terms in the infi nite series solution except the fi rst become negligible, and   ϕ   decreases 
exponentially with time:

    φ = −je fFo     (31.32)   

 The parameters  j  and  f  depend on the shape of the particles:

    •       slabs (fl akes) :  j     =     8/  π   2     =    0.811,  f     =      π   2 /4    =    2.467;  
   •       infi nite cylinders :  j     =    0.692,  f     =    5.783;  
   •       spheres :  j     =    6/  π   2     =    0.608,  f     =    π   2   =    9.870.    
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 It can be seen from Equation  31.32  that the required extraction time is approximately 
proportional to the square of the particle size; hence the importance of size reduction. 
The above solution depends on the following assumptions:

   1.     The diffusion coeffi cient  D AB   is constant. Because most foods are inhomogeneous, 
this is often not true. However, if the variation is not great, an average value can 
be used.  

  2.     The particles have uniform initial solute concentration.  
  3.     The fl uid is perfectly well agitated, so that the solute concentration in the fl uid is 

uniform right up to the solid – liquid interface. In other words, the only resistance 
to mass transfer is in the solid.    

   Example 3 

 Solvent extraction is used to extract fl avours from seeds in a batch stirred vessel. 
Solute diffusivity in the solid is 1.0    ×    10  − 10    m 2  · s  − 1  and  K c      =    2.0. Calculate the time for 
85% of the solute to be removed, assuming that the seeds are spherical, with average 
particle diameter of 3.0   mm, and the solid - to - liquid volume ratio is 0.25.  

  Solution 

 The equilibrium concentration is:

    c
Rc c
R K

c ceq

L

c

= +
+

= +
+

=0 0
0 0

0 25 0
0 25 2 0

0 111
.

. .
.   

 The fi nal normalised mean concentration is:

    φ =
−
−

= −( ) −
−

=
c c
c c

c c
c c

m eq

eq0

0 0

0 0

1 0 85 0 111
0 111

0 044
. .

.
.  

    R Kc = =0 25 2 0 0 125. . .   

 Interpolating from Figure  31.15  we obtain  Fo     =    0.25. Hence:

    t Fo a DAB= = × ( ) ×( ) = =−. . . . min2 2 100 25 0 0015 1 0 10 5625 94s        

  Continuous Countercurrent Extraction 

 In continuous countercurrent equipment such as screw or belt conveyor extractors, 
the solid and liquid phases fl ow continuously past each other without reaching equi-
librium at any point. Nevertheless, countercurrent fl ow will allow very high extrac-
tion effi ciencies; in fact, if the entering solvent is free of solute and the solute - carrying 
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capacity of the liquid is at least equal to that of the solid, the unleached fraction can 
approach zero as closely as one wishes given enough contact time. Continuous coun-
tercurrent extraction is described by the same equations as single - stage batch extrac-
tion, as long as the factor  R / K c   is given a negative sign (since the solid stream 
encounters solvent with decreasing solute concentration, as more and more solute is 
leached out of the solid). The solution for  R / K c      ≥     − 1 is plotted in Figure  31.16  in terms 
of ln   φ  , where the fractional distance from equilibrium   φ   is defi ned as:

    ϕ ≡ −
−

c c K
c c K

m
L

c
L

c

0

0 0

    (31.33)     

 For  R / K c      =    0 (infi nite liquid capacity)   φ       =       ϕ   and both graphs can be used. 

   Example 4 

 Using the data in Example 3, calculate the leached fraction when continuous coun-
tercurrent leaching is used, other conditions being the same.  

  Solution 

 From Figure  31.16 , for abs( R/K c  )    =    0.125 and  Fo     =    0.25, ln   φ      =     − 3.0, hence   φ      =    0.05, 
1    −      φ    =    0.95. Thus 95% of solute is removed by countercurrent leaching, compared to 
85% in the batch leaching for the same contact time.    

Figure 31.15 Fractional distance from equilibrium for batch leaching of simple shaped particles. 
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  Equilibrium Stage Countercurrent Leaching and Washing 

 In this section we consider a countercurrent cascade made up of equilibrium stages. 
In the stage receiving the fresh feed (the  leaching stage , numbered 0 in Figure  31.17 ) 
all the solute is leached out of the particles before the mixture of depleted solids and 
extract is separated. Because mechanical separation is never complete, the solid leaves 
the stage as a sludge, which still carries a signifi cant amount of solute in the liquid 
phase. Therefore, the sludge stream or  underfl ow  is washed in a countercurrent 
cascade of  washing stages  (numbered 1 to  N ) to remove the residual solute. The (solid -
 free) liquid solvent stream is termed the  overfl ow  and fl ows in the opposite direction. 

Figure 31.17 Countercurrent leaching and washing cascade. Note that L refers to the liquid part 
of the underfl ow only and does not include the carrier solid fl ow C. 
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Figure 31.16 Fractional distance from equilibrium for counterfl ow leaching of simple shaped 
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The symbol  V  refers to the liquid overfl ow and  L  to the  liquid part  of the underfl ow, 
not including the solid.   

 We now make the following assumptions:

   1.     The carrier solid (solute - free solid), C, is completely inert, i.e. does not dissolves 
or disperse at all into the liquid.  

  2.     No solid goes into the overfl ow (V) phase.  
  3.     The liquid (solute    +    solvent) - to - solid ratio in the underfl ow is constant.    

 Assumptions 1 and 2 imply that the carrier solid fl ow is constant along the cascade. 
Assumption 3 then implies that the liquid fl ow in the underfl ow is also constant from 
the leaching stage onwards:

    L L L LN0 1= = = = ( )… constant     (31.34)   

 From now on the carrier solid will be ignored, all fl ows and compositions being based 
on the liquid phase, i.e. solvent and solute, only. Material balance over each washing 
stage  n  gives:

    L V L Vn n n n− ++ = +1 1     (31.35)   

 and since  L n – 1       =      L n  :

    V V Vn n+ = = ( )1 constant     (31.36)   

 i.e. the overfl ow rate is also constant, except for the extract fl ow from the leaching 
stage. This fl ow,  E , is given by material balance over the leaching stage:

    E V L= + −Entering solute     (31.37)   

 Solute balance over stage 1 gives:

    Lx Vy Lx Vy0 2 1 1+ = +     (31.38)  

    y y
L
V

x x1 2 0 1−( ) = −( )     (31.39)  

  where  x  and  y  denote the mass fraction of solute in the  L  and  V  streams respectively. 
Note that although the underfl ow also contains solid, the latter is ignored in calculat-
ing mass fractions, i.e.  x , like  y , is measured in kg solute/(kg solvent    +    kg solute). 

 The  x  and  y  values of the two streams leaving a given stage  n  will be equal, since 
they are essentially the same liquid solution:

    y xn n=     (31.40)  
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  and hence  x  0     =     y out   and  x  1     =     y  1 . Substituting this into the previous equation gives:

    y y
L
V

y yout1 2 1−( ) = −( )     (31.41)   

 Similarly:

    y y
L
V

y y2 3 1 2−( ) = −( )     (31.42)  

 … 

    y y
L
V

y yN N N N− − −−( ) = −( )1 2 1     (31.43)  

    y y
L
V

y yN in N N−( ) = −( )−1     (31.44)   

 Multiplying together Equations  31.41 – 31.44  gives:

    y y
L
V

y yN in

N

out−( ) = ⎛
⎝⎜

⎞
⎠⎟

−( )1     (31.45)   

 Putting  y N      =     x out   and rearranging gives the McCabe – Smith  (1956)  equation:

    N

x y
y y

L V

out in

out=

−
−

⎛
⎝⎜

⎞
⎠⎟

( )

ln

ln
1     (31.46)   

   Example 5 

 Oil is leached from soybean in a countercurrent fl ow system consisting of a leaching 
stage and several washing stages. Inlet fl ow rates are 20   000   kg · h  − 1  of soybeans and 
30   000   kg · h  − 1  of n - hexane. Raw soybean contains 20% oil by mass. 95% of the oil is 
recovered in the extract. The underfl ow from each stage contains 1.2   kg liquid for each 
kg of oil - free solid. Determine the number of equilibrium stages.  

  Solution 

    1.     We apply material balances to calculate the solvent fl ows in each stream: 
   Total oil entering system    =    20   000    ×    0.20    =    4000   kg · h  − 1 ;  
  Oil recovered in extract    =    4000    ×    0.95    =    800   kg · h  − 1 ;  
  From material balance, the oil in the leaving underfl ow is 4000    −    3800    =    200   kg · h  − 1 ;  
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  Soybean solids fl ow    =    20   000    −    4000    =    16   000   kg · h  − 1 . This will remain constant 
throughout the cascade;  

  From the given liquid - to - solid ratio in the underfl ow,  L     =    16   000    ×    1.2    =    19   200   
kg · h  − 1 . For the washing cascade (from solvent entry to just before the leaching 
stage)  V  is constant and equal to the entering solvent fl ow:  V     =    30   000   kg · h  − 1   

  Material balance over the leaching stage gives the fl ow rate of extract leaving the 
system,  E     =    30   000    +    4000    −    19   200    =    14   800   kg · h  − 1 .    

  2.     Next, we work out the compositions required for the McCabe – Smith method: 
   Oil mass fraction in extract:

    yout = =3800 14 800 0 257.    

  From equilibrium,  x  0      =      y out      =    0.257  
  Oil leaving in underfl ow from leaching stage    =     Lx  0     =    19200    ×    0.257    =    4930   kg · h  − 1  

From the oil balance over the leaching stage, mass of oil in  V  1     =    4930 (in leaving 
underfl ow)    +    3800 (in leaving extract)    −    4000 (in entering soybean)    =    4730   kg · h  − 1   

  Mass fraction of oil in overfl ow  V  1  entering leaching stage:

    y V1 4730 4730 30 000 0 158= = = .    

  5% of the oil leaves with the exiting underfl ow, hence:

    xout = × =4000 0 05 19 200 0 0104. .    

  The entering solvent is pure hexane, hence:

    yin = 0      

  3.     Use the McCabe – Smith equation to calculate the number of washing stages,  N :

    N =

−
−

⎛
⎝⎜

⎞
⎠⎟

( )
=

ln
.

. .
ln

.

0 0104 0
0 257 0 158

19 200 30 000
5 0           

  Supercritical Fluid Extraction 

  What is Supercritical Fluid Extraction? 

 Fluids are classifi ed as supercritical when they are maintained at conditions that 
exceed the critical temperature and pressure. Extraction with supercritical fl uids 
(SCFs) is based on the experimental observation that many gases become good 
solvents for solids and liquids when compressed to conditions above the critical point. 
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A supercritical region originating from the critical point ( T  c ,  P  c ) may be identifi ed in 
the phase diagram for a pure substance, as shown in Figure  31.18 .   

 The properties of SCFs vary over a wide range depending on the temperature and 
pressure, but are generally intermediate between those of gases and liquids. Selected 
physical properties of SCFs are shown in Table  31.3  along with typical values for gases 
and liquids. The density of a SCF lies closer to that for a liquid and it is this liquid -
 like density that accounts for most of the enhanced solvating power of SCFs. The 
diffusivity or diffusion coeffi cient and viscosity represent transport properties that 
affect rates of mass transfer. The transport properties of SCFs may be described as 
gas - like in that they are more favourable than those for liquids. SCFs therefore enable 
faster penetration of a solid matrix and a more effi cient extraction of embedded solutes 
than would be obtained with liquid solvents.   

 The properties of SCFs are very sensitive to small changes in temperature and pres-
sure in the vicinity of the critical point. This applies especially to density, as shown 

Figure 31.18 Phase diagram for a pure substance. 
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Table 31.3 Comparison of the physical properties of gases, liquids and supercritical fl uids ( SCFs)
(Johnston, 1984).

Property Gas SCF Liquid

Density (g ·cm–3) 10–3 0.3 1
Viscosity (cP) 10–2 0.1 1
Diffusivity (cm 2·s–1) 0.1 10–3 5 × 10–6
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in Figure  31.19 . Since density is a measure of the solvating power of a SCF, tempera-
ture and pressure can be used as variables to control the extraction and separation of 
a solute. The conditions of temperature and pressure of most interest in supercritical 
fl uid extraction (SFE) are usually bounded by reduced temperatures between 1.0 and 
1.2 and reduced pressures greater than 1.0.   

 SCFs have a number of distinct advantages over conventional liquid solvents. The 
adjustable solvent strength and favourable transport properties have already been 
mentioned and it is these features that really differentiate SCFs from liquid solvents. 
The more desirable SCFs in food applications are low molecular weight gases that 
have relatively low critical temperatures (Table  31.4 ). This permits extraction at mod-
erate temperatures, which is desirable in the recovery of heat - sensitive food materials. 
Another important advantage is that after the release of pressure, the extract is left 
free of the residual supercritical solvent. Carbon dioxide is by far the most widely 
used SCF because it has the desirable properties of being non - toxic, non - fl ammable, 
readily available in high purity and inexpensive.   

Figure 31.19 Variation of the density of CO 2 in the vicinity of the critical point. 
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Table 31.4 Critical properties of commonly used supercritical fl uids  (McHugh and Krukonis,  1994).

Solvent Critical temperature ( °C) Critical pressure (bar) 

CO2 31.1 73.8
Ethane 32.2 48.8
Ethylene 9.3 50.4
Propane 96.7 42.5
Water 374.2 220.5
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 SFE has been investigated for the recovery of a wide range of food materials 
(Reverchon and De Marco,  2006 ). There are well - established industrial SFE processes 
for decaffeination of coffee and tea and for the production of hop extracts. Increasing 
government regulation on the use of organic solvents and growing consumer demand 
for natural products have also contributed to more widespread use of supercritical CO 2  
in the processing of fats, oils, and other specialty lipids (Sahena  et al .,  2009 ; Temelli, 
 2009 ; Catchpole  et al .,  2009 ).  

  Equipment 

 SFE most often involves the removal of one or more solid/liquid components from 
a solid matrix. This type of process is preferably carried out in batch mode, in view 
of the diffi culty of continuously feeding solid material into a pressurised vessel. 
Fractionation of liquid mixtures is more effectively carried out in a continuous coun-
tercurrent operation. 

  Batch Extraction 

 The basic equipment required for batch extraction of a solid with supercritical CO 2  
is shown in Figure  31.20 . The solid material is usually dried and ground into small 
particles to improve extraction kinetics. The solid is placed in the extraction vessel 
in the form of a fi xed bed and in continuous contact with the supercritical solvent. 
Removable baskets can be employed for more rapid charging/discharging of the solid 
from the extraction vessel. Large - scale batch extractors are typically in the order of 
several cubic metres in volume. More recently, it has become common to employ 
smaller pressure vessels under 1   m 3  in volume (Brunner,  2005 ). Liquid CO 2  is fed to 
the pump and heated to the extraction temperature prior to entering the extraction 

Figure 31.20 Schematic diagram of a batch extraction process with supercritical CO 2.
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vessel. The loaded solvent then passes through a depressurisation valve into a separa-
tion vessel. Due to the lower pressure, the extract is separated from the CO 2  and 
recovered at the bottom of the vessel. Fractionation of the extract can be achieved by 
employing a cascade of separation vessels as shown in Figure  31.20 . The second and 
subsequent separators are maintained at progressively decreasing pressures (P 1     >    P 2     >    P 3 ) 
so that the least soluble components are recovered in the fi rst separator. Depending 
on the operating conditions of the last separator, a condenser may be employed for 
recycling CO 2  in the liquid state.   

 In a standard extraction at constant temperature and pressure, the more soluble 
components are preferentially extracted in the early stages of operation. However, the 
extraction may become ineffi cient and time consuming in the later stages because of 
the low solubilities of the components. An alternative mode of operation is to carry 
out extraction in several stages. Each stage is completed under a different set of oper-
ating conditions to enhance the loading of particular components. The composition 
of the supercritical solvent can also be adjusted through addition of small quantities 
of co - solvent ( < 10%). The co - solvent is typically a volatile liquid solvent such as 
ethanol and is benefi cial for the extraction of polar or heavier components. Addition 
of co - solvent requires a separate dosing pump, usually located after the main CO 2  
pump. Other standard designs for SFE and associated economics are given by Bertucco 
and Vetter  (2001) . The work also provides detailed information on additional equip-
ment such as high pressure pumps, valves and fi ttings.  

  Countercurrent Extraction 

 Countercurrent extraction is more effective for reducing the consumption of the 
supercritical solvent and for increasing production rates. This mode of operation is 
performed with solids by employing several extraction vessels, each containing a fi xed 
bed of material. The vessels are connected in series and operated on a semi - continuous 
basis that is similar to countercurrent extraction in leaching. The scheme shown in 
Figure  31.20  can also be adapted for continuous fractionation of liquid mixtures. The 
main difference is that the extraction vessel is replaced by a packed column. The 
packing consists of an inert material with high surface area to promote contact 
between the liquid and supercritical CO 2 . Countercurrent operation is usually per-
formed by feeding the supercritical CO 2  from the bottom to the top of the column 
while the liquid enters the column at the top. Other variations include: feeding the 
liquid at an intermediate location along the column; and refl uxing part of the loaded 
solvent back into the column. Countercurrent extraction systems involving super-
critical CO 2  and other pressurised fl uids are described in more detail by Pronyk and 
Mazza  (2009) .   

  Process Design 

 Due to the high diffusivity of SCFs and resulting high mass transfer rates, SFE equip-
ment usually operates at or close to equilibrium and the equilibrium stage methods 
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described under LLE and solid leaching can be applied. This section will therefore 
concentrate on the estimation of solubilities in a supercritical solvent. To illustrate 
the principles involved in this type of phase equilibrium calculation we consider here 
the case of the solubility of a pure solid in supercritical CO 2 . The defi ning equation 
for the mole fraction of solute  i  in the SCF phase is:

    y
P
P RT

P Pi
i
sat

i

i
s

i
sat= ⋅ ⋅ −( )⎡

⎣⎢
⎤
⎦⎥

1
φ

υ
exp     (31.47)   

 where   Pi
sat,  ϕ   i   and   υi

s are the vapour pressure, fl uid phase fugacity coeffi cient and molar 
volume of the solute respectively. Equation  31.47  is based on the equality of fugacities 
of component  i  in each phase as a condition of equilibrium. The main assumption 
involved is that CO 2  does not dissolve into the solid. The reader is referred elsewhere 
for details on the derivation of Equation  31.47  (Prausnitz  et al .,  1986 ; Reid  et al .,  1987 ). 

 Cubic equations of state are the most widely used method for estimating the fugac-
ity coeffi cient of the solute in the SCF phase. The key advantages of this approach 
are: applicability over a wide range of temperature and pressure; easy adaptability to 
multicomponent systems; short computation time. Cubic equations of state generally 
conform to the following four - parameter expression (Schmidt and Wenzel,  1980 ):

    P
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    (31.48)   

 The most successful equations of this form have a temperature - dependent attractive 
parameter  a , while the repulsive parameter  b  is usually made independent of tempera-
ture. These two parameters are substance dependent and calculated from the critical 
constants of the substance. Small integer values are assigned to  u  and  w  as shown in 
Table  31.5 .   

 Cubic equations of state are not completely predictive for mixtures and require 
adjustable parameters that are fi tted from experimental data. The adjustable param-
eters are normally incorporated into mixing rules for the attractive and repulsive 
parameters. The most commonly employed mixing rules for  a  and  b  are the van der 
Waals one - fl uid mixing rules:

    a y y a a kmix i j i j ij

j

N

i

N

= −( )∑∑ 1     (31.49)  

Table 31.5 Examples of cubic equations of state. 

Equation of state u w

van der Waals 0 0
Soave Redlich –Kwong 1 0
Peng–Robinson 2 –1
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    b y bmix i i

i

N

= ∑     (31.50)   

 The binary interaction parameter  k ij   is included to characterise the interactions 
between unlike molecular species. By convention,  k ij      =    0 for identical molecules. The 
geometric mean term in Equation  31.49  usually causes an over - prediction of the 
mixture attractive parameter, in which case,  k ij   assumes a small positive value between 
0 and 1. This value is adjusted to make the equation of state fi t the experimental data. 
Negative values for the interaction parameter are less frequently reported and indicate 
stronger than normal interactions between the molecular species (Saquing  et al ., 
 1998 ). 

 Using the four - parameter cubic equation of state and conventional mixing rules, the 
general expression for the fugacity coeffi cient is:
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  where:
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 To facilitate the evaluation of the fugacity coeffi cient, Equation  31.48  can be rewritten 
as a cubic polynomial in terms of the compressibility factor  Z . The mixture compress-
ibility factor required in Equation  31.51  corresponds to the largest positive root of the 
following equation:

    Z B uB Z A w u B uB Z A B wB wB3 2 2 2 31 0− + −( ) + + −( ) −( ) − + +( ) =* * * * * * * * *     (31.55)   

 In the case of the Peng – Robinson equation of state,  u  and  w  are assigned the respec-
tive values of 2 and  − 1:
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    (31.56)  
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  where:
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= 0 07780.
    (31.58)  

  and  T c  ,  P c  ,  ω  and  T r   ( =     T / T c  ) are the critical temperature, critical pressure, acentric 
factor and reduced temperature respectively. 

 In summary, the calculation of the solubility of a solid in supercritical CO 2  requires 
the following physical properties:  P c  ,  T c  , and  ω  for CO 2 ; and  P c  ,  T c  ,  ω , molar volume 
and vapour pressure for the solid. It should be noted that the calculation procedure 
for  ϕ   i   is an iterative process. The following procedure enables the solubility of a solid 
(2) in supercritical CO 2  (1) to be determined at a particular temperature and 
pressure:

   1.     Calculate the pure component parameters  a  1 ,  a  2 ,  b  1  and  b  2  using Equations  31.57  
and  31.58 .  

  2.     Set an initial value for  k  12  (0    –    0.1) and the solubility  y  2  (10  − 4     –    10  − 1 ).  
  3.     Calculate the mixture parameters  a mix   and  b mix   using Equations  31.49  and  31.50 .  
  4.     Solve Equation  31.55  for the fl uid mixture compressibility factor  Z .  
  5.     Calculate  ϕ  2  using Equation  31.51 .  
  6.     Substitute  ϕ  2  into Equation  31.47  to obtain a new value for the solubility  y  2 .  
  7.     If the new value of solubility is signifi cantly different from the initial estimate, go 

to step 3 using the new value of solubility until the value for  y  2  converges to a 
single value.    

 The above procedure also enables optimised values of  k  12  to be fi tted from a set of 
experimental solubility data. For a given isotherm of data, the same value of  k  12  is 
used for data measured at different pressures. The optimised value of  k  12  is obtained 
by minimising an objective function that represents the difference between calculated 
and experimental solubilities, e.g. the sum of squared deviations. 

 The calculation procedure for the solubility of a liquid in a SCF is somewhat more 
complex and involves consideration of the vapour – liquid equilibria of the system. At 
elevated pressure, there is substantial dissolution of the SCF in the liquid phase. 
Fugacity coeffi cients therefore need to be calculated for both phases using iterative 
bubble point/dew point calculation procedures (McHugh and Krukonis,  1994 ; Smith 
 et al .,  2001 ). 

 One limitation of the equation of state approach in food - related applications is the 
lack of physical property data for the pure components. This is particularly the case 
for high molecular weight materials. Many fl avour and fragrance components, however, 
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are well characterised and easily modelled with cubic equations of state. Critical 
constants and other physical properties for a wide range of pure components are avail-
able in the data compilation by Daubert and Danner  (1989) . An extensive compilation 
of high pressure phase equilibrium data is also given by Dohrn  et al .  (2010) .   

  Hygienic Design Aspects 

 Food safety hazards can arise from microbiological growth, chemicals such as cleaning 
agents or lubricants, contamination by inappropriate materials of construction, ingress 
of foreign materials, and pests. 

 An assessment of food safety risks must be undertaken prior to the design or selec-
tion of food processing equipment (ISO,  2002 ). The main factors to be considered in 
this case are:

   •     the type of product to be processed;  
  •     the degree of further processing;  
  •     the specifi c application of the product;  
  •     the mode of use of the machine  –  continuous or intermittent;  
  •     the cleaning and inspection frequency.    

 Extraction usually does not involve products in the highest risk category, such as 
meat, dairy products and ready - to - eat food. Many extraction processes use non - aqueous 
solvents, concentrated salt or sugar solutions, acid solutions or caustic solutions, and 
the chances of microbial growth are low in these media. In many cases the products 
are subjected to further processing involving heating, such as distillation or drying, 
which reduces microbial risks still further. 

 SCFs may have benefi cial hygienic effects. High pressure CO 2  has been investigated 
for some years as an alternative cold pasteurisation technique for foods (Spilimbergo 
and Bertucco,  2003 ; Garcia - Gonzalez  et al .,  2007 ). This method permits processing at 
much lower temperature than thermal pasteurisation, although it has yet to be imple-
mented on a large scale in the food industry. Typical operating conditions vary in the 
range of temperature from 25 to 45 ° C and pressures of 5 – 20   MPa. Under these condi-
tions signifi cant inactivation of bacteria, moulds and yeasts can be achieved in less 
than 1 hour of exposure. The technique has mainly been considered for liquid foods 
(e.g. fruit and vegetable juices). Processing of solids requires longer treatment times 
and introduces a greater likelihood of extraction of volatile food components from the 
solid matrix. 

 Microbial risks are greatest when extracting from solids with high nutritive values, 
when using dilute aqueous solvent, when the product does not undergo further thermal 
processing after extraction, and when the equipment is used intermittently. Extraction 
equipment comprises components such as mixing and settling vessels, piping and 
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rotating parts (stirrers, pump shafts, screw conveyors, etc.) that may cause accumula-
tion of material, contamination and/or microbial growth. Solid extraction involves 
particles, pastes or pulps that may be caught in piping and machinery, which must be 
designed to be easily accessed or dismantled to ensure adequate cleaning. 

 When food safety risks are present, the usual guidelines for hygienic design must 
be followed (ISO,  2002 ; Lelieveld  et al. ,  2000 ):

    •       Materials : 
    –      use suitable construction materials, such as 316 stainless steel, that are corrosion 

and abrasion resistant, non - porous and non - absorbent;  
   –      all materials potentially in contact with food must be non - toxic.    

   •       Surfaces : 
    –      surfaces must be smooth and free of cracks;  
   –      joints such as welds must be smooth and continuous;  
   –      avoid sharp corners, projections, edges and recesses;  
   –      internal corners must be rounded. A minimum radius of about 6   mm or  ¼  inch 

is generally recommended;  
   –      do not use screws and rivets in contact with food.    

   •       Doors and covers : 
    –      all openings must be protected by doors and covers from unintended ingress of 

pests and contaminants;  
   –      doors and covers should be sloped to an outside edge to prevent accumulation of 

water.    
   •       Accessibility : 

    –      equipment must be accessible for inspection and cleaning, with or without 
disassembly;  

   –      where there is a space between items of equipment, or between equipment and 
the enclosure (walls, ceiling and fl oor), there must be suffi cient clearance to allow 
easy inspection and cleaning.    

   •       Drainage : 
    –      ensure that fl uids can be easily drained by providing sloping bottoms and ports 

at the lowest point of the equipment;  
   –      avoid dead spaces where material may accumulate;  
   –      piping not designed for routine disassembly must be sloped.    

   •       Moving parts:  
    –      shaft seals must use only food - grade lubricants or be lubricated by the food 

itself;  
   –      bearings should be mounted outside the product area.    

   •       Piping, pumps and valves:  
    –      pumps and valves must be of a sanitary design;  
   –      for valves, contact of moving mechanisms with food should be minimised 

or eliminated, since materials may be caught between moving and stationary 
parts;  
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   –      piping joints must be smooth and continuous. Protrusions and recesses will 
hinder the free fl ow of materials;  

   –      dismountable joints must be easily disassembled and have true and hygienic fi t.       

  Economics 

 When designing extraction equipment, contradictory requirements must be balanced 
in order to optimise performance and cost. For example, smaller droplet size (in LLE) 
or particle size (in leaching) leads to more effi cient mixing and faster diffusion, but 
longer phase separation time. A smaller solvent - to - feed ratio reduces solvent or solvent 
recovery cost, but increases the necessary number of stages in countercurrent extrac-
tion. The use of mechanical agitation and centrifugation reduces residence time and 
equipment volume but increases capital cost and power consumption. The use of a 
SCF allows effi cient extraction and easy separation of solvent and product, but capital 
costs are high due to the requirement for high pressure equipment and the cost of 
CO 2 , or of re - compression if the CO 2  is recycled. 

 The cost of extraction equipment will depend on many factors:

    •      product throughput;  
   •      process parameters: number of stages and/or extraction time, as determined by the 

design methods presented in this chapter;  
   •      fl uid mechanic requirements: mechanical components and power requirements for 

mixing, vessel volume for phase separation, conveying and pumping costs;  
   •      solvent cost, or cost of solvent recovery;  
   •      pre - processing (size reduction) and post - processing (solvent recovery, further purifi -

cation of product);  
   •      hygiene requirements. More stringent standards of hygiene will result in higher 

cost;  
   •      high pressure equipment cost, if SFE is used.    

 These requirements must be carefully determined before equipment can be selected 
and sized, and costs can be determined according to the usual methods (e.g. Peters 
 et al .,  2003 ). 

 Despite the relatively high capital investment required for SFE, the cost of produc-
tion is competitive with traditional methods in many cases. Preparation of extracts via 
SFE may also be the only way to meet product specifi cations. Brunner  (2005)  cites the 
cost of production for extraction of solids in the range of US$3/kg feed for a capacity 
of around 1000 ton/year. Much higher production rates are expected to reduce the cost 
of production to below US$1/kg feed. Addition of co - solvent can also reduce production 
costs signifi cantly. Pereira and Meireles  (2010)  have presented a simple method for 
estimating the cost of SFE of bioactive compounds from plant materials. Their analysis 
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considers direct costs, fi xed costs and general expenses. Estimated costs of manufactur-
ing of SFE extracts vary in the range of US$1 – 10/kg dry feed and in the majority of 
cases these costs are lower than those obtained from steam distillation. Furthermore, 
the cost of raw material represents the largest component of the cost of manufacturing, 
rather than the capital cost as is often assumed. CO 2  recovery also impacts signifi cantly 
on production costs. Weidner  (2009)  has discussed CO 2  recovery in the case of high 
pressure micronisation for food applications. Complete recovery of CO 2  leads to a 
reduction in the production cost by a factor of 2 ( € 0.15/kg product with 100% CO 2  
recovery). Similar cost savings would be expected in large - scale SFE plants.  

  Summary and Future Needs 

 Extraction is one of the most important separation processes in the food industry, as 
it does not usually involve high temperature and therefore causes minimal degradation 
to the product. It is also a complex operation, possibly requiring signifi cant effort in 
raw material preparation and product recovery. A wide variety of equipment is avail-
able, from simple mixer - settlers with their large volumes to more compact and expen-
sive equipment involving centrifugal separation. Apart from the choice of equipment 
and solvent, the user must also optimise the balance between mass transfer and sepa-
ration: better mass transfer requires more intimate mixing and smaller droplets or 
particles, which leads to more diffi culty in separating out the two phases, requiring 
larger equipment or centrifugal acceleration. 

 A variety of design calculation methods is available for different situations and some 
have been presented in this paper. These mathematical methods often make implicit 
assumptions of ideal behaviour, such as attainment of equilibrium, constant physical 
properties, uniform particle size, etc., and the designer must keep these limitations 
in mind. Furthermore, data on distribution ratios, diffusivities and other physical 
properties are often unavailable as food material comes in many different varieties, 
and usually laboratory work is necessary to determine the required contact time and 
to optimise conditions. Nevertheless, the equations given when applied properly will 
enable equipment scaling up and prediction of the effects of varying operating condi-
tions. A thorough understanding of the physical processes will point the way towards 
better design and operational practice. 

 Although extraction is an old process, recent innovations or potential commercial 
applications of laboratory techniques such as pressurised liquid extraction, microwave -
 assisted extraction (Kaufmann and Christen,  2002 ), ultrasonic - assisted extraction 
(Vilkhu  et al .,  2008 ) and pulsed electric fi eld - assisted extraction (Jaeger  et al .,  2008 ) 
promise continuing improvements in effi ciency and versatility. 

 While water and CO 2  are benign solvents, many organic solvents are potentially 
hazardous and subject to strict regulations (Wakelyn and Wan,  2003 ). With consumer 
health and environmental issues becoming increasingly important concerns, industry 
must ensure that safety regulations are strictly adhered to and that residue concentra-
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tions and emissions are minimised. At the same time new and safer solvents must be 
developed for both LLE and leaching.  

  Nomenclature 

    a       Half - thickness or radius of particle, m. Also, parameter in equation of state  
 A      Solute being extracted  
  A i        Absorption factor for component  i ,  A i    ≡   L /( K i V )  
  b       Parameter in equation of state  
 B      Solvent  
  c       Solute concentration in solid phase, kg · m  − 3   
  c L        Solute concentration in liquid phase, kg · m  − 3   
  C       Number of components in a mixture  
 C      Carrier fl uid or solid  
  D AB        Diffusivity, m 2  · s  − 1   
  e i        Mass fl ow of component  i  in extract, kg · s  − 1   
 E      Extract stream  
  E i        Extraction factor for component  i ,  E i      ≡     K i V / L   
  f       Exponential decay factor  
  f i        Mass fl ow of component  i  in feed, kg · s  − 1   
 F      Feed stream  
  Fo       Fourier number  D AB t / a 2    
  H       Enthalpy, J · kg  − 1   
  j       Pre - exponential factor  
  k ij        Binary interaction parameter  
  K c        Concentration equilibrium distribution ratio of solute,  c L  / c   
  K i        Mass fraction equilibrium distribution ratio of component  i ,  y i  / x i    
   Ki

molar      Mass fraction equilibrium distribution ratio of component  i ,   ξ ξi
V

i
L  

  l i        Flow rate of component  i  in stream  L , kg · s  − 1   
  L       Flow rate of raffi nate stream (LLE) or of underfl ow liquid (leaching), kg · s  − 1   
  M       Molecular mass, kg · mol  − 1   
  N       Number of stages in a countercurrent cascade  
   Pi

sat      Saturation vapour pressure, Pa  
  P       Total pressure, Pa  
  r i        Mass fl ow of component  i  in raffi nate, kg · s  − 1   
 R      Raffi nate stream  
  R       Ratio of solid volume to liquid volume; also, gas constant, J · K  − 1  · mol  − 1   
  s i        Mass fl ow of component  i  in solvent, kg · s  – 1   
 S      Entering solvent stream.  
  T       Absolute temperature, K  
  u       Parameter in equation of state  
  v i        Flow rate of component  i  in stream  V , kg · s  − 1   
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  V       Flow rate of extract stream (LLE) or of overfl ow (leaching), kg · s  − 1   
  w       Parameter in equation of state  
  x       Mass fraction of solute in stream  L   
  x       Composition vector ( x A  ,  x B  )  
  y       Mass fraction of solute in stream  V  (or mole fraction in SFE solubility 

calculations)  
  Z       Compressibility factor    

  Greek Symbols 

     ϕ        Fractional distance from equilibrium concentration (batch leaching)  
   ϕ  i        Fluid phase fugacity coeffi cient of component  i   
   φ        Fractional distance from equilibrium concentration (countercurrent leaching)  
   ρ        Density, kg · m  − 3   
   ξ        Mole fraction  
   υ        Molar volume of vapour, m 3  · mol  − 1   
   υi

s      Molar volume of the solid, m 3  · mol  − 1   
  ω       Acentric factor     

  Subscripts 

   0      Initial value  
 1, 2    . . .          Stage number  
  A       Solute  
  B       Solvent  
  c       Critical  
  C       Carrier  
  eq       At equilibrium  
  i       i - th component  
  in       Stream entering system  
  L       First liquid phase  
  mix       Mixture  
  N       Stage  N   
  m       Average value  
  n       Refers to a stage, or to the streams leaving that stage  
  out       Stream leaving system  
  r       Reduced (value of  P  or  T  divided by critical value)  
  V       Second liquid phase     

  Superscripts 

    L       In the (fi rst) liquid phase  
  V       In the second liquid phase      
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   Introduction 

 Size reduction is an important unit operation in which the size of solid food materials 
is reduced by the application of grinding, compression, or impact forces. The produc-
tion of powders and fi ne particles is known as comminuting. When applied to the 
reduction in size of globules of immiscible liquids (e.g. oil globules in water), size 
reduction is more frequently referred to as homogenization or emulsifi cation. The 
purpose of size reduction as an auxiliary operation for other processes is crucial to the 
densifi cation process. Particle size reduction increases the ratio of surface area to 
volume of the material. This is an important issue in different unit operations on 
solids, such as in drying, extracting, leaching, cooling, and heating, as well as for 
immiscible liquids and gases. 

 Many foods are marketed in cut form (including slices, cubes, strings, and bars): 
vegetables, fruit, meat, fi sh, bread, cheese, butter, animal feed, and tobacco. Other 
products are comminuted to pur é ed form, like mashed vegetables, tomato paste, apple 
sauce, fruit in jams and soft drinks, and meat in sausage and luncheon meat, and all 
kinds of emulsions. In these cases the objective is to obtain products that are homo-
geneous or quasi - homogeneous in appearance and/or taste. Size reduction may play 
a part in mechanical separations. A good example is the recovery of starch from 
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potatoes. In the case of size reduction as an auxiliary action, the form in which the 
reduced product should be shaped is infl uenced by the principal operation concerned. 
Excellent examples are the cutting of sugar beets into strips and the crushing of oilseed 
to fl akes; both shapes are very favorable for extraction of sugar and oil respectively. 
The fi ner the better rule does not always apply. 

 Size reduction has the following uses in food processing:

    •      There is an increase in the surface - to - volume ratio of the food, which increases the 
rate of drying, heating or cooling, as well as the extraction rate of the soluble com-
ponent (e.g. juice extraction from cut fruit).  

   •      When combined with screening, a predetermined range of particle sizes is produced, 
which is important for the correct functional properties of some products (e.g. icing 
sugar, spices, and cornstarch); a similar range of particle sizes also allows more 
complete mixing of ingredients (e.g. dried soups and cake mixes).  

   •      Size reduction is frequently used in the food industry not only to obtain smaller 
particles but also to separate edible and inedible components of raw materials, e.g. 
hulling of grains and seeds, such as oats, barley, rice, and some oil - seeds; peeling of 
fruits, potatoes, and carrots; scraping of potatoes and carrots; stoning of cherries; 
tailing of berries and cherries; cutting of oats; stripping of tobacco; fi lleting of fi sh; 
and trimming of beans.    

 Size reduction and emulsifi cation are sometimes used to improve the quality of food 
or to prepare it for further processing with little or no effect on the nutrition. In some 
foods, they may promote degradation by the release of naturally occurring enzymes 
from damaged tissues or by microbial activity treatments. Different methods of size 
reduction are classifi ed according to the particle size range produced:

    •      Chopping, cutting, slicing, and dicing: 
    –      large to medium (stewing steak, cheese, and sliced fruit for canning);  
   –      medium to small (bacon, sliced beans, and diced carrot);  
   –      small to granular (minced or shredded meat, fl aked fi sh or nuts, and shredded 

vegetables).    
   •      Milling to powder or pastes of increasing fi neness (spices, fl ours, fruit nectars, pow-

dered sugar, starches, and smooth pastes).  
   •      Emulsifi cation and homogenization (mayonnaise, milk, essential oil, butter, ice 

cream, and margarine).    

 Edge mills, kneading machines, disintegrators, colloid mills, and homogenizers, which 
are used for this purpose, can be classifi ed somewhere between mixers and mills. 
Materials with high liquid content might become a pulp or paste on extensive size 
reduction. In such a case, the term wet milling is used. Thus, ultra - fi ne milling is 
nearly always carried out in the presence of liquid, e.g. in disintegrators, colloid mills, 
roller mills, conches in the chocolate industry, etc. In dry milling, attention must be 
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paid to the evaporation of water and other volatile components, and to thermal decom-
position and oxidation; these all result from the high temperatures that can occur. 
Milling is sometimes carried out at a low temperature or in an inert gas atmosphere, 
the latter particularly if there is the danger of dust explosions. The technical procedure 
for size reduction depends greatly on the properties of the material. If little water or 
oil is present, the material is relatively hard and brittle.  

  Texture of Materials 

 Cellular material of plant or animal origin is usually built from cells with highly 
specialized purposes and consequently very different mechanical properties. Knowledge 
of the plant structure is necessary to understand the plant material reaction to cutting 
forces and deformations. This makes it easier to fi nd logical solutions to improved 
cutting device designs. Also, a thorough description of the mechanical properties of 
plant stems and cells, and the factors that infl uence these properties, are needed. 
Forage grasses, grain, and corn (maize) are the most common materials cut in agricul-
ture, and knowledge of their strength properties is, consequently, of importance for 
the study of agricultural cutting processes. The study and characterization of plant 
material from a strength standpoint may be done at three different levels: entire stem 
section, and cell wall and individual layers in the cell wall magnifi cation. A study of 
the entire stem section shows several areas with different characteristics when com-
pared to each other, but each of which is fairly uniform within. Each area consists of 
a large number of similar cells. Dimensions may conveniently be expressed in mil-
limeters (Persson,  1987 ).  

  Size Classifi cations 

 Size, shape, particle distribution, and uniformity of the material after size reduction 
depend upon the physical characteristics of the material, its previous history, and the 
method of reduction. Furthermore, it is extremely improbable that the shape of even 
a small percentage of, for example, grains would approximate any simple geometric 
fi gure. In theoretical studies, it is customary to represent an irregular particle by an 
equivalent sphere, cube or other geometric fi gure, and by the surface area or volume 
being used as the basis for comparison. Deviation from the performance of the ideal-
ized shape is recognized by the introduction of empirical factors. A factor is applied 
which indicates the degree of fi t. Reduced materials may be placed in three groups or 
classes based upon size:

    •       Dimension range : particles or units that can be accurately measured and easily seen 
with minimum measurements of approximately 3.18   mm or more. Diced fruit and 
vegetables, and chopped forage are examples.  
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   •       Sieve range : particles with an approximate minimum dimension range of 3.18 –
 0.074   mm. Granular materials such as ground feed and commercial fertilizers fall 
into this group.  

   •       Microscopic range : particles with minimum dimensions of less than 0.074   mm. 
Materials such as chemical powders, dusts, and Portland cement are examples.    

 Grains are ground before they are fed to animals to improve their digestibility. The 
particle size distributions of feeds and forages infl uence their handling, storage, and 
utilization characteristics. Particle size distribution, f(x), can be described using the 
Weibull distribution, which is widely used in engineering practice for the description 
of fatigue and failure of components as follows:
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 where   x is the average value of  x  (a random variable),  n  is a constant shape factor 
characterizing the uniformity of  x , and  x 0   is the minimum value of  x  or minimum 
particle size. 

 When the log - normal and Weibull distributions are applied to particle size analysis, 
the number of particles of a given size must be determined. In the case of the log -
 normal distribution, the geometric mean diameter and geometric standard deviation 
may be estimated from the graph. Mean particle diameter is the diameter correspond-
ing to a cumulative weight of 50% of the particles and the geometric mean is the ratio 
of the particle diameter corresponding to a cumulative weight of 84% to the mean 
diameter. 

 Commonly used techniques are microscopic analysis, electrolytic resistivity (the 
Coulter counter), air elutriation, centrifuging, sedimentation, and sieving. Only the 
microscopic analysis and electrolytic resistivity methods can determine discrete par-
ticle sizes and numbers of particles of each size. The microscopic analysis is slow 
and tedious, and involves examination and counting of particles under a microscope. 
In the Coulter counter, the particles are suspended in an electrically conductive 
liquid that is forced though a small aperture. The suspension is suffi ciently dilute 
so that particles pass through the aperture one at a time and electrodes on opposite 
sides of the aperture measure the electrical resistance. The magnitude of the voltage 
pulse produced by the passage of a particle is assumed to be proportional to the 
volume of the particle. The remainder of the techniques separate the particles accord-
ing to the number of particles in a given size range. In the air elutriation technique, 
the velocity of an airstream is adjusted so that particles less than a given diameter 
are suspended. After the particles within the size range are collected, the air velocity 
is increased. The centrifuging and sedimentation techniques are based on the fact 
that when particles of uniform density but differing sizes are suspended in a liquid, 
they will settle at different rates. Particles that settle in given time intervals are 
collected and weighed. 
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  Sieve Analysis 

 The sieving technique is commonly used for larger particles as in feeds and powder 
or ground foods (ASABE Standards,  2006a, b ; S319 and S424). The sieves are con-
structed of wires crossing each other in a regular grid and are numbered so that higher 
numbers correspond to smaller spacing between wires. Two standard sieve series are 
the United States Standard series and the Tyler series. For larger materials, the sieves 
can be stacked one upon the other and placed on an automatic shaker such as the 
Ro - Tap machine. This device shakes the sieves with a circular motion and has a metal 
arm that periodically strikes the top of the stack. When the sample contains very 
small particles, as is the case with a fi nely ground fl our, the sieves are placed on the 
shaker one at a time and the sample is sieved using successively fi ner sieves. A dis-
persing agent may be added to improve sieving characteristics. A charge of 100   g should 
be used, although larger or smaller charges may be used if necessary. Extra care should 
be taken to recover all material from the sieves when small charges are used. The 
charge should be placed on one sieve or the top sieve of the nest of test sieves and 
shaken until the mass of material on that sieve reaches end - point. End - point is decided 
by determining the mass on each sieve at 1 - min intervals after an initial sieving time 
of 10   min. If the mass on the smallest sieve containing a material changes by 0.1% or 
less of the charge mass during a 1 - min period, the sieving is considered complete. For 
industrial applications, the end - point determination process can be omitted, and the 
end - point is set to a sieving time of 15   min. 

 A classifi cation system fi neness modulus or uniformity index is used to indicate 
the uniformity of grind or distribution of fi nes and coarses in the resultant product. 
The standard defi nition of fi neness modulus is:  “ An empirical factor obtained by 
adding the total percentages of a sample of the aggregate retained on each of a speci-
fi ed series of sieves, and dividing the sum by 100 ”  (CRD,  1980 ; CRD - C 104 - 80). 
Although the fi neness modulus gives an average size, it does not indicate the distribu-
tion of the fi nes and coarses in any sample. These objections can be overcome by using 
the uniformity index, which is demonstrated on the basis of tabulated analysis. The 
general terms  “ fi ne, medium, and coarse ”  of uniformity index prevent meaningful 
comparisons of data. To overcome these limitations, the American Society of 
Agricultural Engineers developed methods to describe particle sizes more specifi cally. 
The average particle size is given as geometric mean diameter (GMD; Equation  32.2 ), 
expressed in millimeters or microns, and the range of variation is described by geo-
metric standard deviation (GSD; Equation  32.3 ), with a larger GSD representing lower 
uniformity.
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  where  a ,  b , and  c  are the different character size,   X is the sample geometric mean 
average, and  n  is the sample size. 

 GMD and GSD are accurate descriptors only when particle size distributions, 
expressed as log data, are distributed parametrically, i.e. log normally. Feed particle 
size is typically determined by dry sieving of a 100   g representative sample (Baker and 
Herrman,  2002 ). The feed sample is passed through a sieve stack on a shaker for 
10   min. The amount of particles retained on each screen size is then determined, and 
the GMD and GSD of the sample calculated using standard formula or computer 
software. Particle size distribution may also be determined by wet sieving, but this 
method is used more often on digest and excreta samples. In the wet sieving method, 
feed samples are suspended in 50   mL of water and left to stand for 30   min prior to 
sieving to ensure adequate hydration (Lentle  et al .,  2006 ). The sample is then washed 
through a set of sieves and the material retained on each sieve, plus a representative 
sample of elute, are subsequently fi ltered and dried for 24   h at 80    ° C. The weight of 
the retained particles from each sieve is then expressed as percent of total dry matter 
recovered. Calculation of particle size, surface area, and number of particles by mass 
calculations is based on the assumption that particle sizes of all ground feeds and feed 
ingredients are log - normally distributed. The size of particles can be reported in terms 
of GMD (or median size) and GSD by mass. Calculation formulas, based on the deri-
vations, are as follows:
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  where  d i   is the nominal sieve aperture size of the  i  th  sieve (mm),  d i + 1   is the nominal 
sieve aperture size in the next larger than the  i  th  sieve (just above in a set) (mm),  d gw   
is the GMD or median size of particles by mass (mm),  S log   is the GSD of log - normal 
distribution by mass in 10 - based logarithm (dimensionless),  S ln   is the GSD of log -
 normal distribution by mass in natural logarithm (dimensionless),  S gw   is the GSD of 
particle diameter by mass (mm),  W i   is the mass on the   i   th  sieve (g), and  n  is the number 
of sieves  + 1 (pan). 



Size Reduction Process Design 925

 The equation for estimating the total surface area of particles in a charge is:

    A
W
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s t

v
gw= −( )β

β ρ
σ μexp . lnln4 5 2     (32.7)   

 where  A st   is the estimated total surface area of a charge (cm 2 ),   β  s   is the shape factor 
for calculating surface area of particles (for cubical,   β  s      =    6; for spherical,   β  s      =     π ),   β  v   is 
the shape factor for calculating volume of particles (for cubical,   β  v      =    1; for spherical, 
  β  v      =     π /6),   ρ   is the particle density of the material (g · cm  − 3 ),   σ  ln   is the log - normal 
GSD of parent population by mass in natural logarithm (use  S ln   as an estimate),   μ  gw   is 
the geometric mean particle diameter of the parent population by mass (cm; use  d gw   
as an estimate) (note:   μ  gw   is expressed in cm and  d gw   in mm), and  W t   is the mass of 
a charge (g). 

 Similarly the number of particles in a charge is calculated as:
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 where  N t   is the number of particles in a charge.   

  Size Reduction Procedures 

 The equipment used in size reduction is generally known as a crusher when it per-
forms coarse reduction and as a mill when used for all other applications. According 
to Barbosa - Canovas  et al .  (2005) , approximately 20 different designs exist in commi-
nuting processes. The size of agricultural products is reduced by cutting, crushing, 
and shearing, either on their own or in combination. 

  Cutting 

 Cutting is separation or reduction, which is achieved by pushing or forcing a thin, 
sharp knife through the material to be reduced (Persson,  1987 ). This may result in 
minimum deformation and rupture of the reduced particles. The new surfaces that 
are produced by the sharp edge of the knife are relatively smooth for fruit and vegeta-
bles. Since the pores in the new surfaces are open because of minimum damage from 
the sharp edge, drying, leaching or any process requiring transfer of a liquid or vapor 
to or from the material proceeds at a maximum rate. The most satisfactory cutting 
device is an extremely sharp knife whose blade is as thin as structurally possible. The 
motion of the knife should be such that the edge has a sawing component in moving 
through the material. This provides a smoother cut and probably requires less energy 
to perform. 
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 Investigations into parameters affecting cutting forces in foods were undertaken to 
identify basic trends, such as the relationship of cutting forces to cutting speeds and 
food temperatures. Literature searches reveal few published data on cutting forces, 
which could be used for design or optimization. As stated by McGorry  et al .  (2003) , 
even for hand cutting operations,  “ The force exposure associated with meat cutting 
operations and the effect of knife sharpness on performance and productivity have not 
been well documented. ”  To develop optimal cutting and slicing systems, data are 
required on cutting forces for different food types and how they vary with such factors 
as cutting temperature, speed, and type of cutting device, e.g. blade profi le and edge 
angle. Brown  et al .  (2005)  used a simple plain blade to cut three typical foodstuffs 
(cheese, bacon, and beef) at three feed speeds and three temperatures. Cutting forces 
for cheese decreased with increasing temperature and increased with cutting speed. 
The effect of cutting speed was not consistent for all forces, but higher speeds gener-
ally produced higher forces. For beef, there was a marked difference between frozen 
and unfrozen samples, but little difference between samples at different unfrozen 
temperatures. In unfrozen samples, cutting speed had little effect on forces, whereas 
faster cutting speeds produced higher forces in frozen samples. The proportion of total 
cutting forces made up by friction was found to be consistent over all temperatures 
and speeds for cheese and bacon, but markedly higher in the frozen beef samples 
compared to the unfrozen samples.  

  Crushing 

 Crushing is reduction by applying a force to the unit to be reduced in excess of its 
strength. The material ruptures in many directions and the resulting particles are 
irregular in shape and size. The characteristics of the new surfaces and particles are 
dependent upon the type of material and the method of force application. Limestone 
and other chemical fertilizers, ground feed for livestock, fl our and meal, and fruit and 
vegetable pur é es are produced in part or whole by crushing. Crushing is used to extract 
juice from sugar and to break the structure of forage crops to speed drying. The force 
used in crushing can be applied statically, as is done when cracking a walnut in a vise, 
or dynamically as with a hammer. Crushing by means of a rigid roll or bed, such as 
the sorghum mill, is an example of static force application. The hammer mill exem-
plifi es dynamic force application. Shearing is a combination of cutting and crushing. 
If the shearing edge is thin and sharp, performance approaches that of cutting. A thick, 
dull shearing edge performs more as a crusher.  

  Shearing 

 Shearing is usually used for reducing materials of a tough fi brous nature where some 
crushing may be advantageous and the resulting units are generally uniform in size. 
Cutting ensilage for livestock is an example. The shearing units consist of a sharp 
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knife and a bar. The knife is usually thick to withstand the shock it receives when it 
hits the material. For best performance, the clearance between the bar and the knife 
should be as small as possible and the knife should be sharp. Esehaghbeygi  et al . 
 (2009b)  showed that the shearing force of wheat stems decreased as the moisture 
content decreased and as the cutting height of the stalk increased, because of a reduc-
tion in stalk diameter. Shearing stress was reduced by using a smooth edge knife, 
because there is less friction than with a serrated one. A blade oblique angle of 30 
degrees showed the least shearing stress in wheat.  

  Water - Jet Cutting Application 

 Traditional food slicing and cutting techniques that use blades, saws, knives, etc. 
suffer from drawbacks such as frequent cutting blades replacement, poor hygienic 
design, and diffi cult clean process; poor cutting properties can also result in excessive 
waste in the form of fi ne, tears, and miss - cuts. However, many relatively new slicing 
and cutting techniques that are used extensively in other nonfood industries or serv-
ices may show benefi ts if applied to food products. There are several possibilities for 
slicing foods such as water - jet cutting; abrasive water - jet cutting; oil - jet cutting; cryo-
genic fl uid spray cutting; supersonic air - jet cutting; laser cutting; maser cutting; 
ultrasonic cutting; electro - erosion cutting, and advanced mechanical and combination 
techniques. 

 Water - jet methods have great applicability in the food industry. A large volume of 
water is pumped through a small orifi ce in the nozzle (Figure  32.1 ). The constant 
volume of water traveling through a reduced cross - sectional area causes the particles 
to rapidly accelerate. This accelerated stream leaving the nozzle impacts on the mate-
rial to be cut. The extreme pressure of the accelerated water particles contacts a small 
area of the work piece and small cracks develop in this small area. This type of cutting 
is limited to softer material or material with naturally occurring small cracks. An 
abrasive water - jet slurry system mixes abrasive with the water. Slurry systems accel-
erate the abrasive particles with the water throughout the system (Hashish,  1989 ). 
Tool steels and woodcutting are applications for abrasive water - jet cutting. For circuit 
boards, water - jet cutting is mostly used to cut out smaller boards from a large piece 
of stock. Wire stripping is another effective application of water - jet cutting. Certain 
foods such as bread can also be easily cut with water - jet cutting. Since the water jet 
exerts such a small force on the food, it does not crush it, and with a small  “ knife ”  
width, very little is wasted. A wide range of water - jet settings can be used to cut potato 
slices. French fries cut with the water jet set to cause intermediate subsurface damage 
had increased color irregularities but no extreme taste or textural differences compared 
to conventionally cut controls (Becker and Gray,  2006 ). A successful approach to the 
problem of lamb chop fat trimming to a constant depth has been developed and a 
demonstrator experimental system for this has been constructed by Purnell and Brown 
 (2004) .     
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  Types of Stresses and Energy Requirements 

 There are three types of force used to reduce the size of foods: (i) compression forces, 
(ii) impact forces, and (iii) shearing (or attrition) forces. In most size reduction equip-
ment, all three forces are present, but often one is more important than the others. 
When stress (force) is applied to a food, the resulting internal strain will exceed the 
elastic stress limit (E); when the stress is removed, the tissues will return to their 
original shape and release the stored energy as heat. As little as 1% of applied energy 
may be used for size reduction. However, when the strain within a localized area 
exceeds the elastic stress limit, the food is permanently deformed (Figure  32.2 ). If the 
stress is continued, the strain reaches a yield point (Y), above which the food begins 
to fl ow (known as the region ductility (Y – B in Figure  32.2 )). Finally, the breaking stress 
is exceeded and the food fractures along a line of weakness. Part of the stored energy 
is then released as heat. As the size of the piece of food is reduced, there are fewer 
lines of weakness available, and the breaking stress that must be exceeded increases. 
When no lines of weakness remain, new fi ssures must be created to reduce the particle 
size further, and this requires an additional input of energy. There is therefore a sub-
stantial increase in energy requirement as the size of the particles is reduced. It is 
important to specify the required size distribution in the product to avoid the expendi-
ture of time and energy in creating smaller particles than necessary.   

Figure 32.1 Schematic view of the water jet cutting head. (Courtesy of Omax Corporation, 
USA.)
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 The amount of energy that is absorbed by a food before it fractures is determined 
by its hardness and tendency to crack (friability), which in turn depend on the struc-
ture of the food. Harder foods absorb more energy and consequently require a greater 
energy input to create fractures. With increasing kinetic energy from an impact 
pendulum, the average breakage susceptibility index increased for rice grains 
(Esehaghbeygi  et al .,  2009a ). The more lines of weakness in a food, the lower is the 
energy input needed to cause fracturing. Compression forces are used to fracture 
friable or crystalline foods, combined impact and shearing forces are necessary for 
fi brous foods, and shearing forces are used for fi ne grinding of softer foods. It is 
thought that foods fracture at a lower stress level if force is applied for longer. The 
extent of size reduction, energy expended, and amount of heat generated in the food 
therefore depend on both the size of the forces and the time that the food is subjected 
to the force. 

 Other factors that infl uence the energy input are the moisture content and heat 
sensitivity of foods. The moisture content signifi cantly affects both the degree of size 
reduction and mechanism of breakdown in some foods. Wheat, for example, is condi-
tioned to optimum moisture content before milling. Maize is thoroughly soaked and 
wet milled in order to obtain complete disintegration of the starchy material. Further 
details are given be Kent  (1983) . However, excess moisture in a dry food can lead to 
agglomeration of particles, which then block the mill. Very dry foods create excessive 

Figure 32.2 Stress–strain diagram for various foods. E, elastic limit; Y, yield point; B, breaking 
point; OE, elastic region; EY, inelastic deformation; YB, region of ductility. Material 1 (curve 1) is 
hard, strong, and brittle; material 2 (curve 2) is hard, strong, and ductile; material 3 (curve 3) is hard, 
weak, and brittle; material 4 (curve 4) is soft, weak, and ductile; and material 5 (curve 5) is soft, 
weak, and brittle. (From Loncin and Merson (1979), courtesy of Elsevier.) 
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dust, which is a health hazard, and is extremely infl ammable and potentially explo-
sive. Substantial amounts of heat are generated in high - speed mills. The heat sensitiv-
ity of the food determines the permissible temperature rise and the necessity to cool 
the mill. In cryogenic grinding, liquid nitrogen or solid carbon dioxide is mixed with 
foods (e.g. spices) before milling to cool the product and to retain volatiles or other 
heat - sensitive components. Solid carbon dioxide is used to cool meat during size 
reduction in the manufacture of sausage meat. A number of studies have been carried 
out to decrease stem shearing strength in different crops (Ince  et al .,  2005 ; Skubisz 
 et al .,  2007 ; Hoseinzadeh  et al .,  2010 ). For canola stems, Esehaghbeygi  et al .  (2009c)  
showed that the specifi c shearing energy increased, and bending stress and Young ’ s 
modulus decreased as the moisture content increased. Naimi  et al .  (2007)  studied the 
modeling of biomass size reduction. 

 As far as the theory of size reduction is concerned, only a few comments will be 
made here. During size reduction a product is deformed and this results in strain. On 
further deformation the strain increases until the breaking strength is locally exceeded; 
the cohesion is then broken. High strain is concentrated occur at the edges of a small 
area where the cohesion is broken, and the cracks formed expand quickly. Work must 
be done to deform and break the material. This work is larger for higher breaking 
strengths and for greater deformation. For a purely elastic material (according to 
Hooke ’ s law) the internal strain is proportional to the elastic modulus E and relative 
deformation  Δ . Whether the breaking strength   σ   max  will be exceeded somewhere there-
fore depends on the ratio  E  Δ /  σ   max . The amount of work per unit volume required for 
the deformation is proportional to the integral:

    E d EΔ Δ Δ
Δ

σ
∫ = 1

2
2     (32.9)   

 When deformation continues until breakage occurs, i.e. until  E  Δ /  σ   max  reaches a critical 

value, then   
1
2

2EΔ is proportional to  σmax
2 E. In this simple case, the work done to cause 

breaking is proportional to the square of the breaking strength and inversely propor-
tional to the elastic modulus. Assuming that the above may be generalized, it may 
be concluded that a material is more diffi cult to reduce in size the greater its resist-
ance to breakage and the lower its resistance to deformation. In simpler terms, this 
means that a slight deformation is suffi cient to exceed the breaking strength of a 
brittle material and this is therefore easy to reduce in size; a large deformation is 
required to exceed the breaking strength of a tough material and such a material is 
diffi cult to reduce in size; a soft material has a high breaking strength and is easily 
reduced in size; and a hard material has a high breaking strength and is diffi cult to 
reduce in size. Deformation, which leads to breakage, may then be obtained by sub-
jecting the material to a blow or to shear forces (friction). The energy required to 
reduce the size of solid foods is calculated using one of the following three 
equations. 
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     Kick ’ s Law 

 Kick ’ s law states that the energy required to reduce the size of particles is proportional 
to the ratio of the initial size of a typical dimension (e.g. the diameter of the pieces) 
to the fi nal size of that dimension:

    E K
d
d

K= ⎛
⎝⎜

⎞
⎠⎟

ln 1

2

    (32.10)   

 where  E  (J) is the energy required per unit mass of feed,  K K   is Kick ’ s constant,  d 1   (m) 
is the average initial size of pieces, and  d 2   (m) is the average size of ground particles; 
 d 1  / d 2   is known as the size reduction ratio and is used to evaluate relative performance 
of different types of equipment.  

  Rittinger ’ s Law 

 Rittinger ’ s law states that the energy required for size reduction is proportional to 
change in surface area of the pieces of food (instead of a change in dimensions as 
described in Kick ’ s law):

    E K
d d

R= −⎛
⎝⎜

⎞
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1 1

2 1

    (32.11)   

 where  K R   is Rittinger ’ s constant.  

  Bond ’ s Law 

 Bond ’ s law (Bond,  1952 ) is used to calculate the energy required for size reduction 
from:

    E K d dB= −( )( ) ( )
1 1

80 2 80 1
    (32.12)   

 Note that the defi nition of particle size in Bond ’ s law is different:  d 80      =    particle size 
such that 80% by weight of the sample is smaller than it. Bond ’ s law is often written 
in terms of the work index ( W i  ) as:

    E
W d di

= ⎛
⎝⎜

⎞
⎠⎟

− ⎛
⎝⎜

⎞
⎠⎟

100 100

2 1

    (32.13)   

 where  W i   (40   000 – 80   000   J · kg  − 1  for hard foods) is the Bond work index,  d 1   the diameter 
of the sieve aperture that allows 80% of the mass of the feed to pass, and  d 2   the diam-
eter of the sieve aperture that allows 80% of the mass of the ground material to pass 
(Loncin and Merson,  1979 ). 
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 In practice it has been found that Kick ’ s law gives reasonably good results with coarse 
grinding in which there is a relatively small increase in surface area per mass. Rittinger ’ s 
law gives better results with fi ne grinding where there is a larger increase in surface 
area and Bond ’ s law is intermediate between these. However, the Rittinger and Bond 
equations were developed from studies of hard materials (coal and limestone) and 
deviation from predicted results is likely with many foods. 

   Problem 1 

 Food is milled from 6 to 0.0012   mm using a 10 - hp motor. Is this motor adequate to 
reduce the size of the particles to 0.0008   mm? Assume Rittinger ’ s equation and that 
1   hp    =    745.7   W.  

  Solution 

 Using Rittinger ’ s equation, fi rst the constant value ( K R  ) can be calculated as follow:

    7457
1

0 0012 10
1

6 103 3
=

×
⎛
⎝⎜

⎞
⎠⎟

−
×

⎛
⎝⎜

⎞
⎠⎟− −KR

.
  

 Therefore:

    KR =
× − ×

=− −

7457
1 1 2 10 1 6 10

0 0089
6 3.

.   

 To produce particles of 0.0008   mm:

    E =
×

−
×

= =− −0 0089
1

0 0008 10
1

6 10
11123 15

3 3
.

.
kw hp   

 Therefore the motor is unsuitable and an increase in power of 50% is required.  

  Problem 2 

 If 5   hp - h are required to reduce a material from  ¼  in size to 10 mesh, how much power 
would be required if the reduction were to 20 mesh?  

  Solution 

 According to Kick ’ s law:

    E C L L= ( )ln 1 2  

    C
E

L L
=

( )
=

( )
=

ln ln . .
.

1 2

5
0 25 0 065

8 56  

    E = ( ) =8 56 0 25 0 0328 7 55. ln . . . hp-h   
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 According to Rittinger ’ s law:

    E C
L L

= −⎛
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⎞
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1 1

2 1
 

    C
E
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2 1 . .
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    E = ( ) − ( ) =0 438 1 0 0328 1 0 25 11 6. . . . hp-h     

 Kick ’ s and Rittinger ’ s laws were developed from studies of materials common to the 
chemical and mechanical engineering areas  –  talc, coal, limestone, etc., being exam-
ples. Such materials are different from agricultural materials such as forage, small 
grains, and fertilizer components. The particles resulting from the reduction could be 
any shape or a great number of shapes. The required energy must be related to the 
initial and reduced particle. 

 Mohsenin  (1986)  concluded that almost all of the energy in the grinding process is 
wasted as heat, and only about 0.06 – 1% of the input energy is consumed for disinte-
gration of the material. Measuring the energy requirement for alfalfa size reduction 
could be very useful in developing strategies to reduce input energy in the process of 
converting biomass to bioenergy. Lopo  (2002)  reported that the energy consumption 
of grinding biomass depends on the ratio of particle size distribution of materials 
before and after milling, moisture content, bulk and particle densities, feed rate of the 
material, and machine variables. The amount of energy used for milling to obtain 
small particles is relatively high. Fang  et al .  (1997)  reported that screen opening size 
was the most signifi cant factor affecting mill performance. Samson  et al .  (2000)  
reported a specifi c energy consumption of 161.64   kJ · kg  − 1 , when a hammer mill with a 
screen size of 5.6   mm was used to grind switch grass. The results of the specifi c energy 
used in particle size reduction can be applied to the selection of hammer mill operat-
ing factors to produce a particular size of switch grass, wheat straw, and corn stove 
grind, and will serve as a guide for relations between the energy and various analytic 
descriptors of biomass particle distributions (Bitra  et al .,  2009a ). 

 Different methods have been used to measure energy consumption of milling opera-
tion. Manlu  et al .  (2006)  measured the specifi c energy requirement for grinding oak 
wood chips using torque and speed sensors connected to the engine shaft to measure 
the torque and engine rotational speed respectively. Tabil  (1996)  measured the specifi c 
energy consumption of the pellet mill for alfalfa at two hammer mill screen sizes of 
2.4 and 3.2   mm with a W - h meter attached to a data logger with sampling time of 15   s. 
Ghorbani  et al .  (2010)  measured the specifi c energy requirement for grinding alfalfa 
chops. They reported that, as size of screen on the hammer mill increased from 1.68 
to 4.76   mm, the specifi c energy consumption decreased from 25.89 to 6.67   kJ · kg  − 1 . In 
addition, they reported a simple linear model between the specifi c energy consump-
tion and the ratio of initial to fi nal size of screens used in size reduction. With an 
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increasing ratio of initial to fi nal size of screens, the specifi c energy consumption also 
increases (Figure  32.3 ). Mani  et al .  (2004)  reported a simple linear relationship between 
the specifi c energy consumption and hammer mill screen size (from 3.175 to 0.794   mm) 
for four types of biomasses with a moisture content of 8% (w.b.).      

  Performance Characteristics 

 The performance of a machine for reducing the size of material is characterized by 
the capacity, power required per unit of material reduced, size and shape of the product 
before and after reduction, and range in size and shape of the resultant product. A size 
reducer operating ideally would have the following characteristics:

    •      product of uniform size;  
   •      minimum temperature rise during reduction;  
   •      minimum power requirement;  
   •      trouble - free operation.    

 Considerable investigational work has been done regarding the performance of the 
various grinders used in agriculture, especially burr and hammer mills. The perform-
ance of these devices will be discussed in view of known applicable theory and test 
results. 

Figure 32.3 Relationship between specifi c energy consumption and ratio of initial to fi nal particle 
size for grinding alfalfa. (From Ghorbani et al. (2010), courtesy of Elsevier.) 
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  Uniformity of Product 

 The burr mill is believed to produce a more uniform product than the hammer mill. 
If the hammer mill reduces by impact, two factors could contribute to this lower 
uniformity of product:

   1.     Each of the individual grains may be hit a number of times before it has an oppor-
tunity to pass through the screen. Since the path of travel of a grain through the 
grinder is random, the number of times a grain is hit varies and as a result the size 
of the product varies.  

  2.     The energy dissipated upon contact between a grain and a hammer varies with the 
square of the velocity. Since the velocity or peripheral speed varies with the rotor 
radius, then the energy of impact varies according to the square of the radius, or 
the energy of impact at the end of a hammer is four times as great as at a point 
half - way between the end of the hammer and the center of the shaft. Consequently 
a grain that is hit near the end of a hammer is more fi nely divided than one that 
is hit closer to the shaft.     

  Power Requirements 

 The exact power required for a specifi c job is diffi cult to determine. The type of mate-
rial, moisture content, fi neness of grinding, rate of feed, type and condition of mill, 
etc., affect the power requirements. Moist grains are more diffi cult to grind than dry 
grain. The power required to operate the empty hammer mill increases quickly as the 
speed increases. The horsepower requirement for an empty mill without a fan is a 
straight - line function. Note that the useful power, the difference between horsepower 
consumed when running the mill empty and when full, is a small percentage of the 
input. From the standpoint of power consumption, operation below the rated speed is 
more advisable than operation above it. In order to maintain speeds above 3600   rpm, 
the feeding rate has to be reduced so that a larger portion of the available power can 
be used to maintain mill speed. Although it is generally believed that roller mills 
utilize energy more effi ciently than hammer mills, Fang  et al .  (1997)  compared the 
roller mill and hammer mill for energy consumption and effi ciency.  

  Temperature Rise 

 The energy for grinding feed is dissipated as heat energy raises the temperature of the 
ground product, the mill, and the ambient air. Some heat energy is lost in moisture 
vaporization. The temperature may rise by 10  o C or more when grinding fi brous mate-
rials such as oats or ear corn in a burr mill, particularly if a relatively fi ne grind is 
being produced. The hammer mill produces a cooler product because of the large 
amount of air circulated with the ground grain. High temperatures contribute to 
decomposition of the ground material, especially if the moisture content is high. 
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Although grinding to fi ne particle size is thought to improve pellet quality, it will 
markedly increase energy consumption during milling. Systematic investigations on 
the relationships of feed particle size, temperature rise during the process, and diet 
uniformity with bird performance, gut health, and pellet quality is warranted if effi -
ciency is to be optimized in respect of the energy expenditure of grinding (Amerah 
 et al .,  2007 ).   

  Devices 

 Most meats, fruits, and vegetables fall into the general category of fi brous foods. Meats 
are usually frozen and tempered to just below their freezing point to improve the 
effi ciency of cutting. Fruits and vegetables naturally have a specifi c fi ber texture that 
is suitable for cutting at ambient or chill temperatures. There are at least eight main 
types of size reduction equipment, classifi ed according to the size to which they 
decrease food materials.  

  Slicing Equipment 

 Slicing equipment consists of rotating or reciprocating blades which cut the food as 
it passes through. In some designs food is held against the blades by centrifugal force 
(Figure  32.4 ). For slicing meat products the food is held on a carriage as it travels across 
the blade. Harder fruits such as apples are simultaneously sliced and de - cored as they 
are forced over stationary knives fi tted inside a tube. In a similar design (the hydro -
 cutter), foods are conveyed by water at high speed over fi xed blades. A comprehensive 
evaluation of the effects of moisture content, size, and surface area on the effi ciency 
of mechanical slicing of Nigerian ginger was conducted by Onu and Okafor  (2002) . 
Size, surface area, and moisture content of the ginger rhizome affect the quality and 
effi ciency of its slicing according to their study.    

  Dicing or Cutting Equipment 

 Dicing or cutting equipment is for vegetables, fruits, and meats. The food is fi rst sliced 
and then cut into strips by rotating blades. The strips are fed to a second set of rotat-
ing knives which operate at right angles to the fi rst set and cut the strips into cubes 
(Figure  32.4 ). For many other products such as meat, bread, butter, and cheese, special 
cutting machines are used. Bakeries also make frequent use of cutting machines; bis-
cuits are cut from a slab of dough for instance. The Translicer, designed for food 
industry demands, has wide a variety of interchangeable cutting wheels available to 
produce a full range of slices, shreds, and julienne cuts (Figure  32.5 ).   

 A universal piece of equipment is the meat grinder; this is a lightly constructed 
screw press or extruder, with a cutting plate or rotating knives at its outlet (Figure 
 32.6 ). It is suitable for all kinds of sift, liquid - rich materials: vegetables, meat, peanuts, 
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Figure 32.4 (a) Slicing equipment and (b) dicing equipment. (Courtesy of Urschel Ltd.) 
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etc. A normal meat grinder has a closed housing and thus the product passes quanti-
tatively through the cutting plate. The housing, however, may also be perforated; the 
soft part of the product then fl ows through the perforations, while larger and harder 
parts are removed axially.   

 Another group of cutting machines makes products of a particular shape. Some 
examples of the many possible variations are:

    •      Grass, straw, and other green feeds are chopped; an apparatus for this operation has 
thick rotating knives mounted on a spindle or drum.  

   •      Tobacco is cut with a notching machine in which a compressed layer of tobacco is 
slowly moved forwards while a fast reciprocating knife cuts along it (guillotine 
system); the same mechanism is used for many other materials.  

   •      Another frequently used apparatus consists of rotating rolls equipped with knives 
and which pass along a stationary knife; the knives are arranged in such a way that 
a scissor - like action results.    

 Vegetables and fruits are cut into many different shapes. Machines must not only 
produce the required shape of the cut product, but also accommodate the shape of the 
raw material. For this reason a very large number of models exist.  

  Flaking Equipment 

 Flaking equipment for fi sh, nuts or meat is similar to slicing equipment. Adjustment 
of the blade type and spacing is used to produce the fl akes. Sowbhagya  et al .  (2007)  
observed that fl aking of celery helped in overcoming the problem of clogging and 
choking, which is associated with conventional grinding. In addition, fl aking had the 
advantage of higher yields of the volatile oil with better fl avor quality.  

Figure 32.6 Meat grinder. (From Leniger and Beverloo (1975), courtesy of Springer.) 
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  Shredding Equipment 

 Shredding equipment typically is a modifi ed hammer mill in which knives are used 
instead of hammers to produce a fl ailing or cutting action. A second type of shredder 
is known as the squirrel cage disintegrator. Here two concentric cylindrical cages 
inside a casing are fi tted with knife blades along their length. The two cages rotate in 
opposite directions and food is subjected to powerful shearing and cutting forces as it 
passes between them. 

 Anonymous  (2007)  compared four different commercially available technologies for 
their ability to reduce the size of commonly processed feedstock mixtures: a rotary 
shear shredder, chipper shredder, macerator, and large bucket and spade. These feed-
stock mixtures included bread, meat, fruit, and vegetables. Results showed that for 
the size reduction of a large quantity of bread as a dry product, the rotary shear is a 
suitable technology, and has similar processing effi ciency to the chipper shredder. It 
is important to note, however, that the bucket and spade technology is only suitable 
for processing small quantities (up to 50   kg at a time) of fruit and vegetables and that 
the structure of the end - product is poor. Larger quantities are more satisfactorily 
treated with the rotary shear, which also produces a better structured end - product 
with lower amounts of free liquid, which assists in handling.  

  Pulping Equipment 

 Pulping equipment is used for juice extraction from fruits or vegetables, and for seeds 
and meats. A combination of compression and shearing forces is used with each type 
of equipment. A rotary grape crusher consists of a metal cylinder fi tted internally with 
high - speed rotating brushes or paddles (Nelson and Tressler,  1980 ). Grapes are heated 
if necessary to soften the tissues, and pulp is fed through the perforations of the screen 
by the brushes. The size of the perforations determines the fi neness of the pulp. Skins, 
stalks, and pips are carded from the end of the screen. Other types of pulper, including 
roller presses and screw presses, are used for juice extraction.  

  Bowl Chopper 

 A bowl chopper is used to chop meat and harder fruits and vegetables with a coarse 
pulp (e.g. for sausage meat or mincemeat preserve). A horizontal, slowly rotating bowl 
moves the ingredients beneath a set of high - speed cutting blades. Food may be passed 
several times beneath the knives until the desired degree of size reduction and mixing 
has been achieved.  

  Crushers 

 Crushers reduce the material with a pressing or squeezing operation. A variety of 
machines is in use. Agricultural application of crushers is important but not extensive. 
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Lime and other stones are given an initial reduction with a jaw or gyratory crusher 
(Figure  32.7 ). The jaw crusher is the cheaper and the slower of the two and is used for 
smaller operations. The resultant motion of the cone crushes the material in a manner 
similar to the jaw crusher, but operation is smoother and the relative capacity is 
higher. For primary reduction, roll crushers in various forms are used by themselves 
or, more frequently, in combination with burr or hammer mills. Jaw and gyratory 
crushers are heavy equipment and are not used extensively in the food industry. In a 
jaw crusher, the material is fed between two heavy jaws, one fi xed and the other 
reciprocating, so as to work the material down into a narrower and narrower space, 
crushing it as it goes. The gyrator crusher consists of a truncated conical casing, inside 
which a crushing head rotates eccentrically. The crushing head is shaped into an 
inverted cone and the material being crushed is trapped between the outer fi xed and 
the inner gyrating cones, and it is again forced into a narrower and narrower space.    

  Mills 

 The most common material characteristics that present challenges to milling are as 
follows:

    •      Fibrous materials :      The major problem with reducing fi brous materials is that they 
are typically nonfriable, which means they require more energy for milling. This 
often creates excessive heat that can damage the particles and cause greater wear 
to the mill components. Examples of fi brous materials include corn, oat hulls, 
celery, carrots, various spices, and cellulose - based materials. Solutions for reducing 
fi brous materials can be as simple as installing the appropriate blade or classifying 
screen, or using an appropriate method, such as vacuum conveying, for assisting 
material fl ow through the mill and its screen to eliminate material build - up inside 
the grinding chamber.  

   •      Nonfriable materials:     Nonfriable materials such as polymers, resins, waxes, and 
rubber cannot be shattered or fractured using regular impact or direct - pressure 

Figure 32.7 Crushers: (a) jaw and (b) gyratory. (From Earle (1983), courtesy of Pearson Education.) 
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milling. Knife milling often cannot reduce a nonfriable material to a very fi ne par-
ticle size range. Solutions for reducing nonfriable materials typically require turning 
the nonfriable material into a friable material by freezing it. This includes injecting 
a cryogen such as liquid carbon dioxide or liquid nitrogen into the grinding chamber. 
In certain cases, preconditioning or exposing the particles to a cryogen may be nec-
essary. For low - temperature milling with cryogens, the mill must be constructed of 
materials suitable for low - temperature operation. Over time, cryogenic processing 
at low temperatures can cause components to become brittle and certain lubricating 
greases to lose their viscosity and freeze.  

   •      Heat - sensitive materials :      If heat is created during milling, heat - sensitive materials 
can melt or soften in the grinding chamber or on the classifying screen, reducing 
the mill ’ s overall effi ciency. Examples of heat - sensitive materials include thermal 
plastics, polyester and epoxy resins, nutraceuticals, waxes, gelatin, spices, and sugar -
 based materials. Solutions to this melting or softening problem typically involve 
cooling the mill, cooling the surfaces inside the grinding chamber, or cooling the 
material prior to milling. Examples include water - jacketing the mill ’ s critical com-
ponents, directly injecting a cryogen into the grinding chamber, or exposing the 
material to a cryogen prior to milling.  

   •      Wet, fatty, or sticky materials :      Generally, low - moisture materials (containing    <    5% 
moisture) and high - moisture materials (containing    >    50% moisture) do not present 
major size reduction problems. However, some semi - solid materials or fatty materi-
als can be extremely diffi cult to reduce because the material can stick to or become 
trapped in the mill ’ s classifying screen, plugging the screen ’ s holes. The material 
can also stick to the grinding chamber ’ s sides. Examples of such wet, fatty, or sticky 
materials include cheeses, waxes, pepper sauces, and baby foods. Solutions to these 
sticky problems include installing a custom - designed screen that allows the appro-
priate sized particles to pass through without sticking or plugging and internal air 
or water injectors that clean the mill ’ s internal surfaces, removing any stuck or 
trapped particles.  

   •      Hygroscopic and deliquescent materials :      These have a tendency to absorb and 
retain moisture from the air. When exposed to air, hygroscopic materials such as 
some chemical powders become sticky, while deliquescent materials such as 
calcium gluconate dissolve into a liquid. This can become a problem because both 
actions can impair the mill ’ s effectiveness and effi ciency and reduce the fi nal 
product quality. Solutions involve limiting the materials exposure to air or humid-
ity. This can be done by reducing the material in an inert environment created by 
purging the mill ’ s grinding chamber with nitrogen or argon gas or by installing a 
dehumidifi er to remove moisture from the grinding chamber air.  

   •      Dense or hard materials :      Reducing extremely dense or hard materials such as 
calcium carbonate, minerals, and silica - based materials can cause excessive damage 
and wear to the mill ’ s contact surfaces, hammers or blades, and classifying screens. 
One way to avoid these problems is to mill in multiple passes rather than trying to 
achieve a particle size goal in one pass. Multiple passes allow for greater material 
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capacities, require less horsepower, and reduce part replacement costs. Wear -
 resistant components can also be installed in the mill or wear - resistant coatings 
(tungsten carbide and stellite) can be applied to the mill ’ s contact surfaces.    

  Hammer Mills 

 A typical hammer mill mechanism with a cylindrical chamber, a high - speed rotor 
inside the chamber, and the hammers is shown in Figure  32.8 . In operation, food is 
disintegrated mainly by impact forces as the hammers drive it against the breaker 
plate. In some designs the exit from the mill is restricted by a screen and food remains 
in the mill until the particles are suffi ciently small to pass through the screen aper-
tures. Under these choke conditions; shearing forces play a larger part in the size 
reduction. The hammer mill is used for a variety of size reduction or grinding jobs. 
Besides feed preparation, it is used for pulverizing limestone and ingredients for com-
mercial fertilizers. It has many industrial applications. The material is introduced into 
the housing, and the beater, which consists of a series of hammers turning at 1500 –
 4000   rpm, beats and pounds the material until it is small enough to pass through the 
screen at the bottom. Fineness of division is controlled mainly by the size of holes in 
the screen, although the rotor revolutions per minute and the rate of feed are addi-
tional control factors.   

 The hammers are rigidly fi xed to the shaft or swing. There is less danger of the 
swinging hammer causing damage if a large metallic object gets into the mill by acci-
dent. There are many hammer striking edge designs, indicating that there is no one 
best design. The swinging hammers are usually reversible so that two or perhaps four 

Figure 32.8 Phantom view of a hammer mill. (From www.feedmachinery.com.)
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edges are available for use per hammer. The hammer mill is assumed to reduce size 
by impact. The terrifi c speed of the hammer produces kinetic energy that is dissipated 
on the material, causing it to disintegrate. Although most of the size reduction is prob-
ably by impact between the material and the hammers, no doubt some shear between 
the screen or other parts of the mill and the particles takes place. After passing through 
the screen, the material is removed by shovel, auger, and chain elevator or by a fan. 

 Lengthy straw/stalk biomass cannot be directly fed into grinders such as hammer 
mills and disk refi ners. Hence, biomass needs to be preprocessed using coarse grinders 
like a knife mill to allow for effi cient feeding into refi ner mills without bridging and 
choking (Bitra  et al .,  2009b ). The advantages of the hammer mill are: simplicity, ver-
satility, freedom from signifi cant damage due to foreign objects, freedom from damage 
when operating empty, and effi ciency not materially reduced by hammer wear. The 
inability to produce a uniform grind and high power requirements are disadvantages. 
Hammer milling technology also has the advantage of low maintenance over other 
methods, including crushing, shearing, and roller milling. Yu  et al.  ’ s  (2003)  review of 
equipment design parameters showed that hammer mill tip speed, power require-
ments, grinding rate, screen size, and clearance affect performance to varying degrees. 
A slightly more robust apparatus for such a purpose is the Rietz disintegrator of which 
many models exist. The principle is illustrated in Figure  32.9 ; hammers beat and cut 

Figure 32.9 Hammers beat and cut. (From Leniger and Beverloo (1975), courtesy of Springer.) 
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Figure 32.10 Grinders: (a) hammer mill and (b) plate mill. (From Earle (1983), courtesy of Pearson 
Education.)
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the product and force it through the screen. It is normally used for materials with high 
liquid content. Another type of impact mill is the jet mill, which uses compressed 
gas to accelerate the particles, causing them to impact against each other in the 
process chamber. Impact mills can reduce both fi ne powders and large chunks of 
friable material such as pharmaceutical powders, sugar, salt, spices, plastics, coal, 
limestone, chemical powders, and fertilizer down to  < 10 (jet mills) to 50    μ m (mechani-
cal impact mills). Mechanical impact mill types include hammer mills, pin mills, cage 
mills, universal mills, and turbo mills.    

  Burr Mills 

 Burr mills or plate mills consist essentially of two roughened plates, one stationary 
and the other rotating (Figure  32.10 ). The material is fed between the plates and is 
reduced by crushing and shear. Burr mills are frequently combined with a single roller 
crusher so that large materials such as ear corn will be crushed to a suitable size for 
feeding between the plates. Grinders of this type are moderately versatile and widely 
used on farms. If the material is fed slowly so that the fl utes are not fi lled, reduction 
is probably mainly by shear. With a faster feed and the fl utes fi lled, both shear and 
crushing no doubt exist. Overfeeding reduces the effectiveness of the grinder and 
excessive heating results. The plates are designed for a variety of jobs and usually 
made of chilled cast iron, although alloy steel may be advisable in certain cases. 
Operating speeds are usually less than 1200   rpm.   

 The fi neness of reduction is controlled by the type of plates and by their spacing. 
The spacing screw is spring loaded so that the space will increase in case of an overload 
or if a foreign object gets into the mill. Small rocks and metallic objects may not cause 
damage, but breakage can be expected if large objects are fed into the mill. The attri-
tion mill is a heavy - duty precision burr mill used in the commercial preparation of 
feed and food products. Each burr rotates and is driven independently, speeds are much 
higher, and design and construction are more precise. The advantages of the burr mill 
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are: low initial cost, uniformity of product, and low power requirements; while the 
breakage due to the foreign objects, excessive burr wear while operating empty, and 
poor yield are disadvantages.  

  Ball Mills 

 This type of mill consists of a slowly rotating, horizontal steel cylinder that is half 
fi lled with steel balls of 2.5 – 15   cm in diameter. At low speeds or when small balls are 
used, shearing forces predominate. With larger balls or at higher speeds, impact forces 
become more important. A modifi cation of the ball mill is the rod mill; rods instead 
of balls are used to overcome problems associated with the balls sticking to foods. 
Empirical equations were developed to express the grinding rate constant of each 
material as a function of feed size and ball diameter (Kotake  et al .,  2002 ).  

  Disk Mills 

 There are a large number of designs of disk mill. Each type employs shearing forces 
and may be improve the effectiveness of milling by creating additional impact and 
shearing forces. For all types of impact mill the degree of fi neness depends mainly on 
the peripheral speed of the rotors and the supply rate of the materials. Figure  32.11  
shows a disk mill in which food passes through an adjustable gap between a stationary 
casing and a grooved disk that rotates at high speed. The material enters the mill 
axially and then passes radially between two disks. In order to produce greater shear-
ing forces, double - disk mills, in which two disks rotate at high speed in opposite 
directions, can be used. The distance between the rotors can be varied and equipped 
for internal pneumatic classifi cation. Edge mills work batch - wise and have heavy rolls 
that roll and slip over a table (Figure  32.12 ). In general the rolls are driven, although 
sometimes the table is driven instead. Edge mills are often used for very fi ne milling, 
where the table and the rolls are made of smooth granite or steel. Pin - and - disk mills 
have intermeshing pins fi xed either to the single disk and casing or to double disks. 

Figure 32.11 (a) Disk mill and (b) edge mill. (From Leniger and Beverloo, (1975), courtesy of 
Springer.)
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The mill shown in (Figure  32.12 a) consists of a stationary disk with a rotating disk a 
short distance away; both disks are set with pegs, pins or teeth. These mills sometimes 
have a screen over the entire periphery. The material is supplied axially; it passes 
through the mill in the radial direction and is repeatedly reduced in size by stoke or 
impact. Figure  32.12 b shows a pin - and - disk mill where the rotors have a peripheral 
speed of 160   m · s  − 1 . These mills are screenless and the material is passed through the 
mill by an airstream. They are suitable for very fi ne grinding.    

  Roller Mills 

 Two or more steel rollers revolve towards each other and pull particles of food through 
the nip (the space between the rollers). The main force is compression but, if the rollers 
are rotated at different speeds, or if the rollers are fl uted (shallow ridges along the 
length of the roller), there is an additional shearing force exerted on the food. The size 
of the nip is adjustable for different foods and overload springs protect against acci-
dental damage from metal or stones. Double rollers, with or without serrated surfaces, 
produce a more uniform product than most other reducers. They are used extensively 
in the industrial preparation of cereals for human consumption. Figure  32.13  shows a 
roller crusher for farm preparation of animal feed. When only pressure is important, 
the mills are called roll crushers. Roller mills can easily be cooled or heated. The roller 
crusher for grinding grain on the farm was used to some extent years ago. The cost of 
roller mills is higher than burr mills but lower than hammer mills. The mills are 
durable and require little attention when operating. The product from the rolls in 
grinding barley, wheat, and corn is not dissimilar to that from the burr mill except 
that the percentage of fi ne material obtained is lower. The power required for rolling 
is somewhat greater than that used with burr mills. The continued use of roller mills 
will depend largely upon whether the coarser grinding meets farm requirements, but 

Figure 32.12 (a) Fixed and rotating disks with pegs and (b) disk mills with pins. (From Leniger 
and Beverloo (1975), courtesy of Springer.) 
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the possibilities of farm use of the roller crusher should be resurveyed. Roller mills 
are more effi cient and require less energy for grinding than the hammer mill. The 
roller mill produces a more uniform particle size distribution with lower a proportion 
of fi nes (GMD    <    500    μ m) than the hammer mill (Nir and Ptichi,  2001 ). Commercially 
the hammer mill is more commonly used for grinding grains because it is easier to 
use and maintain. It must be noted that even within a grain type, grinding in the same 
mill type under similar conditions may result in different particle sizes due to varia-
tions in endosperm hardness. Lentle  et al .  (2006)  reported that grinding grains from 
three cultivars of wheat in a hammer mill through the same sieve resulted in different 
particle size distributions.    

  Wet Milling 

 Wet milling has many advantages over dry size reduction and thus liquid is sometimes 
added to semi - dried materials or dried products to allow wet milling. The advantages 
are: easier to obtain a high degree of fi neness, high temperatures can be prevented, 

Figure 32.13 Roller crusher . (From Leniger and Beverloo (1975), courtesy of Springer.) 
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and less danger of oxidation, which means less chance of the extreme case of oxida-
tion, a dust explosion. Wet milling is used mainly because of the extremely fi ne 
product obtained. For wet size reduction of foods, a mill derived from the ball mill is 
used, also called an attritor mill or agitated ball mill. It consists of a stationary verti-
cal cylinder that is fi lled with balls and fi tted with a stirrer. The attritor mill is used 
for producing fi ne and homogeneous dispersions quickly under controlled conditions. 
This type of mill has been used for chocolates, chemicals, and pharmaceuticals. The 
material to be ground is charged into a vertical tank fi lled with grinding media. Both 
the material and grinding media are then agitated by a shaft with arms, causing the 
media to exert shearing and impact forces on the material. This action produces an 
extremely fi ne material measured in microns. No premixing is required. The attritor 
can be used batch - wise with the product circulating if necessary, or by continuous 
fl ow - through of the product (Figure  32.14 ). The choice of mill is determined in par-
ticular by the consistency of the solid – liquid mixture.   

 Apparatuses with frictional action, the so - called strainers, are used for very soft 
materials like soft fruit and cooked apples. They consist of a cylinder of screen gauze 
or a perforated plate (with holes of 1 – 3   mm) through which the soft product is forced 
by a rotating beater. Some separation takes place in this type of machine. The fruit 
pulp passes through the screen while harder and coarser material stays behind. Size 
reduction of soft materials is often called pulping, even when done with other types 
of equipment. A completely different type of mill for dry materials is the jet mill in 
which jets of air or superheated steam are used at high speed. When the material enters 
this mill, the particles collide and rub against each other as a result of the turbulence, 
and thus size reduction takes place. The advantages of this system are that there are 
no moving parts and very fi ne products can be obtained. Application of these mills 
has been limited up until now mainly because of their high power consumption.  

Figure 32.14 Attritor ball mill. (From Leniger and Beverloo (1975), courtesy of Springer.) 
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  Knife Milling 

 In knife milling, a sharp blade applies high, head - on shear force to a large particle, 
cutting it to a predetermined size to create smaller particles and to minimize fi nes. 
This milling action is produced by a rotating assembly that uses sharp knives or blades 
to cut the particles. Knife mills can reduce 2 - inch or larger chunks or slabs of mate-
rial, including elastic or heat - sensitive materials such as various foods, rubber, and 
wax, down to 250 – 1200    μ m. Mill types include knife cutters, dicing mills, and guil-
lotine mills.  

  Direct - Pressure Milling 

 Direct - pressure milling occurs when a particle is crushed or pinched between two 
hardened surfaces. Two rotating bars or one rotating bar and a stationary plate gener-
ally produce this milling action. Direct - pressure mills typically reduce 1 - inch or larger 
chunks of friable materials, such as minerals, chemicals, and some food products, 
down to 800 – 1000    μ m. Types include roll mills, cracking mills, and oscillator mills. 
Most mills use a combination of these principles to apply more than one type of force 
to a particle. This allows mill manufacturers to custom - design their equipment based 
on a material ’ s characteristics.    

  Solid Foods Size Reduction 

 Size reduction is a processing aid that permits control over the properties of foods, to 
improve the effi ciency of mixing and heat transfer. The texture of solid processed 
foods, including different types of bakery products and pastry, processed meats, and 
vegetables, is controlled by the conditions used during size reduction. There is an 
indirect effect on the aroma and fl avor of some foods while going through the 
size reduction process. The disruption of cells and resulting increase in surface area 
promotes oxidative deterioration and higher rates of microbiological and enzyme 
activity. Size reduction therefore has little or no preservative effect. Dry foods such 
as grains and nuts have a suffi ciently low a w  to permit storage for several months after 
milling without substantial changes in nutritional value or eating quality. However, 
moist foods deteriorate rapidly if additional preservative operations (e.g. chilling, freez-
ing, and heat processing) are not undertaken. 

  Changes During Size Reduction 

 There are small but largely unreported changes in the color, fl avor, and aroma of dry 
foods during size reduction. There is a loss of volatile constituents from spices and 
some nuts, which is accelerated if the temperature is allowed to rise during milling. 
In moist foods the disruption of cells allows enzymes and substrates to become more 
intimately mixed, which causes accelerated deterioration of fl avor, aroma, and 
color. Additionally the release of cellular materials provides a suitable substrate for 
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microbiological growth and this can result in the development of off - fl avors and 
aromas. The texture of foods is substantially altered by size reduction, both by the 
physical reduction in the size of tissues and by the release of hydrolytic enzymes 
(Fellows,  1998 ). 

 Nutritional value may change due to oxidation of fatty acids and vitamins as the 
surface area of foods increases. Losses of vitamin C and thiamin in chopped or sliced 
fruits and vegetables are substantial. For example, Erdman and Erdman  (1982)  reviewed 
changes in nutritional values and reported 78% reductions in vitamin C during slicing 
of cucumber. In dry foods the main loss in nutritional value results from screening 
operations performed on the product after size reduction. Results from Raji and 
Famurewa  (2008)  on the effects of hull on the physicochemical properties of fl our 
obtained from processed soybean seed do not indicate any considerable reduction in 
the nutritional content of the fi brous food, and the different acceptabilies were all 
above the threshold. Hoque  et al .  (2007)  analyzed the performance and productivity 
of size reduction equipment for fi brous materials.  

  Ultrasonic Cutting 

 Due to signifi cant technical advances in the last years, high power ultrasonic cutting 
has become an alternative to many conventional food processing steps, such as homog-
enization, milling, high shear mixing, pasteurization, and solid/liquid separation. 
Also, it has been shown to improve the effi ciency of traditional processes such as 
fi ltration/screening, extraction, crystallization, and fermentation. The use of ultra-
sonic cutting is often driven by economic benefi ts, yet in some cases unique product 
functionality can be achieved (Patist and Bates,  2008 ). Ultrasonic cutting is used in 
the food industry, especially for the separation of products consisting of layers with 
different rheological properties to achieve minimally damaged cut surfaces. This may 
be useful for selecting operational variables (cutting velocity, excitation amplitude) 
during cutting to achieve a controlled reduction of the cutting work. 

 When using cutting assemblies with ultrasonic support, its impact on cutting effi -
ciency depends on factors such as blade geometry, direction of vibration relative to 
the cutting direction, and frequency and amplitude at the cutting edge (Rawson,  1998 ). 
Depending on the product to be separated, ultrasonic - induced mechanical and thermal 
effects occur in the separation zone at the cutting edge and/or along the fl anks of the 
blade, and lead to a signifi cant reduction of the cutting force which, when measured 
as a function of the cutting path, allows a better understanding of the cutting process 
(Brown  et al .,  2005 ). 

 Target food materials for ultrasonic cutting are, predominantly, cheese, candy bars, 
bakery and confectionery products, and convenience food. Other target foods for ultra-
sonic cutting are relatively soft products containing solid fats and/or hydrocolloid gels, 
where dynamic friction rather than separation forces determine the total cutting work 
(Schneider  et al .,  2002 ). In the time domain, a discrete particle at the edge of the 
cutting blade shows a harmonic oscillatory movement,  y  as a function of time,  t  as 
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( y     =     y 0   sin   ω t ), where  y 0   and   ω   (rad · s  − 1 ) correspond to the displacement amplitude and 
angular velocity respectively. Introducing frequency  f  (Hz) and using  y 0  , the maximum 
vibration speed at the cutting edge,  v 0   (m · s  − 1 ), corresponds to the strain rate amplitude 
and can be calculated as described previously (Mason and Lorimer,  2002 ) by ( v 0      =      ω  
y 0      =    2 π  fy  0 ). The effects of vertical cutting velocity and the magnitude of ultrasonic 
excitation on the reduction of the work necessary to separate various food materials 
were investigated by Zahn  et al .  (2006) . Their results showed that cutting work 
increased with increasing cutting velocity but, at each particular cutting velocity, 
decreased with increasing magnitude of the ultrasonic excitation of the cutting tool. 
Interactions between cutting velocity and the maximum vibration speed at the cutting 
edge, which is determined by both excitation amplitude and excitation frequency, are 
signifi cant. Depending on the food under action, the relative amount of cutting work 
reduction is either affected by the maximum vibration speed or, additionally, by verti-
cal cutting velocity. No distinct effects of the excitation frequency (20 or 40   kHz) were 
observed (Zahn  et al .,  2006 ).   

  Liquid Foods Size Reduction 

 The terms emulsifi er and homogenizer are often used interchangeably for equipment 
used to produce emulsions. Emulsions are stable suspensions of one liquid in another, 
the liquids being immiscible. Stability of the emulsion is obtained by dispersion of 
very fi ne droplets of one liquid, called the disperse phase, through the other liquid, 
which is called the continuous phase. This can be achieved by imposing very high 
shearing forces upon the liquid to be dispersed and these break the material into a 
multitude of fi ne particles. Homogenization is the reduction in size (to 0.5 – 3    μ m) and 
increase in number of solid or liquid particles of the dispersed phase by the application 
of intense shearing forces, to increase the intimacy and stability of the two immiscible 
liquids. Homogenization results in smaller and more uniform droplet sizes; practical 
examples are the homogenization of milk and ice cream mixes (dispersions of fat and 
air in sugar solutions). Homogenization is therefore a more severe operation than 
emulsifi cation. Both operations are used to change the functional properties or eating 
quality of foods. They have little or no effect on nutritional value or shelf - life. 

  Size Reduction Mechanisms 

 Mechanical forces during homogenization cause droplet or particle size reduction by 
shear, turbulence, impact, and cavitation. Shear is caused by elongation and subse-
quent break - up of droplets due to acceleration of a liquid. Centrifugal orifi ces may be 
used to obtain the shearing action. In passing through the nozzle, very large shear 
forces are exerted on the liquid, dispersing it in small particles. Disks that spin at high 
velocities give rise to high shearing forces in liquids fl owing over them. Cavitations 
are caused by an intense pressure drop, leading to formation of vapor bubbles in the 
liquid, which implode and cause shock waves in the fl uid. This leads to the disruption 
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of droplets, particles, and cell membranes. Shearing is generally achieved by passing 
the liquid through a high - pressure pump to bring it up to pressures of the order of 
0.007   kPa, and then discharging this pressure suddenly by the expansion of the liquid 
through a small gap or nozzle; the equipment is often called a homogenizer. The higher 
the interfacial tension between the continuous and dispersed phases, the more diffi -
cult it is to form and maintain a stable emulsion. Emulsifying agents therefore lower 
the energy input needed to form an emulsion. 

 The four main types of homogenizer are high - speed mixers, pressure homogenizers, 
colloid mills, and ultrasonic homogenizers, which are described below and in more 
detail by Rees  (1967) . 

  High - Speed Mixers 

 Mixers are classifi ed into two major types that are suitable for low -  or high - viscosity 
liquids and dry powders or particulate solids. Paddle agitators with wide fl at blades 
rotate at 20 – 150   rpm and are often pitched to promote longitudinal fl ow in unbaffl ed 
tanks. Impeller agitators with two or more blades operate at 30 – 500   rpm and are used 
for pre - mixing emulsions. Turbine -  or propeller - type high - speed mixers are used for 
low - viscosity liquids. They operate by a shearing action on the food at the edges and 
tips of the blades. Propeller agitators operate at 400 – 1500   rpm and are used for blend-
ing miscible liquids, diluting concentrated solutions, preparing syrups or brines, and 
dissolving ingredients.  

  Pressure Homogenizers 

 These consist of a high - pressure pump, operating at 10   000 – 70   000   kPa, which is fi tted 
with a homogenizing valve on the discharge side (Figure  32.15 ). Pumping liquid 
through a small adjustable gap between a valve and the valve seat results in high pres-
sure and high liquid velocity (8400   m · s  − 1 ). There is then an almost instantaneous drop 
in velocity as the liquid emerges from the valve. These extreme conditions of turbu-
lence produce powerful shearing forces. The collapse of air bubbles (cavitations) and 
impact forces created in some valves by placing a hard surface (a breaker ring) in the 
path of the liquid further reduce the globule size. In some foods (e.g. milk products) 
there may be inadequate distribution of the emulsifying agent over the newly formed 
surfaces, which causes fat globules to clump together. A second similar valve is then 
use to break up the clusters of globules. Pressure homogenizers are widely used before 
pasteurization and ultrahigh - temperature sterilization of milk, and in the production 
of salad creams, ice cream, and some sauces.    

  Colloid Mills 

 These homogenizers are essentially disk mills. Small clearance (0.05 – 1.3   mm) between 
a vertical disk rotating at 3000 – 15   000   rpm and a similar sized stationary disk creates 
high shearing forces. They are more effective than pressure homogenizers for high -
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 viscosity liquids, but with intermediate - viscosity liquids they tend to produce larger 
droplet sizes than pressure homogenizers do. Numerous designs of disk, including fl at, 
corrugated, and conical shapes, are available for different applications. Modifi cations 
of this design include the use of two contrarotating disks or intermeshing pegs on the 
surface of the disks to increase the shearing action. For highly viscous foods (e.g. 
peanut butter, meat or fi sh pastes) the disks may be mounted horizontally (the paste 
mill). The greater friction created in viscous foods may require these mills to be cooled 
by the recirculation of water.  

  Ultrasonic Homogenizers 

 High - frequency sound waves (18 – 30   kHz) cause alternate cycles of compression and 
tension in low - viscosity liquids and create cavitations of air bubbles, to form an emul-
sion with droplet sizes of 1 – 2    μ m. In operation, the dispersed phase of an emulsion is 
added to the continuous phase and both are pumped through the homogenizer at pres-
sures of 340 – 1400   kPa. The ultrasonic energy is produced by a metal blade, which 
vibrates at its resonant frequency. Vibration is produced either electrically or by the 
liquid movement (Figure  32.16 ). The frequency is controlled by adjusting the clamping 
position of the blade. This type of homogenizer is used for the production of salad 
creams, ice cream, synthetic creams, and essential oil emulsions. It is also used for 
dispersing powders in liquids, and the ultrasonic - enhanced liquefaction and sacchari-
fi cation of corn in biofuel production (Khanal  et al .,  2007 ).   

Figure 32.15 Hydraulic two -stage pressure homogenizing valve. (From Fellow, P., ed. (2005) Food
Processing Technology: Principle and Practice, with permission of Woodhead Publishing Limited, 
CRC Press LLC.) 
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 The results of Yamaguchi  et al .  (2009)  indicate that a small number of cavitation 
events with strong physical disturbance of liposomes can reduce the size of the lipo-
somes more effi ciently than a large number of cavitations events with weaker distur-
bance. High - power ultrasound has become an effi cient tool for large - scale commercial 
applications, such as emulsifi cation, homogenization, extraction, crystallization, 
dewatering, low temperature pasteurization, degassing, de - foaming, activation and 
inactivation of enzymes, particle size reduction, and viscosity alteration. This can be 
attributed to improved equipment design and more effi cient large - scale continuous 
fl ow - through systems. Like most innovative food processing technologies, high - power 
ultrasound is not an off - the - shelf technology and therefore needs to be developed and 
scaled up for each application (Patist and Bates,  2008 ).   

  Effect of Homogenization on Food Properties 

 Homogenization stabilizes a product, gives the emulsifi ed food a uniform appearance, 
and prevents separation. In many countries, special regulations are in force to control 
hygienic standards during preparation of food emulsions due to the risk of dispersing 
pathogenic bacteria throughout the food. The stability of the continuous phase is 
determined in part by the water - holding capacity (WHC) and fat - holding capacity 
(FHC) of the food system. The factors that affect WHC and FHC are described by 
Laurie  (1985) . The quality of the emulsion is infl uenced by the ratio of water to fat, 
use of polyphosphates to bind water, and the time, temperature, and speed of homog-
enization. The emulsion is set by heat during cooking. 

  Viscosity or Texture 

 In many liquid and semi - liquid foods, the desired mouth feel is achieved by careful 
selection of the type of emulsifying agent and stabilizer, and control over homogeniza-
tion reduces the average size of fat globules from 4   mm to less than 1   mm. The increase 
in viscosity is due to the higher number of globules and adsorption of casein onto the 
globule surface (Harper,  1979 ). Optimizing the particle size distribution in suspensions 

Figure 32.16 Ultrasonic homogenizer. (After Loncin and Merson (1979), courtesy of Elsevier.) 
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can produce an up to 50 - fold reduction in shear viscosity (Servais  et al .,  2002 ). In solid 
food emulsions the texture is determined by the composition of the food, homogeniza-
tion conditions, and post - processing operations (e.g. heating or freezing).  

  Color, Aroma, and Nutritional Value 

 Homogenization has an effect on the color of some foods. For example, in milk the 
larger number of globules causes greater refl ectance and light scattering, and an 
increase in whiteness. Flavor and aroma are improved in many emulsifi ed foods. 
Volatile components are dispersed fi nely throughout the food and hence have greater 
contact with taste buds when eaten. The nutritional value of emulsifi ed foods is 
changed if components are separated (e.g. in butter making), and there is improved 
digestibility of fats and proteins owing to the reduction in particle size (e.g. baby 
foods). Conventional grinding of cumin is associated with problems of temperature 
rise, caking, clogging of sieves, and deterioration of quality due to loss of volatiles. 
Shortcomings of the conventional size reduction have been overcome by fl aking. 
Sowbhagya  et al .  (2008)  showed that the fl avor profi les were improved by fl aking as 
this retained more of the volatile terpene compounds; cumin - aldehyde were higher in 
oil obtained from fl akes as compared to powder.    

  Nanoparticles in the Food Industry 

 Particle size, morphology, and composition can be manipulated to produce materials 
with different properties. A wide range of properties change as the particle size of a 
material is reduced to below a critical size. The actual size at which these changes 
occur depends on the material. Particles with one or more dimensions of the order of 
100   nm or less are called nanoparticles (Borm  et al .,  2006 ). The novel properties that 
differentiate nanoparticles from the bulk material typically develop at a critical length 
of under 100   nm and stem entirely from the different physics of the nanoparticles. For 
example, nanoparticles can increase the strength and hardness of metals and ceramics 
and they can make protective coatings transparent. Nanoparticles are in effect a bridge 
between atomic or molecular structures and bulk materials (Henglein,  1993 ). 

 The fi eld of nanoparticle research covers a wide range of interests in the fi elds of 
chemistry, physics, and materials science. Some nanoparticle applications include 
colloidal dispersions, metallic nanoparticles, biopolymers, and nanostructure materi-
als. Nanoparticulated metallic fi lms, in particular, have been the focus of intensive 
research, primarily due to the interest in their optical and electronic properties, 
thereby offering great potential for the development of novel electrical and optical 
sensors, and catalysts (Krasteva  et al .,  2002 ). 

 Control of the nanoscale morphology enables precise control of the properties of the 
end - product. In order to elucidate the size - dependent physical and chemical properties 
of nanoparticles, it is critically important to control their size and shape. High - pressure 
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homogenization and supercritical fl uid processing are the technologies that are used 
currently or are being developed for nanoparticle generation (Chow,  1998 ). The patented 
technology enables us to measure nanoparticles down to less than 1   nm, i.e. 10  − 9    m. 

 The different physicochemical properties that nanoparticles exhibit as compared to 
their respective bulk materials include changes in optical properties, which can cause 
changes in color (e.g. gold colloids appear as deep red), thermal behavior, material 
strength, solubility, conductivity, and (photo - ) catalytic activity (Hochella,  2002 ; 
Kamat,  2002 ; Burleson  et al .,  2004 ). Probably the most signifi cant infl uence on the 
behavior of nanoparticles is the change in surface - to - volume ratio (Banfi eld and Zhang, 
 2001 ). Volume decreases with size but the proportion of atoms at the particle surface 
increases, and the surface properties can, therefore, dominate the properties of the 
bulk material (Waychunas,  2001 ). Furthermore, the structure and properties of the 
surfaces of nanoparticles are substantially modifi ed compared to those of the same 
materials in bulk form, e.g. proportionally high curvature of the nanoparticle surfaces, 
more surface defects and edges, and presence of catalytically highly active sites 
(Madden and Hochella,  2005 ). 

 The toxicity of engineered nanoparticles and their effects on human health, as well 
as their environmental fate and impact on water and soil, is still widely unknown 
(Burleson et al.,  2004 ). Therefore, it is crucial that we begin to understand the behavior 
of engineered nanoparticles in food materials, consumer products, and environmental 
matrices, as well as their toxicity to humans and the environment. The potential 
toxicity and behavior of nanoparticles will be affected by a wide range of factors, 
including particle number and mass concentration, surface area, charge, chemistry 
and reactivity, size and size distribution, state of aggregation, elemental composition, 
as well as structure and shape (Borm  et al .,  2006 ; Chau  et al .,  2007 ). 

  Nanoparticle Sizing 

 Instrumentation techniques that have been used to evaluate the size of the nanopar-
ticles include:

    •      scanning electron microscopy (SEM);  
   •      optical microscopy;  
   •      atomic force microscopy (AFM);  
   •      single particle optical sensing;  
   •      dynamic light scattering (DLS);  
   •      nuclear magnetic resonance (NMR) microscopy;  
   •      differential scanning calorimetry (DSC);  
   •      X - ray diffraction;  
   •      turbidimetry;  
   •      fi ltration;  
   •      fi eld fl ow fractionation;  
   •      hydrophobic interaction chromatography;  
   •      electrophoresis;  
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   •      isopygnic centrifugation;  
   •      zeta potential.    

 The Zetasizer Nano series measures the size of particles in a fl uid down to less than 
1   nm by observing the thermal movement, or Brownian motion, of the particle. The 
effect of pH, concentration of an additive or the ionic strength of the medium on the 
zeta potential and rheological properties can give information that allows a product 
to be formulated with maximum stability. The effect of these parameters on the sta-
bility of particle dispersion can be automatically determined using an auto - titrator. 
The Malvern Multi Purpose Titrator is a device capable of performing such titrations 
in conjunction with the Zetasizer Nano series. In addition, any one of the Malvern 
rheometer range can be used to provide complementary information. 

 Size distribution can be checked using the Coulter counter or other instruments 
like the Malvern particle analyzer. These submicron particle size techniques are 
usually expensive in terms of the capital cost of equipment, and the time and exper-
tise required to produce a useful image. They also suffer from the statistical problem 
that only a few particles are observed, unless many experiments are done. Submicron 
particle sizes are measured by observing the scattering of laser light from these par-
ticles, determining the diffusion speed and deriving the size from this, using the 
Stokes – Einstein relationship. This method is called dynamic light scattering (DLS) 
(and sometimes photon correlation spectroscopy (PCS) or quasi - elastic light scatter-
ing (QELS)) and is used, for example, to size separate lipid nanocapsules (Yegin and 
Lamprecht,  2006 ). DLS is the only technique that is able to measure particles in a 
solution or dispersion in a fast, routine manner with little or no sample preparation. 
A number of related techniques such as scanning tunneling microscopy (STM) all 
require a well - trained technician to prepare the sample in a suitable manner for 
scanning with a probe (Wigginton  et al .,  2007 ). The technique is only suitable for 
hard materials, i.e. those not affected by the preparation technique, and are poor from 
a statistical point of view as only tens or hundreds of particles are measured. It 
therefore suffers from the same disadvantages as the atomic force microscopy tech-
niques (Balnois  et al .,  2007 ); however, both techniques can give more information 
about the shape and surface structure of the particle than an ensemble technique 
like DLS. Transmission electron microscopy (TEM) has been traditionally used to 
divulge the particle size profi le of nanometer - sized particles (Ngo and Pileni,  2000 ). 
Magnetic resonance imaging of submicron - sized MnAs ferromagnets grown on GaAs 
substrate has been performed with magnetic force microscopy equipment (Ando  et 
al .,  1998 ). 

 Techniques based on or related to chromatography can be used for the separation 
of nanoparticles. These techniques are rapid, sensitive (detector dependent) and non-
destructive, so samples are available for further analysis. Although some chromato-
graphic tools allow a range of solvents to be used, samples usually cannot be run in 
their original media, which can cause sample alteration and sample – solvent interac-
tion (Krueger  et al .,  2005 ; Ziegler  et al .,  2005 ; Huang  et al .,  2005 ). Centrifugation and 
fi ltration techniques are well - established tools for the preparative size fractionation 
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of samples. These are low - cost, high - speed, and high - volume techniques. Ultracentri-
fugation, for example, is capable of very high spinning speeds for accelerations up to 
1   000   000   g. Preparative ultracentrifugation has been used for pelleting of fi ne particu-
late fractions, gradient separations (Bootz  et al .,  2004 ), and harvesting aquatic colloids 
and nanoparticles from specifi c substrates (Mavrocordatos  et al .,  2007 ; Balnois  et al ., 
 2007 ). More techniques are described in Tiede  et al .  (2008) . 

 It has been reported that the average size and size distribution of nanoparticles can 
signifi cantly vary when comparing results for different techniques, such as electron 
microscopy, DLS, centrifugation and fi ltration, or ultracentrifugation (Bootz  et al ., 
 2004 ). The lack of consistent reference materials and standards further exacerbates 
this problem (Lead and Wilkinson,  2006 ). Nanoparticle sizing standards, as well as 
standardized methods for sampling and measurement, are, therefore, urgently required 
to overcome the problem of inconsistent data (Borm  et al .,  2006 ). To the best of our 
knowledge, standardized nanoparticles are not yet available and researchers have to 
rely on commercially available, often not well characterized, nanoparticles.  

  Properties of Nanoparticles 

 Many of these nonmaterials are made directly as dry powders, and it is generally 
believed that these powders stay in the same state when stored. However, they will 
rapidly aggregate (in a few seconds) through a solid bridging mechanism. Whether 
these aggregates are detrimental will depend entirely on the application of the nano-
material. If the nanoparticles need to be kept separate, then they must be prepared 
and stored in a liquid medium designed to facilitate suffi cient interparticle repulsion 
forces to prevent aggregation. 

 The effect of relative concentrations of surfactant and water on the size and surface 
roughness of ceria nanoparticles was examined using TEM and atomic force micros-
copy (AFM) respectively by Gupta  et al .  (2005) . The investigation confi rmed a relation-
ship between the size and roughness of the nanoceria as a function of the 
surfactant - to - water ratio. With increasing dilution of the surfactant, the size distribu-
tion became narrower such that average particle size decreased linearly as the ratio 
increased, without affecting lower size threshold of nanoparticles. The surface rough-
ness, on the other hand, increased with increasing water - to - surfactant ratio, implying 
that a dilute surfactant would provide ceria nanoparticles with rougher surfaces. This 
information can be used to tailor the adhesion properties of nanoceria by optimizing 
the size distribution as well as surface roughness as a function of water - to - surfactant 
ratio. (2005). AFM, TEM, and ferromagnetic resonance (FMR) were used to clarify the 
nanoparticle sizes in a ferrofl uid sample (Lacava  et al .,  2001 ). Compared to TEM, the 
AFM method showed a nanoparticle diameter reduction of 20% and standard devia-
tion increase of 15%. The differences were associated with the AFM tip and the nano-
particle concentration of the substrate. 

 The great challenge faced by researchers in composite materials for structural appli-
cations is the fabrication of nanocomposite materials with monodispersion of nano-
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particles in thermoset or thermoplastic polymers. Good dispersion of nanoparticles in 
polymer composite materials is extremely diffi cult to achieve, since nanoparticles tend 
to aggregate during synthesis. The degree to which the nanoparticles can be homogene-
ously dispersed in the polymer matrix would signifi cantly infl uence the thermal, 
mechanical, and optoelectronic properties of the material (Rangari  et al .,  2009 ). 

 Agglomeration of metal powders, fragmentation of brittle solids, and enhancement 
of the reactivity of metals, rates of intercalation in layered materials, and rates of 
catalytic reactions are some of the observed mechanochemical effects of ultrasound 
size reduction practice on the nanoparticles being processed. The poor dispersion of 
nanoparticles in the polymer matrix leads to inferior mechanical, thermal and opto-
electrical properties (Barber and Putterman,  1992 ).  

  Particle Size Reduction 

 Size matching is important in carrying out any activity. Nanoparticles are best suited 
to reach subcellular levels. Cellular uptake of nanoparticles is greater than that of 
microparticles. However, it is more diffi cult to make nanoparticles from biological 
materials than from hard materials. Organic compounds are stickier in nature as 
compared to inorganic materials such as silica or metal oxides. In live systems, drug 
delivery is infl uenced by the biochemistry of the body. 

 Nanomaterials can be produced either by milling or by fast precipitation from 
solutions. For many particles, there is a limit to the grind ability in that beyond this 
limit no decrease in particle size is observed with further grinding. It is energy inten-
sive to go down to a nanoparticle size range. Most pharmaceutical size reduction 
operations utilize high shear wet milling for production of nanoparticles. Typical 
operations for wet milling may take hours to days and the drug must be stable over 
that time period. One has to be aware also of contamination problems due to milling 
media. 

 Researchers have used several techniques for dispersing nanoparticles:(i) mechanical 
agitation, such as ball milling or magnetic stirring; (ii) ultrasonic vibration; (iii) shear 
mixing; (iv) noncontact mixing; and (v) using the dispersing agent (Rangari  et al .,  2009 ). 
Polymer -  or protein - based drug nanoparticles can be produced by the emulsifi cation 
solvent evaporation process. With recent developments in homogenization, very fi ne 
emulsions can yield nanoparticles. The size, zeta potential, and hydrophilicity of the 
nanoparticles in the drug can be controlled by various parameters, including the 
amounts of emulsifi er, drug and polymer intensity, duration of homogenization, and 
particle hardening profi le. 

 Biazar  et al .  (2009)  infl uenced the size reduction of acetaminophen particles by 
mechanical activation using a dry ball mill. The activated samples with an average 
particle size of 1    μ m were then investigated over different time periods with infrared 
(IR), inductively coupled plasma (ICP), atomic force microscopy (AFM), and X - ray dif-
fraction (XRD) methods. The results of the IR and XRD images showed no change in 
the drug structure after the mechanical activation of all samples. According to the 
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peaks in the AFM images, the average size of the particles after 30   h of activation was 
24   nm, with a normal particle distribution. The greatest reduction in size was after 
milling for 30   h. 

  The actual process of mechanical alloying starts with mixing the component 
powders in the correct proportion and loading the mixture into the grinding mill along 
with the grinding medium, generally steel balls. The mixture is then milled for the 
desired length of time until a steady - state is reached, i.e. the proportions of the com-
ponents in the powder particles are the same as in the original mixture. The milled 
powder is then consolidated into a bulk shape and heat treated to obtain the desired 
microstructure and properties. Thus, the important components of the mechanical 
alloying process are the raw materials, the mill, and the process variables. 

 An increases in the contact surface area between particles is a direct consequence 
of the milling size reduction process. As the energy of the system increases there is 
an associated decrease in mullitization temperatures (Suryanarayana,  2001 ). The 
amount of energy required to affect fracture is dependent on the hardness and particle 
size of the material being milled and the type of stress applied. According to fracture 
theory, the hardness of a material increases as its particle size decreases; as a conse-
quence the milling of fi ner materials requires more energy and therefore higher impact 
speeds. 

 Rangari  et al .  (2009)  used the ultrasound irradiation technique in the presence of 
ethanol to produce a high - quality mono - dispersed nanocomposite of WO 3  epoxy, using 
the commercially available WO 3  (about 80   nm), and synthesized porous WO 3  nanopar-
ticles (pore size 2 – 5   nm). Similar techniques have been applied by other researchers 
(Lee  et al .,  2006 ) to reduce the kaolinite particle size. 

 Gold nanoparticles are commonly prepared by the chemical reduction of gold ions 
in a solution in the presence of a stabilizing reagent. Muto  et al .  (2008)  found that the 
gold nanoparticles could be fragmented into smaller particles. In order to investigate 
the dynamics of fragmentation, the nanoparticles were irradiated with delayed double 
laser pulses, both of which had an identical wavelength and pulse energy (532   nm, 
30   mJ). The average diameter of the product fragments was smallest when the two 
laser pulses simultaneously irradiated the nanoparticles. The diameter increased with 
an increase in the delay time from the fi rst to the second laser pulse. 

 The size of the nanoparticles can be reduced in a controlled manner by laser irradia-
tion of the nanoparticles, laser - induced size reduction (Mafune  et al .,  2002a, b ). The 
mechanism of the size reduction is still not well - known. Using picosecond photo 
absorption spectroscopy, Kamat  et al .  (1998)  concluded that size reduction is a result 
of fragmentation caused by the Coulomb explosion of the photoionized metal nano-
particles. Plech  et al .  (2005)  observed the structural changes of nanoparticles and water 
molecules in their vicinity by resolved X - ray scattering. They found that the particles 
undergo a melting transition within a time scale of 1   ns, and hence, they can be frag-
mented into small particles by the thermal process. 

 The above mentioned nano - related techniques have been used in size reduction of 
nonfood materials and to some extent in pharmaceutical industries in the last decade. 
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Food - related application of these approaches to size reduction of biological and eatable 
material is about to be investigated for the potential improvement of food quality and 
human health.   
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   Introduction 

 Food irradiation is the exposure of food to a source of ionizing radiation to obtain a 
product with added desirable properties. Food is irradiated for preservation purposes 
such as the extension of shelf - life, microbial reduction or the elimination of patho-
genic microorganisms, and for quarantine control purposes such as the disinfestation 
of insects or parasites. The safety and benefi ts of food irradiation have been well docu-
mented and demonstrated in studies over a number of decades (WHO,  1995 ; WHO, 
 1999 ). The commercial application of food irradiation has been slow, mainly because 
of the perceived problem of consumer acceptance (Frenzen  et al .,  2001 ). An irradiation 
plant requires high capital investment, and many factors must be taken into account 
when choosing the optimum design for a specifi c application. 

 New interest in food irradiation has resulted from the increase in the number of 
outbreaks of food - borne diseases and the desire to replace chemical fumigants such as 
methyl bromide for phytosanitary treatments (Ross and Engeljohn,  2000 ). Food irradia-
tion has emerged as a viable sanitary and phytosanitary treatment to help governments 
meet the requirements set out in the Agreement on the Application of Sanitary and 
Phytosanitary Measures (SPS) of the World Trade Organization (WTO,  1995 ). 

 Food irradiation is a highly regulated process, and approval is required from regula-
tory authorities before a food can be irradiated for sale. Classes of foods must be 

Handbook of Food Process Design, First Edition. Edited by Jasim Ahmed and Mohammad Shafi ur Rahman.
© 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.



968 Handbook of Food Process Design: Volume II

specifi cally approved for irradiation, and this process involves submission of a petition 
containing data on the safety and effectiveness of the process. The review of the peti-
tion is rigorous and may take years before clearances are granted. These clearances 
must be obtained for each country accepting the irradiated food. 

 The Codex Alimentarius Commission of the FAO/WHO Food Standard Program 
has issued a Codex General Standard for irradiated foods (FAO/WHO,  2003a ) and an 
associated Code of Practice for the operation of irradiation facilities for the treatment 
of food (FAO/WHO,  2003b ). The Codex General Standard contains provisions about 
irradiation facilities and process control that include, among other requirements, 
requirements for the keeping of adequate records, including quantitative dosimetry. 
The standard requires that an irradiation facility be licensed and registered for the 
purpose of food processing, and that the facility be staffed with trained and competent 
personnel. 

 At present, over 50 countries have implemented national regulations or issued spe-
cifi c approval for certain irradiated food items or classes of food to ensure their safety 
and quality, and to satisfy quarantine requirements related to trade. These food items 
include meat products, fresh fruits, spices and dried vegetable seasonings. A database 
showing the clearances that have been granted is maintained by the Food and 
Environmental Subprogram of the Joint FAO/IAEA Division of Nuclear Techniques 
in Food and Agriculture (FAO/IAEA,  2010a ). 

 For food irradiation, the main quantity that must be measured and controlled is the 
absorbed dose. The irradiated food must receive an absorbed dose that is suffi cient to 
achieve the required benefi t, and excessive doses must be avoided to prevent deteriora-
tion of food quality. Dosimetry is performed to determine the operating parameters 
and for routine monitoring of the process. 

 Food irradiation is performed in an irradiator that is designed to economically 
process the food while ensuring that the absorbed - dose requirements are met by all 
of the processed product. The irradiator may need to process only a single product, or 
it may be necessary for the irradiator to be able to process a variety of products of 
different forms and with different environmental control requirements. There is no 
single design that is the best for all applications, and the potential user of a food irra-
diator must consider the type of radiation source and the irradiation geometry that 
are suitable for the specifi c application. 

 Since the construction of a new irradiation facility costs several million dollars and 
the staffi ng and operation of the irradiator lead to signifi cant operating costs, it may 
be more economical initially to have the irradiation performed in a multipurpose 
facility providing a contract irradiation service. The Food and Environmental 
Subprogram of the Joint FAO/IAEA Division of Nuclear Techniques in Food and 
Agriculture maintains a database providing a list of food irradiation facilities world-
wide. The current list shows 70 facilities (FAO/IAEA,  2010b ). When a contract irradia-
tion service is used, there are logistical challenges regarding transportation costs and 
facility availability, especially if the product is seasonal. If an irradiation facility is 
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designed for a specifi c seasonal product, it may also be worthwhile to include a capa-
bility for the irradiation of other products during off - seasons.  

  Applications of Food Irradiation 

 The applications of food irradiation generally fall into one of three dose ranges. Low 
doses, up to 1.0   kGy, are used for sprout inhibition and insect disinfestation. Medium 
doses, from 1.0   kGy to 10   kGy, are used for the preservation of foods based on the 
inactivation of spoilage - causing and pathogenic microorganisms. High doses, above 
10   kGy, are used to obtain sterile products. Typical absorbed - dose ranges for some 
approved applications of food irradiation are summarized in Table  33.1 .   

Table 33.1 Absorbed-dose ranges for some applications of food irradiation. 

Range Application Typical absorbed -
dose range (kGy) 

Products Description

Low Sprout inhibition 0.02–0.15 Potatoes, onion, garlic, 
shallots, yams 

Inhibition of sprouting of 
bulbs, roots and 
tubers during storage 

Delay of ripening 0.1–1.0 Fresh fruits Delay of ripening or 
physiological growth 

Insect
disinfestation

0.2–1.0 Grains, pulses, cereals, 
fl our, coffee beans, 
spices, dried fruits, 
dried nuts, dried 
fi shery products 

Prevention of losses 
caused by insect 
pests

Phytosanitary
control

0.15–1.0 Insect pests such as 
fruit fl ies in fresh 
fruits and vegetables 

Kills or inhibits further 
development of 
various life cycle 
stages of insect pests 

Medium Shelf-life
extension

1–10 Fresh meat, seafood, 
vegetables and fruits 

Enhancement of keeping 
quality through 
reduction in the 
number of spoilage 
microorganisms

Microbial
reduction or 
pasteurization

2–8 Ground beef ( E. coli)
and poultry 
(Salmonella)

Inactivation of 
pathogenic and most 
spoilage organisms 

High Microbial
decontamination

10–30 Dried spices, herbs, 
and other dried 
vegetable seasonings 

Alternative to the 
chemical fumigant 
ethylene oxide for 
reduction of microbial 
load

Sterilization 25–75 Sterile foods for 
immunocompromised
patients or astronauts 
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 The clearances usually state the upper dose limits for the process and may also 
specify a minimum dose. However, the actual doses to be given to the food should be 
determined by the levels at which the sensory and functional properties of the food 
are not impaired. These values are based on research performed for each particular 
application of food irradiation and are specifi ed by food technologists for each combi-
nation of process and product on the basis of the results obtained in experimental 
research preceding commercial - scale application. For applications where the accept-
able dose range is small, the irradiator design must allow treatment of products with 
a low maximum - to - minimum dose ratio. 

 Foods irradiated for sale may require labeling to identify them as being irradiated. 
This may mean a brief description of the process and the use of the Radura radiation 
symbol (FAO/WHO,  2010 ). At present, the most common application of food irradia-
tion is the irradiation of spices and dried vegetable seasonings, which represents about 
50% of the total volume of irradiated food. Over 200   000 tonnes of spices are now 
being irradiated annually (Kume  et al .,  2009 ).  

  The Food Irradiation Process 

 When a product is considered for irradiation, various factors must be taken into con-
sideration to ensure that irradiation is a viable process. These include the following:

    •      annual throughput;  
   •      seasonal variations in the throughput;  
   •      the physical form of the product;  
   •      handling and storage requirements;  
   •      the acceptable dose range.    

 The optimum irradiator design will depend on the physical form of the product and 
the conditions under which the product will be transported, stored and processed. The 
product may be packed in standard - size packages or may be a powder or liquid that 
is stored in bulk and transported as a fl uid. Other products may be packed into drums 
or packages of varying sizes and may be transported on pallets or as individual pack-
ages. Some foods are delicate and must be handled with care to minimize possible 
damage. 

 The size and shape of the product packages may have a signifi cant impact on the 
economics of the process. If the product is to be irradiated in standard irradiation 
containers, the effi ciency of the process will depend on how well the product packages 
fi ll the containers without requiring repacking. If the product is handled on pallets 
throughout the distribution system, there may be advantages in irradiating the product 
on the pallets on which it is distributed and stored. Irradiation on pallets may require 
a more complex irradiation geometry, resulting in increased capital costs. There may 
also be a reduction in the throughput per unit activity. The additional costs of irradia-
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tion of the product on pallets must be balanced against the cost of labor for handling 
the product or the cost of automated product handling, including palletizing and 
depalletizing. 

 For fruits and vegetables, the product may need to be irradiated within a short period 
of time after harvesting. If the product is seasonal, the availability of other products 
for irradiation during the off - season may help to improve the economics but may 
require changes to the irradiator design. Meat or seafood products may require refrig-
eration or may need to be processed while frozen.  

  The Food Irradiation Process Flow 

 Food irradiators consist of a shielded irradiation room, an irradiation source, and a 
system to transport the food from a storage area into the irradiation room, past the 
radiation source at a controlled rate, and out of the irradiation room to a separate 
processed - storage area. These facilities are capital - intensive and cost several millions 
of dollars. Because of the large capital cost, food irradiators are often multipurpose 
facilities operated as contract facilities. When different products are processed by a 
number of users at a contract facility, a technical agreement must be in place to sepa-
rate the responsibilities of the operator of the irradiation facility and the food 
supplier. 

 For a typical product, the product fl ow is as follows:

    •      The food to be processed is delivered to the irradiation site on pallets.  
   •      The pallets are moved to the nonirradiated storage area, where the environmental 

conditions required for the product are maintained; for example, the temperature 
and humidity are maintained at specifi ed values for refrigerated or frozen food.  

   •      The pallets are brought to the irradiator loading position, where the product is 
loaded into the irradiation containers (e.g., carriers or totes) used to transport the 
product in the specifi ed loading confi guration.  

   •      The timer setting or conveyor speed is set to expose the product to the radiation 
source for the time required to receive the required dose, based on dosimetry data 
obtained during the performance qualifi cation of the product.  

   •      The product is transported past the radiation source at the specifi ed speed to obtain 
the desired dose.  

   •      The irradiation containers are moved to the unloading position, where the product 
is repacked onto pallets. The dosimeters used for routine monitoring of the dose are 
removed and read.  

   •      When the dosimeter readings and the irradiation parameters have been reviewed 
and all of the process specifi cations have been shown to have been met, the product 
is released for shipment.    

 Product tracking from the receipt of the product at the irradiation facility until 
release of the product is often performed using product - tracking software. This 
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Figure 33.1 Product fl ow through irradiator controlled and monitored by NorTrack ™ product -
tracking software. (Courtesy of Nordion.) 

product - tracking software displays the location of the product at each stage, including 
the unirradiated storage area, the irradiator and the irradiated storage area. An example 
of the information provided by such software during an irradiation process is shown 
in Figure  33.1 . The software also tracks the product before and after irradiation, as 
shown in Figure  33.2 .    

  Basic Theoretical Principles 

 The main quantity of interest in food irradiation is the absorbed dose, which is the 
mean energy imparted to matter by ionizing radiation. The design of food irradiators 
is based on exposing the product to ionizing radiation to obtain the desired absorbed 
dose. The desired effects occur as a result of ionization and excitation produced by 
the radiation. 

  “ Ionizing radiation ”  is a broad term describing any radiation with suffi cient energy 
to cause electrons to be released from atoms. The radiation may be photons from the 
decay of radioactive materials or X - rays, or high - energy electrons from an accelerator. 
For the irradiation of food, the Codex General Standard (FAO/WHO,  2003a ) allows the 
use of the following types of ionizing radiation:
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    •      gamma rays from the radionuclides  60 Co and  137 Cs;  
   •      X - rays generated by machine sources operated at or below an energy level of 5   MeV;  
   •      electrons generated by machine sources operated at or below an energy level of 

10   MeV.    

 Because of concern regarding the solubility of the source material contained in  137 Cs 
sources,  60 Co is the only radionuclide presently used for food irradiation. The limits 
on the maximum energy for X - rays or electrons are based on concerns regarding the 
possibility of the formation of radioactive products in the food (IAEA,  2004 ). However, 
recent studies have indicated that X - ray energies up to 7.5   MeV will not produce sig-
nifi cant amount of radioactive products (Gr é goire  et al .,  2003 ). 

 When food is irradiated, free radicals are formed. Microorganisms are destroyed by 
radicals formed in their cells reacting with their DNA, thereby breaking the chain 
bonds and blocking replication. Similar effects at much lower doses prevent insects 
from proliferating and delay the ripening of fruits, resulting in prolonged shelf - life. 

  Photon Interactions 

 Energetic photons transfer their energy to the irradiated material through interactions 
with electrons. For the photon energies used in food irradiation, this can occur through 

Figure 33.2  Product fl ow through storage area controlled and monitored by NorTrack ™ product -
tracking software. (Courtesy of Nordion.) 
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one of three processes  –  the photoelectric effect, Compton scattering and pair produc-
tion. In the photoelectric effect, the entire energy of an incident photon is transferred 
to an orbital electron. The electron is ejected from its orbital, and the excess energy 
above that required to overcome the binding energy of the orbital electron appears as 
kinetic energy of the ejected electron. Photoelectric absorption is the predominant 
interaction for the absorption of low - energy photons in high - atomic - number materi-
als. For water and other low - atomic - number materials, the photoelectric effect is small 
for the initial photons at the photon energies used for food irradiation. 

 For  60 Co sources, the average initial photon energy is 1.25   MeV. For gamma rays of 
this energy, the predominant effect when they pass through low - atomic - number mate-
rials is Compton scattering. In Compton scattering, the photon collides with an orbital 
electron, losing some of its energy and releasing the electron from its orbital binding. 
The photon is defl ected and continues to travel in a new direction with reduced 
energy. The defl ected photon makes additional collisions and has its energy further 
reduced until its energy is suffi ciently low to be completely absorbed by the photoelec-
tric effect. 

 For higher - energy photons, pair production is another method by which energy can 
be transferred to matter. Pair production occurs when an incident photon interacts 
with the fi eld around a nucleus, resulting in the conversion of the energy of the photon 
into an electron – positron pair. The positron interacts with a nearby electron, releasing 
two X - ray photons of energy 0.511   MeV. This process can only occur when the photon 
energy is greater than 1.022   MeV, so the effect is small with  60 Co radiation and 
becomes signifi cant only with higher - energy X - rays. 

 The total effect of the three principal types of interaction can be expressed by a 
mass attenuation coeffi cient, which describes the probability of the removal of a 
photon by absorption or scattering in a collision. Tables of mass attenuation coeffi -
cients for elements and compounds of general interest can be found on the NIST 
website (Hubbell and Seltzer,  1995 ). Mass attenuation coeffi cients for water and mate-
rials of dosimetric interest can be found in ICRU Report 80 (ICRU,  2008 ). 

 For a narrow beam of photons, such as a beam passing through a narrow slit, each 
interaction results in a photon being absorbed or scattered away from the target, and 
the dose rate is reduced exponentially with depth in the material:

    D D x= −( )[ ]0 exp μ ρ   

 where  D  is the dose rate in the material,  D  0  is the dose rate at the same location with 
no scattering or absorbing material,   μ  /  ρ   is the mass attenuation coeffi cient (m 2  · kg  − 1 ) 
and  x  is the distance in the material (kg · m  − 3 ). 

 For a broad beam of photons, not all of the photons are completely removed. Some 
of the scattered photons may be scattered back to the target volume, resulting in a 
larger dose than that calculated for exponential attenuation. The factor for the scat-
tered photons is referred to as the buildup factor. Equations describing the passage of 



Irradiation Process Design 975

ionizing radiation through matter have been solved analytically to obtain buildup 
factors for simple geometries such as a point source in an infi nite medium. Although 
the data for these simple geometries are not exact for the complex source and product 
geometries of actual food irradiators, point kernel calculations using exponential 
attenuation and buildup factors are very useful for estimating the performance of an 
irradiator design. 

 To calculate the performance of a food irradiator, published values of buildup factors 
for water with standard geometries, such as those calculated by Chilton  et al .  (1980) , 
are often used. Approximate values for these buildup factors can be obtained using 
equations published by the American National Standards Institute and the American 
Nuclear Society (ANSI/ANS,  1991 ).  

  Electron Interactions 

 Electrons accelerated in an electron beam accelerator, and those released from atoms 
through Compton scattering, the photoelectric effect or pair production, interact with 
other electrons, resulting in a track of free electrons. As these energetic electrons pass 
through a material, their kinetic energy is transmitted to atomic electrons, mainly 
through Coulomb interactions with the fi elds of atoms in the material, resulting in 
excitation or ionization. Additional electrons are ejected from their orbits and travel 
at high speed, interacting with other electrons. 

 Because electrons have both mass and charge, the distance they travel is small and 
the energy loss from interactions is continuous. The average energy loss per unit path 
length is referred to as the linear stopping power or mass stopping power. Tables of 
mass stopping powers for water and materials of dosimetric interest can be found in 
ICRU Report 80 (ICRU,  2008 ). Accelerated electrons have a limited range, and meas-
urements of the range are used to determine the effective energy of electrons. For 
electrons having an energy of 10   MeV, the maximum distance traveled in water is 
approximately 3   cm. When electrons interact with the fi elds of high - atomic - number 
atoms, another interaction occurs that involves the production of electromagnetic 
radiation (bremsstrahlung, or X - rays). In X - ray irradiators, bremsstrahlung is deliber-
ately obtained by the use of a titanium or tungsten converter in an electron beam.   

  Design Considerations for Food Irradiators 

 All food irradiators must expose the product to the radiation source effectively; the 
radiation may be either from  60 Co or machine - generated. Many factors infl uence the 
design of a food irradiator and the choice of the radiation source. The major considera-
tions include the uniformity of the distribution of the absorbed dose in the given 
product, effi cient utilization of the radiation energy, and cost - effectiveness based on 
minimizing the combined capital and operating costs. 
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 The acceptable dose range for the product has a signifi cant effect on the design. For 
high - dose applications, the cost of the  60 Co or of the electricity for generation of elec-
trons or X - rays from the machine source may be a major portion of the total cost. If 
the product must be processed within a very narrow dose range, the width of the 
product may need to be kept to a minimum, and doses within the acceptable limits 
may not be achievable with electrons. If the irradiation of a wide variety of products 
having different dose requirements is anticipated, the design may require additional 
features. The design should allow easy changing from one product to another without 
any product receiving doses outside the allowable limits. Limitations on the maximum 
mechanical speed of the conveying system may require the use of only part of the 
radionuclide source for low - dose applications. 

 Whatever type of irradiator is used, its operation must be reliable and must consist-
ently provide a product that meets the design specifi cations. Controls and monitors 
must be provided that will stop the processing if the processing parameters are outside 
the design limits. Safety issues related to the product are a major concern when the 
process is designed to reduce the number of pathogenic organisms. All products must 
be processed within the required limits to ensure microbial safety. Safety systems to 
protect operating personnel from hazards caused by radiation must also be provided. 
These include appropriate shielding, radiation cell entry control and radiation -
 monitoring systems. The design of the irradiator should also minimize the risk from 
other industrial hazards. 

  Cobalt - 60 Irradiators 

 The gamma rays used in radiation processing are usually obtained from large  60 Co 
radionuclide sources. In the decay of  60 Co, each disintegration results in the emission 
of two photons, one with an energy of 1.17   MeV and the other with an energy of 
1.33   MeV. The SI unit of activity is the becquerel (Bq), which is one disintegration per 
second. However, because the becquerel is very small compared with the activities 
used for food irradiation, the activity of  60 Co is usually given in kilocuries (kCi) or 
megacuries (MCi). From the defi nition of the curie, a curie is the activity that yields 
3.7    ×    10 10  disintegrations per second, or 1   kCi    =    37 terabecquerels (TBq) and 1   MCi    =    37 
petabecquerels (PBq). 

 Cobalt - 60 is obtained by irradiating cobalt metal in a nuclear reactor, often a power 
reactor used for the production of electricity. The total amount of  60 Co being used for 
radiation processing is several hundred megacuries. The typical activity of  60 Co in a 
single facility ranges from several hundred kilocuries to several megacuries. 

 Cobalt - 60 decays by beta decay to stable  60 Ni. The emission of a beta particle is 
followed by the emission of two gamma rays, one at 1.17   MeV and one at 1.33   MeV. 
This energy is optimum for radiation - processing applications because it is suffi cient 
to provide good penetration but low enough to avoid the induction of radioactivity. 
The half - life for the decay of cobalt - 60 is approximately 5.27 years, resulting in a 
decrease in activity by about 1.1% per month. To compensate for this decrease in 
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activity, the irradiator timer controls can be adjusted monthly. The decay rate is suf-
fi ciently low to allow replenishment of the source to be performed annually or at 
longer increments. During source replenishment, additional activity may also be 
added to take increases in product throughput into account. 

 The  60 Co source elements are usually in the form of cylindrical pencils. A number 
of source pencils may be installed into individual modules to simplify the handl-
ing of the source. The modules are then distributed in a rack to form the desired 
source array. For panoramic irradiators with sources stored in a water - fi lled pool, 
the source handling is usually performed underwater. Figure  33.3  shows source ele-
ments, source modules and a typical rectangular source rack. The size of the source 
rack should be suffi cient to allow the addition of source pencils without requiring the 
return of source pencils until the end of their working life. Generally, a source rack 
is designed to allow the addition of new source pencils without removing sources for 
approximately 20 years.   

 Since the radiation from a  60 Co source is emitted isotropically, the product must 
surround the source for effi cient utilization of the radiation. In many  60 Co irradiator 
designs, the product is moved in parallel rows on both sides of a vertical rectangular 

Figure 33.3 Schematic illustration of a typical source rack composed of source modules, source 
pencils, inner capsules and cobalt slugs. (Courtesy of Nordion.) 
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source rack. The product may move at a controlled speed or may spend specifi ed time 
increments in different static locations (shuffl e dwell). The drive mechanism for 
moving the product may be pneumatic, hydraulic or electric. Any components such 
as wiring, switches and motors within the radiation room will receive a high radiation 
dose and must be made of radiation - resistant materials. 

 The product can be loaded into individual metal containers (totes) and transported 
on conveyors, or it can be loaded into hanging containers (carriers) for transport past 
the source. The product can be transported past the source rack at only one level (in 
an overlapping - source arrangement) or past the source at two or more levels, with the 
source effectively buried in the product (in an overlapping - product arrangement). For 
high - dose applications, the cost of the source is a major portion of the processing cost, 
so the design must utilize the radiation source effi ciently. For high radiation utiliza-
tion effi ciency, it may be necessary to have an overlapping product and have the 
product move in several passes (in a multipass arrangement) on each side of the source 
rack. 

 Generally, the narrower the dimensions of the product in the direction perpendicu-
lar to the source rack, the more uniform the dose is, and the more rows of product, 
the better the effi ciency. However, the distance from the source to the product and 
the amount and location of metal in the containers, conveyors and supporting struc-
ture also affect the throughput and the dose uniformity. For larger product volumes, 
such as entire pallet loads, it may be diffi cult to obtain the required dose uniformity, 
especially for higher - density products. A different source and product geometry may 
be used to allow the product to be irradiated from four sides to improve dose 
uniformity. 

 An example of a product geometry where the product is moved in parallel rows is 
shown in Figure  33.4 . In this product geometry, the product is moved in tall irradia-

Figure 33.4 A product irradiation geometry in a 60Co gamma irradiator. (Courtesy of Nordion.) 
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tion containers past a vertical rectangular source rack located near the center of the 
product volume. The product passes the source in four rows, two on each side of the 
source, and passes the source at two levels. The product extends past the ends of the 
source in both the vertical and the horizontal direction to minimize radiation loss and 
to obtain high radiation utilization.    

  Electron Beam Irradiators 

 Modern accelerators are available with power levels up to several hundred kilowatts. 
A beam power of 14.8   kW, equivalent to the power from a 1   MCi  60 Co source, is suf-
fi cient for many low -  and medium - dose applications. The actual beam power required 
to process the same throughput as with a  60 Co source with the same power output 
depends on the size, shape and density of the product. For low - density, uniform prod-
ucts, the throughput for an electron beam irradiator can be greater than that for a  
60 Co irradiator with the same power. However, for high - density, heterogeneous prod-
ucts, the penetration of the electrons may not be suffi cient to allow direct use of 
electrons. 

 Electron beams suitable for food irradiation can be obtained from several different 
types of accelerators. In direct - current accelerators, electrons are accelerated by a 
constant voltage to give a continuous beam of electrons with energies up to 5   MeV 
(Cleland  et al .,  1993 ; Salimov  et al .,  2000 ; Galloway  et al .,  2004b ). In linear accelera-
tors, a pulsed electron beam is obtained by acceleration of electrons using a high -
 frequency electromagnetic fi eld (Keraron and Santos,  1990 ; Kerluke and McKeown, 
 1993 ). In the Rhodotron ™  accelerator shown in Figure  33.5 , electrons are accelerated 
in a complex pattern, resulting in a compact unit with high power capability (Jongen 

Figure 33.5 Rhodotron accelerator. (Courtesy of IBA.) 
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 et al .,  1994 ; Defrise  et al .,  1995 ; Abs  et al .,  2004 ). The maximum energy of the elec-
trons from linear accelerators and Rhodotrons ™  is limited to 10 MeV to ensure that 
no signifi cant radioactivity is produced in the food.   

 For electron beam irradiators, the product is usually transported at a controlled 
speed past a scanned beam of electrons. Because the electrons are stopped by a short 
depth of product, the irradiation zone is usually small and the dose is delivered in a 
very short time. Measurements of the variation of absorbed dose with depth in a 
homogeneous material are used to estimate electron energies and to determine the 
thickness of product that can be irradiated. At 10   MeV, the range of electrons in water 
is approximately 3 cm, and irradiation from two sides is required for thicker products. 
For two - sided irradiation, the maximum thickness of water that can be irradiated is 
approximately 8   cm.  

   X  - ray Irradiators 

 The electron beam from an accelerator can be converted into X - rays (bremsstrahlung) 
by being made to strike a high - atomic - number absorber (Seltzer  et al .,  1983 ). The 
electrons are stopped in a converter, and the kinetic energy of the decelerated electrons 
emerges in the form of bremsstrahlung. In contrast to radionuclide sources, which 
emit nearly monoenergetic photons, bremsstrahlung sources emit a broadband spec-
trum consisting of photons of numerous energies. 

 The design of an X - ray irradiator is similar to that of a  60 Co irradiator. However, 
when electrons are directed onto a converter target to obtain bremsstrahlung, most of 
the photons travel in the forward direction from the target, and the product needs to 
be located on only one side of the target. In the case of a product that is moved past 
the beam, the product must be turned and moved past the beam a second time to 
receive a uniform dose. 

 High - power accelerators with power levels up to 700   kW are now available (Abs  et 
al .,  2004 ). If the conversion effi ciency from electron power to X - ray power is 10% and 
the radiation utilization effi ciency of an X - ray irradiator is approximately the same as 
that for a  60 Co irradiator, a 700   kW X - ray facility can provide a throughput equivalent 
to that of a gamma irradiator containing 4.7   MCi of  60 Co. Since most of the energy is 
deposited as heat in the converter target, care must be taken to ensure that suffi cient 
cooling is provided to adequately remove the heat generated in the target.   

  Rules of Thumb 

 If the product throughput is known, an initial estimate of the strength of the source 
required can be obtained by making an assumption about the effi ciency of the utiliza-
tion of radiation. For most commercial systems in use today, the aim is to obtain an 
effi ciency in the range of 20 – 50%. Higher - effi ciency irradiators require less source 
activity or less electrical power consumption, but the product movement may be more 
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complicated. The optimum design must take both capital costs and operating costs 
into consideration. 

 An initial estimate of the required source activity for a  60 Co gamma irradiator for a 
desired product throughput can be obtained by converting the source activity to the 
power emitted and assuming an approximate effi ciency for the irradiator. For a  60 Co 
source, each disintegration results in the emission of two photons, one with an energy 
of 1.17   MeV and the other with an energy of 1.33   MeV. For a  60 Co industrial irradiation 
facility with a source of strength 1   MCi (3.7    ×    10 16  Bq), the total power emitted in the 
form of gamma rays is given by the following:

    Energy emitted per second from MCi MeV s1 2 5 3 7 1016 1= × × ⋅ −. .  

    1 1 60206 10 13MeV J= × −.  

    Energy emitted per second from MCi J s1 14 8 103 1= × ⋅ −.  

    1 1 1W J s= ⋅ −   

 Therefore, the energy per second, or power, from 1   MCi of  60 Co is equal to 14.8   kW. 
 If all of this gamma power could be usefully absorbed in the product, the throughput 

would be given by the following relationship:

    Power from  MCi Co source J s J h1 1 48 10 5 328 1060 4 1 7 1= × ⋅ = × ⋅− −. .   

 For an absorbed dose of 1   kGy, the throughput per hour can be calculated as follows:

    Throughput from MCi  efficiency J h 10001 100 5 328 107 1% .( ) = × ⋅ ÷−   J kg⋅ −1  

    1 1000 1kGy J kg= ⋅ −  

    Throughput from MCi  efficiency kg h1 100 5 328 104 1% .( ) = × ⋅ −   

 For a fi rst approximation, assume an effi ciency of 30% based on the minimum dose. 
(Some parts of the product will receive higher doses, so the percentage of the emitted 
radiation absorbed will be greater than 30%. The percentage of the emitted radiation 
absorbed will depend on the dose uniformity achievable for the irradiation geometry 
used.)

    Throughput from MCi kg h  or  tonnes h
for a 

1 1 60 10 164 1 1= × ⋅ ⋅− −.
mminimum absorbed dose of kGy1

  

 In a  60 Co irradiator, the source emits radiation continuously, so the most economic 
method of operation is usually continuous operation 24 hours per day, 7 days per week. 
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If the product is provided at a uniform rate, the irradiator can be operated for approxi-
mately 8000 hours per year. The annual throughput for a 1   MCi  60 Co source is therefore 
approximately 1.28    ×    10 8    kg per year, or 128   000 tonnes per year. 

 For an electron beam irradiator with an effi ciency of 30%, the same throughput can 
be obtained from an accelerator having a beam power of 14.8   kW. 

 For an X - ray irradiator, the throughput will depend on the conversion effi ciency 
from electrons to X - rays. If the conversion effi ciency is 10% and the irradiator effi -
ciency is 30%, the electron accelerator providing the electrons to the target would 
need to have a power of about 148   kW to provide the same throughput as a 1   MCi  60 Co 
source. 

 Generally, when a food producer needs to determine the feasibility of irradiating a 
product, the product throughput and the dose requirements are known. Simple calcu-
lations similar to those shown above can then be performed to determine the feasibil-
ity of building an irradiator facility for processing the product. These calculations 
should only be used to obtain an initial estimate of the economics, as many other 
factors must be taken into account before a full economic picture can be obtained.  

  Simple Equations 

 For accurate calculations of the performance of a food irradiator, detailed modeling 
must be performed to determine the effects of all components affecting the perform-
ance. However, calculations using simple equations can provide useful information 
about the performance of an irradiator and the effect of variations of the size and 
density of the product. 

 Simple calculations of the dose rate in products located at different locations in a 
 60 Co irradiator can be performed by approximating the source by a number of point 
sources. The intensity of the radiation from each point source depends on the distance 
from the source, and varies inversely with the square of the distance. The dose rate 
 D  2  at a distance  d  2  is related to the dose rate  D  1  at a distance  d  1  by the equation

    D D d d2 1 1
2

2
2= × ( ) ( )   

 For a radioactive source, the output of the source is related to the activity by a value 
called the air kerma - rate constant, which gives the absorbed dose rate in air at one 
meter from an unattenuated point source. The air kerma - rate constant for  60 Co is 
approximately 1.1    ×    10 2    Gy · h  − 1  per curie. To calculate the performance of a food irra-
diator, we need to know the absorbed dose rate in water. To convert from absorbed 
dose rate in air to absorbed dose rate in water, a factor of approximately 1.1 must be 
applied. The dose rate in water at 1   m from a 1   Ci  60 Co source is approximately 
1.2    ×    10 2  Gy/h. 

 A fi rst approximation to the unattenuated dose rate at a location in a food irradiator 
can be obtained by summing the contributions from each point source, using the 
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absorbed dose rate at 1   m and applying an inverse square correction for distance. The 
reduction in the dose rate by attenuation in the product and other materials can then 
be calculated from the equation

    D D B x= −( ) ⋅[ ]0 exp μ ρ   

 where  D  is the dose rate in the material,  D  0  is the dose rate at the same location with 
no scattering or absorbing material,  B  is the buildup factor,   μ  /  ρ   is the mass attenua-
tion coeffi cient (m 2  · g  − 1  in SI units, but usually tabulated in units of cm 2 /g) and  x  is 
the distance in the material (kg · m  − 3  in SI units, but usually expressed in g/cm 2 ). 

 Values of the mass attenuation coeffi cient for water can be found in ICRU Report 
80 (ICRU,  2008 ). Published values for the buildup factor  B  for water can be found in 
the ANSI/ANS standard (ANSI/ANS,  1991 ). In calculations of the attenuation for a 
food product, the product can be assumed to have the same attenuation properties as 
water. For structural materials, a fi rst approximation may be made by assuming an 
equivalent thickness of water. 

 This simple calculation is based on the point kernel method, which is used exten-
sively by irradiator designers. More sophisticated methods for accounting for hetero-
geneous materials can be used for these calculations, but the results will still be only 
approximations. The published values for the buildup factor  B  that can be found in 
the literature are for ideal conditions, such as a point source in an infi nite medium. 
The reduction in the buildup factor near the edges of a product volume will result in 
some error. Detailed calculations for heterogeneous materials can only be performed 
using Monte Carlo methods. 

 Tables of throughput and uniformity as a function of density are often provided in 
brochures produced by commercial irradiator suppliers. These published values can 
often be used to obtain preliminary estimates to determine the feasibility of an irra-
diator design. A typical table showing the throughput and dose uniformity for a  60 Co 
irradiator in which products are loaded into aluminum totes for irradiation is shown 
in Table  33.2 .   

 Suppose that a mango producer desires to export mangoes to a country where the 
required minimum dose is 400   Gy and the maximum dose cannot exceed 1000   Gy. 

Table 33.2 Performance of a 60Co tote irradiator for fruits and vegetables. 

Product packing 
density (kg ·m−3)

Throughput per hour per 100 kCi 60Co,
1kGy minimum dose 

Dose uniformity ratio 

Totes m3 kg

200 28.1 6.33 1270 1.42
250 26.3 5.91 1480 1.46
300 24.4 5.49 1650 1.51
350 22.6 5.09 1780 1.57
400 20.9 4.70 1881 1.64
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The mangoes are packed into cases that are 50   cm long by 25   cm wide and 15   cm high. 
Each case weighs 6.5   kg. Based on the throughputs shown in Table  43.2  and an antici-
pated throughput of 10   000 tonnes in 3 months (approximately 110   000   kg · day  − 1  or 
4600   kg · h  − 1 ), the producer has estimated that it can achieve the desired throughput 
with a source of 110   kCi. To account for source decay and variations in daily through-
put, the source activity installed in the irradiator is 125   kCi. The operating parameters 
for this source activity are shown in Table  33.3 .   

 Food irradiation is a process that imparts little energy to the food being processed. 
Although the process occurs through the interaction of high - energy photons or elec-
trons, the total amount of energy imparted to the food is small. For a dose of 1   kGy, 
the energy imparted is 1000   J · kg  − 1 . Since the amount of heat needed to raise the tem-
perature of 1   kg of water by 1    ° C is 4184   J and most food products have a specifi c heat 
capacity similar to that of water, a dose of   1 kGy will raise the temperature of the food 
by about 0.24    ° C. 

 The power from a 1   kCi  60 Co source is approximately 15.4   W (0.3   W from the beta 
decay followed by 14.8   W from the gamma photons), so the total power from a source 
containing 125   kCi of  60 Co is approximately 2000   W. When the source is stored in a 
water - fi lled pool, all of this heat is absorbed in the water. When the source is in the 
irradiation position, some of the energy is absorbed by the product and the remaining 
energy is absorbed by the source pencils, the source rack, the irradiation containers, 
the support structures and the shield. Most of the heat is removed from the radiation 
room by the ventilation system used to reduce the amount of ozone in the room 
arising from the radiolysis of air. For large quantities of  60 Co, a heat exchanger may 
be installed in the pool to remove the heat absorbed in the water. 

 If an electron beam accelerator were used for the irradiation and the same radiation 
utilization effi ciency could be obtained, the same total amount of heat would be 
absorbed by the product and by materials in the area near the electron beam. However, 
the mains power required for the generation of the accelerated beam of electrons 
would be two to fi ve times the beam power, requiring an electrical power input of 
4 – 10   kW. If the irradiation were performed by an X - ray irradiator, since the conversion 
effi ciency from electrons to X - rays is on the order of 10%, the mains power required 

Table 33.3 Typical operating parameters for a 60Co tote irradiator processing mangoes for phyto-
sanitary treatment. 

Operating parameter Typical value 

Initial source activity 125kCi
Timer setting for 400 Gy 51s
Timer setting used 55s
Estimated minimum dose 430Gy (required minimum dose = 400 Gy)
Estimated maximum dose 680Gy (maximum allowable dose = 1000 Gy)
Hourly throughput 5200kg
Days required for 10 000 tonnes 80
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would be approximately 40 – 100 kW. In addition, a signifi cant amount of power would 
be required to cool the target. 

 The other power requirements for a food irradiator are small. The main require-
ments are for room ventilation and for the product transport mechanism.  

  Process Control 

 The control of a food irradiation process should ensure that processing is performed 
with full adherence to current quality requirements. The documentation should 
include evidence that all critical process parameters have been established and opera-
tional ranges defi ned. All critical steps of the irradiation process must be validated 
and the process must be reliably controlled. For  60 Co irradiators, the most critical 
processing parameter is the irradiation time. For machine sources, the irradiation time 
and the beam parameters must be controlled and monitored. Processing outside of the 
specifi ed ranges of parameters may result in doses outside the acceptable range and 
have a detrimental effect on the quality of the food. The relationship between dosim-
etry data and process monitoring, including a justifi cation of the acceptance criteria, 
must be documented. Clear, specifi ed procedures describing the reporting and the 
actions to be taken in the case of rejection must be provided. 

  Dosimetry 

 The control of a food irradiation process is based on control of the process parameters 
and measurement of the absorbed dose. Dosimetry is performed at all stages of the 
process, beginning with operational - qualifi cation measurements to confi rm that the 
performance of the irradiator is in accordance with the design specifi cations. Dosimetry 
is then used in performance qualifi cation measurements to determine the processing 
parameters for specifi c products. Dosimetry is also used for routine monitoring of the 
process. Dosimetry requirements for food irradiation facilities are given in ISO/ASTM 
Practices 51204 and 51431 (ISO/ASTM,  2004a ; ISO/ASTM,  2005a ). General dosimetry 
requirements for radiation - processing facilities are given in ISO/ASTM Practices 
51702, 51608 and 51649 (ISO/ASTM,  2004b ; ISO/ASTM,  2005b ; ISO/ASTM,  2005c ).  

  Calibration of Dosimetry System 

 The dosimetry systems used for the control of food irradiation are similar to those 
used in other applications, including external - beam radiation therapy. Many national 
standards laboratories maintain primary or secondary standards for the measurement 
of absorbed doses in the range required for radiation therapy. Some national standards 
laboratories also provide dosimetry standards for higher doses in the range required 
for use in food irradiation applications. 

 Dosimetry systems for measurement of absorbed doses in the range required for 
food irradiation are also used extensively in other radiation - processing applications, 
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particularly radiation sterilization of medical products. Food irradiation and radiation 
sterilization are controlled processes where traceability of absorbed - dose measure-
ments to national standards is required. Standards for the calibration and use of these 
dosimetry systems have been produced by ASTM International, and many of these 
standards are now published jointly by ISO and ASTM International as ISO/ASTM 
standards. ASTM E 2628 (ASTM,  2009a ) provides the basis for radiation - processing 
dosimetry and provides references to other radiation dosimetry standards. Guidance 
on the calibration of dosimetry systems is given in ISO/ASTM 51261 (ISO/ASTM, 
 2002 ).  

  Installation Qualifi cation Measurements 

 For electron beam and X - ray irradiators, measurements must be performed during the 
installation qualifi cation of the irradiator to determine the beam characteristics. 
These may include measurement of the beam energy, beam current, scan width and 
uniformity of scan width. For  60 Co gamma irradiators, no specifi c installation quali-
fi cation measurements need to be performed. The source activity and source geometry 
must be documented, taking into account the changes in the source activity due to 
source decay.  

  Operational - Qualifi cation Dosimetry 

 Dosimetry to determine the radiation characteristics of the irradiator is performed 
during the operational qualifi cation of the irradiator. Dose mapping is performed to 
determine the distribution of absorbed dose over the product volume in irradiation 
containers fi lled with a homogeneous product. For machine sources, operational -
 qualifi cation measurements are also performed to determine the relationship of the 
beam parameters and conveyor speed to the absorbed dose.  

  Performance Qualifi cation Dosimetry 

 Following operational - qualifi cation dosimetry, performance qualifi cation dosimetry is 
performed to determine the dose distribution in the actual products that will be proc-
essed. This dosimetry takes into account the heterogeneity introduced by the actual 
products and is used to determine the processing parameters to be used for the treat-
ment of each product. During the operational - qualifi cation and performance qualifi ca-
tion exercises, the doses at reference monitoring locations suitable for use during 
routine processing are also determined.  

  Routine - Monitoring Dosimetry 

 During routine processing, dosimeters are located at one or more routine - monitoring 
locations. Confi rmation that the measured doses are within the specifi ed values is 
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required before the product can be released. For food irradiation, it is important that 
the dosimetry systems are suitable for the conditions of use. Many of the dosimetry 
systems available for dose measurements in the range required for food irradiation 
may have responses that are affected by factors such as the temperature and dose rate 
(ASTM,  2009b ). The calibration of the dosimetry systems must ensure that the meas-
urements are valid for the conditions of use. For food that is processed under extreme 
conditions, for example processing while frozen, it may be diffi cult to fi nd suitable 
dosimetry systems that provide accurate measurements under the processing condi-
tions used. It may be necessary to perform dose mapping at room temperature and to 
isolate the dosimeter from the low temperature during the dosimetry performed for 
routine monitoring.  

  Operating Parameters 

 For  60 Co gamma irradiators, the operating parameters are determined during the 
operational - qualifi cation and performance qualifi cation measurements and adjusted 
for decay of the source. The operating parameters are determined for different products 
with different densities and different dose requirements. When the source is replen-
ished, some of the original dose - mapping measurements are repeated to confi rm the 
operation of the irradiator with the new source confi guration. 

 For machine sources, the dose - mapping measurements performed during opera-
tional qualifi cation and performance qualifi cation are used to determine the relation-
ship between the beam parameters (such as the beam current and the scan width), the 
conveyor speed and the absorbed dose. The beam and conveyor parameters can then 
be varied to obtain the desired dose. When critical components are replaced or when 
maintenance tasks are performed that may affect the output of the accelerator, the 
dose - mapping measurements may need to be repeated.   

  Software for Modeling Food Irradiators 

  Modeling 

 Simple calculations can be performed for gamma irradiators by approximating the 
source geometry by a number of point sources and following the gamma rays to a 
number of target points. The attenuation of the intervening material can be approxi-
mated using values of the mass attenuation coeffi cient and published buildup factors. 
However, for determining accurately the performance of a food irradiator design, the 
initial calculations done using simple equations and algorithms are usually not 
adequate. 

 Detailed modeling of both the source and the product geometries is required for 
accurate calculations. This can be performed using codes written by the irradiator 
designer or by using published software. ASTM Guide E 2232 (ASTM,  2010 ) describes 
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many of the software packages for modeling the transport of radiation through product 
materials. A users ’  group, the Radiation Process Simulation and Modeling User Group 
(RPSMUG) ( www.rpsmug.org ) has been formed to assist users and to provide bench-
mark calculations to test the validity of models. 

 Although the concepts behind the calculational methods are straightforward, the 
modeling of the irradiator geometry, including the product containers, conveying 
mechanisms and structural components, is diffi cult and time - consuming. The use of 
computer - aided design software that can provide the product geometry to the calcu-
lational software is a big help in the calculations. 

 Many software packages are now available for following the attenuation and scat-
tering of photons and electrons in products being transported through a radiation 
fi eld. These are often general - purpose software packages designed for the calculation 
of the transport of charged or neutral particles and photons from various sources of 
ionizing radiation. The software is generally capable of performing other calculations, 
such as the scattering of neutrons, that are not of interest for the design of food 
irradiators. 

 Many of these software packages are useful tools for the determination of spatial 
dose distributions of photons emitted following the decay of  60 Co, distributions of 
energetic electrons from particle accelerators or distributions of bremsstrahlung gener-
ated by electron accelerators. Most of the commercial codes have front ends that 
provide a means for inputting information about the irradiator geometry.  

  Point Kernel Calculations 

 For calculations using the point kernel method, a complex source array is broken down 
into a number of point sources, and the effects of intervening material between the 
source and the target are considered using transmission data and buildup data. For a 
narrow beam of photons, collisions will result in the loss of photons, and the reduc-
tion in the number of photons can be calculated from mass attenuation coeffi cients. 
For a broad beam of photons, the scattered photons may undergo additional scattering 
and contribute to the dose. This additional dose contribution has been calculated for 
simple geometries and published as buildup data. Using this buildup data, dose con-
tributions in the source geometries used in food irradiators can be estimated. 

 Point kernel calculations are limited in that the buildup factors are given for simple 
geometries, whereas information for complex geometries needs to be generated. A 
number of commercial point kernel codes are now available that simplify the input 
of data for complex geometries. However, there still remains the fundamental assump-
tion that the effects related to complex geometries are small. 

 The point kernel method follows the paths of photons, taking into account objects 
between the photon source and the target. Some codes, such as the point kernel code 
QAD - CGGP, are available free of charge. Commercial software for calculating the 
performance of gamma irradiators using the point kernel method is also available. A 
list of available codes and information on how they can be obtained are given in ASTM 
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Guide E 2232 (ASTM,  2010 ). The point kernel software codes developed by companies 
designing irradiators are often considered to be proprietary information.  

  Monte Carlo Calculations 

 The Monte Carlo method is a simulation method that can be used for calculating the 
absorbed dose in a volume of interest using a statistical summary of the interactions 
of the radiation. A Monte Carlo calculation consists of running a large number of 
particle histories until some acceptable statistical uncertainty in the desired calcu-
lated quantity is reached. It uses random numbers to follow photons or electrons 
passing through materials. This method allows computation of dose distributions in 
irradiated product samples, even for complex source and product geometries. The 
uncertainties in Monte Carlo calculations are based on counting statistics. 

 The increase in the speed of computers now allows many histories to be followed 
in a relatively short period of time, even on a desktop computer. However, it may still 
be necessary to use variance reduction techniques such as biasing to reduce the esti-
mated uncertainty or the computer run time. Simulations using the natural probabili-
ties of physical events may require unacceptably long run times to obtain adequate 
statistics for rare events. The number of particles tracked and the weights given to 
particles may be adjusted to ensure a statistically valid sample from the probability 
distribution. Appropriate biasing requires a detailed knowledge of the model. 

 Solving particle transport problems with the Monte Carlo method is theoretically 
a simple task. All that is necessary is to simulate the behavior of various particles. 
However, in practice the modeling is not so simple. The theory is quite straightfor-
ward and is based on transport simulation, random number generation, random sam-
pling, computational geometry, collision physics, tallies, statistics, eigenvalue 
calculations, variance reduction and parallel algorithms. These fundamental methods 
are used in all modern Monte Carlo particle transport codes, but some codes are more 
user - friendly than others for irradiator design applications. 

 A number of Monte Carlo codes, including ITS, MCNP, EGS and PENELOPE, are 
available from the Radiation Safety Information Computational Center (RSICC), Oak 
Ridge National Laboratory. Other codes are available from their developers. ASTM 
Guide E 2232 (ASTM,  2010 ) lists the available codes and provides information on how 
they can be obtained. Many codes are available free of charge, but it is recommended 
that users of the codes take courses from the code developers to determine their 
optimum use. The subjects covered in these courses include basic geometry and 
advanced geometry, source defi nitions, tallies, data, variance reduction, statistical 
analysis and plotting of geometry. 

 An example of a Monte Carlo code used in the design of food irradiators is the 
general - purpose  N  - particle code MCNP ( “ Monte Carlo  N  - Particle ” ) (Breismeister, 
 2000 ), which can be used for neutron, photon, electron or coupled neutron/photon/
electron transport. This code treats an arbitrary three - dimensional confi guration of 
materials in bounded geometric cells. MCNP is very versatile and can be used for 
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many purposes, including radiation protection and dosimetry, radiation shielding, 
radiography, medical physics, nuclear criticality safety, detector design and analysis, 
nuclear oil well logging, accelerator target design, fi ssion and fusion reactor design, 
decontamination, and decommissioning. For the design of food irradiators, only the 
transport of photons and electrons is of interest. 

 The important standard features that make MCNP very versatile and easy to use 
include a powerful general source code, a rich collection of variance reduction tech-
niques, a fl exible tally structure, an extensive collection of cross section data and a 
powerful visual editor. The MCNP Visual Editor is a graphical user interface with 
powerful display capabilities, including the ability to display multiple cross - sectional 
views of the geometry, with optional displays of the geometry in 3D. Additional capa-
bilities include plotting of the source and the display of particle tracks during random 
walks. The Visual Editor also includes geometry creation capabilities that allow the 
user to create MCNP geometries directly from the plot window using a mouse. These 
capabilities allow the MCNP programmer the tools to quickly create complex 
geometries and display important features of the transport process.   

  Cleaning and Sanitation Methods 

 There are no special requirements for cleaning and sanitation for food irradiation 
performed using an electron beam or X - ray irradiator. The normal cleaning procedures 
related to the handling of the specifi c foods being processed need to be followed. 

 For food irradiation performed using a  60 Co gamma irradiator, precautions must be 
taken to ensure that there is no spread of radioactive contamination in the event of 
an incident where capsules containing the source material may be damaged, resulting 
in the escape of radioactive material from the source. Procedures for monitoring for 
radioactive contamination are required as conditions for the licensing of a  60 Co 
gamma irradiator. These procedures may include continuous monitoring of the water 
in the source storage pool or routine wipe testing of the irradiation containers and 
areas near the source rack. Prior to cleaning of the irradiation containers or the fl oor 
of the irradiation room, there should be confi rmation that there is no radioactive 
contamination. All workers at the irradiation facility should receive training in radia-
tion safety and in the precautions to be taken to prevent the spread of radioactive 
contamination. 

 The cleaning and sanitation procedures for each food irradiation facility should be 
clearly stated in a Standard Operating Procedure (SOP). This SOP should include any 
special requirements related to the food irradiation process. For example, for the irra-
diation of meat, the cleaning procedure should ensure that bacteria from the nonir-
radiated product cannot be transferred to the processed product. The SOP should 
include the method and frequency of cleaning irradiation containers and the method 
of handling damaged packages. Each person working at the facility should be encour-
aged to maintain a high degree of personal cleanliness and should be given training in 
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personal hygiene and facility sanitation. This training should be repeated at regular 
intervals.  

  Capital and Operating Costs for Different Sizes of Equipment 

 Food irradiation is a capital -  and cost - intensive process. Not only do the costs include 
the initial cost of the source and the conveying mechanism, but the process must also 
take place within a shielded room with concrete walls approximately 1.5 – 2.0   m thick. 
Capital costs need to be balanced against operational costs. In some situations, it may 
be worthwhile to install a complex transport system with high source utilization 
effi ciency and a high degree of automation. In other situations, a simple transport 
system with reduced source utilization effi ciency may provide improved economics. 
The labor costs are highly dependent on the labor rates in the area. For products that 
are seasonal, there may be an advantage in designing the irradiator to allow the 
processing of other products during the off - season. 

 In estimating the cost of the irradiation of a food product, all components contribut-
ing to the cost must be considered. These include:

    •      estimated annual throughput  –  initial throughput and expected throughput at 
capacity;  

   •      seasonal variation in throughput;  
   •      dose requirements  –  the minimum dose required to achieve the specifi ed benefi t 

and the maximum acceptable dose;  
   •      the source activity or machine power required to process the initial throughput and 

throughput at capacity;  
   •      replenishment costs for  60 Co sources or maintenance and electricity costs for 

machine sources;  
   •      land and construction costs for the irradiation facility, including costs of the radia-

tion shield, offi ces, laboratories and warehouse;  
   •      labor rates and salaries;  
   •      the cost of the product transport system, including the load/unload system;  
   •      the control system, and safety interlocks and monitors;  
   •      auxiliary equipment, including ventilation systems and monitors;  
   •      utilities, taxes and insurance;  
   •      dosimetry and other quality assurance costs.    

 Treatment costs vary as a function of dose and facility usage. Many studies have been 
performed on the relative costs of  60 Co irradiators, electron beam irradiators and X - ray 
irradiators. These studies indicate general conditions where one particular type of 
source may provide lower processing costs. For example, electron beam irradiators 
have been found to have economic advantages over gamma irradiators when the 
product throughput is large, the thickness of the product being treated is small, and 
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continuous treatment is possible by integrating the irradiator into the production line. 
However, before one decides on the type of irradiator to be used, each situation should 
be assessed individually. 

 In a study performed in 1990, the average costs per kilogram of irradiating selected 
foods were found to be similar for the electron accelerator and  60 Co irradiators ana-
lyzed in the study (Morrison,  1990 ). The initial investment costs generally varied by 
US$1 million. The costs of irradiation treatment ranged from 1 to 15 US cents per 
kilogram for the foods and annual volumes examined, with larger volumes having 
lower treatment costs. Cobalt - 60 was less expensive than electrons when the annual 
volume was below 23 million kilograms. For radiation source requirements above the 
equivalent of about 1   MCi of  60 Co, electrons became more economical. The largest 
differences in costs occurred with papaya irradiators, where using X - rays to penetrate 
the fruit was more expensive than using  60 Co.  

  Summary and Future Needs 

 The irradiation of foods has the potential to be a major processing method to meet 
the various needs being faced by the food industry. However, the future demand for 
food irradiators will depend on what applications the food producers and consumers 
feel are needed. A sense of urgency caused by new concerns regarding pathogens in 
foods or new directives to replace chemical fumigants may result in an increased 
desire from the food industry and consumer groups for irradiated foods. 

 Safety of food supplies is a major concern, but consumers need to be confi dent that 
the elimination of one safety concern is not replaced by another. The safety of irradi-
ated foods continues to be an issue that is diffi cult to overcome. Many authorities 
have reviewed the experimental evidence obtained by researchers and have concluded 
that irradiated foods do not pose signifi cant health risks. However, there still remains 
some doubt regarding some of the products that are formed during irradiation, and 
continued research is required to address these concerns. 

 The optimum doses for different applications still need to be determined. When 
changes to the taste or smell limit the maximum dose that can be applied, the product 
must still be shown to meet sanitary and phytosanitary requirements. The dose 
required to meet the technical requirements may be close to the maximum acceptable 
dose, so that the product may need to receive doses within a very narrow range. This 
will affect the source type and the irradiator design that can be used. 

 With the large number of foods and different processing conditions required, it is 
diffi cult to obtain general data suitable for all foods. Clearances for each application 
are required from regulatory agencies, but regulatory agencies are reluctant to put a 
high priority on reviewing submitted data if there is no pressing need from the food 
processing industry. When there is no current market for an irradiated food, there is 
little incentive for food processors to spend money and effort on research. 
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 If there is a situation where an immediate need arises for the irradiation of a signifi -
cant amount of a product, the present irradiation facilities are limited in the amount 
of product that can be processed. The throughput of gamma facilities can be increased 
to the maximum capacity of the facility by the addition of  60 Co sources if adequate 
supplies are available. However, the producers of  60 Co are reluctant to produce more 
sources than the amount required from projected market demands. 

 Because of the requirements of regulatory authorities and local bodies regarding the 
licensing of new gamma irradiation facilities, the time from the planning to the com-
missioning of a new gamma facility is considerable. In the future, there must be good 
methods for projecting market demands to allow the timely production of adequate 
quantities of  60 Co and the planning of the construction of new facilities. For  60 Co 
sources, issues related to the transport and disposal of radioactive materials must also 
be addressed. 

 The construction of new electron beam irradiators has fewer barriers, but the pen-
etration of the electrons may limit their application. Electron beam accelerators can 
be equipped with a converter target to generate X - rays, but the low conversion ratio 
for the generation of X - rays results in increased costs.  

  Examples of Food Irradiators 

 To help readers understand the factors to be considered during the design of food 
irradiators, some examples of patented designs claimed to offer advantages over stand-
ard designs are given in this section. The following irradiators are not necessarily 
designed exclusively for food irradiation, and may instead have been designed for 
general radiation - processing applications. The designs were patented to protect the 
claims of improved performance. 

 The Palletron ™  Irradiator (Stichelbaut  et al .,  2004 ; Jongen  et al .,  2004 ) uses a com-
bination of rotation and the movement of shielding material to optimize the dose 
distribution for a product irradiated by a bremsstrahlung source. The dose uniformity 
ratio in a Palletron ™  is better than 1.5 in palletized products for a wide range of 
product densities. This uniform dose is obtained by the use of a turntable in front of 
the X - ray beam to allow irradiation of the product from all sides. A collimator is used 
to shape the beam and prevent overirradiation of portions of the product. 

 The Quadura ™  (Beers,  2006 ) is a  60 Co irradiator that also provides uniform doses to 
full pallets of products. Extensive experience in the development of irradiator designs 
for actual applications and the MCNP modeling software were used to address dose 
delivery issues. With this design, the delivery of tight dose uniformity to a full pallet 
of food product is possible. 

 A different concept is used in the Brevion ™  (Brinston and Levesque,  2004 ). In this 
design, the entire product - conveying system is attached to an end shielding wall. 
When the irradiation is complete, the shielding wall is moved away, exposing the 
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irradiated product for transfer to the unloading area. New unirradiated product is then 
introduced. 

 Other irradiators with unique features have been described in papers by Tomita and 
Sugimoto  (1977) , Beers  (1990) , Curzio and Croci  (1990) , Keraron and Santos  (1990) , 
McKinnon and Beers  (1993) , M ö hlmann  (1993) , Defrise  et al .  (1995) , and Galloway 
 et al .  (2004a) .  
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   Introduction 

 During the last decade, consumers have come to prefer minimally processed, additive -
 free foods with fresh - like characteristics. A number of novel processing technologies, 
including high - hydrostatic - pressure (HHP) processing, have been investigated as com-
plements or alternatives to conventional thermal technologies. HHP processing is a 
method of food processing where foods are subjected to elevated pressures, between 
100   MPa ( ∼ 990   atm) to 900   MPa ( ∼ 8900   atm), to achieve microbial inactivation or altera-
tions of food attributes such as shelf - life extension while retaining the desired qualities 
of fresh food. HHP technology is known for its potential to manufacture novel value -
 added foods with retained heat - labile nutrients, fl avors and aromas packed in indi-
vidual or institutional - size packages (e.g., 6   kg packages of sliced turkey breast), and 
as an alternative to traditional thermal pasteurization and sterilization. In addition to 
the added value of the product, however, when novel techniques are introduced to 
replace or enhance conventional processes, their economic effi ciency has to be proven 
in terms of production costs, sustainability, energy effi ciency, and new waste products 
or by - products. This chapter will review the potential of HHP processing as a unit 
operation in the food industry, and critical factors affecting the design and develop-
ment of high - pressure – low - temperature processing cycles and processing cycles using 
high pressure combined with high temperature, depending on the application.  
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  The Commercial Market for  HHP  - Processed Products 

 The use of high pressure as a method of food processing dates back to 1899, when 
Hite  (1899)  observed that milk, treated at a pressure of 600   MPa for 1   h, maintained 
its sweet taste and exhibited a longer shelf - life than that of its untreated counterpart. 
However, it was nearly a century later before a resurgence in using high pressure as 
an alternative method of food processing occurred (Patterson,  2005 ). In the early 1990s, 
the fi rst commercial application of high - pressure technology to food was observed, 
with the application of HHP treatment to a high - acid jam produced by the Japanese 
company Medi - Ya (Mertens, 1995 ). More recently, the use of high pressure on foods 
has extended to meat - based products (31% of all industrial applications), vegetable 
products (35%), juices and beverages (12%), seafood and fi sh (14%), and other products 
(8%). The fast development of HHP technology has demonstrated that HHP treatment 
can be used to process both liquid foods and high - moisture - content solid foods. 
Currently, the commercial applications are limited to pasteurized food products, 
including fruit juices, ready - to - eat meals, meat and salsas (San Martin  et al .,  2002 ). 
However, the use of high pressures combined with high temperatures to prolong the 
shelf - life of foods at room temperature to months or even years by inactivating spores 
is within reach, owing to ongoing research and development and recent regulatory 
approval of the pressure - assisted thermal sterilization (PATS) process by the US FDA 
(Matser  et al .,  2004 ).  

  The Potential of  HHP  Technology as a Unit Operation 

 As of today, there are only a few novel unit operations in the processing of meat, 
poultry, seafood, dairy, fruit and vegetables that are based on HHP technology. 
Microbial inactivation and preservation are, apparently, the HHP applications that 
have made the technology known and accepted in the food industry. However, HHP 
equipment has the potential for other unit operations such as modifi cation of the 
structure of protein - based products, meat separation, freezing and thawing. The 
reported examples of commercial applications that are currently available or under 
development are summarized in Table  34.1 .   

  Meat Processing 

 Microbial intervention, primarily against pathogens, is the application of HHP that 
has been studied, reported and commercialized the most intensively. The Spanish 
meat processor Espu ñ a is using HHP equipment for decontamination of cured, cooked 
ham with the aim of prolonging the shelf - life to 60 days in an undisturbed cooling 
chain. In the USA, Hormel Foods is using HHP processing mainly for the elimination 
of  Listeria monocytogenes , since the United States Department of Agriculture (USDA) 
regulatory authority maintains a policy of zero tolerance. HHP processing offers 
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Table 34.1 Unit operations based on application of HHP technology in the food industry. 

Industry Unit operation Product Company

Meat Raw-material preparation Ham products Nestlé

Curing Cured and cooked ham Fujichiku Company, Japan 

Drying and aging Uncooked ready -to-eat
meats

Espuña, Spain 

Decontamination and 
preservation

Ham Hormel Foods, USA 

Accelerated thawing Meat-containing
entrees

Maple Leaf Consumer 
Foods, Canada 

Tenderization Meat-containing salads Under development 

Marinating Frozen pork loins Meat Research Institute, 
Denmark

Avure, USA 
Dairy Pasteurization Milk Fonterra, New Zealand 

Sterilization Milk Under development 
Shelf-life extension Yoghurt Fonterra, New Zealand; 

Hyperbaric, Spain 
Rennet or acid coagulation Milk Danon, France 
Fruit preparation Yoghurt Under development 
Modifi cation of whey 

protein
Ice cream 

Ripening Cheddar, goat cheese 
Sea products Meat separation Oysters Motivatit Seafoods, LA, 

USA
Decontamination Raw and frozen 

lobsters
Joey Oysters, Amite, LA, 

USA
Nisbet Oyster Co., WA, 

USA
Maine Lobster, Richmond, 

ME
Clearwater Seafoods, 

Nova Scotia, Canada 
Fruit and 

vegetables
Shelf-life extension Guacamole, salsa Fresherized Foods, USA 
Pasteurization Fruit smoothies Syros NV, Belgium 
Sterilization Apple sauce/fruit 

blends
Leahy Orchard Inc.; 

Franklin Centre, QC, 
Canada

UltiFruit®; fresh orange 
juices

Pernod Ricard Company, 
France

Ready-to-eat meals US Army, Natick Soldier 
Center

(mashed potatoes) 
Poultry Shelf-life extension Poultry deli products Maple Lodge Farms; 

Pillars; Santa Marie 
Foods Ltd., Ontario, 
Canada

Oven-roasted whole 
bird turkey 

Perdue Farms; Foster 
Farms; Oscar Mayer; 
Hormel; Tyson, USA 
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additional nonmicrobiological advantages and opportunities for the development of 
unique processes and meat products because of features of the behavior of raw proteins 
and other food components under pressure. For example, HHP - accelerated freezing 
and thawing is one seldom - mentioned area of application. The basic concept in HHP -
 assisted thawing is that high pressure causes phase changes, lowering the melting 
point of ice. In other words, HHP can  “ convert ”  ice to water without one having to 
increase the temperature. Limited research has been carried out on HHP - assisted 
curing and aging. Nestl é  has patented a method of improving the water - holding capac-
ity of ham muscles, which are HHP - treated prior to multineedle injection. A raw ham 
product, which was matured considerably faster by using HHP than was traditionally 
possible, has been marketed by the Fujichiku Company, Japan. The DMRI has studied 
the acceleration of brine diffusion by HHP. Relatively low pressures can be used to 
tenderize and marinate meats.  

  Milk and Dairy Products 

 In the dairy industry, the potential for the use of HHP technology exists not only from 
the standpoint of microbial and enzyme inactivation in raw milk but also for the 
purpose of improving the quality and yield of dairy products such as yoghurt and 
exploring new functional properties of traditional dairy ingredients such as casein 
proteins. Trujillo  (2002)  reported that HHP processing improved the coagulation of 
milk by rennet or acid without detrimental effects on important quality characteris-
tics, such as taste, fl avor, vitamin content and nutrient content. An increase in the 
fl avor - binding affi nity of whey protein concentrate after it was treated with HHP was 
reported by researchers at Washington State University (WSU,  2008 ; Lim  et al .,  2008 ). 
The selective barosensibility of spoilage - causing and pathogenic microorganisms has 
been used in the postpackaging HHP processing of cultured foods, as was reported 
by Hyperbaric Company, Spain. Inactivation of yeasts and molds resulted in up to 3 
months ’  conservation of a reduction in the  Lactobacillus  count and retention of bioac-
tive components such as lactoferrin and inmunoglobulins, without alteration of their 
physiological properties. In addition, HHP processing is being used for the selective 
control of yoghurt starter cultures.  

  Fruit, Vegetables and Derived Products 

 HHP processing was introduced to consumers with the taste of all - natural refriger-
ated guacamole (Fresherized Foods, USA), soon followed by ripe avocado halves with 
a shelf - life of up to 30 days. Later, the use of HHP technology in fruit and vegetable 
processing expanded to salsa, prechopped onions, organic juices, fruit smoothies and 
apple sauce (Leahy Orchard Inc., Canada). HHP processing inactivates  Salmonella , 
 E. coli  and  Listeria monocytogenes  in fruit and vegetable products. The color of fruit 
and vegetable products such as jams, fruit juices and purees is generally preserved if 
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thresholds of temperature and/or pH are observed. Excellent retention of fresh - like 
fl avors for far greater time periods than those obtained with conventional thermal 
treatment has also been observed under optimal storage conditions (Ludikhuyze and 
Hendrickx,  2001 ). Processors use HHP in their HACCP program to achieve the US 
FDA requirement of a 5 - log reduction in pathogens in fresh juices. European com-
panies presently employing this technology include UltiFruit ®  (for orange juice), the 
Pernod Ricard Company, France, and Solofruita, Italy (for fruit jams) (Norton and 
Da - Wen Sun,  2008 ).  

  Seafood 

 Clean, virtually 100% separation of meat from lobsters, oysters, clams and other fresh 
products can be achieved by pressure - denaturing of the specifi c protein that holds the 
meat to the shell. HHP processing allows the maximum product yield without causing 
any mechanical damage to the product, regardless of size. By adjusting the processing 
conditions, benefi cial texture changes can also be created by improving the moisture 
retention ability of proteins, thus resulting in less water loss during storage or cooking. 
Additionally, HHP processing is being used as a means to accomplish nonthermal 
treatment for reducing the bacterial load of raw or fresh seafood products.  

  Poultry 

 Purdue Farms, Oscar Mayer, Tyson Foods and Hormel are big - name companies who 
are utilizing high pressure to add value to poultry offerings. Maple Lodge Farms 
(Ontario, Canada) was the fi rst poultry processor in Canada to incorporate HHP tech-
nology into its operations. Maple Lodge has implemented a new method of ensuring 
that precooked sliced luncheon meat that has already been packaged is safer for con-
sumers. In addition to the added safety benefi ts, the process also reduces the need for 
the company to add preservatives and other chemicals to its products, making it pos-
sible to make healthier and more natural food.   

  The  HHP  Processing Cycle 

 In the high - pressure vessel used for HHP processing, food items can be subjected to 
pressures between 100 and 900   MPa. Pressure reduces the volume of water by 10% at 
300   MPa and by 15% at 600   MPa. Pressurization of compressible substances such as 
food products results in a temperature increase due to the work of compression related 
to the pressure increase. This is known as adiabatic heating and should be given 
consideration in the case of preservation processes. The extent of the temperature 
rise depends on the pressure  P , the rate of pressurization, the initial temperature  T  0 , 
and the thermal and physical properties of the food sample and the packaging. The 
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pressure, the temperature  T  and the time  t  are critical process parameters for estab-
lishing process specifi cations. The process temperature range can be specifi ed from 
0    ° C to temperatures higher than 100    ° C. In food sterilization, adiabatic heating can 
be used advantageously to provide heating without the presence of large thermal 
gradients. 

 Commercial processing times can range from a pulse of few seconds to over 20   min. 
The come - up time (CUT) to the process pressure ranges from 1 to 5   min and depends 
on the design of the vessel and the power of the intensifi er pump used. Immediately 
after release of the pressure, the temperature of the product returns to its initial value. 
The come - down time (CDT) to atmospheric pressure is almost instantaneous. The 
fast cooling capacity of HHP processing is of most interest in the production of high -
 quality foods. Obviously, long CUTs will add appreciably to the total process time 
and affect the process throughput, but these periods will also affect the inactivation 
kinetics of microorganisms. Therefore, consistency and control of these times are 
important in the development of HHP techniques. 

 Preheating or precooling of products and temperature equilibration are important 
steps in HHP processing to achieve the required process temperature. For example, in 
order to achieve a fi nal process temperature of 121    ° C in a high - pressure sterilization 
process, a preheating step up to a temperature of 90    ° C is necessary and can take up 
to 20   min, depending on the size and physical properties of the product, packaging and 
heating medium and the design of the preheating tank. A uniform initial target tem-
perature  T  i  of the food sample is desirable in order to achieve a uniform temperature 
increase in a homogeneous food system during compression. If cold spots are present 
within the food or the food system is not homogeneous, parts of the product will not 
achieve the target process temperature  T  f  during pressurization. Still - water baths (at 
 T  i  or greater), steam, steam injection in water and dielectric heating have been sug-
gested as alternative methods of preheating (Juliano  et al .,  2008a ). Faster preheating 
methods provide less uniformity, and thus require a longer time for equilibration to 
achieve temperature homogeneity. In practice, the sample may undergo either equi-
libration in a thermostat or water bath or equilibration inside the chamber after the 
product has been inserted and the chamber has been closed. 

 In some cases, keeping the initial temperature low ( ∼ 4    ° C) can assist in avoiding a 
temperature increase during pressurization, and a precooling step may be required. 
Figure  34.1  shows schematically the temperature and pressure cycles during high -
 pressure – low - temperature (HP - LT) and high - pressure – high - temperature (HP - HT) 
processing utilized for pasteurization and sterilization, respectively. The CUT, the 
CDT and the duration of the processing cycle shown in the fi gure are specifi c to the 
design of HHP vessel used. Typically, commercial HHP vessels are equipped with 
pressure control by means of pressure transducers with measurements that differ by 
not more than 1%. The temperature control includes control of the temperature of 
the pressurization water from 5 to 30    ° C. However, there is no control of the water 
temperature inside the vessel. The high - pressure vessel does not have any temperature 
control, and it is at the temperature of the room where it is located.    
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   HHP  Pasteurization 

 Commercial HP - LT pasteurization processes achieve inactivation of vegetative micro-
organisms at hydrostatic pressures of 600   MPa (or less) and process temperatures lower 
than 45    ° C for 1 to 15   min, depending upon the safety requirements of the product and 
process (Juliano,  2006 ). The use of lower temperatures has allowed better retention of 
the sensory attributes characteristic of  “ fresh ”  or  “ just prepared ”  foods, as well as 
nutritional components (Cano and de Ancos,  2005 ). As a result, HP - LT processing has 
become a postpackaging technology that is convenient for foods whose quality would 
otherwise be altered by heat pasteurization. 

 The ability of HHP processing to eliminate microorganisms has been demon-
strated in many studies describing the response of important pathogens ( E. coli , 

Figure 34.1 Temperature and pressure histories during high -pressure sterilization (HP -HT, solid 
line) and pasteurization (HP -LT, dotted line) processes. The symbols represent the product tem-
perature at the start of the process ( T0), after preheating ( Ti), during the application of high pressure 
(Tf), after decompression ( Tdc), and after cooling ( Tc). CUT, come -up time; CDT, come -down time. 
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 L. monocytogenes ,  Salmonella  spp., etc.) to high pressure (Patterson and Kilpatrick, 
 1998 ). For vegetative cells, microbial inactivation via HHP processing is variable and 
is infl uenced by many factors. In general terms, Gram - positive bacteria tend to be 
more pressure - resistant than Gram - negative bacteria. It is hypothesized that this is 
due to the complexity of the envelope of Gram - negative cells, making the bacteria 
more susceptible to changes caused by pressure (Shigehisa  et al .,  1991 ). Exceptions 
exist, however, as certain strains of  Escherichia coli  O157:H7 can be very pressure -
 resistant (Benito  et al .,  1999 ). While generally not associated with food - borne disease, 
yeasts and molds often play an important role in the spoilage of food. These multicel-
lular microorganisms are relatively sensitive to pressure, presenting a useful applica-
tion of HHP in the treatment of fruit products to extend the shelf - life of these foods.  

   HHP  Sterilization 

 As defi ned by the US Food and Drugs Administration (FDA), sterilization is a process 
to remove or destroy all viable forms of microbial life, including bacterial spores. 
HP - HT processing is an emerging preservation technique for the development of shelf -
 stable low - acid food (LAF) products, as a promising alternative to the conventional 
thermal sterilization method (Barbosa - C á novas and Juliano,  2008 ). This technique 
provides relatively fast heating and fast cooling due to hydrostatic compression and 
decompression, respectively, of a preheated food package. In HP - HT sterilization, a 
temperature increase to above 100    ° C throughout the volume when a pressure above 
600   MPa is used for a holding times of 3 – 5   min, compared with the 20 – 40   min used in 
retort processing, has been shown to achieve inactivation of microbial spores 
(Koutchma  et al .,  2005 ). Therefore, the reduced exposure of the product to high tem-
perature can produce shelf - stable products with sensory characteristics not achievable 
by conventional retort processing (Juliano  et al .,  2007 ; Leadley  et al .,  2008 ; Matser 
 et al .,  2004 ). For instance, pressurization temperatures of 90 – 116    ° C combined with 
pressures of 500 – 700   MPa for 3 – 5   min have been used to inactivate a number of strains 
of  C. botulinum  spores (Farkas and Hoover,  2000 ; Margosch  et al .,  2004 ). The critical 
parameters to establish the requirements for a pasteurization or sterilization process 
are summarized in Table  34.2 , where the product and HHP process parameters, target 
microorganisms, packaging, and conditions of storage required in each case are 
compared.    

  Mode of Operation 

 High pressures are generated either by direct compression, indirect compression or 
thermal expansion. With direct compression, the volume of the vessel is reduced by 
the action of a hydraulic pressure applied to a piston. In indirect compression systems, 
an intensifi er, or high - pressure pump, is used to pump a pressure - transmission fl uid 
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directly into the vessel to achieve a given pressure. Schematic diagrams of these two 
pressure generation systems are shown in Figure  34.2 . The indirect method of pres-
surization is currently used for the application of HHP in food processes. The third 
pressurization method involves the heating of the pressure - transmission fl uid inside 
the vessel to cause expansion by the increase in temperature (San Martin  et al .,  2002 ). 
A typical HHP process uses food products packaged in high - barrier, fl exible pouches 
or in plastic containers. The packages are loaded into the high - pressure chamber. The 

Table 34.2 Critical product and process conditions for establishment of requirements for HHP
preservation.

HP-LT HP-HT

Product parameters 
pH, aw 3.5 < pH < 4.6; pH < 3.5 pH > 4.6; aw > 0.86

Process parameters 
Temperature, °C ≤45 >100
Pressure, MPa ≤600 >700

Target microorganisms 
Pathogenic Escherichia coli; Listeria; Salmonella Clostridium botulinum spores 
Spoilage Lactic bacteria Geobacillus spp. 

Yeasts Bacillus cereus
Molds

Storage Refrigerated conditions Ambient temperature 
Packaging Hermetically sealed fl exible containers Hermetically sealed fl exible containers 

Figure 34.2 Schematic diagrams of direct (right) and indirect (left) pressurization systems. 

Decompression valve

Water

release

Pressure chamber

Product

Pressure

intensifier

Low pressure pump
Water

intake



Design for High-Pressure Processing 1007

vessel is sealed and then fi lled with a pressure - transmitting fl uid (normally water) and 
pressurized by the use of a high - pressure pump (an intensifi er), which injects addi-
tional quantities of fl uid. The packages of food, surrounded by the pressure - transmitting 
fl uid, are subjected to the same pressure as exists in the vessel itself. After the product 
has been held for the desired time at the target pressure, the vessel is decompressed 
by releasing the pressure - transmitting fl uid. For most applications, products are held 
for 3 – 5   min at 600   MPa. Approximately 5 – 6 cycles per hour are possible, allowing time 
for compression, holding, decompression, loading and unloading. Slightly higher cycle 
rates may be possible using fully automated loading and unloading systems. After 
pressure treatment, the processed product is removed from the vessel and stored or 
distributed in the conventional manner.   

  Mode of Operation of the  HP  -  HT  Process 

 The HP - HT process (Figure  34.3 ) consists of (i) preheating food packages in a 
carrier outside the vessel, (ii) transferring the preheated carrier into the vessel and 

Figure 34.3 Flow diagram of HP process. 
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equilibrating up to the initial temperature, (iii) pressurizing and holding the carrier at 
the target pressure, (iv) releasing the pressure, (v) removing the carrier from the vessel, 
and (vi) cooling down the products in the carrier and removing the products. Therefore, 
the temperature history inside an HP - HT - processed food is determined by six main 
time intervals in the process (Juliano,  2006 ; Barbosa - C á novas and Juliano,  2008 ) (Figure 
 34.1 ): (i) preheating of the product to the target temperature  T  i , (ii) equilibration of the 
product to an initial temperature equal to  T  i , (iii) an increase in the temperature of 
the product to  T  f  due to compression heating, (iv) cooling down of the product to  T  f2  
due to heat removal in the chamber, (v) a decrease in the temperature of the product 
to  T  dc  during decompression, and (vi) cooling of the product to  T  c .   

 The commercial Quintus 35 - L Food Press manufactured by Avure Technologies 
(Kent, WA) operates at pressures up to 700   MPa; the process temperature can vary 
between 4 and 40    ° C and the processing cycle time from 3 to 15   min, excluding the 
loading and unloading times. The typical high - pressure processing cycle shown in 
Figure  34.4  includes the following steps: (1) the packaged food items are placed in the 
pressure vessel; (2) the vessel is sealed and fi lled with water; (3) a pump forces more 
water into the vessel to create a hydrostatic pressure; the pressure is isostatically 
transmitted by the fl uid medium; (4) the pressure in the vessel is maintained for a 
predetermined holding time; (5) when the cycle is completed, the vessel is quickly 
depressurized, and the temperature returns to the starting temperature; and (6) the 
high - pressure vessel is opened and the product is removed.     

  The Design of High - Pressure Vessels 

 The typical HHP system consists of a high - pressure vessel, a means to close the 
vessel off, a system for pressure generation, a system for temperature and pressure 
control, and a material - handling system. The primary components of an HHP system 

Figure 34.4 Examples of processing steps in the Quintus 35 -L high -pressure unit. 
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include a pressure vessel, a closure or closures for sealing the vessel, a device for 
holding the closure(s) in place while the vessel is under pressure (e.g., a yoke), low -
 pressure fi ll systems to fi ll the pressure chamber with a temperature - regulated pres-
sure medium (water) and remove air when the system is closed, a high - pressure 
intensifi er pump or pumps to build up the pressure using a food - grade hydraulic oil, 
a system for controlling and monitoring the pressure and (optionally) temperature, 
and a product - handling system for transferring product to and from the pressure 
vessel. The machinery required is complex, and requires extremely high precision in 
its construction, use and maintenance. For HP - HT treatment at pressures over 
400   MPa, pressure vessels can be built from two or more concentric cylinders made 
of high - tensile - strength steel. An outer cylinder confi nes the inner cylinders such 
that the wall of the pressure chamber is always under some residual compression at 
the design operating pressure. In some cases, the cylinders and the vessel frame are 
prestressed by winding wire under tension layer upon layer. The tension of the wire 
compresses the cylinders, reducing the diameter of the cylinders (Hjelmqwist,  2005 ). 
This special arrangement allows an equipment lifetime of over 100   000 cycles at 
pressures of 680   MPa or higher. 

 HP - HT sterilization systems are equipped with a temperature - controlled preheating 
tank to achieve the minimum initial temperature of the product. For example, in the 
Quintus Press QFP 35L S unit designed for operation to 690   MPa and temperatures of 
up to 130    ° C from Avure, the preheating tank utilizes immersion in circulating water 
to maintain temperature uniformity prior to processing. As the containers of product 
are fi lled, they are immediately placed in the carrier and semicontinuously lowered 
into the heating bath. Since the temperature of the tank is above the minimum process 
temperature, heat loss is prevented and the product is always in excess of the measured 
minimum initial temperature. The set - point for the preheating tank is at a minimum 
of 3    ° C above the target minimum initial product temperature. This ensures that the 
coldest container never loses heat and that each and every package going into the 
carrier is above the minimum initial temperature. The cooling tank has a refrigeration 
system for cooling the water to the desired temperature. Rapid cooling maintains 
product quality and minimizes detrimental chemical reactions. 

 Over the past few years, manufacturers have made signifi cant progress in simplify-
ing the installation and maintenance of HHP equipment. Normally, perforated baskets 
are used to insert and remove prepackaged food products from the pressure vessel. 
The systems also have provisions for fi ltering and reusing the compression fl uid 
(usually water or a food - grade solution). Stainless steel construction is used in key 
areas of the vessel for reliability and easy washing down in the most demanding 
environments. The corrosion protection meets regulatory requirements for food 
processing plants. As pressure vessels of all types utilize potentially hazardous energy, 
the relevant regulations seek to identify good design, good manufacturing practices 
and detailed safety assessments for the safe operation and maintenance of the vessels 
and auxiliary parts.  
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  Commercial  HHP  Vessels and Process Economics 

 Batch and semicontinuous systems are currently commercially available as options 
for HHP processing equipment. Semicontinuous HHP systems are used in only a few 
cases, to directly process pumpable products that then need to be aseptically packaged. 
Batch processing that requires in - container prepackaged products is the most conven-
tional of the two options and was relatively easy to implement in the food industry. 
In batch HHP systems, the product is generally treated in its fi nal primary package; 
commonly, the food and its package are treated together, and so the entire pack 
remains a  “ secure unit ”  until the consumer opens it. In - container processing requires 
packages in the form of pouches, large bulk bags or container – lid combinations. 
According to Lambert  et al .  (2000) , 90% of HHP - processed foods are expected to be 
processed in fl exible or partially rigid packages. 

 Commercial batch vessels have internal volumes ranging from 30 to more than 
600   L. Avure Technologies (USA), NC Hyperbaric (Spain) and Uhde (Germany) are 
major suppliers of commercial - scale pressure equipment. Both horizontal and vertical 
pressure - vessel confi gurations are available. The horizontal - cylinder design is intended 
to serve in installations where vertical space is limited and minimal plant alteration 
is desired. The horizontal orientation allows single - direction in - line product fl ow. In 
addition, there are differences in capacities, cycle times, achievable pressures, capital 
costs, etc. 

 The Wave 6000/300 Tandem system (maximum working pressure of 600   MPa) from 
NC Hyperbaric is the biggest HHP system for industrial production. In this system, 
two vessels and their peripherals work together, sharing the same intensifi er pumping 
group. The operation is dephased: when one vessel is in the phase of increasing pres-
sure, the other one is in the holding - time phase. Owing to its volume and vessel 
diameter (two vessels, each vessel of capacity 300   L and 300   mm in diameter), it is the 
most productive machine in the range. 

 The 687L system from Avure, with a horizontal design, was built to serve the 
seafood industry, where continuous fl ow is of the essence. With its large 687   L capac-
ity and 310   MPa pressure capability, this system can reliably process up to 5000   kg of 
raw product per hour. 

 Commercial - scale high - pressure processing systems cost approximately $300   000 to 
$2.5 million, depending on the equipment capacity and the extent of automation. 
Currently, HHP treatment costs are quoted as ranging from 4 to 10 cents/lb. The 
critical factors that impact process cost and throughput are the vessel size, the pumping 
power, application and processing conditions such as the cycle time, process pressure 
and packaging, and the level of automation. Calculations of processing costs have been 
done taking account of amortization of the equipment cost over fi ve years, assuming 
3000 working days per year and 16 hours per day; operating costs; wear and tear of 
parts; and utilities. Amortization of equipment is responsible for about 60% of the 
processing cost, wear and tear of parts represents 36%, energy represents less than 4% 
and the cost of water consumption is negligible. These processing costs should be 
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increased by 10 – 40% to include labor costs, depending on the level of automation; 
this includes loading products into baskets and drying after processing. An economic 
model of the 215 L Avure machine with various product loads is given in Table  34.3 .   

 As the demand for HHP equipment grows, innovation is expected to reduce capital 
and operating costs further. In general, during the last few years the cost of treatment 
per kilogram of HHP - processed products has improved. Capacities have increased 
owing to design improvements and optimized loading and unloading systems. The 
production cost of a process must be lower than the value added to the product. The 
value added by HHP processing can be measured in terms of higher product quality, 
increased product safety and a longer product shelf - life. These issues can translate 
further into reduced transportation, storage, insurance and labor costs, and into con-
sumer convenience and enhanced safety. Food companies must be able to make a 
realistic cost – benefi t analysis of the potential rewards of investment in HHP process-
ing. The value of HHP processing in terms of increasing food safety assurance may 
alone be suffi cient to justify an investment in some cases.  

  The Regulatory Status of  HHP  Processing 

 The FDA and USDA have approved HHP processing as a postpackage pasteurization 
technology for the manufacture of shelf - stable high - acid foods and pasteurized 

Table 34.3 Economic model for the Avure 215 L HHP machine. 

250 per cycle 300 per cycle 

Vessel price (each) $1450000 $1450000
Employees per shift 2 2
Labor cost per hour ($13.00/h burdened) $26.00 $26.00
Energy cost/hour ($0.045/kWh × % pressure -up time) $7.83 $7.83
Pounds per cycle 250 300
Cycles per hour 8 8
Percentage operating time 94% 94%
Average spare parts per cycle $3.50 $3.50
Annual cost for HHP equipment $150000 $150000
Annual depreciation cost for conveyors and automation $35000 $35000
Annual depreciation cost for building $4000 $4000
Annual spare parts cost $157920 $157920
Annual labor cost $156000 $156000
Annual electricity cost $46953 $46953
Total annual cost $549873 $549873
Cost per pound – HHP equipment, conveyors and automation $0.0164 $0.0137
Depreciation cost per pound – building $0.0004 $0.0003
Spare parts cost per pound $0.0140 $0.0117
Labor cost per pound $0.0138 $0.0115
Electricity cost per pound $0.0042 $0.0035
Total cost per pound $0.0487 $0.0406
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low - acid food products, and developed guidelines and regulations for those products 
(21CFR  § 114 and 21CFR  § 113). In 2009, the FDA approved a petition for the com-
mercial use of a pressure - assisted thermal sterilization process (PATS) in the produc-
tion of low - acid foods, which was fi led initially for processing in a 35   L high - pressure 
sterilization vessel. Earlier, the European Commission adapted existing legislation 
(EC258/97) on novel foods to products processed by HHP (European Commission, 
 2002 ). Later, Health Canada ( Novel Food Decisions , available on Health Canada ’ s 
website at  http://www.novelfoods.gc.ca ) issued no - objection decisions about ready - to -
 eat meats and poultry that have been treated by HHP for the control of  Listeria mono-
cytogenes  in 2006; about meat - containing entrees, meat - containing salads and meat 
products in 2006; and about apple sauce and apple sauce/fruit blends in 2004.  

  Basic Theoretical Principles 

 The governing principles of HHP processing are based on the assumption that foods 
under high pressure in a vessel follow the isostatic rule regardless of their size or 
shape. The isostatic rule states that pressure is instantaneously and uniformly trans-
mitted throughout a sample, whether the sample is in direct contact with the pressure 
medium or hermetically sealed in a fl exible package. Therefore, in contrast to thermal 
processing, the time necessary for HHP processing should be independent of the 
sample size. The effect of HHP processing on food chemistry and microbiology is 
governed by Le Chatelier ’ s principle. This principle states that when a system in 
equilibrium is disturbed, the system responds in a way that tends to minimize the 
disturbance (Pauling,  1964 ). In other words, high pressure stimulates some phenomena 
(e.g., phase transitions, chemical reactions and changes in molecular confi guration) 
that are accompanied by a decrease in volume, but opposes reactions that involve an 
increase in volume. The effects of pressure on protein stabilization are also governed 
by this principle, i.e., the negative changes in volume that occur with an increase in 
pressure cause an equilibrium shift towards bond formation. Alongside this, the break-
ing of ionic bonds is also enhanced by HHP, as this leads to a volume decrease due to 
the electrostriction of water. Moreover, hydrogen bonds are stabilized by high pres-
sure, as their formation involves a volume decrease. Pressure does not generally affect 
covalent bonds. Consequently, HHP can disrupt large molecules and microbial cell 
structures, such as enzymes, proteins, lipids and cell membranes, and leave small 
molecules such as vitamins and fl avor components unaffected (Linton and Patterson, 
 2000 ). 

  Adiabatic - Compression Heating 

 During pressurization, the packaged product undergoes isostatic compression by the 
pressure - transmitting fl uid, causing a reduction in the package volume (compressibil-
ity) of up to 19%, depending on the fi nal pressure and temperature reached (Caner 
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 et al .,  2004 ; Mertens,  1995 ). Fluids such as air, water and food materials undergo adi-
abatic heating during compression, and cooling during decompression. The following 
equation expresses this adiabatic heating and has been utilized by several authors 
(Juliano  et al .,  2008b ):

    
dT
dP

T
C

p

p

=
α

ρ
    (34.1)   

 As indicated by Equation 34.1, the temperature increase  dT  depends on the volumetric 
expansion coeffi cient   α  p   (measured in units of K  − 1 ), the density   ρ   (kg · m  − 3 ) and the 
isobaric heat capacity  C p   (J · kg  − 1  · K  − 1 ) of the material, as well as on its initial temperature 
 T  (K). In general, the temperature of both the product and the compression fl uid may 
rise by 20 – 40    ° C during HHP treatment. Solid metallic materials do not experience 
signifi cant compression heating. Therefore, the temperature increase may vary in 
foods with relatively complex compositions (Patazca  et al .,  2007 ). The quasi - adiabatic 
temperature increase   δ  S   upon compression of food samples can be evaluated as the 
ratio of the temperature increase to the pressure increase using the following 
equation:

    δS   
T
P

  
T T
P P

  
T T

P
 = × = × −

−
≅ × − °⎡

⎣⎢
⎤
⎦

100 100 100
100

Δ
Δ

f i

atm

f i C
MPa ⎥⎥     (34.2)   

 where  T  f  is the temperature of the sample at the applied pressure,  T  i  is the initial 
temperature and  P  is the applied pressure. Water, carbohydrates, fats and proteins are 
the main components of the complex food matrix that respond uniquely under com-
pression. It has been reported that water has the lowest rate of temperature increase 
under compression, about 3    ° C per 100   MPa at 25    ° C, whereas fats have the highest 
value, up to 6.7 – 8    ° C per 100   MPa (Barbosa - C á novas and Juliano,  2008 ; Rasanayagam 
 et al .,  2003 ; Ting  et al .,  2002 ). Nevertheless, only limited information is available on 
the temperature rise with compression of real foods with complex fat compositions. 
Patazca  et al .  (2007)  studied the temperature increase   δ  S   under adiabatic compression 
heating of selected food substances. Signifi cant differences in the compression heating 
behavior were observed in foods with a high oil/fat content such as vegetable oil, 
cheese and mayonnaise and foods with a high water content such as milk. Foods with 
a high water content such as milk experienced a temperature increase with pressure 
change similar to that of water (the polar component), in the range of 3    ° C per 100   MPa 
(Figure  34.5 ). Another pattern of behavior under HHP was found for the group of foods 
with signifi cant proportions of nonpolar components such as cheese, mayonnaise and 
vegetable oil. The magnitude of the temperature increase decreased with increasing 
pressure for oil and mayonnaise and did not change signifi cantly for cheese. Similarly, 
the temperature increase for foods with a high content of proteins such as meat (beef 
and chicken breast) did not deviate signifi cantly from that of water - like products. 
Patazca  et al .  (2007)  calculated   δ  S   values for food samples assuming that the   δ  S   values 
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for protein, carbohydrate and ash in solution in water were similar to that of water. 
Experimental   δ  S   values for oil/fat and water obtained in this study were used as refer-
ence values. The calculated   δ  S   values (Table  34.4 ) showed a correlation with the 
experimentally measured data for all products tested except for mayonnaise dressing. 
The   δ  S   values appear to be primarily proportional to the water and fat/oil contents of 
the foods. The homogeneous - mixture equation proposed by Rasanayagam  et al .  (2003)  
can be used to estimate   δ  S   values for foods based on their composition.     

Figure 34.5 Adiabatic heats of compression of selected foods. 
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 The adiabatic temperature change of an isotropically compressed or decompressed 
material follows the differential equation given in Equation 34.1, which can be rear-
ranged into the following equation as described by Knoerzer  et al .  (2010) :

    dT
dP C

T k TP

P

=
⋅

⋅ = ⋅α
ρ C     (34.3)   

 where  k  C     =      α  P  /  ρ C P   is the compression heating coeffi cient (Pa  − 1 ). As shown in Equation 
34.3, the temperature change depends on a complex interaction of the thermal expan-
sion coeffi cient, the density and the specifi c heat capacity of the material. It is chal-
lenging to determine these properties separately under high - pressure conditions. 
Therefore, to predict the extent of compression heating during a high - pressure process, 
the pressure - and - temperature - dependent properties can be combined into one pressure -
 and - temperature - dependent parameter referred to as the compression heating coeffi -
cient,  k  C.  For modeling HHP processes, a knowledge of these properties is imperative 
for all materials involved in the modeled scenario. The variation of the compression 
heating of water based on thermophysical properties taken from the NIST database 
for water and steam (Harvey  et al .,  1996 ) has been summarized in the literature. 
Limited information is available on the compression heating of food materials. The 
compression - heating coeffi cients of food materials can be derived from temperature –
 pressure profi les obtained using an adiabatic high - pressure system. There are certain 
types of thermocouples (the K and T types) that can reliably measure temperature 
under high - pressure conditions. A detailed description of this method can be found 
elsewhere (Knoerzer  et al .,  2010 ). 

Table 34.4 Experimental and calculated δS values [100 ΔT/ΔP ( °C/100MPa)] obtained for an initial 
temperature of 25 °C and pressures from 150 to 600 MPa. The calculated values were evaluated 
using ΔT/(100ΔP) ratios for vegetable oil and water at different pressures as reference values and 
assuming that fat and water are the main components of the food (adapted from Patazca et al.,
2007).

Food Composition (%) ΔT/100MPa

Fat Water Protein Carbohydrate Ash Calculated Experimental

Mayonnaise dressing 33.40 39.90 0.90 23.90 1.90 4.8–4.2 7.2–5.3
Cream cheese 28.60 58.50 7.10 3.50 2.30 4.5–4.0 4.9–4.7
Egg yolk 26.54 52.31 15.86 3.58 1.71 4.3–3.9 4.5–4.3
Hass avocado 15.41 72.33 1.96 8.64 1.66 3.6–3.5 4.1–3.7
Beef, ground 10.70 68.50 19.80 0.00 1.00 3.3 3.2
Egg, whole 9.94 75.84 12.58 0.77 0.87 3.3 3.3
Whole milk 3.25 88.32 3.22 4.52 0.69 3.0 3.2
Gravy, beef 2.36 87.48 3.75 4.81 1.60 2.9 3.0
Egg white 0.17 87.57 10.90 0.73 0.63 2.8 2.8
Skim milk 0.08 90.84 3.37 4.96 0.75 2.8 3.0
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 Packaging materials also undergo compression heating. Knoerzer  et al .  (2010)  have 
shown that polypropylene (PP) and polyethylene (PE) undergo compression heating 
greater than that of water under both HP - LT (10    ° C and 50    ° C) and HP - HT (90    ° C) 
conditions up to 750   MPa. In particular, the temperature increase with pressure was 
not linear and, therefore, the relative increase with respect to water depended on the 
pressure range selected as well as on the initial temperature. For instance, PE showed 
higher temperatures than water under both HP - LT and HP - HT conditions throughout 
the whole pressure range. In contrast, although the temperature of PP remained higher 
than that of water throughout the pressure range under HP - LT conditions, the 
compression - heating curve intersected with that of water at 500   MPa under HP - HT 
conditions. Other authors have observed a temperature increase with compression of 
4.5    ° C per 100   MPa in PP (Schauwecker  et al .,  2002 ).  

  Energy Balance 

 Barbosa - C á novas and Rodr í guez  (2005)  applied a typical energy balance to a pressure 
system, obtaining the following equation:

    E E E Est in out g= − +     (34.4)   

 where  E  in  is the energy entering the system, or the work of compression;  E  out  is the 
energy leaving the system (i.e., the heat loss through the vessel walls during compres-
sion, the holding time and decompression);  E  g  is the energy of compression inside the 
system; and  E  st  is the energy accumulated or stored inside the system. It can be 
assumed that no energy is produced from any chemical reaction (i.e.,  E  g     =    0). If the 
system is adiabatic (i.e.,  E  out     =    0), then Equation 34.3 can be reduced to a single - term 
equation,

    E Ein st=     (34.5)   

 In this case, energy is generated owing to compression heating during the come - up 
time. Assuming the HHP system is adiabatic, Equation 34.1 can be rearranged into 
Equation 34.5 and differentiated as a function of time to express the conversion of 
mechanical energy into thermal (internal) energy due to compression during a revers-
ible adiabatic change:

    ρ αC
T
t

T
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t

p p
∂
∂

= ∂
∂

    (34.6)   

 Equation 34.6 indicates that the rate of energy accumulation due to the temperature 
increase is equivalent to the heat produced due to compression during pressurization 
at a given temperature in an adiabatic (isolated) system. When the system is adiabatic, 
Equation 34.5 is valid for the holding (i.e.,  ∂  P / ∂  t     =    0) and decompression steps. 
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 By comparing specifi c energy inputs of a thermal and a combined thermal and HHP 
sterilization process, Toepfl   et al .  (2006)  estimated that the specifi c energy input 
required for the sterilization of cans can be reduced from 300 to 270   kJ · kg  − 1  when a 
high pressure is applied. In the case of high - pressure processing, a compression energy 
recovery rate of 50% can be estimated when a two - vessel system or a pressure storage 
system is used. Making use of energy recovery, a specifi c energy input of 242   kJ · kg  − 1  
will be required for sterilization, corresponding to a reduction of 20%.   

  Design and Calculations for  HHP  Preservation Processes 

 In the design of a  “ preservation specifi cation ”  for a thermal pasteurization or steriliza-
tion process, the processing time  F  p  is traditionally defi ned by the initial load of resist-
ant organisms  N  0 , the endpoint of the process  N  F , the specifi c logarithmic reduction 
 SLR  and the logarithmic resistance  D  of the target bacteria under defi ned conditions, 
and it is calculated using the following equation:

    F D Log N Log N SLR Dp = × −( ) = ×0 F     (34.7)   

 The establishment of process criteria for HHP pasteurization and sterilization proc-
esses requires optimization of the process temperature and pressure to inactivate the 
target pathogenic and spoilage - causing bacteria, based on knowledge of the behavior 
of the food under pressure and of the rate constants for microbial inactivation. 

  Microbial - Destruction Kinetics 

 A kinetic analysis of microbial destruction can be carried out under isobaric and iso-
thermal conditions after the come - up time portion of the pressure cycle has been 
completed and the maximum process pressure attained. As has been extensively 
reported, various modeling approaches have been used to describe microbial inactiva-
tion during HHP processing, and these provide a basis for predicting reduction levels 
in HHP - treated foods. 

  Linear Models 

 Patazca  et al .  (2006)  used fi rst - order kinetics (as expressed in the following equation) 
to analyze the effect of temperature and pressure on inactivation during the hold time:

    
dN
dt

kN= −     (34.8)   

 where  N  is the spore count after exposure to a lethal treatment for a specifi c time  t . 
In calculations for thermal processes, the fi rst - order kinetics is often described by a 



1018 Handbook of Food Process Design: Volume II

decimal reduction time, or thermal D - value. This D - value can be obtained as the 
negative reciprocal slope of log ( N / N  0 ) vs. time and is reciprocally related to  k , where 
 N  0  is the initial spore count measured immediately after the come - up time of the 
process (thermal or pressure). 

 The thermal D - value at constant pressure,  D T   ,   P  , can be calculated from survival 
curves plotted at constant pressure, as expressed by the following equation:

    
D

t
N
N

T P,

log
=

⎛
⎝⎜

⎞
⎠⎟0

    (34.9)   

 The D - value at constant temperature,  D P   ,   T  , can be calculated from survival curves 
plotted at constant temperature:
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 The thermal resistance  z T   (the temperature required to reduce the value of  D T   ,   P   by 
90% at constant pressure) and the pressure resistance  z P   (the pressure required to 
reduce the value of  D P   ,   T   by 90% at constant temperature) are determined from the 
following equations:
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 Biphasic kinetics for the destruction of vegetative cells has been applied to evaluate 
HHP inactivation (Ramaswamy and Marcotte,  2006 ). The fi rst phase is a kill due to 
the pressure pulse, and a fi rst - order kinetic model is applied to the microbial kill 
during the holding time. However, a phenomenon that is common to HHP process-
ing is the persistence of pressure - resistant microorganisms during treatment. When 
microorganisms are subjected to high pressure, initially there is a linear decrease in 
the microbial load; however, as time progresses, the rate of microbial inactivation 
decreases, ultimately resulting in a survival curve with a  “ pressure - resistant tail. ”  
The existence of this subpopulation of pressure - resistant microorganisms is poorly 
understood. The  “ tailing effect ”  may be due to inherent phenotype variation in pres-
sure resistance amongst the target microorganisms; however, the substrate and 
growth conditions may also have an infl uence. The logarithmic pattern of microbial 
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destruction is not exclusive to HHP processing, but is common to many lethal treat-
ments (Cerf,  1977 ).  

  Nonlinear models 

 During HHP processing, the resistance of the microbial population to high pressure 
may not be the same for all of the population, and this may result in survival curves 
showing shoulders or tailing, and which deviate from a linear curve. This type of 
distribution is described by a power - law or Weibull distribution model (Peleg and Cole, 
 1998 ), given by the following equation:

    Log t

0

N
N

btn= −     (34.13)   

 where  b  is a scale factor and  n  is a shape parameter:  n     <    1 for curves that are concave 
upwards,  n     >    1 for curves that are concave downwards and  n     =    1 for linear curves. The 
scale factor is considered to be a nonlinear rate parameter, which primarily refl ects 
the overall steepness of the survival curves when the power  n  is fi xed. 

 Feeherry  et al .  (2005)  used a quasi - chemical differential equation model to evaluate 
the linear and nonlinear ( “ shoulders ”  and  “ tailing ” ) inactivation kinetics of  Escherichia 
coli  and  Listeria monocytogenes . The log - logistic equation was used by Chen and 
Hoover  (2003)  to describe the nonlinear thermal inactivation of microorganisms. Chen 
 (2007)  tested linear, Weibull and log - logistic functions to model the pressure inactiva-
tion of seven food - borne pathogens in milk and concluded that the Weibull distribu-
tion model fi tted better than the linear model for all seven pathogens.  

  Critical Factors for Microbial Inactivation 

 Inactivation of vegetative pathogenic microorganisms of primary public health signifi -
cance and inactivation of spoilage microorganisms in high - acid (pH    <    3.7) and medium -
 acid (3.7    <    pH    <    4.6) foods is a requirement for HHP pasteurization that is conducted 
at pressures above 200   MPa and at chilled or process temperatures less than 45    ° C. 
Pasteurization demands a logarithmic reduction of 5 or 6 in pathogens.  Listeria mono-
cytogenes  is considered as a target microorganism of public health concern in dairy 
and meat products,  Salmonella  is a target microorganism in eggs, and  Escherichia coli  
is a target microorganism in fruit and vegetable juices and other fruit - based products. 
The rate of inactivation is strongly infl uenced by the peak pressure (Patterson,  2005 ; 
Lau and Turek,  2007 ). Commercially, higher pressures are preferred as a means of 
accelerating the inactivation process, and current practice is to operate at 600   MPa, 
except for those products where protein denaturation needs to be avoided. The pres-
sure resistance of vegetative microorganisms often reaches a maximum at ambient 
temperatures, so the initial temperature of the food prior to HHP processing can be 
reduced or elevated to improve inactivation at the processing temperature (i.e., the 



1020 Handbook of Food Process Design: Volume II

Figure 34.6 D-values for L. innocua 227 at  aw values of 0.95 and 0.99 in sorbitol, glycerol, NaCl 
and fructose solute models. 
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temperature at pressure). The extent of inactivation also depends on the type of micro-
organism and on the composition, pH and water activity of the food. Gram - positive 
bacteria are more resistant than Gram - negative. Most yeasts are inactivated by expo-
sure to 300 – 400   MPa at 25    ° C within a few minutes. However, yeast ascospores may 
require treatment at higher pressures. The pressure inactivation of molds appears to 
be similar to yeast inactivation. However, additional studies on molds of interest in 
food preservation are needed. 

 Reduced pH is generally synergistic with pressure in eliminating microorganisms. 
Reduced water activity, however, tends to inhibit pressure inactivation, with notice-
able retardation as the water activity falls below  ∼ 0.95. Studying the effect of water 
activity on the HHP inactivation of  L. innocua , Mariappagoudar  (2007)  found that 
reducing the water activity reduces the inactivation rate and results in an increase in 
D - values. These results appear to be consistent with previous research done by Palou 
 et al .  (1997)  and Setikaite  et al .  (2009) , who studied the combined effect of the water 
activity  a  w  and HHP processing on the inactivation of  Zygosaccharomyces bailli  and 
 Escherichia coli . Comparison of D - values for  L. innocua  at  a  w     =    0.95 showed that the 
values for various model solutes decreased in the order sorbitol    >    fructose    >    NaCl    >    
glycerol. However, at  a  w     =    0.99, NaCl had the most baroprotective effect and the 
D - values at  a  w     =    0.99 decreased in the order NaCl    >    glycerol    >    sorbitol    >    fructose. The 
inactivation curves of  L. innocua  were nonlinear, with shoulders and tailing. As a 
result, both a linear and a nonlinear (Weibull) model were used for evaluation of the 
inactivation kinetics. The scale factor  b  of the Weibull model was found to be pro-
portional to the rate of inactivation  k . The differences in the D - values for  L. innocua  
at 350   MPa and 23    ° C in solutions of all four solutes at  a  w     =    0.99 and 0.95 are shown 
in Figure  34.6 . The D - value for sorbitol at  a  w     =    0.95 was 46.3   min, whereas the D - value 
for glycerol was 9.35   min, which is nearly equal to the D - value for salt, 8.66   min. The 
D - value decreased from 46.3   min to 2.9   min when the  a  w  value of the sorbitol - based 
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model was increased from 0.95 to 0.99. It can be concluded that reducing  a  w  makes  L 
innocua  227 more resistant to HHP processing. In contrast, salt, which has the least 
protective effect against inactivation of  L. innocua  227 at  a  w     =    0.95, has more protec-
tive effect at  a  w     =    0.99, with a D - value of 6.5   min. The model fructose solution at 
 a  w     =    0.99 resulted in the least resistance of  L. innocua  227 to HHP processing, with 
a D - value of 1.3   min. Since the effect of processing temperature on HHP inactivation 
of  L. innocua  in the range of 15    ° C to 34    ° C was found not to be statistically signifi cant, 
a comparison of the effects of solute type and  a  w  on the D - values and the para-
meters  b  and  n  in the Weibull model in the range of 350 to 450   MPa at 23    ° C is given 
in Table  34.5 .       

Table 34.5 Effect of water activity and type of solute on D-values for L. innocua under  HHP inac-
tivation in the range of 350 to 450 MPa at 23 °C.

Water
activity

Pressure
(MPa)

k
(min−1)

D-value
(min)

B n

Glycerol
0.9 0.035 28.99 0.03 1.03
0.95 350 0.107 9.35 0.05 1.25
0.99 0.354 2.82 0.09 1.65
0.9 0.118 8.50 0.03 1.46
0.95 400 0.172 5.83 0.29 1.07
0.99 0.577 1.73 0.45 1.09
0.9 0.270 3.71 0.14 1.34
0.95 450 0.437 2.29 0.39 1.06
0.99 1.347 0.74 1.68 0.83

orbitol
0.95 350 0.022 46.30 0.07 0.61
0.99 0.337 2.97 0.29 1.06
0.95 400 0.023 43.67 0.10 0.46
0.99 0.718 1.39 0.48 1.23
0.95 450 0.083 12.12 0.18 0.66
0.99 1.096 0.91 0.93 1.12

NaCl
0.95 350 0.116 8.66 0.21 0.78
0.99 0.154 6.51 0.39 0.65
0.95 400 0.215 4.65 0.18 1.10
0.99 0.413 2.42 0.43 0.98
0.95 450 0.290 3.45 0.44 0.78
0.99 0.617 1.62 0.78 0.83

Fructose
0.95 350 0.072 13.83 0.07 1.01
0.99 0.771 1.30 2.23 0.61
0.95 400 0.166 6.02 0.09 1.21
0.99 2.210 0.45 2.40 0.82
0.95 450 0.232 4.31 0.21 1.04
0.99 4.734 0.21 4.70 0.97
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  The F 0  - value for  HP  -  HT  Sterilization 

 The establishment of process criteria for HP - HT sterilization processes requires opti-
mization of the process temperature and pressure to inactivate the target pathogenic 
and spoilage - causing spore - forming bacteria. Nonpathogenic  Clostridium sporogenes  
spores, which have a heat resistance similar to  Clostridium botulinum  spores, are 
often used for this purpose (Koutchma  et al .,  2005 ).  C. sporogenes  PA 3679 has been 
the primary choice of researchers in most studies of thermal processing of inoculated 
packages. The classical heat - resistant, nonpathogenic, thermophilic spores of 
 Geobacillus stearothermophilus  have been suffi ciently characterized to design and 
validate thermal sterilization processes. However, it was reported that the pressure 
resistance of bacterial spores did not correlate with their heat resistance. Thus, the 
species and strains whose spores are used as resistant targets in the case of thermal 
processing need to be reidentifi ed in the case of pressure processing. 

 Two paths towards addressing the issues of spoilage and pathogens of public health 
signifi cance, as relating to commercial sterility, are used. First, the establishment of 
the process temperature, pressure and time for HP - HT sterilization processes requires 
a knowledge of the inactivation kinetic parameters of the target pathogenic and 
spoilage - causing spore - forming bacteria. Secondly, the outcome of the process, or a 
performance criterion, must be defi ned as a prerequisite to further validation of an 
established sterilization process. Historically, the endpoint of sterilization processes 
has not been clearly defi ned. The 12D concept established by Stumbo  (1973)  does not 
establish an endpoint, but merely defi nes that the process should accomplish a 12 -
 decade reduction of  C. botulinum . The concept of defi ning the specifi cation of a 
thermal process by describing the outcome or  “ end point of a preservation process ”  
as the probability of a nonsterile unit (PNSU) was fi rst introduced by Pfl ug and 
Zeghman  (1985)  and can be adapted to determine an  F  0  - value for the HP - HT steriliza-
tion of foods. A spoilage failure rate of 10  − 6  was selected for mesophilic spores, repre-
sented by  C. sporogenes  PA 3679, and 10  − 3  for the thermophilic spores of  G. 
stearothermophilus . 

 Patazca  et al .  (2006)  and Koutchma  et al .  (2005)  demonstrated that log – linear 
models are suitable for predicting the inactivation of both of these classical surrogates 
used in the case of thermal processing. The  F  0  - values were calculated for a 7 - log 
reduction for PA 3679 spores and a 5 - log reduction for  G. stearothermophilus  spores 
based on the assumptions of Pfl ug and Zeghman  (1985) . The calculations showed 
that an HP - HT process that delivers 3.2   min at 121    ° C and a pressure of 600 or 
700   MPa, or 1.5   min at 800   MPa and 121    ° C will be adequate to prevent spoilage by 
mesophilic and thermophilic spore - forming organisms. When the HP - HT sterilization 
process is compared with the 27   min of heat sterilization that would be required in 
order to achieve commercial sterility in terms of spoilage spore formers, it is appar-
ent that the length of the HP - HT process is drastically shorter. According to the 
differences in D - values between HP - HT and classic thermal sterilization, combining 
temperature with pressure reduces the process time. Nevertheless, the design of 
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HP - HT processes to make foods safe from a public health point of view requires a 
knowledge of the D - values for  C. botulinum  spores under similar high - pressure 
conditions.  

  Computer - Aided Design of  HHP  Processes 

 Juliano  et al .  (2008a)  have summarized the extensive research that has been done to 
develop modeling approaches that can be utilized to predict temperatures in a high -
 pressure system. The modeling approaches tested include analytical, numerical, mac-
roscopic and artifi cial - neural - network (ANN) models to predict transient temperature 
distributions, uniformity, and the loss of compression heating through the walls of 
the high - pressure vessel during all steps of high - pressure processing. The analytical 
modeling of high - pressure processing involves the fi tting of experimental temperature 
data from a heating and cooling curve obtained during pressurization and 
depressurization. 

 Discrete numerical modeling and computational fl uid dynamics (CFD) have been 
used to predict the distribution of the temperature and fl ow inside the high - pressure 
vessel (Denys  et al .,  2000 ; Hartmann and Delgado,  2002 ; Hartmann and Delgado,  2003 ; 
Hartmann and Delgado,  2004 ). Some recently reported models have included solid 
materials (Knoerzer  et al .,  2007 ; Otero  et al .,  2007a,b ; Juliano  et al .,  2008b ; Juliano 
 et al .,  2009 ), whereas other models were used to predict temperature distributions in 
three dimensions (Ghani and Farid,  2006 ) and under high - pressure sterilization condi-
tions. CFD software packages can not only assist in calculating the temperature evolu-
tion, but also allow coupling the governing equations of fl uid dynamics with kinetic 
equations for inactivation to predict the distribution of enzyme and microbial inacti-
vation from the temperature and fl ow distribution. Special attention has been given 
to the distribution of enzyme and microbial inactivation throughout the chamber and 
the packages, particularly for  Clostridium botulinum  in the case of HPHT steriliza-
tion. Juliano  et al .  (2008a)  described how CFD models were developed and applied to 
evaluate the effects of varying inlet velocity, the size of the vessel, the viscosity of 
the fl uid, the presence of packages, the presence of solid foods, and the sample carriers 
on the distribution of the temperature, fl ow and/or inactivation. 

 CFD modeling can also assist in studies of scaling - up, as shown by Hartmann and 
Delgado  (2002)  and Hartmann and Delgado  (2003) , some of which have shown there 
is higher heat retention in machines of industrial size. Commercial - size vessels require 
short come - up times and therefore high infl ow velocities, which provide turbulent 
fl ow conditions in the inlet area. Macroscopic models have been developed to integrate 
the effects of different portions of the high - pressure system that contribute to heat 
transfer or heat retention to predict the fi nal temperature inside the vessel (Otero 
 et al .,  2007a ). 

 Furthermore, a few publications have described the application of ANNs to predict 
temperatures in a high - pressure vessel (Torrecilla  et al .,  2004 ; Torrecilla  et al .,  2005 ). 
As indicated by Juliano  et al .  (2008a) , the use of ANNs is the most limited method, 
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since it is restricted to providing a single value (e.g., temperature or time). Numerical 
models have shown excellent adaptability to system modifi cations, and allow the 
optimization of processing conditions and system structure. The development of 
3D models will be of further aid in modeling horizontal high - pressure vessels and 
the effect of packages inside them on the distribution of temperature, fl ow and 
inactivation.   

  Summary and Future Needs 

 HHP - processed products such as deli meats, shellfi sh, fruits, salsa and guacamole are 
commercially available in the US, Canada, Europe, Australia and Japan. For most 
commercial products, HHP processing has been applied as a fi nal preservation step 
after packaging, to extend the shelf - life of the product. HHP processing is applied to 
packaged meats for additional microbial safety assurance owing to the risk of post-
processing contamination from pathogens such as  L. monocytogenes . However, prod-
ucts must still be stored at refrigeration temperatures. Pressure treatment of vegetable 
products is currently limited, owing to their relatively high pH and the possible sur-
vival of pathogenic spore - forming microorganisms. In addition to its use as a preserva-
tion step, HHP technology is being applied for raw - meat separation in seafood products, 
pressure - assisted freezing and thawing, and texture modifi cation. HHP thermally 
assisted sterilization processes for prepacked low - acid foods are not available com-
mercially, although they have been approved by the US FDA. The HHP vessels com-
mercially available, both vertical and horizontal, have internal volumes ranging from 
30 to more than 600   L. The biggest obstacle for HHP systems is the initial capital 
investment required, which currently limits their application to high - value products. 
The actual cost of operating an HHP plant depends on many factors, ranging from the 
operating pressure, cycle time and product geometry to the labor skills available and 
energy costs. 

 The phenomenon of a temperature increase in foods plays a critical role in the 
establishment of the conditions for an HHP process. The magnitude of the tempera-
ture increase due to compression per 100   MPa pressure increase needs to be taken into 
account, and is dependent on the product composition and the initial temperature. 
The establishment of process criteria for HHP pasteurization and sterilization proc-
esses requires optimization of the process pressure, temperature and time to inactivate 
target pathogenic and spoilage - causing bacteria based on knowledge of the behavior 
of the food under pressure. Even though a fi rst - order destruction model can be applied 
to microorganisms subjected to HHP, it is observed that as the HHP process time 
progresses, the rate of microbial inactivation decreases and results in a survival curve 
with a  “ pressure - resistant tail. ”  Owing to the complicated intrinsic and extrinsic 
factors, the HHP conditions need to be verifi ed case by case to ensure the required 
microbial reduction. CFD software packages can assist in modeling the HHP process, 
in optimization of the processing conditions and system structure, and in performance 
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validation. However, a knowledge of the physical properties of all materials involved 
in the modeled scenario is imperative. 

   Problems 

    1.     What will be the fi nal temperature of a water sample at a pressure of 600   MPa if 
the initial temperature of the water is 2    ° C or 50    ° C? What will be the fi nal tem-
perature of oil processed under the same conditions? Explain the difference.  

  2.     The actuating cylinder shown in Figure  34.7  is supplied with hydraulic fl uid at 
a pressure of  p  1     =    1000   psi, and this pressure acts on a piston of surface area 
 A  1     =    3   sq.   in. Calculate the pressure developed on the outlet side of the smaller 
cylinder if  A  2     =    0.5   sq.   in.    

  3.     The spoilage failure rates for mesophilic spores of  C. sporogenes  PA 3679 and ther-
mophilic spores of  G. stearothermophilus  are 10  − 6  and 10  − 3 , respectively. Assuming 
that the initial population of mesophilic spores is equal to 1000   CFU · ml  − 1  and 
that of thermophilic spores is 10   000   CFU · ml  − 1 , calculate  F  0  for a high - pressure 
sterilization process using pressures of 600   MPa and 700   MPa at 121    ° C, and com-
pare the HHP process with thermal sterilization at atmospheric pressure. The 
decimal reduction times are as follows. For  C. sporogenes  PA 3679,  D  600, 121     =    21   s, 
 D  700, 121     =    19   s and  D  0, 121     =    48   s. For  G. stearothermophilus ,  D  600, 121     =    6   s,  D  700, 121     =    5   s 
and  D  0, 121     =    330   s.       
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   Introduction 

 Microwave (MW) and radio - frequency (RF) heating are forms of indirect electroheating, 
where the electrical energy is fi rst converted to electromagnetic radiation, which 
subsequently generates heat within a lossy product. The purpose of both MW and RF 
heating processes is to provide heat to products in such a way as to overcome the 
limits set by conventional heat transfer processes, where internal heat conduction and 
external heat convection are the controlling steps, often resulting in slow and uneven 
heating. Both MW and RF heating processes are applied in the food industry, but they 
differ from each other in terms of principles, design, and industrial and domestic 
applications. 

 The scientifi c literature indicates a growing interest in the application of MW and 
RF heating (Marra  et al .,  2009 ) and, interestingly, a number of contributions have 
appeared in books (Metaxas and Meredith,  1983 ; Datta and Anantheswaran,  2001 ; 
Rowley,  2001 ). The application of RF and MW technology is not limited solely to the 
food industry. This chapter, however, is intended to provide the reader with essential 
guidelines for designing food processes and equipment based on MW and RF heating: 
suggestions for references to be used as deeper sources of information are given at 
various steps, together with relevant online resources provided by government agen-
cies and institutions. 

Handbook of Food Process Design, First Edition. Edited by Jasim Ahmed and Mohammad Shafi ur Rahman.
© 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.
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 In fact, during MW and RF heating, the product to be heated receives a density of 
power internally, thanks to interactions between the electromagnetic fi eld and the 
dielectric nature of the product: under these conditions, conduction may not limit the 
heating, since the density of power can be rather uniform and can cover the entire 
product, and the time needed to reach a specifi ed temperature is shortened. In simple 
terms, heat transfer processes assisted by MW or RF heating can reach an effi ciency 
(defi ned as the ratio of the energy absorbed by the product to be heated to the energy 
provided to the process) of up to 70%, compared with an optimal effi ciency 5 – 10% 
for traditional heat transfer processes. MW and RF heating can even be more effective 
when the purpose of heating is a change in the physical state of the product (i.e., 
thawing or tempering) or a change in its composition as a result of a change in the 
physical state of one component (as in drying, when bound and free water are removed 
from the product by vaporization): in such cases, in fact, the energy provided during 
heating has to balance the energy losses due to changes in physical state. Furthermore, 
in traditional processes such as convective drying, where the driving force is not due 
just to a difference in temperature but also to differences in composition, when the 
driving force is small, the rate of moisture evaporation tends to zero. In the case of 
MW - assisted drying, however, the internal heat generation provides the energy needed 
to remove all of the residual moisture (Marra  et al .,  2010 ). 

 Although MW and RF heating have similar principles and may be used with the 
same goals, these two processes differ very much in their technology and uses (not to 
mention the fact that everybody has seen a domestic MW oven at home, whereas few 
have had a chance to look at an RF - based oven). So, the following sections will be 
devoted to describing the basics of MW and RF heating, starting from the principles 
and theoretical fundamentals and proceeding to potential products and processes, 
schematic fl ow sheets and diagrams, the equipment available, and design procedures. 
Hazards and safety will be discussed too. Finally, some tips on economics and costs 
will be given.  

  Indirect Electroheating: Basic Information about  MW  and  RF  Heating 

 In an MW oven, food is cooked by exposing it to microwave radiation. Most household 
microwave ovens operate at a frequency of 2450   MHz in a continuous - wave (CW) 
mode. The source of the radiation in an MW oven is an MW generator, usually a 
magnetron tube. The magnetron, basically, converts 50   Hz or 60   Hz power - line electric 
current to electromagnetic radiation of frequency 2450   MHz. The high voltage (typi-
cally 3000 – 4000   V) that powers the magnetron tube is produced by a step - up trans-
former, a rectifi er and a fi lter, which convert the alternating current to 4   kV direct 
current. A waveguide section transfers the MW energy from the magnetron to the 
oven cavity. Often, the oven cavity is equipped with a mode stirrer that helps to dis-
tribute the MW energy more or less evenly throughout the oven. 
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 When an alternating electric fi eld is applied to a food, one phenomenon that occurs 
is a movement of positive ions in the material towards negative regions of the electric 
fi eld and a movement of negative ions towards positive regions of the fi eld (Buffl er, 
 1993 , pp. 46 – 69). This movement of ions in this fashion is often referred to as ionic 
depolarization and is essentially resistance heating, like that found in ohmic heating, 
which is another electroassisted process. Heating occurs because the fi eld is not 
static; its polarity changes continually at a high frequency (e.g., 27.12   MHz for RF or 
2450   MHz for MW), is in contrast to ohmic heating, where the polarity changes at 
a much lower frequency (i.e., 50   Hz in Europe and 60   Hz in the USA). However, 
regardless of the frequency, the continued reversal of polarity in the electric fi eld 
leads to the oscillation of ions forwards and backwards in the product, the net effect 
of this being the internal generation of heat within the product by friction (Buffl er, 
 1993 ) (thereby avoiding a temperature lag between the surface and the center of a 
solid product). In addition to the movement of ions, dipolar molecules such as 
water in a material will also attempt to align themselves appropriately with the 
changing polarity of an electric fi eld (a phenomenon known as dipole rotation). The 
movement of these dipoles can also cause friction between molecules, which can 
also lead to heat generation. Although MW and RF heating are both classed as dielec-
tric heating methods (i.e., heating due to energy absorption by a lossy dielectric when 
it is placed in a high - frequency electrical fi eld, as in Rowley  (2001) ), it is generally 
accepted that ionic depolarization tends to be the dominant heating mechanism at 
the lower frequencies encountered in the RF range, whereas both ionic depolarization 
and dipole rotation can be dominant loss mechanisms at the frequencies relevant to 
MW heating (i.e., 400 – 3000   MHz), depending upon the moisture and salt contents of 
the product (Tang,  2005 ). Therefore, in RF range, dissolved ions are more important 
for heat generation than the dipoles of the water in which they are dissolved 
(Ohlsson,  1983 ). 

  Theoretical Principles of Indirect Electroheating 

 According to the United States frequency allocation chart, the frequencies in the 
radio spectrum for industrial, scientifi c and medical (ISM) use are 6.78    ±    0.015   MHz, 
13.560    ±    0.007   MHz, 27.12    ±    0.163   MHz, 40.68    ±    0.02   MHz, 915.0    ±    13   MHz, 2450.0    ±    
50   MHz, 5.8    ±    0.075   GHz, 24.125    ±    0.125   GHz, 61.25    ±    0.250   GHz and 122.5    ±    
0.500   GHz. At present, the industrial equipment available to be purchased operates 
only in frequency bands centered on 13.56   MHz, 27.12   MHz and 896   MHz (in the 
United Kingdom), 915   MHz (in the United States) and 2450   MHz (in the rest of the 
world). 

 As indirect electroheating involves the conversion of electromagnetic energy into 
heat, it is important to have a mathematical description of the power absorbed per 
unit volume of a product placed in the electromagnetic fi eld developed in an MW 
cavity or an RF applicator. The product to be heated has different dielectric properties 
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from the surrounding environment, and the effects of the electromagnetic fi eld are 
attenuated. 

 The power density  Q v   is proportional to the frequency  f  of the applied electric fi eld 
and the dielectric loss factor  ε  ″ , and is also proportional to the square of the local 
electric fi eld,  E  2  (which plays a key role in determining how the material will absorb 
energy in the AC electric fi eld), as in the following equation:

    Q E f Ev r= ′′ = ′′ωε ε π ε0
2 22     (35.1)   

 The electromagnetic fi eld that is established in an MW cavity or an RF apparatus can 
be described in terms of the electric fi eld intensity   E  , the magnetic fi eld intensity   H   
and the electric fl ux density   D  , by Maxwell ’ s equations. When the medium involved 
is isotropic, linear and homogeneous, Maxwell ’ s equations assume the following form:

    ∇ × = − ∂
∂

( )E
t

Hμ     (35.2)  

    ∇ × =
∂
∂

+⎛
⎝⎜

⎞
⎠⎟H

t
Eε ε σ0 r c     (35.3)  

    ∇ ⋅ =D ρc     (35.4)  

    ∇ ⋅ =H 0     (35.5)  

  where   σ   c  is the effective electrical conductivity and   ρ   c  is the charge density. 
 The reader may recognize that the equations above are also known as Faraday ’ s law 

(Equation  35.2 ), Amp è re ’ s law (Equation  35.3 ), Gauss ’ s law for the electric fi eld 
(Equation  35.4 ) and Gauss ’ s law for the magnetic fi eld (Equation  35.5 ). 

 Maxwell ’ s equations need some assumptions about the dependence of the fi elds on 
time. A common assumption is to consider the fi elds to be time - harmonic:

    E E ej t= 0
ω     (35.6)  

    H H ej t= 0
ω     (35.7)   

 When the time - harmonic assumption is made, Equations  35.2  and  35.3  become

    ∇ × = −E j Hμω     (35.8)  

    ∇ × = −H j Eε ε ω0 r     (35.9)   

 Combining the last two equations, one obtains the following wave equation, which 
is used for calculations in the frequency domain:
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    ∇ × ∇ × − =
1
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0 0μ

ω μ ε ε
r

rE E     (35.10)   

 Boundary conditions are also needed in order to obtain a unique, correct solution. The 
external boundaries of the cavity can be considered as perfect conductors, and the 
following boundary condition is then used:

    n E× = 0     (35.11)  

  where   n   is the unit vector normal to the boundary surface. 
 The solution of the set of electromagnetic equations presented above allows one to 

reproduce the   E   - fi eld distribution, for example that in an RF cavity (Figure  35.1 ).   
 Under a number of assumptions (the food product is regularly shaped, in the 

form of a slab; it is placed in an electromagnetically shielded cavity; only the 
upper surface of the product is exposed to MW radiation, assumed to be of uniform 
intensity; the product is homogeneous and isotropic; its dielectric properties are con-
stant; and neither shrinkage nor deformation of the sample is taken into account),  Q  v  
can be represented by an analytical expression (Fleischman,  1996 ; Fleischman,  1999 ), 
such as
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    (35.12)  

Figure 35.1 Distribution of E fi eld (arrows) and positions of isopotential surfaces for a parallel 
capacitor placed in an RF cavity. 
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  where  ε  ″  is the dielectric loss factor,   α   is the wave number,   β   is the attenuation con-
stant,  r  is the argument of the refl ection coeffi cient, or phase angle,  z  is the distance 
from the slab surface exposed to MW perturbation, |  τ  | is the magnitude of the trans-
mission coeffi cient, and  H  is the slab thickness. Alternatively, a semiempirical expres-
sion, such as Lambert ’ s equation (Romano  et al .,  2005 ), can be used. For a general 
geometry, the solution of Maxwell ’ s equations needs numerical methods (Ayappa 
 et al .,  1991 ), and Maxwell ’ s equations are strictly linked to the heat equation and vice 
versa. However, a preliminary analysis of the power generated per unit volume allows 
one to foresee where the heating will be most concentrated. As shown by Marra  et al . 
 (2010) , even for a simple geometry (i.e., a slab), the distribution of power generated 
per unit volume varies very much with the nature of the food substrate to be treated 
and the size of the sample (Figure  35.2 ).   

 But there are also a number of processes, such as RF heating processes, where a 
quasi - static approach can be used (Marra  et al .,  2007 ; Marra  et al .,  2009 ). In these 
cases, the mathematical analysis of the process is simplifi ed, since Maxwell ’ s equa-
tions collapse to the following equation:

Figure 35.2 Examples of the distribution of power generated per unit volume in a slab undergoing 
MW heating. (From Marra et al., ( 2010), courtesy of Elsevier) .
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    ∇ ⋅ +( )∇[ ] =σ ωεj V 0     (35.13)  

  where  V  is the electrical potential, related to the electric fi eld by

    E V= −∇     (35.14)   

 In this case, the boundary conditions are that a source electrical potential  V  0  is applied 
to the upper electrode of the capacitor and the bottom is electrically grounded ( V     =    0). 
The shells of RF applicators are electrically insulated, so the boundary condition on 
the shell is

    ∇ ⋅ =E 0     (35.15)   

 A mathematical description of the heat transfer within the food product placed 
between the electrodes is given by the unsteady heat - conduction equation (assuming 
that a solid - like foodstuff is being processed in the RF applicator), with a generation 
term represented by the power density already given in Equation  35.1 :

    ρ λf f
f

f f vc
T
t

T Qp
∂
∂

= ∇ ⋅ ∇( ) +     (35.16)  

  where  T  is the temperature in the sample,  t  is the process time,   α   is the thermal dif-
fusivity,   ρ   is the density,  C p   is the heat capacity and the subscript  “ f ”  denotes the 
food. 

 The heat transport equation to be solved needs initial and boundary conditions. For 
the initial condition, a uniform temperature  T  0  can often be assumed within the food 
sample. On the boundary, as a general condition, convective heat transfer from the 
external surface in accordance with Newton ’ s law can be assumed:

    − ∇ = −( )k T U T Tair     (35.17)  

  where  U  is the overall convective heat transfer coeffi cient and  T  air  is the temperature 
inside the oven. But, at the boundary, other important phenomena have to be taken 
into account, such as heat losses related to moisture transfer and radiative heat fl ux 
(as in the case of some combined apparatuses). 

 More recently, researchers have discussed the need for a conjugate approach to 
better couple external and internal heating effects in combined MW and convective 
heating processes (Marra  et al .,  2010 ). The latter approach is based on a deeper knowl-
edge of transport phenomena and may require dedicated software and hardware. 
Readers are referred to the more recent literature (Salagnac  et al .,  2004 ; Kowalski 
 et al .,  2010 ; Marra  et al .,  2010 ) on this topic.   
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  Empirical Data and Properties Needed for Designing  MW  and 
 RF  Processes 

 The conceptual design of both RF and MW heating processes needs an accurate knowl-
edge of the physical properties of the food material, above all the dielectric properties, 
which determine the calculation of the electric fi eld in the product to be heated and, 
thus, the power needed. 

  Dielectric Properties 

  Permeability and Permittivity 

 The dielectric properties of food materials can be divided into two parts, known as 
the permeability and permittivity ( ε ). The permeability values for foodstuffs are gener-
ally similar to that of free space and, as a result, are not believed to contribute to 
heating (Zhang and Datta,  2001 ). However, the permittivity, which determines the 
dielectric constant  ε  ′  and the loss factor  ε  ″ , infl uences RF heating. The quantities  ε  ′  
and  ε  ″ , which are the real and imaginary parts, respectively, of  ε , are given by

    ε ε ε= ′ − ′′j     (35.18)   

 The quantity  ε  ′  is a characteristic property of a material and is a measure of the capac-
ity of the material to absorb, transmit and refl ect energy from the electric portion of 
the electromagnetic fi eld (Engelder and Buffl er,  1991 ); it is a constant for any material 
at a given frequency under constant conditions. The value of  ε  ′  is a measure of the 
polarizing effect of the applied electric fi eld (i.e., how easily the medium is polarized), 
whereas  ε  ″  measures the amount of energy that is lost from the electric fi eld, which 
is related to how the energy from the fi eld is absorbed and converted to heat by the 
material (Engelder and Buffl er,  1991 ). A material with a low value of  ε  ″  will absorb 
less energy and could be expected to heat poorly in an electric fi eld owing to its greater 
transparency to electromagnetic energy (Decareau,  1985 ). However, it is important to 
emphasize that the dielectric properties are but one of a range of properties that infl u-
ence the temperature rise, and other properties (e.g., the specifi c heat capacity) will 
also have an infl uence on the magnitude of the temperature rise obtained.  

  Electrical Conductivity 

 The electrical conductivity  σ  indicates the ability of a material to conduct an electric 
current. In a dielectric food system,  σ  is related to ionic rotation. It contributes to  ε  ″  
and, in the RF range, it can be calculated from the following equation (Piyasena et al., 
 2003a ):

    σ π ε= ′′2 f     (35.19)   
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 It is also worth noting that at RF frequencies,  ε  ″  can be estimated with reasonable 
accuracy for liquid or semiliquid foods by measuring the   σ   value of the material using 
an electrical - conductivity meter (Guan  et al .,  2004 ).  

  Loss Tangent 

 The tangent of the dielectric loss angle (tan   δ  ) is often called the loss tangent or the 
dissipation (power) factor of the material. For a given material, this is equivalent to 
the ratio of  ε  ″  to  ε  ′ :

    tanδ ε
ε

= ′′
′

    (35.20)    

  Penetration Depth 

 Bengtsson and Risman  (1971)  defi ned the penetration depth  d  p  as the depth in a mate-
rial where the energy of a plane wave propagating perpendicular to the surface has 
decreased to 1/ e  (1/2.72) of the surface value. It can be expressed mathematically as

    d
c

f
p =

′ + ( ) −2 2 1 12π ε δtan
    (35.21)  

  where  c  is the speed of propagation of waves in a vacuum (3    ×    10 8    m · s  − 1 ) and  d  p  is 
expressed in meters. When tan     δ   is low (i.e., far less than 1), Equation  35.20  can be 
simplifi ed to

    d
c

f f
p =

′
=

×
′2

4 47 107

π ε δ ε δtan

.

tan
    (35.22)   

 Equations  35.8  and  35.9  illustrate the effect of  f ,  ε  ′  and  ε  ″  on  d p  . Bengtsson and Risman 
 (1971)  found that the greatest values of  d  p  occurred when both  ε  ′  and  ε  ″  were low.   

  Factors Infl uencing the Dielectric Properties of Foods 

 The dielectric properties of foods play an important role in both RF and MW heating 
(Piyasena  et al .,  2003b ; Ahmed  et al .,  2007a,b ). The dielectric properties of most mate-
rials are infl uenced by a variety of factors. The moisture content is generally a critical 
factor (Tang,  2005 ), but the frequency of the applied alternating fi eld, the temperature 
of the material and also the density, chemical composition (i.e., the amounts of fat, 
protein, carbohydrate and salt) and structure of the material all have an infl uence 
(Piyasena  et al .,  2003b ; Ahmed  et al .,  2007a,b ). In terms of bulk density, samples of 
an air – particle mixture with higher densities generally have higher  ε  ′  and  ε  ″  values 
because less air is incorporated into the samples (Nelson and Datta,  2001 ). In relation 
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to composition, Nelson and Datta  (2001)  stated that the dielectric properties of materi-
als are dependent on chemical composition and, especially, on the presence of mobile 
ions and the permanent dipole moments associated with water. While a considerable 
amount of work on dielectric properties at MW frequencies has been published, a more 
limited number of studies have examined the dielectric properties of food and agri-
cultural products at RF frequencies. The work completed to date was summarized by 
Piyasena  et al .  (2003a)  and by Marra  et al .  (2009) .   

  Conceptual Design of Electroheating Processes 

 In both RF and MW heating processes, the development of the process fl ow sheet 
begins by identifying the purpose of the process itself and the material to be processed 
(and, thus, its thermophysical and dielectric properties and characteristics as related 
to electroassisted heating), and by choosing between a batch and a continuous process. 

 The required power is usually calculated based on an initial assessment of the pro-
posed process and verifi ed by actual testing once an initial oven concept, layout and 
size have been established. The key parameters to be verifi ed include the heating - rate 
sensitivity, temperature uniformity and process effi ciency. The heating - rate sensitiv-
ity, which can be a problem in some drying applications, may force the use of a longer 
cavity to increase the process time at the expense of process effi ciency. 

 Because the MW power that will be provided in the process will mainly contribute 
to the moisture losses, the nominal power of the plant, in an initial shortcut proce-
dure, can be calculated as

    P
P

nMW
req

MW

=
η

    (35.23)  

  where  P  nMW  is the nominal power of the MW generator,  P  req  is the power requested to 
accomplish the process and   η   MW  is the overall effi ciency of the MW process, which 
can be assumed to be 50%. In this way, a shortcut estimation of the MW generator 
power can be done. Because the power of a magnetron is limited, the nominal power 
of the MW generator is divided by the power of a single generator (in many industrial 
cases, 10 – 25   kW) in order to obtain the number of MW generators needed for the 
process. 

 Once the MW power generation system has been chosen, the fl ow sheet for the 
design must take into account any other secondary heat sources that may be needed 
for the purposes of the process. If the purpose is drying, convection heating using warm 
air can help. This can be achieved by a fan blowing warm air over the product being 
dried or by a series of heaters or gas burners placed along the path. 

 An example of a custom - designed MW process is shown in Figure  35.3 . Here, a train 
of open bottles containing minimally processed baby food arrives at an MW pasteur-
izer, where the products receive the power needed to raise the internal temperature 
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of the product to some desired level. The bottles are then sealed and fi nally sent to 
an MW postpasteurizer, where the product undergoes another heating step.    

  Equipment 

  Characteristics of  MW  Systems 

 The main characteristics of an MW system can be summarized by considering three 
basic parts: the MW source, the waveguide and the applicator. The fi rst type of MW 
generator widely used was the klystron, soon replaced in most applications by the 
magnetron. At the customary microwave frequencies, the magnetron is certainly the 
most economical choice; it is capable of functioning properly in both household ovens 
and large industrial applications. Because magnetrons are produced in millions, their 
cost is rather low; also, magnetrons have advantages such as small size, low weight 
and high effi ciency. The magnetron is categorized as a crossed - fi eld MW tube, so called 
because the basic interaction depends upon electron motion in electric and magnetic 
fi elds that are perpendicular to one another. The magnetron consists of a vacuum tube 
with a central electron - emitting cathode at a highly negative potential, surrounded by 
a structured anode. In its most familiar embodiment, a cylindrical electron emitter, 
or cathode, is surrounded by a cylindrical structure, or anode, which is at a high 
potential and capable of supporting microwave fi elds. Magnets are arranged around it 
to supply a magnetic fi eld parallel to the axis and hence perpendicular to the electric 
fi eld between the anode and cathode (NMAB,  1994 ). The interaction between the 
electrons traveling in this crossed fi eld and the microwave fi eld supplied by the anode 
causes a net energy transfer from the applied DC voltage to the MW fi eld. The inter-
action occurs continuously as the electrons traverse the cathode – anode region. The 
anode contains cavities, which are coupled to the fringing fi elds and have a resonant 
frequency equal to the intended MW frequency. The stored electromagnetic energy 

Figure 35.3 Custom-designed MW process. 
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can be coupled out by a circular loop antenna in one of the cavities into a waveguide 
or a coaxial line. 

 The power output of a magnetron can be controlled by the tube current or the mag-
netic fi eld strength. In order to prevent melting of the anode, its temperature has to be 
limited and, thus, the maximum power of the magnetron has to be limited too. The 
practical limits at 2.45   GHz are approximately 1.5   kW and 25   kW for air -  and water -
 cooled anodes, respectively. The 915   MHz magnetrons have larger cavities (a lower reso-
nant frequency means a longer wavelength) and thus can achieve a higher power per 
unit. The effi ciencies of modern 2.45   GHz magnetrons are around 70 – 80%, most being 
limited by the magnetic fl ux of the ferrite magnets used for reasons of economy, but the 
total effi ciency of MW heating applications is often lower owing to unmatched loads. 

 Simply stated, MW applicators are devices that are designed to heat a material by 
exposing it to an MW fi eld in a controlled environment. The objective of their use is 
to cause a controlled interaction between the microwave energy and the material to 
occur under safe, reliable, repeatable and economical operating conditions. Applicators 
may be conveyor - operated or of batch type, or a combination of both. 

 Several industrial applications also require other energy sources, depending on the 
particular details of the process: in these cases, MW energy may be combined inside 
the applicator with hot air, with or without forced convection, or with infrared radia-
tion or steam, as discussed elsewhere in this chapter. Other special requirements (both 
for the process and for the product to be processed) have led to the design of MW 
applicators capable of controlled interaction under a variety of ambient conditions, 
ranging from vacuum to high pressure and humidity. 

 MW applicators can be divided into two main classes: multimode and single - mode 
cavities. The multimode cavity is, by far, the most widely used MW applicator, since 
it is used in domestic MW ovens, but it is also used in a large number of industrial 
power units. It is a simple confi guration, where a wide range of loads can be processed. 
It can be a simple closed metal box, of course with some means of coupling in power 
from an MW generator. The product dimensions often determine its dimensions, and 
in any case the cavity has to be several wavelengths long in at least two dimensions. 
This type of applicator has the disadvantage of a spatially nonuniform distribution of 
heating. To improve the uniformity of heating, movement of the product to be heated 
(using rotating turntables or straight - line motion along a travel axis inclined with 
respect to the principal axes of the applicator) can be used; also, metal stirrers, i.e., 
moving devices capable of refl ecting energy and changing the fi eld distribution con-
tinuously, can be employed. 

 The most effi cient type of applicator is the single - mode resonant cavity (Figure  35.4 ), 
but it has some limitations. A single - mode cavity may be cylindrical or rectangular, 
and within it only one mode of propagation (the simplest being TM 010 ) is permitted: 
thus, it is possible to design an applicator that has a single resonance near to the 
operating frequency. In this way, the electromagnetic fi eld is well defi ned in space 
(Dibben,  2001 ). Unfortunately, because of the typical values of the dielectric properties 
of food products, this kind of applicator is suitable only for small samples, and this 
limits its use for food processing.    
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  Characteristics of  RF  Systems 

 In contrast to MW cavities, RF energy is generated by a triode valve and is applied to 
the material via a pair of electrodes (Rowley,  2001 ). In the the type of applicator that 
is simplest to assemble, the parallel - plate RF system depicted in Figure  35.1 , one of 
these electrodes is grounded, which creates a capacitor that stores electrical energy. 
The target material to be heated is placed between, but not touching, the parallel 
electrodes. It should be noted that while parallel - plate electrodes (or  “ through - fi eld ”  
applicators, as in Figure  35.5 ) are the most commonly used electrode confi guration for 
heating thicker materials, two other types of confi guration are available:  “ fringe - fi eld ”  
applicators, which consist of a series of bar, rod or narrow plate electrodes and are 

Figure 35.4 (a) MW single -mode applicator; (b) MW multi -mode applicator 
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most suited for heating or drying thin layers ( < 10   mm thick) and  “ staggered through -
 fi eld ”  applicators, which consist of rod -  or tube - shaped electrodes in a staggered 
arrangement on either side of a belt, which are used for heating products of intermedi-
ate thickness (Marra  et al .,  2009 ).     

  Processes, Products and Potential Products 

 This section deals with the products that are currently being processed by MW and 
RF heating and also discusses some potential products relevant to the food industry. 
Electroassisted heating can offer high - temperature and short - time processing, result-
ing in quality advantages (Zhao  et al .,  2000 ). 

   MW  Cooking 

 Cooking can cause partial or total loss of valuable nutrients, depending on the process 
parameters. Research has demonstrated that many vitamins in foods are thermolabile 
and leach out during thermal processing. Over the years, microwave processing has 
been proposed as an advantageous method over traditional processing, with reduced 
nutrient losses (Orzaez Villanueva  et al .,  2000 ; Begum and Brewer,  2001 ; Brewer and 
Begum,  2003 ). Ohlsson and Bengtsson  (2001)  discussed the industrial application of 
microwave cooking of bacon: this process yields rapid output and the collection of 
high - quality rendered fat for reuse or resale, and it also yields very good product 
appearance and convenience and diminishes the risk of nitrosamine formation. 
Combination ovens are now being marketed for commercial use (in restaurants and 
other food services) to offer a competitive edge using an innovative combination of 
convection, radiant and microwave technology.  

   MW  Pasteurization/Sterilization 

 Industrial microwave pasteurization of packaged foods is another potential application 
of electroassisted heating. In a study by Lau and Tang  (2002) , pickled asparagus in 

Figure 35.5 Through-fi eld 50 Ω RF applicator. 
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glass jars was pasteurized using microwaves at 915   MHz. The process produced uniform 
heating while reducing the process time by at least one - half compared with water - bath 
heating, and signifi cantly reduced the thermal degradation of asparagus. When MW 
heating is used for pasteurization, care must be taken to ensure homogeneity of the 
thermal process within the product and that the target lethal temperature is main-
tained for a suffi cient period of time to provide a safe product. 

 Tang  et al .  (2008)  investigated the feasibility of developing a short - time sterilization 
protocol for a highly inhomogeneous food (consisting of sliced beef and gravy) prepack-
aged in polymeric trays using 915   MHz MW energy. These authors concluded that 
915   MHz single - mode MW sterilization technology was effective for processing the 
nonhomogeneous food investigated, but would also be effective for other packaged 
nonhomogeneous foods, such as chicken meat in gravy in trays, and salmon in sauce 
in pouches.  

   MW  Tempering 

 Frozen food often needs to be thawed or tempered ahead of processing to allow further 
mechanical handling or processing (slicing, cutting, molding, etc.). Industrially, this 
has been achieved in the past by immersing the product in water for an extended 
period. Nowadays, this ineffi cient method can be replaced by MW and RF processes 
(Farag  et al .,  2010 ). The aim of MW tempering of frozen food products is to raise the 
temperature of the product as uniformly as possible, while maintaining the quality of 
the product at refrigeration temperature. With rapid MW tempering, there is no tem-
perature abuse of the product and there are reduced drip losses and reduced space and 
inventory requirements. Various suppliers (Microdry Incorporated, Sairem, Defreeze 
Corporation, Amtek Inc. and Bielle) are providing conveyor tunnels equipped for MW 
tempering for industrial purposes.  

   MW  Drying 

 It is known that, during drying, changes in the physical and biological structure of 
products are inevitable. Traditionally, drying is performed by convection, using dry 
air to remove surface water from the product to be dried, therefore creating a pressure 
gradient between the surface and the inside of the product, which causes water migra-
tion from the inside to the surface. In this process, an increased temperature will 
enhance the ability of dry air to remove water from the surface and increase the water 
migration rate within the commodity. However, during the time the process takes to 
reach equilibrium, there is potentially a serious overheating of the product surface. In 
air - drying systems, hot air removes water in the free state from the surface of the 
product, whereas MW energy removes the water inside the product, which is again in 
the free state (Schiffmann,  1995 ). The mechanism of this process pushes water out of 
the product with great effi ciency as the moisture content of the product decreases. 

 An advantage of using MW energy is the possibility of combining multiple drying 
methods. Drying systems in which air and MW drying are combined not only increase 
the drying rate of the product, but also increase the quality of the dry product obtained 
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(Alibas,  2007 ). In addition to hot air, MW energy can also be combined with freeze 
drying or vacuum drying. 

 A signifi cant industrial application was described in a paper by Osepchuk  (2002) , 
showing how the moisture content of pasta, crackers and chips can be leveled off by 
combined MW/air tunnel drying. The use of MW energy for drying offers some advan-
tages, as it complements conventional drying well in the later stages by targeting 
specifi cally the internal moisture of the product. However, when the heat generation 
within the product is too rapid, it can cause the generation of a high internal pressure 
of steam, resulting in expansion, which can lead to collapse of the product or explo-
sion of material (puffi ng). Microwave drying techniques have proved to be effective 
for a number of agricultural products (Vadivambal and Jayas,  2007 ). 

 Numerous studies have been carried out with microwave – air combined dryers, and 
many agricultural products have been dried successfully. Crops such as carrots, apples, 
mushrooms, American ginseng roots and potatoes (Khraisheh  et al .,  2004 ) can be dried 
successfully using a combined drying technique. Combined MW/hot - air tunnel dryers 
are commercially available (from Bielle, Italy, and Sairem, France).  

   MW  Baking 

 Microwave baking has been the focus of much research and development since the 
1950s, with variable success. All results point to the general rule that to achieve 
success, considerable product reformulation must be considered (Decareau,  1985 ). 
According to Schiffmann  (1992) , the use of MW baking for cookies results in a more 
uniform moisture distribution than does forced convection. The effects of post - baking 
by MW were studied by Bernussi  et al .  (1998) , who analyzed the moisture gradient 
and overall quality of cookies. After forced - convection heating at 240    ° C for 4   min, the 
cookies were baked further in an MW oven: MW baking signifi cantly reduced the 
moisture gradient and total moisture content of the cookies, with certain undesired 
effects such as a darker surface color and a shrinkage effect attributed to the micro-
wave treatment.  

   RF  Meat Processing 

 Meat and meat products are the area in which most of the information on RF heating 
treatments has been published to date, both in terms of processing and in terms of 
the effects of RF treatment on the quality of foods. RF processing was found to reduce 
cooking times to up to 1/25 of the time for conventional cooking in a water bath 
(Laycock  et al .,  2003 ). These authors compared the heating rate, time – temperature 
profi les and quality of three meat products (ground, comminuted and noncomminuted 
muscle) cooked in a water bath or by a 1.5   kW RF heater (a cylindrical chamber 
between two electrodes wrapped around the RF applicator). Instrumental quality 
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measurements indicated that the RF - cooked samples had lower juice losses and were 
also acceptable in terms of color and water - holding capacity. However, the same 
workers found that the texture of ground beef was too chewy and elastic, and the color 
of whole beef was considered inferior. These authors also postulated that well - mixed 
comminuted and ground meat products appeared to be the most promising for RF 
cooking. 

 Orsat  et al .  (2004)  pasteurized vacuum - packaged ham slices in an RF applicator 
(600   W at 27.12   MHz) and subsequently examined samples for moisture loss, color 
changes, total bacterial surface counts and sensory quality attributes, such as off - odors 
and sliminess, concluding that RF heating, coupled with appropriate packaging, could 
improve the storability of repacked hams by decreasing the bacterial load and reducing 
the moisture loss, while maintaining overall a greater sensory quality of the product. 
Also in the area of microbial quality, Guo  et al .  (2006)  compared the effectiveness of 
RF versus hot - water - bath cooking for the inactivation of  E. coli  K12 in ground beef. 
These workers, who used an RF apparatus similar to the system used by Laycock 
 et al .  (2003) , reduced the cooking time to 1/30 of the time for immersion cooking and 
found lower temperature variations. They noted that both methods signifi cantly 
reduced  E. coli  and extended the product shelf - life, and suggested that RF cooking had 
great potential as an alternative method to immersion cooking. 

 Extensive investigations of the processing and quality of RF - cooked meats were 
published between 2004 and 2007 (Brunton  et al .,  2005 ; Lyng  et al .,  2007 ; McKenna 
 et al .,  2006 ; Tang  et al .,  2005, 2006 ; Zhang  et al .,  2004 ; Zhang  et al .,  2006 ; Zhang 
 et al .,  2007 ) by a team from UCD Dublin, Ireland, who heated products using a 
27.12   MHz RF applicator with a maximum power output of 600   W (Lyng,  2007 ). These 
workers developed systems for RF cooking of cased meat samples that avoided arcing 
on the casings, one of most undesirable side effects that occurred during RF cooking 
in air. These systems involved submerging the cased products in circulating water at 
80    ° C during cooking in purpose - built polyethylene cells. The quality attributes of the 
RF - cooked products that were examined included yield, texture, color and fl avor. In 
the case of comminuted products, no yield differences were noted between conven-
tional and RF - cooked samples. However, for noncomminuted products (ham and beef), 
in all cases the RF - cooked products had higher yields than those of steam - cooked 
products, the difference being about 1 – 1.5% in the case of ham and 4 – 6% for beef. 
When products cooked by conventional or RF cooking methods were compared in 
terms of instrumental texture, no defi nite trend emerged; the differences, where they 
occurred, were generally small (Lyng,  2007 ). The rates of oxidation in beef and turkey 
were slightly less in RF - cooked samples than in steam - cooked samples, but the mag-
nitude of the difference was so low that it was unlikely to be detected by sensory 
analysis. In addition, no major differences were noted in sulfur volatiles in RF - cooked 
versus steam - cooked samples. Zhang  et al .  (2004)  developed an optimized cooking 
protocol for pasteurizing meat emulsion samples. These authors reported reductions 
of up to 79% in pasteurization times for meat products compared with equivalent 
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steam - cooked samples, although they claimed that the use of a higher - power RF 
source could reduce cooking times further.  

   RF  Postharvest Treatment and Disinfestation of Fruit 

 Nowadays, RF radiation is often considered as an alternative method for the disinfes-
tation of fruit and nuts. This is largely due to the fact that processors are seeking 
alternatives to some of the more traditional fumigation agents such as methyl bromide, 
which may be discontinued because of environmental concerns and also issues regard-
ing health and safety. Researchers from Washington State University in the USA have 
performed the most extensive investigations on this topic (Birla  et al .,  2004 ; Birla 
 et al .,  2005 ; Hansen  et al .,  2006a,b ; Ikediala  et al .,  2002 ; Mitcham  et al .,  2004 ; Monzon 
 et al .,  2006 ; Tang  et al .,  2000 ; Wang  et al .,  2002 ; Wang  et al .,  2003 ; Wang  et al .,  2006a ), 
including discussion of the scaling - up of RF plants and the design of commercial RF 
processes (Wang  et al .,  2006b ; Wang  et al .,  2007a,b ). A kinetic - model study describing 
the intrinsic thermal mortality of insect pests (Tang  et al .,  2000 ) demonstrated the 
potential to develop high - temperature – short - time thermal treatments for controlling 
codling moth in fruits. Wang  et al .  (2003)  examined the dielectric properties of fruits 
and insect pests in the context of RF and MW treatments. When a selection of fruits 
and insect larvae were examined, these authors found that the loss factors of common 
pest insects at RF frequencies were clearly larger than that of nuts, suggesting possible 
differential, faster heating of insects compared with nuts when the two were treated 
simultaneously in an RF applicator. 

 An interesting improvement in the design of RF - based treatments for fruits was 
proposed by Birla  et al .  (2004) , who developed a laboratory - scale fruit - mover that was 
capable of continuously rotating a fresh fruit (an orange and an apple were the test 
samples) using a series of water jets, with the purpose of achieving uniform RF heating. 
The published results showed that rotation and movement of the fruit minimized the 
adverse effects of the nonuniformity of the RF fi eld and the irregular geometry of the 
fruit and led to an overall improvement in the heating uniformity. It is important to 
emphasize that these authors found that the geometry of the fruit infl uenced the 
heating pattern. 

 Wang  et al .  (2006b, 2007a,b)  considered the design and scaling - up of plants and 
processes for industrial - scale postharvest RF treatment of walnuts, working with 
continuous apparatus characterized by high power (up to 25   kW) and a high product 
load (up to 187   kg of product moving on a belt). The design and running of industrial -
 scale RF processes is one of the main challenges in this fi eld, since Wang  et al .  (2007b)  
stated that many factors (e.g., the orientation of the walnuts, differential heating 
between walnuts with open and closed shells, and the actual poststorage and energy 
costs) that infl uence commercial RF processes must be taken into account. The energy 
costs may be comparable to the costs of traditional fumigation processes, but at 
present the use of RF installations would incur considerably higher capital costs 
(Marra  et al .,  2009 ).   
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   MW  and  RF  Safety Guidelines 

 In an earlier section, it was stated that that according to the United States frequency 
allocation chart, the allowed frequencies for ISM use are 6.78    ±    0.015   MHz, 13.560    ±    
0.007   MHz, 27.12    ±    0.163   MHz, 40.68    ±    0.02   MHz, 915.0    ±    13   MHz, 2450.0    ±    50   MHz, 
5.8    ±    0.075   GHz, 24.125    ±    0.125   GHz, 61.25    ±    0.250   GHz and 122.5    ±    0.500   GHz. The 
nature of their use is classifi ed as unconditional: this means that there is no 
interference - based radiation limit within these frequency bands and that radio com-
munication services operating within these bands must accept any harmful interfer-
ence that may be caused by ISM applications (Metaxas and Meredith,  1983 ). 
Independently of the frequency used, all MW -  and RF - based equipment must comply 
with specifi c regulations designed to keep radiation leakage below given levels. The 
currently accepted standard is the guidelines developed by the American National 
Standards Institute of a power density of 10   mW/cm 2  for exposure (ANSI C95.1 - 1991). 
The power density guideline is based on a maximum permissible exposure of 0.4   W/
kg specifi c absorption rate, which is a factor of 10 less severe than the threshold 
absorption level that has been determined (Redhead,  1992 ). Standards based on the 
Institute ’ s guidelines include the Food and Drug Administration ’ s emission standard 
of 5   mW/cm 2  at 5   cm for microwave ovens (HHS,  1991 ) and the Occupational Safety 
and Health Administration ’ s exposure standard of 10   mW/cm 2  (HHS,  1991 ). These 
exposure limits are averaged over a 6   min (0.1   h) period. 

 As the MW power levels for industrial processing systems increase, the potential 
hazards associated with exposure to radiation become more important. Extensive 
work, as summarized in a review article (Michaelson and Lin,  1987 ), has indicated 
that the effects on biological tissue from exposure at MW frequencies are purely 
thermal in nature. Unlike the higher - energy, ionizing region of the electromagnetic 
spectrum, including X - rays and gamma rays, the nonionizing bands from DC to visible 
light do not carry enough energy to break chemical bonds (Redhead,  1992 ). At present, 
the only confi rmed effect is warming, from the conversion of electromagnetic energy 
to heat. Thus, MW exposure standards are based on the thermal effects of exposure, 
which has to be minimized. In order to minimize exposure, MW systems need to be 
designed with effective leakage suppression, with viewing and ventilation screens, and 
with an interlock system on doors and access apertures to shut off power when the 
doors are opened (Osepchuk,  2002 ). 

 In order to prevent leakage of MW radiation, a number of practical solutions (for 
both batch systems and online systems) are available. For batch systems, the only 
source of MW radiation leakage is represented by the door seals. The door seals should 
retain their integrity throughout the life of the MW apparatus even when slightly 
damaged or contaminated with dirt. Internally, they have to provide a conducting 
surface identical to the body of the apparatus. A fail - safe interlock system is required 
too, to prevent MW power being supplied unless the doors are closed and fully clamped. 

 Whatever the industrial application, designers, installers and operators should also 
pay attention to the general recommendations presented in Table  35.1 .    
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  The Economics of  MW  and  RF  Processing 

 Establishing what are the key parameters that determine the costs associated with 
MW or RF processing and how these costs compare with the costs of conventional 
processing is not trivial. The costs have to be examined based on the cost of capital 
equipment, operating costs (energy, replacement and maintenance), the energy require-
ments of each part (energy effi ciency) and the cost of energy, deletions and addition 
of steps compared with conventional processing schemes, savings in time and space, 
and changes in yield compared with conventional processing. 

 Considering just the operating costs, the economic feasibility of such processes is 
a function of local variations in energy costs and environmental laws. MW and RF 

Table 35.1 Safety tips for the operation of MW ovens and apparatuses. 

Operations Operators Maintenance

Do not operate MW ovens and 
apparatuses when empty 

Read operating manuals carefully 
and pay attention to labels 
placed in the most hazardous 
locations of the equipment 

Ensure that the microwave oven 
is unplugged or disconnected 
from electrical power before 
reaching into any accessible 
openings or attempting any 
repairs

The power generated must 
never be allowed to radiate 
freely into occupied areas 

When required by circumstances, 
remain outside the Faraday 
cage or behind any additional 
screen

Reduce stray radiation by 
applying adequate reactive 
and absorbent loads at entry 
and exit ports 

Always dress appropriately The services of a qualifi ed 
operator should be sought 
when any malfunction is 
suspected

Do not test an MW power -
generating component without 
an appropriate load 
connected to its output 

Remember that MWs can 
interfere with pacemakers. 
Persons with pacemaker 
implants should not be near 
MW facilities unless they are 
sure that it is in good operating 
condition and there is no 
leakage of microwave radiation 

Ensure that the adjustment of 
voltages, replacement of MW 
power-generating components, 
dismantling of components of 
the apparatus and refi tting of 
waveguides are undertaken 
only by persons who have been 
specially trained for such tasks 

Check that the door seals and 
the inside surfaces of the 
door and the oven cavity are 
clean after each use 

Warning lights must be placed 
around the zone of the MW 
apparatus to avoid personnel 
other than operators 
approaching hazardous areas 

Take special care to ensure that 
no damage occurs to the part 
of the oven making contact 
with the door or door seals 

Never put hands or foreign 
objects in entry ports while 
the system is operating 
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processing can improve the yield and the productivity, and, in the case of large pro-
duction volumes, when the tasks of supervisors can be important, labor costs play a 
signifi cant role. On the other hand, further development of MW and RF processing is 
expected soon, because of the enormous advantages that these technologies give in 
terms of yield and product improvement, so saving on unit operating costs. 

 What is defi nitely not trivial is to provide capital costs for turnkey plants and proc-
esses: MW technology is well established in some sectors (domestic ovens) but is still 
developing in the fi eld of industrial applications, the range of such applications being 
quite large. RF technology is in its infancy. One must also consider the fact that the 
cost of MW equipment depends on the size, the power rating, the frequency, the 
applicator design, other services such as gas control systems, peripherals, the manu-
facturer, and the size of the market for that particular type of equipment. Because of 
these dependencies, capital costs vary widely depending on the application. Also, the 
equipment used for industrial MW processing is generally custom - designed and opti-
mized based on specifi c application needs. 

 On the basis of the available literature (Sheppard,  1988 ; Edgar and Osepchuk,  2001 ) 
and the author ’ s experience, the capital cost of a complete system, for both MW and 
RF industrial processes, can vary between 2500 and 6000 euros per installed kilowatt 
(i.e., an industrial MW plant with 50   kW installed may cost between  ¤ 125   000 and 
 ¤ 300   000, depending the particular process that has to be carried out). The components 
of the costs are summarized in Table  35.2 , where the costs related to installation are 
also included.   

 Owing to the differences in the confi guration and the processing approach between 
MW and conventional systems, it is very diffi cult to perform a general comparison of 
capital costs in a meaningful way. However, it is worth mentioning that MW process-
ing equipment is almost always more expensive than conventional systems and the 
cost/benefi t ratio will always be product - specifi c. Edgar and Osepchuk  (2001)  reported 
a series of practical case studies (on tempering, bacon cooking and potato chip process-
ing). MW and RF processing are unlikely to be economically competitive with process-
ing using natural gas in the foreseeable future because of the difference in costs 
between natural gas and electrical power. 

 The intrinsic performance characteristics of MW and RF heating make these proc-
esses attractive when the improvements in properties obtainable are signifi cant, when 
plant space is limited, when electricity is available at a competitive price and when 
minimization of handling is advantageous. Also, the need to maintain a very clean, 
controlled processing environment may lead one to choose an MW or RF heating 
process.  

Table 35.2 Capital costs of MW and  RF industrial technology. 

Power generator Applicator Power transmission Ancillary
instrumentation

Installation and 
startup

20–30% >35% 5–10% 5–30% 5–15%
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   Introduction 

 Ohmic heating is a thermal processing technology where an alternating electrical 
current passes through an electrically conducting food. The electrical energy supplied 
is released within the food in the form of heat. The heating rate is determined by the 
electrical conductivities of the components rather than by heat transfer. Ohmic 
heating is also known as Joule heating, electrical resistance heating, direct electrical 
resistance heating, electroheating and electroconductive heating. 

 Ohmic heating has a high energy effi ciency, as almost all of the electrical power 
supplied is transformed into heat (Fellows,  2000 ; Ohlsson  et al .,  2002 ; Jun and Sastry, 
 2009 ). The advantage of ohmic heating over conventional methods of heating is the 
volumetric nature of the heating effect. Heat is generated very fast, owing to the 
electrical current, within the food material rather than being transferred via conduc-
tion or convection. Therefore, ohmic heating reduces the time required for heating 
as compared with conventional heat transfer mechanisms. The high rate of heat 
transfer makes the achievement of the desired level of microbial safety possible 
without causing product degradation. This is especially important for particulate 
foods, where ohmic heating can be used to sterilize them under high - temperature –
 short - time (HTST) conditions without causing thermal damage to the liquid carrier 
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or overcooking of the outside of the particles, which are shortcomings of conventional 
sterilization processes. 

 The use of ohmic heating in food processing has been studied since the early 1900s. 
It was used as a commercial process in the early twentieth century for the pasteuriza-
tion of milk. However, between the late 1930s and the 1960s the process was discon-
tinued owing to the cost of electricity and the lack of suitable electrode materials 
(Bengston  et al .,  2006 ). Interest in ohmic heating reemerged in the 1980s when 
researchers were seeking suitable methods to sterilize mixtures of large particles and 
liquids effectively (Sastry  et al .,  2002 ; Sarang  et al .,  2008 ; Sastry,  2008 ; Ghnimi  et al ., 
 2009 ). It is possible to heat products containing large particles (up to 2.5   cm in size), 
which would be damaged in conventional equipment, to sterilization temperatures of 
up to 140    ° C in less than 90   s (Ruan  et al .,  2004 ). The products are cooled back down 
to ambient temperature within 15   min (Ruan  et al .,  2004 ). Cooling may be the process 
that limits the particle size (Ruan  et al .,  2004 ). These processing times are signifi cantly 
shorter than the typical two - hour process cycles for various in - can sterilization tech-
niques (Ruan  et al .,  2004 ). The fl ow of a liquid – particle mixture approaches plug fl ow 
at high concentrations (20 – 70%) (Kim  et al .,  1996 ; Zitoun,  1996 ; Bengston  et al .,  2006 ). 
Ohmic heating is currently being utilized to process food products in Europe, Asia 
and the USA (Bengston  et al .,  2006 ; Ghnimi  et al .,  2009 ). 

 The electricity for ohmic heating is taken from the mains supply (50   Hz in Europe 
and 60   Hz in the USA) and stepped up. Normally, voltages of up to 5000   V are applied 
(Ohlsson  et al .,  2002 ). The effects of electric fi elds on microorganisms has been known 
for some time. They have been used in biotechnology for electroporation and electro-
fusion. In the fi eld of food processing, knowledge of the effects of electric fi elds on 
microorganisms led to the emergence of the nonthermal processing method known 
as pulsed - electric - fi eld (PEF) processing. As Sastry  (2008)  and Sastry  et al .  (2002)  men-
tioned, even though the voltages applied during ohmic heating are low compared with 
those used in PEF technology, the nonthermal effects seen in ohmic heating deserve 
attention. This resulted in a process termed moderate - electric - fi eld (MEF) processing 
(Sastry  et al .,  2002 ; Sastry,  2008 ). There is no formal defi nition of the term  “ MEF. ”  
However, the term can be used for processes where the electric fi eld strength is less 
than or equal to 1000   V · cm  − 1  (Sastry,  2008 ). MEF processing is different from PEF 
processing, where a very high electric fi eld strength is applied in the form of pulses 
while the temperature of the product is kept low. The nonthermal effects seen in MEF 
processing have resulted in the emergence of many new applications, such as extrac-
tion, drying and fermentation, in the last ten years (Sastry,  2008 ). 

 The advantages of ohmic heating can be summarized as follows: it has a high energy 
effi ciency; there are no hot heat transfer surfaces, resulting in reduced fouling; it pro-
vides rapid, uniform treatment of liquid and solid phases with minimal heat damage; 
it causes less nutrient loss; it is good for shear - sensitive products, owing to the low 
velocity of the product; it has a high solid - loading capacity; it allows simple process 
control, with instant switch - on and shutdown; it results in reduced maintenance 



Design of Ohmic Heating Processes 1059

costs; and it allows environmentally friendly systems to be built (Ruan  et al .,  2004 ; 
Vicente and Castro,  2007 ).  

  Applications of Ohmic Heating and Moderate - Electric - Field 
Processing 

  Ohmic Heating for Pasteurization and Sterilization 

 Ohmic heating is applicable to a wide variety of foods, encompassing liquids, solids 
and solid – liquid mixtures. It is in commercial use in Europe, Asia and the USA for 
the aseptic processing of high - value - added meals, pasteurization of particulate 
foods for hot fi lling, preheating products before canning, the production of liquid 
egg and the processing of delicate whole fruits such as strawberries (Ohlsson  et al ., 
 2002 ). Ohmic heating is especially advantageous where the heating speed is impor-
tant. Several researchers have reported that ohmic heating was an effective means 
of minimizing textural degradation of fi sh muscle caused by endogenous heat - 
stable proteases (Yongsawatdigul  et al .,  1995 ; Yongsawatdigul and Park,  1996 ; Park 
 et al .,  1998 ; AbuDagga and Kolbe,  2000 ). The rapid increase in temperature causes 
proteases to be inactivated before they can signifi cantly hydrolyze myofi brilar pro-
teins, giving a better - quality product (Park  et al .,  1998 ). Better product quality may 
also be achieved when ohmic heating is used for heating high - acid food products 
such as tomato - based sauces prior to hot fi lling (Ruan  et al .,  2004 ). Furthermore, 
ohmic heating has the advantage of heating particulate foods more uniformly 
than conventional heating, owing to the volumetric heating that it provides. In con-
ventional aseptic processing, the time required to correctly process the centers of 
particles causes overprocessing of the surrounding volume (Vicente and Castro, 
 2007 ). During ohmic heating, a particle – liquid mixture can be heated fast and uni-
formly to a high temperature irrespective of particle size when the electrical con-
ductivities of the liquid and the particles are similar or when the solids concentration, 
viscosity, conductivity and fl ow rate are appropriate (Fryer  et al .,  1993 ; Khalaf and 
Sastry,  1996 ). 

 The lack of hot heat transfer surfaces in ohmic heaters reduces the risk of burning 
or overprocessing of the surface (Ghnimi  et al .,  2009 ). The electrode temperatures 
may be 2 – 3    ° C cooler than the bulk liquid (Fryer  et al .,  1993 ). Although the electrodes 
are carrying the same current density as the liquid, their lower resistivity produces 
much less resistance heating than in the liquid. This results in having no hot surface, 
which reduces the fouling problem. In commercial ohmic units, foods with a solids 
fraction of up to 80% are heated while in fl ow (Fryer and Li,  1993 ; Yang,  2000 ). A 
high solids content is desirable in ohmic heating because it leads to faster heating 
of particles with a conductivity that is the same as or lower than that of the liquid 
(Sastry,  1992 ; Sastry and Palaniappan,  1992a,b ; Orangi  et al .,  1998 ; Benabderrahmane 
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and Pain,  2000 ). In addition, when the solids content is high, the fl ow of a liquid –
 particle mixture approaches plug fl ow (Fryer and Li,  1993 ; Kim  et al .,  1996 ; Zitoun, 
 1996 ). 

 The identifi cation, control and validation of the critical control points required to 
demonstrate the achievement of commercial sterility is more diffi cult with ohmic 
processing than with conventional heating processes (Vicente and Castro,  2007 ). The 
contribution of the electric fi eld, the physical properties of the components, and the 
existence of different particle concentration/orientation and fl ow conditions make 
ohmic heating of particulate food rather complex. Therefore, research is needed to 
identify, measure and test any cold spots that may occur during ohmic heating of 
particulate food (Sastry,  2008 ). Several research studies have demonstrated the effect 
of conductivity, concentration, particle orientation and the fl ow regime around a 
particle (de Alwis  et al .,  1989 ; Fryer and de Alwis,  1989 ; de Alwis and Fryer,  1990 ; 
Sastry,  1992 ; Sastry and Palaniappan,  1992a,b ; Fryer and Li,  1993 ; Orangi  et al .,  1998 ; 
Zhao  et al .,  1999 ). The worst - case heating scenarios typically happen when a particle 
has an electrical conductivity signifi cantly different from its surroundings (Salengke 
and Sastry,  2007b,c ; Sastry,  2008 ). 

 The heating rate is affected by the electrical conductivities of the constituents of 
the food. For most solid foods, the electrical conductivity increases considerably after 
the cellular structure of the food is disrupted (Sastry and Palaniappan,  1992b ). The 
electrical conductivity of a food sample can be a strong function of frequency, it can 
be anisotropic and the conductivity – temperature profi le can differ signifi cantly 
between ohmic and conventional heating (Fryer and de Alwis,  1989 ; Halden  et al ., 
 1990 ; Sastry and Palaniappan,  1992a,b ; Fryer and Li,  1993 ). The electrical conductivity 
is affected by many things that occur during conventional heating, such as starch 
transitions, melting of fats and cell structure changes (Wang and Sastry,  1997 ). 

 Alternating current at low frequencies such as 50 and 60   Hz has an electrolytic effect 
(Reznick,  1996 ). High frequencies above 100   kHz can be used to overcome the problem 
of electrolytic effects (Reznick,  1996 ). Alternatively, insoluble, especially treated pure 
carbon electrodes can be used safely with electrical power at a frequency of 50 or 60   Hz 
(Reznick,  1996 ). In addition, with the development of solid - state power supply tech-
nology, it is possible to economically control electrolytic effects by using ohmic 
heating in a pulse mode (Sastry,  2008 ).  

  Novel Applications of Moderate - Electric - Field Processing 

 Several researchers have shown that molecular movement or diffusion is increased 
when an electric fi eld is applied to foods with a cellular structure (Schreier  et al .,  1993 ; 
Stapley  et al .,  1995 ; Mizrahi,  1996 ). In addition, it has been shown that for foods with 
a cellular structure, the heating rate can be increased at lower frequencies (such as 
50   Hz) as a result of permeability and molecular movement (Imai  et al .,  1995 ). At high 
frequencies (such as 10   kHz) the heating rate increases owing to dielectric loss, where 
the contribution of dipole rotation of water becomes signifi cant as in microwave and 
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radio frequency heating (Imai  et al .,  1995 ; Park  et al .,  1995 ; Imai  et al .,  1998 ). Recent 
studies have shown that a mild electroporation - type mechanism might have been 
seen during ohmic heating (Sastry  et al .,  2002 ). These have become the basis for the 
surfacing of several novel applications such as extraction, dehydration, blanching and 
fermentation. 

  Extraction 

 One application of the increased permeability induced by an electric fi eld is in juice 
extraction; for example, the juice yield of pressed apple cossettes was increased by 
electroplasmolysis pretreatment (Lima and Sastry,  1999 ; Bazhal and Vorobiev,  2000 ; 
Wang and Sastry,  2000 ). Lima and Sastry  (1999)  also showed that a higher yield was 
obtained at lower frequencies. Electroplasmolysis has been shown to increase the 
extraction speed for beet cossettes (Praporscic  et al .,  2005 ). Sensoy and Sastry  (2004b)  
showed that MEF processing increased the extraction yield for fresh mint leaves, 
where a higher yield was achieved at low frequency (50   Hz). The work of Kulshrestha 
and Sastry  (2003)  and Lima  et al .  (2001)  showed that treatment of beet tissue by ohmic 
heating resulted in leaching of dyes from cells. Thus, MEF treatment can be an alter-
native method for the extraction of specifi c cell metabolites (macromolecules, sugars 
and pigments), where heat and the electric fi eld work together to increase the 
permeability.  

  Dehydration 

 Several researchers (Lima and Sastry,  1999 ; Wang and Sastry,  2000 ; Zhong and Lima 
 2003 ) have observed a higher drying rate with samples pretreated by ohmic heating. 
Stapley  et al .  (1995)  studied the self - diffusion of water in samples of carrot, either raw 
or cooked by either ohmic or conventional heating. They used pulsed - fi eld - gradient 
NMR to characterize the self - diffusion of water, and observed the disappearance of 
structure with cooking. The difference between samples cooked electrically and con-
ventionally was much less than the difference between cooked and uncooked material, 
but was statistically signifi cant. Thus, MEF processing shows promise as a pretreat-
ment for drying.  

  Blanching 

 Blanching is a pretreatment for vegetables to achieve adequate quality in dehydrated, 
canned and frozen products. Mizrahi  (1996)  reported that owing to the rapid, uniform 
heating during MEF treatment, no dicing was required for vegetables. Blanching uses 
large quantities of water. Sensoy and Sastry  (2004a)  found that mushrooms could be 
preshrunk at signifi cantly lower temperatures, and with considerably lower water use, 
compared with conventional blanching. These studies show that MEF blanching offers 
an economical alternative.  
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  Fermentation 

 Cho  et al .  (1996)  showed that MEF treatment decreased the lag time of  Lactobacillus 
acidophilus  but found that the productivity of fermentation was reduced during later 
stages. Unal  et al .  (1998)  obtained similar results for  Lactococcus lactis . Other research-
ers have shown that cell membrane permeabilization occurred for  Lactobacillus aci-
dophilus  (Loghavi  et al .,  2009 ) and bacteriocin activity increased in the early stages 
of fermentation during MEF treatment (Loghavi  et al .,  2007 ). These results suggest 
that MEF technology can be used in the earlier stages of fermentation.  

  Summary and Other Applications 

 Moderate - electric - fi eld processing has been shown to increase mass transfer and there-
fore has potential for several applications, such as blanching, drying, extraction and 
fermentation. In addition, Salengke and Sastry  (2007a)  have shown that this type of 
processing may have potential as a pretreatment to reduce oil uptake during frying.    

  The Ohmic Heating Process 

 In an ohmic heating process, the food product is simply pumped between electrodes, 
either parallel or perpendicular to fl ow, which are in direct contact with the food 
(Ohlsson  et al .,  2002 ). A schematic diagram of a continuous - fl ow ohmic heating 
process is shown in Figure  36.1 , in which the electrodes are perpendicular to the fl ow. 
After heating, the product passes through a holding tube for a fi xed time to achieve 
commercial sterility (Skudder and Biss,  1987 ). The product is then cooled by a series 
of tubular heat exchangers, by a scraped - surface heat exchanger or by fl ash cooling, 

     Figure 36.1     Schematic diagram of a continuous - fl ow ohmic heating process  (adapted from Parrot, 
 1992 ). Reproduced with permission of the Institute of Food Technologists .  
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depending on the nature of the product. After cooling, the product enters a storage 
tank prior to aseptic fi lling.   

 An ohmic heating system consists of three parts, namely a power supply, a heater 
assembly and a control panel (Ruan  et al .,  2004 ). Commercial ohmic heaters may be 
either of the co - fi eld type, where the electrodes are positioned along the length of the 
product fl ow, or of the cross - fi eld type, where the electrodes are located perpendicular 
to the fl ow (Ruan  et al .,  2001 ; Ruan  et al .,  2004 ; Vicente  et al .,  2006 ). Differences in 
electrical conductivity between phases cause a heterogeneous temperature increase 
during ohmic heating. Therefore, foods may need pretreatment to increase the electri-
cal conductivity of the solid phase (Wang and Sastry,  1993 ). The adverse electrolytic 
effects that were neglected in the early designs have been eliminated by using new 
technologies that use food - compatible electrode materials and, in some cases, high 
frequencies (Ruan  et al .,  2004 ). 

  Fundamentals of Ohmic Heating 

 The principal mode of conduction in electrolytes is ionic conduction. Thus, the pres-
ence of ionic constituents is necessary for heating to occur during ohmic heating. Most 
foods are electrically conductive owing to their acid and salt content (Tulsiyan  et al ., 
 2008 ). At higher frequencies such as those used in microwave and radio frequency 
heating, the contribution of dipolar rotation of water molecules to the heating effect 
becomes signifi cant. In ohmic heating, a voltage gradient must be applied between 
the electrodes to generate heat within the food (Figure  36.2 ). The electric fi eld is gov-
erned by the current continuity equation (Equation  36.1  below), and the fl ow and 
thermal fi elds are governed by equations of continuity, motion and energy change 
(Orangi  et al .,  1998 ). The current continuity equation is

    ∇ ⋅ = −
∂
∂

⋅ −J
ρ
t

( )A m 3     (36.1)    

where  J  is the current density (measured in A · m  − 2 ),   ρ   is the charge density (C · m  − 3 ) and 
 t  is the time (s). For steady electric currents, the current continuity equation becomes

     Figure 36.2     Principle of ohmic heating.  
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    ∇ ⋅ =J 0 3( )A/m     (36.2)   

 The point form of Ohm ’ s law, which holds at all points in space, is

    J E= σ ( )A/m2     (36.3)  

  where   σ  , the electrical conductivity (S · m  − 1 ), can be a function of the spatial coordi-
nates. The electric fi eld intensity  E  is equal to the negative of the voltage gradient:

    E = −∇V     (36.4)   

 The steady - state form of the continuity equation for the current (Equation  36.2 ) can 
be combined with the point form of Ohm ’ s law to solve for the voltage distribution 
(Equation  36.5  below). The electric fi eld intensity  E  is replaced by the negative of the 
voltage gradient (Equation  36.4 ) to obtain

    ∇ ⋅ ∇( ) =σ V 0     (36.5)   

 The local temperature inside the food can be determined by using the energy equation 
for a constant - density fl uid,

    ρfC
DT
Dt

k T qp = ∇ +2 �     (36.6)   

 The local electric power converted to heat is, via Joule ’ s law,  E  ·  J , which is equal to 
  σ     | ∇  V | 2 . Therefore, the heat generation rate   �q (W · m  − 3 ) in the ohmic heater is directly 
proportional to the square of the local electric fi eld strength and the electrical 
conductivity:

    �q V= ∇σ 2     (36.7)   

 Laplace ’ s equation (Equation  36.5 ) and the energy equation (Equation  36.6 ) are solved 
with the appropriate boundary and initial conditions to obtain the voltage and tem-
perature distribution within the food. 

 The physical properties can be functions of temperature. The electrical conductivity 
of food products usually increases with increasing water content and temperature 
(Benabderrahmane and Pain,  2000 ; Goullieux and Pain,  2005 ). The electrical conduc-
tivity of both solid foods and liquids is often considered to be a linear function of 
temperature:

    σ σT mT T= + −ref ref[ ( )]1     (36.8)   

 Table  36.1  shows some electrical properties of selected foods.   



Design of Ohmic Heating Processes 1065

 The rate of ohmic heating depends on the electric fi eld distribution, and the uni-
formity of heating depends on the electrical conductivity and the geometry of the 
system. In a static ohmic heater, when a particle is in series with a liquid, a less con-
ductive particle tends to heat at a higher rate (de Alwis and Fryer,  1992 ). On the other 
hand, if the particle is more conductive than the liquid, it heats more slowly than the 
liquid. In the case of continuous fl ow of a liquid with particles suspended in it, the 
situation is more complicated. The complex electric fi eld distribution, the residence 
time distribution of the particles and interphase heat transfer between the particles 
and the fl uid make even numerical solution very complicated. Assumptions, simpli-
fi cations and suggestions for models have been made for the solution of several cases 
in order to understand the interactions of these physical parameters with each other 
(Sastry and Palaniappan,  1992a,b ; Fryer  et al .,  1993 ; Zhang and Fryer,  1993 ; Orangi 
 et al .,  1998 ; Benabderrahmane and Pain,  2000 ; Salengke and Sastry,  2007b,c ). Further 
developments in modeling will make the design and optimization of ohmic heating 
processes for industrial application easier.  

  Computer Modeling 

 Computer modeling is a necessary tool for the aseptic processing of particulate foods 
by ohmic heating, where internal temperatures cannot be measured without interfer-
ing with the fl ow (Chen  et al .,  2010 ). One computer model that predicts temperatures 
in the particles and the liquid in a continuous - fl ow ohmic heater (Figure  36.3 ) is based 
on a model developed by Sastry  (1992) . The model assumes plug fl ow through the 
heater due to the high solids concentrations normally used in ohmic heaters. The 
model involves separate energy balances for the fl uid and the particles (Sastry,  1992 ). 
For the liquid in an incremental section of thickness  Δ  x  (Figure  36.4 ) of the pipe, 
between locations  n  and  n     +    1, the following energy balance is used:

    � �v C T T q v N h A T T UA T Tp
n n

f f f f f f f p fp p sm fm pi a fm( ) ( ) ( )ρ + − = + − + −1     (36.9)    

where

    T
T n n

fm
f fT

=
++1

2
 

    T
T Tn n

sm
s s=

++1

2
  

  Table 36.1    Electrical properties of selected foods. 

        Potato     Carrot     Turnip     Reference  

    σ   70  (S · m  − 1 )    1.11    1.05    1.21    Chen  et al .  (2010)   
   m  (S · m  − 1  ·  ° C  − 1 )    0.0104    0.0098    0.0106    Chen  et al .  (2010)   
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     Figure 36.4     Equivalent circuit for an incremental section.  
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     Figure 36.3     Schematic diagram of ohmic heater.  (Adapted from Sastry ( 1992 ), courtesy of John 
Wiley & Sons) .  
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 Here,   �vf is the volumetric fl ow rate,   ρ   f  is the density,  C p   f  is the specifi c heat capacity 
and  v  f  is the volume of the fl uid in the incremental section.  N  p  is the number of par-
ticles. The subscripts  “ p, ”   “ pi ”  and  “ a ”  represent a particle, the pipe and the ambient 
air, respectively. The temperature  T  f  of the fl uid at each incremental location ( n     +    1) 
can be determined from Equation  36.9  if the voltage fi eld  V  and the mean particle 
surface temperature  T  sm  are known. The heat transfer problem for the particles is the 
conduction heat transfer equation with temperature - dependent internal heat 
generation:

    ρp p
p

p p p pC
T
t

k T q Tp
∂
∂

= ∇ ⋅ ∇ +( ) ( )�     (36.10)  
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  where the subscript  “ p ”  again represents a particle, and  k  is the thermal conductivity. 
The time - dependent boundary condition is

    k T n h T T tp p fp sp f∇ ⋅ = −[ ]�
( )     (36.11)  

  where  T  sp  is the particle surface temperature. 
 The electric fi eld distribution arises from the continuity equation (Equation  36.5 ) 

for the current, which is diffi cult to solve for a multiparticle mixture. Doing this 
would require knowledge of the location and properties of every particle at all points 
in time. The electric fi eld distribution can instead be solved using circuit theory, 
where the ohmic - heater column is considered to be a set of equivalent resistances 
in series (Figure  36.4 ). This is a useful and realistic approximation because voltage 
gradients are likely to occur primarily along the length of the heater with high solids 
concentrations (Sastry,  1992 ). The voltage drop in each incremental section must be 
determined separately, because the temperature and conductivity of the product 
increase as the product passes through the heater. For each incremental section  i  of 
thickness  Δ  x  lying between locations  n  and  n     +    1, the resistance is calculated from 
the values for the continuous phase (the carrier fl uid) and the discontinuous phase 
(the solid) as

    R R
R R

P R
i i

i i

i i

= +
+lS

lP sP

lP sP

    (36.12)  

  where

    R
x

A
i

i

i i
lS

lS

lS l

=
Δ

σ
    (36.13)  
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sP

sP s
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Δ

σ
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=
Δ

σ
    (36.15)  

    A
d

A Ai i ilS sP lP= = +
π 2

4
    (36.16)   

 The total resistance of the ohmic heater column is then

    R Ri

i

N

=
=

∑
1

    (36.17)   
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 The total current fl owing through the system is

    I
V
R

=
Δ

    (36.18)   

 The voltage distribution is calculated assuming that all equipotential surfaces are 
planar and perpendicular to the tube walls. Thus, the voltage drop across the incre-
mental section  i  is calculated as

    ΔV IRi i=     (36.19)  

  and the results are used to calculate the voltage gradient and the energy generation in 
each incremental section.  

  Systems Available 

 The fundamental requirements for ohmic heating equipment are electrodes, a non-
conducting enclosure for the food material and a power supply (Figure  36.2 ). The 
ohmic heater can be a batch or a continuous system. In a batch system, the electrodes 
are placed on opposite side of the container. The electric fi eld lines are distributed 
according to the shape of the container and the electrodes. For industrial applications, 
however, continuous systems are preferred. In a continuous - fl ow system, either a co -
 fi eld or a cross - fi eld arrangement can be used. 

 Batch processes are usually used for cooking meat products (Vicente  et al .,  2006 ). 
Continuous ohmic heaters are used for viscous fl uids and fl uids with particles (Vicente 
 et al .,  2006 ). There are several manufacturers of ohmic heating equipment, including 
APV Baker, Ltd. (Crawley, UK), Raztek Corp. (Sunnyvale, CA, USA) and Asepsystems 
S.r.l. (Parma, Italy). Several APV Baker ohmic heaters have been installed for process-
ing a wide variety of high - quality, value - added pumpable particulate food products 
such as meals and fruit preparations (Ruan  et al .,  2004 ). Raztek ’ s Electroheating ™  
technology has been implemented in New Jersey, USA, to extend the shelf - life of 
liquid egg products and minimize the production downtime (Ruan  et al .,  2004 ). The 
Emmepiemme high - frequency ohmic heater from Asepsystems is being used for diced 
fruit and vegetable products ( http://www.asepsystems.com ). 

 Ohmic heaters are usually used in steps to provide better control over heat -
 channeling effects that can cause hot spots. In one APV Baker ohmic heater, the food 
fl ows upward in an insulating tube, with cylindrical electrodes placed along the tube 
(Ruan  et al .,  2004 ). This is a co - fi eld ohmic heater. During heating, as the product 
approaches the outlet, its electrical conductivity increases as a result of the increasing 
temperature. A higher electrical conductivity causes a higher heating rate, and this 
may cause runaway heating. To minimize or provide better control of this effect, 
multiple electrodes are used in series. The distance between the electrodes can be 
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increased as the fl ow approaches the outlet to take account of the increase in electri-
cal conductivity with temperature.  

  Design 

 The design of an ohmic heater for a particular application is somewhat more specifi c 
to the application than designing or choosing a heat exchanger (Ruan  et al .,  2004 ). In 
order to benefi t from the advantages of ohmic heating over conventional heating and 
to optimize the process, the ohmic heater needs to be tailored to the specifi cations of 
the application (Ruan  et al .,  2004 ). The critical processing conditions and the proce-
dures used must be defi ned. The defi nitions of these conditions and procedures should 
include electrical conductivities, premix formulation procedures, initial temperatures, 
fl ow rates or particle residence times, exit temperatures and solid loading rates, and 
the control of these. The process parameters should ensure product safety while simul-
taneously maximizing product quality. These parameters are specifi c to individual 
systems and formulations. 

 An essential requirement in the design of commercial continuous - fl ow sterilization 
processes for viscous and particulate foods is to calculate the temperature history of 
the center of the largest particle, and to estimate the resulting inactivation of micro-
organisms (Maroulis and Saravacos,  2003 ). However, for some types of product, the 
coldest point in the ohmic heater is not as obvious. The complexity of the ohmic 
heating process is due to the complex coupling between the temperature fi eld, the 
electric fi eld and process parameters such as the size and shape of the particles and 
their orientation relative to the electric fi eld (Jun and Sastry  2009 ). Understanding the 
roles of these factors require rigorous testing and reevaluation. 

 The design considerations for ohmic heaters include the electrode confi guration, 
the heater geometry, the current density, the applied voltage and the velocity profi le 
of the product. Some other parameters that are important are properties of the product 
such as the electrical conductivity, ratio of solids, viscosity, and specifi c heat capacity 
(Bengston  et al .,  2006 ). Having particles with a lower electrical conductivity than the 
fl uid may yield a higher heating rate for the particles (Orangi  et al .,  1998 ), which is 
an advantage in ohmic heating. Products may need pretreatment before the ohmic 
heater, because the electrical conductivities may need adjustment prior to the ohmic 
heating process. Having particles with different electrical conductivities in the system 
causes strong temperature inhomogeneities, especially in the case of unmixed batch 
systems (Davies  et al .,  1999 ; Goullieux and Pain,  2005 ). 

 A knowledge of the spread of residence times for the fl uid and particles is essential 
for determining the thermal treatment that any product has received. The residence 
time distribution of the particles depends on the fl ow rate and viscosity of the carrier 
medium, and also on the size, density and concentration of the particles (Sandeep 
and Puri,  2009 ). For continuous ohmic heaters, the electrical conductivity and the 
residence time distribution of the particles, and the fl uid – particle heat transfer 
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coeffi cient are the crucial parameters when one is designing an ohmic heating system. 
In summary, the design considerations for ohmic heating systems should include the 
following: 

   •       Product characteristics . The resistance of an ohmic heating device is a function 
of the electrical resistance of the product and the geometry of the equipment (Ruan 
 et al .,  2004 ). The electrode confi guration and the power requirements can be deter-
mined from the electrical conductivity of the product and its variation over the 
range of temperature used. For particulate food products, the electrical conductivity, 
specifi c heat capacity and density of each phase, the solids concentration, the vis-
cosity of the liquid, and the heat transfer coeffi cient between the phases are impor-
tant parameters in determining the heating rate.  

   •       Processing parameters . The heating is very fast in an ohmic heating system, and 
therefore even small delays in the fl ow may lead to high temperature differences. 
Therefore, it is important to minimize even small differences in fl ow velocity in 
the cross section (Ruan  et al .,  2004 ). Plug fl ow can be achieved with high solids 
concentrations. The concentration of particles (for two - phase systems) and the 
initial temperature of the product are important parameters.     

  Process Control 

 The inlet temperature, fl ow rate and specifi c heat capacity of the product are the 
parameters that affect the outlet temperature. Ohmic heaters usually contain multiple 
sets of electrodes to provide better control of the process. Problems may arise if a 
single pair of electrodes is used to heat the food so as to cause a large temperature 
change (Ruan  et al .,  2004 ). Signifi cant changes in electrical conductivity along the 
length of the system may cause substantial changes in the heating rate, which is hard 
to control. Raztek ’ s full - scale industrial system (Ruan  et al .,  2004 ) uses a feedback 
system to control the outlet temperature.  

  Cleaning and Sanitation 

 An important aspect of the presterilization of an ohmic heater assembly is to use a 
cleaning solution that has approximately the same electrical conductivity as the food 
material to be processed. The adjustment of the electrical power during the change to 
the product is minimized by doing this. This ensures a smooth transition with little 
temperature fl uctuation (Yang,  2000 ). Presterilization of the ohmic heater, holding 
tube and coolers is achieved by recirculating a solution such as a sodium sulfate solu-
tion at a concentration that approximates the electrical conductivity of the food mate-
rial to be processed (Skudder and Biss,  1987 ; Yang,  2000 ). After processing, the power 
is shut down and cleaning is done with a 2% (w/v) solution of caustic soda recirculated 
at 60 – 70    ° C for 30   min (Yang,  2000 ). The cleaning solution is heated by conventional 
methods, owing to its high electrical conductivity (Yang,  2000 ).  
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  Capital and Operating Costs 

 The capital cost of ohmic heaters is low compared with other new technologies and 
is becoming less expensive with improvements in the technology (Sastry  et al .,  2009 ). 
According to Ghnimi  et al .  (2009) , the cost of ohmic sterilizers dropped by a factor of 
10 between 1992 and 2003. The operational costs of ohmic heating were found to be 
comparable to those for freezing and retorting of low - acid products (Allen  et al .,  1996 ; 
Zoltai and Swearingen,  1996 ). Studies such as that of Allen  et al .  (1996)  have shown 
that the process is a viable alternative to conventional processing technologies for 
low - acid foods and it may be a useful technology for high - quality high - acid foods. 
Some studies with meat products in Canada showed 70% energy savings when ohmic 
heating was used instead of traditional smokehouse cooking (Vicente  et al .,  2006 ). 
Savings in time would be an additional benefi t (Vicente  et al .,  2006 ).   

  Summary and Future Needs 

 Ohmic heating offers unique advantages, such as achieving higher temperatures in 
particles than in liquids, which is impossible with current sterilization techniques; 
reduced fouling; reduced burning of food; minimal mechanical damage; better nutrient 
and vitamin retention; easy process control, with instant switch - on and shutdown; a 
high solids loading capacity; and quiet and environmentally friendly systems. However, 
enhancements are always needed, which can be summarized as follows. There is a 
need to improve noninvasive temperature - monitoring techniques for profi ling the heat 
distribution and locating potential cold or hot spots during the ohmic heating process. 
Other techniques may interfere with the electric fi eld. There is a need to develop 
reliable mathematical models that correlate the physical and electrical properties of 
products with process parameters so that one can calculate values for sterility and the 
extent of cooking. There is also a need to quantify the effects of the electric fi eld on 
mass transfer for the applications of ohmic heating in drying, extraction, blanching 
and fermentation. Finally, better electrode materials or new types of power supply 
equipment (e.g., high - frequency or pulse mode) are needed to minimize electrolysis.  

  Nomenclature 

    A       Surface area (m 2 )  
  C p        Specifi c heat capacity (kJ · kg  − 1  ·  ° C  − 1 )  
  d       Diameter of heater tube (m)  
  E       Electric fi eld intensity (V · m  − 1 )  
  h       Heat transfer coeffi cient between carrier fl uid and particle surface (W · m  − 2  ·  ° C  − 1 )  
  I       Current (A)  
  J       Current density (A · m  − 2 )  
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  k       Thermal conductivity (W · m  − 1  ·  ° C  − 1 )  
  m       Temperature coeffi cient ( ° C  − 1 )  
  N       Number  
   
�
n      Unit normal vector  
   �q      Heat generation rate (W · m  − 3 )  
  R       Resistance ( Ω )  
  T       Temperature ( ° C)  
  t       Time (s)  
  U       Overall heat transfer coeffi cient (W · m  − 2  ·  ° C  − 1 )  
  V       Electric potential (V)  
  v       Volume (m 3 )  
   �v      Volumetric fl ow rate (m 3  · s  − 1 )  
  x       Coordinate dimension (m)  
  Δ       Increment  
   ρ        Charge density (C · m  − 3 ) when used in current continuity equation, density 

(kg · m  − 3 ) when used in energy balance equation  
   σ        Electrical conductivity (S · m  − 1 )  
  ∇       Gradient    

  Subscripts and Superscripts 

   a      Ambient air  
 f      Fluid  
  i       Index of incremental section  
 l      Liquid  
 m      Mean value  
  n       Time step index  
 P      Parallel  
 p      Particle  
 pi      Pipe  
 ref      Reference temperature  
 S      Series  
 s      Surface (when used with temperature), solid (when used with resistance)  
  T       Temperature      
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   Introduction 

 In recent years, there has been increasing interest in the use of pulsed electric fi eld 
(PEF) technology owing to its potential to induce nonthermal permeabilization of cell 
membranes. The external application of an electric fi eld ( ≤ 1   kV · cm  − 1 ) induces a poten-
tial difference of  ∼ 0.3 – 1   V across the cytoplasmic membrane for a period long enough 
(microseconds to milliseconds) to induce pore formation in the plasma membrane 
(Weaver,  2000 ). Depending on the properties (i.e., size, conductivity, shape and orien-
tation) of the cells and the electropulsation parameters (i.e., fi eld strength, duration 
and number of pulses), the application of a PEF may cause lethal damage to the cells 
due to irreversible loss of cell membrane permeability properties, leakage of cytoplas-
mic contents and lysis (Aronsson  et al.   2001 ). Based on this phenomenon, most of the 
applications in food science that have been studied have concentrated on two main 
aspects. (1) The effects of high - fi eld - strength PEF treatments on the inactivation of 
microorganisms for pasteurization of liquid foods without a substantial increase in 
temperature (Pothakamuri  et al.   1997 ; Qin  et al.   1998 ). Fruit juices (Walkling - Ribeiro 
 et al.   2009 ; Aguil ó  - Aguayo  et al. ,  2009 ; Akin and Evrendilek,  2009 ), milk (Fernandez -
 Molina  et al. ,  2005 ) and waste water (Gusbeth  et al.   2009 ) are a few examples of 
products that have been treated with PEFs for bacterial reduction. (2) The irreversible 
permeabilization of cell membranes in plant tissues can, at a lower fi eld strength, be 
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used for the improvement of mass transfer processes such as obtaining an increased 
extraction yield of fruit juices (Fincan  et al.   2004 ; Chalermchat and Dejmek,  2005 ; 
Turk  et al. ,  2009 ), extraction of biomolecules (e.g., colorants and antioxidants) 
(Chalermchat  et al. ,  2004 , Jaeger  et al. ,  2008 ) and increasing the rate of drying (Ade -
 Omowaye  et al. ,  2003 ; Lebovka  et al. ,  2007a ). 

 Permeabilization may be done without affecting cell viability through strict control 
of the electropulsation parameters. It is routinely used for gene transfer with walled 
and wall - less systems (Ganeva  et al. ,  1995 ). It is now being proposed as an effi cient 
method for delivery of drugs, antibodies and plasmids  in vivo  in clinical biotechnologi-
cal applications. The delivery of a cryoprotectant was recently proposed in the context 
of the food industry as a method for improving the freezing tolerance of leafy vegeta-
bles (Phoon  et al. ,  2008 ); remarkably, cell viability is preserved after a freezing –
 thawing cycle (Figure  37.1 ).   

 It should be emphasized that very little is known about what actually occurs in the 
cell and its membranes at the molecular level upon reversible electroporation, and the 
physiological responses to PEF - induced stress are still largely unknown. It has been 
reported that PEF treatment affects metabolism, including an oxidative burst with 
consequent generation of reactive oxygen species (Gabriel and Teissi é ,  1994 ; Sabri 
 et al. ,  1996 ), and stimulation of the production of secondary metabolites, such as 
increased yields of a cytostatic compound in a cell culture of  Taxus chinensis  (Ye 
 et al. ,  2004 ) and of antioxidants and phytoesterols from oil seeds and fruits (Guderjan 
 et al. ,  2005 ; Gunderjan  et al. ,  2007 ). 

 Recent developments using more sophisticated technologies (nanosecond pulses, 
nanoPEFs) have shown that cytosolic targeting of the effect of the fi eld is possible. A 
nanosecond pulse is shorter in duration and higher in electric fi eld by orders of 

Figure 37.1 Spinach leaves treated with a freeze –thaw cycle. (a) The leaf cells were infused with 
the cryoprotectant trehalose before the freezing –thawing cycle. PEF treatment was used for the 
delivery of the cryoprotectant into the cytoplasm of the cells. (b) Control sample that did not undergo 
PEF-assisted infusion of the cryoprotectant before the freezing –thawing cycle. 

(a) (b)
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magnitude. Therefore, the effect of the pulse is completely different, as the pulse dura-
tion is shorter than the charging time of the plasma membrane, and the cell response 
changes signifi cantly. The fast - rising electric pulse instead facilitates penetration of 
the electric fi eld into the cell interior, charging intracellular structures and directly 
inducing intracellular responses. As a result, nanoPEF treatment could be referred 
to as a method of  “ electroperturbation ”  rather than  “ electroporation ”  (Beebe and 
Schoenbach,  2005 ), in which membrane charging is the main mechanism that yields 
effects such as stress responses (Gundersen  et al. ,  2004 ). To the best of our knowledge, 
this technology has not been tested on food systems. 

 Figure  37.2  is a schematic diagram summarizing the various areas of application of 
pulsed electric fi elds as a function of pulse duration and electric fi eld strength.    

  Principles and Technology 

 In this chapter, we illustrate the principles of the application of PEFs and the use of 
the necessary equipment. 

  Pulse Shapes and Protocols 

 Square wave pulses are normally delivered by PEF systems, either monopolar or 
bipolar, and maintain a constant peak voltage through the pulse duration, with very 

Figure 37.2 Schematic representation of the various areas of application of PEF technology 
(adapted from Martin Gundersen ’s webpage, Pulsed Power Group, University of Southern California, 
http://www.usc.edu/dept/ee/Gundersen/, with permission) .
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short rise and fall times in comparison with the total duration of the pulse. An 
example is given in Figure  37.3  of a 1   ms pulse. When pulses of very short duration 
(e.g., on the order of nanoseconds) are required, square pulses are not longer possible, 
owing to the very fast rise and fall times required. Reactive properties such as 
cable capacitance and inductance will affect the pulse. The peak electric fi eld is main-
tained for only a short time before the fi eld decreases to its fi nal value, as shown in 
Figure  37.4 .   

Figure 37.3 Characteristic square wave pulse as a function of time. The pulse width is 1 ms; the 
rise and fall times are shown. (From Figure 1B of G ómez Galindo et al. (2008) ).
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Figure 37.4 Typical short -duration pulse (nanoseconds) as a function of time, as shown on a 
conventional oscilloscope measurement device. At high voltages, short -time refl ections may accom-
pany the pulse. In the picture, each vertical division represents 80 ns and each horizontal division 
represents 2500 V.
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 The parameters to be considered when one is treating samples with electric pulses 
are the pulse width and strength, the number of pulses, the space between the pulses, 
and the space between trains of pulses. Figure  37.5  gives examples of some protocols 
for the use of electric pulses.    

  Equipment 

 Several different kinds of pulsed power technology can be used to generate fast electri-
cal discharges. The main components are a power source, a charging device, a charge 
storage device, a switch, and an applicator or treatment chamber in which the product 
to be treated is situated (Figure  37.6 ).   

   PEF  Delivery Equipment: The  “ Spark Gap ”  Design 

 The most traditional approach in the design of PEF delivery equipment is to use a 
 “ spark gap ”  (Figure  37.7 ). Two conducting electrodes are separated by an air gap or a 
gas - fi lled gap. When a voltage with suffi cient amplitude is applied to the gap, a spark 
is formed, which ionizes the gas and drastically reduces the electrical resistance 
between the two electrodes. The point where the spark appears depends on the dis-

Figure 37.5 Schematic illustration of PEF delivery protocols in which the pulse width and strength, 
the interval between pulses and the interval between trains of pulses are considered. (a) Monopolar 
pulses, (b) bipolar pulses. (From Figure 1B of Phoon et al. (2008)) .
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Figure 37.6 Block diagram with typical components. 

Switch

logic

Chamber

Pulse

switch

Charge

capacitor

Charge

logic

Power

supply

AC

mains

tance between the two electrodes, the gap and the gas used. When the gas is ionized, 
the current continues to fl ow until the voltage source has discharged and the current 
is below a certain threshold level. If the gap is connected to a high - voltage capacitor 
that is charged using a constant - current source or similar, a train of pulses can be 
achieved. The pulse amplitude can be controlled by an adjustment device connected 
to the gap that is used to adjust the distance between the electrodes. The frequency 
of the pulses can be set by adjustment of the current from the constant - current source. 
For various reasons, however, this is not a suitable way of creating high - voltage pulses, 
as more accurate control of the amplitude and also of the frequency and pulse width 
is needed. The pulse width in this confi guration is infl uenced by the impedance of 
the product to be treated.    

  Modern Designs of Pulse Generators 

 A number of different switching devices are available on the market and are constantly 
being developed. These devices are designed to handle high voltages, although the 
current capacity is low. In older designs, various forms of vacuum tubes are used; 
however, vacuum tubes have the drawback that their effi ciency is normally low and 
their lifetime is limited. Modern designs use semiconductors. There are various types 

Figure 37.7 Typical air gap system. 
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of semiconductors, and a complete survey is beyond the scope of this document, 
although a few can be mentioned. A thyristor - based circuit has similar properties to 
an air gap system; the main difference is that the thyristor can be controlled to a 
certain extent. The point where the device  “ fi res ”  can be controlled, but the thyristor 
remains active or conducting until the voltage across the capacitor is below a thresh-
old level. For some applications, thyristors can be a cost - effective solution. 

 In general, conventional transistors can handle high currents but voltage handling 
is more limited. Bipolar transistors are current amplifi ers which can handle very high 
currents, and voltages up to 1   kV or slightly higher. A fi eld effect transistor (FET) or 
the more powerful metal – oxide – semiconductor FET (MOSFET) is basically a voltage 
amplifi er and works in a manner similar to a vacuum tube. A more recent design is 
the insulated - gate bipolar transistor (IGBT), a simplifi ed transistor where the output 
stage is designed as a bipolar transistor and the input stage is designed as an FET. This 
device combines the best of both worlds and is currently under development. 

 If the generator is designed to be connected to a mains power supply that has an 
alternating voltage supply in the range of 90 – 230   V   AC (or 400   V   AC, which is com-
monly available for industrial applications), it is obvious that this voltage has to be 
converted up to a level of several kilovolts. Most commonly, an arrangement using 
transformers is used for this purpose, as semiconductors can traditionally handle high 
currents but not withstand high voltages; the most popular approach is to use a pulse 
transformer at the output stage, that is, to switch at a relatively low voltage and use 
a transformer to convert a very high - current, low - voltage pulse to a high - voltage, low -
 current pulse. In other words, the current is traded off against the voltage. This 
arrangement is similar to that found in most internal combustion engines to create 
the ignition pulse. In a car, a charge at a voltage of 12   V is stored in a relatively small 
capacitor  –  a few microfarads  –  and this capacitor is then discharged through a pulse 
transformer that has a ratio of, for instance, 1   :   15   000. This means that an alternating 
voltage on the primary side (input) with an amplitude of 1   V will result in an alternat-
ing voltage with an amplitude of 15   000   V on the secondary side. This increased voltage 
is traded off against the current; approximately, the current on the primary side is 
15   000 times higher than that available on the secondary side. A resulting high - voltage 
pulse with an amplitude of up to 20   kV or more can thus be achieved, although very 
high currents are required on the switching side. 

 The transformer approach has limitations that are most apparent when high - power 
pulses are needed. The capacity of the charge storage device has to be very high. If the 
primary switching voltage is just over 320   V   DC (which is achieved if the 230   V   AC 
mains from a common outlet is rectifi ed into a direct current) and a pulse with an 
amplitude of 20   kV is desired, then a transformer with a ratio of at least 1   :   60 is needed. 
To be exact, the input pulse of 320   V has to be amplifi ed 60 times and the amplitude 
has to be 19   200   V. If a current in the range of 100   A is desired, then a primary current 
of 6000   A is required. 

 A capacitor is normally used to store the charge, and this device has a capacitance 
that is measured in farads (F) (A · s). If the duration of the pulse is 10    μ s, then a 300   V 
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capacitor capable of storing 10    μ s    ×    6000   A    =    60   000    μ F is needed. A device with this 
capacity does not exist, and has to be constructed using a large number of devices 
connected in parallel (to increase the capacitance) or in series (to increase the voltage -
 handling capacity). In other words, this device has to be formed using a relatively large 
number of capacitors. Furthermore, to create the pulse on the primary side of the 
transformer, a switch capable of handling a very high current, in this case 6000   A, is 
necessary, and an arrangement using a number of switching devices in parallel would 
be required. 

 Another disadvantage of using a pulse transformer is the fact that a transformer is 
a reactive device and the shape of the pulse cannot be squared, owing to resonances, 
ringing and other phenomena. 

 Another approach, therefore, is to use a transformer before the switching device and 
then feed the treatment applicator directly from the switching device. In this method, 
the voltage is increased to the required level, and then a switch is assembled using a 
number of semiconductor devices connected in series in order to be able to withstand 
the high voltage. Also, charge storage capacitors have to be connected in series to 
withstand the high voltage. To further stabilize the design, resistors and diodes are 
needed to ensure that the voltage is evenly spread across the switches and the capaci-
tors. By using such a design, the disadvantages of the pulse transformer are avoided 
and a  “ perfect ”  square wave pulse with a very high rise time can be created (see Figure 
 37.8 ). However, the drawback of this design is that very high voltages are diffi cult to 
handle. They are always present in the generator, and thus the design has to be care-
fully considered and the use of the system needs precautions. Insulation of wires, 
distance between high - voltage terminals and various levels of insulation are needed 
to render the equipment safe.   

 A novel approach is used in the CEPT ®  device (Figure  37.9 ), which differs from the 
traditional designs (Henriksson,  2008 ; Henriksson,  2009 ) in that instead of creating a 
pulse with a very high amplitude, a pulse with an amplitude in the range of 1 – 2   kV is 
produced. Depending on the amplitude required for the application, a number of pulse 
generators are used, and these are connected in series and synchronized from an 
external controller. The resulting high - voltage pulse will only appear when all the 

Figure 37.8 Typical pulse transformer design. 
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generators are synchronized, using an external controller device to simultaneously 
and for a very short time apply a voltage to the output of each module. As the modules 
are connected in series, the resulting voltage is the sum of the voltages from all the 
modules.   

 The advantage of using this approach is that each generator is relatively simple and 
uses standard components designed for voltages in the range of up to 2   kV. These 
components are widely available and thus very cost - effective, the drawbacks of 
using transformers are avoided, and the fast rise and fall timed obtained from simple 
designs are maintained. This approach makes it possible to design a modular low - 
cost generator that can be adapted to particular needs by adding more modules and 
increased capacity. The pulse width, amplitude and frequency can be controlled and 
fi ne - tuned.  

  Treatment Chambers for Continuous Processing 

 When PEF treatment is used in an industrial situation, a continuous or semicontinu-
ous fl ow is required. Many designs and PEF systems for this purpose have been 
reported (for a review, see Huang and Wang,  2009 ). In this section, we describe the 
basic principles of design and some new state - of - the - art systems. The most straight-
forward design includes the electrodes in the tube used for the transportation of the 
product. 

Figure 37.9 Simplifi ed CEPT ® generator. 
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Figure 37.10 Three different arrangements of electrodes in a transport tube. 

Product

flow

1 2 3

 In Figure  37.10 , a few possible arrangements of electrodes are shown. The simplest 
(1) has two plates integrated into the tube, and the product passes between these two 
plates. This confi guration is similar to the cuvette used in the laboratory, but the 
product is in motion while being treated. The fl ow inside a tube is not linear, owing 
to various effects, and therefore the pulse frequency has to be adapted to the fl ow to 
ensure that all parts of the product are exposed to the number of pulses required for 
treatment.   

 The electrode arrangements 2 and 3 (Figure  37.10 ) are examples of alternative 
designs where an aperture is used to force the product to pass between more narrowly 
spaced electrodes. With this design, the electric fi eld is more concentrated and has a 
higher strength. The disadvantage is that this confi guration presents resistance to the 
fl ow and also creates turbulence within the product during treatment. 

 In a few more recent designs, the PEF treatment chamber is integrated into a con-
ventional rotating pump, similar to those often used in the food industry (Lindgren, 
 2005 ) (Figure  37.11 ). The pumpable product is transported from the inlet to the outlet 
and, during transportation, a volume is enclosed between the pump blades, which 

Figure 37.11 PEF treatment chamber integrated into a pump. 
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form a small compartment. This product volume passes over an electrode arrangement 
and, while passing, the product is exposed to pulses. The pump produces a continuous 
fl ow and at the same time acts as a PEF treatment chamber. The negative aspect of 
this design is that the pump may produce an underpressure and air bubbles might 
form in the product, affecting the discharges. Another disadvantage is that the product 
cannot be fed back to the supply line in case of failures during the treatment process.   

 In the CEPT ®  (Closed Environment PEF Treatment) system, a conventional piston 
pump is used; Figure  37.12  illustrates how this system works. In Figure  37.12 a, the 
pump is empty, and when the piston is moving downwards (Figure  37.12 b), the com-
partment is fi lled. When the piston moves upwards (Figure  37.12 c), the pressure rises 
and, at a predefi ned overpressure, the high - voltage pulses pass though the product and 
the product is fed forward to the production line (Figure  37.12 d). The advantage of this 
design is that the product is more or less stationary during exposure to the pulses. 
The product is pressurized to avoid formation of air bubbles, and there is the possibil-
ity to monitor each volume so that it is properly treated and also to decide whether 
to open the valve to feed the product forward as a clean product or, in case of a failure, 
feed it to a drain and return it to the untreated - product reservoir.     

  Preservation of Liquid Foods by Pulsed Electric Fields 

 Nonthermal processes have gained importance as a potential technology to replace or 
complement the traditional thermal processing of food. Compared with thermal 
processing, nonthermal processes offer the advantages of a low processing tempera-
ture, low energy utilization, and the retention of fl avors, nutrients and a fresh taste, 
while inactivating spoilage - causing microorganisms. 

 During the last decade, an unprecedented quantity of research and development 
activities has been carried out regarding nonthermal processing. Most of the work has 
concentrated on high hydrostatic pressure and pulsed electric fi elds, with microbial 
inactivation, quality improvement and shelf life extension forming the initial primary 

Figure 37.12 CEPT® PEF treatment chamber. 
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goals of those efforts (Bendicho  et al. ,  2002 ; Palou  et al. ,  1999 ; Vega - Mercado  et al. , 
 1997 ). 

 Important industrial developments of this technique have been achieved through 
evaluation of the effi ciency of PEF treatment for microbial inactivation. The level of 
microbial inactivation achieved with PEF treatment depends mainly on the fi eld 
strength and the number of pulses applied during the process (Mart í n  et al. ,  1997 ; 
Pothakamuri  et al. ,  1997 ; Qin  et al. ,  1995 ). 

 As examples, a few patents such as US Patents 4695472 (Dunn and Pearlman,  1987 ), 
5034235 (Dunn  et al. ,  1991 ) and 5235905 (Bushnell et al.,  1993 ) describe the preserva-
tion of fl uid foods such as dairy products, fruit juices and liquid eggs by treatment 
with an electric fi eld strength in the range of 12 – 25   kV · cm  − 1  for 1 – 100    μ s. The lethal 
effects observed during PEF treatments were remarkably higher than those achieved 
in a parallel test using only thermal pasteurization. The PEF process is safe because 
no dangerous chemical reactions have been detected; furthermore, it is reliable because 
the same results can be obtained repeatedly. US Patent 4695472 reported a reduction 
by fi ve log cycles in the microbial count of naturally occurring microorganisms in 
orange juice after 35 pulses of length 100    μ s at a voltage intensity of 33.6 – 35.7   kV · cm  − 1  
and a process temperature of 42 – 65    ° C. The effect of PEF treatment on raw milk has 
also been studied. Raw milk was subjected to several treatment conditions and, if 
stored under refrigeration, the PEF - processed milk was found to have a microbial shelf 
life of 2 weeks (Qin  et al. ,  1995 ). These reports of microbial inactivation were accom-
panied by evidence showing that the taste of the treated liquids did not change fol-
lowing the electric - fi eld treatments, which is an extremely important fi nding as 
today ’ s consumers prefer  “ fresh ”  fl avors. Other products with reported successful PEF 
treatments include raw peach juice, skim milk, beaten eggs, pea soup, apple juice and 
reconstituted apple juice (Zhang  et al. ,  1995 ). 

 More detailed scientifi c studies of the mechanisms of microbial inactivation by PEF 
have concluded that morphological and environmental factors are also crucial for the 
inactivation levels that can be achieved. For example, it has been reported that yeast 
cells are more sensitive to PEF treatment than bacterial cells, and Gram - negative 
bacterial cells are more sensitive than Gram - positive cells (Wan  et al. ,  2009 ). Also, 
PEF is widely reported as being ineffective for the inactivation of bacterial spores. 

 The information contained in the literature about the infl uence of the conductivity 
and pH of the treatment medium on the effi cacy of microbial inactivation by PEF 
treatment is not conclusive. Some studies have shown that lowering the conductivity 
of the medium increases the degree of microbial inactivation (Vega - Mercado  et al. , 
 1996 ; Wouters  et al. ,  1999 ). This factor has been shown not to be dependent on the 
type of target microorganism (Alvarez  et al. ,  2003 ; Sep ú lveda  et al. ,  2006 ). Early studies 
reported that the pH of the medium did not affect microbial inactivation by PEF treat-
ment (Sale and Hamilton,  1967 ; H ü lsheger  et al. ,  1981 ), whereas later studies reported 
that the inactivation was enhanced by a decrease in the pH of the medium (Geveke 
and Kozempel,  2003 ). The infl uence of the pH on the sensitivity of microorganisms 
to PEF treatment appears to be dependent on the target microfl ora (Pagan  et al. ,  2005 ). 



1090 Handbook of Food Process Design: Volume II

 Other environmental factors that have been studied in the literature for their infl u-
ence on the effects of PEF treatment are the presence of divalent cations such as Ca 2 +   
and Mg 2 +  , which increase the resistance of  E. coli  to PEF treatment (H ü lsheger  et al. , 
 1981 ), and the fat content (of milk), with results showing an effect dependent on the 
target microfl ora (Wan  et al. ,  2009 ).  

  Improvement of Mass Transfer Processes in Plant Materials 

  Juice Extraction 

 It has been demonstrated in several different plant tissues that electroporation enhances 
mass transfer during pressure extraction (increases in the hydraulic permeability and 
pressure conductivity of the tissue are observed) and aqueous extraction (an increase 
in solute diffusivity is observed) (Vorobiev,  2009 ). However, the data in the literature 
with respect to juice yield obtained using PEF treatment are contradictory. Considerable 
increases in yield have been reported for carrots (Tedjo  et al. ,  2002 ) and grapes (Grimi 
 et al. ,  2009 ) (Figure  37.13 ), whereas an improved yield was not shown for PEF - treated 
apple mash (McLellan  et al. ,  1991 ; Schilling  et al. ,  2008 ). Nevertheless, there is general 
agreement in the literature that a combination of PEF treatment with other treatments 
such as heating at moderate temperatures ( ∼ 40    ° C) (Jemai and Vorobiev,  2002 ; Lebovka 
 et al. ,  2007b ) or the use of pressure (Bazhal  et al. ,  2001 ) is effective in increasing the 
yield of fruit juices. The use of PEF technology in sugar extraction from sugar beet 
has been described as a more energy - effi cient extraction method, used in combination 
with the method of alkaline extraction (Sack  et al. ,  2009 ).   

Figure 37.13 Final juice yield Y for untreated and PEF -treated grapes under different pressing 
conditions without PEF treatment (left bars) and with PEF treatment (right bars). The pulse width 
was 0.1 s. (From Figure 7 of Grimi et al. (2009), with kind permission from Springer Science +Business
Media.)
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Figure 37.14 Content of total polyphenols, C, for 1 h of pressing at constant pressure ( P = 0.5bar
and 1.0 bar) and with a progressive increase from 0 to 1 bar. Left bars, no PEF treatment; right bars, 
PEF-treated samples. The yields marked “a” were not signifi cantly different (LSD test, 5% level), 
and similarly for the yields marked “b” and  “c.” (From Figure 9 of Grimi et al. (2009), with kind per-
mission from Springer Science +Business Media.) 
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 Higher extraction of nutritionally important compounds such as various macromol-
ecules, fl avors, pigments and other cell metabolites when PEF treatment is applied 
has been consistently reported in the literature. The electroporation of mashed carrots 
and grapes resulted in juices with a higher  β  - carotene content and higher release of 
polyphenols and pigment than from samples processed in a conventional way (Jaeger 
 et al. ,  2008 ; Sack  et al. ,  2009 ; Grimi  et al. ,  2009 ) (Figure  37.14 ). When PEF treatment 
is employed instead of enzymatic mash maceration, it is possible to recover antioxi-
dant substances from plant residual material such as grape pomace (Balasa  et al. ,  2006 ; 
Boussetta  et al. ,  2009 ). The energetically effi cient enhanced extraction of betalains, 
amaranthin and anthraquinones from beetroot,  Chenopodium rubrum  and  Morinda 
citrifolia , respectively, has also been reported (D ö rnenburg and Knorr,  1993 ; Fincan 
 et al. ,  2004 ).    

  Dehydration 

 Drying is one of the oldest and most traditional methods of food preservation. The 
commonly used freeze - drying and conventional drying techniques are limited by high 
energy consumption. Moreover, elevated temperatures affect the physical and bio-
chemical status of foods, including undesirable changes in pigments, vitamins, and 
fl avor and texture. 

 In general, drying consumes a considerable part of the total amount of energy used 
in the food industry and, therefore, various pretreatments that allow plant tissues to 
be dehydrated faster and/or at lower temperatures (e.g., microwave heating, ohmic 
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heating, and osmotic pretreatments) have been the subject of extensive research. PEF 
treatment is a promising nonthermal method with great advantages for enhancement 
of the drying of thermally sensitive food materials. PEF - induced cell damage facilitates 
moisture diffusion, which enhances drying (Lebovka  et al. ,  2007a ) (Figure  37.15 ). As 
an example, PEF - enhanced permeability of red beetroot allowed a reduction of the 
drying temperature by 20 – 25    ° C, with higher preservation of the colorants in the beet-
root (Shynkaryk  et al. ,  2008 ). Shorter drying times were demonstrated for PEF -
 pretreated potato tissue (Angerbach and Knorr,  1997 ). However, the greater cell damage 
caused by PEF treatment increases rehydration time, as reported for PEF - treated beet-
root (Shynkaryk  et al. ,  2008 ) and carrots (Gachovska  et al. ,  2009 ).   

 Diffusion coeffi cients and drying rates in osmotic dehydration are also accelerated 
by PEF pretreatments. As reported by Rastogi  et al.   (1999) , PEF treatment with an 
applied energy in the range of 0.04 – 2.25   kJ · kg  − 1  was enough to enhance diffusion coef-
fi cients without an increase in temperature.   

   PEF  Treatment of Meat Products 

 PEF treatment of meat products has been used in processes such as drying, marination 
and curing, where improved mass transport is of interest (Toepfl   et al. ,  2006 ). Changes 
in tissue structure upon PEF treatment of ham at fi eld strength from 1 to 3   kV · cm  − 1  
lead to a weight increase after brine injection, as well as greater water - holding capacity 
and less loss during cooking. PEF causes porous, swamp - like structures that hold the 

Figure 37.15 Moisture ratio ω versus drying time t for intact, PEF -treated and freeze –thaw-treated
(dashed line) tissues at a drying temperature of 50 °C. PEF treatment was performed at 400 V·cm−1,
a pulse duration of 1 ms, a pulse repetition time of 0.001 s and different treatment times tPEF, as 
shown in the fi gure.  (Adapted from Figure 4 of Lebovka et al. (2007), with kind permission from 
Elsevier.)
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injected brine through capillary forces better than the untreated ham, resulting in a 
softer and more tender product (Toepfl   et al. ,  2005 ). A more porous structure has also 
been observed when fi sh such as salmon, pollock and whelk were treated with PEFs 
(Gudmundsson and Hafsteinsson,  2001 ; Klonowski  et al. ,  2006 ).   

  Calculations, Monitoring and Optimization of Treatment Parameters 

  Electric Field Intensity 

 Upon application of an electric fi eld, cell membrane breakdown occurs when the 
potential difference induced by the pulse,   Δ V , exceeds the critical breakdown voltage 
at a critical fi eld strength  E  c . 

 If the membrane is regarded as a perfect insulating spherical layer surrounded by a 
conductive medium, and the membrane potential difference is taken as the potential 
outside the cell minus the potential inside the cell,   Δ V  can be expressed as (Teissi é  
and Rols,  1993 ; Kotnik  et al. ,  1997 )

    ΔV E M t fgrE M e t( , , ) cos ( )( )= − − −
c

/θ τ1     (37.1)  

  where  E  is the intensity of the electric fi eld (in units of V · m  − 1 ),  M  is a point on the cell 
surface (Figure  37.16 ),  t  is the time after the fi eld is delivered,  f  is a factor correlated 
with the shape of the cell,  g  is a factor correlated with the electrical conductivities of 
the extracellular space, the membrane and the cytoplasm (see Equation  37.2  below),  r  
is the size of the pulsed cell (assumed to be a sphere),   θ  ( M ) is the angle between the 
direction of the fi eld and the normal to the cell surface at  M  pointing out of the cell, 
and   τ   is a characteristic time constant (in the microsecond range). It is generally 
assumed that the charging time   τ   is much shorter than the pulse duration  t .   

Figure 37.16 Graphical representation of the external electric fi eld  E, which induces a position -
dependent modulation of the membrane potential difference, superimposed on the critical break-
down voltage. 
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 The factor  g  is defi ned as

    g
r d

=
+ + + +

2
2 2 2

λ λ
λ λ λ λ λ λ λ

o i

o m m i m o i/( )( ) ( ) ( )
    (37.2)  

  where   λ   o ,   λ   m  and   λ   i  are the conductivities of the extracellular medium, the membrane 
and the cytoplasm, respectively, and  d  is the thickness of the membrane. 

 As permeabilization is observed when   θ      =      π  , the critical threshold in terms of poten-
tial difference is given by

    ΔV fgrE= c     (37.3)   

 The value of the factor  fg  has been estimated as 0.8 for Chinese hamster ovary cells 
and 0.3 for plant protoplasts (Teissi é  and Rols,  1993 ).  

  Energy Input and Temperature Increase 

 The electrical energy  E  (in units of joules) dissipated during the discharge of a capaci-
tor with capacitance  C , charged to a voltage  V , is given by

    E CV= 0 5 2.     (37.4)   

 The energy density  Q  ′  (J · m  − 3 ) dissipated in a food sample per applied pulse is defi ned 
by (Picart  et al. ,  2003 )

    ′ = ⋅ ⋅ = ⋅ ⋅∫ ∫ −Q
u

V t i t t
u

V t R t
1 1 2 1( ) ( ) ( ( ) )d ds     (37.5)  

  where  V ( t ) and  i ( t ) are the instantaneous voltage across the electrodes and the instan-
taneous current crossing the sample, respectively;  u  is the volume of the treatment 
chamber (m 3 ); and  R  s  ( Ω ) is the resistance of the sample. The total accumulated treat-
ment time  t  (s) is defi ned as

    t n= ⋅τ     (37.6)  

  where   τ   is the time width of a single pulse. The total energy density dissipated in the 
sample,  Q  t  (J · m  − 3 ), is defi ned by

    Q n Qt = ⋅ ′     (37.7)   

 In an industrial operation in which a liquid is being pumped into a PEF treatment cell 
under adiabatic conditions, the temperature increase   Δ T  after one pulse can be pre-
dicted from
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    ΔT
Q
Cp

= ′
ρ

    (37.8)  

  where   ρ   and  C p   are the density and the heat capacity, respectively, of the liquid being 
PEF - treated. If the volume fl ow rate  q  of the liquid is taken into consideration, 
Equation  37.8  becomes

    ΔT
Q

q Cp

= ′
ρ

    (37.9)   

 The energy input  Q  ′  per unit volume of treated material can also be defi ned as (Dejmek 
and Tr ä g å rdh,  1994 )

    ′ = ⋅ ⋅Q E tλ     (37.10)  

  where  E  (kV · m  − 1 ) is the electric fi eld strength,   λ   (S · m  − 1 ) is the conductivity of the liquid 
and  t  is the treatment time.  

  Models for Microbial Inactivation 

 Several models have been published to describe the relation between the survival 
fraction of microorganisms and the electric fi eld strength and/or the pulse treatment 
time. H ü lsheger  et al.   (1981)  established that there are critical threshold values of the 
electric fi eld intensity and treatment time at which a PEF treatment starts to effec-
tively kill microorganisms. Based on their experimental observations, they published 
the following equation:

    N
N

t
t

E E kc

0

= ⎛
⎝⎜

⎞
⎠⎟

− −

c

/( )

    (37.11)  

  where  N  0  and  N  are the microbial counts (CFU · ml  − 1 ) before and after treatment, respec-
tively;  t  is the pulse treatment time;  t  c  is the critical or threshold pulse treatment 
time;  E  c  is the critical or threshold electric fi eld; and  k  is an empirical constant. The 
constant  k  is defi ned by

    k
E E
b

t t
bt E E t

=
−

=i c i c

i i

/

( ) ( )

ln( )
    (37.12)  

  where  b E   and  b t   are the regression coeffi cients of plots of  E  vs. survival rate and  t  vs. 
survival rate, respectively. The parameters  E  c ,  t  c  and  k  are solely determined by the 
chosen microorganism. A small value of  E  c  or  t  c  indicates a high sensitivity of the 
microorganism to PEF treatment. 
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 For milk pasteurization, Barkstr ö m and Tortensson  (1999)  developed the following 
equations for inactivation of  L. innocua  and  P. fl uorescens , respectively:

    Y n E n E n E= + ⋅ − ⋅ + ⋅ + − ⋅ ⋅2 7801 0 0279 0 1442 0 0001 0 0016 0 00122 2. . . . . .     (37.13)  

    Y E n E n E= − + ⋅ − ⋅ − ⋅ − ⋅ ⋅1 184 0 064 0 066 0 0001 0 0032. . . . .     (37.14)  

  where  Y  is the response of the survivors (log  c / c  0 ),  n  is the number of pulses,  E  is 
the electric fi eld intensity, and  c  and  c  0  are the initial and fi nal microorganism 
concentrations.  

  Models for Extraction 

  Cell Damage 

 Evaluation of the effect of cell damage due to PEF application can be performed by 
measuring the change in electrical conductivity of the tissue between its values before 
and after the treatment (Chalermchat  et al. ,  2004 ). The conductivity disintegration 
index  Z  is calculated as follows (Vorobiev and Lebovka,  2009 ):

    Z =
−
−

σ σ
σ σ

i

d i

    (37.15)  

  where   σ   is the electrical conductivity measured at low frequency (normally 1 – 5   kHz), 
and the indices  “ i ”  and  “ d ”  refer to the conductivities of the intact and the totally 
destroyed cellular system, respectively. The determination of   σ   d  can be carried out by 
measuring the conductivity of the tissue after a freezing/thawing cycle.  

  Diffusion Models 

 Solid – liquid extraction from cellular tissue can be described by Fick ’ s diffusion equa-
tion, which, for an infi nite slab, is solved as follows:

    y
Y Y
Y Y

C et
n

t

n

n=
−
−

=∞

∞ =

∞

∑
0 1

λ     (37.16)  

  where  y  is the concentration ratio, and the subscripts 0,  t  and  ∞  represent the relevant 
concentrations at  t     =    0,  t  and  ∞  (equilibrium), respectively.   λ  n   and  C n   are defi ned as 
follows:

    λn
nDq

l
= −

2

2
    (37.17)  
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    (37.18)  

  where 2 l  is the solid thickness,  D  is the diffusion coeffi cient, the  q n   are the nonzero 
positive roots of the equation tan    q n      =     −   α q n  , and   α      =     n ( Y / X )  ∞  , where  Y  and  X  are the 
solute concentrations in the extract and the solid (at the end of extraction), respec-
tively. The liquid/solid ratio  n  is equal to  L / S , where  L  is the extract volume and  S  is 
the solid volume. 

 As described by El - Belghiti  et al.   (2005) , Equation  37.15  fails to predict the kinetics 
of mass transfer during the initial period of extraction. As an alternative, the math-
ematical model proposed by So and Macdonald  (1986)  describes two simultaneous 
processes with different kinetic coeffi cients: (i) an initial process of fast solute 
transfer from the solid surface and outer broken cells to the solvent and (ii) a second 
process of slower solute transfer from the inside of the solid. These processes are 
described by

    c c e c ek t k t* * *( ) ( )= − + −− −
w d

w d1 1     (37.19)  

  where  c  *     =     c / c   ∞  ,  c  is the solute concentration in the solution at any time during the 
extraction,  c   ∞      ≈    c 0 /( n     +    1) is the theoretical equilibrium concentration,  c  0  is the con-
centration of the substance to be extracted in the fresh tissue,   c c cw w/* = ∞,  c  w  is the 
hypothetical fi nal solute concentration due to the fi rst process alone,   c c cd d/* = ∞,  c  d  is 
the hypothetical fi nal solute concentration in the solution due to the second process 
alone,  k  w  is the kinetic coeffi cient of the fi rst process,  k  d  is the diffusion coeffi cient 
of the second process and  t  is the time. 

 The bimodal diffusion model of Equation  37.18  has been reported to better describe 
low levels of PEF permeabilization, whereas at high degrees of permeabilization, a 
single (fast) diffusion coeffi cient is suffi cient to explain the extraction.    

  Capital and Operating Costs 

 The amount of energy used for PEF treatment is very low owing to the short duration 
of the pulses. As an example, the operating cost of an electric - pulse process for the 
pasteurization of fl uid foods was evaluated by Barsotti and Cheftel  (1999)  as approxi-
mately 0.17 US cents · L  − 1  for electricity and approximately 0.22 cents · L  − 1  for mainte-
nance. These authors assumed that the amount of energy dissipated in the food would 
be 100   J · mL  − 1  and calculated an energy cost of 0.17 cents · L  − 1 , on the basis of 6 cents 
per kWh. 

 The cost of consumable parts is diffi cult to predict. It is too early to indicate the 
reliability and the lifetime of the electronic components used for PEF equipment. The 
lifetime is affected by parameters such as the number of pulses, the energy in a pulse 
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and the temperature of the generator. It is, however, certain that safety and measure-
ment devices constitute a sizable part of the capital investment. The need for pumps 
and aseptic packaging systems should also be considered. 

 For the preservation of liquid food, we estimate that the investment required for a 
system with a capacity of 5   m 3  · h  − 1  running 80 hours per week with a depreciation time 
of 10 years would be in the range of US$   300   000. This estimate does not include 
additional benefi ts such as the preservation of product quality by PEF treatment and 
reduction of processing times. If PEF treatment at ambient temperature is desired, the 
electrical energy input required for microbial decontamination needs to be removed 
by a cooling system, adding costs for operation and investment. 

 Table  37.1  reports estimated costs for a system that could be used in the production 
example described above, in comparison with the costs of heat treatment. In these 
estimates, we have not taken account of the fact that the excess heat from the heat 
treatment system may be reused in a factory nor the fact that the PEF system is much 
smaller and needs less room for installation.    

  Summary and Future Needs 

 We have presented here an overview of PEF treatment as a unit operation. The basic 
theoretical principles, modes of operation and various levels of design have been 
covered in this chapter. We have also given an overview of various applications and 
advantages of the technology. However, none or very few commercial - scale PEF treat-
ment systems have emerged on the market. A number of critical factors have to be 
addressed before PEF technology experiences a full market breakthrough. This section 
gives an overview of some of these factors. 

 There is much to be discussed in regard to equipment and processing design. Some 
important aspects are:

    •      Emerging technologies always met with skepticism. In the case of PEF treatment, 
it is important to fi nd clear methods to monitor the process, otherwise it will be 
diffi cult to obtain the certifi cations needed for some products. Processing - line 

Table 37.1 Estimated costs of a PEF system for the preservation of liquid 
food in comparison with conventional heat treatment. 

Cost (US$) PEF Heat treatment 

Investment cost 300000 450000
Cost per tonne 0.8 3
Annual running costs 16000 60000
Yearly maintenance and 

consumables
30000 20000

Total yearly cost 76000 125000
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design with effi cient monitoring of the treatment should allow one, in the case 
of any failure, to repeat the treatment or feed the product back to the product 
supply line.  

   •      A capacity of several cubic meters of product per hour is needed for industrial appli-
cations. Large treated volumes call for high - power pulses that are more expensive 
and more diffi cult to control. A possible solution is to use parallel systems with a 
number of treatment chambers rather than trying to build larger systems. If ten 
parallel systems are working together in a production line and one of these systems 
fails, then nine will still remain operational. This means that capacity decreases 
but production can continue.  

   •      When a high voltage is applied to a product, it is important that no air bubbles 
exist in the product, as air is not conductive and high voltages may arise across 
the bubbles. High voltages might result in discharges and minor explosions that 
will affect the treatment of the product, and may also result in damage to the 
product. This effect can be reduced by applying pressure to the product during the 
treatment.  

   •      PEF systems handle very high voltages and have high power capacity, and are thus 
very dangerous devices if not designed and handled properly. The design must 
include several levels of interlocks to protect the users and the environment from 
hazards. One issue that we have not discussed in this chapter is electromagnetic 
compliance (EMC) requirements. These requirements are very demanding today. A 
device with a switching power in the range of many kilowatts will have an EMC 
impact and might interfere with radio communication systems and other sensitive 
electronic devices.  

   •      The development of fast - switching IGBTs that have high capacity with regard to 
both current and voltage handling will make the design of PEF systems simpler. 
These devices are developing quickly owing to market demand.    

 Microbial inactivation through the application of PEFs has clear advantages for treat-
ing heat - sensitive liquid foods. However, opportunities for research and improvement 
remain, such as:

    •      The effects of food composition (e.g., milk constituents and juice fi bers) on micro-
bial resistance to PEF treatment are complex and not well understood.  

   •      The uniformity of the treatment with regard to fi eld variation in the treated volume 
and irregularities of fl ow during processing needs to be studied.  

   •      Optimization of process energy consumption needs to be done.    

 Cell damage in plant tissue, aimed at accelerating mass transfer in operations such as 
extraction and drying, is a potential industrial application of PEF treatment. A few 
aspects of this application need to be better understood for optimization of the treat-
ment parameters:
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    •      Asymmetric permeabilization needs to be understood better. The permeabilization 
of plant cells in a tissue is not uniform. Neither the factors inducing asymmetric 
permeabilization nor its mechanism are understood; this is clearly a subject worthy 
of further investigation.  

   •      The infl uence of the conductivity of the treatment medium on permeabilization is 
an issue, where contradictory results have been reported in the literature. The con-
ductivity of the treatment medium is very likely to infl uence membrane permea-
bilization and the interactions between the tissue and the electrodes.  

   •      The PEF treatment protocol plays a critical role in tissue permeabilization and, 
obviously, the pulse strength and width are important. The role of the interpulse 
delay is a topic of current research. Longer interpulse delays seem to have a stronger 
effect on cells, as each pulse may be experienced like a new event. Clearly, as the 
interval between pulses approaches zero, the effect will be equivalent to one con-
tinuous pulse. So the question is: How long does it take for the system (cell mem-
brane and associated structures) to  “ recover ”  enough so that a subsequent pulse 
looks like a new event?    

 Although we have concentrated on the industrial applications of irreversible electro-
poration, interest in reversible electroporation, which retains cell viability, has 
increased in the last few years. Potential applications such as the impregnation of 
plant tissues may be revolutionary for the food industry (see Figure  37.1 ). Induction 
of metabolic stress by the application of PEFs has been suggested to increase the con-
centration of metabolites of nutritional interest and to infl uence the development of 
growing tissues such as germinating seeds. 

 The questions that we have outlined here concerning the industrial applications of 
irreversible electroporation and new potential applications of reversible electropora-
tion call for a multidisciplinary approach aimed at a deeper understanding of the 
effects of electric fi elds at the cellular level. This forms the basis for a fascinating fi eld 
of research and technological innovation.  
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   Introduction 
 Ultrasound refers to sound waves, i.e., mechanical vibrations, which propagate through 
solids, liquids or gases with a frequency greater than the upper limit of human hearing. 
Although this limit varies from person to person, the ultrasonic frequency range is 
considered to be that of frequencies over 20   kHz. The upper limit of the frequency 
range of ultrasound is limited mainly by the ability to generate ultrasonic signals. 

 The food industry offers manifold possibilities for the use of ultrasound. Although 
ultrasound has recently attracted considerable interest in the food industry for both 
analysis and processing of foods, ultrasonic techniques have been available in the 
industry since World War II (Povey and McClements,  1988 ). Typically, the applica-
tions of ultrasound are divided into two broad categories: low -  and high - intensity 
applications. 

 Low - intensity applications are characterized mainly by their use of frequencies 
above 100   kHz and energies typically below 1   W · cm  − 2 . In addition, the ultrasonic wave 
does not have any signifi cant effect on the material under test, in contrast to high -
 intensity applications. In the food industry, low - intensity ultrasound is used as an 
analytical technique either to measure and/or control process variables, such as liquid 
level or fl ow velocity, or to obtain information about various physicochemical proper-
ties of foods: for instance, it can provide information about air bubbles in aerated foods, 
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the ratio of fat in meats, various characteristics of vegetables and fruit, the quality of 
eggs, cracks in cheese, the texture of biscuits, and milk coagulation, and it can be used 
for wine fermentation control and dough characterization (Povey,  1989 ; Contreras 
 et al .,  1992 ; McClements,  1997 ; Benedito  et al .,  2002 ; Simal  et al .,  2003 ; Salazar 
 et al .,  2004 ; Resa  et al .,  2007 ;  Á lava  et al .,  2007 ; Mizrach,  2008 ). 

 On the other hand, high - intensity, or power, ultrasound applications tend to use 
frequencies below 100   kHz and energies above 10   W · cm  − 2 . These applications are 
intended to have an effect on, or cause a change in, the material, usually by generation 
of intense cavitation (Mason and Lorimer,  1988 ). Cavitation is an important physical 
phenomenon of high - intensity ultrasound and involves the formation, growth and 
implosive collapse of bubbles in a liquid. Some typical examples of effects include 
disruption of biological cells, emulsifi cation, drying, mixing of materials and micro-
bial inactivation (Shoh,  1975 ; Raso  et al .,  1998 ; Villamiel and Jong,  2000 ; Gallego -
 Ju á rez  et al .,  2007 ). In this type of application, the ultrasonic frequency, intensity and 
exposure time are the process parameters that must be controlled. In addition, many 
of the applications of power ultrasound are not exclusively ultrasonic processes but 
ultrasonically assisted processes such as fi ltration, drying and extraction. In other 
applications, such as cutting and slicing, power ultrasound is used as a tool without 
the aim of altering food properties.  

  Fundamentals of Ultrasound 

 An ultrasonic wave that propagates through a material can be described by its ampli-
tude  A  and frequency  f , which are design parameters chosen by the user, and its 
wavelength   λ  , velocity of propagation  v  and attenuation coeffi cient   α  , which are 
parameters dependent on the material properties. Figure  38.1  depicts some of these 
wave parameters.   

 The amplitude is the maximum displacement of the medium from its equilibrium, 
and the frequency is the number of oscillations per second. Conversely, the period  T  
is the time required for one complete cycle to occur, so that  T     =    1/ f . The wavelength 

Figure 38.1 Wave parameters. 
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is the spatial period of the wave and is related to the velocity and frequency by the 
following equation:

    λ =
v
f

    (38.1)   

 It is important to note that the frequency of a wave does not depend on the material 
characteristics. Therefore, when an ultrasonic wave passes from one medium to 
another, its frequency remains the same. However, if the velocities of propagation in 
the two media are different, then the wavelengths will also be different. 

 The velocity of propagation and the attenuation coeffi cient will be discussed in 
more detail later in this chapter. 

 Most applications of ultrasonics in the food industry use either longitudinal or shear 
waves. In a longitudinal wave, also called a compression wave, the particle displace-
ment is in the same direction as the propagation of the wave. However, in a shear 
wave, the particle displacement is perpendicular to the direction of propagation. These 
waves are also called transverse waves. In addition, the velocity of a shear wave is a 
little less than half that of a longitudinal wave. Figure  38.2  illustrates the particle 
displacement versus the direction of propagation for longitudinal and shear waves. 
There are also other types of waves such as surface (Rayleigh) and plate (Lamb) waves, 
which are used in some specialized cases.   

 Unlike longitudinal waves, shear waves can hardly propagate in most liquids and 
gases, because these materials do not support shear stresses. Thus, the less viscous a 
material is, the more resistance to shear wave propagation there is. Because of the 
high attenuation of shear waves in low - viscosity materials, the measurement dis-
tances must be extremely short.  

  Low - Intensity Ultrasound 

 In the case of low - intensity ultrasound, the ultrasonic wave parameters generally 
measured include the velocity of propagation, the attenuation coeffi cient of the 

Figure 38.2 Types of wave. 
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acoustic wave traveling through the sample and the acoustic impedance of the mate-
rial. These parameters can be related to some of the physicochemical properties of 
foods. 

 In this section, the basic theoretical principles underlying the ultrasonic measure-
ment techniques used to study food materials are given, with a special emphasis on 
the most relevant applications in the food industry and their results. 

  Parameters Measured in Ultrasonic Techniques 

 Ultrasonic waves are normally generated and received by piezoelectric transducers. 
These convert electrical energy into mechanical energy and vice versa. When they 
propagate in a material, ultrasonic waves are affected by the physical properties of the 
material, such as the hardness, density, elastic modulus and grain structure. Thus, it 
is possible to characterize the fundamental physical properties of a material by meas-
uring the velocity of propagation of the wave through the material, and the attenuation 
coeffi cient and the acoustic impedance of the material. The ultrasonic velocity and 
attenuation coeffi cient are, generally, the two parameters most widely used to evalu-
ate the properties of materials. More in - depth studies of sound propagation and mate-
rial properties can be found in Mason  (1958)  and Auld  (1990) . 

  Ultrasonic Velocity 

 The velocity of propagation  v  in a solid material depends mainly on the density   ρ   and 
the elastic modulus  E  of the material. The relationship between these three variables 
is given by the following equation:

    v
E

=
ρ

    (38.2)   

 where  v  is the velocity of propagation, measured in m · s  − 1 , and  E  can be expressed, in 
the case of a solid, as  K     +    (4/3) G , where  K  is the bulk modulus and  G  is the shear 
modulus. 

 In the case of a fl uid medium, the bulk modulus is much larger than the shear 
modulus and Equation  38.2  can be simplifi ed to

    v
K

=
ρ

    (38.3)   

 The reciprocal of the bulk modulus is called the adiabatic compressibility. So, Equation 
 38.3  can be rewritten alternatively as

    v =
⋅
1

ρ β
    (38.4)   
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 For viscoelastic materials such as dough, the elastic modulus  E  of the material in 
Equation  38.2  is complex and frequency - dependent:  E  * (  ω  )    =     E  ′ (  ω  )    +     jE  ″ ( ω )    =     K  * (  ω  )    +    
(4/3) G  * (  ω  ), where  E  ′ (  ω  ) is the storage modulus and  E  ″ (  ω  ) is the loss modulus. 

  E  ′ (  ω  ) and  E  ″ (  ω  ) provide an indication of the elastic and the viscous properties, respec-
tively, of the material.  E  * (  ω  ) is, however, a combination of the bulk and shear moduli. 
Nevertheless, when pure shear waves are used,  E *  (  ω  )    =     G *  (  ω  ). This is of great interest 
for evaluating the rheological properties of viscoelastic materials. Like the use of tra-
ditional rheometers that measure the dynamic shear viscosity, the ultrasonic deter-
mination of  G  ′ , the shear storage modulus, and  G  ″ , the shear loss modulus, allows the 
characterization of the viscoelastic properties of foods. 

 The relationship of  G  ′  and  G  ″  to the velocity and attenuation of an ultrasonic shear 
wave at a specifi c frequency   ω   is given by the following equations (Kono,  1960 ):

    ′ = ′ =
−⎛
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    (38.5)   

 provided that the condition   α v /  ω      <    1 is satisfi ed, i.e., a low - attenuation material. 
Otherwise,  G  ′  would take an invalid negative value. Also, it should be noted that the 
frequencies used in ultrasonic experiments (usually over 100   kHz) are some orders of 
magnitude higher than those used in traditional rheological tests (usually under 
1   kHz). In addition, viscosity measurements are frequency - dependent and, conse-
quently, the ultrasonic  G  ′  and  G  ″  values will differ from those encountered through 
traditional rheological tests and therefore cannot be compared directly. 

 Generally, the ultrasonic velocity is determined by measuring the time  t  taken for 
an ultrasonic wave to travel a known distance  d  ( v     =     d / t ). Often, this time is referred 
as the time of fl ight (TOF). Although the ultrasonic velocity depends on both the 
elastic modulus and the density, the elastic properties of a material have a greater 
infl uence on the ultrasonic velocity than does the density. The reason for this is that 
the differences or changes in the elastic moduli of materials are usually greater than 
those that occur in the density. So, for instance, ultrasonic - velocity measurements 
can provide valuable information about the elastic properties of foods. For instance, 
monitoring the ultrasonic velocity can be used to indicate phase changes in foods.  

  Attenuation Coeffi cient 

 Attenuation is the energy loss associated with the decrease in the amplitude of a wave 
when traveling through a material and is generally due to scattering and absorption 
mechanisms. 

 Scattering results from the fact that the material is not strictly homogeneous, and 
this is especially important in heterogeneous materials. When an ultrasonic wave 
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traveling in a material meets an inhomogeneity, it is forced to deviate from its original 
trajectory and is scattered in all directions. Such inhomogeneities tend to behave like 
diffuse refl ectors and normally include particles, grains, bubbles, defects and varia-
tions in density. Scattering usually occurs when the size of the inhomogeneity is 
smaller than the wavelength; otherwise, specular refl ection occurs instead. 

 Absorption is the process by which part of the energy of an ultrasonic wave is con-
verted into heat, and it occurs in both homogeneous and heterogeneous materials. 
Absorption is caused mainly by three mechanisms: viscosity, thermal conduction and 
molecular relaxation processes. 

 The attenuation coeffi cient of a material,   α  , is defi ned by

    A A e x= −
0

α     (38.6)   

 where  A  0  is the initial amplitude at some point in the material and  A  is the reduced 
amplitude after the wave has traveled a distance  x  from the initial point. The ultra-
sonic attenuation exhibits a power dependence on frequency, where the power coef-
fi cient is between 1 and 2, depending on the propagation medium, which makes the 
use of high frequencies unsuitable in the case of highly attenuating materials. The 
units of the attenuation coeffi cient are nepers per meter (Np · m  − 1 ), although units of 
decibels per meter (dB · m  − 1 ) are usually used. The relationship between the two units 
is that 1   N · m  − 1  is equal to 8.68   dB · m  − 1 .  

  Acoustic Impedance 

 The acoustic impedance  Z  of a material is defi ned as the product of the density and 
the velocity of propagation. Thus,

    Z v= ⋅ρ     (38.7)   

 The acoustic impedance is usually measured in rayls, or, equivalently, in kg · m  − 2  · s  − 1 . 
This parameter is used in the determination of the fractions of an ultrasonic wave 
that are transmitted and refl ected at a boundary between two materials having differ-
ent acoustic impedances. For normal incidence of a plane wave (see Figure  38.3 ), the 
refl ection and transmission coeffi cients  R  and  T , respectively, are given by

    R
A
A

Z Z
Z Z

r

i

= =
−
+

2 1

2 1
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    (38.9)  

  where  A  r ,  A  i  and  A  t  are the amplitudes of the refl ected, incident and transmitted 
waves, respectively, and  Z  1  and  Z  2  are the acoustic impedance of the material the 
acoustic wave is traveling in and the material the wave is refl ected by, respectively.   
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 The refl ection coeffi cient can be determined by measuring the amplitudes of the 
incident and refl ected waves. Then, if the acoustic impedance of the material the 
incident wave is traveling in is known, the acoustic impedance of the transmitted 
medium can be determined from the refl ection coeffi cient, according to Equation 
 38.8 , as

    Z Z
R
R

2 1
1
1

=
+
−

    (38.10)     

  Measurement Techniques 

 Ultrasonic measurement techniques can be separated into two broad categories, 
namely pulsed and continuous techniques, according to the type of excitation signal 
applied to the transducer, which may be a continuous wave, a tone burst or a pulse. 
Figure  38.4  shows these three types of wave. A continuous wave has a constant ampli-
tude and frequency and an infi nite duration. A tone burst is a wave formed by one or 

Figure 38.3 Refl ection and transmission of acoustic waves at an interface between materials of 
different acoustic impedances. 
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more cycles of a continuous wave at a certain frequency. Finally, a pulse is a short 
signal, sometimes a spike of very high voltage. Both tone burst and pulse waveforms 
are normally repeated in time at a given pulse repetition frequency (PRF).   

 Regardless of the measurement technique used, the hardware of a typical ultrasonic 
measurement system is composed of a signal generator or pulser, a driver or amplifi er, 
ultrasonic transducers, a measurement cell, a preamplifi er, a signal receiver or oscil-
loscope, and a computer, as depicted in Figure  38.5 . The signal generator produces the 
desired electrical waveform, which is amplifi ed by the driver and then applied to the 
ultrasonic transducer. This latter converts the electrical signal into a sound signal, 
which propagates through the sample under test until it reaches the receiver trans-
ducer, which converts the sound signal into an electrical signal again. Generally, this 
electrical signal is very weak and needs fi rst to be amplifi ed before it can be displayed 
properly on the oscilloscope and/or sent to the computer.   

  Pulsed - Wave Techniques 

 Pulse methods are fairly straightforward measuring methods. They basically consist 
of propagating pulses through the material under test and measuring the time taken 
to travel a given distance. Also, the attenuation coeffi cient of the material can be 
determined from the relative amplitudes of pulses that have traveled different dis-
tances. Pulse techniques are applied using one of three different confi gurations: pulse -
 echo, through - transmission, and pitch - and - catch. 

Figure 38.5 Typical measurement setup for an ultrasonic measurement system. 
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  Pulse - Echo 

 The pulse - echo technique is probably by far the most widely used ultrasonic measure-
ment technique. The main advantage of this confi guration is that only one side of the 
material under test needs to be accessible. Figure  38.6  demonstrates the basic principle 
of operation of the pulse - echo technique. Only one transducer is used in this confi gu-
ration, acting fi rst as an emitter and then as a receiver. The transducer converts the 
electric signal into an ultrasonic wave that travels through the sample until it reaches 
the far boundary of the sample, which refl ects the wave. The refl ected ultrasonic wave 
travels back through the sample to the receiver, which converts the ultrasonic wave 
into an electric signal (echo 1). This echo will be displayed on the oscilloscope with 
an amplitude  A  1  and time  t  1 . It is important to note that the ultrasonic wave is par-
tially transmitted and partially refl ected at sample boundaries. Therefore, successive 
echoes,  A  2  at time  t  2  and so on, will also be displayed on the oscilloscope. The distance 
traveled by each echo is twice the sample thickness, i.e., 2 d .   

 From the information provided by the received echoes, both the velocity and the 
attenuation coeffi cient can be determined (see Figure  38.6 ). Thus, for instance, the 
ultrasonic velocity is obtained by measuring the TOF between two consecutive echoes 
and, using Equation  38.6 , the attenuation coeffi cient is given by the decrease in ampli-
tude between two consecutive echoes. 

 In addition, by placing a buffer rod of well - known acoustic impedance between the 
transducer and the sample, the acoustic impedance of the sample can be determined 
by measuring the amplitudes of the echoes received from the buffer rod/sample inter-
face and the sample/air interface, using Equations  38.6  and  38.10 , as described by 
Lynnworth  (1989) .  

Figure 38.6 Pulse-echo technique. 
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  Through - Transmission 

 In the through - transmission confi guration, two transducers are used, one as a trans-
mitter and the other as a receiver. The two transducers are located on opposite sides 
of the material under test, as depicted in Figure  38.7 . This confi guration gives very 
good sensitivity and is suitable for inspecting highly attenuating materials but is 
limited by the need to access both sides of the material under test, and, depending on 
the application (such as defect inspection), to coordinate the movements of the two 
transducers. The ultrasonic velocity can be determined directly from measurements 
of the TOF and the sample thickness  d .   

 In order to counteract the effects of the attenuation introduced at every interface 
between the sample and the transducers, measurements at two different distances ( d  1  
and  d  2 ) can be carried out. Assuming that  d  1  is greater than  d  2 , the attenuation coef-
fi cient of the material can be determined from the following expression:

    α =
−

⎛
⎝⎜

⎞
⎠⎟

1

1 2

2

1d d
A
A

ln     (38.11)   

 where  A  1  and  A  2  are the amplitudes at distances  d  1  and  d  2 , respectively.  

  Pitch - and - Catch 

 This technique is a variation of the pulse - echo confi guration. The pitch - and - catch 
technique involves a setup with separated transmitter and receiver transducers, both 
located at the same side of the material under test and positioned close together (Figure 
 38.8 ). Sometimes the two transducers are constructed as a single assembly. This con-
fi guration is intended to overcome the diffi culties that sometimes arise in recording 

Figure 38.7 Through-transmission technique. 
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the echoes if the same transducer is used for transmitting and receiving, as occurs 
with the pulse - echo confi guration.     

  Continuous - Wave Techniques 

 Continuous - wave measuring techniques are mostly restricted to research laboratories 
(Papadakis,  1975 ). They are also referred as resonance methods. The main features of 
these techniques are they provide highly accurate measurements and are able to detect 
very small changes in attenuation. The principle of operation is based on the estab-
lishment of standing waves within the material under test. Two different confi gura-
tions can be used, with a fi xed and a variable length of the measuring path. The former 
can be used for solids and fl uids, and the latter only for fl uids. 

  Fixed - Length Path 

 This confi guration involves frequency tuning with a constant measuring length of the 
material and is particularly suitable for measurements of the properties of solids. The 
experimental setup includes a signal generator, an oscilloscope and two transducers 
aligned as in the arrangement for the through - transmission method (Figure  38.9 ). A 
sinusoidal continuous wave of appropriate frequency and amplitude is applied to the 
transmitter transducer and propagates through the material under test. The ultrasonic 
wave undergoes multiple refl ections between the two transducers, which results in 
the formation of a standing wave.   

 The amplitude of the received wave exhibits a series of maxima and minima when 
the frequency of the ultrasonic wave is varied. The ultrasonic velocity within the 
sample is given by

Figure 38.8 Pitch-and-catch technique. 
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    c d f= 2 Δ     (38.12)   

 where  d  is the distance between the transducers and  Δ  f  is the frequency difference 
between two consecutive maxima or minima at the receiver transducer. 

 The attenuation coeffi cient is somewhat more complicated to determine. There is, 
however, a fi rst approximation for the attenuation per wavelength,   α  λ  , which is given 
by the following expression:

    αλ π=
Δf
f

n

n

    (38.13)   

 where  f n   is the frequency of a maximum and  Δ  f n   is the  − 3   dB bandwidth of the 
resonance.  

  Variable - Length Path 

 This confi guration is more commonly used with gases and liquids. In this confi gura-
tion, the receiver transducer is replaced by a movable refl ector. The ultrasonic wave 
generated by the transmitter transducer is refl ected back by the refl ector and, after 
multiple refl ections, a standing wave is formed (Figure  38.10 ). The received signal goes 
through maxima and minima as the refl ector is moved. Two consecutive maxima or 
minima are separated by one - half of a wavelength ( Δ  d     =      λ  /2). So, using Equation  38.1 , 
the ultrasonic velocity can be determined directly from

    v f f d= =λ 2 Δ     (38.14)     

Figure 38.9 Fixed-length-path continuous -wave technique. 
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 Similarly, if  A i   and  A j   are the amplitudes of two consecutive maxima, using Equation 
 38.6 , the attenuation coeffi cient can be determined from

    α =
⎛
⎝⎜

⎞
⎠⎟

1
2Δd

A
A

i

j

ln     (38.15)      

  Low - Intensity Applications 

 In this section, the most relevant applications of low - intensity ultrasound in the food 
industry are reviewed. The scope of applications is vast and includes detection of 
foreign bodies, detection of fi ll levels, determination of the composition in liquid 
mixtures and characterization of food properties. In terms of the kind of information 
provided by ultrasonic measurement, applications can be grouped into two different 
groups: those intended for process control and those for characterizing the physico-
chemical properties of food. 

  Ultrasonic Control of Processes 

 An excellent review of this type of application has been given by Lynnworth  (1989) . 
Among such applications, the measurement of fl ow rate, density, level, temperature, 
pressure, position, thickness and other things are treated in detail. Although the 
parameters of the ultrasonic wave are modifi ed by factors such as temperature and 
pressure, measurement of these parameters is done by conventional methods 
(Hauptmann  et al .,  2001 ). In this section, only fl owmetry, level measurement and 
foreign - body detection will be considered. 

 Ultrasonic devices for fl owmetry and level detection are by far the most widely 
commercially available devices of this kind. However, ultrasound is also regarded as 
a promising and cost - effective technology for the detection of foreign bodies in foods. 

Figure 38.10 Variable-length-path continuous -wave technique. 
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  Flowmetry 

 An ultrasonic fl owmeter measures the velocity at which a food fl uid travels through 
a pipe. Several different types of fl owmeters, with different principles of measurement, 
exist and are available commercially. The most popular are transit - time and Doppler 
types. 

 Transit - time fl owmeters measure the fl ow rate by means of the difference between 
the transit times of downstream and upstream ultrasonic pulses. In this case, the 
two transducers are mounted diagonally on opposite sides of the pipe, and the ultra-
sonic pulse crosses the pipe fl ow once. Alternatively, the two transducers can be 
mounted on the same side of the pipe, and the ultrasonic pulse crosses the pipe fl ow 
twice. This is the most commonly used installation method, and can be applied to 
pipe sizes from 1 inch up to 12 inches. Both confi gurations are depicted in Figure 
 38.11  (left).   

 Doppler fl owmeters use refl ected ultrasonic echoes to measure the fl ow rate. For 
proper operation, the fl uid fl owing through the pipe must contain sonically a refl ective 
material such as solid particles or entrained air bubbles (see Figure  38.11  (right)). The 
movement of these materials alters the frequency of the beam refl ected onto the 
receiver transducer. The frequency shift is linearly proportional to the rate of fl ow of 
the material in the pipe. 

 Both types of fl owmeter usually incorporate the latest electronics and digital signal -
 processing technologies, thus providing high performance and easy operation. The 

Figure 38.11 Ultrasonic fl owmeters. Left: transit -time fl owmeter confi gurations, with transducers 
diagonally mounted on opposite sides (top) and on the same side (bottom). Right: Doppler 
fl owmeter. 
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measurement accuracy can be in the range of 1% of the fl ow rate, and the speed of 
response can be as fast as 1   s.  

  Level Measurement 

 This type of sensor is often used as a level detector in a tank, as shown in Figure  38.12 . 
It is normally mounted at the top of the tank and measures the time delay between 
an emitted ultrasonic pulse and its refl ection from the substance in the tank. An 
ultrasonic level sensor may contain a temperature sensor to compensate for changes 
in operating temperature that would alter the speed of sound and hence the distance 
calculation that is necessary for making an accurate level measurement.    

  Detection of Foreign Bodies 

 The term  foreign body  refers to any undesirable piece of solid matter present in a food 
product. When food products are manufactured or packaged, small foreign bodies may 
end up in the product. The presence of foreign bodies is one of the major concerns of 
the food industry and the biggest single source of customer complaints, which are 
expensive in terms of both money and goodwill for the manufacturer. 

 X - ray and optical inspection systems, and metal detection systems, are well estab-
lished across the food industry. However, these systems fail with organic materials 
such as animal bones, fruit stones and fragments of glass that may be found in canned 
food. 

 Ultrasound is regarded as a potential technology, but the development of such 
systems is still in progress (Graves  et al .,  1998 ). The major drawback of this technol-
ogy is that the transducer and the product to be inspected need to be acoustically 
coupled. To overcome this problem, the product must be immersed in an acoustic 
medium such as water. H æ ggstr ö m and Luukkala  (2001)  have detected and identifi ed 

Figure 38.12 Liquid level measurement. 
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foreign bodies in pieces of cheese and in marmalade by a water immersion method, 
by using a pulse - echo transducer and checking the amplitude pattern of the refl ected 
echoes. Discrimination of foreign bodies was more diffi cult in inhomogeneous samples 
than in homogeneous samples. Zhao  et al .  (2003a)  have developed a laboratory proto-
type composed of a pulse - echo transducer, a water jet nozzle and an  x  –  y  table to 
inspect bottled beverages. In this case, ultrasonic pulses are coupled to the bottom of 
the bottle by means of the water jet. In Zhao  et al . ’ s experiments, foreign bodies such 
as pieces of glass, metal and plastic were successfully detected by scanning the fl at 
bottom of the bottles. Effective detection was accomplished for sample sizes from 10 
to 2.5   mm 2 .   

  Ultrasonic Food Characterization 

 Despite extensive experiments with different types of foods, ultrasonic food charac-
terization has still not been applied commercially, and almost all applications are 
restricted to the laboratory level. Ultrasonic measurements on food products have 
special requirements. The reason is that the range of foods is very wide, and foods are 
generally more complex than other materials to inspect ultrasonically. Specifi c ultra-
sound instrumentation needs to be developed or adjusted for every different applica-
tion, and even for the same application when different foods are tested. However, 
ultrasonic inspection has great advantages, such as the fact that it has a low cost, is 
nondestructive and makes it feasible to inspect materials that are packaged or opaque 
to light. 

 A short overview of the state of the art in the use of ultrasonics in food characteri-
zation applications and several of the current trends is given below. The applications 
have been grouped and reviewed according to common food market sectors. 

  Bakery Products 

 One of the fi rst experiments was carried out on biscuits by Povey and Harden  (1981) . 
These authors measured the crispness of biscuits and found that the ultrasonic veloc-
ity correlated with crispness better than did either the ultrasonically derived Young ’ s 
modulus or the modulus derived from measurements with an Instron universal testing 
machine. 

 In recent years, ultrasound has been widely used to study fl our products. These 
studies have dealt mainly with the analysis of the properties of bread dough, at specifi c 
stages of preparation, with variation or addition of some ingredients or with changes 
in the production procedure. Dough is a highly attenuating material and therefore its 
inspection by means of ultrasound represents a big challenge. One of the fi rst studies 
was done by Lee  et al .  (1992) . In these experiments, good qualitative agreement 
between ultrasonic measurements and traditional rheometry was found, but the 
results obtained with ultrasonic shear waves were somewhat unrealistic; the values 
obtained were more typical of solid materials than of fl our – water products. A decade 
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later, L é tang  et al .  (2001) , Salazar  et al .  (2002)  and Ross  et al .  (2004)  described the 
effects on the ultrasound parameters of changes in some properties of bread dough or 
in its processing, such as the water content, the mixing time or the type of fl our. Also, 
Kidmose  et al .  (2001) , Scanlon  et al .  (2002) , Elmehdi  et al .  (2003)  and Lee  et al .  (2004a)  
studied the changes in the ultrasonic characteristics of doughs during fermentation. 
The infl uence of gas bubbles on the acoustic properties of bread dough was studied 
by Elmehdi  et al .  (2004) . 

 Recent work has studied the variation of the acoustic parameters of dough with the 
operation conditions of extrusion processes (Owolabi  et al .,  2008 ). Garc í a -  Á lvarez 
 et al .  (2005)  studied the time dependence of the mechanical properties of dough for the 
purpose of fl our strength evaluation. The ultrasonic attenuation of the dough was 
monitored as a function of time during resting. The capability of ultrasound to dis-
criminate fl ours for different purposes was demonstrated by Garc í a -  Á lvarez  et al .  (2006)  
and  Á lava  et al .  (2007) . Ultrasound measurements were able to separate types of fl our 
with specifi c properties of velocity and attenuation. In Figure  38.13 , individual values 
of velocity for doughs made from a total of 36 different fl ours are plotted against the 
attenuation, and the plot shows that there is a difference in ultrasound properties 
depending on the fl our used. Strong fl ours tend to be situated at the top left corner, 
with high velocity and low attenuation values, whereas weak fl ours tend to be situated 
at the opposite corner. According to Garc í a -  Á lvarez  et al . (2006) and  Á lava  et al .  (2007) , 
the attenuation/velocity ratio could be used as an indicator of dough quality.   

     Figure 38.13   Ultrasound measurements of dough quality using a range of fl ours mixed using the 
Alveograph method. 
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 Recently, ultrasound studies have been carried out to assess the rheological proper-
ties of gluten - free rice fl our dough and the potential of ultrasound to distinguish 
changes induced by protein ingredients such as soybean protein isolate and processing 
aids such as transglutaminase (Rosell  et al .,  2010 ). The experimental results have 
demonstrated that ultrasound is sensitive to the effects on the properties of rice fl our 
dough of the addition of both soybean protein and transglutaminase at different tem-
peratures, although the changes at high temperatures are less marked. 

 In contrast, there are comparatively few published studies of ultrasound characteri-
zation of fl our batters. Batters are complex macroemulsion systems whose physical 
properties play an important role in determining the characteristics of the resulting 
cakes. The most relevant of these properties are density and rheology. Some ultra-
sound methods such as the through - transmission technique, which is commonly used 
in bread dough analysis, are hard to apply to batters owing to their usually more highly 
aerated nature. This high gas content can make batters very attenuating and dispersive 
media, which often means that ultrasound measurements are hard to perform accu-
rately. In addition, some ultrasound signals such the shear waves used in the ultra-
sound rheology of bread dough are diffi cult to apply to the study of batters, because 
batters usually have more liquid - like characteristics. 

 Consequently, special sensors based on refl ection techniques and longitudinal waves 
have been used instead. With such sensors, the specifi c gravity (Fox  et al .,  2002 ; Fox 
 et al .,  2004 ) and changes in the acoustic impedance (Salazar  et al .,  2004 ) of batters 
have been studied. In order to determine the feasibility of using online ultrasonic 
sensors in the control of cake - manufacturing processes, G ó mez  et al .  (2008)  character-
ized the physical properties of a set of 27 batters by using an ultrasonic sensor based 
on acoustic - impedance measurements described by Salazar  et al .  (2004) . It was found 
that the acoustic impedance of the batter correlated, even better than conventional 
measurements, with the quality of the resulting baked cake. Table  38.1  shows the 
signifi cant correlation found between the acoustic impedance and the quality param-

Table 38.1 Correlation coeffi cients between physical properties of cakes and batters, and the 
acoustic impedance of the batter. 

Cake volume Cake density Volume index Cake symmetry Central height 

Batter density 0.49* −0.46* 0.25 0.34 0.31
Consistency 0.14 −0.08 −0.1 −0.2 −0.17
Flow index −0.51** 0.51** −0.51** −0.55** −0.56**
G′ 0.27 −0.22 0.06 0.05 0.06
G″ −0.04 0.11 −0.32 −0.39* −0.38*
G* 0.12 −0.06 −0.13 −0.17 −0.16
Acoustic impedance −0.45* 0.53** −0.77*** −0.74*** −0.79***

*p < 0.05;
**p < 0.01;
***p < 0.001.
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eters of the cakes. The correlation is especially high for the central height, volume 
index and symmetry, which are parameters related to the expansion produced and the 
shape of the fi nal product. The observed correlations may be due mainly to the capa-
bility of acoustic - impedance measurements to detect very small changes in the amount 
of air added to the batter, very small changes in the stability of the bubbles and their 
distribution, very small changes in the viscosity of the batter (both the initial viscosity 
and the changes in viscosity during the baking process), and very small changes in the 
gelatinization temperature of the starch; the links between these changes may also be 
important.    

  Fruits and Vegetables 

 There are many properties of fruits and vegetables that are of importance and deter-
mine their quality, among them freshness, texture, color and taste. Sensory charac-
teristics must be continually evaluated to monitor quality standards in order to, for 
instance, establish the optimum time to pick the best crop and produce a consistently 
good fi nished product. 

 Fruits and vegetables are perhaps the sector of the food market where the applica-
tion of ultrasonic technology is fi nding the most diffi culties. Fruits and vegetables are 
delicate, and damage to their tissues needs to be avoided. In addition, the presence of 
intercellular air spaces makes them very highly attenuating materials. Another 
problem that is often encountered with fruits and vegetables is the natural variability 
of their physical properties, which makes a large number of measurements necessary 
in order to obtain statistically signifi cant results (McClements,  1997 ). 

 Mizrach  (2008)  has provided a complete review summarizing the last two decades 
of studies, adaptations and modifi cations of ultrasonic technology and devices, and 
innovations in this fi eld, for the determination of material properties of fresh fruit and 
vegetable tissues in both preharvest and postharvest applications. Experiments have 
been carried out on tissues and on whole fruits and vegetables. The ultrasonic proper-
ties of avocados, mangoes, apples, plums, melons, potatoes, tomatoes and other fruits 
and vegetables have been related to specifi c quality indices of products such as fi rm-
ness, dry weight, sugar content and ripeness. For instance, nondestructive ultrasonic 
monitoring of tomato quality revealed a decreasing trend in the attenuation coeffi cient 
over the course of time (Mizrach,  2007 ), and a parabolic expression yielded the best -
 fi tting curve for the plot, with  R  2     =    0.965 (see Figure  38.14 , left). In addition, a very 
good correlation factor between the fi rmness and the attenuation coeffi cient was 
found in the experiments (see Figure  38.14 , right). In this case, a linear regression with 
 R  2     =    0.916 was selected. According to this result, the fi rmness of tomato fruits could 
be predicted by nondestructive attenuation measurements on sample fruits.   

 Despite the diffi culties and limitations in applying ultrasonic technology, it should 
be noted that there has been considerable progress since the early studies that were 
undertaken several years ago.  
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  Meat and Fish 

 Ultrasonic methods have been widely used for measuring meat composition (fat 
content, nonfat solids content and moisture content ) and the back - fat thickness of 
meat in live animals, carcasses and meat - based products (Whittaker  et al .  1992 ; Cross 
and Belk,  1994 ; Benedito  et al .  2001b ; Llull  et al .  2002 ; Simal  et al .  2003 ). Lean meat 
and fat have quite different values of ultrasonic velocity, of around 1580   m · s  − 1  and 
1450   m · s  − 1 , respectively; the ultrasonic velocity in fat is about 10% less than in lean 
meat. Thus, it is possible to deduce meat composition from a velocity measurement 
once a suitable calibration of the system has been carried out. The back - fat thickness 
is determined from the time of fl ight of the echoes refl ected at the interface between 
the fat and lean meat. 

 Whittaker  et al .  (1992)  and Park  et al .  (1994)  used ultrasonic - velocity values to 
predict the intramuscular fat content, or marbling, in beef. These results enable 
researchers to map intramuscular fat deposition, which could subsequently allow beef 
producers to evaluate the genetic potential for marbling, and then feeders could fi nish 
an individual animal to a predetermined marbling end point more accurately. A more 
sophisticated approach was used by Ozutsumi  et al .  (1996) , who used a 2   MHz color 
scanning scope to evaluate marbling in the  M. longissimus thoracis  of live Japanese 
Black steers. Refl ected waves received from the interfaces between different tissues 
such as fat layers, muscle and bone were converted into digital signals with 12 bits 
and stored in order to obtain a 15 color picture of the cross - sectional area of the back 
of the animal according to the signal strength. The estimates of the subcutaneous fat 
thickness and the cross - sectional area of the  M. longissimus thoracis  obtained from 
the scans were in good agreement with conventional carcass measurements carried 
out one week after slaughter. It was concluded that the subcutaneous fat thickness, 
and the area and marbling of the  M. longissimus thoracis  could be estimated with 
useful precision using this color scanning scope. 

Figure 38.14 Left: variation of the attenuation coeffi cient of ultrasonic waves in tomatoes as a 
function of storage time. Right: relationship between fi rmness and attenuation coeffi cient. 
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 More recent studies have shown that the ultrasonic velocity can also be related to 
the composition of chicken meat (Chanamai and McClements,  1999 ). By measuring 
the ultrasonic velocity in chicken meat over a range of temperatures, it was possible 
to determine the fat, nonfat solids and solid - fat contents. This measurement technique 
has been successfully extended to meat - based products such as dry fermented sausages 
(Benedito  et al .,  2001b ; Llull  et al .  2002 ; Simal  et al .  2003 ). The ultrasonic velocity 
decreases with increasing temperature. As an example, Figure  38.15  shows the ultra-
sonic velocity in a meat - based product as a function of moisture content at different 
temperatures. The results obtained by these authors demonstrate that ultrasonic 
velocity can be used to accurately estimate the chemical composition of any meat -
 based product.   

 The ultrasonic velocity can also be related to the moisture content and textural 
parameters of a meat - based product during an initial period of ripening. Llull  et al . 
 (2002)  found that the ultrasonic velocity increased linearly ( R  2     =    0.9362) with ripening 
time, while the moisture content decreased progressively throughout ripening. 
This decrease was most noticeable during the fi rst days of ripening, as depicted in 
Figure  38.16 .   

 In contrast to most other applications of ultrasound in the food industry, which 
have mainly been confi ned to the laboratory, there are many commercially available 
instruments for measuring meat composition (McClements,  1997 ). One example is 
the Autofom system (from Carometec A/S, formerly known as SFK Technology A/S) 
for pork grading. Autofom is an automatic classifi cation system that measures fat and 
muscle depth in pig carcasses by means of ultrasound. The scanning device consists 
of 16 2.0   MHz transducers embedded in a U - shaped frame with a spacing of 25   mm 
between transducers. The Autofom system may process up to 1200 carcasses per hour, 
providing predictions of the lean meat percentage in the carcass, the fat thickness, the 
commercial value of each carcass and the weight of saleable meat in specifi c com-
mercial cuts. 

Figure 38.15 Ultrasonic velocity in a meat -based product as a function of moisture content at 
different temperatures. 
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 Information about fi sh composition is also important to have, since it often deter-
mines the quality, value and utilization of fi sh. Ghaedian  et al .  (1998)  examined the 
infl uence of fat, moisture and nonfat solids content on the ultrasonic velocity in fi sh 
tissue. They developed empirical equations to relate the ultrasonic velocity in fi sh 
tissue to its composition at any temperature. These equations were used to predict 
the composition of a variety of fi sh species such as catfi sh, cod, fl ounder, mackerel 
and salmon (Suvanich  et al .,  1998 ).  

  Dairy Products 

 A huge variety of different studies have been carried out to investigate the potential 
of ultrasound for characterizing dairy products. The most popular application of ultra-
sound in the dairy industry has been to the determination of the concentrations of 
various components in milk and its many products (e.g., butter, cheese, yoghurt and 
cream) (McClements,  1997 ). 

 Milk is a complex liquid that, roughly, consists of emulsifi ed fat globules in an 
aqueous phase containing dissolved proteins and lactose. Ultrasonic techniques can 
provide valuable information about the fat content, the droplet size distribution and 
the kinetics of product variation as a function of time. Physical properties of oil/water 
emulsions, such as droplet size and volume fraction, have been studied in depth in 
the past by Povey  (1988)  and McClements and Povey  (1989) . By measuring the ultra-
sonic velocity of an emulsion whose particle size distribution is known, it is possible 
to determine the volume fraction of the disperse phase. Alternatively, if the disperse -
 phase volume fraction is known, then the particle size can be determined. 

 In the last few years, ultrasound has been used by several researchers to investigate 
the formation of gels in milk. Coagulation plays a decisive role in determining the 
quality of most dairy products. In addition, the coagulation time is often used as a 

Figure 38.16 Ultrasonic velocity (diamonds) and moisture content (squares) during the ripening of 
dry fermented sausages. 
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reference for determining the time at which curd is cut to drain the whey (Weber, 
 1987 ). Milk coagulation time has been determined by measurements of the apparent 
viscosity and ultrasonic attenuation (Gunasekaran and Ay,  1994 ). Statistical analysis 
indicated that there was no signifi cant difference between the coagulation times 
determined by the two methods. It was found that the ultrasonic attenuation showed 
an abrupt decrease during the fi rst stage of coagulation, and then decreased slowly in 
the second stage (see Figure  38.17 ). Based on the rate of change of the ultrasonic 
attenuation during coagulation, the coagulation start time was defi ned as the time at 
which the rate of change of the attenuation was  − 0.1   neper · m  − 1  · min  − 1 . However, 
ultrasonic - velocity measurements were not considered, since the ultrasonic velocity 
showed fl uctuations while coagulation progressed. These fl uctuations were similar to 
those of the density of the milk. This is in accordance with the strong relation between 
the ultrasonic velocity and the density of a medium. Nassar  et al .  (2001)  used varia-
tions in the time of fl ight to monitor structural changes during milk gelation. Another 
ultrasonic technique was reported by Bakkali  et al .  (2001) , who measured milk coagu-
lation time using ultrasonic velocity and attenuation and a pulse - echo immersion 
technique. Wang  et al .  (2007)  applied ultrasonic and rheological methods to assess the 
renneting properties of casein solutions after UHT pretreatment. A linear correlation 
was found between the coagulation times determined by rheological and ultrasonic 
measurements on samples heated at 120    ° C. Dukhin  et al .  (2005)  used acoustic spec-
troscopy to monitor droplet size distributions in whole, homogenized and unhomog-
enized milk, and in light butter. Others (Ogasawara  et al .,  2006 ) have monitored the 
end of yoghurt production by measuring variations in the velocity of ultrasonic waves 
propagating through the solution.   

 Another application of ultrasound to dairy products has been to the characterization 
of various properties of cheeses, for example the rheological properties (Lee  et al .,  1992 ) 
and the maturity of cheese samples (Benedito  et al .,  2001a ). In addition, Orlandini and 
Annibaldi  (1983)  suggested that ultrasonic methods could be used to detect structural 
defects during the early stages of the maturation of Parmesan cheese. Gunasekaran 

Figure 38.17 Ultrasonic attenuation during milk coagulation. 

U
ltr

as
on

ic
 a

tte
nu

at
io

n

Coagulation
start time

Time



1130 Handbook of Food Process Design: Volume II

and Ay  (1996)  applied ultrasonic techniques to evaluate the fi rmness of curd in order 
to determine the optimum cut - time for cheesemaking. Benedito  et al .  (2001a)  deter-
mined the degree of maturity of cheeses from ultrasonic - velocity measurements per-
formed in the through - transmission mode, and detected cracks within the cheeses 
using the pulse - echo technique. Figure  38.18  shows the evolution of the ultrasonic 
velocity during maturation of Cheddar cheese at two different storage temperatures. 
In both cases, the ultrasonic velocity increases quickly during the fi rst few days of 
storage, and afterwards increases more slowly. In addition, ultrasound has been used 
to replace destructive tests to assess the texture of Manchego cheese (Benedito  et al ., 
 2006 ). The changes in texture during maturation are considered as good predictors of 
the maturity of the cheese.   

 Not only quality but also safety is important for food producers and consumers. 
Elvira  et al . ( 2005 ,  2006 ) have developed an eight - channel ultrasonic detecting device 
for evaluation of the microbiological quality of packed liquid foods, based on nonin-
vasive, nondestructive ultrasonic methods. This device makes possible the noninva-
sive detection of microbial growth in liquid foods, with no need to open the carton - based 
packages in which they are contained. In the experiments, three different strains were 
inoculated at different concentrations into UHT milk packs. The changes in the liquid 
medium produced by the growth of microorganisms induce variations in the ultra-
sonic propagation parameters, giving noninvasive evidence of the developing contami-
nation. These variations may affect the elastic and viscous properties of the milk, 
changing the propagation velocity and the attenuation of an ultrasonic wave. Different 
patterns appeared depending on the microorganism tested, which indicates that their 
metabolisms induce different changes in milk. Growth detection was achieved between 
7 and 48   h, depending on the number and type of bacteria inoculated.  

  Fruit Juices and Drinks 

 Fruit juices and drinks are basically solutions or liquid mixtures, often with particles 
in suspension. Ultrasonic propagation through solutions and liquid mixtures has been 

Figure 38.18 Relationship between ultrasonic velocity and storage time for Cheddar cheese. 

1690

1695

1660

1665

1670

1675

1680

1685

U
lt

ra
s

o
n

ic
 v

e
lo

c
it

y
 (

m
/s

)

T=4ºC

T=12ºC

1655
0 50 100 150 200 250

Storage time (days)



Process Design Involving Ultrasound 1131

the subject of several studies in the past (Urick,  1947 ; Nomoto,  1958 ; Harker and 
Temple,  1988 ; Pavlovskaya  et al .,  1992 ; McClements,  1995 ; Povey,  1997 ). Ultrasonic -
 velocity measurements can be used to determine the sugar content of beverages and 
the composition of liquid mixtures. Contreras  et al .  (1992)  studied the relation between 
the speed of sound in sugar solutions and the concentration and temperature, and 
summarized the results with an empirical equation. Zhao  et al .  (2003b)  conducted 
experiments to estimate the apparent viscosity of orange and tomato juices using the 
pulse - echo method. The results showed that an increase in the number of solid par-
ticles in the juice increased both the apparent viscosity and the ultrasound velocity, 
which can be attributed to the effects of friction between the solid and liquid, and 
stiffening of the bulk modulus. One year later, the same authors (Zhao  et al .,  2004 ) 
presented a conceptual design and evaluation of an online ultrasonic system for quality 
measurement and control of bottled beverages. By using pulse - echo and through -
 transmission techniques simultaneously, the ultrasonic velocities in orange and 
tomato juices diluted with water were measured in glass bottles without the need to 
know the diameter or wall thickness of the bottle, as seen in Figure  38.19 . The ultra-
sound velocity was then correlated with the viscosity of the beverage. The experiment 
demonstrated that ultrasound velocity is a good index for correlating with the appar-
ent viscosity of beverages. More recently, Kuo  et al . ( 2007 ,  2008 ) measured the sugar 
content and viscosity of watermelon and orange juice. They found that the ultrasonic 
velocity tends to respond linearly to both sugar content and viscosity. However, 
attenuation measurements were found to be ineffective for such a purpose.   

 Ultrasonic measurements can also be used for nondestructive evaluation of the 
percentage of water that is frozen in frozen foods. Monitoring of the freezing of foods 
is important for quality purposes because the freezing process may damage the struc-
ture of foods and consequently affect their quality; this is due mainly to the increase 
in size of the ice crystals after nucleation. Lee  et al .  (2004b)  measured the velocities 
of longitudinal and shear waves and the attenuation of longitudinal waves in freezing 
orange juice; these quantities showed a strong correlation with the amount of unfrozen 

Figure 38.19 Measured ultrasound velocity in diluted fruit juices. 
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water in the juice. Specifi cally, for orange juice, the experimental data showed a strong 
velocity increase below  − 10    ° C and an attenuation peak at  − 20    ° C, corresponding to a 
proportion of unfrozen water in the juice of nearly 20%. Carcione et al.  (2007)  devel-
oped a poroelastic model of ultrasonic waves propagating through orange juice in order 
to predict the degree of freezing of orange juice. The model showed excellent agree-
ment with the experimental data, particularly the ultrasonic velocities. 

 Alcoholic fermentation processes have become a topic of interest in the last few 
years. In early work, Winder  et al .  (1970)  proposed an ultrasonic method to determine 
the alcohol and extract contents of wines; although they did not study the alcoholic 
fermentation process itself, an empirical relation between ultrasonic parameters and 
the concentrations of alcohol and soluble solids was proposed, indicating that these 
concentrations are the main factors that determine the speed of the sound in ferment-
ing media. Later, Becker  et al . ( 2001 ,  2002 ) used an ultrasonic technique to determine 
the density of beer during fermentation. They discarded the possibility of obtaining a 
theoretical relation between density and ultrasonic propagation velocity, being aware 
of the lack of a representative model for liquid mixtures and solutions. Resa  et al . 
 (2004)  showed that the changes occurring during the course of the alcoholic fermenta-
tion of several aqueous mixtures can be monitored online by measuring the velocity 
of an elastic wave propagating through the fermenting medium. In addition, Resa 
 et al .  (2005)  proposed a semiempirical approach to improving theoretical models 
describing the density and velocity of liquid mixtures of low alcohol concentration 
(under 20%). More recently, Van Sint Jan  et al .  (2008)  have developed an ultrasound -
 based method for measuring sugar and alcohol content simultaneously in hydroalco-
holic solutions mimicking fermenting musts in semi - industrial environment. 

 Several different approaches have been proposed for measuring density, and a large 
number of possibilities offered by ultrasound. Greenwood  et al .  (1999)  and Greenwood 
and Bamberger  (2002)  developed an online ultrasonic density sensor composed of six 
transducers mounted on a plastic wedge with its base in contact with the liquid. The 
amount of refl ection at the plastic – liquid interface depends on the density of the 
liquid, the ultrasonic velocity in the liquid and the parameters of the wedge. Sugar –
 water solutions and oils were successfully characterized. The main advantage of this 
technique is that highly attenuating liquids can be characterized because the operation 
of the sensor depends on refl ection at the interface rather than transmission of ultra-
sound through the liquid. P ü ttmer  et al .  (2000)  investigated a novel ultrasonic density 
sensor for online application to liquid systems. The sensor is composed of a piezoce-
ramic disk mounted between two reference rods of quartz glass of different lengths. 
Experiments under laboratory conditions provided a relative error of about  ± 0.1% full 
scale. In order to simplify the calibration process of these sensors, Mathieu and 
Schweitzer  (2004)  proposed a new method of measurement of liquid density from 
analysis of echoes backscattered by wires immersed in the liquid. According to 
Mathieu and Schweitzer  (2004) , this approach avoids some of the diffi culties of cali-
bration, in the sense that the calibration can be performed with any liquid, although 
the precision in the experiments was only about 1%. Recently, Adamowski  et al . 
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 (2010)  performed measurements of the density of several liquids with an accuracy 
better than 0.2%, with a measurement cell using a conventional NDE (nondestructive -
 evaluation) transducer as an emitter and a 70   mm diameter, 52    μ m thick P(VDF – TrFE) 
(poly(vinylidene fl uoride – trifl uoroethylene) copolymer) membrane as a receiver. In 
addition, the large - aperture PVDF receiver used in the sensor allowed the determina-
tion of the elastic constants of anisotropic materials without diffraction effects and 
showed good agreement with the results of tensile tests.    

  Devices and Instrumentation 

 The typical setup for ultrasonic measurements was described earlier in this chapter 
and is depicted in Figure  38.5 . Depending on the type of application, all or only some 
of the instruments will be necessary to make up an inspection system. In this section, 
a brief description of the basic elements of the system will be given. 

  Transducers 

 Ultrasonic transducers convert electrical energy into mechanical energy, and vice 
versa. They are built around an active element, generally a piezoelectric ceramic, that 
vibrates at a given frequency when a voltage is applied and generates a voltage when 
it vibrates. The ultrasonic transducer is the most important and critical part of the 
whole inspection system. They come in different types, which must be properly 
chosen according to the specifi c application. Thus, for instance, general - purpose, 
direct - contact, delay - line, dual - element, immersion, angle - beam, normal - incidence 
shear wave and more types of transducer are commercially available. 

 Some important parameters for the selection of a transducer are its frequency, axial 
resolution, sensitivity and lateral resolution. Given a food material with a fi xed ultra-
sonic velocity, the frequency of the transducer determines the wavelength of the 
ultrasonic wave, which is related to the desired size of discontinuities or particles to 
be detected, i.e., the axial resolution. A general rule of thumb is that the discontinuity 
or particle size must be larger than one - half of the wavelength. Normally, a broadband 
or highly damped transducer helps to shorten the refl ected pulse, allowing the trans-
ducer to resolve closely spaced discontinuities or particles. The axial resolution also 
generally increases as the frequency increases. The sensitivity is the ability to detect 
small discontinuities or particles, and the lateral resolution is the ability of a trans-
ducer to separate signals produced by two refl ectors close together. The sensitivity 
depends greatly on the piezoelectric material used. The most popular one used in 
measurement applications is lead zirconate titanate of the PZT - 5 type. The lateral 
resolution depends on the diameter of the transducer. The larger the diameter of the 
transducer, the broader the ultrasonic beam is. A good alternative method to increase 
lateral resolution and sensitivity is to focus the ultrasonic beam at the desired distance 
by means of either an acoustic lens or a curved piezoelectric element.  
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  Pulser/Receivers 

 A pulser/receiver is an instrument that provides both a pulser unit to drive the ultra-
sonic transducer with the required high - voltage pulse and a receiver unit that pream-
plifi es and fi lters the returning ultrasonic echo. A pulser/receiver, along with 
appropriate transducers and an analog or digital oscilloscope, forms the basic ultra-
sonic inspection system. The pulser/receiver can operate in either pulse - echo or 
through - transmission mode. 

 The main controllable parameters of a pulser unit are the energy, duration and 
damping of the electrical pulses, and the pulse repetition rate. Commercial pulsers 
can provide high - voltage pulses from 100 to 900   V. The receiver unit controls the 
preamplifi er gain, normally user - adjustable, and the cutoff frequency of the high -  and 
low - pass fi lters included in the unit. Bandwidths from 10 to 150   MHz are commer-
cially available, which enables the use of broadband transducers.  

  Signal Acquisition 

 The very weak electrical signal provided by the ultrasonic transducer needs to be 
fi ltered and amplifi ed before being acquired. Filtering and amplifi cation can be done 
either by the receiver unit of the pulser/receiver or by a specifi c low - noise amplifi er 
module. The amplifi ed signal is then converted to digital format by a high - speed 
analog - to - digital converter (ADC). This digitized data is then transferred to a personal 
computer, which permits one to store, process, analyze and display the signal. The 
sampling rate must, in accordance with Nyquist ’ s sampling theorem, be at least twice 
the highest frequency of the ultrasonic signal. Alternatively, digitization can be carried 
out directly by a digital oscilloscope, which can also store and display the acquired 
signal, and transfer it to a personal computer for processing purposes.    

  High - Intensity Ultrasound 

 The use of power ultrasound in the food industry has increased during the last few 
years. An increasing number of studies have been carried out in this direction. 
Ultrasonic energy represents a promising tool for producing foods or enhancing a series 
of food processes without affecting the quality of the foodstuff. 

 Although extensive research has been carried out over many years into the applica-
tion of power ultrasound, a great deal of future research is still required into the 
development of ultrasonic technology and also into the effects of power ultrasound 
on the properties of foods. On the one hand, power ultrasound technology needs to be 
specifi cally developed and scaled up for specifi c applications. On the other hand, a 
better understanding is required of how and to what extent ultrasonic effects vary 
under different experimental conditions in order to know and quantify the contribu-
tion of each variable parameter to the effects of power ultrasound. However, currently 
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there is quite a large amount of commercially available instrumentation for the most 
popular applications. 

  Cavitation 

 Several mechanisms can be activated by power ultrasound, such as heating, turbu-
lence, agitation, friction and surface instability. Although not all of the mechanisms 
involved in power ultrasound are known or well understood, most of the mechanisms 
important in the food industry can be attributed to a very complex nonlinear phenom-
enon known as cavitation. The phenomenon of cavitation was fi rst reported by 
Thornycroft and Barnaby  (1895) , who postulated that the reason for the poor perform-
ance of a new torpedo was ineffi ciency and loss of power caused by the formation of 
cavities in the water. 

 Power ultrasound enhances chemical and physical changes in a liquid medium 
through the generation and subsequent destruction of cavitation bubbles. When a 
liquid is subjected to ultrasound of suffi cient power, the liquid is alternately com-
pressed and expanded, forming small bubbles, or cavities. These bubbles react to the 
compression and expansion cycles of the ultrasonic wave, causing them to expand 
and, when attain a critical size, eventually collapse. This process is depicted in Figure 
 38.20 . The collapse of bubbles can be so violent that it can cause considerable damage 
to the surrounding medium. The gas in the bubbles has been estimated to reach tem-
peratures of around 5000    ° C and pressures of more than 1000 atmospheres on a nano-
second timescale (Suslick and Price,  1999 ). This intense local heating, or the generation 
of hot spots, can drive signifi cant gas phase chemical reactions, which are important 
in a variety of applications (Gould,  2001 ). However, this heat is transient and very 
localized, so the overall temperature increase in the matrix is relatively low, around 
5    ° C. When power ultrasound is used in combination with conventional heating, the 
effect of ultrasound treatment increases.    

Figure 38.20 Cavitation bubble collapse. 
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  Process Parameters 

 Generally, the variable process parameters are the intensity and frequency of the 
power ultrasound, the exposure time, the temperature, the pressure, and the volume 
of food to be processed. These parameters affect the phenomenon of cavitation and 
consequently the results of the process, such as the extraction rate, the particle size 
or the destruction of microorganisms. Other factors that also affect cavitation signifi -
cantly are the type of treatment, choice of solvent and sample preparation. 

 The results of a process for a given process parameter confi guration depend on the 
energy per unit volume (measured in kW   h · L  − 1 ). It is also important to note that since 
power ultrasound applications differ a lot from each other, the optimal process param-
eter confi guration must be adjusted individually for each application. In addition, one 
of the key parameters that strongly infl uences the results is the type of food (Salazar 
 et al .,  2010 ). 

 The existence of many process parameters affecting the output of the process neces-
sarily means that it takes time and effort to scale and fi ne - tune the whole process, 
with the goal being to achieve the maximum result with the minimum amount of 
energy. 

  Energy, Intensity and Exposure Time 

 The output power is obtained by multiplying the intensity by the effective radiating 
area of the tip of the ultrasonic probe. The amount of energy transferred to the process 
is then calculated as the product of the output power and the exposure time. 
Consequently, when the exposure time is increased, the amount of energy supplied 
to the process increases. 

 Normally, an increase in the intensity causes the effects of cavitation to increase 
to a maximum and then decrease; this is probably due to the formation of a dense 
concentration of bubbles near the probe tip, which acts as a barrier to the transfer of 
energy to the process. In addition, an excessively high intensity could have negative 
effects on the properties of the product. Therefore, in this case, a longer exposure time 
and a lower intensity could be a better option for obtaining a higher level of energy 
transmitted to the process.  

  Frequency 

 Low frequencies produce more violent cavitation and higher localized temperatures 
and pressures. A frequency range of 20 – 100   kHz is commonly used in power ultra-
sound, although most studies have been restricted to the range of 20 – 40   kHz. The 
reason why low frequencies produce more violent cavitation is that at very high fre-
quencies, the formation of cavitation bubbles is reduced because either the rarefaction 
cycle of the sound wave produces a negative pressure that is insuffi cient in its dura-
tion and/or intensity to initiate cavitation, or the compression cycle occurs faster than 
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the time required for a microbubble to collapse (Thompson and Doraiswamy,  1999 ). 
However, in applications such as reduction and oxidation reactions, a higher frequency 
is desired, since the number of free radicals increases and higher reaction rates are 
achieved.  

  Temperature and Pressure 

 Increasing the temperature reduces cavitation effects. Although an increase in tem-
perature increases the formation of cavitation bubbles, these contain more vapor and 
consequently lead to a less violent collapse. In contrast, increasing the pressure 
increases the pressure in the bubbles and thus leads to a more rapid but more violent 
bubble collapse. Consequently, cavitation effects are enhanced. 

 In general, the largest sonochemical effects are observed at lower temperatures and 
higher pressures, where the majority of the content of the bubbles is gas.   

  High - Intensity Applications 

 In this section, the most important applications of high - intensity ultrasound in the 
food industry are reviewed. The scope of applications is vast, including microbial and 
enzyme inactivation, fi ltration, emulsifi cation, drying, and meat tenderization. In 
terms of the kind of effect on the food material, the applications have been grouped 
into two different groups: those which do not change the physicochemical properties 
of the food, and those intended for food processing, which modify the properties or 
characteristics of the food. 

  Ultrasound - Assisted Processing Tools 

  Cutting and Slicing 

 Ultrasonic cutting is a well - established technology that is widely commercially avail-
able, and has been available to the industry for more than 50 years. In addition, in 
recent years, this technology has been introduced into the food industry in such 
diverse applications as the cutting of frozen fi sh, cheese, ice cream bars and bakery 
products. Ultrasonic food cutting, compared with other conventional method of 
cutting, provides many signifi cant benefi ts. Thus, for instance, the cut face is espe-
cially clean in visual appearance, with more consistency, and the cutting operation is 
faster and more sanitary, which is of signifi cant importance in the food preparation 
industry. 

 An ultrasonic cutter uses a blade horn, which is caused to vibrate at a frequency of 
20 – 40   kHz with a power output of up to 2   kW at 20   kHz and 700   W at 40   kHz. The 
cutting blade is made of titanium and moves rapidly back and forth, reducing the 
friction resistance at the cutting surface and making the blade cut smoothly.  
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  Atomization 

 Atomization is a process in which a liquid is broken into small droplets. Conventional 
atomizers force a liquid to pass through a small orifi ce at high velocity, which restricts 
their usage to very low - viscosity liquids. In contrast, ultrasonic atomizers require 
much less energy and overspray is practically eliminated, resulting in reduced con-
sumption with better performance. 

 Ultrasonic atomization is based on an atomizing probe or nozzle that vibrates at a 
very high frequency. The liquid passes through the probe and reaches the probe tip, 
where the probe vibration is focused and the atomization takes place. The vibration 
of the tip causes cavitation and the formation of micron - scale droplets of high spheric-
ity and uniform size distribution. The drop size is a function of frequency. Very small 
droplets can be produced by increasing the frequency. The ultrasonic frequency used 
for the atomization of liquids typically ranges from 10   kHz to 3   MHz. 

 Ultrasonic atomizers are used in a variety of industrial and medical applications. In 
the food industry, the applications of this technology include the coating of foodstuffs 
and food packaging materials with various liquid - state chemicals and ingredients. For 
instance, some crackers are coated with a thin layer of oil, and commercially manu-
factured tortilla chips are typically sprayed with one or more chemical preservatives 
to extend their shelf - life.   

  Food - Processing Applications 

 The use of power ultrasound in the food processing industry is a promising area. 
Ultrasound technology has a wide range of current and future applications. Table  38.2  

Table 38.2 List of applications of power ultrasound in the food industry. 

Application Benefi ts 

Microbial and enzyme 
inactivation

Destruction of microorganisms or inactivation of enzymes at lower temperatures 

Crystallization Formation of very small and uniform crystals with enhanced rate of seeding 
Filtration Higher fi ltration rates, cleaner fi lters and prevention of fouling 
Drying Increased product throughput at lower temperatures, avoiding degradation of 

food
Extraction Increased yield of extracted components, higher extraction effi ciency and higher 

processing throughput 
Emulsifi cation Online use for fl ow processes, providing very effective, stable and 

homogeneous mixing of two or more immiscible liquids without or with very 
little additives 

Meat tenderization Increased tenderness by disruption of myofi brillar components in shorter aging 
periods

Degassing Rapid removal of unwanted air or gas from liquids 
Defoaming Enhanced degree of defoaming 
Freezing Reduced freezing time with smaller ice crystal size distribution, leading to a 

product of better quality 
Oxidation processes Early maturation of alcoholic beverages 
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shows a list summarizing the current and potential applications of power ultrasound 
and their benefi ts in different fi elds of the food industry. However, despite the large 
number of potential ultrasonic processes, most of them are still restricted to a research 
environment, and only a few of them have been introduced into the industry. The 
main reason is that power ultrasound is not an off - the - shelf technology. Each applica-
tion needs to be specifi cally developed and scaled up.   

 This section provides an overview of the major applications of power ultrasound in 
several different fi elds. 

  Microbial and Enzyme Inactivation 

 This application is a promising fi eld that relies on the ability of power ultrasound to 
disrupt biological cell walls through intense cavitation. However, the effectiveness of 
ultrasound is dependent on the type of microorganism or enzyme being treated, the 
amplitude and frequency of the ultrasonic signal, the exposure time, the volume of 
food to be processed, and the type of food. In addition, power ultrasound alone is not 
very effective in the destruction of microorganisms or inactivation of enzymes unless 
very high intensities are used, and, precisely for this reason, ultrasound is generally 
used in conjunction with another technique such as pressure (manosonication), heat 
(thermosonication) or both (manothermosonication) to achieve effi cient destruction 
of microorganisms or inactivation of enzymes. Thus, for instance, using pressure 
during power ultrasound treatment increases the rate of microbial inactivation for a 
variety of microorganisms, even at temperatures well below the boiling point of the 
medium. Figure  38.21  shows the effectiveness of this process at a very low tempera-
ture when the pressure is varied from 0 to 400   kPa. Such processes have been studied 

Figure 38.21 D-values of various bacteria treated with ultrasound (20 kHz, 117 μm amplitude) at 
40°C when the pressure is varied from 0 to 400 kPa.
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and described in depth by several researchers (Ordo ñ ez  et al .,  1984 ; Raso  et al .,  1998 ; 
Ma ñ as  et al .,  2000 ; Ma ñ as and Pag á n,  2005 ).   

 So far, research has been successfully done with a great number of bacteria, such as 
 Escherichia coli ,  Listeria monocytogenes ,  Salmonella ,  Staphylococcus aureus  and 
 Saccharomyces cerevisiae  (Piyasena  et al .  2003 ). The exposure time, the temperature, 
and the intensity and frequency of the ultrasonic wave are key factors for successful 
destruction of microorganisms. Also, new areas, such as the winemaking industry, 
where power ultrasound has not yet been applied, are offering potential for its use. 
Jiranek  et al .  (2008)  have explored the application of power ultrasound to modulating 
microbial activity and load at various stages of winemaking process in juices, musts 
and wines and in the barrels. Thus, for instance, rather than washing fermentation 
tanks and barrels with high - pressure hot water, the use of power ultrasound might 
achieve more effect in a reduced period of time with a lower temperature of the water. 

 Research into the inactivation of various enzymes under various conditions has also 
been carried out. Thakur and Nelson  (1997)  showed that the pH of the medium was 
the most important parameter for the inactivation of lipoxygenase. Raviyan  et al . 
 (2005)  studied the effect of cavitation intensity and temperature on the inactivation 
of tomato pectinmethylesterase (PME). A comparison of thermal treatment, sonica-
tion and thermosonication under various treatment conditions was conducted. 
Increasing the temperature increases the inactivation rate; this has been demonstrated 
in many tests of thermal inactivation of tomato enzymes (L ó pez  et al .,  1997 ; Crelier 
 et al .,  2001 ). From Figure  38.22 , it is clear that the use of thermosonication increases 
the inactivation rate. In addition, taking into account the fact that the inactivation 
caused exclusively by thermal treatment at 50    ° C is negligible, the inactivation by 

Figure 38.22 Inactivation of PME obtained from tomato juice using sonication and thermosonica-
tion at different cavitation intensities and temperatures. S, sonication; TS, thermosonication. 
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ultrasonic treatment at 50    ° C must be due to sonication itself. With reference to the 
different values of the reduction in the residual activity at various temperatures 
reported by different researchers, the discrepancies might be caused by differences in 
tomato variety, degree of ripening, heating and temperature measurement techniques, 
and enzyme preparation and assay methods.   

 Experiments under pressure at different temperatures were carried out by Ma ñ as 
 et al .  (2006)  in order to study the inactivation of lysozyme. Ultrasonic waves at room 
temperature and pressure inactivate the enzyme very little. However, the application 
of an external pressure of 200   kPa and temperatures between 60 and 80    ° C increased 
the inactivating effect of ultrasound. 

 It seems clear that the effect of ultrasound on enzymes is dependent on the type of 
the enzyme and is also infl uenced by many parameters. Kadkhodaee and Povey  (2008)  
studied how and to what extent ultrasonic effects vary under different experimental 
conditions in order to develop a mathematical model that quantifi ed the contribution 
of variable parameters to the overall effect of ultrasound and, consequently, allowed 
one to predict changes in the effi ciency of a process. The results showed that ultra-
sound effectively inactivated  α  - amylase, with the minimum overall inactivation rate 
at 50    ° C. Also, it was shown that the contribution of the various parameters to the 
inactivation of the enzyme seems to be dominated by the temperature and the acoustic 
intensity, although the amino acid composition and the conformational structure of 
the enzyme also have a great infl uence.  

  Crystallization 

 The application of power ultrasound to the crystallization process was fi rst reported 
more than 50 years ago, but it has only been in the last decade that it has received 
much attention. The most important effect of ultrasound on crystallization is the 
induction of nucleation, which is again based mainly on cavitation phenomena. 
During cavitation, it is possible to break down crystals and nuclei into a large number 
of uniform small crystals that can act as nucleation centers. This effect is often 
referred to as sonocrystallization. A schematic illustration of sonocrystallization 
induced by ultrasonic cavitation is shown in Figure  38.23 . The crystallization process 

Figure 38.23 Schematic illustration of sonocrystallization induced by ultrasonic cavitation. 
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can be controlled by means of the amplitude and frequency of the ultrasonic signal 
and the exposure time, thus allowing manipulation of the crystal size distribution and 
the point at which crystallization occurs (Povey and Mason,  1998 ).   

 The application of power ultrasound to crystallization has been found to be particu-
larly appropriate for pharmaceuticals and fi ne chemicals, which are amongst the 
hardest materials to crystallize well because they tend to be high - molecular weight 
organic compounds (Ruecroft  et al .,  2005 ). There are also some interesting applications 
in the food industry based on the modifi cation and control of the crystallization 
process in many food products. One of these applications deals with the control of 
sugar crystallite size. This application is of particular interest since the texture of food 
products can be affected by the size of undissolved sugar crystals dispersed in the 
material (Mason  et al .,  1996 ). Table  38.3  gives some measured data on the reduction 
in the width of the metastable zone for a range of solutions cooled from 50 to 20    ° C 
(Ruecroft  et al .,  2005 ). In all cases except  d  - lactose, the width of the zone was signifi -
cantly reduced.   

 The application of power ultrasound to honey has long been studied (Kaloyereas, 
 1955 ; Liebl,  1978 ; Thrasyvoulou  et al .  1994 ). Honey is a supersaturated sugar solution, 
whose natural tendency is to crystallize. This is an undesirable process that must be 
avoided during the production process of liquid honey. Traditionally, crystallization 
of honey is delayed by applying a heat treatment. Heat helps to dissolve  d  - glucose 
monohydrate crystals but also negatively affects the delicate fl avors of honey. The 
application of power ultrasound as an alternative eliminates existing crystals in honey 
and also retards the crystallization process, resulting in a cost - effective technology. 
Analysis of the crystallization process shows that honey treated by power ultrasound 
remains in the liquid state for a much longer period than does heat - treated honey. In 
addition, no signifi cant effects on the quality parameters of the honey, such as mois-
ture content, electrical conductivity and pH, are observed. 

 Crystallization of fats is another area that is gaining considerable interest in the 
chocolate, butter and ice cream industries. Thus, for instance, the effects of power 
ultrasound (20   kHz and 100 – 300   W) on tripalmitoylglycerol and cocoa butter have been 
studied (Higaki  et al .,  2001 ; Ueno  et al .,  2003 ). The results indicate that ultrasound 

Table 38.3 Ultrasonic crystallization of sugar solutions. 

Solute Quantity dissolved in 
10ml of water at 50 °C

Temperature at which solid appears 

Control Ultrasound treatment 

D-xylose 25g 36°C 46°C
D-sucrose 18g <40°C 47°C
D-lactose 5.5g 41°C 43°C
D-maltose 13g No crystals appeared at 20 °C 40°C
D-cellobiose 2.0g No crystals appeared at 20 °C 42°C
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irradiation is an effi cient tool for controlling the polymorphic crystallization of fats 
and that the induction time is shortened. 

 Several theories have been proposed in order to explain the relationship between 
cavitation and nucleation, but the contribution of ultrasound to crystallization is still 
not fully understood. Therefore, further development of models is still required.  

  Filtration 

 Solid – liquid fi ltration is a common process in many industries today. Filtration can 
be applied either to clarify a liquid that contains solids or to remove solids from a 
liquid. Ultrasound - assisted fi ltration has been widely studied in the past. In addition 
to increasing substantially the rate of fl ow of the liquid through the fi lter, the applica-
tion of ultrasound also keeps the fi lter cleaner and prevents fouling (Fairbanks,  1973 ; 
Semmelink,  1973 ). The enhancement of fi ltration relies on two effects: fi rst, sonica-
tion causes agglomeration of fi ne particles and, second, sonication supplies enough 
vibratory energy to the system to keep the particles partly suspended and therefore 
leaves more free channels for solvent elution (Mason  et al .,  1996 ). 

 Ultrasound - assisted fi ltration has been applied to several sectors of the food and 
beverage industry. The technique has been applied to fruit extracts and drinks to 
increase the amount of juice extracted from pulp (Mason  et al .,  1996 ). Other potential 
areas of application include sugar, beer, wine and edible oils (Brennan  et al .,  2006 ). 
Thus, for instance, the juice produced by extraction from sugar beet is treated with 
lime and fi ltered to produce a clear juice for further processing. Beer is clarifi ed by 
fi ltration to remove deposits of yeast and trub formed on the bottom of the maturation 
tank during the maturation stage. In addition, wine and edible oils are fi ltered at 
various stages of production. 

 In an extensive review, Kyll ö nen  et al .  (2005)  studied several parameters that infl u-
ence the effectiveness of ultrasound fi ltration, such as frequency, power intensity, 
feed properties, cross - fl ow velocity and temperature. In general, higher fi ltration effi -
ciencies are achieved with lower ultrasound frequencies and high power intensities 
using intermittent ultrasonic sonication. However, ultrasound is less effective for 
highly concentrated suspensions such as slurries. One of the current requirements 
in many industrial applications is the processing of highly concentrated suspensions 
of fi ne particles. Conventional fi ltration techniques are not satisfactory, because 
fouling often occurs, resulting in slow fi ltration rates. Gallego - Ju á rez  et al .  (2003)  
have been working on the development and application on a pilot scale of power 
ultrasonic technology to assist in cake deliquoring in the fi ltration of concentrated 
fi ne - particle slurries in rotary vacuum disk fi lters. One or several power transducers 
are placed parallel to the fi lter surface and very close to it. An increase in the fi ltra-
tion effi ciency was obtained with two extremely fi ne, highly concentrated suspen-
sions of particulate materials. The experimental ultrasonic system is schematically 
depicted in Figure  38.24 .    



1144 Handbook of Food Process Design: Volume II

  Drying 

 Conventional systems for food dehydration are mainly based on either hot - air drying 
or freeze drying. Hot - air drying is a widely used method, but the food product can 
suffer deterioration. In freeze - drying, product deterioration is negligible but the process 
is expensive. In contrast to conventional dehydration methods, power ultrasound 
reduces the cost of the process and the probability of food degradation since the drying 
process can be carried out at lower temperatures. 

 Ultrasonic dehydration is still under development; the low drying rate of the ultra-
sonic process is one of its major drawbacks. However, there has been a lot of interest 
in recent years in the development of this potential application. 

 When power ultrasound is directly coupled to a food material to be dried, a rapid 
series of alternating compressions and expansions produce a kind of sponge effect and 
a quick migration of moisture from the product (Floros and Liang,  1994 ; Gallego - Ju á rez 
 et al .,  2007 ). In addition, ultrasound produces cavitation, which may be benefi cial for 
the removal of moisture that is strongly attached (Tarleton and Wakeman,  1998 ; 
Fuente - Blanco  et al .,  2006 ). 

 Power ultrasound has been extensively applied as a pretreatment for drying fruits 
and vegetables such as apples, melons, bananas, papayas, caulifl owers and carrots. In 
all cases, the drying time after ultrasound treatment is shortened as compared with 
untreated products. The effect of pretreatments and drying conditions on the structure 
of products such as mushrooms, Brussels sprouts and caulifl owers has been investi-
gated in order to see how later rehydration is infl uenced (Jambrak  et al .,  2007 ). When 
compared with the freeze - drying method (taken as the reference method), the results 
indicated that the rehydration properties (measured by percentage weight gain) were 
better for freeze - dried samples. However, the rehydration properties for ultrasound -
 treated samples were higher than for untreated samples, so the rehydration behavior 
of plant - based foods can also be enhanced by the use of power ultrasound. 

Figure 38.24 Schematic diagram of an ultrasonic -assisted fi ltration system. 

Filter surfaceRotary
vacuum
disk filter

Scrapers for 
cake discharge

Plate
radiator 

Slurry

Container
High-power 
ultrasonic 
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 Fernandes and Rodrigues  (2007)  and Fernandes  et al . ( 2007 ,  2008 ) have investigated 
the effect of ultrasonic pretreatment prior to air - drying on the dehydration of bananas, 
papayas and melons. In all cases, the integrated process (power ultrasound and air -
 drying) was optimized, searching for the operating condition that minimized total 
processing time. Time reductions of between 10% and 16% were achieved when 
ultrasound pretreatment was applied for approximately 20   min. 

 With the aim of scaling up the drying process, Gallego - Ju á rez  et al .  (1999)  have 
focused their efforts on developing a new technology for vegetable dehydration based 
on airborne power ultrasound that applies ultrasonic vibration directly to the product, 
avoiding the usual ultrasonic bath. Two experimental procedures have been devel-
oped: forced - air drying assisted by airborne ultrasound, and ultrasonic dehydration by 
applying ultrasound in direct contact with the material. In addition, a parametric 
study of the relative infl uence of the main physical parameters involved in the process 
was carried out using a stepped - plate transducer working at 20   kHz and a power capac-
ity of about 100   W (Garc í a - P é rez  et al .,  2006 ), in order to establish starting points for 
the development of the system at a preindustrial stage. Experimental results for 
carrots, apples and potatoes and an extensive review of this new technology can be 
found in Fuente - Blanco  et al .  (2006)  and Gallego - Ju á rez  et al .  (2007) . The results 
obtained using direct contact show that the new technology provides a very effective 
method for food dehydration. However, the improvement obtained when high - intensity 
airborne ultrasound is applied is less than for direct - contact application. The main 
reason for this is the low penetration of ultrasonic energy into the vegetable material, 
caused by the mismatch between the acoustic impedances of the transducer, air and 
food.  

  Extraction 

 Ultrasonic extraction is based on cavitation phenomena and has become an effi cient 
alternative to traditional methods for solvent extraction. Cavitation breaks down the 
walls of biological cells and releases the cell contents into the solvent (Mason  et al ., 
 1996 ). Thus, the extraction of sugar from sugar beet has been found to be improved 
with the use of power ultrasound (Chendke and Fogler,  1975 ). Wang  (1975)  studied 
protein extraction from defatted soybeans using a 550   W probe operating at a frequency 
of 20   kHz, which resulted in a more effi cient method of extraction than any other 
previous technology. Later, the experiment was scaled up to pilot plant level for the 
extraction of soybean protein (Moulton and Wang,  1982 ). 

 More recently, an ultrasonic extraction procedure for Ca, K and Mg from  in vitro  
embryogenic and nonembryogenic  Citrus  sp. cultures was proposed by Arruda  et al . 
 (2003) . In experiments, several different extracting media and sonication times of 5, 
10, 15 and 30   min were used to optimize the procedure, which resulted in an excellent 
alternative to the traditional procedure, with an important reduction in sample han-
dling and in operational costs. Albu  et al .  (2004)  used power ultrasound to increase 
the effi ciency of extraction of carnosic acid from the herb  Rosmarinus offi cinalis  using 
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butanone, ethyl acetate and ethanol as solvents. Power ultrasound reduced the depend-
ence on the extraction solvent and greatly enhanced the performance of ethanol, a 
poor solvent for conventional extraction. In addition, sonication appears to have great 
potential as a method for the extraction of antioxidant materials: comparable levels 
of extracted carnosic acid were obtained by employing an ultrasonic bath and by 
employing a probe system, thus indicating the potential for scaling - up of the extrac-
tion process. Another interesting application is to the extraction of phenolic com-
pounds from coconut shell powder (Rodrigues and Pinto,  2007 ). The effects of toasting 
time, toasting temperature and extraction time were evaluated. The results indicated 
that high amounts of phenolics can be extracted from coconut shells by ultrasound -
 assisted extraction technology, the extraction time being the most signifi cant 
parameter for the process. The best condition for obtaining a high phenolic content 
(406.93   mg · L  − 1 ) in the extracts was found to be a toasting time of 60   min at 100    ° C and 
an ultrasound extraction time of 60   min. 

 Table  38.4  provides a list of applications of ultrasound - assisted extraction. A more 
extensive review of applications of power - ultrasound - assisted extraction has been 
given by Vilkhu  et al .  (2008) , including the extraction of herbal, oil, protein and bioac-
tive materials.    

  Emulsifi cation 

 One of the fi rst applications of power ultrasound was to emulsifi cation, and was fi rst 
reported by Wood and Loomis  (1927) . This application, which is also based on cavita-
tion, provides a very effective, stable and homogenous mixing of two or more immis-
cible liquids without or with very few additives (Shoh,  1975 ; Mason  et al .,  1996 ). The 
great advantage of emulsifi cation is that it can be used online in fl ow processes. Thus, 
volumes up to 12   000   L · h  − 1  can be processed, as is the case in the manufacture of fruit 
juices, tomato ketchup and mayonnaise (Mason  et al .,  1996 ). 

 The effects of power ultrasound on milk homogenization have been studied by 
various authors (Wu  et al .,  2001 ; Villamiel and Jong,  2000 ; Ertugay  et al .,  2004 ). It was 
found that sonication of fresh cow milk at 20   kHz resulted in a reduction in the size 
of the fat globules; power ultrasound is very effective in reducing the size of fat glob-
ules. An average size of the fat globules of less than 1    μ m was achieved. Also, the 
application of power ultrasound results in more uniformly distributed fat particles 
than does the conventional homogenization method. Thus, milk homogenized by a 
conventional homogenizer has smaller fat globules than nonhomogenized milk, and 
milk homogenized by power ultrasound has even smaller fat globules than milk 
homogenized by a conventional homogenizer. Figure  38.25  compares the average fat 
globule diameter of nonhomogenized milk with the diameter achieved after conven-
tional homogenization and under different ultrasonic treatment conditions. The fat 
globule diameter obtained in conventional homogenization could be achieved by 
means of ultrasonic emulsifi cation at a power level of 180   W for 10   min (Villamiel and 
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Figure 38.25 Effect of ultrasonic homogenization on fat globule diameter in milk (20 kHz ultrasonic 
probe) as a function of power level and exposure time. The fi rst two bars refer to nonhomogenized 
milk ( “Nonhom.”) and milk homogenized by a conventional homogenizer ( “Hom.”).
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Jong,  2000 ). In general, a substantial reduction in fat globule size, by up to 81.5%, was 
achieved after all treatments.   

 Wu  et al .  (2001)  also studied the effect of power ultrasound on yoghurt fermentation. 
Ultrasound treatment before inoculation of the yoghurt starter resulted in an increase 
in water - holding capacity. In addition, when ultrasonic treatment was applied after 
inoculation, the total fermentation time was reduced by 0.5   h, which implies clear 
industrial benefi ts. 

 In more recent work, the effects of irradiation time, irradiation power and the physi-
cochemical properties of the oil on the volume and droplet size of the dispersed phase 
have been studied in typical emulsions consisting of oil and water (Gaikwad and 
Pandit,  2008 ). Oils with different viscosities were used in the experiments. In particu-
lar, two edible oils and two mineral oils were used. The results indicated that with 
an increase in the irradiation time, the dispersed phase volume increased and the 
droplet size of the dispersed phase decreased. Likewise, as the irradiation power was 
increased, there was an increase in the hold - up of the dispersed phase and the droplet 
size of the dispersed phase decreased. A higher viscosity of the oil was related to a 
larger droplet size in the emulsion.  

  Meat Tenderization 

 Tenderness is one of the most important features of meat quality perceived by the 
consumer. Meat tenderness varies considerably among species, among animals within 
a species and among different muscles, but is highly affected by the way the meat is 
cooked as well. In general, meat is tender just after slaughter; however, tenderness is 
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negatively affected by changes that occur during rigor mortis and post - rigor aging. 
Traditionally, aging has been regarded as a fail - safe method of producing tender meat. 
Carcasses are hung for several days at a temperature just above freezing to allow the 
meat to tenderize, but this process adds considerable cost to the production process 
because of the requirements for space and controlled temperatures. 

 When power ultrasound is used, the muscle and cell structure of tissues can be 
disrupted by means of cavitation effects, leading to tenderization of the meat. However, 
the existing studies are somewhat contradictory, since the ultrasound treatment con-
ditions vary widely and, consequently, the effects on meat tenderization vary as well. 
In some cases, power ultrasound proved effective, although in a number of other 
studies the treatment conditions were found to have no effect on tenderness or even 
to lead to decreased tenderness. Table  38.5  summarizes experimental results from 
some studies of meat tenderization.   

 Smith  et al .  (1991)  suggested that the tenderization of meat samples ( semitendino-
sus  muscle from cattle) induced by the application of power ultrasound is of suffi cient 
magnitude to be detected by the average consumer. They found a signifi cant increase 
in tenderness after 2 – 4   min of sonication. Nevertheless, opposite effects were observed 
when meat was sonicated for more than 8   min, but the reasons for this behavior were 
not explained by these authors. In two consecutive studies published by Lyng  et al . 
( 1997 ,  1998a ) using the  longissimus thoracis et lumborum  and  semimembranosus  
muscles, no signifi cant effects on tenderness due to power ultrasound treatment were 
found compared with untreated samples. According to Lyng  et al ., the reason could 
be associated with the method of treatment, as well as the ultrasound intensity levels 
and exposure times used. These factors, as well as the use of different frequencies and 
the type of muscles used, might have caused such inconsistent results. 

 The infl uence of high - frequency power ultrasound has also been investigated (Got 
 et al .,  1999 ). These authors applied a 2.6   MHz transducer to  semimembranosus  muscles 
but no conclusive effects on meat tenderization were observed. One of the reasons 
could be that in this study, the benefi ts of cavitation were not achieved, since cavita-
tion is unlikely at such high frequencies. 

 Recently, Jayasooriya  et al .  (2004)  reviewed the effects of high - power ultrasound on 
the physical, biochemical and microbial properties of meat, and the potential benefi ts. 
The specifi c effects on tenderness were discussed. Power ultrasound appears to be a 
very attractive alternative technique for modifying the properties of meat and meat 
products, although further research is needed. To this end, Jayasooriya  et al .  (2007)  
studied the effect of power ultrasound and aging on the physical properties of bovine 
 semitendinosus  and  longissimus  muscles in order to determine the exposure time 
needed to tenderize different types of muscles, and studied the impact of power ultra-
sound on aging as well, to determine whether power ultrasound negatively affects 
other characteristics of meat such as color and pH. After 60   s of power ultrasound 
treatment (24   kHz and 12   W · cm  − 2 ), the reduction in the Warner – Bratzler shear force 
and hardness was comparable to that for meat aged for three to fi ve days. The benefi ts 
of ultrasound were reduced as the aging time increased. In addition, the improvement 
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in tenderness was achieved without detrimental effects on the drip, cooking or total 
losses, or on the color. 

 Similarly, Stadnik  et al .  (2008)  studied whether treatment with low - frequency and 
relatively low - intensity ultrasound (45   kHz, 2   W · cm  − 1 ) at 24   h post mortem affected 
the pH of meat and its water - holding capacity during 96   h of aging. Ultrasound treat-
ment did not have a statistically signifi cant effect on the pH of the meat. In addition, 
the high water - holding capacity of sonicated samples, typical of meat in advanced post 
mortem stages, suggests that because of the ultrasound treatment, acceleration of rigor 
mortis followed by fragmentation of the protein structures of cells occurred.    

  Power Ultrasound Instrumentation 

 In this section, several different confi gurations of ultrasonic equipment are discussed. 
Although considerable effort has been put into developing standard commercial ultra-
sonic equipment, scaling - up involves much more than the construction of a larger 
version of the equipment; a specifi c development process is required for every indi-
vidual application. 

 As the applications of high - intensity ultrasound involve only coupling acoustic 
energy to the food material, no detection of the ultrasonic waves is required. Therefore, 
the setup shown schematically in Figure  38.5  can be greatly simplifi ed, and the instru-
mentation is reduced to an ultrasonic transducer, a signal generator and a power 
amplifi er. 

  Transducers 

 Most high - intensity ultrasonic transducers are of the piezoelectric type and have 
structures based on the classical prestressed sandwich transducer arrangement 
(Neppiras,  1973 ; Gallego - Ju á rez,  1990 ). A sandwich transducer is composed of one or 
several piezoelectric disks or rings between two metallic blocks. This assembly is 
mechanically prestressed by means of a bolt and operates as a half - wave resonator. 
The substitution of part of the piezoelectric material by metallic blocks permits one 
to overcome the low tensile strength of the piezoceramic, which is very undesirable 
in high - intensity applications, and this reduces the dimensions of the transducer. The 
most suitable piezoelectric material for these applications is lead zirconate titanate 
(PZT); the PZT - 4 and PZT - 8 compositions are the most popular, owing to their low 
internal losses. The metallic parts are usually made of duralumin, stainless steel or 
titanium. 

 Sandwich transducers are used directly in applications to liquids by bonding them 
to the liquid recipient. In contrast, transducers for applications of high - intensity ultra-
sound to solids normally require a large vibration amplitude at the face in contact 
with the material. Vibration amplifi cation is achieved by adding to the front face of 
the sandwich transducer another metallic part of special shape, called a sonotrode or 
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horn. The shape and dimensions of the horn are usually custom designed for each 
application.  

  Ultrasonic Equipment 

 There are several different types of ultrasonic equipment commercially available. The 
most frequently used are the ultrasonic bath, the ultrasonic horn (or probe), the cup -
 horn reactor, the liquid whistle reactor and the fl ow cell. The basic characteristics of 
each of them are described below. 

  The Ultrasonic Bath 

 The ultrasonic bath is perhaps the most widely used type of equipment because it is 
cheap, easy to operate and readily available. It consists mainly of a stainless steel tank 
with a number of transducers bonded to the base of the tank, as depicted in Figure 
 38.26 . The tank is fi lled either with a coupling liquid, in which the reaction vessel is 
immersed, or directly with the mixture to be processed. In order to achieve a uniform 
distribution of the ultrasonic irradiation, it may be necessary to stir the mixture 
mechanically. However, the disadvantages of this type of equipment are that tempera-
ture control of the reaction mixture is diffi cult and that it is diffi cult to obtain repro-
ducible results. In addition, the equipment has a relatively low power density because 
undetermined losses due to transfer through the vessel walls are introduced and also 
because the power of the transducers has to be limited in order to avoid cavitation 
damage to the tank walls.    

  The Ultrasonic Horn 

 The ultrasonic horn, also known as the ultrasonic probe system, consists of a metal 
horn coupled to an ultrasonic transducer. The length of the horn is a multiple of half 
a wavelength and its purpose is to amplify the vibration produced by the transducer. 

Figure 38.26 Ultrasonic bath. 
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The horn is immersed in the reaction mixture of interest and then intense ultrasound 
is generated directly at the tip of the horn (Figure  38.27 ). In contrast to the ultrasonic 
bath, the ultrasonic horn system is able to deliver large amounts of power directly to 
the reaction mixture, although it is not distributed uniformly. One restriction of this 
equipment is that erosion of the tip of the horn by cavitation requires frequent replace-
ment of the tip, which might otherwise cause contamination of the reaction mixture.    

  The Cup – Horn Reactor 

 The cup – horn reactor (Figure  38.28 ) is composed of a small ultrasonic bath, a probe 
horn in contact with the reaction mixture and a cooling system for better temperature 
control than that provided by the ultrasonic bath. As it has a reduced power compared 
with the ultrasonic horn, there is no contamination by erosion of the horn tip mate-
rial. The reaction vessel has a limited volume but provides more reproducibility of 
sonochemical effects.    

  The Liquid Whistle Reactor 

 This type of equipment (Figure  38.29 ) is very useful and provides an inexpensive 
method that has been used successfully in applications such as homogenization and 

Figure 38.27 Ultrasonic horn. 
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emulsifi cation. The whistle creates a cavitation zone without the need for a trans-
ducer. The liquid mixture is forced to fl ow rapidly through an orifi ce, from which it 
emerges as a jet and impacts on a thin metal blade, which is caused to vibrate at a 
frequency dependent on the fl ow rate. When a mixture of immiscible liquids is forced 
across the blade of the liquid whistle, the resulting cavitational mixing produces 
extremely effi cient homogenization (Mason  et al .,  1996 ). Because of its principle of 
operation, an obvious benefi t of the liquid whistle is that it can be used on a large 
scale for fl ow processing and can be installed online. However, the intensity of the 
ultrasound generated is very low.    

  The Flow Cell 

 The fl ow cell (Figure  38.30 ) can be used with a continuous fl ow in large - scale process-
ing. The ultrasonic horn is in direct contact with the reaction mixture that is being 
pumped through the cell, and consequently it is recommended for low - viscosity mix-
tures when the required sonication time is relatively low. Generally, it is used to 
emulsify, disperse and homogenize. The degree of processing of the reaction mixture 

Figure 38.29 Liquid whistle reactor. 
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can be controlled by varying the fl ow rate and the intensity of the ultrasonic horn. 
The fl ow cell is provided with a cooling jacket, through which a cooling liquid can be 
circulated to enable cooling of the reaction mixture while it is being processed.       

  Conclusions 

 In a wide variety of different applications in the food industry, low -  and high - intensity 
ultrasound technology has been successfully proven in the laboratory, in pilot plants 
and, in less numerous cases, in large - scale applications. In recent years, ultrasound 
technology has attracted considerable interest in the food industry for both the analy-
sis and the processing of foods. The benefi ts of using this technology are signifi cant. 
Low - intensity ultrasound has major advantages over many other analytical methods 
because it is nondestructive, rapid, precise, relatively inexpensive and highly repeat-
able. In addition, it can be applied to concentrated and optically opaque foods, and can 
easily be adapted for online applications and thus allows automation and better 
control of product quality. In the case of high - intensity ultrasound, most of the studies 
reported in the literature provide evidence of benefi ts in various applications, either 
enhancing product quality or process effi ciency, and no detrimental effects on food 
quality attributes have been observed, or at least they seem not to be especially 
affected. 

 Characterization of fundamental physical properties of foods such as elastic 
modulus, grain size, hardness and density is accomplished by measuring the ultra-
sonic velocity, the attenuation coeffi cient and the acoustic impedance of the food 
product, although the ultrasonic velocity and the attenuation coeffi cient are generally 
the two most widely used parameters. Ultrasonic food processing is based on the 
very complex nonlinear phenomenon known as cavitation. Generally, the intensity 
and frequency of the power ultrasound, the exposure time, the temperature, the 
pressure, and the volume of food to be processed affect the phenomenon of cavitation 
and consequently the results of processes, such as the extraction rate, particle size 
or destruction of microorganisms. Other factors that also affect cavitation signifi -
cantly are the type of treatment, the choice of solvent and sample preparation. It is 
usually rather diffi cult to make comparisons between experiments carried out by 
different authors, since one of the key parameters that strongly infl uences the results 
is the type of food. 

 Both low -  and high - intensity ultrasound place special demands on the equipment 
used. The reason is that the range of foods is very wide, and foods are generally more 
complex than other materials to inspect or process ultrasonically. Specifi c ultrasound 
instrumentation needs to be developed or adjusted for every different application, and 
even for the same application when different foods are to be tested or processed. 
Consequently, great efforts are being made by manufacturers and scientists to adapt 
equipment and measurement or processing techniques from a laboratory scale to large -
 scale application.  
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   Introduction 

 Every year, millions of people suffer from infectious diseases due to the consumption 
of contaminated food and water. Food - borne illnesses caused by pathogenic microor-
ganisms lead not only to signifi cant health issues and deaths, but also to huge eco-
nomic losses for society. Moreover, the safety of food materials, which is the most 
important indicator of their quality, is becoming more challenging as the human 
population grows. The responsibility for ensuring food safety is shared mainly between 
governments and the food industry. While governments make the necessary regula-
tions for food manufacturers and organize educational programs for consumers, the 
food industry follows procedures to ensure the safety of their products. These proce-
dures involve decontamination techniques, which are used to eliminate pathogenic 
microorganisms in foods while retaining the quality of the foods. 

 Many new and innovative techniques to decontaminate food products have been 
developed and evaluated by researchers; some of these have been integrated into food 
processing plants and are currently in operation. Most of the decontamination tech-
niques used in food processing plants include thermal and chemical treatment of the 
foods. Thermal treatments are highly effective against microorganisms in foods; 
however, they cannot be used for minimally processed or raw foods, as excessive 
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heating causes cooking and loss of sensory attributes. On the other hand, chemical 
methods of treating foods may leave toxic residues. 

 Because of these issues, researchers and the food industry are continuing to seek 
alternative nonthermal and nonchemical techniques, by which a variety of foods, 
including minimally processed and raw products, could be decontaminated without 
the use of potentially toxic chemicals. Irradiation, high hydrostatic pressure, pulsed 
electric fi elds, ultrasound, ultraviolet (UV) light and pulsed UV light are among the 
alternative techniques that have been developed and have been evaluated for their 
effi cacies on various foods. UV light technology is a nonchemical, nonthermal, simple, 
inexpensive approach to disinfection, which requires very low maintenance. UV light 
is defi ned as the electromagnetic radiation in the spectral region from 100 to 400   nm 
and is classifi ed into four wavelength ranges: UV - A (315 – 400   nm), UV - B (280 – 315   nm), 
UV - C (200 – 280   nm) and vacuum UV (100 – 200   nm) (Krishnamurthy  et al .,  2008b ). 
UV - C light damages the DNA of microorganisms by causing the formation of lethal 
photoproducts and pyrimidine dimers in the microbial DNA (Miller  et al .,  1999 ; Rupp, 
 2006 ; Xenon,  2006a ). The formation of such bonds prevents the microbial cell from 
reproducing by blocking DNA replication. 

 Pulsed UV light technology, on the other hand, is a novel technology utilizing UV 
light, and is more effi cient and effective than conventional UV light (Bialka,  2006 ). 
Pulsed UV light is also nonchemical, and is considered to be nonthermal for short 
treatment times. Microbial inactivation by intense UV light pulses using inert - gas 
fl ashlamps was fi rst used in Japan during the late 1970s (Oms - Oliu  et al .,  2010 ). In 
the USA, the FDA approved pulsed - light treatment of foods in 1999 (Federal Register, 
 1999 ). In a pulsed UV light system, an energized xenon gas lamp emits intense light 
pulses with a continuum broadband spectrum from the deep UV to the infrared; the 
spectrum is especially rich and effi cient in the UV range (Demirci and Panico,  2008 ). 
The duration of a pulse is as short as a few hundred microseconds. In this chapter, we 
focus on the use of pulsed UV light as a potential technology to decontaminate food 
products, including raw and minimally processed foods. Various scientifi c and techni-
cal aspects of this promising technology are discussed to help the reader to better 
understand the technology.  

  End Products of the Process 

 The inactivation of microorganisms by UV light is caused mainly by photochemical 
reactions that take place when photons in the UV range are absorbed by microbial 
constituents. UV photons, the elementary particles of UV light, carry a high amount 
of energy, and have the ability to break or form chemical bonds. In the case of micro-
bial cells, the chemical reactions induced by the photons occur mostly in the structure 
of proteins and DNA (Bank  et al .,  1990 ; Blatchley and Peel,  2001 ; Jay et al.,  2005 ; 
Miller  et al .,  1999 ). UV light induces breakage of DNA chain, crosslinking of 
DNA strands, hydration of pyrimidines and formation of pyrimidine dimers between 
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adjacent residues. The specifi c products of these photochemical reactions include 
cyclobutyl pyrimidine dimers, pyrimidine pyrimidinone - [6,4] photoproducts, Dewar 
pyrimidinone, adenine – thymine heterodimers, cytosine photohydrate, thymine pho-
tohydrate, single - strand breaks and DNA – protein crosslinks (Krishnamurthy  et al ., 
 2008b ). 

 Furthermore, the inactivation of microorganisms by pulsed UV light, which involves 
polychromatic radiation in a spectral region from the UV to the infrared, is not limited 
to photochemical damage to microbial DNA. Besides this photochemical effect, pulsed 
UV light is suggested to have photothermal and photophysical effects on microbial 
cells (Fine and Gervais,  2004 ; Krishnamurthy  et al .,  2007 ; Wekhof,  2003 ). Wekhof 
 (2003)  and Fine and Gervais  (2004)  suggested that pulsed UV light may have a thermal 
effect on microorganisms. The thermal stress due to the difference between the 
absorption of pulsed UV light by a microorganism and by the surrounding medium 
causes vaporization of water in the bacterial cell, leading to rupture of the cell; this 
is induced mainly by the UV components of the light pulse (a photothermal effect). 

 Krishnamurthy  et al .  (2010)  studied the damage caused by pulsed UV light treatment 
to  Staphylococcus aureus  using microspectrometry and transmission electron micro-
scopy. After 5 s treatment with pulsed UV light, severe damage to  S. aureus  cells was 
observed by transmission electron microscopy. Cell wall damage and leakage of the 
cell contents occurred at several locations (Figure  39.1 ).   

 Furthermore, shrinkage of the cytoplasmic membrane and collapse of the internal 
cellular structure was observed. The semipermeability of the membrane was lost, and 
thus the osmotic equilibrium of the cell was damaged. As a result, cellular contents 
leaked from the cytoplasm and cell death occurred (Figure  39.2 ). It was also suggested 
that the intermittent high - intensity pulses may have caused disturbance to the cell 
structure, which eventually damaged the cells (a photophysical effect). This study also 

Figure 39.1 Comparison of cellular damage observed by transmission electron microscopy: control 
sample (left) and pulsed -UV-light-treated sample (right). (From Krishnamurthy et al.,  (2010) , cour-
tesy of Springer.) 
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Figure 39.2 Effects of pulsed UV light treatment on S. aureus after 5 s. (From Krishnamurthy 
et al.,  (2010) , courtesy of Springer.) 
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confi rmed that some of the cells were inactivated without any structural damage, 
indicating the formation of lethal thymine dimers.   

 Pulsed UV light may also induce other biochemical changes in the target object in 
addition to microbial inactivation. In photochemical reactions, chemical bonds are 
dissociated when a photon ’ s wavelength - dependent quantum energy is at least equal 
to the energy of the molecular bond upon which the light is incident (Xenon,  2006a ). 
Having high photon energy, UV light is able to dissociate a number of chemical bonds, 
giving rise to new chemical species (Krishnamurthy  et al .,  2008b ). Having high inten-
sity and a polychromatic nature, pulsed UV light may promote the formation of sec-
ondary radical reactions, causing the formation of germicidal chemicals such as 
hydroxyl radicals, ozone or hydrogen peroxide (Malley,  2002 ). 

 It has been reported that pulsed UV light at high intensities may induce lipid oxida-
tion and color changes in foods (Gould,  2001 ; Keklik  et al .,  2009 ), as well as alterations 
in plastic packaging materials (Keklik  et al .,  2009 ). However, compared with continu-
ous UV light, the oxidation reactions are limited in pulsed light systems because of 
the short pulse duration (e.g., 100    μ s), the half - life of  π  - bonds (10  − 9  to 10  − 4    s), and the 
low number of pulses (1 to 3) (Fine and Gervais,  2004 ). In another study (Elmnasser 
 et al .,  2008 ), treatment of milk proteins and lipids with pulsed UV light (2.2 J · cm  − 2 , 
1 – 10 pulses) did not cause signifi cant oxidation products, changes in the amino acid 
composition or changes in the protein conformation.  

  Process Components 

 Basically, in a pulsed light system, high - power electrical pulses are generated and 
converted into high - power light pulses (Figure  39.3 ). Firstly, line low - voltage AC 
power collected from a primary energy source is converted into high - voltage DC power 
by a power supply unit. Electrical energy is then accumulated and temporarily stored 
in capacitors (Palmieri and Cacace,  2005 ). The capacitor, together with an inductor, 
defi nes the energy and pulse profi le of the system. An inert - gas arc lamp is used, where 
the gas is essentially insulating. A trigger electrode is used to build up an electrical 

Figure 39.3 Flow diagram of a typical pulsed light system. (Courtesy of Xenon, 2008.)
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potential inside the lamp. As this potential is increased, the gas inside the lamp starts 
to break down and becomes conducting. As energy fl ows from the capacitor though 
the lamp in this state, high - energy light is generated in the form of a glow 
discharge.   

 Pulsed light sources use power - compression technology to transfer stored electrical 
energy into short pulses with high peak power. For instance, a pulsed power source 
operating at 1   kV dissipates 20   J of energy stored in a 40    μ F capacitor within 30    μ s, 
creating a peak power of 1   MW (Wang  et al .,  2005 ). Figure  39.4  shows a laboratory - scale 
pulsed UV light system, where the food item is treated in a chamber by pulsed UV 
light produced by a xenon gas lamp. Figure  39.5  shows a schematic diagram of this 
laboratory - scale system with its components.   

 A pulsed UV lamp delivers electromagnetic radiation in the range from 100 to 
1100   nm ( ∼ 54% of the light is in the UV range) (Krishnamurthy  et al .,  2010 ), whereas 
continuous UV lamps deliver UV light in the range from 200 to 300   nm (Linden  et al ., 
 2007 ). Pulsed UV light dissipates a much higher peak energy in a short time than does 
continuous UV light, which emits essentially constant energy over a longer time 
period. The inactivation effi ciency of pulsed UV light is four times higher than that 
of continuous UV light (Bialka,  2006 ).  

  Basic Theoretical Principles and Mode of Operation 

 The light pulses emitted by a pulsed UV lamp consist of electromagnetic radiation 
in the wavelength range from 100 to 1100 nm, which includes the UV, visible and 
infrared spectra (Oms - Oliu  et al ,  2010 ). The UV region is responsible for most of the 
inactivation caused by pulsed light. UV - C light induces chemical reactions in DNA. 

Figure 39.4 Laboratory-scale pulsed UV light system. (Xenon Corporation ®, Wilmington, MA.) 
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On the other hand, the entire UV light incident on the target is thought to be 
responsible for photothermal effects (Wekhof,  2000 ), while the photophysical effect 
may be due to the entire spectrum, including the visible and infrared portions 
(Krishnamurthy  et al .,  2010 ). The inactivation effi cacy of pulsed light is dependent 
mainly on the light intensity (measured in J · cm  − 2 ) and the number of pulses or treat-
ment time (Elmnasser  et al .,  2007 ). The pulse duration varies between 100   ns and 
2   ms (Demirci and Panico,  2008 ), and the lamp pulses at a rate of about 1 – 20 times 
per second (Dunn,  1996 ). Pulsed light can be used to disinfect various surfaces, 
including packaging materials, packaging and processing equipment, foods, and 
medical devices, as well as bulk materials that allow penetrations of the light, such 
as water and air (Dunn,  1996 ). 

 The operation of a pulsed UV light system can be either batch - type or continuous -
 fl ow, and may be designed for disinfecting either food surfaces or liquid foods. A 
batch - type pulsed UV light system consists of a power unit, and a chamber in which 
one food item is treated at a time by one or more xenon gas lamps. An example of a 
batch - type pulsed UV light system is the lab - scale system that was shown in Figure 
 39.4 . A continuous pulsed UV light system (in a real - world case) would involve 
continuous - fl ow exposure of food items to pulsed UV light on a moving platform; 
either the food items or the lamps would be moved by conveyors at a preset conveyor 
velocity, to achieve a preset treatment time. A pulsed UV light system designed for 
the treatment of liquid foods would be different from a system for solid foods; the 
liquid food, fl owing in a transparent pipe, would be exposed to the pulsed light 
(Krishnamurthy  et al .,  2007 ). The treatment time would be dependent on the fl ow 

Figure 39.5 Schematic diagram of the laboratory -scale pulsed UV light system shown in Figure 
39.4 (Keklik, 2009).
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rate of the liquid. In any pulsed UV light system, the distance between the food and 
the lamp surface needs to be adjusted so that the desired level of the light intensity 
at the food surface is attained, to maximize the microbial inactivation while retaining 
the quality of the food.  

  Equipment (Advantages and Limitations) and Parameters 

 A basic pulsed light system consists of three main parts: a lamp, a power supply and 
a pulse confi guration device (controller) (Elmnasser  et al .,  2007 ). However, the speci-
fi cations of equipment can vary widely to meet the needs of particular manufacturing 
operations. There are two types of pulsed lamps: the fl ashlamp and the surface dis-
charge lamp (Bohrerova  et al .,  2008 ). In a fl ashlamp, the discharge is confi ned in a 
small envelope, whereas a surface discharge lamp uses a plasma discharge on the 
outside of a dielectric material placed inside a wide tube. Surface discharge lamps are 
able to produce higher UV effi ciency and tolerate stress levels above the explosion 
limit of fl ashlamps (Schaefer  et al .,  2007 ). The choice of a lamp with a specifi c spectral 
cutoff that produces the desired wavelength properties helps in controlling issues such 
as ozone production (Xenon,  2007b ). Also, power supplies offering different energy 
levels are available to optimize the performance and the cost effi ciency. Confi guration 
of the pulse energy and rate, which is critical in providing the optimal amount of light 
received by the target, is managed by the controller. An interweave system and timer 
control are among the options available for a controller. In an interweave system, two 
lamps fl ashing at a high repetition rate are operated from a single power supply and 
controller to increase the delivery of UV light to the target, which is ideal for continu-
ous processes. The controller can be incorporated together with the high - voltage 
power supply into a cabinet, which provides easy setup and practical operation from 
a front - panel control (Xenon,  2007b ). 

 Pulsed UV light is more advantageous than continuous - wave UV light in terms of 
the lamps used to generate the light, the wavelength of the light delivered by the 
lamps, the light intensity, the inactivation mechanisms, the processing time and the 
penetration ability (Bialka,  2006 ). Pulsed UV light is typically produced by a xenon 
gas lamp, whereas continuous UV light is commonly produced by a mercury lamp 
(Xenon,  2006b ). Mercury can be hazardous to humans in case of leakage due to break-
age of the lamp, particularly in food applications. The inactivation mechanisms of 
pulsed UV light involve photochemical, photothermal and photophysical effects 
(Krishnamurthy  et al .,  2010 ), whereas continuous UV light inactivates microorgan-
isms by photochemical effects only (Bialka,  2006 ). Pulsed UV light requires shorter 
processing times compared with continuous UV light, which contributes to the effi -
ciency by increasing the process speed. In addition, pulsed UV light works instantly, 
i.e., it does not require a long warm - up period as continuous UV light does. Owing to 
the high peak power delivered, pulsed UV light can penetrate deeper into food than 
can continuous UV light (Xenon,  2006b ). However, there are two main concerns about 
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pulsed UV light technology: heat generation and limited penetration of the light. 
Because the temperature rise is negligible (i.e., less than 1    ° C) for short processing 
times (a few seconds), this process is considered to be a nonthermal process. However, 
for long processing times, heat is generated owing to the infrared portion of the pulsed 
UV light, which results in a temperature increase in the food product. The other 
concern is the limited penetration of the UV light. Although pulsed UV light pene-
trates deeper than continuous UV light (Xenon,  2007a ), the penetration of pulsed UV 
light into a food may still be limited. An important factor affecting light penetration 
is the color of the food. If the food is transparent, the amount of UV light absorbed 
by the food becomes much more than that absorbed by an opaque food. In a study by 
Bialka  et al .  (2008a) , the effects of various parameters, including the depth of the 
material, on the inactivation of  E. coli  K12 were investigated. Two different materials, 
agar and denatured whey protein isolate (DWPI), were used as model systems. It was 
demonstrated that the energy transmitted through the gel decreased by 30% when the 
thickness of agar was increased from 2 to 10   mm, whereas the decrease in the energy 
transmitted was 45% for the same thicknesses of DWPI; this indicates that pulsed 
UV light penetrates better in a transparent food than in an opaque food. It was also 
found that pulsed UV light was able to penetrate several millimeters into an opaque 
solid medium (10% DWPI). 

 The spectral distribution and the total fl uence (intensity) of the light pulses are the 
most important  “ source ”  parameters in a pulsed - light treatment; both of these need 
to be adjusted according to the type of food and the desired level of microbial inactiva-
tion (Palmieri and Cacace,  2005 ). The pulse duration and frequency are also signifi cant 
parameters in determining the best treatment time. The most important  “ target ”  
parameter is the transparency of the food item, which needs to be as high as possible 
to increase the effi ciency of microbial inactivation in deeper layers. For instance, water 
is highly transparent in the wavelength range of visible and UV light, whereas sugar 
solutions and wines display less transparency (Palmieri and Cacace,  2005 ). Also, it 
must be noted that the intricate shape of a food item may have a shadowing effect, 
preventing the pulsed UV light from reaching microorganisms present in cavities in 
the food.  

  Empirical Data and Rules of Thumb 

 To manage the microbial safety of foods by using pulsed UV light, it is essential to 
understand the behavior of microbial cells toward their environment during pulsed 
UV light processing. In other words, without knowing how the environmental factors 
affect the trends of microbial inactivation by pulsed UV light, one cannot perform 
reliable design calculations for a pulsed UV light unit. Thus, several researchers have 
investigated the trends of microbial survival during pulsed UV light treatment of 
foods, and developed empirical models to accurately predict the consequences of 
pulsed UV light treatment for the inactivation of pathogens. 
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 In a study by Sharma and Demirci  (2003) , the effects of treatment time, distance 
from the UV strobe and the thickness of the product on the inactivation of  E. coli  
O157:H7 on alfalfa seeds were investigated. Empirical models were developed from 
the collected data to predict the reduction in the bacterial population. Response 
surface regression analysis with uncoded units was performed to determine the regres-
sion coeffi cients using the general equation

    log10 0 1 1 2 2 3 1
2

4 2
2

5 1 2reduction = + + + + +α α α α α αx x x x x x     (39.1)  

  where   α   0  is a constant term,   α   1, … 5  are coeffi cients,  x  1  is the time of treatment and  x  2  
is the thickness of the seed layer or the distance from the UV strobe. Based on Equation 
 39.1 , two models, named the  “ thickness model ”  and the  “ distance model, ”  were 
developed and validated for the treatment of alfalfa seeds with pulsed UV light. 

 The  “ thickness model ”  was given by

    log . . . . .10
23 498 0 049 1 883 0 216 0 008reduction = + − + − ⋅t H H H t     (39.2)  

  where  H  is the thickness of the seed layer (mm) and  t  is the treatment time (s). 
Analysis of variance of the log 10  reduction given by Equation  39.2  demonstrated that 
both the thickness and the time had a signifi cant effect ( p     <    0.05) on the prediction 
ability of the model, although the interaction between  H  and  t  was unclear. 

 The  “ distance model, ”  which was the second model developed and validated in the 
study, was given by

    log . . . . .10
2 20 5485 0 0472 0 0826 0 0006 0 0012 0reduction = − + + + + −t D t D ..0065Dt     (39.3)  

  where  D  is the distance from the UV strobe (cm) and  t  is the treatment time (s). All 
of the terms in the model in Equation  39.3  were signifi cant ( p     <    0.05). This study 
demonstrated that shorter distances, longer treatment times (higher number of pulses) 
and smaller thicknesses resulted in higher inactivation of  E. coli  O157:H7 on alfalfa 
seeds. Under ideal conditions (such as a higher initial bacterial population and no 
thermal effects of the pulsed UV light), a log 10  reduction in  E. coli  O157:H7 by up to 
8 in terms of   CFU · g  − 1  could be achieved. 

 In another study (Bialka  et al .,  2008b ), two inactivation models, namely a log – linear 
model and a Weibull model, were constructed to describe the inactivation  of E. coli  
O157:H7 and  S. enterica  on raspberries and strawberries treated with pulsed UV light. 
First - order kinetics is traditionally used to describe microbial inactivation, based on 
the fact that enzyme inactivation is mostly governed by fi rst - order kinetics (Van 
Boekel,  2002 ). The log – linear model represents fi rst - order kinetics, and follows 
Equation  39.4  (Bialka  et al .,  2008b ):

    log
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⎠⎟ = − = −     (39.4)  
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  where  N  is the number of microorganisms at time  t  (CFU · g  − 1 ),  N  0  is the initial number 
of microorganisms (CFU · g  − 1 ),  t  is the treatment time (s or min),  k  is the fi rst - order 
extinction coeffi cient (s  − 1  or min  − 1 ), and  D  is the decimal reduction time (s or min). 

 The second model used in the study by Bialka  et al .  (2008b)  was the Weibull model, 
which is a distribution function generally utilized in reliability engineering for the 
description of the time - to - failure of electronic and mechanical systems (Van Boekel, 
 2002 ). The Weibull model is represented in terms of a survival curve by the following 
equation:

    log
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  where  N  is the number of microorganisms after a pulsed UV dose (CFU · g  − 1 ),  N  0  is the 
initial number of microorganisms (CFU · g  − 1 ),  t  is the treatment time (s or min),   α   is a 
characteristic time (s or min), and   β   is a dimensionless shape parameter. The study of 
Bialka  et al .  (2008b)  demonstrated that the Weibull model estimated the inactivation 
more accurately than did the log – linear model; this is due to the presence of concavity 
in the survival curves. Although the use of fi rst - order kinetics is a common approach 
to the prediction of microbial inactivation, many survival curves do not follow fi rst -
 order kinetics. These curves often have upward or downward concavity, a lag time or 
shoulders (Van Boekel,  2002 ). 

 The Weibull model, which is a statistical model that provides an alternative to the 
log – linear model, takes into account the nonlinearity of semilogarithmic survival 
curves. The parameter   β   describes the concavity, and the survival curve exhibits 
upward concavity when   β      <    1, and downward concavity when   β      >    1 (Van Boekel, 
 2002 ). The reliable life  t  R , which is the 90th percentile of the failure time distribution, 
is analogous to the D - value of the log – linear equation:

    tR = ∗( )α β2 303 1. /     (39.6)   

 In another study by Bialka  et al .  (2008a) , the Weibull model was used to describe the 
inactivation of  E. coli  K12 as a function of the energy dose, treatment time, and mate-
rial depth. Two different materials, agar and denatured whey protein isolate (DWPI), 
were used as model systems. A model to estimate the microbial inactivation was 
obtained, given by
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  where  k  is the extinction coeffi cient (mm  − 1 ) and  x  is the material depth (mm). The  R  2  
and RMSE values of this model were 0.84 and 0.48 for agar and 0.81 and 0.13 for DWPI, 
respectively.  
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  Estimation of the Design Parameters 

 The lethal action of pulsed UV light on microbial cells increases with increasing 
amounts of energy absorbed by the food. Therefore, it is a priority to adjust the energy 
dose delivered to the food to optimize the inactivation process. If the energy of one 
pulse is  E  p  (J · cm  − 2 ), the total dose  D  of light energy (J · cm  − 2 ) can be calculated as follows 
(Luksiene  et al .,  2007 ):

    D E t fp= ∗ ∗     (39.8)  

  where  t  is the treatment time (s) and  f  is the pulse frequency (Hz). In another study 
(Bialka  et al .,  2008a ), the treatment time  t  was replaced with the energy dose  D  in the 
Weibull model (Equation  39.9 ), and was given as follows:
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  where the energy dose  D  was defi ned in an additional model as

    D I e tkx= ∗−
0     (39.10)   

 Here,  D  is the energy dose (J · cm  − 2 ),  I  0  is the initial intensity at the top of the sample 
(J · cm  − 2  · s  − 1 ),  k  is the extinction coeffi cient (mm  − 1 ),  x  is the material depth (mm), and  t  
is the treatment time (s). 

 A useful approach to optimizing the energy dose was summarized by Wekhof  (1991) , 
where calculations of power ratios were offered to aid in optimization of the destruc-
tion of toxic organics in water, air and soil by UV fl ashlamps. Here, the peak power 
 P  p  is defi ned as the ratio between the energy of a single pulse  E  p  and the pulse dura-
tion   τ  :

    P
E

p
p=

τ
    (39.11)   

 The average power  P  a  gives the combined energy of all pulses delivered per second at 
the pulse frequency  f :

    P E fa p= *     (39.12)   

 The characteristic ratio of peak power to average power is in the range of 1000   :   1 to 
10   000   :   1 for a pulsed lamp. The most effective power ratio, i.e., the power ratio at 
which the peak wavelength of the UV generated is in the region of the targeted absorp-
tion bands, needs to be determined experimentally for each particular toxic organic 
that is to be destroyed (Wekhof,  1991 ).  
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  Process Control, Operations and Maintenance 

 In pulsed UV light processing, the parameters that need to be monitored if the system 
is to work properly include the magnitude of the voltage supplied to the system, the 
pulse duration, the number of pulses per second (the pulse frequency), the intensity 
of light from the lamp (which depends on the condition of the lamp) and the treatment 
time (or the speed of the conveyor that carries the food in front of the pulsed UV lamp 
in the case of a continuous pulsed UV light system). 

 The magnitude of the voltage supplied to the system is important in terms of deliv-
ering the desired light intensity to the food. If the voltage supply is insuffi cient, then 
a lower light intensity will be delivered to the food, which may result in lower inac-
tivation in that period of treatment time. The pulse duration and pulse frequency play 
a role in obtaining the best power ratio  P  p / P  a , i.e., the value that maximizes the effi -
ciency of microbial destruction. This is not surprising, since the total treatment time 
required to suffi ciently inactivate microorganisms depends on the total number of 
pulses. If the pulse frequency changes accidentally during the treatment, the food will 
be either undertreated or overtreated in the prespecifi ed treatment time. The intensity 
of light absorbed at the distance from the lamp at which the food is placed is another 
factor that needs to be monitored to ensure the required inactivation of microorgan-
isms while keeping good quality of the food. Although suffi cient voltage may be sup-
plied to the system, the light intensity may still be lower or higher than required 
because of the condition of the lamp (e.g., because of dirt or age or because it is broken). 
Furthermore, the positions of the lamps in a pulsed UV light system need to be 
adjusted so that they are at a distance and angle with respect to the food item that 
maximizes the exposure of the food to the light. The treatment time or the speed of 
the conveyor also needs to be monitored to avoid either insuffi cient treatment (too 
short a time or too high a speed) or excessive treatment (too long a time or too low a 
speed), which would adversely affect the microbiological safety or the overall quality 
of the food, respectively. Finally, routine laboratory tests, including microbiological 
analyses and chemical and physical quality measurements, need to be performed to 
ensure that the food being processed by pulsed UV light is safe and wholesome.  

  Advanced Levels of Process Design for Complicated Systems 

 Although many researchers have evaluated the effectiveness of pulsed UV light for 
various foods, more information about process optimization needs to be collected 
before an advanced pulsed UV light system is designed. As the system gets bigger and 
more complex, additional environmental and geometric factors need to be controlled 
in order to optimize the effi ciency of the system. Future research regarding the inac-
tivation kinetics, optimization of processes, and the development of pilot - scale pulsed 
UV light systems would facilitate the successful integration of a pulsed UV light 
system into a food processing plant. 
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 Previous studies have indicated that one of the most prominent issues to be con-
fronted in relation to the treatment of foods with pulsed UV light is the temperature 
increase, which is caused mainly by the infrared portion of the light (Bialka,  2006 ). 
The temperature increase may become signifi cant during long treatments owing to 
the accumulation of heat over time. A temperature increase may cause undesirable 
sensory changes in foods and also complicate the task of achieving the desired effect 
of the pulsed UV light on microbial cells by limiting the treatment time. Therefore, 
it is highly important to eliminate or minimize the temperature increase during pulsed 
UV light treatments. The possible ways to control the temperature during pulsed UV 
light treatments include fi ltration of the infrared portion of the light from the lamp 
via a specially designed fi lter, and installation of a thermostatic cooler to control the 
temperature increase inside the treatment chamber. 

 The industrial application of pulsed UV light would require all surfaces of the food 
products to be exposed evenly to the pulsed UV light, which is a challenge because 
of the irregular and nonsmooth surfaces of foods. To overcome this, the product needs 
to be randomly exposed to multidirectional light beams for a suffi cient period of time; 
the randomness of the exposure can be enhanced by using dispersing refl ectors 
(Lagunas - Solar  et al .,  2006 ). Better randomization could be obtained by making slight 
changes to the current conveyorized operations, such as by providing rotation and 
movement of the food product in multiple planes. This would also minimize the effect 
of shadowing during the pulsed UV treatment.  

  Cleaning and Sanitation Techniques 

 Consisting of complex electronic devices and sensitive lamps, pulsed UV light systems 
need to be cleaned with extra care. In particular, since smoothness and transparency 
of the quartz windows of lamp housings are indispensable for transmission of the light 
from the source to the target, the mechanical and chemical cleaning equipment needs 
to be chosen carefully to prevent any streaking, etching or accumulation of residues 
on the windows. Periodic cleaning of pulsed UV light systems is required to prevent 
any contamination risk and also to address problems of lamp fouling. In order to 
minimize the risk of contamination of food products with undesirable microorganisms 
in the chamber or system, appropriate cleaning methods need to be used to prevent 
any damage to the electronic equipment. Periodic application of intense pulsed UV 
light produced by the system itself could be a way to decontaminate the chamber from 
microbial contaminants. The cleaning could be either manual or automated. In the 
manual cleaning of conventional UV systems, the system is taken offl ine, the quartz 
sleeves are removed and then the surface is cleaned with hydrochloric acid (Malley, 
 2002 ). However, manual cleaning may be time - consuming, expensive, and inappropri-
ate for the cleaning of equipment designed for continuous operation, in which a clean-
ing system involving automatic acid wash cycles could be utilized (Malley,  2002 ). 
During this washing cycle, the pulsed UV system can be turned on to ensure complete 
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inactivation of microorganisms. This approach was successfully used by Demirci and 
Krishnamurthy  (2006) .  

  Capital and Operating Costs 

 Pulsed UV light can be more cost - effi cient than continuous UV light. Conventional 
continuous UV light systems produce continuous UV light with a power output in 
the range of 100 to 1000   W (Demirci and Panico,  2008 ). Generating these high power 
levels of high - intensity conventional UV light can be costly to the user. For this 
reason, systems are designed to effi ciently maximize the conversion and collection of 
UV radiation. However, pulsed UV systems can generate many megawatts of electrical 
power (MacGregor  et al .,  1997 ). Therefore, a modest energy input can yield high peak 
power levels ( ∼ 35   MW · cm  − 2 ). For example, the capital and operating costs of sterilizing 
one million cups of yoghurt with pulsed UV light add up to about  ¤ 100, which implies 
the cost - effectiveness of pulsed UV light (Wekhof,  2003 ). 

 Owing to the lack of suffi cient data on either pilot or full - scale pulsed UV light 
processing, it is hard to determine the cost - effi ciency of pulsed UV light processing 
for foods. In a pulsed UV light system, the electronic components and the lamps would 
have a signifi cant cost. For instance, if the pulse frequency is 50   s  − 1 , then a xenon arc 
lamp would have a life on the order of 500 to 600   h (Malley,  2002 ). Pulsed UV light 
processing could, however, be considered economical in terms of waste management, 
as the system does not produce signifi cant solid or liquid wastes (Palmieri and Cacace, 
 2005 ).  

  Examples of Studies 

 Many studies have demonstrated the effectiveness of pulsed UV light on foods. Rowan 
 et al .  (1999)  reported a log 10  reduction of about 6 in  Listeria monocytogenes ,  Escherichia 
coli  O157:H7,  Salmonella  Enteritidis,  Pseudomonas aeruginosa ,  Bacillus cereus  and 
 Staphylococcus aureus , which were seeded on agar plates, when 200 pulses of UV 
light pulses (pulse duration  ∼ 100   ns) were used. Jun  et al .  (2003)  investigated the use 
of pulsed UV light to inactivate  Aspergillus niger  spores in cornmeal. For a treatment 
time of 100   s, a log 10  reduction of 4.95   CFU · g  − 1  was achieved when the distance between 
the sample and the strobe was 8   cm. Sharma and Demirci  (2003)  exposed alfalfa seeds 
inoculated with  E. coli  O157:H7 to pulsed UV light. They found that when a seed 
layer thickness of 1.02   mm was treated for 30   s, a log 10  reduction of 4.80 in terms of 
CFU · g  − 1  was achieved. Ozer and Demirci  (2006)  studied the effi cacy of pulsed UV light 
treatment for inactivating  Escherichia coli  O157:H7 and  Listeria monocytogenes  in 
raw salmon. According to their study, a log 10  reduction of 1 ( ∼ 90%) for both  E. coli  
O157:H7 and  L. monocytogenes  Scott A was obtained for 60   s treatment (with three 
pulses per second) at 8   cm from the UV strobe (5.6   J · cm  − 2  per pulse on the strobe 
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surface) without any change in the quality of the sample. Krishnamurthy  et al .  (2004)  
investigated the use of pulsed UV light to inactivate  Staphylococcus aureus  in buffer 
solution and on agar - seeded plates. They found a log 10  reduction of 7 to 8   in terms of 
CFU · ml  − 1  for  S. aureus  on seeded agar plates and in buffer solution for treatment times 
of less than 5   s. Demirci and Krishnamurthy  (2006)  studied the disinfection of water 
by a fl ow - through pulsed UV light system. The pulsed UV light treatment resulted in 
complete inactivation of  Bacillus subtilis  spores in water (log 10  reduction  ≥    5.5) for all 
fl ow rates used in the study (2 – 14   L · min  − 1 ). In the study by Bialka and Demirci ( 2008b ), 
treatment of raspberries with pulsed UV light (72   J · cm  − 2 ) resulted in a maximum log 10  
reduction of 3.9   CFU · g  − 1  in  E. coli  O157:H7. Similarly, treatment of strawberries with 
pulsed UV light (34.2   J · cm  − 2 ) yielded a maximum log 10  reduction of 2.8   CFU · g  − 1  in 
 Salmonella . Uesugi and Moraru  (2009)  investigated the combined effect of pulsed light 
and nisin on  Listeria innocua  populations in ready - to - eat sausages. Individual treat-
ments with pulsed light (9.4   J · cm  − 2 ) and nisin (5000   IU · ml  − 1 ) yielded log 10  reductions of 
1.37 and 2.35, respectively, in  L. innocua  counts. However, when pulsed light was 
combined with nisin, a log 10  reduction of 4.03 was achieved after 48   h storage at 4    ° C, 
implying an additive effect of the combined treatment. 

 Dunn  (1996)  studied the effect of pulsed light on  S.  Enteritidis on shell eggs. No 
colonies of  S.  Enteritidis were recovered from shell eggs after treatment with pulsed 
light at 4   J · cm  − 2 . Based on the initial population of  S.  Enteritidis, a log 10  reduction of 
as much as 8 was obtained. In a recent study conducted by Keklik  (2009) , a log 10  reduc-
tion of 7.7 (in terms of CFU · cm  − 2 ) was obtained for  S.  Enteritidis on shell eggs after 
20   s treatment at 9.5   cm from the pulsed UV lamp (with a total dose of 23.6   J · cm  − 2 ) 
without any visual damage to the eggs. Hierro  et al .  (2009)  obtained a maximum log 10  
reduction of 3.6 in terms of CFU/egg in  Salmonella enterica  serovar Enteritidis on 
24 – 80% of unwashed eggs treated with pulsed light of different fl uences (up to 
12   J · cm  − 2 ), while treatment of washed eggs (lacking a cuticle) yielded a maximum log 10  
reduction of 1.8 with a fl uence of 12   J · cm  − 2 . The decreased effectiveness of the treat-
ment on the washed eggs was probably due to the lack of a cuticle, which allowed the 
bacteria to migrate into inner layers of the egg where the UV light could not penetrate. 
Takeshita  et al .  (2003)  obtained a log 10  reduction of about 5.8 in  Saccharomyces cerevi-
siae  cells after treating the yeast suspension with fi ve fl ashes of pulsed UV light (total 
fl uence 3.5   J · cm  − 2 ). The effectiveness of pulsed UV light has also been shown on 
viruses. Lamont  et al .  (2007)  eliminated infectious poliovirus by treating a viral sus-
pension with 25 fl ashes of pulsed UV light, while a log 10  reduction of more than 4 in 
adenovirus was obtained after 200 pulses. 

 Keklik  (2009)  designed and evaluated a pilot - scale pulsed UV light system for the 
decontamination of chicken carcasses, where each carcass was moved in the pulsed -
 UV - light chamber on a linear rail and treated by four lamps, two on each side of the 
carcass. The optimum treatment time was identifi ed as 45   s (actuator velocity 
52   cm · min  − 1 ), which resulted in a log 10  reduction of about 1. Pulsed UV light has also 
been studied for the decontamination of liquid foods. Hillegas and Demirci  (2003)  
investigated the inactivation of  Clostridium sporogenes  in clover honey by pulsed UV 
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light treatment. Inoculated honey samples of different depths were treated with pulsed 
UV light (5.6 J · cm  − 2  per pulse on the strobe surface) at different shelf heights and with 
different numbers of pulses. A spore reduction of 87.6% was observed for a shelf height 
of 8   cm, 135 pulses and a 2   mm depth of honey. Hillegas and Demirci concluded that 
raising the shelf (toward the UV strobe) and increasing the number of pulses resulted 
in an increase in the spore reduction. Krishnamurthy  et al .  (2008a)  studied the pas-
teurization of milk by pulsed UV light treatment. According to an analysis of the 
surface response of pulsed - UV - light - treated milk samples, complete inactivation of  S. 
aureus  was achieved after treatment of 30   ml of milk at 8   cm for 180   s and after treat-
ment of 12   ml of milk at 10.5   cm for 180   s. Krishnamurthy  et al .  (2007)  also studied 
the inactivation of  S. aureus  using pulsed UV light for continuous treatment of milk. 
The effects of the distance of the sample from the UV strobe, the number of passes 
and the fl ow rate were investigated. Complete inactivation of  S. aureus  was observed 
after a single pass (28   cm in length) at a fl ow rate of 20   ml · min  − 1  and a distance of 8   cm 
from the UV strobe (5.6   J · cm  − 2  per pulse), and also after two passes at a fl ow rate of 
20   ml · min  − 1  at a distance of 11   cm.  

  Worked Examples 

   Problem 1 

 Using Equations  39.2  and  39.3 , i.e., the equations for the thickness and distance 
models developed for the inactivation of  E. coli  O157:H7 on alfalfa seeds with pulsed 
UV light (Sharma and Demirci,  2003 ), calculate:

   (a)     the estimated log 10  reduction in  E. coli  O157:H7 after treatment of alfalfa seeds 
1.2   mm thick with pulsed UV light for 90   s;  

  (b)     the distance from the pulsed UV strobe.      

   Solution 

  (a)   Substituting the known values of the time t and seed thickness H in Equation  
  39.2  ,

    log . . . . . ( . ) .10
23 498 0 049 90 1 883 1 2 0 216 1 2 0 008reduction = + × − × + × − ×× ×1 2 90.     (39.13)   

  and solving Equation    39.13    yields a log 10  reduction of  ∼ 5.1.  
  (b)   Since the values of log 10  reduction and time are known, substituting these values 

into Equation    39.3    gives 

    5 1 0 5485 0 0472 90 0 0826 0 0006 90 0 0012 0 00652 2. . . . . ( ) . .= − + × + + × + −D D DD × 90     (39.14)   

  and solving Equation    39.14    for D gives  ∼ 7 cm as the answer.     
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  Summary and Future Needs 

 In this chapter, we described the principles of the use of pulsed UV light, and the 
advantages and issues related to this emerging technology. Pulsed UV light offers 
microbial disinfection of food surfaces in very short times, and thus has the potential 
to be utilized in the food industry as a decontamination technique for foods. A pulsed 
UV light system consists of light pulses delivered by an inert - gas lamp (e.g., a xenon 
lamp). The light pulses include electromagnetic radiation in the wavelength range 
from the UV to the infrared, and are germicidal to microbial cells by several inactiva-
tion mechanisms leading to photochemical, photothermal, and photophysical changes 
in the cells. In a typical pulsed light system, the main components are a lamp, a power 
supply and a pulse confi guration device, or controller. The pulsed UV lamp converts 
the pulsed electrical energy into pulsed high - power light energy, which is delivered 
to the target food surface. The parameters that need to be monitored during pulsed 
UV light processing include the magnitude of the voltage supplied to the system, the 
pulse duration, the pulse frequency, the light intensity, and the treatment time or the 
conveyor speed. 

 Various studies of the use of pulsed UV light have revealed that the effi ciency of 
microbial inactivation depends on many factors, including the  “ source, ”   “ time ” , and 
 “ target ”  parameters. The light intensity received at the food surface, a source param-
eter, decreases with increasing distance between the lamp and the food, thus reducing 
the effi ciency of microbial inactivation for foods at longer distances from the lamp. 
On the other hand, pulsed UV treatment for longer treatment times or at shorter 
distances increases microbial inactivation, but it may cause some degradation of the 
quality of the food and degradation of the packaging material owing to the accumu-
lation of heat during a lengthy treatment. Therefore, the temperature needs to be 
controlled during treatment in order to evaluate the effi cacy of pulsed UV light 
systems more precisely. A thermostatic cooling system could be used to maintain 
the desired temperature level in the chamber, and fi ltering to obtain a light spectrum 
having a high UV/infrared ratio could limit the temperature increase during 
treatment. 

 It should also be noted that the transparency of the food and the characteristics of 
the food surface play an important role in the absorption of the pulsed light by the 
food. Although it is able to penetrate into food surfaces better than conventional UV 
light, pulsed UV light still has limited penetration ability compared with gamma 
radiation. Therefore, it is necessary to evaluate the effectiveness of pulsed UV light 
in deeper layers of foods as well as on the surface. Further studies of how well pulsed 
UV light penetrates into food products and how the penetration can be enhanced 
would be a useful tool for improving the technology. 

 One of the most important areas of study that needs to be expanded and concen-
trated on in the future is the mathematical modeling of microbial inactivation on 
foods by pulsed UV light. Prediction of microbial behavior during inactivation using 
mathematical expressions would be an important tool for the enhancement of the 
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technology, and would help in assessing microbiological risks during processing and 
storage in order to better control and prevent microbiological hazards. Furthermore, 
studies of the shelf - life of food products treated with pulsed UV light would provide 
a real - world evaluation of the effects of pulsed UV light on the microbiological quality 
and other quality parameters of food products in long - term storage. 

 Finally, more research is needed into fi nding ways of integrating pulsed UV light 
technology into the food industry. More studies involving pilot - scale design of pulsed 
UV light systems would help in optimizing the system parameters for larger process-
ing units. For instance, the design of pulsed UV light systems in which all surfaces of 
the food product could be equally exposed to the light would provide important infor-
mation about the feasibility of pulsed UV light technology for industrial application. 
Overall, pulsed UV light technology is a novel and promising technology that offers 
benefi ts for food safety.  
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   Introduction 

 The main purpose of food processing is food preservation, which means maintaining 
the highest quality and microbiological safety of a food product for a desired time 
frame. In the search for alternatives to traditional thermal food processing, currently 
used for both pasteurization and sterilization, various nonthermal food - processing 
methods have been explored during the past few years. One group of alternative tech-
nologies, based on electric - fi eld treatment of a food product, has attracted special 
attention from the academic and industrial communities because of the high durability 
of these technologies, their simplicity of technical realization, and their ability to 
minimize deterioration of food quality during the treatment (Jeyamkondan  et al .,  1999 ). 
These technologies include ohmic heating, pulsed electric fi eld (PEF) treatment, micro-
wave (MW) processing and radio frequency (RF) processing. The author of this chapter 
has limited his consideration to processes operating at frequencies below 1   GHz, i.e., 
gamma and UV irradiation food treatment technologies are not included in the model 
presented. The technological processes considered are briefl y described below.

   Ohmic and mild electric - fi eld heating .      Ohmic heating is a method of food processing 
involving heating of a food product by passing electric current through it. The 
heating is caused by dissipation of electric - fi eld energy (i.e., Joule heating) within 
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the food product. The applications of ohmic heating include blanching, evaporation, 
dehydration, fermentation and extraction. The principal advantage of ohmic heating 
lies in its ability to heat food products rapidly and uniformly, including products 
containing particulates. Ohmic heating is a thermally based process; therefore the 
electric fi eld strength, the residence time, and the electrical conductivity of the food 
product are the major critical process factors. These factors strongly infl uence the 
temperature reached and the effi cacy of the ohmic heating.  

  Pulsed electric fi eld processing .      PEF food processing involves applying short pulses of 
a high electric fi eld to a bulk food. The duration of the pulses ranges from micro-
seconds to milliseconds, and their intensity can be between 20 and 50   kV · cm  − 1  (EPRI, 
 1998 ). PEF technology is considered to be superior to conventional heat treatment, 
because it avoids or reduces harmful changes in the sensory and physical properties 
of foods (Quass,  1997 ). PEF processing has been tested on various foods, including 
dairy products, juices, soups and sauces (Ade - Omowaye  et al .,  2001 ; Bazhal  et al ., 
 2001 ; Lebovka  et al .,  2003 ). However, its application is restricted to food products 
that can hold high electric fi elds, have low electrical conductivity and do not 
contain or form bubbles.  

  Microwave and radio frequency processing .      Microwave and radio frequency food 
treatment processes utilize electromagnetic waves of certain frequencies to produce 
heat in the treated product (Ponne and Bartels,  1995 ). Microwave and radio fre-
quency heating need less time to achieve the processing temperatures for pasteuriza-
tion and sterilization, so they are preferred to conventional heating methods. 
Reviews of various food and chemical processes utilizing radio frequency can be 
found in Thostenson and Chou  (1999)  and Venkatesh and Raghavan  (2004) .    

 Unfortunately, the current use of electric - fi eld - based food processing technologies is 
limited to academic research laboratories and sporadic industrial applications. The 
two major obstacles that prevent spreading of these promising technologies are (1) the 
lack of a common validation methodology that would allow various treatment proc-
esses based on different physical principles to be compared, and (2) the diffi culty of 
scaling up these food treatment technologies to adapt them to industrial needs. 
Additionally, the design of a technological chain of processes with a synergistic action 
(e.g., a combination of thermal and nonthermal processes (Leistner and Gould,  2002 ; 
Ross  et al .,  2003 )) requires an ability to represent all processes in similar terms. All 
these issues can be addressed through the development of unifi ed process models, 
based on the dimensionless analysis of process variables. 

 Process developers and researchers are concerned with the industrial implementa-
tion of food treatment processes in which chemical or microbiological conversion of 
food products takes place in conjunction with the transfer of mass, heat and momen-
tum. These processes are scale - dependent, i.e., they have different characteristics in 
small (lab - scale) and large (industrial) applications. To compare processes for valida-
tion purposes, one needs to describe them in unifi ed terms with comparable process 
parameters and food product properties. A unifi ed model for various processes is also 
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needed in situations where a process already exists but is not functioning properly, 
and therefore appropriate tests have to be carried out to discover the cause of 
the diffi culties and provide a solution. In general, a unifi ed process model should 
be able to answer the question of how to validate, assess or compare selected 
technologies.  

  Unifi ed Analysis of Electric - Field - Based Food Processing Technologies 

 To compare electric - fi eld - based food processing technologies, it is necessary to under-
stand which factors distinguish one process from another. The electric fi eld intensity, 
which might be a natural choice for the distinguishing parameter for these processes, 
cannot be used as a basis for classifi cation. The same electric fi eld intensity can be 
utilized in different processes, and there is no specifi c electric fi eld strength that can 
serve as the unique parameter of a given technology, the only exception being PEF 
treatment. An analysis of the post - treatment biological effects and technological 
implementation of different technologies and the physical principles behind them 
shows that the frequency of the electric fi eld is the only unique characteristic of any 
particular process. Electric - fi eld - based food treatment processes can be classifi ed based 
on the specifi c regions of the electromagnetic spectrum that they occupy, as depicted 
in Figure  40.1 .   

  Set of Variables 

 Any electric - fi eld - based food processing technology can be characterized by a number 
of parameters that can be divided into three groups: material (food product) properties; 
process variables, characterizing the operation regime and performance; and geometric 
(scale - up) factors, determined by the equipment design.  

Figure 40.1 Distribution of electric -fi eld -based food treatment processes over the electromagnetic 
spectrum.
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  Process Variables 

  Electric Field Strength (  E  ) 

 The electric fi eld intensity is one of the main factors that affect microbial inactivation 
(H ü lsheger  et al .,  1981 ; Dunne  et al .,  1996 ). The microbial inactivation effi cacy 
increases with increasing electric fi eld intensity, which has to be above the critical 
transmembrane potential (Qin  et al .,  1998 ). However, an increase in electric fi eld 
strength may also result in an undesirable increase in the temperature of the food and 
degradation of food components.  

  Processing (Treatment) Time (  t  ) 

 The treatment time is defi ned as the residence time of the treated product in the 
treatment chamber, or the overall duration of the treatment. An increase in this 
parameter increases microbial inactivation (Sale and Hamilton,  1967b ); however, it 
may also result in an undesirable increase in the temperature of the food. The treat-
ment time depends on the intensity of the applied electric fi eld. Above the critical 
value of the electric fi eld, the critical treatment time decreases with increasing electric 
fi eld strength (Barbosa - Canovas  et al .,  1999 ).  

  Process Temperature (  T  ) 

 Experimental results obtained in challenge tests have demonstrated that both the 
treatment temperature and the process temperature impact microbial survival and 
recovery. At a constant electric fi eld strength, the inactivation effi cacy increases with 
an increase in process temperature. However, application of a high - intensity electric 
fi eld causes an increase in the temperature of the food, and hence proper cooling is 
necessary to maintain the product temperature below that of the thermal pasteuriza-
tion process.  

  Food Product Velocity (  U  ) 

 The food product velocity is the main quantitative parameter of momentum transfer, 
and is common to all technologies of interest.   

  Geometric Factors 

 Several different laboratory -  and pilot - scale treatment chambers have been designed 
and used for nonthermal food processing. The length  L  of the treatment chamber (for 
liquid foods) or the linear size of a solid food product can be used as the  characteristic 
length  in the process model.  
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  Food Product Properties 

 The interaction of a food product with an electric fi eld is a very complex process that 
includes dielectric phenomena, ionic transport, and mass and heat transfer. The set 
of food product properties includes the following parameters, representing the mechan-
ical, transport and electrical characteristics of the foodstuff. 

 The mechanical - energy dissipation and inertial properties of foods are represented 
by the  kinematic viscosity  (  ν  ) of the product. The ability of a food product to transfer 
heat and accumulate thermal energy is characterized by the  thermal diffusivity  (  α  ) 
and the  specifi c heat capacity  ( C p  ), respectively. Clearly, all transport coeffi cients (dif-
fusivity, thermal conductivity and viscosity) have the same dimensions, and they will 
be treated as one parameter in the proposed method of analysis.  

  Electrical Properties: Energy Transfer and Dissipation 

 The existing electric - fi eld - based technologies cover a frequency range of over ten 
orders of magnitude (see Figure  40.1 ), and therefore the electrical properties of the food 
product to be treated require in - depth consideration. These properties of the food are 
the single most important factor that infl uences the performance of any given technol-
ogy. They determine how effectively a food product can be polarized, heated by the 
fi eld or conduct an electric current. Food composition has much greater infl uence on 
electric - fi eld - based food processing than on conventional processing, because it 
impacts the conductive and dielectric properties of a foodstuff. High salt and moisture 
contents increase the effi cacy of energy absorption by infl uencing the penetration 
depth and energy dissipation in the food product. An increase in electrical conductiv-
ity causes an increase in the overall energy dissipation and changes in the product 
temperature during electric - fi eld - based treatment (Zhang  et al .,  1995b ). However, 
highly conductive foods are less suitable for electric - fi eld - based treatment (Barbosa -
 Canovas  et al .,  1999 ; Gongora - Nieto  et al .,  2003 ) owing to the Joule heating effect. 
Dielectric phenomena in food products with a high salt content are infl uenced by their 
ionic conductivity. Thus, the polarization of a food material is affected by additional 
polarization due to the induced charge displacement. Therefore, the complex dielectric 
constant of a product must be used when one is examining electric - fi eld - based process-
ing of real food products. 

 Polarization phenomena in imperfect dielectrics can be described with equations 
formally similar to those for the polarization of perfect dielectrics, using the complex 
dielectric constant  ε  * . The need for a generalized dielectric constant arises from the 
need to examine various food processing technologies infl uenced by the dielectric 
properties of food products in an alternating electric fi eld:

    ε ε ε ε σ
πω

* = ′ + ′′ = ′ + ′
j
2

    (40.1)   

 Here  ε   ′  is the dielectric constant characterizing the capacity of the food product to 
store electrical energy, and  ε   ″  is the dielectric loss factor, which refl ects the energy 
loss due to relaxation processes that occur in the system in an AC fi eld. 
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 The polarization process is characterized by a fi nite relaxation time, so that at suf-
fi ciently high frequencies, when the period of oscillation of the fi eld is comparable to 
the relaxation time, the phase shift between the polarization of the food product and 
the fi eld becomes perceptible and manifests itself in dielectric losses. It is clear, in 
this connection, that the capacitance and, correspondingly, the dielectric constant of 
a food product are not only complex but also frequency - dependent quantities. The 
frequency dependence of  ε  *  in the presence of a frequency - independent conductivity 
is refl ected in Equation  40.1 . 

 The real part Re( ε  * ) of the complex dielectric constant is also frequency - dependent 
at suffi ciently high frequencies, since the polarization starts to lag behind the electric 
fi eld. As follows from physical considerations, the main contribution to the food -
 product/electric - fi eld interaction in the high - frequency region comes from the dielec-
tric properties of the food, whereas in the low - frequency region, the principal role is 
played by the conductivity. Hence, taking Equation  40.1  into account, it is clear that 
the complex dielectric permittivity  ε  *  has two limits:

    
ε ε ω
ε σ ω
* ,
* ,
→ ′ → ∞
→ ′ → 0

    (40.2)   

 where   ω   is the characteristic frequency of the foodstuff. The question of whether the 
conductive or the dielectric behavior of a product is dominant is determined by the 
characteristic (critical) frequency

    ω
τ

ε
σcr = = ′
′

1
    (40.3)   

 where   τ   is the dielectric relaxation time of the food product, determined by the dis-
placement and orientation polarizations. The dielectric relaxation time is the time 
needed to reach a new state of equilibrium after the excitation is changed by an exter-
nal electric fi eld (Frubing,  2001 ). 

 Therefore, the behavior of the food product should be considered as a function of 
the electric - fi eld frequency. The frequency range investigated can be divided into three 
separate regions with distinct properties. In the low - frequency region (  ω      <<      ω   cr ), the 
conductivity of the food product dominates over its dielectric permittivity, and the 
corresponding technological processes can be modeled as an electric current fl owing 
in a conductive medium with an active (ohmic) load. In the second region, of high 
frequencies (  ω      >>      ω   cr ), there is a strong dominance of dielectric processes in the system. 
The corresponding food treatment processes can be modeled as an electrostatic problem 
with a reactive (capacitive) load. In the most complicated (third) transition region, 
where   ω      ≈      ω   cr , both components of the complex permittivity play a signifi cant role 
and must be taken into account. 

 Despite the diversity of electric - fi eld - based food treatment technologies, all of them 
can be described using their common components and the similarity between the 
interactions of an electric fi eld with food products. 
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 A simplifi ed model representation of an electric - fi eld - based food treatment process 
is depicted in Figure  40.2 . All such processes use reaction chambers for the treatment. 
The chamber holds a food product to be processed (a), and consists of a main body (b) 
with integrated electrodes (c). Depending on the process involved, the electrodes can 
be in direct contact (PEF treatment, ohmic heating or microwave processing) or indi-
rect contact (RF and microwave processing) with the product.   

 Once in the reaction chamber, the food product is transported between the elec-
trodes, placed at a distance  L  apart, which is a design factor and a characteristic length 
scale of the system at the same time. The process variables include the applied electric 
fi eld strength   

�
E (defi ned as the ratio between the applied voltage and the characteristic 

length  L ), the food velocity   
�

U and the process temperature  T . The properties of the 
food product can be divided into four groups: transport, mechanical, thermal and 
electrical properties. 

 In general, the mass, momentum and heat transfer properties of a food product can 
be represented by a single transport coeffi cient  K  with dimensions of [L 2 t  − 1 ], which 
combines thermal (  α  , the thermal diffusivity), mechanical/momentum (  ν  , the kine-
matic viscosity) and mass transfer ( D , the diffusivity) coeffi cients. Additionally, a food 
product is characterized by mechanical properties (  ρ  , the density) and thermal param-
eters ( T , the temperature, and  C p  , the specifi c heat capacity). A complete set of 
parameters characterizing electric - fi eld - based food treatment processes is presented in 
Table  40.1 .    

Figure 40.2 General scheme of an electric -fi eld -based food treatment process. 
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Table 40.1 A set of process variables and physical properties for a food product. 

Variables/Dimensions K ρ σ Cp ε t E U T L

Length, L 2 −3 −3 2 −3 0 1 1 0 1
Time, t −1 0 3 −2 4 1 −3 −1 0 0
Mass, M 0 1 −1 0 −1 0 1 0 0 0
Temperature, ° (degrees) 0 0 0 −1 0 0 0 0 1 0
Current, I 0 0 2 0 2 0 −1 0 0 0
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  Dimensionless Analysis of Electric - Field - Based Food Processing 

 Dimensionless analysis is a powerful tool that is used to replace a system of equations 
relating  n  variables with a smaller system relating ( n     −     r ) dimensionless parameters. 
Each dimensionless parameter ( Π  - term) is a product of independent variables, each of 
them raised to a power. Reducing the number of variables in a model minimizes the 
number of experiments necessary to establish the relationships between these varia-
bles. The behavior of a food product during a treatment can be predicted from the 
behavior of a model provided that the dimensionless parameters of the product are 
equivalent to those of the model. 

  Low - Frequency Region (  ω      <<      ω   cr ) 

 In this region, the process is practically not affected by the dielectric properties of the 
foodstuff. An electric current passes through the food material by an ionic transport 
mechanism. A nonthermal food treatment process can be described by the following 
set of process -  and material - dependent variables:

    Π = ( )K L Cp
e e e e e et U E T1 2 3 4 5 6ρ σ , , ,     (40.4)   

 This is an underdetermined system with fi ve equations and eight independent vari-
ables. Of these, the time, temperature, electric fi eld strength and food product velocity 
are the most important ones, and should appear in only one dimensionless product 
each. Using the rule of exponents, a set of four dimensionless products can be obtained:

    Π Π Π Πσ σ σ σ
σ
ρ1 2 2 3

3 2

3 4

2

2
= = = =Kt

L
K

LU
L E
K

C L T
K
p; ; ;     (40.5)   

 The fi rst  Π  - term is a very important parameter, characterizing the timescales of 
various physical processes occurring in a food product during treatment. By substitut-
ing the corresponding values of the transport coeffi cient  K  into  Π    σ    1  and rearranging, 
one obtains three well - known characteristic times of the system:

    t
L L

D
L
v

D vα α, , ; ;=
2 2 2

    (40.6)   

 The Fourier time  t  α    determines the speed of heating of the product. The second 
(Einstein) time,  t D  , represents the rate of mass transfer in the system. The time  t  ν    
characterizes mechanical perturbations (the momentum transfer rate) in the system. 
From the values of these times, one can determine the dominant transport phenom-
enon for a given system. The Lewis number (defi ned as the ratio of the Fourier and 
Einstein characteristic times) is useful when choosing between the dominance of heat 
and mass transport in the system:
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    Le = α
D

    (40.7)   

 The ratio of  Π    σ    1  and  Π    σ    3  when  K     =      α   is a well - known expression for the heating tem-
perature, which characterizes the temperature rise in a food product depending on the 
specifi c heat capacity of the food, the thermal conductivity and the processing time:

    Π Πσ σ α1 3: = −
C Ttp heating temperature     (40.8)   

 By substituting  K     =      ν   in the second  Π  - term, one obtains the Reynolds number, char-
acterizing momentum transfer in the treatment chamber:

    Πσ2
1− = =LU

v
Re     (40.9)   

 Finally, by dividing the third  Π  - term by  Π    σ    14 , one can obtain the ratio between the 
total energy of the electric fi eld applied to the system and the total amount of heat 
generated as a result of dissipation of electrical energy (Joule heating):

    Πσ
σ

ρ4

2

= =LE
K C Tp

Total electric field energy
Heat generated

    (40.10)   

 This ratio can be used to evaluate the amount of energy dissipated during a food 
treatment.  

  Middle - Frequency Region (  ω      ∼      ω   cr ) 

 In this case, the capacitive and ohmic resistances of the food product are of the same 
order of magnitude, and hence neither of them can be neglected. The complete set of 
variables for this frequency region is

    Π = ( )K Ce e e e
p
e eL T E U t1 2 3 4 5 6ρ ε σ , , , ,     (40.11)   

 A new set of  Π  - terms can be obtained by solving the system in Equation  40.11 :

    Π Π Π Π Π1 2 2 2 3

2

4 5 2
= = = = =σ

ε
ρσ

ε
ε

σ
ε
σ

ε
σ

t K
E

U
K

C T
K

K
L

p; ; ; ;     (40.12)   

 By rearranging  Π  1 , one obtains the characteristic relaxation frequency of the food 
product,

    ω σ
εcr =     (40.13)   
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 and

    Π Π2 1 2
: = K

E t
ρ

ε
    (40.14)   

 The dimensionless parameter  Π  5  represents the ratio between the characteristic relax-
ation time of the food product and the characteristic time determined by its transport 
properties (i.e., mass, momentum or heat transport):

    Π5 = =t
t

t D v
relax

transport
crα ω, ,     (40.15)   

 Note that the term  Π  3  is the viscous analog of  Π  5 :

    Π Π3 5
2: = Re     (40.16)   

 Using  K     =      α  , the following dimensionless number can be obtained:

    Π Π1 4: =
C Ttp

α
    (40.17)   

 This relates the amount of heat generated in the system to the Fourier number of the 
food product.  

  High - Frequency Region (  ω      >>      ω   cr ) 

 High - frequency electric - fi eld oscillations result in rapidly alternating polarization 
processes in food products, increasing the infl uence of the dielectric properties of the 
food product on the performance of the process. A new set of variables for high -
 frequency electric fi elds is the following:

    Πε ρ ε= ( )K L Ce e e e
p
e eT E U t1 2 3 4 5 6, , ,     (40.18)   

 The set of dimensionless numbers obtained by solving the system of Equation  40.18  
is as follows:

    Π Π Π Πε ε ε ε
ε
ρ1 2 2 3

2 2

2 4 2
= = = =

2Kt
L

K
LU

L E
K

C L T
K
p; ; ;     (40.19)   

 This is similar to the set in Equation  40.12  described above, and characterizes food -
 processing regimes where the dielectric permittivity of the food product is much 
greater than its conductivity.   



1198 Handbook of Food Process Design: Volume II

  Energy Absorption and Effective - Dose Calculation 

 The sets of dimensionless numbers derived above for the three frequency regions allow 
one to relate the processing conditions to the properties of the food product to be 
treated. However, these variables are diffi cult to use in the evaluation of the perform-
ance of a process, especially when two different processes need to be compared. 

 Clearly, the effi cacy of a process should be a function of the total energy applied to 
the system, independent of the specifi c technology. Since the applied energy is dis-
sipated because of the nonideal dielectric properties of the food product, the process 
performance function should include food - specifi c parameters. In the search for the 
best representative criterion for the effi cacy of a process, it has been found that the 
electric - fi eld/food - product interaction is most adequately described by a parameter 
called the  “ absorbed dose. ”  This parameter,  W  D , can be used to characterize both the 
ability of a foodstuff to absorb electric fi eld energy, and the effi cacy with which the 
energy is imparted (in combination with other dimensionless numbers). It is measured 
in J · kg  − 1  and has the dimensions [L 2 t  − 1 ]. 

 The absorbed dose is a function of the electric fi eld intensity, the mass of the food 
product and its electrical properties. A combination of these variables results in the 
following closed system of fi ve equations:

    Πdose D= t E We e e e e1 2 3 4 5ρ σ     (40.20)   

 By solving this system using the rule of exponents, one can obtain a dimensionless 
number relating the absorbed dose to the electric fi eld intensity and the material 
properties of the food product:

    Πdose
D= ρ

σ
W

E t2
    (40.21)   

 By rearranging Equation  40.21  and using  Π  1  given in Equation  40.12 , an estimate of 
the absorbed dose as a function of the process and product parameters and the treat-
ment time in the cases of active (low - frequency) and reactive (high - frequency) loads 
can be obtained:

    W

E t

E
D

cr

cr

~
,

,

2

2

σ
ρ

ω ω

ε
ρ

ω ω

�

�

⎧

⎨
⎪⎪

⎩
⎪
⎪

    (40.22)   

 Taking Equation  40.1  into account, one can determine the value of the relaxation time 
based on measurements of the electrical properties of the food (conductivity and 
dielectric permittivity) at low and high frequencies:

    τ
ε ε
σ σ

≈ −
−

L H

L H
    (40.23)   
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 Theoretically, these frequency limits correspond to the conditions in Equation  40.2 . 
However, in practice a narrower frequency range is used (  ω   L     <      ω   p ,   ω   H     >      ω   p ), where   ω   p  
is the processing frequency. By substituting the value of the conductivity of the food 
defi ned by   σ   ′     =    2  π  ω   ε  ″  (Equation  40.1 ) into Equation  40.23 , one can estimate the relaxa-
tion time and the characteristic (critical) frequency of the food product (Equation 
 40.13 ) as follows:

    τ
ω π

ε ε
ω ε ω ε

ω ω

ω ω
= ≈ ′ − ′

′ − ′
1 1

2cr L H

L H

L H

    (40.24)   

 The unifi ed dimensionless representation of electric - fi eld - based food processing devel-
oped above provides critical information for the scaling - up and validation of processes. 
It is important to fi nd out what the major mechanism is for every combination of food 
product and treatment process. This knowledge makes it possible to select the most 
suitable model for the optimization and scaling - up of a process. 

 The principal mechanism of microbial inactivation at low frequencies (ohmic 
heating and medium electric fi eld (MEF) treatment) is thermal, but for technologies 
using high - frequency electric fi elds (PEF, MW, RF and even MEF) it is not so obvious. 
Argument about the possible nonthermal effects (unrelated to inactivation caused by 
heat) of electric - fi eld - based processing technologies has continued since these tech-
nologies were established (Geveke  et al .,  2002 ; Banik  et al .,  2003 ). Researchers have 
repeatedly reported nonthermal inactivation effects, although detailed descriptions or 
discussions of the mechanisms cannot easily be found in the literature. Several pos-
sible inactivation mechanisms have been proposed, including selective heating of 
microorganisms, electroporation, cell membrane rupture, and cell lysis caused by the 
coupling of electromagnetic energy. 

 Thermal microbial inactivation is mainly the result of denaturation of cell proteins. 
However, there is no generally accepted theory for the nonthermal mechanisms of 
inactivation of bacteria by electric fi elds. The mechanisms most often referred to are 
the dielectric breakdown or electroporation of cell membranes (Zimmermann,  1986 ; 
Castro  et al .,  1993 ; Vega - Mercado  et al .,  1996a ). Dielectric breakdown of cell mem-
branes is a result of a high electric fi eld strength in the medium, and causes disruption 
of the cell membrane primarily at the sites of ion channels. Clearly, this mechanism 
is most important for systems where the dielectric interaction between the food 
product and the applied electric fi eld is dominant. The second inactivation mechanism 
is electroporation of cell membranes, also known as ionic inactivation of cells. In a 
conductive medium (i.e., a food with signifi cant ionic or salt contents), an applied 
high voltage leads to the buildup of a potential (concentration) gradient across the cell 
membrane (Schoenbach  et al .,  1997 ). This gradient causes the expansion of ion chan-
nels (pore formation) and changes in the osmotic pressure. Cell membrane disruption 
occurs when the induced membrane potential exceeds a critical value of 1   V (Castro 
 et al .,  1993 ). The existence of this mechanism is supported by data on cell membrane 
shrinkage and cytoplasm expulsion as a result of PEF treatment (Zhang  et al .,  1997 ). 
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 As follows from the proposed generalized representation of nonthermal food treat-
ment processes, different food polarization regimes can easily be achieved by varying 
the process regime and/or the properties of the food product within one technology. 
The following criterion for determining the dominant mode in the interaction of a 
food product and an applied electric fi eld (i.e., polarization) is proposed:
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    (40.25)   

 By substituting specifi c values of the relaxation time (a product factor) and the operat-
ing frequency (a process/design factor) into Equation  40.25 , one can easily determine 
the type of food - product/electric - fi eld interactions (polarization mode) that will domi-
nate in a particular system. The process frequency   ω   p  can easily be determined for 
 “ single - frequency technologies, ”  such as ohmic, microwave and RF heating. However, 
for multifrequency processes (which implies that the frequency of the applied fi eld 
changes during the treatment) or technologies that use electrical pulses of complex 
shape, such as PEF and electric - arc discharge processes, the determination of   ω   p  
requires a separate calculation. 

 In particular, electric - fi eld pulses may be applied in the form of exponentially decay-
ing, square - wave, oscillatory, bipolar or instant - reverse - charge pulses (Barbosa - Canovas 
 et al .,  1999 ). In such cases, the specifi c process frequency is a function of the shape 
of the electrical impulse, its duration  t  p , and the delay time  t  d , i.e., the time interval 
between two pulses. Thus, the signal must be analyzed by a Fourier transform tech-
nique to determine the leading frequency in a PEF process. A rough estimate of the 
operating frequency range for any particular process is as follows:
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,     (40.26)   

 To elucidate the method of process analysis proposed here, examples of two nonther-
mal technologies are considered here. 

  Pulsed Electric Field Processing 

 Using the approach proposed above, values of the process frequency (Equation  40.3 ) 
and the corresponding absorbed dose (Equation  40.22 ) have been calculated using 
published data taken from 15 sources cited in CFSAN  (2000) . The resulting process 
effi cacy (bacterial survival) is plotted in Figure  40.3  as a function of the total absorbed 
dose.   

 The typical values of the characteristic frequency for PEF treatment lie in the range 
of 1   kHz to 1   MHz (Zhang  et al .,  1995b ). On the other hand, the data available in the 
literature (Angersbach  et al .,  1999 ; Ho  et al .,  2003 ; Wang  et al .,  2003 ) show that the 
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Figure 40.3 Bacterial survival as a function of absorbed dose for PEF -treated products and model 
solutions.
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characteristic frequencies of many food products are also within the range defi ned by 
Equation  40.26 , and therefore all process calculations should take both ionic and 
dielectric processes into account. Unfortunately, there is a signifi cant gap in our 
knowledge about the electrical properties of foods, especially in the range of frequen-
cies of the external electric fi eld between 10 5  and 10 7    Hz. The reported data usually 
include values of the conductivity (Angersbach  et al .,  1999 ) or the dielectric permit-
tivity (Herve  et al .,  1998 ) only, whereas data on the complex permittivity are vital for 
determining the dominant mode of interaction between a food product and the applied 
electric fi eld in a particular PEF system.  

  Microwave Processing 

 Dielectric - permittivity and conductivity data for several food products (cheese sauce, 
liquid whey protein mixture, cooked macaroni noodles, macaroni and cheese, and 
whey protein gel), published by Wang  et al .  (2003) , were used to calculate values of 
the critical process frequency and to determine the dominant polarization mode of 
the foodstuff during microwave processing. Data recalculated according to Equation 
 40.3  are depicted in Figure  40.4 .   

 The critical process frequencies, calculated as functions of the product temperature, 
indicate that most food products can be considered as perfect dielectrics for 2.4   GHz 
microwave processing. However, for microwave processing at a lower working 
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frequency (850   MHz), some products (cheese sauce and cooked macaroni noodles) 
should be analyzed as imperfect dielectrics, taking their conductivities into account.    

  Pulsed Electric Fields in Food Processing and Preservation 

 Pulsed electric fi eld processing is a nonthermal method used to maintain food safety 
and increase the shelf - life of foods by inactivating spoilage - causing and pathogenic 
microorganisms. Many researchers have investigated this problem, including Sale and 
Hamilton  (1967a,b) , Mizuno and Hori  (1988) , Jayaram  et al.   (1992) , Qin  et al.   (1994)  
and Pothakamury  et al .  (1996) . PEF processing is advantageous over other methods 
because the changes in product color, fl avor and nutritive value during treatment are 
minimized (Dunn and Pearlman,  1987 ; Jin  et al .,  1998 ; Jia  et al .,  1999 ; Jin and Zhang, 
 1999 ). High - intensity pulsed - electric - fi eld processing involves the application of pulses 
of high voltage (typically 20 – 80   kV · cm  − 1 ) to a food material placed between two elec-
trodes. PEF treatment is conducted at ambient, below ambient or slightly above 
ambient temperature for less than 1   s, and the energy loss due to heating of the food 
is minimized. With respect to food quality attributes, PEF technology is considered 
superior to traditional methods of heat treatment of foods because it avoids or greatly 
reduces detrimental changes in the sensory and physical properties (Quass,  1997 ). 
Although some studies have concluded that PEF treatment preserves the nutritional 
components of foods, the effects of PEF treatment on the chemical and nutritional 
aspects of foods must be better understood before PEF treatment can be used in food 
processing (Qin  et al .,  1995a ). 

 Some important aspects of PEF technology are the generation of a high electric fi eld 
intensity, the design of chambers to impart a uniform treatment to the food with the 

Figure 40.4 Critical process frequencies calculated for cheese sauce ( •), liquid whey protein 
mixture ( �), cooked macaroni noodles ( �), macaroni and cheese ( �), and whey protein gel ( �).
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minimum increase in temperature, and the design of electrodes that minimize the 
effect of electrolysis. The large fi eld intensities are achieved by storing a large amount 
of energy in a capacitor bank (a series of capacitors) charged by a DC power supply, 
which is then discharged in the form of high - voltage pulses (Zhang  et al .,  1995b ). 
Studies of energy requirements have concluded that PEF treatment is an energy -
 effi cient process compared with thermal pasteurization, particularly when a continu-
ous system is used (Qin  et al .,  1995b ).  

  Treatment Chambers and Equipment 

 Currently, there are only two commercial systems available (one from PurePulse 
Technologies, Inc. and one from Thomson - CSF). Various laboratory -  and pilot - scale 
treatment chambers have been designed and used for PEF treatment of foods. They 
can be classifi ed as static/batch chambers (U - shaped polystyrene and glass - coil static 
chambers) or continuous chambers (chambers with ion - conductive membranes, cham-
bers with baffl es, enhanced - electric - fi eld treatment chambers and coaxial chambers); 
see Figure  40.5 .   

 A diagram of the PEF processing of foods is depicted in Figure  40.6 . The apparatus 
consists of seven major components (Gongora - Nieto  et al .,  2002b ): a high - voltage 
power supply, an energy storage capacitor, a treatment chamber(s), a pump to move 
food though the treatment chamber(s), a cooling device, measuring devices (providing 
voltage, current and temperature measurements), and a computer to control 
operations.   

Figure 40.5 Classifi cation of PEF treatment chambers. 
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  Batch - Type Processing ( “ Static ” ) Chambers 

  Parallel - Plate Electrode Chambers 

 One example of this type consists of two carbon electrodes supported on brass blocks 
placed on a U - shaped polystyrene spacer (Figure  40.7 a). Different spacers are used to 
regulate the electrode area and the amount of food to be treated. The brass blocks are 
provided with jackets for water recirculation and to control the temperature of the 
food during PEF treatment. This chamber can support a maximum electric fi eld of 
30   kV · cm  − 1 . A second chamber model designed by Dunn and Pearlman  (1987)  consists 
of two stainless steel electrodes and a cylindrical nylon spacer. Another model (Barbosa -
 Canovas  et al .,  1999 ) consists of two round - edged, disk - shaped stainless steel elec-
trodes, with polysulfone used as the insulation material. The effective electrode area 
is 27   cm 2  and the gap between the electrodes can be selected as either 0.95 or 0.5   cm. 
This chamber can support up to 70   kV · cm  − 1 . Water circulating at preselected tempera-
tures through jackets built into the electrodes provides cooling of the chamber.    

Figure 40.7 Different types of PEF treatment chamber: (a) parallel -plate chamber; (b) continuous -
fl ow parallel -plate chamber; (c) co -fi eld fl ow chamber; (d) coaxial continuous chamber; (e) enhanced -
electric-fi eld continuous -treatment chamber. 
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Figure 40.6 Flow chart of PEF food processing. 
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  Glass - Coil Static Chambers 

 A model proposed by Lubicki and Jayaram  (1997)  uses a glass coil surrounding the 
anode. The volume of the chamber is 20   cm 3 , which requires a fi lling liquid with a 
high conductivity and a permittivity similar to the sample to be used (the medium 
used was NaCl solution with   σ      =    0.8 to 1.3   S · m  − 1 , and the fi lling liquid was water, 
with   σ      ∼    10  − 3    S · m  − 1 ) , because there was no inactivation with a nonconductive medium 
(silicone oil).   

  Continuous - Flow  PEF  Treatment Chambers 

 Continuous - fl ow PEF treatment chambers (Qin  et al .,  1995d ) are suitable for large -
 scale operations and are more effi cient than static chambers. 

  Parallel - Plate Chambers  (Figure  40.7 b)  

 The fi rst experimental chambers were designed to treat a confi ned, static volume. 
Some of the fi rst designs incorporated a parallel - plate geometry using fl at electrodes 
separated by an insulating spacer. The major disadvantage of this type of design is the 
low productivity of these chambers. Because of limitations on the electric fi eld 
strength, it is diffi cult to increase the product load and make this type of chamber 
more effi cient.  

  Co - fi eld Flow Chambers 

 Co - fi eld chambers, described by Yin  et al .  (1997) , have two hollow cylindrical elec-
trodes separated by an insulator to form a tube through which the product fl ows 
(Figure  40.7 c). The fi eld distribution in a co - fi eld chamber is not expected to be 
uniform, although some useful advantages may be gained by special shaping of the 
insulator. The primary advantage of co - fi eld chambers is that they can be designed to 
operate in PEF systems at lower currents than for coaxial chambers.  

  Coaxial Continuous  PEF  Chambers 

 Coaxial chambers are generally composed of an inner cylinder surrounded by an outer 
annular cylindrical electrode that allows food to fl ow between the two electrodes 
(Figure  40.7 d). A protruding outer electrode surface enhances the electric fi eld within 
the treatment zones and reduces the fi eld intensity in the remaining portion of the 
chamber. The electrode confi guration shown here was obtained by optimizing the 
electrode design using a numerical electric - fi eld computation. Using the optimized 
electrode shape, the prescribed fi eld distribution along the fl uid path without an 
electric - fi eld enhancement point was determined. This treatment chamber has been 
used successfully for the inactivation of pathogenic and nonpathogenic bacteria, 
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molds, yeasts, and enzymes present in liquid foods such as fruit juices, milk, and liquid 
whole eggs (Barbosa - Canovas  et al .,  1999 ).  

  Enhanced - Electric - Field Continuous Treatment Chambers 

 Yin  et al .  (1997)  applied the concept of an enhanced electric fi eld in the treatment 
zones to develop a continuous - fl ow co - fi eld PEF chamber with conical insulator 
shapes to eliminate deposits generated from gas in the treatment volume (Figure 
 40.7 e). The conical regions were designed so that the voltage across the treatment 
zone could be almost equal to the voltage supplied.   

  Special - Design Flow - Through Chambers 

  Continuous Chamber with Ion - Conductive Membranes 

 One design by Dunn and Pearlman  (1987)  consists of parallel - plate electrodes and a 
dielectric spacer insulator (Figure  40.8 a). The electrodes are separated from the food 
by conductive membranes made from sulfonated polystyrene and acrylic acid copoly-
mers. An electrolyte is used to facilitate electrical conduction between the electrodes 
and the ion - permeable membranes.    

  Chamber with Electrode Reservoir Zones 

 Another continuous chamber described by Dunn and Pearlman  (1987)  contains elec-
trode reservoir zones instead of electrode plates (Figure  40.8 b). The dielectric spacer 
insulators have slot - like openings (orifi ces), between which the electric fi eld is 
enhanced. The average residence time in each of these two reservoirs is less than 
1   min.    

Figure 40.8 Special-design chambers: (a) continuous -treatment chamber with ion -conductive
membranes separating the electrode and the food; (b) continuous -treatment chamber with electrode 
reservoir zones. 
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  Mechanisms of Microbial Inactivation 

 The application of an electrical fi eld to biological cells in a medium (e.g., water) causes 
a buildup of electric charges at the cell membrane (Schoenbach  et al .,  1997 ). Membrane 
disruption occurs in many cellular systems when the induced membrane potential 
exceeds a critical value of 1   V, which, for example, corresponds to an external electric 
fi eld of about 10   kV · cm  − 1  for  E. coli  (Castro  et al .,  1993 ). Several theories have been 
proposed to explain microbial inactivation by PEF treatment (Schoenbach  et al .,  1997 ; 
Velizarov  et al .,  1998 ; Angersbach  et al .,  1999 ; Bardos  et al .,  2000 ; Schoenbach  et al ., 
 2001a ; Wouters Patrick  et al .,  2001 ; Joshi  et al .,  2002a ; Joshi  et al .,  2002b ). Among 
them, the most studied (see Figure  40.9 ) are electrical breakdown, and electroporation 
or disruption of cell membranes (Zimmermann and Benz,  1980 ).   

  Electrical Breakdown 

 Zimmermann  (1986)  explained what electrical breakdown of a cell membrane entails. 
The membrane can be considered as a capacitor fi lled with a dielectric (Figure  40.9 ). 
The normal resting potential difference across the membrane  V  m  is 10   mV and leads 
to the buildup of a membrane potential difference  V  due to charge separation across 
the membrane.  V  is proportional to the fi eld strength  E  and the radius of the cell. An 
increase in the membrane potential leads to a reduction in the thickness of the cell 
membrane. Breakdown of the membrane occurs if the critical breakdown voltage  V  c  
(of the order of 1   V) is reached by a further increase in the external fi eld strength. It is 
assumed that breakdown causes the formation of transmembrane pores (fi lled with 
conductive solution), which leads to an immediate discharge at the membrane and 
thus decomposition of the membrane. The breakdown is reversible if the pores pro-
duced are small compared with the total surface area of the membrane. With an 

Figure 40.9 Schematic diagram of reversible and irreversible breakdown: pore development and 
cell membrane disruption. 
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electric fi eld strength above the critical value and a long exposure time, larger areas 
of the membrane are subject to breakdown. If the size and number of pores become 
large in relation to the total surface area of the membrane, reversible breakdown turns 
into irreversible breakdown, which is associated with mechanical destruction of the 
cell membrane. 

 The corresponding electric fi eld is given by  E  critical     =     V  critical  / fa , where  a  is the radius 
of the cell and  f  is a form factor that depends on the shape of the cell (Schoenbach 
 et al .,  1997 ). For spherical cells,  f  is equal to 1.5; for cylindrical cells of length  l  with 
hemispheres of diameter  d  at each end,  f     =     l ( l     −     d )/3. Typical values of  V  critical  required 
for the lysing of  E. coli  are of the order of 1   V. The critical fi eld strength for the lysing 
of bacteria with dimensions of approximately 1    μ m and a critical voltage of 1   V across 
the cell membrane is therefore on the order of 10   kV · cm  − 1  for pulses of 10    μ s to several 
milliseconds in duration (Schoenbach  et al .,  1997 ).  

  Electroporation 

 Electroporation is a phenomenon that occurs when high - voltage electric - fi eld pulses 
temporarily destabilize the lipid bilayer and proteins of a cell membrane (Castro 
 et al .,  1993 ; Zimmermann  et al .,  2000 ; Joshi  et al .,  2001 ; Schoenbach  et al .,  2001b ; 
Joshi  et al .,  2002a ; Joshi  et al .,  2002b ). The plasma membranes of cells become perme-
able to small molecules after being exposed to the electric fi eld, and permeation then 
causes swelling and eventual rupture of the cell membrane (Kakorin  et al .,  1998 ; 
Sukhorukov  et al .,  1998 ; Teissie and Ramos,  1998 ; Schoenbach  et al .,  2000 ). The main 
effect of an electric fi eld on a microorganism cell is an increase in the permeability 
of the membrane due to compression and poration of the membrane (Winterhalter  et 
al .,  1996 ; Wouters and Smelt,  1997 ; Ramos and Teissie,  2000 ; Wouters Patrick  et al ., 
 2001 ; Huang  et al .,  2003 ). Kinosita and Tsong  (1977)  demonstrated that an electric 
fi eld of 2.2   kV · cm  − 1  induced pores in human erythrocytes approximately 1 nm in 
diameter. They suggested a two - step mechanism for pore formation in which the 
initial perforation is a response to an electrical suprathreshold potential, followed by 
a time - dependent expansion of the pore size (Figure  40.9 ). Larger pores are obtained 
by increasing the intensity of the electric fi eld and the pulse duration or by reducing 
the ionic strength of the medium (Grahl and Maerkl,  1996 ; Joshi  et al .,  2001 ).   

  Events in Electroporation and Microbial Lysis 

  Electric - Field - Induced Transmembrane Potential 

 It is known that when a cell (radius    =     R  cell ) suspended in a medium is exposed to an 
external electric fi eld (a DC fi eld of strength  E  appl ), there is a rapid redistribution of 
cations in the vicinity of the plasma membrane, thus generating a transmembrane 
potential  Δ   ψ   membr  with a rise time   τ   membr :
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    Δψ θ τmembr cell appl membr= − −( )[ ]1 5 1. cos exp /R E t     (40.27)  

    τmembr cell membr ext= +( )R C r rint / 2     (40.28)   

 Here,   θ   is the angle between the fi eld line and the normal from the center of the 
spherical cell to a point of interest on the membrane surface, and  C  membr ,  r  int  and  r  ext  
are the membrane capacitance (per unit area), the resistivity of the cytoplasmic fl uid 
and the resistivity of the external medium, respectively (Cole,  1972 ). For biological 
cells with diameters of micrometers,   τ   membr     <    1    μ s and the exponential term in Equation 
 40.27  approaches zero within 1    μ s. Cells of larger diameter have   τ   membr     >    1    μ s (Kinosita 
 et al .,  1988 ). The maximum transmembrane potential generated in a cell by a DC 
electric pulse a few times longer than   τ   membr  is

    Δψmembr cell appl,max .=1 5R E     (40.29)    

  Kinetics of Electroporation in Cell Membranes 

 The plasma membrane of a cell is the fi rst site of the interaction with the electric 
fi eld. Beside lipids, there are proteins, carbohydrates and other types of molecules in 
the plasma membrane, most of which are either charged or polarizable. Channel pro-
teins are especially sensitive to the value of  Δ   ψ   membr , and each type of channel has a 
range of  Δ   ψ   membr  in which it becomes conductive. The range of  Δ   ψ   membr  for opening 
protein channels is approximately 50   mV, considerably smaller than the dielectric 
strength of the lipid bilayer, which is in the range of 150 – 400   mV. Like a lattice defect 
in the lipid bilayer, once a protein channel is forced to open, a strong current greatly 
exceeding the normal conduction of the channel will generate local heat suffi cient to 
denature the protein. This denaturation may be reversible or irreversible, depending 
on the extent of the temperature change and the properties of the channel. The time 
of opening and closing of the protein channel is in the submicrosecond range (Tsien 
 et al .,  1987 ). Thermal denaturation of a protein takes milliseconds to seconds. 
Renaturation of a protein occurs in seconds (Kim and Baldwin,  1982 ). Electropores in 
lipid domains can reseal within seconds (Teissie and Tsong,  1981 ). Closing of PEF -
 perforated protein channels should occur in milliseconds. However, repair of a PEF -
 damaged cell membrane can take minutes to hours (Kinosita and Tsong,  1977 ).  

  Colloid Osmotic Lysis 

 A major difference between the electroporation of lipid vesicles and that of cells is 
the colloid osmotic lysis of cells (Kinosita and Tsong,  1977 ). A PEF - perforated cell 
membrane ceases to be a permeation barrier to ions and small molecules but not 
necessarily to proteins. The electroperforated membrane becomes semipermeable to 
cytoplasmic macromolecules. The osmotic pressure of these macromolecules causes 
the cell to swell. This process, known as colloidal swelling, eventually leads to rupture 
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of the plasma membrane because of the excessive osmotic pressure imposed on the 
cell. 

 Colloidal osmotic pressure in PEF - treated red blood cells was identifi ed as the main 
cause of electric - fi eld - stimulated hemolysis. Colloidal swelling depends on the osmotic 
imbalance between the cytoplasm and the suspending medium. When the difference 
is large, PEF - treated cells will swell in times in the range of minutes. During this 
swelling phase, the electropores in the cell membranes also begin to reseal. If the 
resealing takes place faster than the swelling, the cells will shrink again and recover 
their original volume, thus averting membrane rupture. If, on the other hand, the 
resealing is slower than the swelling, the plasma membrane of the cells will be rup-
tured. Colloidal osmotic lysis may be prevented by balancing the osmotic pressures 
of the cytoplasm and the medium.  

  Electroosmosis in Electropores 

 An electric fi eld parallel to a surface/liquid interface will cause a net hydrodynamic 
fl ow in the appropriate direction if there is an imbalance in the numbers of positive 
and negative charges in the layer of liquid adjacent to the charged surface. If electro-
pores, which are expected to be induced closer to the  “ poles ”  of the cell that face the 
electrodes, are viewed as cylinders with an average net negative charge (from ionized 
headgroups of phospholipids and ionized amino acid side chains on integral proteins) 
on this surface and with their axes perpendicular to the plane of the membrane, then 
a hydrodynamic fl ow would be expected during an electric - fi eld pulse (Figure  40.10 ). 
It has been predicted and experimentally demonstrated that the overall permeabiliza-
tion difference between the two hemispheres is less than what was originally expected 
if an electroporation experiment is conducted taking electroosmosis into account 
(Sowers,  1988 ).     

Figure 40.10 Electroosmosis-induced hydrodynamic fl ow toward the negative electrode, regard-
less of whether the electropores are in the positive -facing or negative -facing hemisphere. 

+ -
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  Kinetics of Microbial Inactivation 

 Three types of factors that affect microbial inactivation by PEF treatment have been 
identifi ed:

    1.      process factors (electric fi eld intensity, pulse width, treatment time and tempera-
ture, and pulse waveshape);  

   2.      microbial - entity factors (type, concentration and growth stage of microorganisms);  
   3.      treatment - medium factors (pH, antimicrobial and ionic compounds, conductivity, 

and ionic strength).    

 H ü lsheger and Niemann  (1980)  were the fi rst to propose a mathematical model for 
inactivation of microorganisms by PEF treatment. Their model was based on repre-
senting the dependence of the survival ratio  S     =     N / N  0  (the ratio of living - cell counts 
before and after PEF treatment) on the electric fi eld intensity  E  by the following 
expression:

    lnS b E EE= − −( )c     (40.30)   

 where  b E   is the regression coeffi cient,  E  is the applied electric fi eld, and  E  c  is the criti-
cal electric fi eld value obtained by extrapolating  E  to 100% survival. 

 The regression coeffi cient refl ects the gradient of a straight survival curve and is a 
constant that depends on the microorganism and the medium. The critical electric 
fi eld was found to be a function of the cell size and the pulse duration. H ü lsheger 
 et al .  (1981)  proposed an inactivation kinetic model that relates the microbial survival 
fraction  S  to the PEF treatment time  t  in the form

    ln lnS b
t
t

t
c

= −     (40.31)   

 where  b t   is the regression coeffi cient,  t  is the treatment time and  t  c  is the critical 
treatment time, or extrapolated value of  t  for 100% survival. 

 The model proposed by Peleg  (1995)  describes the sigmoid shape of the pathogen 
survival curves generated by PEF inactivation. This model represents the percentage 
of surviving organisms as a function of the electric fi eld and the number of pulses 
applied. The model is defi ned by a critical electric fi eld intensity that corresponds to 
50% survival ( E  d ), and a kinetic constant  K  that is a function of the number of pulses, 
representing the steepness of the sigmoid curve. Generalized equations for the two 
models are shown in Table  40.2 .   

 For both models, small values of the kinetic constants indicate a wide span in the 
inactivation rate curves and hence a lower sensitivity to PEF treatment, whereas large 
values imply a steep decline or a higher susceptibility. Lower  E  c  (or  E  d ) values indicate 
a lower resistance of the pathogens to the PEF treatment. 
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  Microbial Factors in the Effi cacy of  PEF  Processing 

    Type of microorganism .      Gram - positive bacteria ones are more resistant to PEF treat-
ment than Gram - negative ones (H ü lsheger  et al .,  1983 ). In general, yeasts are more 
sensitive to electric fi elds than bacteria, owing to their larger size, although at low 
electric fi elds they seem to be more resistant than Gram - negative cells (Sale and 
Hamilton,  1967a ; Qin  et al .,  1995a ). A comparison between the inactivation of two 
yeast species of different sizes showed that the electric fi eld intensity needed to 
achieve the same inactivation level was inversely proportional to the cell size. These 
results are logical, but inconsistent with the results obtained by H ü lsheger  et al.  
 (1983) . Further studies are needed to better understand the effect of microorganism 
type on the effectiveness of microbial inactivation.  

  Growth stage of microorganism .      Bacterial cells in the logarithmic phase are more 
sensitive to various stresses than are cells in the lag and stationary phases. Microbial 
growth in the logarithmic phase is characterized by a high proportion of cells under-
going division, during which the cell membrane is more susceptible to an applied 
electric fi eld. Gaskova  et al .  (1996)  reported that the killing effect of PEF treatment 
for  S. cerevisiae  in the logarithmic phase is 30% greater than in the stationary phase 
of growth.     

  Microbial Inactivation by  PEF  Treatment 

 Numerous publications on microbial inactivation have presented data on vegetative 
cells, the majority of them from a few genera. Extensive microbial - inactivation tests 
have been conducted to validate the concept of PEF treatment as a nonthermal food 
pasteurization process (Castro  et al .,  1993 ; Qin  et al .,  1995a,b ; Zhang  et al .,  1995b ; 
Vega - Mercado  et al .,  1996a ; Vega - Mercado  et al .,  1996b ). 

 An applied intense pulsed electric fi eld produces a series of degradative changes in 
blood, algae, bacteria and yeast cells (Castro  et al .,  1993 ). These changes include elec-
troporation and disruption of semipermeable membranes, which lead to cell swelling 
and/or shrinkage, and fi nally to lysis of the cells. The mechanisms for the inactivation 
of microorganisms include electric breakdown, an ionic punch - through effect and 
electroporation of cell membranes (Qin  et al .,  1994 ). The inactivation of microorgan-

Table 40.2 Inactivation models. 

Hülsheger’s model (H ülsheger and Niemann, 1980) Peleg’s model (Peleg, 1995)
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K

=
+
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E, electric fi eld;  t, treatment time; Ec, critical electric 
fi eld;  tc, critical time; K, kinetic constant. 

Ed, electric fi eld when 50% of population 
is inactivated; K, kinetic constant. 
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isms is primarily caused by an increase in the permeability of their membranes due 
to compression and poration (Vega - Mercado  et al .,  1996b ). 

 Castro  et al .  (1993)  reported a 5 - log reduction in bacteria, yeast and mold counts 
suspended in milk, yoghurt, orange juice and liquid egg treated with a PEF. Zhang 
 et al .  (1995a)  achieved a 9 - log reduction in  E. coli  suspended in simulated milk ultra-
fi ltrate (SMUF), treated with a PEF by applying a convergent electric fi eld of strength 
70   kV · cm  − 1 , with a short treatment time of 160    μ s. These processing conditions and 
results are adequate for commercial food pasteurization, which requires reduction by 
6 to 7 log cycles. Table  40.3  presents the bacteria reported to be successfully inacti-
vated by PEF treatment.     

  PEF Process Calculations and Variables 

 To treat foods with a PEF in a continuous system, a liquid food product is pumped 
through a series of treatment zones in a chamber with high - voltage electrodes on one 
side of each zone and a low - voltage electrode on the other side. The PEF process con-
ditions are defi ned by the electric fi eld strength applied and the treatment time. 

  Electric Field Intensity 

 This is one of the main factors infl uencing microbial inactivation (H ü lsheger and 
Niemann,  1980 ; Dunne  et al .,  1996 ). The microbial inactivation increases with an 
increase in the electric fi eld intensity, above the critical transmembrane potential (Qin 
 et al .,  1998 ). This is consistent with the electroporation theory, in which the induced 
potential difference across the cell membrane is proportional to the applied electric 
fi eld. The critical electric fi eld  E  c  (the electric fi eld intensity below which inactivation 
does not occur) increases with the transmembrane potential of the cell. Transmembrane 
potentials, and consequently  E  c , are larger for larger cells (Jeyamkondan  et al .,  1999 ). 
The pulse width (or duration) also infl uences the critical electric fi eld. For instance, 

Table 40.3 Some bacteria effectively inactivated by PEF treatment. 

Bacillus cereus (Rowan  et al., 2000; Pol et al., 2001)
B. subtilis (Cserhalmi  et al., 2002)
Bacillus subtilis spores (Heinz  et al., 2001)
Candida famata (Voronovsky  et al., 2002)
Escherichia coli (Unal  et al., 2001; Unal et al., 2002)
Listeria innocua (Calderon  et al., 1999a,b)
Listeria monocytogenes (Scott A) (Dutreux  et al.,

2000; Unal et al., 2001; Unal et al., 2002; Alvarez 
et al., 2003)

Lactobacillus leichmannii (Unal  et al., 2001; Wouters 
Patrick et al., 2001; Rodrigo Ruiz et al., 2003)

Pseudomonas aeruginosa (Lado and Yousef,  2002)
Pseudomonas fl uorescens (Vega -Mercado et al.,

1995; Bendicho et al., 2002b)
Saccharomyces cerevisiae (Zhang  et al., 1994)
Salmonella (Jeantet  et al., 1999; Mattick et al.,

2001)
Staphylococcus aureus (ATCC 25923) (Qin  et al.,

1995d)
Yersinia enterocolitica (Lubicki and Jayaram,  1997)



1214 Handbook of Food Process Design: Volume II

for pulse widths greater than 50    μ s,  E  c  was found to be 4.9   kV · cm  − 1 . but for pulse widths 
less than 2    μ s,  E  c  was 40   kV · cm  − 1  (Schoenbach  et al .,  1997 ).  

  Treatment Time 

 The treatment time is defi ned as the product of the number of pulses and the duration 
of a single pulse. An increase in either of these two variables improves microbial 
inactivation (Sale and Hamilton,  1967a ). As noted above, the pulse width infl uences 
the microbial reduction by affecting  E  c . Longer pulse widths decrease  E  c , which results 
in higher inactivation; however, an increase in the pulse duration may also result in 
an undesirable temperature increase in the food. Optimum processing conditions 
therefore need to be established to obtain the highest inactivation rate with the lowest 
heating effect (Knorr  et al .,  2001 ; Gongora - Nieto  et al .,  2002a ). The inactivation of 
microorganisms increases with the treatment time (H ü lsheger  et al .,  1983 ). In certain 
cases, however, the increase in the inactivation rate reaches saturation as the number 
of pulses increases. This is the case for the inactivation of  Saccharomyces cerevisiae  
by PEF treatment, which reaches saturation with 10 pulses of an electric fi eld of 
strength 25   kV · cm  − 1  (Barbosa - Canovas  et al .,  1999 ). 

 The critical treatment time also depends on the electric fi eld intensity applied 
(Zhang  et al .,  1995b ; Alvarez  et al .,  2003 ; Rodrigo  et al .,  2003 ). At electric fi eld values 
above  E  c , the critical treatment time decreases as the electric fi eld increases. Barbosa -
 C á novas  et al.  ( 1999 ) reported that for an electric fi eld strength 1.5 times higher than 
 E  c , the critical treatment time remained constant.  

  Pulse Waveshape 

 Electric - fi eld pulses may be applied in the form of exponentially decaying, square -
 wave, oscillatory, bipolar or instant - reverse - charge pulses (Qin  et al .,  1995d ; Changjiang 
 et al .,  2000 ). Oscillatory pulses are the least effi cient for microbial inactivation, and 
square - wave pulses are more energy - effi cient and lethal than exponentially decaying 
pulses (Zhang  et al .,  1995b ; Barbosa - Canovas and Zhang,  2001 ). Bipolar pulses are 
more lethal than monopolar pulses, because the PEF causes movement of charged 
molecules in the cell membranes, and a reversal in the orientation or polarity of the 
electric fi eld causes a corresponding change in the direction of movement of the 
charged molecules (Qin  et al .,  1994 ; Ho  et al .,  1995 ). A difference between bipolar and 
monopolar pulses was reported in studies of the inactivation of  Bacillus  spp. (Ho and 
Mittal,  1997 ) and  E. coli  (Qin  et al .,  1994 ). With bipolar pulses, the alternating changes 
in the movement of charged molecules cause a stress in the cell membrane and 
enhance its electric breakdown. Bipolar pulses also offer the advantages of minimum 
energy utilization, reduced deposition of solids on the electrode surface and decreased 
food electrolysis (Barbosa - Canovas  et al .,  1999 ). 

 A study conducted by Zhang  et al.   (1997)  showed the effects of square - wave, expo-
nentially decaying and instant - charge - reversal pulses on the shelf - life of orange juice. 
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Square - wave pulses were more effective, yielding products with longer shelf - lives than 
those treated with exponentially decaying and charge - reversal pulses. In agreement 
with this study, Love  (1998)  quantitatively demonstrated the stronger inactivation 
effect of square - wave pulses over all other wave shapes.  

  Treatment Temperature 

 Experimental results have demonstrated that, in challenge tests, both treatment tem-
peratures and process temperatures impact microbial survival and recovery (Zhang 
 et al .,  1995b ; Barsotti  et al .,  1998 ). 

 PEF treatments at moderate temperatures (50 to 60    ° C) have been shown to exhibit 
synergistic effects on the inactivation of microorganisms (Dunn and Pearlman,  1987 ; 
Jayaram  et al .,  1992 ). At a constant electric fi eld strength, pathogen inactivation 
increases with an increase in treatment temperature (Calderon  et al .,  1999a ). Since 
application of an electric fi eld causes increase in the temperature of the food being 
treated, proper cooling of the treatment chamber is necessary to maintain food tem-
peratures far below those that occur during a thermal pasteurization process (Bendicho 
 et al .,  2002a ; Lindgren  et al .,  2002 ; Ohshima  et al .,  2002 ). 

 Additional effects of a high treatment temperature include changes in the fl uidity 
and permeability of the cell membrane, which increase the susceptibility of the cell 
to mechanical disruption (H ü lsheger  et al .,  1981 ). Also, a low transmembrane poten-
tial decreases  E  c  and therefore increases inactivation (Jeyamkondan  et al .,  1999 ).  

  Electrochemistry of a Highly Polarized Electrode/Food Product Interface 

 Usually, PEF processing is considered as a  “ zero chemistry ”  treatment with no chemi-
cal reactions involved. However, the reported changes in the sensory and physical 
attributes of processed foods are not solely the result of Joule heating and the high 
electric current that passes through the food product. The treatment chambers in all 
existing PEF systems have an extremely high ratio of electrode surface area to treat-
ment volume owing to limitations on the power supply and electric fi eld strength. 
Therefore, the electrode materials are directly involved in the PEF treatment process. 
They interact with the treated food products by electrochemical reactions that occur 
at the surface of the highly polarized electrodes, and by electric - double - layer - assisted 
reactions of food particulates (the solid phase of the food product) with the electrode 
surface. These interactions include (Vetter,  1967 ; Bard and Faulkner,  1980 ; Bockris 
and Reddy,  1998 ):

    •      adsorption of organic and inorganic anions;  
   •      changes in the chamber capacitance due to changes in the relaxation time of the 

electric double layer;  
   •      electrophoretic deposition of food solids;  
   •      electrocoagulation of solid phases at the electrode surface;  
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   •      electrodissolution of electrode material;  
   •      hydrogen or oxygen evolution due to electrode reactions.    

 Interactions of the electrode surface with food matrix components have been previ-
ously underestimated by researchers and rarely investigated (Barbosa - Canovas and 
Zhang,  2001 ). Owing to the importance of the electrode surface properties to the 
behavior of food products in the vicinity of electrodes and therefore to the PEF treat-
ment process, the electrochemical polarization characteristics of the electrode mate-
rial play a critical role. This is also important because electrical impulses can accelerate 
electrochemically induced changes in the electrode polarization and the food 
properties. 

 Potential - scanning measurements of various food products in the range from  ∼ 0.5 
to 3   V have been performed for two widely used electrode materials: aluminum (alloy 
2024) and stainless steel. The electrochemical potential is the thermodynamic poten-
tial that characterizes the ability of an electrode to react in a solution. Increasing the 
thermodynamic potential by 1   V is equivalent to changing the reaction temperature 
by 10 3    K. An electrode polarization in the range between 2 and 3   V is considered as an 
extremely high polarization. 

 Despite their general similarity, these two electrodes demonstrate different behavior 
in an acid medium (orange juice) (Figure  40.11 ). In the low - polarization region, alumi-
num shows a more stable behavior and less corrosive activity. However, to increase 
the electric current through an aluminum electrode, one needs a very high voltage. A 

Figure 40.11 Polarization of stainless steel and aluminum electrodes in orange juice. 
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stainless steel electrode can support a higher current owing to a lower adsorption of 
HO 3  ions on the electrode surface. In the high - polarization region, the two electrodes 
demonstrate similar volt – ampere characteristics. However, stainless steel has its 
potentiodynamic curve shifted in the direction of higher values of the electric current, 
and therefore is more suitable for PEF applications. For low - electric - fi eld applications 
(ohmic heating), aluminum electrodes are preferred.   

 The composition of the food product is a signifi cant factor infl uencing electrode 
processes. The potentiodynamic characteristics of stainless steel electrodes in orange 
juice, whole milk and tomato soup are depicted in Figure  40.12 . Tomato soup has 
classical corrosion - type characteristics that include a Tafel region (adsorption) and 
electrodissolution (corrosion) of the electrode material (Bockris and Reddy,  1998 ). 
Orange juice has similar characteristics except for two regions of current – voltage 
instability, which can be explained by the aggregation of polarized pulp at the elec-
trode surface. The most unusual potentiodynamic curve corresponds to the electro-
chemical treatment of milk. This type of curve usually corresponds to a passivated 
metal electrode. At low polarization potentials, the behavior of the stainless steel 
electrode in milk does not differ from that in the other food products. However, an 
increase in the potential leads to the deposition of milk constituents onto the elec-
trode and blockage (passivation) of its surface. In the high - polarization regime, all three 
products behave similarly.     

Figure 40.12 Potentiodynamic curves of a polarized stainless steel electrode for various food 
products.
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  Mathematical Model of Continuous Operation  (Esplugas  et al. ,  2001 )  

 From an engineering point of view, it is of interest to differentiate between single - pass 
and recirculation modes of operation of a PEF treatment chamber. In both cases, the 
mathematical model consists of energy and mass balances, kinetic equations, and 
equilibrium conditions. It is possible to build a large and complicated mathematical 
model, but that would not be useful. In order to simplify the model, some assumptions 
may be made. Accordingly, plug - type fl ow in the PEF chamber, perfect mixing in the 
tank, and fi rst - order kinetics for the inactivation of microorganisms were assumed in 
the work described here. 

 A simplifi ed schematic illustration of a PEF installation operating in a single - pass 
mode is depicted in Figure  40.6 . It can be assumed that the concentration of microor-
ganisms in the feed tank  c  T  (microorganisms · L  − 1 ) is the same as that at the PEF 
chamber inlet, and that the rate of microorganism destruction  r  (microorganisms · 
(L · s  − 1 )  − 1 ) follows fi rst - order kinetics with respect to the microorganism concentration 
 c  (microorganisms/L):

    r kc= −     (40.32)   

 where  k  (s  − 1 ) is the kinetic constant of microorganism inactivation. 
 Assuming a stationary state and plug - type fl ow in the PEF chamber (Levenspiel, 

 1972 ), the microorganism balance gives the following equation:

    q c c kV tln / T r( ) = −     (40.33)   

 where  q  (L/s) is the fl uid fl ow rate and  V r   (L) is the volume of the PEF chamber. 
 According to Equation  40.33 , the relation between the outlet microorganism con-

centration  c  (microorganisms/L) and the time  t  (s) is exponential:

    c c e kV q= −
T

/r     (40.34)   

 The energy balances are more complex. The energy  E  (J) dissipated during the discharge 
of the capacitor  C  (F) at a voltage  V  (V) is given by the following equation:

    E CV= 1
2

2     (40.35)   

 Taking into account the frequency  f  (s  − 1 ) of the pulses, the energy dissipation per 
second  Q  (J · s  − 1 ) during the fl ow of the liquid through the chamber is

    Q fCV= 1
2

2     (40.36)   

 However, only a fraction   ϕ   of this energy will heat the liquid food (fl ow rate  q  (L · s  − 1 ), 
density   ρ  ) that passes through the PEF chamber. This ratio   ϕ   must be less than 1, and 
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depends strongly on the electrical conductivity of the food product. The energy balance 
for the PEF chamber after the stationary state is reached is represented by

    q C T T Qp Tρ φ−( ) =     (40.37)   

 where  q  (L/s),   ρ   (kg · L  − 1 ) and  C p   (J · kg  − 1  ·  ° C  − 1 ) are the fl ow rate, density and specifi c heat 
capacity of the liquid food product, respectively; and  T  T  and  T  ( ° C) are the temperatures 
of the food in the feed tank and in the chamber, respectively. Consequently, the 
increase in temperature  T     −     T  T  of the food can be estimated as

    T T
fCV

q Cp

−( ) =T
1
2

2φ
ρ

    (40.38)    

  Process Calculations 

 The total possible temperature change per pair of electrodes in the treatment chamber 
( Δ  T ), the total energy input during the treatment per electrode pair ( P ), and the 
Reynolds number ( N  Re ) can be calculated using the following equations:

    

ΔT E t C n

P E t n

N Du

p= ( )
=
=

2

2

σ ρ

σ
ρ μ

/ /

/

/Re

    (40.39)   

 The process variables used in these equations are described in Table  40.4 .    

  Physical Properties of Food Products for  PEF  Processing 

 The physical properties of foods that are the most critical for the effi cacy of PEF treat-
ment are the electrical conductivity, density, specifi c heat capacity and viscosity of 

Table 40.4 PEF process variables. 

Process variable Notation Units

Electric fi eld strength E V·m−1

Total treatment time t s
Number of electrode pairs in treatment chamber n
Treatment zone diameter D m
Mean liquid velocity μ m·s−1

Electrical conductivity of product σ S·m
Density of product ρ kg·m−3

Specifi c heat capacity of product Cp kJ·kg−1·°C−1
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the product. Some useful data can be found in Barbosa - Canovas and Zhang  (2001) . 
Liquid foods contain several ion species that carry an electrical charge and conduct 
electricity. At a given voltage, the electric current is directly proportional to the elec-
trical conductivity of the food product (Zhang  et al .,  1995b ). An increase in the elec-
trical conductivity causes an increase in the overall energy input and a change in the 
temperature of the product during processing. 

 The density and specifi c heat capacity of the food product affect the temperature 
change during PEF treatment. As the density of the product decreases, the total tem-
perature change increases (Zhang  et al .,  1995b ). Similarly, a decrease in the specifi c 
heat capacity also increases the temperature change during PEF processing. 

 The viscosity of the product determines its fl ow characteristics, which can be cal-
culated based on the Reynolds number. For a Reynolds number greater than 5000, the 
product fl ow is turbulent, which provides a uniform velocity profi le in the treatment 
chamber, which, in turn, is likely to provide uniformity of the PEF process (Barsotti 
 et al .,  1998 ; Lindgren  et al .,  2002 ). 

  Conductivity,  p  H  and Ionic Strength 

 The electrical conductivity of a medium (  σ  ,  Ω   − 1  · m  − 1 ), which is defi ned as the ability 
to conduct electric current, is an important variable for PEF processing. The electrical 
conductivity is the reciprocal of the resistivity ( r ), which is measured in  Ω  · m. Foods 
with large electrical conductivities generate smaller peak electric fi elds across the 
treatment chamber, and therefore are not susceptible to PEF treatment (Barbosa -
 Canovas  et al .,  1999 ). Studies of the inactivation of  Lactobacillus brevis  by PEF treat-
ment showed that as the conductivity of the fl uid increased, the resistance of the 
treatment chamber was reduced (Jayaram  et al .,  1992 ), which in turn reduced the pulse 
width and decreased the rate of inactivation. Since an increase in the conductivity of 
the medium results from an increase in its ionic strength, the latter leads to a decrease 
in rate of inactivation of bacteria. Furthermore, an increased difference between the 
conductivities of the medium and the microbial cytoplasm weakens the membrane 
structure owing to an increased fl ow rate of ions across the membrane. Thus, the rate 
of inactivation of microorganisms increases with decreasing conductivity, even at 
equal input energy (Jayaram  et al .,  1992 ). However, another study, performed by 
Dunne  et al.   (1996) , showed that the resistivity had no infl uence on the effectiveness 
of inactivation of  E. coli  and  L. innocua  by PEF treatment. These contradictory results 
may be due to the microorganisms or medium used. 

 Vega - Mercado  et al.   (1996b)  studied the effect of the pH and ionic strength of a 
medium (SMFU) during PEF treatment. The inactivation ratio increased from not 
detectable (zero) to 2.5 log cycles as the ionic strength of the solution was adjusted 
from 168 to 28   mM. At 55   kV · cm  − 1  (eight pulses), as the pH was reduced from 6.8 to 
5.7, the inactivation ratio increased from 1.45 to 2.22 log cycles. The PEF treatment 
and the ionic strength of the solution were responsible for electroporation and com-
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pression of the cell membrane, whereas the pH of the medium affected the cytoplasm 
when the electroporation was complete. Dunne  et al .  (1996)  reported that, depending 
on the microorganism, an acidic pH enhanced microbial inactivation, although no 
specifi c details were provided (what microorganisms were affected or what range of 
pH was used).  

  Particulate Foods 

 The inactivation of microorganisms in liquid – particulate systems was studied by 
Dunne  et al.   (1996) .  E. coli ,  L. innocua ,  Staphyloccocus aureus  and  Lactobacillus 
acidophilus  were suspended in a 2   mm diameter alginate bead model system, and the 
effects of the PEF process variables on microbial inactivation were tested. The research-
ers concluded that the process was effective in killing microorganisms embedded in 
particulates. However, to achieve more than a 5 - log - cycle reduction, high energy 
inputs were needed (70 – 100 J · ml  − 1 , depending on the bacteria treated). Qin  et al.  
 (1995c)  reported that dielectric breakdown occurred when air or vapor was present in 
the food because of the difference in dielectric constants between the liquid and 
the gas.   

  Application of  PEF  Treatment to Food Preservation 

 PEF treatment has been mainly applied to preserve the quality of foods, such as to 
improve the shelf - life of apple juice, cranberry juice, skim and chocolate milk, orange 
juice, liquid egg, and pea soup (Vega - Mercado  et al .,  1996a ). 

  Processing of Apple Juice and Cider 

 Simpson  et al . (1995) reported that apple juice from concentrate treated with a PEF at 
50   kV · cm  − 1  electric fi eld strength, with 10 pulses of 2    μ s pulse duration, and a maximum 
processing temperature of 45    ° C, had a shelf - life of 28 days, compared with a shelf - life 
of 21 days for fresh - squeezed apple juice. There were no physical or chemical changes 
in the ascorbic acid or sugars in the PEF - treated apple juice, and a sensory panel found 
no signifi cant differences between the untreated and electric - fi eld - treated juices. PEF 
treatment extended the shelf - life of fresh apple juice; the treated apple juice had shelf -
 lives at 22    ° C and 25    ° C of more than 56 days and 32 days, respectively. There was no 
apparent change in the physicochemical and sensory properties of the juice. Evrendilek 
 et al . ( 2001a ) showed that PEF treatment of apple juice and PEF plus mild heat treat-
ment of apple cider improved the shelf - life of the products compared with control 
samples at 4, 22 and 37    ° C without degradation of vitamin C or any change in the 
color, measured by the  L  (white if  L     =    100, black if  L     =    0),  a  ( −  a     =    green,  a     =    red) and 
 b  ( −  b     =    blue,  +  b     =    yellow) values.  
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  Processing of Orange Juice 

 A reduction in the native microbial fl ora of freshly squeezed orange juice by 3 log 
cycles was obtained with an applied electric fi eld of 15   kV · cm  − 1  without signifi cantly 
affecting the quality. The shelf - life of reconstituted orange juice treated in an inte-
grated PEF pilot plant system consisting of a series of co - fi eld chambers was evaluated 
by Qui  et al . ( 1998 ) and Zhang  et al .  (1997) . It was reported that the total aerobic 
counts were reduced by 3 to 4 log cycles for an electric fi eld strength of under 
32   kV · cm  − 1 . When stored at 4    ° C, both heat -  and PEF - treated juices had a shelf - life of 
more than 5 months. Vitamin C losses were lower and color was generally better 
preserved in PEF - treated juices than in heat - treated juices at up to 90 days (at a storage 
temperature of 4 or 22    ° C) or 15 days (at a storage temperature of 37    ° C) after process-
ing. In the study by Yeom  et al . ( 2000 ), orange juice was treated by PEF, and with an 
increase in electric fi eld strength a longer shelf - life was obtained. Compared with 
heat treatment, more fl avor components were retained in the PEF - treated orange 
juice.  

  Processing of Cranberry Juice 

 Cranberry juice was treated either by high - voltage PEF treatment at 20   kV · cm  − 1  and 
40   kV · cm  − 1  for 150    μ s or by thermal treatment at 90    ° C for 90   s. Higher electric fi elds 
and longer treatment times reduced the number of viable microbial cells by a greater 
amount. The overall profi le of volatile components was not affected by PEF treatment, 
but was affected by heat treatment. Compared with control samples, PEF treatment 
caused no color change in the samples. When the treatment conditions were 40   kV · cm  − 1  
for 150    μ s, there was no mold or yeast growth at either 22 and 4    ° C and no bacterial 
growth at 4    ° C (Jin and Zhang,  1999 ). When PEF treatment (32   kV · cm  − 1  electric fi eld 
strength, 500 pulses per second (pps) frequency, 1.4    μ s pulse duration and 47    μ s total 
treatment time) and PEF plus heat treatment (60    ° C for 32   s) were applied to cranberry 
juice, the shelf - life of juice stored at both 4 and 22    ° C increased signifi cantly (up to 
197 days). The PEF and PEF plus heat treatments did not cause any signifi cant differ-
ences in the color retention of the samples (Evrendilek  et al .,  2001a ).  

  Processing of Milk 

 A study of the inactivation of  Salmonella dublin  in homogenized milk and of the 
shelf - life of the product was performed using an electric fi eld strength of 36.7   kV · cm  − 1  
and a treatment time of over 25 min (Dunn and Pearlman,  1987 ).  S. dublin  was not 
detected after PEF treatment or after storage at 7 – 9    ° C for 8 days. The naturally occur-
ring bacterial population in the milk increased to 10 7    CFU · ml  − 1  in the untreated milk, 
whereas the treated milk showed approximately 4    ×    10 2    CFU · ml  − 1 . Further studies by 
Dunn indicated less fl avor degradation and no chemical or physical changes in the 
milk quality attributes for cheesemaking. 
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 Studies were made of the shelf - life of raw skim milk (0.2% milk fat), treated with 
a PEF at 40   kV · cm  − 1 , with 30 pulses and 2    μ s treatment time, using exponentially 
decaying pulses. The shelf - life of the milk was 2 weeks when it was stored at 4    ° C; 
however, treatment of raw skim milk at 80    ° C for 6   s followed by PEF treatment at 
30   kV · cm  − 1 , with 30 pulses and 2    μ s pulse width, increased the shelf - life to up to 22 
days, with a total aerobic plate count of 3.6 log   CFU · ml  − 1 . The inactivation of  Listeria 
monocytogenes  Scott A in pasteurized whole, 2% and skim milk by PEF treatment 
was also studied.  L. monocytogenes  was reduced by 1 to 3 log cycles at 25    ° C and by 
4 log cycles at 50    ° C, with no signifi cant differences being found among the three 
milks. The lethal effect of PEF treatment was a function of the fi eld intensity and 
treatment time. In studies of the PEF inactivation of  Listeria innocua  suspended in 
skim milk and its subsequent sensitization to nisin the microbial population of  L. 
innocua  was reduced by 2.5 log cycles after PEF treatments at 30, 40 and 50   kV · cm  − 1 . 
The same PEF intensities and subsequent exposure to 10 IU · ml  − 1  of nisin achieved 
reductions of  L. innocua  by 2, 2.7 and 3.4 log cycles, respectively. 

 Similarly to the study of cranberry juice described above, chocolate milk was proc-
essed by PEF treatment (35   kV · cm  − 1  electric fi eld strength, 600 pps frequency, 1.4    μ s 
pulse duration and 45    μ s total treatment time) and by PEF plus heat treatment (105 
and 112    ° C for 31.5 s, referred to in the following as  “ PEF    +    105    ° C ”  and  “ PEF    +    112    ° C, ”  
respectively) in a pilot - plant PEF processing system (Figure  40.4 ). Compared with 
control samples, the shelf - life of chocolate milk treated by PEF    +    105    ° C and 
PEF    +    112    ° C increased signifi cantly at 4, 22 and 37    ° C. The PEF plus heat treatments 
did not cause any signifi cant differences in the color retention. Total plate counts 
during storage at 22    ° C are shown in Figure  40.13 .    

  Processing of Eggs 

 PEF studies on liquid egg, on heat - pasteurized liquid egg products, and on egg products 
with potassium sorbate and citric acid added as preservatives were conducted by Dunn 

Figure 40.13 Total plate counts in chocolate milk during storage at 22 °C. � = PEF + 112°C;
X = PEF + 105°C; � = control.
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and Pearlman ( 1987 ). Comparisons were made with regular heat - pasteurized egg prod-
ucts with and without the addition of preservatives when the products were stored at 
low (4    ° C) and high (10    ° C) refrigeration temperatures. The study focused on the impor-
tance of the hurdle approach in shelf - life extension. The effectiveness of this approach 
was even more evident from the results of storage at low temperatures, where the egg 
products had a fi nal count of around 2.7 log   CFU · ml  − 1  after storage at both 10    ° C and 
4    ° C. The samples maintained a low count for 4 and 10 days, respectively, compared 
with a few hours for the heat - pasteurized samples. 

 In addition to color analysis of egg products, Ma  et al . ( 1997 ) evaluated the density 
(an indicator of the foaming ability of egg protein) of fresh and PEF - treated liquid whole 
egg (LWE) and the strength of sponge cakes baked with PEF - treated eggs. The stepwise 
process used did not cause any difference in density or whiteness between the PEF -
 treated and the fresh LWE. The strength of the sponge cakes prepared with PEF - treated 
eggs was greater than that of cakes made with unprocessed eggs. This difference in 
strength was attributed to the lower volume obtained after baking with PEF - treated 
eggs. A statistical analysis of a sensory evaluation revealed no differences between 
cakes prepared from PEF - processed and fresh LWE. 

 A study reported by Hermawan ( 1999 ) indicated that there was a 90% reduction of 
 Salmonella enteritidis  inoculated into LWE with a circulation - mode fl uid - handling 
system using a 200   pps pulse repetition rate, 2.12    μ s pulse duration and 25   kV · cm  − 1  
electric fi eld strength.  

  Processing of Green Pea Soup 

 Vega - Mercado  et al . ( 1996a ) exposed pea soup to two steps of 16 pulses at 35   kV · cm  − 1  
to prevent an increase in the temperature beyond 55    ° C during PEF treatment. The 
shelf - life of the PEF - treated pea soup stored at refrigeration temperature (4    ° C) exceeded 
4 weeks, but 22 and 32    ° C were found inappropriate for storing the product. There 
were no apparent changes in the physical and chemical properties or sensory attributes 
of the soup directly after PEF processing or during the 4 weeks of storage at refrigera-
tion temperature.  

  Processing of Yoghurt - Based Products 

 PEF and mild heat (60    ° C for 30   s) processing of yoghurt - based products similar to a 
dairy pudding dessert and a yoghurt - based drink were performed, and the results 
showed that the combination of PEF plus mild heat treatment signifi cantly increased 
the microbial stability of the product at 4 and 22    ° C without any difference in the 
sensory attributes. Sensory evaluation of the products indicated that there was no 
signifi cant difference between the control and processed products. The color, pH and 
degrees Brix were not signifi cantly affected by the processing conditions.  
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  Processing of Rice Pudding 

 Owing to its higher viscosity, rice pudding was preheated to 55    ° C for 30   s before PEF 
treatment. The processing conditions were 33   kV · cm  − 1  electric fi eld strength, 100   L · h  − 1  
fl ow rate, 1.47    μ s pulse duration and 500   pps frequency. Monopolar negative pulses 
were applied. Shelf - life studies of the product showed that the total plate counts and 
the values of a color measurement of the PEF - treated and control samples were sig-
nifi cantly different. The PEF - treated rice pudding had a shelf - life of 94 days, whereas 
the control samples were spoiled in 10 days.   

   PEF  Treatment as a Hurdle Technology 

 In general, controlling a combination of factors (hurdles), such as pH, ionic strength 
and antimicrobial compounds in solution during PEF treatment can aid effectively in 
the inactivation of microorganisms. The term  “ hurdle technology ”  covers the intel-
ligent use of multiple preservation procedures in combinations specifi cally relevant 
to particular types of foods. This concept is pertinent to the control of pathogenic and 
food spoilage microorganisms, and to almost all food commodities and products. 
Furthermore, hurdle technologies have been traditionally employed in all countries 
of the world, although with greatly differing emphases depending on the history and 
social characteristics of different cultures (Leistner and Gould,  2002 ). 

 Preservation technologies are based mainly on the inactivation of microorganisms 
or on the delay or prevention of microbial growth. Consequently, they must operate 
through those factors that most effectively infl uence the survival and growth of micro-
organisms (ICMSF  1980 ). Such factors are not numerous. They include a number of 
physical factors, some chemical ones, and some that are essentially microbial in that 
they depend on the nature of the microorganisms present in particular products. The 
most widely quoted classifi cation of these factors derives from the original proposals 
of Mossel and Ingram  (1955) , updated by Mossel  (1983) . They include:

   Intrinsic factors .      Physical and chemical factors that exist within a food product, and 
with which contaminating microorganisms are inextricably in contact.  

  Processing factors .      Procedures that are deliberately applied to foods in order to achieve 
improved preservation.  

  Extrinsic factors .      Factors that infl uence microorganisms in foods, but which are 
applied from or exist outside the food; they also act during storage.  

  Implicit factors .      Factors related to the nature of the microorganisms present in a food 
product, and to their interactions among themselves and with the environment 
during growth.  

  Net effects .      These take into account the fact that many factors infl uence each other 
strongly, so that the overall effect of a combination of different factors may not be 
easily predictable, but may be usefully greater than the total of the expected effects 
of the individual factors.    
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 Combination (hurdle) effects are the focus of many of the recent developments in the 
predictive modeling of microbial growth and survival in foods. The limits at which 
the various preservative factors inactivate or inhibit relevant microorganisms must 
be used to evaluate the effects of these factors on microorganisms that cause spoilage 
and food poisoning. However, it has to be remembered that these limits only apply if 
all other factors are optimal for the microorganisms in question. But this is hardly the 
case for any foodstuff. If more than one preservative factor (hurdle) is present, then an 
additive or even synergistic effect results, and this is the basis of the hurdle effect and 
the intentional use of hurdle technology. 

 The effective hurdle technologies typically employ multiple hurdles to preserve 
foods. In the use of such multiple hurdles, a consideration of the stress reactions and 
adaptations that microorganisms undergo underpins the logic of employing hurdles 
that affect different targets in the microbial cell. Ideally, the targets should be com-
plementary, in order to gain synergism rather than simply additive effects (Leistner 
and Gould,  2002 ). 

 If mild heating can be applied to the food, then an injury that impairs the function-
ality of membranes may represent a further sensible target, which should amplify the 
effects of any previously applied hurdles that rely on properly functioning membranes. 
The potential value of the multitarget approach can therefore be easily appreciated, 
and perhaps built on more logically in the future. An example of a novel multitarget 
process is the use of PEF treatment, which damages cell membranes, in combination 
with the application of nisin, so that the membranes cannot be repaired, owing to the 
membrane - active action of nisin (Monticello,  1989 ; Calderon  et al .,  1999 a). Overall, 
therefore, homeostasis is interfered with by attacking two distinct targets. 

 It has been suspected that different hurdles might not just have an additive effect 
on microbial stability in food materials, but could act synergistically (Leistner,  1978 ). 
A synergistic effect could be achieved if the hurdles hit different targets within micro-
bial cells at the same time, and thus disturb the overall homeostasis of the microor-
ganisms present in several respects. If so, the repair of homeostasis and the activation 
of  “ stress shock proteins ”  in the microorganisms become more diffi cult. Therefore, 
employing different hurdles simultaneously for the preservation of a food should lead 
to optimal stability (Leistner,  1995 ). In practical terms, this could mean that it is more 
effective to employ several different preservative factors (hurdles) of small intensity 
than one preservative factor of larger intensity, because the different preservative 
factors might have a synergistic effect. 

 The multitarget preservation of foods is a promising research area, because if small 
hurdles with different targets are selected, a minimal treatment that provides the most 
effective preservation of foods could be obtained. It is anticipated that the targets of 
different preservative factors in microorganisms will be more fully elucidated, and 
that the hurdles could then be grouped into classes according to their targets. The 
mild but effective preservation of foods, i.e., a synergistic effect of hurdles, is likely 
to be achieved if the preservative measures are based on the intelligent selection and 
combination of hurdles taken from different target classes (Leistner,  1995 ). This 



High-Voltage Food Processing Technology: Theory, Processing Design and Applications 1227

approach is probably valid not only for traditional food preservation procedures, but 
also for the modern processes of irradiation, ultrahigh pressure, PEF and light beam 
treatment, in combination with conventional hurdles. 

   PEF  Treatment Plus Hydraulic Pressing 

 Mechanical expression is widely used in the food industry for the extraction of fruit 
juices and vegetable oils, dewatering of fi brous materials, and other purposes 
(Schwartzberg,  1983 ). The effi cacy of this process can be increased by plasmolysis, 
cellular damage or permeabilization of the raw material prior to its expression. Various 
methods are traditionally used to increase the degree of plasmolysis of the raw mate-
rial, including heating, osmotic drying, freeze drying, alkaline breakage and enzymatic 
treatment (Barbosa - Canovas and Vega - Mercado,  1996 ). Earlier, the use of electric - fi eld 
treatment (both DC and AC) was also proposed for plasmolysis of cellular material. 
Electroplasmolysis methods were shown to be good for the intensifi cation of juice 
yield and for improving the product quality in juice production (McLellan  et al .,  1991 ), 
in the processing of vegetables and plant - based raw materials (Grishko  et al .,  1991 ), 
in the processing of various foodstuffs (Miyahara,  1985 ), in winemaking (Kalmykova, 
 1993 ), and in sugar production (Jemai,  1997 ). But these applications of electric fi elds 
were usually restricted by a high and uncontrolled increase in food temperature and 
by deterioration of the product quality because of electrolytic reactions with the elec-
trode material and other factors. 

 Bazhal  et al .  (2001)  investigated the infl uence of PEF treatment applied simultane-
ously with pressure treatment on the juice expression rate from fi ne - cut apple raw 
material. Three main phases of compression were observed in the case of mechanical 
expression. A unifi ed approach was proposed for the analysis of data on the juice yield 
that allowed a reduction in the scatter of the data caused by differences in the quality 
of the samples. The application of PEF treatment at the moment when the specifi c 
electrical conductivity of the press cake reached its minimum value and the pressure 
reached a constant value was reported to provide the optimal results. 

 The combination of pressing and PEF treatment signifi cantly enhanced the juice 
yield and improved the quality of the juice in comparison with samples not subjected 
to PEF treatment. The PEF treatment increased the yield from pressing whenever it 
was applied. The best results for the increase in juice yield at the lowest value of 
applied fi eld were obtained when the PEF treatment was applied after a precompres-
sion period. Such pressure pretreatment before PEF application is necessary to increase 
the uniformity of the structure of the press cake, remove excess moisture and decrease 
the electrical conductivity of the material. In the study of Bazhal  et al .  (2001) , a 
precompression period of 300 – 400   s and PEF treatment after that period were found 
to be optimal for the quality of the juice, which was confi rmed by its coloration and 
transmittance. The simultaneous application of pressure and PEF treatment revealed 
the passive form of the PEF - induced cell plasmolysis, which developed very slowly 
under a low electric fi eld without the application of pressure. The pressure promotes 
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damage in defective cells, enhances the diffusion migration of moisture and depresses 
the resealing processes of the cells.  

   PEF  Treatment Plus Bacteriocins 

 Microorganisms suffer cell membrane damage in the presence of a PEF, and nisin is 
a natural antimicrobial known to disrupt cell membrane integrity. Thus the combina-
tion of PEF and nisin represents a hurdle for the survival of  Listeria innocua  in liquid 
whole egg, which was investigated by Calderon  et al . ( 1999 a).  L. innocua  suspended 
in liquid egg was subjected to two different treatments: PEF treatment and PEF treat-
ment followed by exposure to nisin. The frequency and pulse duration for the PEF 
treatment were 3.5   Hz and 2   ms, respectively. Electric fi eld intensities of 30, 40 and 
50   kV · cm  − 1  were used. The numbers of pulses applied to the liquid whole egg were 
10.6, 21.3 and 32. The highest extent of microbial inactivation achieved with PEF 
treatment was 3.5 log cycles (U) for an electric fi eld intensity of 50   kV · cm  − 1  and 32 
pulses. The PEF treatment was conducted at relatively low temperatures, 36    ° C being 
the highest. Exposure of  L. innocua  to nisin after the PEF treatment resulted in an 
additive effect on the inactivation of the microorganism. Moreover, a synergistic effect 
was observed as the electric fi eld intensity, number of pulses and nisin concentration 
increased.  L. innocua  exposed to 10 IU · ml  − 1  of nisin after PEF treatment exhibited a 
decrease in population of 4.1   U for an electric fi eld intensity of 50   kV · cm  − 1  and 32 
pulses. Exposure of  L. innocua  to 100 IU · ml  − 1  of nisin following PEF treatment resulted 
in a decrease of 5.5   U for an electric fi eld intensity of 50   kV · cm  − 1  and 32 pulses. 

 The model developed by Calderon  et al . ( 1999 a) for the inactivation of  L .  innocua  
by PEF treatment followed by exposure to nisin was shown to be successful in predict-
ing the extent of microbial inactivation resulting from the combination of PEF treat-
ment and nisin. The combination of these two preservation factors proved to be a 
hurdle against the survival of  L .  innocua  in liquid whole egg. When energy conserva-
tion is a goal, inactivation of  L. innocua  in liquid egg products can be accomplished 
by selecting the proper combination of PEF intensity and nisin concentration. 

 Carvacrol was used in another study as a third preservative factor to further enhance 
the synergy between nisin and PEF treatment against vegetative cells of  Bacillus 
cereus  (Pol  et al .,  2001 ). Applied simultaneously with nisin, carvacrol (0.5   mM) 
enhanced the synergy found between nisin and PEF treatment (16.7   kV · cm  − 1 , 30 pulses) 
in potassium -  N  - 2 - hydroxy - ethylpiperazine -  N  - ethanesulfonic acid (HEPES) buffer. The 
infl uence of food ingredients on bactericidal activity was tested using skimmed milk 
that was diluted to 20% with sterile demineralized water. The effi cacy of PEF treat-
ment was not affected by the presence of proteins, and the results obtained in HEPES 
buffer correlated well with the results obtained in milk. Nisin showed less activity 
against  B. cereus  in milk, and carvacrol was not able to enhance the synergy between 
nisin and PEF treatment in milk, unless used in high concentrations (1.2   mM). This 
concentration did not in itself infl uence the viable count, but carvacrol did act syn-
ergistically with PEF treatment in milk, and not in HEPES buffer. This synergy was 
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not infl uenced by milk proteins, since 5% milk still allowed synergy between carvac-
rol and PEF treatment to the same extent as in 20% milk.   
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   Introduction 

 Packaging is part of a coordinated system that starts from the preparation of goods for 
shipment and includes distribution, storage and merchandising at the optimum cost 
compatible with the requirements of the product. It can be considered as a combina-
tion of art, science and technology that is used in the transportation and selling of 
foods. Packaging materials have the four basic functions of providing protection, com-
munication, convenience and containment (Paine,  1981 ; Robertson,  1993 ). The primary 
role of food packaging is to protect food products from the outside environment and 
from damage by abrasion, to contain the food, and to provide consumers with infor-
mation about ingredients and nutrition (Dallyn and Shorten,  1998 ). The main require-
ment of food packaging is to maintain the safety, wholesomeness and quality of food. 
Packaging maintains the benefi ts of food processing after the process is complete, 
enabling foods to travel safely for long distances from their point of origin and still be 
in their natural state at the time of consumption. Traceability, convenience and 
tamper indication are secondary functions of increasing importance (Marsh and 
Bugusu,  2007 ). The objective of food packaging is to contain food in a cost - effective 
way that satisfi es industry requirements, provides consumer satisfaction, maintains 
food safety and minimizes environmental impact. Packaging can be defi ned as a 
method to protect and contain foods with the aim of minimizing the environmental 
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impact of our consumption. The ideal packaging would be comparable to that of 
natural products, such as banana peel, orange peel, coconut shells and eggshells. 

 The food processing and packaging industries spend an estimated 15% of their total 
variable costs on packaging materials (Esse,  2002 ). The opportunities for food packag-
ing are astronomical. The developments in the packaging sector have been enormous, 
and processed food is now presented in various containers from metal cans to poly-
ethylene terephthalate (PET) and microwavable polypropylene (PP) trays. Now, con-
sumers can choose the same food in different packages. Microwaveable popcorn bags 
are a real innovation in the food packaging sector, with a self - opening stand - up feature. 
Food packaging has increased manifold in recent years for a number of reasons. Food 
is transported further than ever before and therefore requires more packaging as pro-
tection. There has been a rise in the number of ready meals sold; these tend to need 
larger amounts of packaging. Many foods are sold in smaller portions than in previous 
years, meaning even more packaging. 

 Consumer preferences and innovative technologies have always been the major 
forces that herd change in the food industry. In the past century particularly, the 
increases in population, urbanization, education, lifespan and communication drove 
the food industry to be large - scale and health - conscious, with the safety, attractiveness 
and convenience of foods being the primary motivation for technological transforma-
tions. Along with the concept of eating healthy foods to balance a declining medical 
system, there emerged a need for convenience foods that nourish, heal and fortify. 
Shifts in consumer preferences toward ready - to - cook meals, specialty foods and con-
venience foods have placed new demands on the food packaging industry. Food proces-
sors look for longer shelf - life, attractive packaging, and new materials for novel 
preparation methods such as microwaving, ohmic heating, aseptic processing (for 
particulate foods), high - pressure processing and high - pressure extrusion. At the same 
time, increasing emphasis is being placed on reducing the amount of packaging used, 
in response to the public ’ s environmental concerns and to government regulations 
that have specifi ed a target of a 50% staged reduction in packaging waste by the year 
2015. These changes translate into a wide range of business opportunities for innova-
tive approaches and solutions in the design and manufacture of packaging, processing 
and labeling equipment, and for new materials. Environmental factors, polymeric 
materials for manufacturing packaging materials, and attractive designs are some of 
the important aspects that have to be considered for a food packaging system. 

 Packaging offers the food industry an excellent marketing tool that is very useful 
for the growth and promotion of sales. Basically, a product and its packaging are an 
integrated unit. A manufacturer has to select appropriate packaging materials that can 
best represent the product, with appropriate customer appeal. A moisture/oxygen -
 sensitive product requires a package with adequate barrier properties. The develop-
ment of both the product and the packaging should be carried out simultaneously and 
interactively. The most commonly used food packaging polymers are low - density 
polyethylene (LDPE), high - density polyethylene (HDPE), polypropylene (PP), poly-
tetrafl uoroethylene (PTFE) and nylon. Recently, there has been a focus on novel, 
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advanced polymeric materials for enhanced food packaging. These materials are being 
developed based on existing polymer science methods, as well as newer technologies 
including biopolymers, nanotechnology and nanocomposites, and active and intelli-
gent packaging. Proteins and polysaccharides are the biopolymers of prime interest, 
since they can be used effectively to produce edible and biodegradable fi lms to replace 
petroleum - based packaging materials. 

 This chapter provides an overview of food packaging, including the basic need for 
packaging, the role of packaging in foods, the types of materials used in food packag-
ing, and recent advances in food packaging. In addition, the suitability of various 
packaging materials for high - pressure processing is explored.  

  Why Do We Need Packaging? 

  Socioeconomic Factors in Food Packaging 

 The use of food packaging is a socioeconomic indicator of increased spending ability 
of the population, an increase in the gross domestic product or an increase in food 
availability (Brody  et al .,  2008 ). Packaging technology must balance food protection 
with other social and environment issues, including energy and material costs, height-
ened social and environmental consciousness, and strict regulations on pollutants and 
disposal of municipal solid waste. Municipal solid waste (MSW) consists of items 
commonly thrown away, including packages, food scraps and trimmings. One of the 
U.S. Environmental Protection Agency (EPA) ’ s reports found that only approximately 
31% of the MSW generated was from packaging - related materials, including glass, 
metal, plastic, paper and paperboard  –  a percentage that has remained relatively con-
stant since the 1990s despite an increase in the total amount of MSW (Marsh and 
Bugusu,  2007 ). It has been reported that food packaging accounts for about two - thirds 
of total packaging waste by volume (Hunt  et al .,  1990 ). Moreover, food packaging 
accounts for about 50% (by weight) of total packaging sales. Although the specifi c 
knowledge available has changed since the publication of the fi rst Scientifi c Status 
Summary on the relationship between packaging and MSW (IFT,  1991 ), the issue 
remains poorly understood, complicating efforts to address the environmental impact 
of discarded packaging materials. Proper waste management is essential to protect 
human health and the environment and to preserve natural resources.  

  Packaging as a Preservation Tool 

 One of the main objectives of the packaging of food is to protect it against spoilage or 
deterioration due to physical damage, chemical changes or microbial growth. Physical 
protection protects food from mechanical damage during supply and distribution. 
Physical barriers resist impact, abrasion and crushing damage, so they can be used as 
shipping containers and as packaging for delicate foods (Marsh and Bugusu,  2007 ). On 
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the other hand, chemical protection substantially decreases compositional changes 
infl uenced by environmental infl uences such as exposure to moisture, gases, or other 
environmental factors such as visible, infrared or ultraviolet radiation (Marsh and 
Bugusu,  2007 ). There are various packaging materials that can provide a chemical 
barrier for foods. Glass and metals provide a nearly absolute barrier to chemical and 
other environmental agents. Plastic packaging shows a large range of barrier proper-
ties, although it is more permeable than glass or metal. Biological protection provides 
a barrier to microorganisms (pathogens and spoiling agents), insects, rodents and other 
animals, thereby preventing disease and spoilage. 

 Foodstuffs may be divided into two main categories with regard to shelf - life: (i) fresh 
or perishable products, and (ii) shelf - stable or semiperishable products. Fresh products 
have a shelf - life ranging from a few hours to several days depending upon storage 
conditions. These products include refrigerated products (e.g., pasteurized milk). Shelf -
 stable products, on the other hand, keep well for up to several weeks or months at 
ambient temperatures. In either case, packaging has an important role to play in the 
product ’ s shelf - life. 

 Besides the temperature of storage, the product ’ s environment within the package 
is often crucial to its storage stability. This consideration is the basis of active packag-
ing and modifi ed - atmosphere packaging (MAP). Gas permeation properties are critical 
not only to MAP of foodstuffs such as fruit and vegetables, but also to long - life prod-
ucts obtained by in - package thermal processing or by aseptic packaging following 
sterilization treatment. Even intermediate - moisture foods rendered shelf - stable by 
manipulation of water activity rely heavily on packaging for their desired shelf - life. 

 Irrespective of the shelf - life - limiting changes, i.e., whether the product is subject to 
microbial spoilage or physicochemical deterioration, the characteristics of the package 
in terms of barrier properties, coupled with storage conditions, especially with regard 
to temperature, are the major determinants of shelf - life. Thus the shelf - life of a pack-
aged food is a function of the temperature of storage and the properties of the packag-
ing material. Kinetic models provide a useful tool for predicting shelf - life.  

  Function and Characteristics of Packaging 

 The basic function of packaging is to protect and preserve the contents during transit 
from the manufacturer to the ultimate consumer. Food packaging can retard product 
deterioration, retain the benefi cial effects of processing, extend the shelf - life and 
increase the quality and safety of food. Packaging provides protection from three major 
classes of external infl uences: chemical, biological and physical. Chemical protection 
minimizes compositional changes triggered by environmental infl uences such as 
exposure to gases (typically oxygen), moisture (gain or loss) or light (visible, infrared 
or ultraviolet). Many different packaging materials can provide a chemical barrier. 
Glass and metals provide a nearly absolute barrier to chemical and other environmen-
tal agents, but few packages are purely glass or metal, since closure devices are added 
to facilitate both fi lling and emptying. Closure devices may contain materials that 
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allow minimal levels of permeability. For example, plastic caps have some permeabil-
ity to gases and vapors, as do the gasket materials used in caps to facilitate closure 
and in metal can lids to allow sealing after fi lling. Plastic packaging offers a large range 
of barrier properties but is generally more permeable than glass or metal. Biological 
protection provides a barrier to microorganisms (pathogens and spoiling agents), 
insects, rodents and other animals, thereby preventing disease and spoilage. In addi-
tion, biological barriers maintain conditions to control senescence (ripening and aging). 
Such barriers function via a multiplicity of mechanisms, including preventing access 
to the product, preventing odor transmission and maintaining the internal environ-
ment of the package. Physical protection shields food from mechanical damage and 
includes cushioning against the shock and vibration encountered during distribution. 
Typically developed from paperboard and corrugated materials, physical barriers resist 
impact, abrasion and crushing damage, so they are widely used as shipping containers 
and as packaging for delicate foods such as eggs and fresh fruit. Appropriate physical 
packaging also protects consumers from various hazards. For example, child - resistant 
closures hinder access to potentially dangerous products.  

  Packaging as a Marketing Tool 

 Packaging is an important tool for advertisement. The right packaging with the right 
message will rise above the competitive landscape. A package woos customers with 
an attractive label and design. It provides appropriate communication to the consumer 
about the product and how to use it, and other utility information. Packaging protects 
the interests of consumers. The information on the packaging includes quantity, price, 
inventory levels, lot number, size and weight; this information, together with the 
elapsed time since packaging and the color used, is very important for merchandising. 
Furthermore, innovative packaging can enhance sales in a competitive environment. 
The package also conveys important information about the product such as cooking 
instructions, brand identifi cation and pricing. All of these enhancements may impact 
on waste disposal.  

  Convenience 

 Packaging should be convenient to the customer in ways such as ease of access, han-
dling, and disposal; product visibility; resealability; and microwavability. Currently, 
the packaging of ready - to - eat foods is very convenient and customer - friendly. Oven -
 safe trays, boil - in bags and microwavable packaging make life easy and, in fact, they 
mean that no preparation is required for a meal. New closure designs provide ease of 
opening, resealability and special dispensing features. Advances in food packaging 
have facilitated the development of modern retail formats that offer consumers the 
convenience of one - stop shopping and the availability of food from around the world. 
These convenience features increase the value and competitive advantages of products 
but may also infl uence the amount and type of packaging waste requiring disposal.  
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  Tamper Indication 

 Food tampering is the intentional contamination of a food product, with intent to 
cause harm to the consumer or to a private company (Canadian Food Inspection 
Agency,  2010 ). Food tampering may affect any part of the food product, such as the 
product itself, the packaging or the label. There are several measures to detect tamper-
ing, including banding, special membranes, breakaway closures, special printing on 
bottle liners or composite cans such as graphics or text that irreversibly changes upon 
opening, and special printing that cannot be easily duplicated (Marsh and Bugusu, 
 2007 ). Tamper - evident packaging usually requires additional packaging materials, 
which exacerbates disposal issues, but the benefi ts generally outweigh any 
drawbacks.   

  Mass Transfer and Food – Package Interactions 

 The quality of packaged food is directly related to the attributes of the food and 
packaging material (Cooksey,  2007 ; Lee  et al .,  2008 ). Owing to the increasing 
awareness of health matters among consumers, the migration of substances from 
food packaging materials to foods has attracted the interest of the scientifi c and 
legislative communities (Fouad  et al .,  1999 ; Lau and Wong,  2000 ). Mass transfer 
between food and packaging materials is an important consideration for food pack-
aging. The quality of most packaged food deteriorates owing to mass transfer phe-
nomena (e.g., moisture absorption, oxygen permeation, fl avor loss, absorption of 
undesirable odors, and the migration of packaging components) (Kester and Fennema, 
 1986 ). In many cases, fl avonoid components migrate to the packaging materials, 
leading to fl avor alteration. A signifi cant percentage of limonene and other volatiles 
are absorbed into the polymer when orange juice is stored inside an LDPE container. 
Migration may also result in mass transfer of an additive from the packaging mate-
rial to the food. This transfer may increase the risk of chemical hazards and/or the 
formation of off - fl avors. Any substance that migrates from a package material into 
a food is of concern if it could be harmful to the consumer. Even if the migrating 
substance is not potentially harmful, it could have an adverse effect on the fl avor 
and acceptability of the food. The food – package interaction has been widely studied 
during the last few decades. 

 Several possibilities have been reported for the interaction between foods and pack-
aging materials when they come into contact with each other (Gnanasekharan and 
Floros,  1997 ). These are the following. (i) Migration of volatile and nonvolatile com-
pounds from packaging materials to the packaged food, including unreacted monomers 
or additives present in the polymerized packaging material. (ii) Sorption of compo-
nents from the food or from the environment into the packaging material. The kind 
of molecules sorbed is dependent upon the type of interface between the food and the 
packaging. Some common examples are the sorption of fatty matter, pigments and 
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vitamins into the packaging. (iii) Permeation of volatile compounds (fl avors and water 
vapor) from the food through the packaging. The most studied aroma compound is 
 d  - limonene, which is present in orange juice. Interactions between  d  - limonene and 
packaging fi lms have been studied extensively. 

 The migration of a compound from a packaging material into a food depends on the 
chemical and physical properties of the compound, the food and the polymer (Halek 
and Levinson,  1988 ). The migration processes are infl uenced by the concentration, 
molecular weight, solubility and diffusivity of the migrating compound; the partition 
coeffi cient between the food and the polymer; the temperature; the composition of 
the polymer and food; and structural properties (crystallinity, chain length and branch-
ing). Even though mathematical models are still in the process of development and 
are not very reliable for measuring the potential contamination of food with chemicals 
from packaging, they are still considered to be valuable tools (Arvanitoyannis and 
Bosnea  2004 ). The phenomenon of mass transfer from a packaging material into a 
foodstuff can be described by Fick ’ s laws. For a reasonable prediction of migration 
using Fick ’ s laws, two fundamental constants are needed: the partition coeffi cient of 
the migrating compound between the packaging material and the foodstuff or food 
simulant, and the diffusion coeffi cient of the compound in the packaging material. A 
simplifi ed mass transfer operation is illustrated in Figure  41.1 .   

  Basic Equations for Mass Transfer in Food Packaging 

 Diffusion is quantifi ed by a kinetic parameter called the diffusion coeffi cient or 
diffusivity. For a macroscopically motionless medium (except for the diffusing com-
pound) made up of one isotropic phase, such as a dense membrane or a packaging 
material, the driving force behind the transport process is the difference in chemical 
potential between the two phases on either side of the membrane. The transport 
process slowly tries to equalize the concentrations, partial pressures or chemical 
potentials of the penetrant in the phases separated by the membrane. A simplifi ed 
illustration of steady - state mass transfer in monolayer packaging is shown in 
Figure  41.2 .   

Figure 41.1 Mass transfer in food packaging. 

Permeation Permeability(P)

Absorption Solubility (S)

Diffusion Diffusivity (D)
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 The fl ux density  J  (kg · m  − 2  · s  − 1 ) of a compound through a membrane of thickness  l  
(m) and area  A  (m 2 ) in contact with the diffusing compound, with a concentration 
difference  C  1     −     C  2 , where  C  1     >     C  2 , can be written as

    J
Q

A t
=

⋅
    (41.1)   

 where  Q  (kg) is the quantity of the compound transferred through the membrane 
during a time  t  (s). The fl ux  Q / t  can be correlated with the average concentrations on 
the two sides of the membrane using the following mass transfer model:

    
Q
t

k C C= ⋅ −( )1 2     (41.2)   

 where  k  is the total mass transfer coeffi cient across the membrane (m 2  · s  − 1 ). 
 Fick ’ s fi rst law states that there is a linear relationship between the fl ux density of 

the compound and concentration difference between two sides of the membrane:

    J
D
l

C C= −( )1 2     (41.3)   

 where  D  is the diffusivity, or diffusion coeffi cient (m 2  · s  − 1 ), for the compound that is 
diffusing in the membrane. The diffusion model is more appropriate when concentra-
tions are measured with respect to position and time. 

 Furthermore, the concentration gradient between the membrane surfaces is related 
to the gradient of partial pressure in the vapor phase, which can be expressed by 
Henry ’ s law as shown below:

    ( ) ( )C C S p p1 2 1 2− = −     (41.4)   

Figure 41.2 Diffusion through monolayer packaging. 

p1 p2

Film
p1 > p2

At steady state

l



An Overview of Food Packaging: Material Selection and the Future of Packaging 1245

 where  S  is the solubility coeffi cient (kg · m  − 3  · Pa  − 1 ) of the compound in the membrane, 
and ( p  1     −     p  2 ) is the pressure difference (Pa) between the two sides of the fi lm. Combining 
Equations  41.3  and  41.4 , we obtain

    J
D S p p

l
= ⋅ ⋅ −( )2 1     (41.5)   

 At thermodynamic equilibrium, the gas permeability, or permeability coeffi cient  P  
(kg · m  − 1  · s  − 1  · Pa  − 1 ), is the product of the diffusivity and the solubility coeffi cient, i.e., 
 P     =     DS . The permeability coeffi cient defi nes the ease with which a compound can 
cross a membrane, whereas the solubility coeffi cient depends on the partial - pressure 
gradient of the compound. A wide range of values have been reported for diffusion 
coeffi cients in polymeric materials (10  − 19  – 10  − 9  m 2  · s  − 1 ). More details of the mass transfer 
between foods and packaging materials are described in a separate chapter.   

  Food Packaging Materials 

 The major categories of materials used for food packaging are glass, metals (aluminum, 
foils and laminates, tinplate, and tin - free steel), paper and paperboard, and plastics. A 
wide variety of plastics have been introduced in both rigid and fl exible forms. Today ’ s 
food packages often combine several materials to exploit each material ’ s functional 
or aesthetic properties. There are many multilayered packaging materials containing 
either layers of different plastics or combinations of plastics with paper/board, metal 
or glass. The individual properties of the different materials are used to produce food 
packaging with the required characteristics. In many cases, a packaging material with 
two layers is chosen in such a way that one layer provides the basic strength and the 
second layer enables the packaging to be easily heat - sealed (Lord,  2008 ). Coatings are 
also often added to the basic plastic packaging material to provide additional barriers 
to the permeation of oxygen and water vapor. These coatings may be polymeric mate-
rials or vacuum - deposited aluminum. Detailed descriptions of some common packag-
ing materials are given below. 

  Paper and Paperboard 

 The use of paper for food packaging dates back to the 17th century, with accelerated 
usage in the later part of the 19th century (Kirwan,  2003 ). Paper and paperboard are 
sheet materials produced from an interlaced network of cellulose fi bers derived from 
wood by using sulfate and sulfi te. The fi bers are then pulped, bleached, and treated 
with chemicals and strengthening agents to produce the paper product. Paperboard is 
thicker than paper, with a higher weight per unit area, and is often made in multiple 
layers. It is commonly used to make containers for shipping, such as boxes, cartons, 
and trays, and is seldom used for direct food contact. There are several different types 
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of paperboard, including white board, solid board, fi ber board and chipboard (Soroka, 
 1999 ). Paper cartons are regularly used for the packaging of liquid foods. Tissue paper, 
paper plates and paper cups are other examples of paper and paperboard products. Plain 
paper is not suitable for food packaging, owing to its poor barrier properties, and it is 
not heat - sealable. Mostly, paper is coated with polyethylene, which permits much 
stronger heat - sealing and moisture protection. Paper is used in various forms in pack-
aging, and these are briefl y described below. 

  Kraft Paper 

 Kraft paper is made using a process that involves pulverizing the wood pulp and blend-
ing the material into large sheets of strong, brown wood fi laments. It is an expensive 
option when it comes to paper products. The kraft process includes the use of sulfate 
in the conditioning of the wood pulp, which also helps to add to the overall strength 
of the fi nished paper. Kraft paper is available in several forms: natural brown, 
unbleached, heavy - duty and pure white. Natural brown kraft paper is the strongest of 
all types of paper and is commonly used for bags and wrapping. One of the most 
common uses of plain brown kraft paper is in the manufacture of paper bags for use 
in grocery stores.  

  Sulfi te Paper 

 Lighter and weaker than kraft paper, sulfi te paper is glazed to improve its appearance 
and to increase its wet strength and oil resistance. In the production process of sulfi te 
paper, the wood pulp is treated with peroxide or hypochlorite and subjected to opera-
tions that yield a thick paper product. Repeated applications of the chemical treatment 
can be used to produce a lighter shade or a brilliant white appearance. From there, the 
sulfi te paper can be processed further to any thickness that is desired, depending on 
how the end product is to be used. It can be coated for higher print quality, and is also 
used in laminates with plastic or foil. It is used to make small bags and wrappers for 
packaging biscuits and confectionery.  

  Greaseproof Paper 

 Greaseproof paper is made by a process known as beating, in which the cellulose fi bers 
undergo a longer than normal hydration period that causes the fi bers to break up and 
become gelatinous. These fi ne fi bers thereafter pack densely to provide a surface that 
is resistant to oils but not to wet agents. Greaseproof paper is used to wrap snack 
foods, cookies, candy bars and other oily foods, a use that is being replaced by plastic 
fi lms. Glassine is greaseproof paper with a highly smooth and glossy fi nish. It is used 
as a liner for biscuits, cooking fats, fast foods and baked goods.  
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  Parchment Paper 

 Parchment paper is produced from acid - treated pulp (passed through a sulfuric acid 
bath). The acid modifi es the cellulose to make it smoother and impervious to water 
and oil, which adds some wet strength. It does not provide a good barrier to air and 
moisture, is not heat - sealable, and is used mostly to package bakery products with a 
high fat content.   

  Glass 

 Glass has been used for food packaging for a long time. A great number of glass con-
tainers are currently manufactured for sealed packaging, since glass containers have 
several advantages for preserving foods. The production of glass containers involves 
heating a mixture of silica (the glass former), sodium carbonate (the melting agent), 
and limestone or calcium carbonate and alumina (stabilizers) to high temperatures 
until the materials melt into a thick liquid mass, which is then transferred to molds. 
Recycled broken glass (cullet) is also used in glass manufacture and may account for 
as much as 60% of the raw materials used. Glass possesses very good barrier proper-
ties, so it maintains product freshness for a long period of time without impairing the 
taste or fl avor. The major limitations are the ratio of mass to volume, and the fact 
that it is brittle and nondegradable (although not harmful to the environment); it is 
mostly used for the production of bottles and jars. The ability to withstand high 
processing temperatures makes glass useful for heat sterilization of both low - acid and 
high - acid foods.  

  Plastics 

 Plastics are the most widely used packaging materials, and this is the category that 
has the largest numbers of variants (Lord,  2008 ). Plastics are synthesized by condensa-
tion, addition or crosslinking polymerization of monomer units. In condensation 
polymerization, the polymer chain grows by condensation reactions between mole-
cules and is accompanied by the formation of water or alcohol. 

 A great advantage of plastics is the large variety of materials and compositions 
available, which makes it possible to adopt the most convenient packaging design for 
the very specifi c needs of each product. Some relevant characteristics of plastics are 
their low cost, lightness, thermosealability, good water resistance, ease of printing and 
microwavability (Kondo,  1990 ). They can also be formed into an unlimited variety of 
sizes and shapes, and converters can easily modify them. The optical properties 
(brightness and transparency) can also be adapted to the specifi c requirements of the 
product. This property allows the consumer to see the packaged product, providing it 
with visual appeal. The thermal and mechanical properties can also be partially modi-
fi ed in order, for instance, to manufacture retortable packages with plastics that have 
a high melting point, or thermosealable packages making use of plastics with a low 
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Table 41.1 Thermomechanical properties of polymers used in food packaging. 

Polymer Chemical structure Tg ( °C) Tm ( °C)

Polyethylene
CH2 CH2

n
LDPE −103 to −133 125–136

HDPE −110 to −120 108–134

Polypropylene
CH2 CH

n

CH3

−20 to 5 160

Poly(vinyl dichloride) CH2 C
n

Cl

Cl

−17

Poly(vinyl chloride) 
CH2

H
C

n

Cl

80

Poly(vinyl acetate) 

CH2
H
C

O

C
H3C

O n

30

Poly(vinyl alcohol) 
CH2 CH

OH

n

85

melting point, and to develop very fl exible structures (sachets and, wrappings), semi-
rigid structures (trays and tubs) and rigid structures (bottles, closures and tanks). Some 
thermomechanical properties of selected polymers used in food packaging are listed 
in Table  41.1 .   

 Polymers can be classifi ed into two types according to their behavior on heating: 
thermoplastic and thermosetting polymers (Kondo,  1990 ). Thermoplastic polymers 
soften and melt on heating and solidify again on cooling. They are easily molded and 
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Polymer Chemical structure Tg ( °C) Tm ( °C)

Polycarbonate C

CH3

CH3

O O C

O

n
145

Polystyrene

CH2

H
C

n

100

Polyacrylonitrile
CH2

H
C

CN n

104

Poly(ethylene terephthalate) C C

O

O CH2 CH2 O

O

70

Nylon-6
NH CH2 C

O

5 n
50

Table 41.1 (Continued )

extruded into fi lms, fi bers and packaging. Examples include polyethylene, polypropyl-
ene and polyvinyl chloride. Thermosetting polymers, in contrast, become hardened 
on cooling, and these plastics retain their shape and cannot return to their original 
form. They are hard and durable. Thermosets include polyurethanes, polyesters, epoxy 
resins and phenolic resins. Thermoplastics are less rigid than thermosets. 

 Various types of plastics, including polyolefi ns, polyesters, polyvinyl chloride, poly-
vinylidene chloride, polystyrene, polyamide and ethylene vinyl alcohol, are currently 
being used as packaging materials for food products. Although more than 30 types of 
plastics have been used as packaging materials (Lau and Wong,  2000 ), polyolefi ns and 
polyesters are the most common. A list of polymeric materials has been approved by 
Health Canada (see www.hc - sc.gc.ca) for food packaging and is listed in Table  41.2 .   

 Moldable plastics, when molten, can be converted into sheets, various shapes, and 
structures, offering considerable design fl exibility. Plastics are chemically resistant, 
inexpensive and lightweight, with a wide range of physical and optical properties. In 
fact, many plastics are heat - sealable and easy to print, and can be integrated into 
production processes where the package is formed, fi lled and sealed in the same pro-
duction line. The major limitation of plastics is their variable permeability to light, 
gases, vapors and low - molecular - weight molecules. 
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  Polyolefi ns 

 The class of polyolefi ns represents the two most extensively used plastics in food 
packaging, namely polyethylene and polypropylene. Polyethylene and polypropylene 
both possess a unique combination of properties, including fl exibility, lightness, 
strength, stability, moisture and chemical resistance, and easy processability. In addi-
tion, these polymers are recyclable and reusable. 

 The most well - known packaging material in the food industry that meets all desired 
criteria is polyethylene (PE), which has been in use by the food industry for over 50 
years (Cutter,  2006 ). Polyethylene is the simplest, most versatile and most inexpensive 
plastic, and is synthesized by addition polymerization of ethylene. The properties of 
PE vary with the pressures and catalysts used in the polymerization process and with 
its density (Kondo, 1990 ). According to the pressure applied during polymerization, PE 
is classifi ed into low - pressure, medium - pressure and high - pressure PE. Based on its 
density, PE is classifi ed into very low - density polyethylene (VLDPE), low - density 
polyethylene (LDPE), medium - density polyethylene (MDPE), and high - density poly-
ethylene (HDPE) (Kondo,  1990 ). However, LDPE and HDPE are the forms most com-
monly used in food packaging. 

 LDPE softens at 100 – 105    ° C and its crystallinity ranges from 60 to 70%. In LDPE, 
the polymer strands are entangled and loosely organized. It is fl exible, easy to seal and 
resistant to moisture, but at the same time is a poor oxygen and carbon dioxide gas 
barrier. LDPE is relatively transparent, and therefore it is predominantly used in fi lm 
applications and in applications where heat sealing is necessary. LDPE shows excel-
lent cold resistance (up to  − 70    ° C), and therefore is used in frozen - food packaging. 
HDPE is stiff, strong, tough, resistant to chemicals and moisture, permeable to gas, 
easy to process, and easy to form. HDPE is a harder plastic and has a higher melting 
point than LDPE, and it sinks in an alcohol – water mixture. Data on the oxygen and 
water vapor permeability of HDPE and LDPE are included in Table  41.3 . Polyethylene 

Table 41.2 Permitted polymers for use in food 
packaging (Health Canada). 

Name of polymer Code

Polyethylene PE
Polypropylene PP
Poly(ethylene-vinyl acetate) EVA
Polystyrene PS
Polyvinyl chloride PVC
Ionomer I
Polyethylene terephthalate PET
Polyvinyl acetate PVAc
Polycarbonate PC
Polyamide PA
Polyvinyl alcohol PVOH
Polyvinylidene chloride PVDC
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is used to make bottles for food products, juice and water; cereal box liners; margarine 
tubs; and grocery, trash and retail bags. Polyethylene bags are recycled. HDPE bottles 
are the most commonly recycled plastic packages.   

 Polypropylene (PP) is harder, denser and more transparent than polyethylene, has 
good resistance to chemicals and is effective at barring water vapor. The various forms 
of polypropylene have different melting points and hardnesses. Its high melting tem-
perature (160    ° C) makes it suitable for applications where thermal resistance is required, 
such as hot - fi lled and microwavable packaging. Popular uses include yoghurt contain-
ers and margarine tubs.  

  Polyesters 

 Polyethylene terephthalate (PET), polycarbonate (PC) and polyethylene naphthalate 
(PEN) are polyesters, which are obtained by condensation polymerization from ester 
monomers that result from reactions between a carboxylic acid and an alcohol. The 
most commonly used polyester in food packaging is PET. 

  Polyethylene Terephthalate 

 PET is a thermoplastic polyester that is synthesized by the condensation of tereph-
thalic acid and ethylene glycol. There are several advantages in using PET as a packag-
ing material. PET is almost unbreakable. Food products stored in PET have a long 
shelf - life, since PET is a good barrier to gases (oxygen and carbon dioxide) and moisture 
(Table  41.3 ). It shows good resistance to heat, mineral oils, solvents and acids, but not 
to bases. PET is the packaging material of fi rst choice for beverages and mineral 
waters. The use of PET to make plastic bottles for carbonated beverages is gradually 
increasing (Van Willige  et al .,  2002 ). The main reasons for its popularity are its glass -
 like transparency, gas barrier properties that allow retention of carbonation, light 
weight and shatter resistance. The major packaging applications of PET are in contain-
ers (bottles, jars and tubs), semirigid sheets for thermoforming (trays and blisters), and 

Table 41.3 Oxygen and water vapor permeability of selected polymers (100 μm thick) for food 
packaging (data from Utz, 1995).

Polymer O2 permeability at 23 °C and 
0% RH [cm 3(STP)·m−2·d−1·bar−1]

Water vapor permeability at 
40°C and 90 –0% RH (g ·m−2·d−1)

EVOH 0.02–0.45 5.43–31.0
PVDC 0.31 0.23
PET 8.91 4.65
HDPE 581 1.48
BOPP 632 1.48
PS 1008 33.0
LDPE 2147 4.43
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thin oriented fi lms (bags and snack food wrappers). PET exists in both an amorphous 
(transparent) and a semicrystalline (opaque white) form. Amorphous PET possesses 
better ductility but less stiffness and hardness than its semicrystalline counterpart, 
which has good strength, ductility, stiffness and hardness.  

  Polycarbonate 

 PC is formed by polymerization of a sodium salt of bisphenol acid with carbonyl 
dichloride (phosgene). Its gas barrier properties are moderate, but it provides a very 
good barrier against fl avors and aromas (Kondo,  1990 ). The novelty of PC over other 
types of plastic is its superior strength combined with light weight. PC is resistant to 
a wide range of temperatures (its melting point is 230    ° C and its brittle temperature 
is  − 100    ° C). Owing to its high - temperature resistance, PC containers can be used in 
process lines for pasteurization of puddings, rice cakes etc. In addition, it is transpar-
ent and durable. It is mainly used as a replacement for glass in products such as refi ll-
able water bottles and sterilizable baby bottles. Care must be taken during cleaning 
of PC, as harsh detergents catalyze the release of bisphenol A, a potential health 
hazard. Recently, many countries have put a ban on PC baby bottles.  

  Polyethylene Naphthalate 

 PEN is a condensation polymer of dimethyl naphthalene dicarboxylate and ethylene 
glycol. PEN is chemically similar to PET but more temperature - resistant (Guo and 
Zachmann,  1997 ). It exhibits excellent performance because of its high glass transition 
temperature. PEN shows excellent barrier properties for carbon dioxide, oxygen and 
water vapor, comparable to those of PET. It provides better performance at high tem-
peratures, allowing hot refi lls, rewashing and reuse. It is more resistant to hydrolysis 
in alkaline and very hot aqueous conditions (Guo and Zachmann,  1997 ). PEN retains 
fl avors and odors, and therefore it is well suited for manufacturing bottles for bever-
ages such as beer. However, it is more expensive than PET.   

  Polyvinyl Chloride 

 Polyvinyl chloride (PVC) is obtained by radical polymerization or chain polymeriza-
tion from vinyl chloride monomer (Kondo,  1990 ). PVC is heavy, stiff and ductile, and 
is a medium - strong, amorphous, transparent material. It has excellent resistance to 
chemicals (acids and bases), grease and oil; good fl ow characteristics; and stable elec-
trical properties. Although PVC is primarily used in medical and other nonfood appli-
cations, its food uses include bottles and packaging fi lms. Because it is easily 
thermoformed, PVC sheets are widely used for blister packs such as those for meat 
products and unit - dose pharmaceutical packaging. PVC can be transformed into mate-
rials with a wide range of fl exibility by the addition of plasticizers such as phthalates, 
adipates, citrates and phosphates.  
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  Polyvinylidene Chloride 

 Polyvinylidene chloride (PVdC) is an addition polymer of vinylidene chloride. It is 
heat - sealable and serves as an excellent barrier to water vapor, gases, and fatty and 
oily products. It is used in fl exible packaging as a monolayer fi lm, as a coating or as 
part of a co - extruded product. Major applications include the packaging of poultry, 
cured meats, cheese, snack foods, tea, coffee and confectionery. It is also used in hot 
fi lling, retorting, low - temperature storage and modifi ed - atmosphere packaging. 
However, PVdC contains twice the amount of chlorine as PVC and therefore presents 
problems with incineration.  

  Polystyrene 

 Polystyrene (PS), an addition polymer of styrene, is clear, hard and brittle with a rela-
tively low melting point. The glass transition temperature  T  g  of the polymer is about 
100    ° C. PS is a colorless polymer used extensively for low - cost applications. It is avail-
able commercially in both pellet and sheet form. It can be mono - extruded, co - extruded 
with other plastics, injection - molded or foamed to produce a range of products. 
Foaming produces an opaque, rigid, lightweight material with impact - protection and 
thermal - insulation properties. Typical applications of PS include protective packaging 
such as egg cartons, containers, disposable plastic silverware, lids, cups, plates, bottles 
and food trays. In expanded form, PS is used for nonfood packaging and cushioning, 
and it can be recycled or incinerated.  

  Polyamide (Nylon) 

 Nylon is a polyamide with an amide structure ( – CO – NH – ) in its main chain. Polyamide 
is synthesized by a condensation reaction between a diamine and a diacid, where the 
repeating units are held together by amide links. The various types of polyamides are 
characterized by a number that relates to the number of carbon atoms in the originat-
ing monomers. For example, nylon - 6 has six carbon atoms in the monomers and is 
often used in packaging. It shows similar mechanical and thermal properties to PET 
and therefore it has similar usefulness, such as boil - in bag packaging. Nylon also offers 
good chemical resistance, toughness and low gas permeability.  

  Ethylene Vinyl Alcohol 

 Ethylene vinyl alcohol (EVOH) is a copolymer of ethylene and vinyl alcohol. It is an 
excellent barrier to oil, fat and oxygen. EVOH is a crystalline polymer. EVOH fi lms 
show excellent gas barrier properties in dry conditions; however, EVOH is greatly 
affected by humidity and is therefore mostly used in multilayer co - extruded fi lms in 
situations where it is not in direct contact with liquids.  
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  Films Made by Lamination and Extrusion 

 Plastic materials can be manufactured into fi lms containing a single material or a 
combination of more than one material. There are two ways of combining plastics: 
lamination and co - extrusion. Lamination involves bonding together two or more plas-
tics or bonding a plastic to another material such as paper or aluminum. Bonding can 
be achieved by use of water - based, solvent - based or solids - based adhesives. After 
application of the adhesive, two or more fi lms are passed between rollers to pressure -
 bond them together. Adhesives are currently being replaced by lasers for the lamina-
tion of thermoplastics (Kirwan and Strawbridge,  2003 ). Lamination enables reverse 
printing, in which the printing is buried between two layers and thus not subject to 
abrasion, and it can add or enhance heat - sealability. In co - extrusion, two or more 
layers of molten plastic are combined during fi lm manufacture. The process is fast, 
but requires materials that have thermal characteristics that allow co - extrusion. 
Because co - extrusion and lamination combine multiple materials, recycling is com-
plicated. However, combining materials results in the additive advantage of properties 
from each individual material and often reduces the total amount of packaging mate-
rial required. Therefore, co - extrusion and lamination can be sources of packaging 
reduction.   

  Metals 

 Metals are the most versatile of all forms of packaging. They offer the combination 
of excellent physical protection and barrier properties, formability, decorative poten-
tial, recyclability, and consumer acceptance. Metal containers are vacuum - sealed and 
thermally sterilized under low oxygen pressure. The decomposition of nutrients is 
kept to a minimum in metal containers, since metals are a perfect barrier to oxygen, 
light and moisture. Double seaming of metal containers is very reliable. The lacquer-
ability and printability of metals are superb. The major limitations of metal containers 
are cost, the weight of the containers and the fact that they are diffi cult to crush. 

 Aluminum and steel are the most predominantly used metals in food packaging. 
Even though many of the fundamental manufacturing processes, such as double 
seaming and body forming, were developed long ago, the evolution of can making still 
continues. A good combination of metallurgy and food engineering could produce 
more advanced metal containers with a lower price and lighter weight, with new 
applications. 

  Aluminum 

 Aluminum foil plays an important role in food packaging. Aluminum is a lightweight, 
silvery white metal derived from bauxite ore, where it exists in combination with 
oxygen as alumina. Magnesium and manganese are often incorporated into aluminum 
to improve its mechanical strength (Page  et al .,  2003 ). Aluminum is highly resistant 



An Overview of Food Packaging: Material Selection and the Future of Packaging 1255

to most forms of corrosion; its natural coating of aluminum oxide provides a highly 
effective barrier to the effects of air, temperature, moisture and chemical attack. The 
mechanical, physical and chemical properties of aluminum foil such as its barrier 
effect, deadfold properties and suitability for food contact enable a wide range of appli-
cations in many different products and sectors (Lamberti and Escher,  2007 ). The mate-
rial is light but strong, can be formed and converted into complex shapes, has a high 
thermal and electrical conductivity, and can be recycled without decrease in quality. 
Because aluminum foil is light in weight, it is energy - effi cient for transportation. 
Moreover, aluminum foil can be considered as a modern packaging material since 
it is environmentally friendly. Aluminum foil is used for aseptic cartons, pouches, 
wrappings, bottle capsules, push - through blisters, laminated tubes, lids, trays and 
containers.  

  Laminates and Metallized Films 

 Lamination of packaging involves the binding of aluminum foil to paper or plastic 
fi lm to improve the barrier properties. Thin gauges facilitate application. Although 
lamination to plastic enables heat - sealability, the seal does not completely bar mois-
ture and air. Because laminated aluminum is relatively expensive, it is typically used 
to package high - value foods such as dried soups, herbs and spices. A less expensive 
alternative to laminated packaging is metallized fi lm. Metallized fi lms are plastics 
containing a thin layer of aluminum metal (Fellows and Axtell,  2002 ). These fi lms 
have improved barrier properties to moisture, oils, air and odors, and the highly refl ec-
tive surface of the aluminum is attractive to consumers. More fl exible than laminated 
fi lms, metallized fi lms are mainly used to package snacks. Although the individual 
components of laminates and metallized fi lms are technically recyclable, the diffi culty 
of sorting and separating the material precludes economically feasible recycling.  

  Tinplate 

 Tinplate has been used for preserving food for well over a hundred years and today 
provides a robust form of packaging, allowing minimization of headspace oxygen and 
sterilization of the foodstuff within the hermetically sealed can, giving a long, safe 
ambient shelf - life with no or minimal use of preservatives (Blunden and Wallace, 
 2003 ). Produced from low - carbon steel (that is, black plate), tinplate is the result of 
coating both sides of black plate with thin layers of tin. The coating is achieved by 
dipping the sheets of steel in molten tin (hot - dipped tinplate) or by the electrodeposi-
tion of tin on the steel sheet (electrolytic tinplate). Although tin provides steel with 
some corrosion resistance, tinplate containers are often lacquered to provide an inert 
barrier between the metal and the food product. The commonly used lacquers are 
materials in the epoxy phenolic and oleoresinous groups, and vinyl resins. Tinplate 
has good ductility and formability, and therefore can be used for containers of many 
different shapes. Tinplate cans with a plain internal surface are used for low - acid foods, 
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including tomato - based products, some fruits and some vegetables. The benefi t pro-
vided by the bare tin surface inside the can is protection of the natural fl avor and 
appearance of the food, through oxidation of the tin surface in preference to oxidative 
degradation of the food. This process retains the quality attributes that consumers 
expect from these products throughout the long shelf - life. Tinplate is used extensively 
in food and beverage cans. Europe produces and fi lls approximately 40   000 million 
cans per annum for beverages (beers, carbonated soft drinks, water and wine), of which 
almost half are made of tinplate and all are internally lacquered (Blunden and Wallace, 
 2003 ). Its relatively low weight and high mechanical strength make it easy to ship 
and store. Finally, tinplate is easily recycled many times without loss of quality, and 
is signifi cantly lower in cost than aluminum. A good review of the subject is available 
in the literature (Blunden and Wallace,  2003 ).  

  Tin - Free Steel 

 This is also known as electrolytic chromium - coated steel or chrome - oxide - coated 
steel. Tin - free steel requires a coating of an organic material to provide complete cor-
rosion resistance. Although the chrome/chrome oxide makes tin - free steel unsuitable 
for welding, it also makes tin - free steel excellent for the adhesion of coatings such as 
paints, lacquers and inks. Like tinplate, tin - free steel has good formability and strength, 
but it is much cheaper than tinplate. Food cans, can ends, trays, bottle caps and clo-
sures can all be made from tin - free steel. Moreover, it can also be used to make large 
containers for bulk storage of ingredients or fi nished products (Fellows and Axtell, 
 2002 ).    

  Sterilization of Packaging Materials 

 Packaging makes food more convenient and provides the food with a higher level of 
safety from microbial and possible biochemical changes during transportation and 
storage. In order to meet the huge demand for processed foods with longer shelf - lives, 
packaging materials have to be sterile. There are many sterilization methods to choose 
from, such as the use of steam, sterile fi ltration, ethylene oxide gas, electron beam 
(E - beam) treatment and gamma radiation. Each technique has its own advantages and 
disadvantages. 

 According to the US Food and Drug Administration (FDA), sterilization is a process 
that is regulated only when it is used on low - acid foods (Code of Federal Regulations, 
1986, Title 21, Part 113), and sterilants should not leave any residue on the food 
contact surface. However, when plastic packaging materials and chemical sterilants 
are used, the process is regulated as an indirect additive to food (Code of Federal 
Regulations, 1986, Title 21, Part 174). The process of obtaining FDA approval for the 
use of chemical sterilants in food packaging has eased signifi cantly. Scientifi c evidence 
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of the adequacy of the process must be fi led by the processors before a system is put 
into commercial operation (Ansari and Datta,  2003 ). 

 Chemical processes using ethylene oxide, sodium hypochlorite, peracetic acid and 
hydrogen peroxide are used for sterilization of packaging. Ethylene oxide is slow in 
action and its desorption requires a very long time. Thus, it can be used for the pre-
treatment of packaging, but not for fi nal sterilization of the packaging. Sodium 
hypochlorite and peracetic acid are effective sterilants; however, they have limitations 
in terms of the removal of residues. Alcohols such as glycols require high - temperature 
( ≈ 100    ° C) application for the desired sporicidal effect. Hydrogen peroxide (H 2 O 2 ) has a 
high sporicidal effect at 80    ° C, which makes it useful for packaging sterilization, 
although it shows poor effectiveness at ambient temperatures. The FDA regulations 
specify that a maximum concentration of 35% H 2 O 2  may be used for sterilizing food 
contact surfaces, and the fi nished product must not exceed 0.5   ppm H 2 O 2 . It is applied 
to the material and then evaporated by heating using hot air or infrared radiation. 
Polyethylene was the fi rst material to be approved for the use of hydrogen peroxide 
as a sterilant for packaging that was in direct contact with food (Federal Register, 1981, 
46(6), 2341). Approval was later extended to other polymers (polyolefi ns, polystyrene, 
EVA, PET etc.) (Code of Federal Regulations, 1984, Title 21, Part 178, 1005; 1986, Title 
21, Part 178, 1005). 

 Although steam or hot water is effective for the sterilization of tubes carrying food 
products, hot air (300    ° C), with or without fi ltration, is commonly used for the steri-
lization of air injected into fi lling spaces. Air at 330 – 350    ° C may also be used (for 
30   min) for sterilization of tubes for food products. Sterilized air cooled to a tempera-
ture of 180 – 200    ° C is used to evaporate H 2 O 2 , and when cooled to 50    ° C can be 
employed for pressurizing fi lling chambers. 

 The use of UV radiation has several requirements, such as perpendicular incidence 
of the radiation, a dry atmosphere, a smooth surface, a low concentration of microor-
ganisms, the absence of visible light to avoid reactivation of microorganisms, and 
shielding to protect the operator. If these requirements are satisfi ed, UV radiation can 
be used to provide a complementary treatment of already sterilized packaging. 

 The use of irradiation is becoming a common treatment for sterilizing packaging 
materials. This can be done in two ways: (i) sterilization of packaging materials for 
aseptic packaging, and (ii) radiation processing of prepackaged food. In both cases, the 
radiation stability of the packaging material is a key component for proper implemen-
tation of the technology. In addition, care must be taken that the irradiation does not 
signifi cantly affect the physical and chemical properties of polymeric materials. 
Multilayer structures produced by co - extrusion are likely to satisfy the demands of 
radiation processing of prepackaged food, whereas single - layer plastics cannot meet 
the requirements of either of the types of treatment mentioned above (Chuaqui -
 Offermanns,  1989 ). Nowadays, packaging is mostly made of natural or synthetic 
plastics; therefore, the effect of irradiation on these materials is crucial for packaging 
engineering (Haji - Saeida  et al .,  2007 ). As mentioned above, packaging materials can 
be irradiated either prior to or after fi lling; they are commonly irradiated prior to 
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fi lling. In North America, the irradiation of empty packaging materials represents a 
signifi cant activity in radiation facilities. In Europe, the packaging materials irradiated 
are mainly the following: bag - in - box materials; cardboard and plastic cups; plastic and 
paper bags; cardboard; tin cans; aluminum tubes; jerry cans; plastic tanks; rolls of 
plastic, aluminum and coated cardboard; and rubber and cork plugs (Neijssen,  1994 ). 
Plastic fi lms laminated with aluminum foil are sterilized by radiation; they are used 
for hermetically sealed  “ bag - in - a - box ”  products, such as tomato paste, fruit juices and 
wines. Other aseptic packaging materials, including dairy product packaging, single -
 serving containers (e.g., for cream) and wine bottle corks, are also sterilized by irradia-
tion prior to fi lling and sealing to prevent product contamination. With certain 
irradiation facilities, it is possible to determine and specify the most suitable shapes 
and sizes of the unit packs (Kubera,  1994 ). 

 In commercial aseptic processing systems, sterile food products are fi lled into steri-
lized packages or containers in a sterile environment, and the packages are then her-
metically sealed to prevent recontamination of the product. This can be achieved in 
two ways: (i) using presterilized preformed containers such as bottle and cans, or (ii) 
sterilizing the packaging material, forming it into suitable containers, fi lling them 
with the sterile product and sealing the package in  “ form - fi ll - and - seal ”  (FFS) machines. 
In aseptic systems, the packaging material is usually sterilized either inside the pack-
aging machine, or externally and then introduced aseptically into the aseptic zone of 
the packaging machine. The sterilization of packaging materials in aseptic systems is 
well described in a review paper (Ansari and Datta,  2003 ).  

  Packaging Design 

 Consumer packaging serves to contain and communicate. The main drivers behind 
packaging design used to be the cost to the manufacturer and the potential impact on 
consumers. However, there are several factors to be considered in packaging design 
today. The factors that concern food packaging design are:

    •      the physical/mechanical properties of the packaging materials used;  
   •      the barrier properties of the packaging materials;  
   •      hazards in distribution;  
   •      printing characteristics;  
   •      productivity, machinery, automation and packaging speed;  
   •      sealability of the packaging materials;  
   •      hygiene, sanitation and ecological factors;  
   •      the strength of the external packaging;  
   •      environmental conditions;  
   •      effectiveness for display.    

 A package should protect the product, be suitable for production - line speeds, sell the 
item, provide reusable value to the user, satisfy legal requirements and keep packaging -
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 related expenses low. More recently, however, the additional factor of openability has 
become more important (Yoxall  et al .,  2006 ). Package design can be considered from 
two different viewpoints: fi rst, design based on functional requirements, and second, 
design based on sales requirements. 

  Design Based on Functional Requirements 

 Packaging design must satisfy various functional criteria: in - home, in - store, produc-
tion, distribution, safety and legal. For consumers (in - home), packaging should be 
convenient to use and store, reinforce the consumers ’  expectations of the product, and 
guide them in using the product safely and effectively. In addition, packaging should 
be recyclable and environmentally friendly. 

 For the purposes of sale (in - store), packaging should be attractive and visible on the 
shelf, identify the product easily and differentiate the product from others, commu-
nicate benefi ts and uses, and attract customers to actually purchase the item. The 
product must also be easy for retailers to store and to stock on shelves or the fl oor, 
and simple to process at a checkout counter or other fi nal point of distribution. 

 From the point of view of production, packaging is assessed on cost. A design is 
only successful when the cost of the packaging materials is economically feasible for 
the company. A container that is too large or too small is not suitable for a process 
line, since it could signifi cantly slow the speed of the production machines. 

 Packaging considerations related to distribution and safety are very important. A 
package should retain its shape during storage, shipment and distribution of the 
product. It should not hurt consumers. Examples of packages that might result in 
harm to consumers include those with sharp edges, such as some pull - top canisters; 
glass containers; and heavy boxes that might break when the consumer is carrying 
them or cause strain or injury to the consumer when picked up or set down. Packaging 
developers have to be very careful during the design process about any decisions that 
have an impact on distribution and safety. For example, packages must be able to 
withstand the pressure of crates stored on top of them. Packages should be able to 
resist moisture, withstand temperature changes and withstand rough handling. From 
a cost standpoint, packages must also be designed to suit standardized transportation 
requirements related to weight, size and durability. Finally, they should be designed 
so that the bar code on the package is easily scanned. 

 The packaging should follow rules and legislation as directed by government and 
regulatory agencies. Numerous laws have been passed to protect consumers from 
adulterants and unsafe products. For instance, some laws require that potentially 
dangerous goods, such as gasoline and drugs, be stored in specially constructed con-
tainers. Other laws forbid misrepresenting the quality or quantity of a product through 
misleading packaging. The most infl uential class of laws that affect packaging is that 
related to labeling. Under various laws, labels must provide the sodium content if 
other nutritional information is shown. They must also show the ingredients, in 
descending order from the one of highest quantity to the one of lowest quantity. 
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Certain food items, such as beef, may also be required to display qualitative  “ grade 
labels ”  or inspection labels. Some laws are intended primarily to discourage mislead-
ing labeling related to health benefi ts of food items. Specifi cally, many package labels 
have claimed, subjectively, that their contents were  “ low - sugar ”  or  “ high - fi ber, ”  or 
possessed some other health benefi ts, when the facts indicated otherwise. Basically, 
the new laws require most food labels to specify values such as calorie and cholesterol 
contents, fat and saturated - fat percentages, and sodium levels.  

  Design Based on Marketing Demand 

 In addition to the functional requirements, product packaging must be designed in 
such a way that it will attract customers. The major areas of marketing requirements 
are apparent size, attention - drawing power, an impression of quality, and clear read-
ability of the brand name. 

 Design for apparent size entails designing the packaging to look as large as possible 
without misrepresenting the actual contents. This objective can be achieved by ensur-
ing that the panels or dimensions of the package most likely to be viewed by the 
consumer are the largest; the product or brand name should be clearly visible. 

 An aesthetic and obtrusive packaging design defi nitely attracts the attention of 
consumers. Mostly, the product is displayed on the front of the package in the form 
of a picture, artwork or a see - through window and thereby woos consumers. In addi-
tion, bright colors, glossy stock, obtrusive carton displays, and other elements can 
garner positive attention if used prudently. 

 An impression of quality is an important sales requirement for packaging because 
items that are perceived to be of low quality are usually assumed to be poor value, 
regardless of price. Readability is the fourth basic sales requirement for successful 
package design. This element is of paramount importance for products such as break-
fast cereals that are shelved next to several competing brands and products. Among 
other guidelines, letters and logos should be large and printed in the same type style 
as that used in complementary print and television advertising. The requirement of 
readability contributes to the diffi culties of packaging completely new products.   

  Packaging for Nonthermal Processes 

 Nonthermal processing technologies are currently creating interest among food sci-
entists, manufacturers and consumers because they have a minimal impact on the 
nutritional and sensory properties of foods, and extend shelf - life by inhibiting or 
killing microorganisms. These preservation processes are considered to preserve 
quality attributes better than conventional processes do. There are various nonthermal 
processing technologies are currently being used or in a developmental stage, includ-
ing processes using high pressure, ionizing radiation, ultrasound, pulsed electric fi elds, 
pulsed light, high - voltage arc discharges and magnetic fi elds. In most cases, the food 
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materials are packed in suitable packaging materials before being processed. Appropriate 
food packaging is a critical element in ensuring food quality and safety, especially for 
new, innovative processes. However, a crucial question concerns the possible effects 
of nonthermal processing on the packaging materials, and thus on the quality and 
safety of the packaged foods. 

 Among the nonthermal processing technologies, high - pressure processing is the 
front runner in terms of commercial success, and various pressure - treated foods are 
already commercially available in Europe, North America and Japan. In this section, 
the effects of high - pressure processing on packaging materials and possible interac-
tions between foods and packaging materials are discussed. 

  Packaging for High - Pressure Processing ( HPP ) 

 The preservation of foods by high hydrostatic pressure (up to 1000   MPa) is a promising 
technique for food processing. The food materials are generally packed in a fl exible 
packaging material and put in a pressure chamber for pressure treatment. The pressure 
is usually increased over a period of minutes, held at the fi nal pressure for varying 
amounts of time and then quickly released, usually within a few seconds. The head-
space should be minimized to reduce the package volume and reduce the time required 
to reach the target pressure (Caner  et al .,  2004 ). Heat is generated owing to adiabatic 
compression during pressurization. The packages must be able to withstand the oper-
ating conditions of high pressure and temperature, and they must have suffi cient 
mechanical, sealing and gas barrier properties (Galotto  et al .,  2009 ). Furthermore, the 
packages should ensure the maintenance of the quality of the food throughout the 
entire marketing channel. 

 Plastic bottles and semirigid plastics can be used if they are properly sealed; for 
example, such packs are used for fruit purees, pastes and juices (Le - Bail  et al .,  2006 ). 
High - pressure processing (HPP) can be used in a continuous process for liquids and 
can also process foods in their packaging (Morris  et al .,  2007 ). The increasing use of 
plastic structures in food packaging has led to an increased interest in the area of mass 
transport. Polymeric materials are not perfectly inert in direct contact with food 
materials. Food – packaging interactions include transport of gases, vapors, water and 
other low - molecular - weight compounds, and also include chemical changes in the 
food, the package or both (Calvert and Billingham,  1979 ; Bieber  et al .,  1984 ). Moreover, 
the behavior of packaging materials during high - pressure treatment, especially during 
the pressurization and depressurization steps, has not yet been fully studied. 

 In the last few years, some research work has been carried out on various aspects 
of packaging materials under high pressure (Caner  et al .,  2000 ; Dobi á  š   et al .,  2004 ; 
Le - Bail  et al .,  2006 ; Galotto  et al .,  2008, 2009 ; Fairclough and Conti,  2009 ; Bull  et al ., 
 2010 ; Mauricio - Iglesias  et al .,  2010 ). However, the information that has been obtained 
is limited and is yet to be validated. It is worth mentioning that the packaging issue 
is very crucial to establishing HPP as an effective nonthermal processing technology. 
A brief overview of the research fi ndings is presented in Table  41.4 .   
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 The barrier properties of packaging materials after high - pressure treatment have 
been studied by various researchers. Masuda  et al .  (1992)  found that the barrier behav-
ior of fl exible plastic structures was not signifi cantly affected by HPP. These authors 
studied the permeation properties of the following fl exible structures: PP/EVOH/PP, 
OPP/EVOH/PE, PVDC - coated OPP/CPP and PET/Al/CPP. After pressure treatment 
(400   MPa and 600   MPa for 10   min), the permeability to water vapor at 40    ° C and 90% 
RH and the oxygen permeability at 23    ° C and 90% RH did not change relative to the 
material ’ s initial water and oxygen barrier properties. Ochiai and Nakagawa  (1992)  
expressed a similar view after measurement of the barrier properties of laminated 
plastic package structures fi lled with water and pressure - treated at 400   MPa for 10   min: 
the oxygen and water permeabilities did not change after HPP. 

 The effects of HPP on the mechanical and physical characteristics of eight high -
 barrier multilayer fi lms (PET/SiO  x  /LDPE, PET/Al 2 O 3 /LDPE, PET/PVDC/nylon/HDPE/
PP, PE/nylon/EVOH/PE, PE/nylon/PE, metallized PET/EVA/LLDPE, PP/nylon/PP and 
PET/PVDC/EVA) and a single - layer polypropylene fi lm were investigated by Caner 
 et al .  (2003) . Pouches made from these fi lms were fi lled with distilled water, sealed 
and then pressure - treated at 600 and 800   MPa for 5, 10 and 20   min at a process tem-
perature of 45    ° C. The results indicated that there were no signifi cant changes in the 
tensile strength, elongation or modulus of elasticity of any of the fi lms after HPP. 
However, signifi cant physical damage to metallized PET (MET - PET) was identifi ed by 
SEM and and C - mode scanning acoustic microscopy. Thus it could be concluded that 
MET - PET is not suitable for batch - type HPP. Similar experiments were carried out by 
Le - Bail  et al .  (2006) . These authors investigated the effects of HPP (at 200, 400 and 
600   Pa) on the mechanical properties and the water vapor permeability of seven 
selected packaging materials (NOD 259 (PA - PE), BB4L, PET/BOA/PE, PET/PVDC/PE, 
PA/SY, LDPE and EVA/PE). The results obtained indicated that HPP affected the 
mechanical strength of the packaging material minimally. The depressurization rate 
did not have any signifi cant infl uence. The barrier properties to water vapor were not 
signifi cantly affected and were even slightly enhanced for LDPE, which is a packaging 
material commonly used for HPP applications. 

 Goetz and Weisser  (2002)  measured the permeation rate of LDPE/HDPE/LDPE 
(12    μ m/12    μ m/12    μ m) polymer fi lms for an aroma compound,  p  - cymene (0.25 volume 
%), at a pressure level of 50   MPa at 23    ° C. The permeation rate decreased with increas-
ing pressure. Caner and Harte  (2005)  studied the migration of Irganox 1076 from 
polypropylene in high - pressure - treated and untreated polypropylene pouches contain-
ing either 95% or 10% ethanol as aqueous food - simulating liquids (FSLs) for 20 days 
at 40    ° C and 60    ° C. After contact, the concentrations of Irganox in the PP and the FSL 
were measured to study the migration behavior. The results indicated that migration 
of additives from plastics into food simulants is possible only when the contact period 
is too long. No signifi cant differences in the migration level of Irganox 1076 compared 
with controls into either of the FSLs were observed after HPP treatment. Increasing 
the HPP temperature increased the migration of Irganox from the PP into the FSL. 
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Overall, the data indicated that the migration from a single - layer PP material did not 
signifi cantly increase as a result of HPP. 

 The effect of HPP (695   MPa for 10   min at 70    ° C) on the structure of polypropylene 
pouches and the effect of an air headspace on a PP heat - sealing inner layer was reported 
by Fairclough and Conti  (2009) . With increasing pressure, both nitrogen and oxygen 
become increasingly soluble in the polymer layer. If the pressure was rapidly released, 
this caused voids and pits to form in the inner layer. The fi lms showed opaque areas 
that scattered light well and appeared white. These areas came in two forms: one 
associated with folds in the material, and the other distributed throughout the fi lm. 
Microscopic study revealed these opaque areas to be pits and craters in the fi lm. An 
estimate of the increase in solubility (70 - fold) was calculated from regular - solution 
theory. Fairclough and Conti recommended slow decompression to avoid the forma-
tion of these features. The most practical solution would be to avoid the use of poly-
propylene in ultrahigh - pressure processes. 

 Ahmed  et al .  (2009)  studied the effect of high - pressure treatment on the thermal 
properties of amorphous and semicrystalline polylactide (PLA). Three different PLA 
isomers (D, L and DL) with molar masses in the range of 3800 – 6200 were pressurized 
(at 350, 450 and 650   MPa) for a holding time of 15   min, and the process temperature 
was maintained in the range of 22 – 26    ° C. The thermal properties (glass transition 
temperature, melting behavior and crystallinity) of postprocess samples were ana-
lyzed by differential scanning calorimetry and compared with those of the untreated 
samples. The glass transition temperature  T  g  was found to decrease as pressure was 
applied to the lactides. During pressure treatment, it was observed that both the 
melting and the crystallization peak of the  l  - isomer were signifi cantly reduced at 
650   MPa, and this observation was quantifi ed by measuring a decrease in the 
enthalpies of fusion ( Δ  H  m ) and crystallization ( Δ  H  c ). Fourier transform infrared spec-
troscopy could not detect any change in the crystalline band (1300 – 1150   cm  − 1 ) of the 
pressure - treated  l  - isomer. 

 High - pressure thermal (HPT) processing has the potential to deliver quality benefi ts 
for a range of processed foods. By exploiting the rapid temperature increase and 
decrease that accompany pressurization and depressurization, commercial steriliza-
tion of foods can potentially be achieved by HPT processing with an overall reduced 
thermal exposure compared with conventional thermal processing technologies. Bull 
 et al .  (2010)  studied the suitability of packaging materials for high - pressure - assisted 
pasteurization and sterilization in combination with HPT processing. These authors 
studied the barrier properties after HPT processing (at 600   MPa and 110 – 115    ° C for 
5 – 10   min) of 11 commercially available packaging materials developed for conven-
tional thermal sterilization processes. The structures encompassed barriers based on 
aluminum (Al) foil, vapor - deposited silicon and aluminum oxides (SiO  x   and AlO  x  ), 
oriented nylon/polyamide (ON/OPA) and PVDC – methyl acrylate (PVDC – MA). It was 
observed that the barrier properties of fi lms containing vapor - deposited oxide and 
nylon were compromised by the combination of high pressure (600   MPa) and high 
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temperature ( ∼ 110    ° C) that would reasonably be expected to be required to render food 
commercially sterile by HPT processing. However, the barrier properties of fi lms 
containing aluminum foil and PVDC – MA were not signifi cantly affected by HPT 
processing. All of the materials suffered cosmetic deformation of the outer surface to 
some degree, and mechanisms for these changes were proposed. 

 In similar studies of HPT processing intended for a pasteurization treatment (800   Pa 
for 5   min, from 20 to 40    ° C) and a sterilization treatment (800   MPa for 5   min, from 90 
to 115    ° C), Mauricio - Iglesias  et al .  (2010)  evaluated the migration of additives (Irganox 
1076 and Uvitex OB) from one synthetic common packaging material (LLDPE) and 
one biosourced material (PLA) in contact with four food - simulating liquids during and 
after HPT treatments, and compared the results with those obtained with conven-
tional pasteurization and sterilization. LLDPE withstood the high - pressure steriliza-
tion, whereas it melted during the conventional sterilization. No difference was 
observed in the migration from LLDPE for either of the treatments. In the case of PLA, 
the migration of Uvitex OB was very low or not detectable in all the cases studied. 
However, the effect of HPT processing on PLA could not be properly assessed, since 
the migration was too low to be detected within the experimental error. The diffusiv-
ity of Uvitex OB in PLA was much lower than in LLDPE, and PLA therefore showed 
good barrier properties. However, both of the sterilization processes (HPT and con-
ventional) clearly affected the structure of the PLA, which suggests that PLA should 
be restricted to low - temperature treatments.   

  Biodegradable Packaging 

 The present global concern about petrochemical - based plastic materials has generated 
much interest in biodegradable, or  “ green, ”  packaging materials. Biodegradable plas-
tics have matured from their infancy, and polymers with true susceptibility to micro-
bial degradation are a reality today (Ahmed and Varshney,  2011 ). The attribute of 
compostability is very signifi cant for biopolymer materials because whereas recycling 
is energy - expensive, composting allows disposal of packages in the soil, where they 
are transformed into water, carbon dioxide and inorganic compounds (Urayama  et al ., 
 2003 ). Biodegradation standards assess the propensity of a material to degrade biologi-
cally. A few years ago, the U.S. Composting Council and the Biodegradable Products 
Institute initiated certifi cation for materials suitable for composting, following ASTM 
guidelines (ASTM,  2003 ). According to these guidelines, a  “ biodegradable plastic ”  is 
defi ned as a degradable plastic in which the degradation results from the action of 
naturally occurring microorganisms such as bacteria, fungi and algae. 

 Biodegradable or green packaging must satisfy some basic requirements to be an 
ideal candidate for food packaging. These requirements include barrier properties (to 
water vapor, gases, light and aromas), optical properties (transparency), strength, 
welding and molding properties, printing properties, migration resistance, chemical 
and temperature resistance, the ability to satisfy disposal requirements, antistatic 
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properties, and the ability to retain sensory properties. And, above all, it must strictly 
follow food safety regulations. 

 Bio - based polymers, or biopolymers, are obtained from renewable resources (Weber 
 et al .,  2002 ), as illustrated in Figure  41.3 . These renewable resources consist of proteins 
(whey protein, soy protein, collagen, gelatin, wheat protein etc.), polysaccharides 
(starch, alginates, pectin, carrageenans and chitosan/chitin) and lipids (fats, waxes and 
oils) (Comstock  et al .,  2004 ). Polymers such as polylactide have gained growing atten-
tion in the last decade as food packaging materials because they can easily be obtained 
from renewable resources, their production consumes quantities of carbon dioxide, 
they can be recycled and composted, and their physical and mechanical properties can 
be tailored through the polymer architecture (Sinclair,  1996 ; Siracusa  et al .,  2008 ). 
Although the production costs of PLA are relatively high compared with conventional 
plastics, there are predictions that this will change with time as production volume 
and demand both increase (Auras  et al .,  2004 ). It is important to note that while some 
bio - based packaging materials may be biodegradable, not all biodegradable materials 
are bio - based (Weber  et al .,  2002 ).   

 Recent technological advances have also allowed biopolymers to be processed simi-
larly to petroleum - based plastics, whether in sheet form or by extrusion, spinning, 
injection molding or thermoforming (Comstock  et al .,  2004 ). Some of the benefi cial 
characteristics of PLA fi ber products include their natural soft feel, ease of processing, 
and unique stain and soil resistance. PLA has already been approved for its intended 

Figure 41.3 The various categories of bio -based materials. (CHO, carbohydrates; PLA, polylactide; 
PE, polyesters.) 
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use in fabricating articles for contact with food by the US Food and Drug Administration, 
and it is already being exploited for short - shelf - life food packaging such as containers, 
drinking cups, sundae and salad cups, overwrap and lamination fi lms, and blister 
packages (Plackett  et al .,  2006 ). PLA - based packaging materials are currently being 
used for supermarket products in Europe and North America for packaging bottled 
water, juices and yoghurts. The containers satisfy German and European Union (EU) 
food standards. PLA excels at resistance to staining in standard tests with coffee, tea, 
cola, catsup and other food products. Therefore, PLA is gradually moving toward being 
a  “ green ”  food packaging material.  

  The Future of Packaging 

 With consumer demands for quality and for fresh - like food, traditional packaging is 
no longer acceptable in today ’ s food industry. Innovative packaging with enhanced 
functions is constantly being sought in response to the demands of consumers for 
minimally processed foods with less preservatives, and in response to strict regulatory 
requirements, market globalization and the recent threat of food bioterrorism (Yam 
 et al .,  2005 ). To meet these challenges, active packaging and intelligent packaging can 
play important roles in future food packaging. 

  Active Packaging 

 Active packaging is an innovative concept that can be defi ned as a mode of packaging 
in which the package, the product and the environment interact to prolong shelf - life 
or enhance safety or sensory properties, while maintaining the quality of the product 
(Suppakul  et al .,  2003 ). It allows the active preservation of foods, according to their 
needs, by modifi cation of the environment inside the package by removing undesired 
gases or by regulating the composition of the gas in the package headspace. 

 Active systems can be classifi ed according to their functionality as scavengers, regu-
lators and emitters, and their action can be specifi c for several substances (O 2 , CO 2 , 
ethylene etc.). The internal atmosphere may be regulated by substances that absorb 
(scavenge) or release (emit) gases or vapors. Some examples of active packaging systems 
are oxygen scavengers, carbon dioxide scavengers and emitters, humidity adsorbers 
and controllers, ethylene scavengers, aroma emitters and absorbers, enzymatically 
active systems, and antimicrobial systems (Lopez - Rubio  et al .,  2004 ). More details of 
active packaging are available in the literature (Lopez - Rubio  et al .,  2004 ; Kerry  et al ., 
 2006 ; Brody  et al .,  2008 ). 

 The next generation of food packaging may include materials with antimicrobial 
properties to prevent food - borne microbial outbreaks while maintaining desired quality 
attributes and safety. Such packaging could play a role in extending the shelf - life of 
foods and reduce the risk from pathogens (Appendini and Hotchkiss,  2002 ). 
Antimicrobial polymers may fi nd use in other food contact applications as well. 
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Antimicrobial packaging is a form of active packaging. It acts as an additional safety 
measure by reducing, inhibiting or retarding the growth of microorganisms that may 
be present in the packaged food or packaging material itself. 

 There are various types of antimicrobial packaging currently available on the market 
(Appendini and Hotchkiss,  2002 ). These include (i) the addition of sachets or pads 
containing volatile antimicrobial agents into packages, (ii) incorporation of volatile 
and nonvolatile antimicrobial agents directly into polymers, (iii) coating or adsorbing 
antimicrobials onto polymer surfaces, (iv) immobilization of antimicrobials in poly-
mers by ionic or covalent linkages, and (v) the use of polymers that are inherently 
antimicrobial. A few examples of applications of active packaging for use in the food 
industry are listed in Table  41.5 .   

 Although active - packaging technologies are used commercially in Japan, the US, 
Europe and Australia, no specifi c regulations exist to date for active packaging. Most 
of the active agents are considered as constituents of food - contact materials, and thus 
these systems should comply with the present regulations regarding migration. 
Moreover, a more exhaustive study of the chemical, microbiological and physiological 
effects of the technologies applied must be carried out before full implementation of 
the technology.  

  Edible Packaging 

 Edible packaging is defi ned as a thin layer of edible material formed on a food as a 
coating or placed (preformed) on or between food components (Pagella  et al .,  2002 ). 
Edible fi lms and coatings have received increasing attention recently as an interesting 
alternative to food packaging. Considerable research has been conducted to develop 
and apply bio - based polymers made from a variety of agricultural commodities and 
food industry waste. In view of their benefi cial impact on the environment, natural 
polymers have been studied extensively for the development of edible packaging. A 
variety of polysaccharides (starch and hydrocolloids), proteins (whey proteins, soybean 
proteins and fi sh proteins) and lipids have been used, either individually or in mix-
tures, to produce edible fi lms. These materials present the possibility of obtaining thin 

Table 41.5 Examples of applications of active packaging for use in the food industry (adapted from 
Kerry et al., 2006).

Operations Details

Absorbing/scavenging properties O2, CO 2, moisture, ethylene, fl avors, taints, UV light 
Releasing/emitting properties Ethanol, CO 2, preservatives, antioxidants, SO 2, fl avors, pesticides 
Removal properties Catalyzing food component removal: lactose, cholesterol 
Temperature control Insulating materials, self -heating and self -cooling packaging, 

microwave susceptors and modifi ers, temperature -sensitive
packaging

Microbial and quality control UV- and surface -treated packaging materials 
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fi lms and coatings to cover fresh or further - processed foods to extend their shelf - life 
(Baldwin,  1994 ). 

 Edible fi lms and coatings have some advantages such as edibility, biocompatibility, 
barrier properties, absence of toxicity, the fact that they are nonpolluting, and low 
cost (Han,  2000 ). Moreover, biofi lms and coatings, by themselves or acting as carriers 
of food additives (i.e., antioxidants and antimicrobials), have been considered particu-
larly for food preservation because of their ability to extend the shelf - life (Franssen 
and Krochta,  2003 ). 

 Proteins have been demonstrated to be excellent candidates for applications as 
edible fi lms and coatings. Edible fi lms based on milk proteins have good gas barrier 
properties and mechanical strength (Chen,  1995 ). Their water vapor resistance can be 
improved by forming emulsions or multiple - layer, multiple - component fi lms. Edible 
fi lms based on milk proteins are bland in taste, with an excellent capacity to integrate 
sensory enhancers. An edible fi lm based on squid mantle muscle protein with 0.5% 
sodium citrate gave a transparent fi lm with the highest tensile strength and least 
degradation of myosin heavy chain (Leerahawong  et al .,  2011 ). The fi lm showed excel-
lent UV barrier properties. 

 The potential of polysaccharides as edible fi lms has long been recognized (Guilbert, 
 1986 ; Cuq  et al .,  1995 ). Their application in agricultural products for extending the 
shelf - life of fresh fruits and vegetables (Baldwin,  1994 ; Park,  1999 ) and their use in 
encapsulation processes for retarding the loss of fl avor have become widespread. Their 
use in breading and batters for reducing oil uptake during frying is being investigated 
(Park  et al .,  1993 ; Albert and Mittal,  2002 ). 

 Starches can be used to form edible and biodegradable fi lms and, to date, high -
 amylose starch and hydroxylpropylated high - amylose starch have been used to form 
self - supporting fi lms by casting from aqueous solution (Mark  et al .,  1966 ).  

  Intelligent or Smart Packaging 

 Intelligent, or smart, packaging is basically designed to monitor and communicate 
information about food quality (Kerry  et al .,  2006 ). A package can be made smart 
through functional attributes that add benefi ts to the food and hence to consumers. 
It is essentially an integrating method that deals with mechanical, chemical, electrical 
and/or electronically driven functions that enhance the usability or effectiveness of 
the food product in a proven way (Mahalik and Nambiar,  2010 ). Some common exam-
ples of intelligent packaging are time – temperature indicators (TTIs), ripeness indica-
tors, biosensors and radio frequency identifi cation (RFID). In addition, self - heating and 
self - cooling containers with electronic displays indicating use - by dates and informa-
tion regarding the nutritional qualities and origin of the product in numerous lan-
guages are available in smart packaging (Mahalik and Nambiar,  2010 ). These smart 
devices may be incorporated into packaging materials or attached to the inside or 
outside of a package. The FDA recognizes TTIs for fi sh products, so their importance 
may increase in the seafood industry. Some superstores have already used RF sensors 
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for tracking and tracing produce and other perishable commodities. The architecture 
and working principles of RFID devices have been described by Brody  et al .  (2008) . 

 RFID uses radio waves to track items wirelessly. It makes use of tags or transpond-
ers (data carriers), readers (receivers), and computer systems (software, hardware, 
networking and a database). The tags consist of an integrated circuit, a tag antenna, 
and a battery if the tag is passive (most active tags do not require battery power). The 
integrated circuit includes a nonvolatile memory microchip for data storage, an AC/
DC converter, encode/decode modulators, logic control and antenna connectors. The 
wireless data transfer between a transponder/tag and a reader makes RFID technology 
far more fl exible than other methods of contact identifi cation (Finkenzeller,  2003 ; 
RFID Journal, Inc.,  2005 ), and thus makes RFID ideal for food packaging. The working 
principles of an RFID system are as follows (Brody  et al .,  2008 ):

   1.     Data stored in a tag are activated by a reader when an object with an embedded 
tags enters the electromagnetic zone of a reader.  

  2.     The data are transmitted to a reader for decoding.  
  3.     The decoded data are transferred to a computer system for further processing.    

 A few examples of applications of intelligent packaging for use in the food industry 
are listed in Table  41.6 .    

  Nano - Packaging 

 Nanotechnology has been signifi cantly increasing its impact on the food and beverage 
packaging industry and has the potential to transform food packaging materials in the 
future. Research on the use of nanocomposites for food packaging began in the 1990s. 
Since then, sales of nano - related packaging products have been increasing every year 
worldwide. Nanoscale innovation could potentially introduce many amazing improve-
ments to food packaging in the form of barrier and mechanical properties, detection 
of pathogens, and smart and active packaging with food safety and quality benefi ts 
(Brody  et al .,  2008 ). Nanotechnology enables designers to alter the structure of packag-
ing materials on the molecular scale, in order to give the material the desired proper-
ties. With different nanostructures, plastics can be given various gas and water vapor 

Table 41.6 Examples of applications of intelligent packaging for use in the food industry (adapted
from Kerry et al., 2006).

Operations Details

Tamper evidence and pack integrity Detection of breach of pack containment 
Indicators of product safety/quality Time–temperature indicators (TTIs), gas -sensing devices, microbial 

growth and pathogen detection 
Traceability/antitheft devices Radio frequency identifi cation (RFID) labels, tags, chips 
Product authenticity Holographic images, logos, hidden -design print elements, RFI 
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permeabilities to fi t the requirements of various foods. By adding nanoparticles, one 
can achieve packages with more resistance to light and fi re, better mechanical and 
thermal performance, and less gas absorption. These properties can signifi cantly 
increase the shelf - life and sensory characteristics of food products, and facilitate trans-
portation and usage. The addition of nanosensors to food packages is also anticipated 
in the future. Nanosensors could be used to detect chemicals, pathogens and toxins 
in foods (Brody  et al .,  2008 ). 

 Biopolymer – clay nanocomposites have created new interest because of the sig-
nifi cant property enhancements that can be obtained by incorporating only a few 
weight percent of rigid particles (nanofi llers) with sizes in the nanometer range 
(approximately 100   nm). These nanofi llers have been found to improve the mechani-
cal, barrier, electrical, gas permeability and thermal properties of the base polymer 
signifi cantly at very low fi ller concentrations with respect to their conventional 
microcomposite counterparts (Sinha  et al .,  2002 ; Angellier  et al .,  2005 ; Joshi  et al ., 
 2006 ; Ginzburg  et al .,  2009 ; Ahmed  et al .,  2010a,b ). These remarkable property 
enhancements make nanocomposites superior candidates for application as materials 
for food packaging. The properties of nanocomposites depend upon the state of dis-
persion of the nanoparticles in the polymer matrix (Mackay  et al .,  2006 ). However, 
the relationship between the mechanical behavior and the state of dispersion of the 
nanoparticles remains unresolved (Akcora  et al .,  2010 ). Occasionally, clay platelets 
fail to disperse, and remain aggregated into large  “ stacks ” ; in this situation, the 
modulus and strength of the composite may be comparable to those of the matrix 
polymer but the toughness and ultimate elongation may even be worse (Ginzburg 
 et al .,  2009 ). 

 In general, polymer nanocomposites are made by dispersing inorganic or organic 
nanoparticles into either a thermoplastic or a thermoset polymer. The nanoparticles 
can be three - dimensional spherical or polyhedral particles (e.g., colloidal silica), two -
 dimensional nanofi bers (e.g., nanotubes or whiskers), or one - dimensional disk - like 
particles (e.g., clay platelets). Such nanoparticles offer enormous advantages over tra-
ditional macroparticles and microparticles (e.g., talc, glass and carbon fi bers) owing to 
their higher surface area and aspect ratio, the improved adhesion between the nano-
particles and the polymer, and the lower amount of loading required to achieve equiva-
lent properties (Zeng  et al .,  2005 ). Details of clay - based nanocomposites are available 
in a review article by Zeng  et al .  (2005) . 

 There are several different techniques for making clay - based polymer nanocompos-
ites, including in - situ polymerization, solution exfoliation and melt intercalation. The 
most successful technique for preparing polymer/layered - silicate nanocomposites is 
to intercalate polymers into the galleries of the silicate structure (Sinha  et al .,  2002 ). 
Usually, the intercalation of polymer chains into the silicate galleries is performed 
either by insertion of suitable monomers into the galleries and subsequent polymeri-
zation (Figure  41.4 ) or by direct insertion of polymer chains into the galleries from 
either a solution or a melt. Basically, the process involves the annealing and mixing 
of the polymer and the layered silicate nanomaterial above the softening temperature 
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of the polymer. During annealing, the polymer chains diffuse from the melted bulk 
into the galleries.   

 Various biopolymers have been experimented on to produce nanocomposites. 
Polylactide is an emerging biopolymers with potential applications in food packaging. 
To enhance the barrier and mechanical properties, other synthetic polymers have been 
incorporated into PLA or it has been mixed with fi llers to reduce the cost and/or 
improve performance (e.g., proteins, starch, inorganic fi llers, and natural fl ax fi ber 
have been used). It has also been chemically modifi ed with the aim of extending its 
applications in more specialized or severe circumstances. Polymer nanocomposites 
represent a better alternative to traditional polymer composites (Petersen  et al .,  1999 ; 
Alexandre and Dubois,  2000 ). Currently, montmorillonite (MMT) has been used in 
the formation of nanocomposites because of its high surface area and aspect ratio. 
MMT has a very high elastic modulus (178   GPa) as compared with most biopolymers. 
The high value of the elastic modulus enables MMT to improve the mechanical prop-
erties of biopolymers by carrying a signifi cant portion of the applied stress (Fornes and 
Paul,  2003 ). 

 Starch – clay combinations are another type of biodegradable nanocomposite that has 
been tested for various applications, including food packaging (Huang  et al .,  2005 ; 
Yoon and Deng,  2006 ; Cyras  et al .,  2008 ). Signifi cant improvements in mechanical 
properties were noticed; both the Young ’ s modulus and the tensile strength were 
increased with the addition MMT. Barrier properties are of prime importance in bot-
tling and food packaging. Cyras  et al .  (2008)  reported that the effective diffusion coef-
fi cients for nanocomposites were lower than for starch alone. This suggests that the 
addition of MMT reduced the water uptake of the starch fi lms, possibly owing to the 
tortuous structure formed by the exfoliated clay. 

Figure 41.4 Schematic diagram of synthesis of nanoclay PLA (adapted from Ahmed and Varshney, 
2011). (ROP, ring -opening polymerization.) 
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 Protein isolates have been used to synthesize nanomaterials that may lead to food 
packaging applications. Whey protein isolate (WPI) acts as an edible fi lm and coating 
material. TiO 2  was incorporated into WPI fi lms to form a nanocomposite with improved 
antimicrobial properties (Sothornvit and Krochta,  2005 ). Zhou  et al .  (2009)  recom-
mended whey – TiO 2  nanocomposites to be used as food - grade, biodegradable packaging 
materials. The addition of small amounts ( < 1   wt%) of TiO 2  nanoparticles signifi cantly 
increased the tensile strength of the WPI fi lm (from 1.69 to 2.38   MPa). 

 Soy protein isolate (SPI) is a good candidate for a biodegradable plastic owing to its 
thermoplastic properties. However, it has a poor response to moisture and a high 
rigidity. Plasticization of SPI further decreases the barrier properties and tensile 
strength of fi lms made from this material. Soy protein nanocomposite fi lms showed 
reduced water vapor permeability, and improved elastic modulus and tensile strength 
compared with counterparts without fi llers (Dean and Yu,  2005 ; Yu  et al .,  2007 ). 

 Cellulose nanofi bers (CNF) are another potential source of nanoparticles to improve 
the mechanical properties of packaging materials. It was found that incorporation of 
CNF improved the tensile properties, water vapor permeability and glass transition 
temperature of fruit - puree - based fi lms (Azeredo  et al .,  2009 ). The tensile strength 
increased (from 4.09 to 8.76   MPa) with an increase in the CNF concentration from 0% 
to 36%. It was proposed that there was an effective increase in the tensile strength 
and Young ’ s modulus owing to the formation of a fi bril network within the matrix, 
especially at higher concentrations of CNF. 

 The technology of nanocomposites is still in its infancy, and there are several issues 
that have raised concerns about food safety. Speculation is rife that nanotechnology 
may be creating strange new substances that should not be commercialized until 
further research has been completed. Any manufacturer can rely on past decisions 
approved by the FDA for any chemicals to go to market without involving the FDA, 
if the chemical it proposes to market is the same as the listed chemical, if it is sold 
for the same intended purpose, and if the product complies with any specifi cations 
and limitations placed on the intended use when the decision was made to permit 
marketing.   

  Packaging Safety, Legislation and Regulations 

 There are some health concerns regarding residual monomers and other components 
in petroleum - based packaging materials, including stabilizers, plasticizers, and con-
densation components such as bisphenol A. To ensure public safety in the United 
States, the FDA reviews packaging materials carefully and regulates those materials. 
Any substance that can sensibly be expected to migrate into food is classifi ed as an 
indirect food additive and is subject to FDA regulations. There is a threshold of regula-
tion, which is defi ned as a specifi c level of dietary exposure that typically induces 
toxic effects. If the level of a substance is below the threshold limit and therefore 
poses negligible safety concerns, the substance may be exempted from regulation as 
a food additive. The FDA revisits the threshold level if new scientifi c information 
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raises concerns. Furthermore, the FDA advises consumers to use plastics for their 
intended purposes in accordance with the manufacturer ’ s directions to avoid uninten-
tional safety concerns. Despite these safety concerns, the use of plastics in food pack-
aging has continued to increase owing to the low cost of the materials and their 
functional advantages (such as thermosealability, microwavability, their optical prop-
erties, and their ability to be formed into unlimited sizes and shapes) over traditional 
materials such as glass and tinplate (L ó pez - Rubio  et al .,  2004 ). 

 In order to protect consumers against potential hazards from oral exposure to pack-
aging materials, different countries have adopted several different frameworks. The 
history of formal food packaging regulation in the United States began with the 
passage of the Food Additives Amendment of 1958, and although some statutes in 
other countries dealt with packaging in general terms prior to that time, it is believed 
that this 1958 law set in motion all of the modern thinking on the subject (Heckman, 
 2005 ). The European Commission adopted a Framework Directive in November 1976, 
which established the general principles for all food - contacting materials and objects, 
as well as criteria and procedures that should be followed for the elaboration of specifi c 
Directives (Robertson,  1993 ). 

 European Union legislation has fi ve main instruments: Regulations, Directives, 
Decisions, Recommendations and Opinions. The safety of food packaging materials 
is therefore generally based on the lack of potential toxic substances (from toxicologi-
cal data) and the absence of migration from such substances (migration testing). 
Directive 76/893/EEC (European Union,  1976 ) established the principle that all mate-
rials and objects intended to come into contact directly or indirectly with foodstuffs 
must not transfer any of their constituents to the food product in quantities that could 
endanger human health, produce an unacceptable change in the composition of the 
food or alter its sensory characteristics (Heckman,  2005 ; Robertson,  1993 ). 

 EU Directive 2002/72/EC lays down limits with respect to the concentrations of 
certain substances in packaging and of migrating substances in foodstuffs or corre-
sponding food simulants. These regulations are based on toxicological data on sub-
stances. EU Directive 2002/72/EC stipulates that a maximum of 10   mg · dm  − 2  or 
60   mg · kg  − 1  of physiologically nonhazardous substances may transfer from the packag-
ing to the foodstuff (global migration). Directive 89/109/EEC (European Union,  1989 ) 
was substituted in October 2004 by Regulation (EC) 1935/2004 (European Union, 
 2004 ) of the European Parliament and Council, and therefore converted into European 
Law. It contains general provisions on the safety of active and intelligent (A & I) pack-
aging and sets out the framework for the safety evaluation process. A new Regulation 
specifi c to A & I packaging, published in 2009 (Regulation (EC) 450/2009), sets out 
additional requirements in order to ensure the safe use of A & I packaging and intro-
duces an authorization scheme for substances used for active and intelligent functions 
in food contact materials. 

 In the US, the Food and Drug Administration proposed procedural regulations to 
govern the administration of the food additives law; these were published on December 
9, 1958, and the rules were fi nalized on March 28, 1959. At the time, it was generally 
understood that the FDA would consider data derived from extraction studies and 
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would concur in  “ nonadditive ”  status where such data indicated that there would be 
no detectable extraction with analytical methodology generally sensitive to a part or 
two per million. More than 250 pages of the Code of Federal Regulations set forth the 
Indirect Food Additive Regulations put into effect before 1997. They are effective at 
this time and will remain so. The Pre - Market Notifi cation system now mandated by 
Congress in the Food and Drug Modernization and Accountability Act of 1997 effec-
tively replaces the Petition - Regulation system put into play in 1958. Nevertheless, it 
is important to know what needed to be included in the Food Additive Petitions to 
bring about favorable FDA action, since the regulations adopted under the new law 
require that essentially everything required to be submitted in petitions needs to be 
provided in an acceptable Pre - Market Notifi cation. The FDA Form 3480 is used to 
prepare and submit Food Contact Notifi cations, and FDA ’ s Guidance Documents 44 
make the data requirements quite clear. In general, the new law requires the same 
data as was required for a successful Food Additive Petition but it does so in a more 
systematic way. A detailed discussion of US and European regulations is available 
elsewhere (Heckman,  2005 ).  

  Conclusions 

 Foods are packaged to preserve their qualities. Processed foods pass through a distribu-
tion process and there are many hazards in the distribution system. Packaging is the 
best way to prevent hazards in the distribution systems. The food industry has seen 
great advances in the packaging sector since its inception. These advances have led 
to improved food quality and safety. Packaging materials have changed with time and 
demands. The interaction between foods and package materials is a real challenge in 
food package design. New advances have focused on controlling moisture migration, 
microbial growth, and volatile fl avors and aromas. Currently, biopolymers have an 
edge over petroleum - based polymers from an environmental point of view. However, 
biodegradable packaging materials must satisfy the critical requirements on mechani-
cal, thermal and barrier properties for the intended application. With the introduction 
of nonthermal processing, there is a great demand for packaging materials suitable for 
such processes. In general, it has been observed that most conventional packaging 
materials remain unaffected by high - pressure processing. Nanotechnology has the 
potential to infl uence the packaging sector signifi cantly. Nanoscale innovations in the 
form of pathogen detection, active packaging and barrier formation are poised to take 
food packaging in a new direction.  
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   Introduction 

  The Purpose of Packaging 

 Food is packaged to preserve its quality and freshness, to add appeal to consumers and 
to facilitate storage and distribution (as stated by the Codex Alimentarius Commission 
in 1985). To accomplish this goal, the package must serve the important functions of 
containing and protecting the food, providing convenience, and conveying product 
information. The package protects the food against physical, chemical and biological 
damage. It also acts as a physical barrier to oxygen, moisture, volatile chemical com-
pounds and microorganisms that are detrimental to the food (Brown,  1992 ). The 
package has to be considered as an integral part of the preservation system because it 
provides a barrier between the food and the external environment. It is usually a 
composite item meeting several different needs (da Cruz  et al .,  2007 ). What we call 
the preservation role is a fundamental requirement of food packaging, since it is 
directly related to the safety of the consumer. 

 Besides the preservation function, packaging has several other important roles to 
play in delivering safe, wholesome and attractive foods to the market and in doing 
this economically and with minimal environmental impact. The package affects, to 
a great extent, the purchase decisions of the consumer (Grorski - Berry,  1999 ). In fact, 
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if the product draws the attention of the consumer, the product will be purchased. If 
the product is good and lives up to expectations, the consumer will be satisfi ed and 
will buy it again. The packaging not only has to look good, it must also appeal to at 
least one sense by smelling good, feeling exceptional or giving off an irresistible sound 
when it is opened. The message conceived by the producer of the packaging is not 
received in the same way by every consumer, but it is revised by each in light of their 
personal needs and specifi c sensibilities. Apart from obvious reasons such as necessity 
or utility, the consumer desires and buys an object for the image that it provides or 
for the identity that it is perceived to have in society. The packaging also has a 
meaning of a promotional kind, which is perceived both in the place where the product 
is sold and in the place where it is used, and it is able to pass on information and 
feelings about brand and corporate image using, essentially, well - structured iconic and 
linguistic codes (Brown,  1992 ). The information on labels, including indications of 
preservation methods and expiry date, should be always considered suffi ciently clear 
and complete by the consumer. 

 Extra and enhanced functions have been sought by the food packaging sector to 
meet consumer demands: packaging that improves the service provided by a product, 
packaging that communicates and simplifi es the new uses of a product, and packaging 
that simplifi es an offer of complex solutions (Lee  et al .,  2008 ). Efforts to improve the 
performance of packaging solutions and to control fresh foods can be directed towards 
many areas. Active packaging is the most relevant innovative idea that has been 
applied to increase consumer satisfaction (Appendini and Hotchkiss,  2002 ; Lopez -
 Rubio  et al .,  2004 ). Active packaging has been defi ned as a system in which the 
product, the package and the environment interact in a positive way to extend the 
shelf - life of the product or to control some characteristics that cannot be obtained 
otherwise (Cutter,  2002 ). This technology could be described as food packaging with 
an enhanced protection function. In recent years, an additional step forward has been 
taken by developing active packaging with antimicrobial properties that contain 
natural instead of synthetic additives (Suppakul  et al .,  2003 ). 

 Low - environmental - impact polymers represent another interesting category of new 
food packaging materials, since they are in accordance with some current themes, 
such as the prevention of environmental pollution, and also convenience and food 
quality (Petersen  et al .,  1999 ; Siracusa  et al .,  2008 ). To develop environmentally sus-
tainable solutions, innovations in the characteristics of polymeric materials are needed 
(Karbowiak  et al .,  2009 ). In the near future, the aim is to develop eco - friendly packag-
ing solutions. The solution will lie in the implementation of preventive measures and, 
above all, in the adoption of policies shared by all actors in the production chain. 

 Another interesting function that is extremely appreciated by the consumer is intel-
ligent packaging. This represents a technology that uses the communication function 
of the package to facilitate decision making, in order to achieve the benefi ts of 
enhanced food quality and safety (Yam  et al .,  2005 ). Researchers have achieved good 
results for the fi nal setup of these devices, but these devices have not yet come into 
widespread use in fresh products at the level of primary packaging. Conducting such 
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research frequently requires a systems approach involving interactions between 
researchers in food packaging, food engineering, nanotechnology and other disciplines. 
Research opportunities also exist in integrating data carriers and package indicators 
into the same device. Combining intelligent packaging and active packaging offers 
many intriguing possibilities, thus allowing the development of more sophisticated 
packaging systems (Kerry  et al .,  2006 ).  

  Correlation between Mass Transport Properties and Shelf - Life 

 The shelf - life of a product is defi ned as the period of time during which the quality 
of the packaged food remains acceptable. This period may range from a few days to 
more than one year. Thus, the packaging must have properties that ensure that the 
shelf - life is not compromised (Kilkast and Subramaniam,  2000 ; da Cruz  et al .,  2007 ). 
The properties of interest vary between applications: what is suffi cient for a short -
 shelf - life product may be completely unsatisfactory for a food with a longer shelf - life 
(Paine and Paine,  1983 ). There are numerous variables that can play a signifi cant role 
in establishing package performance, such as the initial food quality, the processing 
operations, the size, shape and appearance of the package, the distribution method, 
and the method of disposal of the package. Generally speaking, the properties that 
determine the adequacy of packages to meet performance requirements can be grouped 
into the following categories: mechanical, thermal, optical and mass transport proper-
ties (Brown,  1992 ). In spite of this, the extent to which packaging fulfi lls its preserva-
tion role is greatly dependent on the ability of the material to provide a barrier to the 
environmental factors that cause spoilage. The factors with which we are concerned 
are water vapor, gases and light. When considering the barrier properties of the 
common packaging materials to low - molecular - weight compounds, we can divide 
them into total barriers (glass, tin - plated and other coated steel, and aluminum above 
17    μ m in thickness) and partial barriers (aluminum foil below 17    μ m, and paper - based 
and plastic materials). 

 Mass transport phenomena are of great importance in food packaging using plastics, 
since polymeric matrices are permeable to moisture, oxygen, carbon dioxide, nitrogen 
and other low - molecular - weight compounds. Glass and metal packaging materials are 
not permeable to low - molecular - weight compounds, whereas paper - based materials 
are too permeable. Hence, these last types of materials do not provide an opportunity 
for the designer to optimize the barrier properties for various applications. Polymers 
can provide a wide range (covering three or four orders of magnitude) of permeabilities 
for different applications, thus justifying studies aimed at ensuring adequate barrier 
protection. 

 For foods that are sensitive to oxygen or moisture, barrier protection against low -
 molecular - weight compounds is the major function of the package in terms of provid-
ing adequate protection. For example, moisture can move from the external 
environment through the package into the headspace, thus increasing the relative 
humidity and causing a moisture - sensitive food to have less crispness and conse-
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quently a shorter shelf - life (Sanches Silva  et al .,  2004 ). Moisture loss can also be criti-
cal: water vapor escaping from the package can provoke undesirable textural changes 
in food (Roca  et al .,  2006 ). As regards the function as an oxygen barrier, whenever a 
product contains fat we can assume that an oxygen barrier is required. For most foods, 
packaging technologists are concerned with keeping oxygen out of the pack (Del 
Nobile  et al .,  2003c ). However, there are some exceptions, such as fresh meat, that 
need a certain amount of oxygen to maintain freshness (Quintavalla and Vicini,  2002 ). 
There are also occasions when the transport of gases is desirable, as happens with 
fresh - cut produce, where an exchange of gas through the package is necessary to 
accommodate respiration and transpiration; and to maintain an optimum gas composi-
tion in the headspace (Del Nobile  et al .,  2006 ; Rico  et al .,  2007 ; Conte  et al .,  2009a ). 

 On the basis of the considerations above, we can sum up by saying that the mass 
barrier properties of packaging can play a key role in determining product shelf - life. 
In several cases, in fact, shelf - life calculations can be based solely on the barrier prop-
erties of the packaging material. Conversely, the desired shelf - life can dictate the 
barrier specifi cation of the polymeric matrix of the packaging.  

  Design of Packaging Systems Intended for Food Applications 

 As described above, in situations where food deterioration is driven by either gas or 
moisture permeation from the ambient environment, an accurate choice of the mass 
transport properties of the packaging may bring about an increase in the product 
shelf - life. Each category of food has its specifi c quality attributes, storage conditions 
and expected shelf - life, and specifi c packaging tools are applied to it. For a specifi c 
shelf - life, defi ned on the basis of marketing requirements, consumer expectations 
and distribution organization, the required characteristics of the package can be found 
from the interactions between the food, the packaging and the environment. 
Packaging design is clearly a fundamental part of any newly launched product. 
Considering the importance of packaging in determining product shelf - life, the correct 
approach is one in which the development of the product and of its packaging system 
are considered at the same level of importance (Cleland,  1996 ). An optimization 
process by means of experimental evaluation (the trial and error approach) would 
take a long time, and it is usually very expensive. It would be necessary to invest 
long, laborious effort in the experimental determination of the acceptability of a 
given plastic for containing a specifi c food. Moreover, long - shelf - life studies do not 
fi t with the speed requirements of the food industry; therefore, many efforts have 
been made to develop shelf - life simulation tools. Even though package design by the 
trial and error method is possible, the most suitable approach is to deploy design -
 engineering methods based on quantitative models that relate the relevant factors 
infl uencing quality loss and gas transfer systems. Packaging design has gained great 
importance over the last few decades because of the numerous options available for 
packaging materials that offer alternative ways to reduce cost and time (Rodriguez -
 Aguilera and Oliveira  2009 ). 
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 The idea behind designing barriers to protect food is to select the packaging in terms 
of materials and dimensions to provide adequate protection to the packaged food. To 
accomplish this goal, the following steps must be carried out. First of all, for a given 
food product, the main phenomena that are detrimental to quality, as well as their 
kinetics, have to be assessed. Many foods are sensitive to more than one spoilage 
factor. For example, whereas for raw and cooked meats taint and physical damage are 
the main deterioration indices, oxidation and moisture changes are specifi c problems 
for breakfast cereals. Once the main factor responsible for product unacceptability has 
been identifi ed, it is of prime importance to create conditions in the package that will 
slow down the relevant detrimental process. Mathematical models can be developed 
to describe the chosen spoilage phenomenon and predict product shelf - life under real 
working conditions. From all of the assembled data, the equations defi ning the decay 
of quality during storage of the packaged food can be solved. Once potentially suitable 
packaging solutions have been determined, it is essential to carry out only limited 
storage trials to validate the mathematical approach. This involves shelf - life tests 
carried out using a pilot plant to pack and store the food. 

 Packaging design today involves strategies and solutions for products and services. 
Planning in a strategic way means understanding in what way innovation can be part 
of a company ’ s targets.   

  Barrier Properties: Steady State 

  Basic Theoretical Principles, Problems and Limitations of Using 
the Permeability Coeffi cient 

 In food science applications, a knowledge of the permeability coeffi cients of packaging 
materials is of great importance, since they are used for predicting the shelf - life of 
packaged foods. Permeation is defi ned as the transfer of molecules through a barrier 
formed by a fi lm, without consideration of what mechanism is involved. There are 
usually two possible models of mass transfer: a capillary fl ow type of model, and an 
activated - diffusion type. Capillary fl ow is the dominant mechanism in fl exible fi lms 
that either consist of highly porous media or have defects such as cracks, folds and 
micropores (Heiss,  1980 ; Chao and Rizvi,  1988 ). Of much more importance to the fi eld 
of food packaging is the activated - diffusion type, which describes the transport of 
molecules through homogeneous bulk polymeric materials, which may be either 
amorphous or semicrystalline (Rogers  et al .,  1972 ; Crank,  1975 ). For the activated -
 diffusion type of mass transfer, the permeation process is described by means of the 
following equation:

    J P
p p

= ⋅
−( )1 2

�
    (42.1)  

  where  J  is the steady - state mass fl ux,  P  is the permeability coeffi cient,  p  1  and  p  2  are 
the partial pressures of the permeant on the upstream and downstream sides of the 
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fi lm, and  �  is the fi lm thickness. In fact, the permeability coeffi cient is the propor-
tionality constant between the partial - pressure gradient of the permeant through 
the fi lm and the mass fl ux in the steady state. Alternatively, it can be taken to mean 
the proportionality constant between a cause (i.e., the partial - pressure gradient of the 
permeant through the fi lm) and an effect (the mass fl ux of the permeant). Permeation 
through bulk polymers is generally described as a three - step process during which 
molecules move along a partial - pressure gradient. In the fi rst step, the permeant is 
dissolved into the amorphous phase of the fi lm on the upstream side. In the second 
step, once inside the fi lm, each molecule moves randomly through the polymeric 
matrix. In the third step, the molecules desorb from the fi lm on the downstream side. 
Absorption and desorption depend on the solubility of the penetrant in the polymer. 
On the other hand, the mobility of the penetrant in the polymeric matrix is related 
to its diffusivity (Rogers  et al .,  1972 ; Crank,  1975 ; Comyn,  1985 ; DeLassus and Hilker, 
 1987 ). Therefore, the barrier properties of the fi lm, which can be expressed and 
described by the permeability coeffi cient, are related to the diffusivity and solubility 
of the fi lm – penetrant system. As reported by Miller and Krotcha  (1997) , the diffusion 
coeffi cient describes the movement of permeant molecules through the polymer, and 
thus represents a kinetic property of the polymer – permeant system. On the other 
hand, the solubility coeffi cient describes the dissolution of the permeant in the 
polymer, and thus represents a thermodynamic property of the polymer – permeant 
system; the permeability coeffi cient, being a function of both the solubility of the 
absorbed low - molecular - weight compound and its diffusion rate through the fi lm, 
incorporates both kinetic and thermodynamic properties. 

 The solubility coeffi cient is defi ned as the ratio between the activity of the permeant 
and its concentration at equilibrium inside the polymer:

    S
C
a

C
a

C
C

= ⎛
⎝⎜

⎞
⎠⎟ = ⎛

⎝⎜
⎞
⎠⎟ ≅ ⎛

⎝⎜
⎞
⎠⎟eq ext eq ext eq

    (42.2)  

  where  C  and  C  ext  are the permeant concentrations in the membrane and in the external 
phase, respectively, and  a  and  a  ext  are the permeant activities in the membrane and 
in the external phase, respectively. In the case of a gaseous permeant, the above equa-
tion can be written as follows:

    S
C
p

= ⎛
⎝⎜

⎞
⎠⎟ eq

    (42.3)  

  where  p  is the permeant partial pressure in the external phase. Generally, the amount 
of permeant absorbed by a polymer at equilibrium and the shape of the sorption iso-
therm depend on the magnitude and type of the intermolecular forces between the 
polymer and the permeant. The sorption isotherm describes the relationship between 
the content of a low - molecular - weight compound sorbed in a material and its activity 
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at equilibrium. In an ideal system,  C  is proportional to  a , which means a linear sorp-
tion isotherm (Henry ’ s law). This is the behavior exhibited by a polyamide membrane 
for the gases Ar and N 2  (Motamedian  et al .,  1998 ). In the case of nonideal polymer –
 permeant systems, such as cellulose acetate and H 2  gas (Motamedian  et al .,  1998 ), the 
sorption isotherm is nonlinear. 

 The solubilization process of low - molecular - weight compounds in semicrystalline 
polymers is strictly related to that in the corresponding totally amorphous polymer 
(Michaels and Parker, Jr.,  1959 ; Michaels and Bixler,  1961 ). It is generally assumed 
that the crystal phase acts as an impervious region to low - molecular - weight com-
pounds. Under this hypothesis, the solubility coeffi cient of a semicrystalline polymer 
can be written as a function of the solubility coeffi cient as in the following 
equation:

    S S= ⋅β *     (42.4)  

  where  S  is the solubility of the semicrystalline polymer,   β   is the amorphous volume 
fraction of the polymer and  S *   is the solubility coeffi cient of the totally amorphous 
polymer. The diffusion of low - molecular - weight compounds in polymers is generally 
governed by two simultaneously occurring phenomena: a substantially stochastic 
phenomenon (related to Brownian motion), where the penetrant fl ow is driven exclu-
sively by a concentration gradient and, only in the case of permeant - induced swelling 
of the polymeric matrix, a relaxation phenomenon that leads the polymer to swell to 
equilibrium (Del Nobile  et al .,  1994 ). When the mass transfer takes place in a sub-
stantially unperturbed polymer matrix, as in the case of gas diffusion in rubbery poly-
mers (or whenever the solvent - induced polymer swelling is negligible), the diffusion 
process is substantially controlled by a stochastic phenomenon. The diffusion related 
to Brownian motion is generally described by means of Fick ’ s fi rst law. In the specifi c 
case of diffusion through a plane sheet, the Fick model reduces to the following 
equation:

    J D
C
x

= − ⋅ ∂
∂F     (42.5)  

  where  D  F  is the diffusion coeffi cient and  x  is the spatial coordinate. 
 It is possible to distinguish between two different behaviors, ideal and nonideal 

Fickian diffusion. In the case of ideal behavior, the diffusion coeffi cient  D  F  is constant, 
whereas in the case of nonideal behavior, the diffusion coeffi cient is a function of the 
local permeant concentration ( D  F     =     f ( C )). If one integrates both sides of Equation  42.5  
over the fi lm thickness, one obtains

    J D
C
x

dx D dC
C

C

0 0 1

2� �

∫ ∫ ∫= − ∂
∂

= −F F  
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  and also

    Jdx D dC
C

C

0 2

1�

∫ ∫= F     (42.6)  

  where  C  1  and  C  2  are the permeant concentrations on the upstream and downstream 
sides of the fi lm. 

 In the steady state, Equation  42.6  can be rewritten as follows:

    J D dC
C

C

⋅ = ∫� F

2

1

    (42.7)   

 By rearranging the steady - state gas fl ow equation (Equation  42.1 ), one obtains

    J P p p⋅ = ⋅ −( )� 1 2     (42.8)   

 Substituting Equation  42.7  into Equation  42.8 , the following equation is obtained:

    P p p D dC
C

C

⋅ −( ) = ∫1 2

2

1

F  

  and also

    P
p p

D dC
C

C

=
−( ) ∫
1

1 2
2

1

F     (42.9)   

 From Equation  42.9 , it emerges that the permeability coeffi cient can be a function of 
the boundary conditions (the permeant partial pressures on the upstream and down-
stream sides of the fi lm). Generally, the barrier properties of polymeric fi lms are 
determined simply by evaluating the permeability coeffi cient of a given polymeric 
diffusing system for a single set of boundary conditions (Del Nobile  et al .,  1996a,b ). 
This approach can be used successfully whenever the permeability coeffi cient does 
not depend on the boundary conditions. In fact, in these cases (ideal cases), the per-
meation coeffi cient is constant because the permeating molecules do not change the 
free volume of the polymeric matrix much (Myers  et al .,  1961 ). In the ideal case,  D  F  
does not depend on the local permeant concentration, and Equation  42.9  becomes

    P
D

p p
C C=

−
⋅ −( )F

1 2
1 2  

  and, also,  S  does not depend on the permeant partial pressure:

    P
D

p p
S p p=

−
⋅ −( )F

1 2
1 2   
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 From the above equation, the following equation is obtained:

    P D S= ⋅F     (42.10)   

 Therefore, in the particular case where both the diffusion coeffi cient and the solubility 
coeffi cient are constant,  P  is simply the product of  D  F  and  S.  When the permeability 
coeffi cient depends on the partial pressures of the diffusing molecules on the upstream 
and downstream sides of the fi lm, the permeability coeffi cient determined for a single 
set of boundary conditions is useless for predicting the barrier properties of packaging 
under real working conditions. According to Equation  42.9 , in these cases the relation-
ship between the barrier properties of the fi lm and the boundary conditions can be 
addressed by determining  C     =     f  1 ( p ) and  D  F      =    f  2 ( C ). In general, the sorption isotherm of 
the permeant is used to evaluate the dependence of the solubility coeffi cient on the 
partial pressure of the permeant, whereas the relationship between the diffusion coef-
fi cient and the local permeant concentration can be determined by evaluation of the 
sorption kinetics of the permeant. These techniques to assess the dependence of the 
permeability coeffi cient on the boundary conditions will be discussed in more detail 
later on. It is worth noting that water is the main low - molecular - weight compound 
that plasticizes the polymeric matrix, and it could make the barrier properties of a 
package depend on the relative humidity on both side of the fi lm. For this reason, 
when we discuss the issue of determining the dependence of the permeability coef-
fi cient on the boundary conditions, we shall focus on this molecule. In fact, water 
molecules, acting as a plasticizer, increase the free volume of the polymeric matrix 
and consequently its macromolecular mobility. Therefore, the solubility coeffi cient 
depends on the permeant activity, whereas the diffusivity coeffi cient depends on the 
local permeant concentration. As a result, the permeability coeffi cient depends on the 
upstream and downstream partial pressures of water vapor (Hernandez  1994 ). This 
topic will be treated in detail in the  “ Case Studies ”  section below. In particular, the 
work of Buonocore  et al .  (2005)  will be presented and discussed. These authors per-
formed water permeation tests on water - sensitive nylon fi lms, and the experimental 
data obtained were used to predict the water permeability coeffi cient by means of an 
appropriate model. The results of model validation will be also reported. 

 The permeability coeffi cient also depends on the temperature according to the 
Arrhenius equation (Williams  et al .,  1955 ):

    P P
E

RT
=

−⎛
⎝⎜

⎞
⎠⎟0

0exp     (42.11)  

  where  P  0  is the Arrhenius constant,  E  0  is the activation energy for permeation,  R  is 
the universal gas constant and  T  is the absolute temperature.  

  Permeability Coeffi cients of Multilayer Packaging Systems 

 The conventional approach to producing high - performance fi lms for foodstuff packag-
ing is to combine fi lms made of different materials into multilayer structures to 
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achieve the required properties. The strategy of combining different polymers with 
various gas or water barrier properties is a useful tool for reducing the sensitivity of 
a polymeric system to low - molecular - weight compounds and to improve the perform-
ance of a packaging material. Multilayer structures are also used to optimize the 
properties of packages from other points of view. This technique permits one to reach 
a good compromise between other fundamental characteristics of a packaging material 
such as mechanical properties, weldability, printability and cost. 

 On the basis of the above, it is clear that the evaluation of the permeability coef-
fi cient of every multilayer fi lm would require numerous measurements, owing to the 
enormous number of fi lm structures that could be made by combining the commer-
cially available fi lms. Therefore, it is necessary to fi nd a relationship that relates the 
permeability of each individual layer and its thickness to that of the multilayer fi lm. 
If a three - layer structure is considered, the mass fl ux through the multilayer fi lm is

    J P
p p

= ⋅
−

TOT
TOT

1 3

�
    (42.12)  

  where  p  1  and  p 3   are the permeant partial pressures on the upstream and downstream 
sides of the fi lm, respectively,  �  TOT  is the thickness of the multilayer fi lm, and  P  TOT  
is the permeability coeffi cient of the multilayer structure. As an example, Figure  42.1  
shows a schematic illustration of a three - layer structure. The mass fl uxes through 
each fi lm are:

Figure 42.1 Representation of a three -layer structure. 
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    (42.15)  

  where  p  1 – 2  and  p  2 – 3  are the permeant partial pressures in equilibrium with the permeant 
concentrations at the interfaces between layers 1 and 2 and between layers 2 and 3, 
respectively. Rearranging Equations  42.13  and  42.15 , one obtains

    Δp
J

P
1

1 1

1
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⋅ �

    (42.16)  

    Δp
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P
2

2 2

2
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    (42.17)  

    Δp
J

P
3

3 3

3

=
⋅ �

    (42.18)   

 By adding Equation  42.16  to Equation  42.18  and keeping in mind that, according to 
the steady - state hypothesis, the mass fl ux through all of the fi lms must be the same 
(i.e.,  J  1     =     J  2     =     J  3     =     J ), and also recalling that, by defi nition,  Δ  p  TOT     =     Δ  p  1     +     Δ  p  2     +     Δ  p  3 , the 
following equation is obtained:

    Δp J
P P P
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    (42.19)   

 Rearranging Equation  42.19 , one obtains
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 Comparing Equations  42.20  and  42.12 , one obtains
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 The above equation can be written in a generalized way as follows:

    P

P
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i n

TOT
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⋅=

=

∑ 1
1

1
�
�

    (42.22)  

  where  �   i   is the thickness of the  i th layer in the multilayer structure, and  P i   is the 
permeability coeffi cient of the  i th layer.  

  Macroperforations and Perforation - Mediated Packaging Systems 

 Products such as fruit and vegetables with a high respiratory activity require the use 
of packaging with a high permeability to avoid extremely low levels of O 2  and/or high 
levels of CO 2  in the package headspace arising in the steady - state condition from the 
balance between respiration and permeation. The permeability of commercially avail-
able plastic fi lms is generally far too low for the optimal requirements of many com-
modities. For this reason, perforations or channels in the package are used to widen 
the range of mass transport properties of packages made from commercially available 
fi lms. The number of perforations, cross - sectional area of the perforations and length 
of the diffusion channel affect the barrier properties of the package and thus can be 
used as control variables to obtain the desired mass transport properties. Another type 
of structure is called the perforation - mediated packaging system, which is a system 
where tubes, which may be packed with an inert fi lling, are inserted in an otherwise 
airtight package (Fonseca  et al .,  2000 ). 

 According to what was said earlier, in the case of fruit and vegetables two main 
processes contribute to the changes in the amount of a low - molecular - weight com-
pound,  q , inside a package containing fresh produce: physiological activity (respira-
tion, resulting in oxygen consumption and carbon dioxide production, and transpiration, 
resulting in emission of water vapor), with a total rate  f , and permeation of gases 
through the packaging fi lm, with a rate  F :

    
dq
dt

f F= +     (42.23)   

 The amount of a low - molecular - weight compound is usually represented by the 
product of its partial concentration (denoted by   CO2 for oxygen and  C  W  for water vapor) 
and the free volume within the package,  V  st :

    q V C= ⋅st O2     (42.24)   

 The total amount of low - molecular - weight compound that permeates through a mac-
roscopically homogeneous fi lm is given by the mass fl ux multiplied by the fi lm area 
 A    :    F    =    J · A . If the fi lm is perforated, the perforations represent an alternative route for 
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gas transport that is in parallel to the barrier formed by the plastic material. In this 
case, the total fl ow is

    F J A J A= ⋅ + ⋅h h     (42.25)  

  where  A  h  is the total area of the holes and  J  h  is the fl ux of gas per unit area of the 
holes. A similar equation can be written for the water vapor fl ow  F  W . The steady - state 
diffusion fl ux of a gas through a nonperforated fi lm obeys Equation  42.1  (Cussler, 
 1984 ). This can be rewritten as follows:

    J P
C C

= ⋅
−( )A in

�
    (42.26)  

  where  C  A  and  C  in  are the concentrations of the gas in the ambient atmosphere and 
inside the package, respectively. Macroscopic perforations in polymeric fi lms have 
diameters of the order of 10  − 4  m or greater, whereas the mean free path of gas molecules 
at atmospheric pressure is much less, being about 1 to 2    ×    10  − 7    m (Kesting and Fritzsche, 
 1993 ). Therefore, the transport through a perforation may be treated as macroscopic 
diffusion in a cylindrical pathway fi lled with air. The diffusive fl ux in this case obeys 
Fick ’ s law:

    J D
C C

L
h F

air in A

h

= −
−( )

    (42.27)  

  with the diffusion coeffi cient of the gas in air,   DF
air, replacing the permeability coef-

fi cient,  P , of Equation  42.26 . The diffusive path length is denoted here by  L  h . Its evalu-
ation is a complicated diffusion problem. If the distance between the perforations is 
much greater than their radius, estimation of  L  h  may be done approximately by using 
the model employed by Meidner and Mansfi eld  (1968)  and Nobel  (1974)  for computa-
tion of stomatal resistance. According to this approximation,  L  h  equals the length of 
the cylindrical pore ( L ), increased by the radius of the hole ( z  h ):

    L L zh h= +     (42.28)   

 Therefore, Equation  42.28  has been used in subsequent computations. In particular, 
taking Equations  42.25  – 42.28 into account, the total fl ux through a plastic fi lm of area 
 A  with  N  perforations of radius  z  h  (total area  A  h     =      π z h   2  N ) may be represented as

    F C C
A P A D

L z
= −( ) ⋅ ⋅
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⎡
⎣⎢

⎤
⎦⎥

A in
h F

h�
    (42.29)   

 The water vapor fl ux through the perforated fi lm is represented in a similar way, with 
  θ   ·  H  replacing the concentration:



Mass Transport Phenomena in Food Packaging Design 1297

    F H H
A P A D

L z
W A

W h W

h

= ⋅ −( ) ⋅ ⋅ + ⋅
+( )

⎡
⎣⎢

⎤
⎦⎥

θ
�

    (42.30)  

  where  H  A  is the relative humidity in the ambient atmosphere,  H  is the relative humid-
ity in the packaging,  D  W  is the diffusion coeffi cient of water vapor in air and   θ   is the 
water vapor concentration at the saturation vapor pressure. Fishman  et al .  (1996)  vali-
dated the above mathematical model by comparison with experiments on modifi ed -
 atmosphere packages containing fresh fruit, as will be discussed later on.  

  Case Studies 

  Evaluation of the Water Permeability Coeffi cient as a Function 
of Boundary Conditions 

 Buonocore  et al .  (2005)  studied the water transport properties of a commercially avail-
able moderately hydrophilic nylon fi lm. As was said above, a more complex analysis 
is necessary to determine the relationship between the permeability coeffi cient and 
the water vapor partial pressures on the upstream and downstream sides of the fi lm. 
In this case Equation  42.9  can be rewritten as follows:

    
P a a

D C dC
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 As reported by Del Nobile  et al .  (1997a) , a simple equation to relate  D  F  to the local 
penetrant concentration can be obtained by rearranging the relationship proposed by 
Fujita  (1961)  to describe the dependence of the thermodynamic diffusion coeffi cient 
on the local penetrant volume fraction:
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  where the  B i    ’ s are constants to be determined by fi tting the model to experimental 
data. 

 By substituting the expression proposed for  D  F ( C  W ) into Equation  42.31 , one obtains
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 According to Equation  42.33 , the relationship between the water absorbed at equilib-
rium into the polymer and the water activity, as well as the dependence of the diffu-
sion coeffi cient on the local water concentration (i.e., the constants  B i  ) needs to be 
determined to address the dependence of the permeability coeffi cient on the water 
activity on the upstream and downstream sides of the fi lm. 

 Concerning the dependence of the solubility coeffi cient of water on the water activ-
ity, an equation proposed by Flory  (1953)  to describe the process of mixing of a linear 
polymer with a low - molecular - weight compound was used. In particular, owing to the 
presence of specifi c interactions between water molecules and hydrophilic sites on 
the polymer backbone, it was hypothesized that the absorbed molecules are in part 
randomly dispersed in the polymer matrix (dissolved water or free water) and in part 
physically bonded to the hydrophilic sites (adsorbed water or bound water) (Netti  et 
al .,  1996 ). Therefore, the total amount of absorbed water was expressed as follows:

    C C CW W
D

W
H= +     (42.34)  

  where  C  W  is the total concentration of total absorbed at equilibrium into the polymer, 
  CW

D is the concentration of dissolved water and   CW
H is the concentration of adsorbed 

water. The Flory equation that relates   CW
D to the water activity  a  W  is the following:
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  where   δ   W  is the density of water,   δ   p  is the density of the dry polymer and   φ   is the Flory 
interaction parameter. The dependence of   CW

H on the water activity was described by 
means of the Langmuir equation (Netti  et al .,  1996 ),

    C
C b a

b a
W
H H W

W

= ′ ⋅ ⋅
+ ⋅1

    (42.36)  

  where  C  ′  H  is the adsorption capacity and  b  is a constant that takes into account the 
affi nity between the adsorption sites and water molecules. By combining Equations 
 42.35  and  42.36 , it is possible to relate  C  W  to the water activity. However, owing to 
the form of Equation  42.35 , it is not possible to combine the above equations to obtain 
a relationship where  C  W  is an explicit function of  a  W . In fact, for a given  a  W  , the cor-
responding value of  C  W  was evaluated by fi rst numerically solving Equation  42.35  to 
determine   CW

D, then evaluating   CW
H using Equation  42.36  and fi nally summing these 

two terms. 
 The constants  B i   appearing in Equation  42.33  are generally determined by a study 

of the water sorption kinetics. When mass transfer takes place in a substantially 
unperturbed polymer matrix, the diffusion process is substantially controlled by a 
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stochastic phenomenon. The other limiting behavior is encountered when a very thin 
slab of polymer is put in contact with a swelling penetrant. In this case the charac-
teristic diffusion time is much lower than the relaxation time of the polymer; hence, 
polymer relaxation becomes the limiting phenomenon controlling the solvent uptake 
kinetics (Del Nobile  et al .,  1994 ). In the case of water diffusion in water - sensitive 
polymers, the experimental observations range between these two limiting phenom-
ena. Several approaches have been reported in the literature to describe solvent -
 induced polymer relaxation (Del Nobile  et al .,  1994 ). Among them, one of the simplest 
is that proposed by Long and Richman  (1960) . These authors assumed that when the 
external water activity is suddenly changed, the solvent concentration at the polymer 
surface does not reach the equilibrium value instantaneously (as it would do if only 
stochastic diffusion were considered), but it fi rst rapidly increases to a value lower 
than the equilibrium value. It then increases gradually until it reaches equilibrium. 
The instantaneous response of the system to the increase in the external water activ-
ity represents the elastic response of the polymer matrix to the external perturbation. 
The value of   CW

B 0( ), the initial water concentration at the boundaries of the fi lm, 
depends on both the initial macromolecular mobility, which in turn depends on the 
initial water concentration (i.e.,  C  W (0)), and the extent of perturbation (i.e., the differ-
ence between the fi nal and initial water concentrations at the fi lm boundaries, 
 C  W ( ∞ )    −     C  W (0)). Owing to the complexity of the phenomena involved, the following 
empirical relationship was proposed to relate   CW

B 0( ) to  C  W (0) and  C  W ( ∞ )    −     C  W (0):

    K
C K C

K C C

K

= − ( )[ ] ⋅ − ⋅ ( )[ ]
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W W
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    (42.37)  

  where  K  is the normalized initial water concentration at the boundaries of the fi lm, 
which is given by

    K
C C
C C

  
  
  

= ( ) − ( )
∞( ) − ( )

W
B

W

W W

0 0
0

 

  and spans the range from zero to one, and the  K i   ’ s are constants to be evaluated by 
fi tting the model to the experimental data. The rate at which the water concentration 
at the boundaries gradually increases to reach equilibrium is directly related to the 
relaxation kinetics of the polymeric matrix. To describe the boundary condition 
relaxation rate, the following empirical equation was proposed:

    
d t

dt
C t t t

α α α α α( ) = ⋅ ⋅ ( )[ ]⋅ ( ){ } ⋅ − − − ( )( )[ ]{ }1 2 1 1exp   exp   W
B     (42.38)  

  where   α  ( t ) is defi ned by the following equation:
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 This is the normalized water concentration at the boundaries of the fi lm at time  t ; it 
spans the range from zero to one, and represents the driving force for the polymer 
relaxation process. The   α  i   ’ s are constants to be evaluated by fi tting the model to the 
experimental data. As can be seen in Equation  42.38 ,  d α  ( t )/ dt  is expressed as the 
product of two terms. The fi rst term, which prevails at the early stages of the sorption 
process, is the kinetic constant of the polymer relaxation phenomenon; therefore, it 
increases as the macromolecular mobility of the polymer increases. The second term, 
which prevails at later stages of the sorption process, is a measure of the extent of the 
driving force for the polymer relaxation (i.e., the distance of the system from equilib-
rium). Therefore, it is a decreasing function of   α  ( t ). 

 In order to determine the dependence of the diffusion coeffi cient on the local water 
concentration (i.e., for the assessment of the constants  B i  ), water permeation tests 
were performed by Buonocore  et al .  (2005) . and the experimental data obtained were 
used to verify the ability of the above equations to fi t them. In particular, Equations 
 42.5  and  42.32  were used to describe the stochastic diffusion, and Equations  42.37  and 
 42.38  were used to describe the relaxation kinetics of the polymer matrix. The water 
uptake kinetics were obtained by numerically solving Fick ’ s second law for a plane 
sheet with the appropriate initial and boundary conditions:

    
∂
∂

= ∂
∂

⋅ ∂
∂

⎛
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C
t x

D
C
x

F     (42.39)   

 Two different boundary conditions were chosen, and thus two different models were 
proposed. The fi rst model, which will be referred to as the  “ anomalous diffusion 
model, ”  was derived taking the polymer matrix relaxation into account. Therefore, 
the following initial and boundary conditions were used:

    
C C t x

C C t t x x
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 The second model, which will be referred to as the  “ nonideal Fickian model, ”  was 
derived neglecting the polymer matrix relaxation. Therefore, the following initial and 
boundary conditions were used:
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C C t x x

W W

W W

= ( ) ⇒ = < <
= ∞( ) ⇒ ∀ = =

⎧
⎨
⎩

0 0 0
0

;
; ,

�
�

  

 The nylon fi lm used to validate the models was a commercially available fi lm and 
had an average thickness of 70    μ m. In order to determine the relationship between the 
water concentration and the water activity, water sorption isotherm tests were run 
by Buonocore  et al .  (2005) , and the experimental data obtained were used to verify the 
ability of Equation  42.34  to fi t them. Buonocore  et al .  (2005)  found good agreement 
between predicted (Equation  42.34 ) and experimental data, suggesting that the process 
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of sorption of water into the fi lm investigated could be successfully described by the 
proposed equation. 

 The water permeability of the fi lm investigated, as determined by means of permea-
tion tests, is plotted as a function of the water activity on the upstream side of the 
fi lm in Figure  42.2 . The curves shown in this fi gure were obtained by predicting the 
water permeability coeffi cient by means of the proposed models using the fi tting 
parameters also listed in the fi gure. As can be inferred from the data shown in Figure 
 42.2 , the ability of the  “ anomalous diffusion model ”  to predict the experimental data 
is quite satisfactory. The predictive ability of the  “ nonideal Fickian model ”  decreases 
as the water activity increases (i.e., as the infl uence of the polymer matrix relaxation 
process on diffusion becomes increasingly signifi cant), being quite satisfactory at low 
water activity, and only just acceptable at high water activity. The above results 
suggest that at low water activity, both models can successfully used to predict the 
water barrier properties of nylon fi lms. In contrast, at high water activity, the super-
position of solvent - induced polymer relaxation on stochastic diffusion cannot be 
neglected, and only the  “ anomalous diffusion model ”  is able to satisfactorily predict 
the water permeability coeffi cient.    

  Evaluation of the Permeability Coeffi cient of a Multilayer System 

 Del Nobile  et al .  (2004)  used a multilayer fi lm made up of fi ve polyolefi n layers and 
a gas barrier layer (made of EVOH), and water as a permeant to validate the model 

Figure 42.2 Water permeability of nylon fi lm plotted as a function of water vapor activity on the 
upstream side of the fi lm (the water activity on the downstream side of the fi lm is equal to zero), 
along with fi tting parameters. ( �) Experimental data; ( ——) “anomalous diffusion model ” (ADM); 
(— —) “nonideal Fickian model ” (NIFM). 
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above that relates the permeability of a multilayer fi lm to those of its constituent 
layers. As far as the polyolefi n layers are concerned, the water transport properties are 
not expected to depend on the boundary conditions. Figure  42.3  shows the water per-
meability coeffi cients of the polyolefi n layers investigated. As one would expect, the 
water permeability coeffi cient does not depend on the external humidity. Therefore, 
in these cases the water barrier properties of the fi lm can be determined by a single 
water permeation test. The mean water permeability coeffi cients of each polyolefi n 
layer, calculated by averaging the values shown in Figure  42.3 , are also listed in the 
fi gure. Both the three polyolefi n fi lms on one side of the gas barrier layer and the two 
polyolefi n fi lms on the other side were considered as a single fi lm, since their perme-
ability does not depend on the water activity.   

 EVOH is a moderately hydrophilic polymer, whose water transport properties are 
expected to depend on the external humidity. Figure  42.4  shows the water permeabil-
ity of the EVOH fi lm investigated , as determined by permeation tests, plotted as a 
function of the water activity on the upstream side of the fi lm (the water activity on 
the downstream side of the fi lm was set equal to zero). The curve shown in the fi gure 
was obtained by predicting the water permeability coeffi cient by means of Equation 
 42.33  using the parameter values also shown in the fi gure. Del Nobile  et al .  (2004)  
evaluated the goodness of fi t by means of the relative percentage difference (denoted 
by  E %) (Boquet  et al .,  1978 ) calculated using the experimental and predicted values. 
They found that the ability of Equation  42.32  to predict the experimental data was 
quite satisfactory, with an  E % value equal to 5.74.   

 As said above, the multilayer fi lms intended for food - packaging applications com-
mercially available have one moderately hydrophilic fi lm (i.e., EVOH), which serves 

Figure 42.3 Water permeability coeffi cients of the four polyolefi n fi lms investigated, plotted as a 
function of the value of a w on the upstream side of the fi lm. The value of a w on the downstream side 
of the fi lm was set to zero. ( �) Film A, ( �) fi lm B, ( �) fi lm C, ( �) fi lm F. The mean water permeability 
coeffi cients of each polyolefi n layer are also shown. 
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Figure 42.4 Water permeability coeffi cient of the EVOH fi lm investigated, plotted as a function of 
the value of a w on the upstream side of the fi lm. The value of a w on the downstream side of the fi lm 
was set to zero. ( �) Experimental data, ( ——) data trend as predicted by means of Equation 42.33.
The values of the fi tting parameters are also shown. 
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as a barrier fi lm to gases, placed between two hydrophobic fi lms (such as polyolefi n 
fi lms). In these cases Equation  42.22  can be written as follows:
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    (42.40)  

  where   aW
1 2−  is the water activity in equilibrium with the permeant concentration at the 

interface between the fi rst and second layers in the multilayer structure, and   aW
2 3−  is 

the water activity in equilibrium with the permeant concentration at the interface 
between the second and third layers. As can be inferred from Equation  42.40 , to cal-
culate   P a aW

TOT
W
u

W
d,( ), the values of   aW

1 2−  and   aW
2 3−  need to be calculated fi rst. These two 

values can be determined by numerically solving the following set of nonlinear 
equations:
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 The set of nonlinear equations above was solved in the following way. The fl ux  J  was 
derived from the fi rst equation by choosing an arbitrary value for   aW

1 2− . By replacing  J  
in the third equation,   aW

2 3−  was obtained. Therefore, it was possible to obtain the per-
meability coeffi cient   P a aW W W

2 1 2 2 3− −( ),  by means of Equation  42.33 . Then,   aW
1 2− ,   aW

2 3−  and 
  P a aW W W

2 1 2 2 3− −( ),  were used to calculate the fl ux from the second equation. This new value 
of  J  was substituted in the fi rst equation in order to evaluate a new value of   aW

1 2− , which 
was then compared with the value previously calculated. The iteration ended when 
these two values converged. 

 Figure  42.5  shows the water permeability coeffi cient of the multilayer fi lm plotted 
as a function of the water activity on the upstream side of the fi lm (the water activity 
on the downstream side of the fi lm was set equal to zero). The water permeability 
coeffi cient, as predicted by means of Equation  42.40 , is also shown. The values of   PW

1  
and   PW

3 were calculated by applying Equation  42.22  to the fi rst three layers of the 
multilayer structure (total thickness  l  1     =     l  A     +     l  B     +     l  C ) and to the last two layers (total 
thickness  l  2     =     l  E     +     l  F ).   

 The value of  E %, equal to 7.05, suggests that the approach proposed by Del Nobile 
 et al .  (2004)  was successful in predicting the water permeability coeffi cient of the 
multilayer fi lm from a knowledge of the water transport properties of each constituent 
layer. This approach could be used advantageously in the fi eld of food packaging to 
design multilayer structures. In fact, the model could be used in combination with a 
database of the transport properties of the main polymeric fi lms used for food packag-
ing applications to specifi cally design a multilayer fi lm, in terms of the materials and 
thickness of each layer, for a given application.  

  Packaging Design for Potato Chips 

 As stated above, the control of the initial composition of the headspace could represent 
a challenge for scientifi c research aimed at extending the shelf - life of a packaged 

     Figure 42.5   Water permeability coeffi cient of the multilayer fi lm plotted as a function of the value 
of a w on the upstream side of the fi lm. The value of a w on the downstream side of the fi lm was set 
to zero. The relative percentage difference ( E%) is also shown. 
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product. An estimate of the best packaging conditions can be obtained by using a 
mathematical approach. In order to show the effectiveness of such an approach, a 
determination of the optimal initial headspace composition, in terms of nitrogen and 
water vapor, was carried out by Del Nobile  (2001)  for potato chips. As is known, potato 
chips are packaged in bags containing nitrogen. The packaging fi lms used for this 
application have a low permeability to oxygen and water vapor because the former is 
responsible for lipid oxidation (a quality subindex) and the latter is responsible for 
crispness reduction (another quality subindex) (Sanches Silva  et al .,  2004 ). Two differ-
ent multilayer systems were considered by Del Nobile  (2001) : (a) a polypropylene (PP) 
fi lm laminated with a metallized polypropylene (PPM) fi lm (PP/PPM), and (b) two 
laminated fi lms of polyethylene (PE) coated with polyvinylidene chloride (PVdC) 
(PVdC/PE/PE/PVdC). The mathematical model was based on the consideration that 
lipid oxidation depends on the oxygen partial pressure, the water vapor partial pressure 
and the extent of the lipid oxidation reaction, according to an empirical equation 
proposed by Quast and Karel  (1972) :
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  where  Ext ( t ) is the extent of the lipid oxidation reaction at time  t ,  mp  is the mass of 
the packaged product,   p tH O

in
2

( ) is the water vapor partial pressure in the package head-
space at time  t ,   pH O2

*  is the saturated water vapor pressure at the test temperature, 
  p tO

in
2
( ) is the oxygen partial pressure in the package headspace at time  t , and the  M i   ’ s 

are the model parameters. The  M i   ’ s typify the packaged food, and are generally deter-
mined by fi tting Equation  42.42  to experimental data. The water sorption isotherm 
of potato chips can be successfully described by the Khun isotherm (Quast and Karel, 
 1972 ):
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  where  c  represents the absorbed water concentration, and  M  5  and  M  6  are the param-
eters of the model, evaluated by fi tting the experimental data. 

 By considering the mass balance of the oxygen and the water vapor contained in the 
package headspace, the following equations can be obtained:
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  where  MW  is the molecular weight of water,   PO2 is the oxygen permeability of the 
packaging fi lm,   PH O2

 is the water vapor permeability of the packaging fi lm,   pH O
o

2
 is the 

water vapor partial pressure outside the package and   pO
o

2
 is the oxygen partial pressure 

outside the package. Equations  42.42 ,  42.44  and  42.45  represent a set of three ordinary 
differential equations with three unknown functions (i.e.,  Ext ( t ),   p tH O

in
2

( ),   p tO
in

2
( )). 

 Once the initial conditions are known, these differential equations can be solved 
numerically (Press  et al .,  1989  ) . In this way, it is possible to predict the kinetics of 
the decay of the two quality subindices during storage, and consequently the shelf - life 
of the product. In fact,  Ext ( t ) is directly related to lipid oxidation phenomena, whereas 
  p tH O

in
2

( ) is related to the amount of water sorbed into the packaged food, and conse-
quently to its crispness. The storage and packaging conditions considered for the 
simulations were: storage temperature 37    ° C, oxygen partial pressure outside the 
package 0.21 atm, water vapor partial pressure outside the package 24.8    ×    10  − 3    atm 
(RH    =    40%), the gas fl ushed into the package was composed of nitrogen and water 
vapor, the initial humidity value was considered as a design variable, and the initial 
value of  Ext  was equal to zero. As stated earlier, the total quality of the product can 
be described by two normalized quality subindices, one related to the amount of 
absorbed water and the other to the extent of lipid oxidation (Quast and Karel,  1972 ):
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  where  Q  W ( t ) is the quality subindex related to absorbed water at time  t ;   pH O2
max is the 

threshold value of   p tH O
in

2
( ), equal to 20    ×    10  − 3    atm  ( Quast and Karel,  1972 );  Q  0 ( t ) is the 

quality subindex related to the extent of the lipid oxidation reaction at time  t ; and 
 Ext  max  is the threshold value of  Ext ( t ), equal to 1200    μ L   O 2 (STP) · g  − 1   ( Quast and Karel, 
 1972  ) . The product becomes unacceptable whenever one of the two subindices exceeds 
its threshold value. It is worth noting that in the hypothetical case where the product 
quality was related only to  Q  W ( t ), the shelf - life of the product would decrease as the 
initial value of the water vapor partial pressure in the package headspace,   pH O

in
2

, 
increases (Equation  42.46 ), whereas, if the product quality was related solely to lipid 



Mass Transport Phenomena in Food Packaging Design 1307

oxidation, the shelf - life would increase with an increase in   pH O
in

2
 (Equation  42.47 ). The 

 “ real ”  shelf - life vs.   pH O
in

2
 is obtained, by defi nition, by superimposing the two above 

conditions to determine a curve, which is expected to have a maximum. Therefore, 
substituting nitrogen with a mixture of water vapor and nitrogen in such a way as to 
reach the optimal value of the water concentration leads to an increase in the product 
shelf - life. 

 The optimal value of   pH O
in

2
, at which the shelf - life reaches its highest value, depends 

on the initial and storage conditions, and on the water vapor and oxygen permeabilities 
of the packaging fi lm. The optimal value of   pH O

in
2

 (i.e.,   pH O
in

opt2( ) ) was evaluated for  �  PVdC  
ranging from 1    μ m to 6    μ m. When the value of  �  PVdC  is increased, the permeability of 
the multilayer fi lm decreases, but its mechanical properties and selectivity toward 
oxygen and water vapor are substantially unmodifi ed. To determine the water vapor 
and oxygen permeability of the PVdC/PE/PE/PVdC multilayer, Equation  42.22  was 
used:
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  where  �  PVdC  is the total thickness of PVdC,  �  PE  is the total thickness of PE,  P  PVdC  is the 
permeability of PVdC and  P  PE  is the permeability of PE. To determine the water vapor 
permeability of the PP/PPM multilayer, Del Nobile  (2001)  assumed that 
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H O2  is the permeability of 
polypropylene to water,   PPP

O2 is the permeability of polypropylene to oxygen,   PPP
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permeability of polypropylene to nitrogen,   PPE
H O2  is the permeability of polyethylene to 

water,   PPE
N2 is the permeability of polyethylene to nitrogen,   PPP PPM

O
+
2  is the permeability 

of PP/PPM to oxygen, and   PPP PPM
H O2
+  is the permeability of PP/PPM to water. The values 

of   PPP
N2,   PPE

H O2 ,   PPP PPM
O

+
2 ,   PPE

N2 and   PPP
O2 were taken from data reported in the literature (Del 

Nobile,  2001 ). 
 Figure  42.6  shows two curves: the fi rst represents the shelf - life of the product (SL) 

plotted as a function of  �  PVdC  when   pH O
in

2
 is equal to 62    ×    10  − 6    atm (RH    =    0.1%, i.e., 

technical nitrogen), and the second represents the shelf - life of the product (OSL) 
plotted as a function of  �  PVdC  when   pH O

in
2

 is equal to   pH O
in

opt2( ) . A percentage increment 
in shelf - life ( Δ SL%), defi ned by  Δ SL%    =    ((OSL    −    SL)/SL)    ×    100, as high as 48% was 
obtained for a value of  �  PVdC  equal to 4.4    ×    10  − 4    cm.   

 The same approach was used for the PP + PPM multilayer. In Figure  42.7 ,  Δ SL% is 
shown as a function of the metallization level   χ  . The metallization level is a measure 
of the thickness of the aluminum coating; it is defi ned by the relationship  P  met     =     P  *  met /  χ  , 
where  P  *  met  represents the permeability of the metallized fi lm, and  P  met  represents the 
permeability of a hypothetical metallized fi lm with a different thickness of the alu-
minum coating. Similarly to what was found for the PVdC/PE/PE/PVdC multilayer, 
OSL was always higher than SL, with a value of  Δ SL% as high as 80%.   
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 The behavior of SL in both of the above cases shows a minimum. This means that 
when the value of either  �  PVdC  or   χ   is increased, the water vapor and oxygen permeabili-
ties are reduced, and consequently the rates at which the respective partial pressures 
increase inside the package during storage are reduced. Hence, as is evident from 
Equation  42.44 , either an increase or a decrease in the lipid oxidation rate can occur, 
thus suggesting that in the range investigated for both  �  PVdC  and   χ  ,  Q  0 ( t ) determines 
the unacceptability of the product. To sum up, it is interesting to note that the math-
ematical approach allowed the effects of both the thickness and the metallization level 
on the optimal initial humidity for potato chips to be determined, since the results 
are not intuitive. In particular, the author of that study found that the effect related 
to water vapor was dominant for values of  �  PVdC  lower than 2.5    μ m and values of   χ   
lower than 0.5.  

Figure 42.7 Δ SL% as a function of the metallization level χ for the PP/PPM multilayer fi lm. 

Figure 42.6 SL and OSL as a function of �PVdC for the PVdC/PE/PE/PVdC multilayer fi lm. 
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  Prediction of Shelf - Life of Cereal - Based Dry Products 

 The shelf - life of cereal - based dry products is strictly related to the gain of moisture 
from the external environment, which causes loss of crispness of the packaged food. 
The water concentration of the packaged food depends on the affi nity between the 
food and water, and on the water activity in the package headspace, which in turn 
depends on the barrier properties of the packaging material. Generally, the shelf - life 
of such a type of product is several months and, owing to this long time period, an 
experimental evaluation of the optimal packaging conditions is generally unfeasible. 
Rough shelf - life estimation can be done by empirical methods; most of them have 
been proposed in the last 30 years. In the following, the most relevant are reported. 

 Azanha and Faria  (2005) , for example, evaluated the ability of three different empiri-
cal equations (a linear equation, a midpoint equation and a logarithm interval equa-
tion) to predict the stability of commercial cornfl akes in fl exible packaging. To this 
end, the initial moisture contents, moisture sorption isotherms, moisture content 
changes, water vapor transmission rates and water vapor permeability coeffi cients of 
HDPE - based fi lms of different thicknesses (20, 40 and 50    μ m) were determined. The 
mathematical simulation demonstrated that the midpoint and logarithm interval 
models were suitable for describe the percentage moisture content in the two thickest 
bags, whereas the linear model was good only for the 20    μ m bag, thus suggesting that 
the higher the precision required, the higher the complexity of the model. To better 
simulate the stability of cornfl akes, exact experimental points on the sorption iso-
therms and the correct model to fi t these data are necessary. Moreover, a critical 
sensory evaluation is of crucial importance for confi rming the model, thus demon-
strating that empirical mathematical models cannot be applied to a complex case 
study. 

 A similar approach, based on the relationship between the barrier properties of the 
packaging material and the moisture absorbed by the dry product, was used by 
Siripatrawan  (2009)  for two types of rice crackers. The Guggenheim – Anderson – de Boer 
(GAB) model was fi tted to experimental data for the moisture sorption isotherm, as 
this is the most versatile sorption model available in the literature. The critical water 
activity for product acceptability was judged by a panel test. The shelf - life simulation 
model was developed on the basis of a simple mass balance:

    dt
wp

P A
dm

p p
t

t t

m

mc

=

=

∫ ∫= ⋅
⋅ −[ ]

0 1

�

H O H O
o

H O
in

2 2 2

    (42.49)  

  where  t  is the storage time (days),  wp  is the dry weight of the packaged food (g),  m  is 
the moisture content of the product on a percentage dry basis,  m  1  is the initial mois-
ture content of the sample and  m  c  is the critical moisture content, determined at the 
critical water activity from the sorption isotherm, as determined by the GAB model. 
The performance of the shelf - life simulation was measured using the coeffi cient of 
determination and the root mean square error. The author of the study stated that in 
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this case also, the simulation model tested had limited applicability, being suitable 
for predicting the shelf - life of only one type of cracker, those containing a smaller fat 
content. The difference between the experimental and predicted shelf - life suggested 
that the assumption of a constant water vapor permeability is not very accurate, thus 
leading to an overestimation of the shelf - life. 

 In the literature, there are numerous other mathematical models (Iglesias  et al ., 
 1979 ; Labuza and Contreras - Medellin,  1981 ; Tubert and Iglesias,  1985 ) that attempt 
to predict the stability of dry products to a good approximation, but in all cases an 
overestimation of the shelf - life is made if the dependence of the water permeability 
coeffi cient on the water activity inside and outside the package is neglected (Del 
Nobile  et al .,  2003a ). In fact, when a multilayer system includes a moderately 
hydrophilic fi lm, the water barrier properties of the package depend on the water 
activity on the upstream and downstream sides of the fi lm (Hernandez,  1994 ). Del 
Nobile  et al .  (2003a)  developed a mathematical model that takes this specifi c aspect 
into account, and also evaluates the error made in the shelf - life prediction if the 
dependence of the barrier properties of the fi lm on the boundary condition is not taken 
into account. The proposed model consists of two parts; the fi rst aims to predict the 
dependence of the water permeability coeffi cient on the water activity on the upstream 
and downstream sides of the fi lm, and the second part aims to predict the time evolu-
tion of the water activity inside the package during storage by considering the water 
mass balance inside the bag. The model is based on the following assumptions: the 
water vapor in the package headspace is always in equilibrium with the water absorbed 
in the packaged product, and the water vapor in the package headspace can be con-
sidered as an ideal gas (Quast and Karel,  1972 ; Bell and Labuza,  2000 ). The mass 
balance of water in the package can be written as follows:

    dn t
dt
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 The water permeability coeffi cient of a bilayer fi lm obtained by laminating a moder-
ately hydrophilic fi lm, such as a polyamide, with a polyolefi nic fi lm (  P a a tW

M
W
est

W
in, ( )( )) 

is given by the following equation, based on Equation 42.22:
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   aW
1 2−  was evaluated from Equation  42.41 . The value of  n  TOT ( t ) given by Equation  42.50  

is the sum of two contributions: the number of moles of water present in the package 
headspace and the number of moles of water absorbed into the packed product:

    n t n t n tTOT st ass( ) ( ) ( )= +     (42.52)   
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  n  st ( t ) depends on the water activity inside the package according to the following 
equation:

    n t
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R T
st

st H O
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w
in

2( )
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=
⋅ ⋅

⋅
    (42.53)   

 According to the water sorption isotherm as described by the GAB model, the number 
of moles of water absorbed into the packaged food depends on the internal water activ-
ity according to the following equation:

    n t
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 By substituting Equations  42.53  and  42.54  into Equation  42.50 , the following equation 
is obtained:
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  which can be rearranged into the following form:
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 Equation  42.56  is an ordinary differential equation, whose unknown function is  a  W ( t ). 
It was integrated numerically using a fourth - order Runge – Kutta formula (Press  et al ., 
 1989 ). Once the function  a  W ( t ) is known, the amount of water absorbed into the packed 
product during storage can be easily determined by means of the GAB model. As 
pointed out by Del Nobile  et al .  (2003a) , the major limitation on an extension of the 
proposed model to the general case is that it makes the hypothesis that there is an 
instantaneous equilibrium between the water vapor present in the package headspace 
and the water absorbed in the packaged product. Wherever this assumption is satisfi ed, 
the proposed model can be used advantageously to predict the shelf - life of cereal - based 
dry foods or to design a package properly. 

 This model was used to simulate the storage behavior of three dry foods, named A, 
B and C, packaged with three hypothetical bilayer fi lms based on polyamides, named 
1, 2 and 3. For the sake of simplicity, food A packaged using the bilayer fi lm 1 will 
be referred to as sample A1, and a similar convention will be used to refer to the other 
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samples. The shelf - life was calculated assuming the critical moisture content to be 
0.04 g water /g dry matter  , which corresponds to a water activity of around 0.4 (Labuza and 
Contreras - Medellin,  1981 ). In order to highlight the error made when the permeability 
coeffi cient is considered to be constant, the shelf - life was also calculated according to 
the following equation:
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 The mean value of the water permeability coeffi cient,   PW,Av
M , was calculated from the 

following equation:
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 Equation  42.58  was solved numerically using the extended Simpson ’ s rule (Press  et 
al .,  1989 ). The data for the shelf - life calculated for six of the nine sample combinations 
(three foods with three packaging materials), as predicted by means of both Equation 
 42.56  and Equation  42.57 , is shown in Figure  42.8 . This fi gure clearly evidences that 

Figure 42.8 Shelf-life of the samples investigated, as predicted by means of the proposed model. 
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the predicted shelf - life depends strongly on the type of food, whereas the type of 
polyamide used for the package has only a slight infl uence. As can be seen, the shelf -
 life predicted by Equation  42.57  is about 90% greater than the shelf - life predicted by 
means of Equation 42.56; the same trend was also observed for food C. The reason for 
the observed large difference has to be ascribed to the fact that a substantial difference 
exists between the average water permeability coeffi cient of the bilayer and the water 
permeability coeffi cient under real working conditions. To sum up, it is not possible 
to determine the water barrier properties of a given moderately hydrophilic material 
by simply evaluating the permeability coeffi cient for a single set of boundary condi-
tions. In fact, water molecules, acting as plasticizers, increase the macromolecular 
mobility of the polymer; thus both the solubility and the diffusivity, and consequently 
the permeability coeffi cient, depend on the local water concentration. As a conse-
quence, in these cases, the permeability coeffi cient cannot be determined by a single 
measurement; instead, a more complex analysis is necessary to understand all the 
phenomena involved in the permeation process.    

  Design of Plastic Packages for Minimally Processed Foods 

 Minimally processed crops consist of washed, cut and packaged fruit and vegetables. 
The shelf - life of these products is very short, owing to the cutting operations, which 
provoke a physiological disorder (Soliva - Fortuny and Mart ì n - Belloso,  2003 ; Martin -
 Diana  et al .,  2007 ; Olivas  et al .,  2007 ). Among the various alterations in transpiration, 
enzymatic activity and microbial proliferation that occur, for most products the accel-
erated respiration rate represents the main factor that provokes food unacceptability 
(Ragaert  et al .,  2007 ; Rico  et al .,  2007 ). Thus, strategies aimed at slowing down respi-
ration activity are generally successful for such foods. One of the most widespread 
preservation techniques is the substitution of air by a gas with a different composition 
at the moment of packaging (active modifi ed - atmosphere packaging, or active MAP). 
The selection of a gas combination that avoids the usual transient state before the 
equilibrium state of the gas in the bag is reached can reduce the respiration rate during 
the transient state, thus promoting product preservation and consequently, shelf - life 
prolongation (Lee  et al .,  1996 ; Rodriguez - Aguilera and Oliveira,  2009 ). The appropriate 
atmosphere within a package depends on various factors, such as the characteristics 
and weight of the product, the respiring surface area, the storage conditions and the 
barrier properties of the packaging (Mahajan  et al .,  2007 ). The natural variability of 
raw material and its dynamic response to processing and storage conditions may 
render it impossible to identify a truly optimal atmosphere by using general empirical 
methods, thus suggesting that signifi cant advances in the packaging of minimally 
processed foods may require the development of complex mathematical models that 
incorporate the dynamic response of the product to the environment (Jacxsens  et al ., 
 1999 ; Saltveit,  2003 ). 

 As stated earlier, as the quality loss of many types of fresh - cut produce is strictly 
related to the respiration rate, packaging design could be assessed by taking only 
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respiration activity into account (Fonseca  et al .,  2002 ). Predictive models of the res-
piration rate of minimally processed foods have been used to optimize the packaging 
characteristics and/or the gas composition (Fonseca  et al .,  2002 ; Rocculi  et al .,  2006 ; 
Del Nobile  et al .,  2008, 2009a,b ; Conte  et al .,  2009a,b ). Del Nobile  et al .  (2007)  
used a simple mathematical model to design the packaging of three fruits: bananas, 
prickly pears and kiwi fruit. Del Nobile  et al .  (2007)  validated the model by moni-
toring the gas concentrations in the package headspace during the entire observa-
tion period. Two multilayer fi lms were used, a laminated high - barrier fi lm (PE/
aluminum/PET) and a traditional co - extruded low - barrier polyolefi n fi lm (Coex). The 
model used to describe the respiration rate of the packaged food was that proposed 
by Del Nobile  et al .  (2006) ; it is based on the Michaelis – Menten type of enzyme 
kinetics, as follows:
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    (42.59)  

  where  r O 2  is the oxygen consumption rate expressed in mL · kg  − 1  · h  − 1 ; [O 2 ] is the percent-
age headspace oxygen concentration; [CO 2 ] is the percentage headspace carbon dioxide 
concentration;  A  1  is the preexponential term expressed in mL · kg  − 1  · h  − 1 , which is the 
maximum oxygen consumption rate;  A  2  is the exponential factor and accounts for the 
carbon dioxide - induced respiration inhibition, which is dimensionless;  r CO 2  is the 
carbon dioxide production rate expressed in mL · kg  − 1  · h  − 1 ; and  k  1  is the ratio between 
the numbers of moles of carbon dioxide produced and moles of oxygen consumed, 
which is dimensionless. To describe the time evolution of the oxygen and carbon 
dioxide concentrations inside the package during storage, the mass balance on these 
two substances in the package headspace was written as
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  where   n tO2 ( ) is the number of moles of oxygen in the package headspace at time  t , 
  n tCO2 ( ) is the number of moles of carbon dioxide in the package headspace at time  t , 
  PCO2 is the carbon dioxide permeability of the package, and   pCO2

0  is the external carbon 
dioxide partial pressure. Equations  42.60  and  42.61  represent a set of two ordinary 
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differential equations, which was integrated numerically using a fourth - order Runge –
 Kutta formula (Press  et al .,  1989 ). 

 Del Nobile  et al .  (2007)  found a decrease in the headspace oxygen concentration 
along with an increase in the headspace carbon dioxide concentration for all of the 
packaged products during the observation period. The set of ordinary differential equa-
tions in Equations  42.60  and  42.61  was fi tted simultaneously to the data for the oxygen 
and carbon dioxide headspace concentrations and a good fi t was obtained, thus sug-
gesting that the proposed respiration model accurately described the behavior of the 
fresh - cut produce studied. On the basis of the calculated fi tting parameters ( A  1 ,  A  2  and 
 k  1 ), a single package variable was optimized: the fi lm thickness. In particular, the fi lm 
used for packaging design was the co - extruded fi lm, and its thickness was increased 
until the simulation indicated that the steady - state oxygen concentration in the 
package headspace had reached a value ranging between 7% and 8%, which guaranteed 
the lowest produce respiration rate, while avoiding the onset of anaerobic respiration. 
The study demonstrated that an increase in the fi lm thickness corresponded to a 
decrease in the equilibrium oxygen concentration in the package headspace and an 
increase in the equilibrium carbon dioxide concentration. Del Nobile  et al .  (2007)  
introduced the total amount of oxygen consumed as a produce quality subindex, as 
this is directly related to the extent of metabolic activity (the senescence level) associ-
ated with product respiration (B ö ttcher  et al .,  2003 ). Figure  42.9  shows the total 
amount of oxygen consumed by the three fruits packaged in two different systems, a 
traditional bag and a new, thicker bag, as predicted by the model. The values of the 
total amount of oxygen consumed demonstrated that the commercially available fi lm 
did not represent the optimal packaging solution, whereas increasing the fi lm thick-
ness led to a lower senescence level and, as a consequence, to shelf - life prolongation 
in all cases investigated.   

 A different mathematical approach (which neglects the transient state) was used by 
Jacxsens  et al .  (1999)  to design equilibrium modifi ed - atmosphere (EMA) packages 
(1 – 5   mL/100   mL oxygen, 3 – 10   mL/100   mL carbon dioxide, balance nitrogen) for several 
types of fresh - cut produce. To this end, the respiration rate was calculated with two 
mathematical models (Gong and Corey,  1994 ; Haggar  et al .,  1992 ). When the respira-
tion rate, fi ll weight and package dimensions were known, the required transmission 
rates of the fi lm for oxygen and carbon dioxide could be calculated based on the fol-
lowing steady - state equations:
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  where  A  is the area of the fi lm (m 2 )    =    length    ×    width    ×    2,  mp  is the fi ll weight (kg), 
OTR is the oxygen transmission rate (mL   O 2 /(m 2    24   h atm)) and CO 2 TR is the carbon 
dioxide transmission rate (mL   CO 2 /(m 2    24   h   atm)). To validate this method, seven mini-
mally processed vegetables were tested, thus demonstrating that this systematic 
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Figure 42.9 Variation during storage of the ratio between the numbers of moles of oxygen con-
sumed and moles of oxygen initially present in the package headspace for prickly pear (a), kiwi 
(b) and banana (c), packaged in two different types of bag. 
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approach can work satisfactorily. However, the microbiological quality, the tempera-
ture, and the oxygen and carbon dioxide dependence of the respiration rate were not 
taken into account, even though these factors usually represent strategic variables in 
the packaging design. 

 For this reason, the same authors developed an integrated mathematical system to 
design EMA packages for fresh - cut produce to be stored at temperatures between 2 
and 15    ° C (Jacxsens  et al .,  2000 ). In another publication, these authors used the same 
predictive model to evaluate the impact of temperature fl uctuations in a simulated 
cold distribution chain on EMA packages of fresh - cut vegetables (Jacxsens  et al .,  2002 ). 
In this integrated system, the effect of temperature on produce respiration and fi lm 
permeability was described by an Arrhenius - type equation, while the effect of oxygen 
and carbon dioxide on the respiration rate was described by Michaelis – Menten kinet-
ics. Prediction using this integrated approach and validation of it showed that the 
optimal EMA conditions could be generated between 2 and 10    ° C. Above 10    ° C, an 
overestimation of the internal oxygen concentration occurred, probably because 
oxygen consumption provoked by the microbial activity that was generally promoted 
at higher temperatures was not considered.  

  Effect of Perforation on Oxygen and Water Vapor Dynamics under  MAP  

 As said above, in the case of products with a high respiratory activity, perforations or 
channels in the package can be used to obtain the desired transport properties of the 
package. Fishman  et al .  (1996)  developed a model to calculate the oxygen concentra-
tion and relative humidity in a perforated - fi lm modifi ed - atmosphere package contain-
ing mango fruit. The package parameters, such as the number and area of the 
perforations, and the surface area of the fi lm, were used as design variables. The model 
included equations describing fruit respiration and transpiration, and the permeation 
of oxygen and water vapor through the perforation holes (Equations  42.29  and  42.30 ). 
The respiration rate,  r O 2 , was used to describe changes in the headspace gas concen-
tration due to fruit respiration. Multiplication of  r O 2  by the weight of the fruit,  mp , 
gives the contribution from respiration to changes in the amount of gas in the head-
space,  V  st . The term  f  in Equation  42.23  is given by

    f r mp= − O2     (42.63)   

 A linear model with one parameter was used to describe the respiration rate as a func-
tion of the concentration in the modifi ed - atmosphere package:

    rO O2 2= ⋅ψ     (42.64)   

 Combining Equations  42.23 ,  42.24 ,  42.63  and  42.64 , subject to  F     =    0, results in the 
following linear differential equation for the closed system:

    
d
dt

mp
V

O
O

st

2
2= − ⎛

⎝⎜
⎞
⎠⎟ψ     (42.65)  
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  which has a solution

    O O
st

2 2 0t
mp t
V

( ) = − ⋅⎛
⎝⎜

⎞
⎠⎟( ) exp ψ     (42.66)   

 The transpiration fl ow  f  W  replaces the fl ow  f  in Equation  42.23  in the case of water 
vapor. This is the amount of water vapor that passes away from the total fruit surface 
per unit of time. Denoting the water vapor effl ux from a unit surface area of the 
fruit per unit of time by   ϕ   W , and the area of the fruit by  A  f , the total fl ow  f  W  is calcu-
lated as

    f AW W f= ⋅φ     (42.67)   

 Fishman  et al .  (1996)  hypothesized that   ϕ   W  is proportional to the difference between 
the relative humidity of the internal atmosphere of the fruit and that of the modifi ed 
atmosphere in the package:

    φ ρ θW f= ⋅ ⋅ −( )H H     (42.68)  

  where  H  f  is the relative humidity of the internal atmosphere of the fruit and   ρ   is the 
permeance of the fruit surface to water vapor. The relative humidity of the internal 
atmosphere of the fruit was considered, as a fi rst approximation, to be 1.0 (or 100%). 
This parameter depends on the solute content of the fruit and is in fact slightly less 
than 1.0 (Patterson  et al .,  1993 ). Inserting Equations  42.24 ,  42.29 ,  42.63  and  42.64  into 
Equation  42.23  gives the following equation describing the dynamics of oxygen in the 
modifi ed atmosphere:

    d
dt

mp
V

A P A D
L z

V
O O

O O  

st

A
h F

h

st

2 2
2 2

= − ⋅ +
−( ) ⋅ + ⋅

+( )
⎡
⎣⎢

⎤
⎦⎥ψ

( ) �     (42.69)  

  where O 2(A)  is the oxygen concentration in the ambient atmosphere. Combining 
Equations  42.24 ,  42.30 ,  42.67  and  42.68  with Equation  42.23  leads to an equation 
describing the dynamics of water vapor in the modifi ed atmosphere:

    dH
dt

A
H H

H H
A P A D

L z
V

= −( ) −
−( ) ⋅ + ⋅

+( )
⎡
⎣⎢

⎤
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f
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st

A
W h W

h

stV
ρ �     (42.70)   

 The steady - state solutions of Equations  42.69  and  42.70  (denoted by an asterisk) are 
obtained by equating the terms  d O 2 / dt  and d H /d t  to zero:
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    (42.72)   

 The general solution of the linear differential equations in Equations  42.69  and  42.70 , 
subject to the initial conditions of the ambient atmosphere, i.e., O 2     =    O 2(A)  and  H     =     H  A  
at  t     =    0, is

    O O O O A2 2 2 2= − −( ) −( )* *
( )

*exp t t     (42.73)  

    H H H H t t= − −( ) −( )* * *expA W     (42.74)  

  where  t  *  and   tW
*  are characteristic times for the dynamics of the oxygen concentration 

and relative humidity, respectively. The characteristic times in Equations  42.73  and 
 42.74  represent the following combinations of parameters:

    
t

V

mp
A P A D

L z

* =
+ ⋅ + ⋅

+( )
⎡
⎣⎢

⎤
⎦⎥

st

h F

h

ψ
�

    (42.75)  

    
t

V

A
A P A D

L z

W
st

f
W h W

h

* =
+ ⋅ + ⋅

+( )
⎡
⎣⎢

⎤
⎦⎥

ρ
�

    (42.76)   

 Equations  42.73  and  42.74  represent the solution of Equations  42.69  and  42.70  on the 
assumption that the coeffi cients of the equations are constant in time. For climacteric 
fruits, such as mango, the parameters of respiration and transpiration are known to 
change with time. Fishman  et al .  (1996)  stated that Equations  42.73  and  42.74  provide 
good approximations when the climacteric changes are slower than the characteristic 
times of the system, so that the coeffi cients may be considered as constant within the 
time required to reach a steady state. 

 To validate the model, Fishman  et al .  (1996)  compared the predictions with experi-
ments on mango fruit in simulated passive modifi ed - atmosphere packages with per-
forated and nonperforated fi lms. The observed (circles) and calculated (curves) time 
evolutions of the oxygen concentration in the modifi ed atmosphere were compared 
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for both  N     =    0 and  N     =    4 perforations (Figure  42.10 a). The predicted and observed 
results showed similar patterns. Fishman  et al .  (1996)  also found a good correspond-
ence between the predicted and observed steady - state relative humidity levels during 
the same period (Figure  42.10 b). The results showed that perforations affected the 
dynamics and steady - state concentration of oxygen in the modifi ed - atmosphere 
package much more strongly than those of water vapor. Moreover, in the experimental 
system of Fishman  et al .  (1996) , the oxygen concentrations in the perforated and non-
perforated packages differed by an order of magnitude, whereas the in - package relative 
humidity levels were practically equal. The model developed by Fishman  et al .  (1996)  
could be applied to design packaging for other commodities, once the transpiration 
coeffi cients are known.      

  Barrier Properties: Transient State 

  Basic Theoretical Principles, Problems and Limitations 

 As mentioned earlier in this chapter, the diffusion and solubility coeffi cients are the 
fundamental parameters that are needed to evaluate the fl ow of gases through plastic 
fi lms. Generally, the determination of these coeffi cients and therefore of their product, 
the permeability coeffi cient, is used to predict the mass fl ux of low - molecular - weight 
compounds through plastic fi lms in the steady state. In the case where the mass 
exchanged between the interior of the package and the outer environment during the 
transient state cannot be neglected, as in the case of rigid containers such as bottles, 

Figure 42.10 Model validation. (a) Effect of perforations on the change of O 2 concentration in 
modifi ed -atmosphere packages with time. Calculated curves (Equation 42.73) for fi lms with ( N = 4)
and without ( N = 0) perforations, compared with experimental data at 20 °C (circles). (b) Effect of 
perforations on the change of in -package relative humidity with time. Model prediction (Equation 
42.74) for fi lms with ( N = 4) and without ( N = 0) perforations (curves) compared with experimental 
data at 20 °C (circles). 
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a different approach must be used do determine the permeant mass fl ux. Much scien-
tifi c evidence (Barrer  et al .,  1958 ; Michaels  et al .,  1963 ; Vieth  et al .,  1966 ; Paul,  1979 ) 
has shown that the use of a simple permeability coeffi cient is not adequate for judging 
the barrier provided by plastic materials in the transient state. This procedure, in fact, 
implicitly assumes that a steady - state treatment will suffi ce to predict the gas loss 
from a bottle, whereas it has been proven that the dynamics of the transport process 
must not be ignored. On the other hand, it has been demonstrated that the transport 
model used to describe the barrier properties of bottle materials has a great infl uence 
on the prediction of the shelf - life of packaged foods. 

 The transient state can be explained as follows. A fi lm, when challenged by a pres-
sure difference between the upstream and downstream sides, will go through a tran-
sient period during which its concentration profi le changes with time. During this 
time, the concentration profi le gradually adjusts itself until the steady state is achieved; 
this transient period is sometimes referred to as the conditioning of the fi lm. In order 
to estimate the mass exchanged during the transient state, it is necessary to evaluate 
the concentration gradient at the interface between the packaged food and the polymer 
phase. In particular, this can be done by writing the mass balance differential equation 
for a permeant dissolved inside a bottle wall, assuming that the fl ux is only diffusive 
and is described by Fick ’ s fi rst law. The differential equation obtained, i.e., Fick ’ s 
second law (Equation  42.39 ), can be solved to provide the evolution of the permeant 
concentration profi le in the bottle wall during storage. The permeant concentration 
profi le is then used to estimate the permeant mass fl ux at the interface between the 
packaged food and the bottle wall using Fick ’ s fi rst law. This approach can be used 
successfully to describe the unsteady state of a rigid package, and can then be an 
appropriate guide to the design of such a package.  

  Case Studies 

  Prediction of Shelf - Life of Soft Drinks as Affected by Thermal History 

 The carbon dioxide content is the quality index of many soft drinks. In fact, in most 
cases, a decrease in the carbon dioxide concentration by as little as 10% causes their 
taste to become fl at and hence unacceptable to the consumer (Fenelon,  1973 ). The 
carbon dioxide content of these beverages decreases with time owing to gas permea-
tion through the plastic bottle. The simple approach usually used in practical applica-
tions assumes that the partitioning of the gas between the gas phase and the carbonated 
beverage is described by Henry ’ s law, and that the mass transfer through the plastic 
bottle wall is governed by the  “ dual - sorption – dual - mobility ”  model. 

 Del Nobile  et al .  (1997b)  presented a study of the infl uence of the thermal history 
of the bottle during the period of time that elapses between capping and consumption. 
They considered an aspect that is often neglected in predicting the shelf - life of carbon-
ated beverages bottled in glassy polymer containers, and showed the error that one 
can make by underestimating the importance of the thermal history of the bottle. 
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 Figure  42.11  shows a schematic illustration of a typical 2   L plastic soft - drink bottle, 
which is assumed to be made of polyethylene terephthalate (PET). To facilitate the 
mathematical analysis, the bottle containing the carbonated beverage is represented 
by a cylinder composed of an outer shell (made of plastic or glass) of constant thick-
ness  �  and an internal beverage core. Moreover, it is assumed that mass diffusion of 
the gas occurs only in the radial direction and through the lateral surface. Such a 
container represents a closed system where a liquid phase of volume  V  1  is at all times 
in equilibrium with a gas phase of volume  V  2 . The equilibrium existing between the 
phases is described by Henry ’ s law:

    C Y pCO CO2 2= ⋅     (42.77)    

where   CCO2 is the molar concentration of carbon dioxide in the liquid phase,   pCO2 is 
its partial pressure in the gas phase and  Y  is the partition coeffi cient. The proposed 
mechanism for carbon dioxide loss is also shown in Figure  42.11 . The driving force 
for carbon dioxide permeation is assumed to be uniform over the container ’ s internal 
surface and, at all times, equal to the partial pressure of carbon dioxide in the container 
headspace (the partial pressure of carbon dioxide in the external atmosphere is set 
equal to zero); it is a decreasing function of time. In addition, equilibrium between 
the phases is assumed to be established continuously over the entire period of storage, 
in accordance with Equation  42.77 . The carbon dioxide losses are evaluated via solu-
tion of the differential equation that describes the carbon dioxide mass balance in the 
bottle wall, assuming a one - dimensional geometry together with the proper initial and 
boundary conditions. Accordingly, the carbon dioxide concentration profi le   C t xCO2 ,( ) 
is evaluated at each time, and from it the total fl ux of gas leaving the bottle is esti-
mated. To compute the amount of gas that has traversed the surface at  x     =    0 (i.e., the 
interface between the beverage and the bottle wall) and time  t  requires the use of a 
mathematical model to represent the equilibrium between the gas and the polymer 
phase and the subsequent transport away from this surface. Many investigators have 

Figure 42.11 Representation of a plastic beverage container and equivalent cylinder. The param-
eters apply to a typical 2 L soft drink bottle. 
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demonstrated that a more appropriate model to describe gas transport through glassy 
polymers is the dual - sorption – dual - mobility model (Vieth  et al .,  1966 ; Koros,  1980 ; 
Chern  et al .,  1983 ; Koros and Hellums,  1990 ). According to this model, the total gas 
concentration that is absorbed into the polymer is the result of two independent 
mechanisms. One mechanism follows Henry ’ s law and corresponds to the expectation 
for liquids and rubbery polymers. The additional model has a Langmuir form and is 
attributed to sorption into fi xed sites or frozen microvoids; it is analogous to the sorp-
tion isotherms for gases and vapors in zeolites. 

 According to the  “ dual - sorption – dual - mobility ”  model, the equilibrium relationship 
that describes the partitioning of the gas at the gas – polymer interface is

    C C C k p
C b p

b p
TOT D H D

H= + = ⋅ + ′ ⋅ ⋅
+ ⋅1

    (42.78)  

  where  C  TOT  is the total molar concentration of gas molecules inside the polymer; the 
subscripts H and D identify the two different populations of molecules, the former 
being adsorbed in holes, and the latter being dissolved in the polymer structure;  k  D  is 
the partition coeffi cient relative to the gas population dissolved according to Henry ’ s 
law;  b  is a parameter that describes the affi nity between the adsorbed molecules and 
the polymer;  C  ′  H  is the adsorption capacity of the polymer; and  p  is the partial pressure 
of the gas in contact with the polymer. The two populations of penetrant molecules 
have different mobilities and are always in local equilibrium. The modifi ed form of 
Fick ’ s fi rst law that applies to this model for a plane sheet is

    J D
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H     (42.79)  

  where  J x   is the total mass fl ux of the gas through the polymer in the  x  direction, and 
 D  D  and  D  H  are the diffusivities of the molecules that are dissolved and adsorbed, 
respectively. The assumption of local equilibrium between the two absorbed popula-
tions permits the writing of Equation  42.79  in a more useful way:

    J D
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TOT     (42.80)  

  where the  “ effective ”  Fickian diffusivity,  D  eff , is a concentration - dependent coeffi cient 
given by
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 The differential equation derived from the carbon dioxide mass balance in the bottle 
wall has the form
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 According to the proposed mechanism, the appropriate boundary conditions that apply 
to the case of a carbonated - beverage bottle are

    t x p= < < → =0 0 02, � CO  
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  where   nCO2 is the total number of moles of carbon dioxide inside the container. 
Generally speaking, the modeling procedure set up to predict the shelf - life of a carbon-
ated beverage does not change substantially when Equations  42.78 ,  42.80  and  42.81  
are used to describe gas sorption and transport inside the polymer wall when Henry ’ s 
law and Fick ’ s fi rst law are used. However, there is a fundamental difference between 
the two approaches that has a practical implication. The dual - sorption – dual - mobility 
model implies that the gas permeability through the polymer wall is not constant, 
but is dependent on the upstream and downstream pressures. This is of great impor-
tance when one is dealing with shelf - life prediction for carbonated beverages bottled 
in plastic containers in which the internal pressure is much higher than atmospheric 
pressure and changes with time during storage. 

 Del Nobile  et al .  (1997b)  solved Equation  42.82  using the parameters listed in Figure 
 42.11  and the boundary conditions set out above by means of a computer program 
based on an implicit fi nite difference discretization scheme. The total number of 
moles (moles of carbon dioxide in the headspace    +    moles of carbon dioxide dissolved 
in the beverage) inside the container,   n tCO2 ( ), was found at any given time by subtract-
ing from the initial number of moles the amount of carbon dioxide that had left the 
interior of the container. In simulations in which the temperature varied continuously 
during storage, the parameters needed at each step to describe gas sorption and trans-
port into the polymer wall were updated by considering their dependence on the 
temperature. Figure  42.12  shows the relationships between the sorption and transport 
parameters and temperature.   

 In order to reproduce the thermal history experienced by a bottle during transporta-
tion and outdoor storage without any protection, Del Nobile  et al .  (1997b)  assumed 
that the daily average temperature of the soft drink changes during the year according 
to a sinusoidal function having an average value equal to 17.5    ° C, a fl uctuation ampli-
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Figure 42.12 (a) Infl uence of temperature on the Henry ’s law constant for the CO 2–water system; 
(b) and (c) infl uence of temperature on the sorption parameters  b, C′H and  kD for the CO 2–PET
system (after Koros and Paul, 1978); (d) infl uence of temperature on the transport parameters  DD

and DH for the CO 2–PET system (after Koros and Paul, 1978).
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tude of  ± 12.5    ° C and a period of 365 days. It was also assumed that the temperature 
varied during the day around the average temperature according to an asymmetric sine 
function with a period of 24   h and an amplitude of 25    ° C. The asymmetry was intro-
duced to account for thermal spikes due to exposure to sunlight. Figure  42.13  shows 
the thermal history of a soft - drink bottle over a limited time window of 10 days as 
described by the following equation:

    T
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    (42.84)     

 Two other cases were considered in order to highlight the error that would be made 
in the model by neglecting the temperature fl uctuations. In the fi rst case, the tem-
perature of the carbonated beverage was set equal to 20    ° C, which was the temperature 
of a climate chamber; in the other case, it was set equal to 28.9    ° C, which is the tem-
perature averaged over a period of 70 days according to Equation  42.84 . 
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 Figure  42.14  shows the decay of the pressure inside a plastic bottle as predicted in 
the three cases considered. One can observe that there are remarkable difference in 
the shelf - life among the three situations, and this confi rms the concern about the 
adequacy of some assumptions about the storage temperature that are generally made 
in designing carbonated - beverage containers. If the temperature of the soft drink is 
assumed to remain constant and equal to room temperature for the entire period of 
time between bottling and consumption, its shelf - life is longer than 1 year. Therefore, 
Del Nobile  et al .  (1997b)  concluded that the PET bottles commonly used for this 
application provide adequate protection for the carbonated beverage over a period of 

Figure 42.14 Effect of thermal history on the decay of the headspace pressure inside a soft -drink
bottle.
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time that is more than enough for normal distribution cycles. A similar conclusion 
was reached if, instead, it was assumed that the temperature is constant and equal to 
the average temperature of the distribution and storage period. The temperature used 
to perform the calculations in the second case was 9    ° C higher than the temperature 
used in the fi rst case, and the shelf - life of the carbonated beverage was reduced from 
365 to 206 days.   

 Although the shelf - life reduction is quite signifi cant, it may not be considered rel-
evant from a practical point of view. In fact, a shelf - life of 7 months is still more than 
adequate for commercial purposes. However, both of these results are based on approx-
imations that are false, and the predicted shelf - life is overestimated. In the fi rst case, 
where the storage temperature was constant and equal to room temperature for the 
entire storage period, proper account was not taken of the fact that during storage and 
distribution, the temperature of soft drinks can often fl uctuate in a signifi cant manner. 
Secondly, the infl uence of temperature on the sorption and transport parameters is 
underestimated. In fact, by averaging the temperature and using the corresponding 
parameters in the calculations, it is implicitly assumed that the transport and sorption 
parameters change linearly with temperature, and this is far from true. When the 
thermal history of the bottle is considered and the proper relationships that describe 
the dependence of the physical parameters on the temperature are used, one fi nds that 
under conditions comparable to those occurring during distribution and outdoor 
storage, the shelf - life of the carbonated beverage is less than 2 months, which is 
remarkably less than that predicted in the other two cases. Moreover, the shelf - life 
that has been predicted in this case is comparable to the time that is usually required 
to distribute and sell soft drinks. Therefore, the results found by Del Nobile  et al . 
 (1997b)  clearly demonstrate that there is a real risk that many bottles of soft drinks 
may reach the consumer at the very end of their shelf - life. 

 The approach proposed by Del Nobile  et al .  (1997b)  can be used successfully when 
one is dealing with prediction of the shelf - life of carbonated beverages bottled in 
plastic containers in which the internal pressure is much higher than atmospheric 
pressure and changes with time during storage.  

  Prediction of Shelf - Life of Bottled Virgin Olive Oil 

 The shelf - life of a bottled vegetable oil is limited by the autoxidation of unsaturated 
fatty acids, with the formation of hydroperoxides. The decomposition of hydroperox-
ides gives rise to various compounds, some of which are volatile and responsible for 
the sensory degradation of the oil (Frankel,  1998 ). The work presented by Del Nobile 
 et al .  (2003b)  gives evidence of the limits, in terms of performance, of the use of plastic 
containers, and aimed to evaluate the effi ciency of innovative containers for prolong-
ing the shelf - life of virgin olive oil by simulating the behavior of bottled oil using a 
mathematical model. In particular, the infl uence of both the oxygen diffusivity and 
the wall thickness of the plastic container on the kinetics of the quality decay of 
bottled virgin olive oil was addressed. 
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 In the work presented by Del Nobile  et al .  (2003b) , the model was derived by assum-
ing the average hydroperoxide concentration to be a measure of the quality of virgin 
olive oil. The mathematical model was obtained by combining the mass balance equa-
tions for oxygen and hydroperoxides with an equation describing the rate of hydroper-
oxide formation and decomposition. To validate the model, Del Nobile  et al .  (2003b)  
monitored the average hydroperoxide concentration of virgin olive oil bottled in glass, 
PET and starch – PCL blend containers stored at 40    ° C. 

 To this aim, it was assumed that (i) the bottle containing the oil could be represented 
by a cylinder composed of an outer shell (made of plastic or glass) and an internal core 
of oil, (ii) oxygen mass diffusion occurred only in the radial direction and through the 
lateral surface, and (iii) the diffusive mass fl uxes of hydroperoxides through both the 
oil and the container wall were negligible. Under the above restrictions, the mass 
balance equation for the hydroperoxides dissolved in the bottled oil can be expressed 
as follows:

    
∂

∂
= −C

t
R RROOH

F D     (42.85)  

  where  C  ROOH  is the local hydroperoxide concentration in the bottled oil,  R  F  is the rate 
at which hydroperoxides are formed and  R  D  is the rate at which hydroperoxides are 
decomposed. 

 Several models have been reported in the literature to describe the rate at which 
hydroperoxides are formed by the oxidation of unsaturated fatty acids (Quast  et al ., 
 1972 ; Quast and Karel,  1972 ). The model proposed by Quast and Karel  (1972)  to 
describe lipid oxidation in potato chips was used by Del Nobile  et al .  (2003b) . Assuming 
that the relative humidity is constant during storage, the model proposed by Quast 
and Karel  (1972)  is further simplifi ed to the following relationship:

    R E E C
p

E E p
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O
Oil

O
Oil

= + ⋅( ) ⋅
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1 2
3 4

2

2

    (42.86)  

  where the  E i   ’ s are constants and have to be regarded as fi tting parameters, and   pO
Oil

2
 is 

the oxygen partial pressure. Assuming that the solubilization process of oxygen into 
the oil is governed by Henry ’ s law,   pO

Oil
2
 is related to the oxygen concentration in the 

oil by the following relationship:

    p
C

SO
Oil O

Oil

O
Oil2

2

2

=  

  where   CO
Oil

2
 is the oxygen concentration and   SO

Oil
2
 is the solubility of oxygen in virgin 

olive oil. For the sake of simplicity, Del Nobile  et al .  (2003b)  assumed that at a given 
temperature, the overall rate at which hydroperoxides decompose depends only on 
their concentration according to the following equation:
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    R E CD 5 ROOH= ⋅     (42.87)   

 By substituting Equations  42.86  and  42.87  into Equation  42.85 , the following equation 
is obtained:
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 The mass balance for the oxygen dissolved in the bottled oil can be expressed as 
follows:
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  where  r  is the spatial coordinate,   DO
Oil

2
 is the oxygen diffusivity in the oil, and   ζ   is a 

constant equal to 1 for plastic containers and to 0 for glass containers. The term on 
the right - hand side of Equation  42.89  enclosed in the square brackets is related to the 
diffusive mass fl ux of oxygen, and was obtained by assuming that the diffusion and 
solubilization processes of oxygen are governed by Fick ’ s fi rst law and Henry ’ s law, 
respectively. In the case of gas - permeable containers, such as plastic containers, to 
evaluate the amount of oxygen permeating through the container wall, it is necessary 
to write the mass balance equation for the oxygen dissolved in the container wall, 
which, in the case under investigation, can be expressed as follows:
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  where   CO
Polym

2
 is the concentration of oxygen dissolved in the container wall and   DO

Polym
2

 
is the diffusivity of oxygen through the container wall. According to Equation  42.81 , 
  DO

Polym
2

 can be rewritten as follows (Paul and Koros,  1976 ):
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  where   pO
Polym

2
 is the oxygen partial pressure in the container wall in equilibrium with 

the dissolved oxygen.  F  and  X  are defi ned as follows:

    F
D
D

= D

H
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  and

    X
C b

k
= ′ ⋅H

D
  

 At low oxygen partial pressures, as in the case under investigation, Equation  42.91  
becomes

    D D
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 In this case   DO
Polym

2
 is constant, and hence Equation  42.90  can be rewritten as
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 Interfacial conditions were imposed to ensure chemical and physical equilibrium at 
the interface between the oil and the plastic. Hence, both the mass fl ow and the 
oxygen partial pressure of the juxtaposed substances were required to be equal at the 
interface, that is,

    J JO
Polym

O
Oil

2 2( ) = ( )
int int

    (42.94)  

    p pO
Polym

O
Oil

2 2( ) = ( )
int int

    (42.95)  

  where   JO
Polym

2( )int
 is the oxygen mass fl ux at the interface in the container wall,   JO

Oil
2( )int 

is the oxygen mass fl ux at the interface in the oil,   pO
Polym

2( )int
 is the oxygen partial pres-

sure at the interface in the plastic and   pO
Oil

2( )int
 is the oxygen partial pressure at the 

interface in the oil. Equations  42.88  and  42.89  and, only for gas - permeable containers, 
42.93, 42.94 and 42.95 form a set of differential equations, which, using the proper 
initial and boundary conditions, were solved simultaneously by numerical methods 
to predict the evolution of oxygen and hydroperoxides inside the bottled oil during 
storage. The average hydroperoxide concentration (denoted by   CROOH

AV ) was obtained by 
averaging  C  ROOH  over the volume of the bottled olive oil. 

 Del Nobile  et al .  (2003b)  used three different types of cylindrically shaped bottles 
to run the tests: commercially available glass bottles, commercially available PET 
bottles and prototype bottles obtained by using an experimental material based on a 
starch – PCL polymeric blend. Figure  42.15  shows   CROOH

AV  plotted as a function of storage 
time for the three samples. The differences among the behavior of the samples exam-
ined can be ascribed to the different amounts of oxygen available for the autoxidation 
reactions of the unsaturated fatty acids. PET is characterized by a low oxygen diffusiv-
ity (8.8    ×    10  − 9    cm 2    s  − 1 ). Therefore, the amount of oxygen permeating through the bottle 
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Figure 42.15 Average hydroperoxide concentration during the storage period. 
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wall is relatively small, and the behavior of the oil in PET is close to that of the sample 
in glass. By contrast, the starch – PCL blend is characterized by a relatively high oxygen 
diffusivity (1.26    ×    10  − 7    cm 2    s  − 1 ). As a consequence, this sample shows a markedly dif-
ferent behavior from the other two samples investigated.   

 The constants  E  1 ,  E  2 ,  E  3 ,  E  4  and  E  5  were obtained by fi tting Equations  42.81  and  42.82  
to the data for the sample packaged in the glass bottle. The results of this fi tting, along 
with the values obtained for the fi tting parameters, are shown in Figure  42.16 .   

Figure 42.16 Average hydroperoxide concentration of oil packaged in a glass bottle. The curve is 
the best fi t to the experimental data. The results of fi tting parameters are also shown. 
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 To assess the predictive ability of the model developed, the fi tting parameters were 
also used to predict the evolution of the average hydroperoxide concentrations in 
samples packaged in PET and in the starch – PCL polymeric blend. As an example, 
Figure  42.17  shows the average hydroperoxide concentration plotted as a function of 
storage time as predicted by the model, along with the experimental data for oil in 
the starch – PCL blend; similar results were also recorded with the other sample. 
Despite the restrictions imposed to derive the model, its predictive ability appears 
to be quite satisfactory. The major limitations on extending the proposed model to 
the general case are (i) the use of the empirical Equations  42.86  and  42.87  to describe 
the hydroperoxide formation and breakdown reactions, and (ii) that the oxygen mass 
fl ux in the axial direction of the bottle is considered negligible. Whenever these 
assumptions are satisfi ed, the model can be used satisfactorily to fi t and/or predict 
the quality decay kinetics of bottled olive oil. The model developed by Del Nobile 
 et al .  (2003b)  could be used in many practical applications to manufacture well -
 designed plastic bottles in order to control the oxidation kinetics during the storage 
of bottled oil.      
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   Introduction 

 Packaging is an unavoidable unit operation in food manufacturing. The function of 
packaging includes containment, protection, communication and convenience 
(Robertson,  1993 ). Food products deteriorate by chemical, physical and microbiologi-
cal means. These reactions in food are controlled by various processing/preservation 
methods. Products are usually packaged and stored under particular conditions after 
processing. 

 Alteration of the gaseous environment around food products can decrease the rate 
of quality degradation, which is affected by the gaseous environment. Special gas 
mixtures can be applied to foods by using modifi ed - atmosphere packaging (MAP) or 
controlled - atmosphere (CA) storage for preservation of quality. MAP is the enclosure 
of a food product in a package with a composition of the headspace gas different from 
that of air. Although vacuum packaging also fi ts into this defi nition, it is usually 
designated separately as  “ vacuum packaging, ”  whereas any packaging with a special 
gas mixture is usually designated as MAP. The most common gases used in MAP are 
CO 2 , O 2  and N 2 . There are also gases such as argon (Ar), nitrous oxide (N 2 O), helium 
(He), xenon (Xe) and carbon monoxide (CO) that have been the subject of interest 
for MAP. 
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 Controlled - atmosphere storage involves storage of food products in bulk form in a 
storage room whose gaseous environment is constantly controlled and set at specifi c 
levels during the storage period. These storage facilities have a special construction 
to prevent gas leakage in and out through the walls and doors. CA storage is widely 
used in the storage of fresh horticultural commodities.  

  Gases Used in Modifi ed Atmospheres 

 There are three main gases, namely CO 2 , O 2  and N 2 , that are used in MAP. In addi-
tion, other gases such as Ar, N 2 O, He, Xe and CO have been tested in MAP applica-
tions. The use and function of these gases will be briefl y described in the following 
sections. 

  Carbon Dioxide 

 Carbon dioxide is used in modifi ed atmospheres to inhibit bacterial and fungal growth 
in packaged food products (Farber,  1991 ). It also inhibits respiration and other meta-
bolic activities in fresh produce (Kader  et al .,  1998 ). The concentration used depends 
on the food product, as different products tolerate different levels of CO 2 . Carbon 
dioxide is soluble in both aqueous and lipid phases, and its solubility is inversely 
proportional to temperature (Church and Parsons,  1995 ). For this reason, its antimi-
crobial and antimetabolic activities are higher at low temperatures. Dissolved CO 2  
forms carbonic acid in tissues, resulting in a pH reduction, which is thought to be 
responsible for its effects (Church and Parsons,  1995 ). Carbon dioxide extends both 
the lag phase and the logarithmic - growth phase of microorganisms (Farber,  1991 ). The 
amount of CO 2  used in packages is sometimes limited by its high solubility in the 
food, as this can cause package collapse due to volume reduction in the headspace.  

  Oxygen 

 Oxygen has both desirable and undesirable effects on the quality of packaged food, 
depending on its concentration and the product. Oxygen induces oxidative reactions, 
resulting in degradation of fl avor and color. It also stimulates the growth of aerobic 
microorganisms, causing spoilage and safety problems. On the other hand, O 2  is 
required at low levels to maintain aerobic respiration of fresh produce. It is also 
required at low levels to inhibit the growth of anaerobic pathogens such as  C. botu-
linum  in the product. MAP generally involves an O 2  -  free atmosphere or a low O 2  
level for most food products. The use of high - O 2  MAP has been shown to have benefi -
cial effects on the quality of some food products (Day,  2003 ). Super atmospheric O 2  
levels can inhibit microbial growth and some oxidative reactions, such as enzymatic 
browning through substrate inhibition (Art é s  et al .,  2009 ; Day,  2003 ).  
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  Nitrogen 

 Nitrogen is chemically inert and is generally used as a fi ller gas in MAP (Church and 
Parsons,  1995 ). 100% N 2  is used as an alternative to vacuum packaging for some 
products. N 2  is also used to prevent package collapse in high - CO 2  MAP owing to its 
low solubility in food products.  

  Other Gases 

 Novel MAP gases such as Ar, N 2 O, He, Xe and CO have also been tested in MAP 
applications. These gases have been shown to have inhibitory effects on microbial 
growth, oxidative reactions and color changes in some products. For instance, the use 
of Ar in MAP was effective for quality retention and shelf - life extension of trout fi llets 
(Choubert  et al .,  2008 ). Argon also inhibited enzyme activity and respiration in fresh 
produce, and stimulated accumulation of phenolics (Day,  2003 ; Jamie and Saltveit, 
 2002 ). The use of nitrous oxide in MAP decreased browning, ripening and softening 
of spinach and fresh - cut kiwi fruit (Rodr í guez - Hidalgo  et al .,  2010 ; Rocculi  et al ., 
 2005 ). The use of Xe in MAP improved retention of the quality of asparagus spears 
(Zhang  et al .,  2008 ). The use of helium in MAP reduced chlorophyll loss in broccoli 
fl orets and decreased chilling injury in sensitive plants (Jamie and Saltveit,  2002 ). 
Carbon monoxide is used in MAP to stabilize the bright red color of meat and to 
inhibit oxidation caused by high - O 2  MAP or irradiation treatment (Seyfert  et al .,  2007 ; 
Stetzer  et al .,  2007 ; John  et al .,  2005 ; Kusmider  et al .,  2002 ).   

  Packaging Materials 

 The packaging materials used in MAP can theoretically be glass, metal or plastics. 
However, plastics are mostly used in MAP because they are fl exible and have specifi c 
permeabilities to gases. Plastics are made of high - molecular - weight polymers and can 
easily be produced in different forms, such as fi lms, trays and bottles. The most 
common plastics used in food packaging are polyethylene (PE), polypropylene (PP), 
polyethylene terephthalate (PET), polyvinyl chloride (PVC), ethylene vinylacetate 
(EVA), ethylene vinyl alcohol (EVOH), polyamides (nylon), ionomers, polycarbonates, 
polystyrene and cellulose acetate (Mangaraj  et al .,  2009 ). These are generally used in 
laminated or co - extruded forms to obtain the desired properties of the fi nal materials 
used in the packaging. Modifi ed - atmosphere packaging requires materials with differ-
ent gas permeabilities, depending on the product being packaged. Multilayered materi-
als with an aluminum or EVOH layer are used for products requiring packages with 
high gas barrier properties. Some products, such as fresh produce, require specifi c O 2  
and CO 2  permeabilities. Low - density polyethylene, polypropylene or perforated mate-
rials are used for such products. The permeability coeffi cients of some common pack-
aging materials used in MAP are given in Table  43.1 .    
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Table 43.1 Permeability coeffi cients of packaging fi lms commonly used in MAP. (Adapted from 
Exama et al. (1993) and Mangaraj  et al. (2009)).

Film Permeability coeffi cient (mL ·mil·cm−2·h−1·atm−1)

O2 CO2

Cellulose acetate a 3.90 × 10−3 3.14 × 10−2

Ethyl cellulose a 1.55 × 10−1 3.78 × 10−1

Ethylene–vinyl alcohol (EVOH) (32 mol% ethylene) b 1.28 × 10−6 3.97 × 10−5

Ethylene–vinyl alcohol (EVOH) (44 mol% ethylene) b 4.92 × 10−6 1.48 × 10−4

High-density polyethylene (HDPE) b (6.56–11.97) × 10−3 (3.93–7.17) × 10−2

Low-density polyethylene (LDPE) b (2.62–3.44) × 10−2 (1.64–2.15) × 10−1

Natural rubber a 9.50 × 10−2 6.72 × 10−1

Polybutadienea 8.39 × 10−2 7.73 × 10−1

Polyethylene terephthalate (PET) (unoriented) b (1.97–3.94) × 10−4 (1.00–2.01) × 10−3

Polyethylene terephthalate (PET) (oriented) b 1.77 × 10−4 8.70 × 10−4

Polypropylene (PP) b (8.20–15.42) × 10−3 (4.61–8.66) × 10−2

Polyvinyl chloride (PVC) b (6.06–393.70) × 10−4 (3.70–240.16) × 10−3

a At 4 °C. b At 25 °C.

  Design of Modifi ed - Atmosphere Packaging for Foods 

 Packaging requirements differ between foods. Therefore, the optimum packaging con-
dition (gas requirement) for each particular product needs to be determined fi rst. 
Recommended modifi ed - atmosphere conditions for selected respiring and nonrespir-
ing foods are given in Tables  43.2  and  43.3 , respectively. Depending on the size of the 
product that needs to be packaged, the characteristics of the packaging materials need 
to be determined and compared with the materials commercially available. If the 
required material is not available, then the size and shape of the package can be 
changed so that some commercially available material might meet the requirements. 
The design of MAP is discussed separately for each category of food in the following 
sections.   

  Fresh Fruit and Vegetable Products 

 Fresh whole or minimally processed (fresh - cut) fruits and vegetables can be packaged 
in a modifi ed atmosphere for shelf - life extension. These products respire, i.e., they 
consume O 2  and produce CO 2 . The shelf - life of fresh fruits and vegetable products can 
be extended by reducing their respiration rate. Reduced O 2  and elevated CO 2  generally 
decrease the respiration rate of fresh produce. However, the levels of O 2  and CO 2  in 
the package must be in accordance with the specifi c low O 2  and elevated CO 2  limits 
for each produce item (Kader  et al .,  1998 ). Oxygen and CO 2  levels beyond these limits 
result in anaerobic respiration and tissue damage, which cause rapid quality degrada-
tion. Each type of fresh produce has a different optimum gaseous environment for 
quality retention and shelf - life extension (Table  43.2 ). These gaseous atmospheres are 
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low in O 2  and high in CO 2  compared with air. However, recent studies have indicated 
that superatmospheric O 2  levels can also be useful for the packaging of some whole 
and fresh - cut commodities (Art é s  et al .,  2009 ; Day,  2003 ). The respiration rates of 
fresh - cut products are much higher, and they can tolerate higher CO 2  and lower O 2  
levels than their whole forms (Brecht,  1995 ). MAP is unavoidable for fresh - cut produce, 
because it is more vulnerable to biochemical and microbial quality degradation. 

Table 43.2 Recommended modifi ed -atmosphere (MA) conditions for selected fruits and vegeta-
bles. (Adapted from Kader et al. (1998) and Gorris and Peppelenbos  (2007).)

Product Temperature ( °C) Recommended MA Potential

O2 (%) CO2 (%) 

Fruits
Apple 0–5 1–3 1–5 Excellent
Apricot 0–5 2–3 2–3 Fair
Avocado 5–13 2–5 3–10 Good
Banana 12–15 2–5 2–5 Excellent
Cherry, sweet 0–5 3–10 10–15 Good
Fig 0–5 5–10 15–20 Good
Grape 0–5 2–5 1–3 Fair
Grapefruit 10–15 3–10 5–10 Fair
Kiwi fruit 0–5 1–2 3–5 Excellent
Lemon and lime 10–15 5–10 0–10 Good
Mango 10–15 3–5 5–10 Fair
Olive 5–10 2–3 0–1 Fair
Orange 5–10 5–10 0–5 Fair
Peach and nectarine 0–5 1–2 3–5 Good
Pear 0–5 1–3 0–3 Excellent
Persimmon 0–5 3–5 5–8 Good
Plum 0–5 1–2 0–5 Good
Raspberry and other cane berries 0–5 5–10 15–20 Excellent
Red currant 0–2 5–10 15–20 Excellent
Strawberry 0–5 5–10 15–20 Excellent

Vegetables
Asparagus 0–5 air 5–10 Excellent
Bean 5–10 2–3 4–7 Fair
Broccoli 0–5 1–2 5–10 Excellent
Brussels sprout 0–1 2–4 4–6 Excellent
Cabbage 0–5 2–3 3–6 Excellent
Cantaloupe 3–7 3–5 10–15 Good
Celery 3–5 1–4 0–5 Good
Chicory 5 2–3 5–10 Excellent
Corn (sweet) 0–5 2–4 5–10 Good
Cucumber 8–12 3–5 0 Fair
Leek 0–5 1–2 3–5 Good
Lettuce 0–5 1–3 0 Good
Onion 0–5 1–2 2–5% Good
Pepper 8–12 3–5 0 Fair
Spinach 0–5 air 0–20 Good
Tomato 12–20 3–5 0–3 Good
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Table 43.3 Recommended modifi ed -atmosphere (MA) conditions for selected nonrespiring foods. 

Product Recommended MA a Reference

O2 (%) CO2 (%) 

Muscle foods
Chilled chicken breast 0 70 Al-Haddad et al. (2005)
Fish (fatty) 0 60 Parry (1993)
Fresh meat 0 100 Skandamis and Nychas (2002)
Meatballs 1–3 33 Ozturk et al. (2010)
Poultry 0–80 20–100 Philips (1996)
Rainbow trout 0–2.5, 80 20–90 Yılmaz et al. (2009)
Salmon 20 60 Parry (1993)
Scallops 10 60 Simpson et al. (2007)
Sea bass fi llets 15 63 Mercogliano et al. (2009)
White fi sh (nonfatty) 30 40 Parry (1993)

Dairy foods
Hard cheese 0 100 Parry (1993)
Soft cheese 0 30 Parry (1993)
Whey cheese 0 60–70 Dermiki et al. (2008), Temiz et al. (2009)
White cheese 0–10 0–75 Kırkın (2009)

Bakery foods
Fresh pasta 0 70–100 Del Nobile et al. (2009), Parry (1993)
Wheat bread 0 100 Rasmussen and Hansen (2001)
Cake 0 70–100 Guynot et al. (2004)

Other foods
Eggs 0 20 Yalamanchili (2009)
Hazelnut <10 0 Martin et al. (2001)
Peanut 0 65 Ellis et al. (1994)
Steamed rice >10 Kasai et al. (2005)

a N2 was used to balance. 

Reduced O 2  levels with elevated CO 2  decreased enzymatic browning at cut surfaces, 
tissue softening, respiration, ethylene production and microbial growth in fresh - cut 
produce (Gunes  et al .,  2001 ). 

 Typical respiration rates of fresh produce are given in Table  43.4 . The respiration 
rate of a fresh product is measured in different O 2  -  and CO 2  - containing environments, 
and a suitable mathematical model is fi tted to the data. The respiration models are 
used in the design equations for MAP to predict the changes in the gas concentrations 
in the package headspace with time. Several mathematical models have been used to 
fi t the respiration rates of fresh commodities as a function of the O 2  and CO 2  concen-
trations (Cameron  et al .,  1989 ; Iqbal  et al .,  2009 ; Lee  et al .,  1991 ; Ravindra and 
Goswami,  2008 ; Renault  et al .,  1994 ). Enzyme - kinetics - based models (based on the 
Michaelis – Menten model with several different types of inhibition) have been used 
extensively in modeling the respiration rate of fresh produce as a function of the O 2  
and CO 2  concentrations (Table  43.5 ). The model parameters have been determined for 
a variety of fresh produce and reported in the literature (Table  43.6 ).   
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Table 43.4 Respiration rates of selected fruits and vegetables at 5 °C. (Adapted from Kader and 
Saltveit (2003) and Mahajan  et al. (2006)).

Product Respiration rate 

RO2 (mL O2·g−1·h−1) RCO2 (mL CO2·kg−1·h−1)

Apple (whole) 8.42–29.07 10.31–37.79
Asparagus 41.76 36.33
Banana 14.14 15.01
Blueberry 3.14–365.62 3.21–290.16
Cabbage 112.56 90.05
Carrot 26.05 14.58
Caulifl ower 9.80 13.88
Cherry 13.77–48.32 12.66–38.66
Cucumber 24.39 16.52
Garlic 31.53 23.46
Kale 22a

Lettuce 30a

Litchi 13.90 11.60
Mango 19.28–22.10 17.53–17.74
Mushroom 118.36 106.34
Onion (green) 50.92–51.38 40.97–47.80
Pepper 19.38 12.00
Raspberry 43.46 48.63
Red pepper 15.15 14.09
Soybean 50.52 14.22
Strawberry 21.62 18.11
Tomato 13.80–36.01 12.84–18.30

a mgCO2·kg−1·h−1.

Table 43.5 Respiration rate equations based on enzyme inhibition kinetics models. 
(Adapted from Aguilera and Oliveira (2009) and Torrieri  et al. (2009)).
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 The respiration of fresh produce makes MAP a dynamic system in which the head-
space gaseous environment is affected by the rate of respiration and the rate of gas 
transmission through the package. As the O 2  in the headspace is consumed by the 
produce through respiration, O 2  from the outside atmosphere diffuses into the head-
space owing to the concentration gradient. Similarly, as CO 2  is emitted by the produce 
through respiration into the headspace, it diffuses out of the package owing to the 
concentration gradient (Figure  43.1 ). An equilibrium condition with constant head-
space O 2  and CO 2  levels is reached when the respiration rate of the packaged produce 
becomes equal to the transmission rate of the gases through the package. Packaging 
that provides this condition is referred to as equilibrium modifi ed - atmosphere packag-
ing (EMAP).   

 The modifi ed atmosphere in the headspace can be created passively or actively. In 
passive modifi cation, the fresh produce is placed in the package and sealed without 
any gas fl ushing. The headspace atmosphere is modifi ed by respiration and permea-
tion, reaching equilibrium. The time required to reach the equilibrium atmosphere is 
relatively long and depends on the respiration rate of the produce. Passive modifi ca-
tion is used for fresh produce for which there is no signifi cant quality degradation 
during the time taken to reach equilibrium. Active modifi cation involves an initial 
fl ushing of the package with gas before sealing. When the produce to be packaged 
shows rapid quality degradation in air, active modifi cation is used. A gas mixture with 
the optimum gas composition for the product is usually fl ushed into the headspace 
before sealing. Active modifi cation is especially required for fresh - cut produce, as the 
quality of products of this type degrades rapidly in air. 

 The design of MAP for respiring products is more challenging than the design of 
MAP for nonrespiring foods because of this dynamic gas system. The fi rst step in the 
design of MAP for fresh produce is to determine the optimum gaseous environment. 
Next, the respiration rate of the fresh produce as affected by the gaseous environment 
(i.e., the CO 2  and O 2  concentrations) is determined. The respiration rate in the optimum 
gaseous environment is required to design the MAP. 

 Mathematical models describing the gas exchange and the headspace O 2  and CO 2  
concentrations as a function of the respiration rate and the package properties are used 
in MAP design. To develop a model, the material balance for both O 2  and CO 2  in the 
package headspace is considered, as follows:

    
Rate of gas accumulation

in the headspace

Rate of gas⎡
⎣⎢

⎤
⎦⎥

=
  permeated 

into the headspace

Rate of gas generated⎡
⎣⎢

⎤
⎦⎥

+
  

through respiration
⎡
⎣⎢

⎤
⎦⎥

  

 The design equations for O 2  and CO 2  are as follows (Aguilera and Oliveira,  2009 ):

    V
dy

dt
P
x

P A y y R wf
O O

atm f O out O in O
2 2

2 2 2= −[ ] −, ,     (43.1)  
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    V
dy

dt
P

x
P A y y R wf

CO CO
atm f CO out CO in CO

2 2
2 2 2= −[ ] +, ,     (43.2)  

  where  V  f  is the free volume (the headspace);  y  is the partial pressure of each gas 
( y  O2   =  O 2  partial pressure and  y  CO2   =  CO 2  partial pressure, inside or outside of the 
package);  x  is the thickness of the fi lm;  P  O2  and  P  CO2  are the O 2  and CO 2  permeability 
coeffi cients, respectively, of the fi lm;  A  f  is the surface area of the fi lm;  R  is the respi-
ration rate ( R  O2   =  O 2  consumption rate and  R  CO2   =  CO 2  production rate);  P  atm  is the 
atmospheric pressure; and  w  is the weight of the product. Unsteady - state gas concen-
trations in the package headspace can be determined by inserting equations for the 
respiration rates  R  as a function of the O 2  and CO 2  partial pressures into Equations 
 43.1  and  43.2 . In the steady state, an equilibrium modifi ed atmosphere is attained, in 
which the gas concentrations in the headspace do not change with time. The steady -
 state equations are:

    
dy

dt
P A

x
P y y R wO O f

atm O out O eq O eq
2 2

2 2 20= ⇒ − =( ), , ,     (43.3)  

    
dy

dt
P A

x
P y y R wCO CO f

atm CO eq CO out CO eq
2 2

2 2 20= ⇒ − =( ), , ,     (43.4)  

Figure 43.1 Gas exchange in a modifi ed -atmosphere package containing fresh produce; x is the 
fi lm thickness,  Dp is the diameter of the perforations if they exist,  yO2 is the partial pressure of O 2
and yCO2 is the partial pressure of CO 2.
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yCO2 in
yO2 out
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  where  y  O2,eq  and  y  CO2,eq  are the partial pressures of O 2  and CO 2 , respectively, in the 
headspace at equilibrium, and  R  O2,eq  and  R  CO2,eq  are the O 2  consumption rate and CO 2  
production rate, respectively, in the equilibrium gaseous atmosphere. These equations 
can be solved for the required area  A  f , given the quantity  w  of the commodity and the 
permeability coeffi cients of the packaging materials. They can also be solved for the 
permeability coeffi cients  P  O2  and  P  CO2 , given the quantity  w  of the commodity and 
the area  A  f . The calculated properties of the packaging material are compared with 
the commercially available materials. If there is a commercially available packaging 
material with properties similar to the calculated ones, successful MAP is possible for 
the product. 

 If Equations  43.3  and  43.4  are combined (by dividing one by the other), we get

    
y y

y y RQ
O out O eq

CO eq CO out

2 2

2 2

, ,

, ,

−( )
−( ) =

β
    (43.5)   

 where   β   is the selectivity of the fi lm (the ratio of  P  CO2  to  P  O2 ), and  RQ  is the respira-
tory quotient (the ratio of  R  CO2  to  R  O2 ).  RQ  is usually assumed to be equal to 1, 
although it can be between 0.7 and 1.2. The selectivity of common packaging materi-
als can range from 2.2 to 10.2 (Exama  et al. ,  1993 ). 

   Example 1:   Calculation of permeability requirements for pomegranate arils 

  Given:  
 Desired weight of arils in package: 500   g. 
 Desired equilibrium gas concentrations: 2% O 2  and 10% CO 2 . 
 Respiration rate measured in the equilibrium condition: 1.01   cm 3    O 2  · kg  − 1  · h  − 1 . 
 Desired package form: tray with a permeable fi lm on the top side. 
 Density of arils: 0.55   g · cm  − 3 . 
 Desired fraction of free volume in package: 30%. 

  Calculations:  
 Volume of package  =  volume of arils  +  30% free volume:

    V V= × + ×500 1 0 55 0 303g cm / g( . ) .  

    V = 1299 3cm   

 The dimensions of the tray are selected to obtain the total volume calculated 
above:

    Length cm width cm height cm= = =10 10 13; ; .   

 Thus, permeation area  A     =    10    ×    10  =  100   cm 2 .
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    P A
x

P y y R wO f
atm O out O eq O eq

2
2 2 2, , ,−( ) =  

    P
x

O2 0 01
1 0 208 0 02 1 01 0 5

×
× × −( ) = ×

.
. . . .   

  P  O2 / x     =    268.6   mL   O 2  · (m 2  · h · atm)  − 1 . This is the required O 2  permeability for the package. 
 For CO 2  permeability, assume  R  CO2   =   R  O2   =  1.01   cm 3    CO 2  · kg  − 1  · h  − 1 :

    P A
x

P y y R wCO f
atm CO eq CO out CO eq

2
2 2 2, , ,−( ) =  

    P
x

CO2 0 01
1 0 10 0 1 01 0 5

×
× × −( ) = ×

.
. . .   

  P  CO2 / x   =  505.0   mL   CO 2  · (m 2  · h · atm)  − 1 . This is the required CO 2  permeability for the 
package. 

 For many fresh commodities, these calculations result in impractical solutions for 
real - life applications. For example, the calculated area may be too big or too small, so 
that it may not be possible to have a reasonable commercial package. In other cases, 
there may be no commercial packaging materials with the calculated permeabilities. 
It is very diffi cult to obtain the optimum O 2  and CO 2  conditions simultaneously in 
the headspace at equilibrium for many products, because the CO 2  permeabilities are 
much higher than the O 2  permeabilities for plastic packaging fi lms (Exama  et al ., 
 1993 ). Perforations in existing packaging materials can solve these problems to some 
extent. 

 Perforation is simply making holes of various sizes and numbers in an existing 
commercial plastic fi lm. Design equations for MAP using perforated fi lms are derived 
in a similar way to that above, using material balances for each gas. Transmission of 
gases occurs through both the perforations and the fi lm. Design equations for mac-
roperforated and microperforated packages have been derived in the literature 
(Techavises and Hikida,  2008 ; Gonz á lez  et al .,  2008 ). These equations are reproduced, 
using a modifi ed notation, as follows:

    
dV

dt
n

D A
L

A
P
x

P P
V t

V t V t
O

p
O h

h
f

O
O out T

O

O CO

2 2 2
2

2

2 2

= +⎛
⎝⎜

⎞
⎠⎟ − ( )

( ) +, (( ) + ( ) + ( )
⎛
⎝⎜

⎞
⎠⎟

−
V t V t

wR
N H O

O
2 2

2

    (43.6)  

    
dV

dt
n

D A
L

A
P

x
P P

V t
V t V

CO
p

CO h

h
f

CO
CO out T

CO

O

2 2 2
2

2

2

= +⎛
⎝⎜

⎞
⎠⎟ − ( )

( ) +,
CCO N H O

CO
2 2 2

2t V t V t
wR

( ) + ( ) + ( )
⎛
⎝⎜

⎞
⎠⎟

+

    (43.7)  
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  where  V  is the volume fraction of the gas,  A  f  is the area of the fi lm,  n  p  is the number 
of perforations,  D  is the diffusion coeffi cient of O 2  or CO 2  in air (m 2  · s  − 1 ),  A  h  is the area 
of a perforation (m 2 ), and  L  h  is the diffusion path length (m), which is equivalent to 
the fi lm thickness  x . The term ( DA  h )/ L  h  is the effective permeability of one perforation 
to O 2  or CO 2  in m 3  · s  − 1 . Under steady - state conditions, the equations for MAP with a 
perforated fi lm become

    wR n
D A

L
A

P
x

P P
V

V V V V
O p

O h

h
f

O
O out T

O

O CO N H O
2

2 2
2

2

2 2 2 2

= +⎛
⎝⎜

⎞
⎠⎟ −

+ + +
⎛

,⎝⎝⎜
⎞
⎠⎟     (43.8)  

    ⇒ = +⎛
⎝⎜

⎞
⎠⎟ −( )wR n

D A
L

A
P
x

P PO p
O h

h
f

O
O out O eq2

2 2
2 2, ,     (43.9)  

    − = +⎛
⎝⎜

⎞
⎠⎟ −

+ +
wR n

D A
L

A
P

x
P P

V
V V V

CO p
CO h

h
f

CO
CO out T

CO

O CO N
2

2 2
2

2

2 2 2
, ++

⎛
⎝⎜

⎞
⎠⎟VH O2

    (43.10)  

    ⇒ = +⎛
⎝⎜

⎞
⎠⎟ −( )wR n

D A
L

A
P

x
P PO p

CO h

h
f

CO
CO out CO eq2

2 2
2 2, ,     (43.11)   

 These equations can be solved for any given situation to design MAP using a perforated 
packaging material. For example, if there are no commercially available packaging 
materials that satisfy the requirements for a particular type of fresh produce, the per-
foration area  A h   and the number of perforations in the material can be calculated using 
Equation  43.11  to obtain the desired equilibrium gas composition in the package 
headspace.   

   Example 2:   Calculation of the number of perforations required in a package of 
the pomegranate arils considered in Example 1 

     wR n
D A

L
A

P
x

P PO p
O h

h
f

O
O out O eq2

2 2
2 2= +⎛

⎝⎜
⎞
⎠⎟ −( ), ,  

    ⇒ × = +⎛
⎝⎜

⎞
⎠⎟ −( )0 5 1 01 0 208 0 022 2. . . .n

D A
L

A
P
x

p
O h

h
f

O  

    ⇒ +⎛
⎝⎜

⎞
⎠⎟ =n

D A
L

A
P
x

p
O h

h
f

O2 2 2 686.   

 Given the characteristics of the packaging fi lm ( P  O2  and  x ) and the surface area of the 
package for gas transmission,  A  f , the number of perforations  n  p  can be calculated for 
any selected size of perforations. 
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 If we use a 71    μ m thick polypropylene fi lm with a permeability of 0.006 mL · cm  − 2  · h  − 1  
at 4    ° C and 1   atm, and if a perforation diameter of 10    μ m is chosen, then the number 
of perforations in a fi lm of area 100   cm 2  is calculated as follows. 

 The diffusion coeffi cient  D  O2  of O 2  in air is assumed to be 0.143   cm 2  · s  − 1   =  514.8   cm 2  · h  − 1 . 
This gives

    np

514 8 10 10 4

71 10
100 0 006 2 686

4 2

4

. /
. .

× × ×( )( )
×

+ ×
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

=
−

−

π
 

    ⇒ = ≅np 36 6 37.   

 That is, the number of perforations required is 37. 
 The design of MAP involves the use of permeability and respiration data, which are 

affected by temperature. The permeability of the packaging fi lm and the respiration 
rate are taken at a specifi c temperature in the solution of the design equations. Both 
the respiration rate and the permeability increase with an increase in temperature, 
but at different rates. The temperature dependences of the respiration rate and perme-
ability are described by Arrhenius - type equations. The activation energies  E  a  for most 
fruits and vegetables in air have been reported to be between 29.0 and 92.9   kJ · mol  − 1  
(Aguilera and Oliveira,  2009 ). Activation energies for common packaging materials in 
the range of 8.4 to 66.5   kJ · mol  − 1  have been reported (Mahajan  et al .,  2006 ). The respira-
tion rate increases faster than the permeability with temperature. Therefore, the 
exposure of packaged fruits and vegetables to elevated temperatures (temperature 
abuse) would result in formation of an anaerobic atmosphere with an elevated CO 2  
level, which would cause rapid quality degradation. Thus, temperature abuse is one 
of the main risk factors in MAP design, and strict temperature control during storage, 
distribution and marketing is required for fresh produce in modifi ed - atmosphere 
packages.    

  Muscle Foods 

 Muscle foods can be preserved by using a modifi ed atmosphere. Recommended 
modifi ed - atmosphere conditions for some selected products are given in Table  43.3 . 
The use of MAP will be discussed separately for different types of meat and meat 
products, as the required atmospheres vary signifi cantly. 

  Fresh Red Meat 

 Red meat can deteriorate through microbial growth and oxidation (fl avor, odor and 
color degradation). A bright red color is a very important quality parameter for fresh 
red meat, as it is associated with freshness and good eating quality by consumers. The 
red color of meat is related to myoglobin, the principal pigment in red meat. The 
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presence of various chemical derivatives of myoglobin affects the red color. Reduced 
myoglobin (Mb) is dominant in the absence of O 2  and is purple in color. Oxymyoglobin 
(O 2 Mb) forms when Mb is exposed to O 2 , and is bright red. Metmyoglobin (MetMb) is 
brown in color, and it is formed when Mb is exposed to low O 2  concentrations (0.5 – 1%) 
or to air for long periods of time (McMillin,  2008 ). MetMb cannot bind to O 2  even in 
a high - O 2  environment. Myoglobin can also be converted to choleglobin and sulfmy-
oglobin, which are green in color, by bacterial by - products (Robertson,  1993 ). Therefore, 
high O 2  is required for the stability of the bright red color of red meat. On the other 
hand, O 2  can promote the oxidation of fats and the growth of many spoilage microor-
ganisms in meat. 

 High - O 2  MAP is the most common type of packaging for fresh chilled red meat in 
display packages. The most common gas mixture used is 80%   O 2    :   20%   CO 2 , although 
25 – 90% O 2  and 15 – 80% CO 2  can be used (McMillin,  2008 ). High - O 2  MAP inhibits the 
growth of surface microorganisms and maintains the bright red color of the meat for 
an extended period of time during storage. High O 2  also inhibits the growth of anaero-
bic organisms, including lactic acid bacteria, in meat. The formation of off - odors and 
rancidity in meat can limit the shelf - life of meat in high - O 2  MAP, depending on its 
fat content. High - barrier fi lms are required in high - O 2  packages so that the gas mixture 
used for fl ushing is retained in the headspace for as long as possible during storage. 
The amount of O 2  in the headspace usually decreases because of permeation from the 
package and respiration of tissues. 

 Low - O 2  packaging, in the form of either vacuum packaging or MAP, is also used for 
chilled red meat. Vacuum packaging is a practical and cost - effective packaging method, 
but it has the disadvantage that the package and the meat are subjected to mechanical 
strain. This can deform the package and impair its integrity, as well as cause increased 
drip loss from the meat, and even cause the package to rupture if bone is present 
(Robertson,  1993 ). Some of these problems can be eliminated by vacuum skin packag-
ing (VSP), in which the product acts as a forming mold. Here, a soft fi lm molds itself 
to the shape of the product and seals to a base fi lm, creating an anaerobic medium for 
the meat (Robertson,  1993 ). 

 MAP with low O 2  or without O 2  can be used as an alternative to vacuum packaging. 
In this case, elevated CO 2  (up to 100%) balanced with N 2  is used. This type of MAP 
has the advantages that the antimicrobial activity of CO 2  is used, and that the issue 
of mechanical damage in vacuum packaging is eliminated. Anaerobic aerotolerant 
lactobacilli are selected by anaerobic atmospheres. Aerobic spoilage organisms are 
effectively inhibited by CO 2  at levels of 20 – 60% (McMillin,  2008 ). Carbon dioxide is 
soluble in both the aqueous and the lipid phases in meat, and it shows its maximum 
inhibitory effect on the growth of microorganisms above the saturation level. Owing 
to the solubility of CO 2  in meat, package collapse can be an issue for packages with 
high CO 2  levels. In such cases, the meat can be exposed to CO 2  to achieve saturation 
prior to packaging so that little or no further dissolution of CO 2  takes place in the 
meat after packaging (Jeremiah,  2001 ). Both low - O 2  MAP and vacuum packaging have 
the disadvantage that they induce a dark color due to the unoxygenated state of the 
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myoglobin. However, low - O 2  packages can include both an outer barrier fi lm and a 
permeable overwrapped inner fi lm so that when the outer fi lm is peeled away during 
retail display, the meat can be oxygenated, causing it to  “ bloom. ”  

 Carbon monoxide can be used in low - O 2  packaging for red meat to provide color 
stability. Either the meat can be exposed to CO prior to packaging, or CO can be 
fl ushed into the a low - O 2  package prior to sealing. CO, along with either an anaerobic 
atmosphere or a high - O 2  atmosphere, has been reported to inhibit oxidation and the 
growth of spoilage organisms in meat (John  et al .,  2005 ; Kusmider  et al .,  2002 ; 
McMillin,  2008 ). However, although a small amount of CO is effective for color 
stability, its commercial use is limited owing to concern about its safety for 
employees.  

  Fresh Poultry and Fish 

 Vacuum packaging can extend the shelf - life of poultry meat at refrigeration tempera-
tures. However, the disadvantages of vacuum packaging described above for red meat 
also apply to poultry meat. Oxygen - free or low - O 2  MAP with elevated CO 2  results in 
better preservation of poultry meat without the disadvantages of vacuum packaging. 
Carbon dioxide at levels above 20% inhibits the growth of various microorganisms 
and thus extends the shelf - life of poultry meat. MAP using 25 – 70% CO 2  balanced with 
N 2  is recommended for chicken (Saucier  et al .,  2000 ). Higher CO 2  levels result in 
longer shelf - life (Sawaya  et al .,  1995 ; Vongsawadi  et al .,  2008 ). Treatment of chicken 
with lactic or acetic acid can further extend the shelf - life under high - CO 2  MAP (Rao 
and Sachindra,  2002 ). However, temperature abuse of chicken packaged in an anaero-
bic atmosphere can result in toxin production by  C. botulinum . Extension of the 
shelf - life by use of anaerobic MAP may provide suffi cient time for the spores of the 
pathogen to germinate and produce toxin (Rao and Sachindra,  2002 ). The use of addi-
tional hurdles and the inclusion of low levels of O 2  can reduce this risk in packaged 
chicken. 

 The shelf - lives of various fresh fi shery products, taken from the recent literature, 
have been tabulated by Sivertsvik  et al .  (2002) . Elevated CO 2  (40 – 100%) in anaerobic 
MAP increased the shelf - life of many fi sh and seafood varieties signifi cantly in com-
parison with air or vacuum packaging (Yesudhason  et al .,  2009 ; Sivertsvik  et al .,  2002 ). 
Increased CO 2  levels generally increased the shelf - life by inhibiting microbial spoilage. 
However, a potential safety issue due to  C. botulinum  exists when anaerobic MAP is 
used for fi shery products, especially if the product is exposed to elevated storage tem-
peratures of 8 – 16    ° C (Sivertsvik  et al .,  2002 ). The safest packaging with regard to toxin 
production by  C. botulinum  was suggested to be MAP with the inclusion of equal 
amounts of CO 2  and O 2  (Sivertsvik  et al .,  2002 ). This can still give suffi cient shelf - life 
for nonfatty fi shery products, but the shelf - life will be limited by oxidative degradation 
in the case of fatty products. Strict temperature control below 4    ° C and the use of 
additional hurdles can also signifi cantly decrease the safety issue. For fatty fi sh, 
anaerobic MAP with 60% CO 2  has been suggested, whereas for nonfatty fi sh, an 
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aerobic modifi ed atmosphere (30%   O 2    :   40%   CO 2  balanced with N 2 ) is recommended 
(Parry,  1993 ).  

  Meat Products 

 Fresh red meat can be processed into many different foods, such as fermented products 
(sausages, hotdogs, salami, pastrami, etc.), seasoned ready - to - cook meatballs and mari-
nated ready - to - cook products. Poultry and fi shery meats can also be processed into 
similar products. These products, either uncooked or precooked, can be preserved by 
anaerobic MAP with elevated CO 2  (20 – 35%) (Parry,  1993 ). Maintenance of a bright 
red color in beef products is not critical for such products, because the colors of sea-
soned meatballs and of marinated products in various sauces are modifi ed by the 
ingredients used. The characteristic red colors of fermented meat products are stabi-
lized by additives, so oxygenation of myoglobin is not critical in such products. 
However, the growth of  C. botulinum  and toxin production by it can be a safety issue 
in such products, especially if they are subjected to temperature abuse. There have 
been studies in which the inclusion of low O 2  levels (up to 5%) in MAP for meatballs 
(seasoned ground beef) and marinated chicken did not cause signifi cant oxidative 
quality degradation compared with anaerobic MAP (Do ğ u,  2009 ; Ozturk  et al .,  2010 ). 
 C. botulinum  growth and toxin production can be inhibited by O 2  levels of 2% or 
higher (Rao and Sachindra,  2002 ). Therefore, the inclusion of a small amount of O 2  
(up to 5%) can decrease the  C. botulinum  safety issue without signifi cant quality 
degradation.   

  Cereal - Based Food Products 

 Cereals, such as bread, cakes, biscuits, pasta and dough, can also be preserved by MAP. 
The shelf - life of these products is affected by the processing conditions, the charac-
teristics of the product, the storage conditions and the packaging (Galic  et al .,  2009 ). 
Moisture content, water activity, pH, and antimicrobial and antioxidant additives 
affect the shelf - life of cereal - based products. Degradation of these products usually 
occurs through biological processes (by microbial and, especially, fungal activity, and 
because of insects), through oxidative reactions and through physical spoilage (staling, 
moisture loss and texture). MAP can protect products by controlling these degradation 
mechanisms. Recommended modifi ed - atmosphere conditions for some selected prod-
ucts are given in Table  43.3 . Fresh pasta, pies, cakes, bread and other bakery products 
should be packaged in high - barrier materials using an anaerobic atmosphere with 
elevated CO 2  to inhibit microbial, oxidative and textural quality loss processes (Del 
Nobile  et al .,  2009 ; Galic  et al .,  2009 ; Guynot  et al .,  2004 ; Rasmussen and Hansen, 
 2001 ). Bakery products are usually packaged in an anaerobic atmosphere with 60% 
CO 2  (balanced with N 2 ), although higher CO 2  levels can also be used (Galic  et al ., 
 2009 ). Exclusion of O 2  and elevated CO 2  can also inhibit insects in packaged cereals 
(Jayas and Jeyamkondan,  2002 ). Carbon dioxide in MAP may also delay staling of 
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bread, although confl icting results have been reported in the literature (Galic  et al ., 
 2009 ). The exclusion of O 2  from the package atmosphere is critical for shelf - life exten-
sion. Active packaging, including use of O 2  absorbers, ethanol emitters and antimi-
crobial agents such as calcium propionate, can further increase the benefi ts of MAP 
for some cereal - based products (Galic  et al .,  2009 ).  

  Snack Foods, Tree Nuts and Dried Fruits 

 Snack foods include chips (potato, corn and tortilla chips), pretzels, popcorn, extruded 
foods, tree nuts and dried fruits. Insects, molds and oxidation are the most important 
problems that limit the shelf - life of these foods. Sun - dried raisins, apricots, fi gs and 
dates are susceptible to attack by various insects and fungi. These products can be 
preserved by MAP. Recommended modifi ed - atmosphere conditions for some selected 
products are given in Table  42.3 . It has been shown that anaerobic or low - O 2  MAP 
with elevated CO 2  successfully inhibited insect infestations in dried fruits and tree 
nuts (Kader  et al .,  1998 ; Jayas and Jeyamkondan,  2002 ). MAP with elevated CO 2  can 
also reduce darkening of dried fruits during storage. Tree nuts contain large amounts 
of polyunsaturated lipids, making them susceptible to oxidative rancidity. The deshell-
ing and roasting applied to tree nuts increase further their susceptibility to oxidation. 
Vacuum packaging and N 2  packaging are commonly used for tree nuts to delay oxida-
tive rancidity. MAP is usually preferable to vacuum packaging, which can mechani-
cally damage these sensitive products. 

 Chips, popcorn and extruded snacks also contain large amounts of fat, making them 
susceptible to oxidation. All of these foods are also susceptible to mechanical damage, 
and thus special cushioned packages are needed. Flushing the package with gas with 
a positive headspace pressure also serves to provide cushioning (by the ballooning 
effect) for fragile contents. Packaging materials with high barrier properties for gases 
and water vapor should be used in order to maintain the target modifi ed atmosphere 
and prevent migration of O 2  into the headspace. Pillow pouches and bags are the most 
common types of packages used for snack foods. The package should not be transpar-
ent, to prevent exposure of the contents to light, which can catalyze fat oxidation. 
Active packaging systems containing O 2  absorbers can further increase the benefi ts of 
MAP for tree nuts, as even residual O 2  in the headspace can cause oxidation in the 
product.  

  Dairy Foods 

 MAP can delay microbial, chemical and physical spoilage and extend the shelf - life of 
dairy products (Ooraikul,  2003 ). The modifi ed atmospheres used for cheese products 
are generally a combination of CO 2  and N 2 , but low amounts of O 2  may also be used. 
Recommended modifi ed - atmosphere conditions for some selected products are given 
in Table  43.3 . High levels of CO 2  can effectively inhibit the growth of yeasts and 
molds. Shelf - life extension of various cheeses by MAP has been reported in the litera-
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ture (Dermiki  et al .,  2008 ; Favati  et al .,  2007 ; Gonzalez - Fandos  et al .,  2000 ; Papaioannou 
 et al .,  2007 ). Packaging with 30%   CO 2    :   70%   N 2  extended the shelf - life of Provolone 
cheese by 50% compared with vacuum packaging (Favati  et al .,  2007 ). MAP with 
60%   CO 2    :   40%   N 2  extended the shelf - life of whey cheese (Erkan  et al .,  2007 ). Anaerobic 
MAP with 70% or 30% CO 2  resulted in a longer shelf - life of cheese compared with 
vacuum packaging (Papaioannou  et al .,  2007 ). 

 The extension of the shelf - life of cheese by MAP is achieved mainly through inhibi-
tion of microbial growth. The growth of staphylococci, molds, yeasts, lactic acid 
bacteria and overall mesophilic bacteria on cheese was suppressed by MAP (Eliot 
 et al .,  1998 ; Erkan  et al .,  2007 ; Oyugi and Buys,  2007 ; Papaioannou  et al .,  2007 ). 
Microbial growth decreased with increased CO 2  concentration (Westall and Filtenborg, 
 1998 ). Packaging in 20 – 80% CO 2  with 0.5% or less O 2  suppressed the growth of fungi 
in sliced Cheddar cheese (Taniwaki  et al .,  2001 ). Packaging with 50%   CO 2    :   50%   N 2  
and 95%   CO 2    :   5%   N 2  preserved the microbial quality of Stracciatella cheese 
(Gammariello  et al .,  2009 ). 

 MAP may also reduce proteolysis and lipid oxidation in whey cheese (Dermiki 
 et al .,  2008 ). It was observed that proteolysis and lipolysis reactions were higher in 
packages containing air than in anaerobic packages with 20% or higher CO 2  (Gonzalez -
 Fandos  et al .,  2000 ). Packaging with 75% CO 2  and up to 10% O 2  delayed microbial 
spoilage of precut white cheese, reduced proteolysis, lipolysis and oxidation reactions, 
and preserved the color, texture and sensory properties (K ı rk ı n,  2009 ). Exposure to 
light may also infl uence the quality of packaged products. Changes in sensory proper-
ties, color and ribofl avin content were observed in Havarti cheese packaged in a modi-
fi ed atmosphere and stored under light (Kristensen  et al .,  2000 ). 

 Elevated CO 2  in cheese packaging can also decrease microbial safety issues. Pure 
CO 2  (100%) inhibited the growth of staphylococci, lactobacilli and  Bacillus  for two 
days at 4    ° C (Pintado and Malcata,  2000 ). Inclusion of high CO 2  levels in MAP reduced 
the risk of botulism and listeriosis in cottage cheese (Chen and Hotchkiss,  1993 ). MAP 
may also be applied to other dairy foods, such as yoghurt, fermented milk beverages 
and milk (Hotchkiss  et al .,  2006 ). The body and texture of sour cream were preserved 
by packaging under N 2 , and the fl avor was preserved by packaging under CO 2  
(Kosikowski and Brown,  1973 ). Hotchkiss  et al .  (1999)  suggested that CO 2  could 
increase the shelf - life of pasteurized refrigerated milk by up to twofold. Nitrogen 
fl ushing of whole milk powder resulted in lower peroxide values, lipid oxidation and 
off - odor compared with air storage (Lloyd  et al .,  2009 ).   

  Equipment for  MAP  

 MAP can be done by packaging machines using gas fl ushing or vacuum compensation. 
The replacement of air by the desired gas mixture can be achieved by fl ushing the 
headspace with a continuous gas stream to dilute the air around the product, followed 
by hermetic sealing of the package. This system is fast but allows residual O 2  remain 
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in the package, and thus is not suitable for strictly anaerobic MAP. The vacuum com-
pensation method removes air from the headspace by creating a vacuum and then 
breaking the vacuum with the designated gas mixture. This two - step process is very 
effective in removing residual oxygen and thus is suitable for packaging of O 2  - sensitive 
products, but it is relatively slow. 

 MAP machines are available for various types of packages, including trays, pillow 
pouches and bags. These packages can be fed preformed to the packaging machine in 
the case of machines such as tray sealers, vacuum chamber machines and bag sealer 
machines. The packages can also be formed inside the packaging machine in the case 
of machines such as form – fi ll – seal and deep - drawing machines. The gas mixtures used 
in MAP can be obtained premade or be obtained on site by the use of gas mixers. Gas 
concentrations are monitored using gas sensors integrated into the packaging machine, 
and in laboratories for quality control purposes. A typical schematic diagram of a MAP 
process is shown in Figure  43.2 .    

  Controlled - Atmosphere Storage 

 Controlled - atmosphere storage involves an initial alteration of the atmospheric com-
position to specifi c levels in a storage room or large storage bins, followed by strict 
control of the gas composition to maintain it at the initial levels during the storage 
period. It is used commercially for the bulk storage of fresh produce and grain. The 
gas compositions used in controlled - atmosphere storage usually have reduced O 2  and 
elevated CO 2  levels, which are specifi c to each commodity. The recommended condi-
tions for controlled - atmosphere storage are similar to those described for MAP earlier 
in this chapter. The mode of action of controlled - atmosphere storage is similar to that 
of MAP: the respiration and ethylene production rates of the stored commodity are 

Figure 43.2 Typical fl ow diagram of a MAP process. 
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decreased, and insect infestation and fungal growth are inhibited. Thus, the ripening 
of climacteric fruits during storage can be controlled, resulting in an extension of 
storage life. Moreover, the activities of postharvest pathogens, insects and their eggs 
and larvae are inhibited by the controlled atmosphere, resulting in prevention of decay 
and infestation during storage. 

 Controlled - atmosphere storage of fresh fruits and vegetables and the potential 
storage lives that can be achieved have been evaluated extensively by Thompson 
 (1998)  and Kader  et al .  (1998) . Controlled - atmosphere storage is commonly practiced 
for the storage of apples and pears worldwide, proving a storage life of 6 to 12 months. 
Tree nuts and dried fruits and vegetables can be stored in bulk in a controlled atmos-
phere with a storage life of more than 12 months. Cabbages, kiwi fruits, persimmons, 
pomegranates, avocados, bananas, cherries, grapes, mangoes, olives, onions, nectar-
ines, peaches, plums and tomatoes can be stored in a controlled atmosphere for 1 to 
6 months. Controlled atmospheres can also be applied during long - distance transport 
of fresh produce with a limited storage life. Asparagus, broccoli, pineapples, papayas, 
fi gs, lettuces, strawberries, sweetcorn and muskmelons are commodities that have a 
storage life under a controlled atmosphere of less than 1 month. Controlled atmos-
pheres with no O 2  and elevated CO 2  also have great potential for the storage of grain, 
mainly to prevent insect and mold damage. 

 Controlled - atmosphere storage requires gas - tight rooms, sealed with metal cladding 
and with carefully sealed doorways (Fellows,  2000 ). The gas levels are continuously 
monitored using special gas sensors and are maintained at the designated levels using 
special systems including CO 2  scrubbers, solid or liquid CO 2 , N 2  purging, O 2  purging, 
and humidity control (Fellows,  2000 ).  

  Nomenclature 

    A  f :      fi lm area, m 2   
  A  h :      perforation area, m 2   
  D :      diffusion coeffi cient, m 2  · s  − 1   
  D  p :      perforation diameter, m  
  K  i :      Inhibition constant, %CO 2   
  L  h  :      diffusion path length, m  
  n  p :      number of perforations  
  P  atm :      atmospheric pressure, atm  
  P  CO2 :      CO 2  permeability coeffi cient, mL · mil · cm  − 2  · h  − 1  · atm  − 1   
  P  O2 :      O 2  permeability coeffi cient, mL · mil · cm  − 2  · h  − 1  · atm  − 1   
  R  CO2 :      CO 2  production rate, mL CO 2  · kg  − 1  · h  −    1    
  R  CO2,eq :      CO 2  production rate in equilibrium gaseous atmosphere, mL O 2  · kg  − 1  · h  − 1   
  R  O2 :      O 2  consumption rate, mL O 2  · kg  − 1  · h  − 1   
  R  O2,eq :      O 2  consumption rate in equilibrium gaseous atmosphere, mL O 2  · kg  − 1  · h  − 1   
  RQ :      respiratory quotient, dimensionless  
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  V :      volume fraction of a gas, m 3   
  V  f :      free volume, m 3   
  V  m :      maximum respiration rate (mL · kg  − 1  · h  − 1 )  
  w :      product weight, kg  
  x :      fi lm thickness, m  
  y  CO2 :      CO 2  partial pressure, atm  
  y  CO2,eq :      partial pressure of CO 2  in the headspace at equilibrium, atm  
  y  O2 :      O 2  partial pressure, atm  
  y  O2,eq :      partial pressure of O 2  in the headspace at equilibrium, atm  
   β  :      selectivity of the fi lm, dimensionless     
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   Introduction 

  Packaging 

 Packaging can be defi ned as  “ all products made of any materials of any nature to be 
used for the containment, protection, handling, delivery and presentation of goods, 
from raw materials to processed goods, from the producer to the user or the consumer ”  
(EU,  1994 ). There are different types of packaging for the various stages involved in 
the transport of goods from the producer to the user or the consumer:

   1.     Primary, or sales, packaging constitutes a single sales unit to the end user or con-
sumer at the point of purchase (e.g., jars, cans and bottles).  

  2.     Secondary, or grouped, packaging is packaging that constitutes at the point of pur-
chase a grouping of a certain number of sales units. It can be removed from the 
product without affecting its characteristics (e.g., boxes, trays and fi lm wrap). It 
serves as a means to effi ciently replenish the shelves at the point of sale, and the 
consumer can, but does not need to, purchase the goods in units of this.  

  3.     Tertiary, or transport, packaging is packaging that facilitates the handling and 
transport of a number of sales units or grouped packages in order to prevent physi-
cal damage from handling and transport (e.g., large containers and pallets). Transport 
packaging does not include road, rail, ship and air containers.    
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 There are different categories of primary or sales packaging depending on the type 
of product being packaged:  “ food packaging ”  if the product being packaged is a food 
item,  “ pharmaceutical packaging ”  if the product being packaged is a drug, and so on.  

  Packaging and Processed Food 

 Food deteriorates owing to physicochemical and microbiological changes. These result 
in color, texture and fl avor changes and, in some cases, possible toxicity of the product. 
Food is processed in order to bring quality and safety to the consumer. Packaging plays 
a primary role in maintaining these benefi ts of processed foods under specifi ed condi-
tions for a required period of time. In addition, it provides identifi cation and informa-
tion. This means that adequate packaging reduces food losses, improves food safety, 
allows larger markets and increases the consumer ’ s choices. 

 In order to design an adequate packaging system for a processed food, the following 
particulars should be considered: (i) the characteristics and requirements of the food 
product: the acidity of the food, its sensitivity to light and oxygen, the amount of 
physical protection needed, the amount of product visibility desired, and the desired 
shelf - life; (ii) the food processing technology; (iii) package characteristics: size, weight, 
cost and availability of the packaging material, and opacity, mechanical and barrier 
properties, durability, chemical and corrosion resistance, and ergonomics; (iv) envi-
ronmental impact, i.e., life cycle assessment; and (v) consumer attitudes about 
packaging.   

  Packaging for Processed Food and the Environment 

 Packaging is a crucial part of the food supply chain. It delivers the food from the point 
of production to the point of consumption. In order to be sustainable, packaging must 
balance food protection with environmental impact. The Industry Council for 
Packaging and the Environment (INCPEN) defi nes a sustainable packaging and product 
supply chain as  “ a system that enables goods to be produced, distributed, used and 
recovered with minimum environmental impact at the lowest social and economic 
cost ”  (INCPEN,  2010 ). This means: (i) optimization of the use of material, water and 
energy; (ii) minimizing waste both from the product and from used packaging; and (iii) 
maximizing the recovery of value from waste in the form of material, energy or 
compost. To achieve these goals, packaging has to be designed taking into account its 
entire life cycle and the characteristics of the product, the supply chain and the needs 
of consumers. In this regard, the Australian food packaging supply chain has been 
examined (James,  2003 ). The responses obtained from 27 companies demonstrated that 
the packaging - related environmental issues in the Australian food packaging supply 
chain are the management and minimization of solid waste and emissions to air, land 
and water. Figure  44.1  illustrates the possible different life cycles for a package in the 
food supply chain. The fi gure includes current initiatives to reduce packaging waste 



Packaging for Processed Food and the Environment 1371

such as recycling and reuse, and emerging initiatives such as the use of renewable 
resources. As observed, material recovered from recycling can be used for conversion. 
Some packages, such as bottles and jars, can return back to the original supply chain 
and be reused. Energy recovered from incineration can be used for various purposes 
in one or several of the steps of the supply chain.   

 Packaging waste accounted for about 31% of the total municipal solid waste (MSW) 
generated in the United States in 2008 (EPA,  2009b ), less than 5% of total waste by 
weight and volume in British landfi lls in that same year (INCPEN,  2010 ), 10% of the 
MSW generated in Australia in 2004 (BAO,  2004 ), and 25% of the MSW generated in 
Europe in 2005 (PIRA,  2005 ). Although statistics like these are diffi cult to compare 
because of the differences in defi nitions of MSW between countries, all amounts of 
packaging have remained fairly constant over recent years. For example, packaging 
and containers accounted for 33.1% of the US MSW in 1999 and for 30.8% in 2008. 
The possible methods of disposal of packaging waste (Figure  44.1 ) include landfi ll and 
recycling. Landfi ll is the dominant method. The current initiatives to reduce packag-
ing waste focus primarily on source reduction and recovery. There are also emerging 
and next - generation initiatives to reduce packaging waste that focus upon composta-
bility, anaerobic digestion and waste - to - energy incineration. Thus, there is less pack-
aging waste than commonly expected. 

  Landfi lling 

 Landfi lls are an important outlet for disposal of packaging waste. They can receive 
the packaging waste directly or receive the waste from other methods of dealing with 
packaging waste such as incineration. Currently, old facilities are being retired and 
replaced with modern ones that are designed to control the two principal environmen-
tal concerns associated with landfi lls:

Figure 44.1 Possible different life cycles for a package in the food supply chain. 
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   1.      Leachate:      the mixture of water and dissolved solids produced as water passes 
through waste and collects at the bottom of the landfi ll, which can contaminate 
ground and surface water. Some of the dissolved solids can have toxic, polluting 
components. The composition of the leachate depends on the type of waste and its 
stage of decomposition.  

  2.      Gas emissions (landfi ll gas):      the mixture of carbon dioxide and methane, small 
amounts of nitrogen and oxygen, and trace amounts of a wide range of other gases 
produced during the biodegrading of waste resulting from bacterial action. Some 
components of this mixture may be toxic or explosive. The makeup of the mixture 
depends on the composition, temperature, moisture content and age of the waste. 
Landfi ll gas is a greenhouse gas.    

 Such new facilities are sited taking into consideration soil conditions, hydrology and 
topography, climate, and other factors (ABS,  2006 ). The principal environmental con-
cerns associated with modern landfi lls are methane (landfi ll gas) production, possible 
long - term leachate, the energy used to transport waste, and air emissions emitted 
during waste transportation. Most modern landfi lls use a gas capture technology 
where the landfi ll gas is either fl ared to convert methane into carbon dioxide or col-
lected and used as a substitute fuel or to generate energy (energy recovery). However, 
the methane capture rate is only about 55%. As for leachate, modern landfi lls are 
lined with impervious membrane layers to avoid leachate, but a small percentage of 
leachate may escape and pose an environmental risk. Despite these drawbacks, modern 
landfi lls have grown, since they generate energy from renewable resources and reduce 
greenhouse gas emissions. In Australia, up to 75% of landfi lls servicing major urban 
areas and capital cities use gas capture technologies (AEEMA,  2006 ). The quantity of 
MSW disposed of in landfi lls has declined as recycling and combustion have increased. 
For example, of the 88 million tons (MT) of MSW generated in the United States in 
1960, 6% was recovered through recycling and 94% was landfi lled, whereas of the 251 
MT generated in 2006, 32.5% was recycled (including composting), 13% combusted 
with energy recovery, and 55% landfi lled. From 1990 to 2007, the percentage of MSW 
generated that was sent to landfi lls dropped from 69 to 55%, the percentage recycled 
rose from 14 to 24%, the percentage composted rose from 2 to 8%, and the percentage 
combusted with energy recovery ranged from 13 to 15% (EPA,  2008 ).  

  Source Reduction 

 Source reduction includes the design, manufacture, purchase or use of products and 
packaging to reduce their amount before they enter the MSW management system 
(EPA,  2001 ). Source reduction includes:

   1.     Designing packaging to reduce the quantity of materials used. There is a constant 
effort in the packaging industry to reduce the amount of material used for packag-
ing: glass containers now are, on average, 30% lighter than in 1980, the weight of 
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cans is now approximately 40% less than in 1970, and 2 - liter polyethylene tereph-
thalate (PET) soft - drink bottles are 25% lighter than in 1977 (INCPEN,  2010 ; EPA, 
 2009b ). This means that millions of pounds of packaging materials per year are kept 
out of the waste stream, as well as an important reduction in the amount of raw 
materials used.  

  2.     Changing the packaging format, which can also lead to overall reduction in the 
weight of packaging used. For example, there was a 20% reduction in the quantity 
of packaging (sales and transit packaging) used to pack 1 - liter of soft drinks in the 
UK from 1997 to 2002 (PIRA,  2004 ).  

  3.     Reusing existing packaging. One of the current initiatives to reduce packaging 
waste is reuse. Reuse can be defi ned as the recovery or reapplication of a package 
in a manner that retains its original form or identity. Reuse delays or avoids the 
entry of packages into the disposal system, and therefore reduces the costs of recy-
cling, landfi lling, combustion or other disposal methods and reduces the amounts 
of raw materials used. It has been reported that between 2 and 5% of the waste 
stream is potentially reusable (EPA,  2009b ). Reusable and refi llable packaging needs 
to be designed carefully and applied to appropriate products in order to be benefi cial 
and safe. This is partially because collecting, transporting and cleaning such pack-
ages can pose logistical diffi culties. Reusable and refi llable packaging is currently 
in use, and the reused packages are typically used for the same food products as 
packaged originally or for similar products. Refi llable glass bottles, reusable plastic 
food storage containers and refurbished wood pallets are common examples of reus-
able and refi llable packaging. A considerable number of beer bottles were collected 
by restaurants/taverns for refi lling in 2007. The Glass Packaging Institute estimates 
that refi llable glass bottles achieve a rate of eight refi llings per bottle. Over 13 
million tons of wood pallets were refurbished and returned to service in 2007 
(EPA,  2008 ).  

  4.     Using packaging that reduces the amount of damage to or spoilage of the food 
product. Adequate packaging reduces the physical and chemical changes expected 
to happen in food during storage, reduces or inhibits the effect of environmental 
factors, reduces mechanical damage, retards microbial spoilage, and provides other 
benefi ts. According to the Food and Agriculture Organization of the United Nations 
(FAO), improved packaging and handling could immediately reduce crop loss by 
5% in many countries, which would increase the world food supply by 39 MT or 
more each year (Burden and Wills,  1989 ).    

 One of the benefi ts of source reduction is the dramatic reduction in packaging waste, 
as well as in the amount of material recycled or sent to landfi ll or to combustion 
facilities. Another benefi t includes cost reduction, and this provides economic incen-
tives for both consumers and industry to practice source reduction. Some communi-
ties have instituted  “ pay - as - you - throw ”  programs, where citizens pay for each can or 
bag of trash they set out for disposal rather than through the tax base or a fl at fee. 
Industry also reduces costs when it manufactures its products with less packaging, 
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since less raw material is bought. Consumers also can share the economic benefi ts of 
source reduction. Buying products in bulk, with less packaging, or with reusable (not 
single - use) packaging frequently means a cost saving (EPA,  2009b ).  

  Recovery 

 Another current alternative method to reduce packaging waste is recovery. Materials 
and/or energy can be recovered from packaging waste at the same time as packaging 
waste is reduced. Figure  44.2  shows the evolution of the US recovery rates of different 
types of packaging/containers as a percentage of generation over the last 15 years. As 
observed, the recovery of paper and paperboard, steel packaging, plastic packaging, and 
wood has increased by approximately 30, 20, 10 and 7%, respectively, in the last 15 
years. The recovery of glass containers has remained fairly constant (an increase of 
less than 5%) and that of aluminum packaging has declined signifi cantly (by approxi-
mately 15%) during this same period of time.   

  Recycling 

 Recovery for recycling continues to be one of the most effective methods for the 
management of packaging waste. Recycling can be defi ned as the recovery of used 

Figure 44.2 Evolution of the US recovery rates of different types of packaging/containers as per-
centage of generation for selected years from 1993 to 2008. (( -�-) Plastic packaging, ( -�-) paper 
and paperboard packaging, ( -�-) aluminum packaging, ( -�-) steel packaging, ( -�-) glass containers, 
(-�-) wood.) (Source: adapted from EPA, 1994; EPA, 1995; EPA, 1997; EPA, 1998; EPA, 2001;
EPA, 2002; EPA, 2003; EPA, 2005; EPA, 2006; EPA, 2007; EPA, 2008.)
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packages or unwanted packaging materials (scrap) that would otherwise become waste, 
to be turned into raw materials for the manufacture of new packages or other products. 
Thus, recycling plays an important role at every stage in the life cycle of a package, 
from the raw - material state to its fi nal disposal (EPA,  2008 ). Recycling includes: (i) 
the collection of materials that would otherwise be considered waste, (ii) the separa-
tion and processing of these materials in material recovery facilities, (iii) the sale of 
the processed materials, (iv) the manufacture of the processed materials into new 
products, and (v) the purchasing of the recycled products. This creates a loop that 
ensures the value of recycling. Recyclable materials can be collected from households 
via curbside collection or via public recycling bins, or can be delivered directly by the 
household to recycling depots. They will be used as feedstocks, and therefore neither 
the use of virgin materials nor all the upstream energy and associated environmental 
impacts from the extraction, transport and processing of those virgin materials are 
required. Some benefi ts associated with recycling are energy savings; reduction of 
greenhouse gas emissions, which contribute to global warming; reduction of air and 
water pollution associated with the making of new products from raw materials; and 
conservation of natural resources such as water (CRI,  2009 ). Moreover, recycling 
reduces the need for landfi lls and incineration (EPA,  2008 ). 

 Almost all packaging materials (glass, metals, paper, paperboard and plastics) are 
recyclable. In the United States, steel, paper products and aluminum were the most 
recycled materials by percentage in 2008 (EPA,  2009a ). In Australia, recycling rates 
for beverage packaging and food packaging were about 50% and between 20% and 
50%, respectively, in 2002. Metals had the highest recycling rate (82% of total metal 
waste generated), followed by paper (55% of total paper waste generated) and glass 
(38% of total glass waste generated) (Kaspura,  2006 ). More and more of today ’ s prod-
ucts are being manufactured completely or in part from recycled content. Common 
household items that contain recycled materials (aluminum, plastic and glass) include 
steel cans, soft - drink containers and some other plastic bottles. Recycled materials 
made from metals and glass are considered safe for food contact because the heat used 
to melt and form these materials is suffi cient to kill microorganisms and pyrolyze 
organic contaminants. This is not the case for recycled plastic materials, since their 
processing temperatures kill microorganisms but do not pyrolyze all organic contami-
nants (Marsh and Bugusu,  2007 ).  

  Waste - to - Energy Incineration 

 Recovery of energy from packaging waste is currently carried out, too. It is based on 
the collection and utilization of heat generated through controlled combustion of 
packaging waste. Packaging waste can also be combusted without energy recovery. 
Combustion with or without energy recovery is a common waste management prac-
tice in some countries where space for landfi ll is scarce, such as in some European 
and Asian countries and in countries where the annual MSW is growing rapidly, as in 
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the case of China (ABS,  2006 ; Nie,  2008 ). Combustion with energy recovery is called 
waste - to - energy (WTE) incineration. WTE incinerators are installed with boilers to 
recover the combustion heat for energy. These WTE facilities can produce steam that 
can either provide heat or generate electricity, or both (Marsh and Bugusu,  2007 ). In 
the United States, this process reduces the volume of MSW by as much as 90% (when 
combined with recycling, otherwise the reduction is lower). Eighty - seven WTE facili-
ties with a processing capacity of 31.4 million tons (about 87   000 tons per day) were 
reported in 2006, representing 12.5% of all MSW disposal (EPA,  2007 ; IWSA,  2007 ). 
In China, 67 WTE facilities with a total daily capacity of approximately 33   010 tons 
per day were operational in 2005, and accounted for about 12.9% of all the MSW being 
landfi ll - treated in China at the time (Nie,  2008 ). WTE facilities are designed to achieve 
high combustion temperatures, which helps the waste to burn cleaner and to create 
less ash for disposal. The major concerns about the environmental risks of MSW 
incinerators are the potential emission of contaminants into the air through exhaust 
stacks and into the water through ash leachate. These result from compounds present 
in the waste stream or are formed as a result of incomplete combustion. Pollution 
concerns include the emission of acid gases (sulfur dioxide and hydrogen chloride), 
heavy metals (mercury, lead and cadmium), halogens, organics (dioxins and furans) 
and other substances (UNEP,  2010 ). 

 In order to meet current environmental standards, modern air pollution control 
devices are used to remove potential harmful particulates and gases from incinerator 
emissions (SPI,  2010 ). When properly operated, the best air pollution control equip-
ment can remove up to 99% of dioxins and furans, more than 99% of heavy metals, 
more than 99% of particulate matter, more than 99% of hydrogen chloride, more than 
90% of sulfur dioxide, and up to 65% of nitrogen oxides (UNEP,  2010 ). The currently 
available devices for incinerators are: (i) fabric fi lters or baghouses, which consist of 
several cylindrical bags that fi lter emissions of metals and organic compounds that 
attach to fi ne particulates; (ii) electrostatic precipitators, which electrically charge 
particulate emissions and then draw the particles to oppositely charged collection 
plates, from where they are removed by shaking, forming fl y ash; and (iii) scrubbers, 
which primarily control acid gases but also remove some heavy metals. There are two 
types of scrubbers. Wet scrubbers use an alkaline liquid solution to neutralize acids, 
whereas dry scrubbers use a fi ne alkaline spray to neutralize acids. The generally 
accepted air pollution control system uses dry scrubbing followed by a fabric fi lter. 
Proper control of air emissions, however, requires more than the presence of these 
control technologies. MSW incineration facilities must be well operated and well 
maintained to ensure that emissions are as low as possible. Good combustion practices 
can control emissions by ensuring that the temperature in the combustion chamber 
and the time the MSW remains in the combustion chamber are kept at optimal levels. 
Newer incinerators are equipped with computer control systems to help maintain a 
high degree of consistency in plant operations. Air pollution control equipment must 
also be carefully maintained to prevent the release of contaminants. These emission 
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controls are not perfect, however. They do not contribute to removing nitrogen oxides, 
and actually are not very effective at removing mercury, either. Additional steps are 
required to remove these. 

 MSW incineration also generates ash, representing about 10% by volume and 25 –
 35% by weight of the waste incinerated. Ash can be divided into bottom ash and fl y 
ash. Bottom ash is completely or partially combusted material that passes through or 
is discharged from the combustion grate. Fly ash is the term for particulate matter 
captured from the fl ue gas by the air pollution control system. The total ash generated 
by WTE incinerators is 75 – 85% bottom ash and 15 – 25% fl y ash, by weight. The main 
environmental concern regarding incinerator ash is that when ash is disposed of in a 
landfi ll, metals and organic compounds can leach, migrate into and contaminate water 
supplies. One solution to this is to stabilize and solidify the incinerator ash in order 
to reduce the ability of heavy metals to migrate from the ash into the environment. 
This can be achieved by encasing the ash in concrete, prior to disposal in an ash - only 
landfi ll known as an ash monofi ll. Ash monofi lls are often co - located with MSW 
incinerators or existing landfi lls to reduce transportation distances and siting diffi cul-
ties (UNEP,  2010 ). 

 Plastics possess the highest heat content of all packaging materials, and therefore 
they are the most advantageous for WTE incineration. However, lead -  and cadmium -
 based additives for plastics and colorants contribute to the heavy metal content of the 
ashes, and therefore the ashes are managed as potentially hazardous material (Subtitle 
C of the Resource Conservation and Recovery Act) (Marsh and Bugusu,  2007 ).  

  Degradation 

 Some emerging and next - generation initiatives to reduce packaging waste are degrada-
tion, composting and anaerobic digestion. Degradation is defi ned as  “ an irreversible 
process leading to a signifi cant change of the structure of a material, typically char-
acterized by a loss of properties (e.g., integrity, molecular weight, structure or mechan-
ical strength) and/or fragmentation. Degradation is affected by environmental 
conditions and proceeds over a period of time comprising one or more steps ”  (ASTM, 
 1991 ). There are several different types of degradation such as thermal degradation, 
photodegradation, oxidative degradation, hydrolytic degradation, mechanical degrada-
tion and biodegradation, caused by heat, sunlight, oxygen, water, stress and microor-
ganisms, respectively. Among them, biodegradation is one of the most environmentally 
friendly and can be defi ned as  “ the process of converting organic materials back into 
CO 2  and H 2 O though microbial action. ”  This process exhibits two phases: (i) disinte-
gration (fragmentation of the material by the action of extracellular microbial enzymes) 
and (ii) and mineralization (microorganisms digest the water - soluble fragments of 
plastics and convert them to CO 2 , water and cell biomass under aerobic conditions, 
or to CH 4 , CO 2  and cell biomass under anaerobic conditions) (Krzan  et al .,  2006 ). There 
are many environments where plastics can be biodegraded (soil, marine environments, 
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etc.). If the environment is a compost pile, the biodegradation is known as 
composting.  

  Composting 

 Composting is defi ned as  “ a process where biodegradable materials, such as manure 
and leaves, are decomposed and transformed into a humus - like substance called 
compost, CO 2 , water, and minerals by microorganisms through a controlled biological 
process ”  (ASTM,  2004 ). A material is compostable when its biodegradation is compat-
ible with the conditions (temperature, humidity level and time) found in composting 
facilities. Therefore, not all biodegradable materials meet composting criteria. There 
are several different composting methods. The most common are backyard or onsite 
composting, vermicomposting, aerated windrow composting, aerated static pile com-
posting and in - vessel composting. Composting can result in several environmental 
benefi ts, and these include the following (EPA,  2010 ):

   1.     It helps to regenerate poor soils.  
  2.     It absorbs odors and treats semivolatile and volatile organic compounds (VOCs).  
  3.     It avoids the production of methane and leachate formation in landfi lls.  
  4.     It reduces the need for water, fertilizers and pesticides.  
  5.     It reduces the high cost of transporting recycled materials.  
  6.     It reduces pressure on landfi ll space.    

 Composting must be managed properly so as not to cause excessive odors, anaerobic 
digestion, methane, leachate production and contaminated groundwater or surface 
water.  

  Anaerobic Digestion 

 Anaerobic digestion is a way to recover energy from organic wastes such as biodegrad-
able packaging waste. In this process, anaerobic conditions are created in order to 
transform organic waste into  “ bio - gas ”  methane. The use of anaerobic digestion for 
disposal of organic waste is expected to grow rapidly (Piccione,  2010 ). An initiative to 
create energy and cut landfi ll volumes using anaerobic digestion of food and bioplastic 
packaging waste was supported by the UK government in 2009. The UK government 
produced a report entitled  Developing an Implementation Plan for Anaerobic Digestion  
that details ways in which anaerobic digestion could be boosted. This report also com-
ments on how anaerobic digestion of renewable plastics can help to deal with food 
packaging waste (Harrington,  2009 ; DEFRA,  2009 ). Some of the issues related to the 
running of energy recovery plants using anaerobic digestion are the following: (i) there 
are still relatively few collection schemes, (ii) cost - effective systems are needed for 
the separate collection of the material, (iii) a risk - based regulatory framework is 
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needed, and (iv) there are issues with feedstocks containing a high proportion of nitro-
gen (DEFRA,  2009 ).   

  Life Cycle Assessment 

 It is necessary to evaluate the complete life cycle of a package (production, use and 
disposal) to obtain a clear idea of its true environmental implications. Life cycle assess-
ment (LCA) is a tool currently used for evaluating the environmental impact of exist-
ing and new packaging materials or packages. LCA can be defi ned as  “ a systematic 
process for identifying, quantifying, and assessing environmental impacts throughout 
the life cycle of a product, process, or activity. ”  It is done by (i) formulating and speci-
fying the goal and the scope of study in relation to the intended application, (ii) com-
piling an inventory of relevant inputs and outputs, (iii) evaluating the potential 
environmental impacts associated with those inputs and outputs, and (iv) interpreting 
the results of the inventory and impact phases in relation to the objectives of the study 
(ISO,  2006a ). The ultimate goal of an LCA is to improve the environmental perform-
ance of the product, process or activity. An LCA considers energy and material use, 
and releases to the environment, from raw - material extraction through manufactur-
ing, transportation, use and disposal. There are many different organizations and 
companies performing LCAs for new and existing packaging materials/packages, and 
there are database resources being used to generate comparative reports. The 
International Organization for Standardization (ISO) has been active in generating 
new standards on environmental management, the ISO 14000 family of standards 
(ISO,  2006b ).   

  Traditional Packaging Materials and the Environment 

 Materials that have traditionally been used to package processed food include glass, 
metals (tin - plated steel, tin - free steel and aluminum), plastics, paper and paperboard, 
and wood. Besides their technical properties (how well the package protects a food 
item for the required shelf - life), their use is mostly dependent on cost and availability. 
Furthermore, there may be particular marketing reasons for choosing a certain type 
of package. Figure  44.3  shows the percentages of plastics, paper and paperboard, glass, 
metals, and wood in MSW in the USA from 1990 to 2008. Paper and paperboard, which 
have been the dominant contributors to the US MSW, have declined over the years, 
from approximately 38% in 1993 to 31% in 2008. This may be due to the increase in 
use of products made from plastics. Plastics have been a rapidly growing component 
of MSW. Metals have accounted for a little bit less than plastics but more than glass 
and wood, and have remained fairly constant as a component of MSW since 1990. 
Wood (around 60% of it in the form of pallets) decreased until 2006, increasing some-
what in recent years. Glass has been displaced by plastics, too. Its share in MSW has 
declined in 18 years from approximately 7% in 1990 to 4.9% in 2008.   
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  Glass 

 The mechanization of glass container manufacturing was introduced on a large scale 
in 1892 (Hanlon,  1984 ). Further developments have occurred, resulting in the produc-
tion of a wide range of glass containers that play a signifi cant role in the packaging 
of food products. Glass containers are 100% recyclable. They can be recycled indefi -
nitely (closed - loop recycling) without any loss in purity or quality (GPI,  2010 ). In 2008, 
around 28% of the glass containers in United States were recycled (EPA,  2009a ). Glass 
containers collected for recycling include beer and soft - drink bottles, wine and liquor 
bottles, and bottles and jars for foods (EPA,  2007 ). Recycling glass bottles back into 
bottles over and over again is by far the best use of secondary glass. Some benefi ts of 
recycling glass containers are as follows:

   1.     Recycling reduces emissions and the consumption of raw materials. One ton of 
carbon dioxide is saved for every six tons of cullet (furnace - ready recycled glass) 
used in the manufacturing process. Over a ton of natural resources are saved for 
every ton of glass recycled (GPI,  2010 ). Cullet currently accounts for up to 70% of 
raw materials for glassmaking (GPI,  2010 ). In 2010, there were 75 cullet processors 
operating in the USA (Cattaneo,  2010 ).  

  2.     Recycling extends the life of plant equipment, such as furnaces (GPI,  2010 ).  

Figure 44.3 Percentages of plastics, paper and paperboard, metals, glass, and wood in the total 
US municipal solid waste (MSW) from 1990 to 2008. (( -�-) Plastics, ( -�-) paper and paperboard, 
(-�-) metals, ( -�-) glass, ( -�-) wood.) (Source: adapted from EPA, 1992; EPA, 1994; EPA, 1995;
EPA, 1997; EPA, 1998; EPA, 2001; EPA, 2002; EPA, 2003; EPA, 2005; EPA, 2006; EPA, 2007;
EPA, 2008.)
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  3.     Recycling saves energy. The use of cullet is economically desirable because some-
what less energy is required to melt cullet than raw materials (Robertson,  1993 ). 
The energy cost is reduced by about 2 – 3% for every 10% of cullet used in the 
manufacturing process (GPI,  2010 ). Using recycled glass to make containers saves 
much more energy than using recycled glass for other purposes (CRI,  2009 ).    

 In spite of all these benefi ts, recycled postconsumer glass from the MSW stream for 
use as a raw material in new glass containers is limited. Some detriments associated 
with the recycling of glass containers are:

   1.     Container glass recycling is still costly, owing to the high cost of collecting and 
processing (hand sorting).  

  2.     The marketability of the recycled material depends primarily on proximity to a 
glass benefi ciator (a place where glass cullet is prepared as a feedstock for high - end 
recycling markets, such as bottle manufacturing), and the benefi ciator ’ s particular 
quality specifi cations.  

  3.     Glass breakage previous to sorting makes recycling extremely challenging. The 
breakage fraction is high, and is basically impossible to prevent, since it occurs 
during compaction in the collection truck and in the separation process at the 
material recovery facility. About one - third of nonrecyclable glass is broken glass 
that is too small to be separated for recycling, and therefore it is used for low - end 
uses, such as landfi ll cover. This is far less desirable in terms of energy conserva-
tion, emissions reductions and other high - end benefi ts (CRI,  2009 ).  

  4.     Container glass recycling has been reduced owing to increased contamination of 
the glass material. Over the past few years, many recycling programs have shifted 
from source - separated programs to single - stream collection (all recyclable materials 
are placed in the same holder), and this has resulted in increased contaminated 
glass content and a decrease in the collection of uncontaminated glass. This means 
a reduction in the glass collected in single - stream systems to be used for glass 
bottles, one of the highest closed - loop applications. In addition, contaminated 
cullet reduces the life expectancy of production equipment, increases operating 
costs and limits how much cullet can be used in glass production (CIWMB,  2010 ). 
Since clean cullet is required to control the costs of maintenance and of production 
equipment, and to reduce downtime and increase usage, the growth of single -
 stream recycling programs and the consequent downgrading of cullet quality mean 
that a benefi ciation facility will incur signifi cantly higher costs for energy and 
cleaning, which adversely impacts the economics of building additional benefi cia-
tion capacity (CRI,  2009 ).  

  5.     There is a need for improvement of the automated color sorting process (into white, 
green and amber) for postconsumer glass containers. The requirements for market-
ing recycled glass are well established and are highly dependent upon color sorting 
of the glass. Color - sorted glass material results in 98% being recycled and only 2% 
marketed as glass fi nes. Automated color sorting is more effi cient and also more 
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reliable than the old manual hand sorting, and is thereby improving the recyclabil-
ity of glass containers and hence the amount of recycled glass going into closed - loop 
applications such as new glass bottles. This would result in a reduction in the 
emissions and in the consumption of raw materials, as well as in energy savings.    

 In 2009, only 40% of glass from single - stream collection was recycled. The rest ended 
up in landfi lls (40%) and low - end uses (20%). In contrast, mixed glass from dual -
 stream systems yielded an average of 90% being recycled into containers and fi ber-
glass, with 10% glass fi nes used for low - end uses and nearly nothing sent to landfi ll 
(CRI,  2009 ). Glass container manufacturers have set a goal of achieving 50% recycled 
material content in the manufacture of new glass bottles by 2013. Using 50% recycled 
glass to make new glass containers will save energy, since recycled glass can substitute 
for up to 70% of raw materials and save 181   550 tons of waste from landfi lls every 
month (GPI,  2010 ). Some improvements in recycling, while not universal, have been 
due to (i) container deposit legislation (which achieved a glass container recycling rate 
over 63%) (CRI,  2009 ), which requires deposits at the point of purchase for containers, 
and bottle deposit returns at retail outlets, and (ii) a law requiring all alcoholic -
 beverage permit holders to recycle their beverage containers (57   000 tons of glass 
bottles recovered for recycling). Currently, an estimated 80% of recovered glass con-
tainers are made into new glass bottles (GPI,  2010 ). 

 Glass containers can also be sterilized or washed with powerful detergents and 
reused. Refi lling could make glass bottles one of the least costly packages. Factors 
that affect the costs and effi ciency of reusing glass bottles include consumer behavior, 
government policy and manufacturers ’  attitudes. Some of these factors are (i) deposits 
on refi llable bottles (or taxes on nonrefi llable bottles), (ii) a successful program for 
collecting refi llable bottles, (iii) adequate geographic locations for collecting and bot-
tling operations to minimize transport distances, (iv) the willingness of retailers to 
collect and store empty bottles and to take on the related tasks, (v) the willingness of 
the industry to use standardized glass bottles (most bottles are currently manufacturer -
 specifi c) in order to minimize transport distances, and (vi) the willingness of consum-
ers to return empty glass bottles to collection points. 

 The glass industry has also driven design innovations to make glass containers more 
environmentally friendly in recent years. The average amount of material per glass 
bottle has been reduced by more than 50% between 1970 and 2000 (GPI,  2010 ). In 
agreement, Girling  (2003)  reported that the average weight of glass containers decreased 
by nearly 50% from 1992 to 2002. External coatings are being used as surface treat-
ments to increase the strength of thinner containers. This reduction in material results 
in less weight and is better for disposal and transportation (McKnown,  2000 ).  

  Metals 

 Metals have been used in food packaging for more than 200 years. New breakthroughs 
in metal packaging design (easy - open cans with pull - tab lids, easy - to - grasp cans, and 
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self - heating and self - cooling cans) have guaranteed its place in the packaging market 
(CMI,  2010 ). The two metals predominantly used to package processed food are steel 
and aluminum. Food cans are predominantly made from steel in two -  or three - piece 
constructions and are offered in a variety of shapes and sizes. The key market seg-
ments for metal containers are fruits, vegetables, soups, sauces, ready meals, p â t é  and 
shelf - stable canned milk products. Beverage cans are mostly made from aluminum. 
The latter is widely used for the packaging of soft drinks and beer. Aluminum is also 
used to make foil, and to laminate paper or plastic packaging materials and 
closures. 

 Steel cans (mostly cans for food products) were 1.1% of the total MSW generated in 
the United States in 2007 (SRI,  2010 ), and the recovery, including residential sources, 
combustion and recycling, was around 65% of the steel packaging generated (SRI, 
 2010 ). In 2008, similar amounts of metal packaging were generated and recovered, 
with more than 63% of steel packaging (mostly cans) recycled (EPA,  2009a ). That same 
year, the recycling rate for aluminum packaging was 38%, including just over 48% of 
aluminum beverage cans (EPA,  2009a ). Metal food cans are 100% recyclable and have 
a recycling rate 2.5 times higher than that of most other packaging options (CMI, 
 2010 ). Steel cans can be recycled again and again without losing quality. Every ton of 
recycled steel saves 2500 lb of iron ore, 1000 lb of coal and 40 lb of limestone (CMI, 
 2010 ). In addition, metal recycling reduces greenhouse gas emissions signifi cantly 
(EPA,  2009a ). The food can industry has also driven several innovations to make cans 
more environmentally friendly in recent years:

   1.     Nondetachable ring - pulls (INCPEN,  2010 ) make the recycling of the entire can 
easier.  

  2.     A design modifi cation to reduce the amount of material used in can manufacture 
has been implemented: a gradual thinning of the can walls, or  “ light - weighting ” , 
a reduction in the amount of tin in the tinplated steel, and a  “ necked - in ”  design 
for the ends (May,  2004 ). Aluminum cans were 26% lighter in 2005 than in 1975 
(TAA,  2006 ). For example, the weight of aluminum cans was reduced from 19   g per 
can in 1983 to 13   g per can in the UK in 2003 (PIRA,  2005 ). Similarly, steel cans 
have been light - weighted, with cans now at least 40% lighter than those of 1970. 
For example, the weight of steel cans was reduced from 36   g per can in 1983 to 23   g 
per can in the UK in 2003 (PIRA,  2005 ). The amount of tin has been drastically 
reduced from pre - World War II levels of 50 lb of tin per ton of tinplate steel to a 
current average of 6 lb per ton (Miller,  1993 ). A reduction in seam dimensions has 
been achieved through the development of new designs for can seams, such as the 
Euroseam and the Kramer seam (Holdsworth and Simpson,  2007 ).  

  3.     There has been a shift toward  “ easy - open ”  ends equivalent to a reduction in the 
thickness of the original lid, and the use of new materials such as foil instead of 
tinplate.  

  4.     More water - based and high - solids coating formulations are being used, owing to 
environmental legislation based on new air pollution regulations (Good,  1988 ).     
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  Plastics 

 Plastics are becoming the most important packaging material for food products because 
of their unique characteristics, mechanical strength, light weight, relatively low cost, 
and ease of processing and manufacturing. The most widely used are high - density 
polyethylene (HDPE), low - density polyethylene (LDPE), polypropylene (PP), polyeth-
ylene terephthalate (PET), polystyrene (PS) and polyvinyl chloride (PVC) (Komolprasert, 
 2000 ). Plastic containers and packaging have exhibited rapid growth in MSW, with 
generation increasing in the United States from 120   000 tons in 1960 (0.1% of MSW 
generation) to 13.6 million tons in 2007 (5.4% of generation) (EPA,  2008 ). The recovery 
of plastics has also increased over recent years (Figure  44.2 ). In 2008, more than 13% 
of plastic containers and packaging was recycled in the United States, mostly from 
soft - drink, milk and water bottles (EPA,  2009a ). These higher recovery rates for plastic 
bottles could be associated with the use of  “ bottle bills, ”  which put a deposit on bev-
erage containers that the consumer can get back when the bottle is returned to a store 
or recycling facility, since there is very little collection for recycling of nonbottle 
plastics. For example, the state of Michigan, which has the highest deposit on bever-
age bottles, also has the highest recovery rate, about 97% (BBO,  2010 ). Every state 
that has implemented a bottle bill has seen an increase in bottle recovery (NAPCOR, 
 2010 ). PET has had one of the highest recycling rates of all polymers over recent years. 
The national recovery rate for PET bottles and jars in the United States has been 23%, 
25% and 27% in 2005, 2007 and 2008, respectively (EPA,  2006 ; EPA,  2008 ; EPA, 
 2009a ). Some American states have had much higher recovery rates because of  “ bottle 
bills, ”  as mentioned above. A report by the National Association for PET Container 
Resources (NAPCOR) showed that for every pound of recycled PET used, energy use 
is decreased by 84% and greenhouse gas emissions are cut by 71% (NAPCOR,  2010 ). 
Once recycled, PET can be used for many things (Figure  44.4 ). The third highest use 
of postconsumer PET is for food and beverage containers (15.1%). In the United States, 

Figure 44.4 Uses of recycled PET in 2007. (Source: National Association for PET Container 
Resources (NAPCOR, 2010).)
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the other most highly recycled polymer has been HDPE (mainly plastic milk and water 
bottles), with a national recovery rate of 31 and 29% in 2006 and 2007, respectively 
(EPA,  2007 ; EPA,  2008 ).   

 To facilitate the sorting of different plastics, and thus their recycling, in 1988 the 
American Society of the Plastics Industry (SPI) (SPI,  2010 ) developed a resin identifi ca-
tion code to help consumers identify and sort the main types of plastic (Figure  44.5 ). 
However, there are some practical limitations on the separation by resin type for 
certain plastics and certain types of packages. While the individual compounds in 
laminates and metallized fi lms are technically recyclable, the diffi culty of sorting and 
separating the material precludes economically feasible recycling. Plastic packaging 
materials are often contaminated by foodstuffs and biological substances, which 
makes recycling of these materials impractical and, most of the time, unattractive 
from an economic standpoint.   

 Recovered and recycled plastics used for food packaging have to comply with all 
the rules and regulations that apply to virgin plastics. The health and safety of the 

Figure 44.5 Resin identifi cation coding developed by the American Society of the Plastics Industry. 
(Source: SPI, 2010.)

 Polyethylene terephthalate (PET): bottles (mineral water, carbonated soft 
drinks, salad oils and dressings), “boil-in-the-bag” products, mouth jars 
containing fat-rich products, and oven-ready meal trays.  PETE

 High-density polyethylene (HDPE): milk jugs and liquid detergent bottles. 

HDPE

 Polyvinyl chloride (PVC): food trays, shrink wrap and bottles (mineral water 
and shampoo).  

V

 Low-density polyethylene (LDPE): carrier bags, produce bags, shrink wrap 
and bin liners. 

LDPE

 Polypropylene (PP): lids, yoghurt caps, margarine tubs, retortable packaging 
and microwavable meal trays. 

PP

 Polystyrene (PS): foam produce, meat or fish trays, fast-food boxes, egg 
cartons and clamshell containers for produce  

PS

 “Other” plastics: any other plastics that do not fall into any of the above 
categories, or a mixture of the above categories. 

Other
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consumer is of prime importance when considering the reuse and recycling of plastics 
in food - contact uses (ILSI,  2000 ). In the United States, the Food and Drug Administration 
(FDA), an agency within the US Department of Health and Human Services, controls 
the safety of recycled plastic materials used to produce plastics suitable for food -
 contact applications. The FDA regulates these materials as indirect food additives, 
and its main safety - related concerns are: (i) contamination from the postconsumer 
material in the fi nal food - contact product, (ii) incorporation of nonfood - contact -
 approved materials from recycled postconsumer material into food - contact packaging, 
and (iii) incompatibility of adjuvants in the recycled plastic with the regulations for 
food - contact use. Currently, to address these concerns, the FDA considers each pro-
posed use of recycled plastics on a case - by - case basis. There is no legal requirement 
that companies seek FDA approval, but most do so. The manufacturer is asked to 
provide a complete description of the recycling process, the result of migration tests 
to show that the recycling process removes possible contaminants, and a description 
of the proposed conditions of use of the plastic. Migration tests are no longer consid-
ered necessary for postconsumer recycled PET or polyethylene naphthalate (PEN) 
produced by a tertiary recycling process, since they are considered suitable for food 
contact (FDA,  2009 ). In addition, the FDA issues informal advice as to whether the 
recycling process is expected to produce plastic suitable for food - contact applications, 
and has prepared a document entitled  Guidance for Industry  –  Use of Recycled 
Plastics in Food Packaging: Chemistry Considerations  (FDA,  2010 ) that assists manu-
facturers of food packaging in evaluating processes for recycling plastic into food 
packaging. 

 Another alternative way to reduce the volume of plastic waste is incineration. The 
energy stored in plastic waste can be recovered through waste - to - energy incineration. 
Plastics are derived from petroleum feedstocks, giving them a stored energy value 
higher than that of other materials commonly found in the waste stream, and this 
high heat content is advantageous for WTE incineration. When plastics are processed 
in modern WTE facilities, they can help other waste to combust more completely, 
leaving less ash for disposal in landfi lls (SPI,  2010 ). In 1989, the health and safety 
impacts of WTE incineration were discussed and it was found that, contrary to popular 
misconception, there was no evidence to link the incineration of PVC with increased 
dioxin emissions. Similar conclusions have been presented by a number of sources, 
including a 1987 study for New York State Energy Research and Development (SPI, 
 2010 ). In the past, some other environmental and health concerns have been associ-
ated with specifi c plastics with major markets in packaging for food:

   1.     The production of PVC is the largest use of chlorine gas in the world, and the pro-
duction of chlorine is an energy - intensive process (Thornton,  2005 ). The production 
of PVC creates many by - products, and a lot of these by - products are considered to 
be highly toxic, bioaccumulative and persistent. PVC by - products include dioxins, 
polychlorinated biphenyls and hexachlorobenzene. Dioxins are created whenever 
chlorine gas is burned or used for processing. Dioxins are an extremely potent 
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carcinogen (Selke  et al .,  2004 ). Being a global pollutant, dioxins have been found 
even in remote ecosystems. PVC is one of the least recycled plastics. When PVC 
is recycled, the postconsumer resin is used in downcycled products, which means 
that it reduces the amount of virgin PVC produced. When it is recycled, the high 
temperature needed can release the toxic additives used in PVC into the air and 
ground. Similar to recycling, incineration can also release toxins into the air through 
fumes and into the ground through the ash produced. Since the additives used in 
PVC are not part of the chemical structure, they can leach out throughout the 
lifetime of the PVC. The only way to landfi ll PVC is to have a membrane suffi cient 
to prevent the leakage of the additives into the soil and groundwater. In this respect, 
PVC is not different from other materials. 

 As a result of some of these environmental and health concerns, the use of PVC 
in food packaging is declining. Some major European supermarket chains located 
in Austria, Denmark and Germany have completely eliminated PVC food packag-
ing, and others located in Switzerland and the UK are in the process of phasing it 
out. PVC wrapping has been eliminated by several Japanese supermarket and con-
venience stores, and PVC bottles have been eliminated by many big water bottling 
companies (Greenpeace,  2003 ). Plastics such as ethylene vinyl alcohol (EVOH), 
which also is a good barrier to oxygen, might be a viable option to reduce PVC use 
in some food packaging applications.  

  2.     There are many environmental and health concerns attributed to the production 
of PS. In order to produce the monomer, namely styrene, benzene and ethylene 
are required and their production processes are wasteful processes (EPA,  1982 ; 
Neelis  et al .,  2008 ). PS is found in the market in two forms, sheet or molded PS 
and foamed PS. The more common type is foamed PS, which can be expanded or 
extruded. The hydrocarbons butane and pentane and also carbon dioxide are used 
as foaming agents. Pentane is known to cause ground - level smog pollution, and 
therefore carbon dioxide is preferred, since this is neutral with respect to volatile 
organic compounds (VOC) emissions (ILSI,  2002 ). A 1986 EPA report named the 
production of polystyrene as the fi fth largest creator of hazardous waste (ERF, 
 2010 ). However, the elimination of hydrochlorofl uorocarbons (HCFCs) and chlo-
rofl uorocarbons (CFCs) (Tsai,  2002 ) as blowing agents in expanded PS has signifi -
cantly lessened the impact of PS on the environment. Also, the late - 1980s 
 “ McToxics Campaign, ”  where consumer groups successfully stopped the fast food 
chain McDonalds from using PS in the packaging of its hamburgers, has also 
reduced the negative impact on the environment (EJnet,  2010 ). PS accounts for 
about 1% of the solid waste stream by weight (EPIC,  2008 ). The recycling rate of 
PS is less than 20%, and this is because the recycling of PS is not sustainable 
economically. Expanded PS consists of about 95% air, and hence large volumes 
of expanded PS need to be collected in order to recover a small amount of expanded 
PS by weight (EPS,  2010 ). The cost of fuel and other resources required to transport 
and handle the expanded PS is much larger than the value of the recovered mate-
rial. Also, there is a very limited amount of products that can be made from 
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recycled PS. Reusing expanded PS foam may not an attractive option for open - cell 
foams, since food particles could remain in the holes.    

 Plastic waste can also reduced by using thinner gauges or by refi lling plastic bottles. 
Light weight has been achieved in the plastics industry by the use of different materi-
als and designs. For example, the weight of 2   L PET soft - drink bottles has decreased 
by 25% since 1977, resulting in a saving of more than 206 million pounds of plastic 
material each year (APC,  2006 ). Similarly, the 1 gallon plastic milk jug has undergone 
a weight reduction of 30% in the last 20 years. Refi llable plastic containers are com-
monly made from PET, HDPE and polycarbonate (PC), although the use of the latter 
is on the decline.  

  Paper and Paperboard 

 Paper and paperboard are commonly used in corrugated boxes (fruits and vegetables), 
cartons (milk and fresh juices), wrapping paper (meats), paper bags (sugar and fl our), 
fi ber drums (potato chips and pastes), and molded paper containers (fruits). 

 In the United States, corrugated boxes were the largest single product category of 
MSW in 2007. Other paper and paperboard packaging in the US MSW included milk 
cartons, and folding boxes such as cereal boxes and frozen - food boxes. Recovery of 
corrugated boxes is by far the largest component of paper packaging recovery (EPA, 
 2009b ). There is increasing use of recycled material in  “ new ”  packaging. In 2008, 66% 
of paper and paperboard containers and packaging were recycled, including nearly 77% 
of all corrugated boxes (EPA,  2009b ). Furthermore, some grades of paperboard now 
contain 100% recycled fi bers, and 80% of US paper mills use recovered fi ber in the 
production of new paper and paperboard (PP,  2010 ). Aggressive recycling programs are 
being carried out by the retail industry, municipalities and consumers. A recent report 
indicated that paper and paperboard topped the list of commonly recycled materials, 
with a share signifi cantly higher than that of glass, metal, plastic and all other materi-
als combined (PP,  2010 ). Recent data show that more than 53% of American consum-
ers have access to paperboard recycling programs, up from 46% in 2000 (PP,  2010 ). 
Figure  44.6  shows the recycling symbol used by the Corrugated Packaging Council 
(CPA). It should be noted that not all corrugated packaging material can be recycled; 
for example, Lallanilla  (2010)  reported that if corrugated packaging is coated with wax 
or another compound, the likelihood of its being accepted is very low and, typically, 
it will not carry the CPA - approved recycling symbol.   

 The paper industry, as reported by the Paperboard Packaging Alliance (PPA), has set 
an aggressive goal to recover 55% of the paper and paperboard consumed in the US 
by 2012 (PPA,  2006 ). To meet this goal, the American Forest and Paper Association 
and its partners are working toward increasing not only the quantity but also the 
quality of paper recovered for recycling operations (PPA,  2006 ). The PPA report 
(PPA,  2006 ) also showed that besides recycling and recovery, reforestation has been 
the cornerstone of the forest industry ’ s efforts to help the environment; the forest 
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products industry plants 1.7 million trees a day, which exceeds the number of trees 
harvested. 

 Paper or paperboard, when used for primary packaging, i.e., direct contact with the 
food, is almost always treated, coated, laminated, or impregnated with waxes, resins 
or lacquers to improve its functionality (Marsh and Bugusu,  2007 ); however, such 
treatments can present some challenges, such as somewhat poor biodegradability 
compared with plain paper. Efforts to make paper/paperboard packaging more 
environment - friendly have focused on using thinner - gauge paper to make it light-
weight, combined with using less material. For example, Anheuser - Busch saved 7.5 
million pounds of paperboard by decreasing the thickness of the packaging of its 12 -
 bottle packs (EPA,  2004 ). Furthermore, the use of thinner - gauge paper and paperboard 
results in reduced transportation and shipping weight, thereby helping the environ-
ment indirectly.  

  Wood 

 The packaging industry is an important market for wood materials in the US; about 
one - third of US hardwood production is utilized in the production of pallets and con-
tainers (Bush  et al .,  2008 ). The industry recovers signifi cant volumes of pallets and 
containers from the waste stream for reuse, repair and recycling (used as mulch). 
Industry by - products (both wood and nonwood) are recycled for a variety of uses (Bush 
 et al .,  2008 ). About 15% of wood packaging, mostly in the form of wood pallets, is 
recovered (EPA,  2009a ). 

 Wood packaging constitutes only 5.5% of municipal solid waste (EPA,  2007 ), but it 
is recycled at a lower rate than paper and paperboard packaging, metal containers, and 
plastic packaging (EPA,  2007 ). According to the Waste Online Organization (WOO, 
 2006 ), wood waste has some features that warrant attention: for example, (i) it is bio-
degradable, and thus it can contribute to greenhouse gases if discarded in a landfi ll 
and allowed to rot; this very nature makes it subject to the European Union (EU) 
 “ EU Landfi ll Directive, ”  which specifi es that an increasing percentage of biological 

Figure 44.6 Symbol used by the Corrugated Packaging Alliance (CPA) to show and encourage 
recycling efforts. (Courtesy of the Corrugated Packaging Alliance.) 
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municipal waste (BMW) must be diverted from landfi ll (WOO,  2006 ); (ii) typically, 
wood packaging is in excellent condition, which makes it an ideal material for reuse, 
rather than simply trashing it (WOO,  2006 ); (iii) the growing, harvesting and process-
ing of virgin timber uses energy and water, which are natural resources that are not 
as renewable as timber (WOO,  2006 ), and thus wood should be reused or recycled as 
much as possible; and (iv) wood waste has a disposal cost, but as with any other waste 
material, reusing or recycling will eventually save a company and consumers money 
in the long haul (WOO,  2006 ).   

  Novel Packaging Materials and the Environment 

 In recent years, novel packaging materials such as bio - based polymers or biopolymers, 
biodegradable plastics, compostable plastics, oxo - degradable plastics, and UV -
 degradable plastics have gained attention from industry, consumers and government. 
This is based on the facts that biodegradable and compostable polymers can make a 
signifi cant contribution to reducing the abundance of plastic packages in landfi lls, 
since composting is an end - of - life option for single - use plastics, and that bio - based 
polymers can be a possible alternative to reducing dependence on declining petroleum -
 based resources. However, to assume that these materials always have a lower impact 
on the environment than conventional plastics can be an error. Life cycle assessment 
is an appropriate tool to evaluate the environmental impact of novel packaging plastics 
and to compare their environmental impact with that of conventional packaging plas-
tics. Bohlmann  (2004)  used an LCA to compare the environmental impact of poly(lactic 
acid), or polylactide (PLA), with that of PP, and found that PLA is more energy - effi cient 
than PP because PLA consumes no feedstock energy. However, when the uncertainty 
of the estimation is taken into consideration, the difference between the two polymers 
becomes marginal. He also found that the greenhouse gas emissions of PLA and PP 
are equivalent. Kijchavengkul and Auras  (2008)  reported that the production of the 
biodegradable polymers PLA and polyhydroxyalkanoate (PHA) uses less energy than 
the production of many nonbiodegradable polymers such as polyethylene (PE), PP, PS 
and PET, but that the production of the biodegradable polymer poly( ε  - caprolactone) 
(PCL) uses more energy than does that of the aforementioned nonbiodegradable poly-
mers. The emissions of greenhouse gases from the production of PLA and PHA are 
similar to those for PS, PP and PET but higher than for PCL. According to Marsh and 
Bugusu  (2007) , a switch from synthetic polymers to biopolymers would have little 
impact on source reduction and incineration, but recycling could be complicated by 
the existence of blended or modifi ed polymers unless they are separated from the 
recycling stream. 

 Some of these bio - based and compostable polymers are starting to be used to package 
foods, since they provide mechanical properties similar to those of the conventional 
polymers and have good processability and food - contact acceptability, while leaving 
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a smaller environmental footprint. However, they have disadvantages, such as poor 
thermal stability, brittleness, and poor gas and water vapor barrier properties. 

  Biodegradable and Bio - Based Plastics and Polymers 

 Biodegradable polymers are polymers that break down under the action of biological 
enzymes from bacteria, yeasts or fungi into CO 2 , H 2 O and biomass under aerobic 
conditions, and to hydrocarbons, methane and biomass under anaerobic conditions 
(Doi and Fukuda,  1994 ). A simplifi ed defi nition has been given by ASTM International, 
which defi nes a biodegradable plastic as  “ a plastic in which the degradation results 
from the action of natural organisms such as bacteria, fungi and algae ”  (ASTM,  2004 ). 
Biodegradable polymers are divided into two groups based on the source of the plastic. 
Renewable biodegradable polymers are made from renewable resources, whereas non-
renewable biodegradable polymers are not. PLA, PHAs and cellulose (Naturefl ex ® ) are 
examples of renewable biodegradable polymers, whereas poly(butylene adipate -  co  -
 terephthalate) (PBAT) (Ecofl ex ® ) and poly(vinyl alcohol) (PVOH) are examples of 
biodegradable polymers produced from petroleum - based resources (Kijchavengkul and 
Auras,  2008 ). Some environmental advantages of renewable biodegradable polymers 
are as follows:

   1.     They are produced from renewable resources that are unlimited and therefore can 
be replaced.  

  2.     They have a reduced environmental footprint if the end - of - life scenario is recycling 
or composting.  

  3.     They help to replenish the carbon cycle (Narayan,  2010 ).  
  4.     They reduce our dependence on declining petroleum - based resources.  
  5.     They contribute to reducing the abundance of plastic packages in landfi lls.  
  6.     They are important with respect to the marine environment, in which litter poses 

hazards to marine life.  
  7.     They provide an alternative option to recycling.    

 Claims of biodegradability must be supported by verifi able scientifi c data from inde-
pendent, third - party testing laboratories using established standard test methods and 
specifi cations developed by major standardization organizations (e.g., the International 
Organization for Standardization (ISO), ASTM International (ASTM) and the European 
Committee for Standardization (CEN) (CEN,  2010 )). This certifi cation ensures accu-
rate communication of the nature of a material ’ s biodegradability between govern-
ments, producers and consumers. The test methods can be divided into three categories: 
(i) fi eld tests (the degradation takes place when samples are buried in soil, placed in a 
river or lake, or used in a full - scale composting process), (ii) simulation tests (tests 
performed in the laboratory, where the degradation takes place in compost, soil or 
seawater placed in a controlled reactor), and (iii) laboratory tests (the degradation takes 
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place in a synthetic environment where a microbial population, screened for a particu-
lar polymer or enzymes known to depolymerize a particular polymer, is used) (Miller, 
 2003 ). These test methods establish the ambient conditions and the rate of biodegrada-
tion. The rate and extent of the biodegradability of a plastic will depend on environ-
mental conditions (temperature, pH, moisture, UV radiation, enzymes and other 
factors) and the characteristics of the polymer (size, shape, weak links in the chain, 
conformational fl exibility, crystalline content and other factors). 

 Biopolymers or bio - based polymers can be defi ned as polymers produced from 
renewable resources; these are mainly carbohydrates and protein substances, such as 
corn starch, wood pulp and soy protein (Greer,  2006 ). The bio - based content of a 
polymer can be measured according to the standard test method ASTM 6866 (ASTM, 
 2005 ) by using  14 C radiation, which allows one to distinguish modern carbon from 
fossil carbon, since the age of the latter is much greater than the half - life of  14 C 
(Kijchavengkul and Auras  2008 ). Not all polymers based on renewable resources are 
necessarily biodegradable or compostable, and not all biodegradable materials are 
necessarily based on renewable materials, because biodegradability is directly corre-
lated to the chemical structure of the material rather than to its origin.  

  Compostable Plastics 

 The American standard specifi cation for compostable plastics ASTM D 6400 (ASTM, 
 2003a ) requires for a plastic to be compostable that it meets the following three 
criteria:

   1.     It should demonstrate inherent biodegradability at a rate and degree similar to 
natural biodegradable polymers, over a time period of 180 days at 58    ±    2    ° C. For 
slower - biodegrading materials, the test period can be extended to 365 days; however, 
appropriately  14 C - labeled test substrates should be used.  

  2.     To pass disintegration requirements, the material should disintegrate during active 
composting, so that there are no visible, distinguishable pieces found on screens 
(no more than 10% of its original dry weight remains after sieving with a 2.0   mm 
sieve). To pass biodegradation requirements, the percentage of mineralization 
should be greater than 60% for a homopolymer or random copolymer, and greater 
than 90% for a block/graft copolymer or blend.   

  3.     The material should have no ecotoxicity (it must not impact the ability of the 
resultant compost to support microbial and plant growth), one of the concerns being 
that the concentrations of heavy metals in plastic materials have to be less than 
50% of the limits defi ned in 40 CFR  § 503.13 (CFR,  2010 ).    

 Following these criteria, many different materials have been qualifi ed as composta-
ble. Biodegradation of cellulose and starch during controlled composting reached 
96.8% after 47 days for cellulose and 97.5% after 44 days for starch (Degli - Innocenti, 
 1998 ). PCL, poly -  β  - (hydroxybutyrate) (PHB) and poly -  β  - (hydroxybutyrate - co -  β  - valerate) 
(PHB - V) have been qualifi ed as biodegradable in soil compost at 46 and 24    ° C. PHB 
and PHBV were totally degraded after 104 days in soil compost at 46    ° C. PHB and 
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PHBV were also similar to each other in terms of biodegradation at 24    ° C (Lotto  et al ., 
 2004 ). PLA and PCL showed rapid inherent degradation, since they achieved more 
than 60% degradation before 100 days (Pradhan  et al .,  2010 ). Following the same cri-
teria as for the above materials, various packages have been qualifi ed as biodegradable 
too. PLA bottles have been qualifi ed as biodegradable, since the mineralization was 
greater than 60%. This value was achieved in simulated conditions using an automatic 
laboratory - scale respirometric system after 63 days of exposure at 58    ° C and 55% RH 
(Kijchavengkul  et al .,  2006 ). PLA is fully degradable when composted in a large - scale 
operation with a temperature of 60    ° C or above. Commercial PLA bottles and contain-
ers composted under real conditions (composting pile at 65    ° C, 63% RH and a pH of 
8.5) disintegrated in less than 30 days (Kale  et al .,  2007 ). 

 In the United States and Canada, there are no widespread requirements to undergo 
certifi cation. However, if it is preferred, all testing data required to certify a material 
as biodegradable can be independently reviewed by the Biodegradable Products Institute 
(BPI) for certifi cation according to ASTM D 6400 and/or D 6868 (ASTM,  2003a ; BPI, 
 2010 ). Plastic or paper products that will biodegrade and compost satisfactorily in 
actively managed compost facilities are certifi ed, and identifi ed with the BPI logo 
(Figure  44.7 ). These facilities are large - scale facilities and do not exist in all communi-
ties, so people need to check with municipal offi cials. The BPI symbol enables consum-
ers, composters, municipal offi cials and waste haulers to easily differentiate compostable 
plastic products from those that do not have the same environmental benefi ts.   

 In Europe, polymers are defi ned as compostable when they have passed standardized 
compostability tests, which are described in the harmonized European standard EN 
13432 (EN,  2000 ). This also includes the three criteria (biodegradation, disintegration 
and ecotoxicity) mentioned above. According to this standard, the degradation process 
takes approximately 6 – 12 weeks, meeting the current requirements of industrial com-
posting facilities. This standard applies to packaging and is nearly identical to the 
former DIN V 54900 standard (from the German Institute of Standardization). DIN 
Certco is the certifi cation organization of DIN, and it certifi es and identifi es com-
postable products made of biodegradable materials with a unique label (Figure  44.8 ). 
This compostability label is accepted in Germany, Switzerland, the Netherlands, the 
United Kingdom and Poland.   

 While specifi cations, criteria and requirements for compostable plastic materials 
and packages are described in the aforementioned standards ASTM D 6400 and EN 
13432, respectively, the test procedures and methods are described in the standards 

Figure 44.7 BPI logo (used by permission of Biodegradable Products Institute) .
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ASTM D 6002 (ASTM,  2002 ), ASTM D 5338 (ASTM,  2003b ), ISO 14855 - 1 (ISO,  2005 ), 
ISO 14855 - 2 (ISO,  2006c ) and ISO 16929 (ISO,  2002 ). 

 Examples of other certifying organization in the world are AIB Vin ç otte International 
s.a./n.v. (OKCOMPOST,  2010 ) and GreenPla ®  (Japan BioPlastic Association) (JBPA, 
 2010 ). An AVI Certest certifi cation certifi es that a material or product is biodegradable 
in a specifi c natural environment (soil or fresh water) and identifi es it with the OK 
biodegradable mark, or certifi es that a material or product can be composted in an 
industrial composting facility or in a backyard compost heap and identifi es it with 
the OK compost mark or the OK compost HOME mark, respectively (Figure  44.9 ). 
These marks can be assigned to any biomaterials that have passed tests and examina-
tions carried out in accordance with the aforementioned European standard (EN 
13432). GreenPla ®  based its certifi cation and labeling system on the standards ISO 
16929, ASTM D 5338, JIS K 6950 (ISO 14851), JIS K 6951 (ISO 14852), JIS K 6953 (ISO 
14855), JIS K 6955 (ISO 17556) and ISO 14855 - 2 (JBPA,  2010 ). Products or materials 
that can be identifi ed as GreenPla ®  are those that include in their components bio-
degradable organic materials that are broken down by the action of microorganisms 
in the natural environment and ultimately become carbon dioxide or water (JBPA, 
 2010 ).   

 To ensure that most biodegradable/compostable materials degrade in the appropri-
ate environment, it is important that all of the relevant factors are understood and are 

Figure 44.9 OK Compost HOME mark (used by permission of Vin çotte).

Figure 44.8 DIN Certco logo (European Bioplastics). 
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applied by raw - material suppliers, product manufacturers and brand owners within 
the industry, and understood by governments and communities.  

  Oxo - Degradable and UV - Degradable Plastics and the Environment 

 Besides biodegradation and composting, there are other degradation mechanisms such 
as oxo - degradation and UV degradation, which are only effective on specially modifi ed 
plastic materials. Oxo - degradable and UV - degradable plastics are basically traditional 
plastics (PE, PP, PVC, PET and PS) loaded with specifi c additives (chemical catalysts 
containing transition metals such as cobalt, manganese and iron) (EB,  2009 ) or copoly-
merized with active groups (as in the case of most common UV - degradable packaging 
materials) that allow them to degrade. Shopping bags, agricultural mulch fi lms and 
plastic bottles made from oxo - degradable and UV - degradable plastics are available on 
the market. Plastic packaging materials with such degradation mechanisms do not 
meet the standards of biodegradability and compostability described above. At present 
there are no standards or certifi cations for oxo -  or UV - degradable packaging materials, 
and therefore there are no mechanisms to ensure that such claims are reproducible 
and verifi able (EPR,  2009 ). Their degradation can be initiated by heat, physical stress 
or exposure to UV light. Oxo - degradable plastics seem fi rst to be broken down into 
smaller molecules owing to the action of O 2  on the additive, and then converted into 
H 2 O, CO 2  and biomass by microorganisms. For UV - degradable plastics, the exposure 
of the material to UV light starts a free - radical process. This process can be accelerated 
by heat or extended exposure to UV light, and it continues to break down the material 
into smaller and smaller pieces (PLASTEMART,  2010 ). Oxo - degradable plastics need 
to be stored in dry conditions and protected from UV light and from heat over 37    ° C. 
Some of these materials claim to be biodegradable but do not meet the standards of 
biodegradability and compostability described above. One of the issues is that there 
are no overall  “ standards of biodegradability. ”  This can lead to a general mistrust on 
the part of consumers and managers of composting plants toward the whole sector of 
biodegradables. The recovery of plastic materials by recycling is also affected. For 
example, oxo - biodegradable plastics bring their additives to the recyclates, which 
affect the chemical stability and cost of the recyclate (EPR,  2009 ).   

  The Future: the Role of Consumers and the Food Industry in 
the Impact of Packaging on the Environment 

 The impact of packaging on the environment has gained signifi cant attention within 
the food industry, in part owing to heightened consumer concerns. These concerns 
focus not only on the increased total amount of waste generated, which recycling has 
kept from growing since the 1990s, but also on how big a carbon footprint a particular 
packaging material has. Hence a need for more biodegradable materials has developed. 
At the same time, the industry has an interest in using only the required amount of 
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packaging because this reduces costs, complies with packaging laws if required and 
protects the environment (INCPEN,  2010 ). A combination of efforts to address these 
concerns, on the part of consumers as well as the food processing industry, has led to 
more sustainable food packaging in the past few years. 

 Manufacturers ’  packaging - related efforts toward sustainability, such as reducing 
their carbon footprint, light - weighting, improving the raw materials used in packaging 
(including biodegradable ones), and recycling programs, are cited in a recent article 
(Anon.,  2010 ) based on the Mintel report  Packaging Trends in Food and Drink  –  U.S.  
(Mintel,  2009 ). The results of these efforts are shown in Table  44.1 , as evidenced by 
a monumental increase in claims of environmentally friendly packaging for the top 
10 food categories. Cold cereals, followed by prepared meals, led all food categories in 
new claims of being environmentally friendly. From 2008 to 2009, the number of 
claims of eco - friendly packaging for the top 10 food and beverage categories increased 
by 77.3 – 343.2%. The Mintel Global New Products Database (GNPD) reports a claim 
by manufacturers of increasingly launching products packaged in an environmentally 
friendly manner. In 2006, products in the top 10 category of the 80 global products 
listed in Mintel ’ s new - products database made a claim of environmentally friendly 
packaging, which increased in 2009, comprising 6% of all global food and drink prod-
ucts (Mintel,  2009 ). Concerned consumers have played their due role in these changes 
by becoming more aware of the environmental issues and demanding environmentally 
friendly products; for example, in 2009, 58% of respondents to Mintel ’ s customer 
survey indicated that they believed that plastic bottles are  “ really bad for the environ-
ment ”  and two - thirds reported they  “ usually ”  recycle plastic bottles and containers, 
which is a signifi cant increase from the 46% who reported recycling in 2008.   

 Consumers are also driving some of the changes with respect to the increased use 
of recycled material in paper and paperboard packaging. According to a survey by the 
Recycled Paperboard Alliance, 61% of consumers indicated that they were more 
inclined to purchase products from a company that uses recycled paperboard packag-

Table 44.1 Global incidence of new food and drink products by food category with claims of envi-
ronmentally friendly packaging (2006 –2009)a.

Food category 2006 2007 2008 2009 % change (2008 –2009)

Cold cereal 3 22 251 487 94.0
Tea 2 44 198 351 77.3
Prepared meals 14 12 152 387 154.6
Sweet biscuits/cookies 1 33 137 338 146.7
Cakes, pastries, sweet goods 10 9 114 293 157.0
Carbonated soft drinks 1 8 74 328 343.2
Vegetables 1 13 116 261 125.0
Snack/cereal/energy bars 3 20 113 234 107.1
Juice 0 19 74 261 252.7
Wet soup 0 15 81 234 188.9

a Source: data from Mintel (2009).
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ing. This study found further that 77% of respondents felt better about a company 
that uses recycled paperboard and 80% felt they were  “ doing something good for the 
environment ”  if they purchased products having recycled paperboard packaging 
(Murray,  2010 ). 

 Despite the environmental concerns of consumers and their willingness to change 
their behavior, there are a lot of misunderstandings. When consumers see the word 
 “ biodegradable ”  on a package, they believe that the package will completely disappear 
in 12 to 18 months, no matter where it is thrown away (either in landfi lls, in streams 
or as litter) (BPI,  2010 ). In addition, consumers do not know the sources used to create 
bio - based plastic containers, although they prefer to compost food packages. In 2010, 
Koutsimanis  et al .  (2010)  examined the perceptions, knowledge and preferences of 
consumers (approximately 300 people across the USA) regarding, among other topics, 
bio - plastics and container disposal. The fi ndings showed that consumers do not know 
the sources used to create bio - based plastic containers, since the most frequent reply 
to the corresponding question was  “ I do not know. ”  In addition, a large fraction of 
consumers mistakenly indicated petroleum (Figure  44.10 ). When asked about the 
future of the container after use, consumers selected the options of recycling (3.66 on 
a 5 - point scale) and composting (3.28 on a 5 - point scale) as more favorable compared 
with disposal in the trash bin (2.99 on a 5 - point scale).    

  Acknowledgment 

 The authors thank Dr. Susan Selke for critically reviewing this chapter.  

Figure 44.10 Consumers’ responses to a question concerning the sources used to create bio -
based plastic containers. (Based on Koutsimanis et al., 2010.)
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   Introduction 

  ‘ Food safety ’  is the term used to provide the assurance that food will not cause any 
harm to consumers when it is prepared and/or consumed according to its intended 
use (FAO/WHO,  1997 ). Food safety requires a systematic preventive approach that 
addresses physical, chemical and biological hazards during food manufacturing, dis-
tribution and storage. Hazards may occur at any stage during food production, so 
control and remediation procedures for food safety are necessary throughout the 
supply chain, as well as close cooperation between countries when setting global 
standards. Owing to the probability of contamination at any stage in the food chain, 
measures to ensure food safety have to be implemented on a global scale, necessitating 
a global approach (Havelaar  et al .,  2010 ). Therefore, ensuring food safety is a joint 
responsibility for all participating members, meaning that people must be aware of 
the potential locations where hazards may occur, and not restrict their focus to a single 
company or process. For example, companies that purchase raw materials, ingredients 
and food packaging materials for the manufacture of consumer goods must ensure that 
these materials are safe and fi t for use. On the other hand, consumers must be vigilant 
of food safety and quality when making purchases, paying greatest attention to the 
handling, storage, preparation and fi nal use of foods (Alli,  2004 ). 
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 In order to ensure that adequate food safety can be achieved, it is necessary to fi rst 
conceptualise the possible effects that various hazards may have on food safety during 
handling, preparation, processing or packaging, and prepare responses and then devise 
techniques to deal with them (Doeg,  1995 ). In response to this, a food safety system 
known as Hazard Analysis and Critical Control Points (HACCP) was scientifi cally 
designed to identify specifi c hazards, as well as the most appropriate controlling 
actions, in order to ensure food safety and quality. The HACCP system is an interna-
tionally recognised method for ensuring food safety, and its principles have to be 
applied according to European regulations, for example EC No. 852/2004 (OJEU,  2004 ). 
Today, HACCP is used as a tool for the development, implementation and manage-
ment of effective safety assurance procedures. HACCP is intended for use by indi-
vidual food companies (i.e., food producers, manufacturers, distributors and retailers) 
as a protocol for the development of unique safety assurance procedures to meet their 
individual needs, and for both the food industry and health authorities in preventing 
food - borne diseases (Vela and Fernandez,  2003 ). In fact, HACCP is widely acknowl-
edged as the best method of assuring product safety and is becoming internationally 
recognised as a tool for controlling food - borne safety hazards (Tsola  et al .,  2008 ). In 
the HACCP protocol, hazards can be biological, chemical or physical agents in the 
food with the potential to cause an adverse health effect (FAO/WHO,  1997 ). While 
HACCP systems have become mandatory for the food industry in the European Union 
(ECC,  1993 ), the HACCP system should be optimised for every food production line 
by adapting its procedures to individual products and processes (da Cruz  et al .,  2006 ) 

 In contrast to food safety, food quality is more diffi cult to defi ne, understand and 
measure. According to Olsen  et al .  (2008) , food quality transcends all steps and all 
actors within the food chain, but it is of an intangible nature because it is perceived 
individually. In fact, food quality can have several different meanings, many of which 
encompass aspects of the food ’ s organoleptic characteristics, physical and functional 
properties, and nutrient content (Mamalis  et al .,  2009 ). Food quality criteria are essen-
tially set based on the need to achieve desirable levels of these characteristics in the 
fi nal food product.  ‘ Quality assurance ’  is the name given to the implementation of 
various programmes used to enable a company to meet these quality criteria. While 
it is possible to use some food quality characteristics as indicators of food safety, they 
are not generally considered to be food safety characteristics. For this reason, food 
safety principles and practices have always been integrated into activities within 
quality assurance or quality control programmes, such that these programmes will 
contemporaneously ensure that both food quality and food safety standards are met 
within the company (Alli,  2004 ). 

 In the past, quality assurance systems have been necessary to achieve high standards 
in food production; these have involved inspection, testing and monitoring of food 
quality, alongside additional activities dedicated to food safety hazards. Such systems 
have been put into place in response to the fact that high - quality products or services 
are the essence of a company ’ s survival in the highly competitive global market, and 
customers can be confi dent that the food company can meet international food safety 
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and quality regulations (Misterek  et al .,  1990 ). Many of the available quality assurance 
systems are based on the ISO standards. In fact, one of the most widely recognised 
standards used for food quality was the ISO 9000 family. The earlier members of the 
ISO 9000 family (the 1987 and 1994 versions) had the working objectives of ensuring 
that products met the desired specifi cations, whereas the more recent version (2000) 
focused on the achievement of customer satisfaction by meeting customer require-
ments, ensuring continuous improvement of the system and preventing non - conformity 
(Luning  et al .,  2006 ). As a result, ISO 9001:2000 is the best - known quality manage-
ment system throughout many industries, and has been employed widely by the food 
industry. However, the fundamental diffi culty associated with the application of the 
ISO 9001:2000 set of standards in the food industry is that the technological aspects 
are very global and give no concrete handles on food safety (Luning  et al .,  2006 ). In 
2005, ISO 22000:2005 was introduced, with fl exibility to enable a tailor - made approach 
to food safety for all segments of the food chain, since the standards and procedures 
required for high - risk areas in one food sector may not be appropriate in another 
(Arvanitoyannis  et al .,  2009 ). ISO 22000:2005 gives advice for all sorts of organisations 
within the food supply chain, ranging from feed providers, primary producers, food 
manufacturers, transport and storage operators, food and retail service outlets, and 
suppliers of packaging materials and cleansing agents, to suppliers of additives and 
ingredients. Moreover, the ISO 22000 family of standards was engineered to work in 
tranquillity with ISO 9001:2000 for quality management systems including continual 
improvement. This allows a company to integrate its own food safety management 
system with related management systems and establish a food safety management 
system that complies with ISO 22000. 

 From the above, it is evident that the best way to improve the performance of food 
businesses is by ensuring that food quality and safety are regulated in an auditable 
fashion, with the most recent ISO standard placing greater emphasis on this fact. 
Therefore, the current chapter will discuss the issues involved in the design and 
implementation of a HACCP system with respect to its integration within the ISO 
2000:2005 quality standards. The chapter will cover the reasons of how individual 
aspects of ISO 22000:2005 enhance the effectiveness of a food safety and quality man-
agement system.  

  Introduction to Hazard Analysis Critical Control Points (HACCP) 

 HACCP is term that is synonymous with  ‘ food safety ’  in today ’ s vocabulary, and has 
grown out of consumers ’  desire for food which is free from microbiological, chemical 
and physical hazards. The need for a strict HACCP approach to food safety within all 
food production systems is becoming more evident as we consider the numerous 
reports of outbreaks of food - borne illnesses across the world. For example, in 2005 an 
outbreak of the  Escherichia coli  O157 bacterium occurred in Wales in the UK, result-
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ing in 157 cases, where 31 people were hospitalised and one fi ve - year - old child died 
(Pennington,  2009 ). More recently, in 2008, a listeriosis outbreak in Canada resulted 
in the death of 23 people, with 57 confi rmed cases in total (CFIA,  2009 ). In the same 
year, China reported a food safety incident involving milk and infant formula, which 
was adulterated with melamine, resulting in an estimated 300   000 victims, of whom 
six infants died (Branigan,  2008 ). These cases bring to the forefront the need for effec-
tive HACCP procedures in the food industry with adequate integration of other prac-
tices, such as an adherence to good manufacturing practices, use of standard sanitation 
operating procedures and personal hygiene programmes. 

 HACCP was fi rst proposed by the Pillsbury Company, in cooperation with NASA 
and the US Army laboratories, in a quest to make sure that food which astronauts 
consumed would not result in the development of illnesses. This programme came 
out of a NASA  ‘ zero defects ’  assurance programme, which aimed to prevent food 
contamination through bacterial or viral pathogens and chemical or physical hazards 
that could cause illness or injury (Escriche  et al .,  2006 ). The original form of HACCP 
used elements of failure, mode and effect analysis (FMEA) and had three components 
(Ropkins and Beck,  2000 ):

    1.      The identifi cation and assessment of all hazards associated with the fi nal 
foodstuff.  

   2.      The identifi cation of the steps or stages within food production at which these 
hazards may be controlled, reduced or eliminated: the critical control points (CCPs).  

   3.      The implementation of monitoring procedures at these CCPs.    

 Since then, HACCP has evolved to meet the specifi c needs of food producers, manu-
facturers and distributors, regulators, and consumers in various different sectors of the 
food industry (Escriche  et al .,  2006 ). Despite this development, the three components 
listed above remain inherent in all contemporary HACCP procedures, as the combina-
tion of practical (prevention - orientated) primary components and a fl exible approach 
to their implementation has been identifi ed as HACCP ’ s greatest attribute because it 
allows HACCP to remain relevant, effi cient and effective, despite the introduction of 
new food technologies (Ropkins and Beck,  2000 ). The essential components that make 
up a present day HACCP plan are shown in Figure  45.1 .   

 Once HACCP had been recognised and developed to a point at which it could be 
safely used throughout the food industry, the United States National Academy of 
Science recommended that HACCP be employed as a food safety system in all food 
processing factories. In 1993, the EU implemented a directive on the hygiene of food 
(93/43/EEC), which established HACCP as a tool with which food manufacturers 
could implement and maintain control over their processes. Following this, HACCP 
principles were adopted worldwide, as set out by the Codex Alimentarius Commission 
and the National Advisory Committee on Microbiological Criteria for Foods (FAO/
WHO,  1997 ).  
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  The Advantages of Using the  HACCP  Approach 

 The HACCP system is recognised internationally as an essential tool for ensuring the 
safety of food. During the implementation of the HACCP system, continuous collec-
tion of essential processing variables is required, which allows auditors to gauge how 
well a fi rm is complying with food safety regulations. Besides enhancing food safety, 
other benefi ts of applying HACCP include more effective use of resources and more 
timely responses to food safety problems. The successful application of HACCP 
requires the full commitment and involvement of management and the workforce. It 
also requires a team approach and is compatible with the implementation of quality 
management systems, such as the recently introduced International Organization for 
Standardization ’ s ISO 22000 series. Food safety management systems built in accord-
ance with the principles of HACCP have a clearly defi ned structure:

    •       They are based directly on food processes  .      Each HACCP plan is specifi c to the food 
process in question. Great benefi t can be drawn from each process and procedure 
being clearly defi ned.  

   •       Risk management  .      HACCP uses a systematic and timely approach to uncovering 
the potential safety hazards during all aspects of food production, from raw materi-
als, processing and distribution to consumption.  

Figure 45.1 All of the essential aspects that form the HACCP system. 
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   •       Consumer confi dence  .      A controlled operating environment and an effectively 
implemented and applied food safety system will improve consumer confi dence in 
food safety.  

   •       Reliable record - keeping  .      Record - keeping enables more effi cient and effective gov-
ernment and customer oversight, and facilitates the inspection activities of food 
auditors.  

   •       Legal issues  .      The use of the HACCP approach can help with legal cases in the event 
of an outbreak of food - borne disease.  

   •       Trading  .      HACCP - based approaches are a benefi t to companies seeking to meet 
customer and legal requirements, whether for the domestic or the export market.     

  Prerequisite Programmes 

 Hygiene standards and procedures are usually described as  ‘ good hygienic practices ’  
(GHPs) or  ‘ good manufacturing practices ’  (GMPs), and have been in place for many 
years as an essential food safety tool. The following of these practices forms the foun-
dation of HACCP, as they provide the basic environmental and operating conditions 
for the production of safe food. An effective HACCP system is built on a solid founda-
tion of prerequisite programmes. Therefore, prerequisite programmes cover all GMPs 
and GHPs and should be documented and regularly audited; they are established and 
maintained separately from the HACCP plan. 

  Good Manufacturing Practices 

 The general requirements for food companies are that the premises must be kept clean 
and maintained in good condition at all times. The GMP rules serve as a prerequisite 
programme, defi ned as the universal procedures used to control the conditions in the 
plant environment, which contributes to the overall safety of the product. GMPs 
include aspects of plant layout, cleaning and disinfection, zone classifi cation, waste 
and waste disposal, maintenance, ventilation, measures to prevent contamination by 
metal and pests, personal hygiene, storage, training, and record - keeping.  

  Good Hygienic Practices 

 Good hygienic practices include all practices regarding the conditions and measures 
necessary to ensure the safety and suitability of food at all stages of the food chain. 
All food handlers should have a working knowledge of personal hygiene and under-
stand the role of food in the transmission of food - borne illnesses. GHPs include per-
sonal hygiene, operation control and hygiene, changing rooms and facilities, protective 
clothing, maintenance and sanitation, training, and record - keeping. Because the pro-
grammes carried out during GMPs and GHPs are interlinked, both sets of practices 
come under the term  ‘ prerequisite programmes ’  and form the actual control measures 



1412 Handbook of Food Process Design: Volume II

that are needed before a HACCP plan can be put into action. Prerequisite programmes 
(PRPs) can be divided into 14 groups (Escriche  et al .,  2006 ):

   PRP 1: cleaning and disinfection;  
  PRP 2: pest control;  
  PRP 3: water and air quality;  
  PRP 4: temperature control and registration;  
  PRP 5: personnel hygiene, facilities and education;  
  PRP 6: structure and infrastructure;  
  PRP 7: technical maintenance and calibration;  
  PRP 8: waste management;  
  PRP 9: control of raw material;  
  PRP 10: traceability;  
  PRP 11: allergens;  
  PRP 12: contamination;  
  PRP 13: management of product information;  
  PRP 14: work methodology.    

 Many of these prerequisite requirements are general and ensure the minimum condi-
tions necessary for the production of safe, wholesome foods. On the other hand, some 
programmes can be very specifi c, including aspects such as thermometer use and the 
type of valves used for hand washing. The planning of prerequisite programmes should 
be carried out as follows (Escriche  et al .,  2006 ):

    •      Set out a programme of activities: each prerequisite should contain a description 
of the work that needs to be carried out. During this phase, it is important to gain 
an understanding of what need to be done and how and when the tasks need to 
be done.  

   •      Verify the activities and control their effi ciency: this is necessary to ensure that the 
all the work that was set out in the programme of activities is being fully carried 
out.  

   •      Corrective actions: once deviations or non - compliance are detected, the most appro-
priate corrective actions must be planned for and the effi ciency of their application 
should be documented.      

  Developing a  HACCP  Plan 

 HACCP plans will undoubtedly vary between businesses, and often the plans will 
vary more specifi cally according to the product or process under investigation. In fact, 
while it is common to use generic HACCP plans as guides during HACCP develop-
ment, it is essential that the unique conditions within each facility be considered 
during the development of all components of the HACCP plan. Essential features of 
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a HACCP plan include (i) the assembly of the HACCP team, (ii) a description of the 
food ingredients and their distribution, (iii) a description of the intended use by the 
targeted consumer group, and (iv) the development and verifi cation of a fl ow diagram 
that describes the process. Once the preliminary tasks have been done, the seven basic 
principles of HACCP can then be applied, in which the main goal is to establish a 
plan that describes each of the individuals responsible for developing, implementing 
and maintaining the HACCP system. Implementation of a HACCP system involves 
continuous monitoring and record - keeping, as well as the implementation of correc-
tive actions, etc. Also, because maintaining an effective HACCP system depends 
largely on regular verifi cation procedures, the HACCP plan should be updated and 
revised on a continual basis. In the following section, the seven principles of HACCP 
are described along with the specifi c stages involved in developing a HACCP plan 
(NACMCF,  1997 ). A generic process fl ow utilising the seven principles of HACCP is 
shown in Figure  45.2 .    

  The Seven Principles of  HACCP  

  Principle 1: Conduct a Hazard Analysis 

 Hazards are defi ned as biological, chemical or physical agents that may cause illness 
or injury when not effectively controlled. The purpose of a hazard analysis is to 
develop a list of hazards which are reasonably likely to cause injury or illness if not 

Figure 45.2 Generic process fl ow utilising the seven principles of HACCP. 
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effectively controlled, and to develop  ‘ process fl ow diagrams ’ , which represent the 
various stages or steps of the food manufacturing process. The team must fi rst identify 
all possible hazards and understand the measures that will control them. Through the 
hazard analysis, it may be possible to identify the necessary modifi cations to a process 
or product that will improve product safety, while also providing the basis for deter-
mining CCPs.  

  Principle 2: Identify the Critical Control Points 

 A critical control point is defi ned as a step at which control can be applied and is 
essential to prevent or eliminate a food safety hazard or reduce it to an acceptable 
level. CCPs must also address the potential hazards that are likely to cause illness or 
injury in the absence of control. During this identifi cation phase, the food safety team 
must evaluate each potential area of risk to establish where the critical control points 
will exist.  

  Principle 3: Establish Corrective Actions To Be Taken 

 A critical limit is a threshold value to which a biological, chemical or physical param-
eter must be controlled at a CCP to prevent, eliminate or reduce the occurrence of a 
hazard. The HACCP team must determine measurements or values that indicate the 
operational limits for each critical limit, which represent the threshold at which the 
process falls out of control.  

  Principle 4: Establish CCP Monitoring Requirements 

 Monitoring is a planned sequence of observations and/or measurements that assess 
whether a CCP is under control, and it allows the production of accurate records for 
future use during the verifi cation process. Establishing the monitoring requirements 
requires a description of the techniques and methods of measurement used to evaluate 
critical limits.  

  Principle 5: Establish Corrective Actions To Be Taken 

 It is inevitable that deviations from control limits may occur during food manufactur-
ing. When such a deviation occurs, corrective actions are necessary and should include 
the following elements: (i) determine and correct the cause of non - compliance, (ii) 
determine the disposition of non - compliant product, and (c) record the corrective 
actions that have been taken. During the corrective - action development phase, the 
organisation must determine how errors can be corrected and the procedures that must 
be used to correct process deviations.  
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  Principle 6: Establish Procedures for Verifi cation 

 Verifi cation procedures are put in place to check whether the HACCP plan is func-
tioning at its best. Another important aspect of this principle is that the HACCP plan 
is initially validated to determine if the plan is scientifi cally and technically sound. 
This makes sure that all hazards have been identifi ed and that these hazards will be 
effectively controlled.  

  Principle 7: Establish Documentation 

 This principle requires documented instructions (standard operating procedures) and 
accurate record - keeping for all critical control points. The records maintained for the 
HACCP system should include everything from a summary of the hazard analysis, 
through the HACCP plan documentation, to verifi cation procedures and schedules.   

  Implementing the  HACCP  Plan 

 The successful implementation of a HACCP plan is facilitated by commitment from 
top management. Initially, the HACCP coordinator and team are selected and trained 
as necessary. The team is then responsible for developing the initial plan and coordi-
nating its implementation. Product teams can be appointed to develop HACCP plans 
for specifi c products. An important aspect of developing these teams is to ensure that 
they have appropriate training. The workers who will be responsible for monitoring 
need to be adequately trained. Upon completion of the HACCP plan, operator proce-
dures, forms, and procedures for monitoring and corrective action are developed. Often 
it is a good idea to develop a timeline for the activities involved in the initial imple-
mentation of the HACCP plan. An important aspect of maintaining the HACCP 
system is to ensure that all individuals involved are properly trained so that they 
understand their role and can effectively fulfi l their responsibilities. The following 
stages of HACCP plan development are described in accordance with the advice given 
by Escriche  et al .  (2006)  and FAO/WHO  (1997) . 

  Stage 1: Assembling the  HACCP  Team 

 Developing and implementing an effective HACCP plan requires a team with many 
different skills so that the most appropriate product - specifi c expertise and knowledge 
are directly at hand. The team should comprise individuals familiar with all aspects 
of the production process, along with engineers and microbiologists.  

  Stage 2: Product Description 

 For an effective HACCP system, it is essential that the product must be understood 
and described in good enough detail by the HACCP team. The product description 
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must include all safety information, for example physical and chemical structure, 
processing conditions (sterilisation, freezing, chilling, blanching, etc.), shelf - life, 
storage conditions, and details of packaging and distribution. If a range of similar 
products are being developed, these can be grouped together only when their charac-
teristics and processing steps are similar.  

  Stage 3: Identifi cation of Intended Use 

 In this stage, the expected uses of the product by the end - user or target consumer 
should be considered in detail (e.g. cooking or reheating). Special care must be given 
to the target end - user so that different groups of users can be considered, for example 
children or elderly people.  

  Stage 4: Develop the Flow Diagram 

 The HACCP team should construct an accurate and detailed fl ow diagram of the 
manufacturing process being considered. The process fl ow diagram is a representation 
of how a food product or raw material is produced, prepared or manufactured. Therefore, 
this plan must cover every individual step of the process, while providing suffi cient 
technical data for the HACCP plan. To ensure adequate food safety, it is necessary 
that the process fl ow diagram be constructed carefully. It should start as soon as raw 
materials, ingredients or packaging materials are received by the company and deal 
with all steps in the process through to the passing of the fi nal product to the customer 
or consumer. The following points should be considered when developing a process 
fl ow diagram:

    •      The team responsible for this should have an intimate knowledge of the production 
or preparation process.  

   •      Each processing step, including fl ows of ingredients, raw materials, packaging and 
waste materials, must be included in the drawing in a logical sequence from start 
to fi nish.  

   •      Each step should be defi ned by a unit operation, in which the product undergoes a 
change in state, for example a change in temperature or addition or removal of 
ingredients.  

   •      Each step must be named correctly so that it is easy to determine whether a critical 
control point needs to be put into place. To avoid confusion, the process step should 
be named using as few words as possible and the name should functionally describe 
what happens to the food, raw material, etc. at the process step.     

  Stage 5: Confi rmation of the Flow Diagram 

 The HACCP team should confi rm that the fl ow diagram matches the corresponding 
process in the factory. This should be done by having someone else walk through the 
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process to check what actually happens. The process should be observed at each step 
or unit operation, and any discrepancies between the diagram and normal practice 
should be recorded. The production process should also be observed outside normal 
working hours, such as during night shifts, as practice may vary between shifts. It is 
essential that the fl ow diagram is accurate, since the hazard analysis and the identi-
fi cation of CCPs rely on the data that the diagram contains. Once the verifi cation has 
been agreed, the HACCP team should then sign off the process fl ow diagram.  

  Stage 6: List All Potential Hazards Associated with Each Step, Conduct 
a Hazard Analysis and Identify Control Measures for Each Hazard 

 The HACCP team should identify all the real or potential hazards that may occur at 
each step in the production process. In accordance with principle 1, the HACCP team 
should conduct a hazard analysis to identify those hazards that can be eliminated or 
reduced to acceptable levels. The hazard analysis should consider the likelihood of 
hazards occurring, as well as their severity for public health; it should include a quali-
tative and/or quantitative evaluation of the presence of the hazards; and it should 
consider the survival or multiplication of pathogenic microorganisms, the production 
or persistence in foods of toxins, chemicals or physical agents, and the conditions 
leading to the above (FAO/WHO,  1997 ). Once the hazard analysis has been completed, 
the HACCP team should consider the control measures that can be applied to each 
of the identifi ed hazards. Some hazards may require more than one control measure 
for adequate control, and a single control measure may act to control more than one 
hazard. Escriche  et al .  (2006)  advises that once all potential hazards and control meas-
ures have been identifi ed, an investigation should be made of the probability of the 
hazard occurring, including the possible implications for public health. Ultimately, 
the hazard analysis should be itemised in a table to clearly record the analysis.  

  Stage 7: Determine the Critical Control Points 

 Determining the location of the CCPs is essential during the development of a 
HACCP plan. However, the identifi cation of the CCPs can be one of the most prob-
lematic steps when developing a HACCP plan, as the previous stage will yield a great 
deal of control measures that may or may not be suitable as CCPs. It is vital that the 
HACCP team has suffi cient technical data to determine the CCPs effectively, and it 
is also important to be aware that more than one CCP may exist for a single hazard. 
To assist in fi nding where the correct CCPs should be, a CCP decision tree can be 
used. A decision tree is a logical series of questions that are asked for each hazard. In 
the case of the CCP decision tree, this is for each hazard at each process step. The 
answer to each question leads the HACCP team through a particular path in the tree 
and to a decision as to whether or not a CCP is required at any particular step. Using 
a CCP decision tree promotes structured thinking and ensures a consistent approach 
at every process step and for each hazard identifi ed. The Codex CCP decision tree 
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shown in Figure  45.3  is a traditional starting point for developing a decision tree. This 
tool may be used as it is or may be modifi ed to meet the requirements of the specifi c 
process in question. Using the decision tree addresses the following questions:

    •      Is there a control measure in place to control physical, chemical or biological 
hazards at this stage? This information may be easily found from the hazard analysis 
table developed in the previous stage.    

   •      Is this step specifi cally targeted at hazards? Some examples of hazard - targeted opera-
tions are sterilisation, cleaning, distillation and polishing. If this step is in place to 
target hazards, then the step is most defi nitely a CCP.  

   •      Is this control measure necessary? For example, if contamination with an identifi ed 
hazard in excess of unacceptable levels is impossible, then there is no need for a 
control measure, and this step should not be a CCP.  

   •      Are there any controls in place to render the controls at this step superfl uous? This 
question can yield powerful insight into the necessity and rationale for control 
positioning.     

  Stage 8: Establish Critical Limits for Each  CCP  

 Critical limits must be specifi ed and validated for each CCP. Control criteria are used 
to set critical limits for measurable variables such as temperature, time, moisture 
level, pH and measurable organoleptic parameters. When the value of a measured 
variable falls outside the critical limits, the product is not acceptable.  

  Stage 9: Establish a Monitoring System for Each  CCP  

 Monitoring is basically the measurement or observation of a CCP and should either 
be continuous or be carried out with enough frequency to control the measurable 
variables at the CCP. Monitoring procedures for CCPs must be rapid, so that results 
are available quickly enough to maintain control at the CCP. Physical and chemical 
on - line measurements are usually preferred, so that process deviations can be detected 
in enough time to make appropriate adjustments in order to maintain tight control of 
the process. It is essential that the data is properly documented and recorded by the 
organisation in case of a product recall.  

  Stage 10: Establish Corrective Actions 

 Specifi c corrective actions must be developed for each CCP in the HACCP plan. When 
developing the HACCP plan, the team should be in a position to specify the corrective 
measures that are required when the measurements indicate a failure or, indeed, a 
trend towards violation of control limits. Therefore, if deviations from the critical 
limits occur at a CCP, the most appropriate action can be taken to bring the process 
back under control.  
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Figure 45.3 The CCP decision tree. 
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  Stage 11: Verifi cation and Validation 

 To ensure that all the above stages have been carried out effectively enough to assure 
food safety, the HACCP plan must be validated before being implemented. The fre-
quency of verifi cation depends on the type of food business, as well as the hazards 
involved and the number of deviations detected over time.  

  Stage 12: Establish Documentation and Record - Keeping 

 Effi cient and accurate record - keeping is an essential element of the application of a 
HACCP system. All HACCP procedures should be documented and stored on the 
company ’ s computer system. The documentation should include records arising from 
all the work done in the previous stages, for example hazard analysis, CCP determina-
tion and critical - limit determination. The appropriate documentation includes CCP 
monitoring activities and results, which in turn should include deviations from criti-
cal limits and the corrective measures used.  

  Reviewing the  HACCP  Plan 

 HACCP plans should change in accordance with any changes experienced by the food 
manufacturing process. Even small modifi cations to the product or process can invali-
date the HACCP plan and introduce potential hazards. The implications of any such 
changes to the overall HACCP system must be fully considered and documented and 
adjustments made to procedures as necessary.   

  Using  HACCP  during Food Manufacturing 

  Effectiveness of  HACCP  

 Training is essential for employees in the food industry to actively, effectively and 
professionally partake in the development and implementation of a HACCP system. 
HACCP has been characterised as the last resort of the managements of food compa-
nies, who justifi ably seek some other management formula fi rst before turning to 
training to solve their problems (Wallace and Williams,  2001 ). However, training is 
virtually unavoidable, particularly when staff need to know how to use machinery, 
understand and adopt procedures or acquire additional skills and knowledge that 
cannot be found in the marketplace. This is particularly true for small companies with 
limited access to information and often without the time or skills to interpret text-
book scenarios. The fundamentals of HACCP methodology are as necessary for them 
as for any food company, and the typical short course must be used as an effective 
introduction to the concept and the jargon (Taylor,  2001 ). 

 As seen from the discussion earlier in this chapter, some of the main benefi ts to be 
drawn from HACCP are due to the preventive measures that are integrated into the 
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system, i.e. adequate control accompanied by periodic verifi cation and corrective 
actions, which supplant the need to perform simple inspections of random batches of 
the fi nal product (Cormier  et al .,  2007 ). However, the fact that HACCP is being 
employed in a manufacturing plant does not remove the need for fi nal product moni-
toring. In fact, if fi nal product monitoring is not carried out, many diffi culties may be 
encountered during the lifetime of a food business, particularly given the fact that 
HACCP is simply a system for minimising the occurrence of hazards in the fi nal end 
product and not removing them altogether. Take, for example, a case where a hazard 
has been found in a particular food product. The general reaction to this scenario is 
to put a lot of time, energy and of course money into recalling the product and recon-
structing the HACCP system so that adequate control over food safety can be restored 
(Struijk,  1996 ). However, the actual effectiveness and performance of HACCP can be 
greatly improved by putting effort into the continuous monitoring of variation in the 
occurrence of food hazards over time. Real - time monitoring of the characteristics of 
the fi nal product is not a new paradigm; it has long been known as statistical process 
control, which can be defi ned as the use of statistical methods to view and reduce 
process variation so that a particular process can be monitored, controlled and 
improved, thereby reducing defects and waste from the process, and ultimately allow-
ing the business to continuously improve.  

   HACCP  in Small Businesses 

 According to Taylor  (2001) , developing, installing, monitoring and verifying a success-
ful HACCP system is dependent on a complex mix of managerial, organisational and 
technical hurdles such that even the largest food companies, who are equipped with 
signifi cant resources of money, technical expertise and management skills, may face 
a diffi cult challenge. Therefore, it is not a surprise that small companies may feel that 
the diffi culties of HACCP are potentially insurmountable. The factors for successful 
development of HACCP systems for small companies include the following (Taylor, 
 2001 ; Taylor and Kane  2005 ):

    •      Any pilot projects must be set in the context of thorough evaluation, with clearly 
identifi ed indicators of success. Practitioners should only be encouraged to change 
when there is evidence that such change is both practical and achieving its aims.  

   •      This commitment to high quality by the management of a small company must be 
channelled into the application of HACCP principles in order to secure safety across 
the entire food chain by making sure that the food industry, researchers, educators, 
enforcement agencies and governments pool resources and work towards a common 
goal.  

   •      HACCP resource centres should be developed where small and medium - sized enter-
prises (SMEs) can access data, software, research information and advice on HACCP.  

   •      Technology transfer could be effectively promoted by the identifi cation of exem-
plary SMEs who could act as  ‘ beacons ’  of good practice.  
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   •      Operation - specifi c guides are required which address the diversity of operations 
within each sector of the food industry.  

   •      Step - by - step instructions on project - managing the HACCP process, using teams 
successfully, solving problems and, most importantly, managing change would be 
of considerable benefi t to SMEs.  

   •      A certifi cation system is needed which will require all those offering HACCP serv-
ices to have appropriate levels of knowledge of, training in and experience of 
HACCP.    

 Taylor and Kane  (2005)  investigated the burden of HACCP on SMEs and found that 
initial training had an enormous impact on the quality of the HACCP system devel-
oped, as when this training was conducted, SMEs had the confi dence to (i) make deci-
sions about the level and type of documents required for the safety of their product 
and (ii) negotiate with external parties in order to maintain the integrity of their 
system. Taylor and Kane  (2005)  concluded that HACCP implementation problems can 
be partially helped by providing simplifi ed documents or streamlined verifi cation 
methods, and by improving SMEs ’  basic lack of understanding of the HACCP approach. 

 Other consequences arising from budget limitations are operations situated in facili-
ties that are not suitable or intended for food processing, and outdated, poorly main-
tained equipment not conducive to process controls or to cleaning and sanitising. 
Moreover, the lack of fi nancial resources and the smaller size of the business often 
bring with them reduced negotiation power and an associated lack of response from 
suppliers and customers. Under such conditions, raw material quality, consistency, 
safety and availability are frequently compromised, with little room for corrective 
action by the manufacturer.   

   HACCP  in a Meat Plant 

 HACCP was fi rst used in processes such as canning and other cooked - foods applica-
tions where failures in food safety had the greatest consequences. It was only in the 
1980s that many fresh - meat processors began to look at incorporating HACCP into 
their plants. Today, EU Regulation 852/2004 requires food business operators, includ-
ing meat plant operators, to implement and maintain hygiene procedures based on 
HACCP principles. In this section, HACCP will be considered as part of meat - grinding 
and blending processes. 

 The chemical hazards that need to be considered during meat processing include 
antibiotics, cleaning agents and sanitising agents, and also oils, greases and wastewa-
ter. Other specifi c hazards arise from failure to separate meats from different species 
of animal, as some consumers may be allergic to certain types of meat. Also, if beef 
is contaminated with pork, it may not be heated enough to destroy  Trichinella spiralis  
and  Toxoplasma gondii , which can have serious health implications (Dubey  et al ., 
2006; van der Giessen  et al .,  2007 ). In order to ensure that meats from specifi c species 
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stay free from contamination, it is necessary to sanitise all equipment (e.g. blenders, 
grinders and stuffers). The scheduling of meat processing should also be done with a 
view to minimising cross - contamination. 

 A non - exhaustive list of some of the most common physical hazards includes bone, 
injection needles, plastic and many other foreign bodies. Bone hazards represent a 
serious concern when meat is ground, and this needs continuous monitoring and 
control to minimise the number of defects. Biological hazards are particularly threat-
ening to the meat - processing sector, as pathogens can easily be carried in organic 
matter found on animal carcasses (Arvanitoyannis,  2006 ). 

  Processing Including Critical Control Points 

 The areas where special attention should be given to the development of critical 
control points will be highlighted in the following paragraphs. The plant in question 
deals with the processing of meat into beefburgers. More information on the process 
followed can be obtained from Anon.  (2010a) . 

  Meat Received From Suppliers ( CCP 1) 

     •      Meat must be from an audited and approved supplier.  
   •      All vehicles must be sealed on delivery.  
   •      The temperature of fresh meat must be on target.  
   •      Packaging must fully protect meat against possible contamination risks.  
   •      Meat quality must meet the criteria set out in the plan.    

 If the meat passes all these checks, the container is accepted and put into chilled 
storage, where the preset temperature is checked regularly.  

  Cold Storage Monitoring ( CCP 2) 

 The storage room must operate within the desired temperature range.  

  Product Formulation 

 The meats are ground to pre - specifi ed levels. The batch is blended and checked to 
make sure the fat content meets the specifi cation. During this stage of processing, the 
major hazards can be either physical or chemical in nature. Physical hazards include 
bone fragments and other foreign material, and these hazards can be controlled by 
buying products from suppliers who employ good HACCP practices and by monitoring 
the products as they are received or used (Tompkin,  1990 ). Therefore, an elimination 
point should be included in the process, where any meat that will not go through a 
small bore and any pieces of bone are rejected.  



1424 Handbook of Food Process Design: Volume II

  Monitoring of Elimination Points ( CCP 3) 

 Defect elimination points must be working correctly in order to remove any evidence 
of bone or gristle.  

  Freezing 

 It is vital that correct temperatures are maintained at all times to inhibit bacterial 
growth and prevent dehydration of the fi nal burgers. Therefore, sensors that read and 
record the temperature every hour monitor the temperature of the freezer areas in the 
factory. If the temperature rises, alarms are activated. The product then passes through 
metal detectors at the end of the freezer tunnel before packaging and then again once 
the boxes have been fi lled and sealed.  

  Metal Detectors ( CCP 4) 

     •      In - line metal detectors fi tted with automatic rejection systems are used at the 
freezing - tunnel exits.  

   •      The detector sensitivity must be set appropriately.     

  Packaging 

 The beef patties are manually packed into boxes. Electronic scales are used to indicate 
when a box is complete. The box is sealed and coded with the date, time and produc-
tion line used. This data will be stored on the computer and provides the fi nal stage 
in the line of traceability.  

  Product Storage ( CCP 6) 

 The product is kept at a predefi ned storage temperature (usually  − 18    ° C).  

  Inspection 

 Products are checked regularly by the quality assurance team and judged against the 
specifi cations. All data is recorded on hand - held data loggers before being transferred 
to a mainframe computer.  

  Cleaning 

 Each night, all machinery in the plant is thoroughly cleaned.  

  Factory Hygiene ( CCP 7) 

     •      There is a daily strip - down and clean of all manufacturing equipment.  
   •      Foam detergent is used, followed by a sanitiser.  
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   •      A daily visual inspection is performed.  
   •      Microbiological swabbing is performed.       

   HACCP  in a Cheese Plant 

 When a HACCP plan is to be developed for a cheese plant, the composition and struc-
ture of the product, and the processing, packaging systems, storage, and shelf - life 
should be considered, with a clear distinction being made between safety hazards and 
quality (Anon.,  2010b ). 

  Critical Control Points 

 In a cheese plant, CCPs originate from hazard areas such as the temperature of the 
incoming milk, and pasteurisation times and temperatures. Many hazard areas can be 
controlled by prerequisite programmes. Those hazards that cannot be controlled by 
these programmes must be identifi ed as CCPs. Table  45.1  lists various operations that 
occur in a cheese plant, together with the typical locations of CCPs.     

   HACCP  in a Fish - Smoking Plant 

 Fish is often smoked in order to enhance its appearance and fl avour. The smoking 
process provides some anti - microbial properties to the treated product, but the 
subsequent processing must take account of the fact that any remaining microfl ora 
will multiply during subsequent refrigeration processes. The following HACCP analy-
sis refers to a small Greek factory producing smoked trout, and has been taken from 
the case study conducted by Arvanitoyannis  et al .  (2009) . The process is illustrated 
by the process fl ow diagram in Figure  45.4 , and the issues that must be considered by 
the HACCP team are expanded under the following headings.   

  Receiving ( CCP 1, M, C, P) 

     •      Fish must be from a current audited and approved supplier who ensures that the 
catch was taken under suitable environmental conditions and from water of suitable 
microbiological quality.  

   •      Vehicles must be clean, without off - odours, fi t for purpose and free from other 
materials. They must be sealed on delivery and temperature - monitored to within 
specifi ed thresholds.  

   •      Sensory analysis is used fi rst to check fi sh quality and, if unsatisfactory, analytical 
testing is performed.     



Table 45.1 Various procedures in the cheesemaking process, with CCPs highlighted. 

       

Milk receiving
Microbiological/pathogens Temperature is monitored to prevent bacterial growth/staphylococcus toxins CCP

Each vat of milk is screened for plate loop count and soluble solid content

Milk is screened for presence of drug residuesChemical – animal drug residue
Prerequisite programme in place to prevent contaminationPhysical – any physical hazards

Milk storage
Microbiological/pathogens Temperature control is necessary to prevent bacterial growth/staphylococcus 

toxins in fluid milk
CCP

Prerequisite programme in place to prevent contaminationChemical, physical

Dry ingredient receiving
Prerequisite programme in place for ingredient receiving and storageMicrobiological/pathogens,

chemical, physical

Dry ingredient storage
Prerequisite programme in place for ingredient receiving and storageMicrobiological/pathogens
Prerequisite programme in place to prevent contaminationChemical, physical

Cheese vat
Milk is heated to ripening temperature quickly to prevent pathogen growth. 
Starter is added as soon as milk is at ripening temperature

Microbiological/pathogens

Prerequisite programme in place to prevent contaminationChemical, physical

Starter
Prerequisite programme in place for ingredient receiving and storageMicrobiological/pathogens,

chemical, physical

Rennet
Prerequisite programme in place for receiving and storageMicrobiological/pathogens
Prerequisite programme in place for receiving and storageChemical, physical  

Water
Prerequisite programme in place to prevent unwanted microbial/pathogen growth

Prerequisite programme in place to prevent unwanted microbial/pathogen growth

Microbiological/pathogens

Forms
Microbiological/pathogens,

chemical, physical

Drain table
Prerequisite programme in place to prevent contaminationMicrobiological/pathogens
pH monitoring to check for proper acid development before salting

CCP

Prerequisite programme in place to prevent contaminationChemical, physical

Sodium chloride
Prerequisite programme in place for ingredient receiving and storageMicrobiological/pathogens,

chemical, physical

Ageing
Microbiological/pathogens Prerequisite programme in place for proper cheese storage
Chemical, cedar boughs, 

physical, insects and rodents

Packaging
Prerequisite programme in place for purchasing and tracking productMicrobiological/pathogens
Prerequisite programme in place for receiving and storage of packaging suppliesChemical, physical

Properly packaged product contains no hazardsStorage

Properly packaged product contains no hazardsDistribution
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Figure 45.4 A HACCP process fl ow diagram of the operations during a fi sh -smoking process 
(Arvanitoyannis et al., 2009). (M, microbiological contaminants; C, chemical contaminants; P, physi-
cal contaminants.) (Courtesy of Taylor and Francis.) 
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  Storage ( CCP 2, M, C, P) 

     •      Unfrozen fi sh must be held in a clean, sanitary environment to maintain an internal 
temperature of 4.4    ° C or below.     

  Evisceration 

     •      Evisceration should be conducted in a special area, separated from the rest of the 
production process.  
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   •      The process should be conducted in a manner that minimises contamination of the 
fl esh.     

  Rinsing 

     •      It must be ensured that the fi sh are washed and rinsed thoroughly with potable 
water (or chloride water) to remove debris.     

  Separate Species/Grading 

     •      To achieve uniform salting, fi sh must be sorted by size and thickness; different 
species of fi sh should not be mixed in the same brining tank, and the weight – volume 
ratio, time and temperature of the process should be controlled.     

  Brining/Dry Salting ( CCP 3 M, C) 

     •      The salt content of the brine should be monitored. The brine should be cool, and 
the temperature should be monitored. If the brine is recycled, a decontamination 
step should be performed.  

   •      Brining tanks must be cleaned before and after each use.  
   •      The salt concentration of the fi nal product must be above 3% NaCl.     

  Rinsing 

     •      Rinsing with potable water is necessary to remove surface brine.     

  Hot Smoking ( CCP 4 M, C) 

     •       Step 1: surface drying  .      The drying phase should be kept short, as prolonged exposure 
to ambient temperature may lead to unwanted microbiological growth and to forma-
tion of histamine in susceptible species.  

   •       Step 2: smoking  .      In the hot - smoking process, the temperature in the centre of the 
product should normally reach 63 – 72    ° C for about half an hour. Time and tempera-
ture have to be monitored to ensure that meat will not coagulate on the backbone.  

   •       Step 3: product drying  .      This step must ensure even drying of the fi sh to reduce 
moisture, i.e. raise the WPS (water per phase salt) content (and lower the water 
activity), thereby leading to the formation of the fi nal texture.     

  Cold Smoking 

     •       Step 1: drying  .      Smoke is introduced to dry the fi sh. The HACCP team must ensure 
that the parameters of this initial drying component are conditioned according to 
the type or species of fi sh, its fat content and the humidity  



Food Quality and Safety Assurance by Hazard Analysis and Critical Control Point 1429

   •       Step 2: smoking  .      During the cold - smoking step, the fi sh must allow uniform smoke 
absorption, temperature exposure and drying.     

  Cooling ( CCP 5 M, C) 

     •      Hot - smoked products should be cooled to below 10    ° C within 2   h and to below 3    ° C 
within 6   h. Cooling should take place as fast as possible, since pathogens can grow 
if the cooling period is prolonged.    

  Packaging ( CCP 6 M, C) 

     •      Hot - smoked fi sh are presented to the market mostly in boxes or pre - packaged in 
plastic bags, possibly vacuumised or in modifi ed - atmosphere packaging.  

   •      The risk of recontamination is high, even if packing takes place in a high - care area, 
and the prevention of growth becomes imperative for safety: for example, if the 
products are packed in a room at ambient temperature after cooling, condensation 
might occur on the surface of the smoked products, thereby leading to dilution of 
the preservatives deposited by the smoking process. Therefore, it must be ensured 
that condensation of water on the surface of the smoked product is avoided and that 
the packaging material should be clean, sound, durable, suffi cient for its intended 
use and of food grade material (Arvanitoyannis  et al .,  2009 ).      

  Storage ( CCP 7 M, C, P) 

     •      The products should be kept frozen or refrigerated continuously below 4    ° C.  
   •      The defi nition of storage temperature and shelf - life for both cold -  and hot - smoked 

products should take into account the risk of microbiological growth during chilled 
storage, in particular the growth of  Listeria monocytogenes  in cold - smoked products 
but also in skinned hot - smoked fi llets in evacuated plastic bags.      

  The Infl uence of  HACCP  on Hygienic Design 

 Figure  45.5  shows that the production of safe foods, the major concern of the food 
industry, stems from a thorough risk assessment in the form of HACCP. In tandem 
with the development and control of processes that ensure the safe production of food, 
it is also necessary to ensure that equipment and processes are designed to be hygienic. 
The hygienic design of processes and equipment deals with issues such as factory 
siting and construction, the design of the building, the selection of surface fi nishes, 
the fl ow of raw ingredients and products, the movement and control of people, the 
design and installation of process equipment, and the design and installation of 
services.   
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  Advantages of Hygienic Design of Food Processing Equipment 

  Food Quality 

 Good hygienically designed equipment ensures that no product is held up within the 
equipment, as this could deteriorate and affect product quality on rejoining the main 
product fl ow, or cause cross - contamination.  

  Food Safety 

 Hygienic design prevents contamination of the product with substances that could 
adversely affect the health of the consumer.  

  Cost Reduction 

 Hygienic design reduces the time required for an item of equipment to be cleaned, 
which is cost - effective in the long term. There have been many examples of product 
recalls, lost production and, indeed, site closures due to contamination arising from 
poorly designed equipment.    

Figure 45.5 The building blocks associated with the control of a food factory to ensure that safe, 
wholesome food is achieved. 

HACCP

Specified raw materials

Hygienic design Process development

Hygienic practices Process control

Safe, wholesome food
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  Combining  HACCP  and  ISO  22000:2005 

 ISO 22000:2005 defi nes the set of safety procedures needed to produce safe food, and 
requires the establishment and implementation of a food safety management system 
(FSMS) for all companies that are part of the food chain, such as feed producers, 
primary producers, food manufacturers, transport and storage operators, subcontrac-
tors, and retail and food service outlets. The ISO 22000 standard is fully auditable; 
therefore all companies using this standard must provide evidence of their ability to 
provide safe food. The standard promotes conformity of products and services to inter-
national standards by providing assurance about quality, safety and reliability 
(Tajkarimi,  2007 ). It has become necessary because of the signifi cant increase in ill-
nesses caused by infected food in both developed and developing countries. In addition 
to health hazards, food - borne illnesses can give rise to considerable economic costs 
from medical treatment, absence from work and legal compensation. A greatly benefi -
cial aspect of ISO 22000:2005 is that is can be implemented on its own, or can be 
coupled with ISO 9001:2000 so that companies will fi nd it easy to implement into 
current practices. In the following paragraphs, the way in which HACCP is incorpo-
rated into ISO 22000:2005 is described in more detail. 

  Initial Steps ( ISO  22000, Sections 7.1 – 7.4) 

 According to ISO 22000:2005, the hazard analysis must be carried out in two major 
components, consisting of (i) the initial steps prior to developing the hazard analysis 
and (ii) the hazard analysis itself. The initial steps for hazard analysis (ISO 22000, 
Sections 7.1 – 7.4) involve the characterisation of the food product and the food process 
and ensure that the product incorporates elements of GMP as well as HACCP. Firstly, 
prerequisite programmes should put into place the essential practices that will 
enhance the role which the production environment plays in producing safe food 
products. Most importantly, the effectiveness of the prerequisite programmes should 
be audited regularly during the implementation of the HACCP plan. In order to 
characterise the food products and process, it is fi rst necessary to understand the 
infl uence of the raw material on the occurrence and evaluation of hazards during 
food processing. Then a full description of the fi nal food product needs to be devel-
oped, including information on the chemical properties, ingredients, packaging and 
delivery methods, storage conditions, and shelf - life, so that the traceability of the 
product can be effectively maintained. Process characterisation is carried out via fl ow 
diagrams, which details process steps, taking into account the interaction of these 
steps. Once all the preparation for the HACCP procedure is fi nished, the hazard 
analysis is conducted according to Section 7.4 of ISO 22000:2005, which comprises 
three successive steps: hazard identifi cation, hazard assessment, and the selection 
and assessment of control measures.  



1432 Handbook of Food Process Design: Volume II

  Hazard Identifi cation and Determination of Acceptable Levels ( ISO  22000, 
Section 7.4.2) 

 The identifi cation of food safety hazards should be based on the preliminary informa-
tion about the raw product as well as on the bacterial hazards that may be relevant 
to the process. This step is used to defi ne the most relevant hazards that could be 
expected in the food product according to (i) epidemiological data on food - borne dis-
eases, (ii) their prevalence in the ingredients, (iii) their potential occurrence in the 
process during operations such as handling, and (iv) their potential elimination during 
the process.  

  Hazard Identifi cation and Determination of Acceptable Levels ( ISO  22000, 
Section 7.4.3) 

 All hazards, including potential hazards, introduced through either ingredients or 
handling, need to be systematically assessed for each process, in accordance with the 
corresponding fl ow diagram. During the hazard assessment, it is important to consider 
(i) the sources of the hazard, (ii) the probability of occurrence of the hazard, (iii) the 
nature of the hazard and (iv) the severity of the adverse health effects that could be 
caused by the hazard. To simplify things, hazards can be studied in groups defi ned 
according to similarities in (i) their growth and inactivation parameters, (ii) their spore -
 forming capability, (iii) their pathogenicity at a low infectious dose, and (iv) their 
contamination source (e.g. rhinopharyngitis or faeces). In order to make the assess-
ment of bacterial hazards more accurate, it is necessary to quantify the hazard assess-
ment by predicting the growth and/or inactivation potential of the microorganisms 
using some of the various pieces of predictive software on the market. The hazard 
assessment process can be time - consuming, requiring a signifi cant amount of work.  

  Selection and Assessment of Control Measures ( ISO  22000, Section 7.4.4.) 

 Control measures are selected in order to prevent or eliminate signifi cant hazards or 
reduce them to an acceptable level. These control measures can be classifi ed as either 
(i) hazards controlled by prerequisite programmes, i.e. measures included in good 
manufacturing practices and/or good hygienic practices, or (ii) critical control points 
and operational prerequisite programmes (OPRPs). These last measures are essential 
and are implemented specifi cally to control a defi ned hazard. OPRPs are essential to 
control the likelihood of introducing food safety hazards into a product or a processing 
environment, and/or contamination or proliferation that could cause a food safety 
hazard, i.e. any activities that can be affected by human behaviour during the produc-
tion of safe food. On the other hand, a CCP is a point, step or procedure at which 
controls can be applied and a food safety hazard can be prevented, eliminated or 
reduced to an acceptable (critical) level. In order to categorise a control measure as a 
CCP or an OPRP, it is necessary to understand (i) the impact of that control measure 



Food Quality and Safety Assurance by Hazard Analysis and Critical Control Point 1433

on the hazard level, and (ii) the severity for consumer health of the hazard that the 
measure is intended to control.  

  Identifi cation and Establishment of  OPRP  s  ( ISO  22000, Section 7.5) 

 The identifi cation of OPRPs is based on the results of the selection of control measures 
and is an essential output of the hazard analysis. The determination of OPRPs sets up 
prevention and control measures which deal with food safety risks at a level below 
those which need to be included in the HACCP plan. OPRPs should include informa-
tion on the hazards that need to be controlled, the control measures and monitoring 
methods to be applied, the monitoring records to be kept, etc.  

  Implementing  HACCP  ( ISO  22000, Section 7.6) 

 This section of ISO 22000 is focused on putting all the actions within the HACCP 
plan into action. Similarly to the OPRPs, for each CCP the HACCP plan requires 
information on the hazards that need to be controlled, the control measures and 
monitoring methods to be applied, the monitoring records to be kept, and the correc-
tions and corrective actions to be taken if critical limits are exceeded. CCPs may be 
located at any point in a production and manufacturing system for a food product 
where hazards need to be prevented, eliminated or reduced to acceptable levels, and 
must be chosen using the correct decision processes. They should be used only for 
purposes of product safety, and the CCPs and the critical limits must be established 
using scientifi c evidence based on risks to consumer health.   
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   Introduction 

 Dr M.S. Rahman ’ s  Handbook of Food Preservation  (Rahman,  1999 ; Rahman,  2007 ) 
contains a commercially orientated chapter titled  ‘ Managing profi t and quality ’  (La 
Rooy and Perera,  1999 ). The chapter was included because the Editor felt it was impor-
tant to cover some fundamental commercial aspects in what was otherwise a technical 
publication. Since that time, the world of business has moved on signifi cantly, affect-
ing operational staff as well as the functional specialists in all manner of ways. In 
particular, it is the unrelenting drive for organisations to become  ‘ leaner ’  and  ‘ fl atter ’  
which has impacted on the way the technical specialist has to function in today ’ s 
business environment. Gone are the large functional departments, generally known 
as  ‘ functional silos ’ , where the managers and staff could operate largely in splendid 
isolation without having to worry a great deal about the commercial effects of their 
activities. For the technical specialist, the changed environment means that he or she 
can often feel as if they are being pulled in different directions. On the one hand, there 
are ever - increasing technical complexities to deal with, while on the other, there is 
the requirement to be more aware of and become more involved in commercial 
matters. It is because of this requirement for increased involvement that the Editor 
of  Handbook of Food Process Design  felt that this time too there should be a chapter 
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dealing with relevant commercial aspects. Since I am a fi rm believer in the greater 
integration of management structures and the resulting lessening of  ‘ functional silos ’ , 
I was only too happy to contribute the chapter. 

 Most readers will be aware that in the majority of food companies it is the technical 
team that is often responsible for initiating large capital expenditures, which can have 
major, and hopefully benefi cial, effects on business performance. It is a pity then to 
see, every so often, novel and promising projects not performing to expectations. If 
we were to look for the reasons for such failures, we would fi nd that in quite a few 
cases the project ’ s disappointing performance was not the result of any technical 
shortcomings but was instead caused by two defi ciencies:

    1.      insuffi cient attention to commercial matters;  
   2.      the absence of a systematic and suffi ciently broad approach.    

 Consequently, these two defi ciencies are the main focus of this chapter. It should be 
noted that for the sake of completeness, it was necessary to incorporate some material 
contained in the 1999 Handbook. In making the case for a greater understanding of 
commercial matters, it is worth noting that it is not only a question of improving the 
technical team ’ s project development competence. There are other benefi ts, as an 
improved appreciation of the organisation ’ s fi nancial levers is also likely to lead to an 
increased identifi cation of innovation and business opportunities.  

  Fundamental Financial Matters 

 Technical specialists should not, of course, be expected to act as fi nancial experts. To 
ensure, however, that their proposals are commercially sound and therefore more 
likely to succeed, they should have a reasonable understanding of the fi nancial fun-
damentals. Since this handbook is essentially about technical design and develop-
ment, we will consider the relevant fi nancial matters predominantly in terms of 
 ‘ projects ’  rather than  ‘ routine operations ’ . 

  Financial Performance 

 The overall fi nancial performance of commercial organisations is generally measured 
by a critical performance indicator called  ‘ return on investment ’  (ROI). Companies 
may use different indicators such as  ‘ return on funds employed ’  (ROFE), which are 
similar in meaning and serve the same purpose. A fi nancially attractive and sustain-
able ROI is essential when companies are looking for new or additional investment 
funds. 

 A company ’ s ROI is the fi nal outcome of a great many decisions and actions by 
practically all of its personnel. It is determined using three key business drivers: 
revenue (sales), costs and the funds invested in the business. It is calculated as follows:
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    ROI
Revenue Costs
Funds invested

% %=
−

×100   

 It is important to appreciate the effect of the three drivers on an organisation ’ s ROI. 
Table  46.1  shows performance comparisons between two companies A and B, listing 
different levels of performance for the three drivers. Looking for example fi rst at sales 
revenue, Company A clearly outperforms Company B. Next, because of lower costs, 
Company B takes the prize in terms of total profi t and profi t percentage. Taking into 
account the funds invested, however, reverses the position once more, with Company 
A showing the higher ROI.    

  Revenue 

 Commercial enterprises generally derive their revenue from providing products or 
services at an acceptable price. There are three different ways to arrive at prices in a 
business, depending very much on how costs are viewed  –  as a starting point or, more 
correctly, as the end point:

    •       Traditional cost plus  .      The traditional method of determining a selling price was to 
add up all direct and indirect costs (e.g. overheads) and add a suitable margin. This 
approach works when there is little or no competition (e.g. owing to import con-
trols). Unfortunately, some companies will persist with this approach even when, 
because of changed conditions, it is no longer appropriate.  

   •       Market price  .      In a free market, the price is set by that market and has nothing to 
do with costs or margins. The change from the  ‘ traditional cost plus ’  to the  ‘ market 
price ’  method took place in earnest during the latter part of the last century. The 
principal effect of the change to a market price (and, as a rule, a lower price) was 
reduced margins, since costs were generally considered as  ‘ given ’ .  

   •       Required margins  .      The squeeze on margins meant that many organisations experi-
enced unsatisfactory returns on their invested capital. However, to attract new 
capital, returns and hence margins must be adequate. Since prices are largely beyond 
the control of the organisation and margins must be achieved, the real situation is that    

     PRICE MARGIN COST− →    

Table 46.1 Comparison of the performance of Companies A and B. 

Company A Company B 

Sales revenue ($M) 100 80
All costs ($M) 80 40
Profi t ($M) 20 40
Profi t margin (%) 20 50
Investment ($M) 40 100
ROI% 50 40
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  Costs 

 Costs can be classifi ed in a number of ways. In the context of this handbook, the fol-
lowing cost classifi cations are the most relevant: fi xed costs, variable costs, discretion-
ary costs and intangible costs. 

  Fixed Costs 

 In brief, fi xed costs are those costs not affected by changes in output. An example 
of a fi xed cost would be the cost of monthly machine rental, which would be 
incurred irrespective of the level of output. Note, however, that any production 
beyond the machine ’ s capacity would mean a step increase in the fi xed costs, i.e. 
the cost of renting another machine. Also, the passage of time can lead to increases 
or decreases in fi xed costs. Consequently, the earlier statement about fi xed costs 
needs some qualifi cation:  ‘ Fixed costs are not affected by changes in output within 
a specifi ed output range, and fi xed costs remain constant within a specifi ed time 
period ’ . 

 Management has to be constantly on guard to prevent ad hoc increases in fi xed costs 
because:

    •      It is easy to increase fi xed costs but usually very diffi cult to reduce them quickly.  
   •      High fi xed costs during a period of falling revenue are a common cause of business 

failure.     

  Variable Costs 

 Variable costs vary with changes in output, and the unit cost is generally deemed to 
be constant, although that is by no means always the case in reality. For example, 
bulk purchasing may bring the cost per unit down, or in other cases the cost of addi-
tional quantities may be higher than normal. When comparatively small quantity 
ranges are considered, however, variable costs can generally be taken as truly variable, 
i.e.  ‘ The cost per unit stays constant and the total variable cost can be found by mul-
tiplying the cost per unit by the quantity used ’ .  

  Discretionary Costs 

 In many organisations, all  ‘ non - variable costs ’  are called  ‘ overheads ’  and treated as 
 ‘ fi xed ’ , which often is not really correct. While for instance salaries, insurance 
and depreciation can be taken as truly  ‘ fi xed ’ , some other costs should be classed 
as  ‘ discretionary ’ . The costs of hiring, for example, technical contractors and 
some of the costs associated with marketing such as advertising are generally 
 ‘ discretionary ’ .  
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  Intangibles 

 Intangible costs, and benefi ts for that matter, can have a signifi cant bearing on whether 
or not a proposal should go ahead. The point to remember is that intangibles should 
not be dismissed as of little importance because of our inability to put precise dollar 
fi gures on them. On the contrary, with many projects the intangibles (the  ‘ soft ’  issues) 
are often more important than the  ‘ hard ’  (dollar) issues. Examples of intangible costs 
include:

    •      adverse impact on the quality of life of people in the neighbourhood;  
   •      waste generated by a proposed process not suitable for recycling;  
   •      reduction in process fl exibility.    

 Examples of intangible benefi ts are:

    •      enhanced brand image;  
   •      improved competitive position;  
   •      increased customer satisfaction;  
   •      improved staff morale.      

  Investment in the Business 

 The main funds invested in a business are  ‘ fi xed assets ’  in the form of plant and build-
ings and  ‘ current assets ’  in the form of cash, inventories and debtors. Technical devel-
opments often lead to companies investing in new processes and equipment. It is 
important that any new investments do not dilute the company ’ s fi nancial perform-
ance. This means that new returns should not be less than the norm for that particular 
industry, and preferably should be better than the company ’ s current average return. 
Exceptions may occur when companies invest in new processes and facilities for stra-
tegic reasons, provided of course that this fact is understood and accepted by the 
decision makers. Because of the effect on the ROI, companies invariably have strict 
procedures in respect of proposals requiring additional capital. Most organisations will 
have an established  ‘ hurdle rate ’  which projects need to satisfy if they are to be 
considered. 

  Working Capital 

 The funds tied up in inventories and debtors are known as  ‘ working capital ’ , which 
needs careful watching as it can grow rapidly. Inventories, for example, can increase 
in an unplanned fashion if the company does not reduce production fast enough when 
experiencing falling sales. Debtors, too, can rise quickly because of poorly managed 
credit control or because of increasing sales. What should be remembered is that 
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working capital forms part of the funds invested in the business and any increase 
without an appropriate rise in earnings will adversely affect the ROI.   

  Cash 

 It is not always appreciated that  ‘ cash ’  is not the same thing as  ‘ profi t ’ . A business 
may, for example, be highly profi table but still run out of cash. This may be caused 
by having to purchase additional equipment or increase inventories, as well as by a 
growing list of debtors. Conversely, a business which is losing money may be  ‘ cash 
rich ’  owing to selling off some property, the lowering of inventory levels and a shrink-
ing debtors list. 

 Cash should be seen as a company resource which must be managed carefully to 
avoid a cash shortage and possible insolvency. (While a proper discussion on cash 
management is beyond the scope of this chapter, it is important that technical profes-
sionals appreciate how technical decisions can have considerable cash impact. If you 
wish to pursue this topic, I suggest you talk to the fi nancial staff in your organisation 
about how organisations absorb and release cash.)  

  Main Financial Statements 

 Companies tend to produce a great number of fi nancial reports to monitor and control 
business performance. While much of the fi nancial reporting is bound to be of little 
interest to the technical staff, it is important that they understand the main functions 
of the following four statements:

    •       The profi t and loss statement  ( ‘ P & L ’ ) .      This lists revenue and costs under several 
headings and the total profi t (or loss) for the period and year to date. Often, too, 
there are intermediate totals such as EBIT (earnings before interest and tax). This 
statement, which provides management with regular operational information 
against budget, is usually produced monthly or possibly weekly. It forms an essen-
tial part of the annual accounts.  

   •       The balance sheet  .      This is a  ‘ snapshot ’  of the fi nancial position at a specifi ed date. 
(Note that people sometimes refer to the  ‘ balance sheet ’  when they mean the P & L.) 
The balance sheet lists the all the assets held by the business under the headings 
of fi xed assets (e.g. buildings and plant) and current assets (e.g. inventories and 
debtors). It also shows all liabilities, such as creditors and bank loans. It is produced 
at least annually, although many organisations will produce a monthly balance 
sheet. The governing principle of the balance sheet is Assets    =    Liabilities    +    Equity. 
The importance of the principle becomes clear if the equation is rearranged as 
Assets    −    Liabilities    =    Equity. Any write - down of assets or increase in liabilities 
reduces shareholder equity.  

   •       The funds statement  .      This is sometimes called the  ‘ sources and disposition of 
funds ’  statement. It is another important statement, as it explains the changes in 
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assets and liabilities between two successive balance sheets. It will show where 
funds have been applied, for example to purchase a new building, and also the source 
of the new funds, say from operations or new debt.  

   •       The cash - fl ow statement  .      This statement reports on the cash position usually 
twelve months or more into the future. As mentioned before, the idea is to treat 
cash as a resource. It is normally produced monthly.    

 It is a good idea for technical personnel to have the important fi nancial statements 
explained to them by the accounting department. Better still would be to arrange for 
a brief course in basic fi nancial principles.   

  Financial Impacts of Technical Projects 

 Technical projects are often the result of some initiative from marketing or operations. 
In addition, technical personnel also frequently initiate ideas for new processes or 
process enhancements to improve business performance in many areas. Turning those 
initiatives into successful projects is a prime responsibility of the technical specialist. 
Proponents of technical projects should assume responsibility for ensuring that invest-
ments deliver not only technically but also in fi nancial terms. It is imperative then 
that technical staff are fully aware of how their projects impact on the three drivers 
and hence the ROI, as well as on cash. 

  Impact on Revenue 

 It is fair to say that it is the technical specialist who provides the lifeblood for the 
organisation ’ s future, as all products and processes require constant renewal and 
replacement if there is to be security of future revenue. It is unfortunate that many 
managers do not fully appreciate the impact that technical resources have (or could 
have) on the business in general and on revenue generation in particular. What is more, 
it is quite likely that the majority of the technical team are also not completely aware 
of their contribution to the success of the enterprise. 

 When considering the impact that technical personnel have on an organisation ’ s 
revenue generation, we should appreciate that there are shorter - term and longer - term 
impacts:

    •       Shorter - term impacts (tactical or current revenue)  .      Projects coming under this 
heading are generally concerned with existing products and processes or new prod-
ucts within existing competencies (e.g. product line extensions, product improve-
ments and ingredient substitutions).  

   •       Longer - term impacts (strategic or future revenue)  .      These tend to be concerned with 
new technology and products outside current competencies.     
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  Impact on Costs 

 Technical activities and decisions have a very signifi cant impact on costs. Frequently, 
the technical professionals are the ones who make the decisions that not only affect 
the total costs of a development but also, more particularly, determine the balance 
between fi xed and variable operational costs. With most proposals, there are possible 
trade - offs between  ‘ higher fi xed costs with lower variable costs ’  and  ‘ lower fi xed costs 
with higher variable costs ’ . A highly automated solution is likely to incur greater fi xed 
costs and lower variable costs. On the other hand, a less sophisticated solution is 
likely to mean lower fi xed costs and higher variable costs. When one is designing a 
new food process, it is essential to be aware at all times of the cost implications of 
what is being requested or proposed. For example:

    •       Unduly high specifi cation levels  .      Insistence on a higher specifi cation than may be 
necessary is likely to push up the costs of production (higher variable costs). Such 
a decision can also result in higher fi xed costs if, for example, the unduly close 
tolerances specifi ed require a more expensive piece of equipment than would be the 
case with a less demanding specifi cation.  

   •       Product line extensions  .      Every time a new product is added to a company ’ s product 
portfolio, it is likely that current production run sizes and frequencies will be 
affected (usually adversely).     

  Impact on Funds Invested 

 Earlier in the chapter, we looked at the importance of the assets employed when 
assessing a company ’ s performance. Whenever an organisation undertakes a capital 
project, it increases the funds invested in the form of new fi xed assets. Also, the launch 
of a new product invariably requires additional working capital for fi nished goods, new 
ingredients and equipment spares. In addition, further funds are required to fi nance 
the increased debtors resulting from the sales of the new product. Without any doubt, 
the actions and decisions of technical professionals can have a major impact on the 
funds invested, which should be kept in mind throughout the design process. A further 
point to note is that the choice of one solution over another may be decided by the 
size of the investment required rather than by technical considerations.  

  Impact on Cash 

 In addition to the effect on the three key drivers, the work of technical personnel also 
affects an organisation ’ s cash position. Take, for example, a new item of plant costing 
say $1   000   000, which is to be depreciated over ten years at $100   000 per year. It is the 
$100   000 which would be the fi gure shown in the P & L as a yearly cost rather than 
the full million. However, all of the cash would need to be found in year one to pay 
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for the plant. Note that besides having to apply the cash for new plant and equipment, 
cash is generally also needed to fund any increase in working capital.   

  Analytical Concepts and Techniques 

 Justifi cation of food - processing projects is often the responsibility of the technical 
specialist. It requires a sound approach and attention to detail, since a project can be 
analytically correct but conceptually wrong at the same time. In other words, the 
arithmetic may be fi ne but the underlying premises are fl awed. This means avoiding 
some common pitfalls, as well as the use of a number of practical techniques. 

  Inappropriate Use of Accounting Information 

 It is not always appreciated that traditional accounting information, if used without 
questioning its validity, can result in unsound economic decisions. A fairly common 
instance of this is the use of cost standards when preparing project cost estimates. 
Consider, for example, a case where a company is planning to automate a largely 
manual process and to justify the expenditure through expected labour savings. If the 
designer of the proposed process were to use the standard hourly labour rates as used 
by the accounting staff, the resulting labour savings would most likely be signifi cantly 
overstated. This is because the standard hourly labour rates usually have built into 
them a considerable number of other cost elements as overhead recoveries. Now, 
while some of those costs will reduce in line with the lower labour usage, others 
are bound to be unaffected. To enable these rates to be employed in the justifi cation 
of a project, it is necessary to analyse them and arrive at effective rates as shown in 
Table  46.2 .   

 This example shows that without making the appropriate adjustment, the labour 
cost saving would be overstated by some 32%, which could have a signifi cant impact 

Table 46.2 Make-up of hourly labour cost standard. 

Cost element Standard cost ($) Actual Effective rate 

Basic wage a 20.00 90% 18.00
Allowancesa 2.50 60% 1.50
Holiday pay a 1.80 90% 1.62
Sick pay a 0.40 90% 0.36
Cafeteria use b 0.10 0% 0.00
Contribution to administration b 3.50 0% 0.00
Total 28.30 21.48

a The standard cost of wages, allowances and sick pay is a departmental average. The actual cost of labour units saved by the 
proposal is less than the average. 
b No savings in these overheads will result from fewer labour units. 
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 First, the variable margin is found by subtracting the variable unit cost from the selling 
price:

    Variable margin = − =$ $ $20 15 5   

 Now the breakeven point is found by dividing the equipment cost by the variable 
margin:

    $ $1 000 000 5 200 000÷ =per unit units   

 Assuming that the sales are spread evenly over the year, the time taken to reach the 
breakeven point is found by dividing the breakeven quantity by the annual sales 
volume:

    200 000 300 000 12 8units units per year months months÷ × =   

 The net profi t for the fi rst year equals four months ’  sales at the variable margin:

    100 000 5 500 000units per unit× =$ $   

 A point to remember when using breakeven analysis, or any other evaluation tech-
nique for that matter, is that we should be very clear as to which costs and benefi ts 

on the project ’ s viability. It pays always to be very careful when using any regular 
accounting information, especially when the organisation is in the habit of allocating 
overheads by standard formulae. Also, when examining such information, the focus 
should be on the actual changes in costs resulting from the proposal: What new costs 
will be incurred? Which costs will no longer be incurred?  

  Breakeven Analysis 

 Although breakeven analysis is a rather unsophisticated technique, it can still be used 
to good effect, especially as an early  ‘ screening tool ’ . The underlying idea is simple 
enough: the ongoing net income of a proposal is used to  ‘ pay back ’  the original capital 
outlay. The point at which the income equals the capital outlay is known as the 
 ‘ breakeven point ’ , after which the proposal generates net profi t. Consider a company 
planning to install some new equipment to produce a new product. The details are as 
follows: 

     
  Equipment cost    $1   000   000  
  Selling price per unit    $20  
  Variable cost per unit    $15  
  Sales per annum    300   000  
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Table 46.3 One-off and ongoing costs and savings in $000 ’sa.

Cost item One-off Annual ongoing 

Current Proposed Net difference Current Proposed Net difference 

Plant – (50) (50) – – –
Parts – – – (4) (2) 2
Installation – (10) (10) – – –
Overhaul (15) – 15 – – –
Sell existing plant – 10 10 – – –
Operate – – – (20) (12) 8
Maintenance – – – (10) (5) 5
Totals (15) (50) (35) (34) (19) 15

a Negative fi gures are shown in brackets. 

  Required parts p.a.    $4   000  
  Maintenance p.a.    $10   000  
  Required overhaul    $15   000  
  Operating cost p.a.    $20   000  

are  ‘ one - off ’  and which are  ‘ ongoing ’ . On no account should they be mixed up, as that 
will produce an erroneous result. To ensure clarity, it is a good idea to construct a 
table showing  ‘ one - off ’  and  ‘ ongoing ’  costs and benefi ts for both the  ‘ current ’  and the 
 ‘ proposed ’  situation (see Table  46.3 ). Take the following situation. A business is plan-
ning to replace some existing equipment.   

 The current cost details are: 
     

  Plant purchase    $50   000  
  Required parts p.a.    $2   000  
  Installation    $10   000  
  Maintenance p.a.    $5   000  
  Operating cost p.a.    $12   000  
  Sell existing plant    $10   000  

 For the new plant, the details are: 
     

 From Table  46.3 , the following can be observed:

   The net difference in one - off costs is $35   000.  
  The business is $15   000 better off on an ongoing basis.  
  Payback    =    $35   000 : $15   000    =    2.33 years, or 2 years and 4 months.    

 Note that besides using breakeven analysis for evaluating proposals, it can also be 
used for assessing factory production shift performance. In such a situation, the cost 
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of set - up and any start - up losses are treated as a one - off cost which is recovered during 
the shift (La Rooy,  1997a ).  

  Discounted Cash - Flow (DCF) Analysis 

 The DCF method is a more sophisticated approach than breakeven analysis in that it 
takes into account the time value of money. A dollar received today is worth more 
than a dollar received in a year ’ s time. A dollar invested at, say, 10% per annum would 
become $1.10 after one year. It can thus be said that the  ‘ present value ’  of a dollar 
today is the same as $1.10 in year ’ s time. Likewise, the  ‘ present value ’  of a dollar in 
a year ’ s time would be 90 cents and in six years 56 cents. 

 The concept of  ‘ present value ’  can be applied to several time periods. The idea is to 
take into account all the cash outfl ows and infl ows over the life of the project and 
express them in terms of  ‘ present value ’ . By accumulating the  ‘ discounted cash fl ows ’ , 
the  ‘ net present value ’  of a project can be calculated. 

 Take the following example. A business wishes to spend $100   000 on new equip-
ment to realise $30   000 p.a. over the next fi ve years. At year six, the plant is expected 
to be replaced and sold for $10   000. Assume a discount rate of 10%. Table  46.4  shows 
the discounted cash outfl ows and infl ows for the life of the project.   

 Looking at the accumulated DCF fi gure in the last column, we can say that at a 
10% discount rate, the  ‘ net present value ’  of the proposal is $19   300. Another applica-
tion of the method is to let the  ‘ net present value ’  equal zero and calculate the discount 
factor. This fi gure is known as the  ‘ internal rate of return ’  (IRR). Most organisations 
have an IRR  ‘ hurdle rate ’ , which proposals must equal or surpass. 

 In conclusion, the following should be noted. The concept of the  ‘ time value ’  of 
money should not be confused with infl ation, which is about the reduction in purchas-
ing power of the dollar. Infl ation can affect both costs and revenues, which may or may 
not have a bearing on our analysis. It is, however, a separate issue. Also, the analysis 
is concerned with cash items only. If, for example, a proposal is prepared showing the 
cost of new plant being depreciated over the life of the plant, then the depreciation 
cost needs to be added back to show the total cash outfl ow in the year of purchase.  

  Interdependent and Independent Parts of Proposals 

 Staff responsible for capital projects should appreciate the need for all proposals to be 
evaluated incrementally. Projects are often made up of a number of discrete parts, 

Table 46.4 Discounted cash fl ow amounts in $000 ’s.

Year 0 1 2 3 4 5 6

Cash fl ows (100) 30 30 30 30 30 10
Discount factor 1.00 0.91 0.83 0.75 0.68 0.62 0.56
DCF (100) 27.3 24.9 22.5 20.4 18.6 5.6
Accumulated DCF (100) (72.7) (47.8) (25.3) (4.9) 13.7 19.3
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some of which are  ‘ interdependent ’  and others of which are quite independent. For 
example, the installation of a new machine depends on the foundations being in place, 
and hence the construction of the foundations and the installation of the machine are 
interdependent. On the other hand, upgrading the supervisor ’ s offi ce as part of the 
same proposal would most likely be independent. 

 Personnel responsible for assessing capital proposals need to be aware that it is fairly 
common for designers not to differentiate between the interdependent and dependent 
parts of projects. Note also that it is not unusual for some independent  ‘ nice to have ’  
facility to be included because of the signifi cant total savings of the project. Failing 
to treat independent parts of projects in the proper manner is likely to result in an 
unsound justifi cation even though, overall, the project appears fi nancially viable. 

 Take the case of a company considering a proposal to spend $1   000   000 to realise 
annual savings of $750   000. A quick  ‘ payback ’  check shows that it will take only 16 
months to recover the original outlay. The proposal looks like a winner, as the 
company has a two - year payback guideline. Before approving the proposal, however, 
it is decided to identify the dependent and independent parts and calculate the indi-
vidual paybacks as shown in Table  46.5 .   

 As can be seen, unless the independent parts A and B can be justifi ed in some other 
way, it would be inappropriate for the company to approve those parts, as they both 
fall outside the two - year guideline. In addition to the need for taking an incremental 
view of the parts of a project, it is imperative that the details of all costs and benefi ts 
are examined incrementally as well. Often the information available to the designer 
is in the form of standard costs, which are average fi gures based on historical per-
formance. It is, however, quite incorrect to assume that those fi gures apply also to 
future activities. Always be aware that the main purpose of standard costs is to provide 
 ‘ after the event ’  control of performance. They should not, as a rule, be used for 
decision - making.  

  Assessing New Business Opportunities 

 A special case which requires  ‘ incremental thinking ’  is when there is a request for 
increased production capacity due to a new sales opportunity. Consider, for example, 
the case where a plant manager is proposing to spend $1   000   000 on new plant to 
cater for new sales of 500 tonnes worth $2   000   000 p.a. The existing plant is working 
close to its capacity of 1500 tonnes and the new business has a very good variable 

Table 46.5 Payback for dependent and independent parts of a proposal. 

Proposal parts Expenditure Savings Payback (months) 

Total dependent parts 700000 650000 12.9
Independent part A 200000 80000 30.0
Independent part B 100000 20000 60.0
Total 1000000 750000 16.0
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contribution margin (sales price minus variable cost), meaning that the new plant 
would pay for itself in about two years. While on the face of it the proposal appears 
to be justifi ed, more information is required before approval can be given. What is 
needed is an assessment of how well the existing business compares with the new. 
The best way to do this is by constructing a ranked  ‘ quantity/contribution ’  table 
(starting with the highest) as shown in Table  46.6 .   

 Note that the original justifi cation of the $1   000   000 expenditure was based on an 
annual contribution of $500   000 from the new product E. Ranking the contributions 
as shown, however, means that the capacity is expanded by 500 tonnes to enable 400 
tonnes of Product A, which has the lowest contribution, to be produced. This would 
provide an actual economic benefi t of 400    ×    $600    =    $ 240   000 (payback $1   000   000 : 
$240   000    =    4 years and 2 months).  

  Treatment of Intangibles 

 As pointed out earlier on in the chapter, intangible costs and benefi ts often form a 
signifi cant part of process design proposals. However, while intangibles warrant due 
consideration, in most situations it is diffi cult to arrive at proper dollar estimates for 
them. A point to note is that although in some cases it is possible to quantify an 
intangible cost or benefi t, it may still not be practical to assign a realistic dollar fi gure 
to it. Consider, for example, a proposed process improvement which is designed to 
result in a reduction of 15% in customer complaints. Assuming that the 15% fi gure 
is based on proper investigative work, the improvement can be considered  ‘ quantifi ed ’ . 
The next step, turning the reduction in complaints into dollars, is fraught with dif-
fi culty, as it is almost entirely subjective. It may in fact be better not to try to show 
dollar fi gures, as it often leads to much argument and debate. As an alternative 
approach, it is suggested that the principle of  ‘ minimum implied value ’  or  ‘ maximum 
implied cost ’  is employed (La Rooy,  1997b ). 

 The method comprises the following steps:

    •      Determine the net project total by subtracting the  ‘ hard ’  savings from the  ‘ hard ’  
costs to give the net project total.  

   •      List all intangible ( ‘ soft ’ ) costs and benefi ts.  

Table 46.6 Ranked annual quantities/contributions. 

Product Contribution
margin

Quantity Contribution
($000’s)

Σ contributions 
(000’s)

Σ
quantities

Unused
capacity

E (new) 1000 500 500 500 500 1000
D 900 200 180 680 700 800
B 850 400 340 1020 1100 400
C 700 300 210 1230 1400 100
A 600 500 300 1530 1900 (400)
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   •      If the net project total shows a cost balance, then the  ‘ minimum implied value ’  of 
the combined intangibles must be considered to equal or be greater than that cost 
balance for the proposal to proceed.  

   •      If the net project total shows a savings balance, then the  ‘ maximum implied cost ’  
of the combined intangibles must be considered to equal or be less than that savings 
balance.    

 An example may illustrate the idea more clearly. A business is considering a proposal 
for some new equipment which will result in some operational savings and some 
improvement in quality as well. The details are: 

     

  Purchase cost of new equipment    $200   000  
  Expected life    4 years  
  Annual savings    $40   000  
  Expected reduction in consumer complaints    200 p.a.  
  Ignore the time value of money.  

 Analysis:

   Cost    =    $200   000  
  Savings    =    4    ×    $40   000    =    $160   000  
  Shortfall    =    $200   000    −    $160   000    =    $40   000  
  Total fewer complaints    =    4    ×    200    =    800  
  Implied minimum value per complaint    =    $40   000 : 800    =    $50    

 In this example, the implied minimum value of each complaint is $50. If it is consid-
ered that actual value to the business is less than that fi gure, the proposal should 
probably not go ahead. If, on the other hand, it is felt that the actual value is greater 
than $50, the case for the proposal is strengthened. 

 Some readers may feel that this method is only assigning dollar fi gures to intangibles 
by some other means. However, while to some extent they would be correct, there 
are some important differences. Firstly, no attempt is made to estimate the cost or 
benefi t fi gures. Secondly, it places the onus for assessing the merits of the proposal 
squarely on the person(s) responsible for approving the proposal.  

  Sunk Costs 

 It is important not to let costs that have been incurred in the past infl uence our eco-
nomic reasoning. Past costs are considered  ‘ sunk ’ , and do not affect future decisions. 
While in most situations sunk costs should be easy to identify, book values of plant 
or machine spares can cause confusion. Although any write - down of the book values 
of plant to be replaced does have a negative impact on the P & L, it does not affect the 
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economic assessment. What should be remembered is that the original purchase was 
in the past and the amount of depreciation to date is irrelevant. Another way of 
looking at sunk costs is that since they are common to all the possible courses of 
action, they have no bearing on the evaluation of proposals and subsequent 
decisions.  

  Set - up and Changeover Considerations 

 Proper consideration of set - up and changeover requirements is a vital part of sound 
food process design, since failure to do so is likely to result in two important short-
comings. Not only will the opportunity to simplify and minimise the set - up and 
changeover requirements be missed, but the estimated operational costs will be under-
stated also. 

 As a fi rst step, the process designer needs to identify all the activities and require-
ments associated with the setting up of a typical production run, such as engineering 
work, sanitation and pre - production batch preparation. Next, every effort should be 
made to simplify and minimise the requirements, as they become a  ‘ fi xed cost ’  com-
ponent of each future production run, largely irrespective of run size. Finally, realistic 
cost estimates should be made for all requirements, which should be incorporated into 
the output unit cost. In some cases it would be a good idea to develop a  ‘ ready reck-
oner ’  for different run sizes, as shown in Table  46.7 .   

 It should be appreciated that in some situations, set - up costs can be highly signifi -
cant. Take, for instance, the case of a process requiring steam to be available at 6 
a.m. to preheat the cooking equipment so that it is ready for production at 8 a.m. 
To have the right amount of steam available at the correct pressure at 6 a.m. means 
that the boiler needs to be fi red up at 4 a.m. Ignoring any other start - up costs, there 
is the cost of the boiler labour together with energy costs, all of which are incurred 
before a single unit is produced. In cases where set - up costs are high, there is likely 
to be a temptation to go for larger production runs to enable the fi xed set - up cost 
to be recovered over a greater number of units, which goes against JIT (just - in - time) 
thinking.  

Table 46.7 Set-up costs in dollars per unit for increasing run size. 

Set-up cost element Qty 1000 Qty 2000 Qty 3000 Qty 4000 

Engineering work 200 200 250a 250
Start-up energy 450 450 450 450
Cleaning, sanitation 150 150 300a 300
Wasted material 200 200 400a 400
Total 1000 1000 1400 1400
Set-up cost per unit 1.00 0.50 0.46 0.35

a After producing 2000 units, the plant needs some engineering adjustment as well as another clean. 
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   ‘ Thinking Bold and Acting Cautiously ’  

 It is important to keep in mind that in any process development proposal, we are 
dealing with both  ‘ strategy ’  and  ‘ implementation ’ . In addition, it is necessary to appre-
ciate that there are also two different approaches to embarking on a food process design 
project, i.e.  ‘ bold ’  and  ‘ cautious ’  (La Rooy,  2010 ). As shown in Table  46.8 , selecting a 
 ‘ bold ’  or a  ‘ cautious ’  approach provides very different  ‘ directions ’  for both strategy and 
implementation (La Rooy,  1993a ).   

 By combining the  ‘ directions ’ , four quite different policies can be developed:

    •       Policy A: cautious – cautious  .      Generally low in risk but unlikely to provide a long -
 term competitive advantage. It is likely that future expenditures will be required to 
update the process.  

   •       Policy B: cautious – bold  .      As for policy A but higher risk because of an  ‘ all or 
nothing ’  implementation.  

   •       Policy C: bold – bold  .      The policy can deliver a good solution but can be very risky. 
Large up - front costs are generally unavoidable.  

   •       Policy D: bold – cautious  .      In most situations, this is the appropriate policy as it 
provides for future focused gains while minimising risks. While each situation is of 
course unique, as an overall guide designers should, for example, go initially for 
lower fi xed and higher variable costs to lessen the risk to the business. As through-
put increases and confi dence in the new process grows, more capital could be 
invested to lower the variable costs.      

  Process Variability 

 Process variability is a fact of life, which means that all manufacturing processes are 
subject to variability to a greater or lesser degree. Take, for example, a highly accurate 
fi lling process which is set to fi ll 500   g jars. If precise weight measurements of a 
number of jars were taken, differences in weights would be found, although they 
would be small. Since process variability can have a major impact on operational costs 
and consistency of output, it is important for designers of food processes to appreciate 
the nature and extent of the different variabilities that will affect the new process. 
Consideration of variabilities should form an integral part of the design stage and not 
be left until after the new process has been installed. This means ensuring that all 

Table 46.8 Determining development policy. 

Strategy Implementation (or execution) 

Cautious More of the same A step at a time 
Bold Biting the bullet All or nothing 
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sources of potential process variability are identifi ed, properly understood and mini-
mised where appropriate. In addition, monitoring methods and effective control of the 
variabilities need to be specifi ed as part of the design. 

  Causes of Process Variability 

 It is important for designers of food processes to realise that there are two different 
types of causes of variability, i.e. common causes and special causes. Common - cause, 
or statistical, variability is the random variation in results or performance which is 
due to the nature of the process rather than any specifi c action. It is the variation 
which is considered  ‘ normal ’  for the process. As common - cause variability is an inher-
ent aspect of a process, reductions in variability can only come about by changing 
(improving) the process. Special - cause variability is due to those extraordinary and 
often  ‘ one - off ’  events which cause a temporary increase (or decrease) in variability. 
A process should not be changed as the result of encountering special - cause 
variability. 

 The distinction between common and special causes is particularly relevant when 
improvements to processes are considered. It is, for instance, not uncommon for com-
panies to make major and costly changes to processes in response to problems which 
have their origin in  ‘ special causes ’ . Likewise, the reverse can also be the case: prob-
lems due to common - cause variability may be explained away as  ‘ one - off ’  and unlikely 
to recur, and thus requiring no changes to the process.  

  Negative Effects of Process Variability 

 A high level of variability usually results in reduced customer satisfaction as well as 
unnecessary costs. Without any doubt, the most important of all effects is the detri-
mental impact that variability has on one ’ s reputation in the marketplace. If there is 
one thing that annoys customers more than anything else, it is a lack of consistency. 
Nothing will damage a reputation more quickly and more permanently than a high 
level of variability in the quality of products and services. In addition to the damaging 
effect on the reputation of the business, there are several other negative effects of 
process variability, such as:

    •       Increased material costs  .      Quite often, high process variability means that more 
material may have to be used to ensure that the minimum standard in the specifi ca-
tion is adhered to. Take, for example, a weighing machine which is expected to 
produce 1   kg quantities without any underweights. Assume a weighing variability 
of, say,  ± 20   g; then the machine would need to be set at 1020   g. If the weighing vari-
ability could be reduced to, say,  ± 10   g, some 10   g could be saved per weighing.  

   •        ‘ Out - of - spec ’  production  and subsequent wastage or reworking, as well as the need 
to reschedule.  



1454 Handbook of Food Process Design: Volume II

   •       Reduced capacity  .      Processes that are under proper control tend to operate better, 
with resulting increases in output.  

   •       Higher inventory levels  .      High product variability also means that higher levels of 
inventory are required to service the market. Product consistency is an essential 
prerequisite for JIT management. Also,  ‘ out - of - spec ’  products become a liability to 
the company as a rule, requiring  ‘ write - downs ’  or additional expense, or both.  

   •       Staff - related costs  .      These costs are associated with pride of workmanship and staff 
morale. High variability in processes is likely to cause many internal problems such 
as scheduling diffi culties and rework, all of which are bound to lead to reduced job 
satisfaction and, as a consequence, to poorer performance.     

  Accumulation of Effects 

 Because customers experience the fi nal result of the various processes, one needs to 
be aware of the potential accumulation of the effects of variability in all processes. 
Take, for instance, a situation where a process consists of the following sub - processes: 
batching, blending and cooking. Assume process performance statistics as follows: 
batching accuracy 90%, blending effectiveness 90% and cooking - temperature accu-
racy 90%. Table  46.9  shows the average effect on production batches (assuming that 
the performances of the three sub - processes are independent of each other). We can 
observe that we have, on average, perfect batches only 72.9% of the time. Also, there 
is one  ‘ unlucky ’  batch in one thousand batches which features  ‘ the worst with the 
worst with the worst ’  combination.   

 While this example shows only three sub - processes, in most practical situations 
there would be many more processes involved in producing a fi nal output.  

  Minimising and Managing Process Variability 

 It is by seeking to minimise variability in the fi rst place that the technical professional 
can make a signifi cant contribution to the ultimate performance of the process. 
During the development phase, there are many opportunities for this but, unfortu-
nately, the opportunities are seldom fully appreciated and acted upon. For example:

    •      Requiring potential equipment suppliers to furnish variability data, preferably in 
the form of statistical control charts.  

Table 46.9 Average results of three sub -processes.

% of batches 

Perfect batches 72.9
One shortcoming 24.3
Two shortcomings 2.7
All three shortcomings 0.1



Commercial Imperatives 1455

   •      Looking for ways to standardise materials and processes wherever appropriate. 
Undue and unnecessary diversity invariably leads to higher variability of output.  

   •      Making the defi nition of the process control methods and the information required 
part of the process design and specifi cations.     

  Process Capability 

 For a process to be considered  ‘ capable ’ , the variability of the process must be no 
greater than a specifi ed tolerance. There is, for instance, little point in specifying an 
output tolerance of, say,  ± 1    ° C when the actual variability of the process is  ± 2    ° C. While 
process capability is thus a straightforward concept, it is unfortunately not always 
appreciated in practice. It is, for example, not uncommon for marketing staff to require 
unrealistic tolerances because of a lack of appreciation of the likely variability of the 
process(es) being proposed. 

 A special area of diffi culty arises when dealing with processes which involve the 
mixing of component materials. While it may be possible to weigh - batch the materials 
with reasonable accuracy, achieving a uniform distribution of components throughout 
the mix is much more diffi cult. This can be a real problem when one or more of the 
component materials is particularly expensive or  ‘ quantity - critical ’ . In such cases, the 
process designer may have to opt for a  ‘ particulate feed ’  solution. In conclusion, 
designers of food processes should keep in mind the following guiding principles:

    •      The specifi cation is the voice of the customer.  
   •      The statistical control chart is the voice of the process.      

  Adopting a  ‘ Process - Based Approach ’  

 To increase the likelihood of food process design projects meeting expectations, it is 
strongly recommended that a systematic,  ‘ process - based ’  approach be adopted. For a 
start, this means looking at the overall operation under consideration  ‘ horizontally ’  
instead of in the traditional  ‘ vertical ’  way. The usual vertical view represents the 
management structure (mainly who reports to whom), whereas the horizontal view 
represents how the operation actually works in terms of the key processes. 

  Charting the Operational Flow 

 Figure  46.1  shows an example of a horizontal view, illustrating the operational fl ow 
from incoming raw materials through to delivery of the fi nished goods to the custom-
ers. Note that both suppliers and customers may interface with the operation in more 
than one process and also that some of the production can follow alternative process 
routes (La Rooy,  1993b ).   

 It needs to be appreciated that the example provided is a fairly simple one and that 
practical situations are likely to be considerably more complex, requiring quite a bit 
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of detailed investigative work. Readers should not, however, be put off by this as not 
only is charting a necessary fi rst step, but drawing up the process fl ow chart will also 
lead to a greater general understanding of the overall operational process.  

  Developing the  ‘ Process - Based Approach ’  

 A system can be described as  ‘ consisting of a number of related parts forming a con-
nected whole ’ . The operational representation shown in Figure  46.1  can be considered 
as a  ‘ system ’ , with the  ‘ parts ’  being the individual processes. If we were to  ‘ drill down ’  
into any process, however, we would fi nd that it was also a  ‘ system ’  in its own right, 
complete with  ‘ parts ’ . This point is important when, further on, we come to the actual 
process of  ‘ food process design ’ . Once the operational fl ow has been charted, a  ‘ process -
 based approach ’  can be developed, which requires the acceptance of three fundamental 
principles:

   1.     Each individual process within the operational system is viewed as a  ‘ mini - business ’ , 
with other processes being  ‘ internal suppliers ’  as well as  ‘ internal Customers ’ . (As 
shown in Figure  46.1 , some processes will also deal with external suppliers and 
customers.)  

  2.     Outputs from one process become the inputs into the next process at agreed stand-
ards of acceptance.  

  3.     There are agreed measurements to monitor and evaluate the performance of all 
processes in the system.     

  Principle 1: Processes as  ‘ Mini - Businesses ’  

 Figure  46.2  shows an individual process, with the main process fl ow running horizon-
tally. Note that besides the main fl ow, there may be a signifi cant number of other 

Figure 46.1 Example of a horizontal view. 
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processes providing input to (and possibly receiving output from) the process under 
consideration.   

 Operating a process as a  ‘ mini - business ’  requires an unambiguous understanding of 
where the agreed boundaries are between it and other relevant processes, together with 
appropriate defi nitions of responsibilities.  

  Principle 2: Agreed Standards of Acceptance 

 Fundamental to the development of a successful  ‘ process approach ’  is the need to 
appreciate that  ‘ in order to meet the expectations of the ultimate external customer, 
we have to meet the agreed requirements of all  “ internal customers ”  in the system ’ . 
It is matter of  ‘ a chain only being as strong as its weakest link ’  or, in other words,  ‘ a 
sound process is unlikely to produce the required output quality if it receives sub-
standard input(s) ’ . This is an important observation, as companies may spend large 
amounts of money on a new process or on enhancing existing ones, only to fi nd that 
the results fall short owing to defi ciencies in other processes. Improvements confi ned 
to just the  ‘ weakest link ’  of a system can often result in exposing a new  ‘ weakest 
link ’ , preventing full realisation of the expected benefi ts. We need to consider the 
necessary quality standards for all inputs and outputs in order to ensure that our new 
or enhanced process can deliver what is expected of it. To avoid unpleasant surprises 
later on, this should be done not only for the process under consideration but probably 
for all other processes in the system as well. The required quality standards should 
be explored under three universal headings:

    1.       Timeliness , e.g. time of fi rst input and time of last output.  
   2.       Quantity , e.g. fl ow rate, quantity per batch and weight per unit.  
   3.       Physical attributes , e.g. viscosity, temperature, weight and colour.    

Figure 46.2 Processes as ‘mini-businesses’.
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 Note that the notion of  ‘ quality ’ , as used throughout this chapter, is about meeting 
the expectations of users and consumers in a consistent manner, rather than implying 
anything about intrinsic value. A product made from low - cost materials can still be 
a  ‘ quality product ’  provided it meets those expectations. On the other hand, a  ‘ classy ’ , 
expensively made product can be of poor quality if it does not meet expectations such 
as reliability and ease of use. 

 In addition to the three input/output quality standards, there is also the question 
of costs to consider. With respect to costs, there should preferably be no tolerance, as 
it is managerially more sound to charge each process with the standard all - inclusive 
cost of inputs at that point rather than with the actual costs, the underlying idea being 
that each process is responsible for any cost variances, allowing each successive 
process to start with a  ‘ clean sheet ’  cost - wise. Progressive control of costs can be 
provided by monitoring any cost variances incurred by each process. The total actual 
cost of the product can be found by adding algebraically the variances of all processes 
and applying the result to the standard costs (La Rooy,  1993b ). 

 The point needs to be made that the way described here of applying standard costs 
and the subsequent assessment of actual fi nal costs is by no means in general use. 
There can be no doubt, however, that it is the more correct method. Where designers 
of food processes fi nd themselves up against more traditional methods of accounting 
such as allocation of overheads by some formula, they should estimate the cost of 
process input(s) and output(s) as realistically as possible.  

  Principle 3: Agreed Measurements of Performance 

 For the process approach to work properly, there has to be appropriate monitoring 
both of the output(s) and of what is happening within the process. It is essential that 
there be early agreement on what is to be monitored and reported. Failure to obtain 
prior agreement will often lead to considerable strife and diffi culties later on. Instead 
of the team discussing the performance of the process and ways of how to improve it, 
the debate is about such issues as units of measure, sources of information and report-
ing frequency. 

 Most readers will be familiar with the use of KPIs (key performance indicators), 
which are employed by many organisations. While KPIs can be helpful to provide a 
measure of control, they are often used inappropriately. The trouble is that KPIs are 
frequently employed to report on all manner of results, irrespective of the type of 
result. We can in fact recognise three quite distinct classes of results:

    1.       overall results , e.g. sales volume, expenditure and profi t;  
   2.       specifi c - responsibility results , e.g. sales per representative, unit cost of production, 

profi t per product and performance improvement;  
   3.       process performance , e.g. machine uptime, weight control and waste.    

 Some organisations employ a large number of KPIs, perhaps at times as many as 100 
or more, usually without any appreciation as to the  ‘ result class ’ . Often, too, because 
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of this lack of appreciation, the KPIs are all reported to the CEO of the organisation, 
who fi nds it diffi cult to absorb all this information, let alone take any required reme-
dial action. When one thinks about it, we cannot really have a large number of  key  
performance indicators. To ensure that our indicators provide some real value, we 
need to recognise the three different classes and adopt a suitable naming convention. 
For this chapter, the following has been adopted:

    •       Critical overall results (CORs)  .      Those ten or so agreed top results which monitor 
the ongoing  ‘ health ’  of the enterprise, for example total revenue and expenditure, 
market share, profi t and ROI, new business, and innovation. In some organisations, 
these indicators are referred to as the  ‘ cockpit indicators ’ . Generally speaking, CORs 
are the responsibility of the organisation as a whole rather than of specifi c individu-
als, as they show the amalgamated result of many responsibilities. The information 
is mainly for senior management and there is generally a fairly long time interval 
between the close - off of the reporting period and the availability of the report. (Note 
that CORs should, as a rule, be established as the result of a business planning 
exercise. Their development and use is beyond the scope of this chapter, however).  

   •       Key responsibility measures (KRMs)  .      The seven or so key results which are the 
specifi c responsibility of a manager or team, for example the process output quality 
standards described earlier (timeliness, quantity and physical attributes), and actual 
cost against standard. The information is mainly for departmental and middle 
management, and there is generally only a matter of days between the close - off of 
the reporting period and the reports being available. (Appropriate KRMs are also 
suitable for monitoring the progress of company - wide performance improvement 
programmes).  

   •       Process performance monitors (PPMs)  .      Measures which are specifi cally designed to 
monitor the performance of a number of aspects of a process, for example weighing 
or batching, and retort operating parameters. For complex processes, there can be 
many PPMs. The information is mainly for the actual operators and their supervi-
sors and should ideally be available in  ‘ real time ’  and in graphical form. Where PPMs 
are subject to statistical process control, it is suggested that they are referred to as 
process control monitors (PCMs).    

 While properly developed and managed KRMs and PPMs will provide focused and 
timely control information to operating staff and their immediate managers, there 
often is a requirement for more senior management to be kept informed on a regular 
basis as well. What this usually means is that those managers are provided with copies 
of the regular reports, which are likely to contain much additional information which 
is of little interest to them. A better idea is for the more senior managers to be able 
to nominate a particular KRM, PPM or PCM which is of special interest to them. For 
example, the Chief Technical Manager could ask for a regular PCM report on the 
performance of some innovative batching equipment. Likewise, the Chief Operating 
Offi cer might require, say, weekly reports on the PPM monitoring plant uptime. Once 
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selected, they should be given the supplementary label of management reporting 
measures (MRMs). In suggesting the use of MRMs, it should be appreciated that these 
are not additional measures requiring special report formats. See Figure  46.3  for the 
relationship between the various measures.   

 Some  ‘ standard KRMs ’  which can be used with considerable effect in most situa-
tions are presented later in the chapter.  

  Separating  ‘ Results ’  from  ‘ Processes ’  

 As stated earlier, if we were to  ‘ drill down ’  into any process, we would fi nd that it 
was also a  ‘ system ’  in its own right complete with sub - processes, the  ‘ parts ’ . Figure 
 46.4 , which is an adaptation of the  ‘ Ishikawa diagram ’  (also known as the  ‘ cause and 
effect ’  or  ‘ fi shbone ’  diagram), shows how a number of sub - processes contribute to the 
output of a process, that is,  ‘ the results ’ . While the diagram appears deceptively simple, 
it can be very useful in identifying the impact of the key sub - processes on the process 
output. In addition, the diagram illustrates the importance of separating the  ‘ results ’  
from the  ‘ process ’ . The latter point will be particularly relevant when we come to the 
actual process of  ‘ food process design ’  and performance improvement. At this stage it 
should be noted that the  ‘ results ’  can be improved only by monitoring and improving 
the  ‘ process ’  or  ‘ processes ’ .     

  A Sound Design Process 

 The technical aspects of  ‘ food process design ’  are undoubtedly covered most expertly 
by the other contributors, so we can confi dently leave those matters to them. It 

Figure 46.3 Agreed measures of performance. 
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should be appreciated, however, that the design activity is itself also a  ‘ process ’ , 
which should be based on a sound methodology and a disciplined approach. Successful 
process design requires the development of a fi rst - rate process with the following 
attributes:

    •      appropriate standardisation and predictability of outcomes;  
   •      scope for exploration and innovation;  
   •      a requirement for thorough analysis;  
   •      a staged approach with clearly defi ned Go/No Go decision points;  
   •      effi cient use of resources;  
   •      transparency and ease of communication;  
   •      proper control of decision - making and progress;  
   •      a comprehensive record of the process, e.g. options considered and decisions;  
   •      professional preparation and presentation of the proposal;  
   •      construction/implementation planning and progress management;  
   •      design and approval of required changes and  ‘ as built ’  recording;  
   •      performance testing, sign - off and handover to production.    

 Table  46.10  outlines a standard fi ve - stage design process template, which can be modi-
fi ed to suit specifi c organisational needs. Note that for the process to work properly, 
the inputs and outputs need to be defi ned carefully for each stage and associated deci-
sion. Once the process has been agreed to by all concerned, it would be a good idea 
to implement a PC - based system to manage the process. By having the system avail-
able on the organisation ’ s network, the system could be largely paperless while at the 
same time allowing all relevant personnel to be kept up to date regarding progress and 
the decisions made.   

Figure 46.4 Separating ‘results’ from  ‘process’.
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  Stage  I : Initiation 

 The initiation stage is the formal starting point of the design process. It is important 
that all design projects have such a formal beginning, as an ill - defi ned and incomplete 
initiation is likely lead to problems later on. Stage I should be designed to handle all 
requests for new processes and improvements to existing processes from anywhere in 
the organisation. 

 A standard form called the  ‘ opportunity brief ’  should be employed, which should 
allow all relevant information to be captured. For example it should include:

    •      what is being proposed and why (purpose and scope);  
   •      interfaces with other processes (preferably, an  ‘ operational fl ow chart ’  as outlined 

earlier should be developed at this stage);  
   •      the  ‘ required by date ’  and any other critical dates;  
   •      the names of the proposer, the  ‘ champion ’  to drive the project, and the eventual 

 ‘ owner ’  of the new process.    

Table 46.10 Five-stage design process template. 

Key input Stage Key output 

Ideas and suggestions 
captured in ‘opportunity
brief’

I – Initiation
Process administration 

Completed ‘opportunity brief ’

Completed ‘opportunity brief ’ First decision, by innovation team Exploration brief 

Exploration brief II – Exploration by technical staff Proposed design brief with options 
Proposed design brief with 

options
Second decision, by innovation 

team
Endorsed design brief with 

selected/preferred option(s) 

Endorsed design brief with 
selected/preferred option(s) 

III – Process design by 
technical staff

Fully specifi ed and costed project 
proposal

Presentation to Company 
Executive based on fully 
specifi ed and costed 
project proposal and 
tentative project plan 

Third decision, by Company 
Executive

Approved project brief 
Additional conditions and 

requirements

Approved project brief IV – Implementation
Management by champion 

Progress reports 
Trial results 
Completion notifi cation 

Completion notifi cation Fourth decision, by process 
‘owner’

Acceptance sign -off
Operational schedules 

Process specifi cations 
Performance data 

V – Performance review by 
‘owner’ and technical staff

Project review report 
Required operational changes 
Opportunities for possible process 

improvements
Opportunities for possible 

improvements
Fifth decision, by ‘owner’ Ideas and suggestions back to 

Stage I 
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 The information is checked for completeness by a  ‘ design process administrator ’  and 
the  ‘ completed opportunity brief ’  is passed to the innovation team for consideration 
and decision. If approved, the form is suitably endorsed and now becomes the  ‘ explora-
tion brief ’ , which is the key input for the next stage of the process.  

  Stage  II : Exploration 

 This also needs to be a defi nite  ‘ stage ’  to encourage the technical staff to adopt a 
properly broad approach from the start. All too often, a specifi c design is decided on 
early in the process without a range of possible solutions having been explored. On 
the other hand, the exploration stage, which can be likened to an architect producing 
a number of concept sketches, should not require too much effort. The idea is to have 
a number of potential schemes identifi ed in suffi cient detail for the assessment team 
to select one or more options for further development. 

 Besides the exploration brief, the technical staff will employ several other important 
inputs, such as:

    •      strategies and priorities;  
   •      the business plan;  
   •      company policies and ethics (e.g. sustainability and social responsibility);  
   •      market information;  
   •      fi nancial expectations and standards;  
   •      relevant technical reports and publications;  
   •      equipment catalogues;  
   •      resource information.    

 On completion of the exploratory work, the technical team produces a  ‘ proposed 
design brief with options ’ , together with a cost estimate for the design work, for con-
sideration and decision by the innovation team. Following approval, and preferably 
with agreement on the preferred option, the form changes to the  ‘ endorsed design brief 
with preferred/selected option(s), which becomes the trigger for the process design 
stage.  

  Stage  III : Process Design 

 The endorsed design brief is the authority for the technical staff to commence work 
on the detailed design. It is of particular importance that all members of the process 
design team have a clear understanding of the  ‘ purpose and scope ’  of the proposal. If 
not already done as part of Stage I, an  ‘ operational fl ow chart ’  should be drawn up, 
together with a detailed diagram of the new process showing all inputs and outputs, 
as outlined earlier in the chapter. At some point during the design stage, it is also a 
good idea to  ‘ drill down ’  into the new process to separate the  ‘ results ’  from the  ‘ proc-
esses ’ , as shown earlier in Figure  46.4 . 
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 The inputs into this stage are much the same as those listed for Stage II, although 
considerably more detail will be required. Possible sources of fi nance may need to 
be identifi ed. In addition to dealing with all the technical design matters, the team 
should also:

    •      keep a design log to record any changes requested or new requirements, changes in 
assumptions, etc;  

   •      where possible, specify ingredients already in use by the organisation to avoid 
unnecessary complexity;  

   •      defi ne the three  ‘ quality standards ’  (timeliness, quantity and physical attributes) for 
all inputs and outputs of the new process;  

   •      defi ne the performance measurements (KRMs, PPMs and PCMs);  
   •      minimise set - up and changeover requirements where possible;  
   •      work through any process capability issues;  
   •      carry out the necessary fi nancial analyses (breakeven and discounted cash fl ow);  
   •      identify all signifi cant intangible costs and benefi ts.    

  Proposal Presentation 

 The fi rst output of Stage III is the fully specifi ed and costed  ‘ project proposal ’ , which 
forms the basis for the presentation to the Company Executive. It is important to 
stress that not only should proposals be conceptually and fi nancially sound, but they 
also need to be  ‘ sold ’  with skill and confi dence. It is unfortunately true that many a 
good proposal has failed to make the grade because of a poorly prepared and  ‘ woolly ’  
presentation. A sound proposal presentation means assessing the economies of the 
proposal thoroughly and presenting the justifi cation in a logical manner. 

 When preparing the presentation, technical staff should be aware that presentations 
for commercial organisations are very different from what is normally required in an 
academic environment. In the main, there needs to be considerably greater emphasis 
on the proposal ’ s  ‘ purpose and scope ’ , coupled with what is required to make things 
happen. On the other hand, there is usually a lesser need for advanced theory and 
meticulous technical explanations, the underlying thought being that the technical 
specialist is competent in his or her fi eld and thus the managerial focus should be on 
the commercial aspects of the proposal. If it is felt necessary, more detailed technical 
information related to, for example, relevant research or methods of investigation 
could be included as appendices to the proposal. To enhance the quality of presenta-
tions, technical staff should not hesitate to seek advice, and may fi nd it helpful to use 
the template shown in Table  46.11  as a guide.   

 The template is largely self - explanatory, but there are three points worth emphasis-
ing. Firstly, the introductory statement is most important in that it  ‘ sets the scene ’  
by defi ning the purpose and the boundaries (scope) of the proposal. To assist in getting 
it right, it is often useful to employ the words  ‘ by means of ’  or just  ‘ by ’ . Take, for 
example, a proposal for a new process, for which the statement may be something 
like this:
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Table 46.11 Presentation guide template. 

Presentation section Content outline Suggested
number of slides 

1
Defi ning the purpose and 

scope of the proposal 
What is being proposed and  why
The why should be the single prime  ‘make or break ’

reason for the proposal, e.g. stating an important 
‘opportunity’ or  ‘threat’ to the business. The  what
should clearly defi ne the boundaries of the 
proposal.

1

Additional supporting reasons or benefi ts such as 
improved quality, enhanced customer satisfaction 
or increased production fl exibility. Care should be 
taken not to ‘scrape the barrel ’ by including a 
large number of marginal benefi ts. 

1–3

2
Identifying what is required 

and who is involved 
New plant and processes, additional premises and 

new personnel resources 
Impact on other departments, processes or systems 

3–6

3
Justifying the proposal New revenue, effi ciency gains, production capacity 

increases
New fi xed and variable costs 
Breakeven analysis, discounted cash fl ow 

4–8

All intangible benefi ts and costs (drawbacks) and 
trade-offs, clearly identifi ed and listed separately 

2–3

4
Underlying assumptions Such as increased sales, nature of competitor 

activity, improved throughput, cost of fi nance. If 
possible, assumptions should be shown in terms 
of both magnitude and probability. 

2–4

5
Tentative project plan Critical dates; milestones and dependencies 

2–4

6
What is needed to 

advance the proposal 
Company sign -off, regulatory approvals 
Securing fi nance, negotiations with suppliers 

1– 2 

7
Questions and answers Record any new information and additional features 

or facilities required 

   To take advantage of an opportunity for 80% additional sales, it is proposed to enhance 
and double the current processing capacity by: 
    •      installing new batching and extruding equipment;  
   •      making improvements to the existing intake facility;  
   •      increasing the capacity of the number 2 boiler by 40%;  
   •      implementing a new production scheduling system.      

 The second point that should be made is the need for conciseness. Company execu-
tives are, as a rule, very busy people and they tend to become impatient and possibly 
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Table 46.12 Project responsibilities. 

        

Project
sub-objectives

Project champion Technical 
specialist

Principal
contractor

Production
manager

Effective project 
management

Prepare detailed 
plan

Provide testing 
details

Critical
construction
dates

Key dates and 
inventory
volumes

Design and 
implement
progress reporting

Provide input Provide input Provide input

Site available 
and prepared

Liaise with other 
parties

Provide temporary 
services

Produce
buffer stock

Tidy up site

Equipment
purchased
and on site

Inspect and 
certify

Take delivery and 
secure

Trained staff Assist with course 
development

Training and 
operational
manuals

Assist with 
specialised plant

Run training 
courses

Etc., etc.

annoyed when having to sit through long - winded presentations. The template shows 
the suggested number of slides for each section of the presentation. Generally speak-
ing, each slide should not have more than say six or so  ‘ bullet points ’ , and take 30 to 
60 seconds to cover. The complete presentation should therefore take on the order of 
15 to 30 minutes. 

 Lastly, there is the need to distinguish clearly between the  ‘ features ’  and the  ‘ benefi ts ’  
of the proposal. It is not unusual for technical specialists to speak with great enthusiasm 
on a particular feature without identifying any associated benefi ts. As a general princi-
ple, features for which no benefi ts can be identifi ed are better left out of the presenta-
tion. A proposal could, for example, include some new equipment employing  ‘ the latest 
digital weighing technology ’ . However, this is likely to be of little interest to senior 
management unless the benefi ts, such as for example greater accuracy, reduced waste 
and improved reliability, are specifi cally listed and preferably quantifi ed. 

 Following consideration and approval by the Company Executive, the proposal, 
together with any additional conditions and requirements, is the second output of 
Stage III and is now termed the  ‘ approved project brief ’ .   

  Stage  IV : Implementation 

 While in many situations the technical specialist will not be responsible for the actual 
construction of the new process facilities, he or she should remain actively involved 
to ensure that expectations will be met. As a fi rst step, the various responsibilities 
need to be defi ned. To assist in this, a simple but effective  ‘ brainstorm table ’  can be 
employed (see Table  46.12 ). The idea is to bring the relevant parties together and list 
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their functions or names along the table ’ s horizontal axis. The next task is to brain-
storm and list all of the  ‘ project sub - objectives ’  using the approved project brief 
together with the tentative project plan. Details of what is involved for each member 
of the group should be specifi ed (light grey in the table). At the same time, prime 
responsibilities (dark grey in the table) are assigned also.   

 During the actual construction, the project champion is responsible for monitoring 
the project and producing regular progress reports. The matters to be covered include, 
for example, performance against plan, expenditure versus budget, results of tests and 
trials, and authorised project variations. If not already done, operational manuals 
should be developed and staff training material prepared. Further work may also be 
required to fi nalise the KRMs and PPMs. 

  Useful Standard  KRM  s  

 The kind and number of measures that should be implemented depend of course on 
the nature of the process and on the organisation ’ s managerial philosophy. However, 
in most situations, the following  ‘ standard ’  KRMs can be used to monitor and control 
several important aspects of the process on a daily basis (La Rooy,  1997c ):

    •      availability (plant uptime);  
   •      productivity;  
   •      quality;  
   •      overall effectiveness.    

 To enable the indicators to be calculated requires fi ve kinds of data, most of which 
ought to be easy and quick to obtain, i.e.

    •       C     =    total crewed time (or intended operating time);  
   •       N     =    total non - operating time (e.g. breakdowns and set - up time);  
   •       O     =    actual output (e.g. numbers of units, tonnes or litres produced);  
   •       T     =    theoretical output rate (e.g. units per hour);  
   •       R     =    quantity of output rejected or outside the specifi cation.    

 The formulae to calculate the indicators are straightforward enough. The availability 
indicator  I  a  is defi ned by

    I
C N

C
a =

−( )   

 Assume that  A     =    8 hours for the day and  N     =    2 hours. Then

    
Ia

h h
h
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=
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 The productivity indicator is found as follows:

    I
O

C N T
p =

− ×( )
  

 Assume that  O     =    10 tonnes for the day,  T     =    2 tonnes per hour, and  C     =    8 hours and 
 N     =    2 hours as before. Then

    

Ip
t

h h t h

t
t

or

=
−( ) ×

=

=

10
8 2 2

10
12
0 83 83. %

  

 Note that this indicator shows the productivity while the plant is actually working, 
as the idle time has already been allowed for in the availability indicator. 

 The quality indicator is found thus:

    I
O R

O
q =

−( )   

 Assume that  R     =    1 tonne and  O     =    10 tonnes (as before). Then

    

Iq
t t

t
t
t
or

=
−

=

=

( )

. %

10 1
10

9
10
0 9 90

  

 While the individual indicators can be very telling, it is also worthwhile to determine 
an overall effectiveness indicator by multiplying the three indicators. So, using the 
fi gures calculated earlier,

    
Io

or
= × ×
=

0 75 0 83 0 9
0 56 56

. . .

. %
  

 On completion of the project, a  ‘ completion notifi cation ’  is produced by the project 
champion for consideration by the project owner. Once the owner is satisfi ed with 
project, he or she will sign off the project acceptance and arrange for the production 
of operational schedules.   
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  Stage V: Performance Review 

 Performance review is an important part of the process, although in practice it is not 
always carried out with suffi cient vigour, if at all. What is required is comparing the 
original process specifi cations, including any approved changes, with operational per-
formance data. In addition, the actual capital and operational costs need to be com-
pared and justifi ed in terms of the project proposal. A  ‘ project review report ’  is the 
key output from this stage, together with details of any required operational changes 
and possible improvements to the process. 

 With respect to any suggested improvements to the process as the result of, say, not 
meeting quality standards, it is necessary to sound a word of caution. It is not uncom-
mon for changes to processes to be requested without suffi cient understanding of what 
is the underlying cause of the problem. When considering process performance, it is 
important to keep in mind the two causes of variability outlined earlier, i.e.  ‘ common ’  
and  ‘ special ’ . How we should react to requests for changes to a process depends 
whether we are dealing with common - cause or special - cause variability and also 
whether we can or cannot control or infl uence the process. The importance of the 
ability to control or infl uence is well demonstrated by the lasting qualities of paint 
on car bodies in comparison with paint on houses. Over the years, car makers have 
created highly controlled environments in which the paint is applied, with the result 
that a very long paint life is now the norm. As shown in Table  46.13 , there are four 
possible scenarios (La Rooy,  1995 ) 

   A: aim to avoid occurrence  .      An example may be where the accuracy of some weigh-
ing equipment is affected whenever a heavy forklift is travelling nearby. A possible 
solution is to divert the forklift traffi c.    

   B: aim to minimise the effect  .      If, in the previous example, it was not possible to divert 
the forklift traffi c, reinstalling the weighing equipment on vibration - absorbing 
mountings could be considered.  

   C: improve the process  .      Common - cause variability can only be reduced by improving 
or changing the process. In the case of the weighing equipment above, the solution 
could be to overhaul the machine.  

   D: replace the process  .      If the common - cause variability cannot be reduced, the process 
needs to be replaced.      

Table 46.13 Dealing with special - and common -cause variability. 

Can control or infl uence Cannot control or infl uence 

Special-cause variability A
Aim to avoid occurrence 

B
Aim to minimise effect 

Common-cause variability C
Change/improve the process 

D
Replace the process 
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  Applying the Concepts and Techniques 

 In concluding the chapter, it is important to emphasise three points. Firstly, a thor-
oughly systematic approach should be adopted in food process design as a matter of 
course, as this will not only result in a sounder proposal but will also mean a more 
effi cient use of resources. Secondly, all relevant commercial considerations and prac-
tices should form an integral part of food process design. It is defi nitely not suffi cient 
for this work to be done belatedly as some  ‘ add - on ’  to the technical work. Thirdly, 
technical specialists should not leave the commercial considerations and practices to 
just the accounting or other administrative staff. By all means, they should seek any 
necessary advice; they should not, however, abdicate their responsibilities. 

 Readers will appreciate that since a fairly wide range of topics had to be covered in 
a single chapter, there had to be some trade - offs between breadth and depth. I hope 
that in spite of this constraint, this chapter will nonetheless prove to be of assistance 
to technical specialists in their quest to contribute more effectively to the ongoing 
success of the enterprise in which they are employed.  
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critical overall results (CORs) 

1459
critical point 103–4, 168–9

CRT (constant retort 
temperature) processing 
167, 178, 180

crumb 745
crushing 926, 939–40 see also 

hammer mills
crust 745
crusting 514
cryogenics 381, 433, 438–9

grinding 930, 941
cryomechanical freezing 440
cryoprotectants 1079
crystal size distribution (CSD) 

651, 669, 671–2
monitoring 678, 679–80

crystallization 648–80
concentration 664–5, 675, 

678–9
design 650–1
drying 650
equipment 660–3 see also 

crystallizers
heat transfer 667–8, 675
material balances 55, 673–4
monitoring 678–80
mother liquor 649–50
nucleation 651–2, 656–60
purity 650
seeding 659–60
size distribution see crystal 

size distribution
supersaturation 649, 652–6, 

657, 659, 669, 672–3
time 664, 669
ultrasound 1138, 1141–3
washing 650
yield 650, 664–8, 674

crystallizers
batch cooling 663–72
draft tube baffl e (DTB) 

661–2
evaporative 661, 672–8
forced circulation (FC) 661
Oslo 661, 662
selection 662–3
sizing 668–71, 675–8
vacuum evaporative 661, 

672–8
crystals 649, 651

growth 659
CSD (crystal size distribution) 

651, 669, 671–2
monitoring 678, 679–80

cubic spline 172, 185
cumulative distribution 

function 693

cup-horn reactor 1153
curd 205–6
current density 1063
curve reference number 295
cutting 925–6, 936–8

ultrasound 1137
water-jet 927, 928

CVS (computer vision systems) 
212

cycles of concentration (CC) 
318–19

cyclones 820
cylinder unloading 397, 398

D-values 140–1, 142, 339, 374, 
698, 699, 1018

DAF (dissolved air fl otation) 
814, 817, 820

dairy products
chromatography 819
high-hydrostatic-pressure 

processing (HHP) 1000, 
1001

membrane technology 769, 
777, 778, 786

mixing and agitation 835
modifi ed-atmospheres 1345, 

1358–9
packaging 1345, 1358–9
pulsed electric fi eld 

processing (PEF) 1224
refrigeration 400
sterilization 364
ultrasound 1128–30

Dalton’s law 405
DBT (dry bulb temperature) 

405, 406
DCS (distributed control 

system) 217
deaerators 683, 684, 689

mechanical separation 820
Dean number 694
Deborah number 268
decimal reduction time 339 

(see more on D-value)
decline phase 337
defoaming 1138
deformation 930
degassing 1138
degradation 1377–8
degree of freedom 104
dehumidifi ers 579, 594–7, 610
dehydration 10

air jet impingement 504, 
505

ohmic heating 1061
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pulsed electric fi eld 
processing (PEF) 1091–2

specifi c volume 31
tray dryers 511

deliquescent materials 941
density 29–30, 29, 448, 449

bulk 31
dielectric properties 1039
evaporation effects 461
extrusion 730
fl uids 263
liquids 31

derivative control 223–4
desalination 770, 776
desorption 624

isotherms 504, 506
determinant inequalities 207
developed head 274–5
dew point temperature (DPT) 

405, 406
diafi ltration 772
dialysis 780
diaphragm valve 289–90
dicing 936–8
dielectric constant 1038, 1192
dielectric heating see 

microwaves; radio-
frequency heating 
processes

dielectric loss factor 697, 
1034, 1036, 1038

dielectric properties 1038–40, 
1192–4

differential method 332
differential pressure meters 

219
differential scanning 

calorimetry (DSC) 135–6, 
138, 632, 749

diffusion-based membranes 
772

diffusion coeffi cients 890, 896, 
1092, 1194

packaging 1243, 1245, 1289, 
1292, 1300

diffusional mass transfer 54, 
1243–5

diffusive mixing 837, 838
digital conversion sensors 200
dilatant fl uids 264, 691–2
dimension measurement 

24–38
dimensional consistency 34
dimensional constant 27
dimensionless analysis 497, 

1195–200

dioxins 1386–7
dipole rotation 1032
direct cooling 315–16
direct electrical resistance 

heating see ohmic heating
direct expansion evaporators 

396–7
direct heating 757
direct-pressure milling 949
direction-dependent sensitivity 

199
discounted cash-fl ow (DCF) 

analysis 1447
discrete element method 

(DEM) 863
discrimination index 207
disinfection see also cleaning; 

sterilization
automation 214

disinfestation 967, 1048
disk mills 945–6
dispersion stability 854
dissipation factor 1039
dissolved air fl otation (DAF) 

814, 817, 820
distillation 242–3

compared to LLE 872
model-based techniques 249
vapour pressure 104–5

distributed control system 
(DCS) 217

distribution
material balances 56
refrigeration 410

distributive mixing 838
Doppler effect 195
Dorkin, Bryan 362
dose equivalent 30
dosimetry 968, 971, 982–3, 

985–7
double jacketed evaporators 

466
dough 268

baking 743, 747–9, 758
extrusion 715, 724, 725
frying 793
mixing 757, 835–6, 844, 

856, 862–3
modifi ed-atmosphere 

packaging (MAP) 1357–8
ultrasound 1122–4

doughnuts 793
downtime

crystallization 669
minimization 212

draft 316–17

draft tube baffl e (DTB) 
crystallizers 661–2

drag 544, 551 see also fl ow
atmospheric 552
coeffi cient 553, 554
extruders 711, 712
fl uidized bed dryers 549–55
lift-induced 553, 558–9
parasitic 553, 557–8
quadratic 553
Stokes’ 556–7
wave 559

dry bulb temperature (DBT) 
405, 406

dry cleaning 828
dry-type evaporators 396–7
dryers

design 547–8
drag 549–55, 556–9
fl uidized bed 234–5
heat pumps (HPD) 534–5, 

579, 582–4, 585–7, 605–9
modeling 548, 605–9
power 555
sizing 548
tunnel 586

drying 10, 21, 245–6, 247, 
510–18 see also 
evaporation

air fl ow 514–15, 520–1, 
524–6, 528

automation 215–16
constant-rate period 515, 

517
costs 511, 536–7, 538, 583
curves 515–16
design 512–13
energy management 538
factors 582–3
falling-rate period 516, 517
fl uidized bed dryers 542–76
heat transfer 518
humidity 518
mass transfer 518
material balances 55, 67–71
mathematical modelling 

521–3, 530–5
microwaves 245–6, 1032, 

1040, 1045–6
model-based techniques 

249–50
moisture content 215, 

515–16, 608–9
pulsed electric fi eld 

processing (PEF) 1091–2
rate factors 513–15



I8 Index

solar 511
spray 813
time 516–17, 535–6
tray dryers 511, 519–28
tunnel dryers 511–12, 

519–20, 528–36
ultrasound 1138, 1144–5
vapour pressure 104–5
warming-up period 515
water activity 510

DSC see differential scanning 
calorimetry (DSC)

dual duct air conditioning 
systems 404

dual-sorption–dual-mobility 
model 1323–4

dynamic models 151–4
dynamic optimization 252
dynamic specifi cations 

200
dynamic velocity 29
dynamic viscosity 33
dyne 25

economic limit heat recovery 
301

edge mills 945
edible packaging 1269–70
effi ciency 64
eggs

adiabatic heats of 
compression 1014

albumen 265, 1014
hysteresis 266
pulsed electric fi eld 

processing (PEF) 1223–4
pulsed UV light processing 

1181
yolks 265, 1014

elastic limit 929
elastic modulus 930, 1110
electric current 28
electric fi eld distribution 

1065, 1067
electric fi eld intensity 1034, 

1064, 1093, 1198, 1211, 
1213–14

electric fi eld strength 30, 697, 
1191, 1194

electric fl ux density 1034
electric potential 30
electric resistance 30
electrical conductivity 1038–9, 

1060, 1063, 1064–5, 1192, 
1220

electrical pressure transducer 
193, 198

electrical resistance heating 
see ohmic heating

electrically enhanced 
membrane fi ltration (EMF) 
785

electro-resistive heating see 
ohmic heating

electrochemical potential 1216
electroconductive heating see 

ohmic heating
electrodes 1215–17, 1219
electroheating see ohmic 

heating
electrolytic resistivity particle 

measurement 922
electromagnetic fi eld 1034
electromagnetic fl owmeter 

195, 198
electron beam irradiators 

979–80, 984, 992
electron interactions 975
electronic nose 206–7
electronic tongue 206–7
electroosmosis 1210
electroperturbation 1080
electroplasmolysis 1061, 1227
electroporation 14, 1079, 

1080, 1199, 1208–10, 
1212, 1213

electrostatic precipitators 818, 
821

elutriation 922
EMA (equilibrium modifi ed-

atmosphere) packaging 
1315, 1317, 1349

emulsifi cation
size reduction 920
ultrasound 1138, 1146–8

emulsifi ers 835, 851
encapsulation 11 see also 

coatings
energy 29, 32 see also work

Gibbs free 84–6
internal 56–7
kinetic 56, 64
potential 56

energy absorption 1198
energy balances 56–65

equations 58, 64
evaporators 464–5
example calculations 65–71
freeze-drying 627–9
high-hydrostatic-pressure 

processing (HHP) 1015–16

mechanical 64
mechanical separation 813
pulsed electric fi eld 

processing (PEF) 1218–19
energy recovery 1375–7
energy use minimization 

215
engineering unit systems 27
enhanced electric fi eld 

continuous treatment 
chambers 1206

enthalpy 57, 78–9
air 406
energy balances 59–62, 304, 

305
evaporation effects 461–2
partial molar 90, 93
phase change systems 62

entropy 81–4
partial molar 90

enzymes
antimicrobial 6
biosensors 197, 198, 205
blanching 451
D-values 699
freezing 216
high-hydrostatic-pressure 

processing (HHP) 1023
inhibition 1342, 1346, 

1347–8
modifi ed-atmosphere 

packaging (MAP) 1342
pressure inactivation 132–4
reaction kinetics 122, 

129–34, 1175, 1314, 1345, 
1346, 1347–8

size reduction processes 950
temperature inactivation 

131, 132–4, 699
ultrasound 1138, 1139–41
z-values 699

equation of continuity 269
equations dimensional 

consistency 34
equilibrium 43, 75
equilibrium modifi ed-

atmosphere (EMA) 
packaging 1315, 1317, 
1349

Escherichia coli 1408–9
high-hydrostatic-pressure 

processing (HHP) 1001, 
1005, 1019, 1020

microwaves 1047
pasteurization 337
pulsed UV light 1175–6

drying (cont’d)
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radio-frequency heating 
1047

ethanol production 249
ethylene vinyl alcohol (EVOH) 

1248, 1253, 1262, 1302
evaporation 431, 460 see also 

drying; pervaporation
air jet impingement 494–6, 

502–4
heat pumps 585–7
heat recovery 302
material balances 55
model-based techniques 250
supersaturation 654
vapour pressure 104–5

evaporation front
baking 745, 747–8
frying 790

evaporation heat 62
evaporative crystallizers 661, 

672–8
evaporators

heat pumps 579, 594–7, 610
material balances 65–7
refrigeration 396–7, 398
thermal 460–87

EVOH (ethylene vinyl alcohol) 
1248, 1253, 1262, 1302

exit age distribution function 
693–4

expansion devices refrigeration 
394–5

expansion in extrusion 727–9
expansion ratio 727
expansion valves 600
extraction factor 883–4
extraction processes 53, 244, 

245, 871–914 see also 
liquid–liquid extraction 
(LLE); solid-liquid 
extraction

costs 911–12
design 876–90, 893–901, 

905–11
hygiene 909–11
material balances 55
model-based techniques 

248, 250
nomenclature 913–14
ohmic heating 1061
pulsed electric fi eld 

processing (PEF) 1090–1, 
1096–7, 1227–8

supercritical fl uid 871, 872, 
901–9

ultrasound 1138, 1145–6

extruders
barrel 717–18
barrel temperature 720, 722, 

724, 726, 729, 730
dies 718, 729
drive system 719–20
feed composition 721, 722, 

726, 728, 730
feed moisture 721, 722, 727, 

729, 730
feed particle size 721–2
feed rate 720, 722
feed system 719
mixing 844
power requirement 724
preconditioning 719
pressure 729
screw 712–17
screw speed 720, 722, 724–5, 

729, 730
single-screw type 711, 715, 

717, 719–20
twin-screw type 711–12, 

715, 717, 719
extrusion 710–35

advantages 710–11
costs 734
density 730
ingredient variables 720–7
material balances 55
model-based techniques 

248
pellet durability index (PDI) 

727, 730
product expansion 727–9
protein denaturation 730
residence time 722–4, 726–7
specifi c mechanical energy 

(SME) 724–5, 729, 730
starch gelatinization 721, 

724, 733
sugar concentration 721
supercritical fl uid (SCFX) 

732–3
torque 724, 726, 729
viscosity 722–4
water absorption index 

(WAI) 727
water solubility index (WSI) 

727
Eyring’s transition-state theory 

139

F test 157
F-value (sterilization value) 

339

failure, mode and effect 
analysis (FMEA) 1409

fans 294–5
FAR (fast axial rotation) 357
farad 30
Faraday’s law 195, 1034
fast axial rotation (FAR) 357
FBR (fl uidized bed reactors) 

121, 573–6
FBRM (focus beam refl ectance 

measurement) 679
feedback control 221–4, 

231–2
feedback-feedforward control 

215, 225
feedforward control 215, 216, 

224
fermentation 122

automation 214–15
material balances 55
membrane fi ltration 786
model-based techniques 

249
ohmic heating 1062
pH changes 196

fermenters 121
FET (fi eld effect transistor) 

1084
FFS (form-fi ll-and-seal) 1258
Fick’s laws of diffusion 517, 

893–4, 1096–7
packaging 1243, 1244, 1290, 

1296, 1321, 1323–4
fi eld effect transistor (FET) 

1084
fi ltration 42, 811 see also 

membranes; 
microfi ltration; 
nanofi ltration; reverse 
osmosis; ultrafi ltration

mechanical separation 
814–15, 817, 821

rate 814–15
ultrasound 1138, 1143, 

1144
fi nancial performance 1437–8
fi nancial statements 1442–3
fi neness modulus 923
fi rmness 128
fi rst law of thermodynamics 

76–8
steady state 81

fi rst-order reactions 116–17, 
123, 135

bacteria death 339, 367, 
697–8, 1017–19
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fi sh
canning 363
CCPs (critical control 

points) 1425, 1427, 1428–9
chilling 433, 1429
critical control points 

(CCPs) 1425, 1427, 1428–9
frying 793
HACCP 1425–9
model-based techniques 249
modifi ed-atmosphere 

packaging (MAP) 1345, 
1356–7

ohmic heating 1059
protein denaturation 138
ultrasound 1126–8

fi sh oil 248
fi ttings 284–6
fl aking 938
fl ash vaporization 813, 817
fl avour

high-hydrostatic-pressure 
processing (HHP) 1002

measurement 203–5, 
206–7

packaging effects 1242–3
fl ooded evaporators 396
Flory equation 1298
Flory-Huggins model 100–1
fl ow see also drag; fl uid fl ow; 

solid fl ow; viscosity
fl owability index 861
measurement 701
mixing and agitation 837
sensors 193–5, 198, 219
solids 193
supersonic 559
transonic 559

fl ow behaviour index 692
fl ow cell 1154–5
fl ow distribution 319
fl ow diversion valve (FDV) 

691
fl ow meters 278–82, 701
fl ow nozzle 280
fl ow pass arrangements 331
fl ow sheets 40–1

heat recovery 299, 303
indirect electroheating 1040
lactose production 46

fl ow work 57
fl uid fl ow 64, 193, 262–6

aseptic processing 691–3
effect on fouling 317
equations 269–78
measurement 278–82

ohmic heating 1059–60
pasteurization issues 343–5
pump selection 262–96

fl uidization 543, 544–5
fl uidized bed dryers 234–5, 

542–76
air supply unit 563–4
batch 565, 566
classifi cation 564–5
continuous 565–7
design 547–8
distributor plate 543, 549, 

550
drag 549–55, 556–9
heat requirements 561
HTST pneumatic 559–64
jetting 570
modeling 548
multistage 569–70
plug fl ow 568
power 555
recirculating 571
sizing 548, 561
spouted 547, 571–2, 573
spray granulation 545–7
superheated steam 570, 571
vibrating 545, 568–9
well-mixed 567

fl uidized bed freezing 437–8
fl uidized bed reactors (FBR) 

121, 573–6
fl uids 262–4

density 263
Newtonian 263–4, 691–2, 

693
fl ux equations 1244
FMEA (failure, mode and effect 

analysis) 1409
foaming evaporation effects 

462–3
focus beam refl ectance 

measurement (FBRM) 679
food safety defi nition 1406
force 25, 29, 31
force circulation air-cooled 

condensers 392–3
force fi elds

mechanical separation 
815–16, 818

forced circulation (FC) 
crystallizers 661

foreign body detection 1121–2
form-fi ll-and-seal (FFS) 1258
Formula Method 371–2
forward-curved fans 294, 295
fouling 317–18

evaporation 462, 480
membranes 772, 776, 778, 

822
ohmic heating 1059
pasteurization 343
PFHEs 332
pipes 203
plate heat exchanger 347
scraped surface heat 

exchanger 348
Fourier number 1197
Fourier time 1195
Fourier transform technique 

1200
Fourier’s law 409, 431
fraction conversion 118–19, 

123
texture degradation 128–9

fractionation
membranes 769, 785, 

786
free energy 84–6
freeze-drying 621–42

adsorption 640
atmospheric 640–1
batch process 636–8
chamber pressure 633–4
cleaning-in-place (CIP) 

procedures 638
coeffi cient of performance 

(COP) 641
condensers 637
continuous process 638–9
costs 622, 639–40
design 625–36
energy balance 627–9
heating plate temperature 

634–5
modeling 636
pore formation 632–3
pretreatments 626
principles 622–5
rates 629–30
specifi c volume 31
temperature 630–3
thermal conductivity 627
thickness 626–9

freezing 10–11, 433–52 see 
also cryogenics

air-blast 437–8
air jet impingement 497
automation 216
cabinet 437
cryomechanical 440
density 448, 449
heat load 451
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heat transfer coeffi cient 450, 
451

high-hydrostatic-pressure 
processing (HHP) 1001

ice content 446–7
immersion 436–7
nomenclature 453–5
Pham calculation 441–3
Plank’s equation 440
porosity (ε) 448
process 434–5
rate constants 443–4
Schwartzberg enthalpy 

model 450
specifi c heat capacity 

448–50
temperature measurement 

199
texture effect 216
thermal conductivity 447–8, 

449
time required 440–3
ultrasound 1138
unfreezable water 446–7

freezing point 444–6
depression 110

frequency 29
friability 929, 941
friction factor 687
frictional force 76
frictional losses 64, 687, 688
fried products 789, 793–5

colour 793–4
crust 790–1, 792, 794
low fat 795
oil content 794–5
texture 794

frozen foods
heat capacity 61–2
packaging 451–2

fruit
cutting 938
high-hydrostatic-pressure 

processing (HHP) 1000, 
1001–2

irradiation 360, 971
modifi ed-atmosphere 

packaging (MAP) 1343–54, 
1358

ohmic heating 359, 1059
pasteurization 342
pulping 948
radio-frequency processing 

1048
storage 1361
ultrasound 1125

fruit juice
electrodes 1217
evaporation 460–1
freeze-drying 635
high-hydrostatic-pressure 

processing (HHP) 1002
membrane fi ltration 785, 

786, 787
model-based techniques 249
ohmic heating 1061
packaging 1242–3
pasteurization 338, 345
pulping 939
pulsed electric fi eld 

processing (PEF) 1089, 
1090–1, 1221–2, 1227–8

rheology 265
ultrasound 1130–3

fruit preserves 49–50, 51
fruit purée 266
frying 22, 23, 789–807

batch process 797
bouyancy 799–800
bubble end point 792
capacity 800–1
continuous process 797–8
energy consumption 801
falling rate 792
heat transfer 792–3, 801–4
initial heating 791
mass transfer 790, 792–3, 

804–5
material balances 55
moisture content 793, 

803–4, 805
ohmic heating 1062
oils 793, 795–7, 798–9, 803, 

806
process control 805–6
stages 791–2
temperature changes 790–1, 

801
vacuum 789–90, 799

fugacity 87, 88
fugacity coeffi cient 87, 89, 

906, 907, 908
funds 1443
fusion heat 62

g force 33
GAB model 1309, 1311
gain scheduling 230, 231–2
gas emissions (landfi ll) 1372
gas exchange 1349, 1350
gas transfer calculations 30
gas turbine exhausts 312

gate valve 286, 287
gauge pressure 33
Gauss’s laws 1034
gel point 137
gelatinization 134–6

baking 743, 753–4
extrusion 721, 724, 728, 

729, 733
proteins 136–8
starch 134–6

Geldart groups 549
gelling systems 137
gels 12
General Conference on 

Weights and Measures 
(CGMP) 27

General Method 371
generalized drying curve 

(GDC) model 531
genetic algorithms 170
Geobacillus 

stearothermophilus 1022
geometric mean diameter 

(GMD) 923–5
geometric standard deviation 

(GSD) 923–5
GHPs (good hygienic practices) 

1411–12
Gibbs-Duhem equation 91, 

97–8, 102–3
Gibbs free energy 84–6, 90–1, 

96–8, 98 see also chemical 
potential

excess 99, 101, 106
glass 1247, 1373, 1374, 

1380–2
glass-coil static chambers 

1205
glass transition 9–10

compared to water activity 
10

extrusion 729
packaging 1265
temperature 9, 631–3

global warming 381, 1375
globe valve 286–7
GMD (geometric mean 

diameter) 923–5
Gompertz equation 143, 158
good hygienic practices (GHPs) 

1411–12
good manufacturing practices 

(GMPs) 1411, 1431
gPROMS software 251–4
graders 821
grading byproducts 55
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Graesser raining bucket 
contactor extraction 875, 
877

grain drying 248
grand composite curve 310, 

311
gravimetric control 827
gravitational unit systems 

25
gravity silo mixers 849
gray (unit of measure) 30
greaseproof paper 1246
greenhouse gases 1372, 1375, 

1384, 1390
grid diagram 332
grinding 936–8
GSD (geometric standard 

deviation) 923–5
gyratory crushers 940

HACCP (hazard analysis 
critical control points) 
1407–33

advantages 1410–11
cheese plant 1425
effectiveness 1420–1
extraction processes 

909–11
fi sh-smoking plant 1425–9
high-hydrostatic-pressure 

processing (HHP) 1002
hygienic design 1429–30
ISO 22000:2005 1431
meat plant 1422–5
pasteurization 336–7
plan development 

1412–13
plan implementation 

1415–20
prerequisite programmes 

(PRPs) 1411–12, 1431
principles 1408–10, 1413–15
process fl ow diagram 

1416–17
small businesses’ issues 

1421–2
half-life 117
halogen lamp/microwave 

baking 759–60
ham 999, 1001
hammer mills 933–4, 935, 

942–4, 944, 946–7
hazard analysis 1413–14, 1417, 

1431–3
hazard analysis critical control 

points see HACCP

HDPE (high-density 
polyethylene) 1250–1, 
1262, 1385

headspace 1313–15, 1341–2, 
1349, 1350–1, 1359

heat 29, 57
energy balances 59–62
latent 59, 62, 406, 409–10
respiration 59
sensible 59, 406, 409–10

heat capacity 29, 57, 78–9
constant pressure 78–9
constant volume 78
enthalpy change 60
equations 61
indirect electroheating 

1037
heat cascading 304–6
heat conduction 431
heat exchangers 300, 329–32, 

338
air conditioning systems 

401, 402
aseptic processing 707
cooling operations 316, 433
pasteurization 343–50
site composite curve 306–7

heat load 451
heat of condensation 62
heat of evaporation 62
heat of fusion 62
heat preservation 12–13
heat pumps 312, 578–616

air conditioning systems 
401, 402

classifi cation 580
coeffi cient of performance 

(COP) 612
compressors 581, 597–8, 

610–11
condensers 598–600, 610
contact factor (CF) 612
conventional 584–5
dehumidifi ers 579, 594–7, 

610
drying 534–5, 582–4, 585–7, 

605–9
evaporators 579, 594–7, 610
expansion valve 600
inert gas 589–90
modelling 594–609
multi-mode 587–9
simulation 609–16
solar assisted 590–4
solar collector effi ciency 

611

solar evaporator collector 
601–4

solar fraction 611–12
specifi c moisture extraction 

rate (SMER) 612
vapour absorption heat 

pumps 581–2
vapour compression 579, 

580–1
heat radiation 430–1
heat recovery limits 300–2
heat recovery pinch 300
heat resistance of 

microorganisms 340–1
heat transfer

aseptic processing 694–7
calculation techniques 

371–3, 430–2
crystallization 667–8, 675
drying 518, 533
frying 790, 801–4
indirect electroheating 1032, 

1037
minimum water use design 

320, 322, 323, 325, 328
pinch design method 300, 

319, 321, 322–3, 328
surface area requirements 

322, 329, 331–2
thermal processing 370–3
tubular heat exchangers 

347
vertical design 324

heat transfer coeffi cient
air conditioning systems 

409
air jet impingement 493
aseptic processing 694–5, 

697
baking 754–6
chilling 432
condensers 598
conjugate phenomenon 493
drying 518
evaporators 470–5
freezing 450, 451
frying 790, 792, 801–4
heat pumps 596
indirect electroheating 1037
ohmic heating 1070

heating and cooling processes 
299–332

aseptic processing 689–90
requirements determination 

300–10
heating load 407
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heating operations 310–15 see 
also pasteurization

air jet impingement 490–1
energy balances 55
enthalpy change 60
residual moisture 490
supersaturation 654

heating-rate sensitivity 1040
helix angle 712
Helmholtz free energy 85
henry (unit of measure) 30
Henry’s law 94–5, 96, 1244–5, 

1321
Henry’s law constant 95
HEPA (high-effi ciency 

particulate arresting) 
fi lters 685

herbs 5–6
irradiation 360

Herschel–Bulkley model 
264–5, 692

hertz 29
heterogenous nucleation 658
HFCs (hydrofl uorocarbons) 

399, 400
HHP see high-hydrostatic-

pressure processing
high-density polyethylene 

(HDPE) 1250–1, 1262, 
1385

high-effi ciency particulate 
arresting (HEPA) fi lters 
685

high-hydrostatic-pressure 
processing

come-down time (CDT) 
1003

come-up time (CUT) 1003
high-hydrostatic-pressure 

processing (HHP) 13, 
998–1025

basic process 1002–4, 
1005–8

batch process 1010
calculations 1017–23
costs 1010–11
dairy products 1000, 

1001
design 1008–11, 1023–4
drying 1000
energy balances 1015–16
fruit 1000, 1001–2
meat 999–1001, 1024
microbial destruction 

1017–23, 1024
milk 999

packaging 1010, 1015, 
1261–5

pasteurization 359, 999, 
1000, 1004–5, 1024

poultry 1000, 1002
precooling 1003
preheating 1003
regulations 1011–12
seafood 1000, 1002, 1010, 

1024
shelf-life 999, 1000
sterilization 1000, 1005, 

1024
thawing 1000, 1001
theoretical principles 

1012–17
vegetables 1000, 1001–2, 

1024
water activity 1020–1

high-pressure frying 790
high-pressure–high-

temperature (HP-HT) 
1003, 1004, 1005, 1006, 
1007–8

design 1009, 1022–3
high-pressure–low-temperature 

(HP-LT) 1003, 1004, 1006
high-pressure thermal (HPT) 

processing 1265–6
high selector switches (HSS) 

228
high-shear agitated vessels 

843–5
high temperature short time 

(HTST) processes
extrusion 710
ohmic heating 1057–8
pasteurization 343
pneumatic fl uidized bed 

dryer 559–64
high-voltage technology 

1188–229 see also 
microwaves; ohmic 
heating; pulsed electric 
fi eld processing; radio-
frequency heating 
processes

dimensionless analysis 
1195–200

electric fi eld strength 1191, 
1194

electroporation 1199, 
1208–10

energy absorption 1198
microbial inactivation 1199, 

1207–13

models 1194
product velocity 1191, 

1194
residence time 1191
spectrum range 1190
temperature 1191, 1194
unifi ed process models 

1190–202
holding tubes 690–1, 704–5
hollow fi ber membranes 773, 

774
homogeneity 836–7, 851, 852
homogenizers 951–4
homogenous nucleation 

656–8, 659, 661
honey

fl ow 266
pulsed UV light processing 

1181–2
Hooke’s law 930
horizontal tube evaporators 

466, 467
hot air drying

fl uidized bed dryers 542–76
tray and tunnel dryers 

510–39
hot composite curve 300, 301, 

304
hot-fi ll processes 338
hot gas bypass 397, 398
hot oil systems 312
hot utilities 310–13
hot water retorts 376
hot-wire anemometers 202, 

203, 204
HPT (high-pressure thermal) 

processing 1265–6
HTST (high temperature short 

time) processes
extrusion 710
ohmic heating 1057–8
pasteurization 343
pneumatic fl uidized bed 

dryer 559–64
humidity 405

drying 518, 532
packaging 1317–20

hurdle technology 15–16, 
335–6, 340

pulsed electric fi elds (PEF) 
1225–9

hydraulic pressing 1227–8
hydrocooling 432
hydrocyclones 819
hydrofl uorocarbons (HFCs) 

399, 400
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hydrogen ion concentration 
see pH

hydrogen peroxide 14, 685, 
1257

hydroperoxides 1328, 1331, 
1332

hydrostatic pressure 219 see 
more on HPP

hydrostatic retorts 357–8, 
377

hygiene see also cleaning; 
HACCP (hazard analysis 
critical control points)

automation 214
design 1429–30
sensors 201

hygroscopic materials 941
hysteresis 266

sensors 200

ice chilling 433
ice content 446–7
ideal dilute solutions 95
ideal gas 86
ideal gas law 29–30, 87
ideal mixtures 93–4
ideal solutions 87–8, 94–5
IGBT (insulated-gate bipolar 

transistor) 1084, 1099
immersion freezing 436–7
impact mills 944
in-pack retorting 350–1
in-vessel pasteurization 358
inactivation 12–15
incineration 1375–7, 1386
indirect cooling 316
indirect electroheating 1033–7 

see also microwaves; 
radio-frequency heating 
processes

indirect heating 757
inductance 30
inert-gas arc lamps 1170–1, 

1173
inert gas heat pumps 589–90
infi ltration 410, 423–4, 427
infrared thermometry 193, 198
inhibition 4–12
insect disinfestation 969
insulated-gate bipolar 

transistor (IGBT) 1084, 
1099

integral balance 44
integral control 222–3
integration of processes 233, 

234

intelligent packaging 1270–1, 
1275, 1285–6

intensity of segregation 836
internal energy 56, 75
internal noise 199, 200
internal pressure 79
internally heated fl uidized bed 

dryers 570
International Bureau of 

Weights and Measures 
(BIPM) 27–8

International Committee for 
Weights and Measures 
(CIPM) 28

International Organization for 
Standardization (ISO) 22

international standards 1379, 
1391, 1393–4, 1408, 1410, 
1431–3

International System of Units 
(SI units) 27–35, 36–8

interweave systems 1173
invariant crystals 651
investment 1440–1
ion-selective fi eld effect 

transistors 197
ionizing radiation 972–3
ions 1032
irradiation 360, 967–94

absorbed dose 968, 969, 
972

buildup factor 983
calibration 985–7
cleaning 990–1
cobalt-60 976–9, 981–2, 984, 

990, 992
costs 968, 971, 991–2
design 975–82
dose rate 974, 982–3
electron beam 979–80, 984, 

992
electron interactions 975
installation 986
ionizing radiation 972–3
labeling requirements 970
mass attenuation coeffi cient 

983
models 987–90
Monte Carlo simulations 

983, 989–90
packaging 685
photon interactions 973–5
point kernel method 983, 

988–9
process control 985–7
process fl ow 971–2

product-tracking software 
971–2

regulations 967–8, 993
shape of products 970–1
uses 969
X-ray 980, 984–5

ISO 9001:2000 1408
ISO 14000 1379
ISO 22000:2005 1408, 

1410
combined with HACCP 

1431–3
ISO (International 

Organization for 
Standardization) 22

isobetanin 125
isolated systems 42
isolethality curve 178, 179, 

180, 183
isostatic rule 1012
isothermal processes 122

protein gelatinization 
137

isothermal systems 42

Jacobian 149
jaw crusher 940
jet mill 944
jet mixers 843, 857–9, 866
jetting fl uidized bed dryers 

570
joints 284–6
joule 29, 32
Joule heating 1057, 1192, 1196 

see also ohmic heating
juices

electrodes 1217
evaporation 66–7, 460–1
fl ow 266
freeze-drying 635
high-hydrostatic-pressure 

processing (HHP) 
1002

membrane fi ltration 785, 
786, 787

model-based techniques 
249, 250

ohmic heating 1061
packaging 1242–3
pasteurization 338, 345
pulping 939
pulsed electric fi eld 

processing (PEF) 1089, 
1090–1, 1221–2, 1227–8

rheology 265
ultrasound 1130–3
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katal 30
kelvin 28
Kestner evaporators 481
key performance indicators 

(KPIs) 1458–60, 1464, 
1467–8

key responsibility 
measurements (KRMs) 
1459, 1464, 1467–8

Kick’s law 931, 932, 933
kilogram 28
kilogram-force 27
kilogram-mass 27
kinematic viscosity 29, 33, 

1192
kinetic energy 56, 64, 75

centrifugal pump 292
kinetic models 122, 241

aseptic processing 
697–701

baking 752
electroporation 1209
pulsed electric fi elds (PEF) 

1211–13
Kirkbride equation 472
klystron 1041
knife mills 941, 943, 949
kraft paper 1246
Kremser’s method 883–8

labeling requirements 970
LACF (low-acid canned food) 

378–9
lack of fi t test 157
lactose production 45, 46
lag phase 337
Lambert’s equation 1036
laminar fl ow 64, 270, 271, 

344, 692–3
mixing 838, 839–40, 

855–6
lamination 1254
landfi ll 1371–2, 1389–90
Langmuir equation 1298
Laplace’s equation 1064
laser doppler anemometry 

(LDA) 862–3
laser-induced fl uorescence 

(LIF) 862
latent heat 59, 62

air 406, 409–10
LCA (life cycle assessment) 

1379, 1390
LDPE (low-density 

polyethylene) 1250, 1262, 
1263, 1266

Le Chatelier’s principle 13, 
1012

leaching 244, 817, 871, 
890–901

agitated tanks 892
batch process 892, 893–6
countercurrent 892, 896–901
mass balances 897, 900–1
overfl ow 896–7
percolators 892
product examples 891
underfl ow 896, 897

length 25, 28
lentils 137
lethality 168–9, 172, 178, 179, 

215
curves 371
General Method 371
pasteurization requirements 

340–1
level control 219, 224, 225, 

228, 1121
lever rule 878–80
Lewis number 1195
life cycle assessment (LCA) 

1379, 1390
lift-induced drag 553, 558–9
lightness (colour) 750, 753, 

754 see also browning
linear regression 145–8, 154
linear weighted sum 

aggregating function 
174–5, 183

linearity error 199
linearity of sensors 199
liquid–liquid extraction (LLE) 

871, 872–90
absorption factor 883–4
activity coeffi cient models 

889–90
agitated columns 874–5, 

877
centrifugal 876, 877
countercurrent cascade 

880–90
difference point 881
difference stream 881
extract 878, 881
extraction factor 883–4
Graesser raining bucket 

contactor 875, 877
graphical methods 880–4
group contribution model 

890
Kremser’s method 883–8
lever rule 878–80

mass balances 883
MESH equations 888–90
mixer-settlers 873, 877
multistage centrifugal 876, 

877
non-agitated columns 873–4
packed columns 874
Podbielnek centrifugal 876, 

877
pulsed columns 874, 877
raffi nate 878, 881, 888
reciprocated agitated 

columns 875, 877
rotary agitated columns 

874–5, 877
sieve plate columns 874
single-stage 876–8
spray columns 873–4

liquid whistle reactor 1153–4
liquids

property data 239, 461–2
saturated 63
size reduction 951–5
specifi c gravity 31

Listeria monocytogenes 142, 
337, 999, 1001, 1019, 
1223

listeriosis 1409
LLE see liquid–liquid 

extraction
local composition model 

100–2
local Pareto-optimal solutions 

174
log-logistic model 143
log phase 337
loss tangent 1039
low-acid canned food (LACF) 

378–9
low-density polyethylene 

(LDPE) 1250, 1262, 1263, 
1266

low electric fi eld stimulation 
14

low selector switches 228
lumen 29
luminance 29
luminous fl ux 29
luminous intensity 28
lumped capacitance method 

802
lyophilization see 

freeze-drying

macroscopic perforations 1296
magnetic fi eld intensity 1034
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magnetic fi eld strength 30, 
1042

magnetic fi elds 15
magnetic fl ux 30
magnetic fl ux density 30
magnetrons 1032, 1040, 

1041–2
magnets mechanical 

separation 818, 821–2
Maillard reaction 117

acrylamide 795
baking 749–51
colour kinetics 126–7
extrusion 730
frying 793, 795

maintenance 864–6
makeup water 318–19
Mannich reaction 481
manometers 193, 198
manufacturing 53
MAP see modifi ed-atmosphere 

packaging
margins 1438–9
Margules equation 98–9
market price 1438
marketing 1238, 1241, 1260
mass 25, 28, 32
mass attenuation coeffi cient 

983
mass balances

crystallization 665–7
distribution 56
equations 43–5
evaporators 464
example calculations 45–52, 

65–71
fundamentals 40–5
liquid–liquid extraction 

(LLE) 883
mechanical separation 

813
membranes 771–2
packaging 56
preprocessing 54–5
process 40
solid-liquid extraction 897, 

900–1
storage 56
transformational processes 

55
mass fl ow rate 193
mass transfer

drying 518, 533, 1090–1
extraction 1090, 1097
frying 804—5
packaging 1242–5, 1286–332

mathematical modelling 239, 
246

Maxwell-Boltzmann 
distribution 139

Maxwell’s equations 1034, 
1036–7

mayonnaise 265
McCabe–Smith equation 901
measurement see also 

monitoring
historical systems 26
at-line 191–2
on-line 192
parameter classifi cation 

197
recent developments 

201–7
systems 25–8
units and dimensions 

24–38
meat

CCPs (critical control 
points) 1423–5

critical control points 
(CCPs) 1423–5

cutting 926
freezing 1424
HACCP 1422–5
high-hydrostatic-pressure 

processing (HHP) 
999–1001, 1024

model-based techniques 
249

modifi ed-atmosphere 
packaging (MAP) 1345, 
1354–6, 1357

myoglobin 1354–5, 1357
pulsed electric fi eld 

processing (PEF) 1092–3
radio-frequency processing 

1046–7
ultrasound 1126–8, 1138, 

1148–51
meat grinder 936–8
mechanical draft 316–17
mechanical energy balance 64, 

272
mechanical equilibrium 75
mechanical pressure sensors 

193, 198
mechanical separation 

811–30
barriers 814–15, 817
centrifuge 816–18
chromatographs 818–19
clarifi ers 818, 819

classifi ers 817, 819
cleaning 825, 828–9
costs 829
cyclones 820
deaerators 820
defi nition 811–12
design 824–7
dissolved air fl otation (DAF) 

814, 817, 820
electrostatic precipitators 

818, 821
energy balances 813
fi lters 814–15, 817, 821
fl ash vaporization 817
force fi elds 815–16, 818
graders 821
leaching 817
magnets 818, 821–2
mass balances 813
membranes 814, 817, 822 

see also microfi ltration; 
nanofi ltration; reverse 
osmosis; ultrafi ltration

phase addition 814, 817
phase creation 813, 817
presses 817, 822
process control 827–8
process fl ow diagram 

825
puffi ng guns 817, 822–3
screens 814, 817, 823
sieving parameters 814
size reduction 919–20
solid agents 815, 818
sorters 823–4
steam peelers 817, 824
water softeners 818, 824

MEF (moderate-electric-fi eld) 
processing see ohmic 
heating

membrane modules 249
membranes 769–87

advantages 769, 785
batch process 772, 782
clarifi cation 785
classifi cation 775
cleaning 772, 784
cold sterilization 769
concentration 769, 776, 783, 

785
continuous process 772, 

782
design 782–3
diafi ltration 772
diffusion-based 

772
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electrically enhanced (EMF) 
785

fl ux equations 779–81
fouling 772, 776, 778, 784, 

822
fractionation 769, 785, 

786
hollow fi ber 773, 774
material balances 771–2
materials 770, 772–3, 775, 

776, 777, 778
mechanical separation 814, 

817, 822
microfi ltration 770, 777–8, 

784, 785
nanofi ltration 770
operation 770
permeate 770, 772
pervaporation 772, 778–9
plate and frame 773–5
reverse osmosis 770, 776–7, 

785
spiral wound 770, 774
transmembrane pressure 

772
tubular 773
ultrafi ltration 770, 773, 777, 

781, 784, 785
viscosity 772

MESH equations 888–90
mesophilic organisms 337
metal detectors 1424
metal–oxide–semiconductor 

FET (MOSFET) 1084
metal packaging 1254–6, 1375, 

1382–3
metering pump 686–7, 688
methyl bromide 967, 1048
metre (measurement) 28
Michaelis-Menten kinetics 

129–30
microbial reactions 122
microfi ltration 770, 777–8, 

784, 785
microorganisms see also 

bacteria; pasteurization; 
sterilization

acidity effect 338
active packaging 1268–9
carbon dioxide inhibition 

1341
D-values 140–1, 142, 339, 

374, 698, 699, 1018
electric fi eld effect 

1058
freezing 10–11

HACCP 336–7
hazard analysis 1417, 

1432
heat resistance 363
high-hydrostatic-pressure 

processing (HHP) 999, 
1004–5, 1017–23, 1024

high-voltage technology 
1199, 1207–13

inactivation 138–44, 159, 
363–79, 1019–20, 
1089

irradiation 967, 969, 
973

kinetic models 1211–13
membrane fi ltration 779, 

778
modifi ed-atmosphere 

packaging (MAP) 1356, 
1357, 1359

pasteurization criterion 
369–70

pulsed electric fi eld 
processing (PEF) 1089, 
1095–6, 1099, 1211–13

pulsed UV light 1167–8, 
1174–5, 1180–2

sterilization criterion 
367–9

survival curves 141, 1019, 
1176, 1211

temperature sensitivity 4, 
336–7

thermal death time 699
ultrasound 1138, 1139–41
z-values 140–1, 340, 374, 

698, 699
microscopic analysis of 

particles 922
microsieves 784
microwaves 14, 1031–52, 

1189, 1201–2 see also 
high-voltage technology

air jet impingement 491, 
759

applicators 1042–3
aseptic processing 690, 

696–7, 707
baking 759, 1046
costs 1050–1
design 1040–1
drying 245–6, 1032, 1040, 

1045–6
equipment 1041–2
freeze-drying 640
frying 790

halogen lamp combination 
759–60

pasteurization 360, 1044–5
power requirement 1040
safety guidelines 1049, 1050
sterilization 1045
tempering 1045
theory 1032–40

milk 137
adiabatic heats of 

compression 1014, 1014
bacteriocins 1228–9
Bouman experimental 

dimensional equation 
474

coagulation 205–6
evaporation 462
fl ash vaporization 813
fl ow 266
high-hydrostatic-pressure 

processing (HHP) 999, 
1001

melamine contamination 
1409

microfi ltration 778, 786
microorganism inactivation 

142
mixing and agitation 835
model-based techniques 

248
modifi ed-atmosphere 

packaging (MAP) 1359
ohmic heating 1058
pasteurization 336, 343, 

346–7, 813, 1058, 1096
protein denaturation 138
pulsed electric fi eld 

processing (PEF) 1089, 
1096, 1222–3, 1228–9

pulsed UV light 1170
pulsed UV light processing 

1182
UHT 343
ultrafi ltration 785
ultrasound 1128–9

milling 933–4, 935–6, 940–9
homogenizers 952–4

MIMO (multi-input multi-
output) confi guration 
216

minimum fl uidization velocity 
548

minimum water use design 
320, 322, 323, 325, 328

mixer-settlers extraction 873, 
877
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mixers see also agitators
classifi cation 839
cleaning 866
convective 846–7, 848
design 849–63
extraction processes 873, 

877
gravity silos 849
high-shear 843–5, 847
impellers 841, 842, 844, 

846–7, 850
jet 843, 857–9, 866
in-line 839–40
on-line 850
maintenance 864–6
motor drive 850–1
off-line 849–50
pneumatic 849
pressure drop 860
process control 863–4, 865
propellers 841
rotary-stator 840, 845, 859
static 839, 840, 859–60, 866
in-tank 840–5, 849–57
time 836–7, 850–1
tumbler 845–6, 862

mixing and agitation 834–68
classifi cation 835
convective fl ow region 837
costs 866–7
dispersive 853–5
high-shear region 837
homogeneity 836–7, 851, 

852
indices 836–7
liquids 837–8, 839–45, 

849–60
material balances 55
mechanisms 837–8
powders 838
Reynolds number 837
scale-up principle 857, 860, 

861
segregation 838
shear stress 852–3
solids 861–3
viscosity 852

MMT (montmorillonite) 1273
model-based techniques 

246–51
model discrimination 155–8
model predictive control 

(MPC) 231
model-reference adaptive 

control (MRAC) 232

moderate-electric-fi eld (MEF) 
processing see ohmic 
heating

modifi ed-atmosphere 
packaging (MAP) 1240, 
1313, 1340–62

active modifi cation 1349
design 1343–59
equipment 1359–60
gas transfer 30
gases 1341–2, 1349
materials 1342, 1343
mathematical modelling 

1349–51
nomenclature 1361–2
passive modifi cation 1349
perforations 1352–4

modifi ed Gompertz equation 
143, 158

dielectric properties 1039, 
1192

drying 215, 515–16, 608–9
extrusion 729
frying 793, 803–4, 805
measurement 201
size reduction effects 929, 

930
momentum balance 272
monitoring 191 see also 

measurement
cold storage 1423
critical control points 

(CCPs) 1414, 1418
crystallization 678–80
freezing 1424

mono-tube heat exchangers 
348

monolayer moisture 7
Monte Carlo simulations 150, 

983, 989–90
MOO (multi-objective 

optimization) 169–71, 
173–7, 180–5

Moody chart 687–8
mortality phase 337
MOSFET (metal–oxide–

semiconductor FET) 
1084

mother liquor, crystallization 
649–50

motor torque 724
moulds 336

heat resistance 341
pressure sensitivity 1005, 

1020

MPC (model predictive 
control) 231

MRAC (model-reference 
adaptive control) 232

MSW (municipal solid waste) 
1239, 1371–2, 1376–7, 
1389

multi-input multi-output 
(MIMO) confi guration 216

multi-mode heat pumps 587–9
multi-objective evolutionary 

algorithms 170
multi-objective optimization 

(MOO) 169–71, 173–7, 
180–5

multi-tube tubular heat 
exchanger 345–7

multi-zone air conditioning 
systems 404

multiple-effect evaporation 
476–8

multistage centrifugal liquid–
liquid extraction 876, 877

multistage fl uidized bed dryers 
569–70

municipal solid waste (MSW) 
1239, 1371–2, 1376–7, 
1389

myoglobin 1354–5, 1357

nano-packaging 1271–4
nanofi ltration 770
nanoparticles 955–61
nanosecond pulses (nanoPEFs) 

1079–80
natural circulation air-cooled 

condensers 392–3
natural draft 316–17
near infrared (NIR) sensors 

197, 198, 201, 793, 862
needle valve 288
network structure design 

321–2
newton 25, 29, 31
Newtonian fl uids 263–4, 

691–2, 693
Newton’s laws 25, 31, 431–2, 

1037
NIR (near infrared) sensors 

197, 198, 201, 793, 862
nisin 6, 1226, 1228
nitrogen headspace 1307, 

1342, 1355, 1356, 1357, 
1358

nitrous oxide headspace 1342
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nixtamal 41
nixtamalization 40–1
non-agitated column 

extraction 873–4
non-ideal mixtures 94
non-isothermal processes 

123
protein gelatinization 137
starch gelatinization 136

non-mechanical anemometers 
201–3

non-Newtonian fl uids 264–9, 
343–4, 345

non-positive displacement 
compressors 390

nondominated solutions 169
nonlinear control 230
nonlinear models

parameter estimation 148–9
transformation to linear 

145–6
normal distribution 145
nose sensor 206–7
nozzle meters 194, 198
nozzles 493
nth-order reactions 118
Nusselt equation 472, 484
Nusselt number (Nu) 471, 

497, 498, 518, 695–6
nutrional effects

extrusion 730
homogenization 954

offset 221, 223
ohmic heating 13–14, 30, 359, 

1057–72 see also high-
voltage technology

advantages 1058–9
aseptic processing 690, 697, 

707
blanching 1061
cleaning 1070
costs 1071
dehydration 1061
design 1069–70
equipment 1068–9
extraction processes 1061
fermentation 1062
frying pretreatment 1062
modeling 1065–8
nomenclature 1071–2
pasteurization 1059–60
pretreatments 1063, 1069
process 1062–3, 1188–9
process control 1070

sterilization 1058, 1059–60
theory 1063–5

Ohm’s law 1064
oils

fl ow 266
frying 793, 795–7, 798–9, 

803, 806
mixing 856–7
model-based techniques 

248–9
shelf-life 1327–32

on-line measurement 192
on-off control 220
open circuit evaporative 

systems 316–17, 318
open systems 42, 75
operational prerequisite 

programmes (OPRPs) 
1432–3

operations modelling 64, 252
OPRPs (operational 

prerequisite programmes) 
1432–3

optical fi bre sensors 205–6
optimization 246–51
optimization curve 178, 180
orange juice 265

high-hydrostatic-pressure 
processing (HHP) 1002

model-based techniques 249
packaging 1242–3
ultrasound 1131–2

order of reaction 115
orifi ce meters 194, 198
Oslo crystallizers 661, 662
osmodehydration 1092
osmotic lysis 1209–10
osmotic pressure 110–11, 779
ovens 756–9

air velocity 202–3, 204
power requirements 762–3
thermal insulation 764–5

override control 228–30
oxidation processes 1138
oxo-degradation 1395
oxygen headspace 1341, 1355

P-value guidelines 341–2
packaging 1237–76

active 12, 1268–9, 1275, 
1285, 1313, 1358

aseptic 15
aseptic processing 15, 685, 

707, 1258
automation 216–17

barrier properties 1288–332
biodegradable 1239, 1266–8, 

1377–9, 1390–5
consumer awareness 1395–7
costs 1238, 1259, 1373–4
critical control points 

(CCPs) 1429
design 1258–60, 1287–8, 

1343–59
edible 1269–70
environmental issues 1238, 

1239, 1269, 1285, 1370–97
fi lms 1254, 1255
frozen foods 451–2
function 1237, 1240–1, 

1259–60, 1284–6, 1369–70
gas transfer 30
glass 1247, 1373, 1374, 

1380–2
HACCP (hazard analysis 

critical control points) 
1424

health safety 1274–6
high-hydrostatic-pressure 

processing (HHP) 1010, 
1015, 1261–5

humidity 1317–20
intelligent 1270–1, 1275, 

1285–6
irradiation 360, 1257–8
lamination 1254, 1255
lifecycle 1371, 1375, 1379
marketing 1238, 1241, 1260
mass transfer 1242–5, 

1286–332
material balances 56, 1380
materials 1245–56, 1342, 

1343, 1379
metals 1254–6, 1375, 1382–3
modifi ed-atmosphere (MAP) 

1240, 1313, 1340–62
modifi ed-atmosphere 

packaging (MAP) 12
nanotechnology 1271–4
nonthermal processes 

1260–6
paper 452, 1245–7, 1388–9
perforated 1295–7, 1317–20, 

1352–4
permeability 1240–1, 1245, 

1286–7, 1288–9, 1297–304
plastics 452, 1247–54, 1286, 

1313, 1342, 1377, 1384–8
polymers 1238–9
preservation 1239–40
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pulsed UV light 1170
recovery 1374, 1389–90
recycling 1374–5, 1380–2, 

1383, 1384–6, 1388–9, 
1396–7

reduction 1372–4, 1388
regulations 1238, 1256–7, 

1259–60, 1269, 1274–6, 
1386, 1391–2, 1393

reuse 1373, 1382
shape retention during 

processing 350, 351, 360, 
1259

shelf-life 1240, 1270, 1286, 
1287, 1306–10

sterilization 1256–8
unit operations 213
UV treatment 1257
vacuum 12, 1355, 1356
vacuum packaging 1358
wood 1389–90

packed column extraction 
874

paddle impellers 841
Palletron irradiator 993
palm oil 248
paper 452, 1245–7, 1388–9
parallel cooling networks 321, 

322, 326, 328
parallel-plate chambers 1204, 

1205
parameter estimation 144, 253

linear 146–8
non-linear 148–9

parasitic drag 553, 557–8
parchment paper 1247
Pareto-optimal solutions 169, 

173–5, 181
partial molar quantities 89–91
partial pressures 405
particle and vision 

measurement (PVM) 680
particle density 29
particle ignition 201
particle image velocimetry 

(PIV) 862
particle size 721–2
partition coeffi cient 1243
pascal 29, 33
passive modifi cation 1349
Pasteurization Units (PU) 340
pasteurization 335–61

automation 215
continuous process 338, 343
criteria 369–70

design 339–41
fl ash vaporization 813
HACCP 336–7
heat exchangers 343–50
high-hydrostatic-pressure 

processing (HHP) 359, 
999, 1000, 1004–5, 1024

high pressure carbon dioxide 
909

microorganisms 363–79
microwave processing 360, 

1044–5
ohmic heating 13, 1059–60
P-value guidelines 341–2
processing options 337–9
pulsed electric fi eld 

processing (PEF) 1078
radio-frequency heating 

1047–8
retorting 350–8
in-vessel 358
viscosity issues 343

pathogenic organisms 337
PATS (pressure-assisted 

thermal sterilization) 999, 
1012

PB (proportional band) 221–2
PBD (process block diagram) 

40, 45
PC (polycarbonate) 1249, 

1252
PCA (principal component 

analysis) 206, 207
PCL (poly(ε-caprolactone)) 

1390
PD control 223–4
PE (polyethylene) 1248, 

1250–1, 1257, 1262
pectin methylesterase (PME) 

132–4
pedestal probability 

distribution 177
peeling 817, 824
pellet durability index (PDI) 

727
PEN (polyethylene 

naphthalate) 1252, 1386
penalty aggregating functions 

176, 184
penetration depth 201, 1039
perforated-belt extractor 892
perforated packaging 1295–7, 

1317–20, 1352–4
performance evaluation 1469

pumps 295–6
peristaltic pumps 688

permeability 30, 1038
coeffi cient 1288–9, 1291–5, 

1297–301, 1302–4, 
1310–13, 1320–1, 1343

modifi ed-atmosphere 
packaging (MAP) 1342, 
1343, 1350–2

packaging 1240–1, 1245, 
1249, 1286–7, 1288–9, 
1295–7

perforations 1295–7, 
1317–20, 1352–4

temperature effects 1327, 
1354

permeabilization 1078, 1079, 
1092, 1094, 1097, 1100

electroporation 1210
permittivity 697, 1038, 1193, 

1197
pervaporation 772, 778–9
PET (polyethylene 

terephthalate) 1249, 
1251–2, 1262, 1263

permeability 1322
recycling 1384, 1386

PFHE (plate and frame heat 
exchangers) 329–32

pH
aseptic processing 686
effect on microorganisms 6, 

363, 1089
neutralization 231–2
process control 231–2
pulsed electric fi eld 

processing (PEF) 1089, 
1220–1

sensors 196, 198, 205, 
218–19

values 364–6
PHA (polyhydroxyalkanoate) 

1390
Pham method 441–3
phase angle 1036
phase changes 80

enthalpy 62
phase diagram 103, 104, 

902
crystallization 652–3
water 622–3

phase equilibria 103–8
phase rule 104
photochemical reactions 

1167–8, 1170
photon interactions 973–5
phytosanitary control 967, 

969

packaging (cont’d)
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PI (prediction interval) 148, 
150

PI (proportional-plus-reset) 
control 223

PID controllers 216, 221–4
piezoelectric sensors 203
pigging systems 349–50
pigment degradation 117, 

123–6
pigments 123
pin-and-disk mills 945
pinch technology 300, 319, 

321, 322–3, 328
pipes 282–4

boundary layers 274
coeffi cient of variation (CoV) 

860
entrance region 271
fl ow measurement 

278–82
fl uid fl ow 64, 269–71
fouling 203
fully developed region 271
joints 284–6
material fl ow 263
standard dimensions 283
water cooling systems 319

pitch (screws) 712, 715
Pitot tube 195, 281
PLA (polylactide) 1265, 1266, 

1267–8, 1273, 1390, 
1392–3

Plank’s equation 440
plant integration 233, 234, 

323
plasma membrane

acids 5
electric fi eld effect 14

plastics
fi lms 1254
incineration 1377
packaging 452, 1247–54, 

1286, 1313, 1342, 
1384–8

permeability 1288–9
plate and frame heat 

exchangers (PFHE) 
329–32

plate and frame membranes 
773–5

plate freezing 436
plate heat exchanger 345, 346, 

690
fouling 347

plate heat exchangers 
248

plate mills see burr mills
PLC (programmable logic 

controllers) 214, 
217

plenum 404, 493, 524–5, 
562

plug fl ow 121
plug fl ow fl uidized dryers 

234–6, 568
pneumatic mixers 849
pneumatic transmission 

systems 219
pneumatic valves 220
PNSU (probability of a 

nonsterile unit) 1022
Podbielnek centrifugal 

extractor 876, 877
point kernel method 983, 

988–9
poise 33
Poiseuille’s law 272
polarization 770, 1192–3, 

1197, 1200, 1216–17
polyamide 1249, 1253
polycarbonate (PC) 1249, 

1252
poly(ε-caprolactone) (PCL) 

1390
polyesters 1251–2
polyethylene naphthalate 

(PEN) 1252, 1386
polyethylene (PE) 1248, 

1250–1, 1257, 1262
polyethylene terephthalate 

(PET) 1249, 1251–2, 1262, 
1263

permeability 1322
recycling 1384, 1386

polyhydroxyalkanoate (PHA) 
1390

polylactide (PLA) 1265, 1266, 
1267–8, 1273, 1390, 
1392–3

polymer nanocomposites 
1272–3

polymorph crystals 651
polyolefi ns 1248, 1250–1
polypropylene (PP) 1248, 

1251, 1262, 1263, 1264–5, 
1390

polysaccharides in packaging 
1270

polystyrene (PS) 1249, 1253, 
1387–8

polyvinyl chloride (PVC) 1248, 
1252, 1386–7

polyvinylidene chloride (PVdC) 
1253, 1263

pore formation 632–3
porosity (ε) 31, 448
positive displacement 

compressors 390
positive displacement 

fl owmeter 194, 
198

positive displacement pumps 
688

potatoes
enzyme inactivation 

132
frying 126, 793, 799, 804, 

805–6
slicing 927
texture 128–9

potential energy 56, 75
poultry

frying 793
high-hydrostatic-pressure 

processing (HHP) 1000, 
1002

irradiation 360, 969
modifi ed-atmosphere 

packaging (MAP) 1345, 
1356–7

pound-force 27
pound-mass 27
pound per square inch (psi) 

33
poundal 25
power 29, 32–3
power-compression technology 

1171
power density 1034
PP (polypropylene) 1248, 

1251, 1262, 1263, 1264–5, 
1390

Pr (Prandtl number) 471, 498, 
563

practical limit heat recovery 
301–2

Prandtl number (Pr) 471, 498, 
519, 563, 695, 703

precipitation 649 see also 
crystallization

precision 34
precooling 430, 434
prediction interval (PI) 148, 

150
preprocessing 54–5
prerequisite programmes 

(PRPs) 1411–12, 
1431
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preservation 53 see also 
specifi c processing 
methods

acids 5, 6
chemical 5–7
drying 10, 21
electricity use 13–14
freezing 10–11
heat application 12–13
high-pressure hydrostatic 

technology 13
hurdle technology 15–16, 

335–6, 340
method selection 1, 2
methods 3–16, 4
packaging 1239–40
pulsed electric fi eld 

processing (PEF) 1088–90
radiation 14–15
ultrasound 13
unit operations 213
water levels 7–12

preservatives
antimycotic agents 336
reduction in use 7

preserves 49–50, 51
presses 817, 822
pressure 29, 33 see also 

high-hydrostatic-pressure 
processing

activity 88
Dalton’s law 405
drying 514–15
fugacity 87, 88
osmotic 110–11
sensors 193, 198, 218
water volume reduction 

1002
pressure-assisted thermal 

sterilization (PATS) 999, 
1012

pressure composition diagram 
105–6

pressure drop 318, 319, 332, 
687

mixers 860
pressure homogenizers 952
pressure inactivation enzymes 

132–4
pressure-reducing valve 313, 

315
pressurized steam retorts 167, 

376
primary packaging 1369, 1370
principal component analysis 

(PCA) 206, 207

probability distributions 144–5
probability of a nonsterile unit 

(PNSU) 1022
problem table algorithm 

304–6, 332
process analysis 41–2
process-based approach 

1455–60
process block diagram (PBD) 

40, 45
process classifi cation 42
process control 211–36 see 

also automation
advanced techniques 

230–2
control theory 217, 220–32
frying 805–6
irradiation 985–7
measurements 192–7
mechanical separation 

827–8
mixers 863–4, 865
model-based techniques 

246–51
ohmic heating 1070
pH 231–2
pulsed UV light 1178, 1183
recording 220
sensors 192–7
statistical 1421
volumetric 827–8

process defi nition 40
process design

activity categories 53–4
components 18–20
computer-aided (CAD) 863, 

1023–4
costs 1460–70
fl ow diagram 20–1
hygiene 1429–30
minimum water use 320, 

322, 323, 325, 328
network structure 321–2
operations 20, 21, 53
proposals 1463–4
safety 22
soundness 1460–70

process discontinuities 
modelling 252

process engineering 19
process fl ow diagram 20–1

HACCP (hazard analysis 
critical control points) 
1416–17, 1431

mechanical separation 
825

process fl ow sheets 40–1
fruit preserves 51
heat recovery 299, 303
indirect electroheating 

1040
lactose production 46

process optimization 190
air jet impingement 491

process performance monitors 
(PPMs) 1459

process severity 22, 23
process time minimization 

179–80
process variability 1452–5
product recovery 349–50
product-tracking software 

971–2
programmable logic controllers 

(PLC) 214, 217
propeller mixers 841
property data 239
proportional band (PB) 221–2
proportional control 221–2
proportional gain 221–2
proportional–integral–

derivative (PID) controllers 
see PID controllers

proportional-plus-reset (PI) 
control 223

proportionality constant k 27
proposals

costs 1444–52
implementation 1466–8
key responsibility 

measurements (KRMs) 
1464, 1467–8

performance evaluation 
1469

presentation 1464–6
process design 1463–4

protein denaturation
baking 743
electroporation 1209
extrusion 730

proteins
gelatinization 136–8
microfi ltration 785
packaging uses 1270
pressure effect 1012
production 248
ultrafi ltration 785

PRPs (prerequisite 
programmes) 1411–12, 
1431

pseudoplastic fl uids 264, 265, 
691–2, 693
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psychrometric chart 62, 406, 
416, 419

psychrometry 382, 405–7
psychrophilic organisms 337
psychrotrophic organisms 

336
PU (Pasteurization Units) 340
puffi ng guns 817, 822–3
pulping 939, 948
pulse confi guration controllers 

1173
pulse generators 1083–6
pulse input method 693
pulse transformers 1084–5
pulsed column extraction 874, 

877
pulsed electric fi eld processing 

(PEF) 1058, 1078–100, 
1189, 1200–1, 1202–3, 
1221–5 see also high-
voltage technology

bacteria inactivation 1213
bacteriocins 1228–9
costs 1097–8
dehydration 1091–2
design 1082–6, 1098–9
diffusion model 1096
electric fi eld intensity 

1093–4, 1213–14
electrochemistry 1215–17
energy balances 1218–19
energy requirements 1094–5
extraction processes 1090–1, 

1096–7, 1227–8
fl ow chart 1204
food properties 1202, 

1219–21
hurdle technology 1225–9
kinetic models 1211–13
liquid food preservation 

1088–90
mathematical model 

1218–19
metabolism effects 1079
microorganisms control 

1089, 1095–6, 1099, 
1211–13

pasteurization 1078
pH 1089, 1220–1
pulse generators 1083–6
pulse shapes 1080–3, 

1214–15
regulations 1099
spark gap 1082–3
temperature 1094–5, 1215
time required 1214

treatment chambers 1086–8, 
1203, 1204–6

pulsed-fi eld-gradient NMR 
1061

pulsed light 14–15
pulsed UV light 1166–84

cleaning 1179–80
costs 1180
design 1177, 1178–9, 1183
equipment 1170–1, 1173–4, 

1178, 1183
maintenance 1178
microorganisms control 

1167–8, 1174–6, 1180–2
models 1174–7, 1180–2, 

1183–4
parameters 1173–4
penetration depth 1174, 

1183
process 1171–3
process control 1178, 1183

pulsed-wave measurement 
1114–17

pumps 290–4
Bernoulli equation 274
classifi cation 291
developed head 274–5
fl ow 275
friction effects 64
performance evaluation 

295–6
power requirement 275–8
pulsed electric fi eld 

processing (PEF) 1087–8
selection 295–6
specifi c speed 295–6
suction head 276

purifi cation
crystallization 650
membranes 770

PVC (polyvinyl chloride) 1248, 
1252, 1386–7

PVdC (polyvinylidene chloride) 
1253, 1263

PVM (particle and vision 
measurement) 680

pyrimidine dimers 1167–8

quadratic drag 553
Quadura irradiator 993
quality 2–3

freezing 216
loss 3, 240–1
monitoring 212
optimum 22, 23
overprocessing 371

pasteurization methods 
338

thermal processing 373–5
quality assurance 1407–8, 

1430
quality retention values 169, 

172, 178–9, 180–1
quasi-plug fl ow 121

radial fans 294
radian 28, 29
radiation 14–15, 430–1
radiation thermometers 218
radio-frequency heating 

processes 1031–52, 1189 
see also high-voltage 
technology

applicators 1043, 1044
aseptic processing 690, 

696–7
costs 1050–1
design 1040
drying 1032
meat 1046–7
pasteurization 1047–8
safety guidelines 1049, 1050
theory 1032–40

radio frequency identifi cation 
(RFID) 1270–1

Radura radiation symbol 970
range, sensors 199
Raoult’s law 87–8, 94, 95–6, 

104–5
deviation 106
dilute solution 109, 475

rate constants 114–15
rate of reaction 114
ratio control 224–6
raw foods decontamination 

1167
reaction kinetics see chemical 

reaction kinetics
reactors 240–1

types 120–1
ready meals 338, 350

microwave processing 360
ohmic heating 360

real-time measurement 191, 
1421

receding front model 531
reciprocated agitated column 

extraction 875, 877
reciprocating compressors 

390–1
reciprocating pumps 292–3, 

688
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recirculating fl uidized bed 
dryers 571

recontamination avoidance 
15–16

recycling 1374–5, 1380–2, 
1383, 1384–6, 1388–9, 
1396–7

reel and spiral retorts 357
refl ection coeffi cient 1036
refractive index 196
refractometers 33, 196, 198, 

679
refrigerants 398–9

heat pumps 581, 582, 590, 
594

refrigeration 381–99 see also 
chilling

Bell-Coleman cycle 388–90
capacity control 397–8
carbon dioxide based 381
Carnot cycle 382–4
coeffi cient of performance 

(COP) 383, 384, 385, 387, 
388, 389

compressors 390–2, 397
condensers 392–3
defi nition 382
evaporators 396–7, 398
example calculations 413–15
expansion devices 394–5
model-based techniques 250
refrigerants 398–9
solar 381
vapour absorption cycle 

386–8
vapour compression cycle 

384–6, 390
region ductility 928, 929
regression lines 148, 153
regression routines 145–8
regulations 1166, 1407, 1422 

see also HACCP (hazard 
analysis critical control 
points); international 
standards

aseptic processing 705
high-hydrostatic-pressure 

processing (HHP) 1011–12
irradiation 967–8, 993
packaging 1256–7, 1259–60, 

1269, 1274–6, 1386, 
1391–2, 1393

pulsed electric fi eld 
processing (PEF) 1099

waste 1389–90

relative humidity (RH) 400, 
405, 406

air jet impingement 500
drying 511, 514, 529
heat pumps 579

relative pressure 33
relaxation frequency 1196
relaxation time 268, 1193, 

1198–9
residence time distribution 

(RTD) 693–4
residence times 344, 348
resistance temperature 

detectors (RTDs) 192, 198
resistance thermometers 218
resolution, sensors 200
resonant viscometers 196
respiration

argon inhibition 1342
carbon dioxide inhibition 

1341
rate 1313–14, 1315–17, 

1319, 1343, 1345–9, 1350
temperature dependence 

1354
retorts 350–8, 362, 376–7
revenue 1438–9, 1442
reverse osmosis 770, 776–7, 

785
Reynolds number 270, 344, 

493, 498, 563, 692–3, 703
drag 555, 556
mixing 837
Moody chart 687–8
unifi ed process models 1196
viscosity 1220

RFID (radio frequency 
identifi cation) 1270–1

RH (relative humidity) 400, 
405, 406

air jet impingement 500
drying 511, 514, 529
heat pumps 579

rheograms 263–4
rheometric measurement 136
rheopexy 266
Rietz disintegrator 943
rinsers 823
ripening delay 969
rising fi lm evaporators 468–9
risk management 1410
Rittingers’ law 931, 933
rod mills 945
Rohsenow equation 473
roll crushers 940, 946

roller mills 946–7
rotameter 281–2
rotary agitated column 

extraction 874–5, 877
rotary pumps 293–4, 688, 

1087–8
rotary-stator mixers 840, 845, 

859
rotary tunnel dryers 529–30
rotary viscometers 196, 198
rotational mechanical meters 

219
rotational speed 29
RTDs (resistance temperature 

detectors) 192, 198

saccharometer 33
safety 2, 7, 15

design 22
dryers 529, 547
indirect electroheating 1049, 

1050
irradiation 990
mechanical separation 828
sensors 191, 201, 233

safety assurance 1406–7, 1430 
see also HACCP (hazard 
analysis critical control 
points); sterilization

extraction processes 909, 
910

high-hydrostatic-pressure 
processing (HHP) 1011

irradiation 968, 976, 992
pulsed electric fi eld 

processing (PEF) 1202
pulsed UV light 1178
sterilization 371, 372–3, 

378
ultrasound 1130

Salmonella 337, 1001, 1019, 
1181

salt
dielectric properties 1192
extrusion 721

saturated liquid 63
saturated vapour 63
saturation temperature 405
scale-up principle 857, 860, 

861, 1023
scaling 318

evaporation effects 462
Schiff base 127
Schmidt number (Sc) 498, 

519
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Schwartzberg enthalpy model 
450

Schwarz’ Bayesian criterion 
(SBC) 157–8

scorch temperature 630–1, 634
scraped surface heat exchanger 

348–9, 690, 1062
screens

mechanical separation 814, 
817, 823

sieving parameters 814
screw diameter 712
screw extractors 892, 894
screw extruders 712–17
screw pitch 712, 715
SE (steam economy) 66, 475–6
seafood see also fi sh

freezing 445
frying 793
high-hydrostatic-pressure 

processing (HHP) 1000, 
1002, 1010, 1024

irradiation 969, 971
modifi ed-atmosphere 

packaging (MAP) 1356
time-temperature indicators 

(TTIs) 1270
second law of thermodynamics 

81–4
second-order reactions 117–18
second 28
secondary packaging 1369
sedimentation particle 

measurement 922
segregation 836, 838
selective control 228–30
self-tuning regulator (STR) 232
semi-batch process 42
semi-continuous process 42
semi-continuous rotary tunnel 

dryers 529–30
semi-fl ow operations 121
sensible heat 59

air 406, 409–10
sensitivity coeffi cients 150, 

153–4
sensitivity, sensors 199–200
sensors 190–207, 217–19

accuracy 199
analogue conversion 

199–200
Brix degree 196
calibration 199
classifi cation 191–2
contaminants 197

costs 201
defi nition 190
dynamic specifi cations 200
fl ow 193–5, 219
hygiene 201
hysteresis 200
input signal 190
internal noise 199, 200
output signal 190
pH 196, 218–19
piezoelectric 203
pressure 193, 218
real-time measurement 191
resolution 200
safety 201
selection criteria 197–201
sensitivity 199–200
signal-to-noise ratio 200
temperature 192–3, 201, 

218
time constant 200
toxins 197
viscosity 195–6

separation processes
crystallization 648, 649–50
material balances 55
mechanical 811–30
unit operations 213

series cooling networks 321, 
322, 323–9, 327, 328

set-up and changeovers 1451
severity 22, 23
SFE see supercritical fl uid 

extraction
shaft work 57, 64
Shaka retorts 356, 377
shear mixing 838
shear modulus 1110
shear rate 263, 264, 692

pasteurization issues 345
shear strain 29
shear stress 29, 34, 263, 264, 

266, 691–2
extruders 724
hammer mills 942
mixing 852–3

shear-thickening 265
shear-thinning 265, 852–3
shearing 926–7, 929 see also 

knife mills
shelf-life 3, 246

carbonated drinks 1326–7
cold sterilization 769
crystallization 650
freeze-drying 621

high-hydrostatic-pressure 
processing (HHP) 999, 
1000

irradiation 969
modifi ed-atmosphere 

packaging (MAP) 1340, 
1343

packaging 1240, 1270, 1286, 
1287, 1306–13, 1321–6, 
1327–32

pulsed UV light 1184
sterilization 215

shell-and-tube condensers 
393

shell plate heat exchangers 
248

Sherwood number (Sh) 497–8, 
518–19

SHGF see solar heat gain
shipment

material balances 56
refrigeration 410

shredding 939
SI units (International System 

of Units) 27–35, 36–8
siemens 30
sieve analysis 923–5
sieve plate column extraction 

874
sievert 30
sieving coeffi cient 781
signal-to-noise ratio (SNR or 

S/N) 200
signal transduction 205
signifi cant fi gures 34
Simpson’s rule 1312
simulation 246–51
single-effect evaporators 

463–5
single-objective nonlinear 

programming (SONLP) 
168

single-objective optimization 
171–3, 177–9

single-screw extruders 711, 
715, 717, 719–20

single-stage liquid–liquid 
extraction 876–8

single-zone air conditioning 
systems 404

sinusoidal (sine) pumps 688
site composite curve 306–7
site sink profi le 307, 311
site source profi le 307, 311
size classifi cations 921–5
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size reduction processes 
919–61

bowl chopper 939
crushing 926, 939–40
cutting 925–6, 927, 928, 

936–8
dicing 936–8
drying effect 515
emulsifi cation 920
energy requirements 928–9, 

931–4, 935
fl aking 938
milling 940–9
product uniformity 935
pulping 939
shearing 926–7
shredding 939
sieve analysis 923–5
slicing 936, 937
theory 930
water-jet cutting 927, 928

SLE see solid-liquid extraction
slicing 936, 937

ultrasound 1137
slot jets 493
slugging bed dryers 547
smart packaging 1270–1, 1275, 

1285–6
smart sensors 192
SMER (specifi c moisture 

extraction rate) 586, 612
software models 251–4
solar assisted heat pumps 590–4
solar collector effi ciency 611
solar drying 511
solar evaporator collector 

601–4
solar fraction 611–12
solar heat gain 407–8, 422–3
solar refrigeration 381
solid fl ow 193

fl owability index 861
solid-liquid equilibria 107
solid-liquid extraction

design 893–901
mass balances 897, 900–1
overfl ow 896–7
washing stages 896

solid-liquid extraction (SLE) 
244, 817, 871, 890–901

agitated tanks 892
batch process 892, 893–6
countercurrent 892, 896–901
percolators 892
product examples 891
underfl ow 896, 897

solid-vapour equilibria 107
solids

property data issues 239
size reduction 949–51

solubility coeffi cient 1245, 
1289, 1290, 1292

solubility curves 652–3, 
664–5

solution thermodynamics 89
SONLP (single-objective 

nonlinear programming) 
168

sorters 823–4
sorting byproducts 55
sound design process 1460–70
span, sensors 199
specifi c gravity 31, 33
specifi c heat capacity 29, 57, 

448–50, 461, 1192, 1194
specifi c humidity 405, 406
specifi c mechanical energy 

(SME) 724–5, 729
specifi c moisture extraction 

rate (SMER) 586, 612
specifi c solute effect 9
specifi c speed 295–6
specifi c volume 29, 31, 92
spiral freezing 438
spiral wound membranes 770, 

774
split-unit air conditioners 403
spoilage 122, 240–1
spores see microorganisms
spouting bed dryers 547, 

571–2, 573
spray column extraction 873–4
spray drying 813
spray granulation 545–7
sprout inhibition 969
squirrel cage disintegrator 939
stagnation region 492, 493, 

496, 500
standards 21–2
Staphylococcus aureus

heat resistance 341
pulsed UV light 1168, 1169, 

1181, 1182
starches packaging uses 1270, 

1273
state diagram 10, 11
static mixers 839, 840, 

859–60, 866
stationary phase 337
statistical inference 154–5
statistical process control 

1421

statistical residual analysis 
154–5

statistics 144–58
steady fl ow 270, 272–4
steady state 43

energy balances 58–9
fi rst law of thermodynamics 

81
material balances 44

steam 63
steam/air retorts 355–6, 376
steam economy (SE) 66, 

475–6
steam infusion 689
steam injection 689, 758
steam peelers 817, 824
steam retorts 167, 376
steam seals 685
steam systems 310–11, 313–15
steam tables 60, 63
steam turbines 312
steradian 28, 29
Sterifl ow system 353–5
sterilization 212, 362–79 see 

also aseptic processing; 
canning; disinfection

automation 214, 215
criteria 367–9
high-hydrostatic-pressure 

processing (HHP) 1000, 
1005, 1022, 1024

hot air 1257
irradiation 969, 1257–8
membranes 769, 778, 784
microorganisms 363–79
microwave processing 1046
ohmic heating 1058, 

1059–60
packaging 1256–8
quality control 373–5
safety assurance 371, 372–3, 

378
thermal processing 

optimization 167–85
UV treatment of packaging 

1257
sterilization value (F-value) 

339
stoke 33
Stokes’ drag 556–7
storage

controlled-atmosphere 
1360–1

critical control points 
(CCPs) 1423, 1424, 1427, 
1429
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gas transfer 30
material balances 56

STR (self-tuning regulator) 232
strain 34
strainers 948
stream data 302
stress 34
sublimation 55, 623, 624, 626
suction gas throttling 397, 398
suction head 276
suction stroke 293
sugar see also Brix degree
supercritical fl uid extraction 

(SFE) 244, 871, 872, 901–9
supercritical fl uid extrusion 

(SCFX) 732–3
supercritical fl uids 103–4, 

901–3
superheated steam 63
superheated steam fl uidized 

bed dryers 570, 571
supersaturation 649, 652–6

nucleation rate 657, 659, 
661, 669, 672–3

supersonic fl ow 559
Surdry sprayed water system 

355
surface colour

baking 749, 754
surface methodology 744
surface transfer rates 495
survival curves 141, 1019, 

1176, 1211
sustainability 1370
sweet potato purée 265

aseptic processing 705–6
syneresis 205–6
system boundary 42, 45
system energy 56–65
Système International d’Unités 

see SI units (International 
System of Units)

systems
defi nitions 42
phases 75
state 42–3, 75

tamper indication 1242
tanks 840–1, 849–57

agitated 841–5, 849–57, 865, 
892

taste measurement 203–5, 
206–7

technical mass unit (TMU) 25
technical unit systems 25
teeth action sensor 203

temperature 28, 33
baking 746, 753, 755
chemical reaction kinetics 

119–20
core 193
drying 513
enzymes inactivation 131, 

132–4
extruders 720, 722, 724, 

726, 729, 730
fl uid fl ow 268
freeze-drying 630–3
freezing automation 216
frying 790–1, 801
glass transition 9
high-voltage technology 

1191, 1194
microorganisms sensitivity 

4
permeability 1327, 1354
pulsed electric fi eld 

processing (PEF) 1094–5, 
1215

respiration rates 1354
scales 76
sensors 192–3, 198, 201, 

202, 218, 701
size reduction processes 

935–6
ultrasound 1137
viscosity relationship 263

temperature composition 
diagram 105–6

tempering 1045
terminal reheat air 

conditioning systems 
404

terminal velocity 551, 555–6
ternary diagrams 877–8
tertiary packaging 1369
tesla 30
Tetra Pak 683
texture 921, 940–2

degradation 128–9
drying 513
freezing effect 216
fried products 791, 794
homogenization 954
measurement 203
retention values 180–1

TFRs see tubular fl ow reactors 
(TFRs)

thawing 452–3, 1001
high-hydrostatic-pressure 

processing (HHP) 1000
microwaves 1046

thermal conductivity 29, 
447–8, 449

freeze-drying 627
thermal death time 699
thermal diffusivity 1037, 

1192, 1194
thermal effectiveness method 

332
thermal equilibrium 75
thermal evaporators 460–87

cleaning methods 480–1
coil 466
design calculations 463–5, 

481–5
double jacketed 466
energy use 475–9
heat transfer coeffi cient 

470–5
horizontal tube 466, 467
multiple-effect 476–8
nomenclature 485–7
rising fi lm 468–9
single-effect 463–5
steam economy (SE) 475–6
temperature profi le diagram 

471
vertical short-tube 467–8
vertical tube falling fi lm 

469–70
thermal inactivation of 

enzymes 132–4
thermal lag period 123
thermal processing 241, 245–6, 

247, 362–79 see also 
microwaves; ohmic 
heating; pasteurization; 
radio-frequency heating 
processes; sterilization

automation 215
calculation techniques 

371–3
control systems 378–9
costs 478
equipment 375–9
heat transfer 370–3
multi-objective optimization 

173–7, 180–5
optimization 167–85
quality effects 373–5
retorts 376–8
single-objective optimization 

171–3, 177–9
vapour recompression 

478–9, 480
thermal properties 250–1
thermal resistance 409, 1018
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thermistors 218
thermocouples 192–3, 198, 

218
extruders 718

thermoduric organisms 337
thermodynamic limit 301
thermodynamics 74–111

classical 76
defi nition 74
equilibrium 75–6
fi rst law 76–8, 81
Gibbs free energy 84–6
Helmholtz free energy 85
laws 56, 76–89
second law 81–4
zeroeth law 76

thermometers 218
thermophilic organisms 337
thermostatic expansion valve 

(TXV) 385, 394–5
thixotropic fl uids 266–8, 863
tie material 44
time 25, 28
time constant, sensors 200
time-dependent fl uids 264, 

266–8
time-independent fl uids 264–6
time-temperature indicators 

(TTIs) 452, 1270–1
timing pump 686–7, 688
tinplate 1255–6
TMU (technical mass unit) 25

66–7
tongue sensor 206–7
torque

extrusion 724, 726, 729
mixing and agitation 851

torr 33
tortilla chips 793
total mass balance 44
toxins

fried products 791
HACCP (hazard analysis 

critical control points) 
1417

pasteurization 338–9
sensors 196, 198

Toxoplasma gondii 1422
traceability 986, 1237, 1271, 

1424, 1431
tracer concentration 693–4
transducers 205, 219

ultrasound 1133, 1151–2
transformational processes

material balances 55
unit operations 213

transistors 1084
transitional fl ow 270
transmembrane potential 

1208–9
transmembrane pressure 772
transmission coeffi cient 1036
transmission lines 219
transmission load 408, 419–22, 

427
transonic fl ow 559
transpiration fl ow 1318, 1319
transport coeffi cient 1194
transport phenomena 489–90, 

493–4, 755–6, 1037
tray dryers 245, 511

air blower 523–4
air fl ow 524–6
air recirculation 526
costs 536–7
design 519–28
drying chamber 523
energy management 538
heating chamber 524
hot air distribution 524–5
mathematical modelling 

521–3
performance evaluation 526

Trichinella spiralis 1422
triple point 76, 103
tristimulus colour values 123
TTIs (time-temperature 

indicators) 452, 1270–1 
Change opposite way

tube-axial fans 295
tube plate heat exchangers 

248
tubing 282–4 see also pipes
tubular fl ow reactors (TFRs) 

121
tubular heat exchangers 

345–7, 689–90, 695, 1062
tubular membranes 773
tumbler mixers 845–6, 862
tunnel dryers 511–12, 586

costs 536–7
design 519–20, 528–36
effective area model 532
energy management 538
equipment model 532
material model 531
mathematical modelling 

530–5
semi-continuous rotary 

529–30
simulation 532–4

tunnel freezing 438

tunnel ovens 757–8, 759, 
763–4

turbine impellers 841
turbulent fl ow 64, 270, 271, 

344, 692–3, 851
mixing 837–8, 840, 841–2, 

853–5
twin-screw extruders 711–12, 

715, 717, 719
TXV (thermostatic expansion 

valve) 385, 394–5

ultrafi ltration 770, 773, 777, 
781, 784, 785

ultrasonic attenuation 
spectroscopy 679

ultrasonic cutting 950–1
ultrasonic fl owmeter 1120–1
ultrasonic homogenizers 

953–4
ultrasonic horn 1152–3
ultrasonic velocity 1110–11
ultrasound 13, 1107–55

acoustic impedance 
1112–13

applications 1119–22, 
1137–51

attenuation coeffi cient 
1111–12

bread 1122–3
cavitation 1135–7
crystallization 1138, 1141–3
dairy products 1128–30
defoaming 1138
degassing 1138
dough 1122–4
drying 1138, 1144–5
emulsifi cation 1138, 

1146–8
energy requirements 1136
extraction processes 1138, 

1145–6
fi ltration 1138, 1143, 1144
fl ow meters 195, 203–5
freezing 1138
frequency 1136–7
high-intensity 1108, 

1134–55
intensity 1136
low-intensity 1107–8, 1109, 

1155
measurement 1113–19
microorganisms 1138, 

1139–41
oxidation processes 1138
pressure 1137



Index I29

Volume I, pp. 1–742, Volume II, pp. 743–1470

pulser/receivers 1134
signal acquisition 1134
temperature 1137
theory 1108
transducers 1133, 1151–2

ultraviolet (UV) radiation 14, 
1167 see also pulsed UV 
light

uncertainty 144, 501
underdeveloped countries 

2
unfreezable water 446–7
unifi ed process models 

1189–202
uniformity index 923
UNIQUAC (universal 

quasichemical) equation 
101–2

unit conversions 36, 37
unit operations 213

classifi cation 53–4
defi nition 40

unitary air conditioners 401, 
402

units of measure 24–38
prefi xes 30

unsteady state 43, 44
UV degradation 1395

vacuum compensation method 
1360

vacuum cooling 246, 433, 684, 
690

model-based techniques 
249

vacuum evaporation specifi c 
volume 31

vacuum evaporative 
crystallizers 655, 661, 
672–8

vacuum frying 789–90
vacuum packaging 12, 1355, 

1356, 1358
valves 286–90

back-pressure 685
pneumatic 220
pressure-reducing 313, 315

van der Waals one-fl uid 
mixing rules 906–7

van Laar equation 99–100
vane-axial fans 295
van’t Hoff equation 779–80
vaporization 80
vapour 63
vapour absorption heat pumps 

581–2

vapour absorption refrigeration 
cycle 386–8

vapour compression heat 
pumps 579, 580–1

vapour compression 
refrigeration cycle 384–6, 
390

vapour-liquid equilibria 106
vapour pressure 104–5, 108
vapour recompression 478–9, 

480
variability 144, 1452–5
variable air volume (VAV) 

conditioning systems 
404

variable retort temperature 
(VRT) processing 167, 
181, 182, 184, 185

variable-temperature 
anemometers 202

vegetables
blanching 54, 451, 1061
cutting 938
drying 69–70, 511
high-hydrostatic-pressure 

processing (HHP) 1000, 
1001–2, 1024

irradiation 971
modifi ed-atmosphere 

packaging (MAP) 
1343–54

storage 1361
ultrasound 1125

velocity 29, 64
drag effect 553–5
effect on fouling 317
profi les 345
sensors 202
transitional fl ow 270, 344
ultrasonic 1110–11

velocity of propagation 
1110

vena contracta 280
ventilation 410, 423–4
Venturi meters 194, 198, 

278–9
verifi cation procedures 1415, 

1420
vertical heat transfer design 

324
vertical short-tube evaporators 

467–8
vertical tube falling fi lm 

evaporators 469–70
very high pressure (VHP) 

steam 313

vibrating fl uidized bed dryers 
545, 568–9

vibrational viscometers 196
viruses membrane fi ltration 

777, 778
viscoelastic fl uids 264, 268, 

345
heat exchangers 347

viscometers 195–6
viscosity 33 see also fl ow

apparent 268, 852
aseptic processing 689–90, 

692
evaporation effects 461
extrusion 722–4
homogenization 954
kinematic 29
membranes 772
mixing 852
pasteurization issues 343, 

344–5
Reynolds number 1220
rheopexy 266
sensors 195–6, 198
temperature relationship 

263, 692
thixotropic fl uids 266

visual kinetics 151–4
vitamins extrusion 724, 730
volt 30
volume 29

partial molar 90
volumetric control 827–8
VRT (variable retort 

temperature) processing 
167, 181, 182, 184, 185

wall jet region 492, 496, 500
waste

anaerobic digestion 
1378–9

composting 1378, 1392–5
degradation 1377–8
heat reuse 579
incineration 1375–7, 1386
landfi ll 1371–2, 1389–90
minimization 2
preprocessing 54–5
recovery 1374
recycling 1374–5, 1380–2, 

1383, 1384–6, 1388–9, 
1396–7

regulations 1389–90
source reduction 1372–4, 

1388
treatment 121
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water 63, 399
density 263
desalination 770, 776
electrical fi eld effect 1032
fi ltration 811
fl ow 266
phase diagram 622–3
pressure volume reduction 

1002
purifi cation 770
refrigerant 400
thermal properties 63
triple point 76
vapour pressure 108

water absorption index (WAI) 
727

water activity 7–9
air jet impingement 496, 

501, 502
compared to glass transition 

10
drying 510
fugacity 89
high-hydrostatic-pressure 

processing (HHP) 1020–1
limitations 8–9
packaging permeability 

1298–9, 1301, 1304, 
1309–10

salt 721
stability diagram 8

water cascade retorts 353–5, 
376

water classifi ers 819
water-cooled condensers 393

water cooling systems 309, 
315–19

design 319–29
water distribution system 319
water immersion retorts 352–3
water-jet cutting 927, 928
water softeners 818, 824
water solubility index (WSI) 

727
water spray retorts 353–5, 376
watt 29, 33
wave drag 559
WBT (wet bulb temperature) 

405, 406
weber 30
Weber number 854
Weibull model 141–2, 159, 

922, 1019, 1020, 1176
weight 29, 32 see also mass
weight loss

freezing 55
packaging 56
storage 56

weighted min-max aggregating 
function 175, 184

Weissenberg effect 268
wet bulb temperature (WBT) 

405, 406
wet cleaning 54, 828–9
wet milling 929, 947–8
whey

membranes 777
model-based techniques 

249
powder production 648

Wilson model 100
wind resistance see drag
wine

distillation 249
pervaporation 778–9

winnowing 811
wood packaging 1389–90
work 29, 32, 57 see also 

energy
working capital 1440–1

X-ray irradiators 980, 
984–5

yeasts 336
heat resistance 341, 

363
high-hydrostatic-pressure 

processing (HHP) 
1020

pressure sensitivity 1005, 
1020

pulsed electric fi eld 
processing (PEF) 1089, 
1212

yield point 929
yield stress (threshold stress) 

265, 266, 345, 692
yield value 345

z-values 140–1, 340, 374, 698, 
699

zero-order reactions 115–16
zeroeth law of 

thermodynamics 76
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