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PREFACE 

 
Drying is an important unit operation used in numerous industries and well known 

as a dominant industrial consumer of fossil fuel-derived energy in developed countries. 
As standard of living rises in the developing world energy usage for drying operations 
will rise along with the demand for energy-efficient, faster, environmentally friendly 
(minimal carbon foot print) and cost-effective drying technologies will continue to 
increase worldwide. Indeed, the growth in energy consumption for drying will increase 
at a higher pace in the rapidly developing world, in particular the rapidly developing as 
well as very large economies of China, Brazil and India. As the fuel prices rise, it is 
necessary to develop sustainable drying technologies using renewable sources using 
innovative ideas. Drying of food products has been a very important industrial sector for 
many years. This is also reflected in the continuing success of the International Drying 
Symposium (IDS) series and numerous sister conferences as a well as a premier archival 
journal devoted exclusively to drying science, technology and engineering. Drying R&D 
seems to have reached a sustainable level of activity around the globe, still there is 
tremendous scope to carry out R&D in this complex process.    
 

Although a large volume of highly recognized technical literature is available on 
drying of foods, it is still a daunting task to access and assimilate the essence of this 
voluminous literature for researchers in developing and under-developed countries. To 
alleviate this problem, Professor Arun S. Mujumdar has initiated a series of e-books 
which can be made available freely or at minimal affordable cost even in the poorer 
countries with access to the internet. Indeed, the internet has ‘flattened’ the world in 
providing access regardless of the state of the economic development. The first e-book 
of this type is entitled Mathematical Modeling of Industrial Transport Processes, which 
is available for free download at http://serve.me.nus.edu.sg/arun/. This e-book is also a 
part of this activity and provides a simple convenient introduction to the basic 
principles, terminology, selection and classification of dryers, details on commonly used 
dryers and new developments in drying of foods, vegetables and fruits. Our main goal is 
to make useful technical literature available for particularly those who have little access 
to expensive books and journals. Students and faculty members can use these books for 
teaching purposes as well as for research and industrial needs. Contributors of this book 
have tried to put their ideas in simple terms without sacrificing quality. All chapters are 
reviewed by the editors at the same standards as those used by well known 
international publishers. Indeed all authors are writing by invitation and have a strong 
publication record themselves. This is a professional service on their part. We all must 
be grateful for this thankless service they are providing in the name of humanity and 
sustainability of global resources. 
 

It is important to note that authors and editors have made special efforts to ensure 
that this book and its companion books properly credit relevant early work but the 
chapters do not include any copyrighted material. This e-book is carried out as 
professional service by members of our international network of researchers and 
educators in the hope of making the knowledge contained herein available freely 
without geographical or economic barriers. The internet has made the world “flat”; yet 
access to knowledge is generally restricted. We hope that this effort will provide rapid 
and free access to relevant knowledge freely to those who can most benefit from it. We 
are truly grateful for the outstanding effort of our authors and referees for their truly 
thankless contribution in the interest of global dissemination of useful information. We 
believe the e-books we are planning can be used for teaching as well as R&D purposes. 



 
This book is divided in three volumes; the first volume is dedicated to fundamentals 

of drying FVF, second volume has detailed discussion on drying of various types of food,  
while the third volume covers special topics of wide interest. The first volume 
(published in 2010) starts with basic discussion of relevant principles, terminologies 
and introduction to advances in drying of food products followed by a chapter on 
hygrothermal data for various FVFs. This is followed by a comprehensive discussion on 
selection and classification of dryers for food products. This is followed by chapters on 
osmotic pretreatments, quality and safety in food drying, energy optimization and use of 
renewable sources of energy for drying of foods. The second volume (published in 2011) 
of this book series covered drying of most of the food variety such as drying of rice, 
medical plants, roots, marine products, exotic tropical fruits, probiotics and recently 
popularized functional food and snack food. This volume (third of the series) covers 
special topics such as microwave freeze drying, role of extrusion of food materials, 
vacuum frying, baking of bread, fluidized bed drying of foods, use of renewable energy 
and finally a chapter on use of mathematical modeling in food drying considering a case 
of impinging jet drying. We are happy to bring out the third volume of this effort, 
however, based on the response of drying experts, a fourth volume is also proposed. 

 
We believe this book is suitable for self-study by engineers and scientists trained in 

any discipline and so as for the readers who have some technical background. It should 
also be helpful to industrial users of dryers, dryer manufacturers as well as 
entrepreneurs. The topics chosen are designed to give readers a quick practical 
overview of the subject without going into deep mathematical or theoretical 
considerations. It could serve as a text or supplementary text for professional 
development short courses as well. 

 
We are grateful to a large number of individuals, mainly the contributors of 

individual chapters which are listed following the preface. We are very grateful for their 
support in making this e-book available freely. We hope that this book will be useful to 
researchers working in food dehydration. We hope that the authors of this book have 
succeeded at least partially in achieving goals behind this e-book. We plan to put up 
enhanced editions of these books in due time. Response from readers is always welcome 
along with ideas for new e-books and offers of chapters. 
 
 
Sachin Vinayak Jangam, NUS, Singapore 
Chung Lim Law, Nottingham University, Malaysia Campus 
Arun Sadashiv Mujumdar, NUS, Singapore 
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1.1. INTRODUCTION 

Fruit and vegetables are low in energy and rich in vitamins, antioxidants, minerals 
and fibre. Anthocyanins have anti-inflammatory effects. Both alpha-carotene and beta-
carotene are protective against liver cancer and lung cancer in cell culture and animal 
studies. However, they can only obtain at the special season and spoil too quickly. Dry-
ing fruit/vegetable chips can be solved this problem. The market for dehydrated food is 
important for most countries worldwide (Funebo and Ohlsson, 1998), For example, 
US$7.6 billion worth of dehydrated vegetables, instant dried soup, and seaweed were 
consumed annually in Japan in 1998, excluding uses in restaurants and institutions 
(Japan Statistics Bureau, 2000). In China, the production of dehydrated vegetables is 
worth about US$800 million, including US$420 million for dehydrated red pepper, about 
60–70% (about 230,000 tons) for export (Liu, 2003). In Europe the market for dehy-
drated vegetables was estimated to be worth US$260 million in the early 1990s (Tuley, 
1996). In the United States, there is a large market for dehydrated grapes (raisins), gar-
lic, onions, and tomatoes (Liu, 2003). The growth in popularity of convenience foods, 
such as dehydrated soup mixes and instant noodles, in many Asian countries has stimu-
lated increasing demand for high-quality dehydrated vegetables and fruits. 

  Freeze drying (FD) accomplishes water removal by sublimation at very low tem-
peratures and pressures which ensures high quality of the dried products. Compared 
with other dehydration methods, the FD technique has important characteristics such as 
ability to retain original structure and color, negligible loss of nutrients, and excellent 
rehydration capability due to the porous structure of the product (Jiang et al., 2010a). 
Despite many advantages of freeze drying, the process is not commonly used in food 
processing because of its high cost. Conventional freeze drying requires a longer drying 
time, which leads to high energy consumption and high capital cost. Freeze drying costs 
can be 200%-500% higher than that of hot-air drying if the final moisture content is the 
same (Potter and Hotchkiss, 2001). As a result, FD always process medicaments, but for 
food raw materials rarely. 

  Microwave can penetrate materials and heat products without the aid of thermal 
gradients, which has a positive effect on dehydration (Jiang et al., 2010b). Microwave 
combined with FD, which is called microwave-assisted freeze drying (MFD), can be a 
potential new drying method to process food, and reduce the cost remarkably. Some in-
vestigations on MFD for several heat-sensitive materials have been conducted in the 
past several years. Jiang (2010a, 2010b) investigated the drying characteristics of bana-
na chips processed by MFD, and the Physicochemical changes during processing. The 
result showed that the most suitable operation parameter was that the microwave was 
2.5W/g, and the temperature was 55 °C, and also showed that biggest changes are found 
at the primary drying stage. Wang et al. (2010a) studied the effect of three different food 
ingredients viz. NaCl, sucrose and sodium glutamate on microwave freeze drying (MFD) 
of instant vegetable soup, the results showed that NaCl content and sucrose content had 
significant influence on drying time and sensory quality, while sodium glutamate con-
tent had insignificant effect. Jiang et al. (2010c) also did some research about compari-
son of the effect of MFD and microwave vacuum drying (MVD) upon the process and 
quality characteristics of potato banana re-structured chips, for the quality of products, 
MFD samples were far superior to the MVD samples but the drying time and cost was 
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worse. In general, compared with FD, MFD can meet the four major requirements in dry-
ing of foods: speed of operation, energy efficiency, cost of operation, and quality of dried 
products. The increased demand for plant-origin foods in fast-dehydrated form has in-
creased interest in MFD and has potential to replace conventional FD (Zhang and Xu, 
2003). Following a brief discussion of MFD, the effects of different operating parameters, 
the storage stability of MFD products, and the advantage of MFD compared with the tra-
ditional FD are presented in subsequent sections. 

1.2. BASIC PRINCIPLE OF MICROWAVE FREEZE DRYING 

Microwaves are part of the electromagnetic spectrum. Microwave energy absorption 
in foods primarily involves two mechanisms: dipolar relaxation and ionic conduction, 
these interactions are with the electric field of the radio frequency (RF) and microwaves. 
Water in food is often the primary component responsible for dielectric heating. Due to 
their dipolar nature, water molecules attempt to follow the electric field as they alter-
nate at very high frequencies. Such rotations of the water molecules produce heat. Ions, 
such as those present in salty food, migrate under the influence of the electric field, ge-
nerating heat. This is the second major mechanism of heating in microwaves and RF 
energy. Both the dielectric constant and the dielectric loss factor measure the ability of 
the material to interact with the electric field of the microwaves. The dielectric constant 
is a measure of the food material’s ability to store electromagnetic energy, whereas the 
dielectric loss is the material’s ability to dissipate electromagnetic energy (which results 
in heating) (Rao, 2005). 

The Basic principle of MFD is similar with traditional FD, there is a triple Point ex-
isted for water in raw materials. Under 611 Pa, as shown in Figure 1.1, the solid state 
can transit to gaseous state without be to liquid state. The triple point temperature was 
273.16 K/0.01 °C, following this principle, the pressure of FD drying cavity can keep the 
pressure low than 100 pa and offer the heat energy by heat shelf. The vapour can be 
catch by the cold trap, in which the temperature low enough to freeze the vapour. For 
FD, a prominent factor is the structural rigidity afforded by the frozen substance at the 
surface where sublimation occurs. This rigidity prevents collapse of the solid matrix re-
maining after drying. The result is a porous, non-shrunken structure of the dried prod-
uct that facilitates rapid and almost complete rehydration when water is added to the 
substance. FD can maintain the high quality of products (colour, shape, aroma, texture, 
biological activity, etc.) better than any other drying method due to its low processing 
temperature and lack of oxygen in the process (Litvin et al. 1998; Strumillo and  Ada-
miec, 1996). Other advantages of freeze drying include protection against chemical de-
composition, easy rehydration, etc. (Xu et al. 2005). 

However, freeze drying is an expensive and lengthy dehydration process because of 
low drying rates, which lead to relatively small throughputs and high capital and energy 
costs generated by refrigeration and vacuum systems (Duan et al. 2010). In MFD system, 
it use microwave as the heat resource, which can be directly absorbed by the water mo-
lecules for sublimation within the food material, without being affected by the dry zone. 
As a result, MW heating offers a good opportunity to increase the drying rate in FD. Ex-
periments and numerical predictions show that the drying rate was significantly in-
creased and the drying cost reduced with MW heating (Wu et al. 2004). 
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Figure 1.1. The schematic of triple point of water 

1.3. EXPERIMENTAL EQUIPMENT 

A schematic diagram of MFD dryer was shown in Figure 1.2. There are two drying 
cavities where FD and MFD tests can be done. When they were dried in the FD cavity, 
the materials were heated by conduction from the electrically heated shelf. If the sam-
ples were dried in the MFD cavity, a microwave field supplied the required heat for dry-
ing. During drying, the pressure was maintained at 100 Pa by a vacuum pump. The tem-
perature (-40~-45 °C) of the cold trap was low enough to condense the sublimed water 
vapor from the frozen banana state. To minimize the non-uniform distribution of the 
microwave field in the cavity, three magnetrons were used; the angle between two adja-
cent magnetrons was 60°. The microwave frequency was 2450 MHz. The power of mi-
crowave could be continually regulated from 0 to 2000 W. The temperature of the dry-
ing materials was detected by a special optical fiber probe which can operate in a mi-
crowave field. The microwave heating system could be automatically turned on or off 
during drying to control the material temperature. 
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Figure 1.2. Schematic diagram of the microwave freeze dryer 

1. Microwave freeze drying chamber 2. Optical fiber temperature sensor 3. Vacuum breakage valve, 
for MFD 4. Sample supporting plate 5. MFD Sample 6,7. Microwave source 8. Pressure sensor, for 

MFD chamber 9. Freeze drying chamber 10,12. Heating plate 11. FD sample  13. Pressure sensor, for 
FD chamber 14. Vacuum breakage valve, for FD 15. Temperature sensor 16. FD vacuum valve 17. 

MFD vacuum valve 18. Cold trap 19.Vacuum pump 20. Draining valve  21.Refrigeration compressor 
22.Control system 

1.4. PROCESSING 

A schematic diagram of MFD dryer was shown in Figure 1.2. There are two drying 
cavities where FD and MFD tests can be done. When they were dried in the FD cavity, 
the materials were heated by conduction from the electrically heated shelf. If the sam-
ples were dried in the MFD cavity, a microwave field supplied the required heat for dry-
ing. During drying, the pressure was maintained at 100 Pa by a vacuum pump. The tem-
perature (-40~-45 °C) of the cold trap was low enough to condense the sublimed water 
vapor from the frozen banana state. To minimize the non-uniform distribution of the 
microwave field in the cavity, three magnetrons were used; the angle between two adja-
cent magnetrons was 60°. The microwave frequency was 2450 MHz. The power of mi-
crowave could be continually regulated from 0 to 2000 W. The temperature of the dry-
ing materials was detected by a special optical fiber probe which can operate in a mi-
crowave field. The microwave heating system could be automatically turned on or off 
during drying to control the material temperature. 

Material and pretreatment  

• Material preparation including selection of fruits and vegetables of optimum ma-
turity and rough machining, such as cleaning, sorting, peeling and slicing.  

• Pretreatment including blanching, cooking, seasoning, pre-drying.  
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Freezing  

• Freezing temperature should lower than the eutectic point of raw materials 
• The materials prepared are placed in a ultra-low temperature freezer in a con-

tainer directly.                       
• The freeze time should last 5 h at least to ensure the core of raw materials can 

achieve the eutectic point.  

Drying 

• The drying curves of different materials are necessary before drying. 
• Determining the most suitable highest temperature of materials is necessary be-

fore drying 
• Determining the most suitable microwave power of materials is necessary be-

fore drying 
• The final moisture content of materials should lower than 5% (dry basis). 

Storage 

• Water sorption isotherms.  
• Glass transition temperature 
• Selection of storage condition and package material 

1.4.1. Pretreatment procedure 

MFD could produce the high quality fried foods with natural color, good flavor, and cris-
py texture. Some necessary pretreatment procedure like peeling, cutting should be tak-
en during this stage. It should be mentioned that there is an edge effect existed when 
microwave was used (James and Timothy, 1996), as the result the material should be 
had a surface area as large as possible, and made the shape thin and flat. The drying 
process was taken vacuum condition, therefore it need not make colour protection 
course. 

Some physical pre-treatment procedures have been investigated in order to improve 
drying kinetics and product quality. Wang et al. (Wang et al., 2010a) added the dielectric 
cores into the MFD instant vegetable soup and found that MFD process can be enhanced 
significantly by the addition of dielectric cores with high loss factor to the porous or liq-
uid materials to be dried. The dielectric cores function as another heat source by absorb-
ing microwave energy. In this experimental study, NaCl, sucrose and sodium glutamate 
were chose as the exogenous dielectric cores added into the raw materials. it was found 
that the soup with seasoning ingredients could reduce total drying time by 40%. Results 
showed that suitable addition of food ingredients could improve MFD rate of vegetable 
soup and reduce drying time, which was an ideal way to achieve high efficiency MFD 
process on the premise of good product quality. 

  One of the drying characteristic of MFD/FD was good rehydration, but some special 
environment the rehydration rate should be slow down. Huang et al. (2009) investigated 
the effect of coating on post-drying of freeze-dried strawberry pieces to control the re-
hydration rate. The best formula for the coating solution is found to be: whey protein 
10%, glycerol 3%, lactose 10%. Color of strawberry pieces can be protected to some ex-
tent by adding Na+ and b-Cyclodextrin (b-CD) in the coating solution. The best propor-
tions of Na+ and b-CD were 3 mg/ml and 0.5 mg/ml, respectively. Coated freeze-dried 
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pieces of strawberry were dried in a spouted bed. Coated freeze-dried pieces of straw-
berry were dried in a spouted bed. The rehydration ratio of coated and dried strawberry 
pieces was significant less than FD strawberry pieces in milk. It also can be used in MFD. 

1.4.2. Freezing 

The freezing stage represents the first separation step in the freeze drying process, and 
the performance of the overall freeze drying process depends significantly on this stage 
(Liapis et al., 1996). The material system to be processed is cooled down to a tempera-
ture that is always below the glass transfer temperature (Tg) of the material system. 
Glassy state is one kind of stage. In this stage, the energy of thermal motion of molecules 
is very low, which can freeze over the molecular chain. Material at this time showed sim-
ilar mechanical properties with glass. Glass transfer temperature can be measured by 
DSC, DMTA and some other measuring method, the value is close to eutectic tempera-
ture. For instance, if the material to be freeze-dried is a solution with an equilibrium 
phase diagram that presents a eutectic point, then the value of the final freezing temper-
ature must be below the value of the eutectic temperature; in this case, the material be-
comes wholly crystalline.   

The shape of the pores, the pore size distribution, and pore connectivity of the porous 
network of the dried layer formed by the sublimation of the frozen water during the 
primary drying stage depend on the ice crystals that formed during the freezing stage; 
this dependence is of extreme importance because the parameters that characterize the 
mass and heat transfer rates in the dried layer are influenced significantly by the porous 
structure of the dried layer (Liapis et al., 2007; Millman et al., 1985; Liapis and Litchfield, 
1979; Genin and Rene, 1996). If the ice crystals are small and discontinuous, then the 
mass transfer rate of the water vapor in the dried layer could be limited. On the other 
hand, if large dendritic ice crystals are formed and homogeneous dispersion of the pre- 
and post eutectic frozen solution can be realized, the mass transfer rate of the water va-
por in the dried layer could be high and the product could be dried more quickly. Thus, 
the method and rate of freezing, as well as the shape of the container of the solution and 
the nature of the product, are critical to the course of lyophilization because they affect 
the drying rate and the quality of the product. Always, we prefer high quality to high 
drying rate. 

Some methods can be used to control the size of ice-crystal. Application of an electric or 
magnetic field can significantly affect the freezing characteristics of water. A DC electric 
field will tend to induce ice nucleation at a lower degree of super cooling, and there is 
evidence to show that an AC electric field delays the onset of ice nucleation (Woo and 
Mujumdar, 2010). Water consists of dipole molecules. Due to the structure of water mo-
lecules, which are composed of two hydrogen atoms and one oxygen atom, the oxygen 
side of the molecule is partially negative, whereas the hydrogen side of the molecule is 
partially positive. When an electric field is applied across a water sample, water mole-
cules tend to realign themselves along the direction of the field (Shevkunov and Vegiri, 
2002). In the manipulation of the electric field, application of DC and AC fields may have 
opposite effects. The former tends to induce nucleation, whereas the latter has been 
shown to delay nucleation. These effects are due to the alignment effect of the dipole 
water molecules under an electric field (Sun et al., 2008; Orlowska et al., 2009; Do et al., 
2004; Kim et al., 2007).  
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Water is a diamagnetic material and hence is susceptible to be magnetized by a magnetic 
field. Industrial research has shown that a magnetic field can be used to delay nucleation 
and to induce small, unclustered ice. Under a magnetic field, the hydrogen bonds be-
tween the water molecules are stronger, giving a more ordered and stable configuration 
(Tagami et al., 1999; Ueno and Iwasaki, 1994). Norio and Satoru (Norio and Satoru, 2001) 
of ABI Limited in Japan found that the magnetic field can help in maintaining water in a 
metastable state to even larger degree of supercooling. In other words, a magnetic field 
will tend to affect water in the opposite manner to that of a DC electric field. 

Immersion freezing with ultrasound also can influence the freezing characteristics of 
water. Ultrasound plays an effective role in the formation of nuclei and subsequent crys-
tal growth. During the freezing period, it would lead to fine ice crystals and shorten the 
time from the onset of crystallization to the formation of ice, thus reducing damages to 
cellular structure. This may due to acoustic cavitation, which consists of the formation, 
growth, and violent collapse of small bubbles or voids in liquids (Simal et al., 2008). A 
Schematic of the ultrasonic assistant freezing pretreatment system was shown in Figure 
1.3. Xu et al. (2009) investigated the effect of power ultrasound pretreatment on eda-
mame prior to freeze drying, the objective of her research was to evaluate factors in-
fluencing the effects of power ultrasound on freezing efficiency in immersion freezing 
and obtain proper pretreatment operation conditions. The results of response surface 
analysis show that the texture and the water-holding power of edamame after thawing 
are 6050 and 92% when 58 W ultrasound power is applied for 0.7 min, 50% intermit-
tency at a coolant temperature of -20 °C. 

 
1. compression tank; 2. condenser tube; 3. receiver (refrigerating medium); 4. pressure 
valve; 5. evaporator; 6. reaction vessel; 7. fan; 8: ultrasonic transducer; 9. external ther-
mocouple; 10. internal thermocouple; 11. temperture control system; 12. ultrasonic ge-
nerator.  

Figure 1.3. Schematic of the ultrasonic assistant freezing pretreatment system. (Xu et al., 
2009) 

1.4.3. Drying procedure 

During the MFD drying, drying parameters as following would significantly affect the 
properties of dried food, such as moisture content, color, and texture of dried foods.  

• drying temperature/microwave power 
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• drying time  
• vacuum degree 
• cold trap temperature 

This drying temperature means the highest temperature which materials can be 
achieved. Higher drying temperature and microwave power can lead a fast drying rate 
but if they exceed a certain degree it is easy to make the materials charred and some nu-
trition lost. Some pre-test is necessary before drying to fix the most suitable drying tem-
perature and microwave power which can prevent drying fail. Duan et al. (2007) used 
microwave as a heat source for freeze drying cabbage; they noted that at suitable para-
meters MFD can reduce more than half of the drying time compared to FD without sig-
nificant differences in product quality. There was an adjustment among the sublimation 
drying stage and desorption drying stage. Considering efficiency and quality, higher mi-
crowave power should be adopted in the sublimation phase, and lower microwave pow-
er should be introduced in the desorption phase. Wang et al. (2010b) did some re-
searches about the effect of food ingredient on microwave freeze drying of instant vege-
table soup, in this experimental investigation, a mild drying condition: drying processes 
were carried out at microwave power of 1.0 W/g and material temperature of 55 °C 
were used to compare the different drying rate of samples added different additives. 
Jiang et al. (2010a) compared the drying quality of banana chips disposed by different 
microwave powers, the result showed 2 W/g microwave would lead the highest sense 
score, and it is very east to cause the plastic container melting if the drying temperature 
higher than 70 °C. 

For the basic principle of FD, the pressure of drying cavity must lower than 611 Pa. there 
is a plasma discharge phenomenon existed when microwave used in low pressure con-
dition, which would lead locally charring (Wu et al., 2010). Figure 1.4 shows that in 
about 50 Pa it is prone to make plasma discharge happened. In practice we always make 
the pressure low than 100 - 200 Pa to prevent this phenomenon. Relatively higher pres-
sure is a good technique to save energy. In Duan’s research (2007), 50, 100, 180 Pa were 
chose as the contrastive conditions. The results showed low cavity pressure was neces-
sary to reduce the drying time. In fact, different cavity pressures had no significant effect 
on the sublimation phase, but it made the drying rate in the desorption phase change 
significantly. As a result, at the beginning of drying, higher pressure could be adopted, 
and in the desorption phase lower cavity pressure should be used. However, lower pres-
sure needs more power consumption by the vacuum pump. Therefore, in the sublima-
tion phase, 180 Pa cavity pressure is recommended along with 100 Pa pressure in the 
desorption phase.   

Cold trap in freeze trap can catch the vapour which comes from samples by extra low 
temperature. It can prevent the vapour absorbed into the vacuum pump to protect the 
vacuum pump. The inner wall of cold trap can frost the vapour. Some research showed 
the heat transfer coefficient would depress as the thickness of frost increasing and the 
vacuum degree in cold trap decreasing (Deng and Xu, 2003). The temperature in cold 
trap need to maintain a certain temperature, as author’s experience, -30 °C can meet the 
demand. 
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Figure 1.4. The relationship between electric field threshold value and pressure (Wu et 

al., 2010) 

1.5. HEAT AND MASS TRANSFER MODELS OF MFD 

The Heat and Mass Transfer Models of MFD can be divided into three parts, the heat 
and mass transfer equations in the sublimation condensation region, drying region and 
sublimation front, as shown in Fig. 5.1. Wang and Shi (1998a) developed a sublimation-
condensation model based on an unsteady-state model. It illustrates an one-dimensional 
unsaturated porous medium slab to be freeze-dried with microwave heating. For this 
research, the heat and mass transfer equations in the dried region can be written as: 

Mass transfer 
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The heat and mass transfer equations in the sublimation condensation region are as 
follows: 
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The heat and mass transfer equations of the sublimation front are as follows: 
Heat transfer: 
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This model could simulate the drying process well according to some reports (Wang 
and Shi, 1999; Wang and Shi, 1997; Wang and Shi, 1998b). Besides that, Tao et al. (2005) 
give a numerical simulation of conjugate heat and mass transfer process within cylin-
drical porous media with cylindrical dielectric cores in MFD, Chen and Wang (2005) de-
veloped a heat and mass transfer model of dielectric-material-assisted MFD of skim milk 
with hygroscopic effect. 

 

 
Figure 1.5. Physical model of sublimation-condensation. I-Sublimation-condensation 
region; II-Sublimation front; III-Dried region. 1-vapor (ε(1-S)); 2-ice (εS); 3-solid body 

(1-ε).(Wang et al., 1998a) 

 

1.6. CONCLUSION 

The main advantage of MFD is to sharply reduce drying times and save energy con-
sumption. Many researches showed that MFD can save more than 50% drying time 
compare with FD. As long as the drying parameters are controlled well, MFD can ensure 
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the same product quality as conventional FD. However, there are still some problems 
needing further research to successfully introduce MFD to industrial applications: 

1. In order to bridge the gap between laboratory research and industrial applica-
tions, scale-up of MFD equipment should be developed. MFD dryer is an important facet 
to ensure the uniformity of drying. The locality of microwave sources should be settled 
suitable and the samples can move is better than keep still.  

2. During the MFD process, the distribution of the electromagnetic fields is affected 
by the dielectric properties of the materials, so the drying control program should be 
based on the changes of dielectric properties of the materials. Additives can affect the 
dielectric properties obviously.  

3. Freezing can affect the dried samples quality obviously, always we prefer good 
samples quality to fast drying rate, as a result we choose fast freeze. 
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2.1. INTRODUCTION 

The first bread was made around 10,000 years BC or over 12,000 years in the past, 
which may have been developed by deliberate experimentation with water and grain 
flour. Egyptians are the pioneers who make the art of bread making popular throughout 
the world. Control of the production and distribution of bread has been used as a means 
of exercising political influence over the populace for at least the last 2000 years. Even 
today, a shortage of bread is synonymous with hard times, while the promise of its ser-
vice is used as rallying call for better life. Currently there are around twenty periodicals 
devoted to the studies of cereal science and technology. This attests to the research ef-
fort applied to studies of factors which affect bread quality. Therefore, the significance of 
the commodity itself, and the desire for good quality in the bread, does seem to warrant 
‘‘thorough attention” by the research community. Although people have practiced bak-
ing for a long time, the understanding of the whole process is not very clear. One of the 
possible reasons for this is that several fundamental complex physical processes are 
coupled during baking like evaporation of water, volume expansion, gelatinization of 
starch, denaturation of protein, crust formation etc.  

These changes are essentially the result of simultaneous heat and mass transfer 
(SHMT) within the products. During the baking, in the dough, heat and water transport 
occurs mainly through the combination of conduction to the dough, convection from the 
surrounding hot air, radiation from the oven walls to the product surfaces, as well as 
evaporation of water and condensing steam in the gas cells of the dough. Since dough is 
a poor conductor of heat that limits heat transfer through conduction, the vapour and 
water diffusion mechanisms play a very important role in the process.  

There has been a growing interest in the modeling of heat and mass transfer during 
baking that will be summarized here. The objective of this chapter is to identify the 
scopes of further investigation into various aspects of bread baking. 

2.2. WHEAT, GRAIN FLOURS, DOUGH AND BREAD 

Any discussion of baking must begin first with its most elemental ingredient: wheat 
flour. Not only is wheat, the heart and soul of bread but its special properties allowing 
bakers to produce an astonishing array of products, from pastry to cakes and cookies. 
Wheat (and to a much lesser extent rye) flours do one thing extremely well that the 
flours of other grains cannot create a gluten network. Gluten is the substance formed 
when two proteins present in flour, glutenin and gliadin, are mixed with water. Gluten is 
both plastic and elastic. It can stretch and expand without easily breaking. A gluten 
structure allows dough to hold steam or expanding air bubbles, so that yeasted dough 
can rise and puff pastry can puff. As with many discoveries, the domestication of wheat 
and the making of risen bread was as much accident as intent. A truly remarkable series 
of fortuitous, mutually beneficial interactions between wheat and humankind helped to 
guarantee the success of both species. 

The wheat grain is characterized by a high carbohydrate content (about 70 percent), 
relatively low protein content (9 to 13 percent), low moisture content (11 to 13 percent), 
small amounts of lipids, a number of enzymes, and fiber, minerals, and vitamins. The 
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carbohydrates are primarily starch and cellulose. The proteins include, of course, glute-
nin and gliadin, the gluten formers, as well as minute amounts of other proteins. Lipids 
are present primarily in the germ and bran of the wheat kernel and are not a significant 
factor in white flours. Minerals make up what is known as the ash content of the flour. 
The ash refers to the amount of mineral residue left behind in a controlled burn of a 
flour sample. Vitamins, predominantly the B-complexes and vitamin E, are again present 
most significantly in the bran and germ, but are removed during milling and may be 
added afterwards. 

Dough is mainly composed of starch and gluten. During mixing, starch granules be-
come thoroughly embedded in the gluten matrix. Both of starch granule size and gluten 
contribute to the mixing quality of wheat flour dough system. Dough properties can be 
improved by some improvers. Shimizu et al., 2003 studied utilizing ethyl galactoside as 
an improver in baking. It was found that adding of ethyl galactoside decreased the mod-
ulus of dough elasticity and the dough viscosity coefficient. The structure of bread 
crumb showed both fibrous and sheet-like gluten layers. Ethyl galactoside did not only 
improve dough properties, but also retarded the staling and hardening of bread crumb 
during storage. As dough moves to the fermentation process, starch granules in the glu-
ten matrix become highly oriented; as a result, cells continuity is formed to retain car-
bon dioxide gas. When baking starts, the swollen granules remove water from gluten. 
Consequently, dough becomes semi-rigid bread. 

Bread refers to a range of products of different shape, size, texture, crust, color, soft-
ness, eating quality and flavor. Specification of different types of bread is also different. 
Its different from cake, cracker, and biscuit is the gluten formation. Bread is composed of 
crust and crumb. In fact, white bread is further divided into crumb and inner and outer 
crusts. The proportional amount of crust and crumb depends on oven condition. 

Crumb: the structure of crumb is divided into 2 levels. One is at pore surface consist-
ing of a monomolecular lipid formed with a few patches of polymerized high molecular 
weight storage protein units dispersed in it. The other is at pore curvature contains 3 
functional aspects. The first one is the effect of pres on bread structure. The second is 
the mechanism of heat transfer particularly evaporation and condensation of water va-
pour within the pore system. The last aspect is the adsorption of the flavor compounds 
formed during baking (Eliasson and Karlsson, 1983). Crumb texture could be improved 
by the additional crosslink to a gluten network via Maillard reactions (Gerrard et al., 
2003).  

Crust: Crust is a hard, vitreous surface layer formed of collapsed crumb pore walls. It 
is a result of dried starch gel with dispersed protein and lipid aggregates. One of the 
functions of crust is to provide a barrier against the loss of water and flavors. Compared 
to crumb, crust contains lower starch content because of fragmentation and transglyco-
sidation reactions of starch (Eliasson and Karlsson, 1983). Furthermore, crust under-
goes higher temperature during baking, resulting in a lower water content (or a higher 
concentration of soluble solids). The higher temperature and lower water content acti-
vate non-enzymatic browning reactions including Maillard reaction and caramelisation 
(Gogas et al., 2000). Both reactions produce browning color for the crust. Crust forma-
tion could be controlled by heat transfer modes, air temperature and air velocity. Crust 
thickness could be measured by following the movement of the 100°C isotherm inwards 
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in the product (Wahlby et al., 2000). If the crust is formed and fixed by drying too early, 
the crumb cannot expand. Consequently, cracks appear along the crust. 

2.3. PHYSICAL CHANGE DURING BAKING 

2.3.1. Structural Changes 

There are two major structural phenomena in a baking process. The first one is the 
transformation of semi-fluid dough to a predominantly solid baked product. This trans-
formation is characterized by the corresponding rheological properties. Changes in the 
rheological properties are affected by baking conditions. The second structural pheno-
menon is the expansion of dough in the oven until its structure is fixed. The expansion is 
accompanied by a flow of material between the gas cells in the dough. Therefore, the 
resistance of the material to flow affects the oven rise or dough expansion.  

Solidification: A metamorphosis from dough to bread involves crucial steps induced 
by starch gelatinization and transition from gel to coagel. The most striking changes are 
the opening of foam type of gas cells to produce pores and the solidification of aqueous 
bulk medium. The solidification is caused partly by gelatinization and partly by the loss 
of cohesiveness during transition from gluten gel to coagel. Bread is ready when the en-
tire crumb reaches 100 °C (Wahlby et al., 2000).     

Starch gelatinization: Starch granule is composed of amylose and amylopectin which 
forms crystalline together. The space between molecules is called amorphous. In the 
presence of water, when molecules are heated up to the point that water has enough 
energy to break the bond in the amorphous area, gelatinization starts (Engelsen et al., 
2001). According to the nuclear magnetic resonance (NMR) baking (Medcalf 1968), gela-
tinization starts at 55°C and finishes at 85°C when evaporation at the surface dominate. 
A series of processes at molecular scale include swelling, melting, disruption of starch 
granules and exudation of amylase (Bloksma 1996). As a result of starch gelatinization, 
the partially swollen granules can be stretched into elongated forms to allow gas cells to 
expand. Therefore texture and structure of the product is dependent on starch gelatini-
zation. The extent of starch gelatinization can be used as a baking index. To characterize 
the extent of starch gelatization, Zanoni et al., 1995 used a calorimeter to measure the 
quantity of heat uptake which related to the progression of starch gelatinization. Besides 
the baking condition, addition of some ingredients would also influence the starch gela-
tinization. Emulsifiers, for example, delay the gelatinization, as a result, the period of 
time for volume expansion is prolonged or the increase in viscosity is delayed. Therefore, 
adding emulsifiers is expected to improve the baking performance (Wahlby et al., 2000).    

Protein Denaturation: In wheat flour based products (bread, cracker, cookies, cake, 
etc.), dough is prepared through the formation of a wheat gluten network. When dough 
is subject to high temperature during baking, changes in its viscoelastic properties are 
found, depending on the physicochemical characteristics of the wheat gluten (Hansen et 
al., 1975). Heating at temperature above 60°C leads to an increase in the storage mod-
ulus that characterizes elastic properties. This effect can be explained by the polymeri-
zation of glutenins as a result of thiol-disulphide interchange reaction. Thermal effect 
induces the change from gluten gel to coagel (Cuq et al., 2005). Cuq et al., 2005 hypothe-
sized that, changes in solubility of wheat gluten during baking were dependent on its 
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gliadin fraction. Otherwise the changes might depend on the level of high temperature 
which allowed the activation of thermosetting reactions producing intra- and intermole-
cular covalent bonds of protein network. The change in gluten phase also enhances the 
affect of starch gelatinization, such as transformation from viscous dough into an elastic 
material. After the protein is denatured during baking, water adsorbed in the gluten re-
leased. Then starch uses this water for gelatinization. Consequently, dough becomes 
semi-rigid bread. Before baking, water in the dough is estimated to be combined with 
starch (46%), protein (31%) and pentosan (23%) (Bushuk, 1966). After freshly baking, 
gelatinized starch granule is in the amorphous phase. When bread is cooled down, water 
is redistribution as starch becomes more crystalline phase. More water from gluten is 
developed (Gray and Bemiller, 2003). At this time no water is estimated to be associated 
with protein. However some water is still estimated to combine with pentosan due to 
the high hydration capacity of pentosans (Gray and Bemiller, 2003).   

Expansion: Carbon dioxide gas is mainly produced by yeast fermentation process. 
the production of carbon dioxide gas by yeast continue at an increased rate during the 
first stage of baking until yeast is destroyed at temperature of about 55 °C. According to 
Gay-Lussac low, accluded gas expands when temperature increases from 25 °C to 70 °C. 
At temperature below 55 °C, volume expansion is slightly influenced by temperature. 
However temperature shows significant effect on volume expansion, after dough tem-
perature reaches 60 °C (Fan et al., 1999). When temperature increases during baking, 
the solubility of carbon dioxide in a liquid dough phase decreases. The dissolved carbon 
dioxide vaporizes. At the same time, saturated vapor pressure of water increases rapidly, 
as a result, gas cells expand. In the presence of a constant pressure, the volume of the 
occluded gas increases by a factor of 1.15 (Bloksma 1996). However the pressure re-
mains constant until dough temperature reaches 50°C because dough viscosity does not 
affect oven rise up to this temperature. After that the increased viscous resistance caus-
es an increase in pressure (Fan et al., 1999). If the pressure increases, the expansion will 
be accordingly decreased. The expansion is caused by exhaustion of baking powder, by 
the inactivation of yeast at higher temperature and by the resistance of the dough to ex-
pansion. The resistance can be due to either the viscous resistance of the bulk to defor-
mation or a crust formation at the surface (Bloksma 1996). 

2.3.2. Color Changes 

Color is one of the important characteristics of baked products, contributing to con-
sumer performance. In bread crust, the higher temperature and lower water content 
activate non-enzymatic browning reactions including Maillard reactions (suger-amine) 
and caramelization. At the beginning of a Maillard reaction, furosine amino acid is 
formed. However, the furosine decreases after a high intensity is reached. In contrast, 
hydroxymethylfurfural, an intermediate product in the Maillard reaction and sugar de-
gradation, keeps increasing with higher temperature and baking time (Zanoni and Peri, 
1993). The resulted brown polymeric compound is called melanoidine. The browning 
reaction rate depends on water activity and temperature. The water activity that pro-
duces the maximum browning reaction rate is in the range of 0.4 and 0.6 depending on 
the type of food substance.  At temperatures below 60 °C, the browning reaction per-
forms as a zero-order reaction. Due to the short period of sub- 60 °C surface tempera-
ture in baking processes, the overall colour reaction is assumed to follow the first- order 
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kinetics (Moyano et al., 2002; Thorvaldsson and Janestad, 1999). Its kinetic constant in-
creases with increased temperature and decreased moisture content (Thorvaldsson and 
Janestad, 1999) following Arrhenius equation. In bread baking, crust browning reaction 
occurs at temperature greater than 110 °C (Wahlby et al., 2000).  

2.3.3. Flavor 

Flavor is another quality attribute developed during baking process in the form of N-
heterocycles via Maillard reactions. 2-acetyl-1-pyroline and 2-acetyltetrahydro pyridine 
are the major flavor components formed in wheat bread crust. Based on the relationship 
between flavor development and progress of baking, a flavor sensor was developed to 
be used as a process indicator for baking and toasting processes. During baking, the fla-
vor compounds formed are adsorbed by pore curvatures. Crust structure also provides a 
barrier against the loss of flavors (Wahlby et al., 2000). 

2.3.4. Baking Process 

Bakery industry has seen a revolution over the past 150 years. The small artisan ba-
keries, which were present in every village, made way for high technological bakery in-
dustry. Industrial mono-production took over from the high variety bakeries as bread 
could be produced in a more efficient way. Productivity became the key of success. Dif-
ferent baking technologies were developed to respond better to new market demands. 
New materials and ingredients were introduced in bread composition while research 
generated a constant and impressive progress in bread making. Continuous improve-
ment in baking technology is worth investigating primarily for better quality product, 
development of nutritionally superior product and economic consideration. Bakery 
products differ from other products in that they are leavened or raised to yield baked 
goods of low density. It is a yeast-raised product. Leavening is done by CO2 produced 
from yeast fermentation. Leavening is produced only if the gas trapped in a system that 
will hold it and expand along with it. Therefore much of baking technology is the engi-
neering of food structures through formation of correct dough and batter to trap leaven-
ing gases and the fixing of these structures by the application of heat.  

Bakery products are produced mainly according to three methods. First method is 
the straight dough method where mixing of ingredients is performed in one step. Ac-
cording to manufacturer’s choice and available equipment, ingredients of the dough may 
differ. Sponge and dough method is the second one where mixing of ingredients is per-
formed in two steps. Leavening agent is prepared during the first step. 

Yeast and certain quantity of water and flour are mixed together. The mixture is left 
to develop for few hours and afterwards it is mixed with the rest of the ingredients. 
Chorleywood method is the third method where all the ingredients are mixed in an ul-
trahigh mixer for few minutes. Proper investigation into these three methods may reveal 
more information like optimum bread quality, energy utilization efficiency, volume ex-
pansion etc. With the introduction of automation in bakery industry the first fermenta-
tion step, the bulk proof was reduced or even excluded during the mechanization of the 
bakery. Dried sourdoughs were also used from specialized companies to start the baking 
process. Currently this process has given way to cooling the dough to -2 °C the day be-
fore and automatic warming of the dough on the day of baking. By the end of the 1990s 
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improver technology was introduced for the production of preproofed frozen dough. 
Here the prefermented frozen dough is fermented prior to freezing. 

Freezer to oven, ready to bake and freezer to bake are marketing concepts which are 
fitting well with this technology. The quality of the product is not compromised. Howev-
er, the price of the product has increased. As fresh bread has short shelf life and a num-
ber of chemical and physical changes commonly known as staling occurs, techniques like 
freezing of dough etc. to improve the preservation of bakery products has been analysed. 
Bread making procedure from frozen dough involves the following steps like dough 
preparation, freezing, thawing and baking. Effect of freezing and thawing on bread quali-
ty can be studied objectively to develop relationships between temperatures, durations 
of holding and shelf life after baking.  

In the baking process, Products temperature rise including at the top and bottom 
surfaces and the crumb are important. Crust color is fully developed when its tempera-
ture reaches 150 °C (Zanoni and Peri, 1993).  Also, the extent of starch gelatinization is 
0.98 as the internal temperature reaches 95 °C (Zanoni et al., 1995). The crumb temper-
ature of 100°C is often considered a standard for completion of baking by most re-
searchers (Thorvaldsson and Janestad, 1999). Bread temperature rise shows two dis-
tinct stages. In the first stage (preheating period), the temperature rises very rapidly. In 
the second stage, a slow temperature rise can be seen. This reduction is due to water 
evaporation. According to Hasatani et al., 1992 the crust begins to form when the pre-
heating period ends.  

During the fermentation of the dough the temperature distribution in the loaf is fair-
ly constant. The surface temperature of the loaf rises quickly during baking. The high 
temperature on the surface leads to heat transfer into the loaf. The water in the pores 
inside the loaf contributes to the transfer of heat through the material. This occurs due 
to the evaporation of the water at the warm end of a pore and by condensation of the 
water at the cold end, known as the heat pipe effect or the Watt principle. This causes a 
temperature gradient inside the loaf. The partial water vapour pressure is directly re-
lated to the temperature, and a vapour pressure gradient is built up from the surface to 
the centre of the loaf. On the surface there is no plateau whereas behind the crust, in the 
crumb of the loaf, the temperature remains at the plateau. 

Thorvaldsson and Skjoldebrand (1999) showed that the water content in the centre 
decreases when the loaf is placed in the oven, until the temperature reaches approx-
imately 70 5ºC. There is then a change in the measured water content, which begins to 
increase. The water content in the centre of the loaf rises during the baking process. The 
water moves towards the centre by the evaporation of water vapour near the surface, 
where the temperature is high, and condensation closer to the centre, where the tem-
perature is lower. There is a change in the measured water content when the tempera-
ture reaches 70 5ºC. This implies that the chemical changes that cause the bread to 
change from dough to crumb and open up the pore structure occur just prior to this 
temperature interval. The transport towards the centre starts when the temperature has 
reached 70 5ºC and stops when the temperature reaches 100 ºC and there is no temper-
ature gradient left. The coldest region occurs just below the geometrical centre and the 
water vapour moves towards that region. 
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2.3.5. Bread Baking Oven Types 

The workhorse of the baking industry is oven, which was made of clay-brick in start-
ing. There were not many changes in oven as baking was considered an art. However, 
with mechanization of different steps in baking different oven types are also available 
viz. deck, rack, reel oven which help in large scale production. Innovative technologies 
are also used in food service sector where baked goods are served efficiently using ei-
ther Jet impingement oven or hybrid (Jet impingement and microwave combination - 
JIM) oven combining impingement and microwave heating technologies. These technol-
ogies assist the food industry and consumers in the creation of better quality products, 
as well as in the establishment of more efficient processes and improved control of ex-
isting processing operations. 

The quality of baked goods is commonly judged by touch and gentle squeeze. Baking 
in general is conversion of raw dough in to baked product which is achieved by means of 
baking process. Numerous changes take place in dough during baking leading to desired 
quality finished product. Application of innovative heating technologies in baking is li-
mited as the quality of finished product is difficult to attain. One such example is micro-
wave heating, which is energy as well as cost efficient process. The products baked with 
microwave generally lack the brown crust formation, which is main contributor to flavor 
of product, and have toughness, which is undesirable quality attribute. Two novel 
processes Jet impingement baking and hybrid baking (Jet impingement and microwave 
combination - JIM) are popular in baking industry. Impingement ovens are successfully 
used in food service sector for preparing various baked products especially pizza, tortil-
la, and various flat breads, though for large size products it is not suitable. JIM ovens are 
becoming popular at household levels and special applications such as space travel. 
However, JIM oven technology offers significant potential applications for a broad array 
of baked food products. Understanding the conventional baking process and changes in 
dough as baking progresses in conjunction with insight in to mechanism of heating using 
these novel technologies is essential in successful application of novel baking technolo-
gies. 

It is well known that numerous physico-chemical changes occur during baking, these 
changes have not been specifically characterized or investigated with respect to the bak-
ing process i.e., heating and cooling regime during baking and the desired quality in fi-
nished product. Thus, understanding the impact of different heating conditions on 
starch transformation and associated changes in the properties is very critical to control 
and predict the final product quality. Further, it provides opportunity to develop new 
product textures through the use of novel technologies.  

Influence of heating on rheological properties of dough during baking were investi-
gated by many authors (Bloksma and Nieman, 1975; Bloksma, 1980). Bloksma and Nie-
man, 1975 studied influence of heating on rheological properties of dough during baking. 
These tests either utilized difference between the initial and final temperatures of dough 
during baking or temperatures up to starch gelatinization since it is the major change 
that brings about conversion of dough into structured baked product. The actual ther-
mal profiles experienced by dough during baking were investigated by few authors 
(Audidier, 1968; Martin and Hoseney, 1991) and utilized to understand the whole gamut 
of physical and biochemical changes taking place during baking in oven. 
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Audidier[21] described different processes taking place during baking as thermal ki-
netics and thermal weight loss kinetics. Different biochemical and physicochemical reac-
tions (starch gelatinization, protein coagulation, and starch breakdown by amylases) 
take place within characteristic temperature range. The kinetics of this reactions is de-
pendent on the thermal kinetics of baking, i.e. temperature of dough during heating as 
well as cooling.  

The baking ovens did not change much before commercialization of baking during 
industrialization in 20th century. The improvements were in the form of insulated metal 
cabinets as construction material over traditional clay and bricks. Next stage of im-
provement in the oven technology might be us of fan circulate hot air, which facilitated 
even temperature as well as efficient heat transfer during baking. Thus, ovens could be 
divided into two classes first, conduction oven (heat is transferred by contact with hot 
surface); second, convection oven (heat is transferred by circulating hot air). 

 

Figure 2.1. Forced convection oven used for bread baking (Technopokht Company, Iran) 

 

Figure 2.2. Schematic of bread baking in an Impingement Oven 

However, with novel heating technologies (viz. Jet Impingement, microwave and 
electric resisteance) it is possible to achieve high efficiency in baking operation. These 
non conventional technologies provide faster and efficient operations but the tempera-
ture changes experienced by products are different from that in conventional baking. 
These novel technologies individually or in combination provide better practical control 
of the temperature profile of dough during baking over that of conventional baking.  

Different ovens available based on non conventional technologies are Jet Impinge-
ment oven, microwave oven, Jet Impingement Microwave (JIM) oven, and electric resis-
tance oven. Jet impingement oven is a type of convection oven where high velocity jets 
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of hot air are directed over entire product surface to be baked. It is efficient due to high-
er rate of heat transfer and moisture removal the leading to reduced baking time and 
increased throughput of plant. Several authors have investigated heat and mass transfer 
phenomena to evaluate the baking process. Implications of the modified heating tech-
nique were reported to be improved quality perception of finished product as well as 
increase in shelf-life and nutritional advantages (Li and walker, 1996; Walker, 1989; 
Henke, 1984; Millsap and Marks, 2004; Xue and Walker, 2002). One limitation is that 
quick crust and color development might lead to underbaked center in case of large size 
product (pan bread). 

In case of microwave oven heating is achieved by absorption of electromagnetic 
energy waves by polar molecules (mainly water and fat molecules). Microwave ovens 
are successfully used at household level for general heating purpose but its application 
as baking oven is restricted due to toughness and rubbery texture of microwave baked 
products. Ni et al., 2002 reported migration of moisture from inside to surface which 
might be the cause of surface sogginess or rubbery texture. They suggested addition of 
hot air or infrared heating as a means to avoid the quality problems of rubbery texture 
in microwave oven baked products. However, microwave ovens are still not widely used 
for baking operations. 

The limitations of jet impingement oven and microwave ovens could be improved 
upon by combining the two technologies. Rapid temperature increase in the center due 
to microwave heating eliminates underbaking and rapid evaporation of moisture from 
the surface with moisture impervious crust formation sogginess is eliminated. The po-
tential of this technology is illustrated in an empirical study by Walker and Li (1993).  

Studies on bread quality and shelf life in the past have used different parameters in 
terms of baking temperature, time and size of the breads. Walker and Li (1993) baked a 
number of products in different ovens and reported different time-temperature condi-
tions to obtain acceptable products. Baik and Chinachoti (2002) conducted their investi-
gations using breads baked in a bread machine that were baked for 50 min at 160 C. 
Thorvaldsson and Skjoldebrand (1998) prepared large breads (~ 550 g dough). These 
differences in heating method as well as sample size finally result in different tempera-
ture profile experienced by the dough during baking. These products baked in different 
conditions are difficult to compare where temperature profile of dough characterizing 
the baking process provides the common platform for such comparison.  

Patel et al., 2005 used three ovens with different modes for heating to prepare 
breads of two sizes in each oven; 520 g and 80 g dough weight. These doughs were effec-
tively exposed to different thermal profiles during baking. The oven temperature was 
same for all treatments. The premise of the research was to compare the characteristics 
of products produced by using widely different heating profiles during baking. 

The temperature profiles at the center of bread were measured continuously during 
the baking process and are shown in Figure 2.3. The internal thermal profile was signif-
icantly different for breads baked in different ovens as well as for breads of different siz-
es. The thermal profile experienced at the center of the large dough during baking in a 
conventional oven can be divided into three distinct phases; phase I of the thermal pro-
file was characterized by a very slow temperature increase for up to 4 min; phase II ex-
hibited a rapid increase in temperature for a period of 13 min; and phase III was charac-
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terized by an asymptotic increase of temperature above 90ºC for a period of 8 min 
(Figure 2.3). Large breads baked in impingement oven had a thermal profile similar to 
large breads baked in conventional oven, except that baking was completed before the 
temperature reached phase III of the thermal profile. Large breads baked in hybrid oven 
and all the small breads had a negligible phase I stage with significant increase in tem-
perature within about 1 min of baking followed by very rapid temperature increase in 
phase II until the end of baking. Small breads baked in conventional oven had a thermal 
profile with about 6 min in phase III, less than that observed in large bread baked in 
conventional oven.  

The thermal profiles during baking were characterized by calculating the heating 
rates. Heating rates were calculated in the linear region of rapidly increasing tempera-
ture i.e., in phase II, between 50 ºC to 80 ºC to facilitate comparison among different 
breads. The rate of temperature increase at the center of the loaf was significantly dif-
ferent for the different breads baked in different ovens. Small breads baked in hybrid 
oven had the highest heating rate (25.1 ºC/min) while large breads baked in conven-
tional oven had lowest heating rate (6.0 ºC/min).  

The moisture content and water activity of the crumb samples were measured at the 
center of the loaf where the thermal profiles were recorded. Moisture contents of all 
bread samples decreased following 15 days storage. Small breads baked in conventional 
oven had the highest loss of moisture following 15 days whereas large breads baked in 
conventional or impingement ovens had the lowest loss of moisture. We recognize that 
moisture loss in small breads baked in conventional oven is higher than those reported 
in the literature, but the data has been consistent over three separate trials. 

When the data is viewed as a function of heating rate, breads baked at lower heating 
rates had higher moisture following both 2 hr and 15 days of storage compared to 
breads baked using a higher heating rate. Furthermore, breads baked at lower heating 
rates lost less moisture following storage compared to breads baked at higher heating 
rates. The rate of moisture loss was highest up to about 7 days of storage for samples 
baked at intermediate and higher rates of heating. 

 The heating technique, i.e., conduction, convection or hybrid, also affected the mois-
ture content of the breads. Breads baked in impingement or hybrid oven lost less mois-
ture than conventional oven baked breads. This is likely because of the early crust for-
mation in breads baked in impingement or hybrid ovens thereby reducing moisture loss 
through the crust. Furthermore, hybrid oven baked breads had overall lower moisture 
content than the respective breads baked in conventional or impingement ovens, which 
is likely due to the microwave energy that heats the product from inside along with hot 
air heating the product from outside.  

The water activities of bread samples also decreased upon storage. Similar trends as 
that observed for bread moisture content were also observed for water activity levels 
(Figure 2.4).  

Bread firmness values increased following 15 days of storage. Firmness of breads 
from all treatments were almost similar 2 hr following baking. However, a trend was 
observed wherein firmness was higher when breads were baked at a higher heating rate 
compared to breads baked at a lower heating rate (Figure 2.5). The differences in firm-
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ness values as a function of heating rate are more evident following 15 days of storage 
than following 0.08 days of storage. 

Table 2.1. Specifications for ovens used in bread baking, baking conditions, and heating 
rates (Thorvaldsson and Skjoldebrand (1998) ) 

Oven Oven cavi-
ty (mm) 

Power 
Time (min) 

Heating rate 
(°C/min) 

Small Large Small Large 

Conventional 

 

550 (W) 

420 (D) 

400 (H) 

5.27 KWh  

(Natural gas) 
15 25 16.8 6.0 

Impingement 

 

285 (W) 

280 (D) 

205 (H) 

2.0 KW  

(air heater) 
6 12.5 14.7 6.5 

Hybrid 

 

285 (W) 

280 (D) 

205 (H) 

2.0 KW  (air heater) 

1.2 KW (microwave 
2450 MHz) 

3.5* 7* 25.1 16.7 

* Microwave power was at 20% in the hybrid oven for both small and large breads. 

 
Figure 2.3. Temperature profile of breadcrumb center during baking in different ovens 

and heating rate (Patel et al., 2005) 
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Figure 2.4. Moisture content of breadcrumb as a function of heating rate (Patel et al., 
2005) 

 

Figure 2.5. Firmness of breadcrumb as a function of heating rate (Patel et al., 2005) 

2.4. MODELING OF BREAD BAKING 

Three major types of model have been developed to analyze the multi-phase flow 
problem inside products during baking: 

A first type of model is designed to obtain a detailed description of heat and mass 
transfer phenomena between oven components (oven walls, conveyor band, baking 
chamber atmosphere, etc.) and the processed cereal product: Kaiser, 1974, Standing, 
1974, Hayakawa and Yang (1981) . These studies describe (to various degrees of detail, 
depending on their sophistication) heat transfers by convection (between the product 
and the baking chamber atmosphere), by thermal radiation (between the product and 
the oven walls) and by contact (between the product and the oven band). In addition, 
they simulate product drying, potential condensation of water vapour derived from the 
baking chamber atmosphere on the product surface, and the impact of these mass trans-
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fers on product heating kinetics. These studies mainly deal with baking of fine products 
(biscuits, cookies and crackers) in continuous ovens, which means that internal resis-
tance to mass and heat transfers can be overlooked, while it can be assumed that the 
temperature and moisture content within the target product remain uniform during 
baking.  

A second type of model is designed to describe simultaneous heat and moisture 
transport phenomena in cereal products during baking. In these studies, descriptions of 
heat and mass flows between the product and the environment during cooking are sim-
plified, and the focus is on identifying transfer mechanisms that underlie product heat-
ing and drying processes, while taking temperature and moisture content (and/or va-
pour pressure in porous products) gradients within the product into account. Experi-
ments conducted to identify and validate unknown modeling parameters are not carried 
out in industrial-scale continuous ovens (too complicated to instrument) but rather in 
standard or prototype discontinuous ovens in order to be able to obtain reliable replica-
ble measurements of monitored variables (temperature and humidity in the baking 
chamber, temperature fields in the product, etc.). These models are chiefly applied for 
the assessment of thick cereal products such as bread: De Vries et al., 1989; De Cindio 
and Correra, 1995, Parlis and Salvadori, 2009. These models are more seldom applied 
for fine products such as biscuits. The mechanisms identified vary in different studies. 
De- Cindio and Correra (1995) define the product as a hypothetically homogeneous ma-
cro-system (contrary to a real micro-system consisting of dough, the continuous phase, 
and increasingly larger-sized gas bubbles). Heat and mass transfers are thus assumed to 
be diffusive within this system. Thorvaldsson and Janestad (1999) also assume that 
transfers are diffusive, while distinguishing between liquid and vapour forms of mois-
ture transfers within the product which is thus assimilated with a homogeneous biphas-
ic system (liquid dough and gas bubbles). In all other studies, the product supposedly 
involves two clearly delineated thermophysical property phases (crumb and crust) se-
parated by a moving front. Different transfer mechanisms occur on both sides of this 
front, which separate a dry peripheral zone and the moister core of the product. In the 
moist zone, heat and mass transfers are sometimes assumed to be solely diffusive, under 
the effect of a liquid water gradient (Gray and Bemiller, 2003), or convective (Ozilgen 
and Heil, 1994). De Vries et al., (1989) are more in favor of heat and mass transfers in 
the moist zone via an evaporation-condensation phenomenon. The main output va-
riables of the above described models are temperature gain and moisture content varia-
tions in the product (variables assumed to be uniform or not within the product, de-
pending on the modeling hypotheses put forward). The quality changes in the product 
are generally not taken into account, except in the study of De Cindio and Correra 
(1995), who integrates the prediction of the product size variation kinetics during bak-
ing. 

Hence, a third type of model is designed to predict quality change kinetics in cereal 
products during baking. In the case of continuous breakfast cereal production, Albert et 
al., 2001 describe the development of inferential models in order to identify relation-
ships between the on-line process measurements and the product quality. Both linear 
regression methods (multiple linear regression, principal component regression and 
projection to latent structures) and non-linear modeling approach are compared. Other 
studies are focused on predicting color kinetics of bread dough (Zanoni et al., 1995) and 



Banooni S.- Bread Baking 

32   Drying of Foods, Vegetables and Fruits
                                                                                                   

cracker dough (Broyart et al., 1998) during baking. These studies show that variations in 
the colorimetric parameter of interest (product surface color or luminosity measured 
using a Tristimulus colorimeter) follow first-order kinetics, where the rate constant va-
ries with temperature according to the Arrhenius equation with possible dependence of 
Arrhenius parameters (pre-exponential factor and activation energy) on product mean 
moisture content (Broyart et al., 1998). Predicting size modifications in cereal dough 
during baking has also been studied in bread by De Cindio and Correra (1995) and Fan 
et al.,1999 and in biscuits by Broyart (1998). In these studies, it is assumed that bread 
dough consists of a specific number of gas cells (or bubbles) in a continuous dough 
phase containing water and dissolved carbon dioxide. Conservation laws of mass and 
momentum are applied to the dough phase in a spherical co-ordinate system. The differ-
ence between the pressure inside a bubble and remote from the bubble provides the 
driving force for bubble growth and is resisted by inertia, viscosity and interfacial ten-
sion. 

Very few studies have taken product quality changes during baking into account. 
Banooni et al., 2009 used inductive model with four quality attributes -i.e., bread crumb 
temperature, moisture content, volume increase and surface color- to introducing bread 
baking and quality change in terms of various aspects.  

The essence of inductive modeling is to extract as much useful information con-
tained in the measured data as possible, without a priori knowledge of the processes 
involved. Data, for this type of modeling, are the only source of information available. 
The resulting model converting model inputs into outputs is often referred to as a “black 
box” as there is no relation whatsoever with the real underlying mechanism.  

As the physicochemical principles governing the bread baking process (e.g., surface 
color and volume change during baking) are not completely illuminated and understood, 
the ANN modeling is an appropriate method to relate the oven condition with bread 
quality attributes without requiring prior knowledge on the mechanisms involved in the 
process. 

2.4.1. Banooni et al. Model 

An inductive (ANN) was developed to model the quality attributes of the bread after 
baking in an impingement oven. The four attributes were bread crumb temperature, 
moisture content, surface color change, and volume change. The independent variables 
were baking time, oven jet temperature, and oven jet velocity.  The acquired datasets 
were divided into three subsets. Sixty percent of data sets were used in training, 20% in 
validation process, and 20% in testing.  

A multi-layer perceptron feed forward (MLPFF) network was used to model the 
quality attributes of the baked bread. These types of networks are one of the most popu-
lar and successful neural network architectures that are suited to a wide range of appli-
cations such as prediction and process modeling. An MLPFF network comprises a num-
ber of identical units named neurons organized in layers, with those on one layer con-
nected to those on the next layer so that the outputs of one layer are fed forward as in-
puts to the next layer. Any input is multiplied by the connection weight and then a bias 
(a constant number) is added to the product before introducing to the next layer. The 
output of each neuron is calculated through a transfer function.  
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In presented model the input and output layer had 3 neurons (baking time, oven jet 
temperature and oven jet velocity) and 4 neurons (bread crumb temperature, moisture 
content, surface color change and relative volume) respectively.  

After investigating various ANN structures, the best case containing one hidden 
layer with 18 neurons was obtained. A Levenberg-Marquardt algorithm was used in 
network training. Mean absolute error (MAE) was selected to evaluate the ANN perfor-
mance during the training process. A hyperbolic tangent sigmoid transfer function was 
used in the hidden layer and linear transfer function for the output layer.  

All of the baking experiences lasted deliberately for 25 minutes which provided in-
vestigators with the comprehensive information to investigate the baking process until 
full burning. Other oven control variables, i.e. jet temperature and velocity, were 
changed such that different baking conditions were experienced. Jet temperature was 
increased from 150 to 250 °C with 25 °C increments. Jet velocity was adjusted at 1, 2.5, 5, 
7.5 and 10 m/s. Preliminary experiments had shown that the required input variables 
which result in acceptable values for quality attributes lies in these chosen ranges.  Also, 
the color and thickness of the bread were recorded 51 times during 25 minutes (every 
30 s). Therefore, in total 1275 (5 jet temperatures×5 jet velocities× 51 recording times) 
sets of data were acquired experimentally, each of them containing three input variables 
and four output quality parameters.  

Using the trained neural network model, the quality attributes of the bread during 
baking can be calculated using any arbitrary values for the inputs, i.e. oven jet tempera-
ture and velocity and baking time. However, the objective here is to obtain the input val-
ues for which the quality attributes lie in the acceptable range. In other words, to pro-
vide the appropriate condition for the optimum baking, all of the four quality parame-
ters must be as close as possible to the desired values; that is, the following objective 
functions should be minimized: 
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Where 4321 &,, ffff are the bread crumb temperature, moisture content, color change 
and relative volume, respectively and { }321 ,, xxxx =  is a vector comprised of input va-
riables, i.e. time, oven jet temperature and velocity. 4321 &,, dddd  are the desired values 
for the quality attributes of the bread after baking. Therefore the optimization problem 
was formulated as follows: 
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This is an unconstrained and bounded multi-objective optimization problem. Most 
optimization problems naturally have several objectives to be achieved normally con-
flicting with each other. It is rarely the case that there is a single point that simulta-
neously optimizes all the objective functions. Therefore, we normally look for “trade-
offs”, rather than single solutions when dealing with multi-objective optimization prob-
lems. These sets of solutions are called Pareto optimal sets. So far, different methods 
have been used to solve the multi-objective optimization problem.  

Here in this study, Genetic Algorithm was employed to find the Pareto set. This GA 
uses the previously developed ANN model to calculate the quality attributes from the 
randomly selected input variables. After processing and refining the data, a new genera-
tion of input variables is provided by GA; that is, applying these values of input variables 
will give a better quality of the bread at the end of the baking. This process continues 
until the optimum solution is acquired. NSGA-II is a very famous multi-objective optimi-
zation algorithm that used in this study.  

As it is clear from the foregoing discussions, finding an optimum combination of jet 
temperature, jet velocity and time which provides all the quality attributes may not be 
achieved intuitively. For this reason, genetic algorithm, as an optimization tool, was em-
ployed to find the optimum solution. Based on the experimental results, the objective 
functions can be rewritten as follows: 
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However, the acceptable range of quality attributes should be specified experimen-
tally. The crumb temperature, as stated before, must reach to 100°C in order for the 
process of starch gelatinization to be completed. For the moisture content, the accepta-
ble range differs for different types of the bread, but a range of 30 to 35 percent seems 
appropriate for the samples used in this study. Therefore, a moisture content of 35% 
was taken as target. For the crust color, the acceptable color ranges from 15 to 20. 
Therefore color equal to 17.5 was taken as the most desired for this case. The relative 
volume is needed to be maximized, so the negative value of the thickness should be mi-
nimized.  

A multi-objective GA was employed to optimize the jet temperature and velocity and 
also the baking time which provide the desired quality of the bread at the end of the bak-



Banooni S.- Bread Baking 

Drying of Foods, Vegetables and Fruits    35 
 

ing. The Pareto set of optimum solutions was examined and the following solution was 
selected:  

• Jet temperature: 190.08 °C 

•  Jet velocity: 8.46 m/s, 

•  Baking time: 5.52 min. 

These will result in crumb temperature of 103.86 °C, moisture content of 35.75%, 
color change of 16.51, and relative volume increase of 1.48, at the end of the baking. All 
of these values are in the acceptable range of quality for flat breads.  

This study showed that inductive modeling techniques using ANN models make it 
possible to obtain relatively accurate predictions of product qualities variations. The 
ANN modeling approach is nevertheless of considerable technological interest since a 
functional form of the relationship between process data and product quality data can 
be estimated without a priori putting forward hypotheses on the underlying physico-
chemical mechanisms involved. This is why a wide range of experimental conditions 
were tested. Hence, the ANN modeling technique seems to be a promising tool for pre-
dicting product quality changes during baking or dehydration processes. 

2.5. CONCLUSIONS 

Baking is a complex process that brings about a series of physical, chemical and bio-
chemical changes in a product. These changes are essentially the result of simultaneous 
heat and mass transfer within the products. There has been a growing interest in the 
modeling of heat and mass transfer during baking and various types of model have been 
developed to analyze the multi-phase flow problem inside products during baking. New 
approaches have taken product quality (bread temperature, water content, surface color 
and volume expansion) changes during baking into account. These types of modeling 
technique seem to be a promising tool for perfect study of baking or dehydration 
processes. 
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3.1. INTRODUCTION 

In spite of the population growth in the first decade of the 21st century, there is still 
lack of abundant availability of food, especially food rich in protein and vital nutrients. 
Cereal grain products are among the most important sources of vitamins in the Western 
diet, and for this reason there is considerable interest in retaining the nutritional bene-
fits of cereals during processing among food processors.  

Greater production of food has been accomplished by green revolution. But, the in-
crease in total arable land area was much slower than the population growth. Genetic 
engineering of agricultural species and new farming techniques, more efficient trade 
resulting from improved harvesting methods, better road networks, and storage capaci-
ty, and new technologies for production and conservation of foodstuff were the main 
causes of  this growth in productivity (Areas, 1992).  

Motivated by the catastrophic forecasts of increasing population, global famine, and 
of unachieved requirement for nutritious and balanced food proteins and vitamins, the 
efforts of food researchers around the world to produce and preserve the vital nutrients 
from several different sources have resulted in remarkable progress. The increase in the 
mass production of food stuff has been accompanied by an offer of a wider range of 
products, especially of convenience foods, where functional ingredients are structured 
into well-defined forms to provide nutritious, stable, and palatable ready-to-use food 
products (Kinsella, 1978; Henry, 1979; Areas, 1992). On these products rest the present 
hopes of continuing an increase in protein & vitamins availability, as, in principle, even 
the most unusual protein & vitamin source can be transformed and included into a for-
mulated product. Techniques of transformation and modification of essential and vital 
nutrients are therefore of key importance in the whole productive chain. One of the most 
remarkable examples of successful technology in this area is the texturization of vegeta-
ble protein through extrusion cooking (Areas, 1992).  

Health and nutrition is the most demanding and challenging field in this era and 
would continue to be in the future as well. Maintaining and increasing the nutritional 
quality of food during processing is always a potentially important area for research 
(Singh et al, 2007). Moreover, in the developing countries like India; currently there is 
limited accessibility of nutritionally rich processed food products, owing to their high 
cost in the market, with poorer people being prevented access to available foodstuff be-
cause of high prices (Benham, 1984; Autret, 1970; Areas, 1992). Therefore the food re-
searchers are working on processes to provide highly nutritious processed foods at af-
fordable prices to all sections of the society. 

Deterioration of nutritional quality, owing to high temperature during processing is 
a challenging problem in most traditional cooking methods. Extrusion cooking is prefer-
able to other food processing techniques in terms of continuous process with high prod-
uctivity and significant nutrient retention, owing to the high temperature and short time 
required (Guy, 2001); Moreover, it is increasingly used in the food processing industries 
to process the ingredients in the formulation of muesli bars, energy bars, breakfast ce-
reals and snack foods, which forms a significant proportion of the cereal grain in West-
ern diets (Cheftel, 1986).  
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This chapter is an attempt to touch the surface of the vast potential for development 
of many new and innovative snack food products using extrusion technologies .The 
chapter begins with a brief preface about extrusion, functions and terminologies. Con-
cise points about effect of extrusion of food constituents, different extruded products, 
current trend in the extrusion research and future prospects.  

3.1.1. Functions of an Extruder 

The conditions generated by the extruder permit the performance of many functions 
that allow it to be used for a wide range of food, feed, and industrial applications. Table 
3.1 briefs some of the functions. 

Table 3.1. Functions of Extruder (Riaz, 2000) 

Action Functions 

Agglomeration Ingredients can be compacted and agglomerated into discrete pieces with 
an extruder 

Degassing Ingredients that contain gas pockets can be degassed by extrusion 

processing 

Dehydration During normal extrusion processing, a moisture loss of 4-5% can occur 

Expansion Product density (i.e., floating and sinking) can be controlled by extruder 
operation conditions and configuration. 

Gelatinization Extrusion cooking improves starch gelatinization 

Grinding Ingredients can be ground in the extruder barrel during processing. 

Homogenization An extruder can homogenize by restructuring unattractive ingredients 
into more acceptable forms. 

Mixing A variety of screws are available which can cause the desired amount of 
mixing action. 

Shaping An extruder can make any desired shape of product by changing a die at 
the end of the extruder barrel. 

Shearing A special configuration within the extruder barrel can create the desired 
shearing action for a particular product. 

Texture alteration The physical and chemical textures can be altered in the extrusion system. 

Thermal cooking The desired cooking effect can be achieved in the extruder 

Unitizing Different ingredient lines can be combined into one product to produce 
special characteristics by using an extruder 

3.1.2. Advantages of Extrusion 

The principal advantages of extrusion technology compared to traditional food and 
feed processing methods based on Smith (1969) and Smith (1971) with modifications 
include the following: 

i. Adaptability: The production of an ample variety of products is feasible by 
changing the minor ingredients and the operation conditions of the extruder. 
The extrusion process is remarkably adaptable in accommodating consumer 
demand for new products. 

ii. Product characteristics: A variety of shapes, textures, colors, and appearances 
can be produced, which is not easily feasible using other production methods. 

iii. Energy efficiency: Extruders operate with relatively low moisture while cooking 
food products, so therefore, less re-drying is required. 
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iv. Low cost: Extrusion has a lower processing cost than other cooking and forming 
processes. Savings of raw material (19%), labor (14%), and capital investment 
(44%) when using the extrusion process have been reported by Darrington 
(1987).  Extrusion processing also requires less space per unit of operation than 
traditional cooking systems 

v. New foods: Extrusion can modify animal and vegetable proteins, starches, and 
other food materials to produce a variety of new and unique snack food products. 

vi. High productivity and automated control: An extruder provides continuous high-
throughput processing and can be fully automated. 

vii. High product quality: Since extrusion is a high-temperature/short time (HT/ST) 
heating process, it minimizes degradation of food nutrients while it improves the 
digestibility of proteins (by denaturing) and starches (by gelatinizing). Extrusion 
cooking at high temperatures also destroys antinutritional compounds, i.e., tryp-
sin inhibitors, and undesirable enzymes, such as lipases, lipoxidases, and micro-
organisms. 

viii. No efluent: This is a very important advantage for the food and feed industries, 
since new environmental regulations are stringent and costly. Extrusion produc-
es little or no waste streams.  

ix. Process scale-up: Data obtained from the pilot plant can be used to scale up the 
extrusion system for production. 

x. Use as a continuous reactor: Extruders are being used as continuous reactors in 
several countries for deactivation of aflatoxin in peanut meals and destruction of 
allergens and toxic compounds in castor seed meal and other oilseed crops (Riaz, 
2000). 

3.1.3. Terminologies 

Each extruder manufacturer has its own special names or terms for their parts. 
Sometimes, the terminology is confusing and hard to understand. Table 3.2 shows the 
terms which are most commonly used in the extrusion process. 

3.2. FOOD EXTRUSION 

Extrusion processing of foods has been practiced extensively for many years. The 
earliest examples were the forming of pasta products (macaroni, spaghetti, etc.) and 
production of pellets for conversion into ready-to-eat cereals in subsequent processing. 
Both of these processes are simple operations that result in little or no significant struc-
tural changes to the molecular components of the material being processed. And both 
employed the simplest type of extruder: a single screw machine operating at low tem-
perature, nearly isothermal conditions. Today the application of extrusion processes and 
the types of extruders are considerably more varied and complex. Both single-screw and 
twin-screw extruders are used for commercial production of a wide variety of food 
products, ranging from snack half-products, textured vegetable protein, animal feed, ex-
panded ready-to-eat cereals, and flat breads. In general, these processes are carried out 
under conditions where the extruder introduces significant quantities of energy into the 
extrudate. This results in many physical and chemical changes in the product; including 
expansion (puffing), starch gelatinization, and protein denaturation. Modern extruders, 
particularly those of the corotating, twin-screw type, have such flexible physical configu-
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rations that the range of characteristics of the products produced in them seems limited 
only by the skill and imagination of the product scientists and engineers working with 
them (Levine and Miller, 2007). 

Table 3.2. Terminologies used in extrusion process (Riaz, 2000) 

Terminology Definition/Meaning 

Barrel A pipe-like retainer in which the extruder screw turns  

Barrel liner A removable sleeve within the barrel (Usually a liner helps to resist the 
wear.) 

Barrel section A section of the barrel that is built in segments and may contain its own 
cooling heating sleeve  

C.R. (Compression 
ratio) 

Volume of the full flight of the screw at the feed opening, divided by the 
volume of the last full flight before discharge (Typical C.R. ranges are 
from 1: 1 to 5: 1.) 

Cooling/heating 
jacket 

A hollow sleeve around the barrel for circulating cooling water, or 
steam, or another heating medium like hot oil (In some locations, direct 
electrical heating of the barrel may be desirable.) 

Cutter Assembly that cuts extrudate into pieces of desired length 

Die land The constant-bore-length section of a die through which product 
passes (Longer lands give higher back pressures on the product and 
increase compression of the Pellet) 

Die plate Final assembly for shaping the product as it leaves the extruder (Die 
holes may be drilled directly into the plate or the plate may be ma-
chined to hold die inserts that have complex designs for shaping the 
product and may be made of hard-wearing material.) 

Feedstock The material or mixture to be processed in an extruder 

LD 
(Length-to-

Diameter) ratio 

Distance from the internal rear edge to the discharge end of the barrel, 
divided by the diameter of the bore  
(Food extruder L/D ratios range from 1: 1 to 25: 1.) 

Pellet Discrete particle which is shaped and cut by an extruder, regardless of 
shape, sometimes referred to as a "collet" 

Preconditioner An assembly that adjusts moisture content and temperature of the in-
gredients and may partially or completely cook them before entering 
the extruder 

Shear A working, mixing action that homogenizes and heats the conveyed 

product 

Vent An opening before the die plate in the extruder barrel which allows 
pressure and steam removal from the product  

Depending on the heat input; extrusion process can be divided into two main types 

I. Cold Extrusion 

II. Hot Extrusion(Extrusion Cooking) 

3.2.1. Cold Extrusion 

As the name suggests in the cold extrusion process, the extrudate is pumped through 
a die without the addition of external thermal energy. This extrusion process is used 
most often to form specific shape of extrudate at locations downstream from the die. 
Kneading steps in the preparation of dough before baking could also be referred to as 
cold extrusion. Alternatively, more complex systems used to create coextruded products 
can also be cold extrusion (Figure 3.1). In the co extrusion process one component of 
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the final product is pumped through an opening of defined shape to create a continuous 
tube of the first component. At the same time, the second component of the final product 
is introduced just before the die and becomes filler for the interior space within the out-
er tube, as illustrated in Figure 3.2. During a final step in the process, the tubular prod-
uct is cut into appropriate lengths. In general, cold extrusion is used to mix, knead, dis-
perse, texturize, dissolve, and form a food product or product ingredient. Typical food 
products include pastry dough, individual pieces of candy or confections, pasta pieces, 
hot dogs, and selected pet foods. These types of extruders would be considered low-
shear systems and would create relatively low pressures upstream from the die.  (Singh 
and Heldman, 2009) 

Fruits and vegetables are mainly composed of water, carbohydrates, proteins and li-
pids. Due to modification of chemical and physical bonds the compounds the material 

becomes viscous and sticky during processing. Conventional dryers have limitations in 
handling such sensitive materials. Heat pump dryers can be a handy tool in the produc-

tion of ready-to-eat foods and dried instant products (Alves-Filho, 2002). 

 
Figure 3.1. A Cold extrusion operation 

(Adapted from Singh and Heldman, 2009) 

 
Figure 3.2. Filled products using co extrusion 

(Adapted from Singh and Heldman, 2009) 
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Cooking extrusion is the most preferred extrusion operation currently running in all 
the food processing industries. But owing to high temperature in the processing which 
may prove fatal to vital nutrients in the feed, the current research trends shows use of 
simple extruder (without application of heat during processing) or cold extruder for 
highly nutritive products (Alves-Filho, 2002; Chaughule et al., 2011).  For the formula-
tion of fruits and vegetable in the ready to eat snacks with intent to safeguard vital mi-
cronutrients without subjecting to high temperature conditions, the simple extruder can 
be used without much complication (Chaughule et al., 2011). 

3.2.2. Hot Extrusion (Extrusion cooking) 

Extrusion cooking is a process in which moistened, expansive, starchy and/or prote-
nacious food materials are plasticized and cooked in a tube by a combination of mois-
ture, pressure, temperature and mechanical shear, resulting in molecular transforma-
tion and chemical reactions (Havck & Huber, 1989; Castells et al., 2005). This technology 
has some unique positive features compared with other heat processes, because the ma-
terial is subjected to intense mechanical shear. It is able to break the covalent bonds in 
biopolymers, and the intense structural disruption and mixing facilitate the modification 
of functional properties of food ingredients and/or texturizing them (Asp & Bjorck, 1989; 
Carvalho & Mitchelle, 2000, Singh et al., 2007). In addition, the extrusion process dena-
tures undesirable enzymes; inactivates some antinutritional factors (trypsin inhibitors, 
haemagglutinins, tannins and phytates); sterilizes the finished product; and retains nat-
ural colours and flavours of foods (Fellows, 2000; Bhandari et al., 2001, Singh et al., 
2007). 

The extrusion-cooking process combines the effect of heat with the act of extrusion. 
Heat is added to the feed dough as it passes through the screw by one or more of three 
mechanisms: (a) viscous dissipation of mechanical energy being added to the shaft of 
the screw ;(b) heat transfer from steam or electrical heaters surrounding the barrel (c) 
direct injection of steam which is mixed with the dough in the screw. The temperatures 
reached by the feed during cooking can be quite high (200°C) but the residence time at 
this elevated temperature is very short (5 to 10 s). For this reason, extrusion-cooking 
processes are often called HTST (High temperature/Short time) (Harper, 1979). These 
kind of processes tend to maximize the beneficial effects of heating feeds while minimiz-
ing the detrimental effects. 

Extrusion-cooking process can be classified as wet or dry, depending on the use or 
not use of water and steam to prepare the product before being extruded. Wet extru-
sion-cooking often implies the use of a conditioner and always implies the use of a dryer. 
There are several different parameters, which are often interrelated, that must be con-
trolled before and during the extrusion-cooking process:( i) particle size of raw ingre-
dient mix; (ii) ratio of ingredient mix flow in the extruder; (iii) amount of steam mois-
ture added during the preconditioning; (iv) retention time of the preconditioning; (v) 
retention time and moisture added in the extruder barrel; (vi) temperature of the mix 
and the barrel during the extrusion; (vii) geometric configuration of screw segments and 
interval ribbing of the extruder barrel; (viii) size and shape of the die orifice (s); (ix) re-
tention time, temperature and air velocity in the dryer. 
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3.3. EFFECTS OF EXTRUSION-COOKING PROCESS ON THE VITAL 
FEED CONSTITUENTS: NUTRITIONAL IMPLICATIONS 

Effects of extrusion cooking on nutritional quality are ambiguous. Beneficial effects 
include destruction of antinutritional factors, gelatinization of starch, increased soluble 
dietary fibre and reduction of lipid oxidation. On the other hand, Maillard reactions be-
tween protein and sugars reduce the nutritional value of the protein, depending on the 
raw material types, their composition and process conditions. Heat-labile vitamins may 
be lost to varying extents. Changes in proteins and amino acid profile, carbohydrates, 
dietary fibre, vitamins, mineral content and some non-nutrient healthful components of 
food may be either beneficial or deleterious (Singh et al., 2007). 

3.3.1. Carbohydrates 

Carbohydrates are the main food constituent, generally present in food products at a 
70% level or greater. They work in extruded products as binding agents, viscosity build-
ers, suspending agents and emulsifiers. Also, they influence the texture and aesthetic 
characteristics of foods including expansion, bulk density, mouth feel, gelation, clarity 
and flavor. Carbohydrates may be grouped into four general categories: starches, fibers, 
gums, and sugars (Burtea, 2002). 

3.3.1.1. Starch 

Starchy grains and tubers are the major sources of energy in the diet, particularly for 
persons living in less-developed nations; therefore, starch changes during extrusion 
have important nutritional effects. A major difference between extrusion and other 
forms of food processing is that gelatinization occurs at much lower moisture levels (12-
22%). Starch granules undergo gelatinization and melting by the action of heat and 
moisture on hydrogen bonding among tightly packed polysaccharide chains in the gra-
nule structure. Swelling is the result and further opening of the granule structure to the 
action occurs (Qu and Wang, 1994; Riaz, 2000). Complete starch gelatinization is gener-
ally achieved at temperatures of  ≥ 1200C, % moisture of 20-30 or even at lower mois-
ture levels (10-20%), provided high shear and temperatures are reached during extru-
sion (Cheftel, 1986). 

Starch digestibility is largely dependent upon full gelatinization. High starch digesti-
bility is essential for specialized nutritional foods such as infant and weaning foods. Cre-
ation of resistant starch by extrusion may have values in reduced calorie products. Chiu 
et al reported in a patent for production of resistant starch digests high amylose starch 
with pullulanase, then extrudes the mixture to remove moisture; the process increased 
resistant starch to 30% (Chiu et al., 1994; Riaz, 2000). 

3.3.1.2. Fiber 

Fiber is used as a bulking agent, to provide nutritional attributes and to modify the 
texture of many extruded products. Fiber sources most commonly used in foods include: 
beet pulp, cellulose (wood), corn, fruit, oat, pea, rice, soy and wheat. Measurement of 
total dietary fiber may meet food labeling requirements, but this assay also does not 
detect changes in fiber solubility induced by extrusion (Riaz, 2000). 
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Extrusion reduced pectin and hemicellulose molecular weight, resulting in a three-
fold increase in water solubility of sugar beet pulp fiber (Ralet et al., 1991). Extrusion 
resulted in increased pea hull soluble fiber from 8% (dry basis) to 10 % (Ralet et al., 
1993). The advantage of increased soluble fiber in foods is due to health benefits attri-
buted to soluble fiber. It is not clear whether the soluble fiber created during extrusion 
has the same health effects as naturally soluble materials (Riaz, 2000). Extruded grains 
contained higher soluble fiber, and soluble β-glucans increased slightly in extruded bar-
ley and oats (Wang and Klopfenstein, 1993). Insoluble dietary fiber also has health bene-
fits. One possible effect is protection against colorectal cancer by binding dietary carci-
nogens (Riaz, 2000). 

Modifications in particle size, solubility and chemical structure of the various fiber 
components could occur during extrusion-cooking and cause changes in bacterial de-
gradation in the intestine and in physiological properties. Björck et al (1984) reported 
extrusion cooking of wheat flour (161-1710 C; 15% moisture) to cause a redistribution 
of insoluble to soluble dietary fiber. They found 50-75% of total fibers were soluble in 
the extruded flour, depending on process conditions, versus 40% in the raw flour 
(Björck et al., 1984). 

3.3.1.3. Gums or Hydrocolloids 

Gums are commonly referred to as viscosity builders capable of forming colloidal 
gels. In many cases, hydration and extrusion of gel-forming gums alter their gelling cha-
racteristics, resulting in formation of weak gels. As a result of their hydrophilic nature, 
gums effectively influence extrusion processing conditions and extruded products. They 
reduce evaporation rates, alter freezing rates, enhance textural properties and act as 
stabilizers. The most commonly used gums or hydrocolloids include: gum Arabic, pec-
tins, agar, carrageenin, alginates, guar, locust bean and psyllium. When choosing hydro-
colloids (gums) for specific applications, the required viscosity, gel and emulsification 
characteristics, rate of hydration, dispersion problems, effects on processing conditions, 
effects of particle size, availability and effects on product mouth feel should be carefully 
considered (Burtea, 2002). 

3.3.1.4. Sugars 

Sugars provide flavor, sweetness, energy and nutrition, texture, stabilization, water 
activity control and color control in extrusion processing. Commonly used sugars in-
clude: sucrose, dextrose, fructose, corn syrups, honey, fruit juices, xylose and sugar alco-
hols. Low-molecular-weight starches and dextrins, sugars and salts at low percentages 
have a viscosity thinning effect within the extruder. Additives that lower viscosity within 
the extruder barrel result in increased expansion at the die (Cheftel, 1986; Burtea, 2002). 

Sugars tend to tie up water needed for gelatinization of starches. Therefore, the time 
and temperature required to gelatinize starches in extruded food products are increased. 
As sugars are added at higher levels, extruder screw configurations may need to be al-
tered to generate more shear or pressure, or to convert more mechanical energy heat to 
properly cook or expand the desired product. Sugars complex with proteins result in 
browning reactions. Temperatures normally are low enough, and moistures high enough, 
so that these browning reactions are not a problem during extrusion, but browning may 
need to be controlled in post-extrusion drying or toasting operations. Sugars may also 
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be used to control the water activity in extruded products because of their hydrophilic 
nature and are commonly used as coatings for many extruded products. For coating ap-
plications, granular sugars may be melted with heat and small amounts of water, or 
blends of sugar and honey may be utilized (Cheftel, 1986; Burtea, 2002). 

3.3.2. Protein 

Proteins are a group of highly complex organic compounds that are made up of a se-
quence of amino acids. Among the twenty two amino acids that make up most proteins, 
isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine 
are considered as essential amino acids. Protein nutritional value is dependent on the 
quantity, digestibility and availability of essential amino acids. 

During extrusion, denaturalization causes the breaking of the hydrogen bridges and 
disulphur bonds responsible for the secondary and tertiary structures in proteins. This 
probably increases exposure of sites susceptible to enzymatic activity and thus im-
proves in vitro digestibility (Camire, 2002). The thermal aspect of extrusion also im-
proves digestibility by efficiently eliminating or reducing the content of antinutritional 
factors such as phytic acid, tannins and polyphenols (these form insoluble complexes 
with proteins and reduce susceptibility to proteolytic activity), as well as trypsin inhibi-
tors and chemotrypsin (Alonso et al., 1998; Ruiz et al., 2008 ). 

Digestibility is considered as the most important determinant of protein quality in 
adults, according to FAO/ WHO/UNU (1985).  Protein digestibility value of extrudates is 
higher than nonextruded products (Singh et al., 2007). The possible cause might be the 
denaturation of proteins and inactivation of antinutritional factors that impair digestion. 
The nutritional value in vegetable protein is usually enhanced by mild extrusion cooking 
conditions, owing to an increase in digestibility (Srihara & Alexander, 1984; Hakansson 
et al., 1987; Guy, 2001; Areas, 1992). It is probably a result of protein denaturation and 
inactivation of enzyme inhibitors present in raw plant foods, which might expose new 
sites for enzyme attack (Guy, 2001). All processing variables have different effects in 
protein digestibility. Most protein undergoes structural unfolding and/or aggregation 
when subjected to moist heat or shear. This often leads to insolubilization and to inacti-
vation (when the nature molecules posses a biological activity). Soybeans and oilseeds 
or legumes provide a good example of improved protein digestibility and bioavailability 
of sulphur amino acids through thermal unfolding of the major globulins, and thermal 
inactivation of trypsin inhibitors and other growth-retarding factors such as lectins 
(Björck and Asp, 1983). 

Maillard reactions occur during extrusion, particularly at higher barrel temperatures 
and lower feed moistures. Free sugars may be produced during extrusion to react with 
lysine and other amino acids with free terminal amines. Starch and dietary fiber frag-
ments as well as sucrose hydrolysis products are available for Maillard reactions (Riaz, 
2000). Björck and Asp (1983) reported, extensive lysine loss when legume or cereal le-
gume blends are extruded under severe conditions of temperature (≥ 180°C) or shear 
forces (> l00 rpm) at low moisture (≤ 15%), especially in the presence of reducing su-
gars (≥ 3% glucose, fructose, maltose, lactose). This damage depends on the maillard 
condensation between є-NH2 groups of lysine residues and C=O groups of reducing su-
gars. It is not fully understood whether the damaging effects at low water contents are 
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due to local temperature increases through intense shear forces, to specific mechanical 
effects, to an enhancing effect of low moisture on the maillard condensation or to a com-
bination of these effect.  

The nutritional significance of Maillard reactions is most important for animal feeds 
and foods intended for special nutritional needs such as weaning or intended as the sole 
item in a diet. Since many extruded foods in the U.S. are not major sources of protein, the 
losses of lysine and other essential amino acids have little impact on nutrition. 

3.3.3. Lipids 

High-fat materials are generally not extruded. Lipid levels over 5-6% impair extrud-
er performance. Torque is decreased because the lipid reduces slip within the barrel, 
and often product expansion is poor because insufficient pressure is developed during 
extrusion (Riaz, 2000).   

The nutritional value of lipids could be affected during extrusion as a result of oxida-
tion, hydrogenation, isomerization or polymerization (Camire et al., 1990). Lipid oxida-
tion can rapidly deteriorate sensory and nutritional qualities of foods and feeds.  An au-
toxidation of essential fatty acids (linoleic, linolenic, arachidonic) renders them unable 
to prevent the dermatitis and poor growth associated with low intake of these nutrients. 
Isomerization of the double bonds from the cis to the trans form also destroys the essen-
tial activity of these PUFA. However, the amount of hydrogenation and cis-trans isome-
rization of fatty acids that takes place during extrusion is too small to be nutritionally 
significant (Camire et al., 1990). Extrusion inactivation of lipase and lipoxidase helps 
protect against oxidation during storage. Higher temperatures reduce the lipase activity 
and moisture level, thereby decreasing favoring free fatty acids development. However, 
the expanded porous nature of the extrudate causes the feed to be susceptible to the de-
velopment of oxidation during storage, even though deterioration due to extrusion may 
not be immediately apparent 

3.3.4. Vitamins 

Depending on their different chemical structure, vitamins have different stability 
properties. Degradation depends on specific parameters during food processing and sto-
rage, e.g. temperature, oxygen, light, moisture, pH, and processing time (Kiileit, 1994).  
Pham and Del Rosario (1986) & Guzman-Tello and Cheftel (1987) studied the effects of 
high temperature short time extrusion cooking on vitamin stability using mathematical 
models. Among the lipid-soluble vitamins, vitamins D and K are fairly stable. Vitamins A 
and E and their related compounds, carotenoids and tocopherols, respectively, are not 
stable in the presence of oxygen and heat. The vitamin A precursor β-carotene is added 
to foods as a coloring agent and antioxidant (Riaz, 2000). Thermal degradation appears 
to be the major factor contributing to β-carotene losses during extrusion. Higher barrel 
temperatures (200°C compared with 125°C) reduced all trans β-carotene in wheat flour 
by over 50% (Guzman-Tello and Cheftel, 1990). As expected, the retention of vitamins 
generally decreases with increasing temperature and/or residence time of the material 
in the extruder (Kiileit, 1994). Only one exception has been reported by Beetner et al. 
(1974), they found riboflavin stability to be improved with higher barrel temperatures. 
Ascorbic acid (vitamin C) is also sensitive to heat and oxidation. This vitamin decreased 
in wheat flour when extruded at higher barrel temperatures at fairly low moisture (10%) 
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(Andersson and Hedlund, 1990). Grains, including those used in extruded foods, must be 
enriched with B vitamins in the United States. Very little is known about the relative ex-
trusion stability of added nutrients compared with naturally occurring vitamins. The 
water soluble vitamin most susceptible to thermal processing is thiamine (Kiileit, 1994; 
Riaz, 2000). 

3.3.5. Minerals 

Although essential for health, minerals stability during extrusion has been studied 
little because they are stable in other food processes. Research has focused on two gen-
eral topics: binding of minerals by fiber and other macromolecules and adding of miner-
als due to screw and barrel wear (Riaz, 2000). Fortification of foods with minerals prior 
to extrusion poses problems. Iron forms complexes with phenolic compounds that are 
dark in color and detract from the appearance of foods. Ferrous sulfate heptahydrate 
was found to be a suitable source of iron in simulated rice product because it did not 
discolor (Kapanidis and Lee, 1996). 

3.3.6. Natural Toxins 

One of the most important benefits of extrusion cooking is the reduction of natural 
toxins and antinutrient factors since many foods, especially legumes, have chemicals 
that are poisonous or reduce utilization of nutrients.  Although some of these undesira-
ble compounds may have health benefits for adults, children and young animals can suf-
fer retarded growth. Recent research on this subject has focused on the application of 
chemical treatments in combination with extrusion cooking. Many foods, particularly 
legumes, contain trypsin inhibitors (TI) that interfere with enzymes that digest protein. 
Long-term consumption of TI leads to impaired growth and to pancreatic hypertrophy, 
since the body responds to TI by producing more enzymes.  Van den Hout and cowork-
ers (1998) concluded that heat, not shear, was primarily responsible for TI inactivation 
in soy flour. 

 Another important safety issue is food allergens. Although extrusion cannot elimi-
nate allergenic proteins in foods, promising developments may lead to significant reduc-
tions. Other natural toxins have been studied for their susceptibility to extrusion. Added 
ammonia in combination with extrusion decreased total glucosinolates in canola and 
weeds, but such treatment would not be suitable for foods destined for human con-
sumption due to the residual ammonia (Darroch et al., 1990). 

3.3.7. Flavours 

Many extruded foods are bland since there is little time for flavor development and 
thermal degradation can occur. Volatile flavors flash off with water vapor when the food 
exits the extruder at the die. Two recent reviews of extrusion and flavor have been pub-
lished by Camire and Belbez (1996) and Riha and Ho (1998) which discuss the detail 
effects of extrusion on flavours. Postextrusion flavoring is often used to improve accep-
tability, and some research has evaluated the effects of adding flavoring before or during 
extrusion on maximizing flavor retention. Table 3.3 summarizes the effect of extrusion 
cooking on the vital constituents in the feed. 
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Table 3.3. Effects of extrusion cooking on the vital feed constituents (Kiileit, 1994) 

 

3.4. EXTRUDED PRODUCTS 

Diverse grains, formulated in countless ways and subjected to varying process con-
ditions, can be used to make a wide spectrum of extruded snack foods. Many processes 
may be performed on a properly configured extrusion system. Several different types of 
snack foods and the uniqueness of each are described in the following. Second-
generation (direct-expanded) snacks, such as corn curls, third-generation snacks (half 
products or pellets), co-extruded products, masa-based snacks, and crisp breads require 
somewhat different processing (Huber, 2002). 

Fiber, cellulose, bran and fruit-derived pectins may be blended with cereal grain or 
protein blends to make healthful snacks. Fiber and proteins may each be added at 20% 
levels to expanded snack formulations. Low levels of low molecular weight starches also 
counter the effects of fiber and protein additions. Extrusion-reacted fiber or bran yields 
softer-textured snacks when high levels of fiber are desired.  

3.4.1. Direct Expanded or Second Generation Snacks 

Direct expanded, or second-generation, snacks make up the majority of extruded 
snacks on the market. Expanded snacks, with a variety of attributes, including high-fiber, 
low-calorie, and high-protein contents, can be produced. They are usually “light,” mean-
ing they have low bulk density, and are seasoned with an array of flavors, oils and salt 
(Figure 3.3). These snacks can be finished by frying (for example, corn or cheese puffs) 
or baked (for example, corn curls or chips). The basic process for making these snacks is 
as follows: Properly selected corn meal is fed into an extruder at a constant rate. The 

Effect On Positive Negative 

Carbohydrates 
 

Starch  modification 
Increased digestibility 
Flavour development 

Maillard reaction 
Hydrolysis 

 

Proteins Increased digestibility 
Denaturation 

Destruction of amino acids, 
Maillard reaction, 

Cross Linkages, 
Formation of lysinoalanin 

Lipids Increased digestibility 
Fat-starch complex formation 

Increased rancidity 
Destruction of PUFAS 

Fibres 
Increased digestibility 
Reduction of volume 
 

Increased digestibility 
Reduction of volume 

Destruction of phytates 
Vitamins  Destruction 
Minerals Increased bioavailability  

Microorganisms Destruction  

Enzymes Inactivation, e.g. lipase,  peroxidase, lipox-
igenase, myrosinase, urease 

Inactivation, e.g. amylase, 
phytase 

Antinutritional Inactivation e.g. trypsin 
components inhibitors, lectins  

Toxic Inactivation, e.g. components glucosinolate, 
gossypol, glycoalkaloids, aflatoxin  

Flavour Reduction of undesirable flavours Loss of desirable flavours 
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meal is exposed to moisture, heat and pressure as it is transported through the extruder 
into the extruder die. As the material exits the extruder die, it expands due to pressure 
release and is cut to the proper length with a rotating knife, leaving the cylinder-shaped 
collet. At this point, the collets can be fried or baked (dried) to yield the desired snack 
(Huber, 2002). 

 
Figure 3.3. Second-generation direct-expanded snack foods 

 (Adapted from Huber (2002) with the courtesy of Wenger Manufacturing, Inc., 
Sabetha, Kansas.) 

3.4.1.1. Fried Expanded Collets 

The original snack food produced using an extruder, still familiar today, is the fried 
collet made from corn meal or grits and coated with cheese powders and flavors. The 
extruded collets sifted to remove fines, fried in vegetable oil and seasoned (Huber, 
2002). 

3.4.1.2. Baked (Dried) Expanded Collets or Shapes 

An example of a second popular expanded, extruded snack is the baked collet, or 
corn curl. Spinoffs of the expanded snack use other cereal grain flours, tuber flours, fi-
bers and proteins. Dried potato is commonly added to corn or rice for making potato-
flavored snacks. The bland flavor of rice makes it desirable for preserving more expen-
sive flavor attributes (Huber, 2002). The moisture content of the extruded product is 
normally between 8 and 10 % on a wet basis and requires additional drying to produce 
the desired product crispness. Temperatures of 1500 C and retention times of 4 to 6 mi-
nutes are used to lower the moisture content of such products to 1-2% (Huber, 2002). 
Product fines (particulate matter separated from the final product shape due to handling) 
that have been produced during conveying and drying must be separated before coating 
the extruded products with flavors. The fines tend to absorb flavor and oil coatings and 
agglomerate into undesirable forms. The most popular flavoring used for extruded corn-
based snack products is cheddar cheese (Huber, 2002). 

3.4.2. Third Generation Snacks or Pallets 

Third-generation snack products (3G) or “pellets” are also referred to as “semi-” or 
“half products.” Following extrusion cooking and forming into dense pellets, the pellets 
are dried to a stable moisture content to assure stability during storage. Then, they are 
distributed to processors, where they are puffed or expanded by immersion in hot oil or 
hot air puffing. They are also sold for frying or puffing by the consumer at home, or in 
restaurants for immediate consumption (Huber, 2002) (Figure 3.4). After the final puff-
ing step, the products can be salted or flavored externally. Some products contain flavor-
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ing within the pellet itself. Stability during storage and the high bulk density of the pack-
aged, non-expanded third generation snacks enhance their marketing potential. Newer 
variants of the original third-generation snacks now can be expanded or puffed by infra-
red or microwave heating. Raw materials used for 3G snack products are mostly starch-
based.  

 
Figure 3.4. 3G snack products in pellet and expanded forms. 

(Adapted from Huber (2002) with the courtesy of Wenger Manufacturing, Inc., Sabetha, 
Kansas.) 

 
Specifications for these ingredients are dependent on the method or equipment cho-

sen for extrusion of the pellets. Production of pellets may be divided into two processing 
classifications: cold forming extrusion and cooking extrusion. If cold-forming extrusion 
is used, ingredients other than potato flour must be pregelatinized for optimal expan-
sion of the final product. In case of cooking extrusion the raw ingredients (usually 
starches) are gelatinized at the time of extrusion and processed further. 

3.4.3. Co-extruded snacks 

Co-extrusion has been practiced for many years. Co-extruded snacks typically have 
an extrusion cooked outer shell with a pumpable, but not free flowing filling. Many vari-
ations of this concept may be made with dies and post-extrusion equipment such as 
rollers, stampers and belt-type cutters. Examples include exotic shapes, pinched ends to 
entrap the filling, multiple shells and fillings and sandwich shapes (Figure 3.5). Few tru-
ly co-extruded snacks have found success in the consumer marketplace. In many cases, 
the shelf lives of the products have been short due to migration of moisture and/or li-
pids from the filling to the outer shell. However, technological advances in this area are 
providing ways to increase the compatibility of fillings, with a wide range of different 
moisture and lipid contents, with outer shells (Huber, 2002). 
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Figure 3.5. Examples of coextruded (center-filled) products. 

(Adapted from Huber (2002) with the courtesy of Wenger Manufacturing, Inc., Sabe-
tha, Kansas.) 

3.5. CASE STUDIES 

3.5.1. Case Study I: Heat Pump drying combined with cold extrusion tech-
nique for production of instant foods (Alves-Filho, 2002) 

This paper describes the heat pump technology and processing steps for the produc-
tion of instant foods in granular or powder form. The process is reported to convert raw 
and cold-extruded cranberry and potato turnip mixtures into high quality instant gra-
nules. The paper addresses use of the CO2 heat pump drying system as shown in Figure 
3.6. It consists of two high pressure reservoirs, one is a mixing cylinder and the other is 
an inert gas (CO2) container. 

A potato turnip mixture with cranberry paste and inert agent (carbon dioxide) were 
brought into the mixing cylinder and the container, respectively. As the carbon dioxide 
contacted the paste, by agitation through the propeller, the two fractions were perfectly 
mixed. Subsequently the discharge valves were opened gradually and the mixture was 
extruded through a varying opening discharge nozzle producing a stable porous matrix. 
This matrix was formed due to changes in the thermodynamic state of the mixture, es-
pecially due to its pressure and temperature. Since the inert agent can exist only as gas 
phase at ambient pressure and temperature, it vaporized continuously while the mix-
ture kept expanding. The temperature of the cold-extruded matrix was lowered to a val-
ue below its initial freezing point prior and subjected to granulation. The shapes of the 
granulated particles were spherical and cubic, which had side or diameter of 3, 5 and 8 
mm. The granulated samples were dried using the heat pump drying system. The dried 
granulate or powder is porous, free flowing and has attractive natural color. 
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Figure 3.6. The carbon-dioxide heat pump dryer with detail on the coating and agglo-
merating 

3.5.2. Case Study II: Formulation and Drying of RTE Sapota (Achras zapota) 
Extrudes   (Chaughule et al., 2011) 

In the article, a new and economical method has been developed for value addition 
to Sapota fruit into a neutraceutical RTE (ready-to-eat) formulation using drying as the 
main step. The drying of sapota fruit was carried out in two steps (Figure 3.7). In the 
first step, sapota pulp is blanched and partially dried (up to moisture content 32 percent 
w/w on wet basis) in a convective dryer. In the second step, different nutritional addi-
tives such as roasted Ragi floor, oat fiber and milk solids were mixed with the partially 
dried pulp; subsequently, this mixture was extruded to a variety of shapes like spiral 
extrudes, noodles which were finally dried using either a convective dryer or a fluidized 
bed dryer. A single screw extruder was used instead of a cooking extruder so as to pre-
serve the nutrients in the Sapota fruit which otherwise may get depleted in a cooking 
extruder due to high temperature. Figure 3.8 shows the images of Sapota spiral ex-
trudes and noodles. The process has said to be of great potential since it is economical 
and with value addition to Sapota fruit into RTE snacks.  
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Figure 3.7. Scheme for sapota fruit processing & extrusion. 

(Adapted from Chaughule et al., 2011)  
 

 

 

 

 

 

 

Figure 3.8. Sapota spiral extrudes and sapota noodles. 

(Adapted from Chaughule et al, 2011)  
 

3.6. CLOSING REMARKS & FUTURE SCENARIO 

Extrusion technology is starting to exert itself into all areas of food manufacturing. 
Several varieties of extruders are available for the productions of all types of RTE (ready 
to eat) cereals, pasta, cereal-based snack foods, pet foods and aquatic feeds. More and 
more food companies that used conventional methods for the production of these and 
other related products are slowly replacing their old processing systems with extruders.  

Owing to hectic lifestyles and increase urbanization in the developed and developing 
countries, there is an increased demand for convenient foods including RTE and instant 
products. Although, currently these foods are not widely available and sold at higher 
prices, the market for such products will grow in the 21st century. Moreover, these 
products are desired with minimum concentration of synthetic chemicals or practically 
no artificial chemical in order to be coined as ‘natural’ or ‘fresh’. This creates challenges 
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for the food processing industries and dryers fabricators to develop new technologies to 
process difficult and heat sensitive food materials. The growing consumer acceptance of 
extruded food products & RTE snacks is principally because of their desirable 
crunchy/crispy texture. The texture of an extruded product is now controllable, as nu-
merous products with very different texture can be produced using extrusion cooking. 

In this chapter, there has been a brief description about the possible effects of the 
extrusion cooking process on the main feed constituents. However, it is surely more in-
teresting for the readers to know how these effects on the nutritive value can be related 
with a better use of feeds in the food production and processing systems. It should be 
considered that a number of difficulties arise when trying to summarize published data 
on this subject. Firstly, different kinds of extruders are used. Secondly, processed condi-
tions are not always well-defined. Thirdly, the processing conditions are interrelated, 
making it difficult to relate nutrient retention to any one single factor. Caution must also 
be used when transferring results from one food system to another. 

Drying R & D will play a major role in the food processing operations owing to its 
impact in the major steps during food processing. Likewise, extrusion system coupled 
with drying can be a potential area of research for dryer fabricators and food processers. 
Needs for future drying systems for foods are even more challenging because increase 
strict regulations in the food processing sector.  Availability and retention of vital nu-
trients in the processed foods can be the driving force for research in food processing & 
dehydration.  Soon, we may see the delivery of medicine, vitamins or minerals through 
ready to eat processed foods. 

The important point to remember is that extrusion is a compact, flexible and eco-
nomical tool that may be used to design and shape the products of the future. Its rapid 
acceptance in food processing during the past several decades portends a growing role 
in the future. 
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ABSTRACT 

Application of fluidized bed technology in drying process is reviewed.  Due to flexibility 
of fluidized beds, diverse types of fluidized bed dryers are presented including well-
mixed, plug flow, vibrated, agitated, centrifugal fluidized bed dryers and spouted beds.  
These types of dryers have been employed for commercial purposes and are among the 
low-cost dryers, which is attractive in developing countries.  Moreover, one of the most 
significant challenges for fluidized bed dryers is their mathematical modeling and simu-
lating.  There are five approaches in modeling a fluidized bed dryer: diffusion theory, 
differential, multiphase, sequential and CFD-DEM modeling.  Although there are some 
advantages for each of these approaches, employing them practically consist of unrelia-
bility.  Therefore, at the end, further fields of researches have been reviewed. 

4.1. FLUIDIZED BED DRYERS - GENERAL IDEA 

4.1.1. Fluidized Bed Characteristics 

Fluidization is referred to a phenomenon in which solid particles become suspended 
by a fluid.  This phenomenon occurs when the fluid passes through a bed of solids with 
high enough velocity.  This interaction can be run in diverse modes (Kunii and Levens-
piel, 1991).  Due to specific advantages of fluidization, it has been employed in various 
industries dealing with solid particles.  Fluidized bed reactors, combustors, dryers, coa-
ters and granulers are among these processes.  The most well known plant which uses 
fluidized reactor is fluid catalytic cracking (FCC) which is employed in refineries for 
cracking heavy oils to middle distillates. 

Drying is one of the oldest operations among chemical unit operations.  Nowadays, 
fluidized bed dryers are widely used in various industries such as pharmaceutical, food, 
agricultural, chemical, and polymer (Daud, 2008).  Due to its several decades of devel-
opment and because of hundreds of different materials requiring drying, varying final 
product requirements and recently energy consumption concerns, numerous types of 
dryers have been developed, among which the fluidized bed dryer is one the most at-
tractive alternatives.  A typical fluidized bed dryer is shown in Fig. 1. The loaded bed be-
comes fluidized by hot air or another hot gas and the dried particles discharge from the 
other side.  The cyclone separates the associated particles with outlet gas.  To decrease 
the energy consumption, the outlet gas can be recycled. 

A fluidized bed dryer provides high drying rate, high rate of heat and mass transfer, 
high rate of particle mixing and easy movement of particles into and out of the dryer.  
These advantages result in faster drying with smaller flow area and a decrease in capital 
investment.  Moreover, there are no mechanical moving parts which means a reduction 
in maintenance costs (Chua and Chou, 2003; Daud, 2008; Mujumdar and Devahastin, 
2003).  In spite of all these advantages, fluidized bed dryers face some unfavorable prob-
lems.  One of the common phenomena in a fluidization process is attrition or pulveriza-
tion, which requires that the particles employed in a fluidized bed dryer must have high 
level of mechanical resistance.  Attrition increases the proportion of fine particles in the 
final production which is not acceptable.  Like other types of dryers, fluidized bed dryers 
are usually designed for a specific material and are not flexible to be employed for other 
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kinds of materials.  Moreover, their design and scale up procedures strongly depend on 
empirical and pilot scale data.  This is due to lack of reliable mathematical models to 
predict fluidized bed dryer behavior.  In addition, to fluidize the particles completely, 
high power consumption is essential.  These defects show where the further researches 
in fluidized bed dryers must be lead.  

 

Figure 4.1. A typical fluidized bed dryer system 

There is no comprehensive method for categorizing the dryers.  In spite of different 
classifications, two main points of view are always considered: dryer performance and 
particles characteristics.  These classifications for a fluidized bed dryer are listed in Ta-
ble 4.1.  Some of the most significant characteristics of a fluidized bed dryer are i) batch 
and continuous operation mode ii) medium capacity and iii) operation with various par-
ticle size.  All of these specifications make a fluidized bed dryer a strong alternative. 
However, the following notes help a better operation: 

The proposed particle size in a fluidized bed dryer is 20 μm to 10 mm.  Operation 
with particles above this region may cause some unfavorable phenomena such as 
channeling and for below this region, agglomeration may occur.  These events decrease 
the efficiency of the dryer and the final product would not have the required qualifica-
tions. 

• A narrow particle size distribution results in the majority of particles become 
fluidized and the process to operate in proper way. 

• Spherical particles are preferred than other shapes due to its proper fluidization. 
• To keep the fluidity of the bed, any particle cohesion should break up. 
• Particles should have high mechanical resistance to tolerate strong mixing, high 

erosion, and attrition. 
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Table 4.1. Methods of Dryers Classifications 

Dryer Performance Particle Characteristics 
Operation mode (batch or conti-

nuous) 
Particle size 

Drying time Hest sensitivity 
Method of drying Level of initial and final moisture content 
Energy efficiency Cohesion characteristics 

Ease of control Mechanical resistance 
Maintenance  

Capacity  

4.1.2. Types of Fluidized Bed Dryers 

Based on various types of materials to be dried and in order to increase the efficien-
cy of a fluidized bed dryer, several types of fluidized bed dryers have been proposed, 
among which, well-mixed, plug flow, vibrated, agitated, centrifugal fluidized bed dryers 
and spouted beds are the most important ones (Daud, 2008; Mujumdar and Devahastin, 
2003). 

4.1.2.1. Well-Mixed Fluidized Bed Dryers 

Well-Mixed Fluidized Bed Dryers or back-mixed fluidized bed dryers have a small as-
pect ratio and manufactured in cylindrical shape.  A sample of well-mixed fluidized bed 
dryer is shown in Figure 4.1.  These dryers can be operated in both batch and conti-
nuous modes (Mujumdar and Devahastin, 2003).  For this type of dryer, the residence 
time distribution (RTD) for solids is broad which results in a non-uniform final solid 
moisture content. However, due to its simple design and operation it is among the most 
attractive types of fluidized bed dryers and is employed for various agricultural mate-
rials such as paddy (Karbassi and Mehdizadeh, 2008), wheat and corn (Syahrul et al., 
2003), baker yeast (Bayrock, and Ingledew, 1997), cocoanut (Niamnuy and Devahastin, 
2005), bird's chillies (Tasirin et al., 2007), green bean, potato and pea (Senadeera et al., 
2003), carrot (Hatamipour and Mowla, 2002), onion (Swasdisevi et. al, 1999), macaroni 
beads (Goksu et al., 2005), hazelnuts (Topuz et al., 2004), maize and green peas 
(Hatamipour and Mowla, 2003), waste from olive mills (Castellanos et al., 2002), grass 
seeds (Rizzi Jr. et al., 2007), lemon myrtle leaves (Buchaillot et al., 2009), and minerals 
such as γ-Al2O3 (Henneberg at al., 2003), ion exchange resin (Baker, 2000), silica gel 
and ammonium sulfate (Ciesielczyk, 2005) and zerolite (Fyhr and Kemp, 1999). 

4.1.2.2. Plug Flow Fluidized Bed Dryers 

Plug Flow Fluidized Bed Dryers are another common type of fluidized bed dryers.  In 
these dryers, the aspect ratio is in the range of 5:1 to 30:1 (Mujumdar and Devahastin, 
2003).  A typical plug flow fluidized bed dryer is shown in Figure 4.2.  As shown in this 
figure, these dryers have a rectangular cross-section with a relatively long length.  This 
specific shape makes it possible to run these dryers with different gas inlets (Fyhr et al., 
1999; Palzer, 2007).  This possibility in zoning of plenum increases the ability to reach 
the desired characteristics of the dried particles.  The RTD in these dryers is much nar-
rower than that in the well-mixed fluidized bed dryers and this helps to reach a uniform 
final product.  This dryer commonly operates in continuous mode and in comparison to 
well-mixed fluidized bed dryers, the bed height is relatively low.  Due to this low bed 
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height, these dryers are sometimes called shallow fluidized bed dryers.  Although this 
name shows one-aspect characteristics of these dryers, it may be confused by a well-
mixed dryer with a shallow bed height (Brzic et al., 2005).  Thus, it is suggested to use 
the term plug flow for these dryers.  Plug flow fluidized bed dryers are employed for 
drying of various materials such as tea (Temple et al., 2000), corn (Soponronnarit et al., 
1997), soybean (Soponronnarit et al., 2001) and paddy (Tirawanichakul et al., 2005).  

Well-mixed and plug flow dryers are the major types of fluidized bed dryers. How-
ever, they are not suggested for particles which their fluidization quality is fairly poor 
because in such operations they need high rate of gas inlet.  Although there are some 
suggestions such as employing internal baffles to increase the rate of fluidization (Law 
et al., 2003), to solve this problem, some other types have been proposed which are tak-
ing advantages of mechanical movements: vibrating, agitating and centrifuging. 

 
Figure 4.2. Plug flow fluidized bed dryer 

4.1.2.3. Vibrated Fluidized Bed Dryers 

Vibrated Fluidized Bed Dryers or vibro-fluidizers are alternatives for drying fine and 
ultra fine, cohesive or fragile particles.  Since the vibration helps the particles to move 
horizontally, they are commonly applied to plug fluidized bed dryers. However, Alvarez 
et al. (2005) employed a cylindrical vibro-fluidized bed dryer to dry Munõz.  The fre-
quency for vibrating the drying chamber is in the range of 5-25 Hz (Brennan, 2003) and 
the inlet air can be 20% less than the minimum fluidization velocity.  All these advantag-
es have attracted researchers to dry different materials by a vibrated fluidized bed dryer 
such as paddy (Das et al., 2009) or granules (Satija and Zucker, 1986). 

In Agitated Fluidized Bed Dryers an agitator is employed to improve the fluidization 
quality.  Indeed, this type of dryer is a combination of fluidized bed and flash dryer.  The 
agitator reduces agglomeration and breaks up particles while air fluidizes the small par-
ticles, dry them and carry them to exhaust system.  Due to existence of an agitator, these 
dryers are commonly manufactured in cylindrical shape.  In general, agitated fluidized 
bed dryers are proposed for drying the high viscous fluids such as pastes and dyes 
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(Mujumdar and Devahastin, 2003), sludge (Adamiec, 2002; Reyes et al., 2004) and food 
materials such as cubic carrots (Reyes et al., 2002) and milk powder (Yazdanpanah and 
Langrish, 2010).   

The other alternative is Centrifugal Fluidized Bed Dryer.  This dryer is in cylindrical 
shape in which the particles are fluidized radially and particles alternate between fixed 
and fluidized bed mode as the dryer rotates.  Centrifugal fluidized bed dryers are sug-
gested for high moisture particles with hard fluidization characteristics, including vege-
tables, dices and slices (Brennan, 2003). However, due to complexity of the operation 
and long drying time, in comparison to the costs, it is not broadly employed (Mujumdar 
and Devahastin, 2003). Drying of some heat sensitive food materials (paddy, potato and 
carrot) by a centrifugal dryer was reported by Kang et al. (1995). 

In spite of all these efforts to modify a conventional fluidized bed dryer in order to 
increase the drying efficiency of diverse materials, they are still not reliable dryers for 
particles larger than 5 mm (Brennan, 2003).  Thus, Spouted Bed Dryers was introduced 
for drying of duch particles.  A typical spouted bed dryer is shown in Figure 4.3.  Its op-
eration can be considered in two stages.  In the first stage, the air enters at the center of 
conical chamber at high velocity.  This causes moving of particles to the top of the bed.  
In the second stage, the up-lifted particles fall downward and a proportion of the inlet 
air flares out and re-fluidize these particles at a low velocity.  In this stage, the drying 
takes place in mild conditions, which make it possible to be employed for heat sensitive 
materials, e.g., carrot (Bialobrzewski et al., 2008), wheat (Ghaly et al., 1974), paddy, corn 
and soybean (Prachayawarakorn et al., 2006).  Among the advantages of these dryers, 
excellent particle mixing and heat transfer rate, which result in low drying time, are the 
most important ones.  It also can be operated in batch as well as continuous mode 
(Mujumdar and Devahastin, 2003). 
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Figure 4.3. Spouted bed dryer (from Brennan, 2003) 

4.1.3. Materials Tested 

There are diverse materials with different size and characteristics.  Some of them 
contain high moisture content such as fruits and vegetables and the others contain low 
moisture content.  Their heat residence, fluidization characteristics and ability to tole-
rate high level of mechanical forces in a fluidized bed govern how to choose a fluidized 
drying method.  A typical particle size distribution is presented in Figure 4.4.  A qualita-
tive description of particle sizes is introduced in Table 4.2 by Merkus (2009): 
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Figure 4.4. Particle size distribution (from Merkus, 2009) 

Table 4.2. Qualification description of particle sizes (Merkus, 2009) 

Particle Description Particle Size 
Nanoparticles <0.1 μm 

Ultrafine 0.1 - 1 μm 
Fine 1 - 10 μm 

Medium 10 - 1000 μm 
Coarse 1 - 10 mm 

Very Coarse >10 mm 
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Different types of materials have been employed in diverse fluidized bed dryers, 
among which paddy, corn, carrot and baker's yeast are the most attractive.  To make a 
systematic method in choosing a fluidization drying system, Geldart (1973) proposed 
the following classification: 

 
Figure 4.5. The Geldart classification of particles 

Group A is referred to small size particles with a diameter between 30 to 100 μm or a 
density lower than 1.4 g/cm3. These solids fluidize easily with low gas inlet velocity, thus, 
they are called aeratable. Catalysts used for fluidized catalytic cracking process can be 
categorized in this group. 

Particles in Group B are larger particles than group A. Their mean size is between 
100 to 800 μm and their density is between 1.4 to 4 g/cm3. These particles fluidize 
harder than group A and due to sand particles are categorized in this group, they are 
called sand-like. 

Group C is introducing fine particles with diameter less than 20 μm. Due to high level 
of internal forces between the particles, cohesion is a common phenomenon.  Fluidizing 
such materials is hard and because of their unfavorable fluidization characteristics, vi-
bro-fluidized bed dryers have been introduced.  Starch and flour are categorized in this 
group. 
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Group D is referred to large particles with diameter larger than 1 mm.  These par-
ticles cannot be easily fluidized and are commonly employed in fluidized beds which are 
assisted by some mechanical techniques to improve their fluidization quality.  For such 
particles, spouted beds are strong alternative.  Most of agricultural materials such as 
grains, coffee beans and peas are categorized in this group.  The whole description of 
these groups is reflected in Figure 4.5. 

4.2. MODELING OF FLUIDIZED BED DRYERS 

Lack of reliable procedures in predicting fluidized bed dryer performance has lead 
to diverse mathematical modeling scopes.  In some cases, the scope is based on develop-
ing the rate of drying.  Various drying rates have been proposed during decades, the 
most significant ones are listed in Table 4.3.  Most of these drying rates are examined 
for fluidized bed drying by different researches (Das et al., 2009; Srinivasakannan and 
Balasubramanian, 2009 a; b). However, the proposed drying rate equation, in the most 
of cases, is limited to Newton's or Page's equations.  This means that in spite of complex-
ity in drying process, the proper equation for predicting this mechanism is not necessar-
ily complex. 

Developing the drying rate for a specific system is an initial step for the other main 
scope in modeling fluidized bed dryers which is simulating the drying behavior and pre-
dicting the final particle moisture content.  Indeed, if in this step a reliable model is de-
veloped, the procedures for designing, scaling-up and optimizing the whole process will 
be available with high level of certainty.  Five general approaches can are proposed and 
employed by different researches and for diverse types of fluid-bed drying systems: 

• Diffusion Theory Modeling Approach (DTM) 
• Differential Modeling Approach (DM) 
• Multiphase Modeling Approach (MM) 
• Sequential Modeling Approach (SM) 
• CFD-DEM Modeling Approach (CDM) 

The diffusion theory modeling approach is based on Fick's second law.  For different 
geometries and after some assumptions (one dimensional, no reaction and no convec-
tion mass transfer), the governing equations are developed: 

Cartesian geometry: 
2

2AB
X XD
t x

∂ ∂
=

∂ ∂
 (1) 

Cylindrical geometry: 1
AB

X XD r
t r r r

∂  ∂ ∂  =   ∂ ∂ ∂  
 (2) 

Spherical geometry: 21
AB

X XD r
t r r r

∂  ∂ ∂  =   ∂ ∂ ∂  
 (3) 

where DAB is the diffusion coefficient.  This modeling approach is based on time-
depended experimental data which can be easily attained by a simple procedure.  In the 
first step, the particle moisture should be developed by a proper drying model and then 
according to the particle geometry, the process is modeled by the diffusion theory.  Al-
though by this method the whole process can be developed theoretically, there are some 
problems in explaining this method. The most important problem is how to determine 
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the diffusion coefficient.  For this purpose, some equations were proposed which are 
commonly a complicate exponential equation in terms of operating temperature and 
moisture content (Yuzgec et al., 2004; Tirawanichakul et al., 2005).  This complexity and 
inflexibility of these equations decrease the ability of the DTM to be employed practical-
ly.  The other limitation in this method is referring to the specific shape of agricultural 
particles to be dried.  The Cartesian, cylindrical, or polar geometries cannot describe the 
shape of diverse particles properly. 

Table 4.3. Proposed drying rates (Yucel et al., 2010) 

Model name  Proposed date 
Newton ( )expMR kt= −  1971 

Page ( )exp nMR kt= −  1977 

Modified Page ( )( )exp nMR kt= −  1973 

Wang and Singh 21MR at bt= + +  1978 

Henderson and Pa-
bis 

( )expMR a kt= −  1961 

Logarithmic ( )expMR a kt b= − +  2001 

Diffusion approach ( ) ( ) ( )exp 1 expMR a kt a kbt= − + − −  1979 

Simplified Fick's 
diffusion ( )( )2exp tMR a b L= −  

1991 

Modified Page's eq-
uation II ( )2exp

n
tMR a b L

 = − 
 

 
1991 

Midilli ( )exp nMR a kt bt= − +  2002 

Two-term ( ) ( )exp expMR a kt b gt= − + −  1974 

Two-term exponen-
tial 

( ) ( ) ( )exp 1 expMR a kt a kat= − + − −  1980 

Verma ( ) ( ) ( )exp 1 expMR a kt a gt= − + − −  1985 

Modified Henderson 
and Pabis 

( ) ( ) ( )exp exp expMR a kt b gt c ht= − + − + −  1999 

 

In the differential modeling approach, momentum, heat and mass balance are 
coupled altogether.  These equations are considered for both solid and gas phases 
(Izadifar and Mowla, 2003): 

Momentum balance: 

Solid phase: 
( )

( ) sind
d 1

s gs s

s sb mf s s

gu
z uW u

ρ ρ θτ
ρε ρ

−−
= +

−
 (4) 

Gas phase: 
( )

d cos d
d d

gr

r b g r mf g r mf

u g P
x u W u u x

τθ
ρ ε ρ ε

−
= − −  (5) 
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where τs and τg are shear stress between particles and airflow with dryer wall, re-
spectively. 

Heat balance: 

Solid phase: 

( )( ) ( ) ( )

( )( ) ( ) ( )

2

1d1 1 1
d

1 1 sin
ˆ 0

Ps s ss
s mf Ps s Ps s s

b s

mf Ps s s g
c s g s

s

X C TTX C u C T R X T R
z W u

X C T g
m h a T T

u

τ
ρ ε

ε ρ ρ θ
λ

+
− + − −Ψ + +

− + −
− + − − =

 (6) 

Gas phase: 
( ) ( ) ( )

( ) ( ) ( )

d 1
1 1

d
cos 1 1 d 0

d

g g Pg g
g mf Pg r Pg g Pv g

b r

g mf Pg g Pg g
c s g s

r r

T Y C T
Y C u C T R C Y T R

x W u
g Y C T Y C T P h a T T

u u x

τ
ρ ε

ρ ε θ

+
+ + + + +

+ +
+ + + − =

 (7) 

where R is the drying rate per unit volume of the bed. 

Mass balance: 

Solid phase: 

( ) ( )
( ) sin d ˆ1 0

d1
s gs

s mf s
s sb mf s s

g XX u m
u zW u

ρ ρ θτρ ε
ρε ρ

  −− − + + + =  
−    

 (8) 

Gas phase: 
( )

cos d d ˆ 0
dd

g
s mf s

r b g r mf g r mf

g P YY u m
u W u xu x

τθρ ε
ρ ε ρ ε

   + + + − =  
    

 (9) 

This is one of the most complicated methods in mathematical modeling of a fluidized 
bed dryer.  It is more common to consider only mass and heat balance equations (Daud, 
2007; Soponronnarit et al., 1996). However, in some researches the momentum balance 
was also taken into account (Izadifar and Mowla, 2003).  One of the simplification at-
tempts in this method is altering the differential equations to algebraic equations by 
considering the overall heat and mass transfer coefficients (Daud, 2007).  In spite of this 
effort, the number of empirical equations required for obtaining the heat and mass 
transfer rates, equilibrium conditions and complex geometries affect reliability of the 
DM approach.  This method can be employed for batch or continuous processes. Howev-
er, it needs to an intricate mathematical program for being certain that a convergence 
between extremely nonlinear equations can be achieved. 

The multiphase modeling approach for fluidized bed dryers has come from the mod-
eling of multiphase chemical reactors.  In this method, solid particles and gas form three 
phases called bubble, interstitial and solid phases (Palancz, 1983; Lai et al., 1986; Cie-
sielczyk, 2005; Burgschweiger and Tsotsas, 2002).  The last two phases are commonly 
considered as one phase called the emulsion phase.  A typical interaction of these phases 
is shown in Figure 4.6. This method can be employed for fluidized bed systems in which 
a specific fluid pattern is developed.  This condition most likely happens in well-mixed 
fluidized bed dryers, in which the bed height is adequate for developing a fluid pattern.  
In the MM approach the behavior of fluidized bed is modeled by the theoretical equa-
tions and empirical correlations employed in DTM and DM approaches along with spe-
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cific assumptions which come from the viewpoint of multiphase systems.  Flow pattern 
for the bubble phase is considered to be plug flow.  For interstitial and solid phases, heat 
and mass transfer rate is taken into account and an overall heat and mass transfer is de-
fined between bubble phase and emulsion phase. Complete list of these assumptions are 
(Lai et al., 1986): 

• The bubble phase is solid-free and the size of bubbles is uniform  
• The movement of bubbles is plug flow  
• Due to thin layer of clouds surrounding the bubbles, mass and energy are only 

transferred from bubble phase and emulsion gas  
• The process is run in steady state mode  
• Solid particles are perfectly mixed  
• Initial conditions, size and shape of solids are uniform  
• Internal heat and mass resistance of solids are negligible  
• Physical properties of phases do not depend on temperature  
• Viscous dissipation is negligible  
• Temperature and moisture content of each particle depend on the dryer length 

The need of the MM approach to more empirical correlation compared to DTM or 
DM approaches and intricate procedures for solving several equations at the same time 
decreases its attraction to researchers. 
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Figure 4.6. Multiphase modeling approach scheme (from Palancz, 1983) 

Another alternative for modeling fluidized bed dryers is the sequential modeling ap-
proach.  In this method, the effort is on simplifying the process by considering adequate 
number of cells to represent the whole process.  In other words, the microscopic view in 
the DTM approach or detailed procedures in DM or MM approaches are not significant.  
What is significant in SM approach is developing the simplest method as well as precise 
for practical predicting the fluidized bed dryer performance.  This method was em-
ployed for well-mixed (Fyhr and Kemp, 1999) and plug flow fluidized bed dryers (Fyhr 
et al., 1999; Baker et al., 2006; Bizmark et al., 2010).  The major problem in this method 
is how to calculate the required number of cells.  One way is to relate the number of cells 
to the axial dispersion coefficient (Fyhr et al., 1999; Baker et al., 2006): 
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Axial dispersion coefficient is an empirical correlation which is limited to a specific 
fluid-bed system. Afterward, the number of stages can be obtained according to the axial 
dispersion coefficient, feed flow and dryer length: 

2

2
LN
Dτ

=  (11) 

In another method, an effort was conducted in order to represent the required num-
ber of cells by dimensionless quantities. Bizmark et al., (2010) employed Damköhler 
number – ratio of the drying rate to the convective rate of moisture removal at the en-
trance of the dryer – to relate the operating conditions to the required number of cells 
presented in Table 4.4.  The advantage of dimensionless numbers is their ability to be 
employed for diverse systems in order to develop a comprehend procedure in designing, 
scaling-up and optimizing.  This is a significant advantage for drying processes, which in 
most of cases these procedures are limited to specific systems.  The SM approach can be 
applied to continuous drying processes better than the batch mode. 

Table 4.4. Relationship between Damköhler number (Da=RiερV/FXi) and the number of 
sections (Bizmark et al., 2010) 

N Da 
1  
2  
3  
4  
5  

The last and the least attractive alternative is CFD-DEM modeling approach. The 
CDM is base on Eulerian and Lagrangian approaches and is a powerful method to model 
and simulate diverse processes. By this method, not only it is possible to model the 
process, but also one can employ its results for a better design. However, it may meet 
some troubles in particulate systems due to lack of reliable theoretical equations and 
empirical correlations for particles movement and interactions. This problem becomes 
significant when coupling the equations with unreliable drying rates.  The other prob-
lem in this method is meshing the bed.  Meshing is one of the key techniques in the CDM 
method and has a dual effect on solving the equations.  Increasing the number of meshes 
or changing the Cartesian mesh to hexahedral increases the accuracy of the results.  
Nevertheless, this means increasing the running time from several hours to several days 
which is not preferable at all.  As a result, for fluidized bed dryers, this method was em-
ployed by limited researches (Assari et al., 2007; Geng et al., 2009).  Assari et al. (2007) 
simulated a batch drying process in a well-mixed fluidized bed dryer by employing the 
Eulerian method.  They used a variable mesh size in which it is finer near the wall and in 
the entrance region.  They solved the governing equations (continuity equation for gas 
phase, momentum and heat transfer equations for both solids and gas) in two directions 
(axial and radial) numerically by the finite volume method. Geng et al. (2009) tried to 
simulate a similar drying system in three dimensions and for drying of tobacco. They 

0.25Da <
0.25 0.35Da< <
0.35 0.4Da< <
0.4 0.45Da< <

0.45Da >
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obtained many data on running a well-mixed fluidized bed dryer and showed the drying 
behavior in fluidized bed chamber during the process.  Improvement in commercial CFD 
simulators, such as Fluent or CFX, may help researchers employing this method widely. 

In some cases, the researches tried to analyze the process from a specific point of 
view.  McGaw (1976) analyzed a shallow fluidized bed, which is common for plug flow 
fluidized bed dryers, thermally.  According to this research, for a system in which Biot 
number is less than 0.25, internal residence to heat transfer is negligible.  This result is 
significant to reduce the complexity of equations and make it possible to model and si-
mulate the process easily.  The other viewpoint in analyzing the drying process is intro-
ducing the best conditions for the least energy consumption. Baker and Al-Adwani 
(2007) examined six drying rate models for a well-mixed fluidized bed dryer in order to 
introduce the conditions for least energy consumption.  According to their research, 
energy consumption was highest for slow drying and lowest for fast drying.  Energy 
analysis is helpful because it allows to recognize the best conditions for designing a 
dryer to operate with the least energy supply. 

4.3. INDUSTRIAL APPLICATION OF FLUIDIZED BED DRYERS 

Due to advantages and flexibility of fluidized bed dryers, they are attractive for in-
dustrial applications.  Currently, they play a significant role in paddy and tea drying in 
Southeast Asian countries.  Moreover, it has been employed in production of milk powd-
er and baby food powder in European countries.  Chua and Chou (2003) reviewed di-
verse types of dryers to represent low-cost drying methods.  According to their study, 
fluidized bed dryers are among practical low-cost, easy-to-fabricate and easy-to-operate 
dryers.  Fluidized bed dryers can be manufactured and operated at the village level and 
rural areas which is an advantage for drying agricultural products.  Chua and Chou 
(2003) mentioned three advantages, which are specific for fluidized bed dryers: 

1. Minimize thermal-related quality degradation as the result of lower temperature. 

2. Lower distribution of particles with different moisture content. 

3. Reduction in drying time by increasing the rate of drying. 

A decade ago, Soponronnarit et al. (1998) proposed a mobile fluidized bed for paddy 
drying.  According to their design, the capacity of dryer was 2.5-4.0 ton/h and reduced 
paddy moisture from 32.6% d.b. to 25.8% d.b.  One of the most significant challenges to 
accept fluidized bed dryers is the final product quality in comparison to current conven-
tional dryers. Soponronnarit et al. (1998) considered two parameters for the dried pad-
dy: head yield and whiteness which were good as compared to the reference-dried pad-
dy.  Soon after, Wetchacama et al. (2000) tested a commercial vibro-fluidized bed dryer 
for paddy drying.  They ran the dryer with feed rate of 4.82 ton/h.  The vibration fre-
quency was 7.3 Hz, the amplitude was 5 mm and the inlet air temperature was 140 °C.  
They concluded that: 

• The paddy moisture content was reduced from 28% d.b. to 23% d.b. 
• The head rice yield was 5% more than the dried paddy at ambient air. 
• The rice whiteness of the paddy dried by vibro-fluidized bed dryer was 3% be-

low than the dried paddy at ambient air. 
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• In comparison to a plug fluidized bed dryer, this vibro-fluidized bed dryer saved 
45% of the electrical power of fan motor and vibrator motor. 

• By running this dryer for each ton of paddy and 90 days/year, the total cost of 
drying was 2360 $ which 68% of this cost refers to the operating cost and the 
rest is for fabrication. 

Krokida and Kiranoudis (2000) considered the final product quality as the control-
ling parameter to optimize fluidized bed drying process costs.  They considered the col-
or of dried tomato in case of redness, yellowness and lightness.  They ran an industrial 
well-mixed fluidized bed dryer in continuous mode.  In the first step, they modeled the 
process by employing the overall material and energy balances.  Afterward, they tried to 
optimize the process by Pareto method.  In this method, the construction and operation 
conditions were taken into account and a design procedure for the specific dryer type 
and specific quality expectations was proposed. According to Krokida and Kiranoudis 
(2000), any operating condition such as inlet gas temperature and particle moisture 
content as well as construction conditions such as bed area and costs was considered as 
a contour and can be optimized by quality (color) of dried solid.  For each of these para-
meters the optimal condition was derived and finally, Figure 4.7, which shows the re-
gion of optimal conditions, was proposed. 

 
Figure 4.7. Optimal conditions for an industrial fluidized bed dryer (Krokida and Kira-

noudis, 2000) 

4.4. FURTHER RESEARCHES 

Fluidized bed dryers face some general problems, which can be divided into two 
main categories: problems related to drying process and problems related to fluidization 
technology.  Both these challenges affect the procedures for modeling, simulating, de-
signing, scaling-up and optimizing the fluidized bed drying processes.  Currently, most of 
the manufacturing of fluidized bed dryers is based on pilot-scale dryers and trial and 
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error methods to obtain the best conditions.  It seems that several researches are re-
quired to present a general procedure for designing a fluidized bed dryer.  Thus, it is 
significant to analyze two problem categories. 

4.4.1. Problems Related to Drying Process 

Some of problems in drying process are related to the nature of the drying process.  
In fact, one of the major parameters in a drying process is the drying kinetics.  Drying 
kinetics, which is a complex phenomenon, consists of four steps: pre-heating, constant 
drying rate, falling drying rate and dry surface diffusion.  There is no mathematical mod-
el to describe all these four mechanisms properly.  Moreover, most of the current mod-
els are limited to specific materials and specific drying systems.  Hence, comprehensive 
researches would be helpful to improve the reliability of modeling and designing me-
thods. 

4.4.2. Problems Related to Fluidization Technology 

Fluidization technology is widely employed in different industries and in most cases, 
it faces some significant problems.  One of these problems is the particle characteristics.  
According to Geldart's classification, there are four groups with their specific characte-
ristics.  However, due to specific geometry for agricultural particles, this classification 
may need some modifications.  Moreover, some materials such as carrot or different 
fruits need to be ready to be employed in a fluidized bed dryer.  They may be prepared 
in cubic, cylindrical or spherical shapes.  These varieties in preparing materials affect 
their fluidization characteristics and for any kind of these conditions, several researches 
need to be conducted.  The other important parameter is how to distribute the inlet gas.  
When there is a maldistribution of gas, a uniform particle distributor cannot be expect.  
This problem is significant for plug flow fluidized bed dryers because the length of the 
dryer makes it hard to achieve a uniform distributing of the inlet gas.  Finally, the best 
operating conditions in order to decrease the drying time, energy consumption and 
dryer size is always a question.  To improve our knowledge in fluidization technology 
investigations are needed to be conducted in pilot-scale dryers.  By these information, 
the engineers can be more certain about proper operation of the dryer. 

4.5. CONCLUSION 

Fluidized bed dryers are among the most attractive dryers due to their advantages.  
High drying, heat and mass transfer rates, short drying time, flexibility in operation and 
low capital and operating cost are the most significant properties of fluidized bed dryers.  
Accordingly, it is widely employed in paddy and tea drying in Southeast Asian countries 
and in food preparation in European countries. In addition, mobile fluidized bed dryer 
can be designed for practical purposes.  In spite of these advantages and wide applica-
tion, lack of comprehensive mathematical modeling has still kept the design of fluidized 
bed dryer procedure based on pilot-scale testing.  Specific issues, which relate to nature 
of drying process and fluidization technology, were discussed to suggest further re-
searches in order to improve our ability in modeling the dryer. 
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NOMENCLATURE 

a, b, c, g, h, k, n drying rate constants 
as   specific surface (m3/m3 of bed) 
CP   specific heat capacity (J/kg °C) 
D   dispersion coefficient (m2/s) 
DAB   diffusion coefficient (m2/s) 
Da   Damköhler number, Da=RiερpV/FXi 
F   particle flow rate (kg/s) 
G   mass flow rate o gas (kg/m2 s) 
hc   heat transfer coefficient (J/m2 °C s) 
H   volumetric heat transfer coefficient in Fig. (6) (W/m3 °C) 
Hb   bed height (m) 
K   mass transfer coefficient (1/s) 
L   dryer length (m) 
MR   moisture ratio, MR=(X-Xeq)/(Xin-Xeq) 
N   number of stages 
P   pressure (Pa) 
r   radial coordinator (m) 
R   rate of drying (kg water/kg dry solid s) 
S   solid flow rate in Fig. (6) (kg/s) 
t   time (s) 
T   temperature (K) 
T    average temperature (K) 
u   average velocity (m/s) 
u0   superficial gas velocity (m/s) 
umf   minimum fluidization velocity (m/s) 
ur   real gas velocity (m/s) 
V   dryer volume (m3) 
Wb   bed width (m) 
x   length coordinator (m) 
X   particle moisture content (kg water/kg dry solid) 
X    average particle moisture content (kg water/kg dry solid) 

Y   absolute humidity (kg water/kg dry air) 
z   length coordinator (m) 
 
Greek Letters 
ε   bed porosity (m3/m3 of bed) 
εmf   minimum fluidization porosity (m3/m3 of bed) 
θ   angle of inclination of the bed 
λ   latent heat (J/kg) 
ρ   density (kg/m3) 
τ   shear stress (Pa s) 
τ    average residence time (s) 
Ψ2    constant in Eq. (6) 
 
Subscripts 
AC   air stream 
B   bubble phase 
E   emulsion phase 
eq   equilibrium 
g   gas 
i   initial 
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in   inlet 
p   particle 
s   solid 
v   vapor 
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5.1. INTRODUCTION 

Fruit and vegetables are low in energy and rich in vitamins, antioxidants, minerals 
and fibre. Anthocyanins have anti-inflammatory effects. Both alpha-carotene and beta-
carotene are protective against liver cancer and lung cancer in cell culture and animal 
studies. However, they can only obtain at the special season and spoil too quickly.  

    Frying is one of the fastest, oldest and simplest methods of food cooking, since it 
involves heating an edible oil or fat and simply using the hot oil to cook the food, and it is 
a simultaneous heat and mass transfer process in which moisture leaves the food in the 
form of vapor, while some oil is absorbed simultaneously. During the frying process, the 
physical, chemical and sensory characteristics of the food are modified. 

    There are different kinds of fried foods such as potato chips, French fries, dough-
nuts, extruded snacks, fish sticks, and the traditional-fried chicken products. In 2000, 
Americans spent $110 billion on fast foods, with fried foods playing an important role. 
Americans consume about three hamburgers and four servings of French fries per week 
(Schlosser, 2001). In the United States, nearly 2 billion pounds of oil is used annually for 
frying salty snack foods (Rossell, 2001).  

    Recent consumer trends towards healthier and low fat products have had a signif-
icant impact on the snack industry. Vacuum frying is a relatively efficient method of re-
ducing the oil content in fried foods, maintaining product nutritional quality, and reduc-
ing oil deterioration that can be used to produce fruits and vegetables with the neces-
sary degree of dehydration without excessive darkening or scorching of the product. In 
vacuum frying operations, food is heated under pressures well below atmospheric, pre-
ferably below 50 Torr (6.65 kPa), and this lowers the boiling point of the frying oil and 
water making it possible to reduce the frying temperature substantially (Shyu and 
Hwang, 2001; Shyu et al., 1998b). 

    Shyu and Hwang studied the effects of processing conditions on the quality of va-
cuum fried apple (Shyu and Hwang, 2001). Shi et al., 2001 optimized the vacuum frying 
process for Colocasia esculenta schott's son-Taroes using an orthogonal experiment (Shi 
et al., 2001). Shyu et al., 1999 have examined the influence of vacuum frying conditions 
on the chemical constituents of fried carrot chips (Shyu et al., 1998b; Shyu et al., 1999). 
Fan et al. investigated the effect of frying temperature and vacuum degree on moisture, 
oil content, color, and texture of fried carrot chips (Fan et al., 2005a). French fries can be 
processed by vacuum frying. Garayo and Moreira (2002) showed that vacuum frying can 
produce potato chips with lower oil content but with the same texture and color charac-
teristics as those of regular chips fried in conventional (atmospheric pressure) fryers 
(Garayo and Moreira, 2002). Yamsaengsung and Rungsee (2003) have observed that 
vacuum fried potato chips and guava slices have lower oil content and more natural co-
lorations than those fried conventionally (Yamsaengsung and Rungsee, 2003). Granda et 
al., 2004 demonstrated that vacuum frying could also produce potato chips with 97% 
less acrylamide content, a potential carcinogenic found in fried snacks, than the tradi-
tionally fried chips (Granda et al., 2004).  

    Following a brief discussion of vacuum frying process, the effects of different op-
erating parameters, the storage stability of vacuum-fried products, and the advantage of 
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vacuum frying compared with the traditional atmospheric deep-fat frying are presented 
in subsequent sections.  

5.2. VACUUM FRYING PROCESS 

Vacuum frying is a suitable processing method for the production of high quality 
fruit and vegetables products. During vacuum frying, moisture in the fruit or vegetable is 
rapidly removed under the reduced pressure at frying temperatures below the normal 
atmospheric boiling point of the oil. Under vacuum condition, the boiling point of water 
in the fruit or vegetable immersed in the hot oil is depressed. At the same time, the sur-
face temperature of the food rises rapidly. The free water at the food surface is lost ra-
pidly in the form of vapor bubbles. The surrounding oil is cooled down but this is quickly 
compensated for by convective heat transfer. Due to evaporation, the surface dries out 
and improves its hydrophobicity. Fat or oil may adhere to the outer surface. When the 
vacuum fried food is removed from the fryer, the vapor inside the pore gets condensed 
and the pressure differential between the surrounding and the pore causes the oil ad-
hering to the surface to be absorbed into the pore space. As frying progresses, the mois-
ture content in the food slowly diminishes, thereby reducing the amount of steam leav-
ing the surface. 

5.2.1. Processing 

5.2.1.1. Material and pretreatment 

• Material preparation including selection of fruits and vegetables of optimum ma-
turity and rough machining, such as cleaning, sorting, peeling and slicing.  

• Pretreatment including blanching, pre-drying, freezing. 
 

5.2.1.2. Frying 

• Frying oil or fat is heated rapidly to a pre-set temperature.  
• The material is placed in a frying basket and the lid is closed and locked.  
• The vacuum pump is switched on to a pre-set vacuum degree.  
• The frying basket is placed into cooking fat for a pre-set time. 
• Defatting - after the vacuum fried food is cooked, the frying basket is lifted and 

centrifuged (at atmospheric pressure or under vacuum) to decrease the fat con-
tent of the vacuum fried food. 

• Pack the fried products in alluminum foil or propylene plastic, and seal 
 

5.2.1.3. Storage 

• Water sorption isotherms.  
• Glass transition temperature 
• Selection of storage condition 
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5.2.2. Pretreatment procedure 

Vacuum frying could produce the high quality fried foods with natural color, good 
flavor, crispy texture, and lower fat content. Some physical pre-treatment procedures 
have been investigated in order to improve drying kinetics and product quality. The 
main pre-treatments that control the quality of vacuum fried food are: 

• Blanching 
• Osmotic pretreatment 
• Freezing 
• Antibrowning agents 
• Pre-drying 
 
Shyu et al studied the effects of pretreatment and vacuum frying conditions on the 

quality of fried carrot chips (Shyu et al., 2005). The results showed that moisture and oil 
contents of fried carrot chips were significantly (p < 0.05) reduced when blanched car-
rot slices were pretreated by immersion in fructose solution and freezing prior to va-
cuum frying. Furthermore, more uniform porosity was observed on the vertical cross-
section of carrot chips when examined by scanning electron microscopy.  

Shyu et al., 2005 studied the effects of pretreatment and processing conditions on 
the quality of vacuum fried apple chips (Shyu and Hwang, 2001).As blanched apple slic-
es were pretreated by immersing in fructose solution and freezing prior to vacuum fry-
ing, more uniform porosity was observed on the surface (or cross-section) of apple chips 
as examined by scanning electron microscopy.  

    Enzymatic browning of fruit or vetetable slices is occurred practically in vacuum-
fried condition during processing. Apintanapong et al investigated the effect of anti-
browning agents on banana slices and vacuum-fried slices and found among the com-
pounds tested, calcium chloride and cysteine showed the highest inhibitory activity on 
banana slice browning due to least change in lightness. Tartaric acid, formic acid, oxalic 
acid, ascorbic acid and citric acid belonged to a medium inhibitor group followed by the 
weak inhibitor group of lactic acid, acetic acid, succinic acid and sodium chloride. Syner-
gistic effect was found, it appeared that 0.5% tartaric acid and 1% ascorbic acid (TA), 0.5% 
calcium chloride and 1% ascorbic acid (CA) and 0.5% cysteine and 1% citric acid (CC) 
have strong potential for browning inhibition (Apintanapong et al., 2007). 

    Mango ("Tommy Atkins") slices were pretreated with different maltodextrin con-
centrations, osmotic dehydration times, solution temperatures, then pretreated slices 
were vacuum fried. The best mango chips were those pretreated with 65 (w/v) concen-
tration for 60 min and vacuum fried at 120°C (Nunes and Moreira, 2009). 

    Song et al estimated that effect of vacuum-microwave predrying on quality of va-
cuum-fried potato chips (Song et al., 2007). The results showed that vacuum microwave 
predrying had a significant effect on moisture and oil contents, as well as color parame-
ters and structure of potato chips. Vacuum microwave predrying significantly decreased 
the oil and moisture contents of vacuum-fried potato chips. 

    Song et al optimize the vacuum microwave predrying and vacuum frying condi-
tions to produce fried potato chips and based on surface responses and contour plots, 
optimum conditions were vacuum microwave predrying time of 8-9 min, vacuum frying 
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temperature of 108-110 degrees C, and vacuum frying time of 20-21 min (Song et al., 
2007b).  

    Fan et al investigated the effects of different pretreatments, such as blanching, 
blanching and air drying, blanching and osmotic dehydration, blanching, osmotic dehy-
dration, followed by freezing, on the physicochemical properties and fat distribution in 
vacuum-fried carrot chips (Fan et al., 2006). There were significant differences in the 
total yield, amounts of carotenes, vitamin C, and the color values of carrot chips follow-
ing different pretreatments (P < 0.05). Pretreatment significantly affected the water con-
tent, fat content, and water activity of carrot chips (P < 0.05), while there were no signif-
icant differences in the breaking force of carrot chips treated with different pretreat-
ments (P > 0.05). Spearman correlation analysis showed a high positive correlation be-
tween the fat content of carrot chips and the initial water content of carrot slices. The fat 
distribution pattern depended on the initial water content and the structure of the ma-
terial left by water evaporation.  

Troncoso et al., 2009 studied the effect of different processing conditions on physical 
and sensory properties of potato chips (Troncoso et al., 2009). A great improvement on 
color parameters was obtained using sulphited potato slices instead of the other pre-
treatments. Although, the better flavor was obtained for control potato chips, no signifi-
cant differences were found for overall quality between control and sulphited potato 
chips. 

5.2.3. Vacuum frying procedure 

During the vacuum frying, frying parameters as following would significantly affect 
the properties of fried food, such as moisture content, oil content, color, and texture of 
fried foods. 

 
• frying temperature 
• frying time  
• vacuum degree 
 
Fan et al investigated the vacuum frying of carrot chips and found that during the 

early stage of vacuum frying, the rate of moisture removal and oil absorption increased 
with increasing frying oil temperature and degree of vacuum. Statistical analysis of the 
color data showed that there were no significant differences (P > 0.05) in lightness (L), 
redness (a), and yellowness (b) of carrot chips as a function of vacuum degree and tem-
perature. The breaking force of carrot chips decreased with increasing frying tempera-
ture and vacuum degree and was affected significantly by the vacuum degree (Fan et al., 
2005a).  

    Shyu et al found the during vacuum frying, the moisture content, colour and break-
ing force of carrot chips decreased while the oil content increased with increasing frying 
temperature and time. However, there was no apparent change in Hunter Delta E with 
time when the frying temperature was below 100°C and the frying time was below 25 
min (Shyu et al., 1999).   

    Garayo et al studied the vacuum frying of potato chips and found that oil tempera-
ture and vacuum pressure had a significant effect on the drying rate and oil absorption 
rate of potato chips. Potato chips fried at lower vacuum pressure and higher tempera-
ture had less volume shrinkage. Color was not significantly affected by the oil tempera-
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ture and vacuum pressure. Hardness values increased with increasing oil temperature 
and decreasing vacuum levels (Garayo and Moreira, 2002). 

    Shyu SL et al found that during vacuum frying, the moisture content and breaking 
force of apple chips decreased with increasing frying temperature and time while the oil 
content increased. The L values of fried apple chips decreased apparently with increas-
ing frying temperature. However, when apple slices were fried at 100 degrees C for up 
to 20 min, both a and b values increased rapidly (Shyu et al., 1999).  

Tan investigated the physicochemical properties changes of donuts during vacuum 
frying and found that under vacuum frying, volume and total color changes were af-
fected by frying temperature; and oil uptake was affected by vacuum and frying temper-
ature. Frying temperature and vacuum were not directly related to the final moisture 
content of donuts. Donut texture was directly related to the vacuum and frying tempera-
ture (Tan and Mittal, 2006). 

    Troncoso et al investigated the modeling water loss and oil uptake during vacuum 
frying of pre-treated potato slices and found that Oil uptake data were fitted to an em-
pirical model, with a linear behavior for short times whereas the model was time inde-
pendent for long times (Troncoso and Pedreschi, 2009). 

    Garayo et al investigated the effect of oil temperature and vacuum pressure on the 
drying rate and oil absorption of potato chips and on the product quality attributes such 
as shrinkage, color, and texture was. Furthermore, the characteristics of the vacuum-
fried potato chips were compared to potato chips fried under atmospheric conditions 
(Garayo and Moreira, 2002). 

5.2.4. De-oiling procedure 

There exists high oil content in the surface of fried food under the vacuum frying be-
cause of the pressurization step, which causes a quick increase in pressure in the pore 
space thus forcing most of the surface oil into the product pore spaces. Therefore, for 
vacuum frying, a de-oiling step is required to reduce the excessive oil absorption at the 
surface of the product. Moreira et al investigated the effect of a de-oiling mechanism on 
the production of high quality vacuum fried potato chips (Moreira et al., 2009). Results 
showed that fried potato slices at 120 degrees C for 360 s (non-centrifuged) had final oil 
content of 0.43 g/g product compared to 0.097 g/g product for the centrifuged ones and 
vacuum frying with a de-oiling step produces superior quality fried products with lower 
oil content 

5.2.5. Storage stability of fried foods 

Storage stability of fried foods could be predicted by the water activity or the glass 
transition temperature. The Peleg, Halsey, and GAB models could be used to represent 
the experimental data throughout the entire water activity range of vacuum-fried carrot 
chips (Fan et al., 2005). 

Fan et al., 2005 studied the storage stability of carrot chips and found that Water ac-
tivity combined with the glass transition temperature can be used to predict the shelf 
life of foods (Liu-Ping et al., 2007). The GAB model could be fitted to the measured sorp-
tion data while the Gordon Taylor equation could be used to model the water plasticiza-
tion effect. The storage quality of fried foods could be predicted by the critical moisture 
content or the critical water activity at which the glass transition occurs. 
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Silva et al. evaluated the lipid oxidation of potato crisps prepared by deep-fat frying 
and found that the most effective conditions in order to avoid or at least delay lipid oxi-
dation were storage at room temperature with an oxygen scavenger (Siva et al., 2004). 

5.3. COMPARISON BETWEEN THE VACUUM FRYING AND TRADI-
TIONAL ATMOSPHERIC DEEP-FAT FRYING 

Vacuum frying is a new technology that can be used to improve quality attributes of 
fried food because of the low temperatures employed and minimal exposure to oxygen 
compared with the traditional atmospheric frying. The special advantages of vacuum 
frying are as following: 

• Reduction in the fat content of the fried food  
• Preservation of natural colors, flavors and nutrition of the fried food 
• Minimization of health harmful thermal reaction products, such as acrylamide 
• Ability to process potatoes with higher reducing sugar levels 
• High evaporation rate 
• Improvement in the texture of the fried food 
• Reduction of adverse effects on fat quality 

Compared with the traditional atmospheric frying, the vacuum frying technology 
could improve the quality parameters and reduce oil uptake of fried food. Improvement 
in the quality may be related with the absence of air during frying that inhibits some un-
desirable chemical reactions including lipid oxidation and enzymatic browning. Hence 
the natural color, flavor, and nutrients of samples can be better preserved than in nor-
mal atmospheric pressure deep fat frying. Reduction in the fat content may be related 
with the different mass transfer mechanisms under vacuum frying. Mass transfer me-
chanisms in atmospheric frying can be divided into two periods: the frying period and 
the cooling period. During the frying period, the capillary pressure is negligible (Moreira 
et al. 1999), so there is no driving force for the oil to flow into the pores of the material. 
During the cooling period, the surface oil (adhered to the surface of the frying material) 
penetrates the pores. As the material cools down, the pressure inside its pores changes 
as a consequence of the so-called capillary pressure rise (Moreira and Barrufet 1995). 
This pressure difference between the surface and the pores creates a driving force for 
the oil and air to penetrate the pores. 

The mass transfer mechanisms in vacuum frying can be understood by dividing the 
process into three periods (Garayo, 2002): frying, pressurization, and cooling. At the be-
ginning of the frying period, capillary pressure (between oil and gas) is negligible. Thus, 
no oil is absorbed at this stage. The second period is the pressurization from vacuum to 
atmospheric conditions. This step plays an important role in reducing the oil absorption 
during vacuum frying. At this stage, as the vessel is vented, the pressure in the pores of 
the potato chips rapidly increases to atmospheric levels, as air and surface oil are car-
ried into the empty pore spaces until the pressure reaches atmospheric levels. However, 
because of the low pressure, gas diffuses much faster into the pore space, thus obstruct-
ing the oil passage to enter the pores. The third period starts when the product is re-
moved from the fryer and it is known as the cooling period, when part of the adhered oil 
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continues to penetrate the pore spaces. Since less oil adheres to the product surface dur-
ing vacuum frying, less oil is absorbed during cooling. 

Debnath et al., 2009 deals with the kinetics of partitioning of oil on the surface as 
well as in the structure during holding of fried potato slices at elevated temperatures 
compared with controls (Debnath et al., 2009). The oil present on the surface migrates 
into structure due to condensation of vapor inside the product resulting in the creation 
of a vacuum after frying. However, the oil present on the surface need not migrate into 
the structure, if the fried product is held at elevated temperatures. Further, the excess 
oil, which did not migrate into structure, can be removed by absorbent paper. Duran et 
al., 2007 study the effect of some pre-treatments and oil temperatures in the kinetics of 
oil absorption and distribution in the structure of potato chips during the frying process 
and the posterior cooling (Duran et al., 2007). They found the partition of the oil ab-
sorbed was quantified during frying and the post-frying stage. Oil could penetrate in 
chip microstructure either during frying or during cooling when the oil wetting the pota-
to chip surface at the end of the frying process, penetrates into the chip microstructure 
by vacuum forces created by evaporative cooling. 

During the vacuum frying, most of the oil was absorbed in the product during first 
180 s of frying, and by the end of frying only 14% of the total oil content (TOC) was in-
ternal oil (IOC) while 86% was surface oil (SOC). About 34% of the IOC and only 0.7% of 
the SOC was absorbed during the first 20 s of frying. Oil content absorption kinetics in-
creased exponentially during the first 120 s of frying followed by a slight drop until the 
end of frying (Moreira et al., 2009). 

Dueik et al found that vacuum frying can reduce oil content by nearly 50% (d.b.) and 
preserve approximately 90% of trans alpha-carotene and 86% of trans beta-carotene 
(Dueik et al., 2010). Bouchon et al found that vacuum frying was shown to be a promis-
ing technique that can be used to reduce oil content in fried apple slices while preserv-
ing the color of the product (Mariscal and Bouchon, 2008). when using a driving force of 
Delta T= 60 degrees C, pre-dried vacuum fried slices absorbed less than 50% of the oil 
absorbed by atmospheric fried ones. Moreover, a strong relationship between water loss 
and oil content was observed in both technologies. 

Mir-Bel et al., 2009 studied the Influence of the vacuum break conditions on oil up-
take during potato post-frying cooling and found that reduced pressure frying is an al-
ternative to conventional frying that enables products to be obtained at lower 
processing temperatures with lower fat content (Mir-Bel et al., 2009). The oil uptake in 
frying mainly occurs during the subsequent cooling stage. With vacuum frying, this stage 
necessarily includes a period of vacuum break when the system recovers the initial 
pressure. The different conditions under which this pressurization occurs can influence 
the final oil content of the product. The results showed that draining times and vacuum 
break velocity have a significant influence on oil uptake. A short draining time and a low 
vacuum break velocity result in greater final fat content. There is a linear relationship 
between the oil uptake and the inverse of vacuum break velocity, following the Wash-
burn equation. 

Perez-Tinoco et al., 2008 studied the effect of vacuum frying on main physicochemi-
cal and nutritional quality parameters of pineapple chips and draw a conclusion that 
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vacuum frying is a dehydration process that produces healthy fruit snacks which partial-
ly preserve the fruit's original colour and nutritional compounds and have a high hydro-
philic antioxidant capacity (Perez-Tinoco et al., 2008). 

Da Silva et al., 2009 investigated that vacuum frying of high-quality fruit and vegeta-
ble-based snacks, such as Sweet potato, green beans, Tommy Atkins mango, and blue 
potato, and they found compared with traditional frying, oil content of vacuum-fried 
sweet-potato chips and green beans was 24% and 16% lower, respectively. Anthocyanin 
(mg/100 g d.b.) of vacuum-fried blue potato chips was 60% higher. Final total caroteno-
ids (mg/g d.b.) were higher by 18% for green beans, 19% for mango chips, and by 51% 
for sweet-potato chips[32]. Nunes et al found that mango chips under atmospheric fry-
ing had less carotenoid retention (32%) than those under vacuum frying (up to 
65%)(Nunes and Moreira, 2009). 

Potatoes and other foods that have a high content of the amino acid asparagine and a 
high accumulation of reducing sugars are subject to the formation of acrylamide upon 
frying. Acrylamide is considered a carcinogen in animals and a possible carcinogen in 
humans. It has been found in starch-rich foods cooked at high temperatures. Vacuum 
frying was investigated as a possible alternative to reduce acrylamide formation in pota-
to chips. The behavior of the kinetics of acrylamide formation in potato chips, fried un-
der the vacuum frying and traditional atmospheric frying was different because of the 
different temperatures used. Acrylamide accumulation under vacuum frying was mod-
eled using first-order kinetics, but the logistic kinetic model was used during traditional 
frying according to the research of Granda et al., 2005. Granda et al., 2005 used the culti-
var Atlantic to determine the kinetics of acrylamide formation during traditional and 
vacuum frying at different temperatures (Granda and Moreira, 2005). There was a 94% 
decrease in acrylamide content when potatoes were fried to the same final moisture 
content (1.5%±0.3% w.b.) under vacuum. 

Granda et al investigated the reduction of acrylamide formation in potato chips by 
low-temperature vacuum frying and found that as the frying temperature decreased 
from 180°C to 165°C, acrylamide content in potato chips reduced by 51% during tradi-
tional frying and by 63% as the temperature decreased from 140°C to 125°C in vacuum 
frying. Increased frying time increased acrylamide formation during traditional frying 
for all temperatures and frying methods analyzed. However, the effect on acrylamide 
concentration was greater for the traditional frying than the vacuum frying (Granda and 
Moreira, 2005). 

Vacuum frying could inhibit the oxidation of frying fat or oil compared to standard 
frying conditions. Aladedunye et al evaluated the effect of carbon dioxide blanketing 
(CDB) and vacuum frying (VF) on the frying performance of regular canola oil 
(Aladedunye and Przybylski, 2009). They found that Frying under CDB reduced the 
amount of TPC by 54%, while 76% reduction was observed during VF compared to 
standard frying conditions (SFC). Similarly, lower oxidative degradation was observed 
when measured by anisidine value, At the end of the frying period, the reduction in un-
saturated fatty, acid content was 3.8, 1.9 and 12.7% when frying under CDB, vacuum and 
SFC, respectively. The rate of tocopherol degradation was three and twelve times slower 
in VF when compared to CDB and SFC, respectively. 
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5.4. CONCLUDING REMARKS 

• Vacuum frying is a relatively new technology that is a viable option for produc-
tion of snacks from fruits and vegetables, with lower fat content, natural color, 
good flavor and crispy texture. The quality of products relay on the material, 
pretreatments, frying and storage condition. 

• Some physical pre-treatments, such as blanching, osmotic pretreatment, freezing 
and pre-drying etc., can improve drying kinetics and product quality. During the 
vacuum frying, frying parameters, such as frying temperature, frying time and 
vacuum degree would significantly affect the properties of fried food, such as 
moisture content, oil content, color, and texture of fried foods. 

• During vacuum frying, a de-oiling step could reduce the excessive oil absorption 
at the surface of the product. 

• Storage stability of fried foods could be predicted by the water activity or the 
glass transition temperature. 

• Compared with the traditional atmospheric frying, the vacuum frying technology 
could improve the quality parameters, reduce oil uptake of fried food and Mi-
nimize the health harmful thermal reaction products, such as acrylamide.. 
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6.1. INTRODUCTION 

The recent increase in food demand has resulted in further research on preservation 
of various food products which otherwise are wasted as a result of excess production -
mainly various fruits and vegetables. As discussed in very first chapter of the first vo-
lume of this book series, drying is the most cost effective and efficient way of increasing 
shelf life for most of the food stuffs as the microbial activity is reduced substantially. The 
first volume also gives detailed information about fundamentals and importance of dry-
ing foods, vegetables and fruits. The changing lifestyle has also resulted in demand for 
healthier food such as functional food which needs drying as an important step during 
processing. Farmers have also realized the importance of increasing the shelf life of their 
products so as to get more returns for their efforts. Additional known fact the drying 
also reduces overall transportation cost in addition to increase in shelf life. In general, 
drying has become an integral part of food processing (Mujumdar 2006; Mujudmar 
2008, Jangam and Mujumdar, 2010). 

It is known that the thermal drying is highly energy intensive unit operation and 
competes with distillation as far as the energy consumption is concerned. This is be-
cause of very high latent heat of vaporization of water which is the most common sol-
vent needs to be removed from food products. In particular food products are highly 
energy sensitive and cannot be exposed to very high temperature in order to speed up 
the drying process which otherwise results in unexpected quality of the dried products 
(in terms of color, rehydration properties, texture, loss of nutrients etc.). This constraint 
adds to the overall drying cost as the products needs to be exposed to heated air for a 
longer time - although at lower temperature. Poor dryer design is another reason for 
higher energy usage than actually needed. In most of the convective dryers the drying 
medium exiting dryer (most of the times air) is discarded directly to the atmosphere re-
sulting in loss of both sensible as well as latent heat of the moisture present in the exit-
ing air. All these facts result in poor energy efficiency of drying system and ultimately 
higher cost of the dried products (Mujumdar 2008; Law and Mujumdar, 2010).  

There have been numerous efforts to minimize the energy consumption by various 
means. Amongst the simple but effective ways are improving control of dryers, proper 
dryer insulation, use of indirectly heating where ever possible (more effective than con-
vective drying), recovery and recycling the thermal energy from dryer exhaust (e.g. by 
use of heat pump system) (Kudra et al., 2009). Although these different routes can re-
duce the energy consumption, the system cannot run without consuming external ener-
gy and always result in other form of energy (mostly electricity). For most of the dryers 
the source of heat is either fossil fuel or direct electric energy. The rising energy cost 
makes the situation more difficult and forces dryer users to go for other energy options 
such as renewable energy sources. The issues like sustainability -mainly reducing ener-
gy consumption, carbon foot print and emission of hazardous gases- has received severe 
attention in recent years as a result of global warming. This has resulted in use of sus-
tainable energy sources to preserve the remaining fossil fuels in order to make them 
available for a longer time. This has been practiced in all industries for almost every 
thermal process - drying not an exception being energy intensive. 
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Although there are various forms of renewable energy available, the most applicable 
or viable sources for drying are solar, wind, biomass and possibly geothermal energy. 
The solar energy is been traditionally used for drying - as open sun drying used for vari-
ous agricultural and marine products for decades. However, the demand for better qual-
ity of dehydrated product at minimum production cost to sustain the growing market 
demands has resulted in tremendous improvements with respect to the method of uti-
lizing the solar energy, ways to improve the collection efficiency of solar energy, thermal 
energy storage during the off time, and better heat transfer to the drying medium. All 
these routes ultimately increase drying rates and so the processing cost. The wind ener-
gy may not be used directly for drying; however, it can be used to produce electricity 
which is made available for various purposes such as heating of air, to run the air blow-
ers etc. Biomass can be mainly used to supply heat to the drying air. The geothermal 
energy has been recently explored for various applications. This type of energy can also 
be used for drying in conjunction with other systems such as heat pump and/or solar 
energy and there are some reports on similar applications. All these possibilities will be 
discussed in more detail in this chapter. However, the chapter mainly focuses on solar 
drying which will cover open sun drying, direct and indirect solar dryers, hybrid solar 
drying systems and other improvements. This will be followed by short discussion on 
possible use of other aforementioned renewable energy sources for drying. 

6.2. SOLAR  

The solar drying is the most attractive and promising application of solar energy in 
tropical and sub-tropical regions. The use of solar energy has been practiced over the 
years to increase shelf life of various agricultural and marine products for local con-
sumption. In order to benefit from a free and renewable energy source provided by the 
sun several attempts have been made in recent years. However, for large-scale produc-
tion the limitations of open-air drying are well known. Among these are high labor costs, 
large area requirement, and lack of ability to control the drying process, possible degra-
dation due to biochemical or microbiological reactions, insect infestation, and so on. Ad-
ditionally, the drying time required for a given commodity can be quite long (some times 
more than a month) and result in post-harvest losses. Solar drying of agricultural prod-
ucts in enclosed structures by forced convection (to be discussed later) is an attractive 
way of reducing post harvest losses and low quality of dried products associated with 
traditional open sun-drying methods. Due to the lack of adequate preservation methods, 
direct open-air drying is still a widely used means of food preservation in many parts of 
the developing world. The other noticeable disadvantages of open sun drying are:  

Degradation due to direct exposure to solar radiation  

Contamination by dirt, dust, insects and environmental contaminants  

Over drying and sometimes non-uniform drying 

Growth of microorganisms,  

As discussed earlier, during the last few decades, several developing countries have 
started to change their energy policies toward further reduction of fuel inputs and to 
alter their energy use to the utilization of renewable energies. With very few exceptions, 
the developing countries are situated in climatic zones of the world where the insolation 
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is considerably higher than the world average of 3.82kWh/m2 day. Figure 6.1 shows the 
daily average horizontal insolation data for some developing countries (Mujumdar 
2006). It can be seen that most of the developing countries show a huge potential of us-
ing solar energy for various applications. 

 
Figure 6.1. Horizontal solar insolation for developing countries 

A solar cabinet drying which is a alternate to open sun drying has following noticea-
ble advantages over open sun drying:  

• Solar cabinet drying provides the desired reduction of losses and much im-
proved quality of the dried products.  

• The drying time is significantly reduced.  
• More returns to the farmers.  
• The increased returns can compensate the additional cost for solar cabinet 

dryers 

6.2.1. Classification of solar dryers 

The structure of solar dryers is adjusted to the quantity, character, and designation 
of the material to be dried as well as to the energy sources used. Accordingly, great va-
rieties of solar dryers have been developed and are in use. Solar dryers can be classified 
on the basis of the design of system components and the mode of solar energy collection 
(Figure 6.2 and Figure 6.3). Natural convection solar dryers that utilize simply the 
temperature gradient to cause free convection in the drying chamber are cheap but inef-
ficient and suitable for very small scale operation. Forced convection type dryers are 
more efficient but require a blower to drive the drying air flow through a solar collector 
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and the dryer. Blower power can be obtained by use of a photovoltaic device but the cost 
is high.  

Fudholi et al., 2010 have provided a comprehensive overview of the multitude of so-
lar dryers for agricultural and marine products. Any type of solar collector-simple flat 
plate to concentrating types can be used to collect solar energy for drying. A large as-
sortment of convection (direct) dryers can be used to contact the drying air with the wet 
product. Imre 2006 has given an excellent discussion of the diverse dryer types and de-
sign considerations involved. 

 

 

Figure 6.2. Basic dryer types 

 

Figure 6.3. Classification of solar-assisted dryers 

However the classification based on the energy sources used (Mujumdar, 2006) is 
done as;  

• Solar natural dryers using ambient energy sources only 
• Semi-artificial solar dryers with a fan driven by an electric motor for keeping a 

continuous air flow through the drying space 
• Solar-assisted artificial dryers able to operate by using a conventional (auxiliary) 

energy source if needed.  
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The solar natural dryers have inherent disadvantages of being a highly uncontrolled 
process whereas the solar-assisted artificial dryers prove to be a costly option however 
being a highly controlled process. Of these two the semi-artificial solar dryers however, 
prove to be a better and economical option for rural application. Table 6.1 summarizes 
some advantages and limitations of the above mentioned solar dryer types. 

Table 6.1. Advantages and limitations of different solar dryer types 

Dryer type Advantages Limitations 
Free convection solar 
dryers (Passive 
Dryers) 

Simple to design 
Low Installation and operating 
cost 

Capacity per unit area of 
dryer is limited 

Forced Convection 
solar dryers (Active 
Dryers) 

Higher drying rates compared 
to passive dryers 
Can be used for high produc-
tion rates 

More complex and expen-
sive than passive dryers 

Hybrid Solar Dryers Better control of drying 
This can be operated even in 
absence of solar energy hence 
reduce the chances of product 
damage 

More complex system 
More expensive than pas-
sive and active dryers 

6.2.2. Review of solar dryer types  

This section discusses about some of the solar dryer types in detail, including their 
working principle, advantages and scope for improvement. The more detailed discus-
sion however can be found in archival literature including Handbook of industrial drying  
(Mujumdar 2006) and some review articles (Fudholi et al., 2010; ). 

6.2.2.1. Natural convection solar dryers (Passive dryers) 

The operation of natural convection solar dryers depends solely on solar energy. 
These dryers are called passive dryers to distinguish them from the other dryers (called 
active dryers) which uses mechanical means of air circulation. In these types of dryers 
the air is heated using solar energy and flows over and/or through the material to be 
dried by a buoyancy force or as a result of wind pressure acting either separately or in 
combination. These are most attractive in rural areas as the capital and operation cost 
involved is very low compared to active dryers to be discussed later in this chapter. 
These dryers are superior and provide much improved drying quality compared to the 
open sun drying. Following are some of the advantages of natural convection solar 
dryers over open sun drying. 

• smaller area for drying the same volume of products 
• much better quality of dry products (as the product is not exposed directly to so-

lar irradiations and insects and fungi) 
• higher drying rates and hence higher throughput 
• Better yield of the product as drying is achieved in a close chamber 
• Product of commercial value compared to open-sun drying products for local 

consumption 

Figure 6.4 shows some of the natural convection dryer types. Figure 6.4a is the 
simplest natural convection dryer. Although there are number of variations, the basic 
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functioning is almost the same. The heat required for drying is given by direct exposure 
of material to the solar irradiation through a transparent wall and the air comes in from 
the bottom of the tray and flows through material by natural convection and leaves from 
the top. The walls of the dryer are well insulated in order to keep most of the heat with 
the material to be dried. The design is very simple and involves minimal cost, however, 
it is useful only for drying of small quantity of material. The application of this kind of a 
dryer is mainly for agricultural products for small consumption.  

Figure 6.4b is another type of a natural convection dryer based on static bed or 
shelf type of dryer concept. In contrast to the cabinet type natural convection dryer in 
Figure 6.4a -where the main constraint is the quantity of material which can be han-
dled- the shelf type of dryers are designed to accommodate more quantity of material. 
The area of a dryer can be increased by placing the material in separate independent 
layers. As shown in Figure 6.4b the walls of the drying cabinet facing south are kept 
transparent in order to expose the layers of material to the solar irradiations. The air is 
allowed to go through at ambient condition or heated to some temperature in a separate 
solar collector before it goes through the vertical layers of material to be dried (Figure 
6.4 b). The efficiency as well as the quantity of material to be dried can be increased 
considerably. More details on passive dryers can be found elsewhere (Mujumdar 2006) 

 
(a) cabinet type 

Air inlet 

Transparent 
wall Air outlet 

Material to 
be dries 
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(b) Shelf type 

Figure 6.4. Natural convective dryers 

6.2.2.2. Forced convection solar dryers (Active dryers) 

The active dryers depend only partly on solar energy contrast to the passive dryers. 
The solar energy is used solely or along with electrical and fossil fuel energy for heating 
the drying air and the electric blowers are used for air circulation. Hence the heat trans-
fer is mainly by forced convection in these kinds of dryers. In forced convection dryers 
the choice of multiple air heating system makes these systems more flexible even when 
the solar energy is not available. If the solar energy is available in abundant, it can be 
used alone for dehydration or else the backup heat can be utilized either by using elec-
tric heaters or by the use of fossil fuel thus avoiding the effects of fluctuating energy 
output from solar heaters which sometimes can result in microbial growth when the 
solar heat is not available. The systems which incorporate this backup heating are called 
as hybrid solar dryers. 

There are number of variations of forced convective dryers available and catego-
rized as integral, distributed and mixed mode type. Figure 6.5 and Figure 6.6 shows 
few of the integral type active solar dryers used for food applications. Figure 6.5 shows 
the simplest of it, known as forced convection room dryer. In this dryer the top and one 
sidewall of the dryer are transparent and remaining are black painted glazed concrete 
walls which act as solar collectors and serves as thermal energy storage. The air is 
forced to go through the bed of material. Figure 6.6 shows the greenhouse active dryer. 
This consists of a transparent outer surface which acts as the solar collector glazing. The 
dryer shown in Figure 6.6 is a semi-cylindrical structure consists of an outer plastic 
sheet and black plastic interior. The air is sucked and distributed through the material to 
be dried. However solar cabinet dryers are the most sophisticated forced convection so-
lar dryers used in common practice and will be discussed in the following section.  

Air outlet 
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Figure 6.5. Forced convection solar dryer - room type 

 
Figure 6.6. Forced convection solar dryer - room type 

Several attempts for developing forced convection solar dryers (both of the cabinet-
type and the tunnel-type) have been investigated and experimented on over the years, 
and are described in the literature (Sodha & Chandra, 1994). Standard guidelines rec-
ommended in previous published literature for the construction of solar cabinet dryers 
include (Ekechukwu, et.al.1999). 

1. The length of the cabinet should be at least three times its width to minimize 
shading effects of the side panels; 

2. An optimal angle of slope for the glazing as a function of the local latitude (appli-
cable to sites both north and south of the equator). Figure 6.7 gives this slope as 
a function of latitude; 

3. The interior walls should be painted black; 
4. The drying trays should be placed reasonably above the cabinet floor to ensure a 

reasonable level of air circulation under and around the product; 
5. The top cover glazing, double preferably, should be treated against degradation 

under UV radiation; and 
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6. The choice of construction materials should be determined by local availability 
and the desired level of dryer sophistication. 

  

Figure 6.7. Optimal tilt angle of a solar collector as a function of local latitude 

6.2.3. Design considerations for solar cabinet dryer 

The design of solar cabinet dryer needs to look at various aspects such as the design 
of solar collectors, the design of drying cabinet, controls and proper selection of other 
mechanical aspects such as ducting, air filters etc. Figure 6.8 shows a typical solar cabi-
net drying system. 

 

 

Figure 6.8. Typical solar cabinet dryer 
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6.2.3.1. Solar collectors 

The collector area is most important in order to efficiently absorb the solar energy to 
sufficiently heat the required volume of air to be used in dryer. The surface area re-
quired for the collectors of solar dryers can be determined from the energy demand of 
the dryer. For dimensioning the collectors, the starting point must be the drying re-
quirements and thus the drying characteristics of the material. Drying requirements 
specify the planned drying time and the permissible material temperature. The drying 
characteristics based on the laboratory drying experiments help determine the inlet 
characteristics of drying air (the required temperature and relative humidity) and the 
necessary air mass flow rate for the drying to achieve optimally based on cost of opera-
tion and quality of the final product. Based on the drying air temperature required the 
energy balance can be carried out to calculate the collector area required. However it is 
also necessary to understand the efficiency of any collector as sometimes the area re-
quired calculated based on aforementioned method may not give a correct value and the 
design may go wrong.  Although there are different shapes of the solar collectors availa-
ble, flat plate collectors are most common for air heating. Imre (2006) discusses in detail 
a method to determine the efficiency of flat place collectors. 

6.2.3.2. Design of a drying cabinet 

The dimensions of a drying cabinet are calculated based on the maximum batch size 
to be processed for a particular application. Generally it is a quantity dried in a single 
batch of loading, measured in kg of fresh product per batch. The dryer size depends on 
the number of trays to be put in a drying cabinet which can be calculated using the batch 
size and the density of a fresh product to be processes. Once the volume of a tray to be 
used is decided based on a single layer of the product, the total number of trays required 
can be calculated. A free vertical space (0.025 m), between the two trays should be kept 
to achieve a proper circulation of air in the drying cabinet. It should be noted that the 
number of vertical trays at a certain position should not be more than 15 otherwise the 
height of the drying cabinet will be very high which may result in a non-uniform quality 
of the dried product.  

It has been reported and experimentally observed by authors that the dryer design 
plays important role to provide uniform product quality. The design of drying cabinet 
can significantly affect the air distribution in solar cabinet dryer and in turn the mois-
ture distribution. The product in some parts of the cabinet might be over-heated result-
ing in over-drying and ultimately case-hardening. While the hot air may not reach cer-
tain sections of the dryers (flow maldistribution) where the expected moisture level 
may not be achieved. This can significantly affect the overall product quality and could 
result in rejection of the dried product. It is necessary to uniformly distribute the drying 
air to avoid high/low velocity zones. This can essentially be achieved through proper 
selection of the dimensions of the drying chamber or by changing the air flow directions. 
Islam and Mujumdar (2008) have reported some ideas for better uniformity of air dis-
tribution inside a multi-mode drying chamber, this includes used of mesh, net or orifice 
plate.  

In our recent numerical study (Visavale 2009) it was found that the use of simple 
flow disturbance methods such as placing an orifice plate at a proper location in the air 
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flow path can result in considerable improvements in the air flow distribution. Figure 
6.9 a and b shows the flow distribution in one of the existing drying cabinet and the one 
modified using the orifice plate. The flow distribution can be significantly improved us-
ing orifice plate. It should be noted that such solutions can result in higher pressure 
drop and hence more pumping cost for drying air; however, this is compensated by the 
reduced drying time and uniform product quality which ultimately gives higher returns. 

 
(a) Air flow in an existing drying chamber of a solar cabinet dryer 

 

(b) Modified air flow in an existing drying chamber of a solar cabinet dryer 

Figure 6.9. Study of air distribution in drying cabinet 

6.2.3.3. Duct design 

The duct design is another important part of the solar cabinet dryer design. Al-
though not very critical, wrong duct design can result in considerable fixed and operat-
ing cost. This affects the flow characteristics - mainly the pressure drop in a system. 
Hence the ducts should be designed in such a way that the pressure drop in the air loop 
is minimal. Based on the minimum air velocity required for drying, the diameter of the 
connecting duct between the collector panel and the cabinet is calculated using a conti-
nuity equation. All the ducts should be well insulated with a proper insulating material 
in order to avoid the heat losses. Selecting a proper material of construction of the duct 
is also important as it may affect the capital cost of a cabinet dryer. The stainless steel is 
generally used for drying most of the food products in order to avoid rusting and related 
problems. 

6.2.3.4. Other parameters to be considered 

As discussed previously, the overall efficiency of a solar cabinet dryer can be in-
creased in many ways. Increasing the collector efficiency by innovative design and prop-
er insulation are the two ways; however, proper microprocessor-based control schemes 
can ensure high energy efficiency besides achieving better product quality. The partial 
recycle of air can also increase the thermal efficiency as most of the time air coming out 
of dryer is not saturated. Storing excess solar energy during pick hours and using it dur-
ing night times is another route to utilize the renewable energy. This will be discussed in 
more detail in the following sections. 

Another most important thing to be considered while designing the solar dryer is 
the dust and microbial contaminants present in the atmospheric air which is to be used 
for drying. If the contaminated air is directly used for drying then the product quality 
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may be considerably affected. The growth of microbes can be high at moderately warm 
conditions in the solar dryer. When the solar energy is not available during night times, 
the drying is stopped in most of the cases. In such a situation, the microbial growth can 
be very high and damage the product. It is necessary to use high quality HEPA filters be-
fore the air enters the dryer. These filters are placed before the air goes through the so-
lar collectors where it is heated to use for drying. This can assure better quality product 
without any fungal growth during the post drying storage. 

6.2.4. Advances in solar drying 

The inherent intermittent nature of insolation and the seasonable variation of the 
radiation intensity make it more difficult and expensive to operate solar dryers. It is es-
sential to have a standby thermal energy supply during cloudy periods and night time 
since solar drying are rather low and may need one or more days to dry typical agricul-
tural produce. During periods of lack of solar heat it is essential to carry on drying so 
that the drying material-particularly foods and meat or marine products does not un-
dergo microbial attack during periods of no drying. Unless the water activity in the dry-
ing material is lowered to a sufficiently low value, sugar-containing moist organic prod-
ucts provide ideal substrate for microbes to grow rapidly and spoil the product. Hence 
backup heating is necessary. Most of the recent advances in solar drying tries to tackle 
these problems and also concentrates on reducing the total energy consumed. This sec-
tion describes some of the advances in solar drying as a result of continual research. 

6.2.4.1. Solar drying with heat storage 

As discussed in the previous paragraph, the solar drying is available for a limited 
time and during the remaining hours of the day the product needs to be stored or dry 
using some other technique. However, during the pick hours of the day the amount of 
solar energy available is most of the times greater than needed. This excess energy can 
be stored using some means. The heat storage can be achieved by various means, either 
as a sensible heat property such as liquid media storage (including water, salty water) 
and solid media storage (storage in rocks, storage in metals). The energy can also be 
stored using sensible and latent heat of the media used for storage (phase change ma-
terial).  A simple solar dryer with heat storage is shown in Figure 6.10. It can be seen 
that a heat storage material (water in this case) passes through a solar collector where it 
gets heated and then is stored in a thermal storage tank. The drying air is then heated in 
a heat exchanger using heat from this material before it enters the dryer. Aboul-Enein et 
al., 2000 carried out analytical study of the use of thermal energy storage for solar dry-
ing application. The effect of geometric parameters of air heater and the type of storage 
material was studied on the air outlet temperature. The heater performance with ther-
mal storage was found to improve. Ayensu and Asiedu-Bondzie, 1986 studied the solar 
drying of food material using energy storage using rocks. It was concluded that the effi-
ciency of the solar collector is 22%, and the rock storage system stores 1.1 kWh to en-
hance drying. 
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Figure 6.10. Solar dryer with heat storage 

The phase change materials (PCM) can store much more energy compared to other 
heat storing materials (Sharma et al., 2009). This is essentially due to their high latent 
heat of fusion during a phase change. PCM undergo liquefaction and solidification as it is 
exposed to hot and cold environment respectively. The most important realistic problem 
involved in solar energy application is the storage of solar energy when excess heat is 
available during the time (at higher radiation density), preserving it and using during 
night time or when it is necessary. The latent heat storage (mainly using PCM) is more 
attractive because of high energy storage density. (Hasnain, 1998). When the excess so-
lar energy is available, the PCM liquefies and gives back heat to the drying air when it is 
needed and at the same time undergoes solidification. Enibe (2002, 2003) studied the 
use of PCM heat storage system as a potential application for crop drying. The system 
consisted of a single-glazed flat plate solar collector integrated with PCM.  More detailed 
discussion on thermal energy storage units can be found in literature. 

6.2.4.2. Solar assisted heat pump drying 

Solar energy can be used along with heat pump to make a drying system more ener-
gy efficient and sustainable. Solar-assisted heat pump drying can be either with or with-
out heat storage (Daghigh et al., 2010; Sharma et al., 2009; Hawlader et al., 2008; Slim et 
al., 2008). In solar assisted heat pump dryer essentially solar energy is used to heat the 
drying air either before or after the condenser of a conventional heat pump system. The 
simplest flow diagram of a solar-assisted heat pump dryer is shown in Figure 6.11 
(Daghigh et al., 2010; Mujumdar, 2006). The details of the heat pump dryer are de-
scribed in detail elsewhere (Mujumdar, 2006, Islam and Mujumdar, 2008). The air from 
the dryer is dehumidified in evaporator of the heat pump system and then it is pre-
heated in a heat exchanger either using another stream of air or some other fluid which 
is heated using solar energy. This pre-heated air is then heated further to the required 
temperature in the condenser of the heat pump system before it enters dryer. The main 
advantages of such a system is effective utilization of renewable energy for direct heat-
ing as well as storage with easy control strategy. In absence of solar energy the system 
can run using the heat pump dryer cycle hence the drying is not affected although the 
rate of drying may. There are various configurations of solar assisted heat pump sys-
tems reported in the literature including the solar assisted chemical heat pump drying 
where wide range of temperatures can be achieved. The reported applications of such 
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system are agricultural and marine products. However more research is required for use 
of chemical heat pumps for in order to use it commercially.  

 

Figure 6.11. solar assisted heat pump drying system 

6.2.5. Applications of solar drying 

As discussed so far, solar energy is efficiently used for drying of various products in 
order to minimize the cost and make the system sustainable. Solar dryers are extensive-
ly used for food, agricultural and marine products. Table 6.2 shows some of the recent 
applications of solar drying in food sector. 

Table 6.2. Applications of solar drying in food sector 

Reference Product(s) / 
New design 

Details 

Fadhel et al., 2011 Banana Forced convection solar dryer for thin layer 
drying of banana; drying characteristics was 
modeled 

Dissa et al., 2011 Amelie and 
Brooks mangoes 

Direct solar drying; minimum four days 
needed to reach acceptable moisture level; 
efficiency decreased with number of days 
for drying 

Kumar et al., 2011 Mushroom Effect of chemical pretreatments on quality 
was studied using domestic solar dryer, me-
dium size solar dryer and open sun drying; 
1% potassium metabisulphite treatment 
prior to drying using medium size solar 
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dryer resulted in best quality 
Akpinar, 2011 parsley Comparison of solar dryer with forced con-

vection and open sun with natural convec-
tion; Solar cabinet dryers are reported to be 
good option for hot air and open sun drying 

Jadhav et al., 
2010a 

Bitter gourd Optimization of solar cabinet drying using 
response surface methodology; quality of 
solar cabinet dried product falls between 
freeze dried and open sun dried bitter gourd 

Jadhav eta al., 
2010b 

Green peas Optimization of solar cabinet drying using 
response surface methodology; comparison 
of solar cabinet dried product with freeze 
dried, fluidized bed dried and open sun 
dried product 

Rathore and Pan-
war, 2010 

Grapes Hemi cylindrical solar tunnel dryer was 
used for seed less grapes; Untreated grapes 
took seven days to dry 16% moisture con-
tent. 

Tunde-Akintunde, 
and Afolabi, 2010 

Chili paper Sun, solar and hot-air drying with and with-
out treatment and blanching; the treated 
and blanched chili dried faster 

Demir and Sacilik, 
2010 

Tomato Natural convection solar tunnel drying and 
open sun drying was carried out; the solar 
tunnel dryer was found to be more efficient 
than the open sun drying and resulted in 
saving up to 17.4% of drying time. 

Phoungchandang 
et al., 2009 

Ginger Comparison of 6-gingerol retention in heat 
pump drying, mixed-mode solar drying and 
tray dryer; ginger dried without pre-
treatment using mixed-mode solar dryer 
provided the shortest drying time and re-
tained 6-gingerol as high as heat pump-
dehumidified dryer 

Reza et al., 2009 Fish Optimization of fish-drying process in a Ho-
henheim-type solar tunnel dryer for five dif-
ferent varieties of fish; products produced 
were found to have excellent quality on the 
basis of flavor, color, texture and rehydra-
tion 

Visavale, 2009 Grapes Solar cabinet drying and effect of various 
pre-treatment methods; 2% ethyl oleate 
dipping followed by blanching produce best 
quality raisins with minimum drying time. 
For all pretreated grapes, non-enzymatic 
browning was very less since in solar cabi-
net drying. 

Visavale, 2009 Marine products 
(Prawn, Bombay 
duck) 

Comparative drying study of varieties of fish 
was carried out using sun, solar cabinet, hot 
air and freeze drying; Solar cabinet drying 
was found to be low energy intensive 
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process compared to freeze and hot air dry-
ing resulting in acceptable quality dehy-
drated fish product 

Salvi et al., 2008 Seerfish Drying using solar panel dryer and solar 
tent dryer and comparison with traditional 
method; both solar panel and solar tent 
dryers were found to be suitable for seer 
fish drying as least changes were observed 
in biochemical, microbiological and organo-
leptic characteristics of the fish 

Alonge, 2008 pepper, okro and 
vegetables 

direct and indirect type passive solar dryers 
were used for drying of various food prod-
ucts; drying rates in direct passive solar 
dryer were higher than the indirect one 

Alonge et al., 2007 Thermal backup 
for solar 

The biomass burner/gas-gas heat exchanger 
were designed as a backup for solar energy 
at night time and during cloudy and rainy 
day;  

Gbaha et al., 2007 cassava, bananas, 
mango 

Natural convective solar dryer was con-
structed using local material such as wood, 
blades of glass, metals; The influence of pa-
rameters such as solar incident radiation, 
drying air mass flow and effectiveness on 
thermal performance was analyzed; 

Madhlopa and 
Ngwalo, 2007 

Pineapple  Indirect natural convection dryer with 
thermal energy storage was designed and 
constructed for drying of pineapple 

 

6.3. OTHER RENEWABLE SOURCES OF ENERGY 

As discussed in the previous section the solar energy is intermittent and the insola-
tion also varies depending on the season of the year. This makes the application of solar 
dryers limited as the food materials can have a microbial attack during the off periods. It 
is possible to use bio-gas or biomass to heat the drying air indirectly during periods 
when solar collectors cannot provide adequate heat to the drying air. There have been 
numerous efforts to use other renewable energy sources in order to compensate the ab-
sence of solar energy. Akyurt and Selc¸uk (1973) proposed an indirect solar dryer with a 
backup gas burner. They found that the drying time could be reduced as a result of using 
backup heater. Bena and Fuller (2002) came up with a direct solar dryer with an inte-
grated biomass-backup heater. The thermal performance was very good. These dryer 
designs have a backup heater without thermal storage of captured solar energy. As a 
result the drying air temperature still goes down to ambient level immediately after 
sunset. Madhlopa and Ngwalo (2007) studies the use of biomass for solar drying. The 
dryer was tested in three modes of operation (solar, biomass and solar–biomass) and it 
was observed that the thermal mass stores part of the heat from both solar and biomass 
air heaters, thereby moderating temperature fluctuations in the drying chamber and 
reducing wastage of energy. They also suggested some improvement strategies for the 
solar drying system with biomass backup to make it more efficient. Biomass is a domi-
nant source of energy and has been frequently burned inefficiently in most developing 
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countries. It is necessary to develop efficient burning systems for biomass and inclusion 
with existing solar cabinet drying systems with a proper control loop. 

Wind energy is another renewable source of energy which can be used for drying. 
Use of wind energy and hydrothermal energy for generation of electricity in at drying 
sites can be one possibility of making the process cost-effective and eco-friendly. To au-
thors' knowledge this has not yet been attempted in practice. Since renewable energy 
sources like solar and wind are necessarily intermittent and seasonal as discussed earli-
er and it needs backup heating or storage systems that make the system more expensive 
in some parts of the world. Mathematical modeling can be used to assist with the design, 
optimization and operation of such systems. Daghigh et al., 2010 have pointed out the 
use of geothermal energy along with solar energy for heat pump drying system. If 
proved such system can be highly efficient, however, more work needs to be carried out. 

As far as R&D needs and opportunities in solar drying are concerned, they are main-
ly in the area of effective process integration. There is enough already known about the 
essential components e.g. solar collectors, various dryer types, energy storage heat ex-
changers, heat pumps, wind turbines, biomass furnaces, bio-gas production and com-
bustion etc. What is needed is a systems approach towards integrating these diverse 
components in an optimal manner. The optimal design will depend on geography, sea-
son, material to be dried, quality constraints, value of the dried product, labor costs, cost 
of fossil fuel and electricity and value and availability of land. This is what makes the 
process complex and requires significant R&D effort. 

6.4. CONCLUDING REMARKS 

• The use of renewable energy has received significant importance as a result of 
sustainability issues in drying, a highly energy intensive unit operation. 

• The use of renewable energy is necessary to make the food dehydration system 
available to farmers at relatively lower cost (only capital cost is necessary as the 
solar and other non-conventional energy is abundant). 

• Solar drying is the most attractive source for application to drying of agricultural 
and marine products.  

• Although the technique is in use for decades for local use, the recent commercial 
demands (both quality and quantity) has resulted in developments in solar dry-
ing as can be seen from the latest techniques available and discussed in this 
chapter. 

• Various innovative ways have been adopted to use the renewable energy and 
store it by some means in order to make it available throughout. 

• More R&D is needed in order to make the drying systems more energy efficient 
and sustainable by use of other forms of renewable enrgy. 
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This study investigates the performance of impinging jet drying at various configura-
tion. The computational fluid dynamic (CFD) approach was used for solving the conju-
gated heat/mass transfer problem during drying with impinging jets. The generic partial 
differential equations was customized via user defined scalars (UDS) and user defined 
functions (UDFs) written in C language. To ensure the validity of the mathematical mod-
el, validation with the experiment is carried out. The effect of jet velocity, pulsation and 
intermittency on the jet inlet, slab geometry and slab thickness are then investigated. 
The results are then examined to obtain optimum conditions for impinging jet drying of 
model materials in the form of a thin slab. 

7.1. INTRODUCTION 

Drying is the most common but energy-intensive process for preserving food. It is 
considered as an essential operation in major industries; for example, chemical, agricul-
tural, pulp and paper, biotechnology, food, polymer, ceramic, pharmaceutical, mineral 
processing, wood processing industries. Therefore, drying has attracted much attention 
from both industry and academic. According to the literatures, over than 400 types of 
dryers have been reported and 100 distinct types are commercially available 
(Mujumdar, 2007). Various drying methods are available for different materials. 

 During drying, two transfer processes – heat and mass – occurs simultaneously 
in both inside material and outside in the surrounding. The energy transfer occur as 
heat is transferred from the surrounding environment (drying air in convective drying) 
into the drying substrate while mass transfer occur as the moisture move from the dry-
ing substrate to the surrounding environment. As such, the rate at which the drying 
process accomplished is determined by the rate of heat and mass transfer. In order to 
improve drying rate, either mass transfer rate or heat transfer rate or both transfer rate 
has to be improved. One promising method is by implementing impinging jet which of-
fers higher heat and mass transfer rate (Xu et al., 2010; Poh et al., 2005; Zhao et al., 2004; 
Bόrquez et al., 1999; Bond et al., 1994). 

  However, impinging jet drying has certain drawbacks: high energy consumption 
compare to traditional parallel flow drying and not suitable for highly sensitive mate-
rials due to over-heating. Therefore, to obtain an optimum design – high transfer rate, 
minimum energy consumption and high quality dried product –, it is necessary to match 
the energy demand for drying, as governed by drying kinetics, with the external supply 
of heat. It can be achieved by supplying heat to the drying process concurrently or se-
quentially according to the needs of the drying application; for example, pulsating and 
intermittent flow. Numerous experimental and computational studies have demonstrat-
ed the advantages of pulsating and intermittent flow in heat transfer applications, in-
cluding drying (Xu et al., 2010; Poh et al., 2005; Hewakandamby, 2009; Islam et al., 2003; 
Tesar, 2009). It is therefore of interest to apply this concept for impinging jet drying.  

 In this paper, numerical investigation of the performance of impinging jet drying 
using pulsating and intermittent flow rather than the conventional steady jets will be 
presented. The effect of frequency and amplitude of the pulsation of the jet are investi-
gated. Several parametric studies are also conducted; e.g., multiple jet configurations, 
various shape of the nozzle, presence of confined plate, etc. The results are then ex-
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amined to obtain optimum conditions for impinging jet drying of model materials in the 
form of a thin slab. 

7.2. MATHEMATICAL MODEL  

A mathematical model for drying air and drying substrate is developed, taking into 
account the following mechanisms: moisture diffusion from the inner drying substrate 
towards its surface, conductive heat transfer within the drying substrate, evaporation 
and convection of the vapor from the surface of the drying substrate into the drying air, 
convection heat transfer from drying air to the surface of the drying substrate. These 
transport phenomena are coupled and occur simultaneously. Moreover, the thermopro-
perties of the drying substrate is temperature and moisture content-dependent. There-
fore the governing equations become fully coupled and highly non linear. In this study, 
the model drying substrate considered is sliced potato. This drying substrate is placed 
inside a drying chamber under impinging jet, as illustrated in Figure 7.1. 
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Figure 7.1. Schematic of the impinging jet dryer arrangement 

7.2.1. Assumptions 

In developing the mathematical model, several assumptions are taken: 

• The drying substrate is compact and homogeneous with uniform initial tempera-
ture and moisture content. 

• Within the drying substrate, the diffusivity of water vapor is equal to the diffu-
sivity of liquid water.  

• The thermophysiscal properties of the drying substrate are temperature and 
moisture content-dependent and isotropic. These properties are summarized in 
Table 7.1.  

• Variations in dependent variables in span wise direction are negligible, since 
width of the drying substrate is much larger than its height. This assumption al-
lows for a reduction in dimensionality from three to two dimensions. 

• The shape of the drying substrate remains constant during the drying period 
considered. Neither shrinkage nor deformation of the drying substrate is ac-
counted for. 
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Table 7.1. Thermophysiscal and transport properties 

Properties Function References 

airρ  5 2 21.076 10 1.039 10 3.326air airT T− −× − × +  
Kays et al. (2005), 

Kurnia et al. (2011) 

airµ  
15 3 11 2 8 75.21 10 4.077 10 7.039 10 9.19 10air air airT T T− − − −× − × + × + ×

 

Kays et al. (2005), 

Kurnia et al. (2011) 

airk  10 3 7 2 44.084 10 4.519 10 2.35 10 0.0147air air airT T T− − −× − × + × −  
Kays et al. (2005), 

Kurnia et al. (2011) 

,p airc  6 3 3 24.647 10 4.837 10 1.599 1175air air airT T T− −− × + × − +  
Kays et al. (2005), 

Kurnia et al. (2011) 

bρ  ( ), 1
1

b ref X
SbX

ρ +

+
 

Srikiatden and Ro-

berts (2008) 

bk  3

0.049 47 1 1 0.611exp
1 8.3143 10 273.15 335.15 1s

X
X T X−

  
− − +  + × + +   

 

Srikiatden and Ro-

berts (2008) 

,p bc  1750 2345
1

X
X

 +  + 
 

Srikiatden and Ro-

berts (2008) 

vb lbD D=  6 0.0725 20441.29 10 exp exp
273.15sX T

−  − − ×    +   
 

Srikiatden and Ro-

berts (2008) 

vaD  6 8 10 22.775 10 4.479 10 1.656 10T T− − −− × + × + ×  
Nellis and Klein 

(2009) 

 

7.2.2. Governing equations 

With reference to the previous assumptions, the conservation of mass and energy 
for the vapor and liquid water inside the drying substrate are given as (De Bonis and 
Ruocco, 2008). 

( ) ,l
lb l l

c D c Kc
t

∂
+∇ ⋅ − ∇ = −

∂
  (1) 
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( ) ,v
vb v v

c D c Kc
t

∂
+∇ ⋅ − ∇ =

∂
  (2) 

( ) ,b pb b
Tc k T q
t

ρ ∂
+∇⋅ − ∇ = −

∂
   (3) 

where cl is the concentration of liquid water, cv is the concentration of vapor, Dlb and 
Dvb are the diffusivity of liquid and vapor inside the drying substrate, T is temperature, 
q  is the cooling rate due to evaporation, K is rate of production of water vapor mass per 
unit volume, ρb is density of the drying substrate, cpb and kb are specific heat and the 
thermal conductivity of the drying substrate. 

For the drying air, conservation of mass, momentum and energy for can be ex-
pressed as (Xu et al., 2010) 

0,∇⋅ =u   (4) 

( )' ,a ap
t

ρ µ ρ∂ + = −∇ +∇ ∇ ∂ 
u u u u - u⋅∇   (5) 

( )' ' ,a pa a a pa
Tc T k T c T
t

ρ ρ∂ +∇ = ∇⋅ ∇ − ∂ 
u u  (6) 

while the conservation of vapor species in the drying air is given as (De Bonis and 
Ruocco, 2008) 

( ) ,v
va v v

c D c c
t

∂
+∇ ⋅ − ∇ = − ⋅∇

∂
u   (7) 

where Dva is the diffusivity of vapor on the drying air, u is the mean velocity, u’ is the 
fluctuate velocity, p is pressure, μ is the dynamic viscosity of the drying air, ρa is density 
of the drying air, cpa and ka are specific heat and the thermal conductivity of the drying 
air.  

To account for the turbulent flow of the drying air, the Reynolds Stress Model (RSM) 
is chosen to model the turbulent flow in the impinging jet as it has been shown to be su-
perior to k-ε and k-ω turbulence models in steady impinging jets (Xu et al., 2010). The 
Reynolds Stress Model is given as (Wilcox, 2006). 

,ij
ij ij ij ij ij ij

R
C P D

t
ε

∂
+ = + − +Π +Ω

∂
  (8) 

where ∂Rij/∂t, Cij, Pij, Dij, εij, Πij, and Ωij are the accumulation, convective, production, dif-
fusion, dissipation, pressure-strain interaction and rotation terms, respectively. These 
terms are defined as 
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where Rij is the Reynolds stress tensor and δij is Kronecker delta. Cμ, σk, C1 and C2 are 
constant summarized in Table 7.2. To solve the Reynolds Stress Model, another turbu-
lence model, k-ε, is required. This model is given as (Wilcox, 2006) 

( ) ,t
t

k

k k k G
t

ρµρ µ ρµ ρε
σ

  ∂
+∇ ⋅ = ∇ ⋅ + ∇ + −  ∂    

u  (10) 

( )
2

1
2 ,t t

k

C G C
t k k

ε
ε

ρµ ρµ εε ερ ε µ ε ρ
σ

  ∂
+∇ ⋅ = ∇ ⋅ + ∇ + −  ∂    

u  (11) 

2 2 22 2 2

2 ,u v w u v u w w vG
x y z y x z x y z

      ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂      = + + + + + + + +         ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂           
 (12) 

where μt is turbulent viscosity, k is turbulent kinetic energy, ε turbulent dissipation and 
G is turbulent generation rate. 

Table 7.2. Geometry and operating parameters 

Parameter Value Unit References 

Cμ 0.09 - Wilcox (2006) 

σk 1.0 - Wilcox (2006) 

C1 1.8 - Wilcox (2006) 

C2 0.6 - Wilcox (2006) 

C1𝜀 1.44 - Wilcox (2006) 

C2𝜀 1.92 - Wilcox (2006) 

Xm 0.0209 - Chemki et al. (2004) 

K 0.976 - Chemki et al. (2004) 

C 4.416 - Chemki et al. (2004) 
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cl0,b 
0 ,b ref

l

W
M
ρ

 mol m-3 De Bonis and Ruocco (2008) 

cv0,b 0 mol m-3 - 

cl0,a 0 mol m-3 - 

cv0,a ( )
,01000

1
a

l

RH
RH M
ρ

+
 mol m-3 De Bonis and Ruocco (2008) 

X0 4.6 kg/kg Islam et al. (2008) 

𝜌b,ref 1420 kg m-3 Srikiatden and Roberts (2008) 

Tin 42 °C - 

Ml 0.018 kg mol-1  

𝜌a,45°C 1.110 kg m-3 Kays et al. (2005) 

𝜇a,45°C 1.934×10-5 kg m-1 s-1 Kays et al. (2005) 

R 8.314 J K-1 mol-1 - 

Ea 48.7 kJ mol-1 De Bonis and Ruocco (2008) 

Sb 1.4  Srikiatden and Roberts (2008) 

L 0.4 m - 

Z 0.02 m - 

Ls 0.03 m - 

Hs 5×10-3 m - 

7.2.3. Constitutive relations 

Similar to De Bonis and Ruocco (2008), the concept of vapor rate production is 
adopted. In this concept a negative source term, Kcl, is incorporated in conservation equ-
ation of liquid water inside the drying substrate to account liquid water depletion and, 
similarly, a positive term, Kcv, is included in conservation equation of water vapor in-
side the drying substrate to account water vapor production. An Arrhenius-type func-
tion is selected to represent the rate of water vapor production, i.e. 

/
0 ,aE RTK K e−=   (13) 

where K0 is constant, Ea is the activation energy and R is the universal gas constant.  

By using the concept of vapor rate production, the cooling rate due to evaporation is 
defined as 
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,evap l lq h M Kc= ∆
  (14) 

where Ml is the molecular weight of water and Δhevap is total heat of evaporation 
comprising latent heat of evaporation and heat of wetting, i.e. Δhevap=hfg+Hw. Heat of wet-
ting is heat required to evaporate bound water and given by (Islam et al., 2003) 

XXXXHw 4253646 10368.210161.610000.410327.8 ×+×−×+×=  

 ( )2.001.01163 <<+ X  (15) 

where X is moisture content (dry basis). In drying process, moisture content is generally pre-
sented in either dry or wet basis, which the former is defined as 

mass of water ,
mass of dry product

l

s

X ρ
ρ

= =   (16) 

while the latter 

mass of water .
mass of wet product 1

l l

s l b

XW
X

ρ ρ
ρ ρ ρ

= = = =
+ +

 (17) 

The moisture content and water concentration inside the drying substrate can be re-
lated by substituting density of drying substrate into the definition of moisture content 
(wet basis), that is 

, ,2 1 1 0,b ref b ref

w w w w

Sb X Sb X
M c M c
ρ ρ   

− + + − + =   
   

  (18) 

which can be solved analytically for X, and when the wrong root is rejected, the only 
solution is 

2 4 ,
2

b b acX
a

− − −
=   (19) 

where 

, ,, 1 , 1.b ref b ref

w w w w

a Sb b Sb c
M c M c
ρ ρ   

= − = + − =   
   

  (20) 

During drying, the moisture inside the drying substrate is removed until it reaches 
equilibrium moisture content condition, a condition at which the moisture content of 
moist solid in equilibrium with the gas- vapor mixture. Here, GAB equation is employed 
to calculate equilibrium moisture content; that is (Chemki et al, 2004) 

( )( )
,

1
m w

e
w w w

X CKAX
KA KA CKA

=
− − +

  (21) 
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Where Xm, C and K are constant and presented in Table 7.2. 

To quantify heat transfer performance during drying, we utilize Nusselt number 
which is defined as  (Xu et al., 2010) 

,
),(

),(
fluid

j

k
wtxh

txNu =   (22) 

where heat transfer coefficient, h(x,t), is calculated as 

.),(
wallj

x

TT
qtxh
−

=
  (23) 

The local heat flux is given as (Xu et al., 2010) 

.
0=∂

∂
=

y
fluidx y

Tkq
  (24) 

The time-average local Nusselt is 

,),(1)(
0
∫∆

=
t

dttxNu
t

xNu
  (25) 

and the average Nusselt number can be expressed as 

.),(11

0 0

dxdttxNu
tx

Nu
x t

∫ ∫∆∆
=

  (26) 

The jet Reynolds number is formulated as 

.Re
a

javw
µ

ρ
=

  (27) 

7.2.4. Initial conditions 

For drying substrate, uniform initial temperature and moisture content are assumed. 
In addition, there is no water vapor presence inside drying substrate. Hence, the initial 
conditions can be written as 

0 0, 0,, , ,l l b v v bT T c c c c= = =   (22) 

where T0, cl0,b and cv0,b are the initial temperature, liquid water concentration and 
water vapor concentration inside the drying substrate and presented in Table 7.2. 
Meanwhile, initial temperature and moisture content are uniform within the drying air. 
There is no flow inside the drying chamber initially. These give initial conditions for dry-
ing air as 

0 0, 0,, , , 0,l l a v v aT T c c c c u v= = = = =   (23) 
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where cl0,a and cv0,b are the initial liquid water concentration and water vapor con-
centration in the drying air and presented in Table 7.2. 

7.2.5. Boundary conditions 

In this study, three inlet configurations are investigated for the drying air; namely, 
steady, pulsating and intermittent jets. With reference to Figure 7.1, boundary condi-
tions for the drying chamber can be summarize as follows 

• Inlet 

 0,0, , , , .in in in v v au v v T T RH RH c c= = = = =      (24) 

• Outlet 

 ( ) ( ), 0, 0.out vp p D c k T= ⋅ − ∇ = ⋅ − ∇ =n n  (25) 

• Wall 

( )0, 0, ( ) 0.v vu v D c c k T= = ⋅ − ∇ + = ⋅ − ∇ =n u n  (26) 

• Interior boundary condition was set at drying substrate/air interface 

Values of the above parameters are summarized in Table 7.2 and Table 7.3. 

Table 7.3. Inlet jet velocity (vin) 

Cases Value/Function Unit 

Steady laminar jet 2 m s-1 

Pulsating laminar jet 5 
minutes 

21 1sin( t), 5 minT
T
π

+ =  m s-1 

Pulsating laminar jet 10 
minutes 

21 1sin( t), 10 minT
T
π

+ =  m s-1 

Pulsating laminar jet 15 
minutes 

21 1sin( t), 15 minT
T
π

+ =  m s-1 

Intermittent laminar 5 
minutes 

( )
( ) ( )

2 for 0.5 2 1 ,
5min

0 for 0.5 2 1 1 ,

n t n

n t n

τ τ
τ

τ τ

 < ≤ +    =
+ < ≤ +   

 m s-1 

Intermittent laminar 10 
minutes 

( )
( ) ( )

2 for 0.5 2 1 ,
10min

0 for 0.5 2 1 1 ,

n t n

n t n

τ τ
τ

τ τ

 < ≤ +    =
+ < ≤ +   

 m s-1 

Intermittent laminar 15 
minutes 

( )
( ) ( )

2 for 0.5 2 1 ,
15min

0 for 0.5 2 1 1 ,

n t n

n t n

τ τ
τ

τ τ

 < ≤ +    =
+ < ≤ +   

 m s-1 
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Steady turbulent jet 20 m s-1 

Pulsating turbulent jet 5 
minutes 

210 10sin( t), 5 minT
T
π

+ =  m s-1 

Pulsating turbulent jet 10 
minutes 

210 10sin( t), 10 minT
T
π

+ =  m s-1 

Pulsating turbulent jet 15 
minutes 

210 10sin( t), 15 minT
T
π

+ =  m s-1 

Intermittent turbulent 5 
minutes 

( )
( ) ( )

20 for 0.5 2 1 ,
5min

0 for 0.5 2 1 1 ,

n t n

n t n

τ τ
τ

τ τ

 < ≤ +    =
+ < ≤ +   

 m s-1 

Intermittent turbulent 10 
minutes 

( )
( ) ( )

20 for 0.5 2 1 ,
10min

0 for 0.5 2 1 1 ,

n t n

n t n

τ τ
τ

τ τ

 < ≤ +    =
+ < ≤ +   

 

m s-1 

Intermittent turbulent 15 
minutes 

( )
( ) ( )

20 for 0.5 2 1 ,
15min

0 for 0.5 2 1 1 ,

n t n

n t n

τ τ
τ

τ τ

 < ≤ +    =
+ < ≤ +   

 

m s-1 

 

7.3. NUMERICS 

The commercial pre-processor, Gambit 2.3.16, was employed to create the computa-
tional domains, as illustrated in Figure 7.1. It was also used for meshing, labeling boun-
dary conditions and determines the computational domain. After mesh independence 
test, the computational domain was resolved with approximately 4×103 elements: a fine 
structured mesh on the inlet chamber and drying substrate to capture the impinging jet 
flow and heat transfer and transport process within drying substrate. An increasingly 
coarser mesh was implemented in the drying chamber towards the outlet in order to 
reduce the computational cost. 

The mathematical model given by equations 1-7 together appropriate boundary 
condition and constitutive relations comprising five dependent variables—u, v, P, cv, cl, 
and T—was then solved by using commercial finite volume solver Fluent 6.3.26 and its 
turbulence model (RSM), user-defined scalar (UDS) and user-defined functions (UDF). In 
short, three partial differential equations (PDEs) for cv and cl within the drying substrate 
and in drying air were solved with UDS functionality. UDF written in C language was im-
plemented to modify the thermo-physical properties of the fluid and drying substrate.  

The numerical model was solved with the Semi-Implicit Pressure-Linked Equation 
(SIMPLE) algorithm, first-order upwind discretization and Algebraic Multi-grid (AMG) 
method. As an indication of the computational cost, it is noted that on average, around 
20 iterations per time step are needed for convergence criteria for all relative residuals 
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of 10-6; this takes 5-15 minutes for simulation time of 8 h on a workstation with a quad-
core processor (1.8 GHz) and 8 GB of RAM. 

7.4. RESULTS AND DISCUSION 

7.4.1. Validation 

To ensure a valid numerical solution, the diffusion model is validated against the ex-
perimental data by Islam et al (2003). The comparison between the predicted drying 
kinetic of potato slab and its experimental measured counterpart is Figure 7.2. As can 
be seen, good agreement is achieved between model prediction and experiments over 
the entire period of drying. 

 

Figure 7.2. Drying curves for parallel flow 

7.4.2. Effect of slab thickness 

Figure 7.3 shows the influence of slab thickness on the drying kinetics. It is ob-
served that, as expected, thin slab displays faster drying rate as compared to the thick 
slab. As drying involves simultaneous heat and mass transfer, heat transfer from im-
pingement surface to the substrate as well as diffusion of moisture content from the in-
ner drying sample towards its surface plays significant role in determining the drying 
kinetics. 



Kurnia et al. - Modeling Impinging Jet Drying 
 

140   Drying of Foods, Vegetables and Fruits
                                                                                                   

 

Figure 7.3. Drying curves for steady laminar jet 

Thicker sample has longer heat conduction and liquid diffusion path as compared to 
the thinner sample. As a result, diffusion of moisture content in the thicker sample is 
slower than that in the thinner sample. This slow diffusion will reduce drying rate as 
less water being evaporated at the surface of the drying sample. Overall, drying kinetic 
for thicker (5 mm) substrate is around 20% slower as compared to the thin one (0.5 
mm). 

 Looking further into the moisture content distribution in the drying substrate, as 
presented in Figure 7.4, it is seen that the thin substrate has better uniformity of mois-
ture content. We also note that the moisture content at the impingement area is slightly 
lower (~ 10%) than that of inner one. This can be adequately explained by the fact that 
significantly higher heat and mass transfer rate occurs in this region, as can be inferred 
from peak in Nusselt number at the stagnation point of the impingement surface in Fig-
ure 7.6. 

 

Figure 7.4. Moisture content (kg water/kg dry product) distributions at t = 1800 s 
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Turning our attention towards the computed time-averaged Nusselt number distri-
bution, presented in Figure 7.5, we note that the thinner substrate possesses slightly 
higher Nusselt number (~10%) at the stagnation point which indicates higher heat and 
mass transfer. Note that in this particular case, the Nusselt number approches to zero at 
the chamber wall where there is no substrate and no heat and mass transfer taking place. 

 

Figure 7.5. Nusselt number distribution along drying chamber 

7.4.3. Effect of slab geometries 

Here we investigate three basic shapes of thin slab: planar, concave and convex, as il-
lustrated in Figure 7.1 and Figure 7.6. This geometries represent basic deformation 
that commonly occurs during drying of a thin slab. 
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Figure 7.6. Schematics of impinging jet dryer arrangements with a) concave and b) con-
vex shape thin slab 

Two slab thickness (0.7 mm and 3.2 mm) are investigated to study the effect  geome-
tries at different thickness. Figure 7.7 presents drying kinetics of a planar, concave and 
convex thin slab at identical drying condition. As can be seen, effect of geometry on the 
drying kinetics is significantly influenced by the slab thickness: it has greater influence 
for a thicker slab. 

a) b)

  

Figure 7.7. Drying kinetics of various geometry of a) 0.7 mm and b) 3.2 mm slab 

Proceeding towards the drying kinetics for the thicker slab, we find that drying rate 
for concave slab is the fastest followed by the convex and then the planar slab. This is as 
expected since has the largest surface area exposed to drying air, implying larger heat 
and mass transport, as can be inferred from Figure 7.8 which shows moisture content 
distribution within drying substrate. This result suggest the importance of substrate's 
deformation on the drying kinetics. 
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Figure 7.8. Moisture content distribution of various slab geometries 
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7.4.4. Effect of jet velocity 

Generally, it is expected that increased jet velocity increases the heat and mass 
transfer rates and, thus, improves drying kinetics. Here, we evaluated two different inlet 
velocities; one in laminar regime (Re ~ 500) and other in turbulent regime (Re ~ 5000). 

a) b)

 

Figure 7. 9. Drying curves for a) 0.5 mm and b) 5mm slabs for steady laminar and tur-
bulent jets 

Figure 7. 9 shows the effect of jet velocity on the drying kinetics. For thin substrate 
(Figure 7. 9a), it is seen that velocity has negligible effect to the drying kinetics. This can 
be attributed to the availability of moisture at the surface of the potato slab as the diffu-
sion time is quick enough to transport water to the surface. In addition, note that inter-
nal heat and mass transfer controls drying kinetics, hence external increase does not 
affect drying rate. Instead, higher velocity will induce higher temperature of the drying 
product as can be inferred from Figure 7.10. In contrast to the thin slab, the drying ki-
netic is seen to be slightly higher (~5%) for thick slab, as shown in Figure 7. 9b. This is 
due to the fact that higher velocity increase heat and mass transfer rate which is mir-
rored by increase in evaporation rate toward the surface of the substrate. Therefore, it 
can be deduced that increase in velocity induces higher drying rate only when sufficient 
water is available at the surface. When water is insufficient at the surface of the sub-
strate, higher velocity will have no impact on the drying rate. In this case, the diffusion 
process is the limiting step. 
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Figure 7.10. Temperature contours for steady laminar and turbulent jets 
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Figure 7.11 presents the velocity contour of the drying air inside the chamber. Here 
several features are apparent; foremost among them is the velocity profiles for both la-
minar and turbulent case exhibits symmetry condition. This is indeed in line with pre-
vious investigation by Poh et al., 2005; Xu et al., 2010. For laminar case, a maximum ve-
locity of 2 m/s is observed at the jet; whereas for turbulent case, the maximum jet veloc-
ity is found to be 20 m/s. 

 
Figure 7.11. Velocity contours for steady laminar and turbulent jets 

7.4.5. Effect of pulsation and intermittency 

Thus far, we have noted that impinging jets give relatively high heat and mass trans-
fer rates. However, this requires intensive energy to drive the flow, which adversely af-
fects the operating cost. To reduce the operating cost, we propose the concept of pulsat-
ing and/or intermittent impinging jet drying. In this concept, the pulsation or intermit-
tent flow is introduced alternately for two or more chambers equipped with automated 
valves to control inlet flow direction. Thus, a single flow source can be used to provide 
drying air to two or more chambers which in turn save energy. It is therefore of interest 
to see the pulsation/intermittent effect with regard to the drying kinetics. 

a)

 

b)

 

Figure 7.12. Drying kinetics of a) 0.5 mm and b) 5 mm slabs at various drying mode 
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Figure 7.12 illustrates the effect of intermittent and pulsating flow on the drying ki-
netics. For thin substrate, the pulsation and intermittent drying has nearly no effect on 
the drying kinetic which is beneficial from the energy saving point of view. For the 
thicker substrate, on the other hand, the effect of pulsation and intermittent is seen to be 
more significant: the drying kinetics for pulsating and intermittent IJ drying is about 7% 
and 10% slower than that of steady inlet, respectively. In the intermittent IJ drying, the 
heat and mass transfer (evaporation) takes place as the impinging stream hits the sub-
strate surface; while during no-flow conditions, this allows liquid water to diffuse 
through the surface of the substrate which makes liquid water at the surface available 
for evaporation. Hence, it can be deduced that intermittent and/or pulsating IJ drying is 
more effective to be implemented for thin substrate and it can result in significant re-
duction in energy consumption. Of course, the intermittency should be optimized for 
specific jet-material properties and operating parameters. Further work is needed to 
optimize such drying operations. 

7.5. CONCLUDING REMARKS 

A computational study reported which investigates the drying kinetics of an imping-
ing jet system. Various factors affecting drying kinetics were investigated via a CFD 
model: substrate thickness, substrate geometry, jet velocity, pulsation and intermittency. 
The results suggest that impinging jet with pulsating and intermittent flow can have 
comparable drying kinetics as compared to that of a steady jet with lower energy con-
sumption. Intermittent flow is of particular interest since it can be applied by channeling 
the hot air to two or more chambers sequentially. Hence, it offers opportunity for lower-
ing air and energy consumption. Another finding is that geometry of the drying sub-
strate considerably affects drying kinetics, suggesting importance of deformation of the 
substrate during drying. 
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Drying is a highly energy-intensive unit operation and is of great importance in almost all industrial

sectors. Drying is an essential step in food preservation to improve shelf life by reducing potential of
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additional e-books which can also be freely downloaded globally
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