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Summary  
 
The importance of food process modeling cannot be underestimated because of its 
potential to significantly impact safety, quality, and operations from a social-economic 
perspective. The overview presents a snapshot of the theoretical background and 
modeling approaches relevant to selected food processing applications. This chapter is 
not a comprehensive review but rather an outline of the notable advances made so far 
through case studies of selected processes such as infrared, microwave, ohmic 
(resistance) heating, plate heat exchanger, and mixing.  
 
1. Introduction 
 
Food processes may seem flourishingly diverse at the outset, but the core lies in the 
movement of heat and mass, mechanics of materials, and transmission of electromagnetic 
fields. The diverse processes could be broken down into small number of unit operations. 
Important unit operations in the food industry are fluid flow, heat transfer, drying, 
evaporation, contact equilibrium processes (which include distillation, extraction, gas 
absorption, crystallization, and membrane processes), mechanical separations (which 
include filtration, centrifugation, sedimentation and sieving), size reduction, mixing and 
stretching. Because of the dependence of unit operations on these physical principles or a 
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sub group of associated principles, quantitative relationships in the form of mathematical 
equations could be developed for product and process optimization (Earle, 1983). 
 
Food process models possess the intrinsic opportunity of reusability and parameter 
transferability. Modeling allows the exploration of product characteristics when subject 
to extreme as well as intermediate conditions without the use of actual materials, thereby 
saving valuable time and cost of operation. Since 2000, a move towards incorporating 
chemical and microbial kinetics into the engineering design to model the biochemical 
phenomena in food systems is on the rise. Such a comprehensive approach should also be 
supplemented by “product functional” characteristics, the modeling of which is very 
complex and may not be necessary. 
 
More importantly, the practical application of food process models in industries could be 
of immense benefit for the development of new processes and for communication 
between people with different backgrounds, i.e. scientists, engineers, and technologists. 
Some models are used to provide “ball-park” estimates or rather provide qualitative 
information while other fundamental models describe the occurrence or evolution of a 
phenomenon. A seemingly simple example such as the diffusion of moisture transport 
(Dr. Datta’s group in Cornell University) through an apple skin could become involved 
because of the complex and heterogeneous structure of agricultural and food materials 
(Dr. Nicolai’s group in Leuven). In a practical situation, models that are specific to a 
product and a process have the potential and promise of real monetary benefits. We will 
illustrate through examples the diverse nature of modeling food systems, using the 
concept of heat and mass transfer.  
 
2. Modeling Basic Transport Process and Kinetics 
 
The analysis of heat and mass transfer in porous bodies has been the subject of intense 
theoretical and experimental research since the 1950s. The complexity of modeling a 
food system is due to the nature of ingredients and the structure-function relationships. 
For example even in a very simple starch-sugar system, sugars normally compete with 
starch for water, upon heating and affect the heat and mass transfer process, yet sugar has 
a function. Hence adding crystalline fructose to food products, particularly in 
water-limited food systems, will affect the physical and thermal properties because it 
reduces the water activity which in turn affects the drying rate (Sterling, 1978, Irudayaraj, 
and Wu, 1998), thus illustrating the coupling nature of chemical transport. When food 
safety considerations are imposed, modeling should incorporate microbial kinetics. 
Marks et al. (1999) and Murphy et al. (2001) incorporated thermal destruction models for 
Salmonella into a coupled heat and mass transfer model for convection cooking of 
chicken patties.  
 
Mathematical modeling and simulation of product temperature, cooking yield, and 
pathogen lethality during and actual processing could be a valuable tool for designing 
effective and safe thermal processes. Erdogdu et al. (2001) optimized the double-sided 
cooking of hamburger patties using the Modified Complex Method which completed the 
mathematical formulation for the objective functions and constraints such as plate 
temperature and target lethality. Scheerlinck et al. (2001) and Van Impe et al. (1995) 
discussed coupled heat and mass transfer problems and a proposed dynamic model to 
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predict microbial growth and inactivation under varying time-temperature conditions. 
Use of an advanced Computational Fluid Dynamics (CFD) model of the process has been 
shown to be beneficial for uniformity of heating and the reduction of moisture 
accumulation, ensuring the sterility of food inside the oven (Verboven, et al., 2003). Such 
and other selected processes will be explored through case studies. 
  
2.1. Case Study 1: Modeling Heat Transport and Fungal Inactivation Kinetics 
during IR Heating 
 
Infrared (IR) radiation has been applied to various food processing operations such as 
dehydration, preservation and pasteurization of food materials. Despite its great potential, 
few of the past works have dealt with the manipulation of IR radiation and its 
relationships to optical characteristics of food (Shuman and Stanley, 1950; Alden, 1992; 
Lentz et al., 1995). IR radiation can be controlled or filtered to allow radiation within a 
specific spectral range to pass through using suitable optical bandpass filters. Such a 
controlled radiation can stimulate the maximum optical response of targeted object when 
the emission band of IR radiation and the peak absorbance band of the targeted object are 
identical. Jun and Irudayaraj (2003a and 2003b) have examined the transfer of heat due to 
IR radiation, to illustrate the concept of a novel selective heating approach to food 
processing. A very simple governing partial differential equation provided below 
illustrates this concept (Fig. 1): 
 

2
r

p 2
qT TC k

t zz
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  (1) 

 
 

 
 

Figure 1: Schematic of a discretized food domain on a holder 
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Here rq is the heat flux, T  is the temperature, ρ  is the density, pC is the specific heat of 
food sample, k  is thermal conductivity, t  is the time, and z  is the distance. The source 
term, rq  denotes the penetrative decay of radiative energy and optical responses of food 
components which have a spectral dependence. The amount of heat flux absorbed by the 
food surface is dependent upon the spectral absorptivity (α ) of food, the spectral 
distribution of filtered infrared radiation and the view factor as the fraction of incident 
energy reaching food surface, and can be expressed as, 
 

( ) ( ) ( ) ( )( )r incident exp 1q n F q S z nα λ τ λ= − Δ −  (2) 
 
Where τ is the filter transmissivity which is a function of wavelength (λ), incidentq  is the 
incoming IR heat flux, S is the extinction coefficient, and Δz is the grid size. Model 
predictions of temperature values obtained in this study were consistent with the 
experimental data, ensuring that the IR radiation can be controlled using an optical filter 
for selective absorption of heat by the corresponding components (Jun and Irudayaraj, 
2003a). 
 
Fungal inactivation with selective IR heating 
Based on the concept of selective IR heating, Jun and Irudayaraj (2003c and 2004) 
incorporated the fungal inactivation kinetics with their heat and mass transfer models to 
study the inactivation of Aspergillus niger in corn meal. They presented a thermal death 
kinetics model to predict the survival of fungal spores for a given temperature as 
 

( )
2

i 0 10
exp exp

t C
N N C dt

T t
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∫   (3) 

 
Where 0N is the initial spore count, iN is the count at any heating time ‘ i ’, T  is the 
absolute temperature, t  is the time, and 1C and 2C  are the empirical coefficients (Table 
1). The prediction accuracy of the survivor spores depends upon food temperature, as 
Eqs. (1) and (3) can be interactively coupled. The spectrum based model for selective IR 
heating confirmed that an increased thermal dose and the denaturation of specific protein 
bands are key contributors to the enhanced lethality of the spores.  
 

Aspergillus niger Fusarium proliferatum            Fungal spore 
IR condition 

C1 C2 

R2 

C1 C2 

R2 

Without filter 4.666×106 6701 0.998 2.755×105 5809 0.997 

With filter 6.456×103 4402 0.999 9.317×102 3786 0.995 

 
Table 1: Empirically determined coefficients, 1C  and 2C  for the thermal death kinetics 

model (Jun and Irudayaraj, 2003c) 
 



UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

SYSTEMS ANALYSIS AND MODELING IN FOOD AND AGRICULTURE - Food Processing Models - Soojin Jun, Chenxu Yu 
and Joseph Irudayaraj 
 

©Encyclopedia of Life Support Systems (EOLSS) 

- 
- 
- 
 

 
TO ACCESS ALL THE 19 PAGES OF THIS CHAPTER,  
Visit: http://www.eolss.net/Eolss-sampleAllChapter.aspx 

 
 
Bibliography 
 
Alden, L. B. (1992). Method for cooking food in an infra-red conveyor oven. US Patent 5, 223-290. 

Ayappa, K. G., Davis, H. T., Crapiste, G., and Gordon, J. (1991). Microwave heating: An evaluation of 
power formulations. Chemical Engineering Science 46(4): 1005-1016. 

Bansal, B., Muller-Steinhagen, H., and Chen, X. D. (2000). Performance of plate heat exchangers during 
calcium sulphate fouling – investigation with an in-line filter. Chemical Engineering and Processing 39: 
507-519. 

Birla, S.L., Wang, S., Tang, T. (2004). Improving Heating Uniformity Of Fresh Fruits In Radio Frequency 
Treatments For Pest Control. Journal of Postharvest Biology and Technology 33(2): 205-217. 

Chen, D., Singh, R. K., Haghighi, K., and Nelson, P. E. (1993). Finite element analysis of temperature 
distribution during microwaved particulate foods. Journal of Food Engineering 18: 351-368. 

Connelly, R. K and Kokini, J. L. (2004). The effect of shear thinning and different viscoelasticity on mixing 
in a model 2D mixer as determined using FEM with particle tracking. Journal of non-Newtonian Fluid 
Mechanics 123(1): 1-17 

Datta, A. K. (2001). Mathematical modeling of microwave processing of foods: An overview. In 
Irudayaraj, J. ed. Food Processing Operations Modeling. New York, NY: Marcel Dekker, Inc. 

Datta, A. K. and Ni, H. (2002). Infrared and hot air additions to microwave heating of foods for control of 
surface moisture. Journal of Food Engineering 51: 355-364. 

De Alwis, A. A. P., and Fryer, P. J. (1990). A finite element analysis of heat generation and transfer during 
ohmic heating of foods. Chemical Engineering Science 45: 1547-1559. 

de Jong, P., Bouman, S., and van der Linder, H. J. (1992). Fouling of heat transfer equipment in relation to 
the denaturation of β-lactoglobulin. Journal of the Society of Dairy Technology 45: 3-8. 

Earle, R. L. (1983). Unit operations in Food Processing. Oxford, England: Pergamon international library. 

Erdogdu, F., Zorrilla, S.E., and Singh, R.P. (2001). Non-linear constrained optimization of double -sided 
cooking of hamburger patties using modified complex method. IFT Abstract 27-4. Presented at the Institute 
of Food Technologists Annual Meeting, New Orleans, LA. 

Georgiadis, M. C., and Macchietto, S. (2000). Dynamic modelling and simulation of plate heat exchangers 
under milk fouling. Chemical Engineering Science 55: 1605-1619. 

Gramann, P. J. (1995). Evaluating mixing of polymers in complex systems using the boundary integral 
method, Ph.D. Thesis, University of Wisconsin-Madison. 

Hansen, J.D., Wang, S., and Tang, J. (2004). A cumulated lethal time model to valuate efficacy of heat 
treatments for codling moth cydia pomonella (L.) (lepidoptera: tortricidae) in cherries. Journal of 
Post-Harvest Biology and Technology 33(3): 309-317. 

Irudayaraj, J. and Wu, Y. 1998. Determination of heat and mass transfer properties in starch based systems. 
Journal of Food Science 64(2):323-327. 

Jun, S. and Irudayaraj, J. (2003a). Selective Far Infrared Heating System - Design and Evaluation (Part I). 
Journal of Drying Technology 21(1): 51-67 

https://www.eolss.net/ebooklib/sc_cart.aspx?File=E5-17-04-04


UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

SYSTEMS ANALYSIS AND MODELING IN FOOD AND AGRICULTURE - Food Processing Models - Soojin Jun, Chenxu Yu 
and Joseph Irudayaraj 
 

©Encyclopedia of Life Support Systems (EOLSS) 

Jun, S. and Irudayaraj, J. (2003b). Selective Far Infrared Heating - Spectral Manipulation (Part II). Journal 
of Drying Technology 21(1): 69-82 

Jun, S. and Irudayaraj, J. (2003c). A Dynamic Fungal Inactivation Approach using Selective Infrared 
Heating. Transactions of the ASAE 46(5): 1407-1412. 

Jun, S. and Irudayaraj, J. (2004). Explore the Mechanism of Selective Infrared Heating on Disinfection of 
Fungal Spores. Applied Engineering in Agriculture 20(4): 481-485 

Jun, S. and Puri, V. M. (2004). Development of interactive computational model of temperature and 
moisture distributions of microwaved foods. Applied Engineering in Agriculture 20(5): 677-682. 

Jun, S. and Puri, V. M. (2006). A 2D dynamic model for fouling performance of plate heat exchangers. 
Journal of Food Engineering 75:364-374 

Jun, S. and Sastry, S. K. (2005). Modeling and Optimizing of Pulsed Ohmic Heating of Foods inside the 
Flexible Package, Journal of Food Process Engineering 28: 417-436 

Jun, S., Puri, V. M., and Roberts, R. F. (2003). A dynamic model for thermal performance of plate heat 
exchangers. Transactions of the ASAE 47(1): 213-222 

Kays, W. M. (1966). Convective Heat and Mass Transfer. New York: McGraw-Hill, Inc. 

Lakshmanan, C. C. and Potter, O. E. (1990). Dynamic simulation of plate heat exchangers. International 
Journal of Heat and Mass Transfer 33(5): 995-1002. 

Lentz, R. R., Pesheck, P. S., Anderson, G. R., DeMars, J., and Peck, T. R. (1995). Method of processing 
food utilizing infra-red radiation. US Patent 5382441. 

Lin, Y. E. (1991). Heating characteristics of simulated solid foods in a microwave oven. Ph. D. Thesis. The 
Pennsylvania State University, University Park, PA. 

Luo, X., Guan, X., Li, M., and Roetzel, W. (2003). Dynamic behavior of one-dimensional flow multistream 
heat exchanger and their networks. International Journal of Heat and Mass Transfer 46: 705-715. 

Marks, B.P., Chen, H., Murphy, R.Y., and Johnson, E.R. (1999). Incorporating pathogen lethality kinetics 
into a coupled heat and mass transfer model for convection cooking of chicken patties. IFT Abstract 
79B-19. Presented at the Institute of Food Technologists Annual Meeting, Chicago, IL, July 27. 

Murphy, R.Y., Johnson, E.R., Marks, B.P., Johnson, M.G., and Marcy, J.A. (2001). Thermal inactivation of 
Salmonella senftenberg and Listeria innocua in ground chicken breast patties processed in an air 
convection oven. Poultry Science 80: 515-521 

Oliveira, M. E. C., and Franca, A. S. (2002). Microwave heating of foodstuffs. Journal of Food 
Engineering 53: 347-359. 

Palaniappan, S. and Sastry, S. K. (1991). Electrical conductivity of selected solid foods during ohmic 
heating. Journal of Food Process Engineering 14: 221- 236. 

Rao, B. P., Kumar, P. K., and Das, S. K. (2002). Effect of flow distribution to the channels on the thermal 
performance of a plate heat exchanger. Chemical Engineering and Processing 41: 49-58. 

Ribeiro, C. P., and Cano Andrade, M. H. (2002). An algorithm for steady-state simulation of plate heat 
exchangers. Journal of Food Engineering 53: 59-66. 

Salengke, S. (2000). Electrothermal effects of ohmic heating on biomaterials: temperature monitoring, 
heating of solid-liquid mixtures, and pretreatment effects on drying rate and oil uptake. Ph.D. Dissertation, 
The Ohio State University.  

Scheerlinck, N., Verboven, P., Stigter, J. D., De Baerdemaeker, J., Van Impe, J. F., and Nicolai, B. M. 
(2001). A variance propagation algorithm for stochastic heat and mass transfer problems in food processes. 
International Journal for Numerical Methods in Engineering 51(8): 961-983. 

Shuman, A. C. and Staley, C. H. (1950). Drying by infra-red radiation. Food Technology 4: 481-484. 

Sterling, C. (1978). Textural qualities and molecular structure of starch products. Cereal Studies 9: 225. 



UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

SYSTEMS ANALYSIS AND MODELING IN FOOD AND AGRICULTURE - Food Processing Models - Soojin Jun, Chenxu Yu 
and Joseph Irudayaraj 
 

©Encyclopedia of Life Support Systems (EOLSS) 

Tajchakavit, S. and Ramaswamy, H.S. (1997). Continuous flow microwave inactivation kinetics of pectin 
methyl esterase in orange juice. Journal of Food Processing and Preservation 21(5):365-378. 

Toyoda, I. and Fryer, P. J. (1997). A computational model for reaction and mass transfer in fouling from 
whey protein solutions. In Fouling mitigation of industrial heat exchange equipment, New York: Begell 
House. 

Van Impe, J. F., Nicolaï, B. M., Schellekens, M., Martens, T., and De Baerdemaeker, J. (1995). Predictive 
microbiology in a dynamic environment: a system theory approach. International Journal of Food 
Microbiology 25(3): 227-249. 

Van Remmen, H. J., Ponne, C. T., Nijhuis, H. H., Bartels, P. V., and Kerkhof, P. J. (1996). Microwave 
heating distributions in slabs, spheres, and cylinders with relation to food processing. Journal of Food 
Science 61(6): 1105-1113. 

Verboven, P., Datta, A. K., Anh, N. T., Scheerlinck, N., and Nicolaï, B. M. (2003). Computation of airflow 
effects on heat and mass transfer in a microwave oven. Journal of Food Engineering 59(2-3): 181-190. 

Vilayannur, R. S., Puri, V. M., and Anantheswaran, R. C. (1998a). Size and shape effect on nonuniformity 
of temperature and moisture distributions in microwave heated food materials: Part I Simulation. Journal of 
Food Process Engineering 21:209-233.  

Vilayannur, R. S., Puri, V. M., and Anantheswaran, R. C. (1998b). Size and shape effect on nonuniformity 
of temperature and moisture distributions in microwave heated food materials: Part II Experimental 
Validation. Journal of Food Process Engineering 21:235-248.  

Yu, C. and Gunasekaran, S. (2004). Modeling of melt conveying in a deep-channel single screw cheese 
stretcher. Journal of Food Engineering 61(2): 241-251  

Yu, C. and Gunasekaran, S. (2005a). Evaluation of mixing performance of model mixers by numerical 
simulation. Journal of Food Engineering (accepted) 

Yu, C. and Gunasekaran, S. (2005b) Modeling of melt conveying in a deep-channel twin screw cheese 
stretcher. Journal of Food Engineering 70(2): 245-252  

Zhang, H and Datta, A. K. (2001). Electromagnetics of microwave oven heating: magnitude and uniformity 
of energy absorption in an oven. In Datta, A.K. and Anantheswaran, S. eds. Handbook of Microwave 
Technology for Food Applications. New York: Marcel Dekker. 

Zhou, L., Puri, V. M., and Anantheswaran, R. C. (1995). Finite element modeling of heat and mass transfer 
in food materials during microwave heating - model development and validation. Journal of Food 
Engineering 25(4): 509-529. 
 
Biographical Sketches 

 
Soojin Jun was born in 1970 in Seoul, Korea, and received BS (1996) and MS degrees (1998) in food 
science and technology from Seoul National University, Korea and PhD degree (2002) in agricultural and 
biological engineering from Pennsylvania State University, University Park, PA. Currently, he is an 
Assistant Professor in the Human Nutrition, Food and Animal Sciences Department, University of Hawaii, 
Honolulu. He is the author or coauthor of over 20 referred journal articles and papers and his research 
interests are in novel food processing technologies, nanotech and applications, biosensors, food packaging, 
and food safety engineering. Dr. Jun is a member of the Institute of Food Technologists and American 
Society of Agricultural and Biological Engineers. 
 
Chenxu Yu was born in 1971 in Baoji, China, and received BS (1993) in astronomy from Nanjing 
University and MS degrees (1998) in biochemical engineering from Dalian Institute of Light Industry, 
China and PhD degree (2003) in biosystems engineering from University of Wisconsin-Madison, Madison, 
WI. Currently, he is a post doctoral researcher in Department of agricultural and biological Engineering, 
Purdue University, West Lafayette. He is the author or coauthor of 10 referred journal articles and papers 
and his research interests are in bionanotechnology and applications, biosensors, and food safety 
engineering. Dr. Yu is a member of the Institute of Food Technologists.  
 



UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

SYSTEMS ANALYSIS AND MODELING IN FOOD AND AGRICULTURE - Food Processing Models - Soojin Jun, Chenxu Yu 
and Joseph Irudayaraj 
 

©Encyclopedia of Life Support Systems (EOLSS) 

Joseph Irudayaraj received his Ph.D from Purdue University in food and bioprocess engineering, MS 
degrees in biosystems engineering and computer sciences from University of Hawaii, and BS from Tamil 
Nadu Agricultural University (India). Presently, he is a an associate professor in the Department of 
Agricultural and Biological Engineering and co-director of the Physiological Sensing facility at Purdue 
University, West Lafayette, Indiana. He has authored more than 125 refereed journal publications in the 
areas of food systems simulation, modeling and design, sensors for quality assessment, and biosensors. His 
present research thrust is in the exploration of diffusion and kinetic studies for disease diagnosis using 
single molecule imaging and nanotechnology. 


