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ABSTRACT

The finite-element method has been successfully used to model several
food-processing operations. Much of the activity to date has focused on
heating and cooling, freezing and thawing, and heat and mass transfer,
including drying and mechanical damage. Most of the studies have been
confined to two-dimensional andfor axisymmetric regions undergoing
transient response. A limited number of research results have been
reported for three-dimensional and/or coupled heat, moisture, and stress
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siderable potential for the use of the finite-element method in food-
processing. Some other areas where the pay-off can be significant include
baking, extrusion, aseptic processing, microwave heating, and optimiza-
tion of food quality in terms of texture, nutrient retention, and microbial
degradation during thermal processing.

INTRODUCTION

A food product undergoes numerous processing steps from production
to consumption. A clear understanding of the dynamics of food products
during the processing treatments is central to maintaining the desired

qnqlltv texture, and ctpnllhl Pnnd-nrnnpeclng studies therefore hold the

potential for 1mprovements in current processes and can lead to deve-
lopment of new products. The wide range of food materials that are
subjected to an array of processing steps in the food industry represents
a real challenge in the understanding and clear definition of these

processes by using physical principles.

All approaches leading to a better understanding and description of
various processes to date can be broadly classified as experimental and
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analytical. In the experimental approach, the primary emphasis is to
simulate the food-processing operation in laboratory or pilot-scale set-
ups. This approach provides valuable data on the system performance
but may lack a generalized theoretical description of the process. The
correlations developed to describe the process by using the experimental
approach are usually empirical or semi-empirical and hence cannot be
easily generalized. However, the experimental approach is indispensable
in validating the analytical methods.

The analytical approach, on the other hand, is based on physical
principles. This approach has led to generalized solutions for a certain
class of problems. The analytical approach can be subdivided into three
categories: exact or closed-form solutions, approximate but closed-form
solutions, and, more recently, numerical solutions. The exact solutions
are usually idealizations and represent a significant simplification of the
complex practical problems. They are invaluable in providing qualitative
information related to trends and order of magnitude of variables and
the associated changes rates, such as heat flux. The approximate closed-
form solutions are attempts at solving real-world problems. Some of the
limitations include regular geometrical shapes of food materials, essen-
tial or natural types of boundary conditions, and steady or unsteady solu-
tions in one or two dimensions only.

The advent of computers, and more recently high-speed parallel and
vector machines, has provided the designers and researchers with an
opportunity to simulate real-world processes. The commonly employed
numerical techniques are the finite-difference (Teixeria et al., 1969;
Charm et al., 1972; Bakal & Hayakawa, 1973; Heldman & Gorby, 1975;
Eshleman et al., 1976; Hsieh et al., 1977; Baird & Gaffney, 1977; Cle-
land & Earle, 1977, 1979a, b; Tong, 1988) and the finite-element
methods. The recently developed and evolving boundary-element tech-
nique’s potential contribution is significant but has been applied to only a
limited number of food- and agricultural-engineering problems (Puri,
1987; Rosenfeld et al., 1991). These three numerical methods (as well as
others, such as finite-volume) are subsets of the much more generalized
method of weighted-residual technique (Brebbia ez al., 1984).

The use of finite-element method for understanding, describing, and
analyzing the various food-processing operations is the focus of this
paper. The specific objectives of this paper were:

(i) to review the applications of the finite-element method used to
solve problems of food-processing as reported in literature; and

(ii) to outline the use of finite-element method in other areas of food-
processing.
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Numerous textbooks summarizing the finite-element method are
available (e.g. Becker et al., 1981; Irons & Shriver, 1983; Desai, 1984;
Segerlind, 1984; Brauer, 1988; Zienkiewicz, 1989). The reader should
consult these references for details of the method. An overview of the
finite-element method within the context of food-engineering is also
given by DeBaerdemacker et al. (1977), Singh and Segerlind (1974), and
Segerlind et al. (1974). Some of the key advantages and disadvantages of
the finite-element method compared with the finite-difference method
are listed below:

® Advantages:
1. Spatial variation of material properties can be handled with rela-
tive ease.
Irregular regions can be modeled with greater accuracy.
The method is better suited to non-linear problems.
Element sizes can be easily varied.
Spatial interpolation is much more meaningful.
. Mixed-boundary-value problems are easier to handle.
® Disadvantages:

1. The element equations are usually much more mathematically
complex as compared with the grid-point equations for the finite-
difference method.

2. The method is numerically intensive and can therefore take more
CPU time and memory storage space, as compared with the
finite-difference method, to solve the same problem.

SN

LITERATURE REVIEW

The literature review in this paper is organized under four main sub-
headings: Heating and cooling, Freezing and thawing, Heat and mass
transfer, and Mechanical damage. The selection of these headings
represents the most suitable descriptors for organizing and reporting the
work done in the food-processing area. Whenever possible, assumptions
and limitations mentioned by the authors have been provided. A sum-
mary of the various finite-element models (FEM) employed in the four
major areas of food processing is given in Table 1. Much of the research
activity to date has focused on heating and cooling and heat and mass-
transfer applications, as shown in Table 1.

Heating and cooling

Heating (for drying) and cooling (for aeration) are two critical processing
steps for grains to maintain quality during storage. The usual heat-trans-
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fer process induces stresses in the kernel, which, if not controlled, can
cause kernel-cracking and hence loss in quality and yield. Gustafson ez
al. (1977b, 1979) studied the heating and cooling of single kernels of
corn and its influence on stresses in non-homogeneous regions (endo-
sperm and germ) of the kernel. The finite-element formulation included
solution of the two-dimensional time-dependent heat-conduction equa-
tion. The key assumption in this formulation was that material properties
were independent of temperature and moisture content and differential
contraction of kernels due to moisture migration is negligible. For subse-
quent stress analysis, the grain kernel was assumed to be an elastic body.
The validation of the FEM by using experimental data was not included.
The following findings resulted from FEM sensitivity studies: (i) during
heating, the maximum tensile stress occurs at the center of soft endo-
sperm, and (ii) during cooling, the maximum stress occurs within the
crown region of hard endosperm.

Subsequently, Sokhansanj and Gustafson (1979) studied the cracking
of single rice kernels under heating, cooling, hydrating, and dehydrating
environments. The key assumption in their formulation was that mois-
ture-migration and temperature-diffusion equations are not coupled.
The two-dimensional FEM used linear triangular elements to solve
moisture and temperature diffusion equations. These values were then
used to calculate moisture- and temperature-induced stress by using
Hooke’s law. Model-validation results were not included. The following
determinations were made from this study: (i) maximum tensile stresses
resulted soon after heating or cooling, and (ii) moisture-induced stresses
were sustained for several hours.

Alagasundaram et al. (1990) calculated grain-temperature distribu-
tion in a bin during drying and aeration by using numerical methods.
Grain temperature is one of the three key abiotic factors affecting long-
term grain storage (the other two being moisture content and gas distri-
bution). The transient heat-conduction equation was solved in three
dimensions by using linear and quadratic hexahedron elements. The
variational technique was to derive the non-linear, non-isotropic finite-
element formulation. Comparison of the FEM predicted and measured
values for barley and rapeseed showed differences ranging from 1-6 to
4-9°C for linear elements and 1-2 to 5-3°C for quadratic elements. Qua-
dratic-element predictions, on the average, were more accurate than
linear-element predictions.

Potluri (1985) used the diffusion equation (steady and unsteady state)
to develop a two-dimensional time-dependent FEM to predict the cool-
ing of loin carcasses and to estimate their surface-heat-transfer coeffi-
cients. He modified the FEM developed by Arce et al. (1983) for a
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constant heat-transfer coefficient. The FEM used linear triangular ele-
ments. The Ritz method was used to generate the capacitance and stiff-
ness matrices. The time-dependent equation set was subsequently solved
by using the Crank—-Nicolson method. The main assumption in Potluri’s

formulatlon appears to be that the cooling of carcass is pnmanly by heat
conduction, with the evaporation being handled through a modified
heat-transfer coefficient. The FEM was generalized to a Universal Finite
Element Model that required for its input only the weight of the carcass
and its fat content. The measured and FEM-predicted values were
within 1°C, with r? greater than 0-92. On the basis of this study, the fol-
lowing observations were made: (i) the FEM can be used to control the
ambient temperature for carcass-cooling by using simple inputs, such as
weight and fat content, (ii) the FEM can be used to predict carcass tem-
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Hot washing of eggs is an important step to clean and sanitize the egg
shell. This key step is also implicated in egg-shell damage. Upadhyaya et
al. (1986), following an earlier study by Gates et al. (1984), used an axi-
symmetric (egg being an ovaloid) time-dependent formulation to study
thermally induced stresses during the egg-washing operation. They
solved the coupled heat-conduction and elasticity equations to deter-
mine temperature and stress states. The following assumptions were
made: (i) egg shell is linearly elastic and isotropic; (ii) egg shell is ther-
mally 1sotrop1c ( ) the hquld albumen and yolk are mcompres51ble and
\lV) lIlC dlI Wllll.lIl lllC dll (,Cll DClldVCb as an lUCdl gdb upauu‘y'a'y‘a et al
(1986) used commercial software ANSYS (Version 4.1) to model the
egg-shell performance. The FEM validation was done by comparing the
results from a previous study by Upadhyaya ez al. (1985). The element
types used were: shell element for egg shell with three degrees of free-
dom per node (STIFF 11), and isoparametric, quadriiaterai eiements
(STIF 55) for thermal analysis. Upadhyaya et al. (1986) made the follow-
ing observations: (i) substantial tensile stresses developed after 60 s of
washmg, (ii) incorporation of load at the poles greatly increased shell
stresses; and (iii) the location of maximum stress varied with egg shape.

Cooling of fresh fruits and vegetables is a key intermediate-processing
step to ensure their texture and quality. Misra and Young (1979)
modeled the cooling of an apple in spherical co-ordinates. They simu-
lated the temperature response of apples by using a one-dimensional
time-dependent finite-element formulation. Two-node linear elements
were used in the FEM formulation. The key assumptions were: (i) the
ambient drying conditions, i.e. relative humidity and temperature, are
constant, and (ii) no respiration and moisture exchange takes place

between the apple and the ambient air. The model validation was done
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by comparing the FEM- predicted temperature values to a constant-
property analytical solution. The comparison indicated that the FEM
results were not statistically different from analytical values. Misra and
Young (1979) arrived at the following conclusions: (i) FEM yielded very
good approximations for transient cooling in an apple; (ii) equal and
unequal elements were not sufficiently sensitive to influence FEM cal-
culations significantly; however, equal elements yielded better results.

Pre-cooling of vegetables is a crucial step in order to maintain their
freshness. Jiang er al. (1987) studied the pre-cooling of broccoli by using
the finite-element method. Since the broccoli stalk is the slowest-cooling
component, it is the most perishable A timc-dependent axisymmetric
heat-conduction equation was used to model the stalk performance. The
FEM was developed by using the variational approach and following the
procedure outlined by Polivka and Wilson (1976). The computer pro-
gram Determination of Temperature (DOT ) (developed by Polivka and
Wilson (1976)) was modified for studying the cooling of broccoli. Quad-
rdIlC quUI'lld[CIdl Clemcnlh were useu lIl [ﬂlb bIU(]y lﬂC resplrduon
effect was included by using a heat-generation term. Some of the key
assumptions in their study were: (i) negligible surface-evaporation cool-
ing, (ii) no variation in thermal properties, (iii) constant initial tempera-
ture, and (iv) limited respiratory activity. Comparisons between the
measured and FEM-predicted cooling curves showed that FEM ade-
quately simulated the experimental results. The key findings of this study
were: (i) the differences between the measured and predicted values were
within 1-1°C, and (ii) FEM tended to deviate from measured values in
the lower part of the stalk.

Hayakawa and Succar (1982) developed a one-dimensional FEM to
describe heat transfer and moisture loss in spherical-shaped fresh-
produce items. They used the heat-conduction equation in spherical co-
ordinates with a temperature-dependent heat-source term to model heat
generation due to respiration by the produce. The density and thermal
conductivity were approximated as functions of temperature. The boun-
dary conditions were of convective type. The total moisture loss was esti-
mated as the integral of the evaporation at the surface of the produce.
Galerkin’s technique was used to formulate the solution. The model was
used to study the influence of densuy, thermal conduct1v1ty, surface-heat
conductance, transpiration rate, and relative humidity on heat transfer
and total moisture loss from the produce. Good agreement was observed
between the theoretical results and the experimental measurements of
temperature and moisture loss in tomatoes and potatoes during a typical
cooling process.

Fresh produce is immediately stored in a cooling chamber after
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harvest to retard the degradation rate and enhance shelf life. Cooling of
tomatoes after harvest is a key step in slowing down the respiration rate.
Accurate prediction of tomato temperature during cooling is therefore
critical to prolonging its storage stability. Pan and Bhowmik (1991)
modeled the cooling of a tomato by using a two-dimensional time-
dependent heat-conduction equation. Tomato respiration rate was simu-
lated by using a heat-generation term. The finite-element software,
ANSYS, was used to determine the temperature distribution in a tomato.
Triangular, isoparametric elements were used in the finite-element form-
ulation. By using constant material-property values and constant heat
generation, the FEM-predicted values were compared with measured
data. The model predictions agreed with experimental measurements to
within 1°C.

The time-temperature distribution during cooling of six species of
fish in a rectangular box was modeled by using ANSYS (Version 4.3)
(ANSYS, 1988) by Stringer et al. (1989). The time-dependent conduc-
tion equation was solved in two dimensions. Information relating to
element type and model assumptions were not included. The transient-
temperature values predicted by FEM were consistently lower than the
measured values. This was attributed to the fixed-temperature-boundary
condition (during simulation) not being constant throughout the test
duration.

Owing to the increased usage of microwaves in food-processing and
their rapid rate of heating, it is important that the interaction of the
microwaves with the food product be better quantified. Lin et al. (1989)
and Lin (1991) used the TWODEPEP software (IMSL, 1983) to deter-
mine the temperature distribution in axisymmetric model food systems
during microwave heating. The transient heat-conduction equation with
microwave-heat absorption as the heat-source term was solved to
describe the temperature distribution during microwave heating of high-
moisture solid foods of rectangular and cylindrical shapes. The micro-
wave power absorbed at any location in the sample was derived as a
function of dielectric properties and the sample geometry. Convective
and evaporative heat losses at the surface of the food were incorporated
as boundary conditions in addition to the initial-temperature condition.
The FEM predictions compared favorably with experimentally
measured temperatures in model food systems of rectangular geometry.
But the FEM did not adequately describe the measured-temperature
values at the center region in cylinder-shaped model food systems.
This was attributed to the incomplete description of microwave propa-
gation within cylinder-shaped products. Sensitivity analysis of the model
showed that changes in thermal diffusivity, dielectric properties, and
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power output of the microwave oven significantly changed the
temperature distribution within the food product.

Chen et al. (1990) used the heat-conduction equation in axisymmetric
co-ordinates to model the heating characteristics of cylindrical speci-
mens of potato. Using Lambert’s law, they derived a heat-generation
equation to account for the microwave interaction. Chen et al. (1990)
modified an existing finite-element code avaiiabie in the book by Seger-
lind (1984). The heat-generation term was added to this code. The FEM
validation was done by comparing the fibre-optic-probe-measured and
FEM-predicted values. Measured center (along the axis of the cylinder)
temperatures were in excess of 130°C, whereas FEM-predicted values
were about 115°C. For temperatures beiow 80°C, FEM-predicted and
measured values were in good agreement.

Naveh (1982) and his co-workers (Naveh et al., 1983a, b, ¢; Kopel-
man ef al., 1982) modified an existing finite-element program Determi-
nation of Temperature (DOT ) developed by Polivka and Wilson (1976).
The purpose of the study by Naveh and his co-workers was to predict
the overshooting of temperature in cans and jars when the steam-off condi-
tion prevails and to estimate the sterility of food products such as cream
style corn in a jar and meat in a can. They solved the time-dependent
heat-conduction equation in two-dimensional and axisymmetric regions.
Their finite-element formuiation, based on the variationai principlie, is
limited to food products described by the quasi-harmonic equation. The
boundary conditions were of constant temperature and convective types.
Linear and quadratic rectangular and triangular elements were used by
Naveh ez al. (1983a, b, c). The FEM was validated by using temperature
data, for example, of apple sauce in a jar during the heating process. The
following key findings were based on this study: (i) the slowest-heating
zone was along the axis of symmetry in the region close to the head
space; (ii) the effect of glass on product-heating rate is significant but is
more pronounced in small jars. On the basis of the insight gained from
the FEM results, Naveh et al. (1983a, b, c¢) developed a simple equation
to estimate heating parameters for different-sized jars (when thermal
properties are known). The effectiveness of FEM in describing a sterili-
zation process was determined by Naveh and his co-workers througout
this study.

Sastry et al. (1985) used the hybrid finite-element-finite-difference
technique to predict the degradation of agaratine in canned mushrooms.
The transient-heat-conduction and mass-diffusion equations in three-

dimensional co-ordinates were simultaneously solved in an irregular
domain. Time-dependent convective-type boundary conditions were
used. Kinetic data on the degradation of agaratine as a function of tem-
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perature was also incorporated into the model. The predicted results of
heat transfer were found to be in satisfactory agreement with the experi-
mentally measured temperature at the center of the mushrooms. The
predicted values of agaratine retention in mushrooms compared favo-
rably with experimental measurements. However, the predicted con-
centrations in the brine were somewhat lower than the experimental
values.

Sastry (1986) used the finite-element technique to evaluate thermal-
process schedules for low-acid foods containing particulates. The tem-
perature profiles within the heat exchanger and holding tube were
determined first by using energy balance, and then the temperature
profile within the particle was evaluated on the basis of the conduction of
the equation with a time-dependent convective boundary condition. The
solution was obtained by using the three-dimensional Galerkin-Crank-
Nicolson algorithm. Good agreement between the FEM-predicted and
measured temperatures was found at the cold spot within mushrooms
being thermally processed in cans.

In-package pasteurization of fluid foods in bottles and cans is common
in the food industry. Pasteurization prolongs shelf life by destroying the
micro-organisms that cause food spoilage. Engelman and Sani (1983)
modeled pasteurization of beer in a bottle by using the finite-element
software FIDAP (Engelman, 1982). They solved the momentum, conti-
nuity, and energy equations in axisymmetric co-ordinates. In order to
reduce the computational time, they employed the penalty-function
approach to solve the continuity equation approximately, i.e. the conti-
nuity equation is proportional to pressure instead of zero (thus using the
weakened constraint). Nine-node, isoparametric quadrilaterial elements
were used for the velocity and temperature fields, whereas the three-
node approximation (linear in the x and y directions) was used for pres-
sure. The FEM-calculated velocity distribution was qualitatively
compared with published data. The FEM-simulated velocity and pres-
sure characteristics had good qualitative agreement with those reported
in literature.

Subsequently, Kumar et al. (1990) also used FIDAP to model the
temperature distribution and the slowest heating point (cold spot) within
an upright metal can being heated in a steam retort. The continuity,
momentum, and energy-conservation equations were solved for an axi-
symmetric case by using quadrilateral elements. A trial-and-error tech-
nique was used to refine the mesh development. The viscosity of the
food product was assumed to be non-Newtonian, and the apparent vis-
cosity at a shear rate of 0-01 s~! and as a function of temperature was
used in the analysis. With the assumption of side-wall heating only, the
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FEM showed that natural convection heating moved the cold spot within
the container to the bottom center.

Sterilization of fluid food containing particulates by conventional
heating methods is not very effective because it results in most of the
foods being overcooked, i.e. poor product quality. DeAlwis and Fryer
(1990) studied ohmic heating as an alternative to sterilizing particulate-
fluid foods by using a finite-element model. In ohmic heating, alternating
electric current is passed through the food material for rapid thermal
processing. As heat is generated within the material, ohmic heating thus
overcomes the limitation of conventional heating. Particulate fluid foods
can therefore be processed by HTST techniques. The ohmic-heating
process involves the simultaneous solution of voltage and temperature
fields. However, DeAlwis and Fryer (1990) solved the decoupled set of
voltage and heat equations. The steady-state voltage distribution was
described in the food by using Laplace’s equation in two dimensions.
The unsteady-state temperature field was modeled by using the diffusion
equation with a heat-generation term. The heat-generation term was esti-
mated from the voltage distribution calculated by using Laplace’s equa-
tion. Linear triangular elements were used in the finite-element
formulation. The FEM was validated by comparing the predicted results
with the analytical splution and experimental data from lamb meat in
brine and a potato piece in brine. The FEM-calculated values compared
favorably with both analytical and experimental results. Through this
finite-element analysis, DeAlwis and Fryer (1990) have demonstrated
ohmic heating as a promising unit operation for rapid sterilization of
particulate-fluid foods.

McCarthy (1987) and McCarthy and Merson (1989) modeled the
steady-state two-dimensional thermal response of a free-falling film of
homogeneous-fluid food in a steam environment (as encountered during
steam-infusion heating) by using the finite-element method. The Galer-
kin method was used to solve the thermal-energy equation for steady-
state heat transfer in a moving fluid with a constant-temperature-type
boundary condition. The average fluid temperatures measured as a func-
tion of position compared well with the model predictions. The FEM
was also used to predict the kinetics of microbial destruction as a func-
tion of time and temperature.

Freezing and thawing
Comini and his co-workers (Bonacina & Comini, 1973; Bonacina et al.,

1973; Comini et al., 1974; Rabelleto et al., 1978) used the finite-element
method to model the freezing of lamb and beef carcasses in air-blast
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tunnels. They solved the two-dimensional time-dependent diffusion
equation by using the finite-element approach. Quadratic triangular and
quadrilateral elements were used. Using variable thermal conductivities
for the dry-solid and liquid components, they successfully predicted the
measured carcass temperature to within 1°C.

Purwadaria and Heldman (1980, 1982) and Purwadaria (1980) deve-
loped a two-dimensional time-dependent FEM to simulate the freezing
of elliptical- and trapezoidal-shaped bodies. A time-dependent heat-
conduction equation with a heat-generation term was used by the
authors. The experimental data for FEM validation were obtained by
using ground beef. The main limitation appears to be the description of
the heat-generation term to include phase-change effects (freezing).
Using linear triangular elements, variable thermal conductivity, and a
variable local-surface heat-transfer coefficient, they observed close
agreement between the measured and FEM-predicted values. They
found that: (i) FEM adequately simulated temperature history and iso-
thermal fields in elliptical and trapezoidal geometries; and (ii) FEM
confirmed the significant influence of geometric size and initial tempera-
ture on freezing time.

Abdalla and Singh (1985) developed a finite-element code for freez-
ing and thawing in axisymmetric foodstuffs. The heat-conduction equa-
tion was applied to an axisymmetric body with a convective-type
boundary condition. The Galerkin method was used in the finite-element
formulation. Physical properties of the material used in the FEM were
assumed to be temperature-dependent. The FEM predictions compared
favorably with experimentally measured temperatures during freezing
and thawing of a 2-54-cm sphere made of a model food substance. The
model showed that the product temperature has a considerable influence
on its rate of thawing,.

Heat and mass transfer

Drying

Misra and Young (19784, b) and Misra (1977) hypothesized that shrink-
age induced by moisture migration is directly responsible for grain
cracking. By using the key assumptions: (i) free shrinkage is directly
proportional to change in moisture content, (ii) elastic shrinkage is
Hookean, (iii) dry-mass density of soybeans increases owing to shrinkage
and inversely influences mass diffusivity, and (iv) material properties
vary according to a specified functional form, a time-dependent finite-
element formulation in one-dimensional spherical co-ordinates was
developed. Linear approximation functions were used to solve the
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moisture-diffusion equation subjected to surface mass transfer. The
FEM was applied to soybean kernels. The validated FEM was used to
study states of moisture-induced stresses. Through this study, Misra and
Young (1979) showed that: (i) the maximum shear stress occurs within
the first four hours, and (ii) the elastic constitutive equation was inade-
quate for predicting stresses during drying (Misra et al., 1981).

Dehulling, also referred to as decortication, is a key processing step to
improve the texture and culinary properties of grain legumes. Chhinnan
and Bakshi (1984) modeled the moisture transfer during the drying of
black-eye peas by using the finite-element method. The seed shapes were
assumed to be either spherical or cylindrical. Assumptions in the
author’s finite-element formulation were that: (i) the initial moisture con-
tent is uniform, (ii) seed is always in thermal equilibrium with the sur-
roundings, (iii) the surface reaches the thermodynamic equilibrium
instantaneously, (iv) volumetric change is negligible, and (v) seed is
homogeneous and mass diffusivity is constant. Chhinnan and Bakshi
(1984) used the finite-element formulation developed by Lamauro and
Bakshi (cited in Chhinnan and Bakshi, 1984). Four-node quadrilateral
elements in axisymmetric domains were used in the analysis. The finite-
difference scheme, was apparently used in the time domain. A compa-
rison of the measured and FEM-predicted values showed that the results
were closer for later periods of drying.

Using forced-air convection to dry grains to acceptable short- and
long-term-storage moisture contents is fairly common. In addition to the
complex heat and mass transfer occurring simultaneously, knowledge of
the pressure and velocity distribution is essential for optimal design.
Velocity and pressure terms are coupled, which leads to a complex set of
non-linear equations. The constant-coefficient version, i.e. that wherein
properties do not change, has been solved by using the finite-difference
(Brooker, 1961) and finite-element methods (Marchant, 1976). Seger-
lind (1982), using the granular-permeability coefficients, recast the non-
linear equation that was solved by using the finite-element method. The
variational technique was used to solve for pressure drop in a two-
dimensional region. Quadratic triangular elements were used in a fully
developed flow. The main assumption appears to be that the non-linear
equation can be written in an isotropic quasi-linear form and then solved
iteratively to obtain a converged solution. The FEM-predicted values
were compared with the simulated values reported by Brooker (1961).
The two data sets had good qualitative agreement. Subsequently,
Segerlind and his co-workers (Khompis er al., 1984 ) analyzed fully three-
dimensional pressure- and velocity-distribution patterns in a grain-
storage bin. Twenty-node quadratic three-dimensional elements were
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used by Khompis et al. (1984). Four different air-distribution systems
(perforated-floor, straight-duct, square-duct, and Y-shape-duct) were
analyzed. The three-dimensional results provided insights not available
in two-dimensional programs, for example, the pressure distribution
across a plane close to the inlet had significantly higher non-uniformity
than the cross-section away from the inlet. The results of Khompis ez al.
(1984) appear to be more accurate (i.e. pressure and velocity) than the
two-dimensional results reported by Marchant (1976) and Smith (1982).

Talbot (1989) examined the potential use of the commercial software
ANSYS to model air flow in particulate materials. The governing equa-
tions for porous- -media flow were used, which are different from the
equations used by Segerlind \1982) Air-flow distribution in two-dimen-
sional and three-dimensional regions was studied. The two regions used
in the analysis were the same as those of Segerlind (1982) and Khompis
et al. (1984). For two-dimensional simulations, four-node isoparametric
elements were used, whereas eight-node elements were used for three-
dimensional analysis. Results of ANSYS were simiiar to those obtained
by other researchers. Talbot’s results demonstrate the effectiveness of
using the commercial software ANSYS to study air-flow patterns
through porous media.

The pressure and flow distribution durlng drymg of walnuts was
studied by Rumsey and Fortis (1983). The governing equation in two
dimensions was the same as the one used by Brooker (1961). Steady,
isotropic air flow was modeled by using quadrilateral elements. Compa-
rison of measured and FEM-predicted results showed good agreement
in both high- and low-air-velocity regions. The FEM was then used to
correct the air-flow pattern by simuiating different design considerations,
such as increasing static pressure under an expanded metal-screen floor,
reducing the angle of the false bottom. The uniformity of drying was
enhanced by these considerations. Chapman ez al. (1989), using a two-
dimensional analysis with eight-node quadrilateral elements, determined
that grain surcharge in a bin does not influence air-distribution patterns.

Marchant (1976) solved the two-dimensional pressure-drop equation
by using the finite-element method. Eight-node quadrilateral elements
were used in this study. The finite-element formulation was achieved by
using the variational technique. The FEM was validated by comparing
the FEM predicted to the one-dimensional analytical solutions. Further
validation was effected by comparing the FEM-predicted results with
those given by Brooker (1961) and Barrowman and Boyce (1966). The
FEM simulated Brooker’s results adequately, but Barrowman and
Boyce’s results were within 0-016-0-019 m/s of the FEM-simulated

alay
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Mass transfer

Zhang et ai. (1984) used the finite-element method to modei simuitan-
eous absorption and expansion of rice during the soaking process. The
expansion was assumed to be linearly proportional to change in moisture
content. The unsteady-state two-dimensional diffusion equation was
used. Mass diffusivity as a function of concentration and moisture con-
tent and the convective boundary condition were used in the modei. The
predicted values of the mass-average moisture content were close to the
experimentally measured values. Based on the predicted data, the
average mass diffusivity of milled rice was found to decrease with an
increase in moisture content. Such a model can also be used to predict
moisture distribution in rice with tempering intermediate soaking peri-
ods. Subsequently, Bakshi and Chhinnan (1985) used the finite-element
approach to estimate mass diffusivity as a function of the coefficient of
concentration. The coefficient was estimated by using a non-linear opti-
mization technique that minimized the squared error. The values calcu-
lated by the optimization technique in conjunction with the FEM were
reasonable. This approach can also be employed to estimate transport
properties during drying, soaking, and parboiling processes.

Knowledge of moisture diffusion in grain kernels during drying plays a
key role in determining and maintaining the quality of the material.
Moisture diffusivity depends on kernel component materials, tempera-
ture, and moisture content. Syarief er al. (1987) followed the indirect
approach of using the FEM to determine the moisture diffusivity of corn

kernels. The corn kernel was assumed to be a two-dimensional body
wherein moisture migration primarily occurs by diffusion. Syarief et al.
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(1987) modified the Determination of Temperature (DOT ) finite-ele-
ment program developed by Polivka and Wilson (1976) for their prob-
lem solution. A key assumption in their formulation appears to be lack of
coupling of the moisture diffusion with temperature. Four-node quadri-
lateral elements were used in the FEM formulation. The bilinear approx-
imation function for elements was used in the FEM to determine the best
values of parameters in an exponential equation for representing the
diffusion coefficient. No FEM-validation data were provided, but one of
the authors (Gustafson) has used the DOT program in the heating and
cooling of grains (Gustafson ez al., 1979). From this study, Syarief et al.
(1987) determined that: (i) diffusivity values were different for two differ-
ent components, (ii) the diffusion coefficient of germ was from 3-6 to 49
times that of endosperms. The FEM was demonstrated to be an invalu-
able tool in the determination of the diffusivity coefficient.

Simultaneous heat and mass transfer invariably occurs during the

drying of grains. This, in turn, is also accompanied by high compressive
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and tensile stresses that can cause significant damage to grain kernels.
Haghighi and Segerlind (19884, b) modeled the simultaneous heat and
moisture transfer in an isotropic sphere by using the finite-element
method. The one-way-coupled heat and moisture diffusion was used in
axisymmetric co-ordinates to model the drying of grains. By using the
variational approach, equations for the discretized region were deve-
loped by employing three-node triangular elements. The time discretiza-
tion was effected by using the finite-difference approach. The key
assumptions in the formulation appear to be: (i) moisture migration pri-
marily takes place by diffusion, with negligible capillary and gravity
effects, and (ii) moisture migration caused by kernel shrinkage is neglec-
ted. The model was validated by qualitatively comparing the FEM-
predicted values with the published values. Subsequently, Haghighi et al.
(1990) solved decoupled heat- and moisture-transfer equations in axi-
symmetric co-ordinates to simulate the drying of barley kernels. The
constant-property FEM predictions, obtained using nine-node
Lagrangian elements, were compared with published experimental data.
The surface-temperature and mass-average moisture changes were
modeled accurately.

Recognizing that both temperature and moisture changes are respons-
ible for stresses in grain kernels, Haghighi and Segerlind (1988b) deve-
loped a viscoelastic finite-element formulation for grain kernels. They
employed the thermo-hydro-rheologically simple-material assumption
to derive the FEM (Haghighi, 1979). Using a one-dimensional represen-
tation (a sphere) for soybean and published data for soybean kernels,
they simulated stress distribution in soybean kernels. The FEM was
based on Galerkin’s method with non-linear properties. No FEM valida-
tion was reported in the paper. Some of the key findings were: (i) the
maximum peak shear stress and peak tangential stress at the surface are
reached after about 1 hour; (ii) tangential-stress changes from the com-
pressive to the tensile state occurred along the surface; and (iii) time to
reach the peak stress is independent of change in temperature.

Upadhyaya and Rumsey (1989) used the fully coupled heat- and
moisture-transfer equation in one dimension to study the heat and mass
diffusion in a soybean kernel. A linear-approximation function was used
in the finite-element formulation. Although they did not directly validate
their model or explicitly state the problem-formulation assumption, the
FEM-predicted values were in qualitative agreement with those reported
by Haghighi and Segerlind (1988a).

Lamauro and Bakshi (1985) used FEM to predict moisture diffusion
in foods stored over a period of time. Hong (1985) and Hong et al.
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(1986) used this model to study moisture transfer during storage of
mixed raisins, roasted peanuts, banana chips, and roasted almonds. They
solved the transient-diffusion equation in cylindrical co-ordinates by

using four-node isoparametric elements. The experimentally measured

and predicted values of moisture content during storage were found to
be within the range 0-28-0-84%.

Lu and Siebenmorgan (1991) studied the moisture-adsorption be-
havior of long-grain rice, which is the prime suspect in rice fissure. The

moisture migration in single rice kernels was modeled by using the diffu-

sion equation in axisymmetric co-ordinates. The shape of rice kernels
was approximated as a prolate spheroid. The key assumptions were: (i)
moisture adsorption occurs at constant temperature, (ii) the diffusion
coefficient is independent of moisture, and (iii) kernel shrinkage is negli-
giuu: uuiuig auSOI’pdGﬁ Linear uiaugunai elements were used to model
the kernel geometry and the adsorption process. The FEM was
employed to estimate the diffusion coefficients of endosperm bran and
hull by minimizing the FEM-predicted and measured moisture distribu-
tions. The FEM adequately predicted moisture-time— -space profiles
The study by Lu and Siebenmorgan (1991) showed that: (i) the FEM is
capable of describing the moisture-adsorption behavior of long-grain
rice, and (ii) the average errors at various temperatures and relative
humidities between the measured and FEM-predicted values ranged

from 0-11 to 0-23% moisture content on a dry basis.
Mechanical damage

Fresh fruits and vegetables have a complex cellular structure. There is a
definite need of a rational theory that can accurately characterize the
stress—strain behavior of biological materials. Recognizing this, Gustaf-

son and Segerlind (1977) proposed a continuum solid-liquid-gas
thpnrv to describe the behavior of fruits (Gnctnfcrm 1077\ Such a the-
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ory has the potential to predict damage durlng a mechamcal process and
hence control (or minimize) this damage through appropriate measures.
This theory contains seven parameters. Analysis, by using this theory, is
possible only via the numerical methods. Gustafson ez al. (1977a), follow-

lng the variational pnnv}pln derived an FEM f{or the load resnonse of

fruits. Their analysis was confined to axisymmetric bodies. The FEM
used eight-node quadrilateral and six-node triangular elements. The
model was not validated by the authors. The performance of a hypotheti-
cal fruit with skin was analyzed by using the FEM. A good agreement

was observed between the FEM-predicted and experimental values
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reported in the literature. A key observation was that the restraint
created by the skin can produce stresses, in a cellular body with turgor
pressure.

Mechanical damage to fruits and vegetables usually occurs during
harvesting, handling, and processing. During these operations, the fresh
produce is likely to experience point (contact) loading, which thereby
induces a significant amount of damage. On the basis of the observation
that fruits behave like viscoelastic bodies, Rumsey and Fridley (1977)
modeled the fruit response by using the finite-element method. A two-
dimensional FEM formulation for elastic and viscoelastic bodies was
obtained following Herrmann’s (1973) work. The results were based on
an axisymmetric formulation by using quadrilateral elements. Quadrila-
teral elements made up of four constant-strain triangles were used. The
FEM was verified by comparing it against analytical solutions. Validation
of the FEM by using experimental data was not reported by the authors.
The key finding of this study was that the finite-element predictions were
significantly different as compared with the elastic formulation during
impact when drop heights exceeded 30 cm and/or the material proper-
ties changed.

Damage to plant and animal tissues and to fruits and vegetables is
usually initiated at the cellular level. Recognizing the importance of such
a study, Cooke et al. (1976, 1977) modeled the response of elliptical
(torus-shaped) guard cells found in beans. They used a finite-element
program developed by Mang ez al. (1976). On the basis of the hypothesis
that linear-bending theory for thin orthotropic shells can be applied to
analyze the guard-cell response, higher-order seven-node (one node at
the centroid) triangular elements were used to model the displacement of
guard cells under pressure. Since experimental data at the cellular level
were not available for model validation, the authors performed analysis
of FEM-predicted values to arrive at some significant findings. The key
ones were: (i) the FEM qualitatively modeled the response of guard cells
as published in the literature, (ii) guard-cell geometry is important in
stomatal behavior, and (iii) the pore width may be expressed as a multi-
linear function of guard-cell pressure and adjacent epidermal cells.

Chen et al. (1984) modified the static-viscoelastic-analysis program
for two-dimensional solids developed by Herrmann (1973) and used by
Rumsey and Fridley (1977). The modification included the inertial
effects during impact. The finite-element model was verified by compar-
ing the results with an analytical solution. The FEM results were in good
agreement with the theoretical values. The authors used linear quadri-
lateral elements to model stresses in viscoelastic fruits successfully.
Model validation with experimental data was not done by them. The
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FEM results indicated that maximum stress during impact occurs just
before the maximum deformation.

Cardenas-Weber et al. (1989, 1991) used ANSYS version 4.4 to
estimate stresses during the mechanical handling of melons by robots.
They used an axisymmetric, three-dimensional formulation with quadra-
tic elements in their analysis. The model was validated by comparing the
FEM-predicted and measured values; the FEM values were within 10%
of measured values obtained by using a universal testing machine. The
robot-gripper design was also optimized by minimizing the weight of the
gripper (Edan et al., 1989). It was found that bruising of melons was
unlikely owing to the loads induced by the grippers. Elasticity equations
were used in the finite-element analysis.

OTHER POTENTIAL USES OF FEM

Current uses of FEM in food-processing have been restricted to the
evaluation of temperatures and moisture movement during heating/
cooling/drying of food products. Studies have also been reported in the
area of mechanical damage during handling of products and stress
cracks during the drying of grains. A limited number of studies exist on
the prediction of temperatures during the freezing and thawing of foods.

The use of FEM to describe thermal processing has been demon-
strated by the limited number of studies done to date (Naveh, 1982;
Sastry et al., 1985; McCarthy & Merson, 1989). The numerically calcu-
lated temperature values can be used to estimate changes in quality para-
meters such as nutrient retention and microbial destruction in food
products during thermal processing. This information can be used to
optimize the thermal process with respect to food quality.

The FEM also has the potential to describe fluid flow and heat trans-
fer during aseptic processing of particulate foods. With particulate food
materials, it is essential to describe the accumulation of lethality during
aseptic processing, especially within the holding-tube section. Sastry
(1986) used this technique to determine the temperature distribution
within a food particulate. The FEM can also be used, with some approxi-
mations, to describe the two-phase flow within this system and the heat
transfer to particulates. Such an analysis will be useful in determining the
effect of various operating parameters on the accumulated lethality
during the aseptic processing.

Microwave heating of non-homogeneous foods of irregular shapes is
another area that can be addressed efficiently by using the FEM. Simul-
taneous heat and mass transfer occurring in irregular-shaped foods can
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be analyzed during microwave heating by using the finite-element formu-
lation. Foods of any geometry can be studied along with varying physical
and dielectric properties. The FEM can describe changes in the physical
and dielectric properties as a function of temperature and moisture
content during heat. The effect of non-uniform microwave-field distribu-
tion on the surface of a food product, resulting in spatially dependent
boundary conditions, can also be investigated by using this numerical
method. The temperature information can then be utilized to analyze
microbial destruction and nutrient degradation during microwave heat-
ing. The FEM can also be used to simulate heat and mass transfer during
drying and to optimize the process with respect to product quality.

In the area of freezing and thawing, the scope of FEM can be
expanded to optimize the process with respect to energy cost and quality
of the food product. Novel approaches to the thawing of foods, such as
with the use of microwave heating, can be evaluated by using this nume-
rical technique. A simulation model can be effectively used to evaluate
the feasibility of using such techniques for thawing different food pro-
ducts and their impact on product quality and safety.

Most food products exhibit complex rheological properties during
processing. Many food products are non-Newtonian and their properties
vary with processing conditions. The FEM can be used to describe the
flow of such complex food materials through changing geometries and
directions such as expansion, contractions, bends, and elbows. This can
lead to more efficient design of fluid-flow and handling systems in a
food-processing plant.

Food extrusion is another area where the FEM can be effectively
implemented to simulate the extrusion process mathematically. This
method can be implemented to solve the flow and heat-transfer equation
within the barrel of the extruder. There are several models available to
describe the rhelogical behavior of the food doughs used in extrusion
(Clark, 1978). The analysis can be used to predict the product-flow rate
and the temperature distribution and related changes in product quality
during extrusion. This technique can be adapted to evaluate various
geometries and types of screws and dies used in extruders and be used to
determine the optimum operating conditions for desired product quality.
The finite-element method can also be effectively used to model con-
tinuous systems, such as tubular heat exchangers. With the time-depen-
dent simulation results, process optimization and in-line quality control
are feasible.

Food-processing applications involving thermo-mechanical and
thermo-hydro-mechanical interactions are efficiently modeled by using
the finite-element method. Some applications include cracking of egg
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shells under rapid cooling or heating and moisture adsorption by hygro-
scopic food products. The insights gained from the FEM can be used to
improve packaging and to optimize handling and processing units. FEM
is also useful where experimental work is either prohibitively expensive
(e.g. development of pilot plant or product test line) or difficult to per-
form (e.g. short duration and very high-temperature conditions).

In other areas of food-processing that involve not only heat and
moisture transfer but chemical reactions as well, for example, baking, the
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availability of commercial software, its ever-increasing user-frlendlmess,
and its continuously expanding scope to varied engineering applications
make this software potential candidates for possible consideration and
adaptation to food-processing apphcatlons The economic benefits to
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method as a research and development tool, when realized, will be
staggering.
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