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Abstract

A numeric model was developed to couple electromagnetic (EM) and thermal field calculations in packaged foods moving in pres-
surized 915 MHz microwave (MW) cavities with circulating water at above 120 �C. This model employed a commercial EM package
with a customized heat transfer sub-model to solve EM field and thermal field equations. Both methods applied finite-difference time-
domain (FDTD) method. An interface was built to facilitate the communication between electromagnetic and thermal models to incor-
porate the coupling feature which is unique to microwave heating process. Special numerical strategies were implemented to simulate the
movement of food packages. The simulation model was validated with a pilot-scale microwave system using direct temperature measure-
ment data and indirect color patterns in whey protein gels via formation of the thermally induced chemical marker M-2. Good agree-
ments were observed. Four cases were studied to investigate the influence of power input and package gaps on heating uniformity. These
applications demonstrated the flexibility of the model to allow its usage for system and process optimization.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Electromagnetic (EM) energy at microwave (MW) fre-
quencies is increasingly being used in industrial applica-
tions to increase heating rates and reduce process times
as alternatives to conventional heating methods (Ohlsson,
1987, 1992). One of the major challenges in developing
novel thermal processing technologies based on MW
energy is non-uniform electromagnetic field distribution
(Ohlsson, 1990; Ryynanen and Ohlsson, 1996). Inside a
microwave cavity where microwave heating takes place,
localized hot and cold spots occur due to uneven electrical
field distributions. Since the process time is short, these hot
and cold spots may cause severe non-uniform heating that
adversely influences product quality (Ma et al., 1995; Osep-
chuck, 1984).
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Computer simulation based on fundamental electro-
magnetic wave and heat transfer equations can assist
the design of microwave applicators and selection of
appropriate process parameters to alleviate non-uniform
heating. The electric permittivity of food materials typi-
cally changes with temperature (Guan et al., 2004) at
microwave frequencies, in particular at 915 MHz, a fre-
quency allocated by FCC for high power microwave heat-
ing systems. As a result, food temperature influences
microwave field distribution. Microwave heating also
influences heat transfer, not only because of the generated
thermal energy but also the temperature dependency of
thermal properties (Zhang and Datta, 2000). That is, elec-
tromagnetic wave patterns are significantly influenced by
temperature of foods, and vise versa. It is therefore criti-
cal to solve coupled electromagnetic field and heat trans-
fer equations for a three-dimensional transient MW
heating process in a practical industrial system, especially
when packaged food moves.
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Nomenclature

A boundary surface area
B magnetic flux density
C contour path
D electrical flux density
E electrical field intensity (V/m)
H magnetic field intensity (A/m)
Ji source current density (A/m2)
Jc conduction current density (A/m2)
K(T) thermal conductivity at temperature T (W/m K)
Qe electrical charge surrounded by a surface S
S surface for computation domain
T temperature (�C)
Ts circulating water temperature (�C)
l dielectric permeability

e dielectric permittivity
cp(T) specific heat at temperature T (J/kg K)
q(T) mass density at temperature T (kg/m3)
qv(T) volumetric specific heat at temperature T (J/

m3 K)
h heat transfer coefficient (W/m2 K)
q thermal energy provided by circulating water on

the boundary (W)
_q dissipated power density provided by heating

source (W/m3)
Dxi cell size in x-direction (m)
Dyj cell size in y-direction (m)
Dzk cell size in z-direction (m)
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The literature contains numerous reports on analytical
models to describe electromagnetic fields inside domestic
microwave ovens (Paoloni, 1989; Watanabe and Ohkawa,
1978; Webb et al., 1983; Shou-Zheng and Han-Kui,
1988). But only electromagnetic field distributions were
considered in these studies. While Smyth (1990), Barratt
and Simons (1992) considered one- and two-dimensional
temperature dependent microwave heating processes,
detailed treatment of three-dimensional coupled electro-
magnetic field and heat transfer equations has not been
explored until recently. However, even these studies are
limited to domestic ovens (Smyth, 1990; Zhang and Datta,
2000) or stationary cases (Bows et al., 1997; Burfoot et al.,
1996; Clemens and Saltiel, 1995; Harms et al., 1996; Zhang
and Datta, 2000).

Many numeric techniques can be used to solve Maxwell
and heat transfer equations. Those techniques include the
finite-difference time-domain (FDTD) method (Ma et al.,
1995; Torres and Jecko, 1997; Pathak et al., 2003), finite
element method (FEM) (Dibben and Metaxas, 1994; Webb
et al., 1983) and transmission line method (TLM) (Leo
et al., 1991). Of these, the FDTD method is the most pop-
ular for the coupled electromagnetic and thermal processes
because it uses less computer memory and simulation time.
However, for complex geometry, the FEM is often pre-
ferred; though it involves lengthy computation to inverse
matrixes the size of which increases sharply with the num-
ber of elements needed to ensure accuracy (Speigel, 1984;
Zhang and Datta, 2000).

The traditional FDTD method that uses staircase grids
can not handle complex geometries and boundaries. The
newly developed conformal FDTD algorithm overcomes
this drawback by solving the integral form of Maxwell’s
equations. This algorithm creates finite boundary grids
that conform to geometric surfaces to accurately match
detailed irregularities, while retaining the simplicity of
the regular grids used in the conventional FDTD algo-
rithm for the other parts of the three-dimensional
domain. A detailed description of the conformal FDTD
algorithm is provided in numerous literatures (Harms
et al., 1992; Holland, 1993; Madsen and Ziolkowski,
1988). Holland (1993) discussed the disadvantages of the
classic staircase FDTD algorithm that significantly hin-
dered its practical applications. Harms et al. (1992), Mad-
sen and Ziolkowski (1988) used the conformal algorithm
to accurately model the irregularities without excessive
memory overhead.

In industrial microwave heating operations, food pack-
ages are transported on conveyor belts to achieve desired
throughputs and improve heating uniformity along the
moving direction. However, no numeric model has been
reported in the literature to deal with load movement for
industrial microwave applications. The current study
extends the coupled model described by Chen et al.
(2007) that used conformal FDTD algorithms for electro-
magnetic field simulation and conventional FDTD method
for thermal field to simulate microwave heating of moving
food packages in continuous industrial microwave steriliza-
tion and pasteurization processes.

2. Problem statement

The industrial system we attempted to model in this
study was a single-mode 915 MHz MW sterilization system
developed at Washington State University (Tang et al.,
2006). A simplified version of this system is described in
details by Chen et al. (2007). In brief, the system consisted
of four sections: two MW heating sections in the center,
and a loading section and a holding section on each end
(Fig. 1). MW energy was provided by two 5 kW generators
operating at 915 MHz, each connected by standard wave-
guides WR975 (Fig. 2) that supported only TE10 mode to
a T-split (not shown in Fig. 1). Fig. 3a and b shows a
close-up front and top view, respectively, of the MW heat-
ing section, which consisted of a rectangular cavity with
one horn shaped applicator on the top and an identical



Fig. 1. Continuous microwave heating system (front view).
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Fig. 2. Geometrical configuration of single-mode waveguide with dom-
inant mode TE10.

Fig. 3. Schematic view of one microwave sect
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applicator on the bottom. The loading and holding sections
were also rectangular cavities. Microwaves of equal inten-
sity after the split were directed to the entry ports of the
top and bottom horn applicators of each cavity. The length
of the waveguides could be adjusted to regulate phase dif-
ference between the two waves entering the top and bottom
applicators, which affected the EM field distribution inside
the MW cavity and the food being heated. It was therefore
possible to improve the heating uniformity by properly
adjusting the phase shift between the two waves to achieve
the desired field distribution in each cavity (Balanis, 1989;
Jurgens et al., 1992). For simplicity, the model described
here was limited to zero phase shift between the entry ports
ion: front view (left) and top view (right).
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of the top and bottom horn applicators for both cavities,
though the model could be extended to general case with
arbitrary phase differences. To achieve zero phase shifts,
two pieces of waveguides with quarter wavelength each were
added to one path after the T-split so that the interacting
waves had the same phase in the central plane of the cavity.

The pilot system included both circulating hot water to
provide heating from outside food packages and MW
sources for volumetric heating, which significantly
improved heating uniformity and reduced processing time.
The temperature of the circulation water in the cavity was
set at 125 �C, and the food temperature at cold spots
reached over 121 �C to ensure that low-acid foods
(pH > 4.5) were properly processed as shelf-stable prod-
ucts. The depth of the water was the same as the depth
of microwave cavity. An overpressure of 276 kPa was pro-
vided through a buffer tank to prevent water from boiling
at 125 �C and prevent packages from bursting due to inter-
nal vapor pressure. At the base of the top and bottom horn
shaped waveguides, two MW-transparent windows were
secured to keep pressurized hot water from entering the
waveguides. During continuous thermal processing, pack-
aged food was moved from the loading section through
the two MW heating sections to the holding section.

3. Fundamentals for numerical modelling

3.1. Governing equations for EM field

The EM fields were calculated using the conformal
FDTD algorithm based on the integral form of Maxwell’s
equations (Balanis, 1989; Jurgens et al., 1992):I

c

~E � ~dl ¼ � o

ot

Z Z
s

~B � ~ds ð1Þ
I

c

~H � ~dl ¼ o

ot

Z Z
s

~D � ~dsþ
Z Z

s
ð~ji þ~jcÞ � ~ds ð2Þ

ts
~D � ~ds ¼ Qe ð3Þ

ts
~B � ~ds ¼ 0 ð4Þ

where ~E is the electric field, ~H is the magnetic field, ~D ¼ e~E
is the electric flux density, ~B ¼ l~H is the magnetic flux den-
sity. Qe is the electric charge surrounded by surface S. l
and e are the permeability and permittivity, respectively.
The permeability l is assumed equal to free space value
l0. The dielectric permittivity e ¼ e0er ¼ e0ðe0r � je00r Þ. C is
a contour path surrounding the surface S. Ji and Jc are
source current density and conduction current density,
respectively.

The Maxwell’s equations in the integral form were
solved by a commercial electromagnetic solver Quick-
Wave-3D (QW3D, Warsaw, Poland) using the conformal
FDTD algorithm (Gwarek et al., 1999; Taflove, 1998).
The advantage of the conformal FDTD algorithm over
conventional FDTD has been discussed in detail by Taf-
love (1998).
3.2. Governing equations for heat transfer

Since the MW heating process considered in this study
included heating from MW energy and circulating hot
water, the EM fields were coupled with heat transfer equa-
tions to take into consideration the temperature dependent
dielectric properties. For the thermal field calculations,
heat conduction was assumed to take place inside the food
package while convective boundary conditions were
applied to the food surface to take into account the effect
of the circulating water in the system. The heat transfer
equation and its boundary condition are as followings
(Incropera and DeWitt, 2001):

oT
ot
¼ 1

qvðT Þ
rðKðT Þ � rT Þ þ _q

qvðT Þ
ð5Þ

q ¼ hAðT s � T Þ ð6Þ
where K(T) is thermal conductivity, qv(T) = q(T)cp(T) is
volumetric specific heat, q(T) is mass density, cp(T) is spe-
cific heat, q is thermal energy provided by circulating water
on the boundary, h is heat transfer coefficient of 220
W/m2 K, A is the boundary surface area and Ts is circulat-
ing water temperature. _q is derived from the root mean
square value of electrical field:

_qðr; T Þ ¼ 2pe0f e00r ðT Þ
R

V ð~E �~EÞdV
2V

" #
ð7Þ

To be consistent with the EM model and in order to sim-
plify the mathematical computation, the heat transfer
equation was solved numerically using the FDTD method.
We only considered semi-solid or solid foods in which heat
conduction was the dominant heat transfer mode. The heat
conduction equation (5) was differentiated as

T nþ1ði; j;kÞ
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!
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where Dxi, Dyi, Dzk cell sizes are in x-, y-, z-direction,
respectively. qv ¼ qcp at ¼ KDt

qv
. Here, qv and at are func-

tions of Tn(i, j,k). We drop subscription for better presenta-
tion. hx, hy, hz are defined as the mean value of adjacent cell
sizes in the x-direction, y-direction and z-direction,
respectively:

hxi ¼ ðDxi þ Dxi�1Þ=2; hyj
¼ ðDyj þ Dyj�1Þ=2;

hzk ¼ ðDzk þ Dzk�1Þ=2 ð9Þ

The temperature responses at food surface nodes served
as the interface between conduction heat (interior nodes)
and convection heat (circulation water). Therefore, the
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finite difference form for the heat transfer equation was
slightly modified on the surface nodes by replacing the con-
duction term in Eq. (8) with corresponding convective
term. For example, for the nodes on the top surface of food
package (parallel with x–y plane), the difference form in
Eq. (8) for the boundary condition was modified by using
q ¼ h � Dxi � Dyj � ½T s � T nði; j; kÞ� to replace the conduc-
tion term ½T nði; j; k þ 1Þ � T nði; j; kÞ� � KðT Þ � Dzk.

3.3. Numerical mode for simulating moving package

In MW heating process with moving packages, food
packages enter the heating chamber in sequence. However,
conducting computer simulation for all moving food pack-
ages in the microwave cavities would have involved dynam-
ically allocating and re-allocating a large amount of
memory several times during each simulation process and
transferring computation information back and forth
between internal memory and external disk storage. In
addition, since the focus of this study was on the heat dis-
tribution inside a representative moving food package, the
simulation model solved the coupled equations at the grids
inside the selected food package, while only EM field pat-
terns were calculated for domains outside of this food
package boundary.

The EM field patterns were assumed not to influence the
temperature distribution of circulating water because of the
large flow rate (�130 L/min). The simulation model traced
the temperature profile of the single food package at
equally spaced positions as it traveled through the heating
cavities. The temperature distribution calculated for the
package at one position served as the initial condition for
its next position.

The simulation considered two different stages: (1) food
package heated by circulating water in the loading section;
and (2) simultaneous MW and surface water heating when
food packages moved through the two MW heating sec-
tions. At the first stage, only heat transfer equations were
used to calculate the temperature distribution, as a result
of surface hot water heating, this temperature distribution
was then used as the initial condition for the second stage
to calculate the temperature response from the combined
hot water and MW heating.

The MW power density in the packages at a particular
position was calculated from Maxwell’s equations using
temperature-dependent dielectric properties. Since the
EM process is much faster than the thermal process, its
steady state was established before the thermal reaction
took place and the field intensity within the food package
was assumed constant until the package was moved to its
subsequent position. Temperature response was then calcu-
lated by the heat transfer sub-model with constant power
density at each node for each time increment between the
two positions. At the next position, the temperature-depen-
dent dielectric properties and thermal properties were
recalculated based on the temperature of each element in
the food package in consideration. When the food package
traveled from one MW chamber to the other, the geometry
and mesh layout generated in QW3D for the EM computa-
tion were modified automatically to adapt to the different
system configuration. During simulation, the generated
mesh information used for EM calculation was kept in
an external file readily accessible by the thermal model,
so that the mesh grids used for numeric solutions of the
Maxwell’s equations and thermal equations were consis-
tent, thus dramatically reducing the complexity of mathe-
matical manipulations. Temperature dependent dielectric
and thermal properties of the food used in the experiment
were updated in the simulation package by using interpola-
tion techniques from the properties measured at distinct
temperatures. This coupled calculation loop continued
until the required heating time was reached. Fig. 4a pre-
sents the simulation scheme for the coupled model. The
node transformation procedure in Fig. 4b was used to
exchange the data between the computational nodes for
thermal energy generation due to MW heating and compu-
tational nodes for EM field updates due to thermal effects.

3.4. Node transformation

The simulation model consisted of two node transfor-
mation blocks necessary to facilitate the communication
between the QW3D and customized heat transfer model
(Kopyt and Celuch-Marcysiak, 2003). The temperature
nodes were defined on grid lines while the nodes for EM
energy generation from microwaves (used in QW3D to cal-
culate the power distribution) were located in the center of
each FDTD cell. This layout avoided the numerical insta-
bility of the heat transfer model, which might occur other-
wise. The node transformation included two steps in
sequence. The first step was to re-distribute the calculated
EM energy from the center node to the temperature nodes
at the corners of the FDTD cell. For each temperature
node, the contributions of EM energy from its adjacent
cells were added to compute temperature increase using
the heat transfer model. The second step was to calculate
the temperature associated with the EM nodes used in
QW3D for the next EM field computation. For each single
cell, only temperature nodes at the corners were assumed to
contribute to the dielectric change. The following two
equations show the mathematic manipulations for the first
and second steps, respectively:

qrði;j;kÞ¼ ½qði;j;kÞDxiDyjDzkþqði�1;j;kÞDxi�1DyjDzk

þqði;j;�1;kÞDxiDyj�1Dzkþqði�1;j�1;kÞDxi�1Dyj�1Dzk�1

þqði;j;k�1ÞDxiDyjDzk�1þqði�1;j�1;k�1ÞDxi�1Dyj�1Dzk�1

þqði;j�1;k�1ÞDxiDyj�1Dzk�1þqði�1;j�1;k�1Þ

�Dxi�1Dyj�1Dzk�1�=ð8hxi hyj
hzk Þ ð10Þ

T qði;j;kÞ¼ ½T ði;j;kÞþT ði�1;j;kÞþT ði;j�1;kÞþT ði�1;j�1;kÞ
þT ði;j;k�1ÞþT ði�1;j;k�1ÞþT ði;j�1;k�1Þ
þT ði�1;j�1;k�1Þ�=8 ð11Þ

where qT (i, j,k) is the dissipated power associated with the
temperature node T (i, j,k). Eq. (10) was used for the first



Fig. 4. Coupled model for microwave heating: (a) numeric schema and (b) communication flowchart.

Table 1
Dielectric properties of whey protein gel

Temperature
(�C)

Dielectric constant
e0r ¼ e0=e0

Dielectric loss
e00r ¼ e00=e0

20 58.50 24.25
40 57.55 30.25
60 56.36 36.79
80 54.36 45.21

100 52.81 53.89
121 51.14 63.38

Table 2
Thermal properties of whey protein gel

Temperature
(�C)

Volumetric specific heat, qcp

(MJ/m3 K)
Thermal conductivity,
K (W/mK)

0 3.839 0.513
20 3.973 0.537
35 3.901 0.550
50 3.814 0.561
65 3.883 0.578
80 3.766 0.588
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step and could be applied to nodes on the boundary or in-
side food package. For the terms where the index number
(i, j,k) exceeded the specified computation domain, they
were simply replaced by zero. Eq. (11) was used for the sec-
ond step, where Tq (i, j,k) is the temperature at cell (i, j,k)
associated with dissipated power node. The complete algo-
rithm is presented in the following diagram Fig. 4b.

4. Experimental methods

4.1. Temperature history and heating pattern determination

The Pilot-scale MW system shown in Fig. 1 was used to
validate the model. During the experiment, one optic sen-
sor that traveled with the food packages was placed at
the cold spot predetermined by a chemical marker method
(Pandit et al., 2007a,b). This method measured color
changes in response to formation of a chemical compound
(M-2) due to a Millard reaction between the amino acids of
proteins and a reducing sugar, ribose. The color response
depended on the heat intensity at temperatures beyond
100 �C and, therefore, served as an indicator of tempera-
ture distribution after MW heating. Detailed information
about the kinetics of M-2 formation with temperature
can be found elsewhere (Lau et al., 2003; Pandit et al.,
2006). After MW processing, the heating patterns inside
the whey protein gels were obtained with computer vision
software IMAQ (National instrument, TX, USA) using a
computer vision method described in Pandit et al. (2007b).

4.2. Processing of model food

To minimize the experimental error, it was desirable to
use a model food that could be made with consistent dielec-
tric and thermal properties. Its shape also needed to be eas-
ily maintained during the heating process so that the fiber
optic sensor could be secured to a fixed position in the
food. For these reasons, preformed whey protein gels
(78% water, 20% protein, 1.7% salt, 0.3% D-ribose) sealed
in a 7 oz polymeric tray (140 mm � 95 mm � 16 mm) were
selected as a model food in our experiment. The gels were
made by mixing 78% water, 20% protein, 1.7% salt, and
0.3% D-ribose; the mixtures were heated in a container in
a water bath at 80 �C for about 30 min until solidification;
the gels were then stored in refrigerator at 4 �C over night.
The dielectric properties of the whey protein gels at the dif-
ferent temperatures shown in Table 1 were measured by an
HP8491B network analyzer (Hewlett–Packard Company,
CA, USA) using an open coaxial cable. The double needle
method (Campbell et al., 1991) was used to measure the
thermal properties (Table 2) with a KD2 device (Decagon,
WA, USA). Since the hot water was pumped into the cavity
at 40 L/min, its temperature was assumed uniform at the
temperature of 121 �C during the whole process. The
dielectric properties of the hot water were measured also
using an HP8491B network analyzer. For the sterilization
purpose, food temperature needs to reach 121 �C (Guan
et al., 2004).



Fig. 5. Top view of middle layer of whey protein gel inside a 7 oz tray with
fiber optic sensor at cold spot.
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Prior to the experiment, the packaged whey gel slab
(95 mm � 140 mm � 16 mm) was stored in a refrigerator
at 9 �C overnight. Fig. 5 shows the location of the cold spot
where a pre-calibrated fiber optic sensor [FOT-L, FISO,
Québec, CANADA] was inserted carefully with proper seal
at the tray wall entry port to prevent water leakage.

For MW processing, the tray with the probe was placed
in the middle of five other trays without probes on a con-
veyor belt in the loading section. The pressure door was
closed, and hot water at 125 �C at 276 kPa gauge pressure
was introduced in the opposite direction to that of the tray
movement (from the holding section to the loading sec-
tion). When the temperature at the cold spot in the trays
reached 60 �C, they started moving in the preheating sec-
tion and through two microwave heating sections at a pre-
determined belt speed (0.3 in./s) so that the temperature at
the cold spot could reach a minimum of 121 �C. When the
last of the six trays moved outside of the two MW heating
section, microwave power was turned off, and 12 �C tap
water was pumped into the cavities to replace the hot water
and cool the food packages.

To focus more on the effect of microwave energy on the
heating performance, the middle layer of the gel sample
was selected to reveal the heating pattern using chemical
marker with computer imaging system because the middle
layer was heated the least by circulation hot water as com-
pared to other parts in the tray. The color image at the
middle layer of the whey protein gel was taken with its
intensity correlated with heating intensity. The heating pat-
tern was then obtained by using IMAQ.
5. Model verification and discussion

5.1. Computer model implementation

In simulating a MW heating process for moving pack-
ages, only one food tray was chosen to model coupled
EM and heat transfer to reduce computer memory usage.
In the simulated system, six trays shown in Fig. 3 were con-
sidered to represent six different snapshots at different time
steps for one tray. For each different step, the dissipated
power distribution inside the food package was put into
the heat transfer model to calculate the heat distribution.
The time step was determined from the tray moving speed
and spatial distance between adjacent snapshots, i.e., the
distance between the centers of two neighboring trays.

A sine wave at frequency of 915 MHz was used as the
excitation and its amplitude was the square root of input
power (2.7 kW in this study). The rectangular waveguide
shown in Fig. 2 was configured to support the propagating
wave with TE10 mode. The MW sections had open ends on
right and left sides, which then required the numeric model
to terminate with proper absorbing boundary conditions
(ABC). However, Chen et al. (2007) concluded that both
perfect electrical conductor (PEC) and ABC leaded to sim-
ilar simulation results with the maximum error less than
5%. It was argued that the PEC boundary condition was
more suitable for simulating this system because it involved
less mathematical manipulation. Therefore, instead of
ABC, two PEC metals were imposed on the left and right
ends of MW cavity to reduce the complexity of system
modification for moving food package.

5.2. Validation results

A detailed convergence study for simulating a MW ster-
ilization system with stationary packages was reported as
well as the validation of a heat transfer model by Chen
et al. (2007). To verify that the model correctly simulates
a MW heating process involving moving packages, the sim-
ulated heating pattern and temperature profile were com-
pared with experimental results. The temperature profiles
measured with a fiber optical sensor in two identical exper-
iments are presented in Fig. 6, along with the simulated
result. Both experiment and simulated results show the
temperature change with time along the moving direction.
In the preheating section without microwaves, food pack-
age with initial temperature of 9 �C was heated by hot
water at 125 �C. Because of the large gradient of tempera-
ture between food package and hot water, product temper-
ature increases rapidly. The temperature difference between
product and surrounding water, however, decreases as the
temperature of food package goes up, resulting in lower
heating rate especially at the cold spot. The heating
rate at the cold spot becomes infinite small when the
temperature approaches to 121 �C. The microwave
heating was used in our system to sustain continued
temperature increase beyond the initial heating after the



Fig. 6. Comparison of simulation results for temperature evolution at cold spot with experiment results from two identical experimental runs.
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driving potential due to conventional heat transfer
becomes small. The heating rate decreased when food
moves out from the microwave heating cavity (1) (Fig. 1)
and increases again after food enters into the microwave
heating cavity (2). Fig. 7a and b compares the heating pat-
terns from the experiment and simulation, respectively.
Fig. 7a shows the temperature distribution calculated from
the simulation, while Fig. 7b shows the color of the mea-
sured heating pattern reflected by chemical marker M-2
using the computer vision method, which indicated the
heat intensity inside food packages after microwave heat-
Fig. 7. Final snapshot of temperature distribution from simulation (a)
and accumulated heating pattern reflected by color image from chemical
marker (b) at the middle layer of whey protein gel (top view) after 3.2 min
MW heating time.
ing process. The two are similar, indicating the locations
of hot and cold spot were accurately predicted by the
numeric model.

5.3. Discussion

The simulated temperature profile in Fig. 6 clearly
shows that the food package was traveling from the pre-
heating zone at product of 9 �C to the unloading zone at
product of 121 �C (Fig. 1) during the heating process. It
generally agrees with the measurements from two dupli-
cated experiments. The measurements were not perfectly
matched because it is impossible to conduct two experi-
ments that are exactly same. In addition, the fiber optical
sensor could not be placed at the exact location as specified
in the simulation. For example, if the fiber optical sensor
happened to be placed closer to the hot area, the measured
temperature profile would be like the higher curve com-
pared to that of the simulated one in Fig. 6. Similarly, if
location of fiber optical sensor was closer to the physical
cold spot than that specified in the simulation, the mea-
sured temperature profile should correspond to the lower
curve presented in Fig. 6.

Usually, for MW sterilization and pasteurization appli-
cations, the final temperature of foods after a heating pro-
cess at a cold spot is more important than the intermediate
temperatures during the process. The final temperatures
from three curves in Fig. 6 have discrepancies less than
1 �C. Fig. 7 shows that the temperature distribution from
simulation and the heating patterns obtained from the
experiment are similar; especially the locations of hot and
cold spots were correctly predicted by the numerical model.
The main reason for the disagreement between simulated



Table 3
Case study of heating uniformity

P1 (kW) P2 (kW) L (in.)

Case 1 2.7 2.7 1.25
Case 2 5.0 2.0 1.25
Case 3 2.7 2.7 2.5
Case 4 5.0 2.0 2.5

Fig. 9. Temperature distribution (�C) at the middle lay

Fig. 8. Arrangement of simulation for
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and measured patterns was that the obtained simulation
image was a final snapshot of temperature distribution
for the moving package while the measured heating pattern
was an accumulated result reflected by a color image from
a chemical marker. Another reason was that the water floa-
tation made it impossible in reality to control the middle
layer of the gel during heating process, especially when
er from top, front and side view for different cases.

moving packages at several cases.



Fig. 10. Heating uniformity at the middle layer of whey protein gel.
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package was moving. Instead, during simulation, the gel
was assumed to stay in the middle of the cavity in the
z-direction all the time. While the whole temperature distri-
butions were compared in Fig. 7, the simulated and mea-
sured temperature profile at the cold spot was presented
in Fig. 6, which is critical to our application. In addition,
because of the complexity of the problem, the developed
numeric model was more employed to be an indicator of
the heating pattern after process that roughly located the
critical points to minimize the experiment efforts.

6. Model applications

One important criterion for heating performance after
MW sterilization process is heating uniformity, which, in
this study, was defined as the difference between the
hot spot and cold spots, i.e., DT2 = (Tmax � Tmin)2. The
subscript 2 means the heating uniformity is calculated with
respect to a two-dimensional plane since the focus was on
the heat distribution in the middle layer of food packages.
Obviously, a smaller DT2 indicates better heating
uniformity.

Four different cases summarized in Table 3 were used to
illustrate the effectiveness of the validated simulation model
in assisting the design of operation parameters to improve
heating uniformity. P1 and P2 are input powers for the first
and second MW sections, respectively. L is the distance
between neighboring packages. In those cases, the input
powers for the two cavities and the distance between the
two neighboring food trays were deliberately changed to
explore their effects on heating uniformity.

Fig. 8 shows the top view of two MW sections for the
simulated moving food packages. The preheating and hold-
ing sections are presented in Fig. 1. Temperature profiles
and distributions for each case were obtained using the
FDTD model developed in this paper. These results are
presented in Fig. 9a–d. The heating uniformity for each
case was calculated based on the temperature difference
between the hot and cold spots in the middle layer (xy-
plane), as shown in Fig. 10.

The distance between the neighboring packages was
kept the same in both Case 1 and 2, while the input power
was changed for both MW cavities. In particular, the input
power of the first microwave cavity was increased by
2.3 kW, and the input power of the second MW cavity
was reduced by 0.7 kW. The heating uniformity was found
to worsen by 30% from Case 1 to Case 2. The distance
between the neighboring packages in Cases 3 and 4 was
doubled from that used in Cases 1 and 2, and the effect
of two different sets of input powers was investigated.
From Fig. 10, the heating uniformities obtained in Case 3
and Case 4 were significantly improved as compared to
those from Case 1 and Case 2. For example, when doubling
the distance between two adjacent packages from Case 2 to
Case 3, the temperature difference was changed from
13.6 �C to 7.7 �C, leading to heating uniformity improved
by 43.4%. In addition, it was concluded that the closer
the neighboring packages, the more sensitive the heating
uniformity to the input power specified on cavities.

7. Conclusions

A model was developed to simulate MW sterilization
processes for moving food packages in a 915 MHz pilot
scale system by coupling EM and thermal phenomena.
This model relied on the conformal FDTD technique to
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solve the EM equations and a user-defined FDTD model
for thermal field. By explicitly solving the coupled partial
differential equations, the FDTD models intrinsically
maintained the field continuity along the boundary
between different media, and used a leap frog strategy to
simulate MW heating in a representative moving package,
which significantly reduced the computational complexity
and simulation time. Direct temperature measurements
and the patterns of color changes based on chemical mar-
ker M-2 formation in the whey protein gel were used to val-
idate the simulation model. The validated model was used
for four different cases to demonstrate its applications to
improve heating uniformity by properly setting appropri-
ate operational parameters such as input powers or gaps
between moving packages.

Though only homogeneous food packages were consid-
ered in validating the model, the model can be easily
extended for inhomogeneous food packages due to the
explicit nature of FDTD method. In addition, the simula-
tion results for homogeneous packages provided useful
reference for studying the heating patterns for inhomoge-
neous food because of the single-mode system. For
instance, the calculated temperature distributions showed
which area had significant microwave energy focused and
which area did not. Based on this information, inside an
inhomogeneous food package, the dielectric properties
could be deliberately altered so as to redirect surplus micro-
wave to the area with less initial energy, which resulted in
more uniform heating.
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