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a b s t r a c t

Microwave heating holds potential to improve food quality of low acid shelf-stable or chilled meals as
compared to conventional thermal processes. Several thermal processes based on pilot-scale 915 MHz
single-mode microwave assisted thermal sterilization (MATS) systems have received acceptances from
regulatory agencies in USA. In this study a comprehensive computer simulation model was developed to
study microwave distributions within waveguides and applicators of the MATS system. A three-
dimensional model was developed based on Maxwell equations using the finite difference time-
domain method. It was validated and then used to analyze electric field distribution in different parts
of the MATS waveguide configuration and in a microwave heating cavity. Simulation results indicated
that the TE10 mode was consistent within the waveguide elements. The dominant electric field
component within the microwave heating cavity controlled the heating pattern in the food packages.
Adjusting the dimension of the cavity in the dominant direction should help improve heating uniformity.
Food packages immerged in water reduced the edge heating of packaged foods. Adjusting the phase of
standing wave within the microwave heating cavity can improve the heating uniformity in the direction
of the thickness. The information from this study should assist design of industrial systems with
improved heating uniformity in food packages.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

A 915 MHz single model microwave assisted thermal steriliza-
tion (MATS) systemwas developed at Washington State University,
Pullman, WA, USA, to explore industrial applications of microwave
volumetric heating in thermal processing of pre-packaged foods
(Tang et al., 2006, 2008). It was also used for developing knowl-
edges and collecting data for regulatory filing and industrial scale-
up. In October 2009, a filing for a MATS process of prepackaged
mashed potato was accepted by the US Food and Drug Adminis-
tration (FDA). This marked the first FDA accepted microwave pro-
cess for sterilization of pre-packaged low acid food in the United
States. Since then, two additional processes were accepted by FDA,
one in 2011 (salmon fillet) at Washington State University and
of Food Thermal-processing
ogy, Shanghai Ocean Univer-
another in 2014 (mashed potato) at AmeriQual Foods, Evansville,
IN. A non-objection letter was received from US Department of
Agriculture Food Safety and Inspection Services (USDA FSIS) for
microwave sterilization and pasteurization of shelf-stable or chilled
foods containingmore than 2%meat, poultry or egg products (Tang,
2015). These successes have generated great confidence and in-
terest for scaled-up systems used in industrial production.

A MATS system consists of four sections: preheating, microwave
heating, holding and cooling, which represents four steps of an
industrial process (Resurrection et al., 2013). Each of these four
sections had a separated water circulation system with different
temperature settings. Packaged foods are immerged in water bed
and transported through MATS system via a conveyor belt. In the
preheating section, packaged foods are equilibrated to a uniform
initial temperature. They are then moved through interconnected
microwave cavities in the microwave heating section and heated to
a target temperature (i.e. 121 �C) for sterilization. The food packages
continue moving in hot water of 123 �C through holding section to
achieve designed thermal lethality. The residence times for each
package in the microwave heating and holding sections are
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between 3 and 5 min depending on product formulation and
thickness of the food package. The packages are then moved into a
cold water section for cooling to room temperature. The design of
the microwave applicators in the microwave heating section de-
termines heating uniformity and processing time and, thus, is one
of themost important parts of a MATS system. In support of process
filing to FDA, computer simulation models were developed to assist
design of microwave applicators (Pathak et al., 2003), and to predict
and study stability of heating patterns in packages foods in MATS
systems (Chen et al., 2007; Resurrection et al., 2013, 2015). Simu-
lation models were also used to support determination of cold
spots in food packages by chemical markers (Chen et al., 2008;
Resurrection et al., 2013, 2015; Lau et al., 2003; Pandit et al.,
2007) and to analyze interference of microwave intensity on ac-
curacy of temperature measurement by mobile metallic tempera-
ture sensors (Luan et al., 2013, 2015). All those studies only
considered MATS cavities in the simulation models, without
considering waveguide configurations that connected microwave
cavities to 915 MHz generators. There is a need to develop a more
comprehensive simulation model to study microwave standing
waves within the complete waveguide system to reveal how
waveguide and applicator design could influence heating
uniformity.

A major challenge in scaling-up the MATS system is the non-
uniform heating pattern caused by the uneven electric field dis-
tribution. Hot and cold spots occur at locations of high and low
electric field intensity, respectively. The non-uniform heating can
be severer when using high microwave power in industrial scale
MATS systems. It is because microwave energy absorbed by food is
proportional to the square of the electric field intensity. Further-
more the dielectric loss factor of food materials in general increases
with increasing temperatures (Datta, 2001). Hence, the tempera-
ture difference between the hot spot and cold spot will continu-
ously increase as long as high microwave power is applied. This
type of non-uniform heating affects the selection of thermal pro-
cess parameters. Thus, a systematic analyses of the electric field
distribution and the formation of heating pattern within the com-
plete MATS system will provide the fundamental information for
improving heating uniformity and guidelines for designing indus-
trial systems.

The objective of this study was to analyze microwave propa-
gation mode and electric field distribution inside the MATS system
through numerical simulation. These results could give insight into
the dominating factors that control electric field pattern in the
MATS system and provide guidelines for designing MATS systems
in industrial scale.
2. Theories

2.1. Electromagnetic wave and governing equations

Microwaves are electromagnetic (EM) waves within a frequency
range of 300MHz to 300 GHz (Decareau, 1985). EMwaves have two
components: electric field component ( E

!
) and magnetic field

component (H
!
). These two components are vector quantities that

have both magnitude and direction. EM wave is a transverse wave.
That is, the directions of field components are perpendicular to the
propagating direction of energy and wave. The traveling EM waves
are governed by the Maxwell’s equations. The differential form of
Maxwell’s equations describe and relate the electric and magnetic
field vectors, current and charge densities at any point in space at
any time. The differential forms of Maxwell’s equations are shown
below (Balanis, 1989):
V� E
!¼ �v B

!
vt

¼ �m
vH
!
vt

(1-a)

V� H
!¼ s E

!þ vD
!
vt

¼ J
!þ ε

v E
!
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(1-b)

V$D
!¼ r (1-c)

V$ B
!¼ 0 (1-d)

where E
!

is electric field intensity, D
!

is electric flux density, H
!

is the
magnetic field intensity, B

!
is magnetic flux density, J

!
is volume

current density. Some of the above variables are related as
B
!¼ mH

!
D
!¼ ε E

!
, J
!¼ s E

!
. Each of the variables is a function of

space coordinates and time, for example, E
!¼ E

!ðx; y; z; tÞ. The
variable r is the volume charge density. The constitutive parameters
ε, m and s are permittivity, permeability and conductivity, respec-
tively; they are the electric andmagnetic properties of the material.
In free space, the values of permittivity and permeability are
ε0 ¼ 10�9/(36p) F/m and m0 ¼ 4p � 10�7 H/m, respectively. The
conductivity in free space is zero.
2.2. Boundary conditions

The differential form of Maxwell’s equations is valid where the
field vectors are continuous functions of position and time and
these functions have continuous derivatives. Along the boundaries
where the electrical properties of the two media are not contin-
uous, the field vectors are also discontinuous. The boundary con-
ditions describe these vectors’ behavior across the interface of the
two media (medium 1 and medium 2) with different electrical
properties:
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2 � E
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1
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¼ 0 (2-a)
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1
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!

2 � B
!

1

�
¼ 0 (2-d)

where J
!

s is the induced electric current density due to the exis-
tence of electrical charges; qs is the surface charge density at the
boundary plane. Eqs. (2aed) are the general form of boundary
conditions which can be modified for different media. If the two
media are both dielectric materials without electrical charges and
have constitutive parameters of ε1, m1, s1 and ε2, m2, s2, respectively,
the boundary condition can be written as:
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Eqs. (3-a) and (3-b) indicate that the tangential component of
electric and magnetic field intensity across the interface is contin-
uous; Eqs. (3-c) and (3-d) indicate that the normal component of
electric and magnetic flux density across the surface is continuous.
The normal component of electric and magnetic field intensity is,
however, not continuous.
2.3. Propagation mode in rectangular waveguide

The propagation modes of microwaves within a metallic
waveguide are the results of possible solutions of the wave equa-
tions that satisfy the boundary conditions. Within a rectangular
waveguide, assuming that the microwave propagation direction is
along z axis (Fig. 1A), the following three configurations can be
obtained from the solutions of wave equations (Dibben, 2001):

transverse electromagnetic (TEMz): components of both electric
and magnetic fields in the propagation (z) direction are equal to
zero, Hz ¼ Ez ¼ 0.

transverse magnetic (TMz): the magnetic field component in the
propagation (z) direction is equal to zero, Hz ¼ 0.

transverse electric (TEz): the electric field has no component in
the propagation (z) direction, Ez ¼ 0.

However, the TEMz mode does not satisfy the boundary condi-
tion of the waveguide wall. Fig. 1A illustrates the dimension of a
rectangular waveguide that transmitting EM energy in positive z
direction. Considering a TEz mode as an example, the solutions of
EM waves in this waveguide are (Balanis, 1989):

Eþx ¼ Amn
by
ε

cosðbxxÞsin
�
byy

�
e�jbz (4-a)

Eþy ¼ �Amn
bx
ε

sinðbxxÞcos
�
byy

�
e�jbzz (4-b)

Eþz ¼ 0 (4-c)

Hþ
x ¼ Amn

bxbz
umε

sinðbxxÞcos
�
byy

�
e�jbzz (4-d)
Fig. 1. Rectangular waveguide (A) and its dominant mode (B). For TE10 mode, Ez ¼ 0, Ex ¼ 0
with one semi-sinusoidal variation.
Hþ
y ¼ Amn

bybz
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In which

b2x þ b2y þ b2z ¼ b2 ¼ u2mε (5-a)

bx ¼
mp

a
(5-b)

by ¼ np
b

(5-c)

where Eþx , Eþy , Eþz , Hþ
x , H

þ
y and Hþ

z represent the electric and mag-
netic field intensity in each component within the rectangular co-
ordinate system; the superscript (þ) indicates that the EM wave is
propagating in þz direction; bx, by and bz are the components of
phase constant b in each coordinate direction; a and b represent the
dimensions of the waveguide in x and y directions; m and n are
integer numbers which are not zero at the same time in a solution
(m s n ¼ 0, 1, 2, …); Amn is the amplitude constant of the solution
corresponding with m and n. From physical standpoint, the prop-
agating EM wave (in z direction) forms standing waves in x and y
directions. The integer number m and n indicates the number of
semi-sinusoidal variations (anti-node) in the x and y direction,
respectively. Fig. 2 displays the electric field distributions for some
TE modes with different semi-sinusoidal combinations (m and n).

Solution with different values of m and n leads to different
modes. With a given mode, there is a matching cutoff frequency (fc)
for each type of waveguide. The EM wave cannot propagate within
the waveguide if its frequency is lower than the cutoff frequency.
The cutoff frequency could be derived from:

ðfcÞmn ¼ 1
2p

ffiffiffiffiffi
mε

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�mp

a

�2
þ
�np
b

�2r
(6)

In a waveguide, the transmitted microwave mode with lowest
frequency is called the dominant mode. The dominant TE10 mode
is always the normal operation mode of a rectangular waveguide
for power transmission (Fig. 1B).
. The electric field component in y direction (Ey) formed a standing wave in x direction



Fig. 2. Electric field distribution of some TEmn modes: A: m ¼ 3, n ¼ 0; B: m ¼ 3, n ¼ 1; C: m ¼ 3, n ¼ 2; D: m ¼ 3, n ¼ 4.
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3. Methodology

3.1. Physical model

The MATS system installed at Washington State University
consists of four sections, i.e. preheating, microwave heating, hold-
ing and cooling. The packaged foods are transported through these
four sections in sequence by amicrowave transparent conveyor belt
that immersed in a thin bed (76 mm) of circulating water. Each
section has its ownwater circulating systemwith different settings
of water temperature. The structure of MATS system and the
detailed operation process was described by Resurrection et al.
(2013). Among these four sections, the microwave heating section
is the key element in reducing processing time and improving food
quality.

The microwave heating section contains four connected mi-
crowave heating cavities. Fig. 3 shows a typical microwave heating
cavity and the attached waveguide elements through which mi-
crowave power is delivered from the generator to the heating
cavity. Each cavity has two windows (top and bottom) made from a
high temperature resistant polymer (Ultem® 1000). Microwaves
are delivered to the heating cavity through the Ultemwindows that
are connected to two identical horn shaped applicators on the top
and bottom. The horn applicator is a tapered shape parallelogram
with wide end connected to the window and narrow end
Fig. 3. Microwave heating cavit
connected to a standardWR975 waveguide element that having an
inner cross sectional dimension of 247.7 mm by 123.8 mm.

A tee junction is used to split the microwave power equally to
the top and bottom horn applicators. On the bottom two connected
E-bend waveguides direct the microwave to the narrow end of the
horn applicator. On the top, two short waveguides are used to
connect E-bend with horn applicator and tee-junction. These two
short waveguides are installed for phase adjustment. Several
standard WR975 rectangular waveguide elements are used to
connect the generator and the tee-junction including an H-bend
waveguide. The E-bend or H-bend waveguide is used to change the
propagating direction of microwaves. In Fig. 3, an H-bend wave-
guide is shown to change the microwave propagating from x to y
direction.
3.2. Computer simulation model for electric field distribution
analysis

Computer simulation model was developed using the com-
mercial software QuickWave version 7.5 (QW3D, Warsaw, Poland)
based on the physical model of the MATS system and finite differ-
ence time domain (FDTD) method. The mesh size in different ma-
terials was set following the rules of more than ten cells per
wavelength (Rattanadecho, 2006). The metal wall was assumed as
perfect electric conductor (PEC). The dielectric and thermal
y and waveguide assembly.
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properties of water and food were updated with changing tem-
peratures, the detailed data were reported in Resurrection et al.
(2013). Only one microwave heating cavity with attached wave-
guide elements was built up in this study (Fig. 3) to analyze the
microwave propagation mode and electric field component distri-
bution from waveguide to the microwave heating cavity.

A sinusoidal microwave source with TE10 mode was set at the
port. In a rectangular waveguide with a lateral dimensions a and b
(a > b), as shown in Fig. 1A, the dominant propagation mode of
electromagnetic (EM) wave was TE10 mode. The symbol TE indi-
cated that the electric field component was perpendicular to the
propagation direction (i.e. z direction in Fig. 1A). The symbols 1 and
0 in a mode type denoted the number of semi-sinusoidal variations
in x and y direction, respectively (Fig. 1B). For a TE10 mode prop-
agating in the coordinate system described in Fig. 1A, the electric
field had no component in z (Ez) and x (Ex) directions. The
component in y direction (Ey) formed a standing wave in x direc-
tion with one semi-sinusoidal variation.

The numerical method and steps of developing a simulation
model based on the software of QuickWave have been described in
detail in previous studies (Resurrection et al., 2013; Luan et al.,
2013, 2015). This study focused on utilizing the validated model
to analyze the electric field distribution within the waveguide el-
ements and the microwave heating cavity.
3.3. Experimental validation

The heating pattern obtained from experimental test via MATS
system was used to validate the computer simulation model. Pre-
formed whey protein gel (WPG, 95 � 140 � 16 mm3) containing
75.4% water, 23.3% protein, 1% D-ribose and 0.3% salt was utilized as
model food in the experimental test. The procedure described by
Wang et al. (2009) in preparing WPG was used. The detailed
operation process for experimental validation was reported by
Resurrection et al. (2013). Chemical marker (M-2) method and
computer vision method (Lau et al., 2003; Pandit et al., 2007) were
applied to obtain the heating pattern of food. The production of M-
2 was irreversible and dependent on accumulated effect of time
and temperature. Thus, the intensities of brown color (color of M-2)
represented the heating treatment pattern of WPG. The original
heating pattern showing brown color distributionwas processed by
computer vision method to create a heating pattern in pseudo color
Fig. 4. Heating pattern comparison between (A) experimental result and (B) sim
(Fig. 4A). In this study, only the temperature distribution, which
represents the electric field distribution, was concerned (Fig. 4B).

4. Results and discussion

4.1. Validation of the computer simulation model

The experimental and simulation results for heating patterns of
food in top view (x-y plane) in the middle layer in z direction are
shown in Fig. 4. Similar heating patterns were observed between
experimental and simulation results, which verified that the
simulation model was reliable. Thus, the predicated propagation of
microwave from the port, through the waveguide, horn shape
applicator to the microwave heating cavity was reliable.

4.2. Electric field distribution in waveguides

Natural biological materials, such as food, interact with only the
electric part of the electromagnetic field (Mudgett, 1986). Thus
electric field distribution is of the most concern. Fig. 5 shows the
simulated distribution of the overall electric field (i.e. the norm of
the electric field) and its Ey component within the microwave
heating system. They were snapshots of side views (y-z plane) at
the middle layer of x direction (Fig. 3).

In Fig. 5A, the simulated overall electric field distribution was
clearly presented as wave crests and troughs. The distance between
two wave crests was equal to half waveguide wavelength. It was
around 223.5e227.8 mm which was much longer than that of
915 MHz microwave in free space (i.e. 163.9 mm of half
wavelength).

Propagation of microwave inwaveguide is different from that in
free space (Balanis, 1989; Dibben, 2001). The EM waves in a rect-
angular waveguide can be depicted as a sum of two plane TEM
waves propagating along zigzag path between the waveguide walls
in x direction (Fig. 6). The EM wave component in z direction has a
different wavelength from that of the plane waves. The wavelength
along the axis of the waveguide is called the waveguide wave-
length. Waveguide wavelength is given by (Sadiku, 2007):

lg ¼ l0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðfc=f Þ2

q (7)
ulation result. The dimension of whey protein gel was 95 � 140 � 16 mm3.



Fig. 5. Snapshots of field propagation in side view for A: overall electric field distribution; B: electric field distribution in y direction, i.e. Ey component, Am stands for amplitude.

Fig. 6. Waveguide wavelength of microwaves within a rectangular waveguide.
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Inwhich, f and l0 is the microwave frequency and wavelength in
free space, fc is cutoff frequency. For a TE10 mode in a rectangular
waveguide with dimensions of a and b (a > b), the formula for
calculating waveguide wavelength is simplified to:

lg ¼ l0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðl0=2aÞ2

q (8)

From Eq. (8), the waveguide wavelength is larger than that of a
plane wave with the same frequency. For 915 MHz microwave, the
theoretical waveguide wavelength is 218.7 mm following Eq. (8),
which is close to the simulation result shown in Fig. 5. Knowing the
value of waveguide wavelength is very important in accurately
adjusting the microwave propagating phase in waveguide design.

It is shown in Fig. 5B that there was a 180� phase difference
when microwaves propagating through the tee-junction. To
remove the phase difference caused by the tee-junction, two short
waveguides, each of which had a length of quarter waveguide
wavelength, were applied (Fig. 3). As a result, zero phase difference
was observed between the two microwaves that propagated to the
microwave heating cavity from top and bottom horn applicators
(Fig. 5B). More information for adjusting phase shift is described in
Section 4.3.

The electric field components in different cross sections were
analyzed to reveal the propagation mode within the waveguide
system that includes H-bend, E-bend and tee-junction. Fig. 7
summarizes the snapshots of electric field distributions and the
field components in each direction at the microwave source port
and selected cross sections within the waveguide. Cross section 1 is
located at the interface between the H-bend and the tee-junction.
Cross section 2a and 2b are located at the beginning of E-bends.
At the connection of the two E-bend elements are the cross section
3a and 3b. Cross section 4a and 4b are selected at the interface
between the waveguides and the horn applicators.
Results indicated that the microwave propagation mode (i.e.

TE10 mode) was consistent. There was only one dominant electric
field component along the narrow side of the waveguide cross
section. It is reasonable that the cross section of the standard
WR975 waveguide is consistent. Thus, theoretically the propaga-
tion mode or electric field distribution at different cross sections
should be the same. However, the dominant electric field compo-
nent may shift while changing the microwave propagation
direction.

From Eqs. (3aeb), the component of the electric field parallel to
the surface of the load created much higher field intensity and,
consequently higher power density within the load, than a
component of electric field with equal strength but normal to the
surface (Dibben, 2001). Thus, the direction of the dominant electric
field component should be designed using different waveguide
components to ensure that it was parallel to the largest surface of
the food package.

4.3. Electric field distribution in horn applicator and microwave
heating cavity

Not all the waveguide elements were essential in a computer
simulation model since they had no influence on the propagation
mode of the microwaves. The dimension of the physical model was
significantly reduced by removing most of the waveguide elements
to save the computer memory and calculation time. Fig. 8 shows a
simplified model with only two short waveguides, horn applicators
and the microwave heating cavity. In this model, the microwave
source port was set 200 mm higher than the horn applicator to
provide sufficient long waveguide for reference plane of the mi-
crowave source. The reference plane of the microwave source
should be at least 150 mm distance from the port.

With two sinusoidal microwave sources at top and bottom of
the simplified model in Fig. 8, the snapshots of electric field dis-
tribution in front view (x-z plane, middle layer in y direction) and
side view (y-z plane, middle layer in x direction) are illustrated in
Fig. 9. The TE10 propagation mode is clearly shown from the front
view and side view within the waveguide. As shown in Fig. 9A, the
electric field intensity had one semi-sinusoidal variation in x di-
rection. Uniform electric field intensity was observed in y direction
(Fig. 9B). The half waveguidewavelength of microwave propagating
between waveguide and horn applicator reduced to
195.5e198.6 mm, which was shorter than that within waveguide
(Fig. 5). This is because the dimension of horn applicator was larger



Fig. 7. Snapshots of electric field distribution and intensity of each field component at different cross sections of the waveguide. A: Electric field distribution and intensity of
different field components; B: position of each cross section in the side view of microwave heating cavity and attached waveguides.

Fig. 8. Microwave heating cavity with only horn applicators and short waveguides.
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than that of waveguide. From Eq. (8), a larger dimension of wave-
guide leads to a shorter waveguide wavelength.

There are three standing wave nodes within the microwave
heating cavity in the z direction. The distance between the first and
second anti-node is 22.4 mm. This is the half wavelength of
915 MHz microwave in water. The wavelength in dielectric mate-
rials is reduced to 1=

ffiffiffiffi
εr

p
of that in free space, where εr is the relative

permittivity of the dielectric material (Wappling-Raaholt et al.,
2002). The wavelength shift from air to water is clearly demon-
strated in Fig. 9B. The theoretically calculated wavelength of
915 MHz microwave in water (with dielectric constant of 55.8 at
122 �C) is 22.1 mm. Results indicate that in microwave heating
cavity the waveguide wavelength predicted by computer
simulation is very close to the theoretically calculated one and that
the predicted result from computer simulation is reliable.

Besides waveguide wavelength, the electric field distribution
changes with the increasing dimension of the horn applicator. The
electric field distribution within the horn applicator and the mi-
crowave heating cavity is not a standard TE10 mode any more.
Snapshots of overall electric field distribution and each field
component in the x-y plane at different cross sections are shown in
Fig. 10A. Marked by the red double head arrows, cross sections T1
and B1 are located at the wave crest of the microwave snapshot
within the waveguides. Cross sections T2 and B2 are at the adjacent
wave crest within the horn applicators. At the open ends of the
horn applicators are cross sections T3 and B3. Cross section M is
located at the middle of the microwave heating cavity.

Fig. 10B shows electric field distributions and field components
at different cross sections. From the waveguide to the microwave
heating cavity, the dominant electric field component was consis-
tent (i.e. Ey). However, when microwaves propagated through the
horn applicator, the electric field distribution in y direction is not as
uniform as it was in the waveguide, especially near the edge of the
horn applicator. Furthermore, at the middle of the microwave
heating cavity, staggered electric field intensity is observed in the y
direction (section M in Fig. 10B). Possible reason for this type of
electric field distribution is the abrupt dimension variation from
the horn applicator to themicrowave heating cavity. From the point
of view of heating uniformity, a rectangular applicator providing
TE20 or TE30 mode for the microwave heating cavity is
recommended.

Electric field distribution determines the heating pattern of the
food loads. However, the presence of food may also affect the
electric field distribution. Snapshots of the electric field distribution
without food and with food at the center of the microwave heating
cavity are shown in Fig. 11. Ey is the dominant electric field
component at the middle layer of the microwave heating cavity.



Fig. 9. Snapshots of electric field distribution. A: front view, x-z plane, middle layer in y direction, one semi-sinusoidal variation in x direction. B: side view, y-z plane, middle layer
in x direction, zero semi-sinusoidal variation in y direction.

Fig. 10. Snapshots of electric field distribution and each component within the cross section of x-y planes.
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The electric field distribution within food is similar to that in the
cavity without food load, i.e. there are two high electric field in-
tensity bands in y direction. But the continuity of the electric field
distribution in x direction is cut off by the presence of food. Non-
uniform heating pattern is due to the uneven electric field distri-
bution of Ey component in y direction. A uniform design of the
electric field distribution in y direction is the proper solution to
obtain good heating patterns. The electric field distribution can be
changed by adjusting the dimension of the cavity in y direction,
while current MATS system using Ultem wall to obtain different
heating patterns within four microwave heating cavities
(Resurrection et al., 2013).

4.4. Phase shift and wavelength shift

MATS system was designed to ensure that the microwaves
propagating from the top and bottom of the microwave heating
cavities have zero phase difference. Standing waves formed within
the microwave heating cavity in z direction. An anti-node exists at
the middle of the microwave heating cavity in z direction. The
electric field component distribution in Fig. 5B reveals that the
phase difference (180�) caused by tee-junction is removed through
adjusting the waveguide length. Applying this technique, 90� and
180� phase differences were simulated by adding a short wave-
guide at the top of the simplified model in length of quarter and
half waveguide wavelength, respectively. Fig. 12 shows the overall
electric field intensity at the center of each x-y plane.

A node and antinode arose at the middle of the microwave
heating cavity (i.e. position¼ 0mm in Fig. 12) for 180� and 0� phase
difference, respectively. However, for 90� phase difference, neither
node nor anti-node was observed at the middle position. Fig. 13
shows the intensity of each electric field component. It clearly
revealed the phase difference during wave propagation. Results
shows that by proper phase adjustment, the electric field intensity



Fig. 11. Snapshots of electric field distribution and components in each direction at the middle layer of the microwave heating cavity. The results for the cavity without food load
and the cavity with food load are listed at the left column and right column, respectively.

Fig. 12. Propagation in the z direction of overall electric field at the center of x-y plane. A: zero phase difference, B: 90� phase difference, C: 180� phase difference.
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Fig. 13. Propagation in the z direction of electric field components at the center of the x-y plane, Ex , Ey , Ez . A: zero phase difference, B: 90� phase difference, C: 180�

phase difference.
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at the middle of the microwave heating cavity can be adjusted
between maximum (anti-node) and minimum (node). The heating
uniformity in z (thickness) direction of the food load can be
adjusted through this type of phase shift.

Same as electric field components shown in Fig. 10B, Ey is the
dominant component during the propagation in z direction.
Furthermore, the reduction of wavelength and electric field in-
tensity in water was observed. Because from Eqs. (3ced), for the
electric field normal to the food load surface, the field intensity
decreases to 1=

ffiffiffiffi
εr

p
from air to the load, where εr is the relative

permittivity of a food load. For high moisture foods, the value of εr
varies between 40 and 80 depending upon food composition and
temperature (Sosa-Morales et al., 2010). This is one of the reasons
for edge heating when a food is heated in a domestic microwave
oven. Thus it is a good design for the MATS system to reduce edge
heating by immersing packaged food in water during microwave
heating process, as discussed in Tang (2015).

5. Conclusions

The microwave propagation and electric field distribution
within the MATS systemwas studied using computer simulation to
reveal the design principles. The TE10 propagation mode of mi-
crowave is consistent throughout all the waveguide elements.
There is only one dominant electric field component within the
waveguide along the narrow side of the rectangular waveguide. The
superposition of two microwaves from top and bottom of the
microwave heating cavity forms a standing wave in z direction.
Within the horn applicator and microwave heating cavity, the
electric field component in y direction (Ey) is the dominant electric
field component which determined the heating pattern. However,
the electric field distribution in y direction changes with the
changing dimensions. Thus, the heating uniformity in y direction
can be improved by adjusting the dimension of microwave heating
cavity in y direction.

The waveguide wavelength in rectangular waveguide was veri-
fied numerically using theoretical calculations. The theory of
waveguide wavelength can be used to adjust the phase of standing
waves within a microwave heating cavity for improving heating
uniformity in the thickness direction of a food package. Besides
waveguidewavelength, a much shorter microwavewavelength and
much lower electric field intensity was observed within water due
to the high electric permittivity of water. This type of electric field
intensity shift is the major reason for edge heating in air. The water
bed design in theMATS systemeffectively reduced the edge heating.
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