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The goal of this study was to evaluate suitability of using mobile metallic temperature sensors in
continuous microwave assisted sterilization (MATS) systems. A computer simulation model using the
finite difference time domain method was developed to study the influence of microwave field on the
accuracy of mobile metallic temperature sensors, ELLAB, in a MATS system in which food packages with
embedded sensors traveled on a conveyor belt. Simulation results indicated that the metallic tempera-
ture sensors did not change the overall heating patterns within food samples. But when a metallic
temperature sensor was placed in parallel to the electric field component within microwave cavities
the field intensity had intense singularity at the sensor tip and caused localized overheating. The electric
field singularity adjacent to the tip of the metallic temperature sensor can be avoided by placing the
sensor perpendicular to the electric field component. The simulated heating patterns and temperature
profiles were verified with experimental results. It was evident from both simulated and experimental
results that the metallic temperature sensor could be used to capture temperature profile in a MATS
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system when placed in a suitable orientation.
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1. Introduction

Microwaves generate heat through interaction between dielec-
tric materials, such as foods, and alternating electromagnetic (EM)
fields. Compared with conventional water or steam heating, micro-
wave volumetric heating has significant advantages in reducing
process time and improving food quality (Guan et al., 2002,
2003). A single mode 915 MHz microwave assisted thermal steril-
ization (MATS) system was developed at Washington State Univer-
sity (Pullman, WA) to explore the use of the microwave technology
in pasteurization and sterilization applications and collect engi-
neering data for industrial scale-up (Tang et al., 2006). It is a
22 m long pilot-scale system that includes four sections: preheat-
ing, microwave heating, holding and cooling to simulate continu-
ous industrial processes. Packaged food products are transported
continuously through these four sections by a microwave transpar-
ent conveyor belt. Microwave heating section is the key part which
can elevate the temperature of a food product by more than 50 °C
(e.g., from 70 °C to 121 °C) in three minutes. This section has four
connected single-mode microwave heating cavities each with a
minor different internal configuration to provide complementary
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electric field distribution leading to a relative uniform final heating
in foods after moving through those cavities at a constant speed.
Knowledge of heating pattern in foods and reliable measure-
ment of temperature histories at desired locations are critical in
developing a thermal process for production of safe foods. Heating
pattern describes the temperature distribution within foods. It is
used to evaluate heating uniformity and identify locations of least
processed parts within food packages. The temperature profile
records the changes in food temperature over processing time to
provide data for calculations of projected reduction in targeted
food pathogen population or possible thermal degradation of food
qualities (Holdsworth, 1985). Temperature profiles are directly
measured by temperature sensors at different locations within
foods. In conventional thermal processing, the location that gains
least heat and shows lowest temperature is called the cold spot.
In microwave heating, the temperature distributions at different
locations are caused by uneven electric field distributions. More
than one cold spots may exist in a microwave heated food product.
Likewise, hot spots may also be present at different positions in
microwave heated foods. Unlike multi-mode microwave heating
systems in which heating patterns are difficult to predict due to
the co-existence of several resonant modes within the frequency
bandwidth that coincides with the power spectrum of industrial
microwave generators (Chan and Reader, 2000), the single mode
MATS system can provide a stable and predictable heating pattern
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(Resurrection et al., 2013). This was verified with an effective
method that assesses the heating patterns based on formation of
chemical marker (M-2) in model foods during microwave heating
(Pandit et al., 2006, 2007a, 2007b; Resurrection et al., 2013).

Once the heating pattern and cold spots are determined, tem-
perature sensors can then be directly placed at the locations of cold
spots to record temperature profiles for developing a thermal pro-
cess to ensure food safety. Fiber-optic thermometers are the most
reliable and accurate means for direct temperature measurements
in microwave heating because those sensors do not disturb micro-
wave fields (Kyuma et al.,, 1982; Wang et al., 2003). In general,
thermocouples and other metallic probes are not desirable for
accurate temperature measurements in microwave environments
due to possible strong interactions between metal parts and micro-
wave fields (Datta et al., 2001). Strong microwave fields can cause
electrical discharges and signal perturbations in metallic probes.
Furthermore, the microwave fields are also distorted by the pres-
ence of metallic probes. In a previous study, to explore the use of
thermocouples in microwave environments a thermocouple was
shielded with an aluminum tube and grounded to the metallic wall
to reduce electrical discharges and signal perturbations (Van De
Voort et al.,, 1987). Ramaswamy et al. (1998) also reported effec-
tiveness of several shielding constructions. Reasonably accurate re-
sults were obtained through proper designs (shield isolation and
body insulation) of the shielding. However, in continuous micro-
wave heating systems, neither the fiber-optic thermometers nor
shielded thermocouples are applicable because of the need to con-
nect those sensors to signal conditioning and data acquisition units
that only operate in an open ambient environment outside micro-
wave systems. Possible alternatives are mobile (wireless) temper-
ature sensors, such as Tracksense Pro data logger (Ellab Inc.,
Centennial, CO, USA) and NanoVACQ temperature data logger
(TMI-USA Inc., Reston, VA, USA) developed for temperature mea-
surements in continuous conventional thermal processes. In oper-
ation, mobile temperature sensors imbedded in packaged foods
collect and store temperature data during thermal processes. After-
ward, those sensors are removed from food packages, and data
downloaded into computers for analyses. A common mobile tem-
perature sensor consists of two units: a probe for sensing temper-
atures and a base for storing temperature data (Fig. 2). The surfaces
of both units are made of a metal sheet used for protecting the in-
ner sensing and data storing elements. In microwave application,
the surface protection can act as a shield to microwave energy
based on the same principle as for shielded thermocouples re-
ported in previous mentioned two studies. But the metallic shield-
ing may also create disturbances to microwave field distribution
and affect the heating pattern.

In studies of diffraction problems in EM fields, it has been found
that the EM field components at sharp edges of diffracting obstacle
may runway to infinity. This irregular sharp increase in EM field
intensity is known as a singularity (Bouwkamp, 1946). The EM
fields may have singularities at the vicinities of metal-dielectric
wedges (Meixner, 1972; Bladel, 1985). Egorov et al. (2006) studied
the edge effect in microwave heating of conductive plates. It was
reported that the overheating in the edge vicinity of thin conduct-
ing plates was attributed to the diffraction of EM waves rather than
the uneven irradiations. No studies have been reported to investi-
gate the behavior of microwave fields diffracted by mobile metallic
temperature sensors. Performance of the mobile metallic tempera-
ture sensor influenced by the diffracted EM field is also unknown.
In this study we developed a computer simulation model to inves-
tigate the interaction between mobile metallic temperature sen-
sors and microwave fields in MATS systems.

With the development of powerful computer workstation and
professional software, computer simulation has been effectively
used to numerically solve microwave heating problems based on

different numerical methods. The finite-difference time-domain
(FDTD) method is popular in solving coupled EM and heat transfer
problems in microwave heating due to less computer memory and
simulation time consumptions (Dev et al., 2010; Watanabe et al.,
2010). Furthermore, arbitrarily shaped geometries can be simu-
lated after the conformal FDTD method was developed (Holland,
1993). Chen et al. (2007, 2008) developed simulation models for
food packages processed in continuously moving microwave heat-
ing system based on conformal FDTD method. The system con-
tained two microwave heating cavities which were similar to the
cavities in MATS system. Resurrection et al. (2013) developed a
computer simulation model (CSM) for MATS systems based on
the dimension of the microwave heating section which was called
as MATS-CSM. The heating patterns of pre-packaged foods in the
MATS system were correctly predicted by the MATS-CSM.

The objective of this study was to develop a computer simula-
tion model for mobile metallic temperature sensors used in a con-
tinuous MATS system based on MATS-CSM. Performances of the
mobile metallic sensors in a MATS system were investigated at dif-
ferent cold spot locations and in two different orientations. Exper-
iment tests were carried out to validate simulation results in terms
of heating patterns and temperature profiles of the food samples.

2. Material and methods
2.1. Physical model

A simulation model was developed based upon MTAS-CSM.
Only the microwave heating section was simulated in MATS-
CSM. This section contains four microwave heating cavities. Each
cavity consists of a rectangular box and two identical horn shaped
applicators on its top and bottom. Microwave energy is delivered
to the applicators by a standard waveguide WR975, through which
only TE10 mode is supported. The front and top views of a cavity
are shown in Fig. 1. The electric field component is in y direction
(Ey) and it propagates in z direction to the load box which is filled
with water and packaged foods. The packages are transported in
the positive x direction by a conveyor belt immersed in a thin
bed (29 mm) of circulating hot water. Hot water is circulating in
the opposite (negative x) direction to the moving packages at a
speed of 40 L/min. The purpose of water immersion during micro-
wave heating was to reduce edge over-heating in packaged foods.
A detailed description of the MATS system and its operation are
provided in (Resurrection et al., 2013).

The mobile metallic temperature sensor used in this study for
experimental validation was the Tracksense Pro data logger. It con-
sisted of two parts: a cylindrical base, and a long probe (Fig. 2). The
length and the diameter of the base were 22 mm and 15 mm,
respectively. A temperature sensor (PT 1000) was installed inside
a protective metal tube 2 mm in diameter and 50 mm in length.
The sensing element of the temperature sensor was 3 mm from
the end of tube. Temperatures detected by the probe were stored
in the cylindrical base in two seconds interval. The entire surface
of this temperature sensor was made of metallic materials.

The size of the food samples used in this study was
135 x 95 x 16 mm°. The mobile metallic sensor was imbedded in
a packaged food sample. The sensor was placed in different direc-
tions to investigate the behavior of diffracted EM field components.
The 2-D views of the food samples and the temperature sensors
with two different placement orientations are illustrated in
Fig. 3. Alternating electric field with Ey component was the source
to heat foods. Magnetic field component was not illustrated since it
has no effect on food materials. The placement orientation of a
metallic sensor was explained by an orientation angle while keep-
ing the probe end at the same location. The angle (¢,0" < ¢ < 90")
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Fig. 1. Schematic of a microwave heating cavity: (A) front view, (B) top view. The component of the alternating electric field is in y direction (Ey) and it propagates in z

direction.

Sensor probe
D=2 mm, L=50 mm

Cylindrical base
D=15 mm, L=22 mm

Fig. 2. Schematic of the metallic temperature sensor. The diameter (D) and length
(L) for the sensor probe and base are 2mm, 50 mm and 15 mm, 22 mm,
respectively.
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field component was called the orientation angle. The orientation
angle was defined as 0° (Fig. 3A1) and 90° (Fig. 3B1) respectively,
when the sensor was parallel or perpendicular to the electric field
component.

2.2. Governing equations for EM field and heat diffusion

A microwave heating process includes two thermal phenom-
ena: microwave heating due to EM field propagation and heat dif-
fusion within foods. The fundamental theory for microwave
propagation is based on Maxwell’s equations. In this study, EM
waves were calculated through the conformal FDTD method based
on the integral form of Maxwell’s equations (Balanis, 1989).
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Fig. 3. Placement orientations for the temperature sensors within foods in different views: (A1) ¢ = 0°, top view, (A2) ¢ = 0°, front view, (A3) ¢ = 0°, side view, (B1) ¢ =90°,

top view, (B2) ¢ = 90°, front view, (B3) ¢ = 90°, side view. The orientation angle (¢, 0’

<@< 90') is the angle between the direction of a metallic temperature sensor (along

the probe length direction) and the direction of electric field component. Alternating electric fields were distributed in food with a component of Ey.
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where E is electric field intensity, D = ¢E is electric flux density, H
is magnetic field intensity, B = MH is magnetic flux density. j; is the
impressed (source) electric current density and fc is the conduction
electric current density. Q° is the electric charges in the volume
enclosed by surface S. ¢ and u are the permittivity and permeability
of the media that EM waves propagate in. In free space, the
value of permittivity is e = 107°/367 F/m and the permeability is
Lo =4m x 1077 H/m.

Conduction heat transfer takes place inside foods due to uneven
temperature distribution and convection heat transfer exists be-
tween food and the hot water. The equation for conduction heat
transfer is (Rakesh et al., 2010):

aT

V(K(T)-VT) + P = pCy(T) 5 (5)

— —
[

The equation for convection heat transfer between food and circu-
lating water is:

q=hA(Tw - T) (6)

K(T) is the thermal conductivity of food and C,(T) is the specific
heat. Both are functions of temperature (T). p is the density of food.
g and h are the energy exchange and the heat transfer coefficient
between foods and water, respectively, A is the interface area. Ty,
is the temperature of hot water and T is the temperature of food.

In Eq. (5), P stands for the dissipated power of microwave in a
certain volume:

P = 27f o) B 7)

In which, f is microwave frequency, & is the relative dielectric loss
factor of dielectric material. E is the instantaneous electric field vec-
tor, E=E(x,y,z; t).

2.3. Development of the numerical models

A commercial EM field solver QuickWave 3D version 7.5
(QW3D, Warsaw, Poland) was used to solve the integral form of
Maxwell’s equation. Furthermore, an attached Basic Heating Mod-
ule of QuickWave (QW-BHM) provides FDTD calculation for heat
transfer. The QW-BHM allows adjustment of dielectric and thermal
properties of media according to changing temperature, which can
perform simulations that are more approximate to the actual
microwave process. It also supports load rotation and movement
in horizontal direction for simulating moving samples. Further-
more, the newly released module of QW3D provides a support
for the movement of metal elements which can be used to simulate
the mobile metallic temperature sensor in a MATS system.

Temperature dependent dielectric and thermal properties of the
simulated foods were saved in a separate file which could be rec-
ognized by QW-BHM. The initial temperature of food was set as
uniform (72 °C) to simulate the food packages processed by the
preheating section of the MATS system. Water temperature was
set as a constant of 125 °C to simulate the high speed circulating
condition. All water properties were treated as constant.

The microwave heating section in the MATS system had two
open ends in x direction which was connected with preheating
and holding section. A perfect electric conductor (PEC) boundary
condition was recommended for the numerical terminations at
these two ends (Chen et al., 2007). The PEC boundary condition

was also applied at the two open ends in this study. Besides, a
300 mm long load box filled with water was applied to each open
end of the section to attenuate the intensity of EM field propagat-
ing to the PEC ends. The metallic temperature sensor was assumed
as PEC to simulate its high conductivity (~107% S/m). In the QW-
BHM, adiabatic conditions were applied at the boundaries between
PEC and dielectric materials (foods, water). QW-BHM automati-
cally assumes that there is no heat exchange between PEC and
other materials. As a result, the PEC had no temperature evolution
through the simulation process. A constant temperature of a PEC
was initially set up at the beginning of the simulation. The temper-
ature of the metallic temperature sensor was set as 121.1 °C which
is the objective temperature in sterilization. Convection heat diffu-
sion occurred at the surface between hot water and the packaged
food, the heat transfer coefficient was set as 180 Wm—2 K. It
was chosen based the agreement between simulation results and
experiment results for hot water heating (Resurrection, 2012).

The general size of the FDTD cells occupied by the food sample
was the same as the one in MTAS-CSM which had a size of
4 x 4 x 1 mm?> (Resurrection, 2012). However, in this study, the
size of the cells in the probe vicinity of the metallic sensor was re-
fined. The sizes of the FDTD cells at the probe end of the tempera-
ture sensor are shown in Fig. 4. In the top view (x-y plane), if
@ =90°, the cell size was 3 x 3 mm? around the probe end, and a
3 x 2 mm? cell was modified to keep the probe occupying a whole
cell since its diameter was 2 mm. If ¢ = 0° the cells occupied by the
probe were modified to 2 x 3 mm? and other cells were kept as
3 x 3mm?. In the thickness direction (z-x or z-y plane), a finer
mesh was defined. The cell occupied by the sensor probe had a size
of 3 x 0.5 mm? and the around ones were 3 x 1 mm?2. That is, the
cell size in the probe of a metallic temperature sensor was either
3 x2x05mm?® or 2 x 3 x 0.5mm> depending on its directions
and the cell size in the adjacent food was 3 x 3 x 1 mm?>. The same
FDTD cell sizes were applied in the simulation models without a
metallic sensor to make comparison.

The power setting for the four microwave heating cavities in the
MATS system were based upon previous experience and were set
to 6.0, 4.7, 2.8 and 2.7 kW, respectively. Thirty-two discrete mov-
ing steps were applied to simulate the continuous moving process.
As was done in the case of the traveling distance, the total heating
time was discretized and averagely distributed into these steps.
Sensitivity studies were performed for smaller cell sizes and larger
number of moving steps. Results indicated that the simulation
models were robust and displayed convergence. Based on the bal-
ance between simulation accuracy and time consumption current
cell size and moving steps were chosen.

2.4. Experimental validation

Experimental tests were carried out through the MATS system
to validate the simulation models. Preformed whey protein gel
(WPG) was used as model food to provide a homogeneous sample
(Lau et al., 2003; Wang et al., 2009). The WPGs were made by mix-
ing 75.4% water, 23.3% protein, 0.3% salt and 1% D-ribose. The uni-
form mixture was placed into containers and cooked in an 80 °C
water bath for 40 min. After cooking, the solidified gels were stored
at 4 °C refrigerator for at least 24 h before the MATS process.

The probe end of a temperature sensor was located within WPG
at a cold spot area predetermined by the computer simulation
method. Packaged with Alfredo sauce, a total weight of 215 g sam-
ple was sealed in a pouch which is transparent to microwave. The
packaged WPG with temperature sensor was placed in the con-
veyor belt and transported through the MATS system. To eliminate
the interference from adjacent sensors, at least two packages with-
out sensors were placed between each package with a sensor. The
moving speed of the conveyor belt during microwave heating
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Fig. 4. FDTD cell sizes at the probe end of a metallic temperature sensor.

section was 18 mmy/s resulting in a final heating time of 170 s. The
processed samples were taken out at the end of the cooling section
and then analyzed for heating pattern.

3. Results and discussion
3.1. Heating pattern generated from simulation model without sensor

The heating pattern obtained from computer simulation was
generated from the temperature distribution in each FDTD cell.
By setting different colors to represent different temperature lev-
els, a heating pattern image was obtained. Temperature distribu-
tion in the middle layer in x-y plane can best represent the
heating pattern of an our concern where it received the least influ-
ence by hot water heating. The cold spots should be located in this
layer due to lowest microwave energy density. Each heating pat-
tern generated from a simulation model shown in this study was
a top view (x-y plane) of the temperature distribution in the mid-
dle layer. The heating pattern without sensor is shown in Fig. 5. A
symmetric temperature distribution (in either x or y direction) is
shown in the heating pattern. There are two hot spot and three
cold spot bands interlaced in y direction except for the edge
heating. Six cold spots (cold spot A1, A2, A3, A4, B1 and B2) and
two local hot spots (hot spot A and B) located in these bands
vicinities. Based upon the symmetrical characteristic, cold spots
A1-A4 should have similar heating rate, same statement can be
made for cold spot B1 and B2. Cold spots A2 and B2 were used to
represent these two different cold spots and the metallic tempera-
ture sensors placed at these locations were simulated.

3.2. Heating patterns and temperature profiles influenced by the
metallic sensors

In the simulation models, temperature sensors were placed at
cold spots A2 and B2 (Fig. 5) with two orientation angles (¢ = 0°
or 90°) to study the influences on the heating patterns and temper-
ature profiles. Top view heating patterns of these simulation mod-
els are demonstrated in Fig. 6. Compared with the heating pattern
without sensor in Fig. 5, the global distributions of cold and hot
spots were not affected by the existence of the temperature sen-
sors. However, there were some minor shifts in local temperature
distribution. In Fig. 6A and C, relative higher temperatures ap-
peared close to the temperature sensor. These local variations were
more apparent in hot spot areas than in cold spot areas. This is be-
cause the metallic temperature sensors cut off the continuous elec-
tric field component in the y direction. The electric field intensity
in the interrupted domain caused an increase in the local temper-
atures. These increases were more obvious adjacent to the hot spot
areas. In Fig. 6B and D, higher electric field intensity caused by the
based parts of metallic sensors changed the local heating patterns.

145 || °C
Cold Al

Cold A4

110

Fig. 5. Heating pattern generated from the computer simulation model without the
temperature Sensor.

The distortion in temperature distribution due to presence of the
metallic temperature sensor was intensified at higher electric field
intensity and by larger metallic volume. Similar distortion at the
edge of a PEC and singularities at sharp tips have been reported
by Meixner (1972).

To evaluate the accuracy of temperatures detected by the
metallic temperature sensors, temperature profiles at cold spot
locations were extracted from simulation results. The 32 simula-
tion steps in each model can provide 32 elements for the temper-
ature profile. Each element was obtained by averaging the
temperatures at the probe end vicinity. Since the sensing element
of the temperature sensor is 3 mm from the probe end, all the
FDTD cells within 3 mm from the probe end were used to obtain
the average temperatures. To avoid size difference among FDTD
cells, the volume-temperature average was conducted by:

n

> (Tivy)

i=1
Tav =

=
> Vi
i1

where Tg, is the averaged temperature, T; is the temperature in a
FDTD cell and V; is the cell volume. The result of a temperature pro-
file for the simulation model without the metallic temperature sen-
sor was extracted from the same FDTD cells to make comparison.
The temperature profiles influenced by the sensor conditions (with-
out sensor, ¢ = 0° or 90°) at cold spot A2 and B2 are shown in Fig. 7.

(8)
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(C)Cold spotB2, ¢ = 90°

145 °C
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(B) Cold spotA2, ¢ =0°
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110

(D) Cold spotB2, ¢ =0°

Fig. 6. Heating patterns generated from the computer simulation models with the metallic temperature sensors. The sensors in different simulation models either had a
different location or a different orientation angle: (A) ¢ =90° at cold spot A2, (B) ¢ = 0° at cold spot A2, (C) ¢ = 90°, at cold spot B2, (D) ¢ = 0° at cold spot B2.

In Fig. 7, temperature profiles at the cold spot A2 were similar to
the profiles at cold spot B2 in general trends. Good agreement in
temperature profiles was observed between the one without sen-
sor and the one with a sensor in the orientation of ¢ = 90°. The re-
sults implied that when placing sensors with ¢ =90°, the metallic
mobile temperature sensor had little influence on the measured
temperature profiles. However, fluctuating temperature profiles
were obtained when foods are traveling through each microwave
heating cavity and the sensors were placed in an orientation angle
of ¢ =0°. These fluctuations were unexpected since the tempera-
ture at a cold spot should not decrease due to the heat diffusion
from adjacent domain. The presence of fluctuations in a tempera-
ture profile implied that a local hot spot occurred in the tip area
of the sensor with ¢ = 0°, caused by an electric field singularity.

The dissipated microwave power density within a food contain-
ing a metallic temperature sensor with ¢ = 0° is shown in Fig. 8 to
reveal the field singularity. For illustrations, three snapshots of
the power density were taken at the entrance, center and exit of
cavity 2. Higher microwave power density implies stronger electric
field intensity. The electric field intensity at the tip of the metallic
sensor reached its maximum while the food moved to the center
position of the cavity. When traveling through the whole length
of this cavity, the electric field intensity at the sensor tip increased

from the entrance to the center position and then decreased from
the center to the exit position.

In general, when the temperature sensor was entering into a
microwave heating cavity with ¢ = 0°, the electric field singular-
ity and local overheating were enhanced by the increasing elec-
tric field intensity as reflected by a sharp temperature increase
in the temperature profile. The singularity and local overheating
reached maximum when the temperature sensor moved to the
center of a microwave heating cavity. When the temperature
sensor was leaving the microwave heating cavity, the singular-
ity decreased with reducing electric field intensity and lowered
the level of local overheating. Due to heat transfer, the energy
in the local overheating region will flow to the vicinity region
causing temperature reading to decrease between the center
positions of two adjacent cavities. The fluctuations were dra-
matic in the first two cavities compared with the last two cav-
ities because that the powers in the first two cavities (6.0 and
4.7 kW) were higher than the other two (2.8 and 2.7 kW). In
this study, the good agreement between the temperature profile
without sensor and the one with ¢ =90° indicated that the lo-
cal overheating can be reduced to minimum by orientating the
metallic temperature sensor perpendicular to the electric field
component.
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Fig. 8. Microwave power dissipation within food packages (top view) at different positions of Cavity 2: (A) at the entrance of cavity 2, (B) at the center of cavity 2, (C) at the

exit of Cavity 2.

3.3. Experimental validation

The cold spot B2 was chosen to carry out experimental valida-
tion. B2 had a higher final temperature than cold spot A2 (Fig. 7).
Probe ends of the sensors were placed at cold spot B2 in two orien-
tations (¢ = 0° or 90°) and each was packaged with separated WPG
samples (Fig. 3). At the end of the experiment, the heating pattern
of the WPG was obtained through computer vision method and the
temperature profile was retrieved from the temperature sensor.
The heating patterns are shown in Fig. 9. Similar to heating pat-
terns obtained from simulation results (Figs. 5 and 6C and D), there
are three cold spot areas and two hot spot areas alternately distrib-
uted in y direction except for edge heating. The influences caused
by metallic temperature sensors on heating patterns were the
same as simulation results.

Besides the heating pattern, temperature profiles recorded by
the metallic temperature sensors and the related simulation re-
sults are shown in Fig. 10. The variations of temperature in exper-
imental results among replications were caused by possible
differences in the tip locations of the temperature sensors. Differ-
ences among the tip locations may occurred when the sensors
were placed into foods by hand. However, the differences of tip
locations can only affect the magnitude of the collected tempera-
ture. They caused no changes in the general trend of the tempera-
ture profiles. The general trend of the temperature profiles
between experiment and simulation results are the same.

The fluctuant temperature profile was verified by the metallic
temperature sensor in experiment tests with ¢ = 0°. The fluctua-
tions were observed in every microwave heating cavity (Fig. 10B)
and they are more noticeable in the first two cavities. The unex-
pected fluctuations were removed by orienting the metallic tem-
perature sensor to ¢ =90° (Fig. 10A). Results verified that
overheating appeared at the tip of a metallic temperature sensor
when the sensor was placed in y direction (u = 0°). The local over-
heating was caused by electric field singularity and it could be en-
hanced by higher microwave power which delivered higher
electric field intensity. This field singularity could be avoided by
placing the probe perpendicular to the electric field component.
The difference in the tip location of the metallic temperature sen-
sor would not influence the general trend of the temperature
profile.

The temperature profiles in simulation results did not com-
pletely coincide with the experimental results especially in the last
two cavities. Many parameters in simulation models may lead to
the difference, such as the heat transfer coefficient between food
and hot water, the dielectric and thermal properties of model foods
and ideal assumption of the PEC metallic temperature sensor.
Overall, simulation models provided results in general agreements
with experimental results in terms of heating patterns and temper-
ature profiles. In particular, the trends of the temperature profiles
influenced by the metallic temperature sensors were well con-
firmed by experimental tests.
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x
(A) Without sensor

(B) ¢ = 90°

©€) o =0°

Fig. 9. Heating patterns obtained from experimental results with different sensor conditions at cold spot B2: (A) without sensor, (B) ¢ =90°, (C) ¢ = 0°. Various colors stand
for different temperature levels. Temperatures increase in order with colors changing from blue, green, yellow to red. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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(B) Temperature profiles, ¢ = 0°

Fig. 10. Comparison of temperature profiles for experimental (--) and simulation (-) results at cold spot B2 with different orientation angles of the temperature sensor: (A)

®=90° (B) ¢ =0°

4. Conclusion

Mobile metallic temperature sensors showed no influence on
the general heating pattern of a packaged model food in MATS
system. However, there was a temperature increase close to
the sensor which caused a local modification of heat pattern
once the sensor cut off the electric field component. This dis-
torted heating pattern was noticeable at the domain close to a
hot spot area and base part of the sensor. The local temperature
increase was attributed to the local overheating that caused by
an electric field distortion or singularity. The level of the field
singularity and local overheating can be enhanced by higher
electric field intensity and larger metallic volume. If a field sin-
gularity occurred at the tip of the metallic temperature sensor,
the temperature profile displayed fluctuations with varying
electric field intensity in continuous MATS system. A metallic
temperature sensor with a small volume is recommended to
reduce its influence on the heating pattern. To remove the
influence of field singularities on the temperature profile, the
metallic temperature sensor should be placed perpendicular to
the electric field component. In conclusion, the mobile metallic
temperature sensor can be used in a microwave heating system
while a right placement orientation was arranged to obtain a
reliable temperature profile.

Further studies are needed to understand the field singularities and
local overheating affected by high microwave power used in industrial
applications and to understand the influences on food safety and qual-
ity. This will support the application of the mobile metallic tempera-
ture sensors in commercial microwave heating system.
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