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Abstract
Packaging plays a crucial role in microwave processing of foods. However, the characteristics of frozen food and the resonance package are not well understood and
inadequate. In this work, the approach is mainly based on a coupled electric-thermal
model. The numerical model of the microwave heating of frozen rice congee with
resonance package is developed using COMSOL Multiphysics 4.4 software to examine the effects of metal film as a resonator and the port power position on heating
patterns and rates in domestic microwave oven. The simulation model food of stationary is placed in the center of the domestic microwave oven. The sample is heated
from the room temperature for 60 s, 800 W, and 2.45 GHz. The dielectric properties
are measured as a function of the temperature and the thermal properties are calculated from chemical composition of frozen rice congee. In order to validate the
results of simulation, a series of experiments were performed with three replicates at
each case. The temperature is recorded using fiber-optic sensors and thermal imaging
camera. The results show good agreement with simulated results. The difference in
results is found by 5–10%. The results in this work indicate that the temperature of
frozen food after subjected to microwave is highest in case no metal film on package
for both top and side port power. Further investigation showed that the metal film
area on package affects heating uniformity. The top port power increases more than
25% of sample temperature.

Practical Applications
The popularity of microwave ovens has led food producers to develop a new generation of microwave heating products. Many products can be heated and served in
their packages. However, the big problem in the microwave heating of food is nonuniform heating. The metal microwaveable packaging is developed as one solution of
how to overcome this problem. The reason is that the metal film can change the electric distribution pattern because of changing heating profile. This work examines the
effects of metal film area and port power position on heating uniformity and thawing
time in microwave process. The application of this work can be used to optimize the
port position and food package modification to achieve more uniform heating.

J Food Process Eng. 2021;e13924.
https://doi.org/10.1111/jfpe.13924

wileyonlinelibrary.com/journal/jfpe

© 2021 Wiley Periodicals LLC.

1 of 12

2 of 12

1

|

KLINBUN AND RATTANADECHO

I N T RO DU CT I O N

not been explored in depth. Therefore, to fulfill the knowledge in this
field, this study aims to determine changes in the heating patterns and

Frozen foods can be a convenient and inexpensive way to combine all

rates in microwave process of the frozen rice congee and its package.

healthy foods group. It includes whole grains, fruits, vegetables, pro-

The rice congee is a traditional food in Asia. It is served most often as

tein, and dairy products. In addition to a time saving, frozen foods also

a meal on its own, especially for people who are ill. This work studied

help reducing food waste. For this reason, a frozen food has become a

the effects of metal film area (as resonator/shielding) and port power

good way for preparing the meals. The frozen foods are available in a

position (top and side of oven) on the electric field distribution and

variety of product layouts such as single-component, multicomponent,

the temperature profile. Data analysis was performed with the soft-

and multicompartment meals. However, that product has to be

ware COMSOL Multiphysics 4.4. The validity of the projected heating

thawed before consumption and the rapid heating can offer by the

pattern needed to then be assessed by comparison with experimental

domestic microwave oven.

measurement in the domestic microwave oven. This result will help

The quick microwave heating may enhance the high energy effi-

food product developers design frozen food products to minimize

ciency and offer improvements in product quality. However, micro-

energy use and food safety concerns. Thus, this work is a quality

wave heating could produce the nonuniform heating inside the food

improvement. In addition, this will be a useful data for government

that could reach burned and frozen zones. The factors that can affect

regulatory agency implementation on industries application and most

the nonuniform heating characteristics of microwave materials are

importantly for consumers.

food geometry, thermal and dielectric properties, as well as process
parameters such as operating frequency, power, and time. From the
point of improving the heating uniformity of microwave ovens, it may
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be possible to control nonuniform heating during the microwave
heating of frozen foods by using an active package that contains a

The approach for investigating the microwave heating of a frozen

metal film. A novel package contains metal foils or strips which modify

food is mainly based on mathematical modeling. Also, the numerical

the microwave field and result in a more uniform heating or browning

model can be validated by comparing the numerical results with the

of a food product. These have been used in some microwaveable food

experimental results.

products for more than 20 years. There are many patents and
research related to microwaveable foods improvements, such as
 n,
Risman (2009), Albert, Salvador, and Fiszman (2012), Acevedo, Uso
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Sample properties

and Uche (2015), Vargas, Pantoya, Saed, and Weeks (2016), Sadeghi,
Hamdami, Shahedi, and Rafe (2016), and F. Chen, Warning, Datta, and

Samples were frozen rice congee and obtained from the convenience

Chen (2017). Various research approaches include both experimental

store (7-Eleven) in Thailand as seen in Figure 1. Samples were stored

and numerical analysis. A computer-based simulation of microwave

in the freezer at below 18 C for at least 24 hr before testing. The

heating is an effective tool that offers insights into microwave interac-

sample properties including dielectric and thermal properties were

tions with food components and packages. It can help to save the

taken from research of Klinbun and Rattanadecho (2017). From their

amount of time in food product development. Many researchers have

findings, the dielectric properties of rice congee were measured

attempted to develop susceptor-assisted microwave heat transfer
models. For example, Pitchai, Birla, Raj, Subbiah, and Jones (2011)
developed modeling of susceptor-assisted microwave heating in
domestic ovens using radio frequency and heat transfer modules of
COMSOL Multiphysics 4.2. They used two different approaches as
domain discretization and transient boundary condition for investigating. It was found that the transient boundary condition approach was
to be better considering the computational time in domain discretization method. F. Chen et al. (2017) studied a coupled electromagnetic and thermal model of food-susceptor heating process. The
model was validated by heating a frozen pie in a package with a rotating turntable. It was shown that increasing the heat flux at the interface, a susceptor causes the food to absorb nearly three times as
much energy initially, with the rate decreasing as the material thaws.
A surprising relationship found was the heating effectiveness of a susceptor increases when combined with rotation. These results provide
a significant first step toward food design.
From above, many previous studies have explored heat and mass
transfer in microwave processing, but the area of Asia frozen food has

FIGURE 1

The frozen rice congee
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dielectric constant and dielectric loss factor as a function of tempera-

where a food material is n components, ki is the thermal conductivity

ture from 18 to 80 C. In addition, they used dielectric properties

of the ith component, Yi is the volume fraction of the ith component,

data to calculate power reflected, power transmitted, dielectric loss

obtained as follows:

tangent (tan δ), and penetration depth.
For the thermal properties, such as thermal conductivity (k), spe-

Yi ¼

cific heat (Cp), and density (ρ) that were calculated using the Choi and

X i =ρi
n
P
ðX i =ρi Þ

ð3Þ

i¼1

Okos equations (Choi & Okos, 1986) based on composition and temperature. The nutrition facts label showed the nutrients in sample,
including moisture 89.7%; fat 0.5%; protein 1.9%; carbohydrate 7.1%;

where Xi is the weight fraction and ρi is the density (kg/m3) of the ith

fiber <0.5%, and ash 0.81%.

component.

Their models are following:

Cp ¼

Figure 2 shows a strong correlation between thermal properties
n
X

(Cp, k, ρ) and temperature from 18 to 80 C. In Figure 2a, the correlaCpi X i

ð1Þ

i¼1

tion between density (ρ) and temperature indicates the maximum density (1,035 kg/m3) at 0 C. This decrease in density from 0 to 80 C is
certainly because the density of water decreases with increasing tem-

where X i is the fraction of the ith component, n is the total number of

perature. The initial density is 960 kg/m3 at 18 C and 1,011 kg/m3

components in a food, and Cpi is the specific heat of the ith

at 80 C. Figure 2b shows a trend different from that observed in the

component.

thermal properties. It shows an increase in thermal conductivity (k)

k¼

n
X
i¼1

ki Yi

ð2Þ

with increasing temperature. The maximum k value is high in the frozen stage from 18 to 0 C because the ice fraction as a function of

F I G U R E 2 Thermal properties of sample as a function of temperature from 18 to 80 C (a) density, (b) thermal conductivity, and
(c) specific heat
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temperature. This k value is similarly reported by many previous

2.3

Mathematical modeling

|

researchers such as Delgado, Gallo, Piante, and Rubiolo (1997),
Mohamed (2009), Zhang, Li, and He (2011), Bornhorst, Sarkar, and

This work is done by a three-dimensional electromagnetic-thermal

Singh (2014), and J. Chen et al. (2013). Finally, Figure 2c shows a clear

analysis. The following assumptions are made in the analysis of elec-

trend of increasing the specific heat (Cp) of the frozen rice congee as a

tromagnetic and heat transfer.

function of temperature from 18 to 80 C. The specific heat
increases sharply in the thawed state from 0 to 10 C due to the phase

1. The wall of the oven is a perfect electrical conductor.

change in the water content. It is 2.96 and 3.90 kJ/kgK at 0 and 10 C,

2. The magnetron power source is 800 W, at a frequency of

respectively. After that, the specific heat is slightly increased from
0 to 80 C.

2.45 GHz and TE10 mode.
3. The heat transfer is occurred only in sample.

For this model, a metal film (food grade aluminum foil) was wrapped on package to understand microwave interaction with resonator

4. The sample is assumed to be a homogeneous isotropic material.
5. The mass and momentum transfer of moisture are negligible.

package and food material. The dielectric and thermal properties of
metal film was held constant because heating sample temperature
below the critical temperature.

2.3.1

|

Governing equations
*

The electromagnetic field distribution (E ) inside the microwave cavity

2.2

|

Geometric model

and within sample is solved according to set of Maxwell's equations.
The combined waveform of Maxwell's equation is expressed as

Figure 3a shows the model of microwave heating system of frozen

(COMSOL 4.4):

rice congee with resonance package is developed using COMSOL


  2
*
*
2πf
r  μ1
r E 
ðεr  jε00 Þ E ¼ 0
r
c

Multiphysics 4.4 software (COMSOL Inc., Boston, MA). The microwave oven was domestic oven Model no: R222; Sharp Cooperation.

ð4Þ

The frozen sample was placed on turntable at center of oven. The
microwave system was operated 800 W, frequency of 2.45 GHz, and

where f is the frequency in 2.45 GHz, c is the speed of light in 3 

60 s. Figure 3b is frozen rice congee inside the resonator package.

108 m/s, εr ¼ ε=ε0 , μr are relative dielectric constant, and permeability

The metal film as resonator is wrapped on food package. The metal

of the medium, respectively.

film is used to modify the electric field patterns and eliminate the hot
areas.

Dielectric properties of foods are important parameters that influence the interaction between microwaves and food materials. When
phase changes process occurs during the process such as thawing, the
dielectric properties change significantly and are critical input parameters to the microwave heating model. In this study, the dielectric properties of frozen food are temperature dependent, which is defined as:
εðT Þ ¼ ε0 ðT Þ  j ε00 ðT Þ

ð5Þ

where the real component is the dielectric constant (ε0 Þ and the imagipﬃﬃﬃﬃﬃﬃﬃ
nary component is the dielectric loss factor (ε00 Þ, and j ¼ 1.
*

From Equation (4), the solution E is the electric field vector inside
the cavity and sample. During the microwave heating process, the
electromagnetic energy penetrated in the material and is converted
into thermal energy. It is proportional to the dielectric loss factor ðε00 Þ,
*
square of electric field strength E , and the frequency of the wave
ð f Þ. The electromagnetic power loss density ðQÞ is governed by:
*2
 
Q ¼ π  f  ε0  ε00   E 

ð6Þ

where ε0 is the free space permittivity, 8.854  1012 F/m.
The dissipated electromagnetic power loss density ðQÞ is a heat
F I G U R E 3 Geometrics of (a) domestic microwave oven and
(b) frozen food with resonator

source term in frozen food and governed by Fourier's heat transfer
equation.
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ρCp

∂T
¼ kr2 T þ Q  λe _I
∂t

Finally, the top surface is exposed to the air.
ð7Þ
k

where ρ is the density (kg/m ), Cp is the specific heat capacity at con3

∂T
¼ hðT  T air Þ
∂n

ð13Þ

stant pressure (J/kg C), k is the thermal conductivity (W/m C), and
T is the transient temperature ( C).
λe _I ¼



where the initial temperature of the frozen food average is 18 C,
and the coefficient of heat transfer between the food and the air,

0 T < 100 C
Q T ≥ 100 C

ð8Þ

h = 20 W/m2K. The ambient air temperature, Tair = 27 C.
Table 1 shows the summaries of initial conditions and materials
properties applied in the mathematical model.

where λe is the latent heat of vaporization and _I is the rate of water
evaporation. Equation (8) is assumed no evaporation for temperature
below 100 C and evaporation for temperature above 100 C. The

2.3.3

|

Simulation strategy

latent heat of fusion of frozen congee is 295.26 kJ/kg. However, this
model used a simple model but it has been widely used for microwave

In this study, multiple meshes were implemented for different

heating studies (F. Chen et al., 2017).

domains to ensure the simulation results regardless of meshing. Air
domain was assigned with free tetrahedral elements; frozen rice congee was assigned with quadrilateral element. The actual thickness of

2.3.2

|

the metal film was very small (below 1 μm). Thus, the metal film

Boundary and initial conditions

needed to be coarse discretization and in transient boundary condiThe incident wave power is 800 W, at frequency of 2.45 GHz and

tion method.

TE10 mode. The equations to obtain electric wave (E) and magnetic

Equations (4), (6), and (7) were solved using radio frequency and

wave (H), are given by the following equation (Rattanadecho &

heat transfer modules of COMSOL Multiphysics 4.4. To study the

Klinbun, 2011):

effects of metal film and port power position on heating pattern and
rates in, the coupled electromagnetic and heat transfer equations

 
πy
Ez ¼ Ezin sin
sinð2πftÞ
Ly

ð9Þ

 
Ezin
πy
sinð2πftÞ
sin
Ly
ZH

ð10Þ

Hy ¼

were solved using two segregated steps. The main solution steps were
described as follows. In Step 1, a three-dimensional geometric model
following the real structure and size of the microwave heating system
was built. With this geometric model here, two new models, such as
“EM model” and “HT model” were built separately by setting different
parameters and boundary conditions in Step 2. The “EM model” was

where E zin is the input value of electric field intensity (V/m), Ly is the

used to estimate the electromagnetic field distribution in the sample

length of the rectangular waveguide in the y-direction (m), and Z H is

and microwave cavity and get the internal heat generations were used

the wave impedance (Ω).

in “HT model” for temperature prediction and heat transfer analysis.

In Figure 3, the inner wall of the microwave cavity and a thin

Thus, in Step 3, the simulation by coupling “EM model” and “HT

metal film contained in the package are perfectly conducting wall. The

model” were carried out continuously until a desired heating time was

tangential component of the electric field and the normal component

reached. The estimated results could show the change in figures or

of the magnetic field are set to zero on the perfect conducting wall.

animation directly. The simulations were performed on a Dell Preci-

The package of sample is made from polypropylene, PP. When elec-

sion T7500 workstation with an operating memory of 72 GB RAM

tromagnetic wave incidents on sample with package, it can be noted

running on two quad-core Intel Xeon X5570 2.93 GHz frequency

that electromagnetic waves reflect at the resonator area and transmit

processors.

through PP layer. Thus, the interfaces between the sample, PP, and air
are set to be the continuity boundary conditions, is given by

3

(Rattanadecho & Klinbun, 2011):
E t ¼ 0, Hn ¼ 0

ð11Þ

Et ¼ E0t , Ht ¼ H0t

3.1

RESULTS AND DISCUSSION

|
|

Experimental verification

The metal film is chosen to see the model effect of resonator film on
heating patterns. The spatial simulated temperature distributions of

Dn ¼ D0n , Bn ¼ B0n

ð12Þ

rice congee obtained are compared with the experimental heating
profiles. For experimental study, a frozen rice congee in package was

where t and n represent the tangential and normal components,

purchased and was kept at temperature average 18 C in a freezer

respectively.

until starting the experimental. The sample was placed in the center

6 of 12

TABLE 1

KLINBUN AND RATTANADECHO

Summary of initial conditions and material properties applied in the mathematical model

Domain
Air

Glass turntable

Properties

Unit

Initial temperature



Dielectric constant (ε0 )

—

1

Dielectric loss factor (ε00 )

—

0

Initial temperature



27

0

Value

C

27

C

Dielectric constant (ε )

—

4

Dielectric loss factor (ε00 )

—

0

Density (ρ)
Frozen rice congee

2,050


Initial temperature
0

18

C

Dielectric constant (ε )

—

Dielectric loss factor (ε00 )

—

Specific heat capacity (Cp)

J kg1 K1

Density (ρ)

Klinbun and Rattanadecho (2017)

kg/m

Figure 2

3

Thermal conductivity, (k)
Food—air

FIGURE 4

W m2 K1

Heat transfer coefficient (h)

20

Thermal image of frozen rice congee with package and resonator after subjected to microwave power 800 W, 2.45 GHz for 300 s

of the oven and was subjected to microwave power for 800 W,

are lower than the experimental temperatures. These numerical

2.45 GHz during 300 s while the food was stationary on the glass

results differ slightly from measurement and can be explained by set-

turntable. A metal film (food grade aluminum foil) was cut to size of

ting all parameters in calculation. However, it can be noted that the

package and wrap on outside the package as seen in Figure 3b. The

calculated transient temperatures are the same trend with the experi-

optical fiber temperature sensors (four-channel reflex signal condi-

ment results. Thus, this model is validated by the results.



tioner, accuracy ±0.8 C, Neoptix Inc., Quebec, Canada) recorded four
different points inside the sample. Then, we took the thermal image
immediately after finished heating using IR camera (SC640, accuracy

3.2

|

Effect of a metal film as a resonator

±2 C, 640  480 pixels, FLIR Systems, Boston, MA). The experiment
was repeated for three times to obtain the temperature results.

The metal film on the microwaveable package is an important factor

Figure 4 shows the thermal image of the sample for 300 s of the

in deciding the amount of power absorbed and the heating pattern in

microwave heating process. As can be seen in Figure 4, the average

the food. This topic explains the effect of a metal film on the average

temperature of the sample is 70 C. The maximum temperature is

temperature and nonuniformity of sample. The metal film (food grade



higher than 80 C and occurs on the side without wrapping metal foil.

aluminum foil) is wrapped on the outside of the sample package with

However, the minimum temperature is about 30 C that happens in

different locations and areas. In early works, they have studied on

the area with a metal foil wrapped on the outside. These results show

conductance properties considered it to be shielding when the con-

a significant relationship between a resonator (metal film) and electro-

ductance value was more than 0.1 s. For this study, the electrical con-

magnetic waves distribution.

ductance value of the thin metal film set of 1 s. The metal film will be

In Figure 5, the average simulation temperatures are compared

a shield or resonator. Figure 6 shows a relationship between the aver-

with the experimental data. It shows that the simulated temperatures

age temperature of the sample and the heating time under various
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nonuniformity is likely caused by the effect of the metal film. As
detailed in Table 2, the power absorption inside the sample is found
uniformly in the case of control and the case of a metal film on opposite two sides. The correlation between the power absorption and the
temperature distribution inside the sample indicates the metal film will
be a resonator or shielding. The temperature is low at the wrapping
metal film area due to the reflection. These results extend our knowledge on reflector type of microwave package. It is important and necessary to know about the properties of the resonator or shield
packages that affect microwave heating process. Microwave heating
is nonuniformity heating. Thus, the resonator can use in a location
that food is heated rapidly and is placed on hot spots to adjust the
F I G U R E 5 Comparison of average temperature results between
the simulation and experimental

electric field pattern and eliminated these hot areas.

3.3

|

Effect of port power position

This topic plays a crucial role in the effect of port power position on
average temperature and nonuniformity of the sample. The port
power positions, is located on the side and the top of the cavity, are
investigated. Figure 7 shows the simulated distribution of the overall
electric distribution (norm of the electric field) and its Ez component
within the microwave heating system. They are snapshots of the side
views (x-y plane) at the middle layer of z direction. In Figure 7, the
overall electric field distribution is clearly presented as wave crests
and troughs. Furthermore, the electric field intensity (Ez) is the dominant electric field component at the middle of the microwave cavity.
The electric field distribution in case the top port power position is
F I G U R E 6 The average calculated temperature inside the sample
during microwave heating for 60 s at various resonator areas: case of
side port

similar to that in the cavity with side port power position. Electric field
distribution determines the heating pattern of the food loads. However, the presence of food may also affect the electric field
distribution.
Figure 8 reveals a significant difference between the effect of a

area sizes and the different locations of a metal film. Interestingly, the

metal film and the position of magnetron port. The electrical conduc-

results reveal the decreasing average temperature with increasing

tance value set of 1 s. As can be seen in Figure 8, the average temper-

area of the metal film. No substantial differences are found between

ature of the sample is maximum in the case of control (no metal film),

the case of metal film near two sides (dash line) and the case of metal

one side, two sides near, two sides opposite, four sides around, and

film opposite two sides (line). These results confirm again in Table 2.

three sides, respectively. The sample temperature in the case of one

Table 2 summarized the simulation results of power absorption or

side of metal film is closed to the control case. Interestingly, the

resistive loss, the temperature distribution inside the frozen rice con-

results displays the food samples in a package wrapped with four side

gee, and the electric field distribution inside the microwave oven at

metal films are at a higher temperature than that the samples in a

heating time 60 s. First, the power source that produced an electric

package wrapped with three side metal films after the microwave

field in TE10 mode is located on the side of the cavity. Then, the elec-

heating process. Because when the wave is emitted from the wave-

tromagnetic wave propagates through the rectangular waveguide.

guide, it enters the sample directly and the metal film at the package

The dominant electric field component within the microwave cavity

will trap it. In addition, it is found that the metal film on the bottom of

controls the heating pattern in the food packages. From Table 2, it

the package would reflect the incident waves, so the temperature of

can be noted that the phase of standing wave within the microwave

the food in case of around (package is completely covered with metal

cavity is the same for all cases. The peak of the electric field happened

film) is less than the temperature of the food in a package wrapped

at the center of the cavity. The maximum temperature is found in the

with four side metal film.

control case (no metal film) and is occurred at the edge of the sample.

Figure 9 shows a comparison of the average temperature of food

Conversely, the minimum temperature is shown in the case of wrap-

with various metal film areas on the package between two types of

ped metal film around package (five sides/around). The temperature

microwave systems. The port power is located on top (upper port) or

increases from

18

to 12 C for

60 s.

Furthermore,

the

side (side port) of the oven. The microwave power is 800 W,
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Simulates the results of the power absorption, electric field distribution, and temperature during 60 s of microwave heating process

Case

Control (no metal film)

One side

Near two sides

Opposite two sides

Three sides

Power absorption (W/m3)

Electric field distribution (V/m) and
temperature contour ( C)
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TABLE 2

(Continued)

Case

Electric field distribution (V/m) and
temperature contour ( C)

Power absorption (W/m3)

Four sides

Five sides/around

F I G U R E 8 The average calculated temperature inside the sample
during microwave heating for 60 s at various resonator areas: case of
upper port
F I G U R E 7 The snapshots of electric field distribution at middle
layer in z direction of the microwave heating cavity with upper port
position

120

106.04

Side

Up

100
frequency of 2.45 GHz, and the heating time is 60 s. From Figure 9
for the package case of control, two sides opposite, and three side
metal films, it is found that the average temperature of the food in
case side port is higher than the average temperature of the food in
case upper port. While the package case of one side, two sides near,

Temperature [oC]

81.75

80

80.96

75.91

62.03
54.63

60

58.18
54.40
34.93

40

ature of the food in case side port. These results emphasize the
importance of appropriate packages for a microwave system.
The simulation results are presented in Table 3; these results
show a significant relationship between the power absorption and the

27.96

20

four sides, and wrapped around with metal film, the average temperature of the food in case upper port is higher than the average temper-

51.66

3.64

0

Control

1 side

2 sides
near

2 sides
oppo

3 sides

3.85
4 sides

All

-4.74

-20
F I G U R E 9 The average temperature comparison by waveguide
position at various resonator areas after microwave heating process for 60 s
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T A B L E 3 Simulates the results of the power absorption, electric field distribution, and temperature during 60 s of microwave heating process:
case of upper port

Case

Control (no metal film)

One side

Near two sides

Opposite two sides

Three sides

Power absorption (W/m3)

Electric field distribution (V/m) and temperature
contour ( C)

11 of 12
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TABLE 3

(Continued)

Case

Power absorption (W/m3)

Electric field distribution (V/m) and temperature
contour ( C)

Four sides

Five sides/around

temperature contour. The density of microwave power absorbed is

film on the package of frozen congee was separated to five sides

related to the electric field and temperature distribution within the

(four sides + one side bottom) while the port position was consid-

sample. Therefore, the sample with high-density power absorption

ered at side and top of microwave cavity. The model was validated

will have high temperature. From Table 3, it can be noted that the

with experimental measurements. The simulated temperature profile

incident wave from the waveguide will go directly into the food and

obtained from the food package with one side metal film, side port

reflect from the food with the cavity. Then, the microwave reverts to

position, frequency of 2.45 GHz, power of 800 W, heating time

the food in any direction because the container/package does not

300 s. It was found to be in good agreement with the experimental

have a metal film as a resonator (case of control). As a result, the tem-

spatial temperature profile. The average error values ranged from

perature of the food is rising rapidly and quite uniformly. While the

5 to 10%. The results of this study indicated that the metal film as a

sample food in package with a metal film acting as a resonator occurs

resonator did affect the temperature distribution inside the food.

physical phenomena following. The metal film will trap the transmitted

The average temperature of the food was low in the area that con-

waves and prevent the reflected wave from entering the sample. For

tacted with of the resonator because the shielding effect. In addition,

example, the power absorbed value in case of four side metal films is

the average temperature of the food was high for the case of control

higher than the case of three side metal films. Because the metal film

(no metal film) for both side and upper port position. The validated

at all sides of package protected the transmitted wave, as results in

model was a useful tool to obtain various metal film packages, and

the wave cannot escape. A surprising relationship is found that a

port positions of power for improving heating uniformity for both

metal film at the bottom of the package reflected the transmitted

food safety and quality.

wave. Thus, the average temperature of food contained in the package (case around) is lower than that of the case four side metal films.
This work can be helpful in the knowledge of packaging design with a
metal film/resonator suitable for microwave heating systems.

5 | RECOMMENDATION FOR
FU T U R E W O R K
Future studies on microwave heating of frozen food with the metal

4

|

C O N CL U S I O N S

film package are recommended to as follows:

The electromagnetic wave, heat, and mass transfer model was devel-

1. This model was validated with single component. However, frozen

oped to simulate a frozen rice congee with a metal film package in

ready-to-eat foods contain heterogeneous components, and they

the microwave heating process. The effects of the metal film as a

undergo phase changes during the process. Therefore, it will be

resonator and port power position were studied. The area of a metal

necessary to improvise the model to take this factor into account.
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2. There are many parameters that affect heating profiles needing to
be studied systematically to help food product developers to
design foods to minimize food safety concerns.
3. A thin metal film (as a susceptor or resonator) has been used with
frozen ready foods to improve the heat transfer effects and evenness of heating food.
4. There should be a database of dielectric and thermal properties of
various type of foods. Therefore, food processors could do a virtual microwaveable food product development before they market
the product.
ACKNOWLEDGMENTS
This research was conducted at the Panyapiwat Institute of Management and Thammasat School of Engineering, Thammasat University,
Thailand. The authors would like to acknowledge Thailand Science
Research

and

Innovation

Fundamental

Fund

(Project

No. MRG5980244) for providing financial support for this research.
NOMENCLATURE

*
E 
the time-harmonic electric field strength (V/m)
 
μr

relative permeability

εr

relative permittivity

ε0

free space permittivity (8.854  1012 F/m)

f

frequency (Hz)

ε0

dielectric constant

ε00

dielectric loss factor

ρ

density (kg/m3)

Cp

specific heat capacity at constant pressure (kJ/kg C)

k

thermal conductivity (W/m C)

T

temperature ( C) at simulation time t

n

normal to the direction

t

tangent to the direction

h

surface convective heat transfer coefficient (W/m2 C)

T air

ambient temperature ( C)

Δt

simulation time step (s)

Q

dissipated power per unit volume (W/m3)
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