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A B S T R A C T

Radio frequency (RF) heating has been considered as an alternative method to traditional thermal treatments for posthar-
vest pasteurization and disinfestations. However, the non-uniform heating in food samples is the main obstacle to be ur-
gently solved. In this study, mica plates were placed on top of the samples with polypropylene blocks placed in between
the samples as a new strategy to improve the RF heating uniformity. A computer simulation model was developed based
on the commercial software COMSOL to evaluate the temperature distributions. Experiments with peanut samples placed
in three dimensions of containers were conducted to validate the simulation model. The results showed that adding mica
plates with the similar dimension to the cold spot of samples and increasing the plate thickness effectively improved the
RF heating uniformity. Adding polypropylene blocks raised sample average temperatures and finally optimized the RF
heating uniformity.

© 2016 Published by Elsevier Ltd.

1. Introduction

Fungal infection and insect infestation are the major problems for
peanuts storage, which cause huge quantitative and qualitative dam-
ages. The insects destroy the peanut quality through feeding and web-
bing, contaminating with fecal matter, and introducing diseases. Mold
like Aspergillus flavus degrades the peanut quality by contamination
with the aflatoxins, which are harmful to human and animal health
(Hill, Blankenship, Cole, & Sanders, 1983). Many methods have been
used for disinfesting and pasteurizing postharvest agricultural prod-
ucts, such as conventional thermal treatment, chemical fumigation, ir-
radiation, controlled atmospheres and cold storage (Follett et al., 2013;
Hertwig, Kai, Ehlbeck, Knorr, & Schlüter, 2015; Jiao et al., 2013;
Kanapitsas, Batrinou, Aravantinos, & Markaki, 2015; Suhem, Matan,
Nisoa, & Matan, 2013). Since each of these has limitations in terms
of low efficiency, high cost and negative effects on environment or
product quality, novel heating technologies need to be developed to
explore their effectiveness on insect and mold control for peanuts.

Radio frequency (RF) energy has long been studied as an applica-
tion for postharvest insect control in agricultural commodities for its
high efficiency and non-damage to environment (Wang et al., 2001;
Wang, Tang, Johnson, & Cavalieri, 2013; Zhou & Wang, 2016). RF
technology has also been studied for pasteurization in many food ma-
terials, such as almond (Gao, Tang, Villa-Rojas, Wang, & Wang,
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2011), corn (Zheng, Zhang, Zhou & Wang, 2016), and pepper (Jeong
& Kang, 2014). However, non-uniformity is still the major problem
for RF heating, especially for samples with intermediate and high
moisture contents (Farag, Marra, Lyng, Morgan, & Cronin, 2010; Fu,
2008; Hou, Huang, Kou, & Wang, 2016). The uneven electric field
distribution caused by different dielectric properties between sam-
ples and surrounding media always results in overheating in corners
and edges of rectangular containers (Birla, Wang, Tang, & Hallman,
2004). Several methods have been studied to improve the RF heating
uniformity like reducing edge and corner temperatures, combination
with hot air heating (Zhou, Ling, Zheng, Zhang, & Wang, 2015), in-
termittent mixing (Chen, Wang, Li, & Wang, 2015; Wang, Yue, Tang,
& Chen, 2005), sample movement (Chen, Huang, Wang, Li, & Wang,
2016), and changing the container material (Huang, Zhang, Marra, &
Wang, 2016; Zheng, Zhang, Zhou, & Wang, 2016). However, it is in-
convenient and time consuming to explore new methods to improve
heating uniformity by changing parameters with experiments. Com-
puter simulation may serve as an effective tool for rapid analysis of RF
heating mechanism in food samples without conducting experiments.

The finite element modeling method has been used to improve
heating uniformity by changing various factors that affect the tem-
perature distribution in food samples. Tiwari, Wang, Tang, and Birla
(2011a) studied the influence of sample dimension, shape, relative po-
sition between the RF electrodes, and dielectric properties of the sam-
ple and surrounding medium on RF power distribution in foods, and
found that the sample dimension greatly affects RF power density and
heating uniformity. Huang, Marra and Wang (2016) developed a sim-
ulation model based on COMSOL software to investigate the rela-
tionship of dielectric properties and density of surrounding container
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1466-8564/© 2016 Published by Elsevier Ltd.
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with treated products on RF heating uniformity, and established cor-
relations when the best heating uniformity was obtained. The results
showed that the uniformity index was the lowest when the dielectric
constant of the container and sample were comparable, with the loss
factor of the container within 0.01–0.1% of the sample's one. Jiao,
Tang, and Wang (2014) improved the heating uniformity of peanut
butter by surrounding the sample with polyetherimide, which has sim-
ilar dielectric properties to those of peanut butter. There has no re-
search applying these methods on improving peanuts heating unifor-
mity. It is desirable to introduce a new container material (mica) with
similar dielectric constant to peanut kernels and low loss factor values
(Zhang, Zhou, Ling, & Wang, 2016) to improve RF heating unifor-
mity.

The objectives of this study were to: (1) measure the thermal prop-
erties of peanut kernels at different temperatures, (2) establish a com-
puter simulation model to predict temperature distribution in three dif-
ferent layers (top, middle and bottom) with peanut kernels placed in
three different dimensions of mica containers, (3) validate the simula-
tion model with a 6 kW, 27.12 MHz RF system, and (4) apply the val-
idated simulation model to evaluate the heating uniformity of peanut
kernels as affected by the dimension of mica plates and polypropylene
blocks.

2. Materials and methods

2.1. Sample preparation

Peanut kernels with initial moisture content of 10.70% w.b. were
purchased from a local supermarket in Yangling, Shaanxi, China. All
the peanut samples were stored in polyethylene bags in a refrigera-
tor (BD/BC-297KMQ, Midea Refrigeration Division, Hefei, China) at
3 ± 1 °C before test. Prior to RF treatments, all samples were taken out
of the refrigerator and put into an incubator (BSC-150, Boxun Indus-
try & Commerce Co., Ltd., Shanghai, China) for > 12 h to equilibrate
their temperature to 25 ± 0.5 °C.

2.2. Physical properties of food material

Thermal properties (specific heat (cp, J kg− 1 °C− 1) and thermal
conductivity (k, W m− 1 °C− 1)) of peanuts were measured with a ther-
mal property analyzer (KD2 Pro, Decagon Inc., Pullman, WA, USA)
and a SH-1 sensor. The samples were put in a glass beaker (in diam-
eter of 31.75 mm and height of 47.15 mm) fixed with a steel holder.
The two parallel needles of SH-1 sensor were inserted into samples
with depth of 15 mm. The glass beaker was immersed in the water
bath to allow the peanut samples to reach the selected temperatures
(25 to 85 °C with an interval of 10 °C). A Type-T thermocouple ther-
mometer (TMQSS-020-6, Omega Engineering Ltd., CT, USA) was in-
serted into the center of samples for guaranteeing the sample to reach
the appointed temperatures. Dielectric properties of peanut kernels at
moisture content of 10–30%, temperature range of 25–85 °C, and fre-
quency range of 10 MHz to 4.5 GHz were measured and reported be-
fore (Zhang, Zhou, Ling, & Wang, 2016). In this study, dielectric con-
stant (ε′) and loss factor (ε″) of peanut kernels at moisture content of
10.70%, frequency at 27 MHz, and temperature (T) range of 25–85 °C
were calculated by the following equations (Zhang et al., 2016):

2.3. Surrounding material and dimension selection

It has been reported in previous studies that the RF heating uni-
formity can be improved when the surrounding material dielectric
constant is in a comparable range of the samples (Huang, Zhang,
Marra and Wang, 2016; Tiwari et al., 2011a). Mica was chosen as
the container material because its dielectric constant is similar to
that of peanut kernels but with low loss factor (Table 1). To study
the influence of the container dimension on RF heating uniformity,
three different containers were used in both experiment and com-
puter simulation. The small (300 × 200 × 60 mm3) and medium
(400 × 300 × 60 mm3) containers were chosen for laboratory scale
tests. The large (500 × 400 × 60 mm3) container with the same width
as the top electrode was chosen for industrial scale applications. An-
other method was studied to further improve RF heating uniformity. A
polypropylene block was chosen to modify the distribution of electric
field for its cheap, stable and high heat resistance.

2.4. Development of computer model

2.4.1. Physical model
A free-running oscillator, 6 kW, 27.12 MHz parallel plate RF heat-

ing system (COMBI 6-S, Strayfield International Limited, Working-
ham, UK) was used to study the heating uniformity of peanuts. The
RF system consisted of cavity, generator, and applicator with top
and bottom electrodes (Fig. 1). The space between the two elec-
trodes formed an electromagnetic field when the generator provided
electromagnetic energy to the applicator. The RF output power can
be changed by adjusting the gap between the moving top electrode
and the fixed bottom electrode. Peanut samples in three different di-
mensions of mica containers (300 × 200 × 60, 400 × 300 × 60, and
500 × 400 × 60 mm3) were placed at the center of the bottom elec-
trode.

2.4.2. Governing equations
The electric field intensity in the electromagnetic field can be ob-

tained by solving the Maxwell's equation. Since the RF wavelength
(11 m) is often much larger than the electrode gap, the Maxwell's
equation can be simplified to Laplace equations (Alfaifi et al., 2014;
Choi & Konrad, 1991; Metaxas, 1996):

Table 1
Electric and thermo-physical properties of materials used in computer simulation.

Material properties Micaa Polypropyleneb Aluminuma Aira

Density (kg m− 3) 2900 900 2700 1.2
Thermal conductivity
(W m− 1 K− 1)

0.5 0.26 160 0.025

Heat capacity
(J kg− 1 K− 1)

880 1800 900 1200

Dielectric constant (ε′) 6 2.0 1 1
Loss factor (ε″) 0.0003 0.0023 0 0

a COMSOL material labrary (2012).
b Von Hippel (1954).

(1)

(2)
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Fig. 1. 3-D Scheme (a) and dimensions of the 6 kW, 27.12 MHz RF system and food load (peanut kernels) used in simulation (all dimensions are in cm) (adapted from Huang, Zhu
and Wang, 2015).

where σ is the electrical conductivity of the heated material (S m− 1),
, f is the frequency (Hz), ε0 is the permittivity of free space

(8.86 × 10− 12 F m− 1), and V is the voltage between the two electrodes
(V).

When a dielectric material is placed between the two electrodes,
the power conversion from electromagnetic energy to thermal energy
is related to the working frequency, dielectric properties of treated

material and the electric field density. The absorbed RF power in
the material can be defined as (Huang, Zhu, Yan, & Wang, 2015;
Ryynänen, 1995; Tiwari et al., 2011a; Tiwari, Wang, Tang, & Birla,
2011b):

where Q is the power conversion to thermal energy in food materi-
als (W m− 3), and | E | is the electric field intensity in food materials
(V m− 1).

(3)

(4)
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The heat transfer inside the food sample is described as:

where ∂ T / ∂ t is the heating rate of food materials (°C s− 1), ρ is the
food density (kg m− 3), Cp and k are respectively their specific heat
(J kg− 1 K− 1) and thermal conductivity (W m− 1 K− 1). Due to small
temperature range, the thermal properties of mica, polypropylene, alu-
minum and air except for peanuts were taken as constant values shown
in Table 1.

2.4.3. Initial and boundary conditions
The initial temperature of all simulation cases, including the air,

mica container, peanut samples and two electrodes was set at 25 °C.
The convection heat transfer boundary conditions were set at sur-
faces of peanuts exposed to the air with a heat transfer coefficient of
h = 20 W m− 2 K− 1 (Huang, Zhu, Yan and Wang, 2015; Huang, Zhu,
& Wang, 2015a). The top electrode was set as the electromagnetic
source since it introduced high frequency electromagnetic energy from
the generator to the heating cavity. The voltage on the top electrode
was assumed to be constant during the RF heating since the elec-
trode dimensions (0.83 × 0.4 m2) were much lower than 30% of the
RF wavelength (≈ 11 m). The top electrode voltage (V) can be esti-
mated by the following equation (Zhu, Huang, & Wang, 2014):

where Ia is the measured anode current (A).
On the basis of measured anode current of 0.45, 0.48 and 0.53 A

for small, medium and large mica containers, respectively, the top
electrode voltages were set at 7080, 7400 and 7900 V. All the metal
shielding parts except for the top electrode were grounded and con-
sidered as electrically insulated ∇ E = 0 (Marra, Lyng, Romano, &
Mckenna, 2007; Romano & Marra, 2008).

2.4.4. Simulation methodology
A finite element method (FEM) was used to solve the coupled elec-

tromagnetic and heat transfer equations (Joule heating model) with
the commercial software, COMSOL (V4.3a, COMSOL Multiphysics,
CnTech Co., LTD., Wuhan, China). The software was run on a Dell
workstation with an Inter® Core™ i5-2400, 3.10-GHz processor and
8 GB RAM operating with a Windows 7 64-bit operating system. In
this study, extremely fine tetrahedral meshes were generated in food
samples and the top electrode, and normal dimension meshes were
generated in all other parts. The result accuracy is mainly affected by
the meshing size, and generally the small element size would result in
more accurate results, but a considerable increase in computing time.
The criteria of meshing were obtained when the predicted maximum
temperature difference between successive calculations was < 0.1%.
The main solution steps for the development of computer simulation
model are shown in Fig. 2.

2.5. Model validation

To validate the computer simulation model, the 6 kW, 27.12 MHz
pilot-scale RF system was used to heat peanut samples. About 2.35,
4.47, 7.25 kg peanuts were put into three different dimensions of
mica containers (300 × 200 × 60, 400 × 300 × 60, and
500 × 400 × 60 mm3) and placed at the center of the bottom electrode
with an electrode gap of 130 mm. All the three containers were hori

Fig. 2. Procedures and steps of building computer simulation model for RF heating by
COMSOL software.

zontally divided into three layers by two thin gauzes with mesh open-
ing of 1 mm to easily map the surface temperature distribution (Fig.
3). The temperature at the geometric center of samples was recorded
by a six-channel fiber optic temperature sensor system
(HQ-FTS-D120, Heqi Technologies Inc., Xian, China) with an ac-
curacy of ± 0.5 °C. In the experiment, thermal images of the sam-
ple top surface were taken after RF treatments. The lowest temper-
ature location of the three surfaces was identified as the cold spot
of the food sample.

Fig. 3. Rectangular mica container split into three layers for surface temperature mea-
surements.

(5)

(6)
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In the computer simulation, the cold spot location was found from
the volumetric temperature map with the model. In RF heating exper-
iments, when the cold spot temperature of the food sample reached
70 °C that was selected based on inhibition of Aspergillus flavus in
peanuts using RF energy (Jiao, Zhong, & Deng, 2016), the sample
container was removed from the heating cavity. Therefore, the three
container samples were subjected to RF heating for 420, 480 and
530 s, respectively. After the RF heating, the sample container was
immediately moved out for surface temperature mapping. Before and
immediately after the RF treatment was completed, the top layer sur-
face temperature was measured by an infrared camera (DM63-S, DaLi
Science and Technology Co., LTD, Zhejiang China) with an accuracy
of ± 2 °C. Middle and bottom layers were mapped sequentially. The
camera was calibrated by comparing the output temperature with the
actual temperature measured with a calibrated thermocouple. All the
thermal imaging measurements were completed within 30 s. Each ex-
periment was replicated three times. The obtained temperature profiles
of the sample center and temperature distribution of the three layers
were further used to validate the computer simulation model.

2.6. Model application

2.6.1. Heating uniformity
After validation, the simulation model was used to evaluate how

different container conformations and materials would affect the tem-
perature uniformity of the RF treated samples. The heating uniformity
of treated samples was evaluated by the uniformity index (UI), which
has been used to evaluate the temperature distribution of samples in
previous studies (Alfaifi et al., 2014):

where T and Tav are the local and average temperatures (°C) in the
food over the volume, Tinitial is the initial temperature of the food (°C),
and Vvol is the volume of food (m3).

2.6.2. Effect of mica plate dimension on heating uniformity
To study the effect of mica plate dimension on heating uniformity,

simulations were performed with different lengths and widths of the
three containers. The lengths of the mica plates were 100 to 250 mm,
100 to 350 mm and 100 to 400 mm for the small, medium and large
mica containers, respectively. And the widths were 100 to 200 mm,
100 to 300 mm, and 100 to 400 mm, respectively (Fig. 4b). To explore
the relationship between heating uniformity and mica plate dimension,
the cold spot areas of three containers were obtained from both exper-
imental and computer simulation methods. To further investigate the
influence of the thickness of mica plates on heating uniformity, differ-
ent thicknesses of mica plates were placed on peanut samples at the
optimum length and width of each container.

2.6.3. Effect of polypropylene block dimension on heating uniformity
To improve the heating uniformity of peanut samples, a polypropy-

lene block was placed at the center of the large container to change the
distribution of the electric field. The widths, lengths, and depths of the
polypropylene block ranged from 150 to 350 mm, 250 to 350 mm, and
20 to 40 mm (Fig. 4c), respectively.

3. Results and discussion

3.1. Temperature - dependent thermal properties of peanut kernels

The dielectric, thermal and physical properties of mica, polypropy-
lene, aluminum and air were listed in Table 1, which are the es-
sential parameters for computer modeling. Fig. 5 shows the temper-
ature dependent thermal properties of peanuts at temperature range
of 25 to 85 °C. The thermal conductivity increased from 0.233 to
0.294 W m− 1 K− 1, and specific heat increased from 1883.3 to
2425.9 J kg− 1 K− 1 with the temperature increased from 25 to 85 °C.
Similar trends were also found in other food materials, such as soy-
beans (Deshpande & Bal, 1999; Deshpande, Bal, & Ojha, 2007).
These data were subjected to linear regression analysis and further
used in computer simulation.

3.2. Computer model validation

Fig. 6 shows the surface contour plot of temperature distribution
obtained from both experiment and simulation for the top, middle, and
bottom layers of peanut samples placed in three different dimensions
of mica containers. The surface temperature comparison of three lay-
ers demonstrated that the computer results matched well with the ex-
perimental ones. Based on both experimental and computer simula-
tion results, the cold spot location was found to be at the center of
each layer. The maximum temperature differences for the three con-
tainers in the middle layers were 5, 7 and 7 °C, respectively, which
were located at the corners and edges. The result differences between
simulations and experiments may be caused by the simplification of
RF systems or ignored moisture and heat losses in the possible evap-
oration in samples. Table 2 compared the simulated and experimen-
tal average and standard deviation temperatures of peanut kernels in
three horizontal layers for three containers. The experimental temper-
atures of three containers were slightly lower than the simulated ones,
which may be caused by heat loss to the ambient air during the tem-
perature measurement. The large standard deviation between the sim-
ulated results and experimental data may be caused by the high target
temperature, which resulted in long heating time and large tempera-
ture differences between the hot and cold spots. Simulated and exper-
imental temperature profiles measured at the geometry center of sam-
ples were also in good agreement (Fig. 7). Acceptable RMSE values
of 0.014, 0.015 and 0.012 °C were observed for the small, medium
and large containers, respectively. Both temperatures showed linear
increase with the RF heating time. The sample temperatures in the
smaller container increased faster than those in larger containers due
to smaller heating volume under the similar RF heating power.

3.3. Effect of mica plate dimension on heating uniformity

The influence of the length and width of mica plates on heating
uniformity for the small, medium, and large containers was listed in
Tables 3, 4 and 5. When the length was fixed at 100 mm, the uni-
formity index (UI) was reduced from 0.146 to 0.142 with the width
of mica plates increased from 100 to 300 mm, and then increased to
0.143 when the width increased to 400 mm for the large container
(Table 5). Analogously, the UI value was reduced from 0.143 to
0.134 when the mica plate's length increased from 100 to 300 mm
at width of 200 mm, and then UI increased to 0.136 when the plate
length increased to 400 mm. The optimal heating uniformity was ob-
tained when the length and width of the mica plate were at 300 and

(7)
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Fig. 4. Geometry of three different dimensions of mica containers without (a) and with (b) adding various dimensions of mica plates, or with various dimensions of polypropylene
blocks in the large container (c) (all dimensions are in mm).

300 mm with the UI of 0.130. Similar phenomena were also observed
in the small and medium containers. The lowest UI of the small and
medium containers were 0.168 and 0.164, which were obtained when
the length and width were at 200 and 150 mm, and 300 and 200 mm,
respectively.

The electric field intensity of the three containers with and with-
out mica plates was shown in Fig. 8. The electric field intensity at the
center of containers increased when mica plates were added. The in-
crease of heating uniformity with adding mica plates may be caused
by the increased RF energy delivered to the cold spot of peanuts.
More RF energy resulted in temperature increase in the cold spot of

the sample and reduced the temperature differences between the over-
heating and the cold spot. Similar results can be found in peanut but-
ter when polyetherimide blocks were added. (Jiao, Shi, Tang, Li, &
Wang, 2015).

Fig. 9 shows the uniformity indexes varied with increasing mica
plate thickness for the small, medium and large containers. All the
uniformity indexes firstly decreased with increasing mica plate thick-
ness, and then increased afterward. The plate thickness played an im-
portant role in improving RF heating uniformity of the peanuts tem-
perature in small containers. The optimal UIs of 0.130, 0.120 and
0.126 were obtained with the mica plate thickness of 17, 15 and 9 mm
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Fig. 5. Thermal conductivity (a) and specific heat (b) of peanut kernels with moisture
contents of 10.70% w.b. at temperature range of 25 to 85 °C.

for small, medium and large containers, respectively. It has been re-
ported that when a homogeneous food sample with a non-uniform
thickness is placed between the electrodes, the thicker portion of the
sample would normally absorb more energy and would heat up faster
(Jiao, Shi, Tang, Li, & Wang, 2015; Mehdizadeh, 2009). Therefore,
the increased thickness at the cold spot resulting from the addition of
mica plates helped focus the electric field at the cold spot and raised
the local temperature, resulting in better heating uniformity.

3.4. Influence of polypropylene block dimension on heating
uniformity

The simulated volume average temperature and uniformity index
of peanuts in the large container with various dimensions of
polypropylene block were presented in Table 6. The temperature in

creased with increasing width, length and depth of polypropylene
blocks. As the width and length of polypropylene blocks increased
from 150 to 350 mm and from 250 to 350 mm, the average temper-
ature increased from 77.57 to 79.13 °C at the depth of 20 mm. The
uniformity index decreased from 0.140 to 0.136 when the width of
the polypropylene blocks increased from 150 to 350 mm at the fixed
length of 300 mm and depth of 30 mm. However, the uniformity in-
dex firstly decreased from 0.134 to 0.131 with the length increased
from 250 to 300 mm, and then increased to 0.133 when the length
increased to 350 mm. As the depth increased from 20 to 40 mm at
the fixed width of 350 mm and length of 300 mm, the uniformity in-
dex decreased from 0.138 to 0.131. The optimal heating uniformity
was obtained at the width of 350 mm, length of 300 mm, and depth of
40 mm for the large container. Therefore, in practical applications for
a RF treatment, the heating uniformity can effectively be improved by
placing polypropylene blocks among peanut samples.

4. Conclusions

A computer model was developed to explore the effectiveness of
adding mica plates on the top of peanuts and polypropylene blocks
among the peanuts to improve the heating uniformity of peanuts sub-
jected to RF heating when the measured thermal properties of peanuts
were used as a function of temperatures. Results from computer simu-
lation and experimental methods showed good agreement for the tem-
perature distribution of peanut samples in three different horizontal
layers (top, middle, and bottom) placed in three different dimensions
of mica containers. Corners and edges were heated more than center
areas in all layers. Simulated results indicated that the use of adding
mica plates on the cold spot and polypropylene blocks among peanuts
had the potential to improve the heating uniformity of peanuts heated
in RF systems. Furthermore, the model can be used to optimize the
design parameters in the heating uniformity improvement methods.
The optimal UI can be obtained at the mica plate thickness of 17,
15 and 9 mm for small, medium and large containers, respectively.
The lowest uniformity index (0.120) was obtained with the mica plate
(300 mm × 200 mm × 15 mm) for the medium container. Therefore,
the exploration of new methods to improve uniformity in this study
would be served as a first step in developing an effective RF pasteur-
ization and disinfestations protocol for peanuts.
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Fig. 6. Simulated and experimental temperature distributions (°C) of peanut kernels in top, middle and bottom layers placed in three dimensions of mica containers (large:
500 × 400 × 60 mm, medium: 400 × 300 × 60 mm, and small: 300 × 200 × 60 mm) without adding plates and blocks.
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Fig. 6. (Continued)

Table 2
Simulated and experimental temperatures (Ave ± SD) in three different horizontal lay-
ers of peanuts in three different dimensions of mica containers without adding plates
and blocks.

Container dimension (mm3) Layer Simulated (°C) Experimental (°C)

300 × 200 × 60 Top 75.78 ± 8.76 74.97 ± 6.99
Middle 76.75 ± 8.56 75.3 ± 7.03
Bottom 79.13 ± 8.53 78.59 ± 7.74

400 × 300 × 60 Top 75.79 ± 8.59 74.94 ± 6.97
Middle 79.13 ± 8.94 78.49 ± 7.90
Bottom 76.97 ± 9.06 76.48 ± 7.40

500 × 400 × 60 Top 74.67 ± 8.48 73.93 ± 6.85
Middle 77.84 ± 8.23 76.63 ± 7.71
Bottom 74.46 ± 8.86 75.04 ± 7.03
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Fig. 7. Experimental and simulated central temperature-time histories of peanut sam-
ples at three different dimensions of mica containers when subjected to RF heating with
electrode gap of 130 mm.

Table 3
Simulated volume average temperature (Avg) and uniformity index (UI) of peanuts
when adding the mica plates with thickness of 5 mm on the small dimension container
(300 × 200 × 60 mm) with length increased from 100 to 250 mm and width from 100 to
200 mm.

Length (mm) Parameter Width (mm)

100 150 200

100 Avg (°C) 78.61 78.66 79.07
UI 0.180 0.176 0.179

150 Avg (°C) 78.75 79.01 79.42
UI 0.175 0.173 0.174

200 Avg (°C) 78.74 79.28 80.14
UI 0.167 0.168 0.174

250 Avg (°C) 79.05 79.65 80.73
UI 0.168 0.170 0.178

Table 4
Simulated volume average temperature (Avg) and uniformity index (UI) of peanuts
when adding the mica plates with thickness of 5 mm on the medium dimension con-
tainer (400 × 300 × 60 mm) with length increased from 100 to 350 mm and width from
100 to 300 mm.

Length (mm) Parameter Width (mm)

100 200 300

100 Avg (°C) 78.23 78.41 78.61
UI 0.182 0.177 0.178

150 Avg (°C) 78.37 78.52 79.02
UI 0.180 0.171 0.176

200 Avg (°C) 78.47 78.95 79.54
UI 0.176 0.169 0.174

250 Avg (°C) 78.65 79.22 79.78
UI 0.174 0.165 0.170

300 Avg (°C) 78.82 79.51 80.30
UI 0.172 0.164 0.173

350 Avg (°C) 78.90 79.55 80.69
UI 0.172 0.165 0.178

Table 5
Simulated volume average temperature (Avg) and uniformity index (UI) of peanuts
when adding the mica plates with thickness of 5 mm on the large dimension container
(500 × 400 × 60 mm) with length increased from 100 to 400 mm and width from 100 to
400 mm.

Length (mm) Parameter Width (mm)

100 200 300 400

100 Avg (°C) 76.13 76.14 76.24 76.30
UI 0.146 0.143 0.142 0.143

200 Avg (°C) 76.23 76.60 76.73 77.03
UI 0.142 0.139 0.135 0.140

300 Avg (°C) 76.36 76.86 77.17 77.51
UI 0.140 0.134 0.130 0.136

400 Avg (°C) 76.51 77.15 77.49 78.12
UI 0.140 0.136 0.135 0.141
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Fig. 8. Electric field intensity (V/m) and directions in peanut samples with and without adding mica plates with the size for the best heating uniformity in three dimensions of con-
tainers.
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Fig. 9. Uniformity index (UI) of peanut samples with various thicknesses of mica plates
with the size for the best heating uniformity in three containers.

Table 6
Simulated volume average temperature (Avg) and uniformity index (UI) of peanuts
in the large container (500 × 400 × 60 mm) with various dimensions of polypropylene
blocks after 530 s RF heating with a fixed electrode gap of 130 mm.

Width
(mm)

Length
(mm) Depth (mm)

20 30 40

Avg
(°C) UI

Avg
(°C) UI

Avg
(°C) UI

150 250 77.57 0.139 78.30 0.137 79.08 0.136
300 77.76 0.140 78.60 0.140 80.47 0.139
350 77.82 0.142 78.89 0.140 79.67 0.142

250 250 78.23 0.138 79.48 0.136 80.65 0.135
300 78.48 0.138 79.78 0.137 80.78 0.137
350 78.55 0.140 80.00 0.140 81.17 0.139

350 250 78.88 0.139 80.47 0.136 82.05 0.134
300 79.05 0.138 80.76 0.136 82.32 0.131
350 79.13 0.140 81.00 0.137 82.76 0.133
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