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FINITE ELEMENT MODELING AND ANALYSIS OF RADIO  
FREQUENCY HEATING RATE IN MUNG BEANS 

Z. Huang,  H. Zhu,  S. Wang 

ABSTRACT. Radio frequency (RF) heating has been extensively studied as a novel disinfestation method for dry agricul-
tural products. A major difficulty in using this method is that different heating rates at the corners and edges of materials 
may cause negative effects on product quality. A systematic analysis of factors that influence the RF heating rate is desir-
able to help in designing effective treatment protocols. A finite element model using COMSOL Multiphysics software was 
developed and experimentally validated with 3 kg of mung beans in a 6 kW, 27.12 MHz free-running oscillator RF system 
to study the influence of sample moisture content, density, specific heat capacity, thermal conductivity, dielectric proper-
ties, top electrode voltage, and electrode gap on RF heating rate. Simulation results demonstrated that the variation in 
sample density and specific heat capacity, especially thermal conductivity, had a relatively slight effect on RF heating 
rate. The RF heating rate was significantly influenced by electrode gap, top electrode voltage, and the dielectric proper-
ties and moisture content of the sample. These heating rate distributions might be valuable in guiding and optimizing RF 
treatment conditions, which are helpful to improve RF heating uniformity for disinfecting dry products. 
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hina is a major producer and exporter of mung 
beans in the world, with an annual production of 
952,000 metric tons in 2011, about 12% of which 
was for the export market (Hui and Ninghui, 

2013). Mung beans are widely used in the food (carbohy-
drate, fat, protein, and starch), pharmaceutical (amino ac-
ids, antinutritional factors, minerals, and vitamins), and 
brewing (moisture and saccharine) industries due to their 
high economic value. The chemical composition of mung 
beans is reported as 4.3 g (100 g)-1 ash, 59.8 g (100 g)-1 
carbohydrate, 1.1 g (100 g)-1 crude fat, 4.3 g (100 g)-1 fiber, 
26.4 g (100 g)-1 protein, 142 mg (100 g)-1 calcium, 6.8 mg 
(100 g)-1 iron, 1032 mg (100 g)-1 potassium, 287 mg 
(100 g)-1 phosphorus and 11.8 mg (100 g)-1 sodium (Am-
arteifio and Moholo, 1998). However, infestation by insect 
pests is a major problem in the harvesting, processing, and 
marketing of mung beans. Insects reduce the quality of 
mung beans through direct damage, contamination with 
fecal matter, and webbing (Pimentel, 2002). Infested mung 
beans are not easily detected by visual inspection, leading 
to a serious threat for quarantine regulations and consumer 

health. Traditionally, fumigation with methyl bromide 
(MeBr) has been the most widely used treatment for post-
harvest insect control in the legume industry due to its high 
efficacy and relatively low cost (Barreveld, 1993; Carpen-
ter et al., 2000). The major drawback of MeBr fumigation 
is the negative environmental impact due to depletion of 
the ozone layer, resulting in increased demand for non-
chemical pest control methods in the legume industry 
(Osteen, 2000). A potential alternative to chemical methods 
is radio frequency (RF) treatment, which has been shown to 
be an environmentally friendly technology for insect con-
trol in mung beans without degrading product quality (Nel-
son, 1996; Wang et al., 2007b, 2010; Jiao et al., 2012). 

RF dielectric heating is an electromagnetic wave treat-
ment that can rapidly raise the internal sample temperature 
volumetrically. Polar molecule rotation and charged ion 
movement are the two main contributors to RF heat genera-
tion, which can increase the heating rate, reduce treatment 
time, and maintain better quality in bulk materials as com-
pared to conventional thermal treatment methods (Piyasena 
et al., 2003). Many studies have explored the possibility of 
using RF energy to disinfest produce with insect pests 
(Hallman and Sharp, 1994; Mitcham et al., 2004; Lagunas-
Solar et al., 2007; Shrestha and Baik, 2013). RF energy has 
been used for disinfesting legumes, such as chickpeas 
(Johnson et al., 2010), green peas (Wang et al., 2010), 
black-eyed peas, and lentils (Wang et al., 2008b; Jiao et al., 
2012). Treatment conditions of 55°C to 58°C for 5 to 
10 min have been successfully applied to achieve 100% 
insect (cowpea weevil) mortality without major effects on 
legume (chickpea, green pea, and lentil samples) color, 
weight loss, and germination (Johnson et al., 2004; Wang et 
al., 2010; Jiao et al., 2012). However, the major challenge 
with RF heating of dry agricultural products is overheating 
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of corners and edges, resulting in non-uniform and runaway 
heating (Ikediala et al., 2002; Piyasena et al., 2003). 

Differential heating rates in RF-treated samples are a 
major concern for ensuring complete control of insects and 
providing acceptable product quality, which can be reduced 
by uneven distribution of the electromagnetic field (Wang 
et al., 2008a). High product temperatures may result in poor 
quality, such as oil rancidity in nuts (Wang et al., 2007a) 
and visible heat damage in fruits (Birla et al., 2004). Thus, 
understanding the influence of various factors on heating 
rates in mung beans is essential to provide practical RF 
treatment parameters and minimize adverse effects on 
product quality. 

Since experimental methods are time consuming and 
costly, computer simulation methods play an important role 
in understanding RF heating behavior and have been effec-
tively used since the 1990s (Neophytou and Metaxas, 1996, 
1998). Several authors have used commercial simulation 
methods to solve combined wave (or Laplace) and heat 
transfer equations to develop the electromagnetic and tem-
perature fields (Yang et al., 2003; Chan et al., 2004; Marra 
et al., 2007). Romano and Marra (2008) simulated RF heat-
ing of a cylindrical luncheon meat roll in a 600 W RF oven 
operated at 27.12 MHz. Birla et al. (2008) successfully 
simulated the non-uniform RF heating of fresh fruits using 
FEMLAB. Tiwari et al. (2011a) simulated RF heating of 
wheat flour packed inside rectangular polypropylene con-
tainers in a 12 kW, 27.12 MHz RF system with a Joule 
heating model using COMSOL Multiphysics software and 
applied the validated model to predict the influence of vari-
ous factors on the RF power density distribution in dry food 
materials (Tiwari et al., 2011b). Alfaifi et al. (2014) devel-
oped a computer simulation model by using a Joule heating 
model in COMSOL and validated the computer model with 
experimental temperature profiles of raisins in a 6 kW, 
27.12 MHz RF system. Zhu et al. (2014) simulated the top 
electrode voltage using COMSOL with 3 kg of soybeans in 
a 6 kW, 27.12 MHz RF system and established a correla-
tion between the electrode voltages and currents. Huang et 
al. (2015) developed a computer simulation model for dry 
soybeans using COMSOL and applied the validated simu-
lation model to predict the effects of different treatment 
conditions on RF heating uniformity. To our knowledge, no 
parametric studies have been conducted on the influence of 
product properties and RF processing conditions on mung 
bean heating rate. 

The objectives of this study were to develop a computer 
simulation model using COMSOL Multiphysics software, 
validate the computer simulation model with 3 kg of mung 
beans in a 6 kW, 27.12 MHz free-running oscillator RF 
system, and analyze the influence of various factors (e.g., 
moisture content, density, specific heat capacity, dielectric 
properties, and thermal conductivity of the samples, as well 
as electrode gap and top electrode voltage) on RF heating 
rate using the validated simulation model. 

MATERIALS AND METHODS 
SAMPLE PREPARATION 

Mung beans were purchased from a local grocery store 
in Yangling, Shaanxi, China. The initial moisture content 
of the mung beans was 7.54% ±0.03% on wet basis (w.b.). 
The samples were maintained at 20°C ±0.5°C in a thermo-
static and humidity (52% RH) controlled chamber (BSC-
150, Shanghai BoXun Industrial & Commerce Co., Ltd., 
Shanghai, China) for 24 h prior to the RF experiments. The 
bulk density of the mung beans at room temperature was 
measured with a basic volume method using a 300 mm × 
220 mm × 50 mm container (Jiao et al., 2011b) and deter-
mined to be 953 ±6 kg m-3 based on three replicates. 

COMPUTER SIMULATION 
Physical and Geometry Model 

A 6 kW, 27.12 MHz pilot-scale RF heating system 
(SO6B, Strayfield International, Ltd., Wokingham, U.K.) 
was used to determine the heating rate and temperature 
distribution in mung beans. The RF system included a me-
tallic enclosure, a generator, and a pair of RF electrodes. 
The top electrode could be adjusted to achieve the required 
RF power (Tiwari et al., 2011a). Figure 1 shows a schemat-
ic diagram of the RF heating system. In this study, mung 
beans in a plastic container (300 mm × 220 mm × 50 mm) 
were placed on the center of the bottom electrode. The gap 
between the two electrodes was fixed at 120 mm to achieve 
an appropriate heating rate based on a previous study (Jiao 
et al., 2012). 

Governing Equations 
The governing equations include electromagnetic and 

heat transfer partial differential equations, which need to be 
solved simultaneously. The applied electric field at any 
point inside a food material is governed by a quasi-static 
approximation of Maxwell’s equations as (Choi and Kon-
rad, 1991): 

 
( )02 0j f ' V −∇ ⋅ σ + π ε ε ∇ =   (1) 

where j = (-1)0.5, f is the frequency (Hz), σ is the electric 
conductivity (S m-1), ε0 is the relative permittivity of a vac-
uum (8.854 × 10-12 F m-1), ε′ is the relative dielectric con-
stant of the food material, V is the electric potential (V), 
and E


 = -∇V is the applied electric field strength (V m-1). 

The absorbed RF power raises the temperature of the 
food sample, so heat transfer takes place inside the food 
and between the food and its surroundings, and is governed 
by the transient heat transfer equation as: 

 
( )P

T
C k T P

t

∂ρ = ∇ ∇ +
∂  (2) 

where ρ is the density of the material (kg m-3), Cp is the specif-
ic heat capacity of the material (J kg-1 °C-1), ∂T/∂t is the heat-
ing rate (°C s-1), k is the thermal conductivity (W m-1 °C-1), and 
P is the power conversion in the food material from electro- 
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magnetic to thermal energy (W m-3). Heat loss due to airflowis 
modeled by specifying the convective heat transfer coefficient 
at the surface of the sample, and the boundary conditions are 
defined as: 

 ( )ak T h T T− ∇ = −
 (3) 

where h is the surface heat transfer coefficient (W m-2 °C-1), 
and Ta is the ambient temperature (°C). For a given electric 
field intensity, P is defined as (Barber, 1983; Metaxas, 
1996): 

 
2 2

02P f E V′′= π ε ε = σ −∇


 (4) 

where ε″ is the loss factor of the food material, σ = 2πfε0ε″ is 
the effective electric conductivity of the food load (S m-1), and 
-∇V is obtained from equation 1, which performs as the cou-
pling equation of equations 2 and 4 for computing the time-
dependent temperature distribution. The electrical (-σ∇V = 0) 
and thermal insulating (-k∇V = 0) boundary conditions were 
applied to the outer surfaces of the RF applicator (fig. 1). The 
bottom electrode and RF cavity walls were grounded (V = 0 
V). The convective heat transfer of the sample on the top ex-
posed surface was set as h = 20 W m-2 °C-1 (fig. 1). Initial 
temperature was set at room temperature (20°C). 

The heating rate inside the food material can be calcu-
lated from equation 2 assuming ρCp ≠ 0: 

 

2

p

T P
T

t C

∂ = α∇ +
∂ ρ  

(5) 

where α = k/(ρCp) is the thermal diffusivity of the heated 
material (m2 s-1), which is a parameter associated with tran-
sient heat flow that governs the temperature variation with-
in a product. 

When the heat loss to ambient air is negligible, equa-
tion 5 can be written as (Jiao et al., 2014a): 

 
( ) ( )

2
0 2 2

0 0

2

p m

T
f V

t C d d d

′′∂ ε= π ε
∂  ′ ′′ρ ε + + ε    (6) 

where d0 is the air gap between the top electrode and the 
upper surface of food material (m), and dm is the height of 
the sample (m). According to equation 6, the final tempera-
ture after RF heating can be described as: 

( ) ( )
2

0 2 2
0 0

2

f i

i

p m

T
T T t

t

T t f V
C d d d

∂= + ⋅
∂

′′ε= + ⋅ π ε
 ′ ′′ρ ε + + ε  

 (7) 

where Tf and Ti are the final and initial temperatures of the 
sample (°C), and t is the total heating time (s). 

The average temperature (Tavg, °C) in a dielectric mate-
rial is defined as the volume integral of the final tempera-
ture (Tf, °C) divided by the material volume (Vvol, m3) as 
follows (Tiwari et al., 2011b): 

 

1

1

vol

vol

avg f volVvol

i volVvol

T T dV
V

T
T t dV

V t

=

∂ = + ⋅ ∂ 




 (8) 

The temperature uniformity index (TUI) is a useful tool 
to evaluate the heating uniformity of treated samples in 
simulations when using a specific RF unit (Alfaifi et al., 
2014; Huang et al., 2015): 

 
( )21

sqrt

TUI
vol

f avg volVvol

avg i

T T dV
V

T T

 −  
=

−


 (9) 

It is clear that the RF heating uniformity is directly in-
fluenced by the final and average temperatures from equa-

 

Figure 1. Schematic diagram of the 6 kW, 27.12 MHz radio frequency heating system (all dimensions are in cm). 
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tion 9, which are affected by the heating rates from equa-
tions 7 and 8. If the individual heating rates could be de-
termined at different locations in the sample of the contain-
er, these relationships could be used to analyze the RF heat-
ing uniformity as influenced by the heating rate changes 
caused by the studied parameters. 

As the dimension of the top electrode (0.83 m × 
0.40 m2) was less than 30% of the RF wavelength (11 m) at 
27.12 MHz, its voltage was assumed to be uniformly dis-
tributed (Marra et al., 2007; Tiwari et al., 2011a, 2011b). 
Because the voltage at different load positions in industrial 
RF systems varies less than 7%, the top electrode voltage 
could be considered as a constant. When heat loss from 
mung beans to ambient air is negligible, the top electrode 
voltage can be estimated by the following equation (Birla et 
al., 2008): 

 

( ) ( )2 2
0

0

p
m

c dT
V d d

f dt

 ρ  ′ ′′= ε + ε +  ′′π ε ε    (10) 

The estimated voltage for the simulation was 8400 V, 
based on the heating rate in preliminary tests. The gap be-
tween the electrodes was set as 120 mm to heat the sample 
center from 20°C to 50°C or 53°C, at a heating rate of 5 to 
6 °C min-1. These operating conditions have been found to 
be appropriate for disinfestation of cowpea weevil (Callo-
sobruchus maculatus), one of the most resistant insects in 
mung beans (Jiao et al., 2011b). Sample density and ther-
mal conductivity were assumed to be temperature-
independent due to negligible changes over the small tem-
perature range from 20°C to 60°C. This temperature has 
been documented to be suitable for postharvest pest control 
(Jiao et al., 2011a). The specific heat capacity and dielectric 
properties of the material were presumed to be temperature-
dependent and were obtained from Ravikanth et al. (2012). 
Table 1 summarizes the properties of the various materials 
used in the computer simulations. 

Solving Procedure 
The models were implemented in COMSOL Multiphys-

ics software (COMSOL, 2012) based on a finite element 
method. A Dell workstation with two Dual Core i5-2400, 
3.10 GHz Xeon processors and 8 GB RAM running a Win-
dows 7 64-bit operating system was used to run the soft-
ware. A Joule heating model, which coupled the heat trans-
fer and electric current models, was developed. The phys-
ics-controlled mesh option (extremely fine mesh) was used 
for meshing the solution domain. The final mesh system 
consisting of 43,706 domain elements (tetrahedral), 7,480 
boundary elements (triangular), 672 edge elements (linear), 
and 53 endpoint elements was adopted in subsequent calcu-

lations. The time-dependent solver of UMFPACK with an 
absolute tolerance of 0.01 was used to solve the equations. 
The maximum time steps were set as 1 s. Total solution 
time depended on the simulation sequence and varied from 
15 to 30 min. 

MODEL VALIDATION: RF HEATING EXPERIMENTS 
To validate the simulation results, a rectangular contain-

er (300 mm L × 220 mm W × 50 H mm) filled with 3 kg of 
mung beans was placed on the center of the bottom elec-
trode of the RF system. The mung bean sample was divided 
into three layers at heights of 1.7, 3.4, and 5.0 cm using 
thin plastic film so as to obtain the sample surface tempera-
ture distributions in each layer (Huang et al., 2015). The 
gap between the two electrodes was fixed at 120 mm. Dur-
ing RF heating, the center temperature of the second layer 
was measured with a fiber optical sensor (HQ-FTS-D120, 
Xi’an HeQi Opto-Electronic Technology Co., Ltd., Shanxi, 
China) with an accuracy of ±1°C (fig. 2) and recorded with 
a data logger (FTS-P104, Xi’an HeQi Opto-Electronic 
Technology Co., Ltd.). These heating rate data were then 
used to estimate the voltage of the top electrode using equa-
tion 10. After RF heating for the predetermined time of 
6 min, the RF unit was turned off and the container was 
removed immediately for surface temperature mapping 
with an infrared camera (DM63-S, DaLi Science and Tech-
nology Co., Ltd., Zhejiang, China) with an accuracy of 
±2°C. Thermal images were taken from the top layer, fol-
lowed by the middle and bottom layers. The total meas-
urement time for the three layers was about 30 s. The tem-
peratures in the three different layers were analyzed using 
an image analysis system (V1.0, DaLi Science and Tech-
nology Co., Ltd.). Contour plots were used to present iso-
thermal curves of the temperature distributions in the three 
layers to compare with the simulation results. Figure 2 
shows the experimental setup for sample temperature 

Table 1. Dielectric and thermal properties of materials used in computer simulation. 
Material Property Mung Beans Aluminum[a] Air[a] Polypropylene[a] 
Density (kg m-3) 953 2700 1.2 900 

Thermal conductivity (W m-1 °C-1) 0.102[b] 160 0.025 0.26 
Heat capacity (J kg-1 °C-1) 18T + 1165[b] 900 1200 1800 

Dielectric constant 0.021T + 1.82[c] 1 1 2.0 
Loss factor 0.0028T + 0.036[c] 0 0 0.0023 

[a] Source: COMSOL material library (COMSOL, 2012). 
[b] Source: Ravikanth et al. (2012); T = temperature (°C). 
[c] Source: Jiao et al. (2011a); T = temperature (°C). 

Figure 2. Experimental setup for sample temperature measurements 
in radio frequency heating. 
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measurements during RF heating. Heating experiments 
were replicated five times. 

SIMULATION APPLICATIONS 
Effects of Sample Physical Properties  
on RF Heating Rate 

Thermal conductivity, specific heat capacity, and densi-
ty are the primary thermal properties of products that influ-
ence RF heating rates and are therefore important when 
simulating heat transfer phenomena during RF heating. To 
study the effects of these parameters on RF heating rate 
(using 6 min RF heating and electrode gap of 120 mm), 
simulations were performed by varying (1) sample mois-
ture content from 6% to 22% w.b., (2) sample density from 
800 to 1200 kg m-3, and (3) the specific heat capacity from 
1400 to 2200 J kg-1 °C-1 at five moisture content levels 
(6%, 10%, 14%, 18%, and 22% w.b.) (Jiao et al., 2011b). 
Values of the thermal conductivity of mung beans varying 
from 0.08 to 0.16 W m-1 °C-1 were used in the simulation 
model, which could be considered the possible range based 
on the real thermal conductivity values (0.102 W m-1 °C-1). 

Effects of Sample Dielectric Properties  
on RF Heating Rate 

The dielectric properties of a given material are usually 
a function of frequency, temperature, density, moisture 
content, and other properties of the material (Berbert et al., 
2002). Values of the dielectric properties may change dur-
ing the RF heating process, and the heating behavior may 
vary accordingly. Therefore, knowing the relationship be-
tween heating rate and dielectric properties before conduct-
ing experiments may help to predict the temperature chang-
es in bulk products and to better understand the RF heating 
process. To obtain a uniform temperature distribution in 
foods, a uniform electric field needs to be generated 
throughout the treated food sample. It is well known that if 
the loss factor is far smaller than the dielectric constant, the 
dielectric constant is the dominating the electric field dis-
tribution (Metaxas, 1996). Our assumption based on pub-
lished studies (Birla et al., 2008; Tiwari et al., 2011b; 
Huang et al., 2015) was that interaction between the loss 
factor and dielectric constant is negligible, so simulations 
were run by changing the dielectric constant of the sample 
from 0.5 to 10 with a fixed loss factor of 0.2 to study the 
effect of sample dielectric constant on RF heating rate. 
Similarly, the loss factor of the sample was varied between 
0.2 and 20 while the dielectric constant was fixed at 3 to 
study the effect of sample loss factor on RF heating rate. 
The sample dielectric properties were selected based on the 
simulation results shown in table 1. 

Effects of Electrode Gap and Top Electrode  
Voltage on RF Heating Rate 

In order to study the effect of electrode gap on RF heat-
ing rate, simulations were run by changing the top electrode 
positions from 90 mm to 130 mm at intervals of 10 mm 
while the top electrode voltage was considered constant at 
8400 V. To study the effect on RF heating rate under a 
fixed electrode gap of 120 mm, three top electrode voltages 
(6000, 8400, and 10,000 V) were selected, corresponding to 
small, medium, and large values. 

The relative sensitivity of the simulated heating rate in 
RF-treated mung beans was evaluated by changing each 
model parameter by ±20% from the nominal value while 
the other parameters were held at a fixed value. This meth-
od was used with the assumption of no interaction influ-
ence of these parameters, which was also assumed in other 
studies (Birla et al., 2008; Tiwari et al., 2011b; Alfaifi et 
al., 2014). 

RESULTS AND DISCUSSION 
SIMULATED TEMPERATURE PROFILES OF MUNG BEAN 

Figure 3 shows the simulated temperature profiles of 
RF-treated mung beans in three layers along the z-axis (z = 
17, 34, and 50 mm) and in three layers along the y-axis (y = 
0, 110, and 220 mm) at an initial temperature of 20°C after 
6 min RF heating with a fixed electrode gap of 120 mm. In 
the three horizontal layers along the z-axis, the average 
temperature of the bottom, middle, and top layers was 
55.1°C, 56.4°C, and 52.7°C, respectively. Since the rectan-
gular container was placed on the center of the bottom elec-

Figure 3. Simulated temperature (°C) profiles of mung beans (300 mm 
× 220 mm × 50 mm) at (a) three horizontal layers along the z-axis (z = 
17, 34, and 50 mm) and (b) three vertical layers along the y-axis (y = 
0, 110, and 220 mm) after 6 min RF heating with an electrode gap of 
120 mm at initial temperature of 20°C. 
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trode, the sample temperatures in the middle and bottom 
layers were higher than those in the top layer. The relative-
ly lower temperature in the bottom layer was probably 
caused by heat loss from the sample to the bottom electrode 
plate through the container. The low temperatures observed 
at the outer surfaces of the sample might be attributable to 
convective heat loss between the outer surfaces of the 
mung beans and the surrounding air (20°C). In the three 
vertical layers along the y-axis, the temperature increased 
symmetrically from the center layer (y = 110 mm) to the 
outer layers of the mung beans sample. The mean sample 
temperatures in the center layer (y = 110 mm) was 52.7°C, 
while the mean temperature in the outer layers (y = 0 and 
220 mm) was 62.9°C. Generally, the highest temperatures 
were located at the four corners and edges. This tempera-
ture non-uniformity in the mung bean sample could be at-
tributed to the horn effect and the reflection of the electric 
field at interfaces, which might result in the electric field 
concentrating at the corners, edges, and lower sections of 
the sample (Tiwari et al., 2011b). On the other hand, the 
loss factor of mung beans increased progressively with the 
increase in temperature (table 1), and hot spots became 
hotter due to more absorbed RF energy, as indicated by 
equation 6. Similar heating patterns have been observed for 
polyurethane foam sheets (Wang et al., 2007a, 2007b), 
wheat flour (Tiwari et al., 2011b), and raisins (Alfaifi et al., 
2014) when subjected to RF treatment. 

COMPARISONS BETWEEN EXPERIMENTAL AND  
SIMULATED TEMPERATURE PROFILES 

Figure 4 shows a comparison between the experimental 
and simulated surface temperature distributions of mung 
beans in all three layers, and figure 5 shows temperature 
profiles along the center line (A-A) of each layer. Both 
results demonstrate that the simulated temperature distribu-
tion patterns for all layers were in good agreement with the 
experimental patterns. Overheating of the corners and edg-
es was observed in both the simulated and experimental 
temperature distributions. The average temperature differ-
ences along the A-A line were 0.35°C, 0.37°C, and 0.01°C 
for the top, middle, and bottom layers, respectively (fig. 5). 
The simulated temperatures were slightly higher than the 
experimental values, probably due to slight heat loss from 
the experimental samples to the environment before tem-
perature mapping. Good agreement between simulated and 
experimental temperatures was found again at the center of 
the middle layer (geometric center) with a high coefficient 
of determination (R2 = 0.9997) (fig. 6). The validated simu-
lation model was further used to determine the effects of 
model parameters on the heating rate of mung beans during 
RF treatment. 

INFLUENCE OF MOISTURE CONTENT, DENSITY,  
SPECIFIC HEAT CAPACITY, AND THERMAL  
CONDUCTIVITY ON RF HEATING RATE 

Figure 7a shows the influence of sample moisture con-
tent on the heating rate of mung beans at the center of the 
middle layer (34 mm from bottom of sample) when sub-
jected to 6 min RF heating with an electrode gap of 
120 mm. The simulation results show that the heating rate 

increased dramatically with increasing sample moisture 
content (<18% w.b.) but then slightly decreased with mois-
ture content (>18% w.b.). This behavior could be caused by 
the increased thermal and dielectric properties of samples 
with increasing moisture content: the higher the sample 
moisture content, the larger the thermal conductivity, spe-

 
Experimental top layer  

(50 mm) 
Simulated top layer  

50 mm) 

 
Experimental middle layer  

(34 mm) 
Simulated middle layer  

(34 mm) 

 
Experimental bottom layer  

(17 mm) 
Simulated bottom layer  

(17 mm) 

Figure 4. Experimental and simulated temperature distributions (°C) 
of mung beans in the top, middle, and bottom layers (50, 34, and 
17 mm from bottom of sample) placed in a polypropylene container 
(300 mm × 220 mm × 50 mm) on the center of the bottom electrode 
after 6 min RF heating with an initial temperature of 20°C and a fixed 
electrode gap of 120 mm. 
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cific heat capacity, dielectric constant, and loss factor of the 
sample (Guo et al., 2010; Jiao et al., 2011a). Because the 
RF heating rate was also inversely proportional to the sam-
ple dielectric properties, density, and specific heat capacity, 
the heating rate reached a peak value at around 18% mois-
ture content under the given conditions. It is possible to 
obtain the appropriate RF heating rate in samples by con-
trolling the sample moisture content under a given electric 
field intensity (Jiao et al., 2011b). Although the moisture 

content of dried agricultural products is relatively low, a 
small change in moisture content can have a significant 
impact on RF heating rate. The RF heating rate changed by 
40% when the moisture content was changed by 20% (ta-
ble  2). Similar results have been observed for walnut ker-
nels (Mitcham et al., 2004) and peanut butter (Jiao et al., 
2014a) during RF treatment. 

For RF drying, this heating behavior could provide an 
advantage in keeping the sample temperature stable, since 
the RF power or the heating rate are reduced where mois-
ture is removed. The large heating rate at the corners and 
edges of the sample could be caused by high moisture con-
tent that migrated from the central part due to RF treatment. 
By adding forced hot air from the bottom electrode to speed 
up the airflow, moisture at the corners and edges could be 
reduced, resulting in a lower heating rate and more uniform 
heating (Wang et al., 2010; Jiao et al., 2012). On the other 
hand, the dielectric properties of mung beans vary with 
moisture content, which might have some influence on the 
effectiveness of RF treatments for insect control. Shrestha 
and Baik (2013) reported that a lower moisture content of 
the product may result in greater selective heating of in-
sects. A pretreatment process could be added to reduce the 
moisture content of the samples to a set level, e.g., 6%, 
before RF treatment to achieve the required heating uni-
formity and insect mortality 

Figure 7b shows the simulated RF heating rate of mung 
beans at the center of the middle layer as influenced by 
different sample densities. The heating rates were about 
6.0, 4.8, and 4.0 °C min-1 for mung beans densities of 800, 
1000, and 1200 kg m-3, respectively. It is clear that lower 
sample density resulted in higher RF heating rate, as de-
scribed by equation 5. This could be due to a smaller quan-
tity of sample heated using the same RF power. This sug-
gests that compacting the sample in the corners and loosen-
ing the sample in the center might improve the RF heating 
uniformity in the container. A similar decreasing trend of 
RF heating rate varying with density was reported by Kan-
nan et al. (2013). The RF heating rate changed by 21% 
when the sample density was changed by 20% (table 2). 

The influence of sample specific heat capacity on RF 
heating rate was also assessed with the validated simulation 

Top layer (50 mm) 

Middle layer (34 mm) 

Bottom layer (17 mm) 

Figure 5. Comparison between experimental and simulated tempera-
ture profiles of mung beans along the center line (A-A in fig. 4) in the 
top, middle, and bottom layers (50, 34, and 17 mm from bottom of
sample) placed in a polypropylene container (300 mm × 220 mm ×
50 mm) on the center of the bottom electrode after 6 min RF heating
with an initial temperature of 20°C and a fixed electrode gap of
120 mm. 

Figure 6. Comparisons of experimental and simulated temperatures 
(°C) of mung beans at the center of the middle layer (34 mm from 
bottom of sample) during 6 min RF heating with an electrode gap of 
120 mm. 



156  TRANSACTIONS OF THE ASABE 

 

model (fig. 7c). Heating rates were 6.88, 5.35, and 4.38 °C 
min-1 for specific heat capacities of 1400, 1800, and 2200 J 
kg-1 °C-1, respectively. The RF heating rate decreased with 
increasing sample specific heat capacity, since the sample 
specific heat capacity is inversely proportional to the RF 
heating rate in equation 6. This decreasing trend was simi-
lar to that for sample density. The RF heating rate changed 
by 19% when the sample specific heat capacity was 
changed by 20% (table 2). These results were in good 
agreement with the observations of Barringer et al. (1994). 

Figure 7d shows the general trends of RF heating rate as 
influenced by sample thermal conductivity during 6 min RF 
heating with an electrode gap of 120 mm. The RF heating 
rate increased dramatically and then gradually with the 
increase in sample thermal conductivity. This could be 
caused by the fast heat transfer in samples with large ther-
mal conductivity, as shown by equation 2. A similar trend 
was reported by Bridgwater et al. (1999). However, the 
influence of sample thermal conductivity on RF heating 
rate was smaller than the effects of sample moisture con-
tent, specific heat capacity, and density, since the RF heat-
ing rate changed by only 0.35% when the thermal conduc-
tivity of mung beans was changed by 20% (table 2). The 
effect of thermal conductivity on RF heating rate could be 
ignored in practical applications. 

INFLUENCE OF SAMPLE DIELECTRIC PROPERTIES  
ON RF HEATING RATE 

The simulation results in figure 8a show that the RF 
heating rate of mung beans was influenced by sample die-
lectric constant during 6 min RF heating with an electrode 
gap of 120 mm. The loss factor of the sample was set at 
0.2. When the sample dielectric constant increased from 0.5 
to 10, the RF heating rate at the center of the middle layer 
decreased rapidly at first and then slowly. This heating be-
havior can be illustrated by a monotonic decreasing func-
tion with ε′ if all other parameters are considered as con-
stant except for ε′, as shown in equation 6. The electric 
field pattern between the two RF electrodes was distorted at 
the corners and edges of the sample due to the dielectric 
constant difference between the sample and the air. The 
electric field distortion could be reduced, resulting in better 
heating uniformity, by using a surrounding material with a 
low loss factor and a similar dielectric constant, instead of 
air (Tiwari et al., 2011b; Jiao et al., 2014b; Huang et al., 
2015). Figure 8b shows the trends in RF heating rate of 

(a) 

(b) 

(c) 

(d) 

Figure 7. Simulated heating rate of mung beans at the center of the 
middle layer (34 mm from bottom of sample) as influenced by 
(a) sample moisture content, (b) density, (c) specific heat capacity, and 
(d) thermal conductivity during 6 min RF heating with an electrode
gap of 120 mm and a fixed top electrode voltage of 8400 V. 

Table 2. Simulated sensitivity of RF heating rate of mung beans with 
respect to ±20% change in model parameters. 

Model Parameter Nominal Value[a] 
Change in 

Heating Rate 
Dielectric properties 

(ε′ − jε″) 
(0.021T + 1.82)  

− j(0.0028T + 0.036) 
74% 

Electrode gap (mm) 120 62% 
Top electrode voltage (V) 8400 45% 
Moisture content (% w.b.) 7.54 40% 

Density (kg m-3) 953 21% 
Specific heat capacity 

(J kg-1 °C-1) 
18T + 1165 19% 

Thermal conductivity 
(W m-1 °C-1) 

0.102 0.35% 

[a] T = temperature (°C). 
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mung beans as influenced by sample loss factor when the 
dielectric constant was fixed at 3. The simulation results 
show that the increase in sample loss factor caused an ini-
tial increase and then a reduction in the RF heating rate. 
Based on equation 6, for a fixed ε′, the maximum heating 
rate can be obtained as πfε0V

2/[ρCp(ε′ + dm/d0)] when ε″ = 
ε′ + dm/d0. An increase in ε″ would result in thermal runa-
way when ε″ < ε′ + dm/d0 but would reduce the heating rate 
when ε″ > ε′ + dm/d0. 

Figures 8a and 8b both show that the RF heating rate 
achieved a maximum value when the loss factor was close 
to the dielectric constant value. In this study, the ε′ and ε″ 
values were much larger than dm/d0, so the maximum heat-
ing rate could be achieved when ε″ ≈ ε′. Similar findings 
have been reported for the influence of sample dielectric 
properties on RF power distribution in wheat flour (Tiwari 
et al., 2011b) and peanut butter (Jiao et al., 2014a). The ε′ 
and ε″ values for all insect (cowpea weevil) stages are 
higher than those for lentils due to the higher moisture con-
tent (70.8%) of insects, which suggests that cowpea weevils 
would heat at a faster rate than the product (Johnson et al., 
2010; Jiao et al., 2011a). The influence of dielectric proper-
ties on heating rates has been further applied to predict the 
differential heating between products and insect pests dur-
ing RF treatment (Wang et al., 2003; Shrestha and Baik, 

2013). Generally, the RF heating rate changed by 74% 
when the dielectric properties of mung beans by were 
changed by 20% (table 2). This could be used for predict-
ing the approximate RF heating rate trend by simply con-
sidering the dielectric properties of products. 

INFLUENCE OF TOP ELECTRODE VOLTAGE AND  
ELECTRODE GAP ON RF HEATING RATE 

Figure 9a shows that a higher top electrode voltage re-
sulted in faster RF heating in mung beans during 6 min RF 
heating with an electrode gap of 120 mm. When the top 
electrode voltage varied from 6000 to 10,000 V, the RF 
heating rate increased from 2.57 to 7.14 °C min-1. This 
phenomenon could be explained by equations 4 and 5 in 
which the RF heating rate in products is proportional to the 
square of the electric field strength (E, V m-1), which is 
equal to the top electrode voltage since the bottom elec-
trode was grounded. The voltage on the top electrode used 
in this simulation was estimated by inputting the measured 
average heating rate using equation 10, and by using com-
puter simulation when the simulated temperature patterns 
and values matched well with the experimental values 
(Birla et al., 2008). With the important effect on RF heating 
rates (table 2), it is essential to precisely determine the top 
electrode voltage by direct measurement (Zhu et al., 2014). 

(a) 

(b) 

Figure 9. Simulated heating rate of mung beans at the center of the 
middle layer (34 mm from bottom of sample) with sample moisture 
content of 7.54% w.b., density of 953 kg m-3, thermal conductivity of 
0.102 W m-1 °C-1, dielectric properties of (0.021T + 1.82) − j(0.0028T +
0.036), and specific heat capacity of 18T + 1165 J kg-1 °C-1) as influ-
enced by (a) top electrode voltage and (b) electrode gap during 6 min 
RF heating with samples placed on the center of the bottom electrode.

(a) 

(b) 

Figure 8. Simulated heating rate of mung beans at the center of the 
middle layer (34 mm from bottom of sample) with electrode gap of
120 mm, top electrode voltage of 8400 V, sample density of 953 kg m-3, 
thermal conductivity of 0.102 W m-1 °C-1, and specific heat capacity of
18T + 1165 J kg-1 °C-1) as influenced by (a) dielectric constant with 
loss factor fixed at 0.2 and (b) loss factor with dielectric constant fixed
at 3 during 6 min RF heating. 
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The temperature non-uniformity in the sample could be 
attributed to the real electric field behavior, which was as-
sumed to be uniformly distributed on the top electrode. In 
reality, the top electrode voltage could be higher in the cor-
ners than in the center, resulting in uneven heating in the 
sample. This problem could be partially solved by moving 
the power feed to the center of the top electrode (Wang et 
al., 2008a). 

Figure 9b shows that the RF heating rate was greatly af-
fected by the electrode gap during 6 min RF heating with 
the top electrode voltage assumed to be 8400 V. The RF 
heating rate of mung beans decreased as the electrode gap 
increased from 90 to 130 mm and was inversely propor-
tional to the electrode gap (Jiao et al., 2014a). Since the 
bottom electrode is normally fixed, the gap between the 
two electrodes (d = d0 + dm) can be divided into the air gap 
(d0) and the height of the food sample (dm). For a fixed 
sample height (dm), the air gap (d0) increases and the heat-
ing rate decreases with an increasing electrode gap (d), as 
indicated by equation 6. When the air gap (d0) is reduced to 
zero, the value of ε′ does not influence the heating rate. As 
a result, ε″ is the dominating factor in RF heating, and the 
heating mechanism changes from dielectric heating to re-
sistive heating (Metaxas, 1996). However, an air gap (d0) is 
necessary in dielectric heating for use in a continuous sys-
tem. Rapid heating rates correspond to higher throughputs 
but may adversely affect the heating uniformity, as indicat-
ed by equations 7 to 9. To obtain acceptable heating uni-
formity and relatively high throughput, an appropriate elec-
trode gap should be selected for RF treatment in industrial 
applications. 

GENERAL APPLICATIONS OF MODELING RESULTS 
The RF heating rate of mung beans was mostly influ-

enced by sample dielectric properties, followed by the elec-
trode gap, top electrode voltage, sample moisture content, 
and sample thermal properties (table 2). In a mixture of 
insects in mung beans, the heating rate of insects would be 
higher than that of mung beans because the dielectric prop-
erties of insects are more than ten times greater than those 
of mung beans when treated with RF energy (Jiao et al., 
2011a). The insects would reach a lethal temperature while 
the product would be heated to lower temperatures that do 
not cause quality loss. This is an attractive feature of insect 
control using RF energy. Differential heating has been re-
ported for both simulations and experiments for insects in 
walnuts (Wang et al., 2003), almonds (Wang et al., 2013), 
and wheat (Shrestha and Baik, 2013). By exploring the 
differences in heating rate between insect pests and host 
products during RF heating, the required processing time 
and product temperature could potentially be reduced for 
effective treatment, resulting in reduced adverse effects on 
product quality. 

The results of the current study indicate that the heating 
rate increased with increasing voltage, moisture content, 
and thermal conductivity but with decreasing electrode gap, 
dielectric constant, density, and heat capacity. The heating 
uniformity could be improved by reducing the product 
moisture content, increasing the electrode gap, and com-
pacting the sample in the corners during the RF treatment. 

Expanding on the simulation results, a surrounding material 
with a dielectric constant similar to that of the sample could 
further reduce overheating of the corners. If the heating 
uniformity is still not enough for controlling insects without 
damaging the product quality, taking the simulation results 
from this study into consideration, then additional hot air 
surface heating, sample movement, and/or mixing could be 
used to ensure RF heating uniformity in industrial applica-
tions. 

CONCLUSION 
A computer model of RF heating of mung beans was 

developed for a 6 kW, 27.12 MHz free-running oscillator 
RF system using COMSOL software and then validated 
with experimental results. The simulation and experimental 
results both showed higher temperatures in the middle lay-
ers of samples, and corners were heated more than center 
areas in all layers. The simulation results confirmed that the 
specific heat capacity and density of the sample affected 
the RF heating rate with similar trends, and a loss factor 
equal to the dielectric constant provided fast RF heating. A 
proper selection of sample moisture content, electrode gap, 
and top electrode voltage might be useful to reduce the 
concentration of the electric field at the corners and edges 
of the sample. The developed model is an effective tool to 
guide a reasonable selection of RF treatment conditions 
based on different RF heating rates, thereby improving the 
heating uniformity of dried products exposed to RF treat-
ment and understanding the complex RF heating process. 
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