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Non-uniform heating is one of the most important challenges during the development of radio frequency
(RF) heat treatments for pest control and other applications. A computer simulation model using finite
element-based commercial software, COMSOL, was developed to investigate the heating uniformity of
raisins packed in a rectangular plastic container (25.5 � 15.0 � 10.0 cm3) and treated in a 6 kW,
27.12 MHz RF system. The developed model was then experimentally validated. Simulated and experi-
mental temperature distributions in raisins after RF heating were compared in three different horizontal
layers (top, middle, and bottom) within the container. Simulated and experimental average and standard
deviation of the temperature values were highest in the middle layer, followed by the top and bottom
layers. A sensitivity study indicated that the heating uniformity of the samples was most affected by
the density of the raisins followed by the top electrode voltage, the dielectric properties, the thermal con-
ductivity and the heat transfer coefficient. Corners and edges were heated more than the centers in each
layer of the RF treated raisins. The model developed here can be used for future investigations to improve
the heating uniformity for insect disinfection of dried fruit and other similar applications.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Insect infestation is one of the most important sanitary or quar-
antine considerations limiting domestic and international trade of
dried fruits including raisins, dates, apricots, figs, and prunes. Post-
harvest control of insects that attack dried fruits such as: Indian-
meal moth (Plodia interpunctella), navel orangeworm (Amyelois
transitella), raisin moth (Cadra figulilella), fig moth (Ephestia cautel-
la), driedfruit beetle (Carpophilus hemipterus), and sawtoothed
grain beetle (Oryzaephilus surinamensis) is essential if quarantine
regulations required in many countries (Johnson et al., 2009) are
to be met. On the other hand, total postharvest product losses from
insect infestation are conservatively estimated to be between 10%
and 40% worldwide through direct damage; contamination with
fecal matter, webbing and insect parts (Pimentel and Raman,
2002). Insect infestation promotes increased mold growth, toxin
production, and product degradation. Traditionally, chemical fumi-
gation has been the most widely used treatment for insect control
due to its efficacy and relatively low cost (Barreveld, 1993).
However, environmental and public health concerns about the
hazards of chemical fumigation have increased the demand for
non-chemical pest control methods for dried fruits.

The interest in non-chemical methods for insect disinfestations
in agricultural commodities has grown in recent years due to in-
creased food and environmental safety requirements. One alterna-
tive to chemical fumigation is radio frequency (RF) treatment,
which has been shown to be lethal to insects at low intensity
(Wang et al., 2007b). RF dielectric heating employs electromag-
netic waves of 13.56, 27.12, and 40.68 MHz for industrial applica-
tions (Metaxas, 1996). However, major challenges with adopting
RF heating in the food industry are non-uniform heating and run-
away heating, which cause overheating in corners, edges, and cen-
ter parts, especially in foods of intermediate and high water
content (Fu, 2004). Temperature variations among and within pro-
cessed agricultural commodities reduce the efficiency of a treat-
ment and may cause severe thermal damage to its quality and
adversely affect product safety. During RF processing, several inter-
acting factors influence heating uniformity (Wang et al., 2005).
These factors include the design of RF heating systems (e.g. the
electrode shape and power output), packaging geometries, dielec-
tric, thermal and physical properties of the treated materials,
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Fig. 1. Schematic view of the pilot-scale 6 kW, 27.12 MHz RF unit showing the
rectangular plastic container placed in between the top and bottom electrodes
(Adapted from Wang et al., 2010).
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position of the treated materials within the RF units, and the
surrounding media (Fu, 2004).

The trial and error procedure often practiced to adjust these
parameters to improve the heating uniformity is ineffective and
costly. Mathematical modeling and computer simulation serve as
valuable tools for shedding light on the complex mechanisms
underlying the heating uniformity of food products subjected to
RF treatments without the necessity of extensive time consuming
experiments. The first attempt to model RF systems was reported
in the 1990s (Neophytou and Metaxas, 1996, 1997, 1998, 1999).
These efforts attempted to model the electrical field for indus-
trial-scale RF heating systems and compared solutions from both
electrostatic and wave equations. Yang et al. (2003) investigated
temperature distributions for alfalfa and radish seeds placed inside
rectangular polystyrene boxes after RF heating using commercial
software TLM-FOOD HEATING. The developed model was then val-
idated with experimental data. Chan et al. (2004) developed an
effective model to simulate an actual RF heating system using a fi-
nite elements method to solve wave equations. The simulated and
experimental data for different sized loads and positions of a 1%
solution of carboxymethyl cellulose showed good agreement. Mar-
ra et al. (2007) analyzed the temperature profiles of cylindrical
meat batters treated with a 50 X, 27.12 MHz RF system at different
output power levels using commercially available finite element-
based software, FEMLAB. The model was then validated by com-
paring simulated and measured temperature profiles. The authors
reported uneven temperature distributions within the sample; the
higher the applied power, the more uneven the temperature distri-
bution. Heating non-uniformity in fresh fruits subjected to a
12 kW, 27.12 MHz RF system has been investigated mathemati-
cally using FEMLAB (Birla et al., 2008). Factors such as dielectric
properties, shape, surrounding media, and position of fruit were
found to affect the heating uniformity of fresh fruits. Tiwari et al.
(2011a) developed and validated a computer simulation model
for a 12 kW, 27.12 MHz RF system using COMSOL to compare the
simulated temperature profiles of wheat flour with transient
experimental temperature profiles in RF heating. The validated
model was further used to predict the influence of the shape, posi-
tions, configuration of the top electrode, and other related factors
on the RF power distribution in dry food materials (Tiwari et al.,
2011b).

There are no reports on the computer simulation for RF heating
of high sugar and intermediate moisture materials. To investigate
the RF heating characteristics in these materials and select opera-
tional parameters to improve the RF heating uniformity, it is desir-
able to develop a computer simulation model and validated it by
experiment. The objectives of this study were to investigate RF
heating behavior in raisins using computer simulation, estimate
dielectric properties and thermal conductivity of raisins packed
in a container using published mixture equations, develop com-
puter simulation model for a 6 kW, 27.12 MHz RF system using
commercial finite element software COMSOL, and validate the
computer model with experimental temperature profiles of raisins.
2. Materials and methods

2.1. Development of computer model

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

heating system (COMBI 6-S, Strayfield International Limited,
Wokingham, UK) was used for the RF heating experiments. Fig. 1
provides a schematic view of the RF unit used in this study. The
RF system consisted of a generator and an applicator comprising
a pair of parallel plate electrodes inside a large rectangular metallic
enclosure. The electrodes were connected to a tank oscillatory cir-
cuit. The samples were sandwiched between the two electrodes.
This configuration has been shown to achieve greater temperature
uniformity in the top and bottom layers in a container (Tiwari
et al., 2011b).

2.1.2. Governing equations
2.1.2.1. Electric current. A quasi-static approximation was used to
solve Maxwell’s electromagnetic field equations. Since the wave-
length (11 m) in the 27.12 MHz RF system is often much larger
than the electrode gap, Maxwell’s equations were simplified to La-
place equations (Metaxas, 1996):

�r � ððrþ j2pfe0e0ÞrVÞ ¼ 0 ð1Þ

where r is the electrical conductivity of the heated material
(S m�1), j ¼

ffiffiffiffiffiffiffi
�1
p

; f is the frequency (Hz), eo is the permittivity of
free space (8.86 � 10�12 F m�1), e0 is the dielectric constant of the
material, and V is the voltage between the two electrodes (V). The
electric field strength is ~E ¼ �rV .

2.1.2.2. Heat transfer. The heat conduction was considered within
the food material, convection at the material’s surface, and heat
generation due to RF heating. The governing heat transfer equation
in the electromagnetic field is described as:

qCP
@T
@t
¼ r � ðkrTÞ þ Q ð2Þ

where q is the density (kg m�3), Cp is the specific heat of the heated
material (J kg�1 K�1), T is the temperature inside the material (�C), t
is the process time (s), k is thermal conductivity (W m�1 K�1), and Q
is the RF power conversion to thermal energy (W m�3) within the
food material for a given electric field intensity, ~E. Q is described
as (Choi and Konrad, 1991):

Q ¼ 2pf e0e00j~Ej2 ð3Þ

where j~Ej is the magnitude of electric field intensity (V m�1).

2.1.3. Geometrical, thermal, and electrical boundary conditions
Figs. 2 and 3 show the geometrical, thermal and electrical

boundary conditions of the 6 kW, 27.12 MHz RF system used in
the simulation. Electrical insulation (r �~E ¼ 0) and thermal insula-
tion (rT = 0) were assigned to the inlet and outlet of the system,
while electrical insulation (r �~E ¼ 0) only was assigned to the
walls of the RF applicator. The bottom electrode was set as ground
(V = 0 V). The top exposed surface of the sample was assigned with
convective heat transfer (h = 20 W m�2 K�1) for free convection of
ambient air. The raisin samples were equilibrated at room temper-
ature prior to RF heating and, therefore, it was assumed that these
samples were at a uniform temperature, Tinitial. In all cases, the ini-
tial temperature, Tinitial, was set at 23 �C. The voltage on the top
electrode was assumed to be uniformly distributed because its
dimensions (68.6 � 49.5 cm2) were only 30% of the RF wavelength



b 40
. 9

 
13

.7
 

64
.8

 

10
.0

 
68.6 

74.9

a 

10
.2

 

74
.9

 

54
.6

 

216.0 

48.3 119.4 

49
.5

 

15
.0

 

25.5 
54

.6
 

Fig. 2. Geometrical boundary conditions of (a) top view and (b) front view of a
6 kW, 27.12 MHz RF system used in simulations (dimensions are in cm).
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of 27.12 MHz (11 m) (Barber, 1983). The voltage was also assumed
to be constant during the RF treatment because it varies by only 7%
in typical industrial-scale RF systems between standby to full load
position (Metaxas, 1996).
2.1.4. Solution methodology
A finite element method was used to solve the coupled electro-

magnetic and heat transfer equations (Joule heating model) using
commercial software, COMSOL (V4.2a, COMSOL Multiphysics, Bur-
lington, MA, USA). The software was run on a US Micro Mini-Tower
Workstation with a Core i7-2600, 3.4 GHz Quad Core Processor and
16 GB RAM operating with a Windows 7 64-bit operating system.
Fig. 4 illustrates the steps taken in the simulation. An unstructured
mesh consisting of a Lagrange quadratic element was generated
over the entire domain of the RF cavity. Finer mesh was created
near the sharp edges and corners of the sample and the container
to increase the accuracy of the solution. Mesh convergence study
was performed to verify that the results were independent on
the mesh size. This verification was accomplished by running the
same simulation with several different types of meshes to deter-
mine what, if any, effect it would have on the results. Five meshes
were created; these meshes are designated by COMSOL to be
Normal, Fine, Finer, Extra fine, and Extremely fine. Table 4 shows
Fig. 3. Thermal and electrical boundary conditions of th
properties of these meshes. Mesh size was considered when the
difference in the resulted temperatures between successive calcu-
lations was less than 0.1%. The direct linear system solver UMF-
PACK was used with a relative tolerance and an absolute
tolerance of 0.01 and 0.001, respectively. Initial and maximum
time steps were set as 0.001 and 1 s.
2.1.5. Model parameters
Information on the dielectric, thermal, and physical properties

of the sample and the surrounding medium are essential in model-
ing the RF heating process. Tables 1 and 2 summarize these values.
The density was assumed to be temperature independent, whereas
the thermal conductivity, specific heat, and dielectric properties of
the materials were assumed to be temperature dependent over the
range of treatment temperatures (20–60 �C) suitable for posthar-
vest pest control.

Foods such as fruits, vegetables, and foodstuffs in bulk may con-
tain certain amounts of air, which impedes the flow of heat
throughout the heated material during the heating process. It is
impractical to measure dielectric and thermal properties for such
materials with different densities. Therefore, six well-known mix-
ture equations were used to estimate the effective dielectric and
thermal conductivity of the air-particle mixture using Matlab
2010 (Mathworks Inc., Natick, MA). The dielectric properties of rai-
sin paste (0% air) at the particle density, 1422 kg m�3, obtained
from Alfaifi et al. (2013) and the thermal properties (thermal con-
ductivity and specific heat) measured in this study using the dual
needle probe method (KD2 Pro, Decagon Devices, Pullman, USA)
within the temperature range from 20 to 60 �C were used in the
mixture equations. These data are listed in Table 1. Dielectric mix-
ture equations have been widely used to estimate the dielectric
properties of a bulk mass from the properties of an air-particle
mixture made up of air (voids) and particles of the solid (Nelson,
1991, 1992). These equations relate the dielectric properties and
the bulk density. For the dielectric properties, the following equa-
tions were used:

Complex Refractive Index mixture equation (CRIME) (Kraszew-
ski, 1977):

e1
2 ¼ v1ðe1Þ

1
2 þ v2ðe2Þ

1
2 ð4Þ

Landau and Lifshitz, Looyenga equation (LLLE) (Landau and Lifshitz,
1960; Looyenga, 1965):

e1
3 ¼ v1ðe1Þ

1
3 þ v2ðe2Þ

1
3 ð5Þ
e 6 kW, 27.12 MHz RF system used in simulation.
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Fig. 4. Flow chart of modeling steps using COMSOL Multiphysics V4.2a.

Table 1
Dielectric and thermal properties (Mean ± standard deviation) of raisins at 27 MHz, five temperatures, and a particle density of 1422 kg m�3.

Temp. (T, �C) Dielectric constant (e0)* Loss factor (e00)* Thermal conductivity (k, W m�1 K�1) Specific heat (Cp, J kg�1 K�1)

20 21.9 ± 0.1 8.1 ± 0.1 0.315 ± 0.002 2048.4 ± 25.4
30 24.8 ± 0.4 8.9 ± 0.1 0.337 ± 0.005 2150.8 ± 15.2
40 28.0 ± 0.4 9.8 ± 0.2 0.345 ± 0.003 2279.4 ± 28.6
50 31.2 ± 0.3 10.6 ± 0.1 0.368 ± 0.005 2360.5 ± 12.8
60 33.8 ± 0.3 11.4 ± 0.1 0.379 ± 0.004 2486.4 ± 19.5

* From Alfaifi et al. (2013).

Table 2
Electrical and thermo-physical properties of materials used in computer simulation.

Materials properties Aluminum* Polypropylene* Air*

Thermal conductivity (k, W m�1 K�1) 160 0.2 0.025
Density (q, kg m�3) 2700 900 1.2
Specific heat (Cp, J kg�1 K�1) 900 1800 1200
Dielectric constant (e0) 1 2.0** 1
Loss factor (e}) 0 0.0023** 0

Source.
* COMSOL material library, V4.2a (2012).
** von Hippel (1995).
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Bottcher equation (BE) (Bottcher, 1945):

e� e1

3e
¼ v2

e2 � e1

e2 þ 2e
ð6Þ

where e is the complex permittivity of the mixture, e1 is the permit-
tivity of the medium (air), e2 is the permittivity of solid (raisins), v1

is the volume fraction of the medium (air), and v2 is the volume
fractions of solid (raisin porosity v2 = e = 0.45), where v1 + v2 = 1.
These equations have been used successfully to predict the dielec-
tric properties of various granular materials (Nelson, 1991, 1992).
Both granular and porous foods are two-media systems composed
of air and solids; therefore, models developed for granular foods
can also be used for porous foods such as bread (Liu et al., 2009)
with an error of ±10% and biscuit dough (Kim et al., 1998) with
an error range of ±1.98% to 2.85%.

For thermal conductivity, the following mixture equations were
used:

Parallel model:

ke ¼
X

i

kiv i ð7Þ

Kopelman model (Kopelman, 1966):

ke ¼ kc
1� v2=3

2 ð1� ðkd=kcÞÞ
1� v2=3

2 ð1� ðkd=kcÞÞð1� v2=3
2 Þ

 !
ð8Þ

Maxwell–Eucken model (Eucken, 1940):

ke ¼ kc
2kc þ kd � 2v2ðkd � kcÞ
2kc þ kd þ 2v2ðkd � kcÞ

� �
ð9Þ
where ke is the effective thermal conductivity for the bulk mass,
W m�1 K�1, kc is the thermal conductivity of solid, W m�1 K�1, kd

is the thermal conductivity of air, W m�1 K�1, and v2 is the volume
fraction of the air.

During the operation of an RF system, it is difficult to accurately
measure the voltage of the top electrode (Marshall and Metaxas,
1998). Therefore, preliminary simulations were run by considering
different values for the voltage of the top electrode and the result-
ing temperature distribution was compared with the experimental
temperature distribution during treatment. Based on the prelimin-
ary simulated and experimental temperature distribution, the volt-
age of the top electrode was set as 4100 V for all simulation runs.
The same method has been used to estimate the top electrode volt-
age of similar RF systems (Marshall and Metaxas, 1998; Birla et al.,
2008; Tiwari et al., 2011a). Information of electrical and thermo-
physical properties of materials used in computer simulation is
listed in Table 2.

Acceptable mortality levels (�99.83%) of the navel orangeworm
(A. transitella), which is one of the most resistant insects in dried
fruits (Wang et al., 2007c), for industrial use to process large vol-
umes requires temperatures 52 �C and 55 �C at an exposure time
6 min and 1 min, respectively, and a heating rate 5–10 �C min�1

(Wang et al., 2002). This heating rate range can be achieved by
using an electrode gap of 13, 13.6, or 14.2 cm (Fig. 6) Therefore,
13.6 cm gap was used in further simulations and experiments.
The minimum temperature in this study to disinfest insects was
52 �C based on the resulted non-heating uniformity, the prelimin-
ary results, and especially the overheating around the edges and
corners.

The relative sensitivity with respect to model inputs was evalu-
ated using the uniformity index (UI) of the treated samples in sim-
ulation. This index is a useful tool to evaluate the heating
uniformity when using a fixed configuration and a specific RF unit.
It is defined as:
UI ¼
1

Vvol

R
Vvol

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT � TavÞ2

q
dVvol

Tav � T initial
ð10Þ
where Vvol is the material volume (m3), and T and Tav are local and
average temperatures (�C) inside the dielectric material over the
volume (Vvol, m3). The smaller the UI value, the better the RF heating
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uniformity. The minimum value of UI is zero, which indicates uni-
form temperature in dielectric material.
2.2. Model validation

2.2.1. Experimental procedure
To validate the computer simulation model, the 6 kW, 27 MHz

pilot-scale RF system (Strayfield Fastran with E-200, Strayfield
International Limited, Wokingham, UK) described above was used
to heat Thompson seedless raisins (V. vinifera) (Caruthers Raisin
Packing, Caruthers, CA). Raisins were stored under refrigeration
(5 �C) until tests. The initial water content of raisins was approxi-
mately 15% (w.b.). A rectangular container (25.5 L � 15.0 W �
10.0 H cm3) made of polypropylene divided into two parts and sep-
arated by a very thin plastic layer of mesh (thickness 2 mm with
mesh opening of 1.3 mm) was used to facilitate temperature map-
ping in the middle layer. A removable bottom base with thickness
0.5 cm was used to facilitate temperature mapping in the bottom
layer. The rectangular container is shown in Fig. 5. About 3 kg of
raisins (bulk density of 784 kg/m3) were placed into the containers
and positioned in the center and middle plane between the two
electrodes. Prior to the RF treatment, the samples were equili-
brated at room temperature. The temperature in the center of
the samples was measured using pre-calibrated FISO optic sensors
(UMI, FISO Technologies Inc., Saint-Foy, Quebec, Canada) during RF
heating. Before and after the RF treatment, the temperature distri-
bution of the upper surfaces of each sample in the three layers: top,
middle, and bottom, in the container were evaluated using an
infrared camera (Thermal CAM™ SC-3000, N. Billerica, MA, USA)
having an accuracy of ±2 �C. Details on the measurement
Fig. 6. Temperature–time histories of the RF heated raisins (to a center temper-
ature of 52 �C) in the center of the 10 cm thick container as a function of the
electrode gap.
procedure and the precision of this camera can be found in Wang
et al. (2007a). The total measurement time for the three layers
was about 30 s. ThermaCAM Researcher 2001 software (FLIR Sys-
tems AB, N. Billerica, MA, USA) was used to collect and analyze
the surface temperature data points for each layer. Mean values
and standard deviations of the three horizontal layer, top, middle,
and bottom temperatures were calculated from five replicates.
3. Results and discussion

3.1. Dielectric and thermal properties of samples

The influence of the temperature on the dielectric and thermal
properties of raisins at 27 MHz are given in Table 1. The dielectric
constant and loss factor of raisins increased when temperature in-
creased from 20 to 60 �C. More information about the dielectric
properties of raisins can be found elsewhere in Alfaifi et al.
(2013). Likewise, both thermal conductivity and specific heat of
the samples increased from 0.32 to 0.38 W m�1 K�1 and 2048 to
2486 J kg�1 K�1, respectively, in a linear fashion, although the
change in the thermal conductivity was slightly less than that of
the specific heat over the temperature range used in this study.

The dielectric properties and the thermal conductivity of raisins
at a bulk density of 784 kg m�3 calculated from the mixture equa-
tions are presented in Table 3. As expected, due to the presence of
air, the dielectric properties and the thermal conductivity of the
bulk raisin samples were reduced compared to these properties
of the raisin paste (0% air). The values of the dielectric properties
calculated from the LLLE model were slightly smaller compared
with those calculated from the CRIME and BE models. The values
of the thermal conductivity calculated from the Maxwell–Eucken
model were smaller compared with those calculated using the
Kopelman and parallel models. The differences between the values
obtained from these models ranges from 16–20%, 29–32%, and 11–
15% for the dielectric constant, loss factor, and thermal conductiv-
ity, respectively, at a temperature range 20–60 �C.
3.2. Simulated temperature profiles for raisin samples

A mesh convergence study was conducted considering different
number of elements used in the model (Table 4). Temperature dis-
tribution was modeled for RF heating simulation for 4 min at a
fixed gap of 13.6 cm and initial temperature of 23 �C. When the dif-
ference in maximum and minimum temperature values of the
sample between two sequential sets of meshes was less than
0.1%, temperature distribution was considered to be independent
of mesh size. Extra fine and extremely fine mesh sets provided sim-
ilar temperature distributions. The final mesh system consisted of
404,506 domain elements (tetrahedral), 41,648 boundary elements
(triangular), and 2135 edge elements (linear), were used in subse-
quent simulation runs.

Table 5 compares the temperature profiles of RF heated raisin
samples treated for 4 min at a fixed gap of 13.6 cm in three hori-
zontal layers, top, middle, and bottom using different combina-
tions of the dielectric and thermal conductivity properties
estimated from different mixture equations. Little difference was
shown in temperatures over the range of properties selected for
the model. The LLLE and Kopelman models were used in further
simulations because the smallest variation was shown.

Fig. 7a–c shows the simulated temperature profiles of treated
raisins in three horizontal (0, 5, and 10 cm) and three vertical (0,
12.8, and 25.5 cm) layers and whole sample after 4 min RF heating
at a fixed gap of 13.6 cm and an initial temperature of 23 �C. The
simulation was conducted using the dielectric properties and
thermal conductivity values estimated from LLLE and Kopelman



Table 3
Estimated dielectric properties and thermal conductivity of raisins as a function of temperature using three different mixture equations for bulk density of 784 kg m�3.

Temp. (�C) Dielectric properties Thermal conductivity

CRIME* BE LLLE Parallel Kopelman Maxwell–-Eucken

e’ e’’ e’ e’’ e’ e’’ k (W m�1 K�1)

20 9.2 2.9 8.6 2.7 7.9 2.2 0.181 0.164 0.157
30 10.2 3.1 9.6 3.0 8.7 2.4 0.191 0.174 0.167
40 11.3 3.4 10.6 3.2 9.6 2.6 0.200 0.184 0.177
50 12.4 3.7 11.7 3.5 10.4 2.8 0.210 0.193 0.187
60 13.3 3.9 12.5 3.8 11.1 3.0 0.218 0.202 0.196

BE: Bottcher equation.
LLLE: Landau and Lifshitz, Looyenga equation.
* CRIME: Complex Refractive Index mixture equation.

Table 4
Simulated (LLLE x Kopelman) temperature (�C) distributions of sample for top, middle, and bottom layers after 4 min RF heating at a fixed electrode gap of 13.6 cm and initial
temperature 23 �C as a function of mesh density.

Type of mesh Tetrahedral Triangular Edge Solution time (min:sec) Top layer* Middle layer Bottom layer

Max. Min. Center Max. Min. Center Max. Min. Center

Normal 87,966 19,407 1611 05:54 67.3 40.9 41.1 77.6 45.3 52.1 62.3 39.2 40.0
Fine 131,792 21,726 1683 07:57 64.8 40.8 40.8 77.3 44.1 52.0 60.3 39.2 39.4
Finer 217,640 29,923 1852 13:38 62.8 40.9 40.9 77.1 44.1 52.0 58.7 39.4 39.3
Extra fine 404,506 41,698 2135 26:13 62.8 40.9 41.0 77.1 44.3 52.0 57.6 39.4 39.4
Extremely fine 622,181 52,238 2470 41:12 62.7 40.9 41.2 77.1 44.3 52.0 57.5 39.4 39.4

* All temperatures are in �C.
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equations. In the horizontal layers, the temperatures were highest
in the middle layer (45–76 �C), whereas they were lower in the top
and the bottom layers (41–62 �C and 40–57 �C). In the horizontal
layers, the highest temperature values were at the corners and
edges of all layers except for the middle layer. It is well known that
RF volumetric heating occurs throughout the whole food
simultaneously. However, factors such as food shape, volume, sur-
face area, composition, dielectric and thermal properties, sur-
rounding media, and the design of the RF system could cause the
electromagnetic field to unevenly distribute. The low temperature
values of the outer surfaces of the sample might be attributed to
the evaporative cooling between the outer surfaces of the sample
and the surrounding area. Overheating was observed at the edges
and corners of the top (51 and 62 �C), middle (65 and 76 �C), and
bottom (48 and 57 �C) layers (Fig. 8a). This behavior could be
attributed to the refraction and reflection of the electrical field at
interfaces. When the radiation wavelength is larger than the
dimensions of the heated object, as is the case with RF radiation
used in this study, field bending causes the electrical field to be
concentrated at some locations. The merging of two or more waves
at the edges and corners result in a higher volumetric power
Table 5
Simulated temperature (�C) profiles of RF heated raisins sample for 4 min at a fixed gap of
properties and thermal conductivity from six different models.

Thermal conductivity models Layer Dielectric properties models

CRIME

Max. Min. Center Ave.

Kopelman Top 67.1 40.7 40.9 51.4
Middle 79.2 45.3 51.9 62.4
Bottom 61.3 39.3 39.3 46.7

Parallel Top 67.1 40.6 40.8 51.3
Middle 79.4 45.1 51.9 62.5
Bottom 61.2 39.2 39.2 46.6

Maxwell-Eucken Top 67.1 40.5 40.7 51.2
Middle 79.4 45.0 51.9 62.5
Bottom 61.2 39.1 39.1 46.6
density, hence, overheating occurs in these areas more than on
the flat surfaces (Yang and Pearce, 1989). This behavior has been
observed for walnuts (Wang et al., 2007a), heterogeneous foods
(Wang, 2007), and wheat flour (Tiwari et al., 2011a) subjected to
RF treatment. More uniform temperature distribution were ob-
tained in the flat area of the top (41–45 �C) and the bottom (40–
44 �C) layers with less uniformity observed in the middle layers
(52–59 �C). The less uniform temperature values in the flat area
of the middle layer could be due to the result of the field bending
at the sides of the sample and concentrating in the middle, as well
as heat transfer by conduction inside the sample during the RF
heating.
3.3. Model validation

Fig. 8b shows the experimental temperature distribution of the
sample of raisins in three horizontal layers: top, middle, and bot-
tom after 4 min RF heating at a fixed gap of 13.6 cm and an initial
temperature 23 �C. In general, the experimental results showed
good agreements with the simulated data. When comparing the
13.6 cm in three horizontal layers, top, middle, and bottom, using estimated dielectric

BE LLLE

Max. Min. Center Ave. Max. Min. Center Ave.

67.5 41.4 41.6 52.1 62.8 40.9 41.0 50.2
80.6 45.8 52.9 63.6 77.1 44.3 52.0 61.6
61.5 39.9 40.0 47.3 57.6 39.4 39.4 45.8

67.5 41.3 41.5 51.9 62.6 40.7 40.9 49.9
80.8 45.6 52.9 63.6 77.0 44.0 52.0 61.4
61.4 39.8 39.8 47.2 57.3 39.2 39.3 45.5

67.5 41.3 41.5 51.9 62.7 40.6 40.9 49.9
80.9 45.5 52.9 63.6 77.0 43.9 52.0 61.4
61.4 39.7 39.8 47.1 57.3 39.1 39.2 45.4



Fig. 8. Simulated (LLLE � Kopelman) (a) and experimental (b) temperature distributions of top, middle, and bottom layers of raisin samples placed in a polypropylene
container (25.5 L � 15.0 W � 10.0 H cm3) in the center and middle between the top and bottom electrodes of the RF system after 4 min heating at a fixed electrode gap of
13.6 cm and initial temperature 23 �C (Dash line areas have higher temperatures compared to other areas).

Fig. 7. Simulated (LLLE x Kopelman) temperature (�C) profiles of raisins sample (25.5 L � 15.0 W � 10.0 H cm3) at (a) three horizontal layers (0, 5, and 10 cm), (b) three
vertical layers (0, 12.8, and 25.5 cm), and (c) whole sample after 4 min RF heating with an electrode gap of 13.6 cm and initial temperature of 23 �C.
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Table 6
Comparison between simulated (LLLE � Kopelman) and experimental average tem-
perature ± standard deviation (�C) at three horizontal layers of raisin samples after
4 min RF heating at a fixed electrode gap of 13.6 cm and initial temperature of 23 �C.

Layer Simulation (�C) Experiment (�C)

Top 50.1 ± 4.50 45.7 ± 4.78
Middle 61.5 ± 6.62 57.2 ± 5.18
Bottom 45.8 ± 4.22 42.1 ± 3.40

Table 7
Relative sensitivity of UI of treated raisins samples with respect to ± 20% change of
model input parameters.

Model parameters Nominal value Change in
UI (%)

DPs (e’–je00) (0.08 � T + 6.3) � j � (0.02 � T + 1.9) 6.30
Electrical voltage, (V, V) 4100 3.70
Thermal conductivity, (k,

W m�1 K�1)
0.001 � T + 0.15 2.28

Heat transfer coefficient,
(h, W m�2 K�1)

20 0.65

Density, (q, kg m�3) 784 0.19
Specific heat, (Cp,

J kg�1 K�1)
10.9 � T + 1831 0.09

⁄T is temperature in �C.
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experimental and the simulation results in the central parts of the
top, middle, and bottom layers comparable results were obtained.
However, in corners and edges of the top, middle, and bottom lay-
ers, the maximum temperature differences were about 5, 7, and
3 �C, respectively, when comparing between the simulated and
experimental data. Table 6 shows a comparison between the sim-
ulated and experimental average and standard deviation of tem-
perature (�C) of raisins sample in three horizontal layers after
4 min RF heating at a fixed electrode gap of 13.6 cm and initial
temperature 23 �C. About 4 �C difference was obtained between
simulated and experimental average in all layers.

The UI was most sensitive to the dielectric properties of the
heated samples, the electrical voltage of the top electrodes, and
the thermal conductivity of the treated raisins, respectively; while
the heat transfer coefficient, the density, and the specific heat of
the samples have less effect on the UI. When changing the dielec-
tric properties of the raisin samples by 20%, the UI changed 6.30%,
whereas changing the heat transfer coefficient of the material by
20%, the UI changed 0.09% (Table 7).
4. Conclusions

A computer model of the RF heating for raisins was developed
for a 6 kW, 27.12 MHz RF system using the finite element-based
commercial software, COMSOL. The computer model was validated
using experimental results. Good agreement was obtained when
comparing the simulated and experimental temperatures in three
horizontal layers of raisins packed in a rectangular container ex-
cept for some corners with maximum difference of 7 �C. The simu-
lated and the experimental results showed higher temperature
values in the middle layers compared with those of the top and
the bottom layers. Corners and edges were heated more than cen-
ter areas in all layers. The model can be used to modify the top and
bottom electrodes of the RF system to accommodate changes in
sample shape and dimension to reduce the concentration of the
electrical field at the corners and the edges of samples, thereby
improving the heating uniformity of dried fruits exposed to RF
treatment.
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