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A multiphysics model that coupled electric fields and heat transfer was developed to simu-

late  the radio frequency (RF) heating of food moving on a conveyor belt. A discrete moving

step approach was used in the simulation. The total power absorption increased consider-

ably  during the entry of the sample into the RF system, remained stable when the sample

was  fully covered by the top and bottom electrodes, and decreased when the sample moved

out  of the system. Edge and corner heating was observed from the power absorption dis-

tribution and electric field distribution. The model was validated by heating a rectangular

container of wheat kernels moving on a conveyor belt in a RF system (27.12 MHz, 6 kW).

The  predicted spatial temperatures in top, middle, and bottom layers showed less than

3.5 ◦C lower prediction than the experimental result. The measured anode current showed

a  good linear correlation with the predicted total power absorption. The optimum number

of  discrete moving steps was determined to be nine for accurate temperature prediction

with  total conveyor belt movement distance of 1.13 m which is equivalent to optimize step

size  of 0.1256 m/step (0.3 m for entry and exit, respectively, and 0.53 m for fully covered by

electrodes) at speed of 14.23 m h−1. The movement of food product could help improve the
heating uniformity of RF heating process.

©  2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

2008; Wang et al., 2006), soybeans (Huang et al., 2015a), and wheat
.  Introduction

lectromagnetic heating is a non-traditional thermal processing

ethod for its rapid and volumetric heating characteristics. Electro-

agnetic heating has been widely used for processing food, which

nvolves interactions of electromagnetic waves with food products,

uch as radio frequency (RF) heating and microwave heating. Radio

requency waves are electromagnetic waves typically with a frequency

ange of kHz (Chen et al., 2016a) or MHz (Huang et al., 2015b) to
00 MHz (Datta and Anantheswaran, 2001). Because of higher penetra-
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tion depth compared to microwaves due to relatively lower frequency

and longer wavelength, RF heating is suitable for treating large bulk

food products. RF heating process has shown potential in pasteuriza-

tion of milk (Awuah et al., 2005), meats (Schlisselberg et al., 2013), and

spices (Jeong and Kang, 2014; Kim et al., 2012); disinfestations in vari-

ous agricultural commodities, such as chestnuts (Hou et al., 2014, 2015),

walnuts (Mitcham et al., 2004; Wang et al., 2001), almonds (Wang et al.,

2013), dried fruits (Alfaifi et al., 2014), fresh fruits (Birla et al., 2004,
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(Jiao et al., 2015); and thawing and cooking meat (Laycock et al., 2003;
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Table 1 – Electrical, thermal, and physical properties of materials.

Aira Aluminuma Wheat Polypropylenea

Dielectric constant 1 1 4.3b 2.0
Dielectric loss factor 0 0 0.11b 0.0023
Electrical conductivity (S m−1) 0 3.77 × 107 – –
Density (kg m−3) – – 860 900
Thermal conductivity (W m−1 K−1) – – 0.15 0.2
Specific heat capacity (J kg−1 K−1) – – 2670b 1800

a COMSOL Multiphysics (2015).
b Shrestha and Baik (2013).
Wang et al., 2012). The food products processed with RF heating also

show higher (Fiore et al., 2013) or similar (Tang et al., 2005) nutritional

values, and better functional properties (Boreddy et al., 2014, 2016)

when compared to those products cooked conventionally. However,

nonuniform heating is a big challenge for RF heating reported in these

studies.

Computer simulation models have been developed as tools to

understand and improve the heating uniformity of RF heating. Many

factors that influence the heating uniformity in RF systems have been

extensively studied, such as sample size, shape, position between the

top and bottom RF electrodes, and dielectric properties of samples

(Romano and Marra, 2008; Tiwari et al., 2011a; Uyar et al., 2014, 2015).

Computer simulation model also has been developed to understand

the effect of immersion of fruits in water to improve its heating uni-

formity (Birla et al., 2008). Jiao et al. (2014) developed a new strategy of

placing polyetherimide (PEI) around peanut butter samples to improve

the heating uniformity using modeling. However, these models only

simulated the batch heating process where the products were placed

at a stationary location between the top and bottom electrodes in the

RF system.

Birla et al. (2004) developed a system to rotate and move the fruit

in water when subject to RF heating, showed significant temperature

uniformity improvement, even though it was still a batch process. In a

real food industry application, it is more applicable to utilize the RF sys-

tem for continuous processing of food products moving between the

electrodes on a conveyor belt through the system. During the move-

ment, the interactions between the food product and the RF system

will change with time and the relative location of food in the system.

A model that could simulate this continuous movement will help us

understand the changing interaction and develop better processes to

improve the RF heating performance. Chen et al. (2016a) developed

a computer simulation model for RF heating of wheat considering

the sample movement on a conveyor belt using an “equivalent power

absorption” method. In this method, the power absorption of the food

product at different locations in the RF system was determined by

multiplying the power absorption at stationary condition (center of

the RF system) with an arbitrary power ratio factor function. How-

ever, this method did not consider the change of the power distribution

within the food product, which occurs when the food product is mov-

ing through the RF system. Therefore, a model that considers this

power distribution change during the movement of products needs to

be developed.

The movement (rotation) of food product in domestic microwave

oven has been simulated in several studies (Chen et al., 2014, 2015,

2016b; Pitchai et al., 2015a,b) using discrete rotational steps. Instead of

continuous rotation, food products were assumed to be rotated dis-

cretely on turntables. A similar approach of discrete moving steps

could be utilized to simulate the translational movement of a food

product in a RF system, which was also mentioned and discussed

by Chen et al. (2016a). The more steps used, the closer is the simu-

lation of movement to the actual “continuous” movement; however,

more computational power or capacity may be needed. Therefore,

it is necessary to determine the optimum number of moving steps

to achieve accurate model prediction with acceptable computation
time.

Therefore, the objectives of this study are to:
1) develop a 3-D numerical model that simulates RF heating with

movement of food product on a conveyor belt using discrete moving

step approach;

2) characterize the heating process to enhance the understanding of

RF heating process with food product movement;

3) validate the model for RF heating of wheat kernel product moving

on a conveyor belt; and

4) determine an optimum number of discrete moving steps that could

provide accurate model predictions.

2.  Materials  and  methods

In this study, a multiphysics based model was developed
according to a reported and validated model that simulated
RF heating of a stationary food product (wheat) placed at the
center of the RF system (Chen et al., 2016a). The geometric
model, material properties, governing equations, and initial
and boundary conditions were obtained from this reported
model (Chen et al., 2016a), which are also described briefly
in the following sections.

2.1.  Sample  preparation  and  material  properties

The wheat sample was obtained from a local farmer in
Yangling, Shaanxi, China, and stored at 25 ◦C with rela-
tive humidity of 65% in a controlled chamber (BSC-150,
Shanghai BoXun Industrial & Commerce Co., Ltd., Shanghai,
China) prior to RF treatments. The initial moisture content of
wheat was 8.7% (w.b.). During RF treatment, the wheat sam-
ple was placed in a rectangular container (inner dimension
300 mm × 220 mm × 60 mm).  The thickness of the bottom and
side walls of the container was 3 mm.

The electrical, thermal, and physical properties of mate-
rials (air, wheat sample, polypropylene container, and
aluminum electrode base) used in the model are shown in
Table 1.

2.2.  Physical  model  development

2.2.1.  Geometric  model  and  meshing  scheme
A 6 kW, 27.12 MHz  parallel plate RF heating system with a
free-running oscillator (COMBI 6-S, Strayfield International
Limited, Wokingham, UK) was used in this study. The RF sys-
tem was consisted of a metallic enclosure, a generator, and a
RF applicator, as shown in Fig. 1(a). The applicator had a pair
of parallel electrode plates, in which the top electrode can
be adjusted to different heights to control the electrode gap
between top and bottom electrodes. The bottom electrode was
connected with the grounded metallic enclosure. The dimen-

sions of the RF system and the food product are shown in
Fig. 1(b).
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Fig. 1 – Three-dimensional scheme (a) and dimensions (b) of the 6 kW 27.12 MHz RF system and a container of wheat
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Following the approach described in Jiao et al. (2014),
he mesh size was determined based on the independence

esh test when the difference of the maximum tempera-
ure between successive calculations was less than 0.1%. The

eshes contained 79,906 domain (tetrahedral and pyramid)
lements, 14,292 boundary (prism, triangular, and quadrilat-
ral) elements, 837 edge elements and 56 vertex elements. The
imulations were performed on a computer workstation with
n available memory  of 96 GB RAM running two twelve-core
ntel Xeon E5-2667 processors at 2.9 GHz frequency (E2600,

icroway Inc., Plymouth, MA).

.2.2.  Governing  equations
he electric field in the RF system can be obtained from a
uasi-static assumption of Maxwell’s equations (Birla et al.,
008)

∇ · ((� + j2�fε0ε
′) ∇V) = 0 (1)

here j = √−1, ε′ is the dielectric constant, � is the electric
onductivity (S m−1) which is related to the dielectric loss fac-
or (� = 2�fε0ε

′′) (Guan et al., 2004), V is the electric potential

cross the electrode gap (V), f is the frequency (27.12 MHz),
nd ε0 is the free space permittivity (8.854 × 10−12 F m−1).
The electric field �E (V m−1) can be calculated as:

�E = −∇V (2)

The amount of power converted from electromagnetic
energy to thermal energy P (W m−3) can be calculated as (Datta
and Anantheswaran, 2001):

P = �f�0�′′|�E|2 (3)

The heat transfer in the food product and container is
described by the Fourier’s equation:

∂T
∂t

= k
�Cp

∇2T + P
�Cp

(4)

where ∂T
∂t is the instantaneous heating rate of the food product

(K s−1), k is the thermal conductivity (W m−1 K−1), � is the den-
sity (kg m−3), and Cp is the specific heat capacity (J kg−1 K−1).

The electromagnetic heat source is not generated in the
air domain. Because the ambient air temperature increase
is negligible, a convective heat transfer boundary was used
to consider the heat transfer between food product and air.

Thus, the heat transfer equation was only solved for food and
container in this study. The temperature profiles in the food
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Fig. 2 – Discrete movement  of the food product on a con

product and container were obtained by simultaneously solv-
ing Eqs. (1)–(4).

2.2.3.  Initial  and  boundary  conditions
The initial temperature (T0) of the food product and PEI con-
tainer was set as 25 ◦C. The boundary conditions of the model
are shown in Fig. 1(a). The potential of the top electrode was
set at 15,000 V (Chen et al., 2016a) which was estimated by
matching the simulation results with experimental heating
rate proposed by Birla et al. (2008). The bottom electrode and
the metallic enclosure were set as ground (Jiao et al., 2014).

The open faces of the inlet and outlet tunnels of the RF
system were set as electric insulation:

∇ · �E = 0 (5)

The outer surface of the container and top surface of food
product were exposed to air (25 ◦C) with a convective heat
transfer coefficient (Pitchai et al., 2014):

h = 10 W m−2 K−1(6)

2.2.4.  Simulation  strategy
A commercial finite element method based software COM-
SOL Multiphysics (V5.2 COMSOL Multiphysics, Burlington, MA,
USA) was used to simulate the RF heating process with the
movement  of food product. The food product was placed on a
conveyor belt with a moving speed, u = 14.23 m h−1.

Chen et al. (2016a) used an equivalent power absorption
approach to simulate the RF heating of a moving sample. First,
the power density was calculated for a stationary RF heating
process where the food product was placed at the center of the

RF system. During entry and exit, the product is not completely
exposed to the electrodes and therefore the electromagnetic
r belt in the RF system with n moving steps (locations).

waves. Only a fraction of the product surface area is exposed.
The authors used an arbitrary power ratio function, which is a
cubical rather than linear. No explanation for selection of cubi-
cal function was given by Chen et al. (2016a). The magnitude
of power density of the product, when it was stationary at the
center, was then adjusted by the arbitrary power function for
power density of product during the whole movement. When
the product was not covered by the top and bottom electrodes,
the power ratio was set as 0; when the sample was fully cov-
ered by the top and bottom electrodes, the power ratio was set
as 1; when the sample was moving into or out of the RF system
(partial of the product was covered by top and bottom elec-
trodes), a cubical function with values between 0 and 1 was
used. During entry and exit, this method assumed that heat-
ing occurs in all areas of the product with a pattern similar to
that at the center. However, in reality, the heating would vary
spatially based on where the product is exposed to electrodes.

In this study, a discrete movement  approach was used to
simulate the movement  of wheat sample on the conveyor belt,
as shown in Fig. 2. At time t = 0 s, the wheat sample was placed
at the right side of the system, where the left side of the sam-
ple was just below the right end of the top electrode. Then,
the food product was moved to the left direction into the RF
system. The whole moving process can be divided to three
sections. Section A is where the sample was moved into the
system and part of the sample was covered by the top and
bottom electrodes; section B is where the sample was fully
covered by the top and bottom electrodes; section C is where
the sample was moved out of the RF system and part of the
sample was covered by the top and bottom electrodes.

A custom routine was developed to interface COMSOL
Multiphysics with MATLAB (MathWorks Inc., Natick, Mas-

sachusetts) to simulate the food movement as shown in
Fig. 3. The Electric Current module and Heat Transfer in Solids
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Start model

At locatio n i
Analyze electric field and temperature for ∆t time

Move food  to next  loca tion  i+1
Initialize temperature from last  loca tio n

At loca tion  i+1
Analyze electric field and temperature for ∆t time

At locatio n n
Analyze electric field and temperature for ∆t time

Fig. 3 – Flow chart depicting modeling of RF heating with
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Fig. 4 – Predicted total power absorption of food moving on
iscrete movement  of food product (i = 1 to n-1).

odule were coupled to solve the electromagnetic and heat
ransfer equations simultaneously. At location i, the sample
as assumed to be heated at that stationary location for a
eriod time of �t. Then the sample was moved to the next

ocation i + 1 for another heating period of �t. The distance
etween two adjacent locations �L = �t u. At location i, the
lectric field distribution and temperature were simultane-
usly solved; when the sample was moved to location i + 1, the
ample temperature was initialized by the solution from loca-
ion i, and the electric field and temperature distribution were
olved again. This movement  of product, initialization, and
quations solving steps were repeated until the last location n
as completed. This method would predict different heating
istribution during the whole movement  process, including
ntry and exit locations.

.3.  Model  evaluation  and  validation

.3.1.  Characterization  of  RF  heating  process
n this discrete moving step approach, an arbitrary and a large
umber of moving steps (25) was used in the developed model.
his model was used as a baseline model to characterize the RF
eating process using parameters, such as total power absorp-
ion, power density distribution, and electric field distribution.
he total power absorption values of the food sample at dif-

erent (movement) locations were evaluated by integrating the
ower density over the whole volume of the food. Nodal power
ensities at various spatial nodes inside the food product for

 specific movement  location in the RF oven were correlated
ith the corresponding nodal power densities at the center of
F oven. The coefficient of determination values (indicating
he linear relationship between two variables) were obtained
o understand the change of power density distribution in the
ood product with time and locations in the RF system. The
oefficient of determination (R2) can be calculated as:

2

⎛
⎝

∑
i
(xi − x̄) (yi − ȳ)

⎞
⎠

2

= √∑
i
(xi − x̄)2 −

√∑
i
(yi − ȳ)2

(7)
where xi and yi are the nodal power densities predicted by
the two models for comparison at node i, x̄ and ȳ are average
values of the power densities predicted by two  models.

The volumetric and sliced power density distributions and
electric field distributions were also visualized at different
locations to understand the RF heating process.

2.3.2.  Model  validation
About 3.39 kg of wheat filled in a rectangular polypropylene
container was placed on the conveyor belt with a moving
speed (u) of 14.23 m h−1. The sample was heated in a RF sys-
tem for 287 s (moved from location 1 to location n as shown
in Fig. 2) to validate the model. The anode current is the cur-
rent that flows in the triode valve in the RF system, which is
virtually related to the RF power absorbed by the product. The
anode current of the RF system during the entire RF heating
process was recorded and compared with the predicted power
absorption. Two thin polypropylene films were placed in the
container to separate the sample to three layers, so that the
thermal images can be acquired at multiple layers. After the RF
heating process, the spatial temperature profiles in top, mid-
dle, and bottom layers (60, 40, and 20 mm from the bottom
of the container, respectively) were recorded by an infrared
camera (DM63-S, DaLi Science and Technology Co., LTD, Zhe-
jiang China) with an accuracy of ±2 ◦C. The details of model
validation can be found in Chen et al. (2016a). The predicted
results using discrete moving step approach in this study were
also compared with those using equivalent power absorption
approach reported by Chen et al. (2016a).

2.3.3.  Determination  of  optimum  discrete  moving  steps
An arbitrary and a large number of moving steps (25) was
used in the discrete moving step approach. Larger number
of moving steps would improve accuracy, but requires longer
computation time. Therefore, an optimum number of moving
steps needs to be determined. The model using 25 discrete
moving steps was used as a baseline one. Models with smaller
discrete moving steps (5–23) were developed similarly as “sim-
pler models”. The nodal volumetric temperature predicted by
the simpler models was then compared to that of the base-
line model to determine the coefficient of determination using
Eq. (7). The root-mean-square error (RMSE) values of nodal
temperatures between the simpler models and the baseline
model were calculated to quantify the temperature prediction
accuracy. The optimum number of discrete moving steps was
a conveyor belt with 25 discrete moving steps during 287 s
heating process with an electrode gap of 120 mm.
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Fig. 5 – Comparison of power ratio (ratio of total power
absorption at different locations during food moved on the
conveyor belt to that at the center location) between the
discrete moving step approach in this study and the
equivalent power absorption approach used in Chen et al.
(2016a).
2.3.4.  Determination  of  heating  nonuniformity  index
The average and standard deviation of the volume tem-
perature of the food product were evaluated. The heating
nonuniformity index (coefficient of variation) can be deter-
mined as:

Heating nonuniformity

= standard deviation/average temperature(8)

3.  Results  and  discussions

3.1.  Characterization  of  RF  heating  process

3.1.1.  Total  power  absorption
The total power absorption of the food product during the RF
heating process with movement  of package on the conveyor
belt is shown in Fig. 4. At time t = 0 s, the total power absorbed
by the food product was about 136 W,  even though the food
product was not covered by the top electrode. At this time,
the food product was just out of the coverage of the top elec-
trode, where the electric field fringing from the edge of the
top electrode barely entered the edge of the food product. The
total power absorption was maintained at a constant value
for a period of time �t where the food product was assumed
to be heated for time of �t at that location. When the food
product was moved to the locations between the top and bot-
tom electrodes gradually, the total power absorption of the
food product increased considerably in a stepped manner. This
stepped changing of total power absorption was attributed to
the discrete moving steps of food product where the food prod-
uct was not continuously moving on the conveyor belt. When
the food product was moved to the location where the food
product was totally covered by the top and bottom electrodes,
the total power absorption was around 1050 W,  which did not
change considerably after that. The total power absorption
reached the maximum value of 1072 W at the center of the
RF system (location 13). When the food product was at the
center of the system (location 13), the ratio of total absorbed
power to the output power was 17.8% (1072/6000). Romano and
Marra (2008) studied the effect of product shape and dielectric
properties (loss tangent) on power absorption, and found that
the ratio of total absorbed power to the output power ranged
from 2% to 50% for different shapes of products. Cube prod-
ucts typically absorbed 40%–50% of the output power, which
was higher than the one reported in this study. This may be
attributed to the higher ratio of sample surface to the electrode
surface in Romano and Marra (2008). Romano and Marra (2008)
also reported that the food product with higher loss tangent
value showed higher power absorption ratio. The lower loss
tangent ratio of wheat (0.026) in this study may also have con-
tributed to the low power absorption ratio. The total power
absorption showed symmetric shape with time (Fig. 4), which
was attributed to the constant dielectric properties used in the
model. The total power absorption was only dependent on the
relative location of the sample in the RF system. If moisture-
and temperature-dependent dielectric properties are used, the
total power absorption will not only change with the relative
location, but also change with time (usually increase with time

because of increasing dielectric loss factor with increase in
temperature).
The power ratio, defined as the power absorption in the
whole volume of the sample at a given movement  location
to the power absorption at the center of the RF system, is
shown in Fig. 5. The arbitrary power ratio function used in
Chen et al. (2016a) showed considerable difference from the
power ratio curve evaluated by the model in this study. At
time t = 0 s, the power ratio in Chen et al. (2016a) was set as
0; but the power ratio in this study was about 0.13 indicating
that the food product absorbed some amount of power. The
power ratio also showed big difference in the moving in sec-
tion (Section A) when the food product moved from t = 0 s to
the locations where the food product was fully covered by the
top and bottom electrodes (location 8). In the fully covered sec-
tion (Section B), the total power absorption did not show a big
difference. These differences in total power absorption may
cause prediction accuracy issues for the model reported by
Chen et al. (2016a). However, for a RF system with long elec-
trodes, which has a long heating duration in Section B, the
heating effect of Sections A and C might be minimum and
negligible.

3.1.2.  Power  absorption  density  during  movement  of  food
product
During the movement  of the sample in the RF system, the
total power absorption changed with location and time, and
so did the power absorption density distribution within the
food product, especially when the food product was not fully
covered by the top and bottom electrodes. The volume and
sliced power density distribution in the food product at differ-
ent locations (locations 1, 4, 7, 8, and 13) are shown in Fig. 6.
At location 1, the food product was just on the right edge of
the top electrode, where the food product was not covered
by the top electrode. The left edge of the sample absorbed a
small amount of electric power, which was also observed from
the total power absorption (Fig. 4) and the power ratio (Fig. 5).
When the food product was moved to the locations where the
food product was partially covered by the top electrode, the
covered part absorbed most of the energy. Even at location 7
where only the right edge of the sample was not covered, the
outside part of the sample did not absorb much energy. After
the food product was fully covered by the top electrode, the

power distribution within the food product did not show con-
siderable difference as seen in location 8 (totally covered) and
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Fig. 6 – Predicted volume and sliced power density distributions in the food product at different locations during the
movement  of food on a conveyor belt with an electrode gap of 12
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of electric field on the edges of food product has also been
ocation 13 (at the center of the RF system). The power absorp-
ion profiles during exit are flipped version of those during
ntry. The edge and corner heating phenomenon also can be
learly observed from the volume power density distribution,
ven when the food product was moved to the center of the
F system. This also has been observed in many other stud-

es where the food products were placed at the center of the
F system without movement, such as RF heating of walnuts

Wang et al., 2007), dry fruit (Alfaifi et al., 2014), wheat flour
Tiwari et al., 2011b), and frozen meat (Uyar et al., 2014, 2015).

To further understand the change of power density dis-
ribution within the food product during the food product

oving into the RF system, the nodal volumetric power den-
ity of the food product at different locations was correlated to
hat of the food product at the center of the RF system (location
3). The coefficient of determination is shown in Fig. 7. The
oefficient of determination in Section A (moving in Section)
as as low as 0.05 at location 5; even when the food product
as  moved to location 7 where the food product was almost

ully covered by the top and bottom electrodes, the coeffi-
ient of determination was about 0.36. After the food product
as moved to the locations where the food product was fully

overed by the top and bottom electrodes (Section B), the coef-
cient of determination increased to 0.88 (locations 8 and 18)

nd mostly remained in the range of 0.99 and 1 (locations
0 mm.

9–17). After that, the food product began exiting the electrodes
(Section C) and the coefficient of determination dropped con-
siderably and showed similar values to those of Section A.
Chen et al. (2016a) assumed that the power ratio was 1 when
the food product was fully covered by the top and bottom
electrodes, which was reasonable, as shown in Figs. 5 and 7.
However, the low coefficient of determination values in Sec-
tions A and C showed that the equivalent power absorption
approach used in Chen et al. (2016a) would introduce consid-
erable prediction error in the model. Therefore, this discrete
moving step approach in this study could properly incorporate
the power distribution change during the movement  of food
product in the RF system into the model.

3.1.3.  Electric  field  distribution  during  movement  of  food
product
In addition to the total power absorption and power absorption
density distribution, the model also can be used to visualize
the spatial electric field distribution inside the food product,
so that the RF heating process can be further understood.
Fig. 8 shows the electric field pattern within the food prod-
uct (z–x plot) at different locations (locations 1, 4, 7, 8, and
13) during the movement  of the food product into the RF sys-
tem. The arrow direction indicates the electric field direction
while the color of the arrow indicates the magnitude of the
electric field density. At time t = 0 s (location 1), the electric
field between the top and bottom electrodes was distorted by
the food product due to fringe effects, even though the food
product was not between the top and bottom electrodes. This
is because the food product has a relatively larger dielectric
loss factor (electric conductivity) when compared to air. The
food product showed lower resistance compared to the air and
formed a current loop between top and bottom electrodes.
When the food product was moved to the places between top
and bottom electrodes, the electric field around the edges of
the food product had higher electric field magnitude due to
fringe effect. This concentration of electric field on the edges of
the food product resulted in the higher power density distribu-
tion, which was observed in Fig. 6. This increase in magnitude
reported by Jiao et al. (2014). Based on the electric field pat-
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Fig. 8 – Predicted sliced (x–z plot) electric field distribution in the food product at different locations during the movement of
food on a conveyor belt with an electrode gap of 120 mm (arrows indicates electric field direction; color indicates magnitude

of the electric field).

tern predicted by simulation, Jiao et al. (2014) developed a
new strategy of placing PEI around peanut butter samples.
The fringe effect of electric field happened on the edges of PEI
instead of food sample, so that the heating uniformity was
improved.

3.2.  Model  validation

3.2.1.  Temperature
The spatial temperature profiles (average ± spatial standard
deviation) in the top, middle, and bottom layers from experi-
ment and simulation in this study (with 25 moving steps) and
Chen et al. (2016a) are shown in Fig. 9. Note that, the standard
deviation values were that for spatial temperature distribu-
tion, not for replications. Generally, the spatial temperature
predicted by the models in different layers matched well with
the experimental data. The edge and corner heating can be
observed for all the three layers, which has been discussed in
Sections 3.1.2 and 3.1.3. The top layer temperature obtained
from experiment was higher than that of simulation results.
In this study, the simulated average temperature in the top
layer was about 3.5 ◦C lower than the experimental value. This
may be attributed to a thin layer of plastic mesh covering the
top surface of sample in the experiment, which reduced the
heat loss on the surface (Chen et al., 2016a). The simulation
results in middle and bottom layers showed a good agreement
with the experimental ones. The difference between simula-
tion and experiment may also be attributed to the constant
material properties at a single temperature and moisture con-
tent used in the model. In reality, the dielectric, thermal, and
physical properties of food product are usually temperature
and moisture dependent (Chen et al., 2013; Sipahioglu and
Barringer, 2003).

The simulated temperatures in three layers using dis-
crete moving step approach in this study were higher than
those using equivalent power absorption approach reported
by Chen et al. (2016a), showing better match with the exper-
imental ones. This is mainly because the arbitrary function
of power ratio used in Chen et al. (2016a) under predicted

the power absorption (Fig. 5) and therefore the temperature.
Therefore, it is critical to simulate heating performance at
the entry and exit locations of food product in the RF sys-
tem. Note that, the model using equivalent power absorption
approach was redeveloped in this study and showed differ-
ent predicted temperatures when compared with the results
also using equivalent power absorption approach in Chen
et al. (2016a). In Chen et al. (2016a), a convective heat trans-
fer was applied on the food surface as boundary, which
was not taken effect because the heat transfer equation was
solved for all the domains of food, container, and air. Also
in the post-processing of the modeling results, Chen et al.
(2016a) exported the nodal temperatures from the model and
calculated the average temperature based on these nodal
temperatures. This average temperature was not accurate,
because the volume sizes of elements were different which
was not considered in the calculation. In this study, the aver-
age temperature was evaluated in the model itself where the
volume sizes of elements were considered by weighted aver-
age based on volume. These differences caused the slight
difference in predicted temperatures of equivalent power
absorption approach between the model in Chen et al. (2016a)
and the model redeveloped in this study.

In this study, constant dielectric properties were used. If
moisture- and temperature-dependent dielectric properties
are used, the equivalent power absorption approach will intro-
duce more  errors than the discrete moving step approach. As
shown in Fig. 9, the discrete moving step approach results
in improved heating uniformity with lower spatial standard
deviation, when compared to the equivalent power absorp-
tion approach. Because the dielectric loss factor increases with
increase in temperature, hot spots tend to heat faster than the
cold spots. The equivalent power absorption approach would
result in exasperated “run-away” heating effect than the dis-
crete moving step approach. Thus, if more  accurate moisture-
and temperature-dependent properties are incorporated, the
discrete moving step approach should result in better predic-
tion than the equivalent power absorption approach.

3.2.2.  Anode  current
The anode current during the RF heating process with move-

ment of the food product is shown in Fig. 10. The anode current
increased considerably from 0.315 A to 0.400 A for about the
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Fig. 9 – Comparison of spatial temperature profiles and average ± standard deviation values in top, middle, and bottom
layers (60, 40, and 20 mm from the bottom of the sample) after 287 s RF heating with movement  between the experiment
and models in this study and Chen et al. (2016a).

0.3

0.32

0.34

0.36

0.38

0.4

0 50 10 0 15 0 20 0 25 0 30 0

A
no

de
 c

ur
re

nt
, A

Time, s

Fig. 10 – Measured anode current during the RF heating
process with the food product moved with a speed of
14.23 m h−1 and an electrode gap of 120 mm.
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Fig. 11 – Correlation between the predicted total power
absorption (Q) of the food product and the measured anode
current (A) during the RF heating process with the food
product moved with a speed of 14.23 m h−1 and an
electrode gap of 120 mm.

difference with the model using 25 moving steps. This error
of temperature prediction falls within the typical temperature
rst 100 s, which corresponds to the period of moving in sec-
ion (Section A) when the food product was moved into the
ocations between top and bottom electrodes. Then the anode
urrent remained almost constant at 0.400 A in fully covered
ection, until the food product was moved out of the sys-
em where the anode current decreased gradually. Jiao et al.
2012) measured the anode current in a RF heating system

ith movement  of 8 containers of lentils, and reported simi-
ar results. The anode current in the stable region was about
.2 A, which was higher than that in this study. This might
e attributed to the larger amount of sample (8 containers
ith dimension of 400 × 230 × 100 cm3 each) used in Jiao et al.

2012), where the food product fully filled the space between
he top and bottom electrodes. A relatively smaller sample (1
ontainer with dimension of 300 × 220 × 60 mm3) was used in
his study.

The measured anode current was correlated with the
otal power absorption predicted by the simulation model, as
hown in Fig. 11. The total power absorption linearly increased
ith the measured anode current with R2 = 0.996, showing

ood correlation between the predicted total power absorption
nd the measured anode current. Similar linear correlation
has been obtained and reported based on experimental stud-
ies (Jiao et al., 2012; Wang et al., 2007).

3.3.  Determination  of  optimum  number  of  moving
steps

The coefficient of determination and RMSE values between
the nodal temperatures predicted by the simpler models using
different discrete moving steps and the baseline model using
25 steps are shown in Fig. 12. The coefficient of determina-
tion increased with the number of moving steps (locations)
and remained stable, showing better temperature prediction
with more  moving steps. Thus, it can be confirmed that the
model using 25 discrete steps could provide accurate power
absorption and therefore temperature prediction. The RMSE
values decreased when the number of moving steps (loca-
tions) increased. The coefficient of determination increased
to 0.99 and the RMSE value decreased to 0.47 ◦C when 9 mov-
ing steps (locations) were used in the model, indicating that
the model using 9 moving steps does not show considerable
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Fig. 12 – Coefficient of determination and root mean square
error of nodal temperature between the “base model” using
25 discrete moving steps and the “simpler models” using
different number of moving steps.

Table 2 – Coefficient of determination and root mean
square error of volume nodal temperature between the
model using 25 discrete moving steps and those using 9
discrete moving steps uniformly and not uniformly
distributed on the conveyor belt.

Parameter Locations
uniformly
distributed (9)

Locations not
uniformly
distributed (9)

Coefficient of
determination
(R2)

0.9900  0.9904

◦
RMSE ( C) 0.474 0.466

measurement error using thermocouples. Therefore, 9 moving
steps might be enough to achieve accurate simulation result.

As shown in Figs. 6 and 7, the power density distribu-
tion within the food product changed considerably when the
food product was moved into and out of the areas between
top and bottom electrodes, but did not change much when
the food product was fully covered by the top and bottom
electrodes. Therefore, the electric field might not need to
be calculated too frequently when the food product is fully
between the top and bottom electrodes; instead it is better
to calculate more  steps when the food product is moving
into and out of the electrodes. For example, 4 discrete steps
can be used when the food product was moved both into
and out of the electrodes areas, and only one step can be
calculated at the center. In this study, this strategy with 9
locations of food product not uniformly spaced along the
whole movement  range was evaluated. This nonuniform step
was compared to its uniformly-spaced counterpart and the
results are shown in Table 2. This new approach of 9 nonuni-
formly distributed steps showed slightly higher coefficient
of determination and lower RMSE values than the approach
of 9 uniformly distributed steps, showing better model pre-
diction results. However, the difference between these two
approaches did not show considerable difference. Therefore, it
might be good enough to simulate the moving process with 9
uniformly distributed steps during the whole moving process.

Computation time is also one important parameter that
needs to be considered for determining the optimum num-
ber of steps (locations). Liu et al. (2013) studied the number
of rotational steps of food product in a microwave heating
process with rotation of turntable, and found that it was

enough to use 12 rotational steps to achieve accurate model
prediction and acceptable simulation time. Because of high
computational power needed in the microwave heating simu-
lation, the effect of model setups, such as modeling coupling,
temperature-dependent properties updating, etc., on model
prediction accuracy and computation time have been system-
ically studied (Chen et al., 2015). The computation time of
modeling microwave heating process can be reduced from
60 h to 4 h (93% reduction) by using dielectric properties at
room temperature without updating. In this study, RF heat-
ing modeling is relatively low in computation time (in the
order of minutes, about 18 min for 9 steps and 40 min  for 25
steps) when compared to microwave heating process (in the
order of hours). Therefore, it might be acceptable to use more
moving steps during the whole moving process to simulate
the RF heating process with movement  of food product. How-
ever, it will be necessary to determine the optimum number of
moving steps for a computationally intensive model, such as
a RF heating model that incorporates mass transfer physics
and/or fluid flow to predict the moisture profiles within the
food product.

The strategy of calculating one location when the food
product was fully covered by the top electrode can be used
to simplify the simulation process and save computation time
considerably, especially for the RF heating system with a much
longer electrode. Further, if the top electrode is long enough,
which means the time for the food product moving through
the electrodes (Section B) is much bigger than that the food
product move into and out of the system (Sections A and C),
a stationary model may be good enough to predict the per-
formance of RF heating. Note that the discussion above was
made based on the simulation using constant dielectric prop-
erties in the model. If the dielectric properties of food change
considerably during the RF heating process, the power den-
sity distribution may change considerably, which may require
more  frequent moving steps to update the temperature and
moisture dependent dielectric properties. But the findings
from this study are valid for the food product with relatively
constant dielectric properties during the RF heating.

3.4.  Effect  of  movement  on  heating  performances

The effect of movement  of food product (with different mov-
ing velocity or heating time) on the heating performances
(maximum, minimum, average, and spatial standard devia-
tion temperatures and heating nonuniformity, as measured
by coefficient of variation) were shown in Fig. 13. The heating
nonuniformity indices were determined as standard devi-
ation/average temperature (Eq. (8)). The stationary product
would have heated 10.2 ◦C higher than the product moving on
a conveyor belt through the RF electrodes with same heating
time (287 s). This was because the food product was not fully
heated for the period of time when the food product was mov-
ing into and out of the RF system. The stationary food product
also showed higher spatial temperature variation with stan-
dard deviation of 3.0 ◦C higher than the moving food. Thus,
the calculated nonuniformity of stationary food was about
3.6% higher than that of moving food. The food product can
be heated to a higher temperature if the food product was
moving slower through the system. For example, when the
moving velocity was reduced to 8.13 m h−1 (the heating time
was 487 s), the average temperature can be increased to 64.0 ◦C
which was higher than that of stationary condition. The stan-

dard deviation and nonuniformity were still lower than those
of stationary scenario. Therefore, the movement  of food prod-
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Table 3 – Final temperature at the coldest spot in the heated sample and the cumulative thermal mortality at different
heating conditions.a

Parameter S-287 s M-287 s M-487 s M-584 s M-778 s M-973 s

Final temperature at coldest spot (◦C) 33.5 36.6 45.8 50.0 58.0 65.5
Cumulative thermal mortality 0% 0% 0% 1% 100% 100%

a S for stationary, M for Moving, numbers indicate the heating time in seconds.

Fig. 13 – The effect of movement  of food product (with
different moving velocity or heating time) on the heating
performances (maximum, minimum, average, and spatial
standard deviation temperatures and coefficient of variation
(
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heating nonuniformity)). S for stationary, M for moving.

ct through the RF system could help improve the RF heating
niformity.

The insects in wheat sample can be killed in less than 1 min
f the sample is heated above 62 ◦C (Tang et al., 2007). In this
tudy, the minimum temperature of both scenarios of heating
t stationary and moving conditions for 287 s did not reach
he lethal temperature. However, the moving velocity of the
onveyor belt can be reduced to increase the heating time,
o that the sample can be heated to the desired lethal tem-
erature. For example, if the moving velocity was adjusted to
.18 m h−1 with heating time of 973 s, the minimum tempera-
ure can reach 65.5 ◦C, which could meet the requirement of
nsect control. In reality, lethal effect of the RF heating process
epends on the transient temperature of the sample. If the

nactivation kinetics of insects is available, the predicted tran-
ient temperature can be used to determine the cumulative
ethal effect. For example, a 0.5 order thermal death kinet-
cs model of red flour beetle was developed by Johnson et al.
2004), as shown in Eqs. (9) and (10).

d
(
N
N0

)
dt

= −k
(
N

N0

)0.5
(9)

 = 130.21–42.52 × 1000/T(10)

here No and N are the initial and surviving numbers of
nsects, t is the exposure time (min) at a fixed temperature,

 is the thermal death rate constant (1/min).
Combining with the transient point temperature at the

oldest location in the heated sample, the thermal mortality
f red flour beetle at different heating conditions was shown

n Table 3. The thermal mortality was only 1% after 584 s with

ontinuous movement  of conveyor, because the final temper-
ture was only heated to 50.0 ◦C at the coldest spot which
is much lower than the lethal temperature; while thermal
mortality reached 100% after 778 s heating, where the coldest
temperature reached near lethal temperature. The model can
be used to modify electrode and product shape to minimize
heating nonuniformity which would result in insect control
with minimal deterioration of the sample quality.

3.5.  Potential  applications  of  this  model  in  industry

This model simulated the RF heating of a food product mov-
ing on a conveyor belt through a RF system, which is closer to
the real food industry applications of RF heating process. This
model can be used to understand and improve the industrial
continuous RF heating of food products, so that more  uniform
heating can be achieved. The stable power density distribu-
tion within the food product when the food product was fully
covered by the top and bottom electrodes showed that, the
developed novel simulation strategy can be used to simplify
the simulation. This could help save computation time con-
siderably, especially for modeling of RF heating with a long
electrode.

4.  Conclusions

A 3-D multiphysics based computer simulation model was
developed to simulate the RF heating of a food product moving
on a conveyor belt. A discrete moving step approach was used
to simulate the movement  of the food product. The model
using 25 discrete locations (steps) uniformly distributed on
the conveyor belt was used as a baseline one to understand
the power absorption, electric field, and temperature distri-
bution in the RF heating process. The total power absorption
increased considerably when the food product was moved
into the system, remained stable when the food product was
moved between the top and bottom electrodes, and decreased
when the food product was moved out of the system. Edge
and corner heating was observed for the whole heating pro-
cess and attributed to the distortion of electric field at the
edges of the food product. The model was validated by heat-
ing of a container of wheat sample in a RF system (27.12 MHz,
6 kW)  for 287 s with the conveyor speed of 14.23 m h−1. The pre-
dicted spatial temperature in top, middle, and bottom layers of
the wheat sample showed a good agreement with the experi-
mental results. The measured anode current showed a linear
correlation (R2 = 0.996) with the predicted total power absorp-
tion, indicating a good model prediction. It was determined
that the model with 9 discrete locations uniformly distributed
on the conveyor belt with total movement  distance of 1.13 m
(0.3 m for entry and exit, 0.53 m for fully covered by electrodes)
and speed of 14.23 m h−1 could achieve accurate temperature
prediction. If the residence time of product under the electrode
is significantly longer compared with the time of entry and
exit, a simple stationary model might be sufficient. However,

temperature dependent properties might affect the model pre-
diction and require more  moving steps. As computation time
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in modeling RF heating is not too high, it is better to simulate
conveyor movement  using more  moving steps to achieve more
accurate model prediction. The movement  of food product
through RF system can help improve the heating uniformity
when compared to the stationary treatment. This model can
be used to understand and improve the RF heating process
with food product continuously moving on a conveyor belt.
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