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Radio frequency (RF) treatments have potential as alternatives to chemical fumigation for disinfesting
legumes. This study was conducted to investigate the feasibility of RF selective heating of insect larvae
in 3 kg soybeans packed in a rectangular plastic container (30 x 22 x 6 cm®) using a 6 kW, 27.12 MHz
RF heating system. A finite element based computer simulation program-COMSOL was used to solve
the coupled electromagnetic and heat transfer equations for developing a simulation model.
Indianmeal moth larvae were selected as the target insect for experimental validation of the simulation
results. Simulated and experimental temperatures of insects and soybeans after 6 min RF heating were
compared in top, middle, and bottom layers within the container. Both results showed that insect larvae
were differentially heated with 5.9-6.6 °C higher than host soybeans when RF heated from 25 to 50 °C.
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Differential heating These results revealed that the heating rate of insects was 1.4 times greater than that of soybeans. The
Soybean validated simulation results demonstrated that placing the insect on the cold spot of each layer, or hor-

izontally, and large insect size may cause less selective heating within the insect bodies. Dielectric prop-
erties of insects may also influence the preferential heating patterns. The selective heating of insects in
soybeans may provide potential benefits in developing practical RF treatments to ensure reliable control
of insect pests without adverse effects on product quality.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Soybeans are one of important legumes in current international
market, with an annual production of 241 million metric tons in
2012 and 91 million tons were exported in 2011 by the 9 leading
countries for a value of US$51 million [1]. Preservation of soybeans
for long-term storage has always been a challenge due to infesta-
tion by various insects. The major pest for concern is the
Indianmeal moth, Plodia interpunctella and other internal pests
are the cowpea weevil, Callosobruchus maculatus, and red flour bee-
tle, Tribolium castaneum, respectively. These insects reduce the
quality of products and promote mold growth or toxin production,
which may create technical barriers to export and even pose a seri-
ous threat to consumer health. The total postharvest product losses
due to insect damages are conservatively estimated to be between
10% and 40% worldwide [2]. The most common method for
postharvest insect control in soybeans is chemical fumigation with
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methyl bromide (MeBr), which is a broad spectrum pesticide with
low cost and high effectiveness. However, the major problem of
MeBr fumigation is the negative impact on environment due to
depleting ozone layer [3]. With actions taken by the Montreal
Protocol, MeBr is no longer available to the legumes industry for
postharvest phytosanitary treatments. In addition, because of the
rapidly growing market for organic soybeans, there is an urgent
need to find environmentally friendly and effective alternatives
to chemical fumigation for soybeans.

Radio frequency (RF) technology with a frequency of
1-300 MHz has long been proposed as a potential alternative to
chemical fumigation and applied for control of different insects
for various agricultural products [4,5]. Recently, RF treatment pro-
tocols have been developed to effectively control cowpea weevil in
legumes (chickpea, lentil and green pea) with acceptable product
quality [6,7]. RF heating relies on vibration of polar molecules
and movement of ions, which result in heat generation. The inter-
action of RF electromagnetic field with any material depends on its
dielectric properties [8]. It has been established that the insect has
higher dielectric properties than the host material they infest,
which would lead to faster heating of the insect when compared
with the treated samples [9-13]. Insects might reach a lethal
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Nomenclature

A surface area (m?)

Cp heat capacity (J/kg °C)

d diameter (m)

E electric field intensity (V/m)

Eis ratio of the insect-to-soybean electric field intensity
f frequency (Hz)

h¢ heat transfer coefficient at the sample surface(W/m? °C)
I measured anode current (A)

k thermal conductivity (W/m °C)

Q power density generated by electric field (W/m?)

t time (s)

T sample temperature (°C)

oT/ot increase rate of temperature (°C/s)

Vv electric potential (V)

1% volume (m?)

SD standard deviation

e permittivity (F/m)

& free space permittivity (F/m)

g dielectric constant (dimensionless)
e dielectric loss factor (dimensionless)
v gradient operator

o density (kg/m?)

Subscripts

i insect

s soybean

temperature while products would be heated to a lower tempera-
ture that does not cause quality loss [14-16]. Nelson and Charity
firstly suggested that it would be possible to generate differential
heating between rice weevil and winter wheat based on the mea-
sured dielectric properties in a frequency range of 10-100 MHz
[17]. A theoretical analysis and experimental evidence showed that
codling moth larvae were heated 1.4-1.7 times faster than walnut
kernels at 27.12 MHz, but no preferential heating was observed at
microwave frequencies of 915 MHz [13]. Wang et al. reported,
based on direct measurements using model insects made of gellan
gel and from theoretical predictions, that the mean temperature
differences between model insects and almond kernels were 4.7
and 6.0 °C at heating rates of 5 and 10 °C/min, respectively [18].
Studies on electromagnetic interactions with the insect and prod-
ucts also showed that the insect-to-wheat power dissipation factor
was between 5 and 31 depending upon insect-wheat mixture
temperature (15-75 °C), and wheat moisture level (12-18% wet
basis) at the test frequency of 27.12 MHz [19].

Computer simulation is a very effective tool for rapid,
cost-effective, and flexible analyses, and providing an insight into
the dielectric heating mechanism in food materials [20-23]. To
help understand the complex RF dielectric heating process and
analyze RF heating uniformity, simulation has previously been
used in various food materials, such as dry soybeans [24], fresh
fruits [25], mashed potato [26], meat [27], peanut butter [28], rai-
sins [29] and wheat flour [30]. Zhu et al. simulated the top elec-
trode voltage based on finite element method using COMSOL
Multiphysics to predict the correlation between electrode voltages
and electrical currents [31]. Ben-Lalli et al. developed a
space-and-time dependent computer simulation model including
convective heating and microwave heating (915 MHz) using com-
mercially available finite element based software, COMSOL [32].
The model was then validated by comparing simulated and exper-
imental temperature profiles inside date fruit and the results
showed a realistic magnitude and information on insect survival
rates under given treatment conditions and characteristics of dates
and insects. Validated simulation models are very useful to analyze
the different RF heating characteristics between insect pests and
dry products, reduce adverse effects on product quality, and pro-
vide a greater throughput of product in a processing plant. There
are few reports on the finite element simulation to show the differ-
ential heating of insects in host soybeans when subjected to an
electromagnetic field.

The objectives of this study were to: (1) develop a computer
simulation model for a 6 kW, 27.12 MHz RF system using commer-
cial finite element software COMSOL, (2) validate the computer

simulation model by comparing three-layer transient experimental
temperature profiles in soybeans after 6 min RF heating, and (3)
apply the validated computer simulation model to predict the
effects of insect positions, orientations, dielectric properties, and
sizes on the behavior of differential RF heating between insects
and soybeans.

2. Materials and methods
2.1. Sample preparation

2.1.1. Dry soybeans

Seeds of soybean (Glycine mux L.) were obtained from a local
wholesale market in Yangling, Shaanxi, China. The seeds were
stored with mesh bags in a thermostatic and humidity (65% RH)
controlled chamber (BSC-150, Shanghai BoXun Industrial &
Commerce Co., Ltd., Shanghai, China) at the constant temperature
(25 °C) prior to RF experiments. They were taken out from the
chamber 4 h before experiment and kept at ambient room temper-
ature (25 = 1 °C) for equilibration.

2.1.2. Insects

Larvae of Indianmeal moth were obtained from the
Entomological Institute, College of Plant Protection, Northwest
A&F University, Yangling, China. Larvae were kept in a glass jar
containing 200 g of dry soybeans. The jars were covered by a fine
mesh cloth for air exchange, and maintained in a rearing room at
25+ 1°C, 65% RH, and a photoperiod of 16:8 (L:D) h with artificial
light. Only actively moving Indianmeal moth larvae were used in
RF treatments and the weight of each larva was about
0.04 = 0.003 g. The length and diameter of Indianmeal moth larvae
ranged from 10 to 13 mm and from 2.2 to 2.8 mm, respectively.
These insect larvae were transferred from glass jars to plastic cups
(500 ml) and left at room temperature for 4 h before treatments.

2.2. Material properties measurement

Different sample moisture content may change dielectric and
thermal properties of materials, which would further influence
the RF heating behavior [24]. So moisture content of soybeans
was determined using the oven drying method. About 10g of
ground soybeans were placed in an aluminum dish and dried in
an oven (DZX-6020B, Shanghai Nanrong Co. Ltd., Shanghai,
China) at 120°C for 12 h until a substantially constant weight
was obtained. The average initial moisture content of dry soybeans
was 6.18+0.04% on wet basis (w.b.) together with that
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(74.0% w.b.) of insect larvae reported in the literature [12]. The
bulk density of dry soybeans at room temperature was measured
by a basic volume method using a 30 x 22 x 6 cm? plastic rectan-
gular container and obtained to be 739 # 3 kg/m> over three repli-
cates. Thermal properties (thermal conductivity and specific heat)
at a bulk density of 739 kg/m> were calculated by Deshpande’s
regression equations [33,34]. Thermal properties of the insect lar-
vae were reported by Ben-Lalli et al. and Sahin and Sumnu with
different measured components [32,35]. Dielectric properties of
bulk soybeans and Indianmeal moth larvae at 27 MHz were
obtained from Guo et al. and Wang et al., respectively [10,12].
Dielectric constant and loss factor of the samples increased with
increasing moisture content. These data were subjected to linear
regression analysis for using these properties in simulation model
(Table 1). Dielectric and thermal properties of polypropylene con-
tainer and air at room temperature (25 °C) were adapted from
COMSOL material library [36].

2.3. Simulation model development

2.3.1. Physical model

A 6 kW, 27.12 MHz parallel electrodes, pilot scale free-running
RF unit (COMBI 6-S, Strayfield International Limited, Wokingham,
UK) was used in this research, with an area of 83 x 40 cm? for
the top plate electrode and a larger bottom plate electrode
(Fig. 1). In the RF cavity (2.98 m long, 1.09 m wide and 0.74 m
high), about 3 kg dry soybeans were placed inside polypropylene
plastic containers (30 x 22 x 6 cm?) for RF treatment. RF power
from the generator was fed in the middle of top electrode back side
and proportional to the electrode gap by changing the top

Table 1

Properties of Indianmeal moth, dry soybeans, polypropylene and air used for simulation.

electrode position with the help of adjustable screws [31]. The pro-
duct container was placed on the bottom (ground) electrode.

2.3.2. Governing equations

In existing RF applicators, RF wave lengths (~11 m) are usually
longer compared to the RF applicator size. Therefore, the Maxwell’s
equation can be simplified to Laplace equation by neglecting the
effect of magnetic field. Laplace equation is described by a
quasi-static assumption [25]:

V- (2nfeole’ +j€)VV) =0 (1)

where f is the working frequency, &g is the permittivity of the free
space (8.86 x 1072 F/m), ¢”, ¢ are the loss factor and dielectric con-
stant of the treated material, j = (—1)°°, and V is the voltage
between the two electrodes which related to the electric field
(E=-VV).

Since the voltage in the typical industrial-scale RF systems
varies only 7% between standby to full load position [38], a
constant electric potential can be assumed for top electrode of RF
systems. The top electrode voltage was estimated by the following
equation with the measured anode current (I;) of 0.33 A [31]:

V =11242 x I, + 2029.9 (2)

The RF power conversion per unit volume Q in the dielectric
material is given by:

Q(x,y,z,t) = 27feoe |E)? 3)

where Q(x, y, z, t) is the power density of treated material, and |E| is
the modulus of E(x, y, z, t) field.

Temperature rise in the treated material can be calculated by
the unsteady heat transfer equation given by [25]:

Material properties Indianmeal moth [32,35] Dry soybeans Aluminum [36] Air [36] Polypropylene [36]
Density p (kg/m?®) 1008 739 2700 1.2 900
Thermal conductivity k (W/m °C) 0.51 0.11 [33] 160 0.025 0.26
Heat capacity ¢, (J/kg °C) 3450 1829 [34] 900 1200 1800
Dielectric constant 0.81 *T+63.12 [12] 0.048 *T+0.81 [10] 1 1 2.0 [37]
Loss factor 4.42*T+109.86 [12] 0.007 *T - 0.05 [10] 0 0 0.0023 [37]
T-temperature (20 < T < 60 °C).
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Fig. 1. Boundary and initial conditions for the RF system used in the computer simulation model (all dimensions are in cm).
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T
Py % =kV*T +Q(x,y,2,t) (4)

When the insect and soybean samples were exposed to the
same RF field, the soybean samples were heated uniformly over
their element volumes and the geometry of insect larvae was char-
acterized as a cylindrical shape. Heat transfer of soybean samples
in the electromagnetic field can be described with the following
non-linear heat diffusion equation:

oT o*T 0*T 0T
PsCps (El = ks <ax2+ay2+322> + Qs(x,y,2,t) (5)

where p; is the density of soybeans, ¢, is the heat capacity of soy-
beans, (0T/0t)s is the temperature increase rate of soybeans, k; is the
thermal conductivity of soybeans, and Q(x,y,z t) is the RF heat
generation in soybeans.

The significant heat transfer may occur between insects and
soybeans because of the relatively small size of the insect body
when compared to soybean samples. Heat convection across the
contact area between the insect and surrounding soybeans was
assumed to be negligible since 3 kg of dry soybeans placed in the
rectangular container were assumed as a whole. The heat balance
equation of insect larvae was controlled by both heat conduction
(k;) and heat generation (Q;) with the treated material, as follows
[13,32]:

oT T T 0°T
picPivi(((%')i:I(iAi((?xz TyzﬂLﬁ +Qi(x,y,z,t)V; (6)

where p; is the density of insect, ¢,; is the specific heat of insect,
(0T/ot); is the temperature increase rate of insect, k; is the thermal
conductivity of insect, Q(x, y, z, t) is the RF heat generation in insect,
V; is the volume of insect, and A; is the surface area of insect.

The absorption of RF energy propagating through the material
depends on the square of the electric field intensity, the electrical
and physical characteristics of the treated material. The heating
time (t) and frequency (f) are identical under the same RF treat-
ment, but the electric field intensity in different materials is theo-
retically different [19]. In Egs. (3) and (4), all the quantities can be
measured accurately except E(x,y, z, t) in and around the soybean
samples and the insect bodies. Accurate calculation of field inten-
sities in soybeans and insects is probably impossible, but some
insight can be obtained by considering mathematically amenable
models. To examine the relative electric field intensities in the
insect (E;) and soybeans (Es), a theoretical model was developed
on the basis of interaction of electromagnetic waves with
multi-phase materials as following [19]:

Ei:Es< 3 ) (7

26+ &

where ¢; is the relative complex permittivity of the insect, & is the
relative complex permittivity of soybeans, E; is the electric field
within insect bodies, and E; is the electric field within soybeans.

As can be seen from Eq. (7), when ¢;>> &, the electric field
intensity was almost same between insects and the host materials
in microwave and RF heating [13,32]. In this study, to analyze the
electric field distribution of insects under different conditions,
Eq. (7) can be shown as:

E 1
-5 =) ®

where Ej is the ratio of E-fields per unit volume in the insect rela-
tive to that in soybeans medium.

2.3.3. Initial and boundary conditions

The whole geometry, thermal, and electrical boundary condi-
tions of the computer simulation model is illustrated in Fig. 1.
Electrode gap between the top and bottom electrode was fixed at
12 cm to achieve the suitable heating rate (4-6 °C/min) of dry soy-
beans [6,24]. All metallic shield were set as electrical insulation
(V - E = 0). The upper electrode is maintained at a certain potential
Vo, and the bottom electrode is maintained at the ground condition
(V=0). The electric potential on the top electrode (83 x 40 cm?)
was considered as 5800V based on the measured anode current
in Eq. (2). Heat loss due to airflow was modeled by specifying
the convective heat transfer coefficient at the surface of the treated
material. Initial temperatures of all cases of simulation were set as
the ambient temperature (25 °C).

—kVT = h(T = T,) 9)

where h. =20 W/(m? °C) is the convection heat transfer coefficient
over the sample surface, T, =25 °C is the temperature of the air
inside the RF cavity.

2.3.4. Simulation procedure

A numerical solution has been carried out using COMSOL
Multiphysics 4.3a (COMSOL Multiphysics, CnTech Co., Ltd.,
Wuhan, China), a finite element method based software. The sim-
ulations have been performed by a Dell workstation, equipped
with two Intel Xeon CPUs, at 3.10 GHz, with 8 GB of RAM, running
under Windows 7 64 bit operating system. The built-in module
(Joule heating module) was used to model the RF heating process,
which combined both electromagnetic heating and heat transfer
phenomena. For solving time-dependent problems, COMSOL uses
a solver that is an implicit time-stepping scheme: at each time
step, it solves a possibly nonlinear system of equations (COMSOL
4.3a User Guide). The optimal meshing type was obtained when
the predicted temperature difference between the two sequential
sets of mesh was less than 0.1% [30]. Relative tolerance and abso-
lute tolerance were set to 0.01 and 0.001, initial and maximum
time step were 0.001 and 0.1 s, respectively.

2.4. Model validation

2.4.1. Experimental procedure

To validate the developed computer simulation model, a plastic
container filled with 3 kg of dry soybeans was placed on the bot-
tom electrode in the center of RF cavity and heated by RF energy.
The target average temperature for complete kill of insect pests
in soybeans without quality degradation was estimated to be
50°C for 2min, based on the thermal-death kinetics of
Indianmeal moth [39,40]. To ensure 100% insect mortality within
the whole container of soybeans, the insect was placed on the cen-
ter of each layer (cold spot). A fiber optical sensor (HQ-FTS-D120,
Xi'an HeQi Opo-Electronic Technology Co., LTD, Shaanxi, China)
was inserted through the polystyrene foam board to top layer cen-
ter (cold spot) of soybeans to obtain the temperature-time history
[24,29]. The heating time needed for the cold spot from ambient
temperature (25 °C) to 50 °C was recorded. When the cold spot
reached 50 °C, the sample was taken out immediately to take ther-
mal image. The obtained temperature profiles were further used to
validate the computer simulation model. All tests were replicated 3
times.

2.4.2. Temperature acquisition

When conducting experiments, 3 kg dry soybeans filled the
container were horizontally divided into three layers (2, 4, and
6 cm from the container bottom) and separated by two thin gauzes
with mesh opening of 1 mm [24]. A plastic foam board (I =29 cm,
w =21 cm, h =2 cm) made from polystyrene was used to cover on
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the top of the container. Two holes (with distance of 1.5 cm) at the
center of the board were drilled through the polystyrene foam
sheet to allow fiber optical sensors to pass through [28]. Three fiber
optical sensors (1, 2, 3 or 4, 5, 6) with an accuracy of +1 °C were
fixed through each hole (d = 5 mm), and fastened at three different
vertical positions (1.4, 3.4, and 5.4 cm from the container bottom).
Head of the fiber optical sensors (1, 2, and 3) were fixed in the mid-
dle of the cylinder-shaped (12H x 2.5D mm?) insects (insect body
positioned vertically) with scotch tape (width of 6 mm) to avoid
loss of body fluid. All together, the board had 6 fiber optical sensors
labeled in Fig. 2, which calibrated by using ice-water mixture and
boiling water before experiment. Six fiber optical sensors were
connected to a data acquisition system (FTS-P104, Xi'an HeQi
Opo-Electronic Technology Co., LTD, Shaanxi, China) and tempera-
tures were recorded at 1 s intervals. Fiber optical sensors placed at
six typical positions (at three different layers) were used to moni-
tor the temperature changes inside the samples. An infrared
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L.
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camera (DM63-S, Dali Science and Technology Co., LTD, Zhejiang,
China) with an accuracy of +2 °C was used for mapping the surface
temperatures of soybeans in top, middle, and bottom layers after
the sample container was taken out from the heating cavity. The
thermal digital infrared camera was first calibrated against
a thin thermocouple thermometer (HH-25TC, Type-T, OMEGA
Engineering Inc., Stamford, Connecticut, USA) with an accuracy of
+0.5°C and 0.9 s response time. Based on the calibration, we
selected 0.94 for the emissivity of the soybeans surface. The whole
temperature measurement procedure was completed within 20 s.
The experiments were replicated three times.

2.5. Model applications
2.5.1. Simulation results with different insect positions

After validation, the computer simulation model was used to
study the temperature distribution of multiple insect positions at

Top layer

22

12,30 04,5,6

Bottom layer — =15

y 30

L.

Fig. 2. Dimensions and locations of the plastic container and six fiber-optical sensors (with labeled locations) for measuring temperature distributions of cylinder-shaped
(12H x 2.5D mm?) insects (1, 2, and 3) and dry soybeans (4, 5, and 6) in each layer inside the rectangular container during RF treatments (all dimensions are in cm).
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Fig. 3. Different positions of insects at the center part for each layer (A4, By, and C;) and three horizontal positions at the top surface layer (A, A;, and A3) after 6 min RF
heating with insect body positioned vertically, electrode gap of 12 cm, and initial temperature of 25 °C (all dimensions are in cm).
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treated soybeans in the RF cavity. The model considered three
horizontal positions in each layer (A;, Ay, and As in the top layer;
B, in the middle layer; and C; in the bottom layer) within a rectan-
gular container (30 x 22 x 6 cm?) placed on the bottom electrode
(Fig. 3). These typical positions inside the soybean samples were
then used to determine the insect temperature distribution within
three layers. Three vertical positions (A;, By, and C;) in the top,
middle, and bottom layers (2, 4, and 6 cm from the bottom of sam-
ple) were selected at the center part for each layer where the cold
spots were located [29,30]. Therefore, a set of simulations was per-
formed by varying the insect’s positions in the container with the
insect size of 12H x 2.5D mm?2.

2.5.2. Simulation results with different insect placements

The temperature distributions for horizontally or vertically
placed samples were different between the fixed RF electrodes
[25,41,42]. So the insect body placement in the rectangular soy-
beans container may influence the electric field distribution within
the insect body [13]. To determine the temperature profiles of
insect larvae at each placement, a series of simulations were run
by changing the patterns of insect placements (vertical, oblique
with 45°, and horizontal in cross-section of x-z) at the top surface
center of soybean samples with the same cylinder shape (Fig. 4).

2.5.3. Simulation results with different insect dielectric properties

Dielectric properties of the insect may change with insect spe-
cies, developmental stages of those species, ages of the insect,
and components at a constant temperature, which would influence
the RF heating behavior. Dielectric properties of Indianmeal moth,
coding moth, and cowpea weevil in different temperature have
been measured before (Fig. 5). Dielectric constant and loss factor
of insects increased linearly with increasing temperature from 20
to 60 °C. To investigate the effect of dielectric properties on insect
temperature rising during RF heating, three different regression
models were developed. Temperature distributions of insects with
three given dielectric properties were evaluated through the vali-
dated simulation model.

2.5.4. Simulation results with different insect sizes

The final insect temperature or heating rate after RF heating
could also be influenced by its size according to the energy absorp-
tion and heat transfer with the host products. To evaluate the influ-
ence of various insect sizes on the RF heating rate, four additional
sizes (10H x 2.8Dmm?,  11H x 26D mm?, 12H x 2.4D mm?,
13H x 2.2D mm?, respectively) of cylinder-shaped insects placed
at the top surface center of soybeans were assessed using the sim-
ulation model together with the originally given size (Fig. 6).
Trends of the insect temperature change with four different sizes
were determined in each simulation.

120

—CO— Indianmeal moth
—O— Codling moth
—— Cowpea weevil

110

100 A

90

80

Dielectric constant

70

60

Temperature (C)

500 - —O— Codling moth
—O— Cowpea weevil
—v— Indianmeal moth

400

350

Loss factor

300

250 A

200

10 20 30 40 50 60 70
Temperature (C)

Fig. 5. Dielectric constant and Loss factor for three different insects at temperature
range of 20-60 °C and frequency of 27.12 MHz [11,12].

3. Results and discussion
3.1. Model development and validation

Fig. 7 shows a comparison between experimental and simulated
surface temperature contours of soybeans in three selected layers
within the soybean samples. Results demonstrated that the simu-
lated and experimental temperature distribution patterns for all
three layers were in good agreement. Values of the experimentally
determined temperature and the simulated one matched well
except for corners of the sample where simulated temperature

Top layer

20

z

Middle layer

L 300
x

Fig. 4. Different placements (vertical, oblique and horizontal in cross-section of x-z) of insects at the top surface center of dry soybeans with electrode gap of 12 cm,
simulated RF heating time of 6 min, and initial temperature of 25 °C (all dimensions are in mm).
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H (mm) D (mm) Size (mm?)

10 2.8 10H%2.8D

u || o 11 2.6 11Hx2.6D

12 2.4 12H%2.4D

5 13 22 13Hx2.2D
B Simulated center point

alLs

D

Fig. 6. Different sizes of insects placed at the top surface center of dry soybeans
with insect body positioned vertically, electrode gap adjusted to 12 cm, and initial
temperature of 25 °C.

was found to be higher than that determined by experiments.
Differences between simulation and experiment could be caused
by the ignored moisture migration from outer hot sections to inner
cold sections in simulation and the measurement errors for model
parameters [24,29,30]. Corners heating were obviously observed
for all layers and cold spots were found at the center part for each
layer. Electrical field concentrated at corners and edges of the sam-
ple was caused by the electrical field refraction and reflection,
resulting in higher temperature distributions on these parts [29].

Temperature-time histories of soybeans and cylinder-shaped
insects (12H x 2.5D mm?) at the center of each layer (1.4, 3.4,
and 54 cm from the container bottom) were also compared
(Fig. 8). Simulated and experimental temperature-time histories
of soybeans and cylinder-shaped insects measured at these parts
(1, 2,3 and 4, 5, 6) were also in good agreement (Fig. 2). A similar
heating rate of 4.17 and 5.52 °C/min for soybeans and insects in
each layer was obtained between simulation and experiment over

the heating period. Table 2 compares simulated and experimental
average and standard deviation of temperatures for soybeans and
insects in three horizontal layers after 6 min RF heating. The
experimental average temperatures matched well with the simu-
lated ones, while the simulated standard deviations in each layer
were higher. This may be due to the finer mesh of corners and
edges than those in central parts of soybean samples in the model
(Fig. 7) while those are distributed equally in the experiment.

When soybeans were heated at 27.12 MHz from 25 to 50 °C, the
maximum heating rate of vertical insects was 5.83 °C/min, which
was greater than that of soybeans (4.17 °C/min) during the same
RF treatment. The temperature difference between soybeans and
insects in the top, middle, and bottom layers were about 5.9, 6.6,
and 6.2 °C, respectively. These values corresponded to a heating
rate for the insect of 1.4 times greater than that for soybeans.
The similar differential heating results have been obtained for
insects in walnut and almond Kkernels during RF treatments
[13,18]. The relative RF heating rate for insect-to-wheat varied
between 0.89 and 1.33 [19]. Slightly preferential heating of insects
in soybeans using RF energy may have potential benefits in heating
the insect to their lethal temperature selectively, while keeping the
host products at moderate temperatures.

3.2. Effect of insect position

Fig. 9(a) and (b) present the simulated temperature-time histo-
ries at the geometric center of cylinder-shaped insects located in
the center surface of three horizontal layers (A, By, and C;) and
three locations of the top surface layer (A;, A, and A3) after
6 min RF heating (Fig. 3). In three horizontal positions at the top
surface layer of samples, the heating rate in center part (A;) was
lower than corner and edge (A, As) of samples under the same
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Fig. 7. Comparison of simulated and experimental temperatures for top, middle, and bottom layers of dry soybeans and three insects at the geometric center of each layers (2,
4, and 6 cm from the bottom of sample), placed in a polypropylene container (30 x 22 x 6 cm>) on the ground electrode with insect body positioned vertically under the same

RF heating conditions.
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Table 3
Simulated average (Ave), maximum (Max) and minimum (Min) temperatures (°C) of
insects over the volume at nine different locations within the soybeans.
Layer Min Max Max-Min Ave
20 T T T T T
0 1 2 3 4 5 6 Top layer Aq 55.32 59.87 4.55 57.71
Time (min) A, 55.14 61.60 6.46 58.04
As 61.23 72.12 10.89 66.00
Fig. 8. Validation of the computer simulation results by comparing experimental Middle layer B, 63.41 65.67 2.26 64.83
data with simulated temperature-time histories of dry soybeans and insects at the Bottom layer C; 64.85 68.33 3.48 66.40

center part (1.4, 3.4, and 5.4 cm from the bottom of container) of top (a), middle (b),
and bottom layers (c) of samples under the same RF heating conditions.

Table 2

Comparison between simulated and experimental average (Ave) and standard
deviation (SD) temperatures (°C) of dry soybeans at three horizontal layers after
6 min RF heating at a fixed electrode gap of 12 cm and initial temperature of 25 °C.

Layer Simulated Experimental

Ave SD Ave SD
Top 53.77 4.90 53.39 493
Middle 57.94 5.28 56.14 5.24
Bottom 56.22 5.96 55.43 5.83

RF processing conditions (Fig. 9(a)). This heating behavior was sim-
ilar to that of treated soybeans at the same position, which was

probably caused by the deflected electrical field at corners and
edges of soybean samples. In three vertical positions (A;, B;, and
C,) in top, middle, and bottom layers of soybeans, the final temper-
ature of insect was the highest in the bottom layer of soybeans and
followed by the middle and top layers (Fig. 9(b)). This may be
caused by the increased electric field concentration at the contact
surfaces when the container was placed on the bottom electrode.

Table 3 compares the simulated average temperatures of
insects over the volume at five different locations in three horizon-
tal layers, which was in good agreement with Fig. 9. That is, the
higher temperature values of insects were appeared at the posi-
tions of corners, edges, and lower sections of the sample. As a
result, variation in insect positions caused a relatively large varia-
tion in insect heating rate. When insects were placed on the top
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layer center of dry soybeans, the temperature values were the low-
est. It is, therefore, possible to optimize the reasonable RF treat-
ment time and heating conditions based on the final temperature
of food material at the center part of each layer to obtain the ade-
quate control of insects. These findings are corroborated by edges
and lower sections overheating of model fruit, and cylindrical meat
batters placed on the bottom electrode [25,27]. Similar heating
patterns were reported in walnuts [43], polyurethane foam sheets
[44], wheat flour [30] and dry fruit [29] subjected to RF treatment.

3.3. Influence of insect placement

Figs. 10 and 11 summarize the effect of insect placements (ver-
tical, oblique and horizontal) on temperature and electric field dis-
tribution along the center cross-sectional using the simulation
model. Simulated results in Fig. 10 illustrate that the temperature
values were higher at low part of the insect when it was placed
vertically or obliquely, while lower temperature values were
observed with horizontal placement. Simulated results also
demonstrated how electric field patterns between two RF elec-
trodes were distributed in the presence of the cylinder-shaped
insect with three different placements (Fig. 11). Electric field was
the lowest when the cylinder-shaped insect was placed horizon-
tally within soybeans. RF power density at any insect placement
is proportional to the square of electric field, resulting in corre-
sponding temperature values at these parts [30]. So patterns of
the insect temperature distribution were similar to the electric
field. For a given frequency, an increase in field intensity increases
the heating rate of insects and high electric field intensities were
much more efficient than low intensities in killing insects in prod-
ucts [45]. The vertically and obliquely placed insects were
expected to heat more energy as the electric field varied from
473 to 64,800 V/m, and 812 to 42,051 V/m as compared with 100
to 24,673 V/m for the horizontal placement.

Oblique

Vertical

- 460

v54.21

Different distribution of electric field within the insect body
could be further explained by the vertically distributed electric
field between two electrodes. Dielectric materials within the elec-
tromagnetic field were heated based on the rapid oscillation of the
electric field, causing the charged ions to move back and forth at
high speed, and the polar molecules to rotate rapidly. This molec-
ular motion may generate more heat when the insect was placed
vertically or obliquely due to the long migration path for polar
molecules in the vertical direction [28]. The average temperature
was higher for vertically placed insect, and the horizontally and
obliquely placed insects were almost with similar average temper-
ature (Table 4).

Fig. 12 shows the simulated temperature-time history of
cylinder-shaped insects with different placements after 6 min RF
heating. The results demonstrated that the heating rate for verti-
cally placed insect was much higher than that obliquely and hori-
zontally placed insects. The heating rate of horizontally placed
insect (4.30 °C/min) was almost similar to that of the soybean sam-
ples (4.19 °C/min). The similarity of the heating in soybeans and
insects was also depending on the gap between the electrodes
[46]. Similar findings have been reported for the typical tempera-
ture-time history of horizontally and vertically oriented walnuts
in the center of a single layer that temperatures of vertically ori-
ented walnuts were 7.4°C higher than those of horizontally

Table 4

Simulated average (Ave), maximum (Max) and minimum (Min) temperatures (°C) of
insects over the volume with three different placements (vertical, oblique and
horizontal) located at the top surface center of soybeans.

Placement Min Max Max-Min Ave
Vertical 55.32 59.87 4.55 57.71
Oblique 52.10 56.38 428 53.70
Horizontal 51.42 52.48 1.06 51.65
Horizontal
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Fig. 10. Computer simulated temperature (°C) distribution of insects (12H x 2.5D mm?) along the central cross-sectional with three different placements (vertical, oblique
and horizontal) located at the top surface center of soybeans under the same RF heating conditions.
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Fig. 11. Simulated electric field (V/m) distribution of insects (12H x 2.5D mm?) along the central cross-sectional with three different placements (vertical, oblique and
horizontal) located at the top surface center of soybeans under the same RF heating conditions.
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Fig. 12. Computer simulated temperature-time histories at the geometric center of
insects located at the top surface center of soybeans with three different
placements (vertical, oblique and horizontal) under the same RF heating conditions.

oriented walnuts after 5 min of RF heating [41]. The surface tem-
perature profiles of polyurethane foam sheets were also different
for horizontal or vertical placement [42]. Considering the influence
of insect placement, the target temperature and heating time based
on the thermal death kinetics should be obtained before treatment
with RF energy. Temperature of the host product could be heated
less than that of insects due to possible differential heating during
RF treatments.

3.4. Effect of insect dielectric properties

Fig. 13 shows the simulated temperature-time histories at the
geometric center of cylinder-shaped insects influenced by both
the dielectric constant and loss factor. During 6 min RF heating,
the heating rate was higher both for Indianmeal moth and cowpea
weevil, while the coding moth was heated slowly. The maximum,
minimum, and average temperatures of insects with different
dielectric properties are summarized in Table 5. Although loss fac-
tors of Indianmeal moth were the lowest and dielectric constants
were the highest among three insects, the average temperature
of Indianmeal moth was the highest (Table 5).

70

—O— Indianmeal moth
—O— Cowpea weevil

60 7 —v— Codling moth

50 4

40 1

Temperature ('C)

30 4

20 + T T T T T T
0 1 2 3 4 5 6 7
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Fig. 13. Computer simulated temperature-time histories at the geometric center of
insects located at the top surface center of soybeans with three different dielectric
properties and insect body positioned vertically under the same RF heating
conditions.

As shown in Fig. 5, values of ¢ and &” increased almost linearly
with temperature (20-60 °C) at a constant frequency. There was a
significant difference between ¢ of Indianmeal moth (& =83.37,
¢”=220.3) and that of bulk soybeans (¢ =2.01, ¢’ =0.12) at 25 °C
and 27.12 MHz. The relative complex permittivity (¢) for insects
and host soybeans was expressed by the regression equation
developed in Table 1. Therefore, the magnitudes of ¢ were consid-
ered for both soybeans and insects to estimate E; from Eq. (7), and
to calculate E;s using Eq. (8). The electric field intensity in insects
decreased with the increase of the relative complex permittivity
of the insect (¢;) as shown in Eq. (7). For higher loss factor materials
(e"[¢ > 1), ¢” increased faster than ¢’ as the temperature increased,
so ¢ can be substituted by ¢” in Eq. (7) with a negligible error in ¢&'.
This theoretical model discussed above may help for better under-
stand the simulation results that the average temperature
decreased with the increase of insect loss factors as shown in
Table 5. An analysis of the data, based on relationships presented
in Egs. (7) and (8), reveals that the loss factor is the dominant fac-
tor influencing differential energy absorption from the RF field.
Similar results have been reported for significant preferential heat-
ing of insects in stored-grain, depending mainly on the dielectric
properties of insects and characteristics of the host materials
[13,19,45]. Therefore, knowledge of dielectric properties of insects
and products would yield useful information for future studies on
modeling the improvement and scaling-up of RF treatment
protocols.

3.5. Effect of insect size

The effect of insect sizes on temperature-time history at the
geometric center when subjected to 6 min RF heating was assessed
using the simulation model (Fig. 14). Simulated results demon-
strated that the center temperature of insects took about 5.8, 4.9,
41 and 3.2min to reach 50°C for sizes of 10H x 2.8D,
11H x 2.6D, 12H x 2.4D, and 13H x 2.2D mm?, respectively. The
heating process for small diameter insect was much faster than
large insect as shown in Eq. (6)[13,32]. The temperature increased
slowly for the short and fat insect, but small insects were much
easy to be killed during RF heating due to relatively fast heating.
Simulated average temperature was the highest with insect sizes
of 13H x 2.2D (Table 6). It is clear from Fig. 14 and Table 6 that
the temperature of insects was higher than soybeans with various
insect sizes. Similar heating patterns have been observed for differ-
ent sized fruit [25], and wheat flour [22] when subjected to RF
treatments.

3.6. General applications of simulation results

To investigate the feasibility of RF selective heating for disin-
festing legumes, a computer simulation model was developed in
this study to predict transient temperature profiles both in insect
bodies and soybean samples. Simulation results of insects and soy-
beans were validated by experimental temperature profiles over
three layers in a rectangular container. The differential heating
between insects and treated products may result in increased
insect temperatures at relatively low product ones [13,19]. An
analysis of the model parameters was proposed to predict their
effects on the temperature difference between insect and host pro-
duct during RF heating. The quantitative data should be regarded
only as relative indications, because simplistic but realistic
assumptions were made in the simulation model. However, these
results alone could provide useful guidance for further research
on heat disinfestations of various insects in legumes or other prod-
ucts [6,14,18]. This preferential heating study would be served as a
first step to study the feasibility of scaling up the pilot-scale RF sys-
tem to commercial applications.
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Table 5

Simulated average (Ave), maximum (Max) and minimum (Min) temperatures (°C) of insects over the volume with three different dielectric properties located at the top surface

center of soybeans.

Material Dielectric properties Min Max Max-Min Ave

Indianmeal moth (0.81 *T+63.12) — j(4.42 * T+ 109.86) 55.32 59.87 4.55 57.71
Cowpea weevil (0.48 * T+ 46.60) — j(5.25 * T+ 110.40) 54.55 59.26 4,71 56.58
Coding moth (0.35*T+61.76) — j(6.91 * T+ 79.98) 52.97 58.12 5.15 53.00

T-temperature (20 < T < 60 °C).

70
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Fig. 14. Computer simulated temperature-time histories at the geometric center of
insects located in the top surface center of dry soybeans with four different sizes
and insect body positioned vertically under the same RF heating conditions.

Table 6

Simulated average (Ave), maximum (Max) and minimum (Min) temperatures (°C) of
insects over the volume with four different sizes located at the top surface center of
soybeans.

Size (mm?) Min Max Max-Min Ave

10H x 2.8D 51.38 55.20 3.82 52.77
11H x 2.6D 53.47 57.56 4.09 54.77
12H x 2.4D 56.57 60.28 3.71 58.18
13H x 2.2D 62.23 64.00 1.77 62.23

4. Conclusions

A computer simulation model was developed for RF dielectric
heating of Indianmeal moth larvae in dry soybeans to investigate
the feasibility of selective heating in a 6 kW, 27.12 MHz RF system.
Results from computer simulation and experimental methods
showed good agreement for the temperature distribution in three
horizontal layers of soybeans packed in a plastic container.
Simulated and experimental results both showed that cold spots
were located at the center part of each layer. The mean tempera-
ture differences between insects and soybeans at the top, middle,
and bottom layers were 5.9, 6.6, and 6.2 °C, respectively. The vali-
dated simulation model was further used to study the effects of
insect positions, insect placements, insect dielectric properties,
and insect sizes on the behavior of RF preferential heating.
Simulated results showed that when the insect was placed on
the top surface center, horizontally placed in the host medium,
and large insect size would cause relatively slow heating rate as
well as low average temperature. The developed simulation model
can help designing the practical treatment protocol to maintain
selective RF heating and achieve the optimum product tempera-
tures for completely controlling the insect without adverse effects
on host product quality.
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