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In recent years, radio frequency (RF) heating has been explored as a new postharvest pest and pathogen control
procedure for agricultural commodities and dry food ingredients. Non-uniform heating and, sometimes runaway
heating, have been themajor challengeswith implementation of this technology. In this study, an experimentally
validated computer simulationmodel was developed to predict the effects of different package geometries, elec-
trode configurations, and use of forced air (60 °C) on improving the heating uniformity of raisins treatedwith RF
for insect control. Higher temperatures (60–76 °C) were observed in the areas between the edges and corners on
the top and bottom layers of the RF treated raisins held in rectangular and cylinder shaped containers, with lower
temperatures (40–52 °C) observed in the central areas of each layer. The heating uniformity was improved by
rounding the corners of the containers and reducing sharp edges on the packages, modifying electrode configu-
rations, and applying forced air after RF heating. These modifications reduced themaximum temperature differ-
ence throughout a container of heated raisins to about 5 °C. Approximately 356 min were needed to raise the
raisin temperature in a rectangular container from 23 °C to 55–60 °C using only forced air at 60 °C. In contrast,
only 6 min of RF heating followed by 10 min of forced air treatment at 60 °C was needed for a similar filled con-
tainer to reach a temperature of 55–60 °C. Shortening the electrodes length to 4 cm shorter than the horizontal
dimensions of the rectangular containers also improved heating uniformity. This technique can be easily imple-
mented to improve the uniformity of RF heating in the food industry for the control of insects in packaged dried
fruits.
Industrial relevance: The results in this study provide essential information about the non-uniform heating inside
the RF heatedmaterials packed in containers with sharp areas, edges and corners, such as rectangular and cylin-
drical shaped containers. Rounding the edges and corners in the containers or bending the top and bottom elec-
trodes is key parameters to control the electrical field inside the RF system. This technique can be easily
implemented to improve the uniformity of RF heating in the food industry for the control of insects in packaged
dried fruits.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Radio frequency (RF) heating involves heating with electromagnetic
waves (3 kHz to 300MHz) (Ramaswamy & Tang, 2008) and to avoid in-
terference with other communication systems, only three frequencies,
13.56, 27.12, and 40.68 MHz, are allocated for industrial, medical, and
scientific applications in the USA (Wang et al., 2001). RF, like micro-
wave, is a form of volumetric heating and provides opportunities for
rapid heat treatments to control pests and pathogens in bulk materials.
However, several challenges still exist that limit successful commercial-
ization of these RF applications with the most important challenge
1, Saudi Arabia.
being uneven temperature distribution (Fu, 2004). Various factors influ-
ence RF heating uniformity, including the dielectric, thermal and other
physical properties, as well as the position of the treated product rela-
tive to electrodes, the chemical and physical properties of the surround-
ing medium and the engineering design of the treatment system (Fu,
2004). Severe uneven heating can cause both package and product
damage. Several studies have explored RF as a non-chemical alternative
for insect disinfection in agricultural commodities and for thermal treat-
ments for pathogen control in bulk dry food ingredients, starting with
the early work of Lutz (1927); Headlee and Burdette (1929), and
Hadjinicolaou (1931) proceeding to more current research of Huang,
Zhang, Marra, & Wang (2016); Jeong and Kang (2014); Ha, Kim, Ryu,
and Kang (2013), and Jiao, Johnson, Tang, and Wang (2012). Solving
the problem of non-uniform heating in RF heated low and intermediate
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Nomenclature

V electric potential, V
E electric field strength, V m−1

CP specific heat, J kg−1 K−1

f frequency, Hz
k thermal conductivity, W m−1 K−1

Q power dissipation, W m−3

t time, s
T temperature, °C
Tinitial initial temperature, °C
Tav average temperature, °C
Vvol material volume, m3

UI uniformity index

Greek symbols
ε complex relative permittivity, F m−1

ε0 permittivity of free space, F m−1

ε′ dielectric constant
ε″ dielectric loss factor
σ electrical conductivity, S m−1

∇ vector differential operator
ρ density, kg m−3

Subscripts
0 free space
av average
vol volume
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moisture foods is critical if effective thermal treatments are to be
developed.

A number of methods have been suggested to improve RF heating
uniformity including: modifying the composition of the media (e.g. sa-
line water, hot water, or air) surrounding the product (Ikediala,
Hansen, Tang, Drake, & Wang, 2002; Birla, Wang, Tang, & Hallman,
2004;Wang, Tiwari, Jiao, Johnson, & Tang, 2010; Harraz, 2007), rotation
(Birla et al., 2004), mixing, back and forth agitation of the product con-
tainers between two plate electrodes (Wang et al., 2010; Ling, Hou, Li, &
Wang, 2016), and cycling of the power (pulse mode) (Hansen et al.,
2006). Recently, Zhou, Ling, Zheng, Zhang, and Wang (2015) and Zhou
and Wang (2016) developed an effective RF treatment protocol based
upon a laboratory-scale RF system to control S. oryzae in rough,
brown, andmilled rice. Heating uniformity was improved by enhancing
Fig. 1. Schematic view of the pilot-scale 6 kW, 27.12 MHz RF unit showing the re
Adapted from Wang et al. (2010).
the RF treatment with hot air circulation, mixing, and back and forth
movement of the product containerwhilemaintaining acceptable prod-
uct quality. Combining a fruit conveyer with hot water surface disinfes-
tation treatment in RF systems improved heating uniformity in oranges
(Birla et al., 2004), apples (Wang, Birla, Tang, & Hansen, 2006), persim-
mons (Tiwari,Wang, Birla, & Tang, 2008). Sosa-Morales et al. (2009) im-
proved RF heating uniformity of mangoes by combining hot water
heating with RF heating while rotating the fruits in a fruit mover for
the purpose of controlling Mexican fruit fly. Pre-heating the fruits in
water at 45 °C for 50 min, followed by RF heating in a 27.12 MHz,
12 kW RF system for 1 min to reach 48 °C, and holding in water at
48 °C for 6 or 8 min, should meet the disinfestation requirements of
mangoes without destroying the fruits quality.

To reduce the time and development cost associated with extensive
trial and error experimentation to improve heating uniformity of RF
processes, computer simulations can be useful for predicting essential
information to facilitate the design and scale-up and to explore opera-
tional parameters. Several simulation models have been developed to
study different factors andmethods for improving RF heating uniformi-
ty for different food materials, such as oranges (Birla, Wang, & Tang,
2008), wheat flour (Tiwari, Wang, Tang, & Birla, 2011b; Tiwari, Wang,
Tang, & Birla, 2011a), wheat kernel (Chen, Wang, Li, & Wang, 2015),
peanut butter (Jiao, Tang, & Wang, 2014), meat (Uyar et al., 2015),
and soybeans (Huang, Zhang, Marra, & Wang, 2016). Marra, Lyng,
Romano, and McKenna (2007) studied temperature distributions in RF
heating of meat batters in cylindrical molds at different output powers
and heating rates solving electromagnetic and heat equations using
the finite element analysis (FEMLAB) finding that lower output power
resulted in more even temperature distributions. About 70% of the
time experimental and predicted temperatures for the meat batters
agreed with an uncertainty of 2.2 °C. Birla et al. (2008) used a validated
finite element-computer simulation analysis (FEMLAB) to solve coupled
Maxwell's EM equations and Navier–Stokes equations; they further
studied the effect of dielectric properties of fruit (orange) and the sur-
rounding heating medium, and rotation of the fruit in the EM field on
heating uniformity and predicted insect lethality. Their study demon-
strated that the heating uniformity improved by modifying the dielec-
tric properties of the surrounding medium to match that of the fruit
and by rotating the fruits in the RF treatment chamber. Tiwari et al.
(2011a) employed a finite elementmodel to explore the effects of sam-
ple size, shape, position, and dielectric properties of wheat flour and the
surroundingmedium, electrode gap, and top electrode configuration on
the RF power uniformity in wheat flour placed into a 12 kW, 27.12MHz
parallel plate RF system and showed that these factors significantly af-
fected the RF power distribution in RF treated flour. Huang, Marra, &
Wang (2016) developed a computer simulation model using a finite el-
ement-based commercial software and validated using experimental of
ctangular plastic container placed in between the top and bottom electrodes.



Fig. 2. Geometrical, thermal, and electrical boundary conditions of the 6 kW, 27.12 MHz RF system considered in simulation (all dimensions are in cm).
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soybean flour packed in a rectangular container and heated in a 6 kW,
27.12 MHz RF system. The validated model was further used to study
the effects of dielectric properties and density of sample and surround-
ing container on sample RF heating uniformity. Regression equations
based on the relationship between these factors were established to as-
sist in selecting the most appropriate surrounding material to improve
the RF heating uniformity in various food products and for designing
an RF treatment protocol.

Unanswered questions remain regarding the behavior of foods dur-
ing RF treatment and systemdesigns (e.g. electrode configurations) that
result in non-uniform heating. This study addresses overheating that
occurs at sharp corners and faces that reduce the effectiveness of post-
harvest disinfestation treatment for dried fruits and result in lower
food quality. The objectives of this studywere for using a validated com-
puter simulation model to evaluate the effects of: 1) package geometry,
2) electrode configuration, and 3) use of forced air (60 °C) on the
heating uniformity and heating rate of raisins during RF thermal
disinfestations.
2. Materials and methods

2.1. RF and hot air systems as a physical model

A free-running oscillating 6 kW, 27.12MHz parallel plate RF heating
system (COMBI 6-S, Strayfield International Limited, Wokingham, UK),
along with a hot air circulation system comprised of a 5.6 kW electrical
strip heater and a blower fan, were used to heat the raisins. The RF
Table 1
Dielectric (@ 27.12 MHz), thermal, and physical properties of materials used in computer
simulation.

Materials properties Raisins* Aluminum** Air**

Thermal conductivity (k, W m−1 °C−1) 0.001*T + 0.145 160 0.025
Density (ρ, kg m−3) 784 2700 1.2
Specific heat (Cp, J kg−1 °C−1) 10.9*T + 1831 900 1200
Dielectric constant (ε') 0.081*T + 6.31 1 1
Loss factor (ε″) 0.018*T + 1.88 0 0

Source: *Alfaifi et al. (2013); Alfaifi et al. (2014); **COMSOLmaterial library (2012); ***T is
temperature in °C.
system has a pair of parallel electrodes (68.6 L × 49.5 W cm2) in
which the top electrode is movable to adjust RF power. Fig. 1 shows a
schematic of the RF and hot air systems used in this study. More details
about the system can be found in Wang et al. (2010).

2.2. Mathematical model

A computer simulation model developed using a finite element–
based commercial software, COMSOL, and validated using experimental
data in Alfaifi et al. (2014), was used in this study. The maximum aver-
age temperature difference between simulated and experimental data
in three horizontal layers of a rectangular plastic container
(25.5 L × 15.0 W × 10.0 H cm3) was about 4 °C (Alfaifi et al., 2014).

2.2.1. Governing equations
For the electric current model, Maxwell's electromagnetic field

equationswere solved using a quasi-static approximation, this is appro-
priate since thewavelength (11m) in the 27.12MHz RF system ismuch
Fig. 3.Minimum time–temperature combinations for complete kill of 600 fifth-instars of
Indianmeal moth (IMM) and navel orangeworm (NOW).
Adapted from Wang et al. (2007).



Fig. 4. Sample shapes, a) rectangular (Rec), b) cylinder (Cyl), c) ellipsoid 1 (Ell 1), d) ellipsoid 2 (Ell 2), e) rounded rectangular (RR), and f) rounded cylinder (RC), used in simulation.
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higher than the electrode size (68.6 × 49.5 cm2) used in this study. The
Laplace form of Maxwell's equations is expressed as (Metaxas, 1996):

∇ � σ þ j2π f ε0εð Þ∇Vð Þ ¼ 0 ð1Þ

where σ is the electrical conductivity (S m−1), j ¼
ffiffiffiffiffiffiffiffi
−1

p
, f is the fre-

quency (Hz), εo is the permittivity of free space (8.86 × 1012 F m−1), ε
is the complex relative permittivity of the material, and V is the voltage
between the two electrodes (V). The electric field strength is (E = −
∇V). The complex relative permittivity (ε) can be expressed in terms
Fig. 5. Rectangular sample with different electrode configurations (similar
of the relative (to air) dielectric constant (ε′) and the relative loss factor
(ε″) of the material (ε=ε′− j*ε″).

The heat transfer due to conduction was considered within the food
product sandwiched between the electrodes. The governing heat trans-
fer equation is:

ρCP
∂T
∂t

¼ ∇ k∇Tð Þ þ Q ð2Þ

where ρ is the density (kgm−3), Cp is the specific heat (J kg−1 °C−1), T is
the temperature within the sample (°C), t is the process time (s), k is
configurations were applied to the newly designed bottom electrode).
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thermal conductivity (W m−1 K−1), and Q is the RF power dissipation
(Wm−3) and is expressed as (Barber, 1983):

Q ¼ 2π f ε0ε″ E
!���
���2 ð3Þ

2.2.2. Boundary conditions
Fig. 2 shows the geometrical, thermal, and electrical boundary con-

ditions of the RF system considered in the simulation. Electrical insula-
tion (∇·E = 0) and thermal insulation (∇T = 0) were used for the
Fig. 6. Temperature distributions in vertical layers of raisin samples in a) rectangular, b) cylinde
52 °C using the 6 kW, 27.12 MHz RF system with flat electrodes, gap of 13.6 cm, and initial tem
inlet and outlet of the system, while the electrical insulation (∇·E =
0) was only used for the metal walls of the RF cavity. The bottom
electrode was grounded (V = 0). A constant electrical voltage
(4100 V) was used for the top electrode (Alfaifi et al., 2014). The con-
vective heat transfer (h=20Wm−2 K−1) was used for all of the sur-
faces of the sample (Wang et al., 2001). A uniform initial
temperature (Tinitial = 23 °C) was assigned to the sample. A uniform
voltage distribution was assumed because 30% of the RF wavelength
of 27.12MHz (11m) is larger than the dimension of the top electrode
(68.6 × 49.5 cm2) in the RF system (Metaxas, 1996). Steady voltage
was assumed in the operating RF system as it differs by only 7% in
r, c) ellipsoid 1, d) ellipsoid 2, c) RR, and f) RC shapes and heated to a center temperature of
perature 23 °C (color scale is set individually for each condition).



Fig. 7. Effect of sample shape on UI (Uniformity Index) and treatment time of raisins
heated to a center temperature of 52 °C using the 6 kW, 27.12 MHz RF system with flat
electrodes, gap of 13.6 cm, and initial temperature 23 °C.
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typical industrial-scale RF systems between the standby and full load
positions (Metaxas, 1996).

During the use of forced air at 60 °C, all of the sample interfaceswere
assigned to a convective heat transfer boundary condition. To estimate
the convective heat transfer coefficient (h) at this condition, several pre-
liminary simulation runs were conducted with different values of h. By
comparing the preliminary simulated and experimental central temper-
atures of the heated raisins, the value of h was estimated to be
54 W m−2 K−1 as an average for all of the outer surfaces exposed to
forced (0.7 m/s) air at 60 °C.

2.2.3. Solution methodology and model inputs
The COMSOL software package (V4.2a, COMSOL Multiphysics, Bur-

lington, MA, USA), based on a finite element method, was used. A US
Micro Mini-Tower Workstation with a Core i7-2600, 3.4 GHz Quad
Core Processor, and 16 GB RAM running on aWindows 7 64-bit operat-
ing system was used to run the software. The Joule heating model,
which coupled electric current and heat transfer models, was used. In
each simulation sequence, the geometrywasfirst created and a relative-
ly fine mesh was generated at the interface of the sample and the
surrounding medium for the finite element models. The mesh system
was used after confirming that the final solutions were independent of
grid size, meaning that the solution should not change (b0.1%) if the
mesh size was further refined. The direct linear system solver,
Fig. 8. Effect of different electrode configuration (setback distance and bend angle) on the UI
temperature of 52 °C using the RF system with an electrode gap of 13.6 cm, initial temperature
UMFPACK, was used with a relative tolerance and an absolute tolerance
of 0.01 and 0.001, respectively. The initial and maximum time
steps were set as 0.001 and 1 s. Total solution time for each simulation
run varied between 20 and 40 min, depending on the simulation
sequence.

The dielectric, thermal, and physical properties of the sample were
adapted from Alfaifi et al. (2013) and Alfaifi et al. (2014) and are listed
in Table 1. The gap between the electrodeswas set to 13.6 cm to heat the
sample center from 23 °C to 52–55 °C at a heating rate of 5–10 °C/min.
This setting is an appropriate choice for industrial use to completely
kill the navel orange worm and Indian meal moth, two pests that
could affect raisins (Fig. 3) (Wang, Tang, & Hansen, 2007).

2.3. Simulation sequences

Simulation runs were designed to determine the overheating that
commonly occurs in sharp areas, corners and edges, in the rectangular
(Alfaifi et al., 2014; Tiwari et al., 2011b) and cylinder shape samples
(Birla et al., 2008).

2.3.1. Package geometry
Six package geometries: rectangular-Rec (25.5 L × 15.0 W ×

10.0 H cm3); cylinder-Cyl (11 r × 10 H cm); ellipsoid 1-Ell 1 (5 a × 11
b × 17 c cm3); ellipsoid 2-Ell 2 (5 a × 13.75 b × 13.75 c cm3); rounded
rectangular-RR (28.0 L × 17.5 W × 10.0 H cm3 and rounded edges
5 r cm); and rounded cylinder-RC (12 r × 10 H cm and rounded edges
5 r cm), were used to investigate the effects of the sample geometry
on the temperature distribution, heating uniformity, and heating rate
when heating raisins by RF heating (with flat electrodes) to a central
temperature of 52 °C. The parameters of the rectangular geometry
were selected based upon the available published results of parameters,
length and width, that resulted in highest Power Uniformity Index
(worst uniformity heating, the most difficult scenario) for a dielectric
material packed in rectangular geometry and heated under the same
RF system (Tiwari et al., 2011a). The parameters of other geometries
were selected to match the volume of the rectangular geometry,
0.0038 m3. These geometries, along with their dimensions, are listed
in Fig. 4. For the temperature distributions, three vertical layers were
considered in the rectangular and rounded rectangular geometries,
two vertical layers in the ellipsoid 1 geometry, and one vertical layer
in all other package geometries.
and treatment time of the sample packed in a rectangular shape and heated to a center
23 °C, and a constant thickness 4 cm of the newly designed electrodes.
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2.3.2. Electrode configuration
Two newly designed electrodes were attached to the flat top and

bottom electrodes to study the effect of different combinations of the
setback distances (distance between the edge of the sample and the
bottom base and the top of the new electrodes), 0, 1, 2, 3, and 4 cm,
and bend angles, 90°, 73°, 63°, 53°, 45°, and 33° on the temperature dis-
tribution, heating uniformity, and heating rate of raisins packed in a
rectangular shaped container following RF heating to a central temper-
ature of 52 °C. A constant thickness, 4 cm, was used in the newly de-
signed electrodes. These configurations were applied to both the new
top and bottom electrodes and to all sides. Fig. 5 shows these different
configurations. Three vertical layers in the rectangular shape were con-
sidered for temperature distribution analyses.
Fig. 9. Effect of different setback distances, a) 0, b) 1 cm, c) 2 cm, d) 3 cm, and e) 4 cm, of th
distributions at three vertical layers of raisin sample in a rectangular shape after RF heating to
C (color scale is set individually for each condition).
2.3.3. Use of forced air (60 °C) to improve heating uniformity
Due to the lower temperature values observed in preliminary simu-

lations on the outer surfaces of the RF heated raisins compared to the in-
terior area, forced air (60 °C) was used to heat the outer surfaces of the
samples. The temperature of the forced air was set to 60 °C and at veloc-
ity of 0.7 m/s to shorten the time needed to increase the outer surfaces
temperature to 55–60 °C. This timewasminimized to preserve the qual-
ity of the fruit.

Temperature simulations using forced air at 60 °C were conducted
for the electrode configurations that showed the best heating uniformi-
ty. The raisins were heated to temperature of 55–60 °C, previously de-
termined to be a safe quarantine level (Fig. 3) and the capability of the
electrode configurations for heating to higher central temperatures
e newly designed electrodes (bend angle 90° and thickness 4 cm) on the temperature
a center temperature 52 °C with an electrode gap of 13.6 cm and initial temperature 23 °



Fig. 9 (continued).
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with acceptable heating uniformity predicted. Treatment conditions
were: forced air (60 °C) heating alone, forced air (60 °C–10min) follow-
ed by RF heating (to a central temperature of 55 °C), simultaneous RF
heating and forced air (60 °C) heating, and RF heating (to a central tem-
perature of 55 °C) followed by forced air (60 °C) heating (to outer sur-
faces temperature of 55–60 °C). From preliminary simulations, after
RF heating to a central temperature of 55 °C, about 10minwere needed
to raise outer surfaces temperature of the raisins to 55–60 °C using
forced air (60 °C), therefore, 10 min of forced air (60 °C) was followed
by RF heating condition. Three vertical layers were considered for tem-
perature distribution analyses. The heating uniformity in all of the sim-
ulation sequences was evaluated using the uniformity index (UI):

UI ¼
1

Vvol

Z
Vvol

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T−Tavð Þ2

q
dVvol

Tav−T initial
ð4Þ

where Vvol is thematerial volume (m3), and T and Tav are the local and av-
erage temperatures (°C) inside the dielectric material over the volume.
The smaller the UI value, the better the RF heating uniformity. A zero
value of UI indicates a uniform temperature within a dielectric material.

3. Results and discussion

3.1. Simulation sequences

3.1.1. Package geometry
Simulated temperature distributions in different vertical layers of

raisins packed in different geometries and treated in the RF system
(with flat electrodes-gap 13.6 cm) to a central temperature of 52 °C
are shown in Fig. 6. Higher temperatures (62–64 and 76 °C) were ob-
served in the areas between the edges and corners of the top and bot-
tom layers of the rectangular and cylinder shapes, respectively, when
compared to the lower temperatures (40 °C) in the middle flat areas
of both sample shapes (Fig. 6a and b). Similar behavior was observed
for wheat flour when heated in shapes with sharp areas (Tiwari et al.,
2011a; Tiwari et al., 2011b). Electromagnetic field lines between the
top and bottom electrodes of the RF systems are straight without a
load. However, when a dielectric loss material is placed between the
two electrodes, the electromagnetic field lines will attempt to bend
and enter the dielectric loss material in one direction at the flat areas.
In sharp areas, like the edges and corners in a rectangular shape, more
electromagnetic field lines will converge from two or three directions
from different faces, causing higher localized temperature zones
(Datta & Zhang, 2001). When using the ellipsoid 1 and 2 shapes,
which do not have sharp areas, the temperatures (32–34 °C) of the
outer side surfaces were reduced when compared to that of the sample
shapes with the sharp areas (Fig. 6c and d). However, higher tempera-
tures (52 °C) were observed in the central areas of these shapes when
compared to the outer side surfaces. Rectangular and cylinder shapes
with rounded edges and corners showed more uniform temperature
distributions when compared to other tested shapes, as shown in Fig.
6e and f. It is clear thatwith reduced sharp areas in these shapes, the elec-
tromagnetic field lines enter the rounded edges and corners from one di-
rection, rather than multiple directions, as is the case with sharp areas in
the regular rectangular and cylinder shapes. As a result, the electromag-
netic field concentration at the rounded edges and corners was reduced.

Fig. 7 compares the UI and time needed to raise the central temper-
ature from 23 °C to 52 °C in the studied sample shapes. The UI was low,
indicating uniform temperature distribution, for sample shapes with
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reduced sharp areas, the rounded rectangular and cylinder shapes. The
UI was reduced from 0.16–0.2 for the rectangular, cylindrical, ellipsoid
1, and ellipsoid 2 shapes to 0.08 for both the rounded rectangular and
rounded cylindrical shapes. The resulted high UIs for the rectangular,
cylindrical shapes were due to overheating in the areas between the
edges and corners of the top and bottom layers and the lower tempera-
tures in the outer side surfaces of ellipsoid 1, and ellipsoid 2 shapes.
About 4 and 4.5 min were needed to increase the central temperature
from 23 to 52 °C when heating the raisin sample in the rectangular
and cylinder shapes, respectively. For shapes with reduced sharp
areas, such as in ellipsoid 1 and 2, the required time increased to
about 6min. The time required for the rounded rectangular and cylinder
shapes was about 5 min.
Fig. 10. Effect of different bend angles, a) 90°, b) 75°, c) 63°, d) 53°, and e) 45°, of the newl
distributions at three vertical layers of raisin samples packed in a rectangular shape after
temperature 23 °C (color scale is set individually for each condition).
3.1.2. Electrodes configuration
Fig. 8 shows the effects of using different setback distances (0, 1, 2, 3,

and 4 cm) and bend angles (90°, 75°, 63°, 53°, 45°, and 33°) of the newly
designed electrodes on the UI and treatment time of the raisins packed in
a rectangular shape andheated to a central temperature of 52 °Cusing the
RF system. In general, theUI reached its lowest value (0.08)when setback
distance of 2 cm was used, while the highest value (0.11–0.14) was ob-
tained when using setback distances of 0 and 4 cm. No large differences
were observed when using different bend angles (90°, 75°, 63°, 53°, and
45°) at the same setback distance of 2 cm. About 4.8 min were needed
to raise the central temperature of raisins from 23 °C to 52 °C using elec-
trode configurations with a 0 cm setback distance, while more time
(6.5 min) was needed when using a 4 cm setback distance.
y designed electrodes (setback distance 2 cm and thickness 4 cm) on the temperature
RF heating to a center temperature 52 °C with an electrode gap of 13.6 cm and initial



Fig. 10 (continued).
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The large UI values obtained when using the setback distance of 0
and 4 cm were the result of the high (58, 61, and 66 °C) and low (46,
47, and 48 °C) temperatures observed in the edges and corners of
three vertical layers of the rectangular sample, respectively, as ex-
plained previously and as shown in Fig. 9a and b, due to the concentra-
tion of the electromagnetic waves at these areas. When comparing the
temperatures at the corners (as the highest heated area) of the sample
and its center using electrode configurations with 0, 1, 2, 3, and 4 cm
setback distances, the temperatures differences were 14, 9, 4, 5, and
6 °C, respectively, as shown in Fig. 9a, b, c, d, and e, which confirms
that using electrodes with a setback distance of 2 cm would be an ap-
propriate choice for improved heating uniformity.

Fig. 10a, b, c, d, and e compare the temperature distribution of raisin
samples in a rectangular container in three vertical layers after being
heated to a central temperature of 52 °C with an electrode gap of
13.6 cm, and using different bend angles (90°, 75°, 63°, 53°, and 45°)
of the newly designed electrodes (2 cm setback distance).When reduc-
ing the bend angle of electrodes from 90° to 45°, the difference between
the temperatures at the corners and center of the sample increased from
4 °C to 7 °C. This increased temperature difference indicates that using
the 2 cm setback distance and 90° bend angle configuration would be
the appropriate choice when designing the new electrodes for the RF
system. Lower temperatures (38–40 °C) were obtained at the outer sur-
faces of all of the tested configurations when compared to the interior
area of the samples.
Fig. 11. Effect of different treatment conditions with forced air at 60 °C on the temperature dist
using a) forced air at 60 °C heating, b) forced air (60 °C) followed by RF heating, c) RF heating c
heatingwith electrodes configuration (2 cm setback distance, 90° bend angle, and 4 cm thicknes
each condition).
3.1.3. Use of forced air (60 °C)
Effects of heating raisin samples in a rectangular geometry with dif-

ferent treatment conditions (forced air at 60 °C, forced air at 60 °C with,
prior to, and after RF heating) to a central temperature of 55 °C using the
previously determined electrode configurations (setback distance of
2 cm, bend angle of 90°, thickness of 4 cm, and gap of 13.6 cm) are pre-
sented in Fig. 11 for the temperature distributions in three vertical
layers of the sample. When using forced air (60 °C), higher tempera-
tures (60 °C) were observed in the outer surfaces, compared to 55 °C
at the center of the sample (Fig. 11a). In conventional heating using
forced hot air, the heat source is outside the sample. The heat is trans-
ferred from theoutside to the outer surfaces of the raisins by convection,
and between the raisins by conduction, until it reaches the center, a
slow process. However, in RF heating, the heating occurs at themolecu-
lar level due to dipole rotation and electrical conduction mechanisms,
causing the whole food to heat up at the same rate, as shown in Fig.
11b, c, and d. The difference betweenmaximum andminimum temper-
atures in the raisins heated using forced air at 60 °C, and forced air at
60 °C prior to, with, and after RF heating were about 5, 27, 16, and 5 °C,
respectively. It is clear from Fig. 12 that even though the UI for the sam-
ples heated by forced air at 60 °C and RF followed by forced air were
comparable (0.03), only 6 min of RF heating followed by 10 min forced
air at 60 °Cwere needed to increase the sample temperatures to N55 °C,
while about 356 min were needed when using only forced air at 60 °C.
Heating the samples for 10 min using forced air at 60 °C followed by
ributions at three vertical layers of raisin samples heated in a rectangular shape to N55 °C
ombined with forced air (60 °C) heating, and d) RF heating followed by forced air at 60 °C
s), an electrode gap 13.6 cm, and initial temperature 23 °C (color scale is set individually for
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Fig. 12. Effect of different treatment combinations of RF and forced air at 60 °C on UI and
treatment time of raisin samples packed in a rectangular shape and heated to central
temperatures 55 °C using electrodes configuration (2 cm setback distance, 90° bend
angles, and 4 cm thickness), an electrode gap 13.6 cm, and initial temperature 23 °C.
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5min RF heating raised the central temperature of the samples to 55 °C.
The UI for this treatment condition was about 0.08, which indicates a
poor heating uniformity due to the lower outer surfaces temperature
compared to the interior area (Fig. 11b). Similar UI valueswere resulted
when heating the samples using only RF for 6 min (center temperature
of 55 °C) and when heating the samples by combined RF and forced air
(60 °C).

Fig. 13 shows simulated temperature profiles of raisins heated to a
central temperature of 55 °C using forced air at 60 °C and RF-forced air
at 60 °C using electrode configuration with 2 cm setback distance, 90°
bend angle, 4 cm thickness, and 13.6 cmgap. About 356minwere need-
ed to increase the central temperature of raisins from about 23 °C to 55 °
C using forced air at 60 °C. In comparison, only 6 min of RF-forced air
heating were needed for raisin samples to reach a central temperature
of 55 °C.

4. Conclusions

Effects of package geometries, electrode configuration, and a supple-
mental heat treatment with forced air at 60 °Cwere investigated on the
RF heating uniformity of bulk raisins. Overheating at the edges and cor-
ners of the raisins treated in rectangular and cylindrical shaped con-
tainers was observed with a difference of about 36 °C and 24 °C
throughout the sample, respectively. The simulated temperature distri-
bution and heating uniformity of RF treated raisinswas significantly im-
proved when containers with rounded edges and corners were used,
with a difference of about 12 °C. Using RF heating with a 2 cm setback
distance and 90° bend angle of the newly designed electrodes, followed
Fig. 13. Simulated temperature-time histories of raisin samples packed in a rectangular
container and heated to a center temperature 55 °C using forced air at 60 °C ( ) and
RF heating followed by forced air at 60 °C heating ( ) with electrodes configuration
(2 cm setback distance, bend angle 90°, thickness 4 cm, and gap 13.6 cm).
by forced air at 60 °C also improved the heating uniformitywith a differ-
ence of about 5 °C. The time required to heat the raisins from23 °C to the
lethal target temperature, 55 °C,was reduced significantly from356min
for forced air heating alone, to only 16min using RF heating followed by
forced air at 60 °C for rectangular containers. Treatment protocol to dis-
infest insects in dried fruits can be developed based upon this simula-
tion method.
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