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ARTICLE INFO Heating uniformity is one of the most important considerations in developing radio frequency
(RF) systems and processes in heating applications. Two different loads were used in this study

to evaluate heating uniformity in a 12kW, 27.12MHz pilot-scale RF system with plate
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applicators. One method involved the use of a custom-designed water load, while the other
used polyurethane foam. For the water load, 24 thermocouples simultaneously measured final
temperatures of water and 1% carboxymethylcellulose (CMC) solution in both horizontal and
vertical planes. Regulating the air gaps between the top electrode and the water or CMC
samples resulted in different power couplings in the heating load ranging from 5.5 to 10kW
and corresponding heating rates of 5.3-9.4 °Cmin . The hottest spot was always located near
the electrode centre. The temperature difference between the front and back sides of the RF
cavity was less than 2 °C, but the difference between the right and left sides was as much as
10°C. A relatively large zone was defined in the centre where the temperature difference was
less than 4 °C. A symmetric design of the inductance positions and feeding strips improved the
heating uniformity. The temperature distribution after symmetric design was further
confirmed in polyurethane foams using a thermal imaging camera. Further research is
needed to improve the heating uniformity with the help of computer modelling.

© 2008 IAgrE. Published by Elsevier Ltd. All rights reserved.

2000). For example in research, RF energy has been used to
control insect pests in heat-sensitive agricultural commodities,

1. Introduction

Radio frequency (RF) energy has been used in industrial
applications for curing or drying of wood, textiles, paper and
cardboard, and for post-back drying in the biscuit industry
(Mataxas and Clee, 1993; Jones, 1997). Small-scale RF systems
have been extensively used in laboratory studies for disinfesting
agricultural commodities (Headlee and Burdette, 1929; Frings,
1952; Nelson and Payne, 1982; Hallman and Sharp, 1994; Nelson,
1996). But practical applications for insect control have not been
implemented due to comparatively inexpensive chemical fumi-
gation (Nelson, 1972). Because of new regulatory actions against
chemical fumigation, interest in using RF energy as an alternative
physical treatment method has increased recently (Tang et al.,
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including cherries (Ikediala et al., 2002) and walnuts (Wang et al.,
2001, 2002, 2007a, 2007b; Mitcham et al., 2004). The treatment
margin for achieving effective insect control with acceptable
product quality is very limited for thermal treatments even in a
small container, especially for fresh fruits (Birla et al., 2005). It is
important to determine and improve the heating uniformity of
RF-treated products to ensure the efficacy of the treatments and
scaling-up to commercial applications.

RF energy interacts directly with the agricultural products
and can rapidly increase their temperature volumetrically. A
major concern in developing an RF treatment protocol is the
heating uniformity in the treated samples (Wang et al., 2005).
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Temperature variations after RF heating may result from the
different properties of samples and a non-uniform electro-
magnetic field (Wang et al., 20033; Birla et al., 2004). Resolving
uneven electromagnetic fields is an important challenge
during development of postharvest insect control for fresh
fruits because a few degrees’ deviation from the target
temperature causes either insect survival or quality deteriora-
tion. It is desirable to develop appropriate means for direct
measurement of heating uniformity for a given RF unit and
make reasonable suggestions as to how the manufacturer
might improve the cavity and electrode configuration.

Many studies have been conducted to determine power
distributions in microwave heating using a voltage meter,
thermal imaging (Ma et al., 1995; Zhou et al., 1995) and chemical
markers (Wang et al,, 2003b). These methods have different
limitations in use, e.g. only the surface temperature is measured
by thermal imaging, and sample temperatures are indirectly
deduced from colour patterns created by chemical markers. Jia
(1993) used a water container (38 cm x 40cm) to validate micro-
wave power distributions in a microwave applicator obtained by
numerical simulation. Zhong et al. (2003) evaluated the tem-
perature distribution of tap water and 1% carboxymethylcellu-
lose (CMC) solutions in a continuous flow RF heating system. Up
to now, no direct measurements of temperature distributions in
a large-scale RF system have been reported to guide RF cavity
design or to validate computer simulation results.

The objectives of this study were: (1) to measure the dielectric
properties of tap water and 1% CMC solutions and use these
solutions as loads to evaluate RF heating uniformity; (2) to
determine experimentally the heating uniformity in horizontal
and vertical planes using tap water and 1% CMC solutions; and
(3) to evaluate the heating uniformity improvement using the
water load after the symmetric design of feeding and
inductance positions on the top electrode and confirm the
temperature distribution using a polyurethane foam.

2. Materials and methods
2.1. RF systems

A 12kW, 27.12 MHz pilot-scale RF system (Strayfield Fastran
with E-200, Strayfield International Limited, Wokingham, UK)

was used to heat the tap water and 1% CMC solutions in a
heating load (Fig. 1). The load was heated between two
parallel plate electrodes (104cm x 80cm). The gap between
the electrode plates was adjusted to have suitable RF power
coupled to the samples. There was no air circulation in the RF
cavity. Before the tests the distance between the top and
bottom electrode plates was adjusted to be constant (varia-
tion <1mm) over the entire electrode plate surface to avoid
the effect of gap variations between the electrode plates on
the electromagnetic field. The original positions of the feed
strips and conductors on the top electrode are shown in Fig. 2.

2.2. Measurement of dielectric and ionic properties

The dielectric properties of samples can provide general
information on selecting a desired heating rate and determin-
ing the optimum thickness of the samples in RF heating.
Before the dielectric property measurement, a 1% sodium
CMC solution (TIC Pre-Hydrated TICALOSE® CMC 6000
Powder, Belcamp, Maryland) was prepared by mixing CMC
powder with tap water (used without purification). The
solution was left at room temperature for 2 days to ensure
an even mixture before tests. The dielectric properties of tap
water and 1% CMC solutions were measured by an open-
ended coaxial probe technique with an impedance analyzer
(Model 4291B, Innovative Measurement Solutions Inc., Santa
Clara, CA). A detailed description of the system can be found
in Wang et al. (2003a). The mean and standard deviation of
the dielectric constant and loss factor were determined at
27.12 MHz at five temperatures (20, 30, 40, 50 and 60 °C) based
on experimental data in two replicates. The penetration
depth was calculated using the method reported in Wang
et al. (2003a). The ionic conductivity of tap water and 1% CMC
solutions was measured at 20 °C with an Economy Benchtop
Conductivity meter (CON 500 Meter w/Probe, New Hyde Park,
NY).

2.3.
system

Heating container and temperature measurement

The heating load consisting of 88 cups made of acrylic glass
(Plexiglas) was developed for temperature distribution tests
(Fig. 1). The loss factor of acrylic glass was about 2, which was
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Fig. 1 - Heating load with 24 cups (in dark) in 4 rows and 6 columns for temperature distribution tests (all units are in cm).
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Fig. 2 - Schematic view of the original positions of feed strips and conductors on the top electrode.
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Fig. 3 — The positions of the feed strip and conductors that were attached to the top electrode of the RF unit: (a) original

locations and (b) new symmetric locations.

significantly smaller than that of tap water (18-20 at 20°C).
Twenty-four cups were first filled with water and used to
determine the horizontal temperature distribution. The load
was placed directly on the bottom electrode in the centre of
the electrode area. During heating, the water temperatures in
the centre of cups 9, 10, 15 and 16 were monitored by fibre-
optic temperature sensors (UMI, FISO Technologies Inc.,
Saint-Foy, Quebec, Canada). The RF system was turned off
when the maximum water temperature reached 50°C. After
RF heating, the load was immediately pulled out of the cavity.
A cover plate with 24 thermocouples was placed on the top of
the load to measure simultaneously the water temperatures
in the middle of the selected 24 cups using a data logger
(DL2e, Delta-T Devices Ltd., Cambridge, UK). The 24 thermo-
couples (Type T, gage factor 36, Omega Engineering Inc.,
Stamford, CT) were calibrated in a water bath against a
standard thermometer and were pre-mounted on a support
pole on the cover plate at a height of 4.5cm from the cup
bottom. For vertical temperature profiles, 24 thermocouples
were also used to measure three different depths in the eight
selected cups. The temperatures at heights of 2.5, 4.5 and
6.5cm in each cup in columns C3 and C4 were recorded at the
same time (Fig. 1). The initial and final water temperatures in
each of the 24 cups were sampled every second and recorded
every 10s.

2.4. Experimental procedures

For the original positions of conductors and feed strips
(Fig. 3a), tap water was uniformly filled fully into the 24 cups
at room temperature. The initial water temperature at room
conditions in each cup was recorded by the data logger. The
load was then placed in the centre of the electrode area. The
RF power and the electrode gap were controlled to achieve a
suitable heating rate. The RF heating was stopped when the
water temperature displayed in the fibre-optic system was
about 50 °C. The cover plate with 24 thermocouples connected
to the data logger was placed on the container after pulling it
from the cavity. After recording the temperature, the warm
water in the cups was removed by vacuum and the container
was cooled down for the next run.

In order to determine the effect of different loads on the
horizontal temperature distribution, different numbers of
samples (24, 16 and 4 cups) were used to analyse the heating
uniformity using the same water load. The results were
presented to compare the average and maximum differences
in the cups.

Vertical temperature distributions were determined in 8
cups of the load located in columns C3 and C4 (Fig. 1).
Temperatures at three levels in each cup were measured at
the same time after stopping RF heating. The 24 temperatures
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were used to provide the vertical temperature distribution. To
eliminate the possible heat convection in the water load for
vertical temperature testing, 1% CMC solutions were carefully
filled into 24 cups at the same full level for determining the
vertical temperature distribution. Because of temperature
variations as a function of measurement time, the vertical
temperature distribution in columns C3 and C4 2 min after
insertion of the thermocouples was plotted using a contour
graph for comparisons.

The asymmetric connections of the inductor and the power
supply to the top electrode resulted in an uneven standing
wave pattern across the applicator. To achieve a uniform RF
field, a new symmetric design (Fig. 3b) was developed. The
four conductors were installed at the four corners on the top
electrode and the feed strip was moved to the centre. The four
corner inductors allowed independent adjustment of the
voltage at each corner. This step was intended to further
improve the heating uniformity beneath the top plate
electrode with the symmetric design of the four conductors.
A Hewlett-Packard 8752C network analyzer (Agilent Technol-
ogies, Palo Alto, CA) was used to tune the natural frequency of
the applicator. Simple loop antennas placed near the
applicator and inductors permitted the measurement of
reflection and transmission over a range of frequencies, from
1 to 100 MHz. The network analyser was useful in determin-
ing the size of the inductors needed during refitting. The tap
water temperatures in 24 cups for the horizontal distribution
in the symmetric design were compared with those in the
original design.

To further verify the horizontal heating uniformity in the
symmetric design, two sheets of polyurethane foams
(8lcm x 61 cm x 5cm), overlapping each other, were used as
a load in the RF unit. The foam load method was used in
Wang et al. (2007a) to indirectly evaluate the electromagnetic
field intensity in industrial-scale RF systems. The initial
temperatures were 22 °C after equilibrium under room con-
ditions for at least 1 day. During the heating, the gap between
the RF electrodes was adjusted to 160 mm, which resulted in
3.8kW power. After RF heating for 3min, the foams were
immediately taken out of the RF cavity for temperature
measurement. A horizontal surface temperature distribution
in the central layer (by removing the upper polyurethane
foam) was obtained using an infrared camera (Thermal
CAM™ 5C-3000, N. Billerica, MA) having an accuracy +2°C.
The thermal image with 45,056 individual temperature data
was collected and used to plot a contour graph.

3. Results and analyses
3.1. Dielectric properties

The dielectric properties of tap water and 1% CMC solutions
at 27.12MHz are shown in Table 1. The dielectric constant of
tap water and 1% CMC solutions decreased with increasing
temperature but their dielectric loss factors increased with
increasing temperature. The loss factor of 1% CMC solutions
was almost four times that of tap water at each temperature,
because the ionic conductivity dominated the dielectric loss
factor at 27.12 MHz (Wang et al., 2003a; Zhong et al., 2003). The

average values of the ionic conductivity of tap water and 1%
CMC solutions were 330 and 1230uScm™* at 20°C, respec-
tively. These values were comparable to those of 1% CMC
solutions obtained by Zhong et al. (2003) and those for
tap water in Pullman, WA in an early study (Ikediala et al.,
2002). The penetration depths for tap water at temperatures
from 20 to 60 °C were much larger than that of the cup radius
(3.8cm) and height (10 cm), suggesting that there would only
be a slight decrease in electromagnetic power approaching
the tap water in the cup centre. However, the penetration
depths in 1% CMC solutions were much smaller than that for
tap water, indicating power decay from the cup wall to the
centre.

3.2 Heating uniformity in a horizontal plane

The horizontal heating uniformity at 4.5cm height for the
asymmetric design of conductor’s and feed strip’s positions as
illustrated in Fig. 3a is shown in Fig. 4. A similar temperature
distribution was observed for each test using different
heating rates ranging from 3 to 9°Cmin~". The hottest spot
was always located at the central column C4, which was
between the conductor and the feed strip (Fig. 4). The
temperature difference along each column was less than
2°C but the temperature difference along the rows was as
much as 10°C. There was a zone near the centre of the cavity
in which the temperature difference was less than 4°C. The
dimension of the zone was about 35 cm x 70 cm. This uniform
temperature zone was probably enough to develop a small-
scale treatment protocol for dry products, such as walnuts or
almonds, which have a wide temperature tolerance in quality.
The mean temperature along the 4 rows, each including 6
cups, was very close (the standard deviation was around 1 °C)
for all tests. The large temperature variations along each row
(R1-R4) suggested that moving the samples on a convey belt
along the row direction could improve the heating uniformity.

Heating uniformity for different areas (24, 16 and 4 cups) is
summarized in Table 2. All six tests suggested that the
smaller the area used, the more uniform the temperature
obtained. The temperature distribution was repeatable over
the replicates. The area could be selected for batch-type RF

Table 1 - Values (Ave + Std) of dielectric constant (¢) and

loss factor (") and estimated penetration depths (d,) for
tap water and 1% CMC solutions at 27.12 MHz

Sample Temp. (°C) 4 &’ dy, (cm)

Tap water 20 77.5+1.5 20.2+0.1 77.9
30 73.5+0.9 23404 65.6
40 68.6+1.0 27.2+0.5 55.0
50 64.6+0.9 31.1£0.5 46.9
60 61.4+0.4 35.9+0.4 40.2

1% CMC 20 85.4+0.2 88.6+0.5 20.4
30 83.0+0.4 103.1+0.2 17.8
40 80.8+0.2 119.7+0.2 15.7
50 78.5+0.1 136.4+0.4 14.1
60 76.1£0.1 155.6+0.1 12.7
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treatments of different products based on the quality require-
ments for the temperature variations.

3.3.  Heating uniformity in the vertical plane

Fig. 5 shows the measured temperatures of tap water in
bottom, middle and top layers in cup 9 after RF heating. The
water temperature in the three layers increased from about 20
to 50°C in 30s but was slightly separated after the initial
ramp, which was probably due to heat convection in the cups.
The water temperature in an individual cup was higher at the
surface and lower at the bottom, which was similar to the
results found by Zhong et al. (2003). The temperature
differences between the three levels reduced only slightly
during the natural cooling period because of limited heat loss
from the cup. The maximum difference between the top and
the bottom layer ranged from 2 to 4 °C in the water cups. The
temperature distribution at the middle level of the cups in
central columns C3 and C4 matched those obtained by the
horizontal measurement system.

Fig. 6 shows the vertical temperature distribution of tap
water in column C3 after RF heating for 3.3min. The

temperature layers were clearly separated from top (T) to
bottom (B). The pattern showed that the temperatures at the
far side were higher than those at the near side in column C3.
The temperature distributions at the middle level matched
those at the horizontal plane (Fig. 4). The maximum
temperature difference at the three levels was 3°C.

Fig. 7 shows the measured temperatures in 1% CMC
solutions in the bottom, middle and top layers in cup 9 after
removing from the RF system. The reverse temperature
distribution and a much larger temperature difference
(13°C) among the three layers were observed as compared
with those using tap water.

This difference was caused by a lack of natural convection
in viscous 1% CMC solution. Therefore, the vertical tempera-
ture variation in the CMC solution truly reflected the intensity
of electromagnetic field in the tested loads. Temperatures in
the bottom layer were higher than those in the middle and
top layers. This was probably caused by the limited penetra-
tion depth in 1% CMC solutions as indicated in Table 1. Since
the RF power passed from the cup wall and bottom to the
centre, the large power decay in 1% CMC solutions resulted in
hotter layers around the cup wall and colder layers in the
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Fig. 4 - Horizontal temperature (°C) distribution at 24 cups
when the gap was 175 mm after RF heating for 3.3 min with
the original positions of conductors and feed strips.
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Fig. 5 - Measured temperatures of tap water in the bottom
(B), middle (M) and top (T) layers in cup 9 after RF heating
stopped.

Table 2 - Average (Ave.), standard deviation (Std.) and maximum difference (Max. dif.) values of the final water

temperatures (°C) at the cup centre over different horizontal areas in the RF system

Tests 24 cups over 16 cups over 4 cups over
103cm x 75cm 64.8cm x 64.8cm 26.5cm x 26.5cm
Ave. Std. Max. dif. Ave. Std. Max. dif. Ave. Std. Max. dif.

1 41.4 2.8 10.7 429 14 5.7 443 1.1 2.5
2 42.3 3.4 12.1 443 1.5 5.6 459 1.1 2.2
3 422 3.4 11.8 44.2 1.6 6.1 457 1.2 2.2
4 43.7 3.5 12.1 45.8 1.4 5.4 47.1 0.5 1.2
5 40.5 3.4 11.7 42.4 1.8 6.3 443 1.2 2.3
6 42.6 3.4 11.8 44.6 1.5 5.4 45.7 1.0 2.4
Ave. 42.1 3.3 11.7 44.0 1.5 5.8 45.5 1.0 2.1
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Fig. 6 — Vertical temperature (°C) distribution of tap water in
column C3 after RF heating for 3.3 min.
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Fig. 7 - The measured temperatures of 1% CMC solutions in
the bottom (B), middle (M) and top (T) layers in cup 9 after RF
heating stopped.

centre. Due to heat conduction, the temperatures in the
middle and top layers increased gradually and approached
the bottom temperature after the RF system had been
turned off for 10min. The bottom temperature did not
decrease with time after RF heating, suggesting a possibly
warmer spot closer to the bottom of the cup. Fig. 8 shows the
vertical temperature distribution of 1% CMC solutions in
column C3 after RF heating for 3.3min. A similar vertical
temperature pattern was observed in each cup. The max-
imum temperature difference between the top and bottom
layers was 6-7 °C.

The large penetration depth and natural heat convection
make the water load suitable for evaluating the overall
horizontal heating uniformity in RF systems. But the 1%
CMC solution should be used to determine the vertical
heating uniformity because its viscous property eliminates
natural convection experienced in water.

3.4.  Heating uniformity improvement using the
symmetric design

Fig. 9 shows the horizontal water temperature distribution
with the symmetric design of the conductor’s and feed strip’s
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Fig. 8 - Vertical temperature (°C) distribution of 1% CMC
solutions in column C3 after RF heating for 3.3 min.
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Fig. 9 — Horizontal temperature distribution at 24 cups when
the gap was 175 mm after RF heating for 3.3 min with the
new design of conductors and feed strips in the symmetric
positions.

positions as illustrated in Fig. 3b for the middle heights of 24
cups when the gap was 175mm after RF heating for 3.3 min.
Although the maximum temperature difference was still as
high as 10°C, the temperature zones with less than 4 and 2°C
difference now extended over areas of 70cm x 70cm and
50cm x 50 cm, respectively. The temperature distribution was
further confirmed by thermal imaging of the foams (Fig. 10).
Although the final temperatures (58-60°C) in Fig. 10 were
higher than those (50-52°C) in Fig. 9 due to different thermal
and dielectric properties, the heating patterns were similar
for both the water loads and the polyurethane foams. The
zones with less than 4 and 2°C temperature difference were
observed again near the centre but slightly toward the
front and right sides of the electrodes. The heating uni-
formity was improved based on the field distribution beneath
the applicator of the RF heater and was acceptable for
pilot-scale treatment of agricultural products in the defined
area.
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Fig. 10 - Horizontal temperature distribution over
polyurethane foams using thermal imaging when the gap
was 160 mm after RF heating for 3 min with the new design
of conductors and feed strips in the symmetric positions.

4, Conclusions

A uniform heating load developed in this study was used to
determine the horizontal and vertical temperature distribu-
tions in a pilot-scale RF system. The hottest spot was always
located at the electrode centre which was between the
conductor and the feed strips. The temperature difference
between the front and back was less than 2°C but the value
between the right and left sides was as much as 10°C. A zone
of 35cm x70cm can be defined in the centre where the
temperature difference was less than 4°C. Based on vertical
temperature measurements, the temperature gradient across
the 1% CMC solutions was larger than that observed in tap
water due to RF power decay, suggesting that more uniform
heating can be achieved in low loss factor materials than that
in high loss factor materials. The symmetric design of
inductance positions and feeding strips improved the heating
uniformity by increasing the zones with 4°C differences to
70cm x 70 cm.
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