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Studies on the voltage distribution on the top electrode are important to improve the
radio frequency (RF) heating uniformity of samples. The goal of this study was to
evaluate the top electrode voltage distribution uniformity in RF systems. The volt-
ages of five representative points on the top electrode were measured by a measur-
ing device with 3 kg soybeans, and validated by the heating patterns using 0.9 kg
soybeans located at five positions of the RF cavity. The results showed that the
length effect of the copper straps used for connecting the measuring points and mea-
suring device should be taken into account by ignoring little effects of the strap
shapes. The final voltages away from the feed strip were higher than those near the
feed strip and the deviations between the minimum and the maximum values among
the five voltages were 694.3 and 440.9 V, corresponding to the highest voltage dif-
ference of 11.99 and 7.12% without and with load, respectively. The real top elec-
trode voltage distribution could be potentially used in computer simulations to
achieve the accurate RF heating patterns.

Keywords: RF; top electrode voltage; distribution uniformity; copper strap; soybean

1. Introduction

As a member of the electromagnetic spectrum, radio frequency (RF) with a frequency
range of 3 kHz to 300 MHz has been increasingly studied in recent years. RF heating
has been applied in agricultural products and food processing fields as an efficient
dielectric heating method for years because of its rapid and volumetric heating, large
power penetration depth, and high energy efficiency.[1–3] Successful commercial RF
heating applications have been used in thawing [4,5] and post baking.[6,7] Many of the
RF systems have been extensively used in laboratory studies for disinfestation,[8–14]
drying,[15–17] tissue heating,[18,19] and pasteurization.[20,21] The free-running oscil-
lator RF system with parallel plate electrodes is still the most commonly used in the
food industry because of the low cost, simple structure, and flexibility.[1] Sensitivity
analyses in the computer simulation of RF heating show that the voltage of the top
electrode is an important index to influence the electromagnetic field intensity and final
temperature in samples and needs to be determined.[22,23] The recently developed
measurement system [24] provides a practical and repeatable method to quickly deter-
mine the top electrode voltage of the RF system.
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In the past studies, the voltage is assumed to be uniformly distributed over the top
electrode because the dimensions of the top electrode are designed to be less than 30%
of the RF wavelength (11 m) at 27.12 MHz.[25] For example, a single and uniform top
electrode voltage was applied to simulate the temperature distributions in various RF-
treated agricultural and food products.[22,23,26–30] In reality, the voltage varies all
over the surface of the top electrode, since it has the minimum value at the feed point
and increases to a maximum value when reaching the electrode edge far away from the
feed point.[23,31] The different RF heating uniformity has been reported in seven foam
sheets located at different positions under the top electrode, suggesting that the electric
field at the far end of the electrode would be higher than that close to the feed
point.[32] The heating uniformity in RF-treated polyurethane foams or water loads
could be improved after the symmetric design of feeding and inductance positions on
the top electrode.[33] It is desirable to determine the top electrode voltage distribution
in the RF systems for further improving the heating uniformity of samples.

The objectives of this research were to: (1) determine the effect of the connection
copper strap shape and length of the measurement system on the output voltage, (2)
measure the voltages of the five representative points on the top electrode, and (3) vali-
date the top electrode voltage distribution based on heating patterns of 0.9 kg soybeans
located at five positions of the RF cavity.

2. Materials and methods

2.1. Materials and RF heating systems

Soybeans (Glycine max) were purchased from a local supermarket in Yangling,
Shaanxi, China. The original moisture content of soybeans was 8.7% on wet basis
(w.b.). Before each test, samples were placed in an incubator (BSC-150, Boxun Indus-
try & Commerce Co., Ltd, Shanghai, China) for 12 h at 25 ± 0.5 °C for equilibrium.

A 6 kW, 27.12 MHz free-running oscillator pilot-scale RF heating system (SO6B,
Strayfield International, Wokingham, UK) was used to study the top electrode voltage
distribution (Figure 1). This applicator system had two parallel plate electrodes. The
size of top electrode was 400 mm (W) × 830 mm (L), and the feed strip was located at
the middle of the backside on the top electrode plate (Figure 2). Samples were heated
between the two electrodes. The gap between the two electrodes was adjusted to have
different RF power coupled to the samples.[14] Before the tests, the distance between
the top and bottom electrode plates was adjusted to be constant (variation < 1 mm) over

Figure 1. Schematic view of the pilot-scale 6 kW, 27.12 MHz RF unit showing the measuring
device, and copper straps.[14]

2 K. Wang et al.

D
ow

nl
oa

de
d 

by
 [

1.
85

.2
35

.1
94

] 
at

 0
7:

52
 1

3 
A

pr
il 

20
15

 



the entire electrode plate surface to avoid the effect of gap variations between the
electrode plates on the electromagnetic field.[33]

2.2. Experimental determination of the voltage distribution on top electrode

2.2.1. The measuring device

A measuring device designed in a previous study [24] was used to directly measure the
top electrode voltage. The connection between the top electrode plate and measuring

Figure 2. Schematic view of the positions of feed strip, measuring device, and measuring points
on the top electrode (all dimensions are in mm).

Figure 3. Arrangement of the measuring device and copper straps in the RF heating cavity.

Journal of Electromagnetic Waves and Applications 3

D
ow

nl
oa

de
d 

by
 [

1.
85

.2
35

.1
94

] 
at

 0
7:

52
 1

3 
A

pr
il 

20
15

 



device (Figures 1 and 3) was made by copper straps (3 mm H × 50 mm W), which have
the particularly designed shape and length. The major part of the measuring device was
fixed on the frame above the top electrode plate and grounded well (Figure 3), but the
ammeter was located outside the RF cavity (Figure 1) to prevent interference from the
high electromagnetic field intensity. A well-shielding cable was used to connect the two
parts of the measuring device.[24]

Before the RF heating test, the measuring device and the selected measuring points
were connected by the particularly designed copper straps. The electric circuit of the
measuring device was shown in Figure 4, which mainly consisted of voltage divider,
filter, and measuring parts.[24] During the RF heating under the given conditions, the
electrical current (A) was recorded from the ammeter and converted into the top elec-
trode voltage using the corresponding relationship developed in a previous study.[24]

The measuring space above the top electrode was limited due to feed connections
and inductance tuning distributions, indicating that the connection between measuring
points and the measuring device must be designed properly. To determine the effect of
the connecting strap on the measured voltage at various locations, the copper straps
were specifically designed in different shapes and lengths. The connecting part was pol-
ished to avoid the effect of oxide on possible conductivity changes. Before the multi-
point measurement tests, the relationship between the output voltage and the copper
strap shape and length should be determined.

2.2.2. The voltage measurement in the same point with different copper strap shapes

Samples were removed from the incubator immediately to have a uniform initial tem-
perature (25 °C) prior to RF heating. The 3 kg soybean samples in a polypropylene
container (300 mm L × 220 mm W × 85 mm H) with perforated side and bottom walls
were placed on the center of the bottom electrode, the height of soybeans in the con-
tainer was 60 mm. The RF heating was conducted at the electrode gap of 120 mm
without the conveyor belt movement, and this gap was determined from the previous
study to obtain appropriate heating rates in soybean samples.[24] The container was
supported on two slim bars (200 mm L × 30 mm W × 30 mm H) made of polyurethane,
to raise the sample bottom by 30 mm above the bottom electrode, so the samples were
in the middle between the top and bottom electrodes.

Figure 4. The electric circuit for measuring the current from top electrode of the RF
system.[24]
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To explore the relationship between the output voltage and the copper strap shape,
three pieces of equal length copper straps were processed into three shapes (Parts A, B,
and C) together with the core part D, as shown in Figure 5. Considering the connection
part at both ends of the copper straps, the total length between the measuring point and
the measuring device was 817 mm for all three shapes. The voltage at point 5 (Figure 2)
was measured with three replicates. T-test was used to analyze the difference of three
mean values. The measured currents were read from the ammeter after reaching the sta-
bility. After the reading, the RF unit was turned off and each of three copper strap
shapes was changed one by one. Three decimal point readings were required to ensure
the measurement accuracy of the current value. Based on the measured currents (Im, A)
observed above, the voltages (V, V) at the point 5 were estimated by the following
equation developed by Zhu et al. [24]:

V ¼ �22760� Im þ 7384:2 (1)

2.2.3. The voltage measurement in the same point with different copper strap lengths

Since the effect of copper strap shapes on the voltage was negligible based on the
results above, four possible lengths of 617, 705, 817, and 978 mm were selected to
measure the top electrode voltages at point 5 (Figure 2). The measured currents were
obtained when 3 kg soybeans with the moisture content of 8.7% in the container were
heated at the electrode gap of 120 mm. All other procedures were the same as
described in the above section. Each test was repeated three times. The measured
voltage as a function of the strap length could be developed for further comparisons at
different positions.
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Figure 5. Three shapes of copper straps (A+D, B+D, C+D) for measuring the voltage of point
5 (all dimensions are in mm).
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2.2.4. The multipoints measurement of the top electrode voltage

To study the voltage distribution over the entire top electrode plate, five representative
points (Figure 2) were selected for measuring the top electrode voltage using the devel-
oped measuring device. Five kinds of copper straps with different lengths (380 mm for
P1 and 817 mm for P2–P5) were designed to connect the measuring points and the
measuring device. All other procedures were the same as described above. Each test
was repeated three times. The correlation between the voltage and the length developed
above was further used to calibrate and compare the measured voltage based on a same
length.

2.3. Validation of the voltage distribution using RF heating patterns

To validate the measured top electrode voltage distribution uniformity, RF heating uni-
formity tests were conducted with a sample container located below the five points of
voltage measurements without the conveyor belt movement. About 0.9 kg soybeans
with the moisture content of 8.7% (w.b.) were filled in this polypropylene container
(197 mm L × 98 mm W × 60 mm H) with perforated side and bottom walls. The soy-
beans in the container were divided into three layers and separated by two thin gauzes
(with mesh opening of 1 mm) to easily map the sample temperatures at heights of 20,
40, and 60 mm after RF treatments. The container was placed at each of the five posi-
tions on the bottom electrode (Figure 6), which were corresponding to the five measur-
ing points on the top electrode in Figure 2. The container was supported on two slim
bars (110 mm L × 30 mm W × 30 mm H) to raise the sample bottom by 30 mm above
the bottom electrode. Thus, the samples were located in the middle section between the
top and bottom electrodes with the electrode gap of 120 mm. The RF unit was turned
off after 4.1 min treatments to achieve about 52 °C of the average sample temperature
in the middle layer at position 1 determined in the preliminary experiment.

After the RF heating was stopped, the container was immediately moved out for
the surface temperature measurement. The surface temperatures were measured with a
digital infrared camera (DM63, Dali Science and Technology, Hangzhou, Zhejiang,
China) with an accuracy of ±2 °C, which was obtained after calibrations against a ther-
mocouple thermometer (HH-25TC, Type-T, OMEGA Engineering Inc., Stamford, Con-
necticut, USA) with an accuracy of ±0.5 °C. Details on measurement procedure and the
precision of this type of camera can be found elsewhere.[12,14,24,34,35] Thermal
images were taken for the upper surface of soybeans, beginning with the top layer

Figure 6. Distribution of five locations for RF heating uniformity tests with a load of 0.9 kg
soybeans at the moisture content of 8.7% (w.b.).
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working toward the bottom one. The total measurement time for the three layers was
about 15 s. From each of the thermal images, 16,228 individual surface temperature
data points were collected over a sample surface in the container and used for statistical
analyses.[13,17,36] The average surface temperatures and standard deviations for each
layer were calculated. Each test was repeated three times.

3. Results and analyses

3.1. Relationship between the output voltage and the copper strap shape

The voltages of point 5 (Figure 2) determined by three-shape copper straps with the
same total length are shown in Table 1. The voltage value for each shape was repeat-
able due to small standard deviations over three replicates. The mean voltages from
three shapes were not significantly different (p > 0.05), suggesting that the change of
the copper strap shape with the same length did not affect the output voltage of the top
electrode.

3.2. Relationship between the output voltage and the copper strap length

The voltages as a function of the length of the copper strap with and without 3 kg soy-
beans at the moisture content of 8.7% (w.b.) are shown in Figure 7. The top electrode
voltage was clearly influenced by the length of the copper strap. The output voltage
increased linearly with increasing the length of the copper strap. The regression equa-
tions were fitted with high coefficient of determination (>0.98) both with and without
the load. These regression equations were further used to correct the voltage measured
from the five representative positions (Figure 2). Based on the length correction ratios
(R1 = 1.73 V/mm without load and R2 = 1.43 V/mm with load) obtained from Figure 7,
the voltages of other four representative points were calibrated based on that at the cen-
tral position (P1) by the following equation:

VF ¼ VR � ðL2 � L1Þ � Ri (2)

where VF is the final voltage after calibration (V, V), VR is the relative voltage before
calibration (V, V), L2 is length of the copper straps for P2–P5 (817 mm), L1 is the
length of the copper straps for P1 (380 mm), Ri is the coefficient of correction (V/mm,
i ¼ 1 without load, and i ¼ 2 with load).

Table 1. The top electrode voltages of point 5 (Figure 2) as influenced by copper strap shapes.

Shape with the same total length (817 mm)

Voltage for three replicates
(V)

Mean ± SD1 2 3

A + D 7202.1 7179.4 7111.1 7164.2 ± 47.4a*
B + D 7111.1 7088.3 7111.1 7103.5 ± 13.2a
C + D 7202.1 7156.6 7156.6 7171.8 ± 26.3a

*Mean values followed by the same letters within the column are not significantly different (p > 0.05).
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3.3. Voltage distribution on the top electrode

The final top electrode voltages of five positions with and without 3 kg soybeans at
the moisture content of 8.7% (w.b.) after strap length calibrations are listed in
Table 2. Generally, the voltages at P4 and P5 were higher than those at P2, P3, and
P1, suggesting that the voltage away from the feed point was higher than that near
the feed point (Figure 2). This distribution behavior of the top electrode voltage was
in good agreement with results in similar RF heating systems reported by Tiwari
et al. [23] and Wang et al. [37,38]. The electromagnetic wave travelled from the
feeding point to the far end of the electrode,[32] resulting in low voltages at the
feeding point and the relatively high intense electric field at the far end of the elec-
trode (P4 and P5).

Specifically, the deviations between the minimum and the maximum values among
the five voltages were 694.3 and 440.9 V, corresponding to the highest voltage differ-
ence of 11.99 and 7.12% without and with load, respectively. The voltage was the low-
est at the central position (P1), where the samples were usually placed in the past
studies. The average deviation of voltages over five positions between with load and
without load was 6.1%, which was in agreement with the voltage variation of only 7%
between standbys and full load for a typical industrial-scale RF system reported by Me-
taxas [39]. If moving the feeding point to the geometry center of the top electrode, the
current voltage difference would be greatly reduced.

Figure 7. The voltage as a function of the length of the copper straps without (◆) and with
(■) 3 kg soybeans at the moisture content of 8.7% (w.b.).

Table 2. Values (Mean ± SD) of the measured top electrode voltage in the five positions with
and without 3 kg soybeans at the moisture content of 8.7% (w.b.) after strap length calibrations.

Voltage (V)

Positions

P1 P2 P3 P4 P5

Without load 5791.0 ± 45.5 6028.9 ± 47.4 5839.2 ± 52.6 6370.3 ± 69.5 6332.3 ± 60.2
With load 6193.1 ± 34.8 6288.1 ± 26.3 6204.7 ± 13.1 6576.4 ± 22.8 6530.9 ± 5.5
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3.4. Voltage distribution validation based on RF heating patterns

Figure 8 shows the surface temperature (Mean ± SD) profiles as a function of height of
soybean layers after 0.9 kg soybeans were RF heated for 4.1 min at an electrode gap of
120 mm at five positions. Due to heat losses to the ambient air and the bottom con-
tainer, the sample temperatures at the top and bottom layers were lower than those at
middle layers, which were also observed in RF-heated foams.[12,38] Generally, the
average surface temperatures at five positions followed the same order in each of three
layers. Especially, the average surface temperatures at P4 and P5 were higher than
those at P2, P3, and P1, which had a similar order to the five voltages listed in Table 2.
The similar sample temperature distribution was also observed at different positions of
the RF cavity.[39] This study further confirmed that the higher voltage at specific loca-
tions of the top electrode resulted in higher local sample temperatures. The obtained
results suggested that the required RF uniform heating could be first achieved by
improving the top electrode voltage distribution.

4. Conclusion

The output voltage of the RF systems was not influenced by the copper strap shape
connected to the measuring device, but increased linearly with increasing the length of
the copper strap. The absolute top electrode voltages were determined at five represen-
tative points after calibration of the copper strap lengths. The final voltages away from
the feed strip were higher than those near the feed strip, since the electromagnetic wave
travelled from the feeding to the electrode edge. The deviations between the minimum
and the maximum values among the five voltages were 694.3 and 440.9 V without and
with load, respectively. The voltage distribution behavior on the top electrode was vali-
dated by the heating patterns of 0.9 kg soybeans placed in the five positions of the RF
cavity. Further studies could be conducted to improve the RF heating uniformity by
appropriately locating the feed strip and inductance positions.
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