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Two common kinds of radio frequency (RF) systems (free running oscillator and 50Ω) are widely applied in in-
dustry and research. However, their unclear performances based on different operational mechanisms influence
effective implementations of the two systems. The purpose of this research was to explore advantages and dis-
advantages of the two systems by experimental comparison. The results showed that heating rates and energy
efficiency of the free running oscillator RF system were higher than those of the 50 Ω RF system under the
same conditions (e.g. powers, electrode gaps, sample sizes and moisture contents), but control accuracy of the
50Ω RF systemwas better than that of the free running oscillator RF system since its RF power could be adjusted
under the sameelectrode gap. The RF heating uniformity and stability of the 50ΩRF systemwere also better than
those of the free running oscillator RF system. These comparison resultsmay provide detailed performance infor-
mation of the two RF systems and help to promote further practical applications of the two RF systems in food
processing industry.
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1. Introduction

Radio frequency (RF) heating is a technology using electromagnetic
wave between 1 and 300 MHz for baking (Koral, 2004; Palazoglu,
Coskun, Kocadagli, & Gokmen, 2012), cooking (Laycock, Piyasena, &
Mittal, 2003), thawing (Farag, Duggan, Morgan, Cronin, & Lyng, 2009;
Farag, Lyng, Morgan, & Cronin, 2008, 2011; Marra, Zhang, & Lyng,
2009), drying (Lee, Li, Zhao, & Park, 2010; Marshall & Metaxas, 1999;
Wang, Zhang, Gao, et al., 2014a; Wang, Zhang, Johnson, et al., 2014b;
Zhang, Zheng, Zhou, Huang, & Wang, 2016), pasteurization (Gao,
Tang, Villa-Rojas, Wang, & Wang, 2011; Kim, Sagong, Choi, Ryu, &
Kang, 2012) and disinfestation (Alfaifi et al., 2014; Hou, Ling, & Wang,
2014; Lagunas-Solar et al., 2007; Shrestha & Baik, 2013; Wang,
Monzon, Johnson, Mitcham, & Tang, 2007a, 2007b; Wang, Tiwari, Jiao,
Johnson, & Tang, 2010; Zhou, Ling, Zheng, Zhang, & Wang, 2015; Zhou
& Wang, 2016a, 2016b). To avoid the interruption with communica-
tions, a frequency of 27.12MHzhas been commonly used for RF systems
in food processing industries and research laboratories. In recent years,
RF treatments have been increasingly studied because of the rapid
heating, large power penetration depth, and high energy efficiency
(Jiao, Tang, Wang, & Koral, 2014; Liu, Yang, & Mao, 2010; Piyasena,
Dussault, Koutchma, Ramaswamy, & Awuah, 2003; Wang, Zhu, Chen,
Li, & Wang, 2015).
).
There are two kinds of RF systems (the free running oscillator and
50Ω RF systems) frequently used for researches and industrial applica-
tions. The basic heating principle of RF systems is using ever-changing
electromagnetic fields to heat dielectric materials and caused mainly
by ionic conductance and dipole rotation (Nelson, 1996; Zhu, Yan,
Huang, Li, & Wang, 2014). The free running oscillator system consists
of transformer, rectifier, oscillator, an inductance-capacitance pair com-
monly referred to as the “tank circuit”, and the work circuit. Transform-
er, rectifier, oscillator and “tank circuit” are called ‘RF generator’. The
transformer raises the voltage and the rectifier changes the alternating
current to direct current, which is then converted by the oscillator
into RF energy. Parallel plate electrodes with a sample load in between
act as a capacitor in the work circuit (Zhu, Yan, Huang, Li, & Wang,
2014). The 50 Ω RF system has similar structure with the free running
oscillator RF system. In the 50 Ω system, however, a crystal oscillator
provides a weak signal at a stable frequency (e.g., 27.12 MHz), which
is subsequent amplified and transmitted through a coaxial cable to the
applicator. An impedance-matching network is automatically tuned to
maintain a fixed impedance of 50Ω in the applicator's circuit to ensure
that maximum coupling of energy is achieved.With amatching system,
therefore, the 50 Ω RF system can allow and optimize power transfer
from the generator to the product (SAIREM, 2015). The free running os-
cillator RF systems have been widely applied to research labs including
disinfesting walnuts (Wang, Monzon, Johnson, Mitcham, & Tang,
2007b), in-shell almonds (Gao, Tang, Villa-Rojas, Wang, & Wang,
2011), and pistachios (Ling, Hou, Li, & Wang, 2016), or industries such
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as drying leather (Balakrishnan, Vedaraman, Sundar, Muralidharan, &
Swaminathan, 2004), processing cookies and snack foods (Koral,
2004). The 50 Ω RF system has been used in thawing beef meats
(Farag et al., 2008, 2009, 2011), and pasteurizing vacuum-packaged
ham slices (Orsat, Bai, Raghavan, & Smith, 2004), and pork luncheon
rollmeat emulsion (Marra, Lyng, Romano, &McKenna, 2007). The prop-
er and effective applications are dependent on exploring the unique
performance of the two RF systems.

The major performance of RF heating systems includes heating rate,
heating uniformity, energy efficiency and system stability. Some perfor-
mances of the RF system have been studied, such as heating rate of
chestnuts under different gaps (Hou, Ling, & Wang, 2014), heating uni-
formity in wheat flour and nut products (Tiwari, Wang, Tang, & Birla,
2011) and energy efficiency of milled rice (Zhou & Wang, 2016a)
using free running oscillator RF systems. However, the major perfor-
mance parameters are not completely covered in above studies. Most
importantly, the advantages and disadvantages of the two RF systems
have not been systematically compared, resulting in limited applica-
tions of the two RF systems and renewed interests to promote further
practical applications of the two RF systems in food processing industry.

The objectives of this study were (1) to compare the temperature-
time history and heating rate in selected milled rice when subjected to
the two RF systems in different conditions (electrode gaps, sample
weights, and moisture contents), (2) to study the heating uniformity
of the milled rice in the two RF systems with varying electrode gaps,
and (3) to analyze the energy efficiency and stability of the two RF
systems under different electrode gaps.

2. Materials and methods

2.1. Materials and sample preparation

Milled rice (Oryza sativa L.) used in the study was purchased from a
local market in Yangling, Shaanxi, China. The initial moisture content of
milled ricewas 12.3%wet basis (w.b.). The original sampleswere condi-
tioned by direct addition of a predetermined amount of distilled water
to obtain the target moisture contents, e.g. 15.3% w.b. for heating rate
tests. The preconditioned samples were gently mixed and shaken for
15 min. Then the samples were sealed in air-tight plastic bags and
stored at 4 °C for 4 d in a refrigerator (BD/BC-297KMQ, Midea Refriger-
ation Division, Hefei, China) to allow themoisture to equilibrate. During
the storage, the bagswere shaken 4 times per day. After that, the sample
bags could be taken out from the refrigerator (Guo, Tiwari, Tang, &
Wang, 2008; Guo, Wang, Tiwari, Johnson, & Tang, 2010; Rani,
Chelladurai, Jayas, White, & Kavitha-Abirami, 2013; Wang, Zhu, Chen,
Li, & Wang, 2015). All the milled rice samples including moisture con-
tents of 12.3% and 15.3% w.b. in plastic bags were kept in an incubator
(BSC-150, Boxun Industry & Commerce Co., Ltd., Shanghai, China) to
equilibrate at 25 ± 0.5 °C for one day before the experiment.
Fig. 1. Schematic viewof the free running oscillator RF system showing the plate electrodes, con
2.2. RF heating systems

The free running oscillator (SO6B, Strayfield International,
Wokingham, U.K., Fig. 1) and 50Ω (RF labotron, Sairem, Neyron, France,
Fig. 2) RF systems were used for heating experiment. The free running
oscillator RF system was described in detail by Wang et al. (2010),
Zheng, Zhang, Zhou, & Wang (2016), and Zhou, Ling, Zheng, Zhang,
and Wang (2015). The electrode gap was set up to obtain required
heating rate or RF power. The 50 Ω RF system also had two parallel
plate electrodes and a hot air system for surface heating, but the func-
tion to setup the input power. The specific parameters of the two RF sys-
tems are shown in Table 1. It was obvious that the cavity volume and
electrode gap range of 50 Ω RF system were smaller than those of the
free running oscillator system due to different power level. The perfor-
mance parameters of the two RF systems were compared under their
commonly used conditions.

2.3. RF heating procedure

2.3.1. Separated layer of sample
The preconditioned samples were taken from the incubator rapidly

to have the same initial temperature (25 °C) before RF treatment. The
3.9 kg rice samples with 6 cm in depth divided equally into three layers
and separated by two thin gauzes (with mesh opening of 1 mm) were
placed in the center of bottom electrode to easily map the sample sur-
face temperatures at heights of 2, 4 and 6 cm (Fig. 3) after RF treatment.
Five electrode gaps of 90, 95, 100, 105 and 110 mm were selected for
comparison tests, without conveyor belt movement and hot air heating.

2.3.2. Electric current and power setup
The anode currents (I, A) of the free running oscillator system were

read directly from the control screen and recordedwhen the RF heating
was conducted. This electric current was used to calculate the RF power
(P, kW) with a relationship (P=5 × I−1.5) provided by the manufac-
turer (Hou et al., 2014; Jiao, Johnson, Tang, & Wang, 2012; Zhou et al.,
2015). Average power of three experiments applied in the free running
oscillator system for reducing the error caused by varying RF powerwas
used to set up the RF power of the 50Ω RF system under the same elec-
trode gap. The corresponding powers for the two RF systemswere 1758,
1450, 1058, 866, and 650Wunder the electrode gaps of 90, 95, 100, 105
and 110mm, respectively. Besides,whenRF systemsheated 3.9, 2.9, and
1.9 kg milled rice in the same container and electrode gap of 100 mm,
the used RF powers were 1450 W, 850 W, and 450 W, respectively.
The maximum RF voltage of the top electrode which is an important
physical parameter to form electromagnetic field between two plates
and measured by senor in the system was read and recorded immedi-
ately for the 50 Ω RF system. Meanwhile, it could indirectly reflect
heating process when RF system worked.
veyor belt, and thehot air system(adapted fromWang, Tiwari, Jiao, Johnson, & Tang, 2010).

Image of Fig. 1


Fig. 2. Schematic view of the 50 Ω RF system showing the plate electrodes, control panel and the hot air system.
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2.3.3. Heating procedure
Before the RF heating, the initial sample surface temperatures in

three layers were measured sequentially by a thermal imaging camera
(DM63, Zhejiang Dali Technology Co., Ltd., Hangzhou, China) with an
accuracy of ±2 °C. During the RF heating, sample temperature in the
center (Fig. 3) of the container was measured by fiber optic sensors
(FTS-P104, HeQiopto-Electronic Technology, Xi'an, Shanxi, China) with
an accuracy of ±1 °C. When the sample temperature at the geometric
center of the sample reached 50 °C (Zhou et al., 2015), the RF system
was turned off and samples in container were immediately moved out
for the surface temperature measurement. Each thermal image took
b1 s. Details on the infrared imaging system tomeasure product surface
temperatures after RF treatment can be found in Wang et al. (2006).
From each of the thermal images, the surface temperature data in the
RF heated sample were obtained and used for calculating the average
temperature and standard deviation (SD), which were further used for
statistical analyses (Wang et al., 2007b; Wang, Tang, Johnson, &
Cavalieri, 2013; Wang, Yue, Tang, & Chen, 2005; Wang et al., 2015).
Each test was repeated three times.
2.4. RF heating uniformity tests under different electrode gaps

Non-uniform heating is a major problem in developing effective RF
treatment. Heating uniformity index (λ) has been proposed by Wang,
Yue, Chen, & Tang (2008) andWang, Yue, Tang, and Chen (2005) to es-
timate temperature distributions of heating samples in the RF treat-
ment. This index λ has been successfully used for evaluating RF
heating uniformity in walnuts (Wang, Monzon, Johnson, Mitcham, &
Tang, 2007a), legumes (Wang et al., 2010), lentils (Jiao, Johnson, Tang,
Table 1
Major parameters of the free running oscillator and 50 Ω RF systems.

Parameter Systems

Free running oscillator 50 Ω

RF power (kW) 6 2.4
Frequency (MHz) 27.12 27.12
Electrode size (mm) 830 × 400 600 × 400
Electrode gap (mm) 90–190 50–220
Hot air temperature (°C) 20–70 20–60
Overall dimensions (m) 3.5 × 2.1 × 2.1 1.3 × 0.9 × 2.0
Conveyor speed (m/h) 1.0–60 –
Monitored parameters Current (A) Voltage (V)

RF power
Matching
& Wang, 2012), coffee beans (Pan, Jiao, Gautz, Tu, & Wang, 2012), al-
monds (Gao, Tang, Wang, Powers, & Wang, 2010), chestnuts (Hou et
al., 2014), rice (Zhou et al., 2015; Zhou & Wang, 2016b), and corns
(Zheng, Zhang, Zhou, & Wang, 2016). Heating uniformity index is de-
fined as the ratio of the rise in standard deviation of sample tempera-
tures to the rise in average sample temperatures during RF treatment
and can be calculated by the following equation (Wang, Yue, Chen, &
Tang, 2008):

λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2−σ2

0

q

μ−μ0
ð1Þ

where μ0 and μ are initial and final mean temperatures (°C) of milled
rice, σ0 and σ are initial and final standard deviations (°C) of milled
rice temperatures over RF heating time, respectively. The smaller values
represent the better RF heating uniformity.

2.5. Energy efficiency of the two RF systems

The energy efficiency is an important parameter to measure RF sys-
tem performances and can be calculated as the ratio of the total energy
absorbed by product (Poutput, W) to the power input (Pinput, W) (Jiao et
al., 2012; Wang et al., 2007a). The energy efficiency (η, %) of the RF sys-
tems was calculated by the following equation:

η ¼ Pouput=Pinput � 100% ¼ mCρ ΔT=Δtð Þ=Pinput � 100% ð2Þ

where m is the mass of milled rice (kg), CP is the specific heat of rice
samples (1.69 kJ/kg °C) at room temperature (Iguaz et al., 2003; Zhou
Fig. 3. Rectangular plastic container with 3 layers for sample temperature measurements
(all dimensions are in cm) (Zhou et al., 2015).

Image of Fig. 2
Image of Fig. 3


Fig. 5. Voltage of the 50Ω RF system as a function of electrode gap.
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&Wang, 2016a),ΔT is the rise inmean temperature (°C) over treatment
timeΔt (s), and Pinput is an input power (W) calculated by the read elec-
tric current (I, A) for the free running oscillator systemand a set-point of
RF power for the 50 Ω RF system.

2.6. Stability of the RF systems

The stability of the RF systems refers mainly to characteristics of
power changes due to variations in sample temperature and dielectric
properties during the RF treatments. To clearly evaluate the system
stability, ΔP was used to evaluate the systems stability and calculated
by the following equation:

ΔP ¼ Pmax−Pmin ð3Þ

where Pmax and Pmin are themaximum and minimum powers (W) over
the RF heating time, respectively. The smaller ΔP values represent the
better stability of the RF system.

3. Results and discussion

3.1. Electric current of the free running oscillator RF system under different
electrode gap

Fig. 4 shows the relationship between the electric current and the
electrode gap when the plastic container filled with 3.9 kg milled rice
at 12.3% w.b. was placed on the center of RF bottom electrode without
movement and forced hot air. With rice, the electric current decreased
rapidly from 0.67 A to 0.43 A when electrode gap increased from
90 mm to 110 mm, and then decreased slowly when the electrode
gap changed from 110 mm to 190 mm. The similar trends were also
found by Gao, Tang, Wang, Powers, and Wang (2010), Hou et al.
(2014), Jiao et al. (2012), Zhou et al. (2015) and Zheng et al. (2016).

3.2. Electric voltage of the 50 Ω RF system under different electrode gaps

Fig. 5 shows the relationship between the electric voltage and the
electrode gap under the same conditions with the free running oscilla-
tor system. With milled rice, the electric voltage decreased rapidly
from 1984 V to 1560 V when electrode gap increased from 90 mm to
110 mm. However, when the electrode gap increased from 110 mm to
190 mm, the voltage decreased slowly. The trend of electric voltage
change was similar to that of electric current in the free running oscilla-
tor RF system.
Fig. 4. Electric current of the free running oscillator RF system as a function of electrode
gap.
3.3. Comparison of heating rate in the center of milled rice sample

3.3.1. Heating rates under different electrode gaps
The temperature histories of the 3.9 kgmilled ricewith 12.3%w.b. in

free running oscillator RF system using five electrode gaps are shown in
Fig. 6a. The milled rice temperatures increased almost linearly with
heating time under five gaps. The heating rates increased with decreas-
ing electrode gaps or increasing RF power because the gapwas lower, or
RF powerwas greater resulting in the electromagnetic field being stron-
ger. About 2.0, 2.7, 3.3, 4.3, and 5.2 min were needed to heat the 3.9 kg
milled rice from 25 °C to 50 °C for the electrode gaps of 90, 95, 100, 105,
and 110 mm, respectively. For the 50 Ω RF system (Fig. 6b), about 3.0,
4.0, 5.3, 7.0, and 8.7 min were needed for heating the milled rice sam-
ples to achieve 50 °C under the gaps of 90, 95, 100, 105, and 110 mm,
respectively. The 50 Ω RF system resulted in longer time to achieve
the same target temperature and provided slower heating rates at
each electrode gap as compared to the free running oscillator RF system.
3.3.2. Heating rates under different sample weights
Fig. 7 shows the comparison of the temperature-time histories at the

geometric center of milled rice sample with 12.3% w.b. during the RF
heating using three different sample weights at the electrode gap of
95 mm. The heating rates of milled rice samples with 3.9, 2.9, and
1.9 kg for the free running oscillator RF system were 9.4, 6.3, and
4.0 °C min−1, respectively, as compared to 6.8, 5.0, and 2.4 °C min−1

for the 50 Ω RF system. The heating rates decreased with decreasing
weights for both RF systems. It was observed again that the heating
rates in the free running oscillator RF system were faster than those of
the 50 Ω RF system under the same weights.
3.3.3. Heating rates under different moisture contents
Fig. 8 shows the comparison of the temperature-time histories at the

geometric center of 3.9 kg milled rice sample during the RF heating
under two moisture contents at the electrode gap of 100 mm. The esti-
mated RFpowerswere 1400Wand1058W for themoisture contents of
15.3% and 12.3% w.b., respectively, suggesting that the more RF power
was absorbed by the higher moist products (Zhang, Zhu, & Wang,
2015). About 2.8 and 3.3 min were needed to heat the 3.9 kg milled
rice with 15.3% and 12.3% w.b. from 25 °C to 50 °C, respectively, in the
free running oscillator RF system, resulting in heating rates of 8.8 and
7.5 °C min−1. Moreover, the 50 Ω RF system took 4.5 and 5.3 min to
heat the same sample from 25 °C to 50 °C with two moisture contents
of 15.3 and 12.3% w.b. under the same conditions, respectively, with
corresponding heating rates of 5.6 and 4.7 °Cmin−1. The results showed
that the heating rate value in the free running oscillator RF systemwere

Image of Fig. 4
Image of Fig. 5


Fig. 6. Temperature-time histories of the free running oscillator (a) and 50 Ω RF (b)
systems heated 3.9 kg milled rice samples with 12.3% w.b. in the center of containers as
a function of the electrode gap.

Fig. 7. Temperature-time histories of milled rice in the free running oscillator (solid) and
50Ω (hollow) RF systems as function of sample mass (3.9 kg (square), 2.9 kg (cycle), and
1.9 kg rice (triangle)) with 12.3% w.b.

Fig. 8.Temperature-time histories of 3.9 kgmilled rice in the free running oscillator (solid)
and 50 Ω (hollow) RF systems as a function of sample moisture content (15.3% w.b.
(square) and 12.3% w.b. (cycle)).
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higher than that in the 50 Ω RF system in the same moisture contents
under the same conditions.

3.3.4. Heating rates as influenced by power and electrode gap in the 50Ω RF
system

Fig. 9 shows the relationship between heating rates and RF power
(800, 1600, and 2400 W) and electrode gaps (90, 95, 100, 105, and
110 mm) after 50 Ω RF treatment. For the given milled rice samples,
overall heating rates were larger than those of the geometric center
under the same electrode and RF power. This is probably caused by
the edge and corner overheating (Wang et al., 2010, 2013). Besides,
the heating rate difference between the overall and the geometric cen-
ter decreased with increasing electrode gaps and RF power. The influ-
ence of electrode gap on heating rate increased with increasing RF
power. The maximum heating rate reached 12.5 °C min−1 with RF
power of 2400 W and electrode gap of 90 mm.

The RF power of the 50 Ω RF system could be adjusted to any value
from0 to 2400Wwith a control accuracy (minimumrange of power ad-
justment) of 1 W under any electrode gaps (50–220 mm). The intrinsic
maximum RF power of the free running oscillator RF system was 6 kW
and controlled by electrode gaps with a control accuracy of 50 W, but
themaximumRF power usedwas only 2 kWwhen heated 3.9 kgmilled
rice (12.3% w.b.) under the given electrode gaps (90–190 mm). The ac-
tual RF power varied with the operational conditions (e.g. gaps) and
sample status (e.g. moisture) in the free running oscillator system. Con-
trol accuracy of the 50Ω RF systemwas better than that of the free run-
ning oscillator RF system.
3.4. Heating uniformity comparison between the two systems

Fig. 10a provides the relations between uniformity index (λ) and
electrode gaps (90, 100, and 110 mm) of the free running oscillator RF
system after RF treatment. The uniformity index and standard deviation
of milled rice decreased with increasing gaps. The best uniformity was
observed in the bottom layer, which was located at the lowest layer of
container and followed by themiddle and top layers because the surface
temperature of top layerswas lost toomuch to air. The uniformity index

Image of Fig. 6
Image of Fig. 7
Image of Fig. 8


Fig. 9. Heating rate of with 3.9 kg milled rice (12.3% w.b.) in the 50 Ω RF system as a
function of power and electrode gap.

Fig. 10. Heating uniformity index in 3.9 kg milled rice (12.3% w.b.) after the free running
oscillator (a) and 50 Ω (b) RF system heating as a function of the electrode gap.

176 H. Zhou et al. / Innovative Food Science and Emerging Technologies 39 (2017) 171–178
values in this studywere similar to those reported by Zhou et al. (2015),
Zhou & Wang, (2016a), and Zhou & Wang, (2016b).

Fig. 10b shows the relations between uniformity index (λ) and elec-
trode gaps (90, 100, and 110 mm) of the 50 Ω RF system from 25 °C to
50 °C after RF treatment. The trend of uniformity with varying gaps was
similar to uniformity indexes in wheat flour and nut products (Tiwari,
Wang, Tang, & Birla, 2011;Wang et al., 2007a, b; Hou et al., 2014). The
50 Ω RF system had smaller uniformity index and standard deviation
in sample temperatures, suggesting better heating uniformity as com-
pared to the free running oscillator RF system.

3.5. Energy efficiency comparison of the two systems

Fig. 11 shows the estimated heating efficiency of the two RF systems
with five electrode gaps (90, 95, 100, 105, and 110 mm) at the sample
moisture content of 12.3%w.b. The heating efficiencydecreasedwith in-
creasing electrode gaps. According to Eq. (2), RF energy efficiency of the
free running oscillator RF system were 79.4%, 78.4%, 76.5%, 74.2% and
73.4% under the electrode gaps of 90, 95, 100, 105, and 110mm, respec-
tively. The observed heating efficiency values in this studywere compa-
rable with 79.5% for RF treated walnuts (Wang et al., 2007a), 76.5% for
lentils (Jiao et al., 2012), and 75.2–76.3% for three types of rice (Zhou
&Wang, 2016a). By increasing sample moisture content, the energy ef-
ficiency would be slightly raised since the increased specific heat and
heating rate could be balanced by the increased input power.

Similarly, the energy efficiency of the 50Ω RF system also decreased
with increasing electrode gaps. The observed heating efficiency values
in this study were also comparable with b60% for RF treated roll meat
emulsion (Romano & Marra, 2008). Besides, the energy efficiency of
the free running oscillator RF system was higher than that of the 50 Ω
RF system under the same moisture content because of the heating
rate value in the free running oscillator RF system being higher than
that in the 50Ω RF system under the same conditions. Thus, the energy
efficiency of the 50Ω RF systemwas lower than that of the free running
oscillator RF system, which was probably caused by energy loss due to
complicated matching regulations.

3.6. Stability of the two systems

Table 2 shows RF power (Pmax and Pmin) and ΔP of the two systems.
Generally, the mean values of ΔP decreased with increasing electrode
gaps for the free running oscillator RF system. There was no significant
difference in ΔP (p N 0.05) among the electrode gaps due to large
power variations except between 90 mm or 100 mm and 110 mm
Fig. 11. Heating efficiency of 3.9 kg milled rice (12.3% w.b.) in the free running oscillator
and 50Ω RF systems as a function of the electrode gap.

Image of Fig. 9
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Table 2
RF system power (W) changes in the heating process with sample moisture content of 12.3% w.b.

RF systems Gap (mm)

90 95 100 105 110

Free running
oscillator

Times Pmax Pmin ΔP Pmax Pmin ΔP Pmax Pmin ΔP Pmax Pmin ΔP Pmax Pmin ΔP
Rep 1 1750 1550 200 1400 1350 50 1150 1000 150 950 800 150 650 600 50
Rep 2 1950 1800 150 1550 1300 250 1100 1000 100 900 850 50 700 650 50
Rep 3 1850 1650 200 1650 1450 200 1150 950 100 950 750 200 650 650 0
Avg
± SD

1850
± 100

1666
± 125

183
± 28a⁎s

1533
± 126

1367
± 76

167
± 104ab

1133
± 29

983
± 29

117
± 29a

933
± 29

800
± 50

133
± 76ab

667
± 29

633
± 29

33
± 29bc

50 Ω Rep 1
Rep 2
Rep 3

1758 1758 0 1450 1450 0 1058 1058 0 866 866 0 650 650 0
1758 1758 0 1450 1450 0 1058 1058 0 866 866 0 650 650 0
1758 1758 0 1450 1450 0 1058 1058 0 866 866 0 650 650 0

⁎ Mean values in ΔP are not significantly different (p N 0.05) for the same letter within a row among the electrode gap.
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(p b 0.05). Similarly, the free running oscillator RF system also showed
its instability under different moisture contents (Table 3). Maximal
power variation reached 250W in the free running oscillator RF system
as compared to null changes in the 50Ω RF system. The heating rate de-
crease was often found in the free running oscillator RF system due to
reduced power (Hou et al., 2014). But the automatic RF power drop is
useful to avoid product quality degradation due tomaintaining relative-
ly low sample temperatures for RF drying. The 50Ω RF systemwas very
stable during the RF treatment periods with the advanced control strat-
egy, which is useful to keep the required sample temperature constant
for pasteurization and disinfestations.

4. Conclusions

Performance between the free running oscillator and 50 Ω RF sys-
tems was compared by experiment based on their heating principles.
The volume of the free running oscillator system which could be esti-
mated by L (m) × W (m) × H (m) was 6.9 times as much as that of
the 50Ω RF system. Heating rates and energy efficiency of the free run-
ning oscillator RF system were higher than those of the 50Ω RF system
under the same conditions (e.g. electrode gaps, sample size and mois-
ture contents), but control accuracy of the 50 Ω RF system was better
than that of the free running oscillator RF system since its RF power
could be adjusted under the same electrode gap. The RF heating unifor-
mity and stability of the 50 Ω RF system were better than those of the
free running oscillator RF system. This studymay provide clear informa-
tion and guidelines for appropriate selections of applying the RF heating
systems.
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