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Developing a screw conveyor in radio frequency systems to improve
heating uniformity in granular products
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Abstract: Radio frequency (RF) treatments have been increasingly studied due to the rapid heating, deep power penetration
depth and high energy efficiency. However, the major challenges for commercial RF applications are non-uniform and
run-away heating. The purpose of this study was to improve RF heating uniformity in three granular products (soybean, corn,
and peanut) using a custom-made screw conveyor with sample movement and mixing. The results showed that soybean, corn
and peanut samples in the screw conveyor were RF heated in a similar heating rate under the selected electrode gap and screw
rotation speed, and the variations between the highest and lowest temperatures in the three samples were all clearly reduced as
compared to the stationary treatments. The RF heating uniformity index was also reduced for soybean, corn, and peanut
during and after the RF treatment. Therefore, the screw conveyor could improve RF heating uniformity due to stable,
continuous, uninterrupted movement and mixing of samples. The small-scale screw conveyor used in RF systems would
provide a solid basis for further large-scale industrial applications.
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1 Introduction

Heating with radio frequency (RF) energy has been considered

as a novel heating technology for postharvest baking!", cooking™,

thawing!*?], drying!®” (8.9 [10]
[11]

, pasteurization'™’, enzyme inactivation

and disinfestation Recently, RF treatments have been
increasingly studied due to rapid heating, deep power penetration

depth, and high energy efficiency!*"®.

However, heating
uniformity is a major concern for applying RF systems to industrial
applications!' ).

The major challenges for commercial RF applications are
non-uniform and run-away heating, such as overheating in corners
and edges™?!. Many methods for improving the RF heating
uniformity have been studied, such as hot air surface heating,
conveyor movement, sample mixing!''?*?% changing the shape of
foodstuff?™*! and using special material containers whose
dielectric properties being similar to those of samples®™’. Among
these methods, mixing is a very effective way to improve sample
temperature distribution volumetrically!® since the conveyor belt
provides the limited RF heating uniformity improvement only
along movement direction®**'],  Chen et al.'® simulated the RF
heating uniformity under mixing conditions and proved the positive
effect of mixing on improving sample temperature distributions.
However, most applications of mixing were completed by turning

off the RF system and taking out samples on the conveyor belt
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from the RF cavity!'"**??) This mixing method might seriously
affect the efficiency and throughput of RF processing. Therefore,
a reliable mechanical device is urgently needed to perform both
moving and mixing during the RF heating.

The screw conveyor is mainly used in solid handling processes
for practical transport applications, such as pharmaceutical
production, food, and mineral processing’®**! due to its simple
structure and reliable usability.
achieve mixing during sample transport’

The screw conveyor could
6] The effects of various
process variables and mixing of a screw conveyor used for drying
were studied by Waje et al.?? Qi et al.’™ reported that the screw
conveyor could achieve better effects of mixing for two kinds of
granular products using the discrete element method and the effect
of mixing was affected by screw pitch length and screw rotation
speed in the transport process. Without applications in the
literature so far, the screw conveyor could be used for movement
and mixing of samples during the RF process. The effects of
using the laboratory-scale screw conveyor on improving RF
heating uniformity are required to be determined before industrial
applications.

The objectives of this study were (1) to select the material and
main parameters of the screw conveyor applied in the RF system,
(2) to determine the electrode gap of the RF system and rotation
speed of the screw conveyor for achieving the suitable RF heating
rate in three representative granular products, such as soybean, corn,
and peanut, and (3) to evaluate the sample temperature distribution
and heating uniformity improvement at different sections and
points during and after RF treatments.

2 Material and methods

2.1 Materials and sample preparation

Three granular products, soybean (Glycine mux L.), corn (Zea
mays L.), and peanut (Arachis hypogea L.) were selected as
representative samples and purchased from a local market in
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Yangling, Shaanxi, China. Table 1 shows the physical properties
of these three samples collected from the literature. All samples
including soybean, corn, and peanut in plastic bags were kept in a
refrigerator (BD/BC-297KMQ, Midea Refrigeration Division,
Hefei, China) at 3°C+1°C before experiment. Samples were taken
out of the refrigerator and put into an incubator (BSC-150, Boxun
Industry & Commerce Co., Ltd, Shanghai, China) to equilibrate at
25°C+0.5°C for one day prior to the tests.

Table 1 Physical properties of three target granular samples

at 25°C
Sample
Properties
Soybean Corn Peanut
Diameter/mm 6.3+1.1 11.4+1.3 16.2£1.5
Dielectric constant 3.69° 2.93° 5.22¢
Dielectric loss factor 0.28° 0.18° 0.61°

Note: * Guo et al.”%; ® Jin et al.*>;  Zhang et al.**!.

2.2 RF heating system and screw conveyor

A 27.12 MHz, 6 kW pilot-scale free-running oscillator RF
system (SO6B, Strayfield International, Wokingham, U.K.) with a
hot air system (6 kW) and a screw conveyor (4 mx @0.11 m) was
used for the heating experiment (Figure 1). A detailed description
of the RF unit with hot air system can be found in Wang et al.*"
The screw conveyor was designed and placed on the bottom
electrode of the RF system. The samples got into the screw
conveyor from the inlet feed at the left side were moved by a motor
(ZXF1418-650, Zhejiang Unite Electrical Motor Co., Ltd.,
Yongkang, China) and finally arrived at the collecting container via
the exit at the right side after transportation. The hot air at 70°C
as the same target temperature of samples was used for surface
heating of the screw conveyor to reduce the sample temperature
loss during RF treatments. This target temperature was selected
based on 10°C more than the thermal death one of controlling the
most insects. The hot air was provided by an air distribution box
under the bottom electrode with its speed of 1.6 m/s measured by
an anemometer (DT-880, China Everbest Machinery Industry Co.,
Ltd., Shenzhen, China) at 2 cm above the bottom electrode.

Feeding Top electrode
container;

Outlet
Screw conveyor

Bottom electrode Air distribution box

— -
R_m_)m
air inlet — g

Fan
—/—  E—

Note: Section d is for final collections of the RF treated samples in the screw

conveyor.
Figure 1 Schematic view of the free running oscillator
27.12 MHz, 6 kW RF system showing the plate electrode,
hot air system and screw conveyor

2.3  Selecting the material and parameters of the screw
conveyor

The geometry of the single screw conveyor is shown in Figure
2 with the 6 points at each of three cross-sections (a, b and c) for
sample temperature measurements. The screw conveyor included
cylindrical wall and screw, which were respectively made by
polyvinyl chloride and polyamide due to their better mechanical
properties and thermal stabilities with low loss factor in RF
systems.  Three main parameters for designing the screw
conveyor using the plastic materials include screw pitch P, shaft

diameter d and flight diameter D (Figure 3). These three
parameters directly influence the performance of the screw
conveyor™”.  The values of the three parameters were selected so
as to meet the required rotation speed and achieve the required
temperature after the RF treatments***73%],

Heatin length L

Trough wall Top electrode Shaft
| 2! \ P A

A-A
Figure 2 Measurement points (1-6) at each of three cross-sections

(a, b and c) for sample temperature measurements in the screw
conveyor

P

A
4

Y

Figure 3 Schematic diagram of spiral structure for the screw
conveyor with flight diameter (D = 10 cm), shaft diameter
(d =4 cm) and screw pitch (P =8 cm) (adapted from Qi et al.[35])

2.4 Selecting electrode gap and screw rotation speed

To determine the electrode gap of the RF system and screw
rotation speed, soybean, corn, or peanut samples filled with the
screw conveyor were placed on the bottom electrode to obtain a
general relationship between electrode gaps and electric currents (Z,
A) without movement and mixing. After RF heating was turned
on, the control screen of the RF system displayed the anode
electrical current being used and was immediately recorded when
the electrode gap increased from 12 cm to 19 cm with a 1 cm
interval. A detailed description of measurement could be found in
Zhou et al.**  All tests were repeated three times. Based on the
measured electric current, three electrode gaps of 12 cm, 13 cm,
and 14 cm were selected to further determine the temperature-time
histories in RF treated samples with no arcing and fast heating rates.
Under each of the three selected electrode gaps, the sample
temperatures at 6 points of position b (Figure 2) were recorded by a
six-channel fiber-optic temperature sensor system (HQ-FTS-D120,
Heqi Technologies Inc., Xian, China) with an accuracy of £0.5°C.
The time needed to heat the soybean, corn, and peanut samples
from ambient temperature (25°C) to target temperature (70°C) was
recorded. The final electrode gap was fixed based on the whole
average heating rate (4-6°C/min) of samples. For the different
samples, the corresponding electrode gaps were selected to achieve
the similar effect of heating rates on the RF heating uniformity.
The most suitable electrode gap was obtained based on the closest
heating of the three samples. Then, the screw rotation speed
during the RF heating was calculated by the following equation:

L

- (1)

(0]
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where, L is the heating length, 0.8 m; P and ¢ are screw pitch (m),
and heating time (s), respectively.
2.5 REF heating procedure

After the electrode gap and screw rotation speed were set up,
the sample temperatures at 6 points in sections of a, b and c
(Figure 2) for initial, middle (stationary) and final stages were
immediately measured by two type-T thermocouple thermometers
(TMQSS-020-6, Omega Engineering Ltd., CT, USA). The
detailed description of thermocouple thermometers can be found in
Hou et al.”! Finally, the samples were quickly moved into the
collecting container (30 cm x 22 cm X 6 cm) (Figure 4) as in the
section d (Figure 1). The collected sample thickness was about
2 cm in the container. The surface temperature of the samples
was immediately measured by a thermal imaging camera (DM63,
Zhejiang Dali Technology Co., Ltd., Hangzhou, China) with an
accuracy of £2°C. Each thermal image took less than 2's. From
each of the thermal images, 44 250 individual surface temperature
data points were collected over a sample surface temperature in the

container and used for statistical analysest*!. The detailed
procedure and data treatment for thermal imaging can be found
elsewherel?®4%43, The whole measurement process was

completed by less than 1 min.  Each test was repeated three times.

/ /|

R)

30
Figure 4 Collecting plastic container in the section d for sample
temperature measurement (all dimensions are in cm)

2.6 Heating uniformity evaluation

Heating uniformity is a key factor in developing successful
pasteurization and disinfestation protocols using RF energy.
Heating uniformity index (/1) has been proposed by Wang et
al.#'* o estimate temperature distributions of RF heated
samples. This index 4 has been successfully used for evaluating
RF heating uniformity in many different kinds of products, such

1461 coffee beans!*” 48]

(2]

as walnuts*, legumes[m, lentils
[16244243]  poany
uniformity index is defined as the ratio of the rise in the standard

, almonds

and corns®®.

chestnuts!?, rice Heating
deviation of sample temperatures to the rise in average sample

temperatures during RF treatment and can be calculated by the

[44].
2 2
21=N% ~% )
H=Hy
where, uo and p are initial and final mean temperatures of
sample, °C; 0y and ¢ are initial and final standard deviations of
sample temperatures over RF heating time, °C, respectively. A
smaller value represents better RF heating uniformity.
2.7 Statistical analysis
Mean values and standard deviations were calculated from the

three replicates for each treatment.

following equation

The mean values were
separated with Tukey’s method at a significance level of 0.05 using
a Microsoft Excel variance procedure (Microsoft Office Excel,
2010).

3 Results and discussion

3.1 Electric current under different electrode gaps

The relationship between the electric current and the electrode
gap is shown in Figure 5 when the screw conveyor was placed on
Without
samples, the electric current was almost constant, around 0.35 A,
which was not affected by the electrode gap changes. With
samples, the electric current decreased rapidly when the electrode

the RF bottom electrode with or without samples.

gap increased from 12 cm to 15 cm, and then decreased slowly
when the electrode gap changed from 15 cm to 19 cm. Similar
[1162543]  These

results would provide the basis for the following experiments to

trends were also found by other researchers

select the optimal electrode gap.

0.8
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Figure 5 Electrical current of the RF system without and with
three samples as a function of the electrode gap

3.2 Determination of electrode gap and screw rotation speed
Table 2 presents average and standard deviation of heating
rates for soybean, corn, and peanut with electrode gaps of 12 cm,
13 cm, and 14 cm during RF heating. Heating rates in soybeans
were 7.4°C/min, 5.6°C/min and 4.7°C/min for the electrode gaps of
12 ¢cm, 13 cm, and 14 cm, respectively. The heating rate
Short heating times
corresponded to higher throughput, but heating uniformity could be
negatively affected by rapid RF heating!'"*%),
balance between throughput and heating uniformity, the electrode
gap of 13 cm was selected for soybeans to achieve a suitable
heating rate of 5.6°C/min and used for further heating uniformity

increased with decreasing electrode gap.

To obtain a better

tests. Similarly, the electrode gaps of 14 cm and 12 cm were
selected for corn and peanut to obtain heating rates of 5.7°C/min
and 5.8°C/min, respectively. These heating rates are similar to
those used in milled rice (5.8°C/min)®**, corn (6.0°C/min)**! and
chestnut (6.5°C/min)!".

Table 2 Average heating rates (°C/min) under different
electrode gaps for three samples without movement and mixing

Gap/cm
Sample
12.0 13.0 14.0
Soybean 7.4+0.4 5.6+0.3 4.7+0.3
Corn 11.340.6 8.5+0.5 5.7+0.4
Peanut 5.8+0.4 4.7+0.3 3.2+0.3

The screw rotation speed was estimated with three samples as
listed in Table 3 together with total RF heating time and electrode
gap. The speed of screw rotation determined by the heating rates
and electrode length was about 1.2 r/min, 1.2 r/min and 1.3 r/min
for soybean, corn, and peanut samples, respectively. Besides,
about 8.0 min, 7.9 min and 7.8 min were needed to heat soybean,
corn, and peanut samples from 25°C to 70°C, respectively. These
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parameters could be further used in heating uniformity experiments.

Table 3 Electrode gaps and screw rotation speeds of three
samples with movement and mixing

Sample Gap/cm Heating time/min Rotation speed c/r-min”
Soybean 13.0 8.0 1.2
Corn 14.0 7.9 1.2
Peanut 12.0 7.8 1.3

3.3 Distribution of temperature inside the screw conveyer
after RF treatment

Table 4 lists the temperatures of three samples at 6
measurement points in 3 sections during RF treatments. The
initial temperature distribution was uniform with small standard
deviation of 0.2°C before RF heating. After RF heating under
stationary conditions without moving and mixing, the sample

temperatures were not uniform with a large standard deviation up
to 3.6°C. The temperature variations after RF heating were better
in small particle size samples than in large ones™. Moving and
mixing in the section ¢ reduced the temperature variations in the
three samples compared with the stationary condition in the section
b, which indirectly indicated the better RF heating uniformity after
The surface temperatures
(points 1, 3 and 5) of three samples were lower than the internal
ones (points 2, 4 and 6) in the sections b and c of the screw
conveyor with or without movement and mixing. This trend was
similar to that in RF heated applesi*. However, this rule was
contrary to hot water heating®™. The standard deviation of
sample temperatures in the section ¢ was smaller than that in the
section b, suggesting that continuous moving and multiple mixing

transportation by the screw conveyor.

could effectively reduce the temperature variations and improve the
RF heating uniformity!®3"",

Table 4 Temperature (°C) of three samples at different section and position (Figure 2) during RF treatments

Measurement point (Figure 2)

Sample Measuring section
1 2 3 4 5 6

a (initial state) 25.0+0.2 24.9+0.1 25.0+0.2 25.1+0.1 25.0+0.1 24.9+0.1
Soybean b (no movement and mixing) 68.2+1.7 71.5+1.8 72.6+2.1 73.542.3 72.1£1.9 71.9+1.8
¢ (with movement and mixing) 70.6+0.8 71.1+0.9 70.3+0.6 70.6+0.7 70.1+0.5 70.3+0.6
a (initial state) 25.0+0.2 24.9+0.1 25.0+0.2 25.0+0.2 25.1+0.1 24.9+0.2
Corn b (no movement and mixing) 66.0+2.1 68.5+2.3 74.3£2.6 75.2£3.0 712422 73.7£2.4
¢ (with movement and mixing) 71.8+1.5 72.9+1.9 71.0+1.5 71.7+1.4 70.2+1.3 70.6+1.4
a (initial state) 24.9+0.1 25.0+0.2 25.0+0.2 25.140.2 25.0+0.2 24.9+0.1
Peanut b (no movement and mixing) 67.0£2.5 69.8+2.6 78.2+3.2 78.7+3.6 71.6+2.7 75.442.9
¢ (with movement and mixing) 72.1+1.9 74.0+2.1 71.3+1.8 71.9+1.9 70.0+1.6 70.6+1.5

3.4 Heating uniformity after RF heating

Table 5 provides a detailed comparison of the temperature
distribution and heating uniformity index values in RF treated three
samples under different operational conditions and positions in the
screw conveyor. The standard variations after RF heating were
better in small particle size samples than in large ones with the
same operating condition and position. Movement and mixing in
the sections of b and ¢ under RF treatments improved the heating

uniformity due to reduced uniformity index values®®. Similarly,

movement and mixing in the sections of ¢ and d after RF heating
also reduced the standard deviation of average sample temperature
and uniformity index values, which indicated that the heating
uniformity was improved by movement and mixing after RF
treatments via the conveyor™). The similar trend could be found
in mixed samples reported by other researchers!! 2526481,
Therefore, the screw conveyor could effectively improve RF
heating uniformity due to continuous movement and mixing

without interrupting heating processes.

Table 5 Comparisons of the temperature and heating uniformity index (mean+SD over 3 replicates) of three samples at different
positions using various operational conditions

Average temperature/°C

Sample c d*
a b . . ..
L .. (with movement (with movement and mixing
(initial state) (no movement and mixing) L. R
and mixing) in Figure 1)
Soybean 25.0+0.1 B** 71.2+4.8 A 70.6+1.4 A 70.2+0.8 A
Corn 25.0+0.1 B 72.3+£5.7 A 71.2+1.5A 70.5+1.1 A
Peanut 25.0+0.1 B 73.6+6.9 A 71.6£2.5 A 70.8+1.7 A
Uniformity index (1)
Soybean - 0.106+0.002 A 0.031+0.002 B 0.021+0.001 C
Corn - 0.118+0.006 A 0.038+0.002 B 0.025+0.002 C
Peanut - 0.139+0.008 A 0.053+0.004 B 0.032+0.003 C

Note: * The temperature of position d was measured by thermal imaging camera in a plastic container (Figure 4); ** Different upper case letters indicate that means are

significantly different at p = 0.05 under different conditions.

4 Conclusions

RF heated soybean, corn and peanut in the screw conveyor
resulted in the optimal heating rates of 5.6°C/min, 5.7°C/min and
5.8°C/min under the selected electrode gaps of 13 cm, 14 cm and

14 cm, respectively. Compared with the stationary condition, the
variations between the highest and lowest sample temperatures in
the screw conveyor were clearly reduced regardless of soybeans,
corn, and peanut. The standard deviation of average temperature

and heating uniformity index value for the three samples were also
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significantly reduced using the screw conveyor due to its stable,

continuous, uninterrupted sample movement and mixing.

This

experimental study on designing a small-scale screw conveyor
could provide a new and effective method to improve RF heating
uniformity and help to promote further practical applications of RF
treatments in the food processing industry. Further research is
needed to optimize structure of the screw conveyor and evaluate
product quality after RF treatments with the required shelf life.
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