
Abstract
A laboratory continuous high voltage electrostatic field thaw-

ing system was designed and constructed in accordance with stan-
dards for food machinery. A corona discharge in wire-plate elec-
trodes was considered for the system and a stainless-steel sheet
was utilized as conveyor belt. A corona flow was created by using
high voltage of 15, 20, and 25 kV and electrode gaps of 6, 8, and
10 cm. To evaluate the system, frozen tylose MH4000 gel with a
moisture content of 77% w.b. as a meat analog was thawed from
–10 to 0°C. The thawing duration, which was mostly aimed at
increasing the temperature of a control sample (no electrostatic
field), considerably decreased when the gel was thawed in the
presence of high voltage. High voltage and electrode gap showed
a significant effect on both thawing duration and specific energy
consumption (P˂0.0001). The thawing duration decreased signifi-
cantly by decreasing the electrode gap and increasing the applied
voltage. In terms of energy consumption, the best condition (min-
imum specific energy consumption of 10.33 kJ kg–1) was obtained
for 15 kV, and an electrode gap of 10 cm.

Introduction
Freezing is one of the most important processes for preserving

vegetables, meats, and some fruits. Most frozen foods should be
first thawed. Conventional thawing methods consist in exposing
the frozen material to air, dipping it in cold water, tap water, hot
water, as well as keeping it in the refrigerator (Eastridge and
Bowker, 2011). However, these methods are time-consuming and
may deteriorate food quality, especially in the case of meat thaw-
ing. There are also some limitations in other methods, such as
microwave thawing. This method usually does not ensure uniform
thawing and some parts of the thawed food may be cooked (Taher
and Farid, 2001).

In most thawing methods, the process is performed in a batch
mode in which the food is placed in a container and is thawed.
While for thawing a large amount of material, the continuous
movement of the product could be more suitable regarding its
health and better efficiency over the batch mode. Hence, many
studies were conducted on the development of new efficient meth-
ods to improve the freezing and thawing processes (Ould
Ahmedou and Havet, 2009).

Using the conventional methods like passing an airflow at low
speed over the frozen food, when in large pieces, like in the case
of meat or fish, is time consuming. In this method, thawing is
accomplished by convective heat transfer to the product on its sur-
face, but deeper frozen layers have a low thermal conductivity. To
overcome this issue, the airflow rate can be increased to enhance
the heat transfer rate, but the energy consumption increases signif-
icantly. Hence, in recent studies new thawing methods based on
ultrasound, ohmic, high pressure, pulsed electric fields, magnetic
nanoparticles plus heating, radio frequency and high voltage elec-
trostatic fields (HVEF) are used. Except for HVEF thawing, all
other methods are time consuming and energy intensive (Cai et
al., 2019). Therefore, there is a need to develop methods that can
decrease energy consumption and thawing duration without dam-
aging the food and causing microbial growth, as well as other dis-
advantages associated with physical and chemical changes in the
products (Yar et al., 2015).

HVEF thawing was applied in a few studies at a laboratory
scale. In a study the energy required for HVEF thawing was 0 to
190 kJ kg–1, which was less than the 1100 kJ kg–1 needed for
microwave thawing (He et al., 2014). HVEF thawing caused
fewer physicochemical and structural changes of myofibrillar pro-
teins, total microbial counts, volatile basic nitrogen, and other
meat parameters compared with traditional thawing methods. Jia
et al. (2017) confirmed that HVEF thawing (voltage range: –25 to
0 kV) did not cause any protein oxidation and the dynamic rheo-
logical analysis, protein aggregation, and gel texture analyses
showed better results compared with air thawing of frozen rabbit
meat. In addition, there was no significant change in the structure
of myofibrillar proteins. He et al. (2013) also reported that the
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HVEF treatment could reduce the total microbial count in thawed
pork tenderloin meat by 0.5 to 1 log CFU/g in a temperature range
between –5 to 0°C. From the above, the HVEF is a suitable thaw-
ing technology for thawing meats, once parameters are optimized.
Therefore, the advantages of HVEF thawing are low energy con-
sumption, low generation of ozone that prevents an increase in the
microbial load during the process, non-thermal thawing, and the
use of simple equipment (Shivashankara et al., 2004). The systems
used in the previous HVEF studies include a plate electrode and a
needle or wire electrodes located on a specified air gap, and the
frozen material is placed between two conductive electrodes on the
plate. The electrodes are then connected to a high voltage source,
and the voltage level is increased to a certain value for which no
electrical discharge occurs (Xiangli et al., 2013). In such systems,
when the voltage is applied to the needle or the wire electrodes, the
air around them is ionized and the ions move toward the plate elec-
trode connected to the other pole. During the movement of the ions
towards the plate electrode, due to their collision with air
molecules, the momentum of the ions is transferred to the air
molecules. As a result of this collision, a mass of ionized air flows
which is called corona wind or secondary flow is generated. The
needle or the wire electrode is called corona electrode. The choice
of the type of the corona electrodes mainly depends on the geom-
etry of the chamber and the operation of the system. HVEF thaw-
ing systems with some needles and plate electrodes are operated by
using AC or DC voltages. These systems are highly efficient for
thawing the frozen material (Xie and Hua, 2001; Yaxiang et al.,
2009). Thawing of some foods such as tuna, beef, and eggs was
studied using HVEF at low ambient temperatures in the range of –
3 to 3°C in a batch mode (Ohtsuki, 1991). The results showed that
the thawing duration was reduced by one-quarter to one-third,
compared to non-field conditions. Thawing of chicken thighs by
HVEF showed that this method could significantly reduce the
thawing duration at –3°C and keep the product fresh compared to
the conventional storage method in the refrigerator (Hsieh et al.,
2010). Another study on frozen pork tenderloin revealed that the
use of the HVEF with an electrode gap (EG) of 5 cm and applied

voltages of 6, 8, and 10 kV significantly increased the rate of thaw-
ing (Xiangli et al., 2013). Also, the investigation of thawing char-
acteristic of frozen tofu under high-voltage alternating electric
field revealed that as voltage increased, the thawing duration
decreased (Deng et al., 2017). Ding et al. (2018) obtained similar
results with frozen tofu under HVEF assisted thawing. They
showed that the thawing duration of frozen tofu decreased with the
increase of the voltage and it was highly related to the configura-
tion and distance of the electrodes. Also, the electric parameters
had a remarkable effect on thawing loss and thawing duration,
when centre temperatures of frozen tofu decreased from –2 to 0°C.

Yaxiang et al. (2011) studied the effects of different high volt-
ages, EGs and distances between the adjacent needle electrodes on
the thawing rate of ice and the energy consumption of the process
in the batch mode. Based on the thawing rate curve of ice versus
the distance between two needle electrodes, the thawing rate
reached its maximum, when the distance between two adjacent
electrodes was in the range of 6 cm.

Despite the promising studies on the thawing of the food mate-
rials in a batch mode, to the best of the authors’ knowledge, there
is no study in the literature about HVEF thawing in the continuous
mode. This study was aimed to design and construct a continuous
system for feasibility investigation of HVEF thawing of meat at a
laboratory scale. Some advantages of this type of HVEF thawing
system could be thawing of frozen materials continuously as well
as a reduction of time and cost for high volume thawing of food
materials.

Materials and methods
In this study, a laboratory continuous HVEF thawing system

was designed in CATIA software (Dassault system, CATIA V5R20).
Afterwards, it was constructed as a type of tunnel according to food
machinery standards. The thawing process is carried out by flowing
the frozen material through this system under HVEF. Figure 1 shows
the schematic of the system and its different parts.

                             Article

Figure 1. Schematic of the continuous high voltage electrostatic field thawing system: 1) complete device, 2) driver roller, 3) stainless
steel conveyor belt, 4) aluminium rail, 5) wire electrode, 6) glass holder plate, 7) high-voltage power supply, 8 and 9) connections of
power supply wires to the poles, 10) carbon electrode in contact with conveyor roller, and 11) temperature sensor.
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It should be noted that thawing under the HVEF is a complex
process. The effect of the corona wind flow on such a system is
affected by the geometry of the positive and negative electrodes
(corona electrodes and ground electrode), the type of voltage (AC
or DC), the voltage value, the distances between the two adjacent
electrodes, and the EG and the presence of the initial wind flow in
the system (Akishev et al., 2003; Lin and Adamiak, 2008). Since
the applied voltage to the electrodes of the system is in kilovolts, it
was necessary to insulate all electric conductive parts to ensure the
safety of the user, when in contact with the high-voltage elec-
trodes. Therefore, in order to have the optimal mechanism for the
system, polyamide, glass, and compact plastic were used as insu-
lation materials. The conductive components such as pole elec-
trodes were also selected in accordance with the standards of food
industry machines and were made of stainless steel 304. The struc-
ture of the device and the geometry of its components along with
their design details are described below.

Corona electrodes
Regarding the physics of the system, the frozen food moved

inside a tunnel, while it was thawed. In order to facilitate the
adjustment of electrodes distances, and their distribution over the
channel and to ensure construction convenience, all the corona
electrodes were considered as 0.5 mm-diameter stainless steel
wires (Lin and Adamiak, 2008). All the electrodes were mounted
along the tunnel at specific intervals and attached transversally to
the top of the tunnel in the form of a ladder (Figure 1). In order to
change the EG, the height of the two rails could be adjusted from
the ground electrode. The electric field created between the corona
electrodes and the ground electrod was calculated by Eq. (1):

E =  V                                                                                     (1)
d

where, V was the voltage, and d was the electrode gap.
In the system, the values of the applied voltage and the elec-

trode gap are adjustable in the range of 0 to 70 kV and 1 to 20 cm,
respectively. For the experiments, the applied voltage was consid-
ered in the range of 15 to 25 kV and the EG was in the range of 6
to 10 cm (Yaxiang et al., 2011; Deng et al., 2017). Since the elec-
tric field created between the two poles was inversely proportional
to the distance between them according to Eq. (1), it was necessary
for the wire electrodes to be transverse, smooth and straight and
with no deflection. Also, the electrode should be able to move on
the rail so as to adjust the distance between the two adjacent wires.
Eventually, one of the rails of the formed ladder was connected to
the positive pole of the high voltage power supply. The ionization
region around each wire after applying the voltage, known as coro-
na crescent radius, was calculated using Eq. (2) (Guo et al., 2014):

ri = r + 0.03√r                                                                         (2)

where r is the wire radius and ri is the ionization radius.
The ionization radius increased, as the applied voltage

increased. Given the small ionization radius, this area can be
ignored. Therefore, the distance between two adjacent electrodes
in the system was approximately selected to be 100 times the
radius of the corona electrode and was in the range of 5 to 10 cm
(Lin and Adamiak, 2008). Altogether, 28 wired electrodes were
installed at 7 cm intervals. 

Ground electrode and material motion mechanism
Since the electrodes’ configuration of the system was the wire

and plate type, the plate electrode distance from the corona elec-
trodes should be constant. Moreover, a 2.5 m-long conveyor was
designed and constructed in order to move the frozen material con-
tinuously in the system.

The surface of the conveyor belt was considered as ground
electrode, which moved along the ladder-shaped electrodes under-
neath the wire electrodes. Due to the presence of food on the con-
veyor belt, its material should be hygienic and in agreement with
the standards for food industry machines (BS EN ISO, 2014). It
should also be electrically conductive, flexible, and have sufficient
tensile strength. Considering these criteria, a 304 stainless steel
spring sheet, which was 0.1 mm thick, was used as conveyor belt.

The approximate duration for thawing the food materials was
between 45 and 60 min (Guo et al., 2014). Considering the effec-
tive length of the conveyor belt (240 cm), the remaining duration
with the material on the belt could be controlled by adjusting the
belt velocity. The maximum velocity was considered to determine
the required power. The velocity was calculated to be 3.5 cm min–

1 by considering the minimum thawing duration (45 min). A 375 W
three phase AC electromotor and gearbox (Ratio of 1:100) with a
speed controller were used to drive the belt. 

High voltage connections
Regarding the high voltage connections, the driver roller was

used to transfer the electric current to the metal belt. The driver
roller was made of 304 stainless steel, which was conductive and
in contact with the conveyor belt. In order to insulate the surface
of the roller from its axis and prevent the transfer of the electric
current to the bearings, a polyamide cylinder was inserted inside
the tube. The driven roller was made of polyamide, which is an
electric insulator. To transfer the electric current to the conveyor
belt, as shown in Figure 1, a fixed carbon electrode was mounted
on the device chassis which was sliding in contact with the driver
roller. To supply the voltage, a DC power supply (Model HV50N
OC, FNM co., ltd, Tehran, Iran) was utilized with voltage adjusting
capability in the range of 0 to 70±1 kV and a maximum current of
2000±1 μA. By connecting the poles of the power supply to the
carbon electrode and the rails, the electric field between the two
poles was created.

By applying the voltage and measuring the current in the sys-
tem, the specific energy consumption (SEC) of the process was
calculated by Eq. (3):

V.I.t
SEC =  –––––– (3)

m

where V was the applied voltage, I was the electric current, t was
the thawing duration, and m was the mass of the frozen material.

Device chamber
In order to prevent the air flow from entering the corona wind

zone, control temperature and protect the user from the risk of
electric shock, the whole conveyor and its components were placed
in an insulated chamber. The chamber was made of a pressed plas-
tic sheet in the form of a tunnel measuring 50×50×270 cm (Figure
1). In order for the materials to go in and out of the tunnel, its two
ends were open and covered with two thick pads. On the top of the
tunnel, two windows were installed longitudinally to facilitate user
access to the conveyor. The glass was mounted on the lateral side
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and on the top of the tunnel to see the material flowing inside the
system. In order to control ambient temperature, the entire setup
was placed in a room, which was kept at a constant temperature by
a temperature control system. As illustrated in Figure 2, the room
was made with nylon and iron rods. The inlet and outlet of the air-
flow into and out of the room were placed on its floor in order to
prevent the air flow from entering the device chamber and interfer-
ing with the corona wind. The temperature control sensor was
mounted on the interior wall of the room at the same level of the
device conveyor. Room temperature was set at 25±1°C during the
experiments.

Experiments
To conduct the experiments, a tylose gel MH4000 sample was

used with a moisture content of 77% w.b., since its thermo-physi-
cal properties are similar to red meat (Icier and Ilicali, 2005). The
tylose gel sample was frozen within the range of –8 to –10°C with
a dimension of 1.5×4×6 cm and mass of 21.6±0.2 g. The criterion
of the thawing process was to increase the temperature of the sam-
ple centre to 0°C. A 4 channel fibre optic thermometer (Model
FOB100, Canada) equipped with multi-purpose fibre optic temper-
ature sensors with the accuracy of ±0.8°C was used to measure the
temperature of the frozen sample centre and record it at 2 s inter-
vals during the thawing process. For this purpose, the frozen gel
was drilled with a 2 mm drill and the sample was placed on the
conveyor belt after inserting the optical fibre. The experiments
were conducted with the field and without the field as control.
Thawing experiments were performed independently three times
in this study and the average was calculated. In each HVEF treat-
ment, the sample was placed in the same position on the grounded
electrode for the sake of consistency.

Both the centre and surface temperatures of sample increased
rapidly with an increase in the applied voltages and showed some
similar characteristics (He et al., 2014). Therefore, we only mea-
sured the centre temperature of the tylose gel to investigate the
effect of process parameters and electrode configuration. As to the
thawing duration, the speed of the conveyor was adjusted to trans-
fer the frozen material along the conveyor. The thawing duration
was determined at voltages of 15, 20, and 25 kV, and EGs of 6, 8
and 10 cm. The distance between the adjacent wire electrodes was
also 7 cm.

Statistical analysis
The experiments were replicated three times based on a com-

pletely random design. The treatments were high voltages and
EGs. The averages were compared according to the LSD test at a
5% probability level.

Results and discussion
To evaluate the designed and constructed system under the

conditions mentioned above, the threshold value for the current in
the power supply was set at 1000 μA. It should be noted that by
applying the voltage to the electrodes, the current value should not
exceed the threshold value. Moreover, by applying the higher volt-
ages for an EG of 6 cm or adjusting the current threshold value to
values greater than 1000 μA, an electrical discharge may occur
between the two poles which prevents creating the corona wind.

Figure 3 shows variations in the temperature of the tylose gel
sample over time in the presence of the electric field and without
it (control). Differences were observed between thawing duration
in the control and HVEF states. The HVEF conditions for thawing
were the voltages of 15, 20, and 25 kV, the distance of 7 cm
between adjacent wire electrodes, and an EG of 6, 8, and 10 cm.
As depicted, when using the control setup, the thawing duration
was mostly devoted to increase the temperature, which consider-
ably decreased, when thawing the sample in the presence of the
high voltage. The thawing rate changed at three stages: before –
6°C, from –6 to –3°C, and from –3 to 0°C at all EGs and applied
voltages. Obviously, the freezing point of the water solution in the
food material is around –3 to –2.8°C is. The second stage which is
near the temperature of –3°C is time consuming as it is close to the
thawing point of the tylose sample, because of the latent heat
requirement.

The values of electric current, electric field, thawing duration
and specific energy consumption at different applied voltages and
distances between the two poles are given in Table 1. As presented,
the electric current increased with the applied voltage at a constant
EG, and decreased as the EG increased, when the voltage was
fixed. There was a remarkable difference between control sample
and the thawing process with the HVEF. In addition, the thawing
duration significantly influenced by the high voltage and EG
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Figure 2. Continuous high voltage electrostatic field thawing system inside the nylon room.
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(P˂0.0001). Among all the HVEF treatments, the longest thawing
duration occurred with a voltage of 15 kV and an EG of 10 cm. The
shortest thawing duration was with a voltage of 25 kV and an EG
of 6 cm. These values decreased by about 33.5%, and 76.3% com-
pared to the corresponding values for the control, respectively.

The thawing duration decreased by decreasing the EG and
increasing the applied voltage significantly (Table 1). Xiangli et al.
(2013) studied the thawing of pork tenderloin meat under HVEF
and reported that as voltage increased, the thawing duration
decreased. This result was also found in another study (Xie and
Hua, 2001). Yaxiang et al. (2009), and Yaxiang et al. (2011)
showed that when the distance between the two adjacent electrodes

was fixed, the ice thawing rate changed in an inversely proportion-
al manner compared to the EG.

Similar to the thawing duration, the effect of high voltage and
EG on the SEC was significant (P˂0.0001). The SEC increased by
decreasing the EG and increasing the applied voltage significantly
(Table 1). This finding was also reported in previous researches
(Yaxiang et al., 2009; Yaxiang et al., 2011).

According to Eq. (3) and as expected, the specific energy con-
sumption is proportional to the thawing duration. However, the
opposite trend for the thawing duration and SEC is due to the pre-
dominant effect of the reduction in the electric current, when the
EG increases at a constant voltage. Hence, unlike the thawing

                             Article

Figure 3. Variations in temperature of the tylose gel centre with thawing duration using the control setup and high voltage electrostatic
field at different voltages (15, 20, and 25 kV) and electrode gaps (6, 8, and 10 cm).

Table 1. Measured and calculated values of electric current, electric field, thawing duration and specific energy consumption for high
voltage electrostatic field thawing of tylose gel at different voltages and electrode gaps.                                                                                    

Voltage           The electrode gap                   Electric field                    Electric current           Thawing duration                          SEC
(kV)                           (cm)                                  (kV m–1)                                 (μA)                              (min)                                (kJ kg–1)
15                                             6                                                       250                                                    24                                      22.13±0.12g                                     22.13±0.12f
                                                 8                                                     187.5                                                  13                                      31.30±0.32d                                    16.97±0.18fg
                                                10                                                     150                                                     6                                       41.23±0.15b                                     10.33±0.03g

20                                             6                                                     333.3                                                 166                                     17.50±0.26h                                    161.40±2.44c
                                                 8                                                       250                                                    30                                      23.43±0.20f                                     39.07±0.35e
                                                10                                                     200                                                    12                                      33.40±0.17c                                     22.30±0.12f

25                                             6                                                     416.6                                                 357                                     14.67±0.24i                                    363.60± 5.98a
                                                 8                                                     312.5                                                 178                                    22.60±0.31fg                                   279.33±3.79b
                                                10                                                     250                                                    85                                      25.50±0.26e                                   150.53 ±1.56d
Control                                   -                                                         0                                                       0                                       62.08±0.57a                                              -
The values for thawing duration and SEC present a mean ± one standard error. a-iIn each column, the means followed by the same common lowercase letter do not differ statistically based on the LSD test with a
5% probability level.
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duration, the highest value of the SEC was achieved at a voltage of
25 kV and an EG of 6 cm, while the lowest value occurred at a
voltage of 15 kV and an EG of 10 cm. 

Conclusions
In this study, a high voltage electrostatic field continuous thaw-

ing system in wire-plate electrode setups was designed and con-
structed for thawing foodstuffs according to the standards of food
industry machines. The device was evaluated using frozen tylose
MH4000, which is a meat analogue in order to investigate the fea-
sibility of foodstuff thawing with this device. For this assessment
high voltages of 10, 15, and 25 kV and EGs of 6, 8, and 10 cm were
considered. Based on our results, the HVEF continuous system
proved to be a feasible rapid method for thawing of food materials
such as meat. As the system was developed on a laboratory scale,
further studies are needed the future to assess its energy consump-
tion in comparison with the other thawing systems and its econom-
ic feasibility for industrial scale applications in the food sector.
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