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ABSTRACT. For shockwave non-thermal food processing systems, a novel air-insulation
relay with high withstand voltage characteristics is proposed in this paper. In the proposed
relay, insulation is achieved by air pumped into a submerged bowl with an air pump. The
proposed switch is turned on by controlling an electromagnet to rotate the bowl and fill
it with water. Unlike conventional air-insulation relays, the proposed technique can pro-
vide 1) low-cost realization of shockwave non-thermal food processing and 2) effective
non-thermal food processing by suppressing energy loss due to arc discharge caused by
the conventional air-insulation relays, because the expensive relay with high withstand
voltage characteristics is not required. The feasibility and effectiveness of the proposed
relay are confirmed by laboratory experiments using a prototype shockwave non-thermal
food processing system. In the experiment, the proposed technique achieves 2.2kA higher
output current than the conventional technique. The experimental result reveals that the
proposed technique can provide a low-cost and effective non-thermal food processing sys-
tem.

Keywords: High withstand voltage switch, Air-insulation, No mechanical connection,
Non-thermal food processing, Underwater shockwaves

1. Introduction. Non-thermal food processing [1] is one of the most promising tech-
nologies for providing nutritious softened foods. Recently, several non-thermal food pro-
cessing technologies have been proposed, such as high hydrostatic pressure technology [2],
high voltage arc discharge technology [3], pulsed electric field technology [4], and cold
plasma technology [5]. Among others, non-thermal food processing unitizing underwater
shockwaves [6] is an attractive technology, because it can provide low-cost non-thermal
food processing. In the shockwave non-thermal technology, the internal tissue of target
foods is destroyed by underwater shockwaves generated by using the energy stored in a
large output capacitor with high withstand voltage characteristics. Generally, high voltage
switches and relays, such as vacuum relays [7], reed relays [8], electro-mechanical relays
9], high-speed high-voltage (HV) switches [10], and solid-state relays [11], are used for
high current and high voltage isolation. However, for example, shockwave non-thermal
food processing requires approximately 3.5kV /15kA of power to process target foods such
as apples. Therefore, in the conventional shockwave non-thermal food processing systems
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[12-14], an expensive air-insulation relay with withstand voltage characteristics, such as
EA12-NC-20-1-100-BD [15], is necessary to discharge the energy stored in the output ca-
pacitor. Needless to say, this expensive air-insulation relay is an obstacle to further cost
reduction of the shockwave non-thermal food processing systems.

To solve this problem, a novel air-insulation relay with high withstand voltage char-
acteristics is proposed in this paper. Unlike conventional air-insulation relays with with-
stand voltage characteristics, the proposed switch utilizes air stored in a submerged bowl
to achieve isolation. The proposed relay is turned on by rotating the bowl and filling it
with water. The shockwave non-thermal food processing system using the proposed relay
has the following advantages: 1) low-cost non-thermal food processing can be achieved,
because no expensive relay is used and 2) effective non-thermal food processing can be
realized, because energy loss due to arc discharge can be suppressed. The feasibility and
effectiveness of the proposed technique are confirmed by laboratory experiments using a
prototype shockwave non-thermal food processing system.

This paper is organized by the following sections. First, Section 2 describes the system
configuration of the shockwave non-thermal food processing system using the proposed
relay. Next, Section 3 verifies the proposed design experimentally and confirms the ef-
fectiveness of the proposed technique through comparison. Finally, Section 4 summarizes
the result of this work.

2. Shockwave Non-Thermal Food Processing System.

2.1. Problem formulation. Figure 1 shows the general structure of a shockwave non-
thermal food processing system [12-14]. As Figure 1 shows, the shockwave non-thermal
food processing system consists of a high voltage generator, a switch with high withstand
voltage characteristics, an output capacitor with high withstand voltage characteristics,
a pair of electrodes, and a pressure vessel filled with water. Therefore, unlike other non-
thermal food processing technologies, such as cold plasma, the shockwave non-thermal
food technology can provide low-cost food processing.
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Ficure 1. Configuration of the shockwave non-thermal food processing
system [12-14]

The operation principle of the shockwave non-thermal food processing system shown
in Figure 1 is as follows: Firstly, by converting a 100V@Q60Hz AC input, the high voltage
generator, such as Dickson multipliers [16], Cockecroft-Walton multipliers [17], hybrid
Cockcroft-Walton /Dickson multipliers [18,19], and Bipolar Cascade Voltage-Doubler [20],
provides the following high voltage Vi;gn:

Vhigh =G X ‘/z'm (1)
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where (G is a voltage gain of the high voltage generator and Vj, is the amplitude of the
AC input. For example, Vj;q, is set to about 3.5kV to process apples. Since the output
capacitor Cpy; is charged by Vign, the voltage of Cout, Veour(t), is expressed as a function
of time as follows:

%out(t) = Vhigh (1 - eit/T) ) (2>

where 7 is a time constant which is expressed as the product of C,,; and the internal
resistance of the high voltage generator. Therefore, the energy F(t) stored in C,,; is given

by

E<t) - OUt cout( )/2 (3)
Next, by turning on the switch with high withstand voltage characteristics, the energy
E(t) is discharged and the large current I,,; flows between the electrodes. Therefore, an
underwater shockwave is generated by evaporating the water between the electrodes with
I, Namely, the strength of the shockwave is determined by I,,;. Finally, the underwater
shockwave destroys only the inside of the target food submerged in water.

In the conventional shockwave non-thermal food processing system, the air-insulation
relay with high withstand voltage characteristics is usually used. However, in the air-
insulation relay, the considerable energy loss is caused by arc discharge. Furthermore, the
air-insulation relay is expensive. For example, the price of the air-insulation relay [15] is
more than USD1,000. In other words, the shockwave non-thermal food processing system
can be made significantly cheaper by not using the relay with high withstand voltage
characteristics. For this reason, we attempt to realize the shockwave non-thermal food
processing system without expensive conventional relays.

2.2. Structure of the proposed relay. Figure 2 illustrates the mechanism of the pro-
posed high withstand voltage relay. Unlike the conventional system shown in Figure 1,
the electrodes are covered with a bowl. In the proposed technique, air is pumped into a
submerged bowl with an air pump. In other words, the electrodes are electrically discon-
nected by filling the bowl with air. At this time, the electromagnet is on and is attracted
to a steel plate on the edge of the bowl. The electromagnet turns off when the output ca-
pacitor is fully charged. At this time, the steel plate acts as a weigh and the bowl rotates.
The electrodes are electrically connected by the water in the bowl. Therefore, unlike the
traditional air-insulation relay, the proposed relay can avoid the energy loss caused by
arc discharge, because the proposed technique does not use the mechanical connection

(a) (b)

FIGURE 2. Mechanism of the proposed relay with high withstand voltage
characteristics: (a) Turn on and (b) turn off
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of relay terminals. That is, the proposed technique can provide effective shockwave non-
thermal food processing, because the output current of the shockwave non-thermal food
processing system using the proposed relay becomes larger than that using the traditional
air-insulation relay. The shockwave non-thermal food processing requires approximately
3.5kV/15kA of power to process apples, but the proposed relay could potentially re-
duce the output voltage. Moreover, low-cost realization of the air-insulation relay can be
achieved by the proposed technique, because the proposed relay consists only of an air
pump, a bowl, and a small electromagnet. Specifically, the materials cost to assemble
the proposed relay is only less than USD30. In other words, the proposed technique can
reduce the cost of the air-insulation relay to less than 1/30 compared to the conventional
relay [15].

3. Experimental Verification.

3.1. Experimental setup. Figure 3 demonstrates the experimental setup of the proto-
type shockwave non-thermal food processing system. The experimental system consists
of the instruments shown in Table 1. Figure 3(a) shows the high voltage generator and
an output capacitor that stores the high voltage. In this experimental system, about
3.5kV is generated by the stacked hybrid Cockeroft-Walton/Dickson multipliers [18]. Fig-
ure 3(b) depicts the water tank and the proposed relay. In this proposed relay, the bowl
shown in Figure 4 was used to fill the air. The bowl has a diameter of 19cm, a volume of
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FIGURE 3. Experimental setup: (a) High voltage generator and an output
capacitor and (b) water tank and the proposed relay

TABLE 1. Instruments used in the experiment

Instrument Name
DC power supply unit Kikusui PMX35-1A
Output capacitor TOEI SH CAPACITOR 200uF /4000VDC
Oscilloscope Agilent Technologies DSO-X 3014A
High voltage probe Iwatsu SS-0170
High voltage rely Comcraft EA12-NC-20-1-100-BD

Rogowski coil type current
measuring instrument
Acrylic water tank 600mm x 450mm x 450mm
Electromagnet DC12V /¢25mm /150N
Armature plate ©25 x 3mm/M3 EA984CM-31

Power Electronic Measurements CWTHF600
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FIGURE 4. Bowl to fill air

TABLE 2. Attraction force of the electromagnet in air gap

Gap between electromagnet and iron plate (mm) 0 0.09 0.18 0.27
Attraction force (N) 150 51 22 12

903.5cm?, and a weight of 125g, where a 36.5g of ballast is attached to the edge of the
bowl. Therefore, the moment of a force, M, can be calculated as

M =F xr=0.365 x 0.085 = 0.03 [Nm] (4)

According to the specifications of the electromagnet, the attraction force of the electro-
magnet is as shown in Table 2. In this experiment, the gap between the electromagnet
and the iron plate is 0Omm. Therefore, the attraction force of the electromagnet is 15kg if
1IN = 100g. For this reason, the force to hold the tilt of the bowl is sufficient.

3.2. Measured characteristics. Figure 5 demonstrates the operation of the proposed
relay. As this figure shows, the proposed technique functions as a high withstand volt-
age switch due to air-insulation. Figure 6 shows the measured outputs of the shockwave

F1cure 5. Discharging process: (a) Initial state, (b) turn off process, (c)
rotation process, and (d) discharge process
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FIGURE 6. Measured results when using the proposed air-insulation relay:
(a) Output current and (b) output voltage
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FIiGURE 7. Measured results when using the conventional air-insulation
rely EA12-NC-20-1-100-BD: (a) Output current and (b) output voltage

non-thermal food processing system using the proposed air-insulation relay. On the other
hand, Figure 7 depicts the measured outputs of the shockwave non-thermal food process-
ing system using the conventional air-insulation relay [15]. As these figures show, both
systems have approximately the same output voltage. However, the output current of the
system using the proposed relay is higher than that using the conventional relay. This
is because the proposed relay can suppress the reduction of stored energy in the output
capacitor due to arc discharge.

Table 3 illustrates the average value of three output currents. As this table shows, the
system using the proposed relay can achieve 2.2k A higher output current than the system
using the conventional air-insulation relay. In other words, the system using the proposed
relay can provide effective non-thermal food processing without expensive relays.

TABLE 3. Average value of the output currents

Type 1st 2nd 3rd  Average
Proposed  16.8kA 17.3kA 17.6kA 17.2kA
Conventional 14.8kA 15.2kA  15.0kA  15.0kA
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4. Conclusions. For shockwave non-thermal food processing systems, we proposed a
novel air-insulation relay with high withstand voltage characteristics. Unlike the conven-
tional air-insulation relays, the proposed technique can suppress the reduction of stored
energy in the output capacitor due to arc discharge. The effectiveness and validity of
the proposed relay were confirmed by experiments. In the experiment, the system us-
ing the proposed relay obtained 2.2kA higher output current than the system using the
conventional air-insulation relay. Moreover, the materials cost to assemble the proposed
switch was only less than USD30. From the experimental result, a low-cost and effective
non-thermal food processing system can be realized by employing the proposed switch,
because expensive conventional relays are not required. Miniaturization of the proposed
relay is left for future research.
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