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Abstract

This paper reports on the selection of insulating material types in a developed atmospheric-
pressure non-thermal plasma jet (ANPJ-II) device which was operated previously in our laboratory based
on the minimum erosion area of the insulator’s nozzle. Three identical insulator groups used in our
experiment include; Teflon insulator material with different thicknesses of 1.5 mm and 2 mm respectively,
and Ceramic insulating material with thickness of 2 mm. ANPJ-II device is operated with each of the three
insulator groups. These insulators are operated and analyzed with different operation times for
compressed Air or Nitrogen gas with a flow rate of 12 L/min and input voltage of 6 kV. The erosion area of
these insulator materials is measured as a function of the operation time. The Ceramic insulator was found
to have the minimum erosion area. Also, the temperature of both the cathode and the insulating material
(Teflon or Ceramic) are measured to study the effect of operation time and the gas type on the device
components.
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1. Introduction

Lately, atmospheric-pressure non-thermal plasma jet (ANPJ) devices attracted great
interest [1, 2]. Such device can be easily constructed because they operate at the atmospheric
pressure and hence, no vacuum instruments are needed. Also, they can operate with various
feeding gases. These devices have relatively low size because the breakdown voltage of the
operating gas is in range of kilo-Volts, so the discharge gaps are limited to only few millimeters
[3-5]. ANPJ devices have a great interest for their various applications such as biomedical
applications [6, 7], food treatment [8], bacteria inactivation [9], teeth bleaching [3] and surface
modification [10, 11].

The insulating materials used in high voltage devices are always susceptible to erosion
and degradation. Erosion and degradation depend on the type of the insulating material itself,
the electrode material, the ambient gas, and the presence of UV. Insulator degradation is the
result of material decomposition into conductive metal or carbon species. Also, discharges and
local arcing produce surface erosion which ages the insulator’s surface [12, 13].

The aim of this work is firstly, to identify the best insulating material used in the
developed atmospheric non-thermal plasma jet (ANPJ-II) from three different groups in terms of
the minimum erosion area. Second object is to detect the effect of operation time on the
temperature of device components such as the cathode and the insulator.

2. Experimental Setup

The ANPJ-II used for this work consists of a gas valve and two gas burner orifices one
to work as the cathode and the other is the anode as shown in Figure 1. The two electrodes
(cathode and anode) are made of brass material and they are separated by sheet of the
insulating material. The inner electrode (anode) with a thickness of 3 mm and a diameter of 8
mm and its nozzle has a diameter of 0.5 mm. The outer electrode (cathode) which was cut in
our laboratory into a circle with a thickness of 2 mm and a diameter of 7.5 mm and the nozzle
has a diameter of 0.4 mm.
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Figure 1. Gas valve and the two electrodes

The two electrodes are separated by the insulating material under consideration (Teflon
or Ceramic) which is drilled with nozzle diameter of 1 mm and then stacked together using
adhesive glue. The schematic diagram of the two electrodes and the insulator is shown in

Figure 2.
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Figure 2. Two electrodes with the insulator

The experimental setup arrangement of the plasma jet is shown in Figure 3. The output
terminals of the power supply are connected to the electrodes of the plasma jet via a 2 mm
single copper isolated cable. The power supply is connected in series with the electrode system
via a high voltage resistor of 25 Q and a 5 nF capacitor. All the experimental work presented in
this paper are carried out with the working gas (compressed Air and Nitrogen gas) of 12 L/min
flow rate and the operating input voltage of the device is fixed at 6 kV.
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Figure 3. Experimental setup arrangement of the plasma jet device
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3. Experimental Results

3.1. Insulating Material Selection
During the operation of the ANPJ-II, the generated arc causes significant damage to the

insulating material. Thus, the insulating material to be used must be suitable to be able to
withstand the arc without getting damaged.

Control sample (t=0)

After 30 min of Air operation After 60 min of Air operation

After 15 min of Air operation

After 15 min of N, operation After 30 min of N, operation After 60 min of N, operation

Figure 4. Pictures of first group samples (1.5 mm Teflon)

Control sample (t=0)

After 60 min of Air operation

After 15 min of Air operation After 30 min of Air operation

After 15 min of N, operation After 30 min of N, operation After 60 min of N, operation

Figure 5. Pictures of second group samples (2 mm Teflon)
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In this paper, the effect of the ANPJ-II device on the insulating material (Teflon or
Ceramic) with different thicknesses and with the same operation time, original area of insulator’s
nozzle = 0.78 mm?) is investigated on three different groups for both of the two operating gases
to choose the most suitable insulating material for device operation. The first group consists of 4
identical Teflon samples having a thickness of 1.5 mm, control sample is used as a reference
(operation time t=0) and 3 samples, each of them corresponding to the operation times of 15, 30
and 60 min respectively. The second group consists of 4 Teflon samples having a thickness of 2
mm, control sample and 3 samples corresponding to the operation times of 15, 30 and 60 min.
The third group consists of 4 Ceramic samples having a thickness of 2 mm, control sample and
3 samples corresponding to the operation times of 15, 30 and 60 min. After the insulator sheet
captured with digital camera, the erosion area of the insulator’'s nozzle was measured for every
single operation time mentioned above using measuring area tool in ImageJ software [14] with
precision scaling. Figure 4, 5 and 6 show the pictures of the first, second and third group
samples respectively.

Control sample (t=0)

After 15 min of Air operation After 30 min of Air operation After 60 min of Air operation

After 15 min of N2 operation After 30 min of N2 operation After 60 min of N2 operation

Figure 6. Pictures of third group samples (2 mm Ceramic)

Figure 7, 8 and 9 show the variation of the insulator's nozzle area against operation
time of compressed Air and Nitrogen of ANPJ-II device for the three groups of different insulator
types and insulator nozzle areas respectively. As shown from these figures, the insulator nozzle
area is increased in general with increasing of operation time for all operation conditions under
consideration.

The experimental results cleared that, for the first group where the Teflon with thickness
of 1.5 mm, the area of the insulator’'s nozzle increases from the original nozzle area of control
sample of 0.78 to 5.1 mm” i.e. the erosion area = 4.32 mm” also from 0.78 to 3.5 mm?’ i.e. the
erosion area = 2.72 mm?, as the operation time increases from 0 to 60 min for Air and Nitrogen
respectively as shown in Figure 7. For the second group (Teflon with thickness of 2 mm), the
device operation process showed that, the area of the insulator’'s nozzle increases from 0.78 to
4 mm? as well as erosion area = 3.22 mm? and from 0.78 to 2.7 mm? and consequently the
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erosion area = 1.92 mm?, as the operation time increases from 0 to 60 min for Air and Nitrogen
respectively as shown in Figure 8. Also, for the third group (Ceramic with thickness of 2 mm),
the area of the insulator’s nozzle increases from 0.78 to 1.1 mm? with erosion area = 0.32 mm?
and from 0.78 to 0.87 mm? with erosion area = 0.09 mm?” as the operation time increases from 0
to 60 min for Air and Nitrogen respectively as shown in Figure 9.
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Figure 7. Area of insulator nozzle of first group
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Figure 8. Area of insulator nozzle of second
group vs. operation time of ANPJ-II
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Figure 9. Area of insulator nozzle of third group vs. operation time of ANPJ-II

The ratio of (erosion area, E, / original nozzle area ON,) % as a function of operation

time for all of the three groups mentioned above is cleared in Figure 10, 11 and 12.
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Figure 12. Ratio of (erosion area at different operation times / original area at t=0) % for the third
group

As seen from the above figures, for the first group, the ratio of EA/ON4 % increases from
0 to 553.8 % and from 0 to 348.7 % for Air and Nitrogen respectively as shown in figure 10. For
the second group, the ratio of EA/ONx % increases from 0 to 412.8 % and from O to 246.1 % for
Air and Nitrogen respectively as shown in Figure 11. For the third group, the ratio of EA/ONa %
increases from 0 to 41 % and from 0 to 11.5 % for Air and Nitrogen respectively as shown in
Figure 12. From these results it can be concluded that the Ceramic insulator can work
continuously almost ten times longer than Teflon using compressed Air and twenty one times
longer than Teflon using the Nitrogen gas.

These results identify that the operation time of the ANPJ-II device affects the insulating
material’s shape and nozzle area in a bad manner. All the above results indicate that the
Ceramic material is more suitable for the operation of ANPJ-1I device than the Teflon insulator
which used in the ANPJ device [1,2]. It is worthy mentioning that the Teflon insulator gets
eroded in the ANPJ-II much more than the previous design of ANPJ because the developed
design is made of Brass which has lower specific heat (0.385 J.g™.K™) than the Aluminum
(0.897 J.g™.K™") [15].

3.2 Temperature Measurements

The insulator and the cathode temperatures were measured for both of the two
insulating materials (Teflon and Ceramic) each of them had a thickness of 2 mm using a BK
Precision 710 k-type digital thermometer at different operation times for the ANPJ-Il. The
temperature T, rises of Teflon and cathode in Air and Nitrogen gases at different operation times
of ANPJ-II device (Tat different operation times ~ Tbefore operation, t:O) are shown in Figure 13 and Figure 14
respectively. The temperatures rise of Ceramic and cathode at different operation times of
ANPJ-1I device in Air and Nitrogen (T 4 diferent operation times = 1 before operation,=0) @reé shown in Figure 15
and Figure 16 respectively.
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Figure 13 indicates that the 25 min Air operation time rises the temperature of Teflon
insulator material and cathode by 22 °C and 42 °C respectively. Figure 14 clears that the 25 min
Nitrogen operation time rises the temperature of insulator and cathode by 15 °C and 28 °C
respectively. While for Ceramic insulator material, Figure 15 and 16 verify that the 25 min Air
and Nitrogen operation time rise the temperature of insulator and cathode by 15 °C, 30 °C and
13.4 °C, 15.3 °C respectively. This may be related to the fact that Nitrogen gas acts as a coolant
[16, 17]. These results are summarized in Table 1.

Table 1. Temperature rises of the two insulators for the two gases
Insulator Air % of ambient temp.  Nitrogen % of ambient temp.
Ceramic  15°C 48.39 % 13.4°C 47.35 %

Teflon 22°C 115.79 % 15 °C 78.95 %

4. Conclusion

Measurements of insulator nozzle area or ratio between erosion nozzle area and its
original area for three different insulators, at different operation times of our device ANPJ-II for
Nitrogen gas or compressed Air, confirmed that for Nitrogen gas, the Ceramic insulator with
thickness of 2 mm has a smaller erosion nozzle area than the other two Teflon insulators with
thicknesses of 1.5 and 2 mm respectively for the same operation time and discharge conditions
which means that if the Teflon insulator has to be replaced after T time, the Ceramic insulator
shall be replaced after 10*T when using compressed Air and 21*T when using Nitrogen gas.
Results of cathode and the three insulators temperature as a function of operation time
concluded that the temperature rises for the cathode or the insulators during the device
operation time of Air is higher than that of Nitrogen gas. Also, the operation time of our device
has a less effect on Ceramic temperature than that of Teflon material for compressed Air and
Nitrogen gas. This may be related to the fact that Nitrogen gas acts as a coolant. The ANPJ-II
device operation is found to be best optimized for Nitrogen gas and Ceramic insulator.
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