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The gas insulated switchgears are widely used in high voltage substation due
to their advantages, such as smaller space requirement, less frequent requirement for
maintenance, high operational reliability and safety. The failures in gas insulated
switchgears due to the contamination of conducting particles are critical. This thesis
studied the experiments on the lifting electric field of spherical particles under different
gas types and pressures between parallel electrodes. The electrode gap was 10 mm. The
various materials and sizes of spherical particles were used. The particle radius was 0.4,
0.68 and 1.19 mm for aluminum, 0. 5 mm for steel, and 1 mm for stainless steel spheres.
We carried out the experiments under pressures of 0.5, 0.75, 1, 2 and 3 bar for the air,
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CHAPTER 1
INTRODUCTION

1.1 Overview of gas insulated systems

Nowadays, the population and industrial sectors are growing significantly. As a
consequence, the demand for electric power is increasing. High voltage substations
increase significantly to meet the power demand. Normally, there are many types of
insulation systems used in substations including air and gas insulated systems. The air
insulated systems are low cost, but need large area to accommodate required dielectric
strength. Therefore, they are inappropriate for areas of the dense population,
particularly large cities due to valuable space. Hence, the gas insulated systems are a
possible alternative for the urban areas due to their advantages over the air insulated
systems [1, 2], such as smaller space requirement, no effect of environmental condition
on the insulation system, less frequent requirement for maintenance, high operational
reliability and safety. The gas insulated systems include gas insulated switchgears
(GIS), gas insulated transmission lines and gas insulated transformers.

GIS are one of the most important apparatus in high voltage substations. The
sulfur hexafluoride (SFe) is the typical gas in GIS due to the high insulation strength.
The functional elements of GIS are the same as air insulated switchgear. The main
structures of GIS are high voltage conductor, metal enclosure and gas insulation [3].
The gas inside of a GIS has a pressure in a range between 3 and 7 bar [2] because the
dielectric strength of gas depends on the gas density and increases by using higher
pressure [4]. Therefore, the pressure inside of the GIS is a major factor for yielding
sufficient dielectric strength, which increases operation reliability, safety and space
reduction.

It is well known that one of the major failure causes of GIS is the existence of
free particles in the gas. They possibly cause corona discharge and complete breakdown
in the insulation systems [5, 6]. The degree of severity depends on a variety of factors
such as particle shape, size, material, level of the applied electric field and gas pressure.
The most likely causes of particle contamination are the fabrication, assembly, or

maintenance processes as well as the switching operation. In practical systems, it is



very difficult to avoid free particle contamination in the GIS. The sizes of particles in
actual GIS are mostly smaller than 0.5 mm [7]. However, sometimes particles larger
than 1 mm are also found. The particles have the difference in the geometrical shape
and material, and can be classified as conductor and dielectric ones. The movement of
conducting particles is much simpler than that of dielectric ones. The particles can move
freely within the GIS under high electric field [8]. Their motion can reduce the
insulating capability of the gas insulated system, making the loss of gas dielectric
strength in GIS due to the particle contamination more serious [9].

This thesis studies the liftoff of conducting particle under different gas
pressures. The main objective of the study is to clarify the effect of the gas pressure on
the critical field for the liftoff in relation with the particle size and materials involved.

1.2 Literature review

Previously, there are several studies on the movement behavior of the particles
in the insulation system and on the fundamentals of particle deactivation.

K. Sakai et. al. studied the conducting particle motion and particle-initiated
breakdown in non-uniform electric field [10]. The stainless steel sphere and aluminum
needle-shaped particles were used. The radius of spherical particle was 1 mm. The
diameter of needle-shaped particle was 1 mm and the length was 3 mm. The motion of
the spherical particle was estimated by experiments and by solving the motion equation
numerically. The experiments were conducted in atmospheric air. The non-parallel
electrode plates were used. The experiments and estimations showed that the initial
particle motion was strongly influenced by the electric field condition around the
particle. The particle moved to the higher electric field region by effect of the electrical
gradient force and Coulomb force. The particle in the higher electric field region caused
the breakdown of the gap. It was found that the breakdown voltage of the gap was
decreased by the effect of the microdischarges between the particle and electrode.

K. Sakai et. al. studied the spherical conducting particle behavior between non-
parallel plane electrodes in atmospheric air [11]. The angle between the planes was 3.5°.
The particle behavior was investigated theoretically and experimentally under AC
voltage with various frequencies. Stainless steel spherical particles were used. The

radius of the particles was 0.25, 0.5 and 1 mm. The results of study showed that the



particles moved along the grounded electrode toward the higher electric field region by
the action of the electrical gradient force and then lifted from the electrode.

K. Sakai et. al. studied the motion of wire particle in non-uniform electric field
[12]. Experiments were used to investigate the particle behavior between the non-
parallel plane electrodes. The angle between the planes was 3.5°. The DC positive or
negative voltage was applied to the electrode system. The diameter of aluminum wire
particle was 0.25 mm and the length was 3 mm. The results showed that when corona
discharge was maintained at the end of the wire particle, the particle tended to stand on
a negatively charged electrode. The particle moved laterally toward decreasing
electrode gap regions by the electrical gradient force. The particle-triggered breakdown
occurred at high field regions.

K. Sakai et. al. studied the wire particle behavior in the non-uniform AC electric
field [8]. The experiments were conducted in atmospheric air. The non-parallel plane
electrode system was used. The diameter of stainless steel and aluminum wire particles
was 0.5 mm and the length was 2 mm. The results showed that the particles traveled
into the high electric field regions regardless of the corona discharge. When
microdischarges occurred between the particles and electrode, the particle-triggered
breakdown voltage decreased.

K. Sakai et. al. investigated the free conducting particle behavior and particle
charging on a coated electrode in non-uniform DC and AC electric fields [13]. The
experiments were mainly carried out by using non-parallel plane electrode system. The
grounded electrode was covered with a dielectric of 50 um thickness. The applied
voltage was positive DC, negative DC or 60 Hz AC. The stainless steel sphere of 1 mm
radius was used. The results of the study showed that the particle can be charged
through partial discharges between the particle and coating. In addition, the particle
moved laterally on the coated electrode toward increasing electric field regions by the
action of the electrical gradient force, which was independent of the charge on the
particle.

N. Phansiri et. al. studied the electromechanics of a conducting particle under
non-uniform electric field [14]. The objective was to investigate the feasibility of
particle manipulation by the dielectrophoretic (DEP) force for insulation systems. The

experimental results were compared with the simulation results. The non-parallel plate



electrodes with the tilt angle of 3° and 15° were used. The lower electrode was
grounded, and the high voltage was applied to the upper electrode. The aluminum and
stainless steel spheres of 0.4 mm radius were placed on the grounded electrode. For the
experiments, the grounded electrode was coated by dielectric layers of 1 mm thickness.
The results showed that the particle was moved to the higher field region by the DEP
force and immobilized at the termination of the dielectric layers. In the cases of the
particle behavior without dielectric coating, the particle moved to the region of lower
electric field, and the lateral displacement increased with the tilt angle between the
electrodes.

V. Q. Huynh studied the movement of the non-spherical particles under electric
field in dielectric system [7]. He carried out analytical and experimental studies on the
electromechanics of non-spherical particles under electric field. Two parallel electrodes
were used. The gap between the electrodes was 9, 10 and 18 mm. The experiments were
conducted mostly in atmospheric air. In some case, the pressure was 2 bar. The
aluminum prolate spheroidal and wire particles with different ending profiles were
used. The length of the prolate spheroidal particles was 4 mm and minor axes were 1
and 2 mm for the small and large particles, respectively. The diameter of the wire
particle was 0.5 mm and the length was 2 and 4 mm. The results showed that the lifting
electric field and movement of particle did not only depend on the electrode gap and
particle size for the spheroidal particle because most of the particle movements were
moved initially at the end and then lifted from the lower electrode. On the cases of wire
particles, the lifting electric field was depended on the ending profile and orientation of
the particles on the grounded electrode. The particle movement was moved initially at
end of stronger field.

H. Parekh et. al. studied the lifting field of free conducting particles in
compressed SFe gas with dielectric coated electrodes [15]. The objective was to
investigate the physical mechanisms responsible for the acquisition of charge by the
particles. The theoretically calculated results were compared to experimental results.
The experiments were done under the uniform electric field in the SFes gas at pressures
up to 6.8 bar. The aluminum electrode gap was 1.5 cm. The lower electrode was coated
by dielectrics. The thickness of the dielectric coating was varied from 5 to 115 pum. The

spherical particles of copper and steel were used. The diameters of the spherical



particles were varied from 1 mm to 3 mm. A computer program was used to calculate
the electric field in the vicinity of the particle. The results of the study showed that the
partial discharges between particle and dielectric coated electrode took place at
sufficiently high values of electric field. At higher gas pressures, higher electric fields
were necessary for the partial discharges to take place. A particle also acquired charges
from a conductive charge transport through the dielectric coating. Charging particle
through dielectric material was clearly independent of the pressure of the gas.

The aforementioned research works show that the only the effects of
electrostatic and gravitational force on particle motion are usually considered in the
analysis. The effects of polarity voltage and particle sizes for case of varied pressures
have not been presented. Gas pressure may be an additional factor affecting the motion
inception of particles. Therefore, this thesis studies the effects of gas pressure on the
liftoff of conducting particle in the uniform DC electric field under air and SFe gas
pressure. The experiments and analysis will be used to find the lifting electric field of
the liftoff of particles. The effect of pressure can be analyzed from consideration of the
lifting electric field. In order to generalize our findings, different sizes and particle
materials are used. In addition, this work also varies the gas medium.

1.3 Objectives of dissertation

1 To study experimentally the lifting electric field of the conducting particles
2 To analyze the effects of voltage polarity, particle size and gas pressure on the
liftoff of the conducting particles

1.4 Expected results

The effects on conducting spherical particle liftoff are expected to be clarified
from the study. The results of this work can be useful for particle deactivation in
practice where pressurized conditions of gas media are typical.

1.5 Scope of dissertation

5.1 Study in the uniform electric field under DC voltage
5.2 Consider only conducting spherical particle
5.3 The gaseous media are the air and gas mixture of air and SFe or air and N.. The

proportions of gas mixture are 1:1.



CHAPTER 2
THEORETICAL BACKGROUND

2.1 Liftoff of spherical particle

Consider an electrode system of two parallel plates, as shown in Figure 2.1. The
electric field is uniform. The lower electrode is grounded. The upper electrode is
connected to a DC high voltage. A conducting particle is on the ground electrode under
electric field Eo. The particle can be lifted from ground electrode when the electrostatic
force Fe overcomes the particle weight W, pressure force and adhesion force Faq. For
the parallel electrodes, the particle moves vertically between lower and upper

electrodes. When the particle touches an electrode, a charge transfer takes place.

C High voltage electrode )

A

S,
/
@round electrode ) *

L\ AW

Figure 2. 1. Particle lying in the parallel-plate electrode system.

2.1.1 Induced charge

Consider a conducting spherical particle of radius R placed on the ground
electrode under electric field Eo. It will acquire a charge Q given by [7]

Q =§ﬂ35ER2EO (2.1)

where g is the permittivity of the medium. ez = &, (8.854x1072 F/m) for the air and
other gases.

2.1.2 Electrostatic force on particle

The electrostatic force Fe on the charge Q in a uniform electric field Eo can be
determined as [14]
F., = 0.832QE, (2.2)



The surface area of sphere isS = 47R*. The induced charge can be written as
Q =1.645¢.SE, (2.3)

and
F, =1.369¢ SE¢ (2.4)
2.1.3 Particle weight

Particle weight is a function of the material and volume of the particle. The
weight of a spherical particle is

w =§7zR3pg (2.5)

where p is the mass density of the particle and g is the gravitational acceleration.
2.1.4 Lifting electric field

For the configuration of a spherical particle on a grounded plane in Figure 2.1,

the lifting electric field EL of this electrode system can be determined from equations

(2.4) and (2.5).
E = |— IR 519x10° /R (2.6)
3x1.369¢,

For the gap d, the lifting voltage V. is
Vo = (2.7
The lifting electric field EL varies linearly with the square root of mass density
and radius of the particles. This thesis considers the aluminum, steel and stainless steel
sphere, which have mass density about 2700, 7725 and 8006 kg/m?, respectively. Figure
2.2 shows the lifting electric field EL as a function of particle radius R for the
calculation. The graph shows that E_ increases with the particle radius R. E. of the
aluminum particle is smaller than that of steel and stainless steel particles according to

the densities these materials.
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Figure 2. 2. Lifting electric field as a function of particle radius.

2.2 Adhesion between particle and plate electrode
Consider a conducting spherical particle on the conducting plate electrode as

shown in Figure 2.3. The contact of particle and plate electrode causes the adhesion

force F,q , which includes the Van der Waal ., , capillary F_,, and surface roughness

force F Therefore, the adhesion force can be written as

roug"

Fad = FVdW+ F + Fcap (28)

roug

Particle

R

Plate electrode

Figure 2. 3. Particle lying on plate electrode.

The Van der Waal force F 4, depends on the particle size and material type of

particle and electrode, which is around 85+25 nN for the metals particle of 2 £0.5 um

radius [16]. The capillary force F_, is from the capillary condensation of water at the

cap
contact region, which depends on the humidity. The capillary force has small when the

humidity is around 50% and become more prominent at over 70% for the particles of 9



-11 um diameter [17]. For the surface roughness forces F this thesis considers a

roug’
smooth spherical particle of radius R on the ground electrode with surface roughness as
shown in Figure 2.4. The surface roughness forces is increased with increasing particle
sizes or reduced with increasing size of asperity. For the size of particle similar or
smaller than the asperity (r) of plate electrode, the force increases with surface
roughness [18].

[Surface roughness ~

Plate electrode

(a) Particle contact with surface roughness (b) Contact point

Figure 2. 4. Smooth particle lying on the surface roughness with ground electrode.

2.3 Gas density

In this thesis, the gas density is varied by using a mixture of air and SFs or N2
in the chamber. The ideal gas law can be used to calculated gas density.
pV =nR,T (2.9)
where p is pressure (bar), V is volume (m®). n is number of moles, Ry is universal gas
constant (0.0821 L.atm/mol.K) and T is temperature (K).
The density D is the mass m of the gas per unit volume.

D= g - % (2.10)
where M is molar mass.

This thesis uses a mixture of air and SFs (air/SFs mixture) or N2 (air/N2 mixture)
with a molar proportion to 1:1. The molar mass of air, N2and SFesis 28.964, 28.013 and
146.06 g/mol, respectively. Therefore, the density of air/SFe mixture for 1 bar gas
pressure is approximate to the air and air/N2 mixture at 3 bar pressure as shown in Table

2.1.



Table 2. 1. Density of air and gas mixture at 30°C

p Density (kg/m?)

(bar) air air/N; air/SFe
1 1.160 1.144 3.515
3 3.462 3.403 10.455

10
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CHAPTER 3
EXPERIMENTS

3.1 Experimental setup

The schematic diagram of the experimental setup is shown in Figure 3.1. The
main components were a DC high voltage source, a measurement equipment, a chamber
and an electrode system. The DC high voltage was generated from 220V 50 Hz AC
voltage by using a test transformer (220 V/100 kV, 5 kVA) and a two-step full-wave
rectifier circuit. The voltage was applied to the electrode system through a 13.9 MQ
current limiting resister. For experiments under gas pressure, the electrodes were
installed in a chamber, as shown in Figure 3.2. The pressure in the chamber was set to
1, 2 or 3 bar. A resistive voltage divider and a multi voltage meter (FLUKE 278 TRUE
RMS) were used to measure the applied voltage. Calibration was carried out for the

divider on the range of voltage used in the experiments.
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(b) Images of DC high voltage source

Figure 3. 1. Experimental setup.
3.1.1 Chamber

All experiments were done in a test chamber. Figure 3.2(a) shows the schematic
diagram of the test chamber used for experiments under the different gas pressures.
Figures 3.2(b) and 3.2(c) show the image of the test chamber and arrangement inside
the chamber. The chamber was made from steel. It can withstand absolute pressure
higher than 3 bar, and had two windows at the same height but separated by 90° for
illumination and for observation. The lower electrode was placed on the xyz-axis stage,
which was set on the floor of the chamber. The upper electrode was attached to the
chamber cover. The inlet/outlet of air and the compound gauge (as shown in Figure
3.2(d)) were installed.
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(a) Schematic diagram of test chamber

Lower electrode

(c) Arrangement inside the chamber (d) Compound gauge
Figure 3. 2. Test chamber for experiments in pressurized conditions.

3.1.2 Electrode system

The electrode system consisted of two parallel discs made of stainless steel, as
shown in Figure 3.3. An aluminum disc of the same dimensions was used as the lower
electrode for some cases. The electrodes had 20 mm radius and 15 mm thickness for
both material types. Their edges were curved to prevent excessively high electric field.
The upper electrode was connected to the applied voltage. The lower electrode one was

grounded. The electrode gap was set to 10 mm for all the experiments.
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Figure 3. 3. Parallel electrode system.

3.1.3 Particles

The particle samples were made from various materials such as aluminum,
stainless steel and steel. The mass density and radius of the particle are summarized in
Table 3.1. Three samples were used for each material and size of particle. All particles
were cleaned by the acetone and using an ultrasonic cleaner, and then dried by oven

with 60°C before use. The smooth surface of the particles is shown in Figure 3.4.

Table 3. 1. Details of the conducting spherical particles.

) Radius Density
No Materials
(mm) (kg/m?)
1 aluminum 0.4,0.6,1.19 2700
2 steel 0.5 7725
3 stainless steel 1 8006
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(@) R=0.4 mm (b) R=0.68 mm (c) R=1.19 mm
(aluminum) (aluminum) (@aluminum)

(e) R=0.5 mm (9) R=1 mm
(steel) (stainless steel)

Figure 3. 4. Images of conducting spherical particles.

3.1.4 Gas medium

According to the experiments with the particle liftoff under pressure, the gas
medium was the air and gas mixture of air and SFs or N2. The air was fed into the
chamber by using a compressor pump. The humidity of the air varies with experiments.
The maximal humidity of air was limited to 60% for all the experiments. The purity of
SFe and N2 was 99.9 and 99.995%, respectively. The molar proportion of gas mixtures
is 1:1. Therefore, the absolute humidity of gas mixture is reduced by 50% than that of
air.

3.2 Calibration of voltage divider

In order to increase the accuracy of experimental results, the DC voltage divider
was calibrated. A high voltage probe (Tektronix P6015A) and Oscilloscope (Tektronix
TBS 1022) were used to measure the high voltage side of the divider. A multimeter
(FLUKE 287 TRUE RMS) measure the low voltage, as shown in Figure 3.5. The
applied voltage was increased by step voltage about 1 kV, from 1 kV to 20kV at high
voltage side. The calibration was done at 65% RH and 31°C. As the divider ratios are
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practically independent of polarity, the calibration curve (from polarity voltage) in

Figure 3.6 is used.

High Voltage (kV)

[ N e e T = T~ S = CRE N1
O kL N W DM U1 O N 0 © O B

o P N W b~ O O N 00 ©
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2 Stage £
rectifier

— Voltage
divider

Voltage
mete@g

High Voltage
Probe

HV transformer
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|
Il

Figure 3. 5. Calibration setup of DC voltage divider.

+ Measured

y =1.1705x + 0.117

2 3 4 5 6 7 8 9
Low Voltage (V)

10

11 12 13 14 15 16 17 18

Figure 3. 6. Relation between high voltage and low voltage of DC voltage divider.
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3.3 Experimental procedure and condition

In the experiments, a particle was placed on lower (ground) electrode. A DC
positive or negative voltage was applied to the upper electrode. The applied voltage
was increased gradually with a step of about 0.06 kV until the particle lifted from lower
electrode. The experiments were repeated 10 times on each particle for an applied
voltage polarity (That is, 30 times for a combination of particle size, gas pressure and

voltage polarity). All experimental conditions of this thesis are listed in Table 3.2.

Table 3. 2. Experimental conditions of each particle.

Materials Radius of Pressures (bar)
Gas Ground particles
Particle 055 [0.75 |1 2 3
electrode (mm)
0.4 X X o o o
air stainless steel | aluminum 0.68 o o o o o
1.19 o o o o o
0.4 X X o X o
air/SFe | stainless steel | aluminum 0.68 X X o X o
1.19 X X o X o
04 X X o X o
air/N; | stainless steel | aluminum 0.68 X X o X o
1.19 X X o X o
stainless steel | stainless steel 1 X x o o
air aluminum aluminum 0.4 X X o) X
aluminum steel 0.5 X X o o
O: Tested

X: Untested




18

CHAPTER 4
RESULTS AND DISCUSSION

4.1 Liftoff under different gas pressures
4.1.1 In air

Experiments on the particle liftoff in the air were done with aluminum, stainless
steel and steel spheres. The upper and lower electrodes were stainless steel, as shown
in Table 3.2. The experimental results are explained as follows.

4.1.1.1 Aluminum particle

For aluminum particle liftoff in the air, the pressure of air is varied between 0.55
to 3 bar. Three sizes (R=0.4, 0.68 and 1.19 mm) of aluminum particles are used. Figure
4.1 shows the cumulative distribution of particle liftoff. The distribution includes results
from both polarities. The effect of gas pressure can be seen from the figures. The lifting
electric field EL increases with increasing pressures p for each particle size. However,
the variation of the minimal E_ is smaller than that of the maximal EL for 0.4 mm
particle in Figure 4.1(a) and for the 0.68 mm particle under 2 and 3 bar pressure in
Figure 4.1(b). On the other hand, both minimal and maximal E_ increase with p
approximately by the same extent for the 1.19 mm particle in Figure 4.1(c). In addition,
the lifting electric field EL in Figure 4.1 is increased with particle radius R for each

pressure.



19

100
80
S
2,60 -
;?U
'§ 40 —=a— 1 bar, air
a 2b .
R - B
20 ar, air
—o— 3 bar, air
0 1 1
5 6 7 8 9 10
E, (kV/cm)
(@ R=0.4mm
100
80
s
.60
E
S0 | _
o —=a— 1 bar, air
[a
20 t —e— 2 bar, air
—e— 3 bar, air
O 1 1 1
7 8 9 10 11 12
E, (kV/cm)
(b) R=0.68 mm
100
80
S
:;,60 -
;:S
‘§ 40 r —=— 1 bar, air
a .
20 L —a— 2 bar, air
—o— 3 bar, air
0 1 1
9 10 11 12 13 14
E, (kV/cm)
(c) R=1.19mm

Figure 4. 1. Cumulative distribution of liftoff of aluminum particles as a function of
electric field.
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4.1.1.2 Steel and Stainless steel particles

For steel and stainless steel particle liftoff in the air, the pressure of air is varied
from 1 to 3 bar. The radius of steel particle was 0.5 mm and stainless steel was 1 mm.
Figure 4.2 shows the cumulative distribution of particle liftoff as function of electric
field. It can be clear that the effect of gas pressure has the same tendency as the case of

aluminum particles. The lifting electric field EL is increased with the pressures for each

particle size.
100
80 |
S
60
E
S a0 t .
o —=a— 1 bar, air
a
20 —a— 2 bar, air
—e— 3 bar, air
O 1 1
10 11 12 13 14 15
E, (kV/cm)
(@) R=0.5 mm (steel)
100
80 |
s
g 60
%
S 40 t
g —=— 1 bar, air
20 —a— 2 bar, air
£ g —e— 3 Dar, air
0 1 1 1 1
14 15 16 17 18 19

E, (kV/cm)
(b) R=1 mm (stainless steel)

Figure 4. 2. Cumulative distribution of liftoff of steel and stainless steel particles as
function of electric field.
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4.1.1.3 Force difference

Figure 4.3 shows the variation of AF with zpR?of all particle sizes and pressure
values for particle liftoff in the air. AF is the difference between the electrostatic force

F. and particle weigh W, which can be calculated by

AF =F, -W (4.1)

Overall, AF increases with the zpR? approximately by a linear relationship for
all sizes and materials of particle, as shown in Figure 4.3. This implies that the
contribution from pressure p on the surface force varies with the contact area, which

depends on the particle surface area.
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Figure 4. 3. Variation of AF with zpR?of particles and pressures for in the air.
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4.1.2 Different gas media

We carried out experiments on the liftoff of aluminum particle in the mixture of
air and SFs (air/SFe), and air and N2 (air/N2). The pressure was 1 and 3 bar. The three
sizes (R=0.4, 0.68 and 1.19 mm) of the aluminum particles were used. The proportion
of gas mixture was 1:1, as explained in section 3.1.4.

Figure 4.4 shows the cumulative distribution of particle liftoff in the air/SFs
mixture and air/N2 mixture as a function of EL in comparison with the results in the air.
It is clear that the effect of gas pressure has the same tendency as that in the air. That
is, EL increases with the pressures for both gas media. The comparison shows that E.
in the air/SFs mixture is smaller than that in the air for all conditions. The difference
between E_ in the air and air/SFs media is smaller under 1 bar pressure than under 3 bar
for each particle size. In addition, the particle liftoff in the air/N> mixture shows the
same electric field values with that in the air for the cases of 0.4 and 0.68 mm particle
radius under 1 bar pressure as shown in Figures 4.4(a) and 4.4(b). On the other hand,
the 3 bar pressure shows that the lifting electric field EL in the air/N2 mixture has the
same values to the air/SFe mixture. Also the liftoff of big particle (R=1.19 mm) in
Figure 4.4(c), EL in the air/N2 mixture exhibits the same value to the air/SFe mixture
and is smaller than that in the air for each pressure. Most of the cases in Figure 4.4 show
that EL in the gas mixture is smaller than that in the air. The different E. between air
and gas mixtures is caused by the effect of humidity because the humidity of the gas
mixture is smaller than of the air as explained in section 3.1.4. The humidity makes the
capillary condensation of water at surface contact between particle and grounded

electrode. The capillary force increases the particle adhesion to the grounded electrode.
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Figure 4. 4. Comparison of the cumulative distribution of liftoff for aluminum particles
in the air, air/SFe and air/N> media.
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4.1.3. Discussion

The lifting electric field in the air/SFs and the air/N2 mixture was comparable to
each other in the Section 4.1.3. This section considers the particle liftoff in the air and
in the air/SFe mixture. The average lifting electric field of the aluminum particle liftoff
is shown in Figure 4.5. The average values are taken from the results of both polarities.
The analytical liftoff electric field is also given in the figure for comparison. The
measurement results in the figure show the same tendency as analytical E.. All
measured values are higher than the analytical one. This indicates the effect of the
adhesion force between particle and ground electrode. The total adhesion force is the
summation of van der Waals, capillary and surface roughness forces. They depend on

the contact condition and play a role on the particle liftoff.
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2° Se b .
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= —=a— 1 bar, air < )
ut? T — o 2bar, air e —o— 3 bar, air/SF6
2 L —e—3bar,air | | e analytical
--------- analytical 2r
0 1 1 1 0 )
0.4 0.6 0.8 1 1.2 04 06 08 12
R (mm) R (mm)
(@) inair (b) in air/SFe mixture

Figure 4. 5. Average lifting electric field E. as a function of particle radius R.

The difference between E_ from the experiments in comparison with the
analytical one is presented in Figure 4.6. Note that
E ..—E
AE, (%) = 22 —tA% %100 4.2)
L,ANA
where the subscripts EXP and ANA denote the field from the experiments and analysis,
respectively.
It can be seen from Figure 4.6 that AE decreases nonlinearly with particle radius

R. The effect of R on E. reduces with increasing the particle sizes.
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Figure 4. 6. AE_ as function of R.

Figure 4.7 shows the force difference AF as function of 7zpR?for aluminum
particle liftoff in the air and in the air/SFe mixture. AF for the particle liftoff in the air
is explained in section 4.1.1.3. We can be seen from this figure that AF for the particle
liftoff in the air/SFs mixture is the same tendency as that in the air. AF also increases
with zpR?*approximately by a linear relationship. However, AF of particle liftoff in the

air/SFs mixture exhibits smaller than that in the air.
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Figure 4. 7. Variation of AF with 7zpR?of particles and pressures. The symbols A, O

and o denote the cases of 0.4, 0.68 and 1.19 mm radius, respectively.

4.2 Voltage polarity

The experiments are carried out by applying DC positive and negative voltage

to the upper electrode. The particle on the grounded electrode is negatively charged by
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positive voltage application and vice versa. In this section, we consider the effects of
applied voltage polarities on particle liftoff in the air and gas mixtures. The aluminum

grounded electrode is used for some experiments.

421 Inair

The cumulative distribution of particle liftoff as a function of electric field is
shown for each voltage polarity in Figure 4.8. The solid and dashed lines are the positive
and negative voltage application, respectively. Figures 4.8(a) and 4.8(b) show that the
effect of voltage polarity is small for the particle radius of 0.68 and 1.19 mm under 1
or 2 bar pressure although the particles tended to lift at slightly higher electric field for
the positive voltage. On the other hand, the smallest particle (R = 0.4 mm) exhibits
noticeable dependency of the liftoff on the voltage polarity under all pressure values.
In particular, the cases of 3 bar pressure shown that the effect of the applied voltage
becomes more clearly in Figure 4.8(c) for all particle sizes. It can be also seen from
Figure 4.8 that for most cases where the polarity effect is noticeable, the particles

exhibits larger difference in the maximal lifting field than in the minimal field.
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Figure 4. 8. Cumulative distribution of particle liftoff in the air for each applied voltage

polarity. The symbols A, 0 and o denote the cases of 0.4, 0.68 and 1.19 mm radius,

respectively.
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Figure 4.9 summarizes the average values of the lifting electric field E. for cases
of 3 bar pressure. The standard deviation of the measured data is also given on the
graph. The graph illustrates the average values of the lifting electric field E_ for
comparison between positive and negative polarity. We can see small but consistent
effect of voltage polarity for all the particle sizes. Even though the distributions in
Figure 4.9 are quite different between the polarities. The average E. differs around 2.85,
4.14 and 2.29% for the cases of 0.4, 0.68 and 1.19 mm radius, respectively. On the other
hand the maximal E_ in Figure. 4.8(c) differs around 16, 6.91 and 6.37% for the

corresponding cases.
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Figure 4. 9. Average E. in the air under 3 bar pressure for aluminum particle and

stainless steel electrode.

4.2.2 In gas mixtures

This section explains the particle liftoff under 1 and 3 bar pressure in the air/SFe
mixture, and air/N2 mixture. The cumulative distribution of particle liftoff as a function
of electric field for each voltage polarity is shown in Figures 4.10 and 4.11 for cases of
air/SFe and air/N2, respectively. We can see from the figure that the liftoff of particles
still have the effect of voltage polarity. The lifting electric field for positive voltage
application is slightly higher than negative polarity. The tendency observed for all
particle sizes, pressures and gas media. However, the effect of voltage polaity is

significantly reduced for gas mixtures.
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Figure 4. 11. Cumulative distribution of particle liftoff in the air/N2 mixture for each
voltage polarity as a function of electric field. The symbols A, o0 and o are the same as

those in Figure 4.8.

4.2.3 Different materials

The effect of voltage polarity on the particle liftoff may be caused by material
types of particle and electrode which have different work functions. To clarify the
different lifting electric field between polarities of the particle in the experiments, the
variation of material types for the particle and ground electrode are used. The materials
of particle and electrode are shown in Table 4.1.
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Table 4. 1. Materials of particles and grounded electrode.

Electrode Particle Radlu?rﬁl;np;artlcle

aluminum aluminum 0.4
stainless steel | stainless steel 1

aluminum steel 0.5

The cumulative distribution of particle liftoff as a function of electric field when
the particle and electrode are of the same material is shown in Figure 4.12. As is
illustrated by the graph, the effect of voltage polarity is very small for the aluminum
particle and electrode in Figure 4.12(a). For the stainless steel particle and grounded
electrode in Figure 4.12(b), the particles tended to lift at the similar electric field values
of both voltage polarities for 1 bar pressure. The liftoff under 3 bar pressure exhibits
the small dependency on the voltage polarity.

For the case in which the particle and electrode materials are reversed from
those in previous sections in Figure 4.12, the lifting electric field of positive voltage is
smaller than negative polarity for each pressure. Therefore, the aforementioned results

indicate strong dependency of the polarity effect on the materials involved.
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Figure 4. 12. Cumulative distribution of particle liftoff as a function of electric field for
the similar particle and electrode material.
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34

CHAPTER 5
CONCLUSIONS

This work studies experimentally the liftoff of conducting spherical particles in
a uniform electric field under different gas media and pressures. The pressure of air,
air/SFe mixture and air/N2 mixture is used, where the proportional of gas mixture is 1:1.
The conducting spherical particles are aluminum, stainless steel and steel spheres. The
particle sizes and varied pressures are explained in Table 3.2. The effects of gas pressure
are clearly observed from our results, which can be summarized as follows.

For the particle liftoff in the air, the lifting electric field increases significantly

with increasing gas pressures for each material and size of particle. The difference
between electrostatic force and particle weigh increases with zpR?approximately by a

linearly relationship for aluminum, stainless steel and steel particles. This is the
contribution from pressure on the surface force varies with the contact area, which
depends on the particle surface area.

For the particle liftoff in the different gas medium, the lifting electric field also
increases with increasing pressures and particle sizes for all gas medium. The lifting
electric field in the air/SFs mixture and air/N2 mixture is smaller than that in the air due
to the reduced capillary force at surface contact between particle and grounded
electrode. The difference between lifting electric field in the air and gas mixture is

smaller under 1 bar pressure than 3 bar for each particle size. The difference between
electrostatic force and particle weigh also increases with zpR*approximately by a

linearly relationship for all gas media. The force difference of gas mixtures is smaller
than the air for all particle sizes and pressures.

In addition, the average lifting electric field of measurement results are higher
than the analytical values for all gas media. That is caused by the effect of the adhesion
force, which depends on the contact condition. The difference between lifting electric
field from the experiments and analytical is decreased nonlinearly with particle radius.

For the voltage polarity, the effects of voltage polarity are clearly observed in
the air under 3 bar pressure for all particle sizes, where the lifting electric field of

positive voltage is higher than that of negative voltage application. Under 1 or 2 bar
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pressure, only the cases of 0.4 mm particle radius shows the obvious effect of voltage
polarity but not significantly reduced in the cases of 0.68 and 1.19 mm particle radius.
In the air/SFs mixture and air/N2 mixture, the particle liftoff shows the small effects of
voltage polarity for all particle sizes and gas pressures. The lifting electric field for

positive voltage application slightly higher than negative polarity.
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APPENDIX

APPENDIX A: The raw data of experimental results for particle liftoff in the air.

Table A 1. The aluminum particle of 0.4 mm radius liftoff under 1, 2 and 3 bar pressure

for the stainless steel ground electrode.

(@) p =1 bar
NG EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 6.16 6.27 6.66 6.36 5.79 6.60
2 6.22 6.77 6.07 6.21 6.32 5.90
3 6.96 6.40 6.75 6.62 5.73 5.89
4 6.12 6.31 6.74 6.42 6.04 6.21
5 6.63 6.29 5.91 5.98 6.61 6.27
6 5.91 6.82 5.92 6.07 5.76 5.89
7 6.69 6.73 6.45 6.24 6.12 6.01
8 6.80 6.32 6.34 6.07 6.44 5.76
9 6.45 6.21 6.30 6.53 6.32 5.79
10 6.36 5.52 6.28 6.17 6.40 6.04

Average 6.43 6.36 6.34 6.27 6.15 6.03

(b) p =2 bar
NG EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 7.39 6.01 7.71 6.24 7.62 6.65
2 7.26 7.57 6.60 6.44 6.67 6.37
3 6.61 7.44 6.96 6.42 6.41 6.67
4 7.24 7.52 7.49 7.43 6.64 6.48
5 7.00 6.98 6.63 6.14 7.27 6.78
6 6.79 7.03 6.93 8.21 5.22 6.41
7 7.73 7.19 6.36 7.05 6.22 7.14
8 6.41 6.74 6.67 6.60 6.65 6.32
9 6.47 6.55 6.50 6.93 6.96 6.64
10 7.57 6.83 6.85 6.42 6.64 6.36

Average 7.05 6.99 6.87 6.79 6.63 6.58




39

(c) p=3bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3
1 7.91 9.51 7.30 7.69 7.53 6.64
2 7.49 7.38 6.79 1.27 7.12 7.50
3 8.01 7.78 8.53 8.19 6.55 7.60
4 9.08 7.68 6.94 6.63 6.64 7.54
5 6.64 6.57 7.37 7.33 7.27 6.38
6 6.69 7.83 6.93 7.34 7.40 7.14
7 8.48 6.64 7.09 7.01 7.84 6.48
8 7.10 6.84 6.67 7.43 7.42 6.57
9 6.63 6.49 6.64 6.82 6.96 6.97
10 6.55 6.54 7.06 6.64 6.64 6.53
Average 7.46 7.33 7.13 7.24 7.14 6.94

Table A 2. The aluminum particle of 0.68 mm radius liftoff under 0.55, 0.75, 1, 2 and

3 bar pressure for the stainless steel ground electrode.

(@) p=0.55 bar
NG EL of positive (kV/cm) E. of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3
1 7.67 7.62 7.42 7.44 7.41 7.46
2 7.71 7.42 7.61 7.27 7.37 7.66
3 7.47 7.42 7.06 7.57 7.15 7.19
4 7.56 7.51 7.23 1.47 7.22 7.14
5 7.30 7.13 751 7.20 7.37 7.30
6 7.29 741 7.61 7.30 7.28 7.57
7 7.16 7.40 7.40 7.70 7.42 7.19
8 7.34 7.20 7.30 7.12 7.18 7.32
9 7.35 7.54 7.25 7.29 7.69 7.15
10 7.75 7.77 7.44 7.46 7.21 7.34
Average 7.46 7.44 7.38 7.38 7.33 7.33




(b) p=0.75 bar
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No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3
1 7.47 7.62 7.39 7.23 7.44 7.83
2 1.75 7.32 7.46 7.26 7.64 7.22
3 7.46 7.21 7.51 7.61 7.12 7.30
4 8.10 7.50 7.30 7.14 7.50 1.47
5 7.12 7.19 7.60 7.87 7.51 7.07
6 7.10 7.34 7.34 7.32 7.57 7.43
7 7.39 7.61 7.33 7.03 7.69 7.61
8 7.57 7.54 7.49 7.28 7.57 7.25
9 7.43 7.35 7.48 7.43 7.19 7.36
10 7.50 7.34 7.53 7.35 7.37 7.57
Average 7.49 7.40 7.44 7.35 7.46 7.41
(c) p=1bar
No EL of positive (kV/cm) E. of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3
1 7.49 7.96 7.89 8.11 1.77 7.76
2 7.91 7.65 7.77 7.95 7.63 7.57
3 7.53 7.84 8.09 7.59 7.50 7.88
4 7.68 7.85 8.24 7.79 7.88 7.51
5 7.68 7.91 7.74 7.58 7.78 7.98
6 7.54 7.50 7.97 7.64 1.75 7.75
7 7.78 7.65 7.81 7.96 7.83 7.33
8 7.69 8.22 7.81 7.53 7.64 7.91
9 7.83 7.76 1.77 7.76 7.81 7.60
10 7.79 7.69 7.95 7.34 7.88 7.39
Average 7.69 7.80 7.90 7.73 1.75 7.67
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(d) p=2 bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 8.17 8.14 8.26 8.07 8.02 8.06
2 8.05 8.33 8.08 8.47 8.12 8.09
3 8.13 8.28 8.43 8.11 8.07 8.24
4 8.53 8.04 8.30 8.02 8.44 8.04
5 8.09 8.38 8.18 8.46 8.01 8.15
6 8.06 8.59 8.12 8.04 7.96 8.31
7 8.35 8.12 8.09 8.25 8.09 8.02
8 8.48 8.05 8.46 8.44 8.07 8.08
9 8.37 7.93 8.40 8.31 8.06 8.14
10 8.21 8.27 8.17 8.07 8.31 7.96

Average 8.24 8.21 8.25 8.22 8.11 8.11

(€) p=3bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 10.83 8.98 10.12 9.39 8.80 8.23
2 10.14 8.47 10.75 9.99 9.02 8.08
3 8.70 9.13 8.52 8.55 8.56 8.43
4 10.10 9.44 10.24 9.09 8.70 9.68
5 8.59 8.11 8.29 8.85 8.47 8.25
6 9.27 8.39 9.59 8.21 9.15 8.16
7 8.33 10.66 8.42 9.07 9.13 8.09
8 9.45 9.15 8.28 9.02 9.00 9.05
9 8.66 9.51 8.59 8.67 8.77 8.65
10 8.11 10.37 8.45 10.13 8.61 8.85

Average 9.22 9.22 9.12 9.10 8.82 8.55
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Table A 3. The aluminum particle of 1.19 mm radius liftoff under 0.55, 0.75, 1, 2 and

3 bar pressure for the stainless steel ground electrode.

(@) p=0.55 bar

No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 9.13 9.36 9.48 9.40 9.31 9.79

2 9.50 9.36 9.28 9.82 9.36 9.47

3 9.27 9.57 9.90 9.32 9.31 9.35

4 9.33 9.28 9.20 9.38 9.45 9.56

5 9.27 9.31 9.27 9.54 9.49 9.32

6 9.28 9.22 9.31 9.24 9.34 9.40

7 9.26 9.13 9.74 9.33 9.24 9.28

8 9.15 9.21 9.14 9.35 9.36 9.34

9 9.32 9.41 9.45 9.54 9.32 9.64

10 9.74 9.33 9.26 9.40 9.21 9.24

Average 9.33 9.32 9.40 9.43 9.34 9.44

(b) p=0.75 bar
NG EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 9.49 9.68 9.72 9.24 9.47 9.34

2 9.74 9.89 9.91 9.48 9.55 9.28

3 10.03 9.70 10.05 9.74 9.88 9.33

4 9.54 9.79 9.74 9.40 9.67 9.66

5 9.56 9.68 9.49 9.53 9.59 9.81

6 9.43 9.55 9.64 9.61 9.70 9.67

7 9.67 9.86 9.70 9.64 9.35 9.22

8 9.61 9.91 10.01 9.34 9.86 9.47

9 9.86 9.96 9.81 9.68 9.61 9.52

10 9.64 9.89 10.10 9.59 9.63 9.54

Average 9.66 9.79 9.82 9.52 9.63 9.48
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(c) p=1bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 9.79 9.83 10.07 9.82 10.28 9.73

2 9.97 9.72 9.83 10.01 9.95 9.56

3 9.87 9.54 9.96 9.57 9.84 9.97

4 10.31 9.73 9.65 9.63 9.96 9.70

5 9.91 9.54 9.83 9.81 9.58 10.09

6 9.71 9.95 9.88 10.02 9.87 9.92

7 9.98 9.70 9.87 9.83 9.87 9.84

8 9.81 10.08 9.72 9.79 9.69 9.58

9 9.96 10.11 10.08 9.71 9.56 9.95

10 9.94 9.73 10.11 9.99 9.97 9.71

Average 9.93 9.79 9.90 9.82 9.86 9.81

(d) p=2 bar
No EL of positive (kV/cm) E. of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 10.38 10.15 10.42 9.97 10.25 10.11

2 10.22 10.09 10.61 10.30 10.29 10.58

3 10.50 10.29 10.17 10.69 10.64 10.28

4 10.62 10.57 10.12 10.33 10.68 10.45

5 10.69 10.22 10.45 10.09 10.80 10.10

6 10.48 10.24 10.62 10.48 10.11 10.41

7 10.66 10.09 11.03 9.99 10.14 10.28

8 10.09 10.16 10.00 10.18 10.10 10.27

9 10.93 10.71 10.49 10.56 10.12 10.73

10 10.33 10.67 10.57 10.11 10.25 10.30

Average 10.49 10.32 10.45 10.27 10.34 10.35
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(e) p=3bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3
1 10.70 11.21 10.95 11.02 10.86 10.89
2 10.69 10.67 10.71 11.23 11.38 10.76
3 11.91 10.87 11.17 10.67 10.66 11.08
4 11.38 11.41 11.02 10.68 10.64 11.35
5 10.82 11.04 10.63 10.82 11.36 10.54
6 11.12 11.86 10.84 10.58 10.62 11.00
7 11.00 10.76 11.41 10.69 10.92 11.26
8 11.20 11.49 11.62 10.64 11.47 10.67
9 10.75 11.14 10.96 10.69 10.83 10.68
10 10.89 12.20 11.22 10.73 10.71 10.75
Average 11.05 11.27 11.06 10.77 10.94 10.90

Table A 4. The stainless steel particle of 1 mm radius liftoff under 1, 2 and 3 bar

pressure for the stainless steel ground electrode.

(@ p=1bar
NG EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3
1 14.85 15.75 15.13 15.36 15.22 15.13
2 15.24 14.91 15.87 14.96 15.02 15.11
3 15.15 14.81 15.04 15.38 15.42 15.08
4 15.20 15.52 15.15 15.29 14.96 15.01
5 15.05 14.96 15.47 15.19 15.12 15.42
6 15.24 14.90 15.12 15.12 15.24 15.50
7 14.97 15.09 15.22 15.30 15.22 15.18
8 15.36 14.82 14.92 15.20 15.10 15.26
9 15.09 15.01 14.81 15.12 15.10 14.90
10 15.06 14.98 15.10 15.05 15.09 15.19
Average 15.12 15.07 15.18 15.20 15.15 15.18
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(b) p=2bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 16.29 15.79 15.60 15.80 15.92 16.20

2 15.72 16.55 16.00 15.72 15.70 15.94

3 15.77 15.65 15.78 15.71 16.42 16.34

4 15.70 15.66 15.83 15.67 15.98 16.34

5 15.53 15.79 15.87 15.97 15.98 16.63

6 15.97 16.49 16.34 15.87 15.85 16.26

7 15.67 15.75 16.16 15.68 16.27 16.47

8 15.79 15.85 16.64 15.92 15.98 15.93

9 15.95 16.19 16.16 15.67 15.95 16.33

10 15.78 15.78 16.54 15.93 15.90 16.29

Average | 15.82 15.95 16.09 15.79 15.99 16.27

(c) p=3hbar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 18.06 17.12 16.59 16.38 16.64 16.31

2 17.84 16.35 18.27 16.78 16.75 16.48

3 16.40 16.78 16.35 16.67 16.53 16.84

4 16.88 17.43 16.39 16.69 16.75 16.70

5 15.99 16.09 17.04 17.67 16.36 17.08

6 16.43 17.36 16.06 17.03 16.43 17.11

7 16.84 16.48 16.74 17.65 18.03 16.77

8 17.58 16.70 17.31 17.04 18.11 16.55

9 17.23 18.17 16.60 16.71 16.61 16.61

10 17.18 16.61 18.10 16.39 16.64 16.35

Average | 17.04 16.91 16.94 16.90 16.89 16.68
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Table A 5. The aluminum particle of 0.4 mm radius liftoff under 1 and 3 bar pressure

for the aluminum ground electrode.

(@) p=1bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 6.20 6.02 6.04 6.17 6.24 6.33
2 6.80 6.12 5.86 6.61 5.89 6.51
3 6.67 6.04 6.52 6.03 5.96 5.92
4 6.54 5.90 6.38 6.20 6.54 6.06
5 6.54 6.61 6.22 6.54 6.41 6.55
6 6.06 6.23 6.04 6.48 6.20 6.86
7 6.72 6.43 6.02 6.05 6.19 6.25
8 5.99 6.39 6.50 6.31 6.73 6.61
9 6.26 6.52 6.25 6.73 6.29 6.34
10 6.13 6.52 6.03 5.99 6.15 6.60

Average 6.39 6.28 6.18 6.31 6.26 6.40

(b) p =3 bar
No EL of positive (kV/cm) EL of negative (k\V/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 7.26 6.62 6.70 6.65 7.28 7.07
2 6.59 6.81 6.48 7.03 6.61 7.16
3 7.95 6.94 6.61 7.37 7.94 7.22
4 6.95 7.21 6.81 7.51 6.72 7.60
5 7.12 6.66 6.80 6.54 8.22 6.65
6 6.52 7.40 6.98 6.47 6.92 6.80
7 6.78 7.26 7.18 6.81 6.72 6.82
8 6.81 7.01 6.66 6.78 6.87 7.99
9 6.79 6.50 6.93 6.52 7.41 6.66
10 7.66 8.36 8.13 7.06 7.01 6.77

Average 7.04 7.08 6.93 6.88 7.17 7.07
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Table A 6. The steel particle of 0.5 mm radius liftoff under 1, 2 and 3 bar pressure for

the aluminum ground electrode.

(@) p=1bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 11.12 10.86 11.23 11.89 11.12 10.93

2 10.73 11.18 12.04 11.20 12.03 11.72

3 11.11 11.10 11.05 11.32 11.10 11.18

4 11.06 10.71 10.86 10.84 11.15 11.13

5 11.10 11.59 11.62 10.77 11.28 11.17

6 10.90 11.08 10.99 11.14 11.41 11.03

7 11.32 10.96 11.53 11.21 11.20 11.33

8 11.40 11.86 10.93 11.05 11.48 11.27

9 10.96 10.96 11.37 11.47 11.39 11.17

10 11.39 11.10 11.00 11.49 10.77 11.45

Average 11.11 11.14 11.26 11.24 11.29 11.24

(b) p =2 bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 12.24 12.77 11.61 11.15 11.74 11.30

2 12.85 11.35 11.37 12.14 11.69 12.29

3 11.41 12.47 11.18 12.13 11.44 11.97

4 12.08 11.69 11.27 12.57 12.35 12.52

5 11.23 11.28 11.52 11.69 11.49 11.39

6 11.28 11.13 11.65 11.92 11.52 12.33

7 11.27 11.23 12.18 11.38 12.82 11.56

8 12.23 11.38 11.58 12.31 11.63 12.18

9 11.51 11.52 11.45 11.31 12.01 11.39

10 11.41 11.86 12.33 12.49 11.93 11.86

Average 11.75 11.67 11.61 11.91 11.86 11.88
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(c) p=3bar
No E. of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3
1 12.57 12.23 12.97 12.82 12.69 12.43
2 12.13 12.11 12.01 12.75 12.64 12.68
3 13.02 12.63 12.00 12.36 13.24 12.44
4 12.71 13.59 12.76 12.68 13.14 12.58
5 12.36 12.41 12.52 12.62 12.70 12.62
6 12.70 12.49 12.81 12.82 13.64 12.84
7 12.83 12.44 12.47 12.24 12.75 12.03
8 12.82 12.24 12.31 12.36 12.84 12.61
9 12.22 12.91 12.57 12.70 13.03 12.61
10 12.42 12.33 12.76 12.69 12.77 12.61
Average 12.58 12.54 12.52 12.60 12.94 12.54
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APPENDIX B: The raw data of experimental results for particle liftoff in the air/N2

mixture.

Table B 1. The aluminum particle of 0.4 mm radius liftoff under 1 and 3 bar pressure

for the stainless steel ground electrode.

(@ p=1bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3
1 7.07 6.52 6.89 6.37 6.15 6.27
2 6.77 6.46 6.72 6.22 6.02 6.07
3 6.64 6.31 6.07 6.50 6.74 6.39
4 6.77 6.18 6.40 6.71 6.13 6.02
5 6.48 5.99 6.79 6.53 6.25 6.00
6 6.12 6.05 5.98 5.98 6.43 6.30
7 6.07 6.06 6.22 6.17 6.43 6.41
8 6.26 6.34 6.66 6.02 5.77 6.44
9 6.40 6.98 5.90 6.32 6.27 6.47
10 6.34 5.95 5.89 6.25 5.93 6.11
Average 6.49 6.28 6.35 6.31 6.21 6.25
(b) p =3 bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3
1 6.57 7.96 6.77 6.93 6.62 6.81
2 6.65 7.77 6.81 6.93 6.87 6.98
3 6.93 6.94 6.58 6.44 6.79 6.43
4 6.88 6.57 8.23 6.86 7.05 6.54
5 6.64 7.57 6.47 7.85 7.44 6.78
6 7.20 8.22 6.95 6.66 6.78 6.59
7 7.06 6.77 7.56 7.69 6.98 6.99
8 6.85 6.43 6.85 6.89 6.38 6.94
9 6.98 6.47 6.92 7.64 6.77 6.52
10 6.79 6.59 7.23 6.74 6.62 7.15
Average 6.85 7.13 7.04 7.06 6.83 6.77
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Table B 2. The aluminum particle of 0.68 mm radius liftoff under 1and 3 bar pressure

for the stainless steel ground electrode.

(@) p=1bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 7.58 7.75 7.70 7.22 7.27 7.90

2 7.35 8.05 7.69 8.02 7.46 7.77

3 7.44 7.75 7.40 7.74 7.41 7.42

4 7.35 7.63 7.62 1.57 7.80 7.81

5 7.82 7.58 7.30 7.44 7.57 7.70

6 7.49 8.05 751 7.88 7.54 7.96

7 7.77 7.90 7.51 7.76 1.57 7.58

8 7.99 7.46 7.46 7.82 7.81 7.70

9 7.69 7.48 7.62 7.58 7.80 7.81

10 7.81 7.78 7.68 7.57 7.68 7.87

Average 7.63 1.74 7.55 7.66 7.59 1.75

(b) p =3 bar
No EL of positive (kV/cm) EL of negative (k\V/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 8.86 8.50 8.28 8.69 8.40 8.18

2 8.51 8.18 8.18 8.13 8.99 8.43

3 8.54 8.94 8.71 8.99 8.23 8.10

4 8.51 8.35 9.20 8.24 8.28 8.18

5 8.36 8.35 9.27 9.31 8.56 8.18

6 8.51 8.49 8.46 9.00 8.46 9.19

7 8.37 8.45 8.22 8.45 8.45 8.40

8 8.98 8.29 8.79 8.58 8.50 8.65

9 8.49 8.44 8.11 8.71 8.11 8.58

10 8.85 8.36 8.37 8.40 8.22 8.44

Average 8.60 8.43 8.56 8.65 8.42 8.43
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Table B 3. The aluminum particle of 1.19 mm radius liftoff under 1and 3 bar pressure

for the stainless steel ground electrode.

(@) p=1bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 9.77 9.75 9.84 10.01 9.97 9.94

2 10.17 9.70 10.08 9.81 9.81 9.91

3 9.90 9.83 10.00 9.98 9.77 10.02

4 9.69 9.66 9.55 9.96 9.67 9.86

5 9.66 9.66 9.61 9.68 9.82 9.73

6 9.70 9.67 9.56 9.53 9.50 9.50

7 9.84 9.73 10.02 9.55 9.70 9.72

8 9.42 9.61 9.50 9.83 9.54 9.80

9 9.62 9.53 9.69 9.70 9.76 9.86

10 9.48 9.45 9.74 9.61 9.97 9.90

Average 9.73 9.66 9.76 9.77 9.75 9.82

(b) p =3 bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 11.10 10.85 10.57 10.77 10.67 10.73

2 11.13 10.71 10.78 11.06 10.82 10.92

3 10.71 11.32 10.82 11.33 11.21 11.06

4 10.98 11.05 11.08 11.08 11.04 10.80

5 11.41 10.73 10.73 11.05 10.77 10.71

6 10.94 10.72 10.94 10.83 10.80 10.92

7 10.86 10.79 10.77 10.90 10.76 10.67

8 11.21 10.78 10.89 11.08 10.93 11.06

9 10.78 10.90 11.32 10.92 11.13 11.21

10 10.92 11.25 10.72 11.19 11.17 11.33

Average 11.00 10.91 10.86 11.02 10.93 10.94
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APPENDIX C: The raw data of experimental results for particle liftoff in the air/SFe

mixture.

Table C 1. The aluminum particle of 0.4 mm radius liftoff under 1and 3 bar pressure

for the stainless steel ground electrode.

(@ p =1bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 6.51 6.00 6.45 5.99 6.61 5.90
2 5.81 5.84 6.13 6.11 5.83 6.09
3 6.54 6.37 6.04 6.16 6.52 5.96
4 6.15 6.16 5.81 6.59 6.05 6.41
5 5.92 5.91 6.38 6.45 6.18 6.44
6 6.07 6.06 6.22 6.44 6.20 5.84
7 6.05 5.96 5.88 6.34 6.09 6.59
8 5.93 5.97 6.24 5.78 6.11 6.03
9 5.95 5.91 6.24 6.05 6.13 6.07
10 5.90 6.26 6.48 6.03 6.16 6.39

Average 6.08 6.04 6.19 6.19 6.19 6.17

(b) p =3 bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 7.05 6.81 7.21 6.86 6.86 6.54
2 6.66 6.41 6.59 6.89 6.75 7.00
3 6.79 6.91 6.77 6.60 7.54 6.72
4 6.99 7.25 7.13 7.33 6.91 6.65
5 6.94 7.25 7.06 6.93 7.00 6.72
6 6.78 6.64 6.72 6.93 6.46 6.41
7 6.81 7.27 7.14 7.27 7.07 7.37
8 6.73 6.99 7.26 6.43 6.71 6.86
9 7.03 7.54 7.18 6.75 7.32 6.40
10 6.98 6.86 7.03 6.81 7.03 6.93

Average 6.88 6.99 7.01 6.88 6.96 6.76
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Table C 2. The aluminum particle of 0.68 mm radius liftoff under 1and 3 bar pressure

for the stainless steel ground electrode.

(@) p=1bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 7.39 7.67 7.28 7.40 7.33 7.53

2 7.60 7.39 7.62 7.42 7.42 7.53

3 7.71 7.47 7.15 7.47 7.27 7.41

4 7.16 7.81 7.57 7.25 7.43 7.58

5 7.83 7.54 7.43 7.61 7.47 7.62

6 7.16 7.20 7.32 7.34 7.30 7.67

7 7.58 7.15 7.60 7.63 7.40 7.71

8 7.69 7.46 7.56 7.44 7.26 7.33

9 7.35 7.30 7.56 7.22 7.62 7.19

10 7.41 7.42 7.50 7.41 7.53 7.47

Average 7.49 7.44 7.46 7.42 7.40 7.50

(b) p =3 bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 8.42 8.59 8.53 8.29 8.24 8.53

2 8.26 8.46 8.43 8.40 8.57 8.58

3 8.40 8.69 8.58 8.39 8.50 8.29

4 8.59 8.80 8.57 8.56 8.60 8.47

5 8.28 8.42 8.45 8.17 8.39 8.56

6 8.72 8.64 8.32 8.18 8.40 8.58

7 8.74 8.61 8.71 8.29 8.43 8.53

8 8.37 8.19 8.21 8.57 8.38 8.38

9 8.38 8.44 8.46 8.72 8.44 8.58

10 8.51 8.85 8.28 8.45 8.80 8.33

Average 8.47 8.57 8.45 8.40 8.48 8.48
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Table C 3. The aluminum particle of 1.19 mm radius liftoff under 1and 3 bar pressure

for the stainless steel ground electrode.

(@) p=1bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 10.15 9.45 9.59 9.63 9.62 9.94

2 9.69 9.64 9.81 9.69 9.70 9.87

3 9.69 9.74 9.62 9.77 9.89 9.57

4 9.55 10.14 9.56 9.80 9.68 9.62

5 9.67 9.94 9.88 9.81 9.62 9.59

6 9.83 10.12 9.83 9.54 9.89 9.61

7 9.68 9.76 10.00 9.80 9.64 9.67

8 9.55 9.54 9.90 9.47 9.53 9.75

9 9.55 9.94 9.94 9.61 9.79 10.02

10 9.88 9.60 9.87 9.63 9.80 9.81

Average 9.72 9.79 9.80 9.68 9.72 9.74

(b) p =3 bar
No EL of positive (kV/cm) EL of negative (kV/cm)
Particle 1 | Particle 2 | Particle 3 | Particle 1 | Particle 2 | Particle 3

1 10.82 11.27 10.93 10.93 10.90 10.90

2 10.91 11.08 11.08 10.86 10.82 10.93

3 10.82 11.17 11.28 11.20 11.11 11.27

4 10.85 10.87 10.98 10.93 10.91 10.85

5 10.98 10.64 10.82 10.71 10.76 10.80

6 10.85 10.86 10.87 10.77 10.87 10.92

7 10.83 10.76 11.10 10.72 10.87 10.91

8 10.85 10.84 10.75 10.89 10.70 10.67

9 10.76 10.75 10.78 10.80 10.72 10.86

10 10.67 11.01 11.17 10.66 10.82 10.79

Average 10.83 10.93 10.98 10.85 10.85 10.89
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