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Abstract – This study aims to restrain free conducting wire-type particles which are commonly and 
dangerously existing within DC gas-insulated transmission lines. A realistic platform of a coaxial 
cylindrical electrode was established by using a high-speed camera and a partial discharge (PD) 
monitor to observe the motion, PD, and breakdown of these particles. The probabilities of standing or 
bouncing, which can be affected by the length of the particles, were also quantitatively examined. The 
corona images of the particles were recorded, and particle-triggered PD signals were monitored and 
extracted. Breakdown images were also obtained. The air-gap breakdown with the particles was 
subjected to mechanism analysis on the basis of stream theory. Results reveal that the lifting voltage of 
the wire particles is almost irrelevant to their length but is proportional to the square root of their 
radius. Short particles correspond to high bouncing probability. The intensity and frequency of PD and 
the micro-discharge gap increase as the length of the particles increases. The breakdown voltage 
decreases as the length of the particles decreases. 
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1. Introduction 
 
High reliability and transmission capacity have resulted 

in the wide use of gas insulation in electric power 
transmission and distribution components, such as gas–
insulated switchgears (GIS) and gas–insulated transmission 
lines (GIL) [1]. With increasing demands for long-distance 
energy deliveries and large-scale offshore wind farms, 
direct current (DC) gas insulation apparatuses have been 
extensively investigated [2, 3]. However, free-conducting 
particles can severely reduce insulation strength. In several 
cases, the rigidity of gases is as low as 10% of the 
uncontaminated value [4-7]. The insulation destruction of 
DC GIS/GIL caused by contaminated metal particles 
should be addressed more carefully than that of alternating 
current GIS/GIL because of an increased motion activity of 
such particles [8-10]. 

In a GIL system, metal particles are inevitably produced 
as a result of mechanical collisions, equipment vibration, 
or thermal expansion during GIL production, transportation, 
and assembly [11]. The movement and discharge of free 
particles are two principal mechanisms to decrease the 
insulating performance of GIL. Studies on these two 
mechanisms can be proposed as a theoretical basis for 

particle suppression measures, including setting particulate 
traps and using coatings or adhesive materials [12]. 
Therefore, the motion behavior and discharge mechanism 
of metal particles should be investigated theoretically and 
experimentally. 

Spherical particles have been used as research subjects 
to analyze and calculate essential factors quantitatively and 
conveniently. But in practical projects, wire particles are 
more common and dangerous [13]. As such, conducting 
wire particles should be examined in detail. Qi et al. placed 
wire particles on an actual insulator in GIS and applied 
the Ultra High Frequency (UHF) method to capture the 
partial discharge signal triggered by metal particles. They 
found that the discharge process can be categorized into 
three stages, and the characteristic of partial discharge 
can be considered to determine the dangerous degree of 
particles [14]. Sakai et al. experimentally investigated 
the motion behavior and corona discharge caused by wire 
particles by using a simplified wedge-plate electrode 
system and observed that wire particles move randomly 
without specific patterns. Particles move to a high-electric-
field region and then cause an air-gap breakdown [15]. 

Studies have focused on wedge-plate electrode systems 
and experiments have been conducted using metal particles 
attached to insulator surfaces. But studies on the motion 
behavior and discharge of free wire particles inside a 
coaxial cylindrical electrode system have been rarely 
performed. The characteristics and development of free-
particle-induced partial discharge and breakdown inside 
facilities are closely related to their motion behavior. 
However, these factors have yet to be further investigated. 
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On the basis of the previous achievements, we established 
a realistic platform with a closed coaxial cylindrical 
electrode system comprising a high-speed camera to 
observe particle motion. We then experimentally and 
theoretically analyzed discharge and motion behavior. We 
also examined the characteristics of motion behavior by 
comparing the voltages of the particles used in the 
experiments with the numerical values derived from the 
following equations. We evaluated the probability effect 
caused by the length of particles on two motion patterns, 
including standing and bouncing and photographically 
obtained the breakdown in insulating gas. We further 
performed a mechanical analysis of the air-gap breakdown 
with free conducting wire particles on the basis of stream 
theory. 

 
 

2. Experimental Platform and Test Method 
 
A closed coaxial cylindrical electrode platform is 

established to observe the motion behavior and discharge 
caused by free particles as shown in Fig. 1. The DC voltage 
is generated by a signal generator (Agilent 33522A), then 
amplified 5000 times by a high voltage amplifier (Trek 
Model 50/12A) in series with a protective resistance. 
Finally, this voltage is imposed on the high voltage 
electrode. The shell of the specific experimental model 
shown in Fig. 2 is connected to the ground. 

The conductors in the experimental cavity are all made 
of aluminum alloy. The outer radius of the high voltage 
conductor and the inner radius of the cavity shell are R1=20 
mm and R2=60 mm, respectively. Three valves are supplied 
for gas in and out, namely, vacuum, SF6 charging, and SF6 
recovery valves. Moreover, the conductor is equipped with 
a pressure gauge. Two circular plates made of silica glass 
are used for sealing off the ends of the shell. These plates 
are transparent enough to reinforce light from the outside 
and for a high-speed camera to observe the interior. 

A high-speed camera (Fastec Hispec5) is utilized while 
reinforcing light using light-emitting diode (LED) to 
observe the motion behavior of particles. The light from 
LED can be adjusted coordinately when the Fastec Hispec5 
is used to observe the gas breakdown path. 

The wire particles adopted in this study are 0.1, 0.2, and 
0.3 mm in radius. The lengths are 2, 4, 8, 12, and 18 mm. 
The metal parts of cavity, such as the conductive rod, the 
shell, and particles, are all cleaned with ethyl alcohol to 
eliminate the effects of residual discharges on the initial 
voltage, motion behavior, and discharge characteristics of 
particles as shown in Fig. 2. 

 
 

3. Motion Behavior of Wire Particles 
 
The module units in DC GIL system are mainly straight 

in length of approximately 10-18 m. The non-uniform 
electric field in axial direction can be ignored in the areas 
that are far from the insulators and the interfaces of GIL. 
Then, the forces acting on the particles in DC GIL system 
were expressed as shown in Fig. 3, where the outer radius 
of high voltage conductor is R1 on which the applied DC 
voltage is Udc, whereas the inner radius of the shell is R2. 
R2 is connected to the ground. The particles are at the 
bottom of the shell as the initial position. Their radius is 
denoted as a, and the length is l. The following equation is 
derived to analyze the charging process and imposed force 
of particles. 

The radius a of particle is far less than the distance of 
R2−R1 (a≪R2−R1 ). When the particle is at the bottom of 
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shell horizontally, the electric field around it can be derived 
as shown in Eq. (1): 

 

 2 2ln2
1

UdcER RR
R

=
.  (1) 

 
Then, according to [16], the charge on the particle is 

positively proportional to its radius and length as shown in 
Eq. (2): 

 

 0 02 =2
2ln2
1

l
Udcq aLE aL RR

R

πε πε=
. (2) 

 
The Coulomb force Fq under this condition is shown in 

Eq. (3): 
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where ε0 is the vacuum dielectric constant, k is the 
correction factor derived from the mirror-image charge 
effect of surface charge, and k=0.832 [17] when the particle 
comes in contact with the electrodes. 

The gravity G is 
 

 2
AlG a L gπ ρ=  (4) 

 
When the voltage is increased to a certain value Ulift, Fq 

will overcome G. Then, the particles will move to the top. 
Ulift is defined as the voltage when the particle moves from 
the bottom of the shell. According to Fq=G, Ulift can be 
deduced as Eq. (5): 
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Eq. (5) indicates that Ulift is positively correlated to the 

radius of particle a, having no correlation with the length l. 
Studies have proved that the influence of the composition 
and pressure of insulating gas imposed on the lifting 
moment of particles is negligible [18]. Therefore, the gas 
pressure is set as 0.1 MPa. The particles are 0.1, 0.2, and 
0.3 mm in radius. Ulift is recorded in Fig. 4. In Fig. 4, the 
solid line is the theoretical value of the lifting voltage, 
which can be drawn from the Eq. (5). And the experimental 
results on the radius of 0.1mm, 0,2mm, and 0.3 mm are 
represented by the solid dots and error bars. The result 
shows that Ulift in the experiments is consistent with that of 
Eq. (5). Moreover, the result indicates that particles that are 
similar in radius and different in length are close in Ulift. 

This finding proves that Ulift is positively correlated to the 
radius a, but exhibits no correlation with the length l. The 
experimental result is consistent with the theoretical value. 

The movement of particles is captured by a high-speed 
camera at 800 fps with LED light. The movement shows 
that after particles moved upward, they will stand on the 
shell or bounce between high and ground electrodes as 
shown in Fig. 5. However, the probability to stand or to 
bounce relies on the length. For particles with same radius, 
the shorter the length of particles, the more likely for them 
to bounce. The longer the particles, the more likely for 
them to stand. The length surveyed is 2, 4, 8 and 12 mm 
at a radius of 0.1 mm. The statistical result is shown in 
Fig. 5. Fig. 5 shows the probabilities of motion patterns 
on different lengths. The experimental results on the length 
of 2mm, 4mm, 8mm and 12mm are represented by the 
solid dots as shown in Fig. 5. And the solid line and the 
dotted line are the fitting data of standing and bouncing 
probabilities respectively. 

When Fq surpasses G slightly to lift the particle to 
suspend, corona discharge emerges at the tip of floating 
particle. The randomness that corona discharge takes on 
results in the randomness of the amount and distribution of 
the charges on particles. Thus, the randomness will finally 
cause the rotating torque that will pull up one particle tip 
first. Moreover, the randomness of the charge distribution 
will be reinforced if the gradient distribution of the electric 
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Fig. 4. Lifting voltages on different radii 
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field in the coaxial cylindrical electrode system is 
considered. Consequently, for the particle that can lift when 
the voltage reaches Ulift, it will spin and jump up if its 
charge is sufficient. However, if its charge is not enough 
for Fq to surpass G, it will not jump but stand on the 
ground electrode. Moreover, the particle will rotate slightly 
as a result of corona discharge. For particles with increased 
length, its G is also increased and rotating torque is much 
less although the gradient force may be large. Thus, these 
particles are not likely to jump up but only stay standing. 
The standing particles will jump up and bounce between 
the electrode systems if the voltage is boosted further. 

In addition to the influence of particle radius and length, 
the obvious effects of the voltage polarities on particle 
movement are found in the experiments. The probability of 
standing phenomenon on the shell is increased when the 
positive voltage is applied to the conductor. To analyze the 
reason, the particle near the negative-polarity shell starts to 
move and stand when the positive voltage is applied to the 
conductor. The discharge happens between the standing 
point of the particle and the shell. Electric field shielding 
is formed at the top. This result weakens the frontier 
field. The particles cannot easily jump, and standing 
phenomenon occurred often. Similarly, the particle near 
the positive-polarity shell starts to move and jump when 
negative voltage is applied to the conductor. The particles 
also stand on the conductor against the gravity. The 
particles stand and rotate on the conductor as shown in 
Fig. 6. 

 
 

4. Corona and PD 
 
Capturing the corona phenomenon is difficult when the 

particle jumps up. Thus, the particle at 18 mm length and 
0.1 mm radius is used because it can remain standing 
according to Fig. 5. Negative DC voltage is applied in 
0.1 MPa SF6 gas. The single-lens reflex cameras (Canon 
5d Mark II, 20 s exposure duration) is used to record the 
particle corona phenomenon in a completely dark 
environment. 

As shown in Fig. 7, corona is observed on the particle’s 
standing point. The intensity of the corona triggered by the 
micro-discharge increases with the voltage. Meanwhile, 
corona is also observed at the top of the particle. The 

corona increases and shows obvious polarity effect. When 
positive voltage is applied, the corona at the top of the 
particle is weak and presents a point of light. The corona 
at the top of the particle becomes intense and shows a 
brush discharge when the same level of negative voltage 
is applied. The model of the particle and the cavity are 
similar to the model of needle and plate electrode. Particle 
is negative when positive voltage is applied. When the 
voltage exceeds the corona's onset, the strong electric 
field at the top of the particles causes intense ionization 
producing a large number of electron-avalanche ionization. 
The diffusion distribution of space charge forms the 
plasma layer near the tip of particle, and plays the role of 
increasing the radius of curvature. The electric field 
between the top of particle and the conductor is weakened. 
Particle's corona shows a point of light. Particles become 
positive when negative voltage is applied. Streamer is 
formed at the top because of the different directions from 
the electric field. The head of streamer exhibits a positive 
space charge. This condition weakens the electric field in 
the plasma and strengthens the electric field of the head. 
This effect results in new electron-avalanche ionization at 
the position of the head. The electrons of streamer fly into 
the positive space charge region of the head strengthening 
and extending the discharge channel. Then, the high 
voltage area becomes forward. Therefore, the corona is 
intense when negative voltage is applied. The brush 
discharge phenomenon occurs. 

The experiments are carried out in a SF6 gas of 0.1 MPa 
using the Roche coil to monitor and record the leakage 
current in cavity using a particle radius of 0.1 mm and 
length of 2, 4, 8, and 12 mm. The partial discharge signals 
are extracted and analyzed. Motion states are also various 
because of the randomness of the motion of particles. Up to 
200 screen data in each experiment are saved. The average 
discharge amplitude and average discharge time are 
counted. 

Statistical results are shown in Figs. 8 and 9. Average 
discharge amplitude increases with the particle length, 

 
Fig. 6. Particle’s motion of standing and spinning near the 

conductor under negative DC voltage 
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whereas the average discharge time decreases with the 
particle length. This result suggests that at the same 
radius, the longer the particle, the more serious the 
partial discharge. The discharge amplitude increased by 
60% - 80% from 2 mm to 12 mm. The discharge frequency 
increases up to five times. The higher the voltage, the 
higher the electric field intensity. Thus, the amplitude and 
frequency of the discharge both increased. 

 
 

5. Characteristic of Air-Gap Breakdown  
Caused by Free Wire Particles 

 
The breakdown characteristic caused by free particles 

is explored under normal air ignoring the influence of 
SF6 to determine the correlation between the air-gap 
breakdown and the motion behavior of particles. Particles 
of 2, 4, 8, and 12 mm in length and 0.1 mm in radius are 
adopted. The voltage is boosted continuously until air-gap 
breakdown occurs. A high-speed camera at 10,000 fps 
accompanied with the weak light from LED is employed to 
facilitate the observation of the breakdown pattern. 

Experiments are carried out to capture the images at the 
time T  when free particles jump upwards triggering the air-

gap breakdown. Pictures are shown in Fig. 10 at the time 
before, ongoing, and after the breakdown, namely, T−0.1 
ms, T, and T +0.1 ms, respectively. 

In Fig. 10, a metal particle of 12 mm length causes 
20% lower breakdown voltage than a metal particle of 2 
mm length. During wire particle’s jumping flight, the gap 
between the conductor and the shell will breakdown. 
Moreover, plasma channel is formed because of the effect 
of electric field distortion and the effect of short circuit 
along its length. The particles are always located in this 
conductive channel. The breakdown voltage Ub and micro-
discharge spacing Lgap are recorded. 

Fig. 11 indicates that the air-gap breakdown will be 
triggered along with a discharge channel in the direction of 
particle because of the distortion effect on the electric field 
and the short circuit effect along the particle length. The 
voltage at this moment and the gap distance between the 
particle and high voltage electrode are recorded as shown 
in Fig. 10. 

The length of gap increases along with the length of 
particle while the breakdown voltage decreases. The 
reasons are drawn that the longer the length of particle is, 
the more charge it carries. Thus, the particle can trigger 
micro-discharge at a distance further from the high voltage 
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lengths 

 

l/mm
0 2 4 6 8 10 12 14

L g
ap

/m
m

0

5

10

15

20

25

30

U
bd

/k
V

0

10

20

30

40

50

60

Lgap
Ubd

 
Fig. 11. Gap and voltage of breakdowns triggered by the 

particles at different lengths 



Jian Wang, Zhiyuan Wang, Xiaoru Ni and Sihua Liu 

 http://www.jeet.or.kr │ 863

electrode. Besides, the longer the particle, the larger the 
electric field along the gap; the self-sustained discharge in 
uniform field is likely to form [19]. The integration of 
electric field should reach the coefficient of electrons at the 
electron avalanche head to achieve the self-sustained 
discharge. This phenomenon results in long particle having 
long breakdown gap. By contrast, the particle will be seen 
contacting with the electrode forming a short circuit after 
the micro-discharge between the high voltage electrode 
and wire particle is triggered. Thus, the effect of micro-
discharge will be equivalent to that of a spike sticking out 
from the electrode. The virtual spike increases further 
because of the long gap reducing its distance from the 
outer shell. Therefore, for particles that can jump and 
bounce with the same radius, the increased length means 
decreased breakdown voltage and serious damage to the 
insulation system. 

 
 

6. Conclusion 
 
The lifting voltage is positively correlated with the 

radius of particle a but is not correlated with length l. The 
slimmer the particle is, the more likely it is to be lifted 
and thus be more vivacious. Short particles likely bounce 
between electrodes, whereas long particles tend to remain 
standing after they are lifted from the bottom. 

There exists corona discharge at the bottom of the 
standing particles. In the meantime, the corona on the top 
of the particle presents different states under different 
polarities of the voltage. The corona at the top of the 
particle is weak and presents a point of light when the 
positive voltage is applied. The corona at the top of the 
particle becomes intense and shows a brush discharge 
when the same level of negative voltage is applied. 
Particles cause partial discharge. At the same radius, the 
longer the particle, the more serious the partial discharge. 
The discharge amplitude increased by 60% – 80% from 2 
mm to 12 mm. The discharge frequency increases up to 
five times. The higher the voltage, the higher the electric 
field intensity. Thus, the amplitude and frequency of the 
discharge both increased. 

In bouncing, the electric field distortion triggers the air-
gap breakdown, and a short-circuit effect is caused by 
free wire particles. Moreover, the increased length of 
wire particles leads to an increased length of breakdown 
gap and a decreased breakdown voltage. Therefore, long 
and slim free particles possibly cause great danger to DC 
GIL insulation systems. This result should be further 
investigated to develop suppression measures. 
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