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ABSTRACT In view of the threat of metal particles to the insulation performance of AC GIL (Gas
insulated transmission line), this paper uses aluminum powder to simulate the metal particles which are
closer to the engineering practice, A scaled-down model similar to the actual GIL structure was built to
study the movement characteristics of aluminum powder in GIL. The discharge, movement and distribution
characteristics of aluminum powder was recorded in experiment. The research shows that the particles
from spacer to the part below the shielding should be prevented. The particles with particle size of about
150 mesh move more violently. At the same time, the movement of powder particle in GIL is affected by
Van der Waals force. According to the characteristics of particle motion distribution, grid-shaped trap and
strip-shaped trap were designed and compared in this paper, and the trap capture coefficient was proposed.
Finally, the suggestion of particle trap arrangement is put forward, that is, grid-shaped trap can be set near
the spacer, and strip-shaped trap can be selected for the rest of the GIL.

INDEX TERMS AC GIL, aluminum powder, capture coefficient, particle trap, Van der Waals force.

I. INTRODUCTION
Due to the gas-insulated transmission line (GIL) has advan-
tages such as low transmission losses, low capacitive load,
large transmission capacity, high reliability, and suitable
for long-distance power transmission, since the 1970s, Ger-
many, U.S., Japan, and other countries have been established
72∼1200 kV GIL successively. At present, the global GIL
installation length has exceeded 700 km. With the develop-
ment of technology, GIL is gradually replacing traditional
electric cables and overhead transmission lines, becoming the
trend of power transmission in the future [1], [2].

In recent years, GIL has been developing towards a higher
voltage level and installing in a more complex environment.
However, during the production, transportation, and instal-
lation of GIL, due to the influence of welding, abrade of
sliding spacers and construction environment, powder and
other particles will be inevitably introduced in the cavity.

These particles are charged and forced to move in the
nonuniform electric field in the GIL, which is easy to adsorb
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on the spacer surface, causing the distortion of the surround-
ing electric field, resulting in the breakdown of the gas gap
or spacer, which is very easy to cause GIL insulation fail-
ure [3], [4]. Relevant research has shown that the existence
of metal particles could reduce the insulation strength of
GIL/GIS by more than 90%. According to the statistics of the
International Conference on Large HighVoltage Electric Sys-
tem (CIGRE), the insulation fault caused by metal particles
and foreign objects has exceeded 20%, which has become the
major factor affecting the stable operation of the gas insulated
equipment [5], [6].

Scholars from the Britain, Japan and other countries have
used ultra-high frequency (UHF) and other methods to mon-
itor partial discharge caused by particles in the GIL. The
results show that the UHF method has good detection per-
formance in both laboratory and the practical. According to
the collected discharge signals, the position of the particles
can be calculated more accurately. At the same time, it was
also found that the moving particle produces a much larger
partial discharge signal than the stationary particle [7]–[9].
Reference [10] studied the discharge characteristics of metal
particles under different voltage waveforms, and proposed a

VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 68619

https://orcid.org/0000-0001-7208-562X
https://orcid.org/0000-0002-4043-9427


Z. Zhan et al.: Motion Characteristics of Metal Powder Particles in AC GIL and Its Trap Design

FIGURE 1. The scaled-down GIL particle motion experiment platform.

method to characterize the severity of particle discharge by
analyzing the statistical spectra. Some scholars have found
that the ultrasonic signal of the particle movement in the AC
GIL has some randomness, the phase correlation with the
applied voltage is weak, and the particle flight time increases
with applied voltage increase [11], [12]. Reference [13] used
the pulse current method and the ultrasonic signal to reckon
the size of the line shape particles in the GIL.

In order to reveal the harm of particles to GIL, the research
of particles in GIL has gradually changed from the discharge
characteristics to the movement of particles. Sakai obtained
the forced and charged equation of particle in plate elec-
trodes [14]. [15]. Jia Jiangbo analyzed the spherical and linear
particles in the wedge-shaped electrode under AC conditions
and found that the existence of spacer would reduce the
lifting voltage of the particles and also make the particle
move towards the spacer [16]. Li Qingmin improved the force
calculation of spherical and line shape particles under DC,
and the coaxial cylindrical electrode was used to verify the
validity of the model [17], [18]. To ensure the safe and sta-
ble operation of GIL manufacturers and research institutions
have proposed to use particle trap, conductor coating and
embedded electrode to improve the lifting voltage of metal
particles [19], [20].

The charged and forced conditions of particles becomes
complicated with the continuous changes of the applied
voltage under AC conditions, there are few studies on the
motion characteristics of particles in the AC GIL at present.
In addition, in order to simplify the analysis, most of the
researches focus on single spherical or line shape particle,
which often ignore the influence of powder particle. The
GIL field assembly process has strict specifications require-
ments so it is difficult for large particles to remain in GIL.
The threat of powder particles to GIL insulation cannot be
ignored [21], [22].

In this paper, a scaled-down experiment platform with the
same structure as the full-scale AC GIL was established, dif-
ferent size powder metal particles were used to simulate the
actual particles in the GIL, and the distribution characteristics
of the powder under the rated voltage are calculated. Based
on the particle distribution characteristics, traps of different
shapeswere set to capture particles, and their capturing ability
was evaluated, and trap setup suggestions in ACGILwere put
forward.

II. GUIDELINES FOR MANUSCRIPT PREPARATION
A. EXPERIMENT PLATFORM
The scaled-down GIL experiment platform designed in this
paper is shown in Fig. 1. The platform is mainly include

FIGURE 2. Schematic diagram of particle placement area.

power system, scaled-down GIL cavity, measuring system
and image recording system. The power system is composed
of NRIGTB-5/50 AC test transformer and NRIRCF-50kV
capacitor voltage divider, which mainly provides AC power
for the experiment cavity. The structure of the scaled-down
experiment cavity is modeled on the full scale 126 kV GIL,
including spacers, shield and other structures, the cavity size
is 1/2 of the full-scale cavity. The rated phase voltage of the
cavity is 31.5 kV according to the ratio calculation. The inner
diameter of the scaled-down cavity is 125 mm, and the total
length of the cavity is 105 cm. The experiment is carried
out in the longest section (length:70 cm) of the cavity with
a 20 cm × 10 cm observation window on the side, which is
used to set the light and observe the movement of particles
inside the cavity. The other end of the cavity is plexiglass,
which is applied for recording the motion characteristics of
particles. The measuring system consists of ultrasonic sensor
and UHF sensor which is used to record the vibration signal
generated by the collision of particles with the cavity and the
partial discharge signal that may occur inside the cavity. The
ultrasonic sensor is R3α with a 40 kHz resonance frequency.
The UHF sensor is ZKA-1, the ultrasonic signal is amplified
by a 60 db amplifier, and the UHF sensor is detected by
the detection module and then connected to the Tektronix
DPO2024B oscilloscope for signal acquisition. The image
recording system mainly uses Nikon D750 camera to record
particles movement.

B. EXPERIMENT SCHEME
GIL cavity is mainly made of aluminum and other metal
materials. By statistical analysis of the main elements of solid
particles collected in GIL during operation, it was found that
the solid particles in GIL mainly contain Al, Cu, Fe and
other metal elements. For this reason, 50 mesh, 150 mesh,
and 250 mesh aluminum powder selected to simulate metal
particles that may appear in the GIL in the experiment.

The relationship between the mesh and the particle size
is shown in Table.1. Before each experiment, the inner wall
of the cavity should be wiped by alcohol to avoid charge
accumulation, after that, weigh 1 g of the same size particles,
and use a rectangular groove to send the particles into a
designated area as shown in Fig. 2, then spread the particles
evenly with area of 5 cm × 1 cm. Area A corresponds to the
position directly below the shield, which is 5∼10 cm away
from the spacer, and area B corresponds to the position bellow
the rod, which is 15-20 cm away from the spacer.

After placed the particles in the specified area, the cavity
was pumped into the vacuum state slowly and uniformly,
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TABLE 1. Mesh and diameter conversion.

FIGURE 3. Typical signal during particle motion.

then the experiment cavity was filled with 0.2 MP SF6. The
voltage of the cavity was raised to the rated value at the speed
of 0.1 kV / s by increasing the voltage evenly, and the rated
voltage was maintained for 5 min. The ultrasonic and UHF
signals were recorded, and the gas in the chamber was slowly
released after the voltagewas reduced. By using the analytical
balance, ratio of mass distribution in the cavity of different
powder was calculated at every centimeter.

III. EXPERIMENT RESULTS
Fig. 3 shows the typical UHF and ultrasonic signals col-
lected in an experiment. Haar wavelet is used to denoise
the collected signals [23]. From the figure that the UHF
signal is weak, no obvious pulse signal is found, and the
ultrasonic sensor can collect obvious signal. For the parti-
cles with smaller size, the micro discharge is weak, and the
ultrasonic signal can be considered as the vibration signal
produced by the collision between the particles or with the
experiment cavity [20]. In order to avoid the error caused by
the experiment, each group of experiments was carried out
many times. Because the particle distribution characteristics
of each group of experiments are basically similar, one group
of them was taken as a typical experiment result for analysis.

A. MOTION CHARACTERISTICS OF METAL POWDER
WITHOUT TRAPS
After applied voltage, the motion characteristics of aluminum
powder with different mesh number at different initial area
were also different. The powder particle lifting voltage is
shown in Table.2. And there is no linear relationship between
the lifting voltage and themesh number of particles.When the
particle mesh number reaches 150 mesh, the particles have
the lowest lifting voltage. Since the electric field intensity at
the cavity shield (area A) is relatively concentrated, therefore,

TABLE 2. Powder particle lifting voltage.

FIGURE 4. Motion image of 150 mesh aluminum powder at different
initial position.

when the mesh number is the same, the lifting voltage of the
particles under the shield is lower than that below the rod.

Fig.4 shows the image of the initial position of 150 mesh
aluminum powder bellowing the shield or rod During apply-
ing the voltage, the particles under the shield moving more
obviously. Through the observation window of the upper
cavity, the particles repeatedly and irregularly jump in the
cavity gap. Most of the particles gradually moved away from
the spacer, and some of them moved towards the spacer. The
particles moved irregularly in the radial direction as well as
in the axial direction of the cavity, and gradually distributed
on the surface of the inner wall of the cavity. As the parti-
cles were continuously dispersed, the moving particles were
gradually reduced. When the initial position of the particles
was bellowing the rod, most of the particles of 50 mesh and
250 mesh aluminum powder did not move obviously except
a few of them moved towards the spacer. However, 150 mesh
aluminum powders remained moving, and the moving mode
was similar to that of the initial position under the shield.

When the voltage was increased to the rated voltage,
the typical filtered ultrasonic signals of aluminum powder
with different mesh is shown in Fig. 5. The ultrasonic signal
shows strong randomness, the amplitude of the ultrasonic
signal was larger near the zero-crossing point of the voltage.
With the decreased of the size of particles, the amplitude
of the ultrasonic signal decreased gradually. Considering the
case of single particle, the correlation between ultrasonic
signal and phase is weak, especially for the multiple powder
particles. When the voltage is in the positive half cycle or
negative half cycle of AC, the particle is subjected to a single
direction of electric field force, the direction of accelera-
tion remains unchanged, and the velocity of particle motion
continues to increase. When the voltage decreases gradually
close to the zero-crossing point, the velocity reaches the
maximum value, and the particle colliding with the cavity
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FIGURE 5. Typical ultrasonic signal.

has a larger contact force, which makes the ultrasonic signal
larger. However, when the mesh number increases, that is,
the particle size decreases, the contact force produced by

FIGURE 6. Typical distribution of aluminum powder at different initial
area.

the particle colliding with the cavity also decreases, so the
amplitude of the ultrasonic signal also decreases [12].

The distribution of 150mesh aluminum powder in different
initial areas after applying voltage is shown in Fig.6. After
the experiment, the particles were not completely dispersed
inside the cavity, but were aggregated among several areas.
No matter where the particles were initially placed, there will
be a large area of central aggregation region under the rod,
and there will be a small area of edge aggregation area near
the spacer, and each area had a clear division between each
other. When the initial position of the particles was in the
area A, the central aggregation region of the particles after
the experiment was similar to that of the water droplets, and
the tail of the water droplets was towards the spacer side.
When the initial position of the particles is in the area B,
the central aggregation region of the particles was similar to
a symmetrical spindle.

Fig. 7 shows the mass proportion distribution of aluminum
powder with different mesh when the initial position was
in area A, and the distribution of aluminum powder with
150 mesh at different initial positions. From Fig. 7(a) that
most of the particles were gathered far away from the spacer
after the voltage was applied, and a small part of the particles
were still gathered near the spacer. Compared with the alu-
minum powder with different meshes, 150 mesh aluminum
powder was widely distributed, and it was still distributed
in clusters far away from the spacer. According to the dis-
tribution shown in Fig. 7(b), when the initial position of the
aluminum powder was in area B (15 ∼ 20 cm away from the
spacer), most of the aluminum powder was still located in
area B after the experiment, and the mass of moving particles
was less than that of the aluminum powder which initial
position was in area A.

B. TRAP DESIGN AND EVALUATION
Since the electric field intensity under the shield is rela-
tively concentrated, particles located below the shield are
easy to lift-off, and particles often cause spacer surface
flashover. Therefore, the area from the spacer to the area
under the shield is the key protection area, and traps are
needed in this area. In the experiment, it was found that most
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FIGURE 7. Particle distribution.

FIGURE 8. Image of particle trap.

of the powder particles move away from the spacer under
AC condition, if conditions permit, particle traps should also
be set below the rod to restrain particle movement. The trap
position set in the experiment was located directly under the
shield.

In this paper two types of traps were designed: grid-shaped
and strip-shaped. The image of the trap is shown in Fig. 8.
S. J. Dale’s research shows that under AC conditions, most
of the particles rolled in from the bottom of the trap, and a
small part of the particles felled into the slot from the top of
the trap [24]. Therefore, both traps have a 3mm gap between
the traps and the inner wall of the cavity, so that the particles
can roll into the trap. For grid-shaped trap, three parameters
of trap should be controlled, thickness, slot width and slot
spacing. Strip-shaped trap should control the thickness and
width. The specific trap parameters and numbers are shown
in Table. 3.

In order to avoid the electric field distortion caused by
the trap itself and reduce the GIL insulation performance

TABLE 3. Particle trap parameter.

after setting the trap. The finite element software was used to
calculate the electric field distribution near the trap under the
condition of peak AC voltage. The electric field distribution
at the upper, middle, and lower parts of the trap is shown
in Fig. 9. Since the trap length is longer than the shield,
the electric field intensity distribution is not symmetrical. The
calculation results show that the field strength near the trap is
within the control value after the trap is set, which meets the
GIL insulation design [2]. According to the calculation results
of the electric field, the electric field in the grid-shaped trap is
not a smooth curve due to the existence of the slot structure.
The electric field in the slot is obviously concentrated, and the
particles falling into it may escape; because of avoiding the
slot structure, the electric field distribution of the strip-shaped
trap is more uniform, especially at the lower part of the trap,
the field strength is lower, which can effectively prevent the
falling particles escaping from the trap by the electric field
force

Experiment showed that the movement of 150 mesh alu-
minum powder is obvious. In this paper, 150 mesh aluminum
powder was selected to test the trapping effect of different
traps, to verify the effectiveness of particle traps. In the
experiment, 1 g 150 mesh aluminum powder was weighed
each time, andwith the area of 5 cm× 1 cmwas evenly spread
under the trap or 2 cm in front of the trap. After applying
voltage for 5 min, and the trapping effect was observed.

When the particles were directly below the trap, the grid-
shaped trap and strip-shaped trap capture typical ultrasonic
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FIGURE 9. Electric field intensity near none trap or typical traps.

signals, as shown in Fig. 10. When grid-shaped trap was
used, strong ultrasonic signal will be detected, whereas the
strip-shaped trap was used, weak ultrasonic signal will be
detected. When the trap was removed after the experiment,
the distribution of particles under the grid-shaped trap can
be seen to change. Because the electric field of the corre-
sponding part of the slot under the grid-shaped trap is still
distorted, the particles trapped by the grid-shaped trap still
have the possibility of lifting, while the electric field under the

FIGURE 10. Ultrasonic signal of particles located below the particle trap.

strip-shaped trap is veryweak, once the particles were trapped
by the strip-shaped trap, they will no longer be affected by
the electric field force and will not move. In the experiment,
no particles were found outside the grid-shaped trap or the
strip-shaped trap.

When the particle position was in front of the trap, the typi-
cal signals collected under different trap settings are shown in
Fig. 11. Fig. 11 (a) shows a group of typical signals when only
trap was set and no particles were placed. UHF and ultrasonic
signals were not detected when only traps were placed, which
can prove that the traps designed in the experiment did not
produce partial discharge or vibration signals. After placing
the particles, both the grid-shaped trap and strip-shaped trap
with thinner thickness can detect strong ultrasonic signals and
UHF signals (Fig. 11 (c) and Fig. 11 (g)), and the particle
motion was relatively high, especially in the thin grid-shaped
trap. In other types of traps, the ultrasonic signal amplitude
was relatively weak, and no partial discharge signal was
collected, which shows that the thinner trap has a threat to
the insulation.

When the grid-shaped trap was set, most of the particles
fall on the first slot and the edge of the trap, which is similar
to S. J. Dale’s study [24]. When the strip-shaped trap was set,
besides to the particles below the edge of the trap near the
initial position of the particles, some particles also appeared
on the side far away from the initial position of the particles.

Because the strip-shaped trap is narrow, it cannot cover the
whole inner wall of the cavity. Besides the axial direction, the
particles alsomoved randomly in the radial direction, so some
particles will cross the trap. Whether it is grid-shaped trap or
strip-shaped trap, in addition to the particles moving below
and near the trap, a small number of particlesmove away from
the trap after the experiment. After setting the trap,, particles
are mainly divided into three states: capture, immobile and
escape.

According to this, this paper proposes the trap capture
coefficient Ftrap, the equation is as follows

Ftrap =
Mcap

Mesc
× (

1
TPD + 1

)2 (1)
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FIGURE 11. Typical signal under different particle trap.
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TABLE 4. Particle trap parameter.

where, Mcap represents the mass of trapped particles, Mesc is
the mass of escaped particles, and TPD is the number of pulse
partial discharge signals that is greater than 0.2 V in per AC
frequency cycle, the larger the coefficient, the better the trap
capturing effect. The trap coefficients of different traps are
shown in Table. 4.

According to the experiment and analysis, under the con-
dition that traps meet the electric field control value, traps
with larger thickness should be set to reduce the micro dis-
charge when trapping particles. For this example, the trap
with 5 mm thickness is selected. By calculating the trapping
coefficient, the trapping coefficient of grid-shaped trap is
generally greater than that of strip-shaped trap because the
escape of particles in grid-shaped trap is not obvious. The
slot width of the grid-shaped trap has a great influence on
the capture coefficient, and the grid-shaped trap with larger
slot width has better capture effect and in this case, slot width
choose 8 mm. For the strip-shaped trap, its capture coefficient
is positively related to its width. Because the strip-shaped
trap cannot cover the bottom of the cavity comprehensively,
the particles may cross the trap from the side of the cavity,
especially near the spacer, the trap is difficult to fit closely
with the spacer and other partitions, which will cause the
escape particles to gather in the area. The larger the width
of the strip-shaped trap, the wider the coverage, which can
reduce the particles. At the same time, the electric field under
the strip-shaped trap is very weak, and there is no sudden
change of electric field caused by the grid trap slot, so the
strip trap can be installed bellow the rod.

Based on the above results and considering the welding
manufacturing of the two type traps, it is considered that the
grid-shaped traps with large slot width should be used in the
key areas of the cavity, especially near the spacer, on the
premise of meeting the requirements of the design electric
field intensity. If the conditions are met, for key projects,
a wide strip trap can be set under the rod to realize all-round
protection of the cavity.

IV. DISCUSSION
At present, many researches have been carried out on the
motion force of a single particle. It is generally believed

FIGURE 12. Schematic diagram of the force on particles.

that in the electric field, metal particle is mainly affected
by the gravity, Coulomb force, electric field gradient force,
gas resistance, and frictional force after being charged in an
electric field. Fig.12 is a schematic diagram of the force on
particles. The equation for calculating the force on particles
are shown in (2) ∼ (7) [14], [25]–[27]:
Gravity (G):

G = mg =
4
3
ρπr3g (2)

where ρ is the density of the particles and r is the radius of
the particles.

When the metal particles collide with the electrode plate,
the charge amount and polarity of the particles in the electric
field are determined by the electric field intensity E0 of the
position where the particles collide with the electrode plate
last time and the polarity of the electrode, that is:

Q =
2π3

3
r2ε0εsE0 (3)

where ε0 is the dielectric constant in vacuum; εs is the relative
dielectric constant of gas.

From this, calculate the Coulomb force Fq on particles in
the electric field:

Fq = k1QE (4)

where k1 represents the electrostatic force correction coeffi-
cient. When the particles are in contact with the electrodes,
k1 = 0.832, when the particles are suspended between the
electrodes, k1 = 1. E is the electric field intensity at the
position of the particle, and the electric field gradient force
Fg applied to the charged particle is:

Fg = 2πr2ε0εs
∣∣∣∇E2

∣∣∣ (5)

The moving particles will be affected by the resistance
in the gas. According to the Stokes resistance calculation
formula, the gas resistance Fd of the particles is:

Fd = 6πηv (6)

where η is the drag coefficient and v is the particle velocity.
Friction of moving particles:

Ff = µ
(
G− Fqy − Fgy

)
(7)

where µ is the rolling friction coefficient.
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FIGURE 13. Particle motion simulation.

FIGURE 14. Comparison of Van der Waals force and Coulomb force.

The simulation model was established according to the
experiment, and the motion characteristics of particles under
AC condition were calculated by using the finite element
method. Fig. 13 shows the motion results of multiple particles
within 11 s.

The simulation results show that the motion characteristics
of particles located in different positions of the cavity are
complex, and there is no unified direction of motion. There
are particles moving towards the spacer and also some mov-
ing away from the spacer. The particles are reciprocated in
the cavity under the action of AC electric field, and the falling
position have aggregation.

In the actual cavity, due to the roughness of the cavity
surface [28], there is a certain randomness in the direction of
particle lifting and rebound, and the particles after lifting are
affected by the discharge ion wind between other particles,
so the actual particle movement is more complex.

For powdery particles, it will be affected by Van der Waals
force, which can be calculated by (8)

Fv =
Ad

12Z2
0

(8)

where A is the hamaker constant, the hamaker constant of
aluminum is 1.5 × 10.19, d is the particle diameter, and Z0
is the Van der Waals force range. The curve of electric force
(Sum of Coulomb force and electric field gradient) and Van
der Waals force of 250 mesh particles varying with the gap
distance of particles is shown in Fig. 14. After aggregation of
particles with different particle sizes, the distances between
particles are different.

When the particle gap is too small, the Van der Waals
force will be greater than the electric field force, resulting

in the phenomenon that the particles do not lift [29],[30].
When the particles are lifted, the moving particles are also
affected by the Van der Waals force, which makes the parti-
cles agglomerate. A small part of the particles moves towards
the spacer, whereas most of the particles are far away from
the spacer. As a result, the final distribution of the particles
will appear larger central aggregation region and smaller edge
aggregation region.

V. CONCLUSION
Experiments on the motion characteristics of metal particles
in a scaled-down AC GIL model cavity were carried out. The
experiments results show that the particle movement under
the GIL shield is relatively strong, which should be the key
protection area.

The distribution of particles under AC voltage were
obtained. The central aggregation area of particles with initial
position under the shield is similar to that of water droplets,
and the central aggregation area of particles with initial posi-
tion bellowing rod is similar to that of spindles. The effect
of Van der Waals force should be considered for powder
particles. The particle simulation model under AC condition
is established

Grid-shaped traps and strip-shaped traps with different
parameters were designed, and the trapping coefficient used
to characterize the trapping effect is proposed. It is considered
that, when the design permits, thicker traps should be used,
grid traps with larger slot width should be set under the spacer
to the shield, and strip-shaped traps with larger width should
be set in the rest of the pipeline, which have better protection
effect on metal and semiconductor particles;
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