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Abstract

Metal particles and surface charge accumulation are considered the key factors that could
trigger unexpected flashovers of insulators equipped in gas-insulated switchgear (GIS). In
eco-friendly gases, the flashover properties and the synergistic effect of the surface charge
and the metal particle on flashover remain unclear. This study investigates the flashover
properties of down-scaled 252 kV GIS basin-type epoxy insulators with metal particles in
C4F7N/CO; mixtures, with and without AC pre-charging. Tests considered various parti-
cle adherence locations and a particle-free control group. The results indicated that metal
particles at the high-voltage (HV) electrode or middle area reduce flashover voltage, with
the HV electrode and concave surface being most critical. Surface charges, induced by
pre-charging and metal particle attachment, interact synergistically with the metal parti-
cle during the flashover process, increasing the flashover voltage and redirecting arcs away
from them. Such findings enhance understanding of flashover mechanisms in eco-friendly
gas-insulated systems and inform insulator design.
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1. Introduction

Gas-insulated switchgear (GIS) has gained widespread application in power systems
due to its excellent properties in reliability, land occupation, and maintenance require-
ments [1-3]. In recent years, incidents of insulation failure in GIS have occurred frequently,
posing severe threats to the safety and reliability of the power grid [4]. Insulator is one of
the most vital insulating components in GIS, separating gas chambers, supporting the cen-
tral conductor, and most importantly, isolating the high voltage (HV) from the ground
(GND) [5]. The insulation properties at the gas—solid interface represent the weak point
constraining the overall insulation performance of GIS. During the production, transporta-
tion, installation, and operation of GIS, metal particles are inevitably generated and may
fall or be absorbed onto the surface of the insulators, distorting the electric field and lead-
ing to flashover failures. Surface charge accumulation, whose generation is closely related
to metal particles under AC voltage, is also an important trigger to flashover [6]. There-
fore, understanding the effect of pre-charging on flashover properties has significant im-
portance in revealing the mechanism of synergistic effects of metal particle and surface
charge and benefiting the power system.

In recent decades, scholars across the world have conducted extensive research on the
charge accumulation characteristics and surface flashover properties of different solid in-
sulation materials. X. Jun et al. [7] investigated the effect of surface charge on the impulse
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flashover of cylindrical Polytetrafluoroethylene (PTFE) insulators in SF¢ at 1 bar, pointing
out that the 50% impulse flashover voltage was reduced by 25% when negative charge
was presented on the surface, while the flashover voltage increased by 21% when positive
charge was presented. A. Winter et al. [8] reported that with negative surface charge de-
posited, the flashover voltage of a PTFE plate specimen in 100 kPa SFq was reduced by
20% for positive DC and by 25% for AC voltage. Y. Liu et al. [9] deposited positive charges
on an Al,Oz-filled epoxy resin plate in 0.1 MPa SFg, finding that when the charge density
is from 0 to 1.4 nC/mm?, the negative flashover voltage reduced by 7%, and the positive
flashover voltage increased by 15%. Q. Xie et al. [10] revealed that the surface charge on the
polymer surface would enhance the electric field and promote the DC flashover. Overall,
plentiful research has been performed to investigate the surface-charge-affected flashover
properties in SFg atmospheres; charges accumulated on the surface will distort the electric
field, but the mechanism of its influence on AC flashover is still unclear.

With a comparable dielectric strength and relatively low global warming poten-
tial (GWP), eco-friendly gases, for example, the C4F7N/CO, mixtures are regarded as
promising substitutes for SFs. Y. Kieffel et al. [11] reported that compared with SFg, the
4%C4F7N/96%CO, mixture could reduce the GWP up to 98% while still keeping a lig-
uefaction temperature of lower than —25 °C and about 70% of the dielectric strength of
SF¢. Z. Li et al. [12,13] indicated that the addition of minor amounts of C4F7N to CO,
enhances the surface flashover voltage, with further increases observed as both the gas
pressure and C4F7N proportion rise. Specifically, the flashover voltage of insulators in a
9% C4F7N/91% CO, mixture at 0.6 MPa is comparable to that in SF¢ at 0.5 MPa. Previous
research has generally focused on the surface-charge-affected flashover properties in SF¢-
related atmospheres, and the charges are usually deposited manually. Under AC voltage,
surface charge accumulation on insulators in eco-friendly gases is intricate, especially with
metal particles adhered. In eco-friendly gases, the flashover properties and the synergistic
effect of the surface charge and the metal particle on flashover remain unclear.

In this paper, the flashover properties with and without pre-charging on down-scaled
252 kV GIS basin-type insulator models attached with metal particles in C4F7N/CO, mix-
tures were investigated. Multiple adherence areas were considered, and an instance free of
metal particles was set up as a control group. The results indicated that the metal particle
will decrease the flashover voltage when attached to the HV electrode and the middle area
of the insulator; the attachment to the HV electrode and the concave surface is more dan-
gerous. Surface charge induced by pre-charging will act synergistically with the metal
particle during the flashover process, increasing the flashover voltage and driving the
arc away.

2. Materials and Methods
2.1. Sample and Experiment Platform

Down-scaled basin-type insulators, whose prototype could be utilized in 252 kV AC
GIS systems, were employed as the test samples in this study. The epoxy composite com-
prises epoxy resin and micro-scale Al,Oj3 filler at a 1:3 mass ratio; the central conductor
and the flange are made of aluminum. The insulator samples were produced by Taikai
Group Co. Ltd., Taian, China, and the diagram of the sample is shown in Figure 1.

As demonstrated in Figure 2, a sealed multifunctional experimental platform was
employed to charge the sample and perform subsequent experiments. The HV electrode
served to charge the insulator, positioned at the base of the chamber. Valves and a pressure
gauge facilitated the establishment of specific gas environments during the procedures.
The pressure gauge exhibited an accuracy of 0.0001 MPa, enabling the precise preparation
of gas mixtures in desired ratios. Surface potential measurements were performed using
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a Kelvin probe (3455ET, Trek, New York, NY, USA) connected with an electrostatic volt-
meter (P0865, Trek). The measurement apparatus incorporated a linear shifting platform
and a rotational platform (MTS and MRS Series, Becic, Beijing, China), with comprehensive
details available in our prior work [14].
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Figure 1. The diagram and the photograph of the insulator sample.
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Figure 2. Multifunctional experimental platform.

In the measurement of the surface potential, the insulator turntable and data acqui-
sition card were activated simultaneously. The turntable rotates at an angular velocity
of 20°/s, while the acquisition card scans the sampling circumference corresponding to
the initial sampling point at a fixed frequency. After the insulator completes a 360° rota-
tion, the insulator rotation platform stops. Simultaneously, the X-axis, Y-axis, and probe
rotation platform are activated to move the probe to the next sampling point along the
insulator’s radial direction. Upon reaching the next sampling point and adjusting the an-
gle, the insulator rotation platform and data acquisition card are synchronously activated
via the program to scan the corresponding sampling circle. This cycle repeats until the
probe completes scanning all sampling circles. Finally, the probe is returned to the begin-
ning position, and the electrometer is turned off, concluding the surface potential scanning
measurement of the insulator. A total of 72 sampling points are arranged in a single circle,
and 9 circles are distributed uniformly on the surface in total. A total of 648 surface poten-
tial data points were acquired over a duration of 252 s, and the charge density was derived
employing an inversion algorithm based on COMSOL Multiphysics 6.2 [14].

The inversion algorithm employs a simulated charge method. The approach involves
establishing the relationship between the charge density o at each point on the surface and
the measured surface potential ¢ through the transfer function matrix H:

¢ =Ho M

The matrix H is computed using COMSOL Multiphysics. First, a 3D model of the
insulator and electrodes is created in COMSOL, with a mesh identical to the sampling
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grid. After meshing, the grid is numbered: the outermost mesh is designated as number 1,
and subsequent meshes are numbered counterclockwise around each layer. Using the
COMSOL Electrostatic Field Module, assign a unit surface charge density of 1 pC/mm?
to mesh 1. Employ the finite element method to calculate the average surface charge on
mesh 1 and the induced charge on each mesh, considering both the ground electrode and
the central electrode grounded. Then, the surface charge density of grid 1 is reset to zero.
The next adjacent grid is selected, and the COMSOL Electrostatic Field Module is again
used to assign a unit surface charge density to this grid. The average potential values
across all grids are calculated. This process is repeated for all 648 grids to form the H
matrix. The surface charge density is then calculated through function (1).

2.2. Procedure

Prior to the experiment, all samples were dried at 60 °C for 12 h to remove the ab-
sorbed moisture and wiped with absolute ethanol to remove the residual surface charge.
Due to the fact that the shape of the metal particles observed in GIS is more likely to be
linear and needle-like [15], aluminum wire was chosen in this experiment. To focus on
the effect of metal particles on surface charge distribution and flashover properties, the
measurements of the particles were 5 mm in length and 0.5 mm in width, which would
sufficiently distort the electric field and strengthen the gas-side ionization, while a larger
size would also facilitate the experiment. As shown in Figure 3, the metal particle was
adhered to multiple areas on the surface of the sample, including the HV electrode area,
the middle (MID) area, and the grounded electrode area on both the convex surface and
the concave surface. Only one metal particle was adhered to the sample in each test, and
an instance of no metal particles was also set up for comparison.

Metal
Particle
Convex
Surface

A

v
Concave
Surface

Central Insulator Grounded
Conductor Bulk Electrode

Figure 3. Positions of the metal particle.

The experiments were performed at room temperature, and the parameters of the
C4F7N/CO; mixture were 6%/94% in proportion and 0.1 MPa in pressure. A coaxial
electrode configuration was employed to replicate the authentic electric field distribution
within a full-scale 252 kV GIS, with the AC voltage amplitude established at 40 kV. The
experiment was generally divided into two parts: flashover without pre-charging and
flashover with pre-charging. In the first part, the voltage applied to the central electrode
rose at a rate of 1 kV/s until the flashover occurred. In the second part, the voltage applied
to the central electrode rose at the same rate to 40 kV at first. After being charged for 5 min,
the voltage was cut off, and the surface potential was measured. Because the measurement
was performed within 5 min, the surface charge density was regarded as unchanged. Then,
the voltage was applied again at the same rate until the flashover occurred. As indicated
in our prior investigation [16], following the application of HVAC for durations of 2, 5, 30,
and 60 min, the charge distribution profiles exhibited negligible variations, with charge
accumulation approaching a state of dynamic equilibrium. Consequently, the charging
duration in this study was fixed at 5 min to achieve substantial charge buildup while en-
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abling efficient replication of experimental trials. The samples were replaced after each
flashover. Each test was repeated at least 5 times, and their average value was treated as
the flashover voltage, as presented and discussed in this paper.

3. Results
3.1. Effect of Metal Particle Position on Flashover Voltage

Figure 4 displays the average flashover voltage of the sample without being charged.
The results show a significant decrease in the flashover voltage when a metal particle is
adhered to the HV electrode on both surfaces of the sample. In the control group, which is
free of metal particles, the flashover voltage is 55.3 kV. With a metal particle adhered to the
HV electrode on the convex surface and the concave surface of the sample; however, the
flashover voltage drops by 19%, to 44.8 kV and 45.4 kV, respectively. When attached to the
middle area of the sample, the effect of the metal particle on the flashover voltage turns out
to be different on both sides. On the convex side, little decrease in the flashover voltage
is observed, dropping only by 4%, to 53.2 kV, while on the concave side, the flashover
voltage still drops by 10%, to 49.5 kV. When the metal particle is attached to the grounded
electrode, the flashover voltage is 53.5 kV and 55.9 kV, respectively. To sum up, without
pre-charging, the metal particle will decrease the flashover voltage when attached to the
HV electrode and the middle area of the insulator. The attachment of metal particles to
the HV electrode of the insulator has a more pronounced effect on the flashover voltage
than the middle area, and the attachment to the concave surface is more dangerous than
the convex surface.
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Figure 4. Average flashover voltage without pre-charging.

3.2. Effect of Pre-Charging on Flashover Voltage

Figures 5 and 6 display the average flashover voltage of the sample with and without
pre-charging. It can be seen that, after a pre-charge procedure of 5 min, the flashover volt-
ages of all instances, except the control group and the GND group on the concave surface,
increase. A most significant effect of pre-charging on the flashover voltage is observed
when the metal particle is attached to the HV electrode on both surfaces. The flashover
voltage increased by 10.4 kV, to 55.2 kV, on the convex side and by 9.5 kV, to 54.9 kV, on
the concave side. When the metal particle is adhered to the middle area of the surface,
the flashover voltage increased by 3.1 kV, to 56.3 kV, on the convex side and by 6.7 kV, to
56.2 kV, on the concave side. When the metal particle is attached to the ground electrode,
the flashover voltage increased by 0.9 kV, to 54.4 kV, on the convex side and decreased by
3.0kV, to 52.9 kV, on the concave side. As for the control group, the effect of pre-charging
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is not obvious. The flashover voltages with or without pre-charging are nearly the same,
55.3 kV and 55.1 kV, respectively. To sum up, after a 5 min procedure of pre-charging,
the flashover voltage of the sample, adhered with a metal particle, rises to nearly the same
level as the instance of no metal particle adhered.
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Figure 5. Effect of pre-charging with a metal particle on the convex surface.
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Figure 6. Effect of pre-charging with a metal particle on the concave surface.

3.3. Effect of Surface Charge on Flashover Paths

In the atmosphere of the C4F7N/CO, mixture, carbonized burnt traces are left on the
surface of the sample after the flashover occurs, and flashover paths are only found on
the concave surface no matter of whether and where the metal particle is adhered. In
the control group, the flashover paths are randomly distributed on the concave surfaces
of the samples. In instances of metal particles, however, the distribution of the flashover
paths becomes regular. Figure 7 presents the flashover paths of the samples with metal
particles adhered to the concave surface. The result indicates that the pre-charging process
will drive the flashover arc away from the metal particle. As illustrated in Figure 7a,c.e,
when the sample is not charged, the flashover occurs through the metal particles and melts
them down. After being charged, however, none of the flashovers occur through the metal
particles, as shown in Figure 7b,d,f.
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®

Figure 7. Effect of pre-charging on flashover paths (marked in red circles). The characters on the
flange are the description of experimental conditions (“ F” means the concave surface, “'[f]” means
MID): (a) HV, not charged; (b) HV, pre-charged; (c¢) MID, not charged; (d) MID, pre-charged; (e) GND,
not charged; (f) GND, pre-charged.

To investigate the outcome of the pre-charging process more specifically, the surface
charge distribution on the samples after the pre-charging process is examined. Figure 8
shows the surface charge distribution on the concave surface of the sample with metal
particles adhered to the concave surface.
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Figure 8. The concave surface charge distribution after pre-charging: (a) Control group; (b) HV
electrode; (c) Middle area; (d) GND electrode.

In the control group, few surface charges are accumulated. With a metal parti-
cle adhered, however, charge spots are induced near the particle. As demonstrated in
Figure 8b—d, positive charge spots are detected when the metal particle is adhered to the
HV electrode and the middle area of the concave surface, with a maximum charge density
of 28.6 pC/mm? and 11.35 pC/mm? respectively, while negative charge spots are observed
when the metal particle is attached to the ground electrode, with a maximum charge den-
sity of —4.1 pC/mm2. The results indicate that compared with the other two positions, the
metal particle adhered to the HV electrode triggers the strongest distortion to the electric
field, followed by the middle area, and then the grounded electrode. Compared with the
flashover paths demonstrated in Figure 7, it is indicated that the surface charge induced
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by the metal particle will act synergistically with the metal particle during the flashover
process and drive the arc away from itself. To sum up, carbonized burnt traces are left
on the concave surface of the sample during the flashover, and the flashover paths are
distributed randomly when the metal particle is on the convex surface. When the metal
particle is on the concave surface, the flashover occurs through the metal particles, but after
pre-charging, the flashover arcs are driven away from the metal particle.

4. Discussion

It is considered that the flashover can be affected by the following three aspects: solid
insulation, gas atmosphere, and solid—gas interface [17]. Given the fixed polymer insula-
tion material and the gas atmosphere, the flashover properties affected by surface charges
are mainly analyzed from the perspective of the gas—solid interface in this paper. The insu-
lators in this experiment are prepared with epoxy resin and micro-scale Al,Ojs filler, which
will introduce physical and chemical defects on the surface of the insulator. Due to the ef-
fects of these defects, charges are easily trapped and accumulated on the surface of the
insulator, forming charge spots and affecting flashover properties [18].

When the flashover occurs, arcs develop on the gas—solid interface of the insulator,
inducing thermal effects and generating high-speed particles near the channel. With the
high temperature of the arc, the epoxy resin is degraded, and the corroded trace is left [19].
The energy of these particles is high enough to break the molecular bonds of the gas and
cause the deep decomposition of C4FyN, generating solid by-products like carbon [20].
Under the action of airflow and the electric field, the powdered solid by-products were
driven to the sample surface and the corroded area, forming black traces.

Metal particles adhered to the insulator will distort the electric field and aggravate the
gas side discharge. The normal component of the electric field accelerates the charge accu-
mulation, while the tangential component induces flashover. When the metal particle is
attached to the HV electrode and the middle area, like a needle electrode, the local electric
field is severely distorted. As shown in Figure 9, when the metal particle is adhered to the
middle area, for example, gas side ionization is induced, and the tangential component of
the electric field is enhanced. Metal particles connected to the HV electrode have a more
severe distorting effect on the electric field. The induction of localized small streamers oc-
curs readily, thereby diminishing the effective surface insulation distance and facilitating
the surface flashover. Given the geometric shape of the basin-type insulator, the flashover
is difficult to develop along the convex surface because of the electric field distribution and
the structural difference. On the concave surface, the flashover is considered to originate
from the gas side, with electrons colliding with the insulator surface and developing along
the surface to form flashover traces [13]. When adhered to the concave surface, the dis-
torting effect of the metal particle on the concave electric field is stronger than the convex
positions. Thus, the flashover voltages of the concave groups are lower than the convex
ones, and the HV groups are lower than the middle area groups.

After 5 min of pre-charging, however, the introduction of the surface charge changes
the previous situation. Driven by the normal component of the electric field, charges tend
to accumulate on the surface of the insulator beneath the metal particle. Charge spots pro-
duce a strong electric field and distort the electric field. When the metal particle is adhered
to the HV area and the middle area, positive charge spots are accumulated. As shown in
Figure 10, during the positive half cycle of the AC voltage, the positive charge spot miti-
gates the electric field between the metal particle and the central conductor, suppressing
the gas side ionization and reducing the free electrons in the local space, which also sup-
presses the origination of the flashover. In the negative half cycle, although the positive
charge spot strengthens the electric field between the metal particle and the central con-
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ductor and enhances the gas side ionization, the tangential electric field along the surface
of the insulator, however, is mitigated, which suppresses the development of the flashover.
Figure 11 compares the two different scenarios discussed above and presents one of the
possible locations for the flashover in the half cycle of the AC voltage.

Metal Electric Field Metal Electric Field
Paticle —————————— > Particle
@ Gas Molecule
© Positive Charge
©® Negative Charge
\\ °— — Metal Particle
\tlﬂH\
L
0 0
e
*) )
Central Grounded ~ Central Grounded
Conductor Electrode  Conductor Electrode

Figure 9. Mechanism of metal-particle-induced ionization and electric field enhancement.
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Figure 10. Effect of charge spot on gas ionization and electric field mitigation (marked in red and
black arrows along the insulator surface).
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Figure 11. Effect of pre-charging on flashover paths: (a) without pre-charging; (b) with pre-charging.
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When the metal particle is adhered to the grounded electrode area, negative charge
spots are accumulated. During the positive half cycle, given the fact that the negative
charge spot is accumulated away from the central conductor and the place where electrons
collide with the insulator, the effect of the charge spot is relatively weak. In the negative
half cycle, the metal particle and the negative charge spot mitigate the tangential electric
field along the surface of the insulator as well. As a result, the electrical strength along the
metal particle is increased, and the flashover occurs at other locations. In other words, the
flashover voltages are increased, and the flashover arcs are ‘driven away’.

5. Conclusions

In this article, the effect of the metal particle position and AC pre-charging on
flashover properties of down-scaled basin insulators in C4F;N/CO, mixtures has been in-
vestigated, and the main conclusions can be summarized as follows.

1.  Without pre-charging, the metal particle will decrease the flashover voltage when at-
tached to the HV electrode and the middle area of the insulator. The attachment to the
HV electrode of the insulator has a more pronounced effect on the flashover voltage
than the middle area, and the attachment to the concave surface is more dangerous
than the convex surface.

2. After a 5 min procedure of pre-charging, the flashover voltage of the sample, ad-
hered with a metal particle, rises to nearly the same level as the instance of no metal
particle adhered.

3. Carbonized burnt traces are left on the concave surface of the sample during the
flashover, and the traces are distributed randomly when the metal particle is on the
convex surface. When the metal particle is on the concave surface, the flashover oc-
curs through the metal particles, but after pre-charging, the flashover arcs are driven
away from the metal particle.

In short, it is found that the metal particle will decrease the flashover voltage when at-
tached to the HV electrode and the middle area of the insulator. Surface charge will act syn-
ergistically with the metal particle, increasing the flashover voltage and redirecting the arc.
Such findings deepen the understanding of flashover properties on epoxy insulators un-
der AC voltage and provide valuable information for the selection of eco-friendly choices
loaded in GIS, and offer references for the operation of environmentally friendly GIS.
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