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Abstract

Metallic particles attached to epoxy resin surfaces can severely distort the local electric field,
degrade surface-insulation reliability, and reduce the partial discharge inception voltage
(PDIV), partial discharge extinction voltage (PDEV), and flashover voltage (FOV). These
adverse effects become more pronounced under low-pressure conditions. To investigate
the discharge mechanism of metallic particles on epoxy resin surfaces in high-altitude,
low-pressure environments and to assess the effectiveness of conventional online partial
discharge (PD) monitoring methods for detecting metallic-particle defects, a low-pressure
surface discharge test platform was developed. The motion and discharge behaviors of
metallic particles subjected to an electric field were recorded under both atmospheric and
reduced-pressure conditions. The PDIV, PDEV, and FOV were systematically measured
for epoxy resin specimens with and without metallic particles. In addition, the responses
of ultrasonic, transient earth voltage (TEV), and ultra-high-frequency (UHF) sensors to
metallic-particle-induced discharges were evaluated. The results showed that, under low-
pressure conditions, metallic particles substantially reduced the PDIV, PDEV, and FOV of
epoxy resin surface insulation. They also altered the dominant flashover behavior. All
three sensing methods can effectively detect discharges caused by free metallic particles,
whereas the ultrasonic signal is attenuated as the air pressure decreases.

Keywords: epoxy resin; metallic particles; low pressure; partial discharge; surface flashover;
electric-field distortion; online monitoring

1. Introduction
Owing to its superior electrical insulation performance, high mechanical strength, and

good environmental adaptability, epoxy resin is extensively employed as a supporting
and insulating material in electrical equipment, including gas-insulated switchgear (GIS),
gas-insulated transmission lines (GIL), and cast-resin transformers [1–3]. Nevertheless,
conductive foreign matter, such as metallic particles, metal dust, and burrs, may be intro-
duced or generated during equipment manufacturing, transportation, installation, and
operation. When metallic particles adhere to an epoxy resin surface or enter a high-field
region, they can strongly distort the local electric field and facilitate charge injection and
partial-discharge propagation. Under severe conditions, these effects can accelerate surface
degradation and ultimately trigger surface flashover [4,5].
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As the air pressure decreases from standard atmospheric pressure (101.3 kPa) to below
50 kPa, the breakdown strength of air can decrease by approximately 30–50%, leading to
pronounced reductions in the PDIV and FOV [6,7]. The reduced gas density under low-
pressure conditions modifies the electron mean free path and collision-ionization processes,
thereby significantly affecting the PDIV, PDEV, and FOV. Previous work has shown that,
over the pressure range of 20–60 kPa, the surface PDIV and breakdown voltage of epoxy
resin exhibit an overall decreasing trend with decreasing pressure [8]. Moreover, both
reduced pressure and airflow can substantially modify the discharge morphology and
inception threshold of surface discharges along insulating materials [9]. Studies on aircraft
wiring, motor insulation, and printed circuit boards have likewise confirmed that a decrease
in air pressure increases the susceptibility to PD and modifies the associated discharge
thresholds, phase-resolved characteristics, and aging behavior [10–13]. Investigations of
different polymeric insulating materials have further demonstrated that reduced pressure
alters the distributions of surface charge and electron density, which in turn influences
the propagation and evolution of surface discharges [14,15]. Consequently, minor defects
that pose little risk under normal atmospheric conditions may become critical discharge-
initiation sites at low pressure and eventually trigger partial discharge or surface flashover.

Research on metallic-particle defects in insulation systems has focused primarily
on particle motion, local electric-field distortion, and the associated discharge behavior.
Multiscale dynamic analyses and studies involving different electrode surface conditions
have shown that adhesion, rebound, and adsorption after particle–insulator collisions,
together with particle charging processes, can substantially alter particle dynamics and
the surrounding electric-field distribution [16,17]. In addition, the collective motion and
discharge activity of multiple particles under AC electric fields can exacerbate local electric-
field distortion near the insulator surface [18].

With regard to metallic-particle-induced surface discharges, Jiang et al. established
a numerical model to characterize discharge development along insulating surfaces and
analyzed the effects of particle-induced local electric-field enhancement and surface charge
accumulation [19]. Chen et al. experimentally and numerically investigated metallic-
particle defects on epoxy resin surfaces using two-dimensional simulations. Their results
showed that PD activity was predominantly localized at the particle extremities and the
metal–epoxy resin–air triple junction, and that repetitive discharges could progressively
damage the insulation surface [20]. Sakai et al. demonstrated that free wire-like metallic
particles subjected to an AC electric field tend to migrate toward high-field regions and
may exhibit pronounced discharge activity at their ends [21]. Subsequent investigations
have revealed that both the dimensions and spatial locations of metallic particles strongly
influence their PD characteristics and detectability [22]. The detection probability of la-
tent metallic-particle defects can be enhanced by mechanical excitation [23]. Moreover,
metallic contamination defects on insulator surfaces may undergo a progressive transition
from intermittent discharges to sustained discharge activity and ultimately to insulation
breakdown under continuous voltage stress [24].

For PD condition monitoring, pulse-current, ultrasonic, transient earth voltage (TEV),
and ultra-high-frequency (UHF) techniques have been extensively employed for detecting
insulation defects in electrical equipment. In recent years, multimodal sensing based on
multiple physical quantities has emerged as an effective means of enhancing the reliability
of PD detection. Typical approaches include integrated UHF and gas-condition monitor-
ing [25], optical–UHF data fusion [26], and UHF-synchronized ultrasonic PD detection [27].
Han et al. further developed a combined TEV–ultrasonic sensing technique capable of
detecting, diagnosing, and locating PDs in switchgear [28]. Previous studies have also
shown that TEV sensors can capture high-frequency components associated with PDs in
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epoxy insulation, with the extracted signal features providing information on the evolution
of surface erosion and electrical treeing [29]. Nevertheless, most existing investigations of
metallic-particle defects have been conducted under normal atmospheric pressure or in
pressurized-gas environments. By contrast, studies under low-pressure conditions have
predominantly addressed conventional gas–solid interfaces without pronounced metal-
lic defects or insulation systems intended for aerospace applications. Consequently, the
discharge evolution characteristics of metallic-particle defects on epoxy resin surfaces at
low pressure have not yet been systematically elucidated. Furthermore, how changes in air
pressure affect the responses and applicability of conventional pulse-current, ultrasonic,
TEV, and UHF monitoring techniques for such defects remains insufficiently understood.

To fill the aforementioned research gaps, this work investigates metallic-particle
defects on epoxy resin surfaces under low-pressure air conditions. A pressure-controlled
surface discharge test platform was developed to comparatively characterize the PDIV,
PDEV, and FOV of epoxy resin specimens with and without metallic particles over a range
of air pressures. A high-speed imaging technique was used to capture the motion of
metallic particles under an applied electric field. In parallel, a finite-element model was
developed to quantify particle-induced distortion of the local electric field on the epoxy
resin surface. PD signals and phase-resolved partial-discharge (PRPD) patterns were also
acquired using pulse-current, ultrasonic, TEV, and UHF techniques. These measurements
enabled comparison of the sensor responses to metallic-particle defects under reduced-
pressure conditions. The objective of this study is to clarify the discharge evolution and
dynamic behavior of metallic particles on epoxy resin surfaces at low pressure and to
evaluate the effectiveness of conventional online monitoring techniques for detecting
such defects. The results are expected to provide a theoretical and experimental basis for
insulation design and condition monitoring of electrical equipment operating in complex
high-altitude environments.

2. Materials and Methods
2.1. Test Specimens

Planar specimens made of epoxy resin, Pelim EP6101, 71electric, Quzhou, China, were
employed in this study, with dimensions of 215 mm × 150 mm × 4 mm. Before each test,
the specimen surfaces were thoroughly cleaned using a trisodium phosphate solution to
remove residual mold-release agents and grease. The specimens were subsequently rinsed
with deionized water and completely dried before testing.

To achieve a balance between engineering representativeness and the observability of
particle dynamics, two typical metallic-particle geometries were selected: spherical and
wire-like particles. The spherical particle consisted of an aluminum sphere with a radius
of 1 mm, while the wire-like particle consisted of an aluminum wire with a radius of 0.5
mm and a length of 10 mm. These dimensions were selected to approximate metallic
contaminants found in power equipment while allowing their field-driven motion to be
resolved by high-speed imaging. Because the aluminum wires were fabricated by cutting,
their ends were appropriately polished before testing to avoid excessively sharp tips that
could introduce additional electric-field enhancement.

2.2. Experimental Platform

Figure 1 illustrates the multi-physical-parameter detection platform developed for
surface discharge experiments on epoxy resin under low-pressure conditions, in which the
pulse-current method was used as the reference measurement.
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Figure 1. Multi-physical-parameter detection Platform.

A 380 V, 50 Hz AC source was used to energize the experimental system. A low-pass
filter was incorporated to suppress power-supply interference, while the output voltage of a
partial-discharge-free high-voltage test transformer was controlled by a voltage-regulating
unit. A 20 kΩ water resistor served as a protective resistor to limit the transient overcurrent
generated during flashover. The epoxy resin specimen was placed inside an acrylic vacuum
chamber, in which the air pressure was controlled by evacuating the chamber using a
vacuum pump. The gap between the high-voltage electrode and the grounded electrode
was maintained at 4.5 cm, producing an approximately uniform electric field along the
specimen surface. A coupling capacitor was employed to decouple the high-voltage source
from the measurement branch while coupling the PD pulses into the detection circuit. Pulse-
current measurements were performed using an MPD 600, OMICRON electronics GmbH,
Klaus, Austria, PD measurement system, in which the discharge signals were acquired
from the voltage response across the measuring impedance. The motion of the metallic
particles under the applied electric field was recorded using an i-SPEED 3 high-speed
camera, OLYMPUS, Essex, United Kingdom.

Owing to the 30-mm-thick acrylic wall of the vacuum chamber, ultrasonic waves were
strongly attenuated and could not be effectively transmitted through the chamber wall.
By contrast, electromagnetic signals experienced negligible attenuation when propagating
through the acrylic enclosure. Accordingly, an air-coupled ultrasonic sensor was installed
inside the vacuum chamber, and its output was routed outside through two silver-plated
signal wires, each with an outer diameter of 0.38 mm, via a rubber-sealed feedthrough. The
custom-made TEV sensor consisted of a copper electrode and a 1-mm-thick glass-fiber-
reinforced epoxy resin substrate, whereas the UHF sensor employed a bow-tie antenna
configuration. Both sensors were mounted externally on the vacuum chamber. The AC
voltage reference signal and the outputs of the ultrasonic, TEV, and UHF sensors were
synchronously recorded using a HDO6104 oscilloscope, Teledyne LeCroy, Chestnut Ridge,
NY, United States, thereby ensuring temporal alignment among the signals acquired by the
different sensing methods.

The air-coupled ultrasonic sensor had a center frequency of 40.0 ± 1.0 kHz, a band-
width of 1.2 kHz, and a directivity angle of 50 ± 10◦. Its output was amplified using a
CTS-8682B amplifier, Guangdong Goworld Co., Ltd., Shantou, China, with a gain of 30 dB
over the frequency range of 20–200 kHz before being connected to the oscilloscope.

The TEV sensor had a detection frequency range of 3–100 MHz and a voltage de-
tection range of −20 to +20 V. A grounded galvanized stainless-steel disk with a radius
of 75 mm and a thickness of 0.8 mm was attached to the outer surface of the acrylic
chamber to provide the counter-electrode for capacitive coupling. The measured equiv-
alent capacitance of the disk–TEV sensor assembly was approximately 0.1 nF. The bow-tie
UHF sensor had a detection frequency range of 300–1500 MHz and an effective height of at
least 10 mm.

The TEV and UHF sensors were connected directly to the oscilloscope through ra-
dio-frequency signal cables. The acquired waveforms were subsequently processed using
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second-order Butterworth high-pass filters with cutoff frequencies of 3 MHz for TEV and
50 MHz for UHF. Forward–backward filtering was performed using the filter function to
avoid introducing a net phase shift.

The simulation model of the metal-particle-induced discharge defect is illustrated
in Figure 2. Table 1 reports the Material parameters of the model. In the model, the red
region was assigned epoxy resin, while copper was specified as the material for both the
high-voltage and grounded electrodes. The remaining domain was filled with air. The
dimensions of the air domain were consistent with the internal dimensions of the vacuum
chamber, and electrical insulation boundary conditions were applied to its outer boundaries.
A user-controlled mesh with an extremely fine element size was employed. Given the
critical role of the triple-junction region formed by the metal electrode, epoxy resin, and air,
the minimum mesh element size in this region was set to 0.1 mm to improve the spatial
resolution of the electric field distribution. A power-frequency AC voltage of 15 kV was
applied to the high-voltage electrode. A transient study was conducted to investigate the
electric field distribution on the epoxy resin surface at different time instants under the
parallel-plate electrode configuration. The time step was set to 0.5 ms, and the transient
electric field was calculated over one complete power-frequency cycle.

20 mm 45 mm 10 mm

30 mm 20 mm215 mm

HV GND

Copper Air

Epoxy resin

x
y z

 

Figure 2. Geometry and dimensions of the simulation model.

Table 1. Material parameters.

Material Conductivity (S/m) Relative Permittivity

Epoxy resin 5 × 10−15 4.5

Copper 5.9 × 107 1

Aluminum 3.774 × 107 1

Air 0 1

2.3. Experimental Method

During PDIV measurements, the metallic particle was initially positioned on the epoxy
resin surface between the high-voltage and grounded electrodes. A spirit level was used
to adjust the specimen horizontally, thereby minimizing the influence of slight surface
inclination on particle dynamics. To better represent the various orientations of metallic
wires that may occur in practical equipment and to evaluate their influence on insulation
performance, three typical initial orientations were investigated. Specifically, the angle
between the longitudinal axis of the metallic wire and the electric-field direction of the
quasi-uniform field was set to 0◦, 45◦, and 90◦, respectively. Figure 3 shows the metallic-
particle defect discharge configuration for the representative case in which the wire axis is
aligned with the electric-field direction (0◦).
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Figure 3. Discharge model.

The chamber pressure was subsequently adjusted to the prescribed value. An AC
voltage was then applied across the electrodes and ramped at approximately 200 V/s. The
voltage at which the apparent charge measured by the pulse-current method first exceeded
100 pC was taken as the PDIV for the corresponding pressure condition. The FOV was
determined using a similar voltage-application procedure, with the ramp rate increased
to approximately 300 V/s. Meanwhile, particle motion was recorded by a high-speed
camera positioned at a 45◦ oblique angle relative to the specimen surface, operating at
500 frames/s.

All experiments were conducted at an ambient temperature of 20 ± 5 ◦C and a
relative humidity of 45 ± 5%. According to the China Meteorological Administration,
the annual mean atmospheric pressure at the laboratory site is approximately 92.6 kPa
(0.91 atm). The test pressure was progressively reduced from the local atmospheric pressure
to approximately 22.6 kPa at intervals of approximately 10 kPa. At each pressure level, the
PDIV, PDEV, and FOV were measured five times for each of three representative surface
conditions: an epoxy resin surface without metallic particles, with a spherical aluminum
particle, and with a wire-like aluminum particle. Meanwhile, the motion processes of
spherical and wire-like metallic particles were synchronously recorded using a high-speed
camera, and their motion behaviors under identical pressure and initial configuration
conditions were compared.

The pressure stability of the vacuum chamber was experimentally verified before
electrical testing. After the chamber pressure reached its preset value, no significant
pressure variation was observed within 1 h. Following the onset of PD, the chamber
pressure increased by no more than 5% of the preset value within 10 min. Accordingly,
each PDIV test was completed within 3 min to ensure that the influence of pressure drift
remained negligible. A single flashover event resulted in a maximum pressure increase of
less than 10% relative to the preset pressure. Because the FOV was acquired instantaneously
at the occurrence of flashover, the subsequent pressure deviation had no appreciable
influence on the measurement.

Since PD activity and surface flashover could cause displacement of the metallic
particles, the particles were repositioned after each test such that they were equidistant
from the two electrodes. Furthermore, because surface flashover can erode the epoxy resin
and alter its surface insulation characteristics, sufficient time was allowed after each test for
residual surface charges to dissipate. The epoxy resin specimen was replaced after each
flashover test to prevent flashover-induced surface deterioration from affecting subsequent
measurements.

3. Results
3.1. Electric-Field Distribution Characteristics

In the simulation model, a 15 kV, 50 Hz AC voltage was applied between the electrodes.
Figure 4 presents the resulting electric-field distributions on the epoxy resin surface for
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three configurations: particle-free, with a spherical metallic particle, and with a wire-like
metallic particle.

(a) (b) (c)

(d) (e) (f)

Figure 4. Electric field distribution: (a) Top view without metal particles; (b) Top view of spherical
metal particles; (c) Top view of wire like metallic particles; (d) Side view without metal particles;
(e) Side view of spherical metal particles; (f) Side view of wire like metallic particles.

Figure 4 demonstrates that metallic particles introduce pronounced local electric-field
enhancement on the epoxy resin surface. For the spherical particle, the peak electric-field
intensity appears at the metal–epoxy resin–air triple junction beneath the sphere and is
approximately 167.28 times higher than that under the particle-free condition. In the case
of the wire-like particle, the peak field is concentrated at the wire-tip–epoxy resin–air
triple junction, reaching approximately 106.66 times the corresponding value without
metallic particles.

3.2. Dynamic Behavior of Metallic Particles

Figure 5 illustrates the motion of a spherical metallic particle under electric-field
excitation. Based on repeated observations, PD is first initiated on the epoxy resin surface
as the applied voltage is increased. With increasing voltage, the metallic sphere begins to
roll toward the closer electrode and is eventually confined to the region near that electrode.
Thereafter, it undergoes a repetitive repulsion-and-attraction motion within a limited
range. At a still higher voltage, a flashover channel originates from one electrode, extends
toward and passes through the region occupied by the metallic sphere, and subsequently
propagates along the epoxy resin surface to the opposite electrode, resulting in a complete
surface flashover.
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(a) Particles rolling toward the electrode

(b) Particles trapped by electrodes

(c) Flashover along particles

Figure 5. Dynamic behavior of spherical metal particles (a) Particles rolling toward the electrode;
(b) Particles trapped by electrodes; (c) Flashover along particles.

Reducing the air pressure does not alter the temporal sequence between PD inception
and the onset of rolling motion of the spherical metallic particle. Although the spherical
geometry results in relatively low mechanical resistance to rolling, substantial electric-
field enhancement occurs at the metal–epoxy resin–air triple junction beneath the particle.
Consequently, the local electric field can reach the threshold for PD inception at a voltage
lower than that required to generate sufficient electrostatic force to initiate particle motion.
Therefore, during voltage escalation, PD occurs before the spherical particle begins to roll,
and this sequence remains unchanged under low-pressure conditions.

Compared with spherical particles, wire-like metallic particles exhibit considerably
more complex dynamic behavior under electric-field excitation. Figure 6 summarizes
four typical motion modes of a wire-like particle viewed in the x–z plane. The electrodes
depicted on the left and right sides are included solely to indicate their positions relative
to the metallic wire; their locations do not correspond to the high-voltage and grounded
terminals, respectively.

(a) Slight deflection I (b) 90° deflection (c) Slight deflection II (d) Diagonal movement

Figure 6. Typical motion characteristics of wire-like metallic particles. (a) Slight deflection I; (b) 90◦

deflection; (c) Slight deflection II, and (d) Diagonal movement.

For an initial wire orientation of 0◦ relative to the electric-field direction, PD is initiated
first as the applied voltage increases, after which the metallic wire exhibits small-amplitude
reciprocating rolling. Because of the relatively large contact area between the wire and the
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epoxy resin surface, the resulting static friction is sufficiently high that the electrostatic force
remains inadequate to transport the wire toward the electrode. As illustrated in Figure 7,
once the applied voltage reaches a critical level, the wire acts as a conductive bridge that
facilitates the development of the flashover channel. The discharge path extends along
the epoxy resin surface via the metallic wire and ultimately bridges the two electrodes.
Afterward, the hot discharge channel rises away from the insulation surface under thermal
buoyancy and gradually extinguishes in the surrounding air.

(a) Surface flashover (b) Flashover channel floating up

Figure 7. Surface flashover with a wire-like metallic particle initially oriented at 0◦ (a) Surface
flashover; (b) Flashover channel floating up.

When the wire-like metallic particle is initially oriented at 45◦ with respect to the
electric-field direction, it tends to rotate, as shown in Figure 6a, until its longitudinal axis
becomes nearly parallel to the field lines as the applied voltage increases. Once aligned, the
particle exhibits slight reciprocating rolling, and the associated PD intensifies rapidly. As
the voltage is further increased, surface flashover is eventually initiated along the epoxy
resin surface. During the rotational process, there is also a certain probability that the
particle will roll obliquely toward the nearer electrode.

Figure 8 shows that when the metallic wire is located close to one electrode, a streamer
channel is first established between the electrode and the adjacent end of the wire. The
discharge path then extends further from the far end of the wire toward the opposite
electrode, thereby forming a continuous flashover path and initiating flashover.

Figure 8. 45◦ wire-like metallic particle flashover.

Contact between the metallic wire and an electrode effectively extends the electrode
boundary and abruptly shortens the effective interelectrode gap. In combination with the
pronounced field enhancement at the distal end of the particle, this configuration is highly
favorable for the initiation of surface flashover. Nevertheless, repeated tests revealed that a
fully developed streamer path invariably formed before direct particle–electrode contact.
This behavior can be attributed to the strong local field arising from polarization-charge
accumulation at the particle tip and the electrostatic induction between the approaching
wire and the electrode. These combined effects are sufficiently strong to induce breakdown
of the remaining gas gap prior to mechanical contact.

Because an exactly perpendicular orientation between the wire axis and the electric
field cannot be realized experimentally, a wire initially arranged at approximately 90◦ is
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still subjected to an electric torque and therefore undergoes rotational motion. Depending
on the instantaneous force and torque conditions, the particle may roll toward an electrode,
as illustrated in Figure 6d, or rotate locally without pronounced translational displacement,
as shown in Figure 6c. A relatively large electric torque is required to rotate a wire from an
orientation close to 90◦, and thus this motion generally occurs at a higher applied voltage.
Consequently, irrespective of the specific trajectory, once the wire approaches or contacts an
electrode or becomes approximately aligned with the electric-field direction, the combined
effects of the sharply reduced effective electrode spacing and enhanced tip field can rapidly
initiate surface flashover.

A reduction in air pressure modifies the sequence between particle motion and dis-
charge development for wire-like metallic-particle defects on epoxy resin surfaces. The
most prominent changes are the advancement of flashover initiation and the alteration of
streamer propagation behavior.

For a wire initially oriented at approximately 45◦ to the electric-field direction, rotation
or rolling precedes flashover at ambient pressure. In contrast, when the pressure decreases
below 42.6 kPa, the continuous streamer channel shown in Figure 9 develops before any
observable rotational or rolling motion of the particle. Similar behavior occurs for an
initial orientation of approximately 90◦. Rather than forming only after the wire has
rotated into alignment with the electric field, the streamer channel develops while the
particle is still rotating. More importantly, the discharge path changes from surface-guided
propagation to direct gas-gap breakdown, producing a faint-purple streamer channel in the
air above the epoxy resin surface. Although its appearance resembles the buoyancy-driven
upward arc observed after surface flashover at atmospheric pressure, the underlying
development process is fundamentally different. Under low-pressure conditions, the
discharge channel originates directly within the gas gap, whereas at atmospheric pressure
it initially propagates along the epoxy resin surface and only subsequently rises into the
surrounding air owing to thermal buoyancy.

Figure 9. Low pressure wire-like metallic particle flashover.

This phenomenon may be related to microscopic surface irregularities at the ends of
the wire-like particles. With decreasing air pressure, the electron mean free path increases,
making electron acceleration and impact ionization more favorable within the high-field
region surrounding the particle tip. As a result, the gas-phase path between the particle
tip and the electrode may have a lower effective breakdown threshold than the competing
creepage path along the dielectric surface. The discharge therefore preferentially develops
through the gas gap rather than along the epoxy resin surface.

3.3. Discharge Characteristics

Figure 10a presents the pressure dependence of the PDIV, PDEV, and FOV for an
epoxy resin surface containing a spherical metallic particle. All three characteristic voltages
decrease monotonically as the air pressure is reduced from 92.6 to 22.6 kPa. The PDIV
shows the strongest pressure dependence, decreasing from an average of 9.12 kV at ambient
pressure to 4.41 kV at 22.6 kPa, corresponding to a reduction of approximately 51.6%.
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In comparison, the FOV decreases from 20.6 to 15.77 kV over the same pressure range,
corresponding to a more moderate reduction of approximately 23.4%.
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Figure 10. Pressure dependence of the discharge characteristic voltages for spherical and wire-like
metallic particles (a) PDIV, PDEV, and FOV of spherical metal particles; (b) PDIV of wire-like metallic
particles; (c) PDEV of wire-like metallic particles; (d) FOV of wire-like metallic particles.

According to the simulation results, PD inception is primarily governed by the strongly
enhanced electric field near the metal sphere–epoxy resin–air triple junction beneath the
spherical particle. Reducing the air pressure modifies the ionization processes within this
high-field region and therefore lowers the applied voltage required for discharge inception.
This interpretation is consistent with Figure 10a, which shows a progressive reduction in
the critical electric-field intensity for PD inception as the pressure decreases. At the same
time, the increase of extinction coefficient also indicates that the self-sustaining ability of
partial discharge becomes stronger at low pressure, and it needs lower voltage to extinguish
after occurrence.

The flashover process, however, is dominated by the particle dynamics after the
metallic sphere has migrated to and become confined near the electrode. The repetitive
motion of the sphere in this region is governed mainly by electric forces. Although reduced
air pressure decreases aerodynamic resistance, it has only a limited effect on the motion
of the spherical particle. PD inception is strongly controlled by gas ionization, whereas
the subsequent particle motion is less sensitive to pressure. Consequently, the FOV of the
spherical-particle configuration depends less strongly on air pressure than does the PDIV.

For wire-like metallic particles, Figure 10 compares the PDIV, PDEV, and flashover
voltage as functions of pressure for three initial orientations relative to the electric field.
Similar to the spherical-particle results, all three characteristic voltages decrease approxi-
mately linearly with decreasing air pressure. In general, both the PDIV and PDEV follow
the order 90◦ > 45◦ > 0◦. The only exception occurs at 92.6 kPa, where rotation of the
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particle initially oriented at 45◦ causes its PDEV to become approximately equal to that
measured for the 0◦ orientation.

In contrast to the PDIV and PDEV, the FOV shows a distinct dependence on the
initial orientation of the wire-like particle. For the 45◦ configuration, the particle rotated
or rolled before flashover across most of the investigated pressure range, resulting in the
lowest flashover voltage among the three initial orientations. Moreover, inclined wire
configurations exhibit greater stochasticity in particle dynamics. This increased uncertainty
leads to a larger dispersion of the FOV measured at a given pressure.

3.4. Phase-Resolved PD Characteristics

Figure 11 shows the PRPD pattern obtained for a spherical metallic-particle defect at
an applied voltage of 9.5 kV under ambient-pressure conditions. The discharge distribution
is approximately symmetric with respect to the positive and negative half-cycles of the
AC voltage. PD pulses are predominantly distributed over the rising and falling portions
of both half-cycles, displaying phase-resolved characteristics similar to those typically
associated with surface discharges. Such symmetry can be attributed primarily to the
highly symmetric geometry of the spherical metallic particle.

(a) Pulse-current (b) Ultrasonic (c) TEV (d) UHF
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Figure 11. PRPD pattern of spherical metallic-particle defects at 92.6 kPa and 9.5 kV (a) Pulse-current;
(b) Ultrasonic; (c) TEV; (d) UHF.

Figure 12 presents the discharge characteristics during the stable PD stage after the
metallic sphere migrated toward the nearer electrode. The PRPD pattern in Figure 12a
reveals two clearly separated discharge populations in terms of apparent charge magnitude.
Because the pulse amplitudes span several orders of magnitude, a logarithmic scale is
used for the vertical axis. Two distinct pulse clusters can be identified in each polarity
half-cycle. The high-amplitude cluster extends approximately from 100 pC to 60 nC and
shows a pronounced dependence on the instantaneous power-frequency voltage. The
low-amplitude cluster, by contrast, is densely concentrated below 100 pC and exhibits a
distribution similar to that observed near PD inception. These characteristics suggest the
coexistence of two discharge sources. The low-amplitude population is primarily associated
with discharge activity at the metal sphere–epoxy resin–air triple junction beneath the
particle, whereas the high-amplitude population originates mainly from surface discharge
paths between the metallic sphere and the adjacent electrodes. Since the sphere is trapped
in the vicinity of one electrode, the spatial asymmetry of the discharge configuration results
in an asymmetric distribution of the high-amplitude pulse cluster.
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Figure 12. PRPD pattern of spherical metallic-particle defect at 92.6 kPa and 15 kV (a) Pulse-current;
(b) Ultrasonic; (c) TEV; (d) UHF.

The patterns obtained from the three online monitoring sensors are considerably
sparser than the PRPD pattern measured by the pulse-current method. Among them, the
ultrasonic φ–U pattern partially preserves the two-level amplitude structure observed in
the reference PRPD pattern. By comparison, the TEV and UHF φ–U patterns do not exhibit
a clear separation between the two amplitude populations, indicating relatively limited
sensitivity to differences in discharge magnitude.

Figure 13 presents the discharge patterns recorded during the stable PD stage after
the metallic sphere had been trapped near one electrode at 22.6 kPa. Compared with the
ambient-pressure case, the separation between the upper and lower pulse populations
becomes more distinct. The two pulse clusters are no longer connected around the rising
and falling portions of the power-frequency voltage waveform, and the lower-amplitude
cluster no longer exhibits a highly symmetric distribution. Instead, the discharge pulses
become more strongly concentrated around phase angles of approximately 80◦ and 270◦.
In addition, the reduction in air pressure leads to a more pronounced difference between
the upper pulse clusters.
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Figure 13. PRPD pattern of spherical metallic-particle defects at 22.6 kPa and 9 kV (a) Pulse-current;
(b) Ultrasonic; (c) TEV; (d) UHF.

Although the ultrasonic signal undergoes some attenuation under reduced-pressure
conditions, the corresponding φ–U pattern still preserves the amplitude-separation feature
observed in the PRPD pattern measured by the pulse-current method. By contrast, the φ–U
patterns obtained from the TEV and UHF sensors show increased dispersion because the
discharge intensities of the upper and lower pulse populations differ more markedly. Even
so, these two sensing methods still do not reproduce the amplitude-separation feature of
the reference PRPD pattern in a sufficiently distinct manner.

For wire-like metallic particles, PD pattern analysis was performed using the represen-
tative configuration in which the longitudinal axis of the wire was approximately aligned
with the electric-field direction (θ ≈ 0◦).

Figure 14 presents the PRPD and φ–U patterns of metallic-particle-induced surface
discharge on epoxy resin at an applied voltage of 8.5 kV and an ambient pressure of
92.6 kPa. In contrast to the nearly symmetric discharge behavior of the spherical particle, the
wire-like particle produces strongly asymmetric phase-resolved discharge characteristics.
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As observed in Figure 14a, PD activity occurs in both polarity half-cycles of the power-
frequency voltage, whereas the apparent charge magnitude is considerably higher in the
negative half-cycle than in the positive half-cycle.
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Figure 14. PRPD pattern of wire-like metallic particle defects at 92.6 kPa and 8.5 kV (a) Pulse-current;
(b) Ultrasonic; (c) TEV; (d) UHF.

This polarity-dependent behavior can be interpreted in terms of electrostatic induction
and the equivalent point-to-plane discharge configuration. During the positive half-cycle,
negative charges are induced and concentrated at the wire tip adjacent to the high-voltage
electrode. This sharp wire end and the high-voltage electrode therefore constitute an
equivalent negative-polarity point-to-plane geometry, with the wire tip acting as the point
electrode and the high-voltage electrode as the plane electrode. Conversely, the opposite
wire tip and the grounded electrode form an equivalent positive-polarity point-to-plane
geometry. Because of the polarity effect in gas discharge, electron emission and subsequent
ionization are more readily initiated at a negatively polarized sharp electrode. This behavior
generally produces a lower inception voltage, a higher discharge repetition rate, and a
greater pulse density. The PRPD characteristics therefore suggest that the wire end facing
the high-voltage electrode possesses a stronger tip effect than the opposite end, allowing
PD to initiate earlier in the corresponding equivalent point-to-plane discharge region.

At an applied voltage of 15 kV, the discharge develops into a stable PD regime.
As illustrated in Figure 15, abundant discharge pulses occur throughout both polarity
half-cycles of the power-frequency voltage. Moreover, the φ–U patterns recorded by
the ultrasonic, TEV, and UHF sensors show discharge activity around the voltage zero
crossings. The PRPD pattern in Figure 15a displays a distinct separation in apparent charge
magnitude, similar to the two-level discharge distribution previously observed for the
spherical metallic particle.
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Figure 15. PRPD pattern of wire-like metallic particle defect at 92.6 kPa and 15 kV (a) Pulse-current;
(b) Ultrasonic; (c) TEV; (d) UHF.

This evolution can be attributed to the substantial increase in the local electric field
at both ends of the wire-like particle. At 15 kV, the tip fields considerably exceed the
PD inception threshold, leading to strong ionization in the gas gaps between both wire
ends and the corresponding electrodes. Consequently, the phase-resolved distribution
is markedly more symmetric than the distribution near PD inception. This enhanced

https://doi.org/10.3390/en19204965

https://doi.org/10.3390/en19204965


Energies 2026, 19, 4965 15 of 18

symmetry suggests that, under high electric-field stress, the strong field enhancement
imposed by the macroscopic wire geometry dominates the discharge process and effectively
suppresses the influence of minor geometric differences between the two wire tips.

Nevertheless, the three online monitoring techniques remain relatively insensitive to
differences in discharge magnitude. Although the UHF φ–U pattern shows a certain degree
of pulse-amplitude dispersion, none of the three sensors provides sufficient discrimination
with respect to apparent charge. In particular, high-intensity PD pulses exceeding 20 nC
cannot be clearly separated from lower-intensity pulses below 10 nC in the φ–U patterns
measured by the ultrasonic, TEV, and UHF sensors.

Figure 16 presents the PRPD and φ–U patterns recorded under stable surface-discharge
conditions for a wire-like metallic-particle defect at 22.6 kPa and an applied power-
frequency voltage of 6 kV. As illustrated in Figure 16a, the PRPD pattern measured using
the pulse-current method once again exhibits strong phase asymmetry. A large population
of high-magnitude discharge pulses is concentrated in the positive half-cycle, whereas the
negative half-cycle is dominated by lower-magnitude discharge activity. A limited number
of sparse pulses are also observed below 2 nC in the positive half-cycle and above 10 nC in
the negative half-cycle.
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Figure 16. PRPD pattern of wire-like metallic particle defects at 22.6 kPa and 6 kV (a) Pulse-current;
(b) Ultrasonic; (c) TEV; (d) UHF.

This pronounced asymmetry may arise from pressure-dependent breakdown com-
bined with geometric differences between the two wire tips. The reduction in air pressure
lowers the critical electric-field strength required for gas breakdown, thereby making the
discharge process increasingly sensitive to slight differences in tip sharpness between the
two ends of the wire. As a result, the local geometric asymmetry of the particle tips becomes
dominant, while the electric-field distortion associated with the overall wire geometry can
no longer obscure these morphological differences.

Although the ultrasonic φ–U pattern shows some reduction in signal amplitude under
low-pressure conditions, the increased contrast between the discharge sources enables a
clear separation of different response-amplitude levels. By comparison, the TEV and UHF
sensors successfully detect PD activity but exhibit relatively poor sensitivity to variations
in discharge magnitude.

4. Conclusions
The experimental and simulation results show that metallic particles strongly enhance

the local electric field on epoxy resin surfaces. Particle geometry determines both the
location of the peak field and the preferred discharge-inception region. The maximum field
intensity reaches approximately 167.28 times the particle-free value at the metal sphere–
epoxy resin–air triple junction for spherical particles and approximately 106.66 times the
defect-free value at the tips of wire-like particles. Spherical particles undergo a sequential
evolution from PD inception to rolling, electrode capture, and eventual flashover. Wire-
like particles exhibit more complex dynamics involving rotation, rolling, and electrode-
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directed migration, and their initial orientation exerts a significant influence on both PD
development and flashover behavior.

Low pressure substantially aggravates the deterioration of surface insulation associ-
ated with metallic-particle defects. When the pressure is reduced from 92.6 to 22.6 kPa,
the PDIV of the spherical-particle configuration decreases by approximately 51.6%, from
9.12 to 4.41 kV, whereas the FOV decreases by approximately 23.4%, from 20.60 to 15.77 kV.
The markedly larger reduction in PDIV confirms that discharge inception is more pressure-
sensitive than flashover. For wire-like particles, the PDIV, PDEV, and FOV all decrease
as pressure decreases, and their values depend strongly on the initial particle orientation.
Below approximately 42.6 kPa, a fully developed streamer path formed before appreciable
particle motion was observed, and the dominant discharge path shifted from surface prop-
agation to direct gas-gap breakdown. Thus, reduced pressure affects not only the discharge
threshold but also the dominant insulation failure mechanism.

The multi-sensor measurements further show that ultrasonic, TEV, and UHF tech-
niques can all detect metallic-particle-induced PD at reduced pressure, but differ in their
ability to characterize discharge magnitude and pattern evolution. During stable discharge,
the spherical-particle defect produces distinct high- and low-magnitude pulse populations.
By contrast, the wire-like particle produces greater phase and amplitude asymmetries, both
of which vary as pressure decreases. Although ultrasonic signals are attenuated at low
pressure, the corresponding φ–U patterns retain relatively clear discrimination between dis-
charge populations of different intensities. TEV and UHF sensing, by comparison, provide
reliable event detection but relatively weak discrimination of discharge magnitude. These
findings provide experimental support for insulation condition assessment and sensor
selection for electrical equipment exposed to high-altitude, low-pressure environments.
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