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Abstract: Focusing on the influence of fine metal particles on the insulation characteristics of
outdoor insulators, spherical micrometer-level iron powders were used to represent fine metal
particles of different parameters on a polymer insulator specimen surface. Dynamic movement and
lift-off behavior of fine particles, as well as the triggered surface discharges under AC voltage were
investigated in a uniform electric field under different experimental conditions. The results reveal
that the inception, propagation and intensity of surface discharges are significantly affected by the
particle parameters, including particle size, amount and distributing characteristic. Based on the
measurement of light emission during the flashover process using a high-speed camera, the process
of surface discharge to flashover triggered by the fine metal particles were investigated to obtain
a relationship between flashover voltage, discharge light intensity and particle parameters. It is
suggested that particle size smaller than 28 µm and particle amount more than 40 mg in contact with
the non-uniform distribution can cause a significant distortion and intensification of the electric field
resulting in a higher risk of surface discharges leading to flashover. Such investigations can enhance
the operating reliability of outdoor insulators subjected to these conditions.

Keywords: outdoor insulator; fine metal particles; micrometer-level size; particle amount; surface
discharge characteristic; flashover voltage; discharge luminesce

1. Introduction

Outdoor insulators are essential components in the structure and operation of transmission and
distribution lines and substations, providing both mechanical connection and electrical insulation
for conductors at different voltage levels or for conductors to the ground [1–4]. From the viewpoint
of actual operations, due to direct exposure to atmospheric environments, the variation of aerial
components, including both gaseous and solid pollutants, inevitably influences insulator performance.
Except for the mechanical properties, the decrease, even failure, of electrical insulation of outdoor
insulators is still one of serious factors bound to affect the stability and reliability of power systems,
especially if associated with the increasingly aggravated atmospheric conditions [5–10].

When outdoor insulators are operating in polluted environments, especially in heavy industrial
areas, due to electric fields induced by operating voltage, especially at the UHV and EHV levels, the
surrounding floating fine dust particles could be adsorbed onto the insulator surface by the high
electrostatic forces associated with particle gravity [11,12]. The movement of dust particles around the
insulator is the combined action of three acting forces, including electrical field force, fluid drag force
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and gravity, which play an important role in the insulator pollution characteristics [13]. When dust
particles move to the insulator surface, they will suffer from the surface adhesive force and deposit
on the surface. Generally, the surface contamination of outdoor insulators is non-uniform, and the
contamination near high-voltage terminals is much more serious [14–16]. The adhesion of fine particles
is a complicated process, relating to the surface roughness, hardness and wetting properties of the
insulator as well as the size, shape and hardness of the fine particles [17]. Compared with porcelain
and glass, silicone rubber can more easily absorb atmospheric contamination, due to its lower surface
finish and self-cleaning performance, and the adhesive force suffered by conductive particles is greater
than that for non-conductive particles [18–20]. However, few researchers have focused on the influence
of fine metal particles on composite insulators. Therefore, the connection between fine metal particles
and outdoor insulator still needs to be discussed.

After a series of collisions, diffusion and deposition, the fine particles will continuously
accumulate to develop a dust layer. Due to these conductive particles, the electric field distribution will
be distorted, enhancing the probability that the electric field strength will be higher than the threshold
value of air breakdown, which means a high probability of partial discharge occurrence. Due to the
effects of electrostatic forces and surface discharges, the conductive particles can get charged and
propagate along the insulator surface to induce further development of surface discharges [21–24].
Therefore, fine metal particles are one of most serious pollution threats that can potentially influence
the safe operation of power systems, and they should be investigated from both the theoretical and
engineering viewpoints.

In this paper, by considering the conductive properties of fine metal particles on the insulator
surface, these particles were experimentally simulated by using a powder of micrometer-size iron
spheres distributed on the insulator surface. Surface discharge experiments were further carried out
by using an AC power source to investigate the effects of fine-particle parameters, including particle
size, amount and distribution, on the discharge characteristics recorded by a high-speed camera. A
relationship between the flashover voltage, the luminous characteristic of surface discharges and the
fine-particle parameters was obtained, revealing the underlying mechanism of surface discharges
triggered by the fine particles.

2. Experimental Setup

Figure 1 shows a schematic diagram of the experimental setup. For the purpose of eliminating
any influence of the surrounding light on the luminous measurement of surface discharges, all the
discharge experiments were carried out in a dark chamber. A high-speed camera was vertically fixed
above the specimen surface to record the whole process of surface discharges throughout the flashover
process. The specimen system consisted of two main parts: one was silicone rubber insulator slices
in oblong shape of dimensions of 50 ˆ 30 ˆ 5 mm, mechanically impressed by stainless electrodes in
a “plate-to-plate” pattern, as shown in Figure 2; the other was the insulation support for fixing the
specimen and the electrodes. The left electrode was connected to a HVAC power source with a rated
AC voltage of 50 kV at 50 Hz and rated power of 70 kV¨A, while the other electrode was grounded.

All the specimen surfaces were wiped using ethyl alcohol and then dried in a desiccator at room
temperature for more than 24 hours before they were impressed between the electrodes. The electrode
interval along the specimen surface was adjusted at a parallel distance of 30 mm before conducting the
experiments. For the purpose of investigating the effects of electrostatic-adhesive fine metal particles
on surface discharges, powders made of micrometer-size iron spheres were selected to simulate the
fine metal particles, with particles varying in size, amount and distribution characteristics. The particle
sizes were 38, 32, 28 and 24 µm. The particle amounts were 0, 10, 20, 30, 40 and 50 mg. The particle
distribution on the specimen surface was divided into uniform and non-uniform, as shown in Figure 2.
The former means that the conductive particles are evenly scattered on the specimen surface between
the electrodes; the latter means that a rectangular area of iron powder close to the HV electrode are
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formed, with a width of 2.5 mm and a height of 20 mm. That is to say, the particle density in Figure 2a
is 0.2, 0.4, 0.6, 0.8 and 1.0 g/mm2, and in Figure 2b it is 0.017, 0.033, 0.05, 0.067 and 0.083 g/mm2.
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Figure 2. Schematics of particle distribution characteristics on the specimen surface. L: HV electrode;
R: Grounded electrode: (a) Uniform distribution; (b) Non-uniform distribution

Once the specimen and the conductive particles of a certain parameter value were prepared in the
chamber, a stepless speed boost method was used to raise the test voltage at a rate of 1.0 kV/s till the
surface flashover occurred. The voltage at this moment was recorded as the flashover voltage, which
is determined as the average of the values obtained after this test is repeated 10 times under fixed
experimental conditions. During the discharge experiments, the phenomena and process of surface
discharges were simultaneously measured by a high-speed camera at a recording speed of 5000 frames
per second, which is enough for further characteristic identification of discharge images to analyze the
relationship between the surface discharge characteristic and the fine-particle parameters.

3. Data Processing Method

The recorded flashover process can be separated into 5000 frames of continuous discharge images
per second at a time interval of 0.2 ms. By using the image processing method described in our
published paper [25,26], each image can be represented by a digital matrix of dimensions m ˆ n ˆ 1, in
which the pixel value from 0 to 255 is related to the luminous intensity of surface discharge at a certain
location point of the specimen surface. Then, the summation of the pixel values in the matrix can
be obtained through Equation (1), which indicates the discharge intensity of the obtained discharge
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image. A bigger value of S means more intensive discharges on the specimen surface. Therefore, the
discharge intensity at different time during the flashover process can be quantitatively obtained as:

S “
m

ÿ

i“1

n
ÿ

j´1

Ipi, jq (1)

where, S is the summation of pixel value; and I(i, j) is the pixel value at i ˆ j point of the matrix.
Together with the total reflection of discharge images associated with the S value, the detailed

distribution characteristics of the surface discharges inside the image also need to be identified,
so the principal component analysis (PCA) method, widely used to detail image information [27],
was introduced to analyze the discharge characteristics and classify the surface discharge images in
relationship with the fine-particle parameters during the flashover process. The calculation flowchart
of PCA analysis is shown in Figure 3. Then, the PCA characteristic value can be obtained in relation
with the variation of discharge characteristics, further providing classification of different discharges.
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4. Results and Discussion

4.1. Process of Surface Flashover on a Polymer Insulator in the Presence of Fine Metal Particles

Once the fine metal particles are electrostatically adhered on the insulator surface, they will
be dynamically affected by the electric field to induce surface discharges and their development
into a flashover arc. The flashover process and related quantification of discharge characteristics are
shown in Figure 4, with the particle parameters of uniform distribution, size of 24 µm and amount
of 30 mg. It was found that due to the alternating properties of the applied voltage, the fine metal
particles were attracted along the direction of the electric field, capturing the charges emitted from the
electrodes and air ionization. The erratic horizontal motion as well as the oscillating vertical motion
occurred simultaneously. A high electric field distortion was generated on the specimen surface, which
induced the occurrence of corona discharges in regions of high enough electric field stress. Meanwhile,
associated with the cases of charge neutralization, faint discharges can also be observed as a narrow
luminous channel on the specimen surface, as shown in Figure 4a1. Once the onset discharge occurred
between the particles, there were still electric field and charges sustained by the applied voltage, which
stabilizes multiple discharges.
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Figure 4. Process and luminous intensity of surface flashover in presence of fine particles (uniform
distribution, particle size and amount of 24 µm and 30 mg). (a) Process of surface flashover (L-HV
electrode, R-grounded electrode); (b) Luminous intensity of surface discharges during the flashover.

With raising voltage, the moving velocity along the horizontal direction and the ejection amplitude
of particles were enhanced. A large number of charged particles were formed to cause increasingly
local intensification of the electric field on the specimen surface, which induces small amounts of
visible bright discharges, as shown in Figure 4a2. From Figure 4a3 to Figure 4a6, the local arcing
discharges become more and brighter as the applied voltage is enhanced, resulting from two typical
phenomena: one is due to the enhancement of the horizontal electrical field strength, so that the
local arcs are sustained and connect together to form longer discharge arcs; the other phenomenon
is affected by the increase in the lifting electric field [28], where some charged particles are ejected
out of the air gap between the electrodes to form lift-off particles in the air, which generate floating
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discharge points above the discharge channel on the specimen surface. Once the local arcs propagate
across the whole gap to connect the electrodes, flashover occurrence can be observed, as shown in
Figure 4a7. After the flashover, due to the heat energy produced by surface discharges, the particles
are agglomerated to form tracks on the specimen surface, as shown in Figure 4a8. Therefore, due to the
processes and phenomena occurring during the flashover, the luminous intensity of surface discharges
is linked to the discharge strength, which can be used as an indicator for quantitative analysis of surface
discharges. As shown in Figure 4b, the luminous intensity of surface discharges during flashover
was obtained to reveal that the increasing tendency in discharge luminance is continuously enhanced
with the development of different discharge stages, especially significant enhancement at stages of
prior to flashover. At the beginning, the coexistence of corona and streamer discharges dominates the
specimen surface. At this stage, however, it is relatively faint and only emits weak luminesce. Once
the arcing discharges appear, the surface discharges become stronger showing more discharge light
brightness, which is related to a higher probability of surface flashover occurrence.

Figure 5 presents the PCA analysis of surface discharges at different stages of the flashover
process in the presence of fine particles. The variation of PCA characteristic values can reflect the
distribution characteristics of discharge light intensity related to discharge strength. It was found
that with the surface discharges developing from Stage a1 to Stage a7, the PCA value becomes much
higher and shows a larger variation scatter. Further classification of different stages based on the
PCA characteristic value can be obtained, as shown in Figure 5b. The PCA index tends to increase
with the development of surface discharges, and presents a relatively stable variation from stages
a3 to a6, which reveals that the discharges on the specimen surface are mainly dominated by local
arcing discharges.

4.2. Effects of Fine-Particle Size on Surface Discharge

The relationship between the flashover voltage and the fine-particle size is shown in Figure 6,
which reveals that the flashover voltage shows a tendency to decrease with particle size, especially
so for a significant drop at the size of 24 µm. The main effect of the decrease in particle size is to
enhance the electric field around the conductive particles from a microcosmic view and to increase
the conductivity of iron particles in a macroscopic view. Both are responsible for the air breakdown
at the lower voltage. It is possible that the complete streamer propagates from these particles to
form arcing discharges, and even the flashover at lower voltage levels. Meanwhile, the particles with
smaller size can have higher specific surface energy, and thus can form more charged particles, so the
movement and ejection behaviors of these particles are more active under the periodic variations of
applied voltage.

From Figure 6, it can also be found that the flashover voltage under uniform fine particle
distribution conditions is lower than under non-uniform distribution conditions. Due to the conductive
properties of iron powder, the total air gap is less than the distance between the electrodes, so the effect
of particle deposits may be considered as equivalent of an extension of the electrodes. When the fine
particles are uniformly adhered on the specimen surface, the air gap between the electrodes can be
separated into many small air gaps between the particles.
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Figure 5. PCA analysis of surface flashover process at different stages in the presence of fine particles.
(a) PCA characteristic value of surface discharge at different stages; (b) PCA classification of discharge
characteristics during the propagation of surface discharges to flashover with PCA characteristic value
above 6.
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The total air gap between the electrodes is less than that of non-uniform distribution, and the
extendible extent of uniform distribution is bigger than that of non-uniform distribution, so the electric
field strength can be significantly enhanced to the threshold value of air breakdown at a lower applied
voltage. The electrons from air ionization and field emission lead to more charges being absorbed
by the particles, thus accelerating the formation and propagation of small discharge arcs which will
become larger, till flashover.
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under different distribution conditions.

The effect of fine-particle size on luminous characteristic of surface discharge is shown in Figure 7.
Although the particles are distributed in different ways, the luminous intensity emitted by surface
discharges shows a significant decreasing tendency with the particle size increasing from 24 to 28 µm.
When the particle size is bigger than 28 µm, its increase has little influence on the discharge luminesce,
which shows a relatively smooth variation. The classification of surface discharges in Figure 7b shows
a consistent variation tendency, which can be used to identify the discharge strength induced by
particles of different sizes.
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Figure 7. Discharge characteristic analysis in relation with fine-particle size with a particle amount of
30 mg. (a) Luminous intensity of surface flashover; (b) PCA classification.

4.3. Effects of Fine-Particle Amounts on Surface Discharge

Figure 8 displays the relationship between flashover voltage and fine-particle amount in the case
of 24 µm particle size. Flashover voltage shows a tendency to decrease as the amount of fine particles
increases. It is obvious that more particles on the specimen surface can effectively reduce the air
gaps between the electrodes. The greatest degree of distortion in the electric field can be caused by
increasing the amount of particles, which leads to an easier occurrence of surface discharges and a
significant decrease in flashover voltage. The luminous intensity and PCA index of surface discharges
show a tendency to increase with an increase in the amount of particles, as shown in Figure 9. This
figure represents the variation of discharge characteristics in relation with the amount of particles.
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Figure 8. Relationship between the flashover voltage and the fine-particle amount with a particle size
of 24 µm.
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Figure 9. Discharge characteristic analysis in relation with fine-particle amount with a particle size of
38 µm. (a) Luminous intensity of surface flashover; (b) PCA classification.

4.4. Electric Field Analysis of Insulator Surface Affected by Fine Metal Particles

From the viewpoint of electric field distortion affected by fine particles on an insulator surface
and its potential to cause surface discharges, electric field analysis was carried out by using the An soft
Simulation Software to reveal the effects of the fine-particle parameter on the intensification of electric
field strength, as shown in Figure 10. All the simulation parameters are based on the experimental
particle characteristics described in Section 2. For the purpose of general comparison, the relative value
of the maximum electric field strength (∆E) was obtained, for which the experimental condition having
the minimum value was selected as reference. It is found in Figure 10a that the maximum electric field
strength has the lowest value for the 38 µm particle size. As the particle size decreases, the electric field
is enhanced and the maximum electric field value shows an increasing tendency. A significant increase
in the electric field occurs for a particle size of 24 µm. Such a variation means that the small size of fine
metal particles can significantly enhance the electric field to a higher value, which is in relation with
the easier initiation of surface discharge and lower value of flashover voltage, as shown in Figure 6.

From Figure 10b, it can be observed that a small amount of fine particles shows little influence
on the electric field, while an amount higher than 40 mg produces a greater distortion of the electric
field, which is also in accordance with the variation of flashover voltage shown in Figure 8. Therefore,
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the initiation of an electric field for surface discharges between the particles and the electrode mainly
depends on the particle size and particle amount, which shows an increasing tendency as the particle
size is decreased and as the particle amount is increased.
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Figure 10. Maximum electric-field strength on polymer insulator specimen surface in relation with
variation of fine-particle parameters. (a) Effects of fine-particle size with a particle amount of 10 mg;
(b) Effects of fine-particle amounts with a particle size of 24 µm.

5. Conclusions

The characteristics of surface discharges triggered by micrometer-level conductive particles were
experimentally investigated to reflect the influence of electrostatic-adhesive fine metal particles on the
insulating properties of outdoor insulators. As concerns the particle parameters of size, amount and
distribution, the major results can be summarized as follows:

(1) Fine metal particles on the insulator surface under AC voltage conditions show simultaneous
behaviors of erratic horizontal movement and vertical lift-off, which cause distortion and
intensification of electric stresses inducing surface discharges under a rather low voltage.

(2) Flashover voltage shows a decreasing tendency as particle size is reduced and particle amount is
increased. An especially significant change occurs when the particle size is smaller than 28 µm,
associated with a uniform distribution.



Energies 2016, 9, 87 12 of 13

(3) The fine-particle of size below 28 µm and of particle amount over 40 mg can cause the significant
distortion and intensification of the electric field on the specimen surface, which is related to an
easier ignition and propagation of surface discharges to flashover.

(4) Light emission from surface discharges can be quantitatively analyzed as the indicator and
classification index of propagation and strength of surface discharges. It shows a decreasing
tendency in the discharge luminous intensity as particle size is increased and particle amount
is decreased.

Overall, the obtained results and investigation on the influence mechanism of fine conductive
particle characteristics (particle size, amount and distribution) on surface discharge of outdoor
insulators will be helpful to enhance the operating reliability of outdoor insulators in such contaminated
environments, and also to the further research on the influence of contaminated particles on the
insulating properties of outdoor insulators.
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