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Abstract: Pollution-induced flashover is a serious threat to the safe operation of power systems.
With the development of High Voltage Direct Current (HVDC), it is necessary to study insulator
contamination in DC electric fields. In this paper, the energized wind tunnel contamination
test was conducted in order to systematically study the pollution ratio, k (ratio of non-soluble
deposit density (NSDD) of a DC-energized condition to a non-energized condition), under different
environmental parameters. Later, a two-dimensional contamination model of short samples of an
HVDC composite insulator was established. The particle motion characteristics under different
environmental parameters were then analyzed by the finite element method (FEM). The research
results showed that—the DC electric field had an influence on particle motion but in different
environments, the degree of influence was different. In addition, k was found to largely vary, with a
variation in the environmental parameters. When the electrical stress (Es) increased from 0 to 70 kV/m,
k increased gradually. However, when the wind speed (ws) increased, k experienced a decreasing
trend. Finally, as the particle diameter (dp) decreased, k increased at first, followed by a decrease,
and then again showed an increase. The results of the pollution ratio, k, for different environmental
parameters are of great importance for guiding anti-pollution work in power systems.

Keywords: contamination; pollution ratio k; HVDC composite insulators; particles motion process;
electric field

1. Introduction

China has suffered increased levels of air pollution in the last three decades, due to a rapidly
increasing economy, industry-dominated urbanization, and a lack of environmental protection [1].
Pollution not only affects people’s health but also harms the power system, thereby affecting social
production safety. Insulator surfaces get wet under heavy pollution, fog, and rain, causing a continuous
water film to form on the pollution layer, which increases the insulator surface’s conductivity. Under
such conditions, the pollution flashover of insulator in transmission lines and transformer substations
could easily occur [2–4]. Insulator pollution flashover is still a threat to the stable operation of power
systems. It might cause power failure and negatively affect the social economic production [5–8].
DC electric fields have a positive impact on insulator pollution, as a result, DC electric field insulators
are heavily polluted. Therefore, the operating High Voltage Direct Current (HVDC) converter station
and transmission lines still experience high risks of pollution flashover [9]. Additionally, the composite
insulator has been widely used in the HVDC transmission lines of China and other countries for
decades, on the merits of its anti-pollution property, low weight, and good mechanical strength,
compared to porcelain and glass insulators. Therefore, it is more and more necessary to study the
contamination of composite insulators in the DC electric field.
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A large number of research studies have been conducted recently, through simulation and
contamination tests, to study the contamination mechanism of insulators. By simplifying the wind
tunnel pollution test, a power law relationship between the pollution accumulation rate and wind
speed was proposed in [10]. In [11], a rail insulator pollution deposition model was established by
using gas–solid aerosol flow simulation, and the influence of wind speed on pollution deposition
and distribution was revealed. Additionally, the relationship between particle diameter, wind speed,
particle volume fraction, contamination degree, and contamination distribution were studied in [12],
by establishing an Eulerian multiphase simulation model.

In addition to the above-mentioned studies, others have also reported on contamination in
electric fields [9,13–18]. For example, the non-uniform distribution of composite insulators was
studied in [9], then electric field force on contaminated particles was obtained by the coupling-physics
model, and the mechanism of non-uniform distribution of contamination was further explained.
Reference [13] proposed that the electric force between insulator sheds would change the particle’s
tracks; their trajectories are determined by electric force when the particle diameter is within 1–10 µm.
However, the trajectories are affected by air drag force when particle diameter is over 10 µm. The
above-mentioned studies have shown that contamination is affected by electric fields, and have
provided essential information for the performances of insulator contamination. However, few
research studies have presented a quantitative and systematic analysis of pollution ratio k with different
environmental parameters.

In this study, a wind tunnel contamination test was conducted, in order to carry out a systematic
study on the pollution ratio k, under different environmental parameters. In order to explore the
mechanism of the effect of DC electric fields on particle motion, force analysis of the polluted particles
has been carried out in this paper. Then, the electric field and electric field force calculation methods
have been introduced. Particle motion toward insulator strings in different environment parameters
have further been presented through the FEM simulation method. The results of the pollution
ratio k under different environmental parameters, provides a guidance for insulation selection and
anti-pollution field work in power systems, which could help prevent pollution-induced flashover
accidents and maintain social production safety.

2. Wind Tunnel Pollution Experiment

2.1. Samples

Samples in this paper were short samples of HVDC composite insulators. Structure and technical
parameters of the sample are shown in Figure 1 and Table 1, where D1 is a big-shed diameter, D2 is
small-shed diameter, and H is structure height.Energies 2019, 12, x FOR PEER REVIEW 3 of 13 
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Figure 1. Short samples of High Voltage Direct Current (HVDC) composite insulators.

Table 1. Structure parameters of the tested insulators.

Sample Material
Parameters (mm)

D1 D2 H

Short sample of HVDC
composite insulator Silicon rubber 135 105 500
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The contaminated particles were simulated by SiO2 powder. SiO2 powder with particle sizes (Sp)
of 250, 400, 800, and 2000 mesh were obtained after screening with different screen meshes. Of note,
the average diameter of 250 mesh SiO2 powder was the largest, followed by 400, 800, and 2000 mesh.
The relationship between dp and Sp has been presented in [9].

2.2. Experimental Devices

The experiments were conducted in a cyclic wind tunnel [9]; shown in Figure 2. The maximum
wind speed could reach 7 m/s. In addition, a six angle cellular was installed to decrease the airflow
turbulence. A deflector was also equipped to equalize the airflow. Other test devices included
temperature hygrometer, scrubbing tools, electronic balance, anemometer, air particulate matter
collection instrument, etc. The power supply in this test was provided by the test transformer
(YDTW-50/50 kVA).
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wind tunnel insulator.

2.3. Methods of the Wind Tunnel Test

Test procedures were as follows. First, all surfaces of the short samples were washed thoroughly
to further remove contamination. Then, the samples were put in a clean and dry place to dry them for
the contamination test. After this, ws, particle concentration (pc), and the relative humidity (RH) were
kept stable. Afterwards, one string composite insulator was suspended in the wind tunnel. Withstand
voltage gradient of the insulation should have been over 70 kV/m, according to the 500 kV design
experience of transmission lines [19]. Therefore, in this study, the short sample was energized with DC
35 kV voltage (70 kV/m). To study the effect of the electric field intensity on contamination, due to the
limitation of wind tunnel size, the short samples were energized with a voltage of DC 35 kV (70 kV/m),
22 kV (44 kV/m), 11 kV (22 kV/m), and 0 (0 kV/m). The contamination particles were accumulated in
8 h.

When the test was completed, the samples were taken carefully out of the wind tunnel, and
contamination on the tested insulator surface was subsequently measured to check the contamination
mass (mg). The contamination measurement methods are shown in Figure 3. More concretely, the
clean filtration membrane was first weighed. Then, the polluted liquid was filtered after cleaning
the insulator. The SiO2 powder left on the filtration membranes were dried and weighed. Finally,
non-soluble deposit density (NSDD) was calculated by referring to the weighing results and the surface
area of the insulator. The standard IEC (IEC Standard 60507) measuring process was followed to obtain
the NSDD.
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3. Wind Tunnel Test Results

3.1. Contamination Degree of Short Samples

The ws was 6 m/s, the Sp was 400 mesh, and the RH was 60%. The contamination distribution of
short samples under different electrical stress is shown in Figure 4.
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As is shown in Figure 4, the influence of the DC electrical field on contamination was distinct.
Contamination on the surface of the short samples in the DC energized condition was more serious
than that in the non-energized condition. In addition, with the increment of electrical stress, pollution
became more and more serious.

3.2. NSDD of Insulators under Different Environmental Parameters

Further, NSDD of the tested insulator under different environmental parameters could be obtained,
as shown in Tables 2–5.

Table 2. Non-soluble deposit density (NSDD) under electrical stress of 70 kV/m.

ws (m/s)
NSDD (mg/cm2); 70 kV/m

Sp = 250 Mesh Sp = 400 Mesh Sp = 800 Mesh Sp = 2000 Mesh

1 0.12 0.135 0.167 0.212
2 0.128 0.147 0.281 0.341
4 0.165 0.187 0.365 0.426
6 0.244 0.3 0.562 0.613
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Table 3. NSDD under electrical stress of 44 kV/m.

ws (m/s)
NSDD (mg/cm2); 44 kV/m

Sp = 250 Mesh Sp = 400 Mesh Sp = 800 Mesh Sp = 2000 Mesh

1 0.099 0.114 0.142 0.187
2 0.11 0.128 0.241 0.284
4 0.137 0.157 0.312 0.359
6 0.214 0.25 0.472 0.523

Table 4. NSDD under electrical stress of 22 kV/m.

ws (m/s)
NSDD (mg/cm2); 22 kV/m

Sp = 250 Mesh Sp = 400 Mesh Sp = 800 Mesh Sp = 2000 Mesh

1 0.071 0.085 0.102 0.125
2 0.078 0.089 0.173 0.219
4 0.103 0.121 0.23 0.236
6 0.146 0.18 0.339 0.365

Table 5. NSDD under Non-energized condition.

ws (m/s)
NSDD (mg/cm2); Non-Energized Condition

Sp = 250 Mesh Sp = 400 Mesh Sp = 800 Mesh Sp = 2000 Mesh

1 0.052 0.046 0.065 0.068
2 0.063 0.056 0.127 0.12
4 0.084 0.075 0.171 0.158
6 0.135 0.14 0.297 0.271

As is shown in Tables 2–5, the following conclusions could be drawn. First, electrical stress had a
great influence on the NSDD of insulators in the wind tunnel test, especially in the case of high electrical
stress. Under similar conditions of other environmental parameters (ws = 1 m/s, Sp = 250 mesh), NSDD
under electrical stress of 70 kV/m was 2.3 times larger than that of the non-energized condition, which
showed that the accumulation of contamination under the DC electric field was different from that
under the non-energized condition.

In addition, NSDD varied greatly under different environmental parameters, specifically, NSDD
was greatly influenced by ws, Sp, and Es. With the increase of ws and Es, NSDD increased gradually. By
contrast, with the increase of Sp, NSDD decreased gradually because the particles with a smaller Sp

tended to cluster more easily. The experimental results of NSDD in different environments are the
same as those in previous literatures [9,12,20]. However, there has been no systematic study on the
pollution ratio k. Therefore, the discussion section of this paper focuses on the pollution ratio k. Before
the discussion of k, in order to explore the effect of DC electric fields on particle motion, force analysis
of the polluted particles has been carried out in Section 4. Further, a two-dimensional contamination
model of the short samples of HVDC composite insulator has been established. Then, particle motion
characteristics under different environmental parameters have been analyzed through FEM.

4. Motion Process of the Particles under DC Electric Fields

4.1. Force Analysis of Particles

In order to study the movement process of contaminated particles, force analysis of the
contaminated particles has been discussed first. The movement process of the charged contaminated
particles is mainly determined through gravity (Fg), fluid drag force (Fd), electrical force (Fe), and



Energies 2019, 12, 2304 6 of 12

polarization force (Fp) [21]. Fp, Fe (determined by the electrical field), Fd, and Fg can be expressed
through Equations (1)–(4):

Fp = 2π(
dp

2
)3ε0 ×

εp − 1
εp + 2

∇(E2) (1)

where dp is the particle diameter(m); E is the electrical field (V/m); ε0 is the vacuum permittivity
(8.85 × 10−12 F/m); and εp is particles relative dielectric constant.

Fe = QpE (2)

Qp is the charge of the contaminated particles (C), which can be written as Equation (5).

Fd = 3πµdp(ws − vp) (3)

where vp is the contaminated particles speed and µ is air dynamic viscosity.

Fg =
4
3
ρpgπ(

dp

2
)

3

(4)

where g is the gravitational acceleration (9.8 m/s 2) and ρp is the density of particles (kg/m3).

Qp = 3πε0Edp
2
(
εp

εp + 2

)
/e (5)

where e is the elementary charge quantity (1.6022 × 10−19 C). Then, the dynamic equation of particles
can be achieved as follows:

d
(
mpvp

)
dt

= Fp + Fe + Fd + Fg (6)

where mp is the particles quality (kg) and t is the time of movement (s).

4.2. Electric Field Simulation

In this paper, a multi-physical field simulation software (Comsol) was used to calculate the electric
field around the short sample of HVDC insulator strings, based on FEM. Under direct current, the
electric field calculation domain governing the equations were as follows:

∇ ·D = ρ, E = −∇V, D = ε0ε1E (7)

ρ is the charge density (C/m3); D is the electric flux density (C/m2); V is the electric potential (V); and
ε1 is the relative dielectric constant; which is 3.3 for silicon rubber. The 2D FEM simulation model was
established by referring to the real-scale structure parameters of short samples.

In the simulation model, the electrostatic field module and the fluid flow module were used for
the coupling calculation, and a rectangular boundary was added around the insulator string, according
to the dimensions of the wind tunnel. The boundary electric potential was set to 0, in the calculation
region. Additionally, the short sample was defined with an Es of 70, 44, and 22 kV/m.

4.3. Effects of the Environment Parameters on Particles Motion Toward Insulator String

In [22], it was concluded by means of numerical calculations that Fp of contaminated particles in
an electric field is much smaller than that of Fe, and the Fp can be neglected. Therefore, in order to
reduce the computational load, only the main force (Fe, Fd, and Fg) of the contaminated particles were
considered in the calculation model of this paper.

A multi-physical field simulation software was used to simulate the trajectory of particle motion
and the trajectory of particles motion affected by Fe, Fd, and Fg. It should be mentioned that, first, the
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electric field around the insulator was calculated, where a steady-state model and a direct solver was
used. The coupling effect between the electric field and the flow field was further calculated, where
the transient model and an iterative solver was used. Supposing that when the particles reached the
insulator surface they stopped moving, then by setting the wall boundary condition on the insulator
surface to “freeze”, the end velocity and trajectory of particles from the outside air flow to the insulator
surface could be recorded. For example, Figure 5 shows the simulation results of the particle movement
process when ws = 1 m/s and dp = 20 µm energized the short sample with an Es of 70 kV/m.

Energies 2019, 12, x FOR PEER REVIEW 7 of 13 

 

used. The coupling effect between the electric field and the flow field was further calculated, where 
the transient model and an iterative solver was used. Supposing that when the particles reached the 
insulator surface they stopped moving, then by setting the wall boundary condition on the insulator 
surface to “freeze”, the end velocity and trajectory of particles from the outside air flow to the 
insulator surface could be recorded. For example, Figure 5 shows the simulation results of the particle 
movement process when ws = 1 m/s and dp = 20 μm energized the short sample with an Es of 70 kV/m. 

 
Figure 5. The particle movement process. 

Figure 5 shows that, initially, Fd played a major role in the particle movement, and the 
contaminated particles move to the insulator surface in a straight line, at a constant speed, under the 
action of air resistance and gravity balance force. However, when the contaminated particles were 
close to the insulator string, the motion speed of the contaminated particles changed due to the action 
of Fe. Specifically, the velocity of the particles had hardly changed before 0.4 s. When the motion time 
reached 0.6 s, a velocity change of particles (observed from color) was found in the picture, but the 
value was still about 1 m/s. At 0.9 s, the particle velocity changed numerically. The maximum velocity 
of particle motion was 1.04 m/s and the minimum velocity was 0.96 m/s. Finally, at 1 s, the particles 
had collided with the insulator surface and the terminal velocity (vt) had changed significantly. The 
maximum velocity of the particle motion could reach 2.27 m/s and the minimum velocity was 0.09 
m/s. Therefore, it could be concluded that the DC electric field had a greater influence on the particle 
motion around the insulator. To study particle motion of different environmental parameters, particle 
motion under different wind speeds, particle diameters, and electrical stress, was calculated. The 
calculated results are shown in Figures 6–8. 

Figure 5. The particle movement process.

Figure 5 shows that, initially, Fd played a major role in the particle movement, and the contaminated
particles move to the insulator surface in a straight line, at a constant speed, under the action of
air resistance and gravity balance force. However, when the contaminated particles were close to
the insulator string, the motion speed of the contaminated particles changed due to the action of
Fe. Specifically, the velocity of the particles had hardly changed before 0.4 s. When the motion time
reached 0.6 s, a velocity change of particles (observed from color) was found in the picture, but the
value was still about 1 m/s. At 0.9 s, the particle velocity changed numerically. The maximum velocity
of particle motion was 1.04 m/s and the minimum velocity was 0.96 m/s. Finally, at 1 s, the particles
had collided with the insulator surface and the terminal velocity (vt) had changed significantly. The
maximum velocity of the particle motion could reach 2.27 m/s and the minimum velocity was 0.09 m/s.
Therefore, it could be concluded that the DC electric field had a greater influence on the particle motion
around the insulator. To study particle motion of different environmental parameters, particle motion
under different wind speeds, particle diameters, and electrical stress, was calculated. The calculated
results are shown in Figures 6–8.
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ws. In addition, the process of collision and adhesion between the contaminated particles and insulator
surface was very complex, so in this work only the vt was studied under different environmental
parameters, which was used to characterize the effect of the electric field on contamination.

Figure 6 shows the obvious effect of electrical stress on particle motion. Specifically, when Es was
0, 22, 44, and 70 kV/m, the maximum speed of the particles reaching the insulator was 1, 1.13, 1.51, and
2.27 m/s, respectively. The particle velocities increased by 13% (22 kV/m), 51% (44 kV/m), and 127%
(70 kV/m), respectively, compared to that without an electric field.

Figure 7 shows the effect of particle diameter on particle motion. When 70 kV/m electrical stress
was applied and ws was 1 m/s, the motion of particles with diameters of 5, 10, 20, 30, 40, and 50 µm was
calculated, as shown in Figure 7. vt of particles with diameters of 5 µm ranked at the top, standing at
4.25 m/s, by contrast, vt of particles with diameters of 50 µm was the minimal, with nearly 1.48 m/s. Of
note, as the diameter increased, vt did not always decrease. vt increased by 325% (5 µm), 63% (10 µm),
127% (20 µm), 185% (30 µm), 78% (40 µm), and 48% (50 µm), respectively, compared to that without an
electric field.

Figure 8 shows the effect of wind speed on particle motion. It can be seen that with the increment
of ws, the influence of electric field on particle motion was gradually weakened. More concretely, vt

increased by 127% (1 m/s), 31.5% (2 m/s), 16.25% (4 m/s), and 7.83% (6 m/s), compared to that without
an electric field.

In this section, the effect of electric field on particle motion under different environmental
parameters was preliminarily explored by means of simulation calculation. The effects of electrical
stress, wind speed, and particle diameter on particle motion were obtained. In order to obtain the
pollution ratio k under different environmental parameters, the results of the wind tunnel contamination
experiment were further analyzed in this paper.
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5. Discussion

5.1. Pollution Ratio k under Different Environmental Parameters

This paper presents the effect of electric fields on pollution of insulator surfaces, for which the
movement characteristics of polluted particles was analyzed. Previous studies have mostly focused
on the non-electrified contamination process, but electrified contamination results are needed as a
guide for power system workers, for cleaning up contamination on insulator surfaces. There are also
studies on the contamination of insulators in operating HVDC transmission lines, but there is yet no
systematic study on the pollution ratio k under different environmental parameters. Therefore, this
section will calculate and analyze the contamination coefficients of different environmental parameters,
which would provide guidance for anti-pollution efforts in power systems. According to the results in
Tables 2–5, the pollution ratio k could be calculated as shown in Tables 6–8.

Table 6. Pollution ratio k under electrical stress of 70 kV/m.

ws (m/s)
Pollution Ratio k; 70 kV/m

Sp = 250 Mesh Sp = 400 Mesh Sp = 800 Mesh Sp = 2000 Mesh

1 2.308 2.935 2.569 3.118
2 2.032 2.625 2.213 2.842
4 1.964 2.493 2.135 2.696
6 1.807 2.143 1.892 2.262

Table 7. Pollution ratio k under electrical stress of 44 kV/m.

ws (m/s)
Pollution Ratio k; 44 kV/m

Sp = 250 Mesh Sp = 400 Mesh Sp = 800 Mesh Sp = 2000 Mesh

1 1.904 2.478 2.185 2.750
2 1.746 2.286 1.898 2.367
4 1.631 2.093 1.825 2.272
6 1.585 1.786 1.589 1.930

Table 8. Pollution ratio k under electrical stress of 22 kV/m.

ws (m/s)
Pollution Ratio k; 22 kV/m

Sp = 250 Mesh Sp = 400 Mesh Sp = 800 Mesh Sp = 2000 Mesh

1 1.365 1.848 1.569 1.838
2 1.238 1.589 1.362 1.825
4 1.226 1.613 1.345 1.494
6 1.081 1.286 1.141 1.347

As shown in Tables 6–8, the following conclusions could be drawn. First, the value of k varied
greatly under different environmental parameters. The maximum k value in this wind tunnel test
was 3.118 (Es = 70 kV/m, ws = 1 m/s, and Sp = 2000 mesh) and the minimum k value was only 1.081
(Es = 22 kV/m, ws = 6 m/s, and d = 250 mesh). Even at the same Es, the value of k fluctuated greatly.
Take Es = 70 kV/m as an example, k varied between 3.118 (ws = 1 m/s and d = 2000 mesh) and 1.807
(ws = 6 m/s and Sp = 250 mesh).

Second, with the increase of Es, k increased gradually. Taking ws = 1 m/s and Sp = 250 mesh as an
example, when Es increased from 22 kV/m to 70 kV/m, k increased from 1.365 to 2.308 correspondingly.

In addition, with the increase of ws, k experienced a decreasing trend. Taking Es = 70 kV/m and
Sp = 250 mesh as an example, when the ws increased from 1 m/s to 6 m/s, k decreased from 2.038 to
1.807. Finally, as the Sp decreased (From 250 to 2000 mesh), k increased first, then decreased, and then
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increased again. Taking ws = 1 m/s and Es = 70 kV/m as an example, the k value was 2.308, 2.935, 2.569,
and 3.118, when Sp was 250, 400, 800, and 1000 mesh, respectively.

It is important to highlight that the test results of the pollution ratio k was consistent with the
vt calculated above, which showed that the simulation method used in this paper could provide a
reference for the study of k value when it is difficult to carry out an experiment.

5.2. Future Research Directions

This research work carried out an extensive study on the effect of DC electrical fields on
contamination as well as the pollution ratio k. However, further work is needed to apply the research
results to the operations of a power system. Due to the limitations of the size of the wind tunnel and
the experimental conditions, in this work, only the variation of k at 35 kV and lower voltage levels was
studied. Whether the variation of k in different environments at higher voltage levels is consistent with
the results of this study is a problem that needs further investigation.

6. Conclusions

A wind tunnel contamination test was conducted, in order to carry out a systematic study on the
pollution ratio k under different environmental parameters. After this, force analysis (electric field
force, polarization force, air drag force, and gravity) of the polluted particles was carried out, then, the
electric field and electric field force calculated method were further introduced, and particle motion
toward insulator string, in different environment parameters, were presented. Finally, both NSDD and
pollution ratio k was obtained. The following conclusions could be drawn:

(1) DC electric field had a great influence on particle motion but in different environments, the
degree of influence was different. As the particle diameter increased, vt did not always decrease.
vt increased by 325% (5 µm), 63% (10 µm), 127% (20 µm), 185% (30 µm), 78% (40 µm), and 48% (50 µm),
respectively, compared to that without an electric field. With the increment of ws, the influence of the
electric field on particle motion was gradually weakened.

(2) NSDD varied greatly under different environmental parameters, specifically, NSDD was greatly
influenced by ws, Sp, and Es. With the increase of ws and Es, NSDD gradually increased. By contrast,
with the increase of Sp, NSDD gradually decreased.

(3) First, the value of k varied greatly under different environmental parameters. Second, with the
increment of Es, k increased gradually. In addition, with the increment of ws, k experienced a decreasing
trend. Taking Es = 70 kV/m and Sp = 250 mesh as an example, when the ws increased from 1 m/s to
6 m/s, k decreased from 2.038 to 1.807. Finally, as the Sp decreased (from 250 mesh to 2000 mesh), k first
increased, then decreased, and then increased again.

(4) The test results of pollution ratio k was consistent with the vt calculated above, which showed
that the simulation method used in this paper could provide a reference for the study of k value, when
the experiment was difficult to carry out.
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