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Abstract: Pollution flashover of the insulators threatens the safety and operation security of the power 
system severely. Contamination accumulation on the insulators is the precondition of the pollution flashover, 
while the contamination accumulation characteristics of the insulators depend on the motion characteristics 
of the dust particles moving around the insulators in service to a great degree. This paper researched the 
combined effect of the electric field, the air fluid field and the gravitational field on the dust particles’ motion 
by means of experiments and numerical calculation. The distribution of the electric field and the electric 
potential around an actual insulator were calculated. The results indicate that the polarization force is very 
weak. Once the particles are charged, the electric field force acts and can drive the particles to move along 
the electric field lines. When there is a strong wind, the steady-state drag force is dominant and the particles 
move with the wind. These results can better explain the contamination accumulation characteristics of the 
insulators, and some measures are suggested to reduce the contamination accumulation. 

 
1 INTRODUCTION 

Pollution flashover of the insulators is one of the 
most serious accidents of the power system. The 
development of the insulators’ pollution flashover 
contains the following four processes, 
contamination depositing, wetting of the surface, 
developing of the arcs, and flashover finally. So 
contamination accumulation is the precondition of 
the pollution flashover. Studying the contamination 
accumulation characteristics of different insulators 
and their influencing factors and taking measures 
to reduce the contamination accumulation are the 
effective approaches to reduce the probability of 
the pollution flashover. 

Much work has been done and reported about the 
contamination accumulation characteristics of 
different insulators under different operating 
conditions [1-4]. The equivalent salt deposit density 
(ESDD) and non-soluble deposit density (NSDD) of 
the insulators were measured after a period of time 
exposing to the contamination. These studies 
indicate the following results. 

(1) The ESDD and NSDD of the upper surfaces 
are almost the same for different insulators, while 
the main difference exists on the lower surfaces of 
the insulators. 
(2) The on-line insulators tend to accumulate 
contamination more easily than the un-energized 
ones. 
(3) The contamination accumulation of the lower 
surfaces is much severer for dc insulators than ac 
insulators. 
(4) There is little difference of the contamination 
accumulation between positive and negative dc 
insulators. 

(5) The highest ESDD and NSDD appear at the 
bottom of the insulator strings that connects to the 
high-voltage transmission line. 
(6) The configurations of the insulators and the 
string types influence the contamination 
accumulation observably. 

In the 1970s and 1980, many people have 
researched the motion characteristics of the dust 
particles around the insulators, on the basis of 
various forces acting on them. They found that the 
contamination accumulation characteristics were 
determined by the particles’ motion characteristics 
to a great degree. However, restricted to the 
computing capacity, their calculation models were 
oversimplified [5-10]. 

In this paper, the main four forces, which are the 
polarization force, the electric field force, the 
steady-state drag force and the gravitational force, 
were analyzed. Their effects on the particles’ 
motion were studied by both experiments and 
numerical calculation.  

The effect of electric field was studied by the 
coaxial electrode model experiments. A simplified 
2D axial symmetric calculation model was built to 
simulate the particles’ moving trajectories under 
the combined effect of these forces. The simulation 
resulted in good coincidence with the experimental 
phenomenon. In the end, the distribution of the 
electric field and the electric potential around a 
1000 kV dc insulator were calculated. On the basis 
of the influence of the forces on the dust particles’ 
motion, the contamination accumulation 
characteristics of different insulators can be better 
explained. 
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2 FORCE ANALYSIS 

In order to research the motion characteristics of 
the dust particles, the forces acting on them have 
to be analyzed. Many forces act on the particles 
around the on-line insulators due to the effects of 
the combined fields. The main four forces are 
analyzed as follows. The theoretical prediction is 
based on the assumption that all particles are 
spherical. 

2.1 Polarization force 

Since the permittivity of the dust particles is larger 
than that of the air generally, for particles in the 
electric field, they will be polarized and polarization 
charge will be generated at the two ends of the 
particles. Then the polarization force will act on 
them. For any particles in non-uniform electric field, 
charged or uncharged, this force always acts. The 
polarization force can be expressed by (1). 
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Where: a = radius of the particle in meter (m) 
ε0 = vacuum permittivity in Ferrari per 

meter (F/m) 
εr = relative permittivity of the particles 

(dimensionless) 
E = strength of electric field in volt per 

meter (V/m) 

The direction of pF  is the same as 
2

gradE , which 

points to the direction in which the strength of 
electric field increases. When the electric field is 
uniform, this force equals zero. 

2.2 Electric field force 

Most of the dust particles in the air are charged. 
There are three mechanisms by which aerosol 
particles acquire charge, static electrification, 
diffusion charging and field charging. If corona 
discharge produces unipolar ions in the space, 
field charging is the dominant mechanism for 
particles lager than 1.0 μm, and the saturation 
charge for the particle is: 
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Where: E0 = corona onset strength of electric field 
in volt per meter (V/m) 

The electric field force is expressed by (3). The 
electric field force acting on the charged particles 
was zero due to the alternation nature of the ac 
voltage. 

                                 eF qE
                              (3)  

Where: q = quantity of charge carried by the 
particle in Coulomb (C) 

2.3 Steady-state drag force 

The particles interact with the air when they are 
moving in the air fluid. Many kinds of forces will be 
induced by the particle-fluid interaction, in which 
the steady-state drag force is the most important 
one, while the other forces are very small and can 
be ignored. The “steady-state” means that there is 
no acceleration of the relative velocity between the 
particle and the air fluid. Since the air flow carrying 
the particles is in the Stokes flow regime, the drag 
force can be expressed by (4). 

                           6 ( )DF a u v                         (4) 

Where: μ = kinetic viscosity of the air in Pascal 

multiplied by second (Pa·s) 

             u  = velocity of the air in meter per second 

(m/s) 

             v = velocity of the particle in meter per 

second (m/s) 

2.4 Gravitational force 

The gravitational force acting on the particle is 
expressed by (5). 

                              34

3
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Where: ρp = density of the particle in gram (g) 

             g  = acceleration of gravity in meter per 

square second (m/s
2
) 

According to Newton’s Second Law, the equation 
of motion for a particle can be expressed as (6). 

                       p e D

dv
m F F F G

dt
                      (6) 

Integrating the particle’s velocity v  on the time 

intervals, the particle’s moving trajectory can be 
calculated. 

3 EXPERIMENTS 

A coaxial electrode was designed to study the 
effect of the electric field on the particles’ 
trajectories. The schematic diagram of the 
experimental device is illustrated in Figure1. It 
contained a grounded aluminous tube with length L 
= 0.5 m, and radius R = 0.25 m, in which a 
stainless-steel     cylinder with radius r = 0.002 m 
was located along the axis. The inner electrode 
was connected to the dc or ac voltage source. 
Particles enclosed in a small fixed cylinder were 
scattered by a shaking griddle and dropped to the 
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space between the electrodes. The tested particles 
used in this research were the talcum powder, with 
volume weighted mean diameter D = 22.86 μm, 
relative permittivity εr = 11, and density ρ = 2700 
kg/m3. The following experiment and calculation 
results were based on this kind of talcum powder.  

 
Figure 1: Schematic diagram of the experimental 

device 

3.1 Below the corona onset voltage 

Lower electric potential V = 20 kV ac was applied 
to the inner electrode. Such low voltage couldn’t 
induce the corona. Just the polarization force acted 
on the particles due to the ac electric field. When 
the particles were released over a distance from 
the inner electrode, they dropped vertically without 
deflection. However, when the particles were 
released near the inner electrode, they deflected 
and part of them adhered to the inner electrode as 
shown in Figure 2. 

 
                     (a)                                     (b) 

Fig 2: Particles’ trajectories in the ac electric field 
without corona: (a) released over a distance from 
the inner electrode; (b) released near the inner 
electrode 

3.2 Above the corona onset voltage 

Higher electric potential V = +/-55 kV dc was 
applied to the inner electrode, and it was high 
enough to sustain a corona regime in the 
stationary state. The ions, with the same polarity 
as the voltage, travelled toward the outer electrode, 
collided with the particles and charged the particles. 
This was the process of field charging of the 
talcum powder particles. The particles were 
repelled by the inner electrode, drifted and most of 
them adhered to the outer electrode as shown in 
Figure 3 (a). The experimental phenomena were 

almost the same under the positive and negative 
dc voltage. 

Then electric potential V = 40 kV ac was applied 
and an unstable corona was produced. The 
particles’ trajectories are shown in Figure 3(b). 
Because the polarity of the inner electrode and the 
space ions changed continually, the polarity of the 
charged particles and the direction of the electric 
field force changed consequently. This process 
was very complicated, and resulted in the wavy 
trajectories of the particles. But few particles 
adhered to the electrodes. 

      
                   (a)                                  (b) 
Figure 3: Particles’ trajectories in the dc and ac 
electric field with corona: (a) 55 kV dc corona (b) 
40 kV ac corona 

4 CALCULATION 

The experimental coaxial electrode was simplified 
to a 2D axial symmetric calculation model. The 
electric potential of the inner electrode and the top 
shielding ball was set to a certain value according 
to the experiments and the other sides of the 
model were all grounded. The upper side and 
nether side were set as the wind inlet and outlet 
boundaries separately. The parameters of the 
particles were set the same as the talcum powder. 
Use finite element method to calculate the model. 

4.1 Effect of the polarization force 

The electric potential was set to 20 kV. The 
particles’ trajectories were calculated under the 
influence of the polarization force, the gravitational 
force and the steady-state drag force, as shown in 
Figure 4 (a). The radial polarization force acting on 
the particles along the radius of the coaxial 
electrode is shown in Figure 5. It demonstrates that 
the strength of electric field decreases drastically 
near the inner electrode and most part of the 
electric field is quasi-uniform. As a result, the 
polarization force is stronger in close proximity to 
the inner electrode and approximate zero over a 
certain distance from the inner electrode. 

4.2 Effect of the electric field force 

The electric potential was set to 55 kV and the 
particles were supposed to be saturated charged. 
Their trajectories were calculated under the 
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combined influence of the electric field force, the 
polarization force, the gravitational force and the 
steady-state drag force, as shown in Figure 4 (b).  

The strength of radial electric field was calculated 
as shown in Figure 6. Because the precision of the 
mesh was finite, a tip angle was present on the 
curve where its curvature changed dramatically, 
but this didn’t influence the trend of the whole 
curve. The radial electric field force, the radial 
polarization force and the gravitational force acting 
on the charged particles were calculated along the 
radius, as shown in Figure 7. The steady-state 
drag force was time-variable with the change of the 
particle’s velocity, so it wasn’t calculated to 
compare with the other three forces. 

It can be seen that the electric field force is much 
larger than the gravitational force where the 
electric field strength is high and it’s comparable 
with the gravitational force where the electric field 
strength is low.  The polarization force is much 
smaller than the other forces, so its effect can be 
ignored. These results indicate that the electric 
field force is the dominant force for charged 
particles moving in the still air with the presence of 
a strong electric field. 

4.3 Effect of the fluid drag force 

The wind fields were calculated when the inlet wind 
velocities were set to 0.1 m/s, 1 m/s and 3 m/s 
successively, which represented calm, light air and 
light breeze separately. The electric potential of the 
inner electrode was kept at 55 kV. Supposing the 
particles were saturated charged, the particles’ 
trajectories under the combined effect of the four 
forces were calculated as shown in Figure 8. It can 
be deduced that when the wind is strong, the 
steady-state drag force is dominant and the 
particles move with the wind. 

          
             (a)                                 (b) 

Figure 4: Calculated trajectories of the particles 
(strength of the electric field as surface map, V/m): 
(a) Effect of the polarization force on the neutral 
particles’ motion (b) Effect of the electric field force 
on the charged particles’ motion 
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Figure 5: Polarization force acting on the neutral 
particles along the radius of the coaxial electrode 
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Figure 6:  The strength of the electric field along 
the radius of the coaxial electrode 
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Figure 7: Forces acting on the charged particles 
along the radius of the coaxial electrode 

4.4 Electric field around the insulator 

According to the above results, it can be seen that 
the dc electric field force acting on the charged 
particles is remarkable. A full-size 3D calculation 
model of the 1000 kV dc composite insulator 
hanging on the cross arm of the tower and 
suspending the transmission line was built, as 
shown in Figure 9. The length of the insulator was 
about 11 m. Use charge simulation method and 
boundary element method to calculate the electric 
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field and potential distribution around the insulator. 
The results are shown in Figure10. 

The equal potential lines are almost perpendicular 
to the axis of the insulator. So the electric field 
between the neighbouring sheds is parallel to the 
axis. When the low-speed charged dust particles 
come to the neighbourhood of the sheds, they will 
deflect along the electric field line and deposit on 
the surface. The strength of the electric field along 
the sheath of the insulator is shown in Figure 11.  
The electric field strength is highest at the high-
voltage terminal, low in the middle part, and 
increases at the grounded terminal, presenting a 
“U” curve. The actual contamination distribution of 
the insulator presents the similar trend [11]. 

5 DISCUSSION 

The electric field force is the main reason causing 
the different contamination accumulation 
characteristics between the dc and ac insulators. 
Most of the dust particles in the air are charged 
through various ways.  The conductive particles 
can capture more ions than the insulating ones, so 

 
           (a)                         (b)                       (c) 
Figure 8: Calculated trajectories of the charged 
particles when both corona and wind exist (wind 
velocity field as surface map, m/s) (a) Vinlet = 0.1 
m/s; (b) Vinlet = 1 m/s; (c) Vinlet = 3 m/s 

 
Figure 9: Full-size 3D calculation model for the 
1000 kV dc insulator 

   
Figure 10: (a) Electric potential distribution around 
the insulator (b) Electric field distribution around 
the insulator 

 
Figure 11: Strength of electric field along the 
sheath of the insulator 

more conductive particles are adhered to the dc 
insulators, resulting in the different constituents of 
the contamination layer between dc and ac 
insulators. In order to decrease the number of 
charged particles, the voltage-sharing measures 
should be adopted to reduce the corona of the 
high-voltage terminal. 

For a saturated charged particle, the electric field 
force is proportional to the square of its radius, 
while the gravitational force is proportional to the 
cube of its radius. So the smaller charged particles 
can adhere to the lower surface more easily under 
the influence of the electric field force, while the 
bigger particles tend to drop on the upper surface. 
So the average diameter of the particles on the 
lower surface is smaller than the upper surface.  
Controlling the electric field around the insulator to 
a lower level can reduce the contamination 
accumulation of the dc insulators. 

The fluid characteristics around the insulators are 
determined by their configurations. If there are 
deep ribs under the sheds, the wind will be 
obstructed and form vortexes [12]. The velocity of 
the wind and the carried particles will drop sharply, 
providing chance for the particles to deposit under 
the electric field force. Rational design of the 
configuration aiming to prevent the formation of 
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vortexes is an effective way to reduce the 
contamination accumulation of all insulators. 

6 CONCLUSION 

(1) The dust particles are moving under the 
combined effect of the electric field, the air 
fluid field and the gravitational field around the 
insulators. The contamination accumulation 
characteristics of the insulators are 
determined by the motion characteristics of 
the dust particles to a great degree. 

(2) Attraction of the uncharged particles by the 
polarization force can be neglected since 
there is no necessary strong change of the 
electric field around the insulators. 

(3) The direction of the ac electric field force 
acting on the charged particles alternates 
rapidly, so the total effect is very weak in 
contrast with the dc electric field force. This is 
why the contamination accumulation of the 
lower surfaces is much severer for dc 
insulators than ac insulators. 

(4) When the wind is strong, the steady-state drag 
force is dominant. Aerodynamic shed 
configuration which can reduce the formation 
of the vortexes should be chosen for porcelain 
insulators in the highly-polluted areas. 
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