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Numerical Simulation of Partial Arc along the Polluted insulation

Surface under DC Voltage

Abstract. The development of an arc along the polluted surface depends to a great extent on the electric field of streamer at the arc head and the
current densities in the wet polluted layer and arc. To investigate the parameters that vary depending on the arc length during the development of an
arc, a simplified model of development arc along the polluted surface was established. Based on the numerical calculation of characteristic quantities
of electric field and current density in the simplified model, the influencing factors on the development of arc were investigated.

Streszczenie. W artykule opisano budowe uproszczonego modelu tworzenia sie fuku elektrycznego przez zanieczyszczong powierzchnie. Na
podstawie analizy parametrow pola elektrycznego i gestosci prgdu w modelu, okreslono i zbadano wptyw poziomu zanieczyszczeri powierzchni
na rozwdj tuku. (Symulacja numeryczna tuku czgstkowego przez zanieczyszczong powierzchnie izolacyjng przy napieciu stalym)
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1 Introduction

The prolongation of partial arc is the most important
reason to form a pollution flashover; hence, it has been a
constant research focus [1-3]. With the rapid development
of computer technology in recent years, calculation using a
computer to investigate the pollution flashover problem has
become a new method [4], leading to the development of
several algorithms [5-7]. At the same time, many
researchers have calculated the simulation using the
simulation software to investigate surface discharge. Junqi
Chen [8] constructed a 3D model of an insulator to analyze
the influence of conductive particle length and the non-
uniform coefficient on the insulator surface. Yu Wang [9]
investigated the parameter evolution of arc configuration,
electric field strength, and dynamic temperature field of
gliding arc plasma. Gang Yao [10] built a simplified model of
insulation surface with water film and droplet, and
calculated the influence of wet pollution to the surface field
and potential through quasi-static harmonic analysis
method. However, to date, there is no simulation research
report on the distribution of electric field and current density
with the development of arc.

In this paper, a simplified model of developing partial arc
was built. In addition, the characteristic quantity variations
of electric field and current density with the development of
the arc were calculated. Based on the comparison of
simulation calculation of the arc development parameters at
different pollution degrees, the influence law of pollution
degree to the development of partial arc was investigated,
thereby deepening the understanding of discharge along
the polluted surface.

2 Mathematical model
2.1 Basic assumptions
The partial arc belongs to thermal plasma. The
thermodynamics condition, temperature distribution, and
optical properties of the partial arc meet the assumptions as
follows:
a) The partial arc is assumed to be
thermodynamic equilibrium.
b) The complex chemical reactions in the arc plasma
are not considered.
c) The temperature distribution is uniform in the arc.
d) The arc plasma is steady and optically thin to
radiation, and the reabsorption of radiation can be
ignored compared with the total radiation.

in a local
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2.2 Geometrical model and basic equations

Both column electrodes have diameter and height of 50
and 20 mm, respectively, and the anode-cathode distance
is 50 mm. The distance of the electrode to the left and to
the right boundaries is 25 mm. The thickness of the wet
pollution layer is 0.2 mm.

Current density equation:

(1) J=0oF

where: J — current density, o— conductivity, and E — electric
field strength.

With the development of arc, the arc radius and current
meets the equation [11]:

@ =L
1.45x

where: r — arc radius, / — current.

2.3 Boundary conditions and model building
Voltage boundary condition:

®3) p=C

where: ¢ — applied voltage, ¢ — constant.
Default boundary condition:

@ %y
on

where: n — normal vector.

Then we set the air physical parameters [12] and the
material properties of polluted insulation surface; the
conductivity and critical flashover voltage at different
equivalent salt deposit density (ESDD) [13] as well.

Both the arc radius and current increase with the
increment of arc length, meeting Equation (2). According to
[14], with the development of arc, the arc current develops a
corresponding relation to the discharge phenomenon. In
this paper, we take the four typical data from the groups as
examples to simulate the actual condition from the stage of
the partial arc formed to the flashover, as shown in Table 1.

Table 1. Simulated values of arc length and current

Arc length [cm] Current [A] Radius [cm]
1 0.1 0.1482
2 0.15 0.1815
3 0.3 0.2566
4 0.6 0.3629
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We take all the points at the arc path, then apply the
temperature load [15]. The arc path is always a curve, so
the spline curve is taken to simulate the arc path model.

3. Calculation results and analysis

When the pollution degrees of 0.03, 0.05, 0.1, and 0.2
mg/cm? are taken into the calculation model, the distribution
of electric field, current density in the polluted layer, and arc
with arc lengths 1, 2, 3, and 4 cm are obtained. To explain
the problem in brief, the pollution degrees of 0.03 mg/cm2
was taken as an example.
3.1 Electric field distribution

As shown in Fig.1, a, b, ¢ and d are the electric
distribution with arc length of 1, 2, 3 and 4 cm, respectively.
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Fig.1. Variety of electric field distribution with arc length

The variation of maximal electric field of streamer at the
arc head is different with different ESDD, as shown in Fig.
2. With the same arc length, the larger the pollution degree
is, the smaller the maximal electric field of the streamer at
the arc head. At the same pollution degree, the larger the
arc length is, the larger the maximal electric field of
streamer at the arc head. At small pollution degree, once
the arc length exceeds the critical arc length, the maximal
electric field of the streamer at the arc head is close to the
air breakdown voltage, which indicates that the discharge is
mainly electric breakdown at flashover time.
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Fig.2. Variety of maximal electric field at streamer head of arc with
the arc length

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 88 NR 11a/2012

With the development of arc, the electric field gradient at
the arc head increases, whereas there is no obvious
change in the electric field in the arc. With the increase of
arc length from 1 cm to 4 cm, the maximal electric fields of
the streamer at the arc head are approximately 7, 9, 11,
and 22 kV/cm. The maximal electric field of the streamer at
the arc head increases quickly with the increment of arc,
and the electric field is close to the mean breakdown
voltage of air at critical flashover. Therefore, the flashover
cannot be attributed only to thermal ionization. It is caused
by the rapid increment of the increment of thermal ionization
and collision ionization.
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3.2 Current density distribution in pollution layer

As shown in Fig. 3, the relationship between the arc
length and the current density in the pollution layer is
presented. When the arc length is small, the space
conductivity above the pollution layer is very low. In
addition, almost all the current leak from the pollution layer.
The distribution of current density in the pollution layer is
uniform and has a wide range. With the prolongation of the
arc, the electric field at the arc head becomes more
concentrated, and the current density range in the pollution
layer gradually decreases, whereas the current density
increases.

The variation of the relationship between the arc length
and the maximal current density in the pollution layer at
different pollution degrees is given in Fig. 4. The maximal
current density increases quickly with the increment of arc
length. With the same arc length, the larger the pollution
degree is, the larger the maximal current density in the
pollution layer. The current increases with the development
of the arc, so the current density at the position of the arc
head in contact with the pollution layer increases. The
larger the pollution degree is, the larger the conductivity in
the pollution layer. The foregoing is in favor of the current
leak in the pollution layer. Therefore, the current density is
larger than that of the small pollution degree.
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Fig.3. Variety of electric field distribution with the arc length
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Fig.4. Variety of maximal current density in the pollution layer with

the arc length
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3.3 Current density distribution in the arc

As shown in Fig. 5, the variation of relationship between
the arc length and the maximal current density in the arc is
presented. With the prolongation of arc, both the arc radius
and current are increase. The maximal current density in
the arc does not increase all the time due to the effect of
thermal buoyancy and ambient airflow. The position of the
maximal current density is not immovable. When the arc
length is less than 2 cm, the position of the maximal current
density is at the arc root, but once the arc length exceeds 3
cm, the position of the maximal current density is at the
middle of the arc.
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Fig.5. Variety of density distribution in the arc with the arc length
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The variation of relationships between the arc length
and the maximal current density in the arc at different
pollution degrees is given in Fig. 6. The maximal current
density in the arc is approximately 1.5 A/lcm? to 6.7 Alcm?,
consistent with the measurement results in [16]. The
maximal current densities at different pollution degrees are
all initially increase, and then decrease. At the same arc
length, the larger the pollution degree is, the larger the
maximal current density becomes.
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Fig.6. Variety of maximal current density in the arc with the arc
length

4 Conclusions

This work focused on simulation calculation of the
characteristic quantities of the electric field and current
density in a simplified model of polluted insulator. The
analysis of the calculation results are as follows:
(1) At the same arc length, the larger the pollution degree,
the smaller the maximal electric field of streamer at the arc
head. At the same pollution degree, the larger the arc
length, the larger the maximal electric field of streamer at
the arc head.
(2) When the arc length exceeds the critical arc length, the
maximal electric field of the streamer at the arc head is
close to the air breakdown voltage. The flashover is caused
by the rapid increment of the increment of thermal ionization
and collision ionization.
(3) With the prolongation of the arc, the current density
range in the pollution layer decreases gradually, whereas
the current density increases. At the same arc length, the
larger the pollution degree, the larger the maximal current
density in the pollution layer.
(4) The maximal current density in the arc does not
constantly increase due to the effect of thermal buoyancy
and ambient airflow. The position of the maximal current
density is not immovable. With the development of the arc,
the maximal current density in the arc is approximately 1.5
Alcm? to 6.7 Alem?.
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