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Abstract: The paper is devoted to mathematical simulation of non-equilibrium plasma 
processes of a pulsed arc discharge of complex chemical composition. The calculation of the 
composition, thermodynamic and transport properties of the plasma was carried out taking 
into account vapors of the chamber material and electrodes. Plasma processes were calculated 
using the two-temperature model both in the chamber of the arrester and in a plasma jet at an 
ambient pressure of 1 atm and 0.3 atm. A comparison of the results is presented. 
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1. Introduction 
Protection of important energy facilities from direct 

lightning impact requires the creation of special devices for 
lightning protection. 

Currently, a new promising way to protect overhead 
power lines from lightning impact is the use of multi-
chamber arresters [1–3]. The multi-chamber arrester 
consists of a large number of series-connected chambers 
(Fig. 1) in which an arc discharge occurs during 
breakdown. Such a discharge is accompanied by erosion of 
the electrodes material and ablation of the material of the 
discharge chamber. During that process an increased 
pressure occurs in the chamber leading to the formation of 
a plasma jet from the discharge chamber and to the 
extinction of the electric arc (Fig. 2). 

 

 
Fig. 1. Arrester RMK-E-35: 1 – high-voltage wire,  

2 – transmission tower part, 3 – multi-chamber systems 

 
Fig. 2. Arc discharges in a multi-chamber system:  
1 – silicone rubber; 2 – electrodes; 3 – air gaps;  

4 – discharge channels 
 
Investigations of the physical processes that take place 

inside such devices have been carried out over the years to 
improve the efficiency of multi-chamber arrester 
operation. Along with experimental methods [4], 
theoretical studies using mathematical modeling become 
widespread [5–10]. The data obtained during experiments 
are used in the mathematical model as initial data as well 
as for the purpose of correcting the model. 

Currently, there is the problem of application of arresters 
for power lines located in mountainous areas where in 
some cases the pressure may be 0.3-0.8 of the atmospheric 
pressure. The extinction of an electric arc in the arresters 
under such conditions becomes difficult, which is caused 
by the stable maintenance of the arc under reduced 
pressure. Therefore, the creation of lightning arresters 
requires significant adjustments. 

At reduced pressure plasma in the presence of an electric 
field is characterized by a disturbance of thermal 
equilibrium. Therefore, plasma in such conditions is more 
adequately described by the two-temperature model [11]. 

The purpose of this article is to develop a mathematical 
model of non-equilibrium plasma processes of a pulsed arc 
discharge of complex chemical composition using the 
example of processes in a discharge chamber of a multi-
chamber arrester operating in mountainous areas. 

 



2. Methods 
2.1. Calculation of plasma properties 

To develop a non-equilibrium mathematical model of a 
pulsed arc discharge it is necessary to know the 
thermodynamic and transport properties of a plasma as a 
function of electron temperature, heavy particle 
temperature, and pressure. 

A method of calculation of the composition, 
thermodynamic and transport properties of both 
equilibrium and two-temperature plasma is described in 
sufficient detail in the references [11–15]. 

Silicone rubber has the following chemical formula: 
(C2H6SiO)n 

Using this information and considering possible cases of 
the electrode material (Cu, W, Fe) the 85 components were 
taken into calculation. 

The equilibrium constants for the equations of the mass 
action law were taken from [16, 17], and the partition 
functions of atoms and ions were calculated based on NIST 
data [18]. Enthalpies of individual components were taken 
from [16, 17] to calculate the thermodynamic properties. 

To calculate the transport properties, it is necessary to 
find data on collision cross sections for each pair of 
species. The book [19] was used as the main source for 
specifying collisions between two neutral species and 
between neutral and charged components. If the required 
cross section was not found in the book [19] then we acted 
as follows.  

When considering collisions between two neutral 
components it was assumed that the cross section can be 
described by the Lennard-Jones interaction potential [20], 
the main interaction parameters were taken from [21, 22] 
using rules given in [22].  

When considering collisions between neutral and 
charged components it was assumed that the cross section 
can be described by the polarization potential, the 
parameters of which were taken from [21, 22].  

The collision of two charged components was described 
by a screened Coulomb potential [23]. 

A series of calculations were carried out for a pressure 
range of 0.3–1.0 atm and a temperature range of 1000–
30 000 K with the following proportions of basic chemical 
elements included into the system: 

Si:O:C:H=1:1:2:6;  Fe:O=1:10. 
These ratios were determined using a condition that the 

walls of the discharge chamber are made of silicone rubber 
and the electrodes are made of steel.  

The ratio Fe:O=1:10 was made on the basis of 
experimental studies of the plasma composition at a 
discharge in the chamber of the multi-chamber arrester. 

The obtained dependences [24] of plasma properties on 
the electron temperature and the heavy particles 
temperature were used in the further mathematical model. 

 
2.2. Mathematical model 

A mathematical model of non-equilibrium plasma 
processes of a pulsed arc discharge in a discharge chamber 

of a multi-chamber arrester was developed using the 
package ANSYS Fluent. 

In this paper, a two-temperature plasma model was used. 
This model was described in detail in [25], a chemical 
equilibrium was assumed. 

In addition to the equations of gas dynamics and the 
energy equation of heavy particles, which are standardly 
solved in ANSYS Fluent, the following equations were 
included into the mathematical model using the UDF (user-
defined functions) interface: the energy equation for 
electrons, the equation for scalar electric potential and the 
equation for vector magnetic potential [25]. 

A calculation domain including both the space inside the 
discharge chamber and the plasma jet region is shown in 
Fig. 3. The task was solved in a two-dimensional 
formulation. 

 
Fig. 3. Calculation domain: I – the space inside the 

discharge chamber; II – the plasma jet region;  
1 – electrodes; 2 – walls of the discharge chamber;  

3 – symmetry boundary; 4 – outlet (ambient pressure) 
 

The computational mesh consisted of 55 000 triangular 
control volumes. 

The boundary conditions were defined as follows. A 
value of scalar potential difference was set at the electrodes 
(Fig. 3, boundaries 1) so that to provide the necessary 
discharge current (see below). The ablation of the walls of 
the discharge chamber was taken into account (Fig. 3, 
boundaries 2), i.e. a source of mass was considered on the 
wall. Its value was calculated from the condition that all 
power transferred to the wall was spent on the evaporation 
of the wall material. Borders 3 (see Fig. 3) were considered 
as symmetry boundaries since the arrester has a multi-
chamber design (it means that the same chambers are 
located to the left and right of the considered discharge 
chamber). The ambient pressure was set at the boundary 4 
(Fig. 3). 

 
3. Results 

Simulation was carried out for the time range from 0 to 
250 µs for two cases: ambient pressure was 1 atm and 
0.3 atm. Examples of the obtained results i.e. temperature 
distributions for time t = 150 µs are shown in Figs. 4, 5. 



 
Fig. 4. Distributions of electron temperature (a) and 

temperature of heavy particles (b) at time t = 150 µs  
(p = 1 atm) 

 
Comparison of the electron temperature and heavy 

particle temperature distributions in Figs. 4 and 5 shows 
that the plasma in considered model is close to thermal 
equilibrium which is explained by the presence of 
molecular components in the plasma [26] and the 
assumption of chemical equilibrium. 

In both cases the experimental dependence of the 
discharge current on time was used. To reduce the 
computation time, only the first 250 µs and 150 µs before 
current zero were used. The graph of the used dependence 
of the discharge current on time is shown in Fig. 6. 

The time dependences of the voltage providing the given 
current  for pressure of 1 atm and 0.3 atm are shown in Fig. 
7. It is seen that at the end of the time dependences the 
voltage on the discharge chamber is greater in the case of a 
pressure of 1 atm than in the case of a pressure of 0.3 atm. 
This suggests that with decreasing pressure the breaking 
capacity of multi-chamber arresters decreases. 

A conductivity of the discharge gap was calculated on 
the base of the obtained data (see Fig. 8). 

 
Fig. 5. Distributions of electron temperature (a) and 

temperature of heavy particles (b) at time t = 150 µs  
(p = 0.3 atm) 

 
Fig. 6. A dependence of the discharge current on time 

 
It can be seen (Fig. 8) that at the end of the time 

dependences the conductivity of the discharge gap at a 
pressure of 0.3 atm is 20% higher than the conductivity at 
a pressure of 1 atm. 



 
Fig. 7. The dependence of the discharge voltage  

on time for operation at different pressures:  
1 – 1 atm, 2 – 0.3 atm 

 
Fig. 8. The dependence of the discharge conductivity  

on time for operation at different pressures: 
1 – 1 atm, 2 – 0.3 atm 

 
4. Conclusions 

To clarify the characteristics of the breaking capacity of 
multi-chamber arresters it is necessary to improve the 
mathematical model, namely, to take into account the 
disturbance of chemical equilibrium. 
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