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Abstract. This article is devoted to a development of a mathematical model of plasma processes
in a discharge chamber of a multi-chamber arrester operating under reduced pressure. The results
obtained using this model will make it possible to develop recommendations on modifying the design of
multi-chamber arresters for operation in conditions of mountain areas. A composition, thermodynamic
and transport properties of plasma for the two-temperature model were calculated on the basis of the
data on the materials of the discharge chamber and on the basis of the experiments performed earlier.
The paper presents the results of calculations i.e. distributions of discharge voltage and electrical
conductivity on time at various pressures. A comparison of obtained results was carried out.
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1. Introduction
Protection of important energy facilities from direct
lightning impact requires the creation of special de-
vices for lightning protection.

Currently, a new promising way to protect over-
head 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 in which an arc discharge occurs during
breakdown (Figure 1). Such a discharge is accompa-
nied 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 dis-
charge chamber and to the extinction of the electric
arc (Figure 2).
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 mountain 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 diffi-
cult, 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 ther-

Figure 1. Discharge in a multi-chamber arrester.

Figure 2. Arc discharges in a multi-chamber system:
1 - silicone rubber; 2 - electrodes; 3 - air gaps; 4 -
discharge channels.

mal 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 mathemat-
ical model of non-equilibrium plasma processes of a
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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, thermo-
dynamic and transport properties of both equilibrium
and two-temperature plasma is described in sufficient
detail in the references [11–15].
In the case of the two-temperature approximation

the plasma composition depends on the electron tem-
perature Te, the temperature Th of the heavy species
and the pressure p. In practice, the dependence of
plasma composition on temperature Te and the pa-
rameter θ = Te/Th is usually calculated at constant
pressure.

The method of formation a system of equations de-
scribing composition in a chemically reacting medium
is usually founded on two different approaches, one
of which is based on the equations of mass action law
using equilibrium constants [13, 14], and the other
one - on finding the minimum of the thermodynamic
potential of the system [11, 12]. The first method was
chosen for calculation.

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 de-

scribed by a screened Coulomb potential [23].
A series of calculations were carried out for a pres-

sure range of 0.3–1.0 atm and a temperature range of
1000–30000K 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 namely a spectral analysis of
the plasma jet at the outlet of the chamber of the
multi-chamber arrester. Comparison of the results
of subsequent calculations with experimental data of
electrical parameters of the discharge confirms the
obtained ratio Fe:O.

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

2.2. Mathematical model
A mathematical model of non-equilibrium plasma pro-
cesses of a pulsed arc discharge in a discharge chamber
of a multi-chamber arrester was developed using the
software ANSY S 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 equa-
tion of heavy particles, which are standardly solved
in ANSY S Fluent, the following equations were in-
cluded 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 in-

side the discharge chamber and the plasma jet region
is shown in Figure 3. The task was solved in a two-
dimensional formulation.
The computational mesh consisted of 55000 trian-

gular control volumes.
The boundary conditions were defined as follows.

A value of scalar potential difference was set at the
electrodes (Figure 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 (Figure 3, boundaries 2), i.e. a
source of mass was considered on the wall. Its value
was calculated as follows.

The power Ppl transmitted from the plasma into
the wall region ∆S due to thermal conductivity is
determined by the formula:

Ppl = −λdT
dn∆S (1)
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Figure 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).

where λ is thermal conductivity, dT/dn is temper-
ature gradient in the direction that is normal to the
wall.

The energy consumption Pvap for the evaporation
of the wall material is determined by the formula:

Pvap = ∆Hvap
dm
dt (2)

where ∆Hvap is a specific heat of evaporation,
dm/dt is mass rate of evaporation that is source of
mass for the calculation domain.

From the condition that all power transferred to the
wall was spent on the evaporation of the wall material

Ppl = Pvap (3)

one can calculate a source of mass dm/dt.
Boundary 3 (see Figure 3) were considered as sym-

metry 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 (Figure 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.
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

Figure 4. A dependence of the discharge current on
time.

Figure 5. The dependence of the discharge voltage on
time for operation at different pressures: 1 - 1.0 atm,
2 - 0.3 atm.

dependence of the discharge current on time is shown
in Figure 4.

The time dependences of the voltage providing the
given current for pressure of 1 atm and 0.3 atm are
shown in Figure 5. 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 (see Figure 6)

was calculated on the base of the obtained data:

G = I

U
(4)

It can be seen (Figure 6) 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.

Thus, the results of performed calculations showed
that the conductivity of the discharge gap increased
by 20% with a decrease in pressure from 1 to 0.3 atm
(the range of pressure variation is due to the operating
conditions of the arresters). This means that when
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Figure 6. The dependence of the discharge conductivity
on time for operation at different pressures: 1 - 1.0 atm,
2 - 0.3 atm.

the pressure decreases, conditions of the arc quenching
degenerate.

Therefore, in order to increase the breaking capacity
of multi-chamber arresters it is proposed to introduce
insulating barriers into the regions of the discharge
channel 4 (see Figure 2) between the electrodes. As
a result, the length of the arc discharge will increase
which contributes to an increase in evaporation of
the chamber walls; the arc voltage increases which
ultimately will increase the breaking capacity of a
multi-chamber arrester.

It should also be noted that the investigating plasma
processes have short time of existence. Under these
conditions (high specific dissipated power, high arc
velocity, reduced pressure) chemical reactions may not
have time to finish, and chemical equilibrium may not
be reached. Therefore, 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 chem-
ical equilibrium.

4. Conclusions
Thus, the thermodynamic and transport properties
of the plasma (air with vapors of materials of the dis-
charge chamber wall and of electrodes material) were
calculated and a two-dimensional two-temperature
model of plasma processes in the discharge chamber
of the multi-chamber arrester was developed. The
calculation results showed a decreasing in the break-
ing capacity of the arrester by 20% with a decrease
in pressure from 1 to 0.3 atm. To increase the ar-
rester’s breaking capacity, it is proposed to introduce
an insulating barriers into the regions of the discharge
channel 4 (see Figure 2) between the electrodes.
To clarify the characteristics of the breaking ca-

pacity 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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