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A numerical model of gas-dynamic stage of spark discharge in oxygen that takes into consideration transient 
processes in an electric circuit and a change in the composition of gas-discharge atmosphere has been presented. 
The components of e, O, O+, O++ were considered for the conductive channel of a spark. The plasma ionization was 
neglected in the region beyond the conductive channel and the consideration was given to the components of O2, O. 
The results of the distribution of thermodynamic parameters, spark channel resistance, radiation losses, and those of 
expenditure of discharge energy for dissociation and ionization have been given. 
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INTRODUCTION 
The spark discharge development is accompanied by 

many elementary processes that arise in gas-dynamic 
environment and are interconnected with different types 
of atom and molecule excitations, molecule dissocia-
tion, and atom and molecule ionization. These processes 
are superimposed by the processes of chemical trans-
formations, transient processes in a discharge circuit, 
gas-dynamic expansion of a spark channel, heat transfer 
processes, diffusion, radiation, near-electrode processes, 
etc. Each process has its own specific time required for 
the establishment of equilibrium state. For some proc-
esses this time differs by orders of magnitude. Some 
processes related, for example, to the radiation in non-
equilibrium plasma and to the formation of spatial near 
–cathode charge require additional studies.  

The above aspects cause difficulties in the creation 
of generalized numerical model describing the entire set 
of processes that occur in the spark discharge.  

Due to the fact that the spark discharge has a broad 
practical application numerical models that allow for the 
description of individual stages of spark discharge have 
been created. The gas-dynamic stage of spark discharge 
is of practical interest, because this stage is accompa-
nied by the shock wave formation, which produces a 
mechanical effect on the environment surrounding the 
gas discharge channel.  

In practical application, the spark shock action is 
used, for example, by electrical and hydraulic punching 
systems, by vibratory cleaning and detonation initiation 
systems, etc [1]. With regard to these problems it is very 
important to obtain a high factor of conversion of the 
total electric energy into the shock wave energy. The 
studies of this process and the definition of possible 
ways of an increase of electric discharge efficiency with 
regard to shock effect-related problems require the use 
of numerical models describing the gas-dynamic stage 
of spark discharge taking into consideration transient 
processes that arise in the electric circuit. 

Numerical models of gas-dynamic stage of spark 
discharge channel and the results of experimental re-
search of this discharge stage are described, for exam-
ple, in [2 - 15]. 

In S.I. Drabkina’s model the system of differential 
equations of gas dynamics is solved using prescribed 
boundary conditions [2]. Model versions with instanta-
neous and gradual deposition of energy in the discharge 
channel have been given. For the model version that 
takes into account a gradual energy deposition and 
which is more close to the real spark discharge the 
shock wave front radius and its derivative parameters, 
in particular shock wave-front velocity and wave front 
pressure presented as a function of the amount of en-
ergy inputted in the spark channel at the current instant 
of time are used as boundary conditions. 

Therefore this model can be used for the case when 
the dependence of the amount of energy inputted in the 
spark channel on time is defined using the results of 
experimental research. This hampers the analysis of 
processes if discharge conditions are changed.  

In the S.I. Braginsky model [3] processes occurring 
at the stage of gas-dynamic spark expansion are de-
scribed by the discharge current curve. Such formula-
tion of a problem allowed us to study the influence pro-
duced by discharge circuit parameters that define the 
discharge current curve on the distribution field of 
thermodynamic parameters of gas discharge environ-
ment at different instants of time that arise during the 
gas-dynamic channel expansion. 

In [3] problem was solved using a self-similar ap-
proximation, which is applied for the definite relation-
ship of a current rise i as a function of time t, which is 
expressed as i ~ t3/4.This relationship describes in the 
rough only the first quarter-period of oscillatory decay-
ing discharge that arises at the capacitor discharge in a 
spark gap. 

The papers [4, 5] give numerical models taking into 
consideration transient processes in electric circuit. Pro-
ceeding from these descriptions we can state that a 
change in the discharge environment composition 
caused by dissociation and ionization processes was not 
taken into account by models.  

A relatively detailed description of processes arising 
at the gas-dynamic stage of spark channel expansion is 
given by the numerical model presented in [6]. This 
model describes the behavior of discharge processes 
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with regard to the chemical nonequilibrium environ-
ment taking into consideration magnetic pressure forces, 
diffusion, radiation losses and heat conductivity. For the 
computation of heat conductivity the model took account 
of only molecular and electron components of the heat 
conductivity. The neglect of radiant heat conductivity 
results in overrated thermodynamic parameters of the 
environment that are reached in the discharge channel 
[7].  

The purpose of this paper is to provide a numerical 
modeling of the gas-dynamic stage of spark discharge in 
oxygen taking into consideration a change in the com-
position of gas-discharge environment and transient 
processes arising in electric circuit.  

NUMERICAL MODEL DESCRIPTION 
Gas-dynamic spark channel expansion has a cylin-

drical symmetry. In the case of one-dimensional formu-
lation of a problem in the range of 0 < r < L*, where L* 
is a size of the simulation area the system of gas-
dynamic equations (mass storage, pulse and energy con-
tinuity) was solved for gas mixture as follows  
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ρ is the gas density, u is the velocity, р is the pressure, ε 
is the internal gas energy, kТ is the heat transfer coeffi-
cient, Е is the electric field in the discharge channel 
column, σ is the plasma conductivity in a channel, Qrad 
is radiation discharge energy losses, r is the radius co-
ordinate, Т is the temperature. 

To consider processes that occur in a spark dis-
charge conductive channel proceeding from the current 
thermodynamic state the region was defined in which 
plasma is highly ionized following the mechanism of 
thermal ionization. In the conductive channel compo-
nents e, O, O+, O++ have been considered. In the calcu-
lated region outside the conductive channel plasma 
ionization has been neglected. In this field the compo-
nents O2, O have been considered. The energy deposi-
tion in a discharge channel was defined by the parame-
ters of electric circuit. The diffusion process was not 
taken into account. 

The problem was solved numerically splitting the 
rated area of L* into rated cells. 

To calculate the Joule heat deposited into the dis-
charge channel we are supposed to know the current 
values of electric field Е in the discharge channel col-
umn and plasma conductivity distribution σ in the plas-
ma channel. It was assumed that only a longitudinal 
component of the electric field is present in the dis-

charge channel and the field is uniformly distributed 
across the channel cross-section. 

The conductivity distribution in a gas-discharge 
channel was considered proceeding from the channel- 
based problem formulation. The highly ionized region 
was defined from the condition of tenfold exceed of the 
frequency of Coulomb collisions in comparison with 
that of elastic collision of electrons with a neutral plas-
ma component (O atoms) as follows:  
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Where σtr is the transport cross – section of elastic 
collisions of electrons with a neutral plasma component, 
− N is the neutral plasma component density; ne is an 
electron number density, σCol is the Coulomb collision 
cross-section. 

Complete dissociation of molecular oxygen occurs 
at a temperature higher than 5000 К. Therefore the ad-
ditional condition for the conductivity calculation rele-
vance in the rated region was a condition of  

T > 5000 К.     (3) 
Taking into consideration the above only elastic 

electron collisions with oxygen atoms were taken into 
account in the expression (2) while estimating electron 
collisions with oxygen atoms. The dependence of trans-
port cross-sections of elastic electron collisions with oxy-
gen atoms on the electron temperature is taken from [16].  

Due to the fact that the fulfillment of a condition (2) 
was verified with regard to the region with single 
plasma ionization the cross section of Coulomb colli-
sion was calculated using the expression [8]  
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where lnΛ is the Coulomb logarithm, Те is the electron 
temperature in [eV]. 

In the model the electron temperature was equal to 
the temperature of heavy plasma component Тe = T. 

It was assumed for the model that plasma in a dis-
charge channel is quasi neutral with the ionization de-
gree not exceeding a double one.  

+++ += nnne 2 ,     (5) 
where ne is an electron density; n+ is the single ioniza-
tion atom density; n++ is the double ionization atom 
density. An electron attachment process was neglected 
in the model. 

The ionization in the discharge channel was calcu-
lated using the Saha equation with regard to the single 
and double ionization of gas with components of e, O, 
O+, O++. The electron density ne and plasma temperature 
in rated cells were defined by solving the equation sys-
tem:  
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+++ += OOe nnn 2 ;   (9) 

miaOOOOO mZnnN ..)( +++ ++=ρ ,  (10) 
where А = 6,06·10-21 cm-3⋅eV-3/2; gi are statistical 
weights of relevant components; IО is an oxygen mole-
cule dissociation energy; IО+, IО++ is an potential of sin-
gle and double ionization of oxygen atom; ZО is a 
atomic number of oxygen; mа.i.m. = 1,66·10-27 kg; ρО is 
an atomic oxygen density, ni is a density of relevant 
components; e is electron charge. 

Statistical weights gi and ionization energy of Ii 
components accepted for computations using the Saha 
equation were taken from [17]. The plasma conductivity 
was calculated using the equation [3] 
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where Кσ(Z) is the non-dimensional coefficient; Z is the 
average ion charge; lnΛ is the Coulomb logarithm cal-
culated using the expression [3] 
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According to [3], Кσ(Z=1) = 1,95; Кσ(Z=2) = 1,135. 
In the region of strongly ionized plasma (conductive 

channel) gas pressure p was calculated using the ex-
pression of  

kTnnnNp e )( +++ +++= ,  (13) 
where k is the Boltzman constant.  

Resistance Rsp of a discharge channel for the current 
time point was defined by the integration of current 
conductivity values σ in rated cells using the expression 
of  
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where lsp is a discharge gap length (channel); rch is a 
conductive channel radius. 

The current value of electric field Е in conductive 
channel was calculated using the expression  

spsp liRE /= .    (15) 
This paper describes the simulation of gas-dynamic 

expansion of a spark discharge, where the capacitor 
served as a pulse source of discharge energy. The tran-
sient process in the involved electrical circuit was calcu-
lated using the equation of  
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where С is the capacitor capacitance, Rc is the equiva-
lent active resistance of discharge circuit; L is the equiv-
alent inductance of discharge circuit. 

The conductive channel expansion results both from 
thermal expansion and from the heating of gas layers 
adjacent to the channel due to the heat conductivity. 
Results of the research obtained by S.I. Braginsky, 
N.G. Basov, B.L. Borovych, et al [3, 18], showed that 
the thermal wave speed can reach gas-dynamic speed of 
channel expansion. In the model the heat conductivity 
coefficient was calculated using the expression of  

radelT kkk += ,   (17) 

where kel is a coefficient of electronic heat conductivity; 
krad is a coefficient of radiant heat conductivity. 

The heat transfer by the radiation in the region of 
conductive channel, where gas temperature exceeds 
10000 К, was considered in approximation of radiant 
heat conductivity ([7], с. 74; [19], с. 133). The coeffi-
cient krad of radiant heat conductivity was calculated 
using the expression of  

RSBrad lTk 3
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where σSB is the Stephan-Boltzman constant; Т is a gas 
temperature in [К]; lR is the Rosseland mean in [m], 
accepted in the problem as being equal to [18] 

[ ]4
7

3

3
4

10

10
108,6

ρ
⋅=

−

− e
R

Tl ,   (19) 

where ρ in [kg/m3]. 
The radiation discharge energy losses taking into 

consideration the cylindrical symmetry of the problem 
were calculated using the expression of 

RSBrad lТQ /2 4σ= .    (20) 
According to the work, ([8], с. 218) the electron 

heat conductivity was calculated using the expression of 
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The dissociation process of molecular oxygen was 
calculated by reaction: O + O ↔ O2, where reaction rate 
coefficients were taken from [20]. The forward rate 
coefficient was calculated using the expression of kf = 
1,2⋅1017T-1 [cm3⋅mole-1⋅s-1]. The reverse rate coefficient 
was calculated from the forward rate and the equilib-
rium constant. 

Specific heat capacity at constant pressure C0
p, stan-

dard-state molar enthalpy H0 and standard-state molar 
entropy S0 of kth component (O2, O) as a function of a 
temperature T in the range of 300 to 5000 К were calcu-
lated as in [20]. 

At a temperature of Т > 5000 К exceeding the limits 
of approximation curves the expressions of  
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were used. The superscript o refers to standard-state. 
The energy of the unit of mixture volume U0 was 

prescribed by the expression of  

∑=ρε
k

kkUy 0 ,    (25) 

where yk is the molecular concentration of the k-th com-
ponent of mixture, Uk

0 is The internal energy of 1 mole 
of the k-th component. 

A mixture pressure in the cells outside the conduc-
tive channel was calculated using the sum of partial 
pressures of mixture components as  

∑=
k

kyRTp ,    (26) 

where R is the gas constant. 
Initial conditions assume the absence of gas-dyna-

mic disturbances in the entire computational area. In the 



ISSN 1562-6016. ВАНТ. 2013. №4(86) 158 

computations given below at р0 = 1,013·105 Pа, Т0 = 
300 К, the rated area was filled with molecular oxygen.  

The gradients of thermodynamic gas parameters are 
assumed to be absent for the discharge channel axis in a 
cylindrical symmetry. The computational area size was 
prescribed in the manner of preventing disturbance from 
reaching the right boundary. 

The numerical model did not take into account the 
initial stage of spark discharge, which is related to the 
formation of conducting region in a narrow spark chan-
nel. If the conducting region is not included into initial 
conditions the energy is not deposited in the computa-
tional cells by the prescribed source. Therefore, in order 
to create the initial conductivity in the model during the 
time of t = 10-8 s the energy was deposited in a simu-
lated region with the radius of r0 = 0,05 mm at a con-
stant specific power of W = 7·1015 W/m3. The energy 
inputted into a simulated channel was within 2,8 mJ, 
which is several orders less than the total energy stored 
in the capacitor in the problem considered below. The 
variation of the power within W = (5…10)·1015 W/m3, 
time t = 10-10…10-8 s, and the radius r0 = 0,05…0,1 mm 
did not change calculated results starting from the time 
point exceeding  t > 5·10-8 s. 

The gas-dynamic equation system (1) was calculated 
using the S.K. Godunov scheme [21] modified up to the 
second order of space accuracy. 

Hydrodynamic, chemical, heat transfer processes in 
spark channel and transient process that occur in elec-
trical circuit are considered in this model. Therefore the 
time step was prescribed by the smallest step of maxi-
mum values of permissible steps defined by each of 
four processes involved.  

The model application is restricted by the condition 
of considerable prevalence of gas-dynamic pressure 
over the magnetic one. In the considered problem this 
condition is defined by the expression of  
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where μ is the relative magnetic permeability of the en-
vironment (for oxygen μ ≈ 1). 

In the case of low discharge currents and long dura-
tion of the current increase plasma conductivity support 
conditions will disappear and the discharge current is 
terminated. Therefore, a lower limit of the model appli-
cation was differed through the calculation. 

NUMERICAL MODELING RESULTS 
The testing of numerical model was conducted by 

way of comparison of calculated and experimental re-
sults. The data on spark channel evolution are given in 
details in papers written by I.S. Abramson and 
N.M. Gegechkori with regard to the capacitor discharge 
at a rating of С = 0,25 μF, the initial voltage of capaci-
tor charge of U0 = 15 kV, discharge circuit inductance 
of L = 2 μH in the air environment of atmospheric pres-
sure [10, 13]. It was assumed that in oxygen environ-
ment quantitative deviations in the development of 
spark channel will be within one order. The papers [10, 
13] give no data on the active impedance of discharge 
circuit, however taking into consideration the level of 

development of electronic devices during the fulfillment 
of that work the active circuit resistance, which is actu-
ally defined by the internal capacitor resistance, could be 
approximately equal to Rcp = 5 mOhm. Taking into con-
sideration the presence of connecting wires it was as-
sumed for calculations that Rc = 10 mOhm. The length of 
a discharge gap was prescribed to be equal to lch = 
5 mm. 

The results of comparison of calculated values of 
electric field Е in the spark channel column with ex-
perimental data in [13] showed (Fig. 1) that calculated 
values are within the limits between the experimental 
values of discharge gap voltage reduced to the gap 
length and an electric field Е in the spark channel col-
umn. It should be noted that the authors of the paper 
[13] noted the incompleteness of the technique used for 
the determination of the values of electric field Е in the 
spark channel column. 

In the calculated results the electric field at similar 
time points was lower by 100 ± 10 V/cm in comparison 
with experimental values of the field in the discharge 
gap reduced to the gap length. 

One can assume that total values of the drop of cath-
ode and anode potentials obtained in [13] are set too 
high.  

In calculations the separation of conductive channel 
from shock wave front (Fig. 2) takes place according to 
the results of experimental research [10]. 

 
Fig. 1. Time variation of electric field Е in the spark 
channel column: solid line corresponds to the calcu-
lated curve; □ is for experimental voltage values of a 

discharge gap; ○ is for experimental values of electric 
field Е in the spark channel column 

 
Fig. 2. Time variation of radius: rfr is a radius of shock 

wave front and rch is a radius of conductive channel. 
Rhombs show experimental values of the radius of 

a conductive channel 
A comparison of experimental values for the radius 

of conductive channel with the calculated curve shows 
that the calculated expansion speed of the channel ex-
ceeds the experimentally measured speed.  

At the time point of 1.5 μs a deviation of the calcu-
lated radius rch  from the experimentally measured was 
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equal to 30%. This difference can be caused by that the 
coefficient of radiant heat conductivity adopted for air 
in this problem differs from an actual value of this coef-
ficient for oxygen.  

The calculated speed D of shock wave front devi-
ated from experimental values by not more than 25% 
(Fig. 3)  

 
Fig. 3. The calculated (solid line) and experimental 

(squares) speed of shock wave propagation 
The following distributions of thermodynamic parame-

ters at different time points (Fig. 4) have been obtained. 

 

 
Fig. 4. Time variation of thermodynamic parameters  
(a – pressure; b – temperature) at the following time 

points: 1 – 3·10-8 s; 2 – 10-7 s; 3 – 3·10-7 s; 4 – 5·10-7 s; 
5 – 7·10-7 s; 6 – 10-6 s; 7 – 1.2·10-6 s; 8 – 1.5·10-6 s 
For the calculated time period the plasma tempera-

ture in conductive channel was equal to Te = 1.5…2 eV. 
The shock wave front starts moving away from the con-
ductive channel at time t > (3…5)·10-7 s. 

The gas heating between the shock wave front and 
conductive channel occurs due to the adiabatic com-
pression of the environment. 

Time variation of the conductive channel resistance 
is shown on Fig. 5. 

 
Fig. 5. Time variations of discharge channel resistance 

Rsp and current i 
The results obtained for spark resistance allow us to 

work out requirements for the external circuit resistance 
at which the preferred release of energy in a spark is 
provided. In the calculated version the active impedance 
of external circuit should be within 10…30 mOhm to 
fulfill the condition of high efficiency factor of energy 
release in the spark gap.  

Time variation of fractions of energy deposited in 
spark channel is shown (Fig. 6).  

 
Fig. 6. Time variation of fractions of an energy inputted 
in spark channel Qdep: I) radiated energy; II) energy con-
sumed by dissociation process; III) energy consumed by 
ionization process; IV) energy of gas flow; V) heat energy 

During the first quarter of the period of oscillatory 
decaying discharge the spark released just about 1.5 J of 
energy out of 28 J stored in the capacitor. This makes 
up about 5% of the total energy. By the time point of t = 
1.5·10-6 s the discharge channel radiated 0.18 J of en-
ergy, which makes up 12 % of deposited energy. An 
increase in the amount of radiation energy is caused by 
an increase in volume and a rise in plasma temperature 
in conductive channel.  

Efficiency of conversion of the deposited energy into 
the one of mass flow was calculated (Fig. 7). It explained 
the experimental fact that power spark discharge has a 
low efficiency of shock wave generation in gas when the 
capacitor served as a pulse source of discharge energy. 

 
Fig. 7. Efficiency of conversion of the deposited energy 

into the energy of mass flow 



ISSN 1562-6016. ВАНТ. 2013. №4(86) 160 

For example, by the time point of t = 1.5·10-6 s the 
energy of mass flow was equal to 0.12 J, which makes 
up 0.4% of total energy. 

CONCLUSIONS 
The proposed numerical model for a gas-dynamic 

stage of spark discharge in oxygen allows us to take into 
account transient processes in electric circuit and a chan-
ge in the composition of gas discharge environment. 

The authenticity of numerical model was confirmed 
by the satisfactory agreement of calculated and experi-
mental results. Thus, the calculated values of electric field 
for the capacitor discharge with the rated value of С = 
0.25 μF, initial capacitor charge voltage of U0 = 15 kV, 
discharge circuit inductance of L = 2 μH in the oxygen of 
atmospheric pressure are within the limits between the 
experimental values of discharge gap voltage reduced to 
the gap length and the values of electric field Е in the 
spark channel column for the air discharge. The differ-
ence between the calculated radius of conductive channel 
and the experimentally measured value was equal up to 
30%, and that of the speed of shock wave front was 
equal up to 25%. 

This model can be used for the estimation of the pa-
rameters of shock waves generated by spark discharges, 
for the determination of the distribution of radiation 
dissociation and ionization losses of discharge energy in 
case of change of discharge circuit parameters. 
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МАТЕМАТИЧЕСКОЕ МОДЕЛИРОВАНИЕ ГАЗОДИНАМИЧЕСКОЙ СТАДИИ РАЗВИТИЯ ИСКРОВОГО 
РАЗРЯДА В КИСЛОРОДЕ 

К.В. Корытченко, Е.В. Поклонский, Д.В. Винников, Д.В. Кудин  
Представлена математическая модель газодинамической стадии развития искрового разряда в кислороде, учиты-

вающая переходные процессы в электрической цепи и изменение состава газоразрядной среды. В области токопрово-
дящего канала рассматривались компоненты e, O, O+, O++. В области вне токопроводящего канала ионизацией плазмы 
пренебрегалось, и рассматривались компоненты O2, O. Представлены результаты распределения термодинамических 
параметров, сопротивления искрового канала, потерь на излучение, затрат энергии разряда на ионизацию. 

МАТЕМАТИЧНЕ МОДЕЛЮВАННЯ ГАЗОДИНАМІЧНОЇ СТАДІЇ РОЗВИТКУ ІСКРОВОГО РОЗРЯДУ В 
КИСНІ 

К.В. Коритченко, Є.В. Поклонський, Д.В. Вінніков, Д.В. Кудін  
Представлено математичну модель газодинамічної стадії розвитку іскрового розряду в кисні, що враховує перехідні 

процеси в електричному ланцюзі і зміну складу газорозрядного середовища. В області струмопровідного каналу розгля-
далися компоненти e, O, O+, O+ +. В області поза струмопровідного каналу іонізацією плазми нехтували, і розглядалися 
компоненти O2, O. Представлено результати розподілу термодинамічних параметрів, опору іскрового каналу, втрат на 
випромінювання, витрат енергії розряду на іонізацію. 


