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Abstract. Extended (up to several tens of centimeters) high-current (hundreds of amperes) electric 
arcs in different gases at atmospheric pressure were experimentally and theoretically investigated. 
The study of such discharges was carried out on the electric discharge stand of the P-2000 
installation of the Institute of Mechanics, Moscow State University. The paper clarifies the data 
on the influence of an external magnetic field on the stability of such discharges and the formation 
of branched current channels. One of the areas of the conducted research is the study of the 
influence of the orientation of the magnetic field imposed on the arc on the processes of discharge 
development in different gas environments, such as air, CO2, Ar, N2. The data for argon and 
nitrogen are presented most fully. The experiments were carried out in a chamber with transparent 
walls. The calculation and theoretical study was carried out on the basis of an electrical engineering 
model using empirical data on the volt-ampere characteristics of arcs between graphite electrodes. 
It was revealed that the stability of high-current arcs is significantly affected by the dynamics of 
electrode jets-torches. Traditional models of arcs in an external magnetic field without taking these 
factors into account show that the direction of the external axial field does not affect the stability 
of the arcs, affecting only the direction of their twist during the development of helical instability. 

Keywords: extended electric arc, magnetic field, discharge chamber, graphite electrodes, and 
discharge initiation 

INTRODUCTION 

It is known that high-current extended arc discharges of atmospheric pressure (without 

special stabilization measures) are unstable and prone to self-extinguishment, as demonstrated, for 

example, in [1-5]. The adoption of special stabilization measures (imposition of an external 

magnetic field, stabilization by insulating walls or gas flows, coordination of electrode units, etc.) 

makes it possible to significantly extend the stability limits of the discharge. This gives a 

fundamental possibility to use its plasma in some technical appendixes, for example, such as the 

DOI: 10.31857/S10247084250306e2

mailto:glshur@imec.msu.ru
mailto:gnka_golovin_apsf@mail.ru
mailto:kalevala@mail.ru


2 
 

anchor of rail gas pedals, or the working medium of other electrophysical installations, for 

example, plasmatrons. Previously, it was shown at the electrode stand of the laboratory of general 

hydromechanics of the Institute of Mechanics of MSU that optimization of electrode sliding modes 

and coordination of electrode assemblies allows to obtain stable arc combustion in an open air 

atmosphere. This result was provided up to interelectrode distances of 30 cm [6-11]. At the same 

time, approaches based on data processing of its spectral diagnostics can be used to control plasma 

characteristics, as for example in [10, 12]. In this work, we present data on research on the stability 

of extended arcs in discharge chambers due to optimization (selection) of the discharge medium.  

PROBLEM FORMULATION 

The main experiments were carried out in a discharge chamber (Fig. 1a) with cylindrical 

side walls made of quartz electrovacuum glass 7 mm thick. The chamber is equipped with a system 

of Helmholtz rings to create a vertical magnetic field (Fig. 1b). The height and diameter are           

250 mm. Vertically oriented discharges were considered. Arcs between graphite (3OPG) 

electrodes of different diameters (6-150 mm) were investigated. Theoretical modeling of such 

discharges was carried out in the electrical approximation based on the classical empirical data of 

G. Ayrton.  

The arc discharge is initiated by closing the electrodes under electric voltage and further 

sliding them to the selected interelectrode gap lo (Fig. 2). Typical natural perturbations of the gap 

caused by imperfection (insufficient tuning) of the system of electromechanical electrode sliding 

are given in Fig. 3а. In order to conduct special experimental research of the given gap 

perturbations, a device based on linear modules of milling machines with a programmable law of electrode 

sliding is used [7]. A characteristic view of the imposed local perturbations is shown in Fig. 3б. 

The characteristic time of electrode sliding to is 0.1-0.2 s in experiments. The oscillograms 

of current I(t) and voltage U(t) on the discharge gap were taken synchronously with video images. 

Pyrometric measurements of the cathode temperature are also carried out with a pyrometer of the 

DIELTEST type. In general, the extended arc discharge with quasi-stationary currents in a gas 

medium of atmospheric pressure on graphite electrodes is studied, sometimes in the presence of 

an external magnetic field provided by a magnetic field system (MS). The electrodes are graphite. 

Discharge currents are hundreds of atoms, voltages - up to 200 V. The main cathodes are rod 

cathodes, their diameters dk = 6-16 mm, anodes are rods with diameter da = 16 mm and rectangular 

prisms with contact surface Sa = 600 - 2400 mm2. Theoretical modeling of arcs is a rather complex 

and difficult task, even within the framework of simplified physical and mathematical models. 

One of the directions is stability analysis in linear approximation [13, 14], another is direct 

numerical modeling [15, 16].  
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THEORETICAL MODELING 

Mathematical modeling of electric arc discharge processes (taking into account all 

significant physical factors) is a very complex and, to date, unsolved problem. This applies both 

to problem statements and to program-algorithmic developments for them. It should be noted that 

along with physical processes in the discharge channel itself and the environment, the processes 

in the electrode, insulators, and external circuit are shafts. A great difficulty arises in the 

construction and closure of models of charge and neutral particle transport in the boundary zones 

between heterogeneous media. The problems of accessibility (availability) of databases and the 

problems of many, widely differing, spatial and temporal scales are also very significant. As a 

result, researchers in the field of electrophysics are limited to the solution of model problems [17, 

18]. It is often faster to perform only experimental research [19].  

Among theoretical works devoted to the study of hydrodynamic flows in gaps (without 

taking into account the flowing currents), we note the work [20]. It considers model automodeling 

flows of viscous fluid between sliding parallel plates. Mathematically such, even purely 

hydrodynamic problems, are rather complicated. Therefore, we made an attempt to model the 

influence of electrode sliding on the stability of combustion of extended high-current arcs not only 

experimentally, but also on the basis of solutions of problems within the framework of the 

electrical model under different initial conditions and parameters of the external circuit.  

In this work, a simplified electrical engineering modeling approach based on empirical data 

on arc voltampere approximations is applied [11, 21].  
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In these formulas: (1) - Kirchhoff equation, (2) - arc voltage dip U in the interelectrode gap 

l (the so-called H. Ayrton approximation [21]).  Formula (3) is a given form of change of the gap 

l with time t. This form is empirical, based on processing and approximation of our long-term 

experimental data, was given earlier for calculations in [10]. The values L, R, I andε are the 

inductor, ballast resistance, discharge current and EMF of its power supply, respectively. The 

model parameter: V0 = const is the rate of electrode sliding to the required distance (gap) l0. The 

constants H. Ayrton (a, b, c, d) depend primarily on the discharge medium and electrode materials. 
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The parameters γ, ω and α are decrement, frequency and amplitude of oscillations of the 

interelectrode gap from its "working" (stationary) value lo.  

In Fig. 4 gives dimensionless time dependences of the gap, current and voltage.  

The scales of current, voltage. gap and time unmeasuring are as follows: 
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The interelectrode distance (l), discharge current (I) and voltage (U) are shown in Fig. 4a, 

c, respectively. Variations of the EMF parameter are marked by the set of curves (1-3). It is of key 

importance for the stability of arc burning at increasing the technical reliability of the sliding 

system. Then (at ensuring this reliability) the corresponding parameter is negligibly small: α << 1. 

In particular, the variant corresponding to curves (3) shows an example of arc self-extinguishing 

at insufficient EMF to maintain discharge. As noted in [7], as well as on the basis of experimental 

data of this work, large-scale perturbations of the gap (l' = l - lo) of 10% or more from its stationary 

value lo are also very dangerous, as well as insufficient EMF.  

EXPERIMENTAL RESULTS 

Unless otherwise specified, experiments in this work are performed with an ideally 

(rigidly) stabilized electrode sliding system (α = 0 when a given steady-state gap lo) is reached.  

Different gases were considered for the interelectrode medium: air and some of its 

important components for technical appendixes: argon, nitrogen, carbon dioxide. It turned out that 

of the gases considered, argon is preferable (see Fig. 5, 6). It requires less voltage dips and provides 

more stable combustion. However, its ionization potential is higher than that of its competitors, 

the gases considered. Possibly, the advantages of argon are due to the greater stability of the argon 

plasma cathode jet and somewhat greater evaporation of the graphite cathode material in an argon 

environment. Graphite has a lower ionization potential than argon. Further computational-

theoretical and experimental research is needed to clarify the results. Some estimates of 

hydrodynamic characteristics of electrode plumes are given in Table 1. 
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Here, the Reynolds number was estimated using the formula  

VRe ρ δ
=

µ
 

The values ρ0, µ0   are the density and dynamic toughness of the flare medium at atmospheric 

pressure and temperature T0 = 300K. The temperature T = 6kK. The velocity V is of the order of 

10 m/s. Effective (average) diameter δ = 6 mm. Usually in experiments of recent years on P2000, 

the Re number is in the range of 0.5-5.  

The toughness was estimated using the polytropic law [22]  
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Reference books [23, 24] were used to compile Table 1.  

The effect of the amplitude of the gap perturbations is shown in Fig. 7. 

 
 It can be seen that perturbations of the gap (lo) of 10% or more of lo are very dangerous (see 

Fig. 7c-f). They cause sharply unsteady oscillations of large amplitude of current and voltage 

throughout the discharge time. At the same time, the shape of the arc current column and electrode 

flares is also unstable.   

A summary data set of experimental results without imposing an external magnetic field 

on the discharge is presented in Table 2.  

As can be seen, argon medium is capable of providing atmospheric pressure discharge 

stability at significantly lower applied electrical voltages and discharge gaps than other gas media.  

In Table 2, the active surfaces of the anode and cathode (Sa and Sk), current and voltage 

dip across the discharge gap (I, U), and gap (l) are labeled.  

The influence of the orientation of the external axial magnetic field in different gases is 

characterized in Figs. 8-12. These figures trace in sufficient detail the dynamics of changes in the 

shape of the arc column and electrode flares. The detailed presentation of the frames is due to the 

desire to trace the most tangible effects of the magnetic field orientation. 

However, as follows from the detailed video frames of the discharge, the effects of 

imposing a longitudinal magnetic field on the vertical discharge associated with the change of its 

direction are rather weak. As an example, the results of experiments in argon medium are given. 

In these experiments, the effect of superposition of the magnetic field and change of its polarity 

on the discharge combustion is most noticeable.  
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The authors are particularly interested in the discharge in CO2 gas, both as one of the 

constituent elements of the air environment and as a product of its pollution due to the rapid growth 

of the world economy.  

The calculated emission level for the CO2 plasma at T = 10 000⁰ K strongly exceeded the 

values of the experiment data. The calculated spectrum for the temperature of 6000⁰ K was closest 

to the experiment data. Spectral measurements were carried out at 5 mm from the cathode 

according to the method described in [10]. 

The largest discrepancies between the data of the computational model and experiment are 

recorded in the red region of the spectra. Here, the level of the solid spectrum increases compared 

to the linear composition of the spectrum. The reason for this may be the emission of hot graphite 

particles (solid phase) located in the cathode jet as a result of its erosion.  

Experimental spectra in which atomic oxygen (O) and carbon (C) lines appeared are shown 

in Fig. 13.  

Calculations of the spectra of the discharge medium were performed using the program 

and database [25]. 

It can be seen that atomic oxygen and carbon are present in the discharge gap. But the 

reason for their appearance in the discharge gap may be not only the collapse of CO2 molecules, 

but also the erosion of the graphite 3OPG cathode and the escape of pre-captured air from its pores. 

Therefore, nothing can be said yet about the efficiency of utilization of CO2 by arc discharge. The 

question requires further research.     

CONCLUSION 

A modular discharge chamber with transparent lateral cylindrical walls made of quartz 

electrovacuum glass for gaseous media at atmospheric pressure has been manufactured and 

experimentally tested. The chamber is designed for high-current quasi-stationary discharges up to 

currents and voltages of hundreds of amperes and volts, respectively.  

Both computational-theoretical and experimental research of the processes of initiation, 

stabilization and extinguishing of extended high-current electric arcs was carried out in this 

chamber. 

Quasi-stationary discharges in air, nitrogen, argon, and carbon dioxide have been studied. 

Theoretical modeling of arcs is carried out in the electrical engineering approximation on the basis 

of classical empirical data on volt-ampere characteristics of arcs between graphite electrodes.  
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The dynamics of electrically conductive gases in the discharge gap is traced 

experimentally. The possibilities of increasing stabilization of initiation and combustion of arc 

discharges due to the choice of discharge medium are shown. The conclusions of our previous 

works on the necessity of coordination of electrode assemblies are confirmed. It is confirmed that 

the flow of electric current significantly depends on the interelectrode medium. The necessity of 

optimization of electrode opening rate, their size and shape when working out discharge systems 

for quasi-stationary atmospheric pressure arcs is noted. The optimal gas (argon) for research of 

atmospheric pressure discharges at moderate power of current sources (~100 kW) has been 

determined.  

The results obtained in this work may be in demand:  

- for modeling tests of protective coatings of aircraft during their entry into dense layers of the 

planets' atmospheres; 

- in the development of systems for initiation and extinguishing of extended electric arcs; 

- for the development of facilities for the utilization of toxic wastes that are difficult to decompose 

using traditional chemical technologies;  

 - in the development of technologies for plasma spraying (for example, graphite) powders on 

material surfaces.  

The results were partially reported at the 50th International (Zvenigorod) Conference on 

Plasma Physics and UTS [26] and the XIII All-Russian Congress on Theoretical and Applied 

Mechanics [27].  
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FIGURE CAPTIONS 

Fig. 1. Discharge chamber with a magnetic system in the form of two Helmholtz rings (a) and 
distribution of the axial magnetic field of the coil along the vertical axis x: 1, 2 - coil rings; 3, 4 - 
experimental and calculated data, respectively.   

Fig. 2. - scheme of discharge initiation and its visualization and pyrometry: 1 - video camera, 2 - 
electrode sliding mechanism, 3 - pyrometer, 4 - electrodes, 5 - arc 

Fig. 3. Qualitative picture of the evolution of ° of the electrode gap at unbalanced or moderate 
stabilization of the system of electrode sliding on the drive from printers (a) and - programmable 
drive on the linear module of the milling machine with imposition (if necessary) of the gap 
perturbations (b): dt1- dt3 - set time intervals; to, td, t* - times of sliding, localization of disturbances, 
start of arc extinguishing.  

Fig. 4. Effect of normalized EMF(ɛ), dimensionless: gap (a), current (b), voltage (c); base case ɛ 
= ɛb (1); ɛb / 1.1(2); ɛb / 1.12 (3) 

Fig. 5. Voltampere characteristics of arcs between graphite electrodes in different gases calculated 
by the model [21]: air (1), nitrogen N2 (2), argon Ar (3), carbon dioxide CO2 (4).  

Fig. 6. Stabilization of discharge in argon medium: oscillograms of current and voltage (a) and 
video frames (b) at the indicated moments of time t; gap l0 = 50 mm, video recording frequency      
f = 1200 fps  

Fig. 7. Effect of the gap perturbation amplitude (l' - lo) on the discharge stability in the air medium 
of atmospheric pressure: oscillograms of current I and voltage U (a, c, e) and corresponding typical 
video frames (b, d, f): lo = 100 mm; (l' - lo) /lo = 0% (a, b), 10% (c, d), 50% (e, f). In the video 
frames the current I = 135A (b), 120A (d), 130A (e).   

Fig. 8. Discharge current curves in argon of atmospheric pressure: magnetic field B and current I 
are directed opposite (1) and in the same direction (2)  

Fig. 9. Video frames of vertical discharge in nitrogen in an axial magnetic field: movie 9508, f = 
1200 fps, p = 1 atm, magnetic field B = 12 mTl against the direction of current I; gap l0 = 100 mm, 
Uxx = 170 B  

Fig. 10. Video frames of vertical discharge in nitrogen in an axial magnetic field: Film 9520, f = 
1200 fps, p = 1 atm, magnetic field B = 12 mTl along the direction of current I; gap l0 = 100 mm, 
Uxx = 170 B 

Fig. 11. Video frames of vertical discharge in argon in an axial magnetic field: movie 9517, f = 
1200 fps, p = 1 atm, magnetic field B = 12 mTl along the direction of current I; gap l0= 100 mm, 
Uxx = 110 B  

Fig. 12. Video frames of vertical discharge in argon in an axial magnetic field: movie 9516, f = 
1200 fps, p = 1 atm, magnetic field B = 12 mTl against the direction of current I; gap l0 = 100 mm, 
Uxx = 110 B  

Fig. 13. Radiation intensity in relative units in a gas discharge cord of atmospheric pressure in CO2 

at a distance of 5 mm from a graphite cathode: Swann bands of carbon molecule (C2) , atomic lines 
of oxygen (O) and carbon (C - second order 247 nm); 1 - data of our experiments, 2 - calculation 
at temperature T = 6kK  
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Table 1 

Parameters 
 

Air Ar N2 CO2 He O2 

ρ0, kg/m
3

     
 

1.29 1.784 1.25 1.98 0.179 1.47 

µ0, mPa s 
 

0.0182 0.02108 0.0175 0.147 0.0196 0.0202 

Re 
 

0.4364 0.5211 0.4398 0.8293 0.0562 0.4482 

 
Table 2 
 

 

Start  Sa, 
mm2 

Sk, 
mm2 

Uxx I, A U, B Duration 
discharge, 

with 

Gas d, 
mm 

Arc stability 

1 600 150 130 230 118 0.6 N2 90 Uxx insufficiency 
suppression 

2 600 150 150 414 190 0.8 N2 - - (no) 
3 600 150 170 488 107 1.7 N2 - + (is) 
4 600 150 180 505 89 1.8 N2 - + 
5 600 150 100 165 56 0.3 CO2 - - 
6 600 150 150 400 86 0.3 CO2 - - 
7 600 150 170 340 56 0.15 CO2 - - 
8 600 150 90 150 30 0.23 CO2 - - 
9 600 150 90 200 65 0.46 Ar -  instability during 

current drop 
10 600 150 110 246 68 0.45 Ar - instability during 

current drop 
11 600 150 130 448 69 1.8 Ar - + 
12 600 150 120 390 67 1.9 Ar - instability during 

current drop 
13 2400 150 70 164 49 2.0 Ar - + 
14 2400 150 50 65 17 0.4 Ar - - 
15 2400 150 60 129 44 0.6 Ar - - 
16 2400 150 70 127 56 1.9 Ar - + 
17 2400 150 60 118 50 0.55 Ar - - 
18 2400 150 100 186 83 0.36 CO2 - - 


