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This work is devoted to investigation of the radiation in the plasma of electric arc discharge between Cu-C com-
posite electrodes and estimation of its contribution during the determination of electron density from the energy
balance equation (Elenbaas-Heller). The contribution of radiation energy in heat transfer is estimated as well. The
calculation is carried out based on the preliminary experimentally obtained radial distribution of plasma tempera-
ture. For the correct solution of the energy balance equation, a Gaussian approximation of the plasma temperature
profile is used. Estimation of the total current was used as a criterion for the need to take into account the radiation

in the diagnostics of electric arc plasma.
PACS: 52.70.-m

INTRODUCTION

The development of sliding contacts for energy
transfer to a moving consumer is an important area of
power industry and electrical engineering [1]. Copper
and its alloys, in particular with aluminium, low-carbon
or graphitized steel, powder materials based on iron,
carbon and metal-carbon etc., are often used as materi-
als of sliding contacts. Moreover, there is still no single
solution to the problem of choosing the optimal compo-
sition of contacts.

First of all, it is necessary that the material used for
these elements provides reliable current collection, does
not undergo intense wear, be affordable and inexpen-
sive.

It is difficult to meet such requirements due to the
fact that the material of current-collecting elements
must have a number of incompatible properties, namely:
good mechanical and antifriction properties, low resis-
tivity and transient electrical resistance, high resistance
to electrical erosion. In addition, it is necessary that the
material of the current collector element guarantees
reliable operation of the high-current sliding contact in
difficult climatic conditions: with significant fluctua-
tions in temperature, humidity and contact failure [2].
Under such extreme operating conditions, there is sig-
nificant electrical erosion of the contact pair, due to the
high temperature and the occurrence of breaking electric
arcs.

Most often, sliding contacts are based on graphite,
which has excellent lubricating properties, high heat
resistance and low cost. The only disadvantage of
graphite is its relatively high electrical resistance, which
can be reduced with copper-graphite composites.

The above-mentioned electric discharge between
sliding contacts leads to their intensive wear, so it is
important to study such electrical erosion processes,
which were partially performed by the authors of [3 - 5],
who studied the effect of DC and AC arc discharge on
the electrode surface. Unfortunately, in these investiga-
tions the spatial resolution was not provided. Moreover,
there are no works that would be devoted to estimating
the effect of radiation during the diagnostics of such
type of plasma.
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Thus, the main aim of this work is to estimate the
role of the radiation in the plasma of electric arc dis-
charge between composite Cu-C electrodes, as well as
to provide the diagnostic of such plasma with spatial
resolution.

1. ELENBAAS-HELLER EQUATION

In the case of axial symmetry of the arc discharge,
the energy balance equation (Elenbaas-Heller) is con-
venient to write in a cylindrical coordinate system [6]:

.__1|d dr (r) 1

o(r)E® = r’rdr{ﬁt(}’) o ﬂ+p(r), (1
where o(r), A(r), T(v), p(r) are the radial distributions of
electrical conductivity, thermal conductivity, tempera-
ture and density of radiation energy, respectively. E is
electric field strength of the positive column (directed
along the Z axis of the cylindrical coordinate system). It
should be noted, that equation (1) does not take into
account the convective cooling of the arc discharge, the
contribution of which can be significant.

It can be seen from equation (1) that at the intro-
duced power into the discharge, the consideration of
radiation will affect the corresponding distributions of
the transport coefficients, namely: electrical and thermal
conductivity. At the known temperature and the value of
the electric field strength (which are preliminary ex-
perimentally determined), the behaviour of these coeffi-
cients can be analysed. As follows from [7], the thermal
conductivity of plasma weakly depends on admixtures
of electrode origin and insignificantly differs from the
thermal conductivity of pure air. However, it was found
[7] that the electrical conductivity of plasma increases
significantly with the addition of copper, which is ex-
plained by its relatively low ionization potential. There-
fore, the thermal conductivity of pure air was used in
the calculation of the plasma electrical conductivity by
equation (1) in this work.

Plasma temperature was experimentally determined
by Boltzmann plots technique. The temperature profile
obtained in such manner is not a smooth function. This
is primarily a consequence of the application of the
Abel integral transform, which is performed by the
Bockasten method at 10 points [8]. This circumstance is
critical for equation (1), because it assumes finding the
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first and second derivatives of the temperature distribu-
tion. Therefore, in this work, the temperature distribu-
tion was always approximated by a smooth function
before substitution into equation (1). As can be seen
from Fig. 1 gives a good result approximation of the
Gaussian function with parameter w of the form:

2

T(r)=T,+(T,,. ~T,)e . )

The obvious advantage of the approximation of the
form (2) is the yield to ambient temperature 7 at sig-
nificant distances  from the discharge and zero value of
the first derivative on the discharge axis, where
T, r=0 = T, max-

The plasma temperature between Cu-C electrodes,
determined by Boltzmann plots technique, and its ap-
proximation by the Gaussian function of the form (2)
are shown in Fig. 1.
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Fig. 1. Plasma temperature distribution of electric arc
discharge at a current of 30 A between composite Cu-C
electrodes and its approximation
by the Gaussian function
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Fig. 2. Electric field strength of the positive column
(black curve) and the oscillogram of arc voltage
(grey curve) of plasma of discharge at current
of 30 A between composite Cu-C electrodes in the air

The temporal evolution of the electric field strength
of the positive column [9] and the voltage drop of arc
discharge at current of 30 A are shown in Fig. 2. One
can see, the electric field strength of arc discharge be-
tween composite Cu-C electrodes is 1.5 V/mm.
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2. METHOD OF RADIATION POWER
ESTIMATION

At the first stage, determination of the electron den-
sity from the electrical conductivity of the plasma is
considered. The distribution of electrical conductivity
can be expressed from equation (1) in the form:

A

dr

On the other hand, the electrical conductivity of
plasma can be written as:

G(r):eNe (r),ue(r). 4)

After some transformations described in [10], equa-
tions (3) and (4) can be expressed as follows:

o(r Tt [2E,
W)="2 05N ] P (515D,

where N, is the concentration of particles of grade “p”,
0., 1s a cross section of electron scattering on particles
of a grade “p”, fiE,) is a Maxwell energy distribution
function of electrons.

Within the frameof this work, the scattering of elec-
trons by neutral plasma particles N,, N, O,, O, NO is
taken into account.

The radiation power density p(r) of the arc discharge
can be estimated indirectly at the obtained plasma tem-
perature distribution 7(r). Assuming that all atomic and
molecular levels in plasma are populated according to
the Boltzmann law, the power density of particles (at-
oms, molecules, ions and molecular ions) of a corre-
sponding grade "A" can be obtained by summing the
intensity of all spectral lines, spectroscopic constants of
which are described in the literature [11 - 15]:

Ey
P (”) = h;v/‘ ZAkigkvkie ABT(r)’ (6)
4k

where p4(r) is the radiation power density of particles of
grade “A”, & is the Planck constant, N, is the concentra-
tion of particles of grade “A”, Ay, is the Einstein coeffi-
cient of spontaneous radiation, g, is the statistical
weight of the level from which the radiation transition
occurs, v, is a photon frequency, Ej is the energy of the
upper level from which the transition takes place, kg is
the Boltzmann constant, Z, is the partition function of
the particle of grade “A”. The concentration of particles
of grade “A” is the only unknown parameter in equation
(6). The qualitative content of plasma is known in ad-
vance, and the quantitative can be calculated by the
method described in previous work [17], based on the
temperature and electron density distributions.
Therefore, at the initial stage the electrical conduc-
tivity (1) and electron density (5) are obtained without
taking into account the plasma radiation. The obtained
value of the electron density is used to calculate the
plasma equilibrium composition [17] in the next step.
Having the obtained concentration distributions of all
plasma components, its radiation can be calculated from
equation (6). At the next stage, the obtained radiation
distribution is substituted into equation (1) and the elec-
trical conductivity of the plasma is calculated taking
into account the radiation. The resulting corrected elec-
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trical conductivity is used to determine the actual elec-
tron density from equation (5).

3. RESULTS AND DISCUSSIONS

The radial distribution of plasma conductivity with-
out taking into account radiation was calculated (Fig. 3,
m-curve), based on the temperature distribution (see
Fig. 1) and the value of the electric field strength from
equation (3). The distribution of plasma current density
without taking into account radiation is shown in Fig. 4
(m-curve).

The total current is calculated according to the ex-
pression:

Rl”(LY
1=2nF J. rc(r)dr. (7
0

The calculated to a radius of R,,,, = 4.7 mm the total
current is 19 A, although the actual discharge current is
30 A.
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Fig. 3. The radial distribution of the electrical conduc-
tivity of electric arc plasma at a current of 30 A between

composite Cu-C electrodes, calculated without (m)
and with (0) taking into account the radiation
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Fig. 4. Radial distribution of plasma current density

of electric arc discharge at arc current of 30 A between

composite Cu-C electrodes, calculated without (m)
and with (0) taking into account the radiation
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The electron density, calculated from the distribution
of the electrical conductivity of plasma (without taking
into account the radiation) by equation (5), is shown in
Fig. 5 (m-curve). Based on the temperature and electron
density distributions (obtained without taking into ac-
count the radiation), the component composition of the
plasma was calculated and shown in Fig. 6. It was used

ISSN 1562-6016. BAHT. 2021. Ne4(134)

to obtain the plasma radiation power density by equa-
tion (6). Its radial distribution is shown in Fig. 7. In the
next step, the electrical conductivity of the plasma is
calculated by equation (3) taking into account the con-
tribution of radiation, shown in Fig. 7. The electrical
conductivity distribution of arc discharge plasma at a
current of 30 A between composite Cu-C electrodes is
shown in Fig. 3 (o-curve). The corresponding current
density distribution is shown in Fig. 4 (O-curve).
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Fig. 5. Radial distribution of electron density of electric
arc discharge plasma at current of 30 A between
composite Cu-C electrodes, calculated without (m)
and with (0) taking into account the radiation
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Fig. 6. Radial distribution of equilibrium plasma com-
position of electric arc discharge at current of 30 A
between the composite Cu-C electrodes

The total current of the arc discharge, calculated by
equation (7) to a radius of 4.7 mm, is 27 A, which is
much closer to the real (30 A) compared to the case
without taking into account the radiation (19 A). Using
the distribution of the electrical conductivity of the
plasma, taking into account the radiation, the equation
(5) was used to calculate the distribution of the electron
density of plasma taking into account the radiation (see
Fig. 7, o-curve). Additionally, Fig. 7 shows the distribu-
tion of heat transfer in the plasma calculated as oF”,
where the electrical conductivity is used, taking into
account the radiation. As one can see from Fig. 7, on the
axis of the discharge the radiation energy is 27% of heat
transfer and can no longer be neglected.

The arc discharge plasma between Cu-C electrodes
contains air derivatives, atoms and ions of elements of
electrode origin and various possible compounds of
these elements with air components.
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Fig. 7. Radial distribution of density of radiation power
of electric arc discharge plasma at current of 30 A
between composite Cu-C electrodes (0) and density
of heat transfercE’in plasma (o)
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Fig. 8. Temperature dependence of radiation power
per one atom/ion

However, only the following plasma components are
taken into account in this work: O,, O, 0", N,, N, N*,
0,", N,", NO, NO, Cu, Cu’, C, C". Other components
of plasma are considered insignificant due to their low
concentration and high ionization potential. Although
the plasma of the electric arc discharge between com-
posite Cu-C electrodes (similarly to the plasma between
copper electrodes) contains a large number of different
particles, the main contribution to the radiation is con-
tributed by copper atoms. This is illustrated by the de-
pendence of the radiation power per one atom/ion
(Fig. 8) calculated by equation (6) for atoms of copper,
carbon, nitrogen, oxygen and copper ion. This peculiar-
ity is explained by the structure of atomic (ionic) levels.
Therefore, to estimate the radiation in this case, only
copper atoms can be considered. It should be noted, that
the emission of molecular bands were not considered in
this work. However, it can play significant role and
should be under careful study in the future investiga-
tions.

CONCLUSIONS

The distributions of electrical conductivity and elec-
tron density were obtained by the estimation of the
energy balance of the positive column of electric arc
discharge between Cu-C composite electrodes. The role
of radiation energy losses was estimated and taken into
account in the Elenbaas-Heller equation.
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It was found that the total current of the arc dis-
charge with taking into account radiation was as close
as possible to the real one, compared to the case with
excluding radiation.

Additionally, it was found that the radiation energy
is 27% of heat transfer on the axis of the discharge at
arc current of 30 A, and it cannot be neglected.

ACKNOWLEDGEMENTS

This work has been carried out within the frame-
work of the EURO fusion Consortium and has received
funding from the Euratom research and training pro-
gramme 2014-2018 and 2019-2020 under grant agree-
ment No 633053. The views and opinions expressed
herein do not necessarily reflect those of the European
Commission.

In addition, authors are grateful to the partial support
of these studies in the frame of project 1950052-02 of
MES of Ukraine: “Investigation of properties of low-
temperature gas-discharge plasma for technological
applications”.

The authors also express their gratitude to Ministry
of Education and Science of Ukraine for the support of
project 21BI1052-01 “Applications of electric discharge
plasma with condensed dispersed phase”.

REFERENCES

1. S. Fesenko, V. Boretskij, A. Veklich. Pulse power
supply of electric arc discharges // Bulletin of
Shevchenko National University of Kyiv. 2010, v. 14,
p. 51-53.

2. V.Ya. Berent. Materials and properties of electrical
contacts. M.: “Intekst”, 2005, 408 p.

3. G. Wu, Y. Zhou, G. Gao, J. Wu, W. Wei. Arc Ero-
sion Characteristics of Cu-Impregnated Carbon Ma-
terials Used for Current Collection in High-Speed
Railways // IEEE Transactions on Components,
Packaging and Manufacturing Technology. 2018,
v. 8(6), p. 1014-1023.

4. W. Wangang, W. Guangning, G. Guogiang,
B. Wang, Zh. Lijun, C. Yi, L. Donglai. Experimental
Study of Electrical Characteristics on Pantograph
Arcing // Ist International Conference on Electric
Power Equipment — Switching Technology. Xi’an —
China. 2011, p. 602-607.

5. G. Guogiang, H. Jing, W. Wenfu, H. Haixing,
Zh. Guangya, W. Guangning. Dynamics of Panto-
graph — Catenary Arc During the Pantograph Lower-
ing Process // IEEE Transactions on Plasma Sci-
ence. 2016, v. 44(11), p. 2715-2723.

6. E.I. Asinovsky, A.V. Kirillin, V.L. Nizovsky. Stabi-
lized electric arcs and their application in thermo-
physical experiment. M.: “Fizmatlit”, 2008, 264 p.

7. V.F. Boretskij, Y. Cressault, Ph. Teulet, A.N. Vek-
lich. Plasma of electric arc discharge in carbon diox-
ide with copper vapours // XVIX-th Symposium on
Physics of Switching Arc. 2011, p. 5.

8. K. Bockasten. Transformation of Observed Radi-
ances into Radial Distribution of the Emission of a
Plasma // JOSA. 1961, v. 51(9), p. 943-947.

9. AM. Veklich, S.0. Fesenko, L.O. Krychko,
V.F. Boretskij, M.M. Kleshych, M.Ye. Holovkova.
Peculiarities of electric arc discharge between com-

ISSN 1562-6016. BAHT. 2021. Ne4(134)



posite Cu-C electrodes // Proceedings of the Institute  13.Ch. Corliss, U. Bozman. Transition Probabilities

for Problems of Materials Science. I.N. Frantsevich and Oscillator Strengths of 70 elements. Moscow,
National Academy of Sciences of Ukraine. Series 1968, 562 p.

"Composite, layered and gradient materials and 14.R.L. Kurucz. Atomic Line Data Kurucz CD-ROM
coatings. Electrical contacts and electrodes.” 2016, Ne 23 / R.L. Kurucz and B. Bell — Cambridge,
p. 36-60. Mass.: Smithsonian Astrophysical Observatory,

10. A. Veklich, S. Fesenko, V. Boretskij, Y. Cressault, 1995.

A. Gleizes, Ph. Teulet, Y. Bondarenko, L. Kryachko.  15.C.H. Corliss. Spectral-Line Intensities and gf-Values
Thermal plasma of electric arc discharge in air be- in the First Spectrum of Copper // J. Research NBS

tween composite Cu-C electrodes // Problems of (Phys. and Chem.). 1962, v. 66(6), p. 497-502.
Atomic Science and Technology. 2014, Ne 6(90), 16.R.L. Kurucz. Table of Semiempirical gf Values /

p. 226-229. R.L. Kurucz, E.A. Peytremann — <SAO Spec. Re-
11.A. Zaidel'. Tables of Spectral Lines. Springer US. port No. 362 (1975) > 1975SAOSR.362....K.

1970, 782 p. 17.S.0. Fesenko, M.M. Kleshich, A.N. Veklich. Inves-
12.Yu. Ralchenko. NIST Atomic Spectra Database tigation of nonequilibrium in plasma of arc dis-

(version  3.1.5) [Online] /  Yu. Ralchenko, charge between melting electrodes // Problems of

A.E. Kramida, J. Reader, et al. // Gaithersburg, MD: Atomic Science and Technology. 2018, Ne 6(118),

National Institute of Standards and Technology. — p. 274-2717.

accessed 17.12.2010. http://physics.nist.gov/asd3. Article received 14.06.2021

OIEHKA POJIA U3JIYUYEHUA B IIJIABME JJIEKTPOAYI'OBOI'O PA3PAIA
MEXIY KOMIIO3UTAMMU Cu-C

A. Beknuu, C. @ecenxo, A. Mypmanues, B. bopeuyxuii

Pabora nocBsieHa UCCIEI0BaHUIO U3TYYEHHUS B TUIa3Me 3IIEKTPOIYTOBOIO paspsiia MeX a1y KOMIIO3UTHBIMH Cu-
C-aneKTpoiaMH, a TaKKe OLEHKE €ro BKIIAJa IPH ONpEeNIeHUH SJIEKTPOHHONW KOHIEHTPALUK M3 YpaBHEHHS DHep-
reruyeckoro 6ananca (Dnenbaaca-I'emnepa). Takxke oLleHUBAETCS BKIIAJ] SHEPTUH U3YYEHHS B IIPOLIECCHI TEILT000-
MeHa. Pacder nmpoBOAMTCS HAa OCHOBE IMPEABAPHUTEIBHO SKCIEPHUMEHTAIBEHO TOIYYEHHOTO PaJnallbHOrO pacripesie-
JICHUsT TEMIIEPaTyphl MIa3Mbl. J{JIs KOPPEKTHOrO pelIeHHs ypaBHEHHs OanaHca SHEPIUH HCIIONb3YeTCs allpOKCH-
Martust pouIIs TeMIepaTypsl miasmbl Gyrkiueit Faycca. OrieHKa MONTHOrO TOKa UCIONB3YeTCsl B KAYeCTBE KpUTe-
pust HEOOXOTUMOCTH yUeTa U3IYUCHHUS B TUATHOCTHKE TUIA3MBbI DJICKTPHUUYECKOM JyTH.

OIIHKA POJII BUITPOMIHIOBAHHA B IIJIA3ZMI EJIEKTPOJAYI'OBOI'O PO3PALY
MI’K KOMITIO3UTAMMH Cu-C

A. Beknuu, C. ®@ecenko, O. Mypmanuyes, B. bopeybkuii

Pobora mnpucBsdYeHa IOCTIIKEHHIO BHIIPOMIHIOBAHHS B IUIa3Mi JIYTOBOTO PO3PSAAY MIiXK KOMIIO3UTHUMH
Cu-C enekTpoamu Ta OLIHII HOro BHECKY NPH BU3HAYEHHI EIEKTPOHHOI KOHLEHTpAL] 3 PIBHSIHHS €HEPreTHYHOT O
6anancy (Enenbaaca-I'emiepa). Takox OLIHIOETHCS BHECOK €HEprii BHUIIPOMIHIOBAHHS B IIPOLIECH TEILIOOOMIHY.
Po3paxyHOK IPOBOIUTHCS HA OCHOBI ITONEPEHHO EKCIEPUMEHTAIFHO OTPHUMAHOr0 paliabHOTO PO3IOALTY TEeMIIe-
parypu uia3Mu. J1Jist KOpeKTHOTO pO3B’I3aHHI PiBHSHHS €HEPreTHYHOro OalaHCy BUKOPHCTOBYETHCS allpOKCHUMAITist
npodinro TemnepaTypu mia3mu ¢yHKHiero [aycca. OmiHka 3arajJbHOTO CTPYMY BHKOPUCTOBYETHCS SIK KpPHTEpii
HEeOoOX1THOCTI BpaxyBaHHs BUIIPOMIHIOBaHHS B JIIarHOCTHIII TUIA3MU €IEKTPUYHOI JTYTH.
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