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The complex technique of plasma property studies is suggested. As the first step the radial profiles of tempera-
ture and electron density in plasma of free burning electric arc discharge in air between Cu-C composite and
brass electrodes, as well as copper electrodes in air flow, were measured by optical emission spectroscopy tech-
niques. As the next step the radial profiles of electric conductivity of plasma mixture were calculated by solution
of energy balance equation. The electron density is obtained from electric conductivity by calculation in assumption

of local thermodynamical equilibrium in plasma.
PACS: 52.70.-m, 52.80.Mg

INTRODUCTION

Usually copper wire and various types of inserts,
which are fixed on the contact surface of the pantograph,
are widely used in power supply circuits of electric
transport. Graphite, coke, copper-graphite composite or
copper alloys can be used as materials in producing of
such inserts. Each of these types of inserts has some
advantages and disadvantages [1]. In particular, in spite
of good lubricating properties of graphite and coke
inserts, they have a comparatively high electrical
resistivity. So, the deterioration of friction parameters of
copper trolley wire takes place due to annealing in a
result of significant Joule heating. Therefore graphite is
mixed with copper powder to reduce of resistivity. The
content of copper in such composite inserts is
insignificant according to tribology demand.

The aim of this work is a study of plasma properties
of model electric arc ignited in air atmosphere between
Cu-C composite or copper electrodes. This paper deals
with experimental investigations of parameters of thermal
plasma mixture and calculations of electrical conductivity
as well as electron density in discharge column.

1. EXPERIMENTAL INVESTIGATIONS
1.1. ARC DISCHARGE ARRANGEMENT

The free burning electric arc was ignited in air between
the end surfaces of Cu-C composite non-cooled vertically
arranged electrodes. At the fabrication technology copper
content in this composition was around 20 %. This cop-
per content was additionally verified by mass spectrome-
try studies. The peculiarities of surface condition and
erosion rate of composite electrodes under influence of
arc discharge and plasma composition as well are not
studied in detail yet. Nevertheless, it was strongly verified
that both electrodes were not significantly consumed
during experimental investigations.

Additionally arc discharge between non-cooled copper
electrodes in air flow 6.4 slpm and arc in air between
brass electrodes were studied.
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The diameter of the rod electrodes was 6 mm, the dis-
charge gap was 8 mm and arc current was 3.5 or 30 A. To
avoid the metal droplet appearing a pulsing high current
mode was used: namely, the rectangular current pulse of
30 A was put on the "duty" low-current (3.5A) dis-
charge. The high-current pulse duration was of 30 ms.
The registration of arc plasma radiation was performed at
7 ms after current pulse rise when a steady-state mode of
electric arc discharge was realized. We found in our pre-
vious investigation that in such steady-state mode of arc
discharge in air between copper containing electrodes the
local thermodynamical equilibrium (LTE) is realized [2].

A more detail description of experimental setup and
measurement procedure are presented in [3, 4].

1.2. TEMPERATURE MEASUREMENTS

Plasma temperatures were obtained by Boltzmann
plot method. This method and experimental setup are
described in detail in [4].

The examples of radial temperature profiles of electric
arc plasma one can find in [5] — for composite Cu-C
electrodes at arc current 3.5 A; [6] — for copper electrodes
in air flow at arc current 3.5 A and 30 A; [3] — for brass
electrodes in air at arc current 3.5 A. Experimentally
obtained data of radial temperature distribution was ap-
proximated by Gaussian. Both upper (Ts,,) and bottom
(T\n¢) error bars of temperature were approximated by
Gaussian also.

1.3. ELECTRON DENSITY MEASUREMENTS

Electron densities were obtained from half-width of
spectral line Cu I 515.3 nm in assumption of dominating
quadratic Stark effect at 30 A. The spectral device com-
bined with Fabry-Perot interferometer in etalon mode
was used for registration of spectral line profiles [7]. The
examples of radial electron density distributions of elec-
tric arc plasma one can find in: [6] — for copper electrodes
in air flow at arc current 3.5 A and 30 A: [3] — for brass
electrodes in air at arc current 3.5 A.
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2. PLASMA PARAMETERS CALCULATION

2.1. TRANSPORT PROPERTIES OF ARC
DISCHARGE PLASMA

The radial profiles of thermal and electrical
conductivity of air-copper plasma mixtures were
calculated in detail in our previous investigation [8].
Plasma of electric arc between copper electrodes in air
flow at current 3.5 A was studied.

The electrical conductivity ¢ of air plasma with
admixing of copper can be calculated by solution of
energy balance equation:

oE? +1{i(rxd—Tﬂ:0. 1)
r|dr dr

It was found [8] that the copper admixture almost
has no influence on the thermal conductivity of such
plasma mixture in experimental temperature range
3000 K < T <6000 K. So, in this approach the thermal
conductivity A of air without any admixtures was used.
The electric field E of arc plasma column was measured
additionally by discharge length varying. It must be
noted that in equation (1) radiation losses term is
neglected.

Our preliminary estimation of radiation losses,
caused by emission of copper spectral lines, showed that
influence of this mechanism is insignificant for the
temperatures up to 8500 K.

Additionally we can note that just similar conclusion
was made in paper [9], where author showed that
radiation losses of arc between carbon electrodes is
negligible in the current range up to 30 A.

So, radial distribution of electrical conductivity can
be calculated in the following manner:

11(d dT
=—— = |{n=—]||.
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In Fig. 1 electrical conductivity radial profiles of
electric arc plasma are shown. Additionally this plasma
parameter of arc between copper and brass electrodes for
comparison is shown. Calculated data (from equation
(2)) was approximated by Gaussian curves according to
three different temperature profiles T, Tsyp and Ty

The procedure of approximation was carried out
under strong requirements of true value of experimental
discharge current.

At the next step of investigation the radial profiles of
electron density in arc discharge were obtained from
calculated profiles of electrical conductivity.

2.2. ELECTRON DENSITY CALCULATION
Since the mobility of electron is much higher than
the ion mobility, the ion current in plasma can be ne-

glected. Then plasma electrical conductivity can be
written as:
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o(r)=eN, (r)u,(r), ©)

where e is the elementary electrical charge, Ne(r) —
electron density distribution, u, — electron mobility,
which can be expressed in terms of the frequency
collisions of electron with other particles:

e
=, 4
ue(r) mevt(r) ( )

where m, is the mass of electron, v, — frequency
collisions of electron with particles of all sorts, which
can be written as:

ve(r)= Zplve_p(r), 5)

Ve o()=Ny(r)-(u, -Q,., ). (6)

where v, is the frequency collisions of electron with
particles of sort "p", Ny(r) — the radial distribution of
particle density of sort "p" and <u.Q.,> — the average
product of electron velocity and collision cross section for
particles of sort "p". It was assumed that plasma is in
LTE, so Maxwell distribution was used in calculation of
the average value <u.Q..,> in equation (6).

Thus, electron densities can be obtained from
equations (3)-(6). Peculiarities of performed calculation
of plasma composition and the cross sections
determination are discussed in detail in paper [8].

In Fig. 2 radial profiles of electron densities in
electric arc plasma column are shown. Simulations were
carried out on the base of obtained electrical
conductivities according to three different temperature
profiles T, Tsy, and T In case of electric arcs between
copper electrodes in air flow at currents 3.5 and 30 A
experimentally measured radial profiles of electron
density in plasma between copper electrodes in air flow
are additionally shown in Figs. 2,b,c [6].

One can conclude that agreement between
experimental and calculated electron density in plasma
of arc discharge between copper and brass electrodes is
more or less acceptable. Unfortunately, experimental
validation of electron densities in electric arc between
composite Cu-C is not carried out due to difficulties of
measurement techniques adaptation in this arc operation
mode. Nevertheless, calculated radial profiles of
electron density in electric arc between these electrodes
seem to be quite reasonable. At the next step of
investigation another kind of experimental techniques
must be used to obtain such profiles.
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Fig. 1. Radial profiles of electrical conductivity calculated from equation (2) and approximation curves or, orsy, and
ot In discharge gap of electric arcs between Cu-C electrodes at current 3.5 A in air (a) and between copper elec-
trodes in air flow at currents 3.5 A (b) and 30 A (c¢), and between brass electrodes at current 3.5 A (d)
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Fig. 2. Radial profiles of electron densities obtained from o, orsy, and oriys in discharge gap of electric arcs be-
tween Cu-C electrodes in air at current 3.5 A (a) and copper electrodes in air flow at currents 3.5 A (b) and 30 A
(c), and between brass electrodes in air at current 3.5 A (d). Experimentally measured profiles are shown as Negy,
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CONCLUSIONS

The complex technique of plasma property studies is
suggested. From one hand, the radial profiles of
temperature and electron density in plasma of electric
arc discharge in air between Cu-C composite and brass
electrodes, as well as copper electrodes in air flow
were measured by optical spectroscopy techniques.
From another hand, the radial profiles of plasma electric
conductivity were calculated by solution of energy
balance equation. The electron density was obtained
from the electric conductivity profiles by calculation in
LTE assumption and taking into account that thermal
conductivity is not affected by electrode material
admixtures.

The good agreement between experimental and
calculated in such way electron densities in plasma of
electric arc discharge between copper electrodes in air
flow is found. So such approach can be recommended
for low temperature thermal plasma diagnostics.
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TEPMHUYECKASA IIVIASMA SJIEKTPOAYT'OBOT'O PA3PAJA B BO3AYXE MEXAY
KOMIIO3UTHBIMU Cu-C-2JIEKTPOJAMHU

A. Bexnuu, C. @ecenxo, B. Bopeuxuii, Y. Cressault, A. Gleizes, Ph. Teulet, . Bonoapenxo, JI. Kpauko

IIpennokeHna KOMIIJIEKCHAsE METOAMKA UCCIIE0BaHus 1a3Mbl. Ha nepBoM 3Tarne MeToJaMu ONTHYECKON IMUCCH-
OHHOM CIIEKTPOCKOIIMU IIPOBOJWINCH U3MEPEHUS PAJUAIIBHBIX PACIPENCICHUN TEMIIEPATYPhbl U IEKTPOHHON KOH-
HEHTPAIMHU B TUIa3Me 3JIEKTPOYyrOBOTO paspsijga B BO3IyXe MeXIy KOMIO3UTHEIMUA CU-C 1 maTyHHBIMHU 3JIEKTPOAA-
MU, a TaKKe MEJHBIMH JIEKTPOAAMHU B IIOTOKe Bo3ayxa. Ha cnenyromeM stane pacCUMTBHIBANINCH pajUalbHbIE pac-
Tpe/ieNIeHus AJIEKTPONPOBOIHOCTH IIa3MEHHOM CMECH IyTeM pEUIeHUs] ypaBHEHHs HHEPreTHUEcKOro OalaHca.
Pacnpenenenue aneKTpOHHON KOHLEHTPALMH MOJyYEHO U3 3JIEKTPOIPOBOJIHOCTH IIa3Mbl B TOMYIEHUH JTOKAJIbHO-
ro TEpMOJUHAMUYECKOIO PABHOBECUSL.

TEPMIYHA IIVIABMA EJIEKTPOAYTI'OBOI'O PO3PAAY B TIOBITPI
MI)K KOMITIO3UTHUMMU Cu-C-EJJEKTPOJAMU

A. Bexnuu, C. @ecenxo, B. Bopeuvkuii, Y. Cressault, A. Gleizes, Ph. Teulet,, . Bonoapenxo, JI. Kpauko

3anponoHoBaHa KOMIUIEKCHA METOJIMKA JOCIIKEHHS Mmia3Mu. Ha mepmomy erari MeToJaMu ONTHYHOT eMiciii-
HOI CIIEKTPOCKOIIii MTPOBOIMIINCH AOCIIPKEHHS padialIbHUX PO3MOIUIIB TEMIIEpaTypH Ta eIeKTPOHHOT KOHIIEHTpAITii
B IUIa3Mi €JIEKTPOIYrOBOTO PO3Psiay B MOBITPI Mik KoMmosutHuMH CU-C Ta JaTyHHHMH €JIEKTPOIaMHU, & TaKOX
MIJIHUIMH €JIEKTPOAaMH B MOTOLI MOBITpst. HacTymHUM KpOKOM pO3paxoBYBAIMCh PajiaiibHI PO3MOALIH €IEKTPOII-
POBITHOCTI TUIA3MOBOI CyMillli IUIIXOM PO3B’SI3KY PIBHSHHS €HEpPreTHYHOro Oanancy. Po3nomin enekTpoHHOI KOH-
LEeHTpaLii OTpUMaTH 3 eJISKTPOIIPOBIIHOCTI IUIa3MH B IIPUITYLIEHH] JJOKAJILHOT TEPMOJMHAMIYHOT piBHOBArH.
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