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Plasma of electric arc discharge in air between composite Cu—C electrodes at arc current 3.5 A in the assump-
tion of local thermodynamic equilibrium was investigated. Special electric device for arc ignition was suggested.
The radial profiles of temperature in discharge column were obtained by optical emission spectroscopy. The ra-
dial profiles of copper density were obtained by laser absorption spectroscopy.

PACS: 52.70.-m, 84.30.Sk

INTRODUCTION

Nowadays, the electromotive vehicle using copper
wire and various types of contacts that are attached to
the surface of the pantograph [1]. During the move-
ment of trains, electric arc between the wire and pan-
tograph contacts often occurs, which significantly
reduces the contact pair resource. The investigation
of plasma properties of such electric arcs can be used
for prolongation of the contact pair resource. In this
study the model source of electric arc was used.

1. EXPERIMENTAL SETUP
1.1. MODEL SOURCE OF BREAKING ARC

Scheme of such source model is shown in Fig. 1. The
arc plasma was ignited between the end surfaces of un-
cooled electrodes. The electromagnet with control
scheme was used for arc breaking imitation and the direct
synchronization with measurement circuits. Special elec-
tronic scheme (Fig.2) for the electromagnet operation
and control of the electric arc power source was devel-
oped. For electromagnet anchor retracting considerably
higher voltage is required in comparison with its normal
containment. This voltage is created by back—inverter and
stored in the capacitor C9. The voltage retention is regu-
lated by pulse width modulation. The bottom electrode
can hit the top one during anchor electromagnet release.
In order to avoid this effect voltage from the capacitor
C10 is applied to the electromagnet coil while the upward
movement of the electrode. This voltage was adjusted by
pulse width modulation to achieve maximum damping
effect.

The electrical circuit of the power supply of an
electric arc is shown in Fig. 3. The XX3 plug provides
connection to the control scheme (see Fig. 2).

1.2. EXPERIMENTAL TECHNIQUES

Copper-graphite composite is often used as a mate-
rial for the sliding contacts of pantograph. That is why
in this study copper-graphite electrodes with a copper
content of 20% were used. The diameter of the elec-
trodes was 6 mm, discharge gap was 8 mm. Discharge
was operated at arc current 3.5 A.

At the first stage, parameters of stationary plasma
were investigated. The complex of this study includes
two independent techniques: optical emission spec-
troscopy (OES) and laser absorption spectroscopy
(LAS). Experimental setup for the OES is shown in
Fig. 4. The middle cross-section of the image of an
electric arc projected on the entrance slit of the diffrac-
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tion spectrometer (600 lines/mm) by condenser lens.
The spectrum was recorded by CCD camera [2].

7

Fig. 1. Scheme of the electrode unit. 1 — coil electro-
magnet; 2 — anchor; 3 —arm; 4 — spring; 5 — mandrel
holder electrode; 6 — electric arc; 7 — electrodes;

8 — electrodes mandrels collet clamps

Experimental setup for the LAS is shown in Fig. 5.
Emission radiation of copper vapor laser, passed
through the arc discharge plasma, was recorded by
CCD matrix [3]. Due to the presence of copper in
such multicomponent plasma, the main mechanism,
which is responsible for reducing the intensity of the
laser radiation, is resonant absorption by copper at-
oms. Therefore, by measuring of the spatial distribu-
tion of the plasma optical thickness, the appropriate
distribution of copper atom concentration can be de-
termined.

2. RESULTS AND DISCUSSION

The optical emission spectroscopy was carried out
at the initial stage of this study. Emission spectrum of
the plasma arc discharge between copper-graphite
electrodes is shown in Fig. 6. Spectral lines of the
copper atom are well recognized in this spectrum. As
soon as the selected for diagnostics spectral lines are
not overlapped with the spectral lines of another
plasma components it is possible to use them in the
temperature determination by the Boltzmann’s plot
technique.

ISSN 1562-6016. BAHT. 2013. Ne4(86)



~220V

W [|R7
D2
FU1
Kl
R3 R6 ,
an R4
R2 I (o5 %6 ﬁ
21 s | ¢ B Q1
i
2l o |7
3l 2 s R5
A Rl ] £ 5 =
ciFF Rom
TcC2 — 78M03
L 3T
XX1
—<
h ) L ——{RESET
2w 7 5V
RI3 SIS SCK
niEG MISO
1 14 f L2 MOSI
2 13 GND
R14 3 E 12 J'_
4 o 1 R19
5| & o 4
6/ W 9] RIS Rlsﬁ ] gj 1
_|__ 81 | 2l £ [
3] 5 e K4
K2 | K3 J-B = DIl 4 = |5 =
el T4l 21 I =
6 jlul 1
=
R20 =
B 2 [ r2 QJS"i :
3 B s I
4 = |5 R23
1L s
Cl{[ ci5T [ g N,
R25 D12 .
— 7 3 X4
7SLO6B
ﬂi"_T +1Q° Q1o L A —<
R26 F:ls YN 1
R27 >
oc1 < . . . 2
@mg : :
C17 -

Fig. 2. The electric circuit of the electromagnet control. XX1 — internal connector for the microcontroller programming,
XX2 — electromagnet connector, XX3 — connector to the power supply of electric arc, XX4 — input synchronization

It must be noted that the recorded intensity of each
spectral line is a result of the integration along the line
of sight. To determine its local values the integral equa-
tion must be solved, which depends on the type of the
distribution function of the local intensity values. This
problem has a solution in the case of axial symmetry of
the distribution function of the local radiation intensity,
and then the solution has the form of Abel's integral
transformation [4]. To use this solution correctly each
measurement was carefully examined from the point of
view of axial symmetry of observed emission distribu-
tion. So, the radial plasma temperature distribution was
determined by the Boltzmann plot method under the
assumption of local thermodynamic equilibrium
(Fig. 7). Copper atom spectral lines 510.5; 515.3; 521.8;
570.0 and 578.2 nm and appropriate spectroscopic con-
stants taken from [5] were used in this case. This radial
distribution was compared with the plasma temperature
distribution [6] in arc discharge between copper elec-
trodes under the same experimental conditions. As one
can see from the Fig. 7 radial distributions of tempera-
ture are almost the same for both types of electrodes.
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Therefore, we can summarize that the copper con-
tent in plasma of such discharges is comparable.

Copper vapor laser “Kriostat 1”” was used in the laser
absorption spectroscopy. There are two spectral lines
510.5 and 578.2 nm in its generation spectrum. Addi-
tional diffraction grating was used [3] to select
510.5 nm line, which corresponds to the transition
4p Py, (3.817 eV) — 4s” *Ds); (1,389 eV).
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Fig. 3. The electrical circuit of the power supply electric
arc plasma. C — cathode, A — anode
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Fig. 4. Experimental setup for optical emission spectroscopy of plasma.
1 —arc; 2 — condenser lens; 3 — input slit; 4 — collimator, 5 — diffraction grating; 6 — mirror;, 7— CCD camera
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Fig. 5. Experimental setup for laser absorption spectroscopy of plasma.
1 — copper vapor laser "Kriostat 1"; 2 — laser radiation; 3 — arc; 4 — CCD matrix
Cul 515,3nm
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Fig. 6. The emission spectrum of the plasma arc discharge between copper—graphite electrodes

As one can see from Fig. 6 this spectral line is well
isolated from others. Since the divergence of the laser
radiation is small, it was an opportunity to place the
CCD matrix at a distance from the electric arc sufficient
to neglect by own plasma emission. The plasma optical
thickness is defined as follows:

z'(/io,x)= ln(ll(lo,x)/lz(ﬁo,x)) (1)
where, I}, I, — the intensity of the probing and absorbed
radiation respectively, x — coordinate perpendicular to
the direction of the laser beam. As far as half width of
laser spectral line is more narrower than absorption line
of plasma, so it can be assumed as absorption in the
center of spectral line. Therefore experimentally ob-
tained optical thickness correspond to the absorption at
the center (A=\) of the spectral line. Under the assump-
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tion of axial symmetry of the plasma object one can
obtain the radial distribution of absorption coefficient
K(Ao,7) using Abel integral equation [4].

The absorption coefficient k(Aq,7) depends on the
number of absorbing centers (in this case copper atoms,
that are at the 4s” “Ds, level). Relation between the local
values of the absorption coefficient and level population
is [17:

0 1 . i gkNi(r)
(j) yE K(A,r)dA= - fii N (r) [1  a (r)} (2)
where N, — population of the upper level (4p *Ps), Ny —
population of the lower level (4s2 2D5/2), i — oscillator
strength, gy, g; — statistical weights of levels, 1 —
wavelength, m,, e — mass and charge of an electron, ¢ —
speed of light. To link the integral in expression (1) with
ISSN 1562-6016. BAHT. 2013. Ne4(86)




the experimentally measured absorption coefficient at
the center of the spectral line, one must know the shape
of its contour. Since the broadening of this line in the
above discharge type caused by Doppler mechanism, we
consider Gaussian line contour:

/c(/i,r)—/c(/io,r)-exp[— ‘oo (/10—/1}2]’ 3

2RT(r) U 2

where, x# —molar mass of atoms, R — universal gas con-

stant, T(7) — radial temperature distribution. Then, the inte-
gral can be written as:

?sz(/i,r)cu :K(go,r).ﬂ_o /Z”R_T(’) . @)
04 c M

In our case, the terms &N.(r) in the expression (1) can
&N, (V

be neglected. Then, the population of the lower level

(4s” *Ds),) has the form:

W)= nlagor) e PRTU) )
e fu o
Therefore, knowing the absorption coefficient we can
determine the spatial distribution of the corresponding
level population.

Radial distribution of the absorption coefficient and
4s* *Ds), level population for copper-graphite electrodes
are shown in Fig. 8. In addition, the distribution of the
same level population for the discharge between copper
electrodes under the same experimental conditions [3] is
shown in Fig. 8.

Radial distribution of the copper atoms concentra-
tion can be obtained from the Boltzmann distribution in
the local thermodynamic equilibrium (LTE) assump-
tion:

_ u(r() E, ), 6
Vo= v ey (LB ©
where E; and g; energy and the statistical weight of
level 4s> °Ds;, U(T) — partition function of the copper
atom:
Ei
U(T)—Zijg,.exp [kT) . (7
Radial distributions of the copper atoms concentra-
tion in the plasma for copper-graphite and copper elec-
trodes are shown in Fig. 9. Values for the discharge be-
tween copper electrodes were taken from [3] under the
same experimental conditions.
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Fig. 7. Radial temperature distribution of plasma
between copper—graphite end copper electrodes
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Fig. 9. Radial distribution of the copper atom concen-
tration in the middle cross section of the arc discharge
between copper-graphite and copper [3] electrodes

Fig. 7 shows that the plasma temperature for cop-
per-graphite and copper electrodes are almost identi-
cal. This is the interesting result taking into account
that the mass fraction of copper in copper-graphite
electrodes is 20%. This result directly indicates that
the plasma parameters for copper—graphite electrodes
are mainly determined by copper component. Indeed,
the simple analysis of the distribution of the copper
atoms concentration in Fig. 9 displays that they are
almost the same for copper and copper-graphite elec-
trodes. This can be explained by the considerable dif-
ference in the ionization potential for copper (7.72 V)
and carbon (11.25¢V). In addition, almost identical
copper component concentration in plasma arc between
copper and copper-graphite electrodes indicates about
approximately the same erosion of copper in this elec-
trodes. One can conclude the possible realization of the
formation of copper islands on the electrode surfaces, to
which arc "tieds". However, this assumption can be fi-
nally clarified by additional metallographic studies [7, 8].

CONCLUSIONS

Model plasma source unit with real breaking arc was
developed for the simulation of discharges which oc-
curred during sliding of Cu-C composite electrodes on
copper wire at electromotive vehicles. The electromag-
net was used for arc breaking. Microcontroller control
system allows damping of moving part oscillations and
synchronization with measurement circuits.
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HNCCIIEJOBAHHUE IIJIAZMBbI QJIEKTPOJYT'OBOI'O PA3ZPAJJA MEXKAY KOMIIO3UTHBIMHU
Cu-C-3JIEKTPOJAMM

A.H. Bexnuu, B.®. bopeykuii, A.H. Heanucux, A.B. J/Ie6eds, C.A. Decenko

HccnenoBanyu miasMy 3J€KTPOAYTroBOro paspsia Mekay KOMIo3UTHBIMH Cu—C-37eKTpofaMu IIpU cuile TOKa
ayra 3,5 A B IPeIroNoKeHUH JIOKAJIBHOTO TEPMOJUHAMUYECKOTO paBHOBeCHs. lIpensiokeHo clienuanbHOe 3JIeK-
TPOHHOE YCTPOMCTBO JUIsi MHULIMALMY AYTOBOTO paspsja. PaguanbHble pacnpenesieHns: TeMIIEpaTyphl B pa3psiiHOM
NPOMEXYTKE IOJIyYEeHBI C UCIIOIB30BAHUEM ONTHYECKOH SIMHUCCHOHHOW CIEKTPOCKONUH. PanuanbHble pacnpenaerne-
HUSI KOHIIEHTPAILMH aTOMOB ME/IU TIOJTyYEHBI C TOMOLIBIO JIa3epHON aOCOpOIMOHHOI CIIEKTPOCKOIIHH.

JOCJKEHHS IJIA3MHU EJTEKTPOJAYTOBOI'O PO3PSIIY MIK KOMIO3UTHUMMU
Cu—C-EJIEKTPOJIAMHU

A.M. Bexnuu, B.®@. bopeuyuvkuii, A.1. Isanicik, A.B. Jle6ios, C.0. @ecenko

JocnimkyBaiiu 11a3mMy eJeKTpOIyroBOro po3psiay Mik KoMrno3uTHUMH Cu—C-enekTpojaMu Npu CHIIl CTPyMy
ayrd 3,5 Ay mpumyeHH| JOKaJIbHOI TepMOJMHAMIYHOT piIBHOBArd. 3alpoONOHOBAHO CHELiabHUN EeIeKTPOHHUIN
TIPUCTPIH AJIst iHiLiawii JyroBoro po3psiay. PasiaibHi po3noig TeMiiepaTrypy B po3psiIHOMY MPOMIDKKY OTpUMaHi
3a JIOTIOMOTOI0 ONTHYHOI eMICIiHOI crieKTpockortii. PamianpHi po3moiiM KOHIICHTpAIlii aTOMIB Milli OTpUMaHi 3a
JIOTTIOMOT' 010 JIa3€PHOT a0COPOIIIHHOT CIIEKTPOCKOITIT.
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