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In this paper, the different scenarios of experimental data treatment are considered, which may lead to contrary
conclusions about the possibility of realization of a local thermodynamic equilibrium in the plasma. In particular, the
level of detail of the plasma components of free-burning in air electric arc (in particular, account of molecule of
nitric oxide) have an effect on the region of nonequilibrium in the discharge plasma at arc current of 3.5A.

PACS: 52.70.-m, 52.80.Mg

INTRODUCTION

It is well known, the reliability of switching devices
depends on the quality of the electrical contacts, in par-
ticular, on the erosion resistance of such contacts’ material
[1]. Among the factors contributing to the destruction of
the contact, first of all, it is necessary to note the arc dis-
charge arising when the inductive load is breaking. The-
refore, the special requirements, sometimes contradictory,
are introduced to the material of the contacts, the main
ones of which are low contact resistance and resistance to
erosion [2]. The estimation of erosion resistance can be
carried out by direct and indirect techniques. As the last
one technique, the measurement of electrode material
vapour content in plasma of discharge gap can be conside-
red. Usually, optical spectroscopy is used to estimate the
plasma parameters, in particular, concentration of some
kind species in plasma. Usually, optical spectroscopy is
used to estimate the plasma parameters, in particular, con-
centration of some kind particles in plasma. In this case, it
is important to know whether the plasma is in the state of
the local thermodynamic equilibrium (LTE).

It is known that the deviation of the LTE in arc
discharge plasma can be caused by various reasons. For
example, in paper [3], a deviation from equilibrium is
considered due to the overpopulation of atomic levels
by radiation (hence, the Boltzmann distribution is
disturbed). It is also known [4] that non-equilibrium of
plasma can be due to a decrease in the frequency of
collisions of electrons with heavy particles (a case of
non-isothermal plasma when the Maxwell distributions
for electrons and heavy particles are characterized by
different temperatures). Under conditions of air plasma
of atmospheric pressure, this phenomenon is observed,
first of all, at the periphery of discharge. Additionally,
the deviations from ionization equilibrium and from the
mass action law for the dissociation of molecular gases
(which are described by the Saha and Guldberg-Waage
equations) can be realized as well [5, 6]. Therefore, the
aim of this paper is the study of additional factors, which
can be able to have an influence on validity of conclusions
about the realization of a local thermodynamic equilibrium
in the plasma of electric arc discharge in air between
melting electrodes at arc current of 3.5 A.

1. EXPERIMENTAL INVESTIGATIONS

The free burning electric arc at current of 3.5 A was
ignited in air between the end surfaces of the non-
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cooled electrodes [7]. The diameter of the rod electrodes
was 6 mm and discharge gap was 8 mm. Electrodes
were positioned vertically. The upper copper electrode
is used as a cathode, and the lower one (anode) is made
of Ag(70 %)-Ni(30 %) composite material [8].

To determine the plasma temperature in [9], the
Boltzmann plots method was used. The electron density
was determined by solving the energy balance equation
[10]. This method involves a preliminary determination
of the radial temperature distribution and measurement
of the electric field strength of the positive column [11].

Monochromator MDR-12 with 3000-pixels CCD
linear image sensor (B/W) Sony ILX526A was used to
fast scanning of radial distribution of spectral intensity.

Due to the instability of the discharge, statistical
averaging of the recorded spatial distributions of the
radiation characteristics was carried out.

2. CALCULATION OF PLASMA
EQUILIBRIUM COMPOSITION

The calculation of the component composition of the
plasma in the air atmosphere with the impurities of
copper, silver, and nickel vapours is performed on the
base of the predefined radial distributions of the
temperature T(r) (Fig. 1) and the electron density Ne(r)
(Fig. 2). In addition, radial profiles of spectral lines’
intensities are used. These intensities are measured for
spectral lines (Fig. 3) of copper Icy, silver 1, and nickel
Ini in arbitrary units for only one selected wavelength of
radiation per element.
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Fig. 1. Temperature radial distribution in plasma of
arc discharge of 3.5 A current between asymmetric
Cu- and Ag-Ni-electrodes
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Fig. 2. Electron density radial distribution of electric
arc discharge plasma of 3.5 A current between the
asymmetric Cu- and Ag-Ni-electrodes
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Fig. 3. Radial intensity profiles of spectral lines in the
arc discharge plasma of 3.5 A current between
asymmetric Cu- and Ag-Ni-electrodes

To calculate the component composition on the base
of the aforementioned parameters, the following set of
equations is solved.

. N.-N
1) Saha equation: —e At =

N TN), @
where N; is the electron density, Na+ — the density of ionized
atoms or molecules of the species 'A', Na is the density of
atoms or molecules of the species ‘A, S is the Saha function
for atomic or molecule of the species 'A’, which takes into
account the reduction of the ionization potential in form

[2:  4E[ev]=6,9-10° YN, 3], where T s
temperature and 'A' means, in our case, the following
atoms and molecules: N, Nz, NO, O, O, Cu, Ag, Ni.

2) Dissociation equation for nitrogen, oxygen and
nitrogen oxide molecules:

N% _

Moo, m),
N2
N2 N, -N
No =D02(T)! N =DNO(T)’ 2
02 NO

where D(T) are the chemical equilibrium constants.
3) Mass conservation for air atmosphere:
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3,72(2N02 +2N , +Ng+N +j+
O2 (o} (3)
2,72(NNO + NNO+): 2N, +2NN; +Ny+N .

4) The equation of electroneutrality:
N€:N++N++N ++N++
N N2 NO (0]
(4)
N,+N_ ,+N  +N
O2 Cu Ag Ni
5) The perfect gas low:
2Ne+NN2+NN +NNO+N02+NO
P
+N0u+NAg+NNi:ﬁ )

(%)
where P — atmospheric pressure.

To solve the system, it is necessary to define
additionally the radial profile of the ratio between the
densities of various metals atoms. With this aim, the
intensities of at least one wavelength Aag, Acu, Ani in the
radiation of each metal component in the plasma were
experimentally measured in the assumption of
Boltzmann population distribution of the atom levels of
these metals (that is, one of the requirements of the
existence of LTE in plasma). Then, the radial profile of
the ratio between the three components in the plasma
(silver, copper, and nickel atoms) a(r) becomes as
follows:

3
I AgAAgU Ag ex (ﬂ} - ICu;“guU Cu exp[ ECu j —
nggN Ag kT gfcuNey kT

3
_ Mexp[ﬂ) = ofr)

9f i Nwi kT

In order to test the validation of assumption of LTE in
plasma, the system (1) — (6) is solved once again with
other input parameters: temperature, intensities of the
spectral lines lcy, lag and Ini and the ratio between the
components of metals for the axial point of the discharge,
which is represented in the form of (6) (i.e., a(0)). The
results of the calculation, namely, the obtained radial
density profile was compared with the experimentally
determined. The spatial region of the discharge in which
both profiles coincide (within the error of the
experiment) can be treated as equilibrium. The
difference between these profiles indicates a deviation
from LTE, the reason for which may be the violation of
equilibrium  processes (not only of Boltzmann
distribution, but also can be caused by nonequilibrium
of ionization and dissociation processes etc.).

In Fig. 4 the calculated composition of arc discharge
plasma with impurities of Cu, Ag, Ni vapour is shown.
In Fig. 5 the components that are most important for
electrical conductivity are shown. The analysis of
Figs. 4, 5 shows that the main source of electrons in the
plasma (in this mode) is the thermal ionization not only
of the atoms of silver, copper and nickel, but nitrogen
oxide molecule as well. That is why, in order to
determine the effect of NO* ions on the formation of the
valid equilibrium zone of discharge (the border of the
LTE along the radius of the arc), the calculation was
carried out for both cases, namely, with account of this
molecule in plasma composition and without it as well.

(6)
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For comparison, in Fig. 6 the plasma composition is
shown without account of nitrogen oxide. One can see,
that the increase of metal ions is evident, especially in
the arc periphery. In Fig. 7 the components that are most
important for electrical conductivity without account of
NO molecule are shown. In Figs. 8, 9 the calculated
electron density without account and with account of
nitrogen oxide ions for different sets of spectral line
intensities as initial data is shown. Additionally, the
profiles of the experimentally determined electron
density exp Ne and its error (+ 30 %), in the form of the
upper N and the lower N.™ boundary are shown in
these figures. Calculated curves of electron density
calc Ne! are obtained with handling of a set of spectral
lines Cu | 510.5 nm, Ag | 520.9 nm, Ni | 464.8 nm; and
curves calc N¢? are obtained with handling of an
alternative set of spectral lines Cul 515.3 nm, Agl
520.9 nm, Ni | 547.6 nm.
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Fig. 4. Component composition of arc discharge plasma
with a current of 3.5 A with the impurities of copper
vapor, silver and nickel
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Fig. 5. Electron density and most important ions of arc
discharge plasma between composite Cu-
and Ag-Ni-electrodes

As it follows from analyze of Figs. 8, 9, in case of
the neglecting of nitrogen oxide ions in plasma
composition LTE appears to be disturbed at a distance
of 1.5 mm from the axis of discharge, whereas, the
account of these ions leads to the equilibrium, which
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remains even up to 2.4 mm. In last case, obviously, the
ionization of nitrogen oxide molecule significantly
affects the value of the electron density and the
realization of LTE in plasma, especially, at the arc
periphery.

However, it should be noted that at high discharge
currents, in the conditions of temperature increase, the
contribution of the ionization of nitrogen oxide becomes
not so noticeable.
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Fig. 6. Component composition of arc discharge plasma

with a current of 3.5 A with impurities of copper vapor,
silver and nickel without account of nitrogen oxide
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Fig. 7. Electron density and most important ions of arc

discharge plasma between composite Cu- and Ag-Ni-
electrodes without account of NO molecule
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Fig. 8. Electron density of arc plasma of 3.5 A current
between Cu- andAg-Ni-electrodes
(without account of NO™)
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Fig. 9. Electron density of arc plasma of 3.5 A current
between Cu- and Ag-Ni-electrodes
(with account of NO*)

CONCLUSIONS

The level of detail of components in the calculation of
the plasma composition of electric arc between melting
electrodes in the air have an effect on the validity of
conclusion on plasma equilibrium in some areas of the
discharge. In particular, the account of the NO molecule
and its ion NO* in the plasma composition indicates the
realization of the local thermodynamic equilibrium in the
relatively low temperature plasma region at the discharge
periphery. The account of these molecules is especially
important in the study of the thermodynamic state of a
plasma of a free-burning electric arc with metal vapour
impurities at the current of 3.5 A.
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HNCCIIEJOBAHUE HEPABHOBECHOCTH B IIVIABME JJIEKTPOAYTI'OBOT' O PA3PAA MEXIY
IVIABAIIUMHUCS JTEKTPOJAMU

C.A. @ecenxo, M-M. Knewuu, A.H. Bexnuu

PaccmarpuBaroTcsi pasHble CLieHApUH OOpabOTKH 3KCIIEPUMEHTAJbHBIX TaHHBIX, KOTOPBIE MOTYT IPUBECTH K
MPOTUBOMOJOKHBIM BBIBOJIAaM O BO3MOXXHOCTH peaji3allMd B IUIa3Me JIOKAIBHOTO TEPMOAMHAMHYECKOTO
paBHOBecHs. B wacTHOCTH, cTemeHp JeTann3alMd KOMIIOHEHT B IUla3Me CBOOOJHOTOpSIIEH B BO3AyXe
3NEKTPUUECKON AyTn (a MMEHHO, y4eT MOJIEKYJIbl OKHCH a30Ta), BIHSET Ha JOCTOBEPHOCTh OIPEETICHUS TPaHUIIbI
00J1acT HEPaBHOBECHOCTH B IIa3Me 3JIEKTPOAYTrOBOTO paspsija CHIoN Toka 3,5 A.

JOCJIITKEHHA HEPIBHOBAKHOCTI B IIVIA3MI EJIEKTPOAYTI'OBOI'O PO3PALY
MIK IINTABKUMHU EJJEKTPOJAMMU

C.0. ®ecenxo, MMM. Knewuuu, A.M. Bexnuu
PosrnsgaroTecs pisHI crieHapii 0OpoOKH eKCIIepUMEHTAIbHUX JaHWX, SIKi MOXKYTh MPHU3BECTH JI0 MPOTHIICKHUX
BHCHOBKIB HIOZ0 MOXJIMBOCTI peaiizamii B IUTa3Mi JIOKaJIbHOI TEpMOJMHAMIYHOI piBHOBaru. 30KpeMa, CTYIiHb
JeTanizamii KOMIOHEHT y IUIa3Mi, BUTBHOICHYIOUOi B TOBITPI €NEKTPUYHOI OyTH (a came, BpaxyBaHHS MOJICKYIH
OKHCY a30Ty), BIUIMBA€E Ha JTOCTOBIPHICTh BU3HAYECHHS MEXi 00JacTi HEPIBHOBAXKHOCTI B IUIa3Mi €JIEKTPOLYTOBOTO
po3psiay cunoro ctpymy 3,5 A.
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