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Physical features of the transverse arc discharge and its atmospheric pressure plasma were investigated for the
different gas flow rates (gas flow velocity ~0...2/3 of the sound speed) and character of the gas flow
(laminar/turbulent). Component composition of the plasmaforming gas; electronic excitation temperatures T, of
atoms, vibrational T, and rotational T,  temperatures of molecules in the generated plasma were determined by
optical emission spectroscopy. Founded difference of the temperatures 7, (Cu)>7,"(O, H) was explained by the
additional mechanism of the population of the excited electronic states of cooper atoms (material of electrodes) due
to the ion-ion recombination, which is almost absent for the blowing gas atoms. Non-monotonic character of the
T, (N,) and T, (N,") dependence on the gas flow was connected with transition from laminar to the turbulent gas
flow regime. It was shown that at large gas flows (at which the deviation from laminar flow occurs and the
turbulence starts) plasma of TA becomes more isothermal.

PACS: 52.50. Dg, 52.80.Mg, 52.30.-q

INTRODUCTION

Non-equilibrium plasma sources are widely used for
different plasmachemical applications. One of the ways to
make such plasma generators is to provide an effective
heat- and mass- transferring between plasma and
environmental. It is realized in such transversal discharges
as: gliding arc [1] and its different modifications [2-4],
transverse arc [5] and glow discharge [6] due to the
presence of gas flow, which is perpendicular to the
current lines of the discharge. Results obtained in this
work will show that even transverse gas flows can result
in non-thermal and thermal plasma generation both. The
level of the plasma non-isothermality partially depends on
the gas flow rate and the discharge current.

1. EXPERIMENT

Experimental scheme of the electroarc discharge in the
transverse blowing air flow (transverse arc — TA) was
considered in details in [5]. Two copper horizontal
electrodes with diameter d=6 mm placed opposite each
other were used. A nominal gap between them was
6=1.5 mm. The axially symmetric steel nozzle, with inner
diameter =1 mm, was maintained vertically
perpendicular to the electrode axis at the distance
L=20 mm and was centred strictly between the electrodes.
A standard dry air system supplied with the flow meters
was used. There was enough high gas-dynamic pressure
in the flow to blow out the electric arc downstream. TA
discharge was powered by the DC source at the ballast
resistance R = 2 kQ in the circuit. All measurements were
carried out for the discharge currents I;=0.1...1 A and
different gas flow rates G=0...220 cm’/s.

Dependence of the discharge voltage Uy on the
different air flow rates G is shown on Fig. 1. Such non-
linear character of Uy(G) dependence can’t be explained
only by the fact that energy carries out from the discharge
region with G increasing and to support the fixed
discharge current it is necessary to increase the voltage on
the discharge. Non-linear U4(G) dependence on Fig. 1 can
be connected with the secularities of the gas flow: i) a
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monotonic voltage increasing with the gas flow rate G
increasing (laminar gas flow); ii) voltage on the discharge
increases (for [;:<700 mA) or remains almost constant (for
[>700 mA) with further increasing of G (this region
corresponds to the transient gas flow regime: from
laminar to the turbulent); iii) when the gas velocity
becomes bigger than the drift velocity of ions in the
electric field, further voltage increasing starts, which is
escorted by the appearance of the filament plasma
structures directed along the flow.
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Fig. 1. Voltage dropU, on the transverse arc discharge
for the different air flow rates G

2. METHODS AND RESULTS

Emission spectra of TA plasma were measured by
CCD based spectrometer SL 40-3648 Solar TII in the
range of 200...1100 nm with spectral resolution ~ 0.7 nm.

Excitation temperatures of the electronic states of
atoms (electronic temperature 7, ) in TA plasma were
determined by the relative intensity of the cooper
(material of electrodes), oxygen, hydrogen spectral lines
by Boltzmann plots. Vibrational 7," and rotational 7,"
temperatures of N,(C’IT,) molecule were evaluated by
relative intensities of the emission bands of 2" system of
nitrogen by wusing SPECAIR [7] simulation. The
following ratio of the excitation temperatures 7, USTST
were obtained in TA plasma. It was shown that 7.
slightly decreases along the gas flow in the afterglow
zone, while 7, remains constant. Founded difference of
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the temperatures 7, (Cu)>7, (O, H) can be explained by
the additional mechanism of the population of the excited
electronic states of cooper atoms due to the ion-ion
recombination, which is almost absent for the blowing gas
atoms. The main recombination mechanisms were
considered and corresponding recombination time t, was
estimated for plasma of the transverse arc in air at
Ne~10"...10"em™, TAT(N,)=2000 K, T~1 eV, p=1 atm
(table).

Main recombination mechanisms and its
characteristics time

Recombination Rec9mb1nat10n Ref.
time t,, S

e+ A +e— A* (n)+e(E) 10%...1 [8]

e+ A +B— A* (n) + B(E) 10%...1 [9]

e+tA+BC(j))—A*(n)+BC(j) 30...3 [9]

e+A'+BC(v)—A*(n)+BC(V) | 2.5%(102...10%) | [9]
A"+B —> A*+B 10°...10° [10]
A+B +M—A*+B+M 6x(10°...10°) | [10]
It was concluded that ion-ion recombination

(A™+B —A*+B) is the main recombination process in the
plasma of the arc discharge with copper electrodes in the
transverse blowing air flow. It was shown that
characteristic time of the ion-ion recombination
T,~6x(10°...10°) s [10] is comparable with the time of
optical transitions t; in Cu I (A=510.5 nm 71,~5-107 s;
A=5782nm 7,;~6:10"s [11]), so it should lead to a
noticeable contribution to the population of electronic
levels of Cu atoms by the ion-ion recombination of the
corresponding positive ion. In [12] was shown that main
positive ions in electroarc discharges with copper
electrodes are copper atomic ions. It was suggested that
T,°(Cu)>T,(O, H) since the population of Cu atoms
occurs on the levels with excitation energy closed to the
difference between atomic ionization energy and electron
affinity energy of negative ions of air plasma (e~2 eV)
[10].

Dependence of the excitation temperatures of
molecule N, in the TA plasma on the gas flow rate G was
studied (Fig. 2). Vibrational and rotational temperatures
were determined from the calibration curves [13] built as
functions of the corresponding excitation temperatures
with taking into account instrument function of used
spectrometer. Besides 7,'(N,) was also evaluated from
Boltzmann plot by using relative intensities of such
spectral bands of N, (C’I1,-B°I1,): (0-0) 337.1 nm, (1-2)
353.6 nm, (0-1) 357.7 nm, (2-4) 371.0 nm, (1-3)
375.5 nm, (0-2) 380.5 nm, (1-4) 399.8 nm.

The same dependence (as on the Fig. 2) with similar
values of the vibrational and rotational temperatures was
obtained for N," molecule (transition B’S,"-X"Z,"). Non-
monotonic character of the 7,” temperature dependence on
the G can be connected with transition from laminar to the
turbulent gas flow with G increasing at fixed discharge
current. Changing of the form and structure of the TA
plasma column correlates with it good.
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Fig. 2. Dependence of the excitation temperatures of
nitrogen molecules in TA plasma on the air flow rate G
(at the fixed discharge current 1,=400 mA)

Dependences of the excitation temperatures in TA
plasma on the discharge current were studied for different
air flow rates. It was shown that there is a convergence of
T, V* and T," temperatures, which starts from the discharge
current [;~500 mA, thus plasma of TA becomes
isothermal at G=0cm’/s. Similar behaviour of the
temperature dependence was observed at big flows
(G>150 cm’/s). At large gas flows (where turbulent starts)
plasma of TA becomes more isothermal. At the same time
at low gas flows difference between excitation
temperatures almost doesn’t depend on the discharge
current. Thus there are optimal regimes of gas flow rates
that can provide the certain non-thermality level of the
generated TA plasma for the investigated range of the
discharge currents.

CONCLUSIONS

e Non-linear character of the dependence of the
voltage drop on the transverse arc discharge (Uy) on the
gas flow rate and character was found. It was shown that
Uy is almost constant (at the discharge currents 13>700
mA) in the region, which corresponds to the transitional
regime of the gas flow (from laminar to turbulent). When
the gas flow rates attain values, which are larger than ion
drift rate, Uy increases with G increasing and filament
plasma structure along the gas flow are observed.

e Non-monotonic character of the Tr*(Nz) and
T, (N,") dependence on the gas flow was found. It can be
connected with transition from laminar to the turbulent
gas flow regime. At large gas flows (where turbulence
starts) plasma of TA becomes more isothermal. So to
obtain non-thermal plasma of TA we should operate with
optimal gas flow rates and discharge currents. Without
gas flow or under large currents and large gas flows TA
plasma becomes more thermal.

e It was concluded that recombination influences on
the population of the excited electronic states of Cu I. It
was shown that characteristic time of the ion-ion
recombination is comparable with the time of optical
transitions in copper atom. Thus founded difference
between the temperatures 7, L(Cu)>T, (O, H) can be
explained by the additional mechanism of the population
of the excited electronic states of cooper atoms due to the
ion-ion recombination, which is almost absent for the
blowing gas atoms.
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SJIEKTPUUECKHUM PA3PS/I B IOITIEPEYHOM ITOTOKE BO3JIYXA ATMOC®EPHOI'O JJABJIEHUS
U.B. Ilpucaxcnesuu, E.B. Mapmuuu, T.E. /Tucumuenko

®dusnyeckne OCOOEHHOCTH TIONEPEYHOr0 JIYrOBOTO paspsiia W ero arMoc(epHO IUla3Mbl HCCIENOBaHbI IS
Pa3IMYHBIX BO3MYIIHBIX MOTOKOB (CKopocTH motoka ~ 0...2/3 ckopocTH 3Byka) M PEKMMOB T'a30BBIX TequI/m
(JramuHapHOTO, Typ6yneHTHoro) Cocras rma3Moo6pa3y10mero rasa, JIEKTPOHHBIE TeMIepaTyphl 3aceneHus T,
atoMoB, KoneGatenbHas [, M BpamarenabHas [, TEMIIEPATyphl 3aceleHHs MOJEKYI B TeHEpHpYeMOil IUIa3Me
OlpeeTICHbl C IIOMOIIBI0 ONTHYECKOH YMHCCHOHHOM CIEKTPOCKONHHU. BBISBIECHHOE OTIHYHME MEXIY TeMIIepaTypamMu
T,"(Cu)>T," (O, H) OGBSCHWIN JONOTHATEIBHBIM MEXAHH3MOM 3aCENeHHSI BO3OYKICHHBIX SIEKTPOHHBIX YpOBHEH
aTOMOB MM (MaTepHal 3JIEKTPOIOB) 3a CYET MOH-MOHHOH PEKOMOMHAIIMH, KOTOPBIH MPAaKTHYECKH OTCYTCTBYET IS
aTOMOB 00/yBaroIero ra3a. HEeMOHOTOHHBINA XapakTep 3aBUCHMOCTEH T,'(N>) u 7,"(N,") OT Be/THUMHBI Ta30BOr0O IIOTOKA
CBSI3aH C IEPEXOAOM TEUSHHUS 'a3a M3 JIAMUHAPHOTO B TypOyineHTHbIH pexxuM. [TokasaHo, 4yTo IpH OOJBLIMX Ta30BBIX
NOTOKax (IPH KOTOPBIX HAYMHAETCSI OTKJIOHEHHE OT JIAMHHAPHOTO PEXUMa W IOSIBJIEHHE TYpOYJICHTHOCTH) ILIa3Ma
HOTNIepEeYHO yr CTaHOBHUTCS O0Jiee H30TEPMUYHOM.

EJEKTPUYHUM PO3PS/ Y IONMEPEYHOMY MOTOIII MOBITPSI ATMOC®EPHOI'O TUCKY
LB. Ilpucasxcnesuu, €.B. Mapmuw, T.€. J/lucumuenko

@i3udHI 0COONMBOCTI MOMEPEYHOTO ITYyTOBOTO PO3psAy Ta Horo arMocepHOl IUIa3sMH JOCTHKEHO I PI3HUX
HOBITPSHUX TOTOKIB (IUBUIAKICTH MOTOKY ~ 0...2/3 MmMBHIKOCTI 3ByKYy) 1 pexuMIB razoBux Teuiit (naMiHapHm
Typ6yneHTH01) CK1aj] TIa3MOYTBOPIOIOYOTO a3y, eeKTPOHHI TeMIepaTypu 3aceneHHs I, atomi, konusambHa T, i
oGepranbua 7, TeMIepaTypH 3aceleHHs MOJIEKYI Y reHepOBaHm TU1a3Mi BU3HAYEH] 3a JIOMOMOTOI0 ONTHYHOI eMiCiiHOT
CHeKTpocKomii. BusBieHy BiAMIHHICTH Mik Temmneparypamu 7, (Cu)>T “(O, H) mHOSICHEHO MO0JATKOBUM MEXaHi3MOM
3acesieHHs 30y UKEHUX €JIEKTPOHHUX DIBHIB aTOMIB MiJi (Marepiall eJeKTpoiB) 3a paxyHOK 10H-IOHHOI pekoMOiHarlii,
KW TIPAKTHYHO BiCYTHIif /U1 aToMiB rasy, mo obayBae myry. HemonoTomHmil xapaktep sanexuocteii T, (N) i
7,"(N,") Bix BeMUMHE Ta30BOTO MOTOKY MOB’S3aHHIA 3 IIEPEXOIOM Tedii rasy 3 JaMiHAPHOTO y TYPOYICHTHHMIT PEXKHM.
[TokazaHo, 1m0 MPU BEMUKHUX TA30BHX ITOTOKAX (IPH SIKUX MIOYMHAETHCS BIIXMICHHS BiJl JIAMiHAPHOTO PEXXUMY Ta MOSBA
TypOyJIEHTHOCTI) TJ1a3Ma MONEePEIHO] JYTH CTa€ OUTBII 130TEPMIUHOIO.
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