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The comparative analysis of plasma parameters of transverse arc and discharge in the gas channel with liquid wall
was made for different working gas and liquids (for air, distilled water and for its mixtures with ethanol). Electronic
excitation temperatures T.” of atoms, vibrational T, and rotational T, temperatures of molecules in the generated
plasma were determined by optical emission spectroscopy. It was shown that both discharges generate non-
equilibrium plasma in the case of working gas air and working liquid — distilled water. Adding a fuel (ethanol) into the
plasma system with O, leads to the increasing of rotational and vibrational temperatures of molecules, which became
equal to each other within the errors. This may indicate that the exothermic reactions reduce the level of non-
thermality of the generated plasma as a result of additional energy supply for heavy components in the process of

complete combustion of hydrocarbons.
PACS: 52.50. Dg, 52.80.Mg, 52.30.-q

INTRODUCTION

It is known that using of non-equilibrium "cold"
plasma, which is characterized by a high level of elec-
trons energy and concentration of excited and charged
particles at low gas temperature, takes a special place in
the plasma chemical technology. The combination of
these conditions allows implement the unique plasma-
chemical processes. It is possible to achieve a high se-
lectivity of the process and a product purity in that case
[1].

A large number of papers devoted to the studying of
chemical transformations of different substances in non-
equilibrium plasma of electric discharges have appeared
by now [2]. The main goal of most of these works —
research of products and mechanism of its formation in
order to develop technology of new substances creation,
materials with new interesting properties, modifications
of existing substances and materials. In most of these
studies proposed mechanisms of various processes are
based on the research of dependence of product yield or
consumption of the initial material on the external
plasma parameters - current, input power, flow rate and
composition of raw materials, and based on qualitative
observations [1, 2].

The quantitative measurements of the internal
plasma parameters (the distribution of electric fields in
the plasma, concentrations and function of the electron
energy distribution, the temperature of the heavy parti-
cles, particle distribution function by levels of internal
excitation, especially on the vibrational and electronic
levels, the concentration of radicals), which affect the
speed and the kinetics of processes in plasma, usually
are not held. Nevertheless if such measurements are
carried out, the measured parameters are not enough for
a detailed analysis of the probable mechanisms of proc-
esses. Therefore proposed mechanisms are mostly hypo-
thetical and its reliability is low [1]. At the same time,
physicochemical processes in quasi-equilibrium and
non-equilibrium plasmas are typically multichannel (in
the sense that it occurs through a large number of elec-
tronic-vibrational or vibrational levels and with the for-
mation of excited intermediate states and excited prod-
ucts in different quantum states). Multichannel physico-
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chemical processes (in the case of deviations from the
thermodynamic equilibrium) lead to the fact that direct
and inverse processes often occur through a different
quantum state. In this case the influence of chemical
processes on the plasma parameters almost does not
take into account that can radically change the expected
result.

It should be taken into account that the influence of
endothermic and exothermic chemical processes on
plasma non-isothermality is fundamentally different.

The high rates of plasma-chemical reactions are of-
ten due to a high concentration of excited atoms and
molecules in electric discharges. Vibrational and elec-
tronic excitations play the most important role in the
stimulation of endothermic processes in plasma mainly
due to the reduction of the Arrhenius activation energy
E.. and at the same this reduction E, is practically absent
for exothermic processes [3].

However, L.S. Polak [4] drew attention to an inter-
esting relation of changes of reaction rate constants k at
changes of population distribution temperature of the
vibrational states — T, and translational temperature —
Ty by example of experimentally studied reactions [5]:
O'+N*,(v) » NO"+N.

The reaction rate constant & increases up to 40 times
at change T, from 1000 to 6000 K (when T, = 300 K),
and the same change of the translational temperature
(not taking into account the T, changing) leads to a sig-
nificantly larger changing of & up to 112 times accord-
ing to Arrhenius expression [6]:

Ea
k=AT"e RT.

Also analysis of information about chemical lasers
[7] shows that it can be expected that about half of re-
leased energy goes into increasing exactly translational
temperature at the exothermic chemical reactions.

Studies of plasma assisted combustion showed that
the non-equilibrium plasma can stimulate the low-
temperature oxidation of the fuel, even without ignition
of the combustible mixture [2].

With taking into account the extremely high level of
energy release during the exothermic chemical reactions
(= 1 eV/mol) all saying above indicates that influence of
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chemical reactions on the level of non-isothermality of
plasma itself can be extremely high. And in the devel-
opment of plasma-chemical technologies with using
exactly non-equilibrium plasma it should to be taken
into account.

In this paper were studied the influence of the pres-
ence of a small addition of lean burn in plasma gas on
non-isothermality of transversal arc plasma (TA) and
plasma of discharge in the gas channel with liquid wall
(DGCLW). The mixture of ethanol with oxygen of air
was used as fuel.

1. EXPERIMENT

Experimental schema of the electro arc discharge in
the transverse blowing gas flow (transverse arc — TA)
and discharge in the gas channel with liquid wall
(DGCLW) were considered in details in [8, 9] corre-
spondingly.

Two copper horizontal electrodes were placed oppo-
site each other and gas flow was directed perpendicular
to the electrode axis. TA discharge was powered by the
DC source. All measurements were carried out for the
discharge currents [;~0.1...1 A and gas flow
G=110 cm’/s. Different working gases (air and mixture
air/ethanol) were used.

For realization the second discharge two copper
electrodes were placed inside glass tubes, along which
gas flows. Two contrary gas flows immersed into the
liquid collide and form the gas channel where discharge
burns. Since gas flows through the bubble-liquid inter-
face (outside the gas channel) and evaporation from the
liquid is directed inside the bubble (gas channel), thus
the intensive transversal heat and mass exchange occurs
in this discharge. Discharge current I, for each regime
was varied from 60 to 400 mA. Airflow rate
G=55 cm’/s was maintained constant.

Working gas (air) and different liquids (distilled
water, its mixture with ethanol and pure ethanol) were
used for DGCLW. Different regimes of the discharge
were studied: (i) both Cu electrodes; (ii) one “liquid”
electrode with positive polarity — “liquid” anode (LA);
(iii) with negative polarity of one “liquid” electrode —
“liquid” cathode (LC).

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.

Population distribution temperature of the electronic
states of atoms (electronic temperature 7.) in plasma
were determined by the relative intensity of the cooper
(material of electrodes), oxygen (777.2, 844.6,
926.6 nm), hydrogen (656.1, 486.2 nm) spectral lines by
Boltzmann plots. Vibrational 7. " and rotational 7, tem-
peratures of molecules were evaluated by relative inten-
sities of the emission bands of N,(C-B), OH (A-X) (in
the case of air for TA and distilled water for DGCLW),
CN(B-X), C2(A-X) (in the case of using mixture
air/ethanol, water/ethanol) by using SPECAIR [10]
simulation.
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Population temperatures distribution along the gas
flow in the TA plasma for different working gas is
shown on Fig. 1.
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Fig. 1. Distribution of the population distribution

temperatures of atoms and molecules in TA plasma
along the gas flow z for different working gas: a — air
(discharge current I=480 mA); b — mixture
air/ethanol=30/1 (I=400 mA). Flow rate G=110 cm’/s,
z = 0 the middle of electrodes for both cases

From Fig. 1,a can be seen that TA in air generates

non-thermal plasma
(T, (N2) < Ty (N) = T (O)<T. (Cu)).

The difference between the temperatures
T, (Cu)>T. (O) was explained by different mechanism
of population of the excited electronic states of these
atoms. Since main positive ions in electroarc discharges
with copper electrodes are copper atomic ions and the
characteristic time of the ion-ion recombination is com-
parable with the time of optical transitions in Cu I the
additional mechanism of the population of the excited
electronic states of cooper atoms occurs due to the ion-
ion recombination, which is almost absent for the blow-
ing gas atoms [11].

Increasing of the arc length was observed in the case
of adding fuel into the plasma forming gas at fixed
discharge current and gas flow. In the case of working
with mixture air/ethanol the degree of non-equilibrium
of the generated plasma significantly reduces (absolute
values of vibrational and rotational temperatures of
molecules increase and became equal to each other (see
Fig. 1,b). The values electronic population temperatures
of copper and oxygen atoms, as well as its distributions
along the gas flow, remain the same within the error
(see Fig. 1).

Dependences of population distribution temperatures
of atoms, molecules and radicals on the discharge cur-
rent for the DGCLW are represented on Fig. 2.
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As can be seen from Fig.2,a DGCLW generates
non-thermal plasma (with noticeable difference between
vibrational and rotational temperatures of N, molecule).
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Fig. 2. Dependences of population distribution tempera-
tures of atoms and molecules in the plasma of DGCLW
on the discharge current. Discharge mode - "LA",
air flow G=55 cem’/s: a) - distilled water,

b) - solution of water/ethanol (1/5)

At the same time T, (N,)=T, (OH)~T, (OH) within
the marked error and T, (N,)<T. (H) at low currents
(I£100 mA). With discharge current increasing the level
of non-equilibrium decreases, but the difference be-
tween all determined temperatures and rotational tem-
perature of nitrogen remains noticeable (see Fig. 2,a).

Intensive bands of CN and C, molecules were ob-
served in emission spectra of plasma in the case of add-
ing the fuel mixture into the working liquid or working
gas. At that time diagnostics by the N, bands of the 2"
system was impossible because of its overlapping with
CN bands (B-X transition). In this case vibrational and
rotational temperatures were determined by the emis-
sion bands of CN and C, molecules.

As can be seen from Fig. 2,b, adding the fuel into
the plasma system leads to the increasing of rotational
and vibrational temperatures of molecules, which be-
came equal to each other within the errors for each
molecule (CN or C,). This may indicate that the exo-
thermic reactions reduce the level of non-thermality of
the generated plasma as a result of additional energy
supply for heavy components in the process of complete
combustion of hydrocarbons. Beside that, the decreasing
of non-thermality level of plasma was observed with
discharge current increasing. It was founded that
T. (H)<T, (C,)<T, (C,)<T, (CN)=T, (CN) (see Fig. 2,b).

Lower temperatures T, (H) in comparison with rota-
tional and vibrational temperatures of CN and C, mole-
cules can be explained by the fact that exothermic reac-
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tions lead to the energy release, which is basically spent
for changing the thermal energy of heavy particles and
for the excitation energy of rotational and vibrational
levels of molecules without changing the thermal en-
ergy of electrons.

CONCLUSIONS

e TA and DGCLW generate non-equilibrium
plasma in the case of working gas air and working lig-
uid — distilled water.

e Adding the fuel into the plasma system leads to
the increasing of vibrational and rotational temperatures
of molecules, which became equal to each other within
the errors. This may indicate that the exothermic reac-
tions reduce the level of non-thermality of the generated
plasma as a result of additional energy supply for heavy
components in the process of complete combustion of
hydrocarbons.

o It was founded that electronic temperature of hy-
drogen is lower than vibrational and rotational tempera-
tures of cyan and carbon molecules. It was supposed
that energy release as result of exothermic reactions is
basically spent for changing the thermal energy of
heavy particles and for the excitation energy of rota-
tional and vibrational levels of molecules without
changing the thermal energy of electrons u excitation
energy of electronical levels of molecules.
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BJIASIHUE DK30TEPMUYECKUX PEAKIIUIA HA YPOBEHb HEPABHOBECHOCTH PA3PSIJTHOM
IJIA3MBI

B.A. Yepnax, B.B. Oxumenxo, U.B. Ilpucaxcueeuu, E.B. Mapmuotu

CpaBHHUTENBHBIH aHATN3 TAPAMETPOB ITa3MbI ITOTIEPEYHOH TyTH U pa3psaa B Ta30BOM KaHAJIE C KUIKOW CTCHKOM
MPOBEAEH AJISl Pa3INYHBIX pabOUIHX ra3oB U )KI/I,Z[KOCTCI/I (11 BO31yXa, ,Z[I/ICTI/IJIHI/IpOBaHHOI/I BOJIBI M MX CMECH C JTa-
HOJIOM). DJIEKTPOHHBIE TeMIepaTypsl 3aceenus T, aToMoB, konebarensHas T, i BpaiarenbHas T, TeMIeparypsl
3acesIeHHsl MOJIEKYJl B T€eHEPUPYEMOH I1a3Me OIPEENICHbI C TOMOLIbIO OINTUYECKOH 3MUCCUOHHOM CIIEKTPOCKOIHH.
IToka3aHo, 4To 00a pa3psia reHepUpyIOT HEPABHOBECHYIO IIa3My B cilydyae pabouero rasa — Bo3ayxa, U padoueil
JKUJIKOCTH — JAUCTHJUTMPOBAHHOHN BOnbl. JloOaBieHue TOIKBa (3TAaHOMA) B IIA3MEHHYIO CHCTEMY MPUBOIHUT K yBeE-
JMYCHUIO BpaIaTeJIbHOM M KosiebaTenbHON TeMIepaTryp 3acelieHns] MOJIEKYJl, KOTOpbIe CTaHOBSTCSI PaBHBIMHU JIPYyT
JpyTy B Opefenax MOrpeurHOCTH. DTO MOXKET CBUAETENILCTBOBATh O TOM, YTO 3K30TEPMHUUECKUE PEAKIIUU YMEHbIIa-
I0T YPOBEHb HEPABHOBECHOCTH I'€HEPUPYEMOIl IUIa3Mbl B pe3yJbTaTe MOAAYU JOMOJHUTENBHOM 3HEPruM TSHKENION
KOMITOHEHTE B ITPOIIECCE MTOJTHOTO CTOPaHMs YIIIEBOIOPOIOB.

BILIMB EK30TEPMIYHUX PEAKIIIA HA PIBEHb HEPIBHOBAKHOCTI PO3PSIJTHOI IIJIA3MHU
B.A. Yepnsak, B.B. Oxumenko, I.B. Ilpucaxncueeuu, €.B. Mapmuw

[MopiBHsANBHUI aHaNi3 MapaMeTpiB IUIa3MHU MOTEPEYHOI AYyTH Ta PO3PSLy B Ta30BOMY KaHAJl 3 PIAKOIO CTIHKOIO
MPOBENEHUH IS Pi3HUX POoOOUYMX ra3iB Ta piaWH (AT MOBITPS, AUCTHIHLOBOHOI BOIM Ta iX CyMIIIi 3 €TaHOJIOM).
EnextponHi Temneparypu 3aceneHHs 7, ," atomis, konuBansHa T, i oGepransha T, TeMIepaTypH 3acelICHHS MOJIEKYIT
y IUIa3Mi, 10 TeHEepYy€eThCs, BU3HAYEHI 3a JIOIIOMOTrOI0 ONTHYHOI eMiciiHoi cnekrpockomnii. [TokazaHo, mo oOuasa
PO3psIIM TeHEPYIOTh HEPIBHOBAXKHY IIJIa3My Y BUMAJKy poOOYOro rasy — noBitps Ta poOo4oi piiMHU — AUCTHIHOBA-
HOi Boau. /lonaBaHHs najuBa (€TaHONY) B IJIa3MOBY CHCTEMY IPH3BOIUTH O 30UIbIICHHS 00epTalbHOT Ta KOJIUBa-
JBHOT TeMIIepaTyp 3aceeHHsI MOJIEKYJI, SIKi CTalOTh PIBHUMH OJHA OJHIN y Mexax MoxuOku. L{e Moxe cBimuuTu npo
Te, IO eK30TepPMidHI peakiii 3MEeHIIYyIOTh PiBEHb HEPIBHOBXXHOCTI IUIA3MH, IO T€HEPYETHCS, BHACIIIOK Mojadi
JI0/1aTKOBO{ eHeprii BaXKii KOMIIOHEHTI B IPOIECi HIOBHOTO 3TOPaHHS BYIJIEBOJHIB.
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