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Abstract—The distribution of the rotational temperature of C, molecules in the anode—cathode gap of elec-
tric-discharge modules placed in a supersonic flow, observed in the discharge regions under injections of
ethylene, propane, and oxygen, are studied with the use of emission spectroscopy. The rotational tempera-
tures of the molecules are assumed to be close to gas-kinetic ones under experimental conditions. The anal-
ysis of the alternative way of comparing the gas-kinetic temperature with the rotational temperature of CN
molecules shows the latter to be close to a higher vibrational temperature, apparently because CN molecules
mainly originate in chemical reactions with the participation of strongly excited components arising under
electron impacts. The correlation of the voltage across the discharge gap and the temperatures in the zones of
energy release with the dynamic air pressure in the vicinity of the anode is derived.

DOI: 10.1134/S0018151X22010345

INTRODUCTION

Systematic studies of arc and nonequilibrium dis-
charges in supersonic air flows under the injection of
additional components into them were started in [1—
7]. The techniques for producing mainly longitudinal
discharges under simultaneous propane and oxygen
injection are described in [8]; they are based on the
studies [9—11]. An improved technique for noncontact
measurements of the gas-dynamic temperature in
high-temperature regions, which arise under these
conditions, is presented in [12].

In this study, we describe the results of further
spectroscopic studies of the features of origination of
these regions with the focus on the possibility of esti-
mating the gas temperature in these regions. Since
contact methods are inapplicable to temperature mea-
surements in these regions, the values of the rotational
temperature of C, molecules, which is the closest to
the gas-kinetic temperature, are retrieved from the
spectra recorded with the use of the modified method
[12], which provides for the values averaged over the
rendering line across the heated zone.

INVESTIGATION TECHNIQUE AND RESULTS

The experimental setup has a working part with a
rectangular channel 400 mm long with a 120 X
120 mm? cross section. The channel is connected to a
profiled rectangular nozzle, designed for a required

value of the Mach number M. To produce discharges,
electric discharge modules were used (Fig. 1). They
consist of a tubular anode mounted downstream and a
cathode in the form of a plate with two ledges. The
electrodes are made of stainless steel. Anode 3 is her-
metically inserted through the wall of flow part 7 using
insulator 2 and supplied with fuel and oxidizer. Its
shape is convenient for placement in the working part.
It ends with the hollow chamber 4, where a chemically
active mixture is produced during discharging and
then injected into the flow. Auxiliary fuel is supplied to
the chamber through a tube inside the anode. An oxi-
dizer is fed through an outer tube, which is the anode
body.

Cathode 6 had the same potential as the metal wall
of the working part. The ledge of cathode 5 closest to
the anode is intended for a reliable gap breakdown.
After igniting the discharge, it was carried by the flow
along the cathode and closed mainly to ledge 7, the
farthest from the anode, at a certain value of the dis-
charge current. The anode was fixed either in the cen-
ter of the working part (Fig. 1a) or near its wall
(Fig. 1b). The latter version is designed to use the tur-
bulence effect of the main air—fuel mixture flow near
the wall to expand the discharge impact area. The
insulator dimensions are chosen so as to exclude slid-
ing breakdown along its surface when a high voltage is
applied to the anode.
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(b)

Fig. 1. Schemes of producing a discharge (a) at the center
of the working part and (b) near the wall: channel boun-
dary ([7), insulator (2), anode (3), hollow chamber at the
end of anode (4), cathode ledges (5, 7), cathode base (6).

As can be seen from the geometry of the anodes in
Fig. 1, the injection region was far from the place of
generation of the head shock wave. Therefore, we can
assume that the latter does not affect the flow in the
anode—cathode gap. However, this issue, as well as the
influence of other spatial gas-dynamic structures on
the flow generation in discharge gaps, is beyond the
scope of our study.

The experiments were performed at M = 2, a cold
flow static temperature of ~160 K, a static pressure of
3.92 x 10* Pa (294 Torr), an injected oxygen excess
coefficient of ~2 to 0.95, and discharge currents of 1.5
and 1.8 A. The center of the hole in the anode and the
upper edge of the cathode were on the same horizontal
line. The space between the ledges of the cathode was
35—37 mm. Figure 2 shows pictures of the discharge
made at a discharge current of 1.5 A, injection of eth-
ylene and oxygen at flow rates of 1.5 and 6.15 g/s,
respectively, and exposure of 1/500 for the cases where
the anode was fixed (a) at the center of the flow and
(b) near the unit wall. In case (b), the oxygen flow rate
was 7 g/s.

The discharge voltage values turned out to be sig-
nificantly different in the cases under study: 1.2 kV in
case (a) and 0.5 kV in case (b). In the latter case, the
discharge closed mainly on the front ledge of the cath-
ode and was close to an arc discharge in terms of the
arcing voltage. The discharge voltage decreased to
0.2—0.3 kV as the current increased to 1.8 A. The rea-
son for this difference is explained below.

The main noncontact measuring instrument was a
HR4000CG-UV-NIR emission spectrometer with a
Toshiba TSD 1304 AP detector; the latter ensured the
spectrometer operation in the wavelength range 200—
1100 nm (diode array of 3648 elements; inverse disper-
sion of 0.254 nm/pixel) with an instrument function at
the half-maximum of 0.6 nm. Its integration with the
experimental setup is described in [8]. The spectrom-
eter received information from the measuring volume
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(a)

(b)

Fig. 2. Pictures of a discharge at voltages across the gap of
(a) 1.2 and (b) 0.5 kV.

~1 mm diameter in a plane perpendicular to the ren-
dering line and with a length of 5 to 6 mm along that
line. The spectrometer was adjusted with the use of a
low-pressure DRGS-12 gas-discharge lamp and a
graduated SI-8-200 tungsten lamp. The instrument
function of the spectrometer was 1.3 nm. The adjacent
wavelengths, at which the radiation intensities were
recorded, were spaced 0.27 nm apart. Due to the low
dispersion of the spectrometer, the methods of unre-
solved rotational and partly resolved vibrational struc-
tures were used to estimate the plasma parameters.

The instrument was used to compare the integral
spectra recorded under different conditions for dis-
charging, receiving data on the distribution of radiat-
ing components over the interelectrode space, and
retrieving the rotational temperature of C, molecules.

To record the vibrational-rotational spectra of
hydrocarbon components (in this study, C, mole-
cules) under the discharge conditions under study, we
used the approach generalized in [12], where the par-
ticle (atoms, molecules, and their ions) distribution
functions over quantum radiating states were retrieved
by the multiparameter fitting of the calculated to the
experimental emission spectra; the resulting distribu-
tions deviated from the Boltzmann distributions in the
case of the spectral overlay of the atomic lines and
molecular bands in the gas discharge emission. The
details of the calculation of the vibrational-rotational
spectra of C, and the spectra fitting are described in
more detail in the Appendix. A distinctive feature of
the model used for the calculation of the emission
spectra is that it includes a database of measured and
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calculated spectra and does not require any assump-
tions about the behavior of the particle distribution
functions over excited states. The database was used to
test and develop the model. The software codes were
adapted to the spectrometer used. Figure 3 shows the
distribution of the radiation intensity normalized to
the maximum value within the Swan vibrational
sequence Av = 0 of the C, molecule in the &°Il, —
a’T1, transition for several values of the rotational tem-
perature 7, calculated with the software.

Similar calculations were also carried out for the
sequences Av = —1 and Av = +1. It has been ascer-
tained that the short-wavelength part of the spectrum
(for example, for the sequence Av = 0 in the range
490—516 nm) strongly varies with 7,. Hence, the 7,
value can be derived from the multiparameter fitting of
the calculated to the experimental spectra. This fitting
consists of the normalization of the experimental
spectrum by subtracting the background value and
dividing by the intensity maximum within a sequence
and variation in the relative populations of the vibra-
tional levels and the rotational temperature calculated
until the spectra matched best.

The comparative analysis of the alternation of the
intensities of the bands of the violet system of
CN(B*X — X?%) molecule and the Swan system of the
Cy(d’T1, — a’T1,) molecule in the emission spectra of
the discharges under study made in [8] and in this
study showed the rotational temperatures determined
from the levels of the CN molecule to be high, close to
the vibrational temperature. This is apparently
because the CN molecules originate in chemical reac-
tions with the participation of highly excited compo-
nents which arise under electron impacts. The rota-
tional temperature values corresponding to the distri-
bution function over the -electron-vibrational-
rotational levels of the C, molecule in the &°I1, state
were closer to the expected values of the gas-kinetic
temperature in the gas discharge in a supersonic flow.
Therefore, we further used the technique focused on
data for these molecules.

For quicker acquisition of information about the
rotational temperature, we approximated the parts of
the spectra shown in Fig. 3a at wavelengths shorter
than 513 nm by exponential distributions (dashed
curves in Fig. 3b) with a conditional temperature 7,,:

I = Lgexp(=(he/kTeon) 1/A = 1/M)),

where /4 is the Planck constant; c is the speed of light;
k is the Boltzmann constant; and A, is the wavelength
at which a peak near A = 513 nm is detected. The rela-
tion between 7., and 7, turns out to be linear
(Fig. 3c). This allows estimating the rotational tem-
perature during the experiment by constructing plots
similar to Fig. 3b, deriving 7., from them to a specific
case, and then retrieving 7, from the linear relation.
The rotational temperature found by this technique is
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Fig. 3. Calculated dependences of the normalized radia-
tion intensity on the wavelength within the vibrational
sequence Av = 0 of the Swan system of C, molecule in the
d’Il, — a’T1,, transition for several values of the rotational
temperature 7, in the range (a) 490—518 and (b) 490—
513 nm; (c) dependence of the conditional temperature on
the rotational temperature.

exemplified in Fig. 4 (discharge current of 1.5 A, dis-
charge voltage of 1.2 kV, ethylene and oxygen flow
rates of 1.5 and 6.15 g/s, respectively).

When nonthermal factors do not affect the exci-
tation of molecular levels (for example, under the elec-
tron impacts or during the transfer of energy released
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Fig. 4. Example of rotational temperature determined by a
simplified method: calculated dependence of the normal-
ized radiation intensity on the wavelength within the vibra-
tional sequence Av = 0 of the Swan system of C, molecule
for a rotational temperature of 4000 K ([7); distribution
experimentally found in the spectrum of cthylene (2);
exponential approximation for 7, = 4200 K (3, dashed
curve).

in chemical reactions), the equilibrium between the
rotational and translational degrees of freedom of
molecules is set after 3—5 intermolecular collisions. In
our experiments, the characteristic relaxation time was
on the order of 1 us, which is smaller than the flight
time (30—70 us). Therefore, the gas-kinetic and rota-
tional temperatures were close to each other.

The high speed of data processing by the spectrom-
eter made it possible to receive information on the
radiation intensity distribution in the emission spectra
in a discharge cross section for one operation cycle of
the aerodynamic setup.

The comparison of the integrated spectra recorded
at high and low discharge voltages in the regions of the
strongest radiation at a discharge current of 1.5 A is
shown in Fig. 5.

The distributions of some emitting components in
the middle of the discharge gap across the discharge
are shown in Fig. 6 (the Y coordinate is measured from
the horizontal line which connects the center of the
chamber at the end of the anode and the edge of the far
ledge of the cathode). These experimental data show
the significantly different nature of the processes (in
particular, arising of electron temperatures, chemical
reactions) responsible for the emission. At a low dis-
charge voltage, the emissions of CN and CH mole-
cules and hydrogen atoms was weakly distinguished
from the C, emission, in contrast to the discharge at a
high voltage between the electrodes.

The decrease in the discharge voltage results in a
decrease in the energy input and the gas-kinetic tem-
perature. This is also shown in the rotational tempera-
tures of C, molecules. The height distribution of this
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Fig. 5. Comparison of the integral spectra of a discharge at
high and low voltages: (a) U= 1.2 kV, ethylene flow rate is
1.5 g/s and oxygen flow rate is 6.15 g/s; (b) U= 0.3 kV, ethy-
lene flow rate is 1.27 g/s and oxygen flow rate is 8.4 g/s.

temperature at the center of the discharge gap (X =
16.5 mm from the chamber section at the end of the
anode) at a discharge current of 1.5 A is shown in
Fig. 7 for high (/) and low (2) discharge voltages.

When producing discharges following the scheme
shown in Fig. 1b, it is desirable that the discharge
occupies the whole interelectrode gap between the
cathode ledges. Taking into account the previous
experience of working with similar discharges [8—11],
we assumed the cause of the discharge closure mainly
to the front ledge of the cathode in the experiments—
the low dynamic air pressure in the gap between the
horizontal section of the anode and the plate where
the cathode was mounted due to deceleration of the
airflow over this gap. To verify this assumption, the
length of the horizontal section of the anode was
decreased to the minimum acceptable in the anode
manufacturing technology (in our case, from 85 to
42 mm). This change actually led to the discharge
development over a much longer distance and an
increase in the discharge voltage to 1—1.4 kV. The cor-
responding studies have been performed with ethylene
and propane as auxiliary gases. The height distribu-
tions of the rotational temperature over the discharge
gap for these gases at a discharge current of 1.5 A are
shown in Fig. 8 for a number of distances from the
anode section.
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Fig. 6. Distributions of the relative emission intensity of (a)
CH (1), OH (2), C, (3), Hy(4), O (3), and CN (6); (b) CH
(1), OH (2), CN (3), Hy, (4), O (5), and C, (6), derived
from processing the integral spectra, over the middle sec-
tion of the discharge gap at high (a) and low (b) discharge
voltages.

The coordinate system is the same as in Fig. 6. In
the experiments with ethylene, its flow rate was 1.5 g/s
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Fig. 8. Height distributions of the rotational temperature
over the discharge gap derived at different distances from
the anode cross section for (a) ethylene and (b) propane at
a discharge current of 1.5 A and an anode horizontal sec-
tion length of 42 mm.

and the oxygen flow rate was 6.2 g/s (oxygen excess
coefficient oo = 1.2); and the discharge voltage was
0.95—1 kV. When propane was used, its flow rate also
was 1.5 g/s and the oxygen flow rate was 7.14 g/s (a0 =

1.3); and the discharge voltage was 1.1—1.2 kV. The
results show a shift of the main heat release zone below
the coordinate Y= 0 in both cases, as well as the inho-
mogeneity of the energy release in the studied zone.
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Fig. 7. Height distribution of the rotational temperature of
C, molecules over the discharge gap at high and low dis-

charge voltages: U= 1.2 kV, ethylene flow rate is 1.5 g/s and
oxygen flow rate is 6.15 g/s (1); U= 0.3 kV, ethylene flow
rate is 1.27 g/s and oxygen flow rate is 8.4 g/s (2).

Fig. 9. Dynamic air pressure distribution over the gap
between the lower anode edge and the plate at horizontal
anode section 85 (/) and 42 mm long (2).
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When using propane, higher maximum temperatures
were recorded than for ethylene; i.e., the same situa-
tion took place as in the corresponding flames. At the
same distance from the anode, X = 21.5 mm, the tem-
perature in the case of propane turned out to be higher
than in the case of ethylene. In the experiments per-
formed, temperatures of 3500 to 4500 K were attain-
able, which was higher than in the ethylene-oxygen
and propane-oxygen flames (~3000 K) or in the
supersonic air flow heated by a nonequilibrium dis-
charge at a comparable electric power supply and
equal static pressure (~2000 K).

To verify the assumption about the role of the
dynamic air pressure in formation of the region with a
high temperature behind the anode in the absence of a
discharge, the static and total pressures were measured
with pneumometric sensors in the gap between the
lower edge of the anode and the plate at the anode
with horizontal sections of 42 and 85 mm in length.
These data were used to calculate the values g = pw?
[kg/m s?], where p is the gas density and w is its speed
in the flow. The measurements performed in the sec-
tion of the anode output channel between its lower
horizontal edge and the plate are shown in Fig. 9.
According to them, the dynamic air pressure near the
anode is approximately half the pressure in the case of
a long horizontal section than in the case of a short
horizontal section of the anode.

The significant effect of the discharge current on
the rotational temperature of the C, molecules ascer-
tained in the experiment with an anode with a shorter
horizontal section and a combination of propane with
oxygen as injected gases (1.5 and 7.14 g/s, respectively)
is shown in Fig. 10.

CONCLUSIONS

The emission spectroscopy study of the tempera-
ture and its distribution in zones formed in high-speed
air flows by longitudinal and near-longitudinal DC
discharges under the injection of hydrocarbon fuels
and oxygen into them has shown the origination of
high-temperature zones with temperatures higher
than in the usual ethylene-oxygen and propane-oxy-
gen flames or in a supersonic air flow heated by a non-
equilibrium discharge at comparable values of the
electric power supply and equal static pressures. The
results indicate that an increase in the dynamic air
pressure in the main flow leads to the transformation
of the discharge zone where plasma-chemical reac-
tions take place, its elongation, and an increase in the
discharge voltage and temperature.

APPENDIX

The multiparameter fitting (see below) is based on
the analysis [12] of the calculations of electron-rota-
tional-vibrational (ERV) C, spectra.
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High-intensity ERV molecular bands which corre-
sponded to the Swan C,(4°T1, — @°I1,) system are con-
sidered in the analysis, taking into account the fact
that the electric dipole transition between the triplet
electronic states @°I1, and @°I1, of the C, molecule is
determined by the selection rules, the bond type
(interactions between electrons and particle nuclei),
and the symmetry properties of these states [13, 14].

The power per unit volume €,,,, (V,,q — V,,,) emitted
by the C, molecules during the electric dipole transi-
tion m — n (m and n mean sets of quantum numbers)
per unit wavenumber range was calculated within the
quantum electrodynamics and physical kinetics [13—
18]. The position of the C, ERV line in the emission
spectrum, which corresponds to the m — n transition,
is determined by the wavenumber V,,,. It was assumed
that the wavelengths of the electromagnetic field are
much larger than the size of the C, molecule. This
condition is valid in the ultraviolet, visible, and infra-
red wavelength regions, which are of interest for prac-
tical spectroscopy. The electromagnetic field interact-
ing with the C, molecule is weak. This interaction
results in the absorption and emission of one photon.
The photon energy is equal to the energy difference
between the quantum states of the C, molecule, which
are specified by the selection rules for the electric
dipole transition of the C, molecule. The emission
spectra of the C, molecule in the high-temperature
zone between the electrodes are mainly due to the
spontaneous emission of the C, molecule in the d3Hg

excited state. The dependence of ¢, (V4 —V,,) on

the particle concentration N, in the excited radiating
state d3Hg is defined by the expressions [13—18]:

S (Vrad - an) = Smn (Vrad - \N/mn) 8::11:1 (\N/mn) )
e (Vo) = ApyN 1Y .

(1

mn

Here, e (V,.,) is the power emitted by C, mole-
cules per unit volume and 4,,, is the spontaneous

Y, mm

Lo NN
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2k
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Fig. 10. Height distribution of the rotational temperature
over the discharge gap in the middle zone at a discharge
current of 1.5 (/) and 1.8 A (2).
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emission probability. The function S,,, (V.4 —V,,,) of

the wavenumber V_; shows the real profile of the ERV
line, which corresponds to the electric dipole transi-
tion of the C, molecule.

In the model for emission spectra calculation, the
inhomogeneous Doppler and homogeneous ERV line
broadening [19] caused by the thermal motion of C,
molecules and the interaction between heavy particles
(molecules and atoms), respectively, were considered.
‘When homogeneous broadening is taken into account
in the model, the line broadening due to collisions
between heavy particles is assumed to be much more
significant than the natural broadening, and the line
shift due to particle collisions at the gas-kinetic tem-
perature 7, 22000 K is much smaller than its Doppler
broadening. The homogeneous broadening of ERV
lines in the spectrum of the C, molecule was estimated
with the use of models of hard spheres (with different
approximations of the dependence of the particle col-
lisional cross section on the temperature 7,) and mod-
els where the interaction potential in particle collisions
is approximated by the Lennard—Jones or Born—
Meier potential [20]. Accounting for the homoge-
neous and inhomogeneous line broadening deter-
mined the dependence of the €, (V.4 — V,,,) value on
the interaction potential parameters and the transla-
tional gas temperature 7, in the high-temperature
zone.

The use of the adiabatic approximation [13—18] for
the diatomic molecule C, admits the series of transfor-
mations of Eq. (1):

. 3
e (9,07) = L€
3
S,
_urr Ny
(27'+1)K" i

4
VJ'J"SQ;,Q';, (rv'v") qyy

Here, m and n are expressed in terms of the quan-
tum numbers v',J' and v",J", respectively. The super-

(13

script “'” designates the upper radiating state e, =
a’31'lg of the C, molecule, and the superscript ”, the

lower electronic state e, = a’Il,; J' and J" are the
quantum numbers of the total angular momentum of
molecular rotation; V. ;. is the wavenumber which
determines the position of the ERV line in the molec-
ular spectrum; §,.,. is the strength of the ERV line

(Honl—London factor); Se‘,e", (r,.,) is the strength of

the J',v',e, — J",v", e, electronic transition; N

el

is the concentration of C, molecules in the excited
ERV state J',v', e, =d3Hg; K' is the normalizing

coefficient of the Honl—London factor [18]; #,., . is

ot
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the r-centroid; and ¢, ., is the Franck—Condon fac-
tor. The values of .S, ;. and the sets of quantum num-

[

bers J',v',e, and J",v" e, are determined by the
intermediate coupling by Hund ([13], pp. 426—430),
symmetry properties of the upper and lower ERV
states of the C, molecule, and selection rules for elec-

tric dipole transitions J',v',e;, — J",v", e, [13—15].

The databases have been created for the calculation
of the g (V,,,) value based on a number of works (for
example, [13, 18, 21—-26]); they include the spectro-
scopic constants of electronically excited states of the
C, molecule; and values of S,. . (1), ¢,,~, Wave-
lengths, and the probability of radiative transitions of
the C, molecule. The S, . (7,-,~) values are calculated
by the semiempirical expression [18]:

Sud, () = 33(1-0.527;.,.)".

The positions of rotational lines V. ;. in the spec-

trum are determined with allowance for the interme-
diate type of coupling by Hund, the selection rules,
and the symmetry properties of the ERYV states by the
relationship [13—15, 18]:

Wy = Ve F (V) = F(I707).

To calculate the spectral rotational terms F (J',v")

and F(J",v") in the vibrational states v' and v",
respectively, the expressions from [13—18] are used,
which take into account rotational-vibrational, cen-
trifugal, and spin-orbital interactions. The ensemble
ofthe ERV lines observed in the C, molecule emission
spectrum is caused by the transitions between different
rotational levels J' and J" at fixed values of the vibra-

tional states v' and v". The value of V... is constant in
the calculation of V. ;. for the specific electronic-

vibrational transition v',e;, = d’Il, — v",e; = @’Il,
[14, 15]. It determines the beginning of the electronic-
vibrational band (zero line) and is calculated in the
model by the expression [13—18]:

Vypr = Ve +G(v) =G (v").

The value of V.. is defined as the difference

between the values of the upper 7, and lower 7, states
of the spectral electronic terms which correspond to

L} — 3 " — 3 .
the e, = d°I1, and e;, = a°Il, states:
Ve, = Te, = T,

This difference is constant during the electronic-

vibrational transition v',e, = &°Il, — v",e; = a’Il,.
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Fig. 11. Intensity /.(L) distribution in the Swan sequence bands of the C, molecule in the translational temperature range 7,
1000—8000 K at equilibrium between the translational and internal degrees of freedom of the molecule: (a) Ay = —1, (b) AV

(c) Av=+1.

The values of G (v') and G (v") are determined by the
spectral vibrational terms which correspond to the

upper e,, = d’I1, and lower e;, = a°I1, electronic states

of the C, molecule. The values of G (v) are calculated
in the model based on the relation from the works
[13—18].

The intensity distribution in certain regions of the
ERYV emission spectrum of molecules during electric
discharges can be characterized by different values of
the rotational temperature (“cold” and “hot” regions
of the molecular emission spectra) [13]. The appear-
ance of cold and hot sections in the spectra is due to
the physicochemical processes with the participation
of molecules in electronically excited states. In con-
trast to the models for calculating emission spectra
([27—29] and others), the computational codes we
have created in this study allow us to determine the set

of T,.(e,,) values corresponding to different rotational
terms and selected groups of quantum numbers.

Multiparameter Fitting of the Calculated
to the Experimental Spectra
Before the fitting procedure, the calculated and
experimental spectra are converted into one format
convenient for the comparison. Alternation of the

intensity 7, (A) versus the wavelength A in the spectra
is normalized to the intensity maximum.

The procedure of multiparameter fitting of the cal-
culated to measured spectra consists of the following
steps.

To speed up the processing of the experimental
data, a data set is created: during the first stage of the
fitting, a library of intensity dependences /, (1) is cal-
culated for the bands belonging to sequences
(Av = 0,%1) of the Swan system (d°I1, — @°I1,) of the
C, molecule at the rotational temperatures 7, (d3Hg) =
1000—8000 K. During this stage, the rotational tem-
perature 7, (d3l'lg) is assumed to be equal to 7, and the
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vibrational temperature 7, (d3l'[g), which corresponds
to the Boltzmann distribution function of C, mole-
cules over the electronic-vibrational levels v' of the
state e, = dI1,. The T, (d’T1,) maxima and minima are
determined from the comparison with the experimen-
tal spectra, at which

™)) (A) < I (M. (2)

Here, 7;"" (1) and 1," () are the intensities cal-
culated under the condition of minimal differences
I, (M) - 1™ (A) and 1" (M) - 1., (A). Figure 11
shows the calculated intensity distributions as func-
tions of the wavelength in the band sequence
(Av = 0,%1) of the Swan system of the C, molecule at
different values of 7, (a’3Hg) and equilibrium between
the translational and internal degrees of freedom of the

molecule. According to the calculations, the spectral
region which corresponds to short wavelengths

strongly changes with 7, (d3Hg).
the stage

Ney / Ne,—o values (v' = 1-5) found during the first

<1

exp

During second of fitting, five

stage at the temperature 7, (d3l"[g) are changed to sat-
isfy condition (2); T, = 7T, (d°I1,).
During the third stage, the 7, (d3Hg) value is

changed at the Ny / N.:— values found during the

second stage to satisfy condition (2). As in the previous
stages, T, = T, (d°I1,).

The next stages of the fitting repeat the second and
third stages until the best agreement between the mea-
sured and calculated intensity dependences 7, () in
the bands of different sequences (Av = 0,£1) of the
Swan system of the C, molecule. If the 7, (d3l'[g) val-
ues, which correspond to the bands from different
sequences, coincide, then we analyze the conditions
under which the 7, (d3Hg) value found can be identi-
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Fig. 12. Distributions of the measured (symbols) and calculated (solid lines) intensity /,(A) in the bands of the Swan C, sequence

under imbalance between the rotatlonal and vibrational degrees of freedom of the molecule in the d°T1, state: (a) Av =

—1, T,

(dH ) = 2230 £ 300 K, and T} (¢°T1 ;) = 5800 £ 900 K for v = 0-2; (b) Av =0, 2300 + 300 K, and660(§+900K (c) Av = +1,

2000% 300 K, and 6000 + 900 K.

fied with the gas-kinetic temperature 7, in the high-
temperature zone. They correspond to [13].

The relaxation time of the energy T,_; stored in the
ERYV degrees of freedom of the C, molecule should be

longer than the translational relaxation time T,_jof
the molecule and shorter than the spontaneous radia-
tive decay time Ty, , Which corresponds to the d3Hg -
a*T1, transition of the C, molecule: T;_; < Tz_y < Te..
To estimate T,_;, the characteristic time is assumed to
be comparable with the translational relaxation time of
the C, molecule in order of magnitude. The t,_; value
is on the order of magnitude of the average time of col-
lisions of C, molecules with particles in the high-tem-
perature zone, T;_ = (2—5) X 10~ s in the tempe-
rature range from 1000 to 5000 K; and t,; = (1-8) X
1075 [18]. The condition T,_, < 7, is satisfied in the
high temperature zone.

The characteristic times of direct and reverse
inelastic processes and chemical reactions with the
participation of C, molecules in the excited d3l'lg state
are assumed to be much longer than the times T,_;
and T, .

The residence time of C, molecules in the excited
d3Hg state in the high-temperature zone should be lon-
ger than the times T, _; and 7, . This condition is sat-
isfied since T, = (3—7) % 1073 s [30]. As is ascertained
in this study, 7, (d3Hg) increases with the energy input
in the discharge zone. This also indirectly points to the
fact that 7, (d3Hg) = T,. Thus, the gas-kinetic tem-
perature T, coincides with the rotational temperature

T. (d3H g) in the high-temperature zone.

The results of calculation of the rotational tem-
perature 7, ,(d3l'[g) via multiparameter fitting are shown
in Fig. 12. The symbols correspond to the intensities
measured under the conditions of an electric longitu-
dinal discharge discussed in detail in [§8—10]. The solid

curves show the intensity calculated. The distribution
function over the ERV levels of the C, molecule in the
a’3Hg triplet state is satisfactorily described by the
Boltzmann distribution; the rotational temperatures
corresponding to different sequences coincide within
the error (+300 K) and lie in the 7, (a°I1,) 2000—
2300 K range. Propane C;Hg with the mass flow rate
Gcn, = 1 g/s is introduced into the interelectrode
region. The emission spectra were recorded in a cross
section of the discharge channel located at the dis-
tance X =21 mm from the leading edge of the cathode
[8—10].

The model used for the calculation of the emission
spectra is distinctive in that it does not require any
assumptions about the behavior of the distribution
functions of C, molecules over the vibrational levels
v'. The comparison between the measured and calcu-
lated emission spectra in the high-temperature zone
allows deriving the Ney /Ney=0 values from the
dependence

ln(Nel;,v'/Ne;,VEO) = f (hCG (V'))’

which is the desired distribution function of C, mole-
cules over the electronic-vibrational levels in the state

e, = dT1,. In the case of its linear dependence on

heG (v'), the distribution function of C, molecules
over electronic-vibrational levels v' is Boltzmann. The
concept of the vibrational excitation temperature T,
(d31'[g) for the given vibrational levels v' of the state

e, = d3Hg is introduced into the model. Its value is
determined by the slope of the straight line con-
structed by the least squares method for the depen-

dence of In(N,.,./N,. o) on heG (v'). Figure 13 shows

egv'=0

the distribution function over the electronic-vibra-

tional levels v' of the C, molecule in the d’Tl ¢ excited
state.

HIGH TEMPERATURE  Vol. 60 No.2 2022
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Fig. 13. Distribution function over vibrational levels v of

the C, molecule in the d3l'[g excited state (symbols)
derived from processing of the emission spectra of the
Swan sequences Av = 1 (/) and 0 (2): calculation by the
Boltzmann formula at the vibrational temperature T,
(d3ﬂg) = 6000 K (line); N, is the concentration of C,
molecules excited to the vibrational level v; the conditions
are the same as in Fig. 12.

It has been ascertained that the state of an ionized
gaseous medium in the interelectrode zone is non-
equilibrium [8—10]. For all sequences, the distribution
function over six electronic vibrational levels (v' = 0—
5) is not described by the Boltzmann distribution. The
distribution function over three electronic vibrational
levels (v' = 0—2) is Boltzmann with the temperature
5800—6600 K, which exceeds the rotational tempera-
ture (2000—2300 K). The temperature hierarchy cor-
responding to different degrees of freedom of the C,
molecule has the form

3 3
T(d'Tl,) > Ty(dM,) = T,

The database of the measured and calculated spec-
tra is used to validate and develop the model. Figure 14
shows the emission spectra of the C, molecule calcu-
lated within the model developed in this study and
with models [27—29]. A satisfactory agreement is
observed between the calculation results and rota-
tional and vibrational temperatures determined with
the use of different models.

Processing the emission spectra consists of identi-
fication of the spectrum, background subtraction, and
determination of the spectral response and the transfer
function of the optical system. It is assumed that the
intensity of the observed emission spectra of C, mole-
cules in the high-temperature zone is not distorted due
to reabsorption, refraction, rereflection from elements
of the optical system, etc.

During identification of the spectra from the high-
temperature zone, tabular data [21] and the spectra
comparison method [13] are used. The identified
spectra from different published sources [13, 22—32]
are used in the spectra comparison method. To deter-
mine the background intensity, spectral regions free of
atomic lines and molecular bands are considered. The
calibration characteristics of the optical system make it
possible to take into account the distortion of the spec-
tral intensity distribution due to the interaction of the
No. 2
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Fig. 14. Radiation intensity /.(A) in the bands of the Swan
system of the C, molecule calculated by models from [27—
29] (symbols) and thlS work (curve) for the sequence
Av =0:(aandb) 7, (d I1,) = 6000 [27] and 4000 K [28]
respectively; (c) T, (d l'[g) = 4000 K and 7, (d I,
5000 K forv = l [29].

electromagnetic radiation with the elements of the
working part of the experimental setup and the optical
system.
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