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Abstract—Radiation intensity and emissivity of the 4.3 and 2.7 um vibrational- rotational bands of carbon
dioxide and of the 4.7 um band of carbon monoxide have been numerically calculated and experimentally
measured over a wide range of parameters of vibrationally nonequilibrium mixtures expanding through the
supersonic nozzle of a gasdynamic CO, laser. Theoretical determination of radiation characteristics of the
active CO, laser medium in the i.r. spectral region, averaged over the rotational structure, has been made by
means of the vibrational—- rotational band theory using nonequilibrium energy distributions of molecules
over vibrational levels reconstructed on the basis of calculations of vibrational relaxation kinetics in the
mixture.

A study has been carried out of the effect made on the spectral and integral radiation and absorption of the
CO, and CO bands under consideration by the introduction into the CO, + N, mixture of water molecules,
essentially accelerating the processes of VT relaxation and by the substitution of carbon monoxide for
nitrogen in the CO, + N, + He mixture leading to the alteration of the intermolecular ¥V — V' exchange

course.

The conditions under which radiation intensity or emissivity measurements make it possible to realize
reliable diagnostics of vibrational-translational and vibrational-vibrational relaxation processes occurring

B%w, T),
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in a gasdynamic active laser medium have been determined.

NOMENCLATURE I, polarization index of the CO, bending
integral emissivity [cm™*]; mode;
spectral emissivity ; N, number of molecules per unit volume
rotational constant of a molecule [em™3];
[em~17]; n, index used to number mixture
spectral blackbody radiation intensity components ;
[W/(sterad™! cm? cm™1)]; P, gas pressure [atm];
speed of light [ems™']; p, index for inactive (nonemitting) modes;
geometric beam path length in a gas Qs constant of the energy exchange rate
[cm]; between the modes numbered with in-
spectral line spacing [cm™']; dices s and §';
vibrational energy [erg]; Q. vibrational partition function;
rotational energy [erg]; Ok, rotational partition function;
nozzle cross-sectional area [cm?]; R,. .;, matrix element of a rotational transition ;
level degeneration parity; R, universal gas constant;
enthalpy value in the plenum chamber r, index for active (emitting) modes;
[kecal mol~*]; S, integrated intensity of spectral line
nozzle throat height [cm]; [atm™! cm ™ 2];
spectral radiation intensity s, subscript used to number modes;
[W/(sterad cm? cm™1)]; T., rotational temperature [K];
subscript used to number vibrational T, vibrational temperature [K];
transitions; T, translational temperature [K];
rotational quantum number; TY, T, T, vibrational temperatures of asym-
spectral radiation coefficient [W/(sterad metric and combined modes of CO, and
cm™ Y], CO molecules, respectively ;
absorption coefficient [atm™! cm™']; U, dimensionless optical path length ;
Boltzmann constant; u, gas flow velocity ;
variation of the number of quanta in the v, vibrational quantum number ;
mode during vibrational transition ; W, equivalent spectral line width [cm™'];
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X, optical path length [atmcm];
X, empirical constant characterizing anhar-
monicity and interaction of modes
[em™'];
¥, spatial coordinate [cm];
z, dimensionless coordinate of the super-

sonic nozzle, (y/h,) tan @,.

Greek symbols

o, integrated intensity of vibration—
rotation band {atm™' cm™?];
o, empirical constant characterizing inter-

action of the mode marked by the sub-
script s with rotation [em™'];

Bous matrix element of vibrational transition ;

i spectral line half-width [em™'];

0, characteristic temperature of a mode
(K]

g, molar concentrations;

v, normal vibration frequency [s™'];

0, gas density [gem™3];

T(w), spectral gas transmissivity ;

U molecular weight [g mol™'];

o, wavenumber [em™'];

&, mean number of quanta in a mode;

K(w), spectral absorption coefficient [cm?];

Pos nozzle half-angle in the throat region.

Numerals 1, 2 and 3 are used to de-
signate the quantities related to sym-
metric stretching, bending and asymmet-
ric stretching modes of CO,, respectively.
The numeral 3 is also used to number
physical quantities related to the CO,
molecule; 4, to nitrogen; 5, to carbon
monoxide ; 6, to water molecules and 7, to
helium atoms.

INTRODUCTION

IN RECENT years, mixtures of molecular gases charac-
terized by the nonequilibrium excitation of vibrational
degrees of freedom of their molecules have been widely
used in various fields of science and technology. As
examples, we could note the active media of gas lasers,
some reactive mixtures or gases behind shock waves
and in supersonic flows which exhibit a pronounced
deviation from the equilibrium between the vibrational
and translational-rotational degrees of freedom
[1-6].

Investigation of ir. radiation transfer in a vib-
rationally nonequilibrium gas presents an important
applied and scientific problem. In many cases, ra-
diation processes have an essential effect on the energy
balance of such systems. Measurements of radiation
intensity or the emissivity of vibrational-rotational
bands in conjunction with theoretical determination of
these quantities allow the reconstruction of the
distribution of molecules over vibrational levels and,
hence, diagnostics of the formation mechanism of
nonequilibrium energy distribution [3].
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Calculation of the radiation properties of a vib-
rationally nonequilibrated gas under the conditions of
the predominance of nonradiative energy transfer
processes over the radiative ones requires the solution
of two interconnected problems: the determination of
the distributions of emitting molecules over vibrational
levels on the basis of considering vibrational relaxation
processes and the reconstruction, by means of the
vibrational distributions obtained, of the radiation and
absorption characteristics of the gas in the i.r. spectral
region. Emission of many vibrationally nonequilib-
rated media, e.g. molecular laser-active mixtures, is, to
a great extent, reabsorbed and characterized by an
optical thickness strongly variable over the spectrum
within the band [7].

In this paper, vibrationally nonequilibrated super-
sonic flows in gasdynamic CO, lasers (CO, — GDL)
have been used to study, theoretically and experimen-
tally, the ir. radiation of the active medium com-
ponents: CO, molecules in the 4.3 and 2.7 yum bands
and CO molecules in the 4.7 um band. Investigation of
carbon monoxide emission is determined by the fact
that these molecules are often present in substantial
quantities in the active media of CO, lasers [1, 2, 6].
Theoretical studies have been conducted for various
degrees of gas expansion in a nozzle corresponding to a
variation in the value of the ‘breakaway’ of vibrational
temperatures from the translational-rotational ones.

1. THEORETICAL CALCULATION OF THE RADIATION
INTENSITY OF A PLANE LAYER OF VIBRATIONALLY
NONEQUILIBRATED GAS

Investigations of i.r. radiation transfer in thermo-
dynamically equilibrated molecular systems have been
conducted {8-13]. The results obtained are widely
used when determining radiation characteristics of
spatially inhomogeneous gas media : planetary atmos-
pheres [9, 11, 14], gases at high temperatures in flames
[8, 12, 15], engine torches [8] etc.

The emission of a vibrationally nonequilibrated gas
is characterized by a number of specific features, the
most important of them being the governing influence
on the medium emission properties of the populations
of a considerable number of vibrational-rotational
levels, and the strong reabsorption of radiation in the
central parts of rotational lines with insignificant mean
absorption of the gas [3]. These specific features
determine the essential difference between the methods
of calculation of radiation properties of a vibrationally
nonequilibrated gas and those used for thermo-
dynamically equilibrated conditions.

When determining the radiation intensity in the
vibrational-rotational band of a molecular gas under
the conditions considered (i.e. in the absence of an
equilibrium between the vibrational and trans-
lational—rotational motions of molecules), it is nec-
essary to establish theoretical relationships between
the emitting properties of the medium in the i.r.
spectrum region chosen and the distribution of non-
equilibrium molecules over internal degrees of free-
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dom, pressure and the translational temperature of a
gas. These relationships have simple forms in the
limited cases corresponding to the absence of radiation
reabsorption (optically ‘thin’ gas layers) and to the
blackbody radiation [8]. As a rule, the emission of a
vibrationally nonequilibrated gas does not correspond
to these limited cases. Hence, there is a necessity to
carry out, when determining radiation and absorption
characteristics of a gas under the conditions con-
sidered, the solution of the radiative energy transfer
equation using the methods of the vibrational-
rotational band theory [8-10]. Investigation of ir.
radiation transfer in a vibrationally nonequilibrated
molecular gas was conducted previously in the general
statement of the problem [15-17]. The radiation
intensity and emissivity of vibrational-rotational
bands of carbon dioxide with the assigned nonequilib-
rium distributions over the CO, vibrational modes
have been determined [18-25].

The steady-state 1-dim. equation of radiative energy
transfer in vibrational-rotational bands of molecular
gases, provided the radiation scattering is neglected,
will be [10, 26]

d—I(ﬂ = ZN Unidw) = k() (@)]. (1.1)
Summation in equation (1.1} is carried out over all the
mixture components and individual vibrational tran-
sitions v — o emitting in the considered spectral
region, with v" and v being the array quantum numbers
of the upper and lower states, respectively.

Using the relationship between the emission and
absorption coefficients j, (w) = B, j(w)k, (w)[10,
14-16], the solution of equation (1.1) for the intensity
of radiation emitted by the gas layer 0 < y < D at
I(w)|,-¢ = 0 can be written as

I 'S B, (@)riw) i) =y a2
y:[) 0 n.i
where
Bn.i(w) = 2hc2w3[gn.u'.l'NnAvJ/ (gn.uJNn,v'.l' - 1)]_ l’
(1.3)

9.5 are the degeneration parities of the corresponding

levels,
D
T,.{w) = exp [— j N,.K...,-(w)dy']
¥y

is the transmissivity of the gaslayer y < y' < D due to
an individual vibrational transition and

= I_[ Tn.i(w)

is the transmissivity due to all of the vibrational
transitions.

The transmissivity of the gas layer, 1, (w), and the
functions B, ;(w) for each individual vibrational tran-
sition depend on the populations of the combining
levels N, ., and N, ;.. Therefore, the radiation in-
tensity of a molecular gas under vibrationally non-
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equilibrium conditions is determined, according to
equation (1.2), by the populations of a considerable
number of vibrational levels, the transitions between
which are within the limits of the given band. The use of
the data on vibrational and rotational relaxation
kinetics allows a sharp reduction to be made in the
number of parameters determining the radiation in-
tensity of a vibrationally nonequilibrated gas.

The distribution of molecules over the rotational
levels is characterized by a temperature close to the
translational one [6]. The distribution of molecules in
the system with 5-10 lower mode levels, the transitions
between which determine a major contribution to the
emisston of vibrationally nonequilibrated gas bands
[21, 24], can be described by the Boltzmann distri-
bution with the corresponding vibrational tempera-
ture T% [1, 2, 6] (the superscript s is used to number
the vibration modes). The distribution of CO, mo-
lecules over the vibrational levels under the conditions
considered can be characterized by two temperatures,
T3 and T'?, defining populations in the asymmetric
and combined (symmetric and bending) modes, re-
spectively [ 1, 2, 6]. Strong interaction of the symmetric
and bending types of vibrations due to the Fermi
resonance makes it possible to define the distribution
of molecules in the symmetric and bending modes by
means of the vibrational temperature alone.

Under the conditions typical of CO, lasers, the
lower vibrational levels, vs = 5-7, of carbon monoxide
are noticeably excited. The distribution of CO mo-
lecules over the lower vibrational levels in the active
CO,-laser medium is determined by the Boltzmann
distribution with the vibrational temperature T'> [1,
2, 6]

Under the conditions of low temperatures, T =
200-500 K, and the pressures, P = 10~'-107*
characteristic of vibrationally nonequilibrated mo-
lecular systems, the rotational band widths do not
exceed 1072-1073 cm ™!, This leads to the necessity of
considering, when calculating the band radiation
intensities, the spectral intervals smaller by 1-2 orders
of magnitude, ie. 1073-10"%c¢m™! [7}, which is a
tedious task. That is why calculation of spectrum-
averaged radiative and absorptive characteristics of
gases in the present paper is conducted over the
spectral ranges chosen equal to Aw’ = 2-10cm™!
[8-11], which corresponds to a noticeable variation
(by 5-10%) of the averaged band radiation intensity.
The functions B, ,(w) vary over the range Aw’ by no
more than 1% [9].

Assuming a random spectral distribution of the
combinations of rotational lines of various vibrational
transitions v — v (i.e. the statistical independence of
the values of 7, (w) and insignificant variations of the
functions B, ;(w) over the range Aw’) one can obtain
from equation (1.2), by means of averaging over the
wavenumber, the following relationship:

Tw-=| ys ,(w)r(w)Mdy

=D 0 nii

(14)
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where

A I—(w)» T,'_((,l)) and fn.i(w)

tlw) = H
are the values averaged by means of splitting the
spectrum into the intervals Aw’ and calculating mean
values of I(w), * and 7, (w) over these intervals.
According to equation (1.4), the calculation of ra-
diation intensity in a vibrational-rotational band
requires the determination, for each vibrational tran-
sition, of the function B, (w) and of the averaged
transmission 7, ;(w).

In some cases of practical importance, the integral
on the RHS of equation (1.4) can be calculated in the
final form. For a gas layer of high transparency, 7(w) —
1, equation (1.4) yields (see Appendix 1)

I (w) = Z ’an‘i(w)Bn.i(w)

y=D

(1.5)

where 4, (w) = I — 1, (o) s the average emissivity of
the gas layer 0 < y < D.

The condition 7(w) — 1 is realized at small radiation
absorption, «, ;N, — 0 (‘weak’ lines), and at in-
significant degrees of broadening of rotational lines,
when their half-widths are much smaller than the
distance between the neighbouring lines (the isolated
line model).

Under the conditions of thermodynamic equilib-
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rium, the gas radiation intensity is determined by the
relationship (see Appendix 2)

I{w) = A(w)B®(w, T). (1.6)

The function

h -1
B%w, T) = 2hc*w® [exp (7; ?) 1}

defines the spectral distribution of blackbody ra-
diation intensity, A(w) is the gas emissivity.

Equation (1.6) was used [23, 27] to determine the
radiation intensity of vibrationally nonequilibrated
media. In these works, the function B%w,T) was
calculated at the temperature equal to the vibrational
temperature of the emitting mode, T'¥, while the
emissivity, A(w), was calculated taking into account
the nonequilibrium distribution of molecules over the
vibrational levels. A number of studies [20, 21, 24]
resort to the isolated line model in order to determine
the radiation intensity of a vibrationally nonequilib-
rated gas.

The uncertainty of determining the radiation in-
tensity of a vibrationally nonequilibrated gas from
equations (1.5) and (1.6) is illustrated in Fig. 1(a) for
the 4.3 um CO, band, and in Fig. 1(b) for the 4.7 um
CO band. The vibrationally nonequilibrated gas para-
meters used in these calculations are given in the figure
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F1G. 1. Spectral radiation intensity, I{(w) in the 4.3 um CO, bands (a) curves 1-3, and 4.7 um CO bands
(b)curves 1'-3". Curves 1 and 1’ present the calculation results on equation (1.3) obtained in this paper, 2 and
2’ on equation (1.5) accounting for nonequilibrium molecules distribution over vibrational levels, 3 and 3/,
according to the model assuming the weak radiation absorption, f{w) — 1, equation (1.4). Calculation of the
radiation intensity in the 4.3 um band has been done for the mixture 105, CO, + 90% N, at T = 300K, T

= 500K, T = 1500K, P = 10~

Zatm, X = 4.5 x 10~
CO +90% N,at T = 100K, T = 2000K, P = 10'2

Z atm cm; in the 4.7 ym band, for the mixture 10%,
atm, X = 2 x 107 %atm cm.
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caption. It can be seen that in the case of the 4.3 ym
band, the values of spectral radiation intensity calcu-
lated from equation (1.6) differ from those obtained by
accurate calculation from equation (1.4) by no more
than 5% (curves 1 and 2 in Fig. 1a). Determination of
the spectral radiation intensity from equation (1.5),
valid at i(w) — 1, leads to overestimation of the
calculation results for radiation intensity by no more
than 10-15% as compared with calculation by equa-
tion (1.4) (curves 1 and 3 in Fig. la). The error in
determining the spectrum-integrated radiation in-
tensity of the 4.3 ym band from equations (1.5) and
(1.6) is 2-3 times smaller than the error obtained when
calculating the spectral characteristics of this band’s
radiation by equations (1.5) and (1.6) and does not
exceed 5%, These approximate equations yield nearly

the same error when calculating the radiation lananf\I

N same Crror wilcn caCuiatit e radialion ensit

of the 4.7 um CO band under the gas parameters
displayed in Fig. 1(a).

With a decrease in the transiational temperature, T,
to 100K (Fig. 1b), the use of the approximate re-
lationship (1.5) leads to errors reaching 25-30%; when
determining the spectral characteristics, and 5-10%
when determining the integral characteristics of the
4.7 ym emission band (curves 1 and 2 in Fig. 1b). A
smaller error is obtained under these conditions by
means of using the relationship corresponding to weak
absorption (curve 3 in Fig. 1b).

The parameters of the vibrationally nonequilibrated
CO, — GDL media studied in this paper correspond
to the data given in Fig. 1(a). Therefore, proceeding
from the results obtained, the radiation intensity of
CO, and CO molecules was determined on the basis of
relation (1.6) allowing for the nonequilibrium distri-
bution of molecules over the vibrational levels.

2. DETERMINATION OF THE SPECTRUM-AVERAGED
GAS TRANSMISSIVITY

It has been shown earlier that the calculation of the
radiation intensity of vibrationally nonequilibrated
gas is reduced to the determination of the functions
B, /(@) and the transmissivity 7, {w) for each vib-
rational transition forming a band. The functions
B, {w) are calculated from relation (1.3). Determi-
nation of the spectrum-averaged transmissivity, 7, {w),
is carried out using the models of vibrational-
rotational bands [8-11].

In the present paper, the model [9, 10] was used,
which implies the statistical distribution of rotational
lines over the averaging interval Aw’. The rotational
line intensity for each individual vibrational transition
v — v' over the wavenumber range Aw’ = 2-10cm ™!
was assumed constant and equal to the corresponding
mean value. The error in determining the transmis-
sivity by the adopted model does not exceed 10%; [10].

In the statistical model of line distribution over the
spectrum, the mean transmissivity is determined [8] by

T, {w) —exp[ Z W, (w)d,. ,(w):I (2.1)
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in which

W) = [ 11— exp[ K, ()X} do
is the equivalent width of rotational lines, d,, ;(®) is the
distance between the centers of the neighbouring lines
of an individual vibrational transition, K(w) the absorp-
tion coefficient, X = P,D the optical thickness of the

the nartial pressure of the
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amitting volume and P
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emitting mixture component.

The profile of rotational lines under the conditions
typical of vibrationally nonequilibrated systems is
determined by the combined effect of the Doppler and
collision mechanisms of broadening. Under these
conditions, the spectral form of rotational lines is
described by the Voigt function. The equivalent width

Aflinacwith tha Uniat nrafile can ha datarmined within
Ul LILIWD WILLL LUV ¥ Ulsl Pl Ulllh ball UV ULIVL LIV VY lllllll

8%, from [28]
We=[W2 4+ W3 — (W, - W,/SX)?]'2, (22)

=7

where W, = W (U) and W, = Wy(Uy) are the
equivalent widths corresponding to the collisional and
Doppler broadening mechanisms,

S=J‘

is the integrated intensity of the line. The dimension-
less parameters

K(w)dw

SX SX
and Up=

2wy, ' %
characterize one half of the optical path length in the
center of lines with collisional and Doppler profiles, y;
and yp, are the corresponding half-widths of the lines.
The equivalent widths W (U,) and W(Up) at arbit-
rary optical thicknesses can be determined, with a
relative error not exceeding 10 %, from approximating
relations [28] in the form of exponential polynomials
over U, and Up, respectively.

The integral intensity of the vibrational-rotational
line, corresponding to the rotational, J — J', and
vibrational, transitions for diatomic and
‘parallel’ bands of linear triatomic molecules is given

by [8]

L=

v - v,

S __ NUJ WDy ypyr
vy = O T
v Wy oy

<1 _ g”Nw»>
N GeyNoy/
<1 _ gLNL>
gv'Nv
where (R,_,)? is the matrix element square of the
rotational transition J — J', ¢ = 1 for CO and for the
CO, transitions with | > 1, ¢ = 2 for CO, transitions
with ! = 0,w,, ;- 1s the wavenumber in the rotational
line center, w, . the wavenumber corresponding to

the ‘transition’ involving variation of the quantum
numbersv — v'and J = J' = 0, S, ., is the integrated

X Sv—*v'(R‘l—nl')Z (23)
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intensity of the vibrational transition v — ¢’ written as

(8]
ngu’
Wy~ Bl ) e < gT)’ (24)

vV

8t N,

S e
3he P

ey =
with f,.,. being the vibrational transition matrix
element. The dependence of the matrix element S, ..
on the quantum numbers v = v,...v, is determined
theoretically [8]. This makes it possible to calculate
the value of S, ., for transitions between the excited
states on the basis of the measured integrated intensity
of the whole vibrational-rotational band under nor-
mal conditions, ag, (P,, = 1.0 atm., T, = 293 K), when

%o = Z Syoer = So-1-
v’

According to the adopted model of vibrational and
rotational relaxation processes, the populations of
vibrational and vibrational-rotational levels are given
by

N,=Q:"' [] g0 exp[—EP/KT],
I1 2.5)

N, =N Qz'QJ + Dexp[—E/kT]
where

= ]._[ [1 - exp(—()(,f'/T‘l;")]*y'."
S

k
Qn= .

tu[-q

are the vibrational and rotational partition functions,
¢"9 is the degeneration parity of the mode numbered
with the superscript s.

The anharmonicity of a molecule and the constant
characterizing interaction of various modes, in cm™ t
are comparable with the spectral range, within which
the rotational lines of the individual vibrational tran-
sitions v — ¢ are situated at low gas temperatures, T <
300 K. Moreover, the distribution of rotational lines of
thevibrational transition v — v’ over the spectrum s, to
a great extent, governed by the interaction between the
molecular vibrations and rotation. Therefore, the
vibrational and rotational energies should be de-
termined using the empirical relationships which ac-
count for the above factors [8,10]

g(SD
9 Z T 4 <u + ?)

(s) (s")
9y 9y
L9 (w42, @6
X <v 5 )( 5 > (2.6)

K}

{(s)
E,=J(J+ 1)[Be ~-Ya <u +%>]

where v, x ., «, are the empirical constants defining
the molecular normal vibration frequency, anharmo-
nicity and interaction of various types of vibrations
and interaction between the molecular vibrations and
rotation, respectively. Equation (2.6) yields the re-

|
o

@
Ve
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lationship defining the distribution of rotational lines
of the vibrational transition v — v’

wv.l—’u'.l' = wv—’v’ + 2Bern

—Z [m(m+ JAvg + 2m (u +§)], 2.7

in whichm = J + 1 for the R-branch and m = —1J for
the P-branch, Av, is the variation of the number of
quanta in the mode numbered with the index s.
Equation (2.7) yields

F+{F? - Clwyypy — 0pa)]'?
— —[ (wv.l v wv L)] , (28)
C
where
C (s)
F=Be—3—Zas<vs+g2”~),C=ZasAvs.

If mis taken to be a continuously changing parameter,
then it can be assumed in equation (2.8) that w,; _,.;. =
o. The minus sign in equation (2.8) corresponds to the
P-branch lines and to the R-branch lines up to the
edge, the plus sign, to the R-branch lines after the edge
[29]. Equation (2.8) yields the relationship determin-
ing the distance between the neighbouring rotational
lines

=[F? - Clo - w,..)]'% (2.9)

For the vibrational states of CO, with the stretching
mode polarization index ! = 0, half of the rotational
states are forbidden. That is why the value of d(w)
doubles during transitions between these states as
compared with the corresponding value determined
from equation (2.9).

Thus, relations (2.8) and (2.9) allow all the para-
meters, which are necessary for calculation of the
averaged transmissivity and which are dependent on
the rotational quantum number J, to be made de-
pendent on the wavenumber w.

In the CO, vibrational transitions, corresponding to
the polarization index of the bending model | > 0, the
Q-branches are also present. The radiation intensity of
the entire Q-branch in the ‘parallel’ CO, vibrational
transitions is of the same order as the radiation value of
one intensive rotational line of P- and R-branches
[30]. Therefore, radiation in the Q-branches in the
‘parallel’ bands of CO,—4.3 and 2.7 um-—are not
taken into account in the present work.

Determination of the Doppler half-width of ro-
tational lines was carried out using the relationship

Wpy-py \[RTIn2 )12
el e |

where p is the molecular weight of all emitting
molecules. Calculation of the partial collisional half-
width {", which characterizes the interaction of the
emitting molecule with the mixture components num-
bered with the superscript n, involves certain
difficulties due to the insufficient experimental data on
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Table 2. Spectroscopic constants of CO and CO, molecules [8, 10, 38, 40]

Co,
Symmetric Bending Asymmetric

Spectroscopic constants vy vy vy CO
¥ em™! 1354.9 673.0 2396.5 21702
B, cm™! 0.391635 1.93139
oy cm™! 0.0012 - 0.00072 0.0030825 0.017485
XesrCm ! vy 375 —3.65 19.73

¥y 0.63 1253 13461

V3 12.63
0 K 19238 960.5 33826 3090.0

broadening of different rotational lines of the bands
over the studied pressure range, P = 10~*-10"! atm,,
and the gas temperature range, T = 300-2000 K.

The dependence of partial collisional half-widths,
7, on the type of vibrational transition and excitation
of combining levels is insignificant {31]. In the region
of low gas temperatures, T < 300K, the emitting
molecule rotational state has a substantial effect on y{”
[31]. In the calculations conducted in this study,
partial collisional half-widths, y{?, of the CO, and CO
bands were used averaged with respect to the ro-
tational quantum number J recommended by various
authors [10, 31-36, 39] and given in Table 1.

In order to determine the collisional half-widths in
gas mixture at arbitrary pressures and temperatures,
the following theoretical relation was used [8]

']"Q 2
= [7} l PIRR TN
i

where 7™, are the values of 4V under normal con-
ditions, ¢, are the molar concentrations of com-
ponents. Calculations of the 4.3 um CO, and 4.7 um
CO band radiation with the use of the minimum and
maximum collisional half-widths y{” depending on the
rotational quantum number J [ 10, 31, 3436, 39] yield,
at the minimum temperatures studied in this paper (T
= 300 K) a discrepancy not exceeding 15%,. It can be
expected, therefore, that the maximum calculation
error, when using the mean values of y{?, is about half
as large and decreases with an increase in the gas
temperature T.

The values of the parameters of the bands con-
sidered and of the transitions which form them, used
when calculating the radiation intensity, are given in
Fig. 1, while the spectroscopic constants of CO and
CO, molecules, in Table 2.

(2.10)

3. CALCULATION OF VIBRATIONAL TEMPERATURES
IN GAS NOZZLE FLOW
Calculation of vibrational temperatures for the
conditions under study requires solution of gas-
dynamic equations in conjunction with the vibrational
relaxation ones. Gasdynamic equations for the process

of 1-dim. isentropic expansion of the CO, — GDL
mixture possibly containing five components: CO,,
N,, CO, He and H,0, were written in the following
form [41]

du dpP
puF = const, pu-——
dx

T odx’
5 6 1 3
<-+ 3 Gyt JRT+R(s Y 05
2 n=73 2 . S s=1
pui?
+A:
2

5
.y e:e) Hy ()
s=4

where
,
=3 Cubt
n=1

te = [exp (= 0¥/TY) — 17!

is the mean number of vibrational quanta in the mode
numbered with the superscript s. The subscript ‘6 is
used to denote the physical quantities related to the
H,0 molecules, the index 7, to the He atoms.

It was assumed that in the CO, + N, + CO +
He(H,0O) mixture, the following vibrational energy
exchange processes occur:

V-T relaxation of the combined CO, mode [1,2, 6]
CO,L(01'0) + M 2’ CO5(00°0) + M + kf,; (3.2)

intermolecular V-V’ exchange in carbon dioxide
CO,(00°1) + M B COL(m'0) + M + AEs,, (3.3)

wherem = 0,r = 3,/ =0o0rm=r=1LAE,, ={#; —
30)kat T < 1400Kandm = 0,r =2,/ =0Qorm=1,
r=1=0,AE;, = (0; — 20,) at higher temperatures;

V-V exchange between the asymmetric CO, mode
and N,, CO molecules

Qsq

N,(1) + CO,(00°0) B' N,(0)

+ COL00°1) + (0, — 0,)k, (34)
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CO(1) + CO,(00°0) B’ CO(0)

+ CO,(00°) + (85 — B:)k, (3.5)
N,(1) + CO(0) 2’ N, (0)
+CO(1) + (8, — 05)k;

V-V exchange between the bending CO, mode and
CO molecule
QiZ

CO(1) + CO,(00%0) =2 CO(0)

(3.6)

+ COL(3:9) + (05 — 30,0k (3.7)
VT relaxation of N, and CO molecules

Qa0

No(1) + M 2 N,0)+ M +k0,,  (38)

Qs0

CO(l) + M B CO0) + M +k8;,  (39)

where
Q0 =Y &0

in the gas mixture.

According to the adopted scheme of vibrational
relaxation processes, the equations describing vari-
ation of ¢ are [1, 6]:

de 1

U= = E4@qs + E3P3s — =£3052 — @50,
dx 8
de

ud—; = {3034 — E5Pas — Paos

(3.10)

de 1

ud—x3 = — 434 — Es035 — g(Psz’
de 1

u—2=v (A @35 + 3E5053) — @020 |
dx 8

where

& = e3/[4(ey + 1)],
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v =2e, + D¥/(3e + 66, + 2),
Oss' = Pst'{gs(Es’ + 1)
- 8s'(ns + l)exp [(05‘ - 05)/T]}a

{s,s") = (4,5), (3,5), (3,4),
@32 = PQ3{es(e; + 2)F
—&f (3 + Dexp[(X0, — 0,)/T]},

A =3 at
H =2 at

T <1400K,
T > 1400K.

The measured rate constants of V-7 relaxation
processes of CO and N, [equilibria (3.8) and (3.9)] at
various temperatures were approximated by means of
the Landau-Teller-type relationship —IgQf" =
a®T 17 4 b™. The values of the coefficients a™ and
b™ are given in Table 3. The experimental data on rate
constants of the V-V’ [equilibria (3.3)-(3.6)] and V-T
{equilibrium (3.2)] relaxation of CO, are presented for
the gas temperatures 125K < T < 3000 K in Table 4.
Velocity constants at arbitrary temperatures were
determined by quadratic interpolation with respect to
the parameter 7~ '3,

Experimental values of the rate constant of the
process (3.7), Qs ,, over the studied temperature range
are evidently absent at present. The rate constant Q.,
at room temperature is given in refs. [60, 65]. The
values of Q 5, obtained are close to the rate constant of
the CO, combined mode deactivation in collisions of
CO, with CO, QY). Therefore, it is assumed in this
paper that Qs, = Q%) for all the temperatures
considered.

Integration of the system of gasdynamic (3.1) and
kinetic (3.10) equations was carried out using an
automatic step choice. The integration was begun
behind the critical point situated downstream at the
distances from the nozzle throat plane smaller than x
= 0.1-0.2 mm [1]. The gas flow up to the critical point
was assumed to be in equilibrium.

Table 3. The values of the coefficients a® and b to calculate the V — T relaxation rate constants for

N, and CO molecules (in us at P =

1.0atm.) according to the Landau-Teller-type relationship

~1g QY =a T3 + b

Rate constants o (053
M Temperature range ap by Reference apy by Reference

CO, 2003000 104 -5.20 [42] 75.8 —4.16%

N, 200-3000 104 —-5.19 [42,43] 75.8 —-4.16%

CO 200-3000 104 —5.19* 75.8 —4.16 [43,44]

He 200-3000 56.2 —3.85 [42] 225 -1.50 [45,46]
350-3000 56.2 —-3.85 [42] 394 —2.52 [43]

H,0 200--3000 368 —381  [42,43,48] 368  —48l [47]

* The efficiency of CO molecules during nitrogen deactivation was assumed the same as that of N,

molecules.

+ The efficiency of CO, molecules during CO vibrations deactivation was assumed the same as that of

carbon monoxide molecules.



N. N. Kubpryavrsey and S. S. Novikov

1550

(€929 [z9
‘65 ‘8§ ‘65 LS

[y 651 “es1s]l ‘i<zl (192wl [ss] loo‘es]  [es‘ss]  [8s—ss]  [vs‘es] [os‘er]  [es1s]  [is'ev]  [os‘6v] s20uaI9jeY

£90— 860 vLT '€ 010~ S6T— v81— 80— €1 6v'1— €20— £71- zro- 070 (¥4}

650— $80 09'1 SE'€ 700 08— oLt— 780— €61 81— 6€0— wi— L70— 610 9yl

96°0— vL0 8t'1 K 10 €97 — $S1— 780— €61 Sy1— $$0— At wo— 810 LT

50— 690 Al $6T €70 N oy T— 80— €1 orl— 690— 811 — pS0— L10 €07

6v0— 190 1 ST €0 Y- STI— 080— €1 pe1— LLo— b1 — 190— 910 ve

SY0— 790 80'1 LST €50 811 — Lo1— 9L°0— €1 ¥ - SLO— 90T~ 190— $T0 967

£0— 890 $60 97 50 01— $80— 90— €1 9T'T— 99°)— p6'0— $S0— P10 9¢

8€0— SLO 080 e 90 L80— 990 — Py — 671 00'1— LS0— 9L0— LEO— €10 SSp

S€0— €80 $90 L81 vL0 €L0— 10— vT0— 6T1 8L0— 80— 1$0— 010— zro 6LS

0£0— 680 810 9 6L°0 85°0— 81°0— 000 €21 0r0— 000 L10— LTO 110 ISt
LT0— 701 ve0 8yl $80 wo— 010 520 €11 000 $€0 120 090 010 0001
ST0— 48 070 €1 980 LT0— or0 050 SOt 0¥’ £90 €90 260 600 zLel
000 v $70 91’1 98°0 20— $LO 8L0 860 8L0 007 00'1 STl 800 £561
0L SE1 150 001 180 P00 or’1 0’1 060 €11 4 0¢'1 (ST 100 S167
O'H °H oD N 0D O'H SH oD IN o) er1-d 5]

L

03 €03 *e0 3 250 31 503 JueISUOD ey

W sased 10j saamesadwa) sed Jo suonoun) SB uB ('] = J 18 | _sif Ut (9°g)—(7'¢) $9552001d UONEXE[AI [BUOIBIIA JO SIUEJSUOD SR JO SWILIRFO[ JO SAMBA b AQEL



Radiation transfer in vibrationally nonequilibrated molecular gas

4. RESULTS OF CALCULATION OF RADIATION
INTENSITY AND EMISSIVITY OF A VIBRATIONALLY
NONEQUILIBRIUM GAS

In this paper, while determining the radiation and
absorption characteristics of the gas, we considered
rotational levels with populations exceeding 10~ ° with
respect to the corresponding value of the maximum
populated rotational state of the ground vibrational
level of the molecule. At the characteristic values of the
rotational, 7, = 300K, and vibrational, T, =
1000-2000 K, temperatures, this leads to the necessity
of taking into account 30-60 rotational and 5-10
vibrational levels in each mode.

For each individual vibrational transition forming a
band, the radiation transfer in the P-branch lines and
R-branch lines up to the edge was taken into account.
The calculations show that the gas radiation intensity
behind the edge of the vibrational transition decreases
rapidly with the rotational temperature T, and does
not exceed 2-39% of radiation in the P- and R-branches
up to the edge at the characteristic temperature T =
300 K.

The integral radiation intensity and emissivity of
bands was determined over the spectral range Aw
chosen according to the condition

J A(w) dw/f A(w)dw = 0.99. 4.1)
Ao ! -z

Calculation of the values of I and A was carried out
for the process of gas expansion through a plane
supersonic Laval nozzle with the parameters typical of
gasdynamic CO, lasers: the nozzle throat height h, =
1.5 mm and the area ratio F/F, = 38. The profile of the
supersonic part of the nozzle was represented by an arc
with the circumference radius of 90 mm smoothly
connected with the 2 mm radius curvature in the throat
region.

4.1. Basic laws governing the radiation of a vib-
rationally nonequilibrium gas expanding through a
nozzle

The i.r. radiation intensity in a vibrationally non-
equilibrium supersonic flow depends markedly on the
initial temperature and gas pressure in the plenum
chamber [3]. Therefore, in order to ascertain the
accuracy of the theoretical approach realized in the
present work to determine the vibrationally non-
equilibrated gas radiation intensity, a comparison was
made between the theoretically calculated and expe-
rimentally measured values of I for the 4.3 and 2.7 um
CO, bands over a wide range of gas temperatures in
the plenum chamber. The investigation results for the
mixture 0.1 CO, + 04 N, + 0.5 He are displayed in
Fig. 2. The values of radiation intensity presented are
related respectively to the values of I, found experim-
entally and theoretically at the minimum studied gas
temperature, T, = 1300K, and pressure, P, =
4.7 atm., in the plenum chamber. The radiation in-
tensity of the bands under consideration was de-
termined allowing for the spectral transmission of
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F1G. 2. Results of experimental measurements and theoreti-
cal calculation of radiation intensity in the 4.3 and 2.7 um
CO, bands in the supersonic flow of mixture 0.1 CO, +
04 N, + 0.5 He at the nozzle exit as a function of pressure,
P,, and temperature, T, of the gas in the plenum chamber.
Curves 1 and 2 display calculation results for the 4.3 and
2.7 um band, respectively. Calculation results of CO, vib-
rational temperatures, T¢* and T'? at the nozzle exit are
plotted on the horizontal axis in the upper part of the plot.

filters used in this study, I = §I(w)n(w)dw, where I (w)
is the radiation intensity before the filter, (w) is its
transmission function.

In the experiments, a shock tube with a supersonic
nozzle mounted on the end of a low-pressure section
was used. The width of the plane supersonic nozzle was
70 mm. Simultaneous recording of the radiation in-
tensity of 4.3 and 2.7 um bands was monitored by two
identical optical systems situated symmetrically re-
lative to the supersonic flow. Each channel consisted of
a combination of a plane mirror with spherical ones
focusing the flow radiation into the sensitive element of
a photoresistor. In order to isolate the radiation of 4.3

3,
u

cm-!

W sterad 'em~2

5,

A,

I,

T,, x1073K

F1G. 3. Dependence of the integral radiation intensity and

emissivity in the 4.3 and 2.7 um CO, bands at the nozzle exit

on the equilibrium gas temperature in the plenum chamber.

Solid curves correspond to the radiation intensity of the

bands: 1, 4.3 um band, 2, 2.7 um band ; dashed curves, to the

emissivity of: 1, 43um band; 2, 27 um band emissivity
. increased 10-fold.
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W sterad ' cm™2

I,

FiG. 4. Integrated radiation intensity in the 4.3 and 2.7 um
CO, bands of the mixtures with different water vapour
content. Curves 1-8 display the calculation results on the
4.3 ym band radiation intensity, 1'-8’, on the 2.7 um band.
Curves 1, 1’ correspond to the mixture with the water vapour
content, &4, equal tozero; 2,2, t0 0.001 ; 3,3, t0 0.005; 4,4, to
0.01:5,5,t00.02;6,6,t00.05;7,7,t0 0.1; 8,8, t0 0.3. The
gas parameters in the plenum chamber were: T, = 1800K
P, = 100atm.

and 2.7 um bands, the filters were used having the
transmission bands A = 4.37 + 0.06 yumand A = 2.9 +
0.5 um, respectively.

With an increase in the gas temperature in the
plenum chamber from 1300 to 3000 K, a considerable
increase in radiation intensity was observed: for the
4.3 um band, by a factor of 10-20, and for the 2.7 um
band, by about a factor of 6. This is mainly due to an
increase in the vibrational temperature of CO, in the
flow—T from 1000 to 1700 K and T¢ from 660 to
720K (Fig. 2). A larger increase of the radiation
intensity of 4.3 um band as compared with the 2.7 um
band is attributed to an increase in the vibrational

4.3 um

F16. 5. Integrated emissivity in the 4.3 and 2.7 um CO, bands

for mixtures with different water vapour contents. Curve

numbers and the initial gas parameters in the plenum
chamber correspond to those in Fig, 4.

N. N. KubDrYAVTSEV and S. S. Novikov

temperature of the asymmetric mode 7> by 800K.
The radiation intensity of the 4.3 um band is somewhat
more dependent on the vibrational temperature
TSI, (T'® than that of the 27um
band—I, ,(T'¥) [66]. The vibrational temperature of
the bending CO, mode in this case varies only slightly
(by 40-50 K). This variation of T'? has no significant
effect on the radiation intensity of the bands
considered.

Figure 3 displays the absolute values of integrated
radiation intensity and emissivity of the 4.3 and 2.7 um
CO, bands calculated for the 0.1 CO, + 04N, +
0.5 He mixture at the nozzle exit (z = 21.4) at various
gas temperatures in the plenum chamber. The gas
pressure before the throat was chosen constant and
equal to 10.0atm. It follows from Fig. 3 that with an
increase in the gas temperature before the nozzle from
1300 to 3000 K, the radiation intensity of the 4.3 um
band in the flow at the nozzle exit increases about 20-
fold, and that of the 2.7 um band, 10-fold. Integrated
emissivity of the 4.3 yum band is then increased 3-fold,
of the 2.7 um band, characterized by a much smaller
radiation reabsorption, by not more than 5%. This
illustrates a much stronger dependence of the ra-
diation intensity, as compared with emissivity, on the
vibrational temperature of CO,. Therefore, in order to
determine the vibrational temperatures in thermo-
dynamically nonequilibrated supersonic flows, it is
much more effective to use the measurements of the
intensity of spontaneous i.r. radiation.

4.2. The effect of water additions on the radiation
intensity and emissivity of a vibrationally nonequilib-
rated CO,-containing flow

The use of the radiation intensity and emissivity
measurement methods to determine the diagnostics of
V-T relaxation processes in a flow was investigated
witha 0.1 CO, + 0.9 N, mixture by adding to it water
vapour, which markedly accelerates the processes of
vibrational-translational relaxation for CO, and N,
molecules [42]. The composition of mixtures studied
was 0.1 CO, + (09 — &N, + £cH,0. The water
vapour content, &, varied from 0 to 0.3. The calcu-
lations conducted show that the introduction of water
vapours up to &, = 0.3 leads to an essential decrease of
the vibrational temperatures of CO,. The value of T'®
is diminished at the nozzle exit from 1200 to 650 K, the
value of T, from 1000 to 400K, while the gas
temperature increases by about 100K due to con-
version of the vibrational energy of molecules into the
translational one.

With the flow expansion ratio being fixed, the
computations indicate that variation of the optical
path length due to introduction of water molecules
does not exceed 10-15%,. That is why variation of
radiative and absorbing properties of the gas upon
introduction of water vapours is mainly attributable to
a decrease in the vibrational temperatures T¢» and
TR,

Calculation results of the integral radiation intensity
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of the 4.3 and 2.7 um bands are displayed in Fig. 4. The
radiation intensity of the 4.3 yum band is approximately
100 times larger than that of the 2.7 yum band. In-
troduction of water molecules results in a considerable
decrease of the radiation intensity. An increase of the
water vapour content up to &, = 0.3 leads to a decrease
in the radiation intensity at the nozzle exit by a factor
of 20 for the 4.3 ym band and by a factor of 100 for the
2.7 uym band. The greater decrease of the radiation
intensity of the 2.7 um band with introduction of water
vapour is due to a strong dependence of I, ; on the
vibrational temperature of the bending CO, mode
which is active for this band [66]. The dependence of
radiation intensity of the 4.3 yum band on the tempera-
ture T'? is rather weak, since the bending mode in this
band is passive [66].

Note that, according to the data of Fig. 4, in-
troduction into the mixture of & = 0.001 of water
molecules can be reliably recorded by a diminished
radiation intensity of the supersonic flow constituting
~ 20%; at the nozzle exit, since the measurement error
of widely used optical systems for the ir. spectral
region lies within 10-15%.

Integrated emissivity of the studied bands for ex-
panding mixtures with different water vapour contents
is presented in Fig. 5. In the course of nozzle expansion
of gas, the integrated emissivity of the 4.3 um band
decreases approx. 20-50 times and of the 2.7 um band,
4-6 times. In the region of the nozzle throat, the value
of A for the 4.3 um band is by two orders of magnitude
larger than for the 2.7 um band. At the nozzle exit, the
relationship between the integral absorptions of the
bands is reduced to 30-50.

Introduction of water vapours leads to a mono-
tonous decrease of the integrated emissivity of the
4.3 ym band. For the 2.7 um band, the dependence of
the value of A on the water vapour content is of a non-
monotonous nature. The value of 4 somewhat in-
creases with an increase of the water vapour content,
&6, from O to 0.05 and then decreases with a further
increase of &, from 0.05 to 0.3.

In contrast to the data on variation of the integrated
radiation intensity of the studied bands (Fig. 4) the
integrated emissivity changes less considerably upon
addition of water vapours. The increase of water
vapour content, &, from 0 to 0.3 leads to a decrease of
the value of 4 in the 4.3 um band by no more than a
factor of 2-3.

Calculation results on the spectral radiation charac-
teristics of the 4.3 and 2.7 um CO, bands with different
flow expansion ratios are presented in Figs. 6(a) and
(b) respectively. Radiation intensity in the central part
of the 4.3 yum band is ~ 1073 W/(sterad cm? cm~!) at
the initial stages of flow expansion (curve 1 in Fig. 6a).
In the course of expansion, the spectral radiation
intensity decreases rapidly. Radiation in the central
part of the 4.3 um band at the nozzle exit (z = 21.4) is
~6 x 107° W/(sterad cm® cm™'). In this case,
narrowing of the band is observed, which is most
pronounced in the long-wave region at 1 > 4.4 yum. A
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Fi1G. 6(a). Spectral radiation intensity in the 4.3 um band at

different expansion ratios of the mixture 0.1 CO, + 0.88 N,

+ 0.02 H,0 in the nozzle. Curve 1 corresponds to the value of

the dimensionless parameter z = 0.54;2,1.07;3,2.68 ;4,5.35;

5,10.7; 6, 21.4; 7, 25.1. The gas parameters in the plenum
chamber correspond to those in Fig, 4.
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FIG. 6(b). Spectral radiation intensity in the 2.7 um band at
different expansion ratios of the mixture 0.1 CO, + 0.88 N,
+ 0.02 H,O in the nozzle. Other details as Fig. 6(a).
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Fic. 7. Integrated radiation intensity in the 4.3 and 2.7 um

CO, bands and the 4.7 yum CO band during expansion of the

mixtures in a nozzle depending on the carbon monoxide

content. Curves 1-4 present the calculation results for the

43um band; 1' — 4, 4.7um band; 1” — 4", 2.7um band.

Initial gas parameters in the plenum chamber were: T, =
1800K, P, = 10.0atm.

large decrease of radiation intensity in the long-wave
part of the band is due to a decreasing contribution to
radiation of transitions between the excited vibrational
CO, states resulting from the processes of vibrational
relaxation in the flow. Because of the anharmonicity of
molecules, the intensities of vibrational transitions
between the excited states are displaced towards the
fong-wave portion of the band.

Spectral intensity of the 2.7 yum band radiation is
diminished in the course of expansion to a larger extent
than that of the 4.3 um band (Fig. 6b). Along with the
above-mentioned narrowing of the long-wave part of
the 4.3 um band, a significant decrease of radiation
intensity in the central part, A ~ 2.74 um, of the 2.7 um
band is observed. With an increasing flow expansion
ratio, the 2.7 um band is spectrally divided into two
parts. This is determined by the structure of the 2.7 um
band formed by two types of vibrational transitions.
The transitions with variation of vibrational quantum
numbers Av, = 2, Av; = | emit in the long-wave part,
4 2 2.74 um, of the 2.7 um band, while the transitions
Av, = Avy = 1, in the short-wave part, A < 2.74 um.
Therefore, a lesser contribution to radiation of the
transitions with Av, = Avy = 1 occurring between the
excited vibrational states of CO, leads, in the course of
gas expansion, to a decrease of the radiation intensity
in the central part of the 2.7um band at A =
2.72-2.74 ym and to the band splitting into two
spectral components. A similar decrease of the contri-
bution of transitions with Av, = 2 and Av; = 1
between the excited vibrational levels causes a decrease
of the radiation intensity in the long-wave part of the
2.7 um band at A > 2.85 um.

N. N. KubryavTsey and S. S. Novikov

4.3. The effect of carbon monoxide substitution for
nitrogen

The possibility of determining the diagnostics of the
V~V" exchange processes by means of radiative and
absorbing properties of a vibrationally non-
equilibrated flow has been studied using as an example
the substitution of carbon monoxide for nitrogen in
the mixture 0.1 CO, + 0.4 N, + 0.5 He. Introduction
of carbon monoxide leads to a change in the V-V’
exchange conditions of the asymmetric CO, mode
[the processes (3.4) and (3.5)] and to the appearance of
an additional channel of vibrational energy relaxation
of CO, (v;), N, and CO through the bending mode of
CO, [process (3.7)].

The composition of the mixtures studied is de-
scribed by the relationship 0.1 CO, + (0.4 — &N, +
£,CO + 0.5 He. Calculations were conducted for the
four mixtures corresponding to the following con-
secutive substitutions of carbon monoxide for nit-
rogen: &5 = O0—mixture 1, 0.1—mixture 2, 0.2—mix-
ture 3, and 0.4—mixture 4. The above numbering of
mixtures is used in Figs. 7-9 to denote the calculated
curves. The equilibrium gas temperature in the plenum
chamber, T,, was 1800 K, the pressure, P, 10.0atm.

Calculation of the vibrational temperatures T'?,
TP, T and the gas temperature T shows that
introduction of carbon monoxide has a noticeable
effect on the vibrational temperature of the bending
mode of CO,, T'*, and of CO, T'”. An increase in the
content of CO molecules from 0 to 0.4 leads to a
reduction in the vibrational temperature T'> of about
250K and in T of 100 K in the flow at the nozzle exit.
Vibrational temperature of the bending CO, mode,
T, and gas temperature in the flow, T, are increased
only slightly upon the introduction of carbon
monoxide.

The above specific features are due to the prevailing
effect of carbon monoxide on redistribution of the
vibrational quanta in the system of modes CO,(v;) +
N,(vs) + CO(vs) as compared with the effect of
vibrational-translational exchange. Indeed, addition

Fic. 8. Integrated emissivity in the 4.3 and 2.7 um CO, bands
and the 4.7 um CO band. Curve denotations and the calcu-
lation conditions correspond to the data in Fig. 7.
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of carbon monoxide molecules instead of nitrogen
leads to a somewhat more rapid rate for the processes
(3.2),(3.3) and (3.9) (see the data of Table 4) governing
the conversion of vibrational energy into translational.
The effect of helium present in the studied mixtures in
the amount &, = 0.5 on the rates of relaxation
processes is much greater than that of carbon mo-
noxide. Thus, the effect of carbon monoxide molecules
on the radiative properties of expanding flow is
practically determined by the variation of the vib-
rational temperatures T'» and T

The calculation results on the integrated radiation
intensity of the 4.3 and 2.7 um CO, bands and 4.7 um
CO band in the course of expansion of mixtures 14
are displayed in Fig. 7. It can be seen that in an
expanding flow at z = 1, substitution of carbon
monoxide for nitrogen leads to approximately the
same decrease of radiation intensity of the 4.3 and
2.7 um CO, bands. This is due to the above-mentioned
decrease in the vibrational temperature, T, on the
introduction of carbon monoxide. Radiation intensity
in the 4.7 um band in this case is increased due to an
increase of the concentration of CO molecules. When
the concentrations of CO, and CO molecules are the
same and equal to 0.1 (curves 2 and 2’ in Figs. 7-8), the
radiation intensity in the 4.3 um band is 3-4 times
higher than that in the 4.7 um band. It follows from the
data of Fig. 7 that the effect of carbon monoxide
additions on the intensity in the 4.3 um band in the
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flow at the nozzle exit can be discovered at the
concentration of CO molecules £5 = 0.1, in the 2.7 yum
band at {5 = 0.2 and in the 4.7 um band at &5 = 0.05.

The integrated emissivity of the considered bands at
different flow expansion ratios are given in Fig. 8. It can
be seen that the introduction of carbon monoxide has
practically no effect on the integrated emissivity of the
4.3 and 2.7 um bands. The integrated emissivity of the
4.7 yum band increases noticeably with the carbon
monoxide content. Absorption in this band can be
used to determine the effect of carbon monoxide on the
vibrational distributions of CO at &5 2 0.05.

The dependence of the spectral radiation intensity of
4.3 and 4.7 um bands in the mixture 0.1 CO, + 0.1 CO
+ 03N, + 0.5He on the flow expansion ratio is
shown in Fig. 9. A marked reduction of the spectral
radiation intensity is noted, which is especially large at
the initial stage of expansion at z < 3.0 (curves t and 2,
1" and 2’ in Fig. 9). At the nozzle exit (z = 21.4), when
the process of gas expansion is practically over,
radiation intensity variation is small (curves 5and 6, 5’
and 6’ in Fig. 9). Just as in the case of introduction of
water vapour, there is a more substantial radiation
intensity decrease in the long-wave part of the 4.3 and
4.7 ym bands.

A considerable overlapping of the 4.3 um CO, and
4.7 um CO bands is noted in the spectral region 4 =
4.35-4.50 um, which must be taken into account when
the optical systems have wide spectral transmittances.
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FI1G. 9. Spectral radiation intensity in the 4.3 um CO, band and 4.7 um CO band at different gas expansion
ratios in the nozzle. The studied mixture composition was: 0.1 CO, + 0.3N, + 0.1 CO + 0.5 He. The gas
parameters in the plenum chamber correspond to those in Fig. 7. Curves 1-6 denote the calculation results
for the 4.3 um band ; 1'-6', 4.7 yum band. Curve numbers correspond to the following values of the parameter
z:1,1,054;2,2,268; 3,3, 5.35;4,4,10.7, 5,5, 21.4; 6,6, 324.
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With an increase of the flow expansion ratio, the 4.3
and 4.7 ym bands are separated in the spectral region 2
= 443 um, thus allowing their separate recording.

5. CONCLUSION

The present paper presents combined theoretical
calculations of the processes of vibrational relaxation
and radiative energy transfer for the case of vib-
rationally nonequilibrated mixtures of CO,- and CO-
containing molecular gases moving in a supersonic
nozzle. The compositions of the studied mixtures and
supersonic flow parameters are typical of CO, gas-
dynamic lasers. Basic regularities have been established,
which determine radiation intensity and emissivity ofa
vibrationally nonequilibrium gas flow. The conditions
have been found under which the measurement of
radiation intensity in the vibrational-rotational 4.3
and 2.7 um CO, bands and 4.7 um CO band make it
possible to determine reliable diagnostics for vib-
rational energy exchange processes. It has been shown
that the effect of vibrationally nonequilibrated mo-
lecules distribution on the emissivity is relatively small,
which imposes certain restrictions on the methods of
absorptivity measurement in systems of this type.

Acknowledgement—The authors wish to thank R. I. Solou-
khin for his continuous attention to, and interest in, these
studies.
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APPENDIX 1

RADIATION INTENSITY OF A GAS LAYER OF
HIGH TRANSPARENCY

For a gas layer of high transparency, #f{w) — 1, equation

(1.4) yields
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APPENDIX 2

RADIATION INTENSITY OF A THERMODYNAMICALLY

EQUILIBRIUM GAS
Under thermodynamically equilibrium conditions, the

relationship between the populations and the statistical
weights of the upper and lower levels is given by:

he w

va" v, 'Nu = I I
GosN oy /GusN oy exP( K T)
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Then the functions B, (w) for all vibrational-rotational  determine from equation (1.4) the radiation intensity of an
transitions forming a band are equilibrium gas

_ - dln 7, (w)
Cw\ T f(w) = B%w, T ERURIEL N
B,,_i((l)) — BO((D, T) - 2hczw3 [exp <;;‘_( %) ] ) ((U) ((l) ) JO T(w) ; 6_}’ y

D
) . o ] =B%w,T) | dilw) = A(w)B%w,T).
Using this relationship for the functions B, (w), one can 0

ETUDE THEORIQUE ET EXPERIMENTALE DU RAYONNEMENT IR DANS UN GAZ
MOLECULAIRE HORS D’EQUILIBRE EN VIBRATION ET CONTENANT DU CO, ET DU CO

Résumé—La luminance et I'émissivité des bandes 4,3 et 2,7 um vibration-rotation du gaz carbonique et de la
bande 4,7 um de I'oxyde de carbonique ont été numériquement calculées et expérimentalement mesurées
pour un large domaine de paramétres de mélanges hors d’équilibre en vibration qui se détendent 4 travers une
tuyére supersonique de lasers a CO,. Une détermination théorique des caractéristiques du milieu laser CO,
dans la région ir., moyennées sur la structure rotationnelle, a été faite au moyen de la théorie de bande
vibrationnelle—rotationnelle qui utilise des distributions d’énergie des molécules sur les niveaux vibrationnels
reconstruites sur la base des calculs de la cinétique de relaxation vibrationnelle dans le mélange.

On étudie I'effet sur le rayonnement spectral et total et sur 'absorption des bandes CO, et CO de
Pintroduction dans le mélange CO, + N, de molécules d’eau et de la substitution de 'oxyde de carbone dans
le mélange CO, + N, + He.

On détermine les conditions pour lesquelles des mesures de luminance ou d’émissivité rendent possibles
des diagnostics de processus de relaxation vibration—translation et vibration—vibration qui sont réalisés dans

un milieu laser actif.

THEORETISCHE UND EXPERIMENTELLE UNTERSUCHUNG DES
IR-STRAHLUNGSAUSTAUSCHES EINES NICHT IM SCHWINGUNGS-GLEICHGEWICHT
BEFINDLICHEN MOLEKULAREN GASES AUS CO, UND CO

Zusammenfassung—Strahlungsintensitdt und Emissionsvermégen des 4,3 um- und 2,7 um-Schwingungs-
und Rotations-Bandes von CO, und des 4,7 um-Bandes von CO wurden numerisch berechnet und iiber
einen groBen Parameter-Bereich der beziiglich ihrer Schwingungen im Nichtgleichgewicht befindlichen
Mischungen experimentell gemessen. Die Gasmischung expandierte dabei durch eine Uberschalldiise von
gasdynamischen CO,-Lasern. Die theoretische Bestimmung der Strahlungscharakteristik des aktiven
Mediums des CO,-Lasers im IR-Spektralbereich, gemittelt iiber die Rotationsstruktur, wurde mit der
Schwingungs-Rotationsband-Theorie durchgefiihrt, unter Verwendung von Nicht-Gleichgewichts-Energie-
verteilungen der Moleukiile iiber den Schwingungsniveaus, die auf der Berechnungsbasis der Schwingungs-
Relaxations-Kinetik in der Mischung bestimmt wurden. Es wurde eine Untersuchung liber den EinfluB} auf
die spektrale und integrale Strahlung und Absorption der betrachteten CO,- und CO-Banden durchgefiihrt,
indem Wassermolekiile in die CO, + N,-Mischung zugefiihrt wurden, wodurch die Prozesse der V--T-
Relaxation wesentlich beschleunigt werden, und durch Substitution des N, durch CO in der CO, + N, +
He — Mischung, was zu einer Anderung der Richtung im zwischenmolekularen V-V'-Austausch fishrt.
Es wurden die Bedingungen bestimmt, unter welchen Messungen der Strahlungsintensitat und des
Emissionsvermogens  eine  verldBliche  Vorhersage von  Schwingungs-Translations-und  von
Schwingungs—Schwingungs-Relaxations-Prozessen méglich machen. Diese Prozesse treten in den aktiven
Medien gasdynamischer Laser auf.

TEOPETUUYECKOE 1 3KCINEPUMEHTAJIBHOE UCCJIEJOBAHHE TEPEHOCA
UK-UIJTYYEHHS B KOJEBATEJIbHO-HEPABHOBECHOM MOJIEKYJIAPHOM
FA3E, COAEPXAILEM CO, U CO

AnHoraums—IIpOBEJEHb! HUC/IEHHBIE PACUYETHI M IKCIEPHMCHTAJIbHbIE W3MEPEHHA HHTEHCHBHOCTH
HIY4EHUS M MOTJIOIIATENLHON CIIOCOBHOCTH KoJebaTelbHO—BpaIlaTe/ibHeIX nojoc 4.3 u 2.7 mMxm
yriaekucnoro raza ¥ 4.7 MKM OKHCH YIJIEpoJa B LIMPOKOM J[HMana3oHe HM3IMEHEHHS NapaMeTpoB
xosiebaTeIbHO-HEPABHOBECHLIX  cMecell  rasoamHamuuecknx CO,-nasepos, pacCIUMpSIOLMXCH B
CBEPX3BYKOBOM coruie. TeopeTsueckoe OMNpelesieHHe YCPEMHEHHbIX [0 BpPAlIATENbHOH CTPYKType
palHaliMOHHBIX XapakTepucTHK akTHBHOH cpenbl CO,-I'JIJ1 B MK-o6nacTu cnekTpa OCYyIECTBIISLIOCH
METOJAMH TEOPHH KOJeOaTebHO—BPAIATEIbHbIX MOJOC C MCMONL30BAHMEM HEPABHOBECHBIX JHEpPre-
THYECKMX PacHpelie/IeHHH MOJIEKYsl no KoJiebaTebHEIM yPOBHAM, KOTOPbiE BOCCTAHAB/IMBAIMCH Ha
OCHOBE PacYeTOB KMHETHKH KOJeDaTeNbHON PelakCalMH B CMECH.

Wccne10BaHO BAMSHHME HA CHEKTPAIbHOE W MHTErpajbHOE M3Jy4EeHHE U MOIJIOLICHMS PacCMaTpHBa-
€MbIX M0JIOC YITIEKHCIIOTO ra3a M OKHCH yriepoga BeeleHus B cmech CO; + N, Mosekyn BoAbI,
CyLIECTBERHO YCKOPAIOIMX TpoTekaHue npoueccoB V - T penakcauuu, 1 3aMensl B cMecu CO, + N, + He
a30Ta Ha OKHMCb YrJEpOoda, 4TO APUBOJMT K M3MEHCHHIO MPOTEKAHHUA MEXMOJeKyaspHoro V-V’
obmeHa.

Onpenenensbl YCIOBHS, NPA KOTOPbIX H3MEPEHHS MHTCHCHBHOCTH H3JYYCHHSA WM TNOMIOLIATENbHOH
CnocoOGHOCTH MO3BOJAIOT OCYLIECTBAATH HAJEKHYIO AMATHOCTHKY MPOLECCOB KojebaTelbHO-NOCTYna-
TENbHOW H KosebaTenbHO-KOnebaTebHOM peflakcallid B aKTHBHLIX Cpelax [a30JHHAMHYECKHX

Jla3epoB.



