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Abstract-Radiation intensity and emissivity of the 4.3 and 2.7 pm vibrational- rotational bands of carbon 
dioxide and of the 4.7 pm 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 V-T 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 

in a gasdynamic active laser medium have been determined. 

NOMENCLATURE 

A, integral emissivity [cm- ‘1; 

A(w), spectral emissivity ; 

Be, rotational constant of a molecule 

[ cm-‘]; 

B”(o, T). spectra1 blackbody radiation intensitv ,, - 
[W/(sterad-’ cm’cm-‘)I; - 
speed of light [cm s- ‘I; 
geometric beam path length in a gas 

[cm] ; 
spectra1 line spacing [cm- ‘1; 
vibrational energy [erg] ; 
rotational energy [erg] ; 
nozzle cross-sectional area [cm’] ; 
level degeneration parity; 
enthalpy value in the plenum chamber 
[kcal mol-‘1 ; 
nozzle throat height [cm] ; 
spectral radiation intensity 

[W/(sterad cm* cm- ‘)I ; 
subscript used to number vibrational 
transitions; 
rotational quantum number; 
spectral radiation coefficient [W/(sterad 
cm-‘)]; 
absorption coefficient [atm- ’ cm- ‘1; 
Boltzmann constant; 
variation of the number of quanta in the 
mode during vibrational transition ; 
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polarization index of the CO, bending 
mode ; 
number of molecules per unit volume 

[ Ia cm -3 . 

index used to number mixture 
components ; 
gas pressure [atm] ; 
index for inactive (nonemitting) modes; 
constant of the energy exchange rate 
between the modes numbered with in- 
dices s and s’ ; 
vibrational partition function ; 
rotational partition function ; 
matrix element of a rotational transition ; 
universal gas constant ; 
index for active (emitting) modes; 
integrated intensity of spectral line 
[atm-’ cm-*]; 
subscript used to number modes; 
rotational temperature [K] ; 
vibrational temperature [K] ; 
translational temperature [K] ; 

T’3’ T’z’ T’s’ 
” > L’ 7 I’ 9 vibrational temperatures of asym- 

metric and combined modes of CO, and 
CO molecules, respectively ; 

u, dimensionless optical path length ; 
4 gas flow velocity ; 
u, vibrational quantum number ; 
W, equivalent spectral line width [cm- ‘1; 
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X, 
-7 

optical path length [atm cm] ; 
empirical constant characterizing anhar- 
monicity and interaction of modes 
[cm-‘]; 

YT 

Z, 
spatial coordinate [cm] ; 
dimensionless coordinate of the super- 
sonic nozzle, (y/h,) tan ‘pO. 

Greek symbols 
integrated intensity of vibration- 
rotation band [atm- ’ cmm2] ; 
empirical constant characterizing inter- 
action of the mode marked by the sub- 
script s with rotation [cm- ‘I; 
matrix element of vibrational transition ; 
spectral line half-width [cm-‘] ; 
characteristic temperature of a mode 

WI ; 
molar concentrations; 
normal vibration frequency [s- ‘1; 
gas density [g cmd3] ; 
spectral gas transmissivity ; 
molecular weight [g mol-i] ; 
wavenumber [cm-‘] ; 
mean number of quanta in a mode ; 
spectral absorption coefficient [cm’] ; 
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 thevibrational 
and translational-rotational degrees of freedom 
[l-6]. 

Investigation of i.r. 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]. 

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 ofemitting molecules over vibrational 
levels on the basis ofconsideringvibrational 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 pm bands 
and CO molecules in the 4.7 pm 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 [l, 2, 61. 
Theoretical studies have been conducted for various 
degrees ofgas 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 [8-131. The results obtained are widely 
used when determining radiation characteristics of 
spatially inhomogeneous gas media : planetary atmos- 
pheres [9, 11,141, gases at high temperatures in flames 
[8, 12, 151, engine torches [S] 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 ofradiation 
reabsorption (optically ‘thin’ gas layers) and to the 
blackbody radiation [S]. 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-lo]. Investigation of i.r. 
radiation transfer in a vibrationally nonequilibrated 
molecular gas was conducted previously in the general 
statement of the problem [15-171. 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 [ 18-251. 

The steady-state l-dim. equation of radiative energy 
transfer in vibrational-rotational bands of molecular 

gases, provided the radiation scattering is neglected, 
will be [lo, 261 

y = 1 N”fi,,i(m) - %,i(@~(~)]. (1.1) 
n.i 

Summation in equation (1.1) is carried out over all the 
mixture components and individual vibrational tran- 
sitions u‘ + v 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 jn,i(o) = Bn,i(o)~“,i(w)[lO, 
14-161, the solution ofequation (1.1) for the intensity 

of radiation emitted by the gas layer 0 2 y < D at 
I(w)/,,, = 0 can be written as 

I 
I I 

(w) = 
y=D 

6 ; Bn,i(o)+o)d In ;;i(m)dY (1.2) 

where 

Bn.i(w) = 2hCZW3[9n,tJ,J ~N,.,.,l (gn,dn.,~J, - 1,1-‘a 

(1.3) 

gn,vJ are the degeneration parities of the corresponding 
levels, 

T&W) = exp - 
[C 

I> 

N”K,,i(~)dY’ 
I 1 

is the transmissivity of the gas layer y 5 y’ 2 D due to 
an individual vibrational transition and 

r(O) = n ‘n,itW) 

i.n 

is the transmissivity due to all of the vibrational 
transitions. 

The transmissivity of the gas layer, z.Jo), and the 
functions B,,i(w) for each individual vibrational tran- 
sition depend on the populations of the combining 
levels Nn,vJ and N,,,,J,. Therefore, the radiation in- 
tensity of a molecular gas under vibrationally non- 

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 5510 lower mode levels, the transitions 
between which determine a major contribution to the 
emission of vibrationally nonequilibrated gas bands 

[21, 241, can be described by the Boltzmann distri- 
bution with the corresponding vibrational tempera- 
ture 7:) [l, 2, 61 (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, 

Tk3) and Tj?, 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 

lowervibrational levels, ug = 5-7, ofcarbon 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 Ti?’ [l, 

2, 61. 
Under the conditions of low temperatures, T = 

200-500 K, and the pressures, P = 10-1P10-4 atm., 
characteristic of vibrationally nonequilibrated mo- 
lecular systems, the rotational band widths do not 

exceed 10-2-10~3 cm-‘. This leads to the necessity of 
considering, when calculating the band radiation 
intensities, the spectral intervals smaller by l-2 orders 
of magnitude, i.e. 10-3~10-5cm-’ [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’ = 22lOcm-r 
[8-l 11, which corresponds to a noticeable variation 

(by 5-10x) of the averaged band radiation intensity. 
The functions BJo) 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 z,Jo) and insignificant variations of the 
functions B,,Jw) over the range Aw’) one can obtain 
from equation (1.2), by means of averaging over the 
wavenumber, the following relationship : 

B.,,(w)i(w)iln~;i(w)dV (1.4) 
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where 

are the values averaged by means of splitting the 

spectrum into the intervals A.o’ and calculating mean 
values of I(o), 7 and ~,Jw) over these intervals. 
According to equation (1.4), the calculation of ra- 
diation intensity in a vibrationalLrotationa1 band 

requires the determination, for each vibrational tran- 
sition, of the function B,,i(o) and of the averaged 
transmission fn,i(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, f(o) --* 
1, equation (1.4) yields (see Appendix 1) 

f (w) = 1 An.i(w)Bn.i(o) (1.5) 
/y=O n.i 

where &(w) = I - 7,Jo) is the average emissivity of 
the gas layer 0 I y 5 D. 

The condition ?(w) --t 1 is realized at small radiation 
absorption, K,,~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- 

rium, the gas radiation intensity is determined by the 
relationship (see Appendix 2) 

T(w) = ‘X(w)BO(w, T). (1.6) 

The function 

BO(o,T) = Zhc2w’[expf+ iio>- 1J’ 

defines the spectral distribution of blackbody ra- 

diation intensity, A(o) is the gas emissivity. 
Equation (1.6) was used [23, 271 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, 241 
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. l(a) for 
the 4.3 pm COZ band, and in Fig. l(b) for the 4.7 pm 
CO band. The vibrationally nonequilibrated gas para- 
meters used in these calculations are given in the figure 

5 49 4.8 47 46 45 4.4 43 4 
I I 

’ (b) 
I I I T 

(a) 

3 
I- 025- 

0 
2 2.1 2.2 2.3 

WY x 10-3cm-’ 

2 
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! 
2! 

FIG. 1. Spectral radiation intensity, r(a) in the 4.3pm CO, bands (a) curves 1-3, and 4.7pm CO bands 
(b) curves l’-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(U) + 1, equation (1.4). Calculation of the 
radiation intensity in the 4.3 pm band has been done for the mixture 10% CO, + 90% N, at T = 300 K, T!,” 
= 500 K, Tt!’ = 1500 K, P = lo-* atm, X = 4.5 x lo-’ atm cm; in the 4.7 pm band, for the mixture 10% 

CO + 90% N, at T = lOOK, T,, (” = 2OOOK, P = lo-‘atm, X = 2 x lo-* atm cm. 
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caption. It can be seen that in the case of the 4.3 pm 

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. la). Determination of 
the spectral radiation intensity from equation (1.5), 
valid at f((w) + 1, leads to overestimation of the 
calculation results for radiation intensity by no more 
than lo-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 pm 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 intensity 
of the 4.7 pm CO band under the gas parameters 
displayed in Fig. l(a). 

With a decrease in the translational temperature, T, 
to 1OOK (Fig. lb), the use of the approximate re- 
lationship (1.5) leads to errors reaching 25-30x when 
determining the spectral characteristics, and 5-10x 
when determining the integral characteristics of the 
4.7 pm emission band (curves 1 and 2 in Fig. lb). A 

smaller error is obtained under these conditions by 
means of using the relationship corresponding to weak 
absorption (curve 3 in Fig. lb). 

The parameters of thevibrationally nonequilibrated 
CO, - GDL media studied in this paper correspond 
to the data given in Fig. l(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 
BJw) and the transmissivity <“,i(w) for each vib- 
rational transition forming a band. The functions 
B,,i(w) are calculated from relation (1.3). Determi- 
nation of the spectrum-averaged transmissivity, Z,Jw), 
is carried out using the models of vibrational- 
rotational bands [8-l 11. 

In the present paper, the model [9, lo] was used, 
which implies the statistical distribution of rotational 
lines over the averaging interval Ao’. The rotational 
line intensity for each individual vibrational transition 
c + c’ over the wavenumber range Aw’ = 2-lOcm- ’ 
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% [lo]. 

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

fn.i(m) = exp - 1 Wn,i(“)ldn.i(w) 
[ 1 

, (2.1) 
n.i 

in which 

r W”.i(W) = {1 -exp[-K,,,(w)X]}dw 
- D 

is the equivalent width of rotational lines, d,Jw) 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 

emitting volume and P, the partial pressure of the 
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 
of lines with the Voigt profile can be determined within 

8% from [28] 

W, = [WE + W:, - ( WL . wD/sx)2] 1’2, (2.2) 

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

s 

Ir 
s= K(w) dw 

m, 

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

SX 
ci, =x and U, = ~ 

27% 7+ +I0 

characterize one half of the optical path length in the 

center of lines with collisional and Doppler profiles, yL 
and yo are the corresponding half-widths of the lines. 

The equivalent widths WJ U,) and W,,( V,) at arbit- 
rary optical thicknesses can be determined, with a 
relative error not exceeding 10e6, from approximating 

relations [28] in the form of exponential polynomials 
over U, and CT,, respectively. 

The integral intensity of the vibrational-rotational 
line, corresponding to the rotational, J -+ J’, and 

vibrational, L: + u’, transitions for diatomic and 
‘parallel’ bands of linear triatomic molecules is given 

by PI 

S 
No, %J-u’J’ 

““I-a’.J ,=o-- 
N, a,+,, 

(, _ g,,%.,j 

x SC,,. (R,,J2 
1’ go’.,,N”,I (2.3) 

/. gJ’,,\ 

where (R,,,.)' is the matrix element square of the 
rotational transition J + J’, (r = 1 for CO and for the 
CO, transitions with 1 2 1, D = 2 for CO, transitions 
with 1 = O,W,~_,.~, is the wavenumber in the rotational 
line center, w,,,. the wavenumber corresponding to 
the ‘transition’ involving variation of the quantum 
numbers u -+ u’ and J = J’ = 0, S,,,. is the integrated 
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intensity of thevibrational transition u -+ u’ written as 

PI 

with /I,_,, being the vibrational transition matrix 
element. The dependence of the matrix clement P,_,. 

on the quantum numbers u = U, . o,, is determined 
theoretically [S]. 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, Ed, (P,, = 1 .O atm., T,, = 293 K), when 

a, = 1 s,,,,. = so,,. 
L..I.’ 

According to the adopted model of vibrational and 
rotational relaxation processes, the populations of 
vibrational and vibrationalLrotationa1 levels are given 

by 

N, = Q,:’ n gt)exp[--E’,“)/kTt)], 
s (2.5) 

N,., = NI,QR’(2J + l)exp[-E,/kT] 

where 

Q, = v [l - exp( -0f’/Ti,S))]-“!“ 

e"=;; 
Y 

are the vibrational and rotational partition fUnCtiOnS, 
&) 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- ‘, 
are comparable with the spectral range, within which 
the rotational lines of the individual vibrational tran- 

sitions u -+ u’ are situated at low gas temperatures, T i 
300 K. Moreover, the distribution of rotational lines of 
thevibrational transition t’ + u’ over the spectrum is, 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, lo] 

- ,; x,,, (u.~ + $)(u: + F), (2.6) 

where VP), xss., a, are the empirical constants defining 
the molkcular 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- 

lationship defining the distribution of rotational lines 
of the vibrational transition u + u’ 

w,J -0.J’ = w,,,’ + 2B,m 

- T cc, (m(m + l)Au, + 2m [us + $11, (2.7) 

in which m = J + 1 for the R-branch and m = -J for 
the P-branch, Au, is the variation of the number of 
quanta in the mode numbered with the index s. 

Equation (2.7) yields 

m= 
F + [F’ - C(W,J+,,,J, - WV+,,)]’ ’ 

c 
3 (2.8) 

where 

F = B, - ; - c u, u, + ‘+ , C = 1 c(,Au,. 
s c 1 s 

If m is taken to be a continuously changing parameter, 
then it can be assumed in equation (2.8) that w,~_,;.~. = 
w. 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 

d(w) = [F2 - C(w - w,,,.~)]’ 2. (2.9) 

For the vibrational states of CO, with the stretching 
mode polarization index 1 = 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 I > 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 COZ-4.3 and 2.7 pm --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 

where p is the molecular weight of all emitting 
molecules. Calculation of the partial collisional half- 
width $I, 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 [S, 10, 38. 407 

Spectroscopic constants 
Symmetric 

v 1 
Bending 

\? 2 
Asymmetric 

y3 co 

p 
B% 

cm-’ 1354.9 
2396.5 

2170.2 
cm-’ 673.0 0.391635 1.93139 

@> cm-’ 0.0012 - 0.00072 0.0030825 0.017485 
x,,, cm- ’ VI 3.75 - 3.65 19.73 

“2 0.63 12.53 13.461 
113 12.63 

0s K 1923.8 960.5 3382.6 3090.0 

broadening of different rotational lines of the bands 
over the studied pressure range, P = 10-4-10- ’ atm., 
and the gas temperature range, T = 300-2000 K. 

The dependence of partial collisional half-widths, 
$‘. on the type ofvibrational transition and excitation 
of combining levels is insignificant [St]. In the region 
of low gas temperatures, T 5 3OOK, the emitting 
molecule rotational state has a substantial effect on $’ 
[31]. In the calculations conducted in this study, 
partial ~ollisional half-widths, ;J?! of the CO, and CO 
bands were used averaged with respect to the ro- 
tational quantum number I recommended by various 
authors [IO, 31-36, 391 and given in Table 1. 

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

where $1, are the values of 71”) under normal con- 
ditions, 5, are the molar concentrations of com- 
ponents. Calculations of the 4.3 pm COz and 4.7 pm 
CO band radiation with the use of the minimum and 
maximum collisional half-widths yt) depending on the 
rotational quantum numberJ [lo, 31.34-36391 yield, 
at the minimum temperatures studied in this paper (7’ 
= 300 K) a discrepancy not exceeding 15%. It can be 
expected, therefore, that the maximum calculation 
error, when using the mean values of $, 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. I, while the spectroscopic constants of CO and 
CO, molecules, in Table 2. 

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 l-dim. isentropic expansion of the CO2 - GDL 
mixture possibly containing five components: CO,, 
N,, CO, He and H,O, were written in the following 
form [41] 

(3.1) 

where 

n=, 

I:~ = [exp ( - OI;F’/T!?) - 11 - * 

is the mean number ofvibrational quanta in the mode 
numbered with the su~rscript s. The subscript ‘6’ is 
used to denote the physical quantities related to the 
H,O molecules, the index 7, to the He atoms. 

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

VT relaxation of the combined CO, mode [l, 2,6] 

CO,(Ol’O) + M 2’ C02(OOoO) + M f k@,; (3.2) 

intermolecular V-- 1/’ exchange in carbon dioxide 

CO,(OO”l) + M “$ CO,(mr’O) + M + AE,,, (3.3) 

wherem = 0,r = 3,1 = Oorm = r = l,AE,, = fH3 - 
3B,)katT<14OOKandm=O,r=2,1=Oorm=1, 
r = 1 = 0, AE,, = (0, - 20,) at higher temperatures; 

F-F’ exchange between the asymmetric CO, mode 
and N,, CO molecules 

NJ 1) + CO,(OO”O) “2 N2(0) 

+ co2(oo0i) + (0, - O,)k, (3.4) 
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CO(l) + co,(ooOo) 3 CO(O) v = 2(c2 + 1)2/(3&z + 6~~ + 2), 

+ co~(oo”o) + (e, - e&k, (3.5) 

N,(l) + CO(O) % N&I) 

CPSSS = PQ,,~{c,(c,, + 1) 

- c,,(e, + l)exp[(k - WT]), 

(s, s’) = (4,5), (3,5), (3,4), 

+ CO(l) + (0, - 0,)k; (3.6) 

I/-P” exchange between the bending CO, mode and 
CO molecule 

cp 32 = PQ32{&2 + W’ 

- $(‘(c~ + 1)exp [(xe, - e,)p-I), 

CO(l) + co,(ooOo) “S CO(O) 

+ CO,(::::) + (0, - 30,)k (3.7) 

I/-T relaxation of N, and CO molecules 

N,(l) + M “2 N2(0) + M + kB,, (3.8) 

CO(l) + M “$ CO(O) + M + k0,, (3.9) 

where 

Q,,, = 1 LQ:! 
" 

X=3 at T<14OOK, 

X=2 at T>14OOK. 

in the gas mixture. 
According to the adopted scheme of vibrational 

relaxation processes, the equations describing vari- 
ation of es are [l, 61: 

The measured rate constants of I/-T 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 - Ig Qe = 
a(“) T- li3 + b$‘). The values of the coefficients or’ and 

bin) are given in Table 3. The experimental data on rate 
constants ofthe V-V’ [equilibria (3.3)-(3.6)] and V-T 
[equilibrium (3.2)] relaxation of CO, are presented for 
the gas temperatures 125 K 5 T < 3000 K in Table 4. 
Velocity constants at arbitrary temperatures were 
determined by quadratic interpolation with respect to 
the parameter T- ’ ,3. 

Experimental values of the rate constant of the 
process (3.7), Qs2, over the studied temperature range 
are evidently absent at present. The rate constant Qs2 
at room temperature is given in refs. [60, 651. The 
values of Qs2 obtained are close to the rate constant of 
the CO, combined mode deactivation in collisions of 
CO, with CO, Q\‘j. Therefore, it is assumed in this 
paper that Qs2 = Q’& for all the temperatures 
considered. 

de, 1 
a- = 54(P45 + 53% - -53% - (PSO? 

dx 8 

dc, 
nz = 53% - L(P45 - (P40, 

(3.10) 

dc, 
ax = ” $(.% + 35,(P,,) - ‘p20 1 , 

where 

cr = &[4(c, + l)], 

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 [l]. The gas flow up to the critical point 
was assumed to be in equilibrium. 

Table 3. The values of the coefficients at) and b?’ to calculate the V - T relaxation rate constants for 
N, and CO molecules (in pts at P = l.Oatm.) according to the Landau-Teller-type relationship 

- fg Q($ = @’ T- 113 + @’ 

Rate constants Q (a) 
40 Q (n) 50 

M Temperature range a$’ bk”’ Reference a:“’ b:“’ Reference 

CO* 200-3000 104 - 5.20 [421 75.8 -4.16t 

N, 20&3000 104 -5.19 [42,43] 75.8 -4.16t 
co 2W3000 104 - 5.19* 75.8 -4.16 
He 20&3000 56.2 - 3.85 22.5 - 1.50 E::;q 

350-3ooo 56.2 - 3.85 [:;j 39.4 - 2.52 

Hz0 200-3000 36.8 -3.81 [42,43,48] 36.8 -4.81 ;i:j 

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

t The efficiency of CO, molecules during CO vibrations deactivation was assumed the same as that of 
carbon monoxide molecules, 



T
ab

le
 4

. 
V

al
u

es
 o

f 
lo

ga
ri

th
m

s 
of

 r
at

e 
co

n
st

an
ts

 
of

 v
ib

ra
ti

on
al

 
re

la
xa

ti
on

 p
ro

ce
ss

es
 (

3.
2)

-(
3.

6)
 

in
 ,

u
-’ 

at
 P

 
=

 
1.

0 
at

m
. 

as
 f

u
n

ct
io

n
s 

of
 g

as
 t

em
pe

ra
tu

re
s 

fo
r 

ga
se

s 
M

 

R
at

e 
co

n
st

an
t 

T-
l3

 
co

, 

k 
Q:

":
 

N,
 

co
 

H
e 

H
z0

 
co

2 
N

* 
co

 
H

e 

29
15

 
0.

07
 

1.
57

 
1.

30
 

1.
32

 
1.

13
 

0.
90

 
1.

04
 

1.
10

 
0.

04
 

0.
87

 
19

53
 

0.
08

 
1.

25
 

1.
00

 
1.

00
 

0.
78

 
0.

98
 

0.
78

 
0.

75
 

-0
.1

2 
0.

86
 

13
72

 
0.

09
 

0.
92

 
0.

63
 

0.
67

 
0.

40
 

1.
05

 
0.

50
 

0.
40

 
- 

0.
27

 
0.

86
 

10
00

 
0.

10
 

0.
60

 
0.

21
 

0.
35

 
0.

00
 

1.
13

 
0.

25
 

0.
10

 
- 

0.
42

 
0.

85
 

75
1 

0.
11

 
0.

27
 

-0
.1

7 
0.

00
 

- 
0.

40
 

1.
23

 
0.

00
 

-0
.1

8 
-0

.5
8 

0.
79

 
57

9 
0.

12
 

-0
.1

0 
-0

.5
1 

- 
0.

28
 

-0
.7

8 
1.

29
 

- 
0.

24
 

-0
.4

1 
-0

.7
3 

0.
74

 
45

5 
0.

13
 

-0
.3

7 
-0

.7
6 

-0
.5

7 
- 

1.
00

 
1.

29
 

- 
0.

44
 

- 
0.

66
 

-0
.8

7 
0.

64
 

36
4 

0.
14

 
-0

.5
5 

- 
0.

94
 

- 
0.

66
 

- 
1.

16
 

1.
31

 
- 

0.
62

 
-0

.8
5 

- 
1.

02
 

0.
54

 
29

6 
0.

15
 

-0
.6

1 
- 

1.
06

 
-0

.7
5 

- 
1.

24
 

1.
32

 
-0

.7
6 

- 
1.

07
 

-1
.1

8 
0.

43
 

24
4 

0.
16

 
-0

.6
1 

- 
1.

14
 

-0
.7

7 
-1

.3
4 

1.
33

 
- 

0.
80

 
-1

.2
5 

- 
1.

24
 

0.
32

 
20

3 
0.

17
 

- 
0.

54
 

- 
1.

18
 

- 
0.

69
 

- 
1.

40
 

1.
33

 
- 

0.
82

 
-1

.4
0 

- 
1.

48
 

0.
23

 
17

1 
0.

18
 

- 
0.

42
 

- 
1.

21
 

-0
.5

4 
- 

1.
45

 
1.

33
 

-0
.8

2 
- 

1.
55

 
- 

1.
63

 
0.

12
 

14
6 

0.
19

 
-0

.2
7 

- 
1.

22
 

-0
.3

9 
- 

1.
48

 
1.

33
 

-0
.8

2 
-1

.7
0 

- 
1.

80
 

0.
02

 
12

5 
0.

20
 

-0
.1

2 
- 

1.
23

 
-0

.2
3 

-1
.4

9 
1.

33
 

-0
.8

2 
- 

1.
84

 
- 

1.
95

 
-0

.1
0 

R
ef

er
en

ce
s 

[4
9,

50
1 

[4
9,

51
1 

[5
L

 5
21

 
[4

9,
50

1 
[5

3,
54

 1
 

[5
5-

58
1 

[5
5,

57
1 

[5
9,

60
] 

[5
51

 
[4

2,
61

] 

H
z0

 

1.
00

 
1.

16
 

1.
32

 
1.

48
 

1.
65

 
1.

87
 

2.
11

 
2.

36
 

2.
57

 
2.

57
 

2.
95

 
3.

15
 

3.
35

 
3.

54
 

0.
51

 
1.

35
 

0.
25

 
1.

24
 

0.
20

 
1.

12
 

0.
34

 
1.

02
 

0.
48

 
0.

89
 

0.
65

 
0.

83
 

0.
80

 
0.

75
 

0.
95

 
0.

68
 

1.
08

 
0.

62
 

1.
41

 
0.

61
 

1.
45

 
0.

69
 

1.
48

 
0.

74
 

1.
60

 
0.

85
 

1.
74

 
0.

98
 

[4
&

K
 

[5
1,

57
, 

57
,5

9,
 

58
,5

9,
 

62
1 

62
,6

31
 

r 
0.

70
 

z 
0.

00
 

x 

- 
0.

25
 

- 
0.

27
 

5 21
 

-0
.3

0 
: 

-0
.3

5 
5 

-0
.3

8 
T

T
i 

<
 

-0
.4

3 
E

 
- 

0.
45

 
a 

- 
0.

49
 

v 
-0

.5
2 

vl
 

-0
.5

6 
z 

- 
0.

59
 

: 
- 

0.
63

 
g <

 

[5
9,

@
1 



Radiation transfer in vibrationally nonequilibrated molecular gas 1551 

4. RESULTS OF CALCUiAnON 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 10d5 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, T, = 3OOK, and vibrational, T, = 
100%2000 K, temperatures, this leads to the necessity 
of taking into account 30-60 rotational and S-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%3% 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 Ao 
chosen according to the condition 

I,, A(a,)dw/ j;, A(w)dw 2 0.99. (4.1) 

Calculation of the values of I and A was carried out 
for the process of gas expansion through a plane 
supersonic Lava1 nozzle with the parameters typical of 
gasdynamic CO1 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 90mm 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 pm 
CO, bands over a wide range of gas temperatures in 
the plenum chamber. The investigation results for the 
mixture 0.1 CO, + 0.4 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, TO = 1300K, and pressure, P, = 
4.7atm., in the plenum chamber. The radiation in- 
tensity of the bands under consideration was de- 
termined allowing for the spectral transmission of 

667 0665 

0 - 4.3pm 

A -27pm 

FIG. 2. Results of experimental measurements and theoreti- 
cal calculation of radiation intensity in the 4.3 and 2.7~m 
CO, bands in the supersonic flow of mixture 0.1 CO, + 
0.4 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 
2.7pm band, respectively. Calculation results of CO2 vib- 
rational temperatures, Tt!’ and Tt? at the nozzle exit are 
plotted on the horizontal axis in the upper part of the plot. 

filters used in this study, I = JI(w)q(w) do, where I(w) 
is the radiation intensity before the filter, r](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 
70mm. 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 

-4 

-3 d 

L-z___ 

I/ I / 2 
I.5 2 25 

To 3 xIO-~K 

FIG. 3. Dependence of the integral radiation intensity and 
emissivity in the 4.3 and 2.7 pm 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 pm band, 2.2.7 pm band; dashed curves, to the 
emissivity of: 1, 4.3pm band; 2, 2.7pm band emissivity 

increased IO-fold. 
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L 

FIG. 4. Integrated radiation intensity in the 4.3 and 2.7 pm 
CO, bands of the mixtures with different water vapour 
content. Curves l-8 display the calculation results on the 
4.3 pm band radiation intensity, l’-8’, on the 2.7 pm band. 
Curves 1,1’ correspond to the mixture with the water vapour 
content, (,,equal to zero; 2,2’, to 0.001 ; 3,3’, to 0.005 ;4,4’, to 
0.01; 5,5’, to 0.02; 6,6’, to0.05; 7,7’, to 0.1; 8,8’, to 0.3. The 
gas parameters in the plenum chamber were: T, = 18OOK 

P, = lO.Oatm. 

and 2.7 pm bands, the filters were used having the 
transmission bands i = 4.37 k 0.06 pm and i = 2.9 + 
0.5 ,nm, 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 pm band, by a factor of 10-20, and for the 2.7 pm 
band, by about a factor of 6. This is mainly due to an 
increase in the vibrational temperature of CO, in the 
flo~-~Tf.~) from 1000 to 1700 K and TL,? from 660 to 
720 K (Fig. 2). A larger increase of the radiation 
intensity of 4.3 pm band as compared with the 2.7 pm 
band is attributed to an increase in the vibrational 

FIG 5. Integrated emissivity in the 4.3 and 2.7 pm 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. 

temperature of the asymmetric mode TL3) by 800K. 

The radiation intensity of the 4.3 pm band is somewhat 
more dependent on the vibrational temperature 
T’,3’-I,,3(T’,3’) than that of the 2.7 pm 

band--I,,,(T13)) [66]. The vibrational temperature of 
the bending CO, mode in this case varies only slightly 
(by 40-50 K). This variation of TB) 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 pm 

CO, bands calculated for the 0.1 CO, + 0.4 N, + 
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 lO.Oatm. 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 pm 
band in the flow at the nozzle exit increases about 20- 
fold. and that of the 2.7 pm band, IO-fold. Integrated 
emissivity of the 4.3 nm band is then increased 3-fold, 
of the 2.7 pm 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 @xt of water additions on the radiation 
intensity und emissicity of a aibrutionally nonequilib- 
rated C02-contuining ,/low 

The use of the radiation intensity and emissivity 

measurement methods to determine the diagnostics of 
V-T relaxation processes in a flow was investigated 
with a 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, + (0.9 - t6)N2 + tsH,O. The water 
vapour content, c6, varied from 0 to 0.3. The calcu- 
lations conducted show that the introduction of water 
vapours up to t6 = 0.3 leads to an essential decrease of 
the vibrational temperatures of CO,. The value of TI?) 
is diminished at the nozzle exit from 1200 to 650 K, the 

value of T’,Z’, from 1000 to 400K, while the gas 
temperature increases by about 100 K 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 lo- 150,;. 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 TI!’ and 
T’Z’. ” 

Calculation results of the integral radiation intensity 
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of the 4.3 and 2.7 pm bands are displayed in Fig. 4. The 
radiation intensity of the 4.3 pm band is approximately 
100 times larger than that of the 2.7pm band. In- 
troduction of water molecules results in a considerable 
decrease of the radiation intensity. An increase of the 
water vapour content up to t6 = 0.3 leads to a decrease 
in the radiation intensity at the nozzle exit by a factor 
of 20 for the 4.3 /drn band and by a factor of 100 for the 
2.7pm band. The greater decrease of the radiation 
intensity of the 2.7 pm 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 lirn band on the tempera- 
ture TL,2) 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 t6 = 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 i.r. spectral 
region lies within lo-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 pm band 
decreases approx. 20-50 times and of the 2.7 pm band, 
446 times. In the region of the nozzle throat, the value 
of A for the 4.3 pm band is by two orders of magnitude 
larger than for the 2.7 pm 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 pm band. For the 2.7 /*m band, the dependence of 
the value of A on the water vapour content is of a non- 
monotonous nature. The value of A somewhat in- 
creases with an increase of the water vapour content, 
&, from 0 to 0.05 and then decreases with a further 
increase of t6 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, t6, from 0 to 0.3 leads to a decrease of 
the value of A in the 4.3 pm 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 pm 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 pm band is - 10m3 W/(sterad cm2 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 pm band at the nozzle exit (z = 21.4) is 
5 6 x 10m5 W/(sterad cm2 cm-‘). In this case, 
narrowing of the band is observed, which is most 
pronounced in the long-wave region at d > 4.4 pm. A 

A, pm 
4.5 44 43 4.2 

2.2 2.3 2.4 

w, x 10-3cm-’ 

FIG. 6(a). Spectral radiation intensity in the 4.3 pm band at 
different expansion ratios of the mixture 0.1 CO, + 0.88 N, 
+ 0.02 H,O in the nozzle. Curve 1 corresponds to thevalue 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. 

FIG 6(b). Spectral radiation intensity in the 2.7 nm 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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10~’ L 
” I” Z” 30 

Z 
. 

FIG. 7. Integrated radiation intensity in the 4.3 and 2.7 pm 
CO, bands and the 4.7 nm CO band during expansion of the 
mixtures in a nozzle depending on the carbon monoxide 
content. Curves l-4 present the calculation results for the 
4.3nm band; 1’ - 4, 4.7nm band; 1” - 4”, 2.7pm band. 
Initial gas parameters in the plenum chamber were: T, = 

18OOK, P, = lO.Oatm. 

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 
COz 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 
long-wave portion of the band. 

Spectral intensity of the 2.7 pm band radiation is 
diminished in the course of expansion to a larger extent 
than that of the 4.3 pm band (Fig. 6b). Along with the 
above-mentioned narrowing of the long-wave part of 
the 4.3 pm band, a significant decrease of radiation 
intensity in the central part, L z 2.74 pm, of the 2.7 pm 
band is observed. With an increasing flow expansion 
ratio, the 2.7 pm band is spectrally divided into two 

parts. This is determined by the structure of the 2.7 pm 
band formed by two types of vibrational transitions. 
The transitions with variation of vibrational quantum 
numbers Au, = 2, AU, = 1 emit in the long-wave part, 
L 2 2.74 pm, of the 2.7 pm band, while the transitions 
Au, = Au3 = 1, in the short-wave part, i 5 2.74pm. 
Therefore, a lesser contribution to radiation of the 
transitions with Au, = At’, = 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 2.7pm band at 3. = 
2.7222.74pm and to the band splitting into two 
spectral components. A similar decrease of the contri- 
bution of transitions with Au, = 2 and Au, = 1 
between the excited vibrational levels causes a decrease 
of the radiation intensity in the long-wave part of the 
2.7 pm band at I 2 2.85 pm. 

4.3. The t$tict of carbon monoxide substitution for 
nitrogen 

The possibility of determining the diagnostics of the 

I/-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 1/-I” 

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 
ofC0, (vj), 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 - <s)N2 + 
5,CO + 0.5 He. Calculations were conducted for the 
four mixtures corresponding to the following con- 
secutive substitutions of carbon monoxide for nit- 
rogen: t5 = O-mixture l,O.l-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,, 10.0 atm. 
Calculation of the vibrational temperatures T!?‘, 

TC3), Ti5’ and the gas temperature T shows that 
inkoduction of carbon monoxide has a noticeable 

effect on the vibrational temperature of the bending 
mode of CO,, Ti3), and of CO, Ti5). An increase in the 

content of CO molecules from 0 to 0.4 leads to a 
reduction in the vibrational temperature Ti3’ of about 
250 K and in Tg) of 100 K in the flow at the nozzle exit. 
Vibrational temperature of the bending CO, mode, 
T’,Z), 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,(v,) + CO(v,) as compared with the effect of 
vibrational-translational exchange. Indeed, addition 

7 10 

E 

d 

10 

FIG. 8. Integrated emissivity in the 4.3 and 2.7 pm CO, bands 
and the 4.7 pm 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 ofvibrational energy into translational. 
The effect of helium present in the studied mixtures in 
the amount 5, = 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 Tk3) and TL?. 

The calculation results on the integrated radiation 
intensity of the 4.3 and 2.7 Frn CO, bands and 4.7 pm 
CO band in the course of expansion of mixtures 1-4 
are displayed in Fig. 7. It can be seen that in an 
expanding flow at z 2 1, substitution of carbon 
monoxide for nitrogen leads to approximately the 
same decrease of radiation intensity of the 4.3 and 
2.7 pm CO, bands. This is due to the above-mentioned 
decrease in the vibrational temperature, TL?, on the 
introduction of carbon monoxide. Radiation intensity 
in the 4.7 pm 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 4.3pm band is 3-4 times 
higher than that in the 4.7 pm band. It follows from the 
data of Fig. 7 that the effect of carbon monoxide 
additions on the intensity in the 4.3 pm band in the 

flow at the nozzle exit can be discovered at the 
concentration of CO molecules 5s = 0.1, in the 2.7 pm 
band at & = 0.2 and in the 4.7pm band at & = 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 pm bands. The integrated emissivity of the 
4.7pm 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 fjs 2 0.05. 

The dependence of the spectral radiation intensity of 
4.3 and 4.7 pm bands in the mixture 0.1 COZ + 0.1 CO 
+ 0.3 N, + 0.5 He 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 5 3.0 (curves 1 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 5 and 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 /*rn bands. 

A considerable overlapping of the 4.3 pm CO* and 
4.7 pm CO bands is noted in the spectral region 2 = 
4.3554.50pm, which must be taken into account when 
the optical systems have wide spectral transmittances. 

5.3 5.2 51 5 49 4.8 4.7 46 4.5 44 43 4.2 

1.9 2 .o 2.1 2.2 2.3 2.4 

w, x 10e3 cm-’ 

FIG. 9. Spectral radiation intensity in the 4.3 pm CO, band and 4.7pm CO band at different gas expansion 
ratios in the nozzle. The studied mixture composition was: 0.1 CO2 + 0.3 N, + 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 pm band; l’-6’,4.7 pm band. Curve numbers correspond to the following values of the parameter 

z: l,l’, 0.54; 2,2’, 2.68; 3,3’, 5.35; 4,4’, 10.7; 5,5’, 21.4; 6,6’, 32.4. 
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With an increase of the flow expansion ratio, the 4.3 
and 4.7 pm bands are separated in the spectral region 1, 
= 4.43 pm, 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 of a 
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 pm CO, bands and 4.7 pm 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. 
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APPENDIX 1 

RADIATION INTENSITY OF A GAS LAYER OF 

HIGH TRANSPARENCY 

For a gas layer of high transparency, qw) -+ 1, equation 
(1.4) yields 

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: 
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Then the functions B,,,(o) for all vibrational-rotational determine from equation (1.4) the radiation intensity of an 
transitions forming a band are equilibrium gas 

Using this relationship for the functions B,,;(w), one can 
= B’(w,T) - 

J 
dqo) = ii(w)B”(w, T). 

0 

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

R&urn&La luminance et I’imissivitC des bandes 4,3 et 2,7 pm vibration-rotation du gaz carbonique et de la 
bande 4,7 km de l’oxyde de carbonique ont it& numdriquement calcul& et exp&imentalement mesurbes 
pour un large domaine de paramdtres de melanges hors d’iquilibre en vibration qui se dttendent I travers une 

tuytre supersonique de lasers B CO,. Une dttermination thtorique des caractlristiques du milieu laser CO, 
dans la rigion i.r., moyenn&s sur la structure rotationnelle, a Cti faite au moyen de la thkorie de bande 

vibrationnelle-rotationnelle qui utilise des distributions d’6nergie des moltcules sur les niveaux vibrationnels 

reconstruites sur la base des calculs de la cinttique de relaxation vibrationnelle dans le mklange. 
On 6tudie I’effet sur le rayonnement spectral et total et sur l’absorption des bandes CO, et CO de 

l’introduction dans le melange CO, + N, de molCcules d’eau et de la substitution de I’oxyde de carbone dans 
le mklange CO, + N, + He. 

On determine les conditions pour lesquelles des mesures de luminance ou dVmissivit8 rendent possibles 
des diagnostics de processus de relaxation vibration-translation et vibration-vibration qui sont r6aliSs 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-StrahlungsintensitLt und EmissionsvermBgen des 4,3 pm- und 2,7 pm-Schwingungs- 
und Rotations-Bandes von CO, und des 4.7 pm-Bandes von CO wurden numerisch berechnet und iiber 
einen grol3en 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 Verwendungvon 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 iiber den Einflul.3 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 b;nderung der Richtung im zwischenmolekularen V-V’-Austausch fiihrt. 

Es wurden die Bedingungen bestimmt, unter welchen Messungen der Strahlungsintensitht und des 
EmissionsvermGgens eine verlPl3liche Vorhersage von Schwingungs-Translations-und von 
Schwingungs-Schwingungs-Relaxations-Prozessen m6glich machen. Diese Prozesse treten in den aktiven 

Medien gasdynamischer Laser auf. 

TEOPETM=lECKOE M 3KCIIEPMMEHTAJIbHOE MCCJIEAOBAHME nEPEHOCA 
MK-M3JIYYEHMfl B KOJIE6ATEJIbHO-HEPABHOBECHOM MOJIEKYJIRPHOM 

I-A3E, COHEP)KAqEM CO2 M CO 

h,OTa,“U-npOBe&?Hbl SHC.“eHHble paC’,cTb, H 3KCnepHMeHTaJIbHble H3MepeHRfI AHTCHCHBHOCTH 

H3nyreHLiR I( nOrJIOmaTeJIbHOfi CnOCO6HOCW KOJle6aTeJIbHO~BpamaTcJIbHbIX nOJlOC 4.3 I( 2.7 MKM 

yrneKHcnor0 rasa II 4.7 MKM 0Kwzi yrnepona a ~H~OKOM nnana30He H3MeHemiK napaMeTpoB 

KOJIe6aTe,IbHO-HcpaBHOBeCHbIX cMecefi ra30flHHaMHYeCKAX CO,-.“a3epOB, paCmHp%OmHXCK B 

caepx3eyKosoM tonne. TeopeTHqeCKoe onpepenemie ycpenHeHnb,x no epamaTenbHoii c-rpy~~ype 

pa~&ialniOHHbrX XapaKTepHCTaK aKTllBHOfi CpenbI CO,-rJJJl B MK-o6nane CneKTpa OCyLUcCTBJlWIOCb 

MeTOnaMH TeOpHH KOJIe6aTenbHO~BpaUIaTenbHblX nonoc C HCnOJlb30BaHHeM HepaBHOBeCHbIX 3Hepre- 

TH’leCKHX paCnpWJcneHHfi MOneKyn n0 KOJIe6aTeJlbHbIM ypOBH%lM, KOTOpbIe BOCCTaHaBJIHBanHCb Ha 

OCHOBC paC’,eTOB KHHeTHKII KOJle6aTenbHOfi penaKCaURH B CMeCA. 

MccnenoeaHo amiamie Ha cneKrpanbHoe H HHTerpanbHoe HsnyqeHHe 5i nornouiems paccMaTpHBa- 

eMbIx nonoc yrneKlicnor0 rasa A OKACH yrnepona BaeneeHHfi B cMecb CO2 + N, MoneKyn Bonbt, 

cymecTeeHHo yc~opalo~uHx nporeKaHHe npoueccoe V-T penarcauua, A 3aMeHbl B CMeCH CO2 + N2 + He 

a3018 Ha oK5icb ymepona, 9To npesoner K n3MeHemim npoTeKaHen MexMoneKynflpHoro V-V’ 
06MeHa. 

Onpenenenbl ycnoBHK, npa KoTopbIx w3Mepemin HmeHcHBHocm a3nyseHan HnH nornomaTenbeoi 

cnoco6HocT&i n03BonmcT ocymecrsnmb HanexHyto nHarHocTHKy npoueccos Kone6arenbHo--nocTyna- 

TenbHOti H KOJIe6aTeJlbHO~KOJIe6aTenbHol peJIaKCaUHH B aKTHBHbIX CpL@X Ta30&HHaMH'teCKHX 

na3epoa. 


