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INVESTIGATION OF 10.6 u ABSORPTION COEFFICIENT FOR CARBON DIOXIDE
MOLECULES AT TEMPERATURES UP TO 3500°K

I. E. Zabelinskii, N. A. Fomin, . UDC 621.378.33
and 0. P. Shatalov

Experimental data are used to analyze features of resonance absorption processes
in the high-~temperature region, where the influence of hot transitions is appre-
ciable,

At present a considerable amount of information has accumulated on the behavior of the
absorption coefficient at low and intermediate temperatures. By measuring the 10.6 u radia-
tion absorption coefficient in test cells, investigators have studied the «(T) relationship
up to temperatures of Vv650°K [1-6]. The development of gasdynamic lasers [7] has led to a
need to analyze absorption processesat higher temperatures. These investigations were con—
ducted using the region behind the front of a shock wave in shock tubes as the absorbing
cell: in [8] absorption coefficlent data were obtained up to temperatures of V1600°K, and
in {9, 10] measurements were made up to v 2100°K.

Meanwhile, absorption of 10.6 u radiation by CO. molecules at higher temperatures is
scientific interest, e.g., in analyzing recombination processes, in investigating spectral
processes in dense gases, and also in investigation of the characteristics of high-tempera-
ture gasdynamic lasers [11].

The present paper uses experimental data on the resonance absorption in carbon dioxide
at high temperatures, obtained in a large-diameter shock tube (the VUT-1 facility at the
Institute of Mechanics, M. V. Lomonosov Moscow State University), to discuss features of
the absorption process in the high-temperature region (up to 3500°K).

Description of the Facility., The experiments were conducted in a shock tube of internal
diameter 493 mm (see, e.g., [12]). The radiative absorption was investigated behind the in~
cident shock front in pure COz and in CO, + Ar mixtures. Argon of special purity (99.98%)
and specially dried carbon dioxide gas (the drying agent was P,05) were used. The shock tube
was pumped down to 21072 torr. The rate of inflow of air due to imperfect sealing of the
shock tube and desorption of gas from the walls did not exceed 10~® torr/min.

The gas mixture was made up in a special mixer, and was mixed beforehand (by a fan mounted
inside the mixer) for several minutes prior to each shock.tube filling. The pressure in the
shock tube after filling with gas was measured with an oil manometer to an accuracy of bet—
ter than 1%. The initial pressure was 3-60 torr. The shock.wave speed was measured from the
signals of piezoelectric sensors (located alongthe shock tube section) to an accuracy of
better than 2%. Radiation from a type GL-23 laser, modulated by a mechanical shutter, passed
through the shock tube via a BaF: window and fell on a semiconductor detector (germanium,
doped with gold), from which the signal was recorded on an oscilloscope. At thesame time,
part of the laser radiation was directed to an infrared monochromator via a semitransparent

Institute of Mechanics, M. V. Lomonosov Moscow State University, Moscow. A. V. Lykov
Institute of Heat and Mass Transfer, Academy of Sciences of the Belorussian SSR, Minsk. Trans-
lated from Inzhenerno-Fizicheskii Zhurnal, Vol. 37, No. 6, pp. 1074-1082, December, 1979.
Original article submitted November 21, 1978.

0022-0841/79/3706-1461307.50 © 1980 Plenum Publishing Corporation 1461



TABLE 1. Experimental Data

Composition J Tog ' P.atm ! “exp'™ Zealesm™
!
CO,--4Ar 26 1250 ! 0,7 0,4 [ 1,34
CO,4-Ar 22 1260 1,34 0,12 1,125
CO, : 24 1200 0,63 1,86 1,86
CO,+4Ar 26 1560 0,95 0,45 1,18
CO, 24 1480 1,82 1,01 1,01
CO, 12 1960 0,84 0,5 0.5
C 26 2030 0,7 0,63 0,63
CO,+9Ar 29 1920 0,37 0,25 0,88
N 26 2110 0,73 0,93 0,93
CO, 20 2220 1,66 0,429 0,429
CO, 26 2730 0,6 0,838 0,838
CO,+-9Ar 22 3200 0,88 0,129 0,81
CO;+9Ar 24 3440 0,73 0,126 0,784

mirror, which allowed simultaneous monitoring of the wavelength generated by the laser, us-
ing the semiconductor detector, during the experiment. In most of the experiments lasing
was observed in the P branch laser transition with rotational quantum numbers J from 20 to
26.

In front of the entrance window of the semiconductor detector there was a 10.6 p inter-
ference filter to suppress the gas self-radiation from the shock tube. Control experiments
were conducted to check that the detectors did not record any signals when the shock wave
passed through the measuring section with no laser radiation present.

Reduction of the Experimental Results. At low values of gas temperature behind the
shock front (inthe absence of dissociation) the oscillograms were analyzed for the equilib-
rium flow region, which was clearly observed at some distance from the shock front. At high
temperatures and in the mixtures with argon, because of the excitation of oscillations, there
was dissociation of CO, molecules, which appeared on the oscillogram as a characteristic
maximum followed by a drop in the absorption coefficient.

In this case the absorption coefficient was measured at the maximum. The gas parameters
at this point (temperature and pressure) were calculated from the conservation laws, based
on the initial experimental parameters — pressure, composition, room temperature — and the
measured shock speed, assuming that the vibrational relaxation of the CO; molecules is com-
plete and that there is no dissociation. This assumption, that the relaxation and dissocia-
tion zones for COz are separated, is valid in the temperature range investigated (see, e.g.,
{13]). The main results of the experiment are shown in Table 1. Since, as can be seen from
the data of Table 1, several parameters were varied simultaneously during the experiments
along with the gas temperature (the gas composition and pressure, and the rotational quantum
number of the probe laser), Table 1 shows calculated values of absorption coefficient cor-
responding to 100% COz, P>, = 1 atm, andJ =20 = in addition to the measured values. The cal-
culation allowed for the influence of hot transitions. :

Theoretical Description of the Absorption Coefficients. The complexity of a theoretical
description of the coefficient for absorption of the 10.6 u radiation at high temperature
stems from the need to allow for the contribution of hot transitions to the absorption pro-
cess. It turns out that the frequencies of a transition series of the type (n, mZ, p) ~
(n—1, mz, p + 1) lie quite close to the frequency of the main absorption transition (10°0)~
(00°1). At the same time, at temperatures >800°K the high levels of the CO; molecule become
populated.

We can evaluate the number of transitions for which the difference in populations con-
stitutes, e.g., 1% or more of the difference in populations for the basic transition:

AN [(n, m!, p)—(n—1, m', p+1)] zexp—‘[ S R }210'2‘
AN [(100°0) — (0001)] T
We obtain the result that
(n-—1)By + mBz + pO; <46 T. (1)

Here 0;, 02, O3 are characteristic temperatures for the symmetric, deformed, and asymmetric
quanta of the CO; molecule. It is easy to see from the ratio obtained that there are 10
such transitions at T = 1000°K. With increase of temperature up to 3000°K the number of
transitions goes up to 392.
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TABLE 2. Basic Spectroscopic Constants for the Calculated

Transitions
Type of . R v et | pr -
Transition s%g;muy J E'em™? B’,em~t! |D’-107cm™?
10900001 z-; -3 Even 1388,186 | 0,390189 1,150
11100114 1P L S Even 2076,865 | 0,391344 1,195
11100121 11 Even 2076,865 | 0,390416 1,281
12900201 st 30 Even 2671,113 | 0,389556 1,331
1001 ->00°2 Dy i Even 3714,781 | 0,387063 1,137
1092003 Pyt g Even 6016,660 | 0,383917 1,170
1093--00%4 D Even 8203,957 | 0,380805 1,130
R 2

- =1 L O I
Transition ;I;Xgemgfry E”,em !t | B”, CID  |D"-107.cm H‘RID"O»OO"J
10%0--00°1 - 5h 2349,164 | 0,387141 1,330 1,00
11100111 O, >T, . 3004,016 | 0,388190 1,349 0,95
11100111 M, -1, 3004,016 | 0,387593 1,349 0,95
1290 -»0201 b 3612,844 | 0,387504 1,580 1,19
10010002 i iy 4673,327 | 0,384066 1,326 2,32
10020003 I EF 6972,578 | 0,3809S0 1,331 4,01
1093000 By 3f 9246,805 | 0,377900 1,130 6,12

In this estimate we accounted only for the ratio of populations. In actual fact, the

influence of hot transitions will be considerably less because of the inexact coincidence of

the centers of transition lines. Nevertheless, for an accurate calculation we must know the

Einstein coefficients, the cross sections for collision line broadening, and the positions

of the centers of the transition lines, taking into account the rotational structure for each
computed transition.

Einstein Coefficients. Analysis of the experimental data on the Einstein coefficients
for the P20 line of the main (10°0) - (00°1l) transition made in [14] led those authors to
recomnend a most probable value of Az; = 0.187 sec~?!, The dependence on the sublevel rota-
tional numbercan be established by expressing the value Az; in terms of the square of the
matrix element for the dipole moment of the vibrational tranmsitions (Ry'y')? (the quantity
(RV'V”)2 does not depend on the number J) [15]:

1 Bdaivi
g2 3hct
Here S(J) is the H¥nl-London factor, which is equal to J for the P branch and to J + 1 for
the R branch with good accuracy.

Ay = S(J) (Ry-y~)2.

Since we have no experimental data on the Einstein coefficients for the hot transitions
we used calculated values for the squares of the matrix elements of the transition dipole mo-
ments, as shown in Table 2, from the data of [16].

Spectral Line Broadening. To describe the shapé of a spectral line, one uses the Voigt
profile

Yare) " an (2
o (v, a) = aq Vin2 a exp (— y¥) dy
My w ) @ (g

—o0

where o, is
Avev1n2/Avp

tion, it is

the absorption coefficient at the line center, and x = (v — vo)V1ln 2/Avp, a =
(Ave, Avp are the Lorentz and the Doppler half-widths of the profile). In addi-
assumed that the collisional half-width is Ave ~ 1/T [9, 10].

The broadening constants for collisions with CO; and Ar were assuwed to be 0.096 em™*-
atm™" and 0.055 cm™'atm™*, respectively. The cross section for absorption line broadening
varies very little with variation of rotational line number. As was shown in [18, 19], the
dependence for the CO, molecule may be approximated as follows:

o (J) = 6y — 0.0008 (J = 1),
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where the "plus" sign refers to the P branch and the "minus" sign refers to the R branch
transition.

It was shown in [17) that the cross sections for broadening for hot transitions are
equal to the corresponding cross sections for the main transition to within 5%. The Dop-
pler half-width was calculated from the standard relations [7].

Positions of the Line Centers. Until recently the lack of precision in determining the
position of transition line centers was considerable, and, e.g., according to the data of
[19, 20] was about 10~* to 10~% cm~*. At the same time, in calculating the contribution of
the hot transitions to the absorption coefficient, the uncertainty in the center of the
transition line of 102 cm ' leads to an error of about 4% (the estimate was made for a pres-
sure of 1 atm and a temperature of 3000°K). The error decreases with increase in pressure
or reduction in temperature. However, recently a number of laboratories have made precision
measurements (to an accuracy of 10=° cm~' or better of the line center positions [20-24].
The results have been correlated in [25, 26], and one can now calculate the positions of the
centers of the spectral lines with sufficient accuracy from the following relations:

(= Eot B W+ D) — Bl —DyJ (J + 1) — B+ HillJ+ D= —LiIJ + =P,
E (Pbranchy= Ey(J — 1) — Eq(J),

Here Eo is the center of the vibrational transition, the subscript 1 refers to the lower
state, and 2 refers to the upper state. The values of Eo, Bj, and Dj for the most important
transitions are shown in Table 2, and a number of other constants required are given in [25,
26].

Discussion of Results. The dependence of the absorption coefficient for the 10°0 -
00°1 transition (wavelength 10.6 p) on the basic parameters is shown in Figs. 1-3. Figure
1 shows the calculated data on the spectral distribution of the absorption coefficient (de-
pendence onthe probelaser numberJ) inthe Pand Rbranches for various valuesof themedium tem-
perature. The solid curves in the figures correspond to the Boltzmann distribution of rota-
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Fig. 2. Calculated dependence of the absorption coefficient at the P20
line on pressure. The gas temperature is: 1) T = 700°K; 2) 1500°K;
3) 2500°K; 4) T = 300°K. a, n~*; P, atm.

Fig. 3. Calculated (1-3) and experimental (4) data on the temperature
dependence of the absorption coefficient. The pressure is 1 atm; 1, 3)
the P20 line; 2) the P18 line. Curves 2 were constructed under the
assumption that Ave ~ 1/T, and curve 3 was constructed under the assump-

tion that dve v 1/VT), o, mw'; T, 10°°%,

tional sublevels, without allowing for the effects of overlap and the contribution of the
hot transitions. Analysis of the results of the calculations shows that for low pressures
(P << 0.1 atm) the distribution of the absorption coefficient over the rotational sublevels
is of Boltzmann type.

This is exactly the circumstance that allows us to conduct diagnostic measurements of
gas flows (to determine the rotational temperature and therefore also the vibrational tem-—
perature) at low pressures, e.g., of nonequilibrium flows in gasdynamic lasers. For pres-
sures increased above atmospheric the situation is more complex. For example, in Fig. 1
the spectral distributions correspond to a pressure of 2 atm. It can be seen that for T =
300°K the actual distribution differs insignificantly from a Boltzmann distribution. At
higher temperatures (T = 500-700°K) there is a considerable increase in the absorption coef-
ficient only for those lines which have resonance coincidence with the hot transition lines.
In particular, in Fig. 1 oné can see an anomalous behavior of the P20 line, due to a good
resonance with the R23 line of the 11'0 - 01'l transition. With further temperature increase
there is excitation of all the higher transitions and new "rejects" appear in the absorption
spectrum, corresponding to resonances with the hotter transitions; but one must bear in mind
that the half-width of the absorption line (Ave ~ 1/T) decreases for increased temperature
and therefore the overlap effects diminish. ’

The nature of the variation of the absorption coefficient with pressure is illustrated

by the relations shown in Fig. 2. It can be seen that the rate of growth
coefficient with pressure is different for different temperature regions:
tures (T = 300°K) it is due mainly to overlap of the rotational sublevels
tion, and for higher temperatures (T * 1000-3000°K), when the populations
tions are considerable, the increase of a is due mainly to the effects of
vidual lines of the hot transitions.

of
at
of
of

the absorption
low gas tempera-
the main transi-
the hot transi-

overlap with indi~

Figure 3 shows the results of calculating the temperature dependence of this parameter

and compares these results with the experimental data.

It can be noted that, in the tempera~

ture region up to 2100°K, the measured results in Fig. 3 correlate very well with the data
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of [9]; at temperatures above 2100°K, the experimental data on the absorption coeffi-
cient were obtained for the first time. Comparison of the experimental relations with those
calculated indicates that up to temperatures of "“2300°K the value of o can be determined
from the above relations, allowing for the effects of overlap and bringing in the relation
Avc ~ 1/T. It can be seen that the calculated values obtained from the assumption that

Ave v V1/T differ considerably, even for T = 1000°K, from the experimental data.

For temperatures above 2500°K one sees a considerable increase in the experimental data
over the calculated values even for the assumed relation Ave ~ 1/T. The reasons for this
discrepancy are not well understood, but one should note that a similar picture is observed
in describing the dependence of the absorption coefficient on the pressure for P=~ 10 atm
even at room temperature: the experimental data lie appreciably above the calculated values.
In describing the absorption line profile width under conditions of strongly overlapping
lines we have rejected the Lorentz relations. Miller [27, 28] was able to describe quan-
titatively the dependence of the amplification factor at high pressures. In addition, in
the experimental conditions in the shock tube behind strong shock waves, considerable irregu-
larities and turbulence of the medium may arise, which can also bring in additional losses
in the measurement of the absorption coefficient at high temperatures.

In conclusion the authors thank R. I. Soloukhin and S. A. Losev for numerous useful dis-
cussions and suggestions. The authors also thank I. F. Golovnev for calculating the matrix
elements of the dipole moments of the hot transitions, and also J. Dupre-Maquaire, P. Pinson,
J. Manden, J. Reid, and K. Simpson, who made available the results of their spectroscopic in-
vestigations of the COz molecule.

NOTATION

a, absorption coefficient; T, gas temperature; J, rotational quantum number; n, m, Z,
p, vibrational quantum numbers; 0;, Lharacterlstlc temperature of the i-th mode; AN, inver-
sion; Az,, Einstein coefficient; (R vvn) , square of the transition dipole moment matrix element;
5(J), Honl-London factor; v, tran31t10n frequency; c, speed of light; gi, statistical weight
of state i; Av,, Avp, collisional (Lorentz) and Doppler half-widths; o, cross section for
optical broadening; E, level frequency; B, D, H, L, rotational constants; P, pressure.
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DIFFUSIOPHORESIS OF LIQUID DROPS IN VISCOUS MEDIA WITH DUE CONSIDERATION
OF INTERNAL FLOWS AND THE PHASE TRANSITION ON THEIR SURFACE

Yu. M. Agvanyan and Yu. I. Yalamov UDC 541.182:532,72

A theory of diffusiophoresis of a spherical drop in a binary viscous mixture with
nonuniform concentration is developed.

In construction of a theory of motion of liquid drops in viscous media with a phase
transition occurring on their surface internal flows have not been taken into account so
far [1-9]. 1In fact, drops whose viscosity is very much greater than the viscosity of the
external medium surrounding them have been considered. 1In these conditions the presence of
hydrodynamic flows inside the drop can be neglected. :

It was shown in [10-12] by the examples of gravitational, thermophoretic, and diffusio-
phoretic motion of nonvolatile drops in viscous media that the contribution of internal flow
to the velocity becomes very substantial if the viscosity of the internal region of the drop
is comparable with the viscosity of the medium surrounding the drop. It has also been found
that with increase in the radius of the nonvolatile drops of water their velocity of thermo-
phoresis in gases (particularly in air) will depend significantly on the interphase surface
tension, which varies over the surface of the drops [11].

Throughout the paper the term ''monvolatile drop" means a drop on whose surface there is
no phase transition of the substance of which it consists. The term "volatile drop" means a
drop on whose surface there is a phase transition of the substance of which it consists.

In this paper we consider the diffusiophoresis of a large volatile spherical drop of
radius R in a binary viscous mixture. By a viscous mixture we mean either a gaseous or lig-
uid mixture. Far from the drop gradients of the relative concentrations (VCle)oo and (VCze)
of the mixture components are maintained in the volume of the medium. If the drop is sur-
rounded by a binary gas mixture we choose as C;e and Cze the relative numerical concentration
of the molecules: Cie = mig/ne, Cze = N2e/Ne, Neg = Nie + Nz2g, Nie and nae are the numbers of
molecules of the first and second components of the mixture in unit volume. For the case of
a liquid binary mixture external to the drop it is convenient to introduce relative mass con-
centrations C,e and Cze for the components:

Cio = Riemyl0, and Cap = No,tms/pe,

vwhere m; and m; are the masses of the molecules of the mixture components, and peg = niem; +
NzeMz is the density of the mixture, .

The origin of the spherical system of coordinates r, 6, ¢ can be taken at the center
of the drop. 1In this case the drop can be regarded as at rest, and the binary mixture as
moving relative to the center of the drop at constant velocity U. If we choose (VC,e), along
the polar axis Z = r cos 6, then vector U will be directed along this axis.
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