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I. INTRODUCTION

In a previous report,1 the need for sets of band model
parameters for infrared active species that are internally
consistent for the entire temperature range from near atmo-
spheric (~ 250°K) to gas combustion values ( ~ 2500°K) was
discussed. In that report, parameter sets for the 2.7-ym
bands of HZO and CO2 were constructed by combining the
low temperature variations of parameters derived from the
Air Force Cambridge Research Laboratories (AFCRL)
atmospheric absorption line data compilation2 with the high-
temperature variations published by General Dynamics in the
NASA Handbook of Infrared Radiation from Combustion Gases.3
The former parameters are valid near atmospheric temperatures
and the latter for high temperatures. Conversely, outside the
temperature region for which they are valid, both sets are
decidedly inadequate. The combined sets were constructed to
provide a consistent set that could be applied for all tempera-

tures in the 100 to 3000°K region. The present report extends

this work to the 4.3-“m band of COZ'

lS. J. Young, Band Model Parameters for the 2, 7-um Bands of H,O
and CO; in the 100 to 3000°K Temperature Range, TR-0076(0970)-4,
The Acrospace Corp., EI Segundo, Calif. (31 July 1975).

ZR. A. McClatchey, W. S. Benedict, S. A, Clough, D. E. Burch,
R. F. Calfe, K. Fox, L. S. Rothman, and J. S. Garing, AFCRL
Atmospheric Absorption Line Parameters Compilation, AFCRL-
TR-73-006, Air Force Cambridge Research Laboratories, Bedford,
Mass. (25 January 1973).

C. B. Ludwig, W. Malkmus, J. E. Reardon, and J. A. L. Thompson,
Handbook of Infrared Radiation from Combustion Gases, eds. R.
Goulard and J. A. L. Thompson, NASA SP-3080, Marshall Space
Flight Center, Huntsville, Ala. (1973).

3
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II. COMPONENT BAND MODEL PARAMETER SETS

A, Band Model Parameters From Line Data (LINAVE Parameters)

The procedure for deriving band model pParamters appropriate
to a Lorentz line statistical band model from line data is dis-
cussed in detail in Ref. 1. This procedure was applied to the
AFCRL line data” in the 4.3-ym region for CO, to obtain the
band model parameters k (mean absorption coefficient) and
1/6e (mean effective line c{elnsity) for the 97 s;-)tlactral intervals
from p = 2010 to 2490 cm by steps of 5 cm with a spectral
resolution Ay = 5 cm-l and for the 14 temperature values
T = 100, 150, 200, 250, 300, 250, 400, 500, 750, 1000, 1500,
2000, 2500, and 3000°K. The line broadening parameter ?ofor
nonresonant self-broadening was derived for the same spectral
intervals. The third band model parameter 3 (mean line half
width at half height) is given in terms of ;0 by Eq. (30) or (32)
of Ref, 1 and the CO2 data of Table 1 of Ref. 1. The parameter
set is designated for identification in this report as LINAVECO2,

B. NASA Parameters

The band model parameters for CO2 from the NASA
Handbook3 are based on quantum mechanical calculations by
Mall<n'1us,4 and are intended primarily for high-temperature

application. The data for k are complete for the spectral

region from 1900 to 2395 cm-l. For l/be, the data are
given for the spectral region from 2000 to 2390 em-l. For

both parameters, the data are given at the seven temperatures

“The line data compilation version dated 4 Feb 1975 by AFCRL
was used in this work.

......
3

"This parameter is from the NASA Handbook tabulation for
the single line grouping (SLG) model.

W. Malkmus, J. Opt. Soc. Am. 53, 951 (1963).

Preceding page blank
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T = 300, 600, 1200, 1500, 1803, 2400, and 3000°K and reflect a spectral
resolution of ~5 cnm1~ l. From this data compilation, a band model para-
meter set (designated NASACO2 in this report) was constructed:? for

vV = 1900 to 2400 cm-l by 5 cm-l steps and for the same seven temper-
atures as the NASA Handbook tabulation. The NASA unit for K is cm™ !
at STP and was converted to the unit cm” l/ atrin by multiplication by
273/T. The _}70 cocfficient is taken as a consta{\t for all Av intervals
with the value (Table 1, Ref. 1) ?0 = 0.09 cm” " /atm,

C. Evaluation of Parameter Set

An evaluation of the LINAVECC2 and NASACO2 parameter sets
was made by comparing absorption and emissicn spectra predicted by
the respective sets with experimental absorption and emission measure-

ments made on homogeneous, isothermal gas samples. The evaluation

was made for both room-temperature and high-temperature gas samples.

1. Low- Temperature Evaluation (296°K)

Gryvnak et a.l.5 have made high-resolution measurements
of the absorption spectra of the 4. 3-ym fundamental band of CO2 at
296°K for a wide variety of optical thickness, CO2 partial pressure,
and total pressure (with N, as the foreign gas). For most of the sam-
ple experimental case, extensive tables are given from which the

integrated absorptance between iny two wavenumbers can be calculated,

“When required, linear interpolations with respect to ¥ were used to
obtain the parameters for spectral positions not listed in the Handbook
tabulation. The §_ data at ¥ = 2000 cm~! was assumed to prevail
between ¥ = 1900 and 2000 cm- !, The 6, values at 2395 cm~ 1 were
assumed to be 1/2 the values at 2390 cm-1. All K and 8, values were
set to zero at V= 2400 cm-1. The spurious temperature variation of
k between 1500 and 2400°K in the 1990 to 2090 cm- ] spectral region
was modified by defining the parameter values at 1800°K to be the
semilogarithmically interpolated value between the data at 1500 and
2400°K.

5D. A. Gryvnak, R. A. Patty, D. E. Burch, and E. E. Miller,

Absorption by CO» between 1800 and 2850 cm~- 1, U. 3857, Aeronutronic
Div., Philco-Ford Corp., Newport Beach, Calif. (15 Dec. 1966).




The solid curve of Figure 1 is the result obtained for their sample
No. 100. The relevant data for this sample are: p = N, 132 atm,
c=2.5% 10‘4, and L = 12110 cm. The optical depth is
u = 0.399 atm cm and represents a case of moderate
absorption. The curve was constructed to reflect a spectral
resolution Ay = 5 cm-l. Figures la and lb show the com-
parison of the experimental spectrum with the spectra computed
with the LINAVECOZ2 and NASACO2 parameters, respectively.
Both of the parameter sets give results that underestimate
the experimental absorption near the band center. This
underestimation may be due to the use of a statistical rather
than a regular line spacing band model. Over the whole of
the band, the LINAVECO2 parameters give an excellent fit
to the experimental data, whereas the NASACO2 parameters give
a poor fit.

A similar comparison was made fcr a more strongly
absorbing sample (sample No. 40) in order to make a more

sensitive comparison in the band wing region below 2300 cm-l.

For this sample, p = 0.132 atm, c = 4.0 x 1073, L = 46, 900 cm,
u = 24.8 atm cm, and, again, Ay = 5 cm-l, The results are
presented in Figure 2 in the same format as Figure 1. Again,

the excellency of the LINAVECO2 and the poorness of the

NASACO2 parameter sets are demonstrated,
2.  High-Temperature Evaluation (1500°K)

A high-temperature emission comparison was made
between calculated emissivity spectra and an experimental
spectriia of Burch and Gryvnak.6 The experimental conditions
were: p = 0.249 atm, ¢ = 1.00, L = 7.75 cm, and T = 1500°K.

¢ D.E. Burch and D.A. Gryvnak, Infrared Radiation Emitted by

Hot Gases and its Transmission Through Synthetic Atmospheres,
U-1929, Aeronutronic Div., Philco-Ford Corp. Newport Beach,
Calif. (31 October 1962).
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The optical depth is 1.93 atm cm and Ay. 8cm-1. The
comparison is shown in Figure 3. Here, we see the serious
failing of the LINAVECO2 parameters when applied to high-
temperature gases. Not only is the band-center emission
seriouslv underestimated, but the entire band wing emission
below ~ 2200 cm™! is missing. The NASACO2 parameters,
on the other hand, provide excellent agreement over the
whole emission band.

These comparisons give the sare qualitative
result that was obtained for the 2. 7-ym band of CO2 in
Ref. 1; namely, that the LINAVECO2 parameters are
valid for low-temperature applications but not for high-
temperature applications, whereas the validity of the NASA

parameters is reversed.
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III. COMBINED PARAMETER SET (COMBCO2)

The synthesis of a consistent band model parameter
set for the 4.3-ym band of CO, followed the general pro-
cedure given in Ref. 1. For each spectral interval, the
LINAVECOZ2 and NASACO2 parameters were plotted as a
function of temperature, and an interpolation was made between
some low-temperature point on the LINAVECOZ2 curve to
some high-temperature point on the NASACO2 curve, Some
representative constructions are shown in Figures 4 and 5.
The spectral positions y = 2100, 2225, and 2350 cm-1
represent positions in the far wing, near wing, and band
center, respectively. As a general rule, the choice of
interpolation line (dashed curves in Figures 4 and 5) was
relatively self-evident, and little iteration was required to
get a best fit between spectra computed with the synthesized
parameter set and the experimental spectra of Section IIC.

The final version of the synthesized set is designated
COMBCO2Z in this report. The band model parameters k
(cm-l/atm) and I/Jje (l/cm'l) are given for the 81 5 em™!
spectral intervals from 2000 to 2400 cm'-1 and the 10 temp-
eratures T = 100, 200, 300, 500, 750, 1000, 1500, 2000,
2500, and 3000°K. The broadening parameter ')70 from the
LINAVECO2 set was used to represent this parameter in
the combined set. A listing of the final parameter set is

given in the Appendix.

Spectra for the homogeneous path conditions of Section
IIC were generated with the final set to verify its validity.

For both of the low-temperature cases, the spectra generated

with the COMBCO2 parameters were indistinguishable (in
plots) from those generated with the LINAVECO2 set. For the

: high-temperature case, the only difference between the spectra

R ~ Preceding page blank
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computed with the COMBCO2 and NASACO2 sets is an
increase in emission for the former set in the far band

wing below ~ 2100 cm”!. This difference is indicated

in Figure 3b by the short-dashed curve. Thus, the COMBCO2
parameter sets successfully reproduce spectra for both high-
and low-temperature applications and can be expected to give

adequate results for intermediate temperatures.

-16-



APPENDIX, COMBCO2 PARAMETER SET LISTING

A listing of the COMBCO2 band model parameters is given in
the following table. IDNAME is simply an identification name for the
parameter set. RESOLUTION is the value of Ay appropriate
for the set. ALPHA (1) through ALPHA (5) are the ratios of
the efficiency of pressure broadening by the indicated mechanisms
to that of nonresonant self-broadening. ALPHA (6) is the atomic
mass of the absorbing species. the WAVENUMBER array lists the
center values of all the Ay intervals included in the set. NW is
the number of such intervals. The TEMPERATURE array
similarly lists the temperatures for which the data are tabu-
lated. NT is the number of such temperatures. The ABSORPTION
COEFFICIENT array is k. The first column of this array is
the interval center wavenumber, and the rows are the values
at the temperatures of the TEMPERATURE array. The EFFEC-
TIVE LINE DENSITY array is the parameter 1/5e and is presented
in the same format as k. The MEAN LINE WIDTH array is the
parameter 70 for nonresonant self-broadening at STP. The

values correspond to the wavenumbers listed in the WAVENUMBER

array,

={q=
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LABORATORY OPERATIONS

The Labusatory Operations of The Aerospace Corporstion is conducting
sxperimentel and theor: tical investigetions necessery for the evalustion and
applicetion of scientific ~dvances to new militery concepts end systems. Ver-
satility and flexibility have been developed 0 a high degree by the laboretory
personnel in dealing with the many probleine encountered in the nation's rapidly
developing spece and miseile systems. Expertise in the latest scientific deve!-
opments is vitel to the accomplishment of taske related to these problems. The
laboretoriee that contribute to thie reeeerch ere:

Aerophysics Laboratory: Launch and reentry eerodynemice, heet trans-
fer, r;m—:r%gﬁﬁmmxol kinetics, structural mechanics, flight dynamice,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physice Laboretory: Atmospheric reections and etmos-
pheric op reactione in polluted atmosp! eres, chemical reacticns
of excited species in rocket plumes, chemical thermodynemice, plesma and
laser-induced reectione, leser chemistry, propulsion chemistry, spece vacuum
and radiation effects on materiale, lubrication and surface phenomaene, photo-
eensitive materials and sensors, high precision laser renging, and the appli-
caticn of physics and chemistry to problems of law enforcement end biomedicine.

Electronics Reseerch Laboretory: Electromegnetic theory, devices, and
propegetion phenomena, fnciui'in. plesma electromagnetics; quantum electronice,
lasers, and electro-optics; communication sciences, epplied electronice, semi-

conducting, superconducting, end crystel device Physics, opticel end ecousticel
imaging; atmospheric pollution: millimeter wave and far-infrered technology.

Materiais Sciences Laboratory: Development of new meteriais; metel
matrix compositse and new forms of carbon; test and evaluetion of graphite
and ceramice in reentry; spececraft materials and electronic componsnts in
nucleer weapons environment; application of fracture mechenics to stress cor-
rosion and fatigue-induced fractures in structural metals,

Space Physics Laboratory: Atmospheric end ionospheric physics, radia-
tion from the atmosphere, density and composition of the etmospheres, aurorae
end airglow; magnetospheric physics, cosmic rays, generation and propagetion
of plasme waves in the magnetosphere; solar physics, studies of soler nagnetic
fields; space astronomy, x-rey astronomy; the effects of nucicer explosions,
magnetic storms, and soler activity on the eerth's atmosphere, ionosphure, and
magnetosphere; the effects of opticel, electromagnetic, and particulete 1adia-
tions in spece on space systems.

THE AEROSPACE CORPORATION
El Segundo, Celifornia



