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ABSTRACT

I. 'This study contains an outline of the experimental
measurements performed in order to determine integrated intensities
of various vibration-rotation bands of carbon dioxide by use of
standard techniques with a Perkin-Elmer spectrometer.

II. Total absorptivity measurements on carbon dioxide at
room temperatures were made in a pressurized gas cell provided with

traensparent windows.
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I. INTEGRATED INTENSITY MEASUREMENTS ON CARBON DIOXIDE

Al Introduction and Summary
The importance of gas radiation in effecting heat transfer be~

tween a gas and its surroundings, particularly when the gas temperature
is high, has been recognized for some time. However, accurate
emisgivity data are generally not available for use in engineering
calculations of heat transfer. Recently attempts have been made to
calculate gas emissivities theoretically from spectroscopic data.
It is the purpose of the present study to provide some of the basic
date which are needed for the theoreticsl calculation of emissivities
of carbon dioxide.

Quantitative infrared intensity measurements have been carried
out for the more intense vibration-rotation bands of carbon dioxide
using helium as a pressurizing agent, Measurements were made by

uvse of standard techniques. The results are summarized in Table I.

Table I, Observed Integrated Intensities* of Carbon Dioxide

Band Center Integrated Band Center Integrated

(em=L) Intensity (cm™1) Intensity

(ci® atm tat 298°K) (ca® atm~Llat 298°K)

4983 1.0 1886

4860 27 720

3716 42,30 668 ) combined 171.50

3609 28.50 647

2349 2706.00 618

2137

2094 )combined 147

2074

* Observed intensities are accurate within + 20%.
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B, _Methods For the Experimental Determination of Integrated
Intensities

Integrated intensities of the infrared vibration~rotation bands
are required for the theoretical calculation of gas emissivities and
radiant heat transfer.

The integrated intensity o for a given vibration-rotation band

is defined by the relation

X = /rw 4w (1)

where P w represents the spectral absorption coefficient at the
wave number (U . Although the limits of integration should extend
from - o® to + 00 it is sufficient to restrict integration to a
narrow wave number interval bracketing the band center because P ,,
decreases very repidly with W in the wings of the vibration-rota-
tion bands. The integrated intensities for various vibrationerota=
tion bands will be identified by appropriate changes in vibrationel
quantum number. For example, the intense \f‘a - fundamentel of
carbon dioxide arises as a result of thertransition*(z)
= 09Vy =0, V5= 0PVy= 0, 1: 0-7»()= 0y V=0 >Vg= 1
and hes a band center at 2349.3 cn™l, The corresponding velue of

the integrated intensity is then identified by the symbol

- T > o e

* TFor details concerning spectroscopic notation of polyatomic
molecules see, for example, G. Herzberg, rared and
Spectra, D. Van Nostrand Co., New York (1946).
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The integrated intensities of other vibration-rotation bands may

be identified similarly.

a) The Method of Wilson and Wells(z)

For monochromatic radiation it is well known that

Iw = Ig exp (<P, p,p) (2)

where Iw is the transmitted intenslity at the wave number (v
when the incident intensity is I,,, » P is the partial pressure
of the absorbing gas and f represents the optical path length.

Hence the integrated intensity becomes

L = 4™ ﬂn (Tow/ I, ) daw (3)
a4 Ww

where the integration in Eq. (3) is to be performed over the entire
effective width gw of the vibration-rotation band under study.

The apparent intensities observed without absorber and with
absorber, when the instrument is set at W , are not Iow and I w

respectively, dbut rather

Tow = /Iow' g{w, w!)dw? (4)

T, = /Iw' glw, w') aw! (5)

and
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where g( W, (') represents the fraction of light of actual wave
number w? to which the instrument responds when it 1s set at w.
Some of the difficulties inherent in the calculation of P, , do
not arise in the determination of the integrated intensity. From
experimentally détermi.ned values of Tw angd, To w 1t1is
possible to determine an apparent integrated intensity ol ! which

is defined by the relation

£ = @) /ln (Tow/ T, ) dw= B/pf (6)
Wilson and Weils(z) have shown that
,é(,'"; a(,, = X
of— 0

when a number of specified conditions are met, These conditions
include the requirement that I, De independent of w in the
reaol#ed spectral range, a condition which can be approached closely
by eliminating atmospheric absorption and using sufficiently narrow
spectrometer slits to give high spectral resolution. In addition to
requiring constant T, , Eq. (6) will hold only if either the
variation of P, with W can be neglected in the spectral range
or the resolution of the instrument does not vary appreciably over
the vibration-rotation band under study. Of these two requirements
the latter constitutes an intrinsic property of the instrument. The

variation of Pw in the resolved spectral interval can be minimized
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by pressure broadening, i.e., as pf is decreased, of ' will
approach ol more rapidly, the higher the constant total pressure
at which the observations are made, |

As the optical density is decreased, the plot of P vs pl
may show considerable curvature. This fact introduces an appreciable
error into the extrapolation required to determine o , A%
sufficiently high total pressure pp, the variation of @ with pf
should follow & linear relation in accord with the fact that the
true integrated intensity is measured at every value of the optical
density and Eq. (6) should apply directly. By preceeding according
to Wilson and Welln(a) the result o¢!'-—» oK as Pp 1s increased
can be deéemonstrated. (8)

The true value of the intezrated intensity e cemn be obtained
either by extrapolating o' to zero values of pl at constant
Pp oT by finding the limiting value of oC! at constant optical
density as the total pressure is increased.

b) The Self-Broadening Technique of Penner and Weber(4)

Infrared transmission studies on pure gases have the obvious
advantage of eliminating the possibility of experimental error
resulting from imperfect mixing or from the occurrence of adsorption-
desorptipn phenomena, On the other hand, they possess the severe
disadventage of always involving the effect of significant self=-

broadening associated with increased pressure of the absorber. Howe
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ever, by sultable choice of test cell length it is pdssible to
utilize self-broadening to obtain quantitative infrared intensity
data. In general, the required cell length is shorter when the

vibration-rotation band is more intense.

Ce Experimental Studies

a) Apparatus

A Perkin-Elmer Model 12C single beam infrared spectrometer
with lithium fluoride, sodium chloride, and potassium bromide prisms
was used for transmission measurements, Incorporation of automatic
s8lit drive over the wavelength interval used for study was found to
save considerable time in experimental work. Pressure readings were
rerformed by use of a Wallace and Tiernan precision manometer for
the pressure renge 0-800 mm of mercury ( + .2 mm) and 0-1000 psig by
use of a Marsh gage (+ 2 psig).

The cell and window assemblies were machined from 18=8 staine
less steel stock. Neoprene O-rings and neoprene or teflon gaskets
were used to support the cell windows., The principal features of the
cell are shown in Fig. 1. The right end plate is provided with a
special tap to permit flushing with nitrogen of the outside of the
cell in the light path, This same end plate is fitted with a
flange to slide into the absorption cell slot provided on the spectro-
meter. A flexible collar is inserted between the other end plate
and the globar source. The collar also has a fitting for nitrogen

flushing.
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The cell is provided with a window assembly as shown and is
large enough to permit incorporation of stirring rod with
perforated end plate. In each experiment care was taken to assure
uniform mixing of gases in the cell by adequate use of the stirrer,
It was assumed that a uniform gas mixture had been obtained when
additional stirring produced no measurable change in transmission,

Details of wavelength calibration of the prism spectrometer

using a sodium chloride prism are given in Section E.

) Sumary of Experimentel Data

For the vibration-rotation bands of carbon dioxide on which
experimental measurements were performed the quentity & [2.303
has been plotted as a function of p «e in Figs. 2 to 10, Correspond=-

ing integrated intensities have been given previously in Table I.

i son With The Resulig of Other Investigator
The observed intensities of vibration-rotation bands of carbon
dioxide are compared with the results of other investigators in
Table II. Reference to Table II shows that the data are in excellent

agreement with the results of other investigators.
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Table II. Observed Intensities of Carbon Dioxide

e —— — —

Integrated Intensity ol
(cit® atm™L at 298°K)

(cm"l) et al 2:5,6 Grawfordd(7) Study
(1941) ; + 10% + 20%
{1951) (1952)
5109 .426
4983 1.01
4860 272
3716 39.0 42.3
3614 27.0 28,5
2349 2867.0 2693.0 2706.0
2137
2094 }“‘“"md .147
2074 0.14 (P and Q)
2074 .05 (Q only) o8z
g’_gg‘z +005 }combined. *
720
. . 171.5
668 187.0 161.0 combind

647
618
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E. Calibration of Perkin-Elmer Spectrometer with Sodium Chloride
Prism

In the wave number calibration of an infrared spectrometer it
may become necessary to make use of the relation between micrometer
screw turns and weve number in wave number regions where no
calibration points (absorption bands or lines) exist or are available.

In the present calibration it was necessary to extrapolate the
micrometer screw tums vs. wave number curve from the carbon dloxide
band at 667 cm'.l to regions near the absorption limit of the sodium
chloride prism. This was done using the method of McKinney and

Friedel,(s) whose empirical equation is

2y-1

T - B (W, -w?) (7)

vhere T is micrometer screw turns and T, is the ordinate intercept
at B(wga - wg)-l = 0. Here W, is the Restrahlen wave number
depending on the prism material and w is a known or measured wave
number. Seven absorption mexima of ammonia and carbon dioxide were
used for calibration and (w; - wz).l was calculated and plotted
against micrometer screw tumrms. For sodium chloride the value of
w, is 126 a L,

The constants ‘.Eo and B are determined from the known absorption
mexima., Bquation (7) is used to extend the calibration curve of T vs

& .+ The correction term for short wave length absorption was

neglected for the present purpose. Figures 11 and 12 are reproductions
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of original calibration graphs in which the abscissee are,
2.~1
respectively, W and (wgz - w') , vhereas each ordinate rep=-

resents micrometer screw turns.



<11l

II. TOTAL ABSORPTIVITY MEASUREMENTS ON CARBON DIOXIDE
AT ROOM TEMPERATURE

A, Introduction and Summary

The calculation of radiant heat transfer from heated carbon
dioxide requires the use of experimentally determined absorptivity
data. The total absorption of radiation by carbon dioxide has
been reinvestigated at various optical densities at different total
pressures and at room temperature. A complete investigation could
not be carried out at other temperatures because of experimental
difficulties with the gas cell and amplifying system. The measured

values of the total absorptivitles are given in Table III.
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B.__ Baslc Radiation Laws

The spectral distribution of radiation from a blackbody is

given by Planck!s radiation 1aw(9)

-5

-1
R, dA =¢; A [exp (cz//\ T) - 1] (P (7

where R A dA is the energy emitted from a blackbody at temperature

T per unit time per unit area in the wave length interval from A
to A plus dA  throughout a solid angle 2 77 steradians. ¢,

and c, are physical constants whose values are given below: (10)

-5 2
e, = 2n ch2 = (3,732 + .006) x 10 erg cm sec;

oo = chfic = (1.436 ¢ .001) cm °;

-10 -1
¢ = velocity of light = (2.99776 + .00020) x 10 cm sec

h = Planck!s constant = 6.62 x 10"27 erg sec;

-16 o_=1

k = Boltzmann!s constant = 1.381 x 10 ergs per molecule X .
-1

Equation (7) may be expressed in terms of wave number W (=,J ),

, -]
R, dw = c:lu.);3 [exp (czw/T) - ]J aw (8)

where R, dw is the energy emitted from a blackbody at tempera-
ture T per unit time per unit area in the wave number interval from

W to W plus dW throughout a solid angle 2 TT steradians.



~14-

The total intensity of radiation emitted by a blackbody over

all wave lengths is given by Stephan's law

co

/Rw dw=0"m4 9)

o
where o~ represents the Stephan-Boltzmann constant and has the

numerical valueuo) (5.67283 + .0037) x 10"5 erg em™?

-4

=1
%™ sec = 27r5k4/1502h2). For a greybody the emissivity £ is

independent of wave number, i.e.,

R,'= ER, (10)

where R w ! is the spectral intensity of radiation emitted from a
greybody. The engineering emissivity or absorptivity for diatomic and
polyatomic gases is defined by a relation similar to Eq. (9). Thus,
if I ,, 1is the spectrally emitted intensity from a non-black and &

non-grey source, then the engineering emissivity E is gliven by
@

E= /(Iw | o ®aw (11)

0
where I 18R [1-ex (-p,, pd)|.?, 1s the spectral
absorption coefficient and p/ is the optical path density.

Equetion (11) cen be written more explicitly as a sum over the
contributions to the total emissivity from separate vibration- rotation
bands. ﬁms. let

?
] 1 1 ’
AW = AW (v, Vg Vg —> V5, Vo vz) represent the effective
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width of the vibration-rotation band arising from the transition
)
A L
Vis V25 Vg —> Vi, Vg Vgo Then

A/
/Rw [l-exp (-—Pw pp)] aw (13)
aw'

where the quantum numbers must conform to the selection rules for
all allowed vibrational transitions. Quantitative calculations of

E are exceedingly difficult to carry out.

Ce Motal Absorptivity Determinations on Carbon Dioxide at Room
Zemperature

An apparatus has been bduilt for the measurement of absorptivity
and emissivity of carbon dioxide., The system consists of a source
of infrared radiation, a ges cell in which temperature and pressure
may be controlled and a non-selective receiver. The signal from the
receiver or detector is amplified using chopped radiation for
stabilization. The percentage of transmission is found by comparing
voltage output from the detector for an empty cell with voltage
output from the detector for the same cell under test conditions. A
recording potentiometer (Speedomax) is used to indicate voltage. A
block diagram of the apparatus used for study of absorption and
emigsion is shown in Fig. 13.

The source of radiation used is a globar unit which has a

continuous emission spectrum in the infrared region.
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The globar temperature must be held within close limits to reduce
fluctuations in radiation. Power supply to the globar is
regulated by 2 Sole constant voltage transformer.

The globar, gas cell, and detecting thermocouple are placed
in a wooden chamber which is flushed with nitrogen to prevent light
absorption by atmospheric water and carbon dioxide. The cell is
fitted with potassium chloride windows which allow transmission at
wave lengths longer than 20 microns,

The detector is a thermocouple which develops & signal of 100
microvolts with full globar input, Sensitivity of the thermocouple
is specified as six microvolts per microwatt of incident radiation.
This thermocouple is of the same type as that used in the Perkine
Elmer Model 12¢ Spectrometer and is reported to be linear in output
over wide variations in light intensity at all wavelengths in the
near infrared region. The thermocouple is sensitive to ambient
temperature changes. Drift and instability produced by such changes
are avoided by chopping incoming radiation at 13 cjclas per second.
Thus a low frequency A.C. amplifier may be used to amplify the very
low level signal from the thermocouple. The A.C. signal is later
rectified and filtered to recover information regarding signal
amplitude, Contacts for the synchronous rectifier are operated by
mesns of cams on the shaft of the synchronous motor used for the

rotating shutter,



Emissivity as well as absorptivity may be measured with this
system. For emissivity measurements it is only necessary to place
the light chopper disk between the sample and the thermocouple
rather than hetween the globar and the gas sample.

Since percentage of transmission is measured by noting the
difference in radiation intensity received when the cell is
evacuated and the radiation received when the cell contalins gas at
known temperature and pressure, it is important that measurements
be made within the limits of linearity of the detecting and amplifying
system. There is no easy means avallable for the measurement of
absolute radiation intensity received at the thermocouple, The
anmplifier and Speedomax were found to be linear with respect to
input signals from the detector,

Percentage of absorption by carbon dioxide at the temperature
and pressure used was found to be of the order of 25% or less. In
order to get reliable data it is necessary that nolse and drift be
low in comparison with variations in signal strength arising from
changes in absorption of radiation. Noise and drift in the
instrument were reduced to below the 1% level.

10)

Previous :lnvestigations( were carried out at a total pressure
of one atmosphere while varying the partial pressure of the absorbe
ing or radiating gas. We have investigated absorption of radiation

at room temperature at total pressures up to 55 atmospheres,
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Let D= recorder deflection for the filled gas cell and Dy =
the deflection for the empty cell, K = recorder constant,
Ts = globar temperature, E g = emissivity of source,
0~ = Stephan~Boltzmann constant, o{ = absorptivity and XK' =K/0,

Then
kp = o€, swjl (14)

and, if £ =1,
= Ta/n, (15)

When the gas cell contains absorbing gas and £ g = 1, then

KD = (1-«)@‘:1 (16)
AL = (mil - ztn)/m‘:l (17)
A =1- D/Dl (18)

It follows from Kirchoffts law that the total absorptivity and
emissivity of the carbon dioxide are equal to each other at
equilibrium. At room temperature it has been assumed that the
emission of radiation from carbon dloxide is negligibly small
compared with the intensity of the transmitted incident radiation.
The rasults of total absorption measurements are presented in
'.L‘ablesIII end IV and are plotted in Figs. 14 to 17, Table III and

Mg. 14 contain a summary of the experimental data which were actually



obtained. Table IV and Figs. 15 and 16 contain resulits applicable
t0 & total pressure of 1 atmosphere. In Fig. 17 the absorptivity o
is plotted as a function of optical density with the total pressure
P treated as a variable parameter. Reference to Fig. 17 shows

that o is not a sensitive function of the total pressure at

pressures in excees of about 3.73 atm.

Table IV, Absorptivity of Carbon Dioxide at a Pressure of 1 atm
and at Room Temperature

4 p A
(£t-2tm) Absorptivity &« (ft-atm) Absorptivity ol
10 .221 o4 .081
8 .197 o2 .064
6 172 .1 .054
4 .148 .08 .050
2 122 .06 .045
1.5 113 .04 039
1.0 .103 .02 .030
.8 .098 .01 .022
.6 .092

D. Comparison with the Results of Other Investlgators
The experimentally determined values of ol at a total

preseure of 1 atm are compared with the results of studies carried

(11)

out by Hottel and Mangelsdorf in Teble V and in Figs. 18 and 19,
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Since the limit of our probable error is + 10% and those of Hottel
and Mangelsdorf + 20%, the agreement between the independently

determined experimental data may be considered to be satisfactory.

Table V, Absorptivity of Carbon Dioxide at Room Temperature at
a Total Pressure of 1 Atmosphere.

LS
Absorptivity &
Y 1’ Hottel and
(£t atm) Mangelsdorf Present

(1935) Study
10 «221
8 197
6 172
4 17 .148
2 15 .122
1.5 14 .113
1.0 «128 .103
.8 <120 .098
N o111 .092
4 «100 .081
2 .083 .067
ol .068 .054
.08 .064 .080
.06 -057 «045
.04 .050 039
.02 .038 .030
.01 .0285 .022

.008 0252

.006 .0219

.004 017
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Fie, 1. Schematic representation of infrared
abscrption cell used to measure intensities of
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