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ABSTRACT

., Measurements of the infrared emission of CO; and H,0 near
3700 cm ! and near 2350 cm ! have been made at 900°K, 1200°¢“and 1500°K
vith pressures varied between approximately 5 .nd 1500 wm Hg. Samples
were contained in a sample cell 7.75 cm long and heated by molybdenum
vire furnace. Investigations were made of absorption of radiation from
hot COy by cold COz and compared with the absorption of radiation from a
continuous source. Results of the measurements are presented in consi-
derable detail in tables and figures.
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SECTION 1

INTRODUCTION

Gensral Discussion

More fundamental information about the eamission of infrared
radiation from flames and ite %riasxission through the atmosphere io
clearly needed. The objective of the present experimental investiga-
tion {s to provide dasic informaticn adout the emission of CO, and
H,0, the two most important constituents of flamss, and a >ut®rhe
tfansnission of the emitted radiation through atmospheric paths con-
taining these same two species. A SIPLCII flame shows & ragion of
strong emission by co2 negr 2350 cm * (4.3 microns) and another bdy
CO, and R O near 3700°ca ° (2.7 microns). This report is devcted to
nciourclcﬁtl nade in these two spectral regions.

A furnace has been designed and built to heat samples composed
af K,0 and CO. and other gasas to temperatures as high as 2000°K. The
lll'f. g&s {s'contained in s small platinum cell with lcpphtro‘vlngov0.
and the temperature of the sample 18 uniform to spproximately - 10°K.
Virtuslly any sixture of X, 0, CO,, and any gas vhich does not react
vith copper tubing can be va‘ltigntod 4’ sny pressure between approrvi-
nately ) and 1500 mm Ng. The measurments have been made with the »
ef determining the dependence of emiveion on the tempersture, the
opticel thicknesa of the emitting ges, the partial pressure of the
enitting gases, and the ;2-tial pressure oi othir non-emitting gases
vhich are present. Nitrogen has deen used as & non-emitting foreigu
gas. It (s believed that the information presented in this report,
along with that vhich will result from continued {avestigations, will
be fnvaluadle in making calculations of the ertssion from flames vhich
are larger than can be produced in the ladoratory, and are non-uniform
{n tempersture an! in composition. The type of information provided by
the present investigetion is essential for the development of proper
band wodels necessary ior such calculations.
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Since the objective i{s to obtain quantitatire data on effects
of pressure, temperature, etc., it was decided to investiga:e samples
heated by a furnace rether than flames. Much better contrcl of samples
coutained in a cell heated by a furnace is possible. The temperature
and composition can be kept uniform throughout the ssmple, while these
parameters are variable throughout a fleme. The temperature, pressurs,
and composition can &lso bs varfed over much wider ranges. Results of
the CO, and R, O measurements are presented in Sections 3 and &,
ronpacaivtly.

A second phase of the study {nvolves the transaission of
radiation through synthetic aitmospheres. Considerable work has been
done on the transmisaion of radiation from continuous sources, such as
glovers and hot filaments, through atmospheric paths. However, the
problem is further complicated when the source cf radiation {s a gas
flsme containing the same species ae the adsordbing gas. The complica-
tion results frow the fact that many of the emission maxima occur ot
the same frequencies as the absorption saxima. A detailed discussion
of this effect is presented in Section 3 along with the results of
several measurements vhich have bdeen mede.

Since the investigations are deing continued, very little
analysis of the data {. =resented in this report. The data are
presented in considerable detail ir the forw of tedles and figures
80 that they can ba used conveniertly by other workers for comparison,
or for s basis for theoretical calculations. PFurther reports on this
investigation will coutsin 4 considerable smmount of snalyeis; and
comparisons will be made vi!h results of 'ela:o’ {nvestigations by
vorkers at_Genersl Dynamics , Marner and Svpeey®, University of
Califoraig”’, Jsrsel Inctitute of Technology , and Arsour Research
Institute”, Effects of temperature, pressure, optical thickness, etc.
vill be determined and the usafulnese of diffcrent band wodels will
be coneldered.

Untts, Sywbole, and Defiri{tioas

The Grogr latter v 1o uved to denote the frequency of radiatfon
fn vevenumber (cm '), the number of waves per centimeter in vacuum. _Mave-
lengths are messured {n micyons and denoted by A. Prequencier in cm l
can be f{ound by dividing 107 by the ‘avelength in wmicrons.

k(. s the tyve sbsorption coefficient at frequency v as (¢t

would be observed with en imstrumert haviag in(infte resolving pover.
Vherever “true” 1s uned v«ith sbsorption coefficient, transmittence or
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exissivity it corresponds to infinite resclving power. True transmittance
is given dy exp(-k(v)u), where u is the optical thickness.

T(v) is the transmittance of a samplc measured at fregqucacy v
with a continuous source and & spectrometer having finite slit width. The
transmittance of a gas sample is the ratio of the radiation transmitted R
by tha gas to that incident on it. Avsorptance is denoted by A(v) and is
1-T(v). Dmfissivity ¢(v) is also 1-T(v); absorptance is used with reference
to cold gases for which the irterest is in the absorption of radiation.
Baissivity i{s used vith reference to hot gases vhose radiation characteris-
tice are being studied. The emissivity of a gas is the ratio of the
emitted radiani power to the radiant pover frum a blackbody at the same
temperature. T is used to denote the average value of ¢(v) over a specified
interval.

N(v) denotea_fpecgscl radiance in watts |tcr-l cn‘z cnl. N denotes
radiance in watts ster " cm “; either for all frequencies or over a speci-
fied interval. Different subscripts and superscripts ueed with the symbols
described above refer to specific cases. For example NB(v) denotes the
spectral radiance of a blackdody. T (v), T_(v) snd T__(v) denote traus-
mittances of a cold jas, a hot gas, gnd a hOt and colgcgcc in serfies,
respectively. Wwhen an asterisk is used vith a symbol for transmittance
such as T#(v), it denotes the transmittance that would be observed with
a hot gas source,

Total pressures are denoted by P, and partisl pressures of
fndividual gases by p(COz), p(Hzo), etc. All pressures are msasured in

m Ng.
Values of optical thickness u for CO2 samples are determined in
atmos om STP dy
p(COz) L Oo
u (atmos cm STP) » b o (1-1)

where L (» the length of the sample i{n cm, @ s stendard temperature.
273%; and @ &3 the gas terpersture {n °x. °D£vtdtn; by 760 converts

the pressure to stmospheres. The temperature feactor © /@ (s to be noted
since many authors do not apply it {n theilr calculatiods. In (he present
investigation this factor i{s used so that s gisen_vaelue of u {n §lmos c=
STP corresponis to the same value {n moles por cm” ur gms per c»®, regard-
less of the tesperature. In the case of CO_,, values of optical thickress
cean be :.ot_.xxcrtod frw atwos c» STP to gms pir cm” by multiplying by

1.96 x 10 .
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In the case of H,0, values of u are wxpressad in_precipitable
om (pr. om), which {& nun&?tually squivalent to gma per em®, an. van be
saleulated by

PR L A 4

W(PF A HyQ) e-m&-- —‘J 200 % 107

(\-2)

The torm optical thicknesa 1a uasd {natesd of ahsavher vencens
tration which hac heep uasd for the same quantity by aome wovkeva,
tueluding the authora’, Optical thickness has heen charen ainee it
seema Lo ko move desoriptive) wnlts wasd in the present repert ave hassd
on thoae used most ofian hy ather inveatigators daing similay wovk.




SECTION 2

EXPERIMENTAL

Apgurg;ut

A disgram of the optical componunts of the apparatus is shown
in Figuce 2-'. Radiation from a Nernst glower passes & 1) cps chopper
and ic Yucussd nsar a small absorption cell inside the furnace. The
sbsorptior ~all is not shown in Figurc 2-1, but the sapphire windows
which fit it are shown. After passing through tha cell, the radiation
travals on through the furnace and an imege of the glower is formad on
the slit of a Perkin-Elmer Model 99 monochromator. The absorptance at
any frequency ie obtainad by comparing the signal obaerved with &
sample (0 the hot cell to that observed with the cell evacuated. 8inc:
the furance {s betwesn the chopper and the monochromator, radiastion from
it is not wodulated <nd fe not detectsd. Absorption by the windows ts
scuounted for by the comparison of the spectra. If one were to use the
ho: gas directly as a radiation source, error would arise from radia-
tich emitted by the windows or reflected from thuom. This radiation
could not be very accurateiy accounted for by comparing the signal
with a sample in the cell to that obtained with the cell evacuated.
Each vindow would not only emit and scatter radfation into the {nstru-
ment; it would aleo absorb a portion of the radiation from the preceding
components. For exsmple, the cell windov on the eide next to the
wonochromator would adeord part of the radistion emitted by the gas
and by the vindow on the opposite eide of tha gas. Similerly, the
sanple gas would absord part of the rediation from one windowv and none
from the other. Thus, £t {s appsrent that the contribution of the
radietion due to the vindows would change vith the gas semple and wnuld
be very difficult to determins.
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Since, according to Kirchhoff's Law, the emissivity of a body
in thermal equilibrium is equal to its absorptance, the emissivity can
be determined from the measurements. The spectral radiance can then
be calculated from the product of the emissivity and the spectral
radiance of a blackbody at the tewperature of the sample.

In order to reduce errors in emissivity measurements arising
from absorption by atmospheric gases, all the optical path except for
that in the monochromator and the furnace is confined to a source tank
and an optics tank. Either tank can be evacuated and filled with gas
to any desired pressure less than atmospheric; the optics tank is
usually evacuated, while the aource tank is evacuated wnd then filled
with dry nitrogen. While making some measu ements of the type described
in Section 5, absorbing gas is puc in the opcics tank. The source tank
is not operated under vacuum in order to avoid possible trouble with
the chopper and because of 2 tendency of the Wernst glower to evaporate
and form a fi{lm on the mirrors. The 1id of the monochromator is
connected to the window at the end of the optics tark by means of a
bellows to reduce leakage of air into the region under the lid, which
is fiushed with dry nitroger at the rate of about 3 liters per minute.
Under these conditions, it is possible to reduce the maximum absorptance
ir tha regions of the CO, bands at 2350 cm~l ard the Hy0 bands at
3700 em"1 to aboux 0.01 or 0.02.

The monochromator was originally placed inside the optics
tank where it could be evacuated and filled with dr; nitrogen, but
leter it war decided to use it outside the tank,as shown in Figure 2-1,
tuv av~id complications in making slit adjustments and in scanning the
Littrow drive.

Tha optical system for the optics shown in the left-hand
port'ou of Figure 2-1 is used when it is desired to have a rather
long path of absorbing gas in "series'" with the gas ir the furnace.
An image of the jlower is formed adjacent to the single mirrorsof a
muitiple-pass mirror system similar to that described by White”. In
the s:tudies usring this system, which are described in Sectlon 5, the
number of passes could be varied from sutside the tank without opening
it or without changing the gas in it. The maximum number of passes
used was 24, which correspon's to a total puth of more than 2600 cm
within the optics tank,

The image of the giower formed near the hot :etl is enlarged
by a facrn: of o proximately three. This image is the: reduced by
about che same factor, giving an image approximately (.4 cm high on
the 8lit of the monochromator. By decreasing the f-icatio in this manner,
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the beam entering the monochromator "fills" more than 80 percent of
the prism. Since therc is some vignetting, and since the haight of
the slits is about 1 cm compared to the image height of 0.4 cm,

the monochromator is oaly about 30 percent filled., In an optical
system such as this, tha maximum resolving power is limited by the
minimum slit width compatible with the desired signal-to-noise ratio,
The resolving power 1is approximately proportional to the reciprocal of
the physical eiit width, and the signal is nearly proportional to

the square of slit width. Thus, the maximum resolving power is about
one-half as great as if the monochromator were complaetely filled.
Since high resolving power is not essential in the present study, the
factor of two which {s lost is not considered important.

It would bs possible to more naarly ::11 the monochromator
optics by using an image-splitter or by increasing the aperture of
the furnace; but the advantages that would be realiced do not appear
to justify the inconveniance. If the aperture of the furnace wers
increased by enlarging the opening_  more power would be required and
it would ba much more difficult to maintain uniform temperature over
as long a portion of the furnace. An image-splitter which would eplit
an image of the glower vertically into two halves and re-image them,
one above the other, could make usa of more of the haight of the slit,
Such a device takes advantage of the fact that the image formed on
tha slits is usually much wider than the slit opening; some of the

radiation that would ordinavily be wastad 1is then used to form a
higher image without increasing the f-ratioc of the beam. However,
in viaw of the fact that the optical systam is already complex, the
further complication of an image-aplitter did not seem justified.

In the normal operation of a Perkin-Elmer double-pass-mono-
chromator, the beam is chopped internally after one pass at a point
conjugate to the exili slit. For any setting of ths Littrow mirror,
there is some frequency which passes through the oxit slit after only
a single pass (actually two passes through the prism, since the beam
traversas the prism twice in a single pass instrument and four times
in a double pases), but the singls paas radiation is not detacted
because it has not bean chopped. However, 1if the bew. is chopped
externally, as in the present study, s 'me modifications must be made
in order to avoid simultaneous detection of vadiztiza 2: tw dalfare-t
frequencies, one aingle passed and one double passed. To double pass
the instrument while using the external chopper, the bottom halves of
the entrance and exit slits were l'locked off. The single-pass
radiation from the top half of the entrance slit is focused on the
bottom of the exit slit which is blocked off. Single-pass radia-
tion is therefora not detected. During the second pass, the image
of the entrance slit is reinverted so that the dr ble-pass radiation
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entering the upper half of the entrance slit passes through the upper
half of the exit slit. Since the height of the image of the Nernst
glower formed at the entrance slits is less than half the height of
the alits, no loss in signal was introduced by blocking half uf each
slit.

The instrument was double passed to take advantage of the
increased dispersion. Also the frequency calibration and the disper-
sion are the same a3 vhen the instrument was double passed while
using the internal chopper in ccnjunction with other optical systems,
such as the Nernst glower and monitor cell in the optice tank. When
using the external chopper the internal chopper is pcsitioned so
that it {s out of the beam. A window has ' ien added to the lid of
the monochromator so that the internal chopper can be viewed while
positioning 1t.

With the monochromator double passed in this manner, the
"scattered light" was less than 0.1 percent of the total radiation
near the 3700 em-l region and was about 0.5 percent in the region of
the strong CO; absorption neer 2350 cm"l. The smount of scattered
light vas determined dy comparing ths recorder deflaection vith the
entrance slits covered to that with a sample of CO, large enough to
produce complete adeorption. Since the smount of scattered light
was 0 small, it could be accounted for sufficiently well to avoid
signtficant error.

If the physical slit width .f the monochromator were kept
constant while scanning over the entire reglon of CO; sbsorption
near 2350 cm"l, the recorder deflection on the low fraquency side
vas found to be only about 20 parcent ss great as that on the high
frequency side. In order to reduce the change in deflection from
one side of the asbsorption reglon to tha other, the slit servo-
mechanise built for the monochromator by Perkin-Eimer wvas used to
open the slits automatically according to s pre-deteruined progrem.
A nonlinear electrical ceam vhich vas custom made 1in our ledborastory
was found to produce & ressonably swooth background when used with
the Perkin-Elmer slit servo. The physical elit vidth wes kept constant
vhile scanning the region near 3700 cm-l sfnce the change in recorder
deflection from one side of the region of sdbsorption to the other side
vas less than for the region near 2350 cm"l. A further reason for
using conatent slits at higher frequencies is that the alite are
narrower and & emall error in the servo mechanism would produce a
larger error in the recorded signal.




Table 2-1 gives values of spectral slit width AV at several
frequencies for the diffarent slit programs used. The vsiues are
based on curves in the instrument instruction manual relating A% to
the physical slit width, and are one-half the width of the total
spectral interval passed by the slits. These values are approximately
the same as would be obtained by using the Rayleigh criterion. 1In
the discussion of the results, reference 1s made to the resolution
schedule which was used while obtaining the data.

TABLE 2-1

RESOLUTION SCHEDULES

anz::n{br.r (AW} in cu-l

2 ¢

1800 . 5.0
2000 . 4.8
4.6
4.4

4.8
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The synchronous motors ,vhich drive the recorder chart and the
monochromator Littrow arive ,ware replaced by selsyns. Both of these
selsyns are now driven from the same transmitter which is powered by a
variable speed d.c. motor. With this arrangement :he recorder chart
and Littrow drive are synchronized so ‘hat the frequency calibration
on a spactrum remains the same and the scanning speed can be varied.
The scanning speed is manually controlled so that there is sufficient
time for the recorder to respond and give a true reading. Portions of
the spectrum with little or no structure can be scanned as much as §
times faster than the portions containing considerable structure. By
varying the speed the scanning time is reduced to about 60 or 70% of
the time required for a constant scanning speed which is decermined by
the region having the most structure.

A gas handling systeam, vhich is described in considerable
detail in Appendix B, vas designed to deliver gas samples to the
sample cell in the furnace at any desired pressure betwsen approximately
J and 1500 sm Kg. Virtually any gas mixture, including water vapor,
vhich will not react with copper tudbing can be produced and flowed
continuously through the semple cell at a regulated pressure. All :ho
coaponants vhich contain sample gas can be haated to approximately 140° c

in order that H,O can be investigated vwithout condensation in the linas.
Argon vhich 1o znnctivc in the infrared is continuously flushed through
the section of the furnace aro..d the sample cell. The argon pressure

is maintained very close to that of the semple in order to avoid
rupturing the thin sspphire windows of the sample cell and to reduce
leakags past them. The windows are only 0.7 me thick so that abdsorption
of radiatfon by them is kept to & minimum. Absorption by sapphire -1
becomes important at high temperature at frequencias balow about 2200 cm
(> 4.3u).

Both the sample gas and the argon ars flusaed continuously to
avoid sccumulation of either of these gases in the wrong section of the
furnace,and to carry awvay any impurities that might ariee from slow
reactions or from de-gessing from the valls of the furnace,which might
occur because of the high temperatures. A small absorption cell and &
separate radiation glower verc employed in order to monitor the composi-
tion of the gases by observing their absorption spactra. The arrengement
is shown {n Pigure 2-1. A emall flat mirror located inside the optics
tank can be moved {nto the path of the besm coming from the furnace,
thus blocking it from the monochrometor. When in thias position, the
mirror directs light from a Nernst glower onto the monochromator.
Located in the besm 1¢ & small adeorption cell, labeled as & monitor
cell, vhich is connected to the gas handling svstem. The primary purpose
of the monitor cell ie (o cont-in samples of gas vhich can be Dled
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from either the hot cell in the furnace or from the argon sections.
Speactra of these samples can be obtained periodically to monitor

the composition of these guses. For exsmple, the purity of the argon
is monitored to check for possible leakage of exceasive amounts of
sample gas into the argon section. Jy comparing the spectra with
others obtained for known mixtures in the cell, it ia possible to
estimate the amount of sample gas present. On the basis of checks
nmade while obtaining the data presented in thie report, it was found
that there was usually less than 0.05 of one percent sample gas in
the argon. Error arising from the presence of this gas 1e therefore
small. Similar checks of gases bled from the hot cell indicated that
the deviation from purity was usually less than could be detected.
The purity was therefore believed to be great. - than 98%. thile
obtaining spectra of samples in the monitor ceil, the internal chopper
vas usaed.

Becauss of condensation in the cold lines, water vapor from
the hot cell could not be bled into the monitor cell. However, the
same handling procedures and flov rates were used for vater vapor as
for (02 and {t was sesuned that negligible error was introduced by
leakage.

Jacording of Deta

Befure and after tha spectra of a series of samples wvere

obtained, background spactrs were ryn wvith the sample cell evacuated
but with all other experimental conditious the same as thoss for the
samples. The frequency interval covered dy the background spectra vas
somevhat vider than that over wvhich the largest lq{o wuld sbdeord.

In the case of CO; samples the region near 2330 cm™' and the one near
1700 ca"! ware scanned separately. When studying W30, the region near
3700 cm"l was scanned i{n one continuous spectrum.

Samples were ususlly divided into sets compnaed of a given
mixing ratio at different pressurel. In general, the firet semple vas
at the lowest pressurs at vhich the adsorption was sufficlently great
to be measured with reasonsble sccuracy. Succesding semples were at
higher pressures, vhare the pressuves were i{ncreased by a factor of
approximately two beiween samples. After the sample pressure vas
changed, but before a spectrum ves scanned, the flov rates of the
sumple gas and argon were adjusted to some predetermined optimum value
snA the flov vas maintained for & few minutes. Immedistely after each
spectrum was scanned the recorder deflection waes checked at a fev key
frequencies within the band. 1If the deflections st these frequencies
Jare the same as were observed during the ascen, {t was assumed that
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there was a negligible drif.. 1In casas of excessive drift the spectrum
¥a8 re-run,

Jsduction and Presentation of Data

Curves which represent recorder dcflection for no sample
absorption were superimposed on each sample spectrum by tracing the
appropriate background spectrum. Thare were alvays at least two back-
ground spactra for each sample, one obtained before the sampie spectrum
and one after it. Comparison of the different backgrounds provided a
check for drifts within any one spectrum and for other ponsible "long
term" variations which aight occur between the times they were cbtained.

Thare is, of course, scme uncartainty in fitting a background
to & sample spectrua. This uncertainty {s particularly noticesdle in
the vings of a band if the absorptance decreases very slowly. The errur
vhich wight ariss in any individual spectrum can be reduced by '"nesting"
all the curves belonging to a set of samples. For example, if samples
of a given mixing ratio at 9 different pressures wvare studied, the spectra
of several of these samples can be superimpossd. Since it {s known
that the absorption at any frequency increases with increasing pressure,
the edbsorption indicated by any single sample should be consiatent with
that of the other samples. Better accuracy can be attained by chie
technique, since information from several spectrs is used to determine
the spectrum of any singls sample.

Aftor the dackgrounds have b.en drawn the information is put
in digital forwm for use on an I 70%0. Values of recorder deflection
are recorded on punched cards for onough pointa to define the curve;
the points at which eny curve 1s resd are chosen according to the
amount of structure end occur at veriable density along the curve.

As an approximats criterion, points are resd atl every maximum and mint-
®um and at points in between o that straight lines joining them will
not deviate {rom the curve by an amount corresponding Lo more than 1/4
percent transmittance. The seme criterion fe uned for the bachkground
curve as for the sample curve, and nc attempt is made to read both
cur.es st the same frequencies. Rach card contains information adbout
the recorder deflecion and about the z-velus, from whtch the fregquency
{e calculated. A progrem for the INM 7090 has been developed to
provide the folloving output for each sample whose emfsston {s being
studied.

(1) Values of emissivity € (VW) = 1 - T(3), end frequency in
cn-l at all points where the sample specirum was reed.




(2) Values of N(v) et the same frequencies; N(v) is the
spectral radiance of the gas computad from .he product
of ¢(v) and the spectral rudiance of a blackbody at
the tenperature of the gas.

Values of ¢, the average emissivity over 5 cw
intervals, These are determined by averaging values of
e(v) vhich are calculated at integral vave numbers as
an intermediate step.

Values of N the radisnce in watts cm-z lter-l for the

S cm 1 {ntervals. These values area determ‘ned from the
product of ¥ for the same interval and SNB(v_ ), where
l'(v ) is the spectra' radiance it the cente? of the
tntePval of a blackbody at the same temperature as the
gas. Since the spectral radiance of a blackbody is
nearly constant over & 5 ca ! {nterval for the tempera-
tures and frequencies covered i{n the present study,

the simple product f{s a very good approximation to the
radiance of the interval.

Valuae of § for 30 (:-'l intervale, determined dy one-
tenth the sum of the valuas of § for the tem § cm !
{atervals.

(6) Values of N for 30 c-.1 intervals, determined from the

sum of the values for the rn 5 ca 1 {ntervals.

In information contained in (1) and (2) are included in the
computer output in tabular form snd on cards which cen be used vith
an automatic plotter, while the information in (1), (4), (5), and (6)
ts presented in tadbular form only. The curves of amissivity shown
in Sections ) and 4 vere plotted from the punched cards, dut the
remainder of the output described {n (1) and (2) above is not included
fn this report. The emiseivity curves are presented rather than
photographs of the original spectra wvhich have s nonlinear vave number
scale and for which the background curve corresponding to 100% trans-
mittance {s not constant. Tebular {nformation from (3), (4), (5) and
(6) adove is presented in Sections ) and &.

The results of the investigstion of the transmission of radia-
tion from aot CO, through cold CG, are presented in a different manner
in Section $ aslofg with o dtocuuogon of experimental techniques, data,
and the theory involvad.




The major portion of the results obtained are presented in
this report in a manner that should he .onvenient for workers who
need the raw data to compare with their results ,or for others who
ave interested in fitting date to varlous band wudels. Very litile
analysis is presented here aince more data will be obtained {n the
nesr future and a detailed analysis of all the data will be performed
at that time.

Rrroxs and Accuracy

In & study such as this therc are certain sources of ercor
which arisne from sampling, from data recording, and from data analysin.
Uncertainties in sampling are somewhat larger {n the present study
than in astudies that are not complicated by the high temperatures and
by the necessity of flowing the sample con fauously while making
measurements. The rocordog temperature of the sample of hot gas is

ccurate to approximately T 10°K; this uncertainty causes approximately
- 1% error in the caleulation of optical thickness, which is {nversely
proportional to temperature at a given pressure.

Approximately * 1% error in the calculation of optical thickness ess
atises from the uncertainty in the lengilh of the sample cell at high
temperatures. Available data on the coefff{cient of thermal expansion
of the cell material only covers temparatures to 1000°C. 1lhe cell
length at the higher temperatures vas calculated by sssuring the same
coefficient of expansion as for the lower Lemperatures, und the value
calculated for 130092 (s used for all temperaturss adove 300°K since
the change in length at the different temperatures {s very small.

On the hgh frequency eide of the CO3 banda an increase in
temperatute, at constant pressure, results in & decrease in emisaivity,
while on the low frequency side an incresse in temperature ceuses an
increass in emissivity. Luder wmost condftions and at most frequenctes,
a8 | percent error {n teaperature would probably cause less than 1 per-
coent error {n the measurcd value of emissivity, but on the extreme
lov frequency side the error i{n emissivity might bv ae large as 3 or
& percent. i

Further sampling error arises from {mpurifttes and from un-
cortaintien in the wining ratior of the gases. 0 {s the only
impurity In the OCy and 00y + N3 misturea wvhich absorbe infrared redta-
tion in the regions of the cnz bands, but even the absorption by N0
near 1700 ca*! {a very small "ar hot samples and can de accounted for
without introducing significent error. The C03 + N3 mintures were
2btained from a local gas supply company which claimed an accuracy
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of to.5 percent. Unfortunately, many of the emissivity measurements
wvere made before it vas discovered that the mixing ratios of the gases
did not meet the specifications. The gases ordered ware supposed to
be 1/16, 1/8, and 1/2 €0y, but were found to have the mixing ratios
of 0.074, 0.145 and 0.5), respectively. The values wvere determined
by carefully comparing the infrared sbsorption by the pre-mixed samples
to that by semples mixed in the lsboratory. Measurements were made
vith an absorption cell at rovm temperature. Repeated measurements
zade by using different mixing techniques indicated that the fractions
of (0, quoted above are accurate to approximately t percent except
for J\c most dilute mixture which may be in error by as much as ¥ 2
percent. The purity of the "pure" C0; and of the K0 tnvestigated was
prodbably greater than 99 percent.

Further uncertainty in sempling v introduced by the small
leakage past the vindows of the cell. The small amount of sample gas
present in the end sections of the furnace tends to give an emis-
sivity reading which is too high, while the argon which has leaked
into the sample cell tends to make the reading oo low. It was found
that the emissivity messurement vas insensitive to chsnge in sample
and argon flow retes over a vide range, indicating that the flov wes
not too fast for the gas to heat to the proper temperatura and yet
it was sufficiently fast to provide flushing. As a result of these
findings, along vith che spectra vbtained for the gases dled into
the monitor cell, it was concluded that leakage could not give rise
to more than ¥ 1 percent uncertainty in the messured values of
emivsfvity.

Absorption by the small amou.t of 0y snd N30 which could
not be flushed from the monochromator could give rise to & maximum
error in emiosfvity of approximately 0.0l at the frequencies of
saximm absorption {n the background. The abeorptance dy the residusl
0z and M0 was greater than 0.02 or 0.03 {n only a few cases. This
absorption can be partially accounted for, so that the nuximum errer
should not exceed that stated aduve.

Certsin smell errors ave introduced by possible nonlinserity
of the detector and amplifier and by scanning too fest for the recorder
to respond completely to give an sccurate reading. According to the
{netrument menufacturer's specifications, the meximum error in emis-
sivity values caused dy nonlinesrity of the detector and emplifier
thould not ex.~ed 0.00% for values of emissivity near Q.30 and should
be even less for values nearer terc or unity. Rrror introduced by
scanning too fast for the resporse of the amplifisar should be negligible,
encept poteibly for [requencies neer & very steep slope on the spectrum,
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such as occurs on the high frequency side of the (0, absorption ir the
2350 cm ! region. MNaxima and minima on the neardt&p may tend to be
slightly "rounded" snd shifted toward the direction of s~an, which in .
the present study {s from high to low {requencles. Since considerabdble '
zare wes taken to datermine the proper scanning speasds, which wvere
varied from one porticn of a spectrum to anotner, the maximum error
in emissivity dus to slov 'dynamic responsa" should not exceed 0.01
at any frequency, and the average over a 5 ca™® interval is consideradbly
leee.
The operator of the digital read-out machine can read the '
recordings with an uncartainty that corresponds to spproximately
¥ 0.004 in emiseivity. The machine progras performs the calculationa
as i the curves ware composed of straight lines betwwen the points
read, and the points were asufficiently close that this “assumption”
should never produce errors ;ntu: than 0.0C]1 {n the calculated values
of avarage emiseivity for 5 cm”™" intervals which are tabulated in
Sections 2 and 3. Any other errors due to the sachine are negligible,
axcept for mistakes in the {nput such ae duplicate carde or cards whfch
were punched wrongly. Output errors due to incorrect cards are usually
obvious when the emissivity curves are plotted, and corvectiomns can
canily be made. lowever, it ie poseidle that a fav odscurs arrors
atill extet in the tables of Sections I and 4. If so, these errore
would appear in a close comparisrcn of the tables with emissivity curves.

Errores {m the l{'qmlcy ctlibration of the opcctmurl which
are mr?nnnly * 1wl near the 2330 ! reglon end 1 2 ! near
3700 ea”! tend to shift the spectrs but do not changs the structurs.

Of course, such errors in calidration cen producs largs errors in emfis-
sivity at a particulsr frequancy measured on & steep slups of & spactrua,
bul the ervor iutroduced for a very wide interval or band {» regligidle.

Beceuss of the many sources of arrors wnd becsuse same are
important for some comditims and not for others, {t fe difficult to
summerias the uncertainties of the results in e concise manmer. Mt,
for most cseses, it {s delieved that tiva values of emfsetivity less them
0.10 are !nubly sceurate to T 0.01, while the umcertatmty may be a0
lsrge as 7 0.0) or 0.04 for velues of emiastvity gresater thas appronismately
0.3. It should be moted that ﬂm in emiselvity between meigh-
boring frequencies, vhtch are much less than the atated values of ua-
certainty, con be datected. This Lo trus becauss the eccuracy of the
“shape™ of & spectrum {s consideradly better than the sbsolute sccuracy
of the measurement at & single frequency. (kanges it emisafvity as smel.
a8 0.001 or 0.000 can frequently be detected datwmem seighboring points.
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SECTION 3

RESULTS: EMISSION BY HOT CO2

This section contains the results of emission data obtained
for more than 60 samples of CO, and CO, + N, at 1200k and 130C°k.
Miztures of Co, + N, containinf 7.4%, $4.3% 53% and 100% of CO; vers
investigatad li totil prassures betwasn approximutely & and 1300 mn Hg.
The l.ungth of the sample cell was 7.75 cm at the high temperaturea. 1In
seneral, the spectra were obtaived in sets consisting of samples having
& fixed temperature and fixed mixing ratio but at difgrrcnt total pras-_
eures. For a given sample the spactra of the 2350 cm * and the 3700 ¢m 1
regions were recorded separately Several of the |‘np1¢a_tt lower pres-
sures did not produce significant emiseion in the 3700 cm * region, and
spectra ware not scanned in this region. Although spectra were obtained
in both regions for many of the samples, each spactrum has been given a
different sample number for reference. Sauple numbers for tha 2330 cem !
region are prefixed by thu letter F, while thoss for the 3700 cm
region are prefixed by T.

Figures 3-]1 through 3-8 show curves velating emissivity to
frequency for the F-samples. The curves were replotted from the spectrs
ohtained with spectral rseolution given by scheduls A in Table 2-1.
Since loms of a l.lile structure in the process of replotting fa
inevitable, all the emiesivity curves shown in this report probubly
correspond to a spectral elit width 1l or 2 cm ! wider than that shown
in the corrvesponding re..lution shcedule.

Bnissdivity curves for the T spectra (3700 cm'l) region are
shown in Figures 3-9 through 3-14. Resolution sched'le C (Table 2-1)
applies to the gpectra from which these curves were obtained,
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The growth of the cmillion7w1th1ncr.aoins pressure is¢ scen
to be quite large. It is well known' from similar studies of ahsorption
by gases at lower tempesratures that the growth observed by incr ising
the pressurs of a given mixture is a result of both the ‘ncrease in
cptical cthickuess and the increase in line width associated with higher
presaure.

Iglrtgurc 3-15 are shown a set of curves relating [e(v)dv over
the 2350 cm = region to total pressure for four different gas mixtures
at 1200°k. The quantity [¢(vidv corresponds to the quantity [A(v)dv
which is frequently used iu absorption studies of gases because it 1is
independent of the slit function under usual experimental conditions,
provided the integration is carried out over the entire region 5f
absorption. The features of the curves of Figure 3-15, #hich are drawn
on log-log scales, are quite similsar to cutv‘\7of JA(v)dv for samples
at room temporaturs which have been published.,” The curves contain an
a'most straight portion and tend to level off at higher pressures as
the emissivity approaches & maximum valua of unity over much of the
reglon, and the only growth occurs in the wings of the emitting region.

In order to demonstrate the effecr of increasing pressure
while maintaining cconatant optical thic ness, points were read irom
the curves of Pigure 3-15 and plotted in Figure 3-16, where uach
curve corresponds to a constant value of optical thickness. A rather
small dependance on presvure is observed; the maximum siope of any of
the curves is approximatuly 022, which indicates that the maximum
depsndence on presaure is P04, It should be noted that the total
pressure used in the abecissa of Figure 3-16 is dus to COy + Nyj and
different points .sed in obtaining the cLsves represent samples having
different ratios of the two gases, No attempt has been made to account
for ths different broadening abilities of the gases to obtain an equiva-
lent pressure which is airectly related to the widths of the spectral
lires. The necessity of accounting for the diffarent broadening abili-
ties has been explained in considerable detail by Burch, Singleton, and
Williams . The curves of Figure 3-16 illuatrate the effect of preassure
broadening by an inert gas, N,j bu: the dependence of emiassivity on
line width cannot be determined until measurements of the different
broadening abilities have been made. Such measurements are planned in
the near future as a part of the prasent investigation.

Information about each sample and about the measuruments are -1
given in cogrtdcrahla detail in Tablaes 3-1 and 3-2;, covering the 2350 cm

and 3700 cm * regions, respectively. The tables were compiled by
"stripping ‘n" the output from the IBM computer for each sample; the
tables were then photographed and reduced to page e2izs.
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INFORMATION FOR USAGE OF TABLES 3-1 AND 3-2

Tables 3-1 and 3-2 have beer divided into portions 3-14,
3-11, etc,,since the information for all the samples included in each
table could not ba put on & single pags, For example, 3-1A covers
samples Fl through F7; 3-1B covars F8 through Fl4, etc, Tables 3-1A,
3-1B, etc. are aach on one page, whila 3-2A, 3-2B, and 3-2C are each
two pages long.

The following information regarding each sample is given at
the top of sach table: The number assigned to each eample, the tempera-
ture, total pressurs, ratio bf the partial pressure 6f CO, to the total
pressurs, thu optical thickness u, in atmos cm STP, ft(V)av over the
entire region of absorption, and the number of the figure containing
the emissivity curve,

The interval is given in cm'l in the first celumn and in
microns in the aecond column, The third and fourth columns apply to
sample Fl, the f£ifth and sixth to F2, etc, In the left-hand column
under each sample is given ¥, the average value of emissivity over
the interval; the right-hand column ggdcr esach |5Tp10 gives the vadi-
ance N over the interval in watts cm =~ steradian ", The multiplication
factors 100 and 10,000 at the top of the columns should be noted,

.1 The first portion of each table is devoted to intervals
50 em * wide; and the remajnder is for intervals § cm”* wide. Radi-
ance values [ur each 5 cm™* interval are found by multiplying 5 times
the average eminsivity over the interval by N'(v ), tha spectral
vadiance at the center of the interval of a ;llcﬁbody at the temperature
of the gas. NB(v), the spectral radiance of a blackbody at frequency
v(em™*) at temperature 6 is given by:

B 123 v -1
NB(v) = 1.1906 x 10712y .xp[l.aaaea OER (3-1)
2

The power radiated from a 1 cm” surface of the gae sample in
the frsquency interval involved, through a small solid angle w in a
direction perpendicular to the surface, is given by wN. The requirement
for the power to equal wl is that the cosine of the angle between the
surface and any of the raye in the beam be approximately equal to unity.

The total power radiated in a hemisphere from a l cm2 flat
surface of a blackbody is given by nN‘(v).




Valuas of N for the 50 cm'l intervals were found by aummigf the
values for the ten 5 cm * intervals included; values of §© for 50 cm
intervals were found by taking one-tenth the sum of the values of € for
the ten 5 cm ! intervals.

Although the output of the computer included two figures after

the decimal point in the ¢ columns a1d three figures after the decimal
peint in the N colunn, the last figure in sach of the columns should not

be considered significant. Uncertainties in the tabulated values are
discuseed in Section 2.




TABLE 3-1A

jo

lseval

vy
v Jand
AL

i -l.lﬁi
INUTIN Y]

1181 %)
1940 v
':' “l : L LN

it Bl
li&}‘n e it

v
fegs- AR
e

!3':‘:

o
R 1008 1
T 4 21]

. B
RN R
bk
RN




TABLE 3-18

ry
140
W
W
Weeln
e

‘e

{«

]
(1]

L)
W
"y

i

i g

el

tea ,\ "

.'* "l N Rl I

e ALY )
Noitteen, s




Sampls No
= Tom

Inteeval
et mirrens

TABLE 3-IC

LS TAAN NI A1)
2198009,y atng

HEYO- R 3 1YY
BY00-FIND N ANTReN, P3NY
CILU R D ISR PRI

1]
o
LX)
w00
otk

awp.any
o e

Wy
)
wactes
[RINLY

[
"

NN

enntt
IR

.00
78,904

019-200y
L L)
- QNN

1 [
LIS 4]
e

R I ST
"

e
RN

MYt

wa
ey
TR

3 1ree

N
[INTIY
wolee

[T
.

W
wr




Ny 1
FLLIENT )

TABLE 3-1D

e
oK

“

[
vive
e

[X)

wsn
1200°K

O
161 210
s

14

[ £
1

L 4EN. 114
P-n, P00

fvepine
106+ 2 10
199

Hin-ghee
$oe- 130y
e
he-g1s
I p 800
[T

By
"t
"




TABLE 3-IE

(Al vy
e n 1e°%
: "
‘s ' ol
Gl o
“wa

b a

[ ]

i
D
Hebire -
e
Pinepres
e
ey
-1

.

HN-dree
L ALl
U

ey
AU R RT4)

e
I

e
N -
8y
1"

Pies g

POTRISIS 100y
PRITESEN I

IR

S

WY

WA
+

v
IR
a0

oy
B
23

IR
(I

¢
TR
1.0

3-2¢




TABLE 3-iF

e
g9
"

Viv et
By

[PENIYNY Pinoas, e

1"t see e Ny

wiiiep [T "

N M LI
' *

L ovnad
4Ly

v . NI
L I I LR RTINS

[ ST IS T AN
LI ey

Pk giny
invgive

teare widzg
lerss

AR
28001
vy

AN

* 8
HH

24110
e

Vish
ey

traka
L A

SV e deed

Prida
i

B0 dany
v s
R

1zrr 13321 12338
pbie

HRERT BEEFREP 3

15387 I133¢ 2r13?

e
TR

rides

ey




T TABLE 3-iG

. Sasnpts Me T4y
:::: Py 1%e°R
-
T = ‘
. o omAtR ‘wal aie
. JondA e ) v
ey e (Y
e n
Lett - rens i o
. Toresan Ve .
PNy P
(R IN “w
NN .t
. st reoites
e *an
N TA wie LTINS
[T N
PN ®
ARETT IR 129 . e . .
[ AN BN . .. BN
.
*n,
N
.
5 ..
S .
'S
V- pta s .
. i}
. BN
N ARCESL AT TE (R
,‘;, L3 1040 [TREARIN Y
N e pban
seen
3L
o i
S Rnn
B
"
Iy
HITNTEN
s
EER L R AR
N £
Bree pe. s
» FALA IR L) '
N FITTITN . .
LR M

I

ev ey
FORIRTN
P

Virvainy
Hiamstey
LRI AT )
Peebie
Poeroarss

cepspaes
e
TR TEN
v e
T

saiy e

s

ek e
Iy

P

cesse




.
TABLE 3-IH
' ™ A0 ru " 4] "
% 1K ety 1800 1vee'n 190e°8
- L ™w e o
W was PR NN [T T s
RS asie 108 4 107 e Vet s M0’
49 " e a! (Y] )
I I8 [ vy 1. 19
N " i N [ {] &
R 19 0ur 169 10 W40 100 .0, 084 L} Y™
i (] ° ] LB LD [ ] " .
. [N L3 9. [N [} ° L} LD ..
.0 [ el 1.0 LI (W) [T L0 [ B
? ult-;..\ll TR v 20 e [N wew ., [N
FALECH 1 B TSI N L) L] LIV ) (RN Ve e I L] Y 3 LT 1] e .00 1Y)
1003008 e IS IR Y L) [ 1 L e
,n..““ .n e X1 .08 \ n.l:: . “.u:
I N Mane ananle [T TRA] [T N 313 . AN}
M - uu un.\-n NG Y i AT ITY 1 INTY) . LRV .
- 0\\ -8 o .
"‘ “h -8, ..,
“ -9 -3
m\-ll'!
M-
W30
e
1188« 113N
(31037 A ] -
FIERINY TN
I I L L] .
FAEI ST A DO A1 SO L L] -
FAN-R1 00 "
ne-NH LI Y]
BNt u.nk- e
Bing 3y K] ht.u“
1y L] \.ul« -

AL AL
(311

[AXATR AL L)
1rea-Ri0n
Hev-21%
L ALY
LALARR AL

e

OSSR

M-y
TR 2L
W2
MU
[IEL X1 2a)

Hev-1 v
+ U]

MY {13
Tty
LT A P AT
F111 ST TAR)
v v
Shet-2er
(IR 114
HIE-1Y s vy B

(1308 .m [ L TSP tIN
e

e T TN TS
FVIMIN e AW

e - ae
FotV-3' et
|n..ph\

N Rue .

LR TR
LRSS S 2

nn L] [IRE L AN the b . - (1}
IR N ) N R N it L T
T N L L SRS L AL *r sl
TSN s ek Rl
TR L LN DY RS LA
ims-ang e e bty
. -n

PR BHY v

IS I N )
LT IY]
TR NI I .. . [USIY
T N LY KL R PR ] rore [ LA 2
I R I Y TR ‘e RS TR
R L T (3RS s b N
W [SRTTY Y] Y] TRTTS 1ot

3-23




(LYA]

Sahpls 1y i Ay
(:m thuith 1agin
3 I 48
e A W Wt et 4
LS A * HAXELS Ey LN §°
L ETN [} i e !
L] i:1 t:0
. Immi. i it ' Ex N M K
T Ay 19, b L] it, boy 1ty (LA th, vt 4. 8§
—— oz —m
1R300 [ [ [ oy D
ian e i : 8 i '™ &
L sld §. A 8 [N 919:!
R by e Bl iy Ihi i kiaih
Jituzpiu Se94 191" aifd SMiid 118:308 AL
a8:=3744 LI 1] LI t AN fe 1944 [T
{ :Siug i T iRy PR s
B hay 19 ¥y YT uq;sn, o.;.ng
H R I YR VY| e PHO Jemi iy Wi Aidiie
-
IR LI T T T :g- =8y
¢ 9;:; 0 N 80N9-h; ABkY 81 88 s
SHRB:gRke u.gm:u.ngo =y g.l
1040:9810  widuda:u, nidy W 1308
LB LN TN -8 B:iy
[LIATE S LU T TLER P TS Bh Sy 8:048
{un- Sns I HENE) g s B,igﬂ
Ny ghvE g uo;w:m -8 Hs 8:8!&
;m: ?n e fAki=h i) My §y 1:888
990188 w et Pni? =8: 8 It
FHOO:GHS  WoTai¥-u, toEA By 24 tds : Il
1;«9:%» e b nooo Bto i
ghegiie wgicw e 6 a3 e M3,
M e IF L P T Ty s W sHy Hy il s:sﬂ!
6 £195  wabiftznafhb B Lt ¥y i dh 1188
P IS S U P I LR PY MT) = B89 Bt o 1:484
lgﬂrim u;euu:i.av;n W wigd 'L 7.,;: 9.!;!
199: 9400 kanadd binfed 42 il Hiwby 1148 "l i
e S L Y TR Py YT LB W etk [ (I}
FIeS:ping i dAeh:ksnblY ditted 1iid Hid iy AT :864
CHaR-EIES iy dh ik galtt ) T y [T
S i 018 SN A B 1ides
188:40A8  4;0304 b, 81HY rm” Nt hus Vot Hilse
nr:.m Wek ERE U ﬂx: }.*g o) #inl r [
L R N L Y VR R PAL netan N1 d:038 TS LN LT
LA U TR S T P T 184y PRT] PR w100 1|48
Pl gty Wi yAbg ayba b 4e¢ (A1} 11088 hsu ‘. L]
mn-sm u m moz sl i 149 mg Vighs
sum: 1wy ARy hhhA 1w 0k gy |y Higon
1959844 nmw Rt [ALL] N AB (i 1e an ALY
£98R-4909  Natmasniydat 13h 0y Ll et b
!5?3 ig'ﬂ e 5'—“:51' E.i@g Tite (S "'55.
s (LI LTI 1 4,08 a1 1904 ;z. 4
fle st waluioud 1oy 3 4 {1 IV e
LIS L LI TR T TR I LT L h,' M,m Ahg fy Vhidte
¢ I T LI TE T (787 14: 44 Vlind $hidd [JIIAH
523;533 n.un:u.»?ng a.’u T RN M1 (18 c“
] 3 ¢4 IR alor P bhovid VoAb N
e I N TP E L T T ait 1anee ihide e
(2L BT LT T AN TTT) dylAy Y Fhoain o iy (I 1L]
R L L O YT TTRE YL L s 948 (1321
' hy-’uau IR Vihl 94 3.,,.” win S
s AR - dsfa I TLEETTRLL) 0%.” N thidd [TILE] M
".-w-i [ P EUR ST 11294 .,, $5.04K P [}
LTI L N N TTPRLLTS RNLLL I Fhidka [T L
i I N TR L TR TR LI TNl frun T TR
L R IS LT T U-"n (N1 -m'm Wi
“ua Wk rke a.mn 1 i: IR T IR
v Y8 g kA A 13,1 Niad ML YW
NS T TR tatit I IR T ]
R A IR (AT Hotry L LY I B TPE U TIY 1T L
“u\-ﬂm Wodben g dgn [EERAE LV T I B n.ful T
Ha sdlh (YRR URTRILY (TR fe,u9 T YT TN n;,a "
”W M Hiugs [T T TV BRI TR T Y] aliele
[LRT L I TR LT Y T T H b [T Y T ahoen vy dey a%hin
(R R L TS NN YR 2T (IFLLY] 'THT I Wiy YT [YILLT]
!10!‘ FHy wdTbe e Ng . rfa AR NI L1 IR pY. eNy
edihgbul it o dihy 1,804 Y e I TN T 89 uei
AL 2 LT R A TR T 1T [LRLLL] [T LY LINLE] LI SR
LR L Y T T I PF LT Y] b aal pr.ed fagrin LI Wh e bhuaN
LA R LT P L IR ALY ) fpiysn TN 1] THIL [TEEL] [XTLIL]
Ha stm Nkt wg iy [EELAAN [T L] X1 bt (XL}
RN IR ALY ] Hhuss T TR TN il el TN
Pieu-ddbd gyl i dbdy AL bredd 1hyo [TAeT) Hol [ IIAT
L IR N TR T B L3 ITIT ta Ak et N1l 30004 i
PALY JbRH adfan g St N YL T T} 1wy At wwy
R LN E LU PF AT AR T vilty Ry 1y, 40 1ay T 'l-“l
LR VR R T A S KPS N T ] [ TR i tn N1} Piawed rLxIr]
P LI U TR YA PR ALY Ly at L IRT) LIRNL) [N 1L)
PR I L R Y RO PY T Hoat (FRL} ot Yl 1ora




XL

[} "
i b

bL}
[ EL IS TTRYY

ni

cuaMN maens
e -

Ha g

dddd

.

A T e i i Taege

ARAND ABRAE ANNAA Qgan

RN

rery
ARk L

B oglede alun
RN

A weeriy

X

"
LY | I
i 1] P

H
'llhl‘
P
k

%
5

¥

.
"

Lil
b
Fus

ve-£ 37189Vl




8 iﬁ!ii 2cd4] 13215 53§ 1Ry liil: 158 19604 43F

fid? gRind drdos grded ddde

S TIICRITE
{33 ddady 11;35

62y 22930 3
§= sidke

ST
DREFEELAFE FFY I |

WG GE R

RPN

S b AR,
AP

HELH L
e

LESL LA AT IR T S PR LY
. |>Ai: £33 3daer 1

it ThE53
i didi

Rt UTTRTHER TR TR T (LT
SO R AL N I S L

diday S addid e

DORRLI SO A3 0] AT ROOEY CRITE A0L03 Q3aal 23330 0cnd
[FAREEET FLY B I D FEF LR i NI risd

ES .
W
2
£
[ v
&
A
55 :
M
w
g
<
-

IR TR T EHRHUNHNTI AT

Wldda id Jdde . . 4 i édedd

R R S B T R S R L A T
B HIARM IR A A I A Yitei

AN QUEHE RS TRINE S0 PN LA At R Ei \IE BN G

R o §osddda addes wiiid eedda

TOAASCL ARIOY QRO TIR.R G113 JCURY RETAY Lagb. Y| (RSN}
PR

“ evdds ddedd sesdd Sriee dadds - B ie edsud

SN S a0 A0 S i TEIHIRALE
IR (UG s el vl st R s g e

T IR TR TH L BIUR EHERT A !!lil b iii i ili%i lllll : M HEG

VR IR TTT R HH i.‘t! T li!. IR ERY "!55 { 1]




R R

§ ara

i
54 44444

AEEIA AXH4R

8
vevee ude-

FE

A
VTEYOFY

]

ML

RiLLLREL]

Eg
edne GEe-
TYESY SyveY

A ifd

Yre

FEifY fiffy

K

it it

yHE R

B Y
tstt it

It

I
D PP

tal 31
Aia

’-
tk

sisii.

’ E

LT PSS ] |
i

l‘h:io\t




-
-
"
~
car

z
iz

(@3NNLLNOD) 82-€ 318VL




e
PIRI RS 11 )

(LA I PR T L

daaea

P
i

Pt

it

a HanMw

EAECT]
»
A1

g,

LI
L
e
L R

R

My




H

3
3

RN RRITITR ML T

sidi

bl

xzii; satst
iderd

TR

IRLA LY 2Rt
H
§3

EE R LY RN

3
4

i

-

P
—

HTTERTITY

“1-

-:.
¢ 4

(£33 -,

.A.QNDZ;ZOUV J¢-¢




SECTION &

RESULTS: EMISSION BY HOT HZO

Results on emission measurements of 11 samples of pure ¥, 0
vapor at 900°K, 1200°K, and 1300°K are presented {n this section,
Pressures were valied from approximately 48 to 760 mm Mg, with a sample
cell length of 7,73 cm. PFigurepa 4-1 to 4-3 show emissivity curves re-
plotted from spectra obtained with resolution schedule C (Table 2-1),.

As in the case of the CO, emissivity curves a small amount of information
has been loat in the rooiotttn.. Iu a fev cades {t uppeared that the
automatic replotter did not move in straight lines between the points on
some of the steep slopes. The error tended to make the emission lines
appear slightly narrower than they should. The uncertainty in the
saission curves {s somgvhat greater on the low frequency side, below
spproximately 3200 cm %, than f{n other portions of the spectrum. The
graat v uncertainty in this region {s due to cwo factors. The first

fe th t the recorder deflection ip this region is only sbout 30X of

full scale on the original specgrd. The other factor is the error in
fittinrg the spectrum to the background because the two curves converge
so gradually that {t is difficult to determine vhere they should meet.

et o) BN D D BB WD

Results of the calculations of g and N are givan in Table 4-}
{n the same form as the CO, resuits in Tables 3-1 end 3-2. Infurmation
about the contents of the lablcl'ln given junt previocus to Table -1
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SBCTION 3

TRANSMISSION OF RADIATION FROM HOT 002 THROUGH COLD CO2

Introduction and Thaoretical

In dealing with the detection of hot gas sources such as
rocket plumes and jet exhauste, the problem of transmission of the
infrared radiation through the atmosphere is as important as the
problem of emiseion by the hot gas. Thie is particularly trus since
H,0 and CO,, the main radiating constituents in flamee also occur in
r&n atmonpiarc. Since the emisaivity of a gas is large at the same
frequencies as the absorptance, the gases tend to radiate at frequencies
where there are atmospheric absorpticn bands. Much work on the trans-
mission of atmospharic gases has been done so that it ie now possible to
estimate the transmittance of atmospheric paths covering wide ranges of
path length, pressure and atmospheric composition., From these estimates
it is possible to determine the fraction of the radiant power from a
source that is transmitted if the spectral radiance of the source ia
constant over the spectral interval being considered. However, if the
spectral radiance of the source varies rapidly with vavenumber, as is
frequently true for a hot gas, the amount of transmitted power cannot
be determined directly from the transmission data that are available.
The reason for this can be explained by the uss of the simplified
model illustrated in Figure 5-1,
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Fig. 3-1
A Simple Model Showing the Effect of Coincident Lines

The upper portion represents the slit transmission function of
the monochromator, which is zero outside of the spectral interval Av wide
and centered about v, Of course, this is not a realistic slit function,
but it i{s simple and will serve the present purpose. Panel b repraesents
the true spectral intenaity of a hot gas source having two emission lines
in the interval Av; vach is assumed to be 0,25 Av wide and to have
unit intensity in arbitrary units. In observing this source with a mono-
chromator having the slit function indicated the amission lines would not
be resolved, and with the monochromator sst at v, the signal on the
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detactor would be proportional to the aversuga intensitv over Av, Now
asswre that the radiation from the hot gas passes through a sample of
cold gas having a trus “ransmittance curve like that shown in panel ¢

of Figure 5-1. 1In this example the absorption lines of the cold gas wiv
cuiucident vith the emission lines cof the hot gas. Panel J of the figurc
represents the spectral intensity of the transmitted radiation obtained
from the product of the curves in paneis b and ¢. The maximum spectral
iotaneity of each line will bo veduced to one-half unit, and the signal
vill ba reduced to half its size by the cold gas. The observed trans-
mittance of the cold gas, defined as Ta(v),whnn used with this gassous
source of radiation {a 0.5, It can be seen that 1if the spectral intensity
of the radiation incident on the gas were constant over Av, the observed
transmittance 7.(v) at v would be 0.73, the average of the true
transmittance,

Thus, it {s apparent that the fraction of the radiation
transmitted by a cold gas sample having unresolved "structure" {s
dependent on the structure of the emitting gas. In the example given
here, in which the emission lines and absorption lines are coincident,
™({v) < Tc(v). It {s apparent that i{f tha abacrption lines wers dis-
placed so”that they occurred in between the emission lines, Ta(v) would
be greater than Tc(v).

When observing hot coz, for example, through an atmospheric
path containing cold CO‘, it ie

expected that many of the absorption
lines will coincide witB the emission lines, with the résult that

Th(v) < T.(v). The problem is complicated by the fact that there are
nliny Itnci which contribute li!’*!1CIntly to the emiseion dy hot CO
but are negligible in cold CO . The relative intensities of man

of the lines aleo change connidorahly as the CO, {s heated. Thus, one
expects that there would ba soms, but not co-plitc, correlation detween
the lines of the emitting and absorbing gases.

The ideal method to investigate T?(v) and its deviation from
T.(v) would {nvolve a system in which a vcricty of cold samples could
bg contained {n an absorption cell; and for sources of . adiation one
would have both a hot gas sample and a conti{nuous source, such as &
Nernst glower. 1t would be desirable to be able to vary the optical
thickness, pressure, and temperature of the hot gas and to have {t at
uniform pressure and temperature, A" explained in Section 1, it {s not
feasidle to use a gas vample in the furnace as a source of radiation
because of radiation from the windows; and an open flame has the disad-
vantage that the temperaturs is not uniform and thers are limitations on
the presaures and optical thicknessss which can be obtained.




Although it is not feasible to use a sample in the furaece as
4 radiation source, it is possible to make tranamissisn measurements
undor some conditions which enable one to calculate the value of T¥(v)
for ¢ cold sample that would be observed if the sample in the furnlice
ware the source. The measurements are made in a manner similar to those
described in Section 3 and 4, except that the optics tank is used as an
absorption cell in "series" with the furnace. Absorption spectra are
made {n sets of thres: the first with a sample in the furnace and the
absorntion cell evacuated; the second with the same sample in the furnace
and another sample in the abasorption cell. The third spectrum is then
obtained with the furnace evacuated and the sampla left in the absorption
cell. PFrom the three spactra, valuas of T, (v), (hot gas); T,.(v), (hot
and cold gas); and T.(v), (cold gas), rclpuettvtly, are calcﬂ?a:cd at
several frequencics Qhroughout the band, It i{s shown below that the
value of Ta(v) at these rrme frequencies can be calculated from

Tc(v) - Ty v)

Ta(v) . --—’-r,r—“%;r. (5-1)
Derivation of xgg!)

With the monochromator set at frequency (v), D_(v) is the
recorder deflection observed with no sample in the furnafe or in the
cold absorption cell, using a glower source.

Do(v) e [ R(v) C(v) f(v) dv, (3-2)
Av

where N(v) is the speciral radiance of the glover and C(v) ie a variable
quantity wvhich depends on the aperture and transmittance of the optical
system, not {ncluding the slits, and on the sensitivity of the detector
and aaplifying system, f(v) 1is the slit function ¢f thc monochromator)
1.e., the tranemittance of the monochromator over the interval &v passed
by the slits. If a sample of gas is put {n the cold cell, with all
other parts of the optical asyatem kept the sams, the racorder defleuction
will be given by

Dc(v) [ N(v) C(v) f(v) exp (-kc(v) uc] dv. (3-3)
oy

k. .(v) is the true sbsorption cosfficlent of the cold sample aa would bde
ofssrved with an inetrument having infinite resolving power, and u_  1s
the optical thickneass of the cold sample. With a Nernst glower anf an
optical system of the type ussd {n the present investigation, it fe
usually .r!o to sssum: that N(v) end C(v) are ccnatant over Av (from 8
to 25 cm”') and can be removed from under the integral sigm.

3-4




The observed transmittance Tc(v) is given by

b.(v) fAv £(v) exp [-kc(v) ugl dv

TC(V) s = . {OKL .

(5-4)
Do v A

IAv

Similarly, the observed transmittanc’ TH(v) of the hot sample alone
is given by

[py £ 00 [-ky(v) wyl dv

KL (3-3)

TH(V) [} IAV

where k. (v) 1s the true absorption coefficient of tha hot gas and u

is ite Tptical thickness. H

The observed transmittance of both the hot and cold samples
in "series" is

IAN £(v) exp [-kc(v) uc] axp [-%g(v) uH] dy
f(v) dv ‘

THc(v) . (3-6)

Iy

Since we are interested in .wlauting the quantities given by
equations 5-4, 3-5, and 5-6 to Ta(v), the transmittance of the cold
sample that would ba observad {f°the hot gas were used as the source
of radiation, wa assume snother optical and detecting system which is
differsnt from the present oge except that it must have the same slit
function £(v). We define DY as the signal or recorder deflection
observed at frequency v if X blackbody at the temperature of the hot
gas vere viewsd through the assumed system with no absorbing gas in the
beam, If we peplace the senaitivity constant C(v) in equation 5-3 by
C*(v) then Dﬁi is given by

O ON O W IO R (3-7)

where N’(v) is the spectral radiance of the blackbody.




1f the hot gas cample inctead of the blackbody were viewsd
with the came system, the signal would be

uv) = C*(v)N'(v)fA £ § Leampleiy (V] B v, ¢5-8)
\

vhere tha term in braces is the true emissivity of the hot gas. Now if
the radiation from the hot gas passes through the cold gas sample, the
observed signal will be

DY) c*(v)N’(v)fé~t(v> 1-axp[ -k (V)uy] o (kg (Vu) b dv.
(%9}

By the defirition of TE(v), it is given by Dﬁc/bﬁ. Therefore TH(V) e

{eyf(v).xp[.kc(v)uc]-fawf(v)cxp[-k“(v)u“]axp[-kc(v)uc1dv ‘ (3-10)

vtk

[ f(v)dy - £(v)axp( -k (v)u,| dv
Ay fAN k“ R

It is notaed that {f each term in equation (5-10) is divided by [ f(v)dy,
av

Tal¥) = Tpe(V)  To(v) = Tpalv)

TH(V) = -51-——,-“7%?— . _S_‘;(wlli_

Thus, it 4s pcesible by the use of equation (3-11) to determine TX(v)
from the three measursments of transmittance wmade at the 8 valte
of v. It should be noted that the measurements must bn made with the
same slit function; the calculated value of Ta(v) then applies to the
same olit function,

(3-1")




Since the affect of correlation betwesn the lines appears as a
difference between TH(v) and T.(v), the measurements are made usior condi-
tions in which this difference can be determined with reasonabiz accuracy.
In this regard the technique described is not useful for values of T (v)
or T (V) near sero 5r near unity, Tf T (v) is near vero or unity, op 1f
T s near zero, tie difference betweln T.(v) and TA(v) {s s0 small
t“nt it cannot be determined with mu:h lccancy. 14 « 1, a small error
in its measurement will give rise to & large error in ghc calculated value
of T*(v), eince the denominstor in squation (5-1') becomes smell. For this
reasdn, measurements of T (v) have been limited to spectral regions over
which T (v) and T, .(v) lle betwesn 0.1 and 0.9. In order to investigate
dttforo“t lpoctrn? regions, the pressures and optical thicknesses of the
samples are changed so that T, (v) And T (v) lie within the prescribed
limite in the desired anorvn!. C

In the discussion of the simple model illustrated in Figure 5-1,
it vas noted that TH(v) < T (v) if the emission lines are coincident with
the absorption linos, and Tg(v) > Tc(v) {f the emission lines occur be-
tveen the absorption lines.” If the positions and strengths of the emission
lines occur at random with respect to the absorption lines, then Tafv) .
T.(v). When T¥(v) « T (v), thers {s said to be ho correlation betWeen the
o&tlllon linnlcand thoccboorption lincs. It can be seen from equations

5-1" that Tnc(v) . Tn(v) x Tc(v) under this conditionm.

-1 Several measurements have been made in the spectral region near
3700 cm ° with hot N,0 in the furnace and cold CO. in the adsorprion tank;
and it hes deen touna that TR(v) » T.(v). This rilult {s not surprising

since it can be seen from hi -rooolstton spectra that there fs little, if
any, correlation between tra positions of B0 'ines and CO, lines. It has
also been shown previouslyV that the prodult of the :raat‘tttcnccu of a
vater vapor sample and a 00, sample obteinad sepsrately is equal to the
product of the tvo samples ;n series, vhen both samples are at room
temperature.

It can be seen from eguation (5-6) that T_ (v) o T (v) = Tc(v)
1¢ efthep k.(v) or k!(v) e constant over Av so thc’cth- clp'neutlnl
factor incladtn( ft Tan be removed from under the integral eign. Thus,

& difference batveen TR(v) and T.(v) cccurs only when there is unresolved
"structure” tn both th¥ smission’spectrum and the adsorption spectrum.

It followe thnt-iiyv) and k_(v) vill be comstant over one apectral slit
width as Av ias -aio very smlll 20 thav it 1s much less then the half-wideh
of all the lines. Por the pressures, temperatures and slit widtha ancoun-
tered in the present study, w {s 2 J orders of magnitude larger than
the half-width of the spectrel lines'?.




Results

In tae upper portion of Pigure 5-2 {s shown 4 curve relating
emi.ssivity to wavenumber for the CO, sample indicated; ard the solid
curves in the lower portion are traaonit:ancc curvas for two cold sam-
plcs. The x's on the Joliled curve in the lower panal represent values
of T*(v) wvhich were calculated for the 10 mm Hg sample {f the hot sample
rnprsocntcd in the upper panel were the source. Values of T#(v) were
determined by inserting into equation (5-1') the meaaured vatues of
T.(v), T,(v) and T C(v) for the samples involved. Similarly, the +'s
T prnlnn“ values o TE(v) for the 1.) mm Hg wsemple vith the same hot
sample as the source.” It is seen that T*(v) {s considerably less than
T.(v) over most of the spactral interval ‘where it can be cslculated,

I¥ one compared values of A (v) « 1 - T.(v) and Af(v) in~tead of Tc(v)

and T2(v), it {s seen thltAig(V) is -ori than tviZe as grest as AC over
& con¥iderable portion of th¥ spectrum of the '.3 mm Hg sample. The

curves in Figures 5-2, 5-3, and 5-4 are based on spectrs obtained with

slit wvidths given by Resolutior S hedule B in Table 2-1.

It is noted that the samples represented {n Figure 5-2 are
at relatively low pressures; thus one would sxpect the spectral lines
to be narrow, giving rise to a large varisticn in the absorption coef-
fictient k(v) over s spectral {nterval corresponding to one slit width.
Since the "structure” in the band gives rise to the difference between
T. and T®, one would expact thie di{ference to be greatest for lowest
pFOlcuro .

Figure 3-) {ncludes a similar set of curves with the hot sem-

ple composed of a dilute mixture of CO, in N,, thus productnslg sample

of lov optical thichness but high presfiure. "It {s well knowm'é from
praviocus transmiseion studies that the structure of a band is decreased
by increasing the pressure and decreaning the optical thickness. On
this bdasis one would expect that the difference batween T  and T® would
be less for a given cold sample vhen the hot asmple {s utchtgh plessure
and lowv optical thickness thin vhen the hot sample s at lov pressurs.
Comparison of Pigure 3-) with Figure 3-1 seems to bear out this expecta-
tion in the case of the 1.} wm Ng sample. Nowever, the difference
between T, and T* for the larger cold samples (9 mm Rg end 10 wm Kg)

fe not |r9|tly di!loront {n the tvo figures. Since complete "smoothing”
of the structure of either the hot or cold sample would eliminete any
effect of correlation, Lt cen be con:luded from Figurs 3-] ‘hat &
significant amount of structure still extsts in the hot sample At &
presaure of 1130 ma Ng.




4

4 Ll

.

1008 ce,

! im g
Path 7.7% em
Temp 1300°%

r

ot- S TN W W | | S N S S S S S U
1% 100 3% 1806
s12em

wuvoen (=)
Pig. 3-2. Comperieen of Y. {v) with TR(v) for cese of emttting and
absording gas a¥ lov presslran. «'s and n's ropresent
colevisted values of Te(v) for the cold samples vith the
not sample a0 & source.

1
1
!
i
f
I
]
!
!
|
!
!
|
!
!
!




o

! \
) 1068
L —71 ' ' 7 1 T
. 0.8%co0, + 99.2% N, .
P 1130 wa Hy
80 b Fath 7.73 cm i
Temp 15007
-~ -
8
-y
" 60 r- -
E
oo ey
5
§ 40 - -

0 W \\
100% 002 /
A}
o ,l.3-u—/ .'-... -t
Path l”ﬁu
0 | Tomp 300 N
¢
- -y

20 b Path 133 e .
| Tomp 300°%
g N
0 [ G S U G WU WS U WY SNy U U U
2% 1300 150 T

VAVENAOI (ca’') nus)
Fig. 3-). Comparison of T.(v) with TR(v) ler case o smitiing
gas at high ’niwu ond c‘uruu g68 ol lew preseurs,

$ - o




Figure 5-4 shows two pairs of curves obtained with larger
sarmples (0 investigate 'he low wavenumber side of the rugion. The large
cold samples were obtained by usiag the multiple-pass mirror system in
tiie optics tank as shown in the left-haad portion of Figure z-1. The
A's adjacent to curve A {lower panel) represent calculated va.ues of
T* (v) for the same cold sample whecn the hot gource is the one whose
emissivity is shown by curve A in the upper peiel. Although the calcu- .
lated values appear to lie close to the steep portiou of the curve, most
of them lie below the curve by an amount corresponding to & difference
in trassmittance of approximately 0.04. This diffe: :nce ie believed to
be significant, and one can conclude that thure is some correlation
between the emission lines and the absorption lines in this region.

It is noted that curve B in the lower panel contains & region
of low transmittance between 2000 gnd 2150 cm 1, hut emissivity curve B
in the upper panel contains no cerresponding maxiwum. Since the gross
structure of these two spectra are greatly different in this region, it
is of interest to check for correlation between the emission and absorp-
tion lines., The x's adjaceat to B in the lower panel represent values of
T*(v) calculated by using the hot source corresponding to B in the top
pgnel. With the exception of 2 or 3 poirts, che x's seem tc fall very
close to the curve, indica*ing that there {s very little, i{ any, corre-
lation between the positions and intensities of the lines in the twc
samples. This result 1is not surprising since the gross appearances of
the spectra of the samples are greatly diffe-ent, indicating that the
relative contributions of the different vibration-rotation lines are
different.

Figure 5-5 shows two sets of curves for the region near 3700 cm 1
which are based on spectra obtained with alit widths given by Resolution
Schedule D in Table 2-1. As in the previous figures, the +'s &nd x's
represent calculated values of T¥(v) for the cold samples with the sample
represented in the upper panel a¥ :he source. It is seen that the calcu-
lated values of T*(v) fall slightly below the curves of T_(v), as was
found to be true ?or the 2350 cm'! region. ¢

Future Plans

The multiple-pass absorption cell having a base length of
29 meters will be used to contain samples of rather large optical thick-
ness and very low pressure in order to investigate the "line correlation
effect" ‘under conditions where it should be greatest. The shorter cells
have been used in the past because of an unusual delay in the delivery
of the big mirrorsfor the longer cell. A flame of 002 produced by burning
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*

CO in O, will be used as an optically thin source; i.s., TH'? 1. TX

for colz sampley can be meazsured directly by comparing the signal fgom
the flame after passing through the sample, to the signal with the
abscrption cell evacuated. The radiation from the flame will be chopped
between tlie flame and absorption cell.

Similar measurements will bt» made with H,C samples in t. . long
absorption cell and in the furnace. HZO flanes wih
iag A, in 02.

be produced by burn-
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APPENDIX A

FURNACE AND SAMPLE CELL

The furnace was designed and built as shown in Figure A-1 by
the members of the Materials Department of the Aeronutronic Research
Laboratories under the supervision of Dr. W. M. Fassell, Jr. and Mr.
Robert Hale. It was designed to heat gas samples contained in a small
cell located in the center portion of the furnace to temperatures as
high as 20G0°K.

Heat is provided by three resistance elements composed of Mo
wire wound on McDanel AP35 alumina (A120 ) tubing which has an I.D. of
approximately 3.8 cm and wall thickness o% 0.3 cm. The alumine tubing
is more than 997% pure and {s impervious, A ceramic substance which is
put on in the form of a paste made from purc Al,0. powder and water is
used to hold the coils of the heater elements .S. t. Most of the heat
is supplied by the main heater which is approximately 35 cm long. The
other two heaters, called end-heaters, are each about 6 cm long and can
be controlled independently to provide a reasonably uniform temperature.
Two different sample cells have been used to date; the shorter one,
which is 7,65 c¢m long at room temperature, can be heated to 2000°K with
a maximum temperature variation of = 5°K along the length of the cell.
It is not posaible to maintain this good a tunperature uniformity with
the longer cell (30.6 cm) above approximately 1500°K.

The portion of the furnace surrounding the sample cell is
filled with argon, which is infrared inactive, in order that there be
no absorption or emission in the sections where there are large tempera-
ture gradients. The pressure in the "argon section" is maintained
approximately equal to that in the sample cell in order to minimize
leakage between the two sections and to avoid rupturing of the very
thin sapphire windows on the sample cell. During operation the argon
is flushed continuously, entering one end and leaving the other.

A-1




TTAD ATINVS NV FOVNENA 30 RVEOVIA " 1-V TeENOId

Y3IVIH R
Lo

O 0




The furnace can be joined to the source tank and optics tank
by flexible bellows as shown in Figure 2-1. CaF, windows are used on
the ends of the furnace where the temperature dOZl not exceed 600 to
700K, "0"-rings of wilicone rubber are used as saals between the
different sections of the furnace and as gaskets for the windows,

The heating coils are protscted on the outside vy & larger
Al O3 tubing. Around this tubing are placed Al,O. pellets for insula-
tign in the region where temperatures are too h13g for fiberglass, which
is used in the outer part of the furnace. The cylindexr containing the
Al,0, tubing and insulation is made of steel approximstely 0.6 cm thick
nn& %l approximately 80 cm long. As indicated in the left-hand portiom
of Figure A-1,the center piece of alumina tubing is connected to the
steel inder by use of two flanges joined by flaxible lellows in order
to provide room for expansion.

The section which is outside of the core of the furnace and
contains the insulation is sealed from the atmosphere and from the
cencer section of the furnace. In operation this portion is flushed
with a mixture of 10% H, and 90% argon at & rate of approximately
1 liter par minute. This gas mixture, which {s directed past the wind-
ings as indicated in Pigure A-1, fs used to provide a reducing atmosphere
around the Mo windings to prevent oxidation. The pressure of the “2 +
argon mixture can be controlled, during flow, from spproxlnltcly 507 to
1500 mm Hg. At temperatures higher than about 1300°K the pressure is
maintained spproximately squal to that in the argon section to minimine
sttain on the alumina tubing arising from any difference in gas pressure

across {t. It has been found that at temperatures below 1300°K the
alumina tubing can safely withstand a pressure iifference of 1 atmosphere.

As the H, + argon mixture is flushed, it {s pumped through a vacuum pump
whose exﬁnult {s directed into the flame of & Meeker burner where the

H, is burned. The flame {s located under & hood so that the fumes are
OihlUlt.d to the outside. It was found that this technique was more
reliable than attempting to burn the R, + argon mixture alone, since

the flow was e0 small that the flame ti-quqntly extinguished {teelf.

Copper coils have besn soldered to the outside of the furnace
to provide water cooling. Other coile, part of which are not shown in
Figure A-1 have been provided to cool the snds of the furnace so that
the "0"-ring seals and CaF, windows will not be damaged. The separate
set of heating coils which“are shown adjacent to the cooling coils on
the left und of the furnace are provided to heat the sample entrance and
exit lines to a sufficiently high temperature to prevent condensation of
H,0 when {t {s being studied. 1In some cases the extra hast is neceasary
wﬁ-n there is not enough provided by tho hasting elements insida the
furnace. It 1is seen from Figure A-1 that the sample entrance snd exit
lines pass through this poition of the furnace.
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Temperatures inslde the furnace are measvred by thermocouples
having one lég of Pt-6% Rh and the other leg of Pt-30% Rh. The thermo-
couples are placed slong the furnace at various locations to provide
inf{ormation about the temperature uriformity. Three thermocouples ure
indicated in Figure A-1l, although additional ones have recently been
used to provide more information about the temperature profile in the
furnace, particularly ncar the windows of the sample cell and nesr the
"0"-rings close to the eands of the furnace. In order to minimize
temparature gradients within the alumina tudbing, the temperatures in
the regions near the "0"-ring seals are not kept much lower than is
necessary for the protection of the seals. Thermocouple wires and
connections to the electrical heating element are made through Conax
fittings.

The voltage from the canter thermocu.ple is recorded on a
Leeds and Northrup strip chart recorder anc also aerves as the input to
& Leeds and Northrup control unit. Voltages from the other thermocouplas
are measured with a vacuum tube voltmeter haviug very high input impedance.
The controller can be presat to a given voltage corresponding to the
desired temperature,and will sutomatically maintain this temperature after
making certein adjustments which depend on the time lay between che heat-
ing coils and the thermocouple,and on the heat capacity of the system.
After the furnace has been heated tu the desired temperature and the
controller adjustments have bean mada, the current through the end
heators {s controlied manually to provide un{form temperature over the
region containing the sample cell,

Both of the sample cells are made of un alloy of Pt-20% Rh
which will withetand temperatures as high as 2000°K. The body of each
cell {4 & plece of tuhing having a wall thickness of 0.38 mm with flanges,
which are 0.25 wm thick and 2.5 ca {n diameter, fused to the ends. The
diameter of the short cell ia 1.) cam, and the long one {8 1.7 cm. Two
tubes having approximately 4 mm 1.D. ere fused to the body of the call,
as shown {n Figure A-l, and extend to ona end of the furnace vherc they
connect to the gas handling system. One tube serves ae the inlet and
the other as the outlet for the sample gas.

No information about the thermal coefficient nf expansion of
the Pt-20% Rh alloy for tempecatures above sbout 1200°K could be found,
sv in order to calculate thea cell length at high temperatures it was
~ssumed that the thermal coefficient at high temperatures vas the same
as that st lower temperatures. Since the difference in length at the
different operating temperstures is emall and eince it could not bde
calculated accurately, a single value of cell length ia used for all the
high temperatures. The shorter cell was the only one used in obtaining
data asppoaring in the present repoyt; ite estimated length of 7.75 cm
is probably in error by less then - 0.05 cm.
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Sapphire windows, which are 23 mm {n diemetcr, are clampsd
agalnst the flanges by the use of washers und bolts made of the same
alloy as the body of ths cell, Gaskets of the same materia’, and
0.025 mm thick, are used between the windows and the thii flanges which
ary sufficiently flex!bly to bend to the proper shape and make good
contact «s the windows are tightened. The seal which {s formed would
not be good for vacuum applications, but the leakage {a small aince the
presaure is the same on both sides of the window. Both the sample gas
and the argon are flushed continuously to avoid atcumulation of aither
»f these gases in the wrong section; i.e., the sample in the argon
section or :30 argon in the sample cell. Plov rates of approxir 'rely
3 and 700 cm” per minute were used for the sample and argon, re :tively,

Since the agrorvtton by sapphire becomes important bulow
approximately 2200 cin * (A > 4.5u), the windows 1rs as thin as seems
practical. It is essential that the absorption not be large at these
frequencies so that the low frequency aide of the CO, absorption region
can be studied. The absorption by sapphive 1ncrc|noi with tempsrature,

00 “he windows on the short cell, which is heated to 2000°K, are only

0.3 o thick, Windows i mm thi:k are used on the longer cell since it
will not be used at such high temperatures. As well #a the need for extra
strength, a further resnon for using the | mm windows instead of the

0.3 mm ones where it {s possibla, is that the thinner ones produce &

elight fringe pattern which can be troublerome. It {s nocassary to
slightly defocus the optics to -limlqgfo the tringes which appear on

the spectra in the region near 233% ca *.




APPENDIX B

GAS HANDLING SYSTEM

The most important purposes and requirements of the gas handling
Ayatem are:

1. 7To produce samples containing W,0, CO,, “2 and other
non-corrosive gases in any desifed niiln; ra~{o at

preasuras from approximately 3 te 1500 mm Ng.

To vontinuoualy flow the sample gas through the sample
cell at a known and adjustable rate while the pressure
fe automatically controlled.

To flow argon through the section of the furnace surround-
ing the sample cell ar a known and adjustable rate and at
the same pressure as the sample.

Tc provide a means of measuring the sample pressure with
good accuracy,

To "bleed off" gas from sither the argon or sample line

aftar it has passed through the furnsce and to direct it
into the monitor cell where its infrared spectrum can be
obtained.

Tvo key parts of the gas handling eystem ara the i{nexpensive
presaure regulators vhich vere made for ‘'se on commar.ial gas lined),
The regulatore are shown smbolimlly by parts 8 and 13 in the diagream of
the gas handling system shown {n Figure B-1. The pressure on the dowvnstreaa
side of the regulator is automatically maintained at some value p(uon) pro-
vided {t {s less than the pressure on the upstresam side. Ges flow through
a small orifice to controlled by a plunger which {s actuated by a mechanical
connection to a diaphraym vhich is approximately 13 cm tn diameter. One
side of the diaphragm {s open to the downstream side of the regulstor and
is, therefore, at the seme pressurs. The pressure on the other side of the
diaphragm is defined as the reference pressure, p(ref), and {e equal to the
stmoapheric pressure in the normsl operation of the vegulator on commercial
gas lines. The diaphragm {s epring-loaded so that & varieble force can be
spplied to it. By varying the force against the diaphragm, the difference
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betwean p(ref) and p(con) {s changed. In the normal ope:siion on commer-
cisl gas lines p(con) {s from S to 15 mm Hg greater th:-. p(ref). Without
changing the regulator, it is no. possible to adjust the force on the
diaphragm so that p{ref) and p(con) are equal.

In order to use the regulators in the present investigation, two
basic modificetions were made. The f{i'at modification mads it possible to
adjust the differance betwean p(con) and p(ref) so that the two vere equal,
This wes done by attaching & stesl plate as a welght to the diaphragm of
the regulator. The reagulator was then inverted fiom its normal operating
position, and hy adjusting the force on the apring against the diaphragm,
the diffarence between p(con) and p(ref) could be sijusted. The difference
can wov be regulated {rom approximately -3 mm to +35 mm Hg.

The second modification i:ulved ceali ‘g the reference sids of
the regulator and connecting it to : tank, calliea the reference tank, which
has a volume of approximately 6 liters. The purpose of the reference tank
Le to incresase the volume of gas ou the reference side of the diaphragm so
that swall leaks and motions of the Jisphragm will have little effect on
the referance pressure. The refercace tank can be evacuated or presaurizay,
and the approximate pressure can be read from a dial type vacuum-pressure
gauge. TFrom the discussion of the operation of the systam which foilows,
it can ba aeen that It {s not necessary te know the pressure ia the reference
tank very accurutely.

The difference detween p(con) and piref) can ba adjusted vhile
the systcm (s under vacuum or under pressurs by changing the force of the
spring againet the diaphrage by weans of an adjustment through a rotating
ssal. During operscion oniy very small adjustmen s have heen found to be
necesssry. DBecause of the large ares of the disphragm, the rvegulator will
respond easily to pressure changes vhich are much less than 0.1 sm Kg.

The operating principies of the gas handling systes can beat be
explained by descriding the filling operstion. The reference tank. the
argon section, and the sample cell are all evacusted, and the valves to
the vacuum pumps &re all closed. Avgon or air is then allowed to ftow
slowly into the veferance tank. As the pressurc in the reference tank
increases the argon regulator (13) opens and argon flows into the argon
section, maintaining a pressure nearly equal to the reference pressure,
The argon line {8 connected to the reference side of the esmple pressure
regulator (8) so that es the argon pressure increases tl.e regulator opens
wud somple gas t{e alloved to flow {nto the semple section. If the pres-
sures are incressed slovwly, and {f the apring force on the diaphragms of
ihe regulators are properly adjusted, the ; essures in the semple section
and the argon section will be approximately equal to that in the referance
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tank at all timee. When the desired pressure is reached valve (16) to the
referance tark is closed. Valves (10) and /23) are then opened and needle
valver (9) and (24) are adjusted to give the proper flow in the sample anc
argon sections, respectively. Values of flow rates are read from the
flowneters shown., Valves (10) 3.0 (23) are block valves used to stop the
gae flow vithout closing the neeile valves, thus avoiding possible damage
to them. Valves (11) and (22) are npen only when the system {s being
evacuared {n ordzr ts pump the gas through the flowmeters. Valves (12)
and (25) sre aiso normally closed, and their purpose will be described
below.

The sunall oil manometer which fs connected between the sample
line and the argon line serves tvo purposes. Valve (13) is normaliy
closed snd valve (18) open so that the mancutoter reads the difterence in
pressure between the sample and argon sections. The pr.ssures can easily
be equalized by adjusting the spring force on the disphr-gn of the sample
pressure regulator (8). The second purpose of the manometer is that of
a safety valve; in case of a mistake in opaning or closing of the other
valves a large pressure difference cannot be built up between the argon
and sample sections. As the pressure Jdifference starts to increase, the
oil will flow out of the manometer and {nto a trap which s not shown in
the line. The argon and sample sections are then connected together and
the pressures vill quickly equalize. When the system is being evacuated,
valve (13) is opened in order to maintsin nearly aqual pressure in the
argon and semple sections without the possidility of forcing the oil from
ths manometer into the traps.

The pressure in the argon aection is measured by one of threa
pressure gauges. The Ng manometer vhich {s shown in Pigure B-1 {s used
for pressures between 2C and 800 we Rg. Two other gauges, wvhich are not
shown {n the figure, are used .or other pressure ranges. A Dubrovin is
employed for pressures less than 20 wm Hg and a sourdon type gauge for
pressures greater than about 300 mm Hg. Since the seaple and argon are
maintaired at the som: presaure, the pressure indicated by the gauges {»
that of the sample. ' . i1pidle error in the measurement o. the sar-~le
presaure resulting ‘tww - 1ssure drops in the gas lines is only important
for presaurcs less than ..xut & or 8 wm Ng for the flow rates used {n the
present investigation.

Sawples can be {ntroduced t, the systam f{ios cowmercial cylinders
through valves (4) and (3), or trom the mix tank through valve \u). Many
ot the CO, + N, mixtures wvere pur-“ased pi:vixed 80 that they could be
used dirnztly iroa the c¢ylinders. UOther gae mixturcs, fircluding sll thore
that conteain K_0, were made in th =ix tank, which has a volumr of about
50 liters and il lined with glass on the inside to reducc adsorption ot
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gas on the walls. 1In order to ensure proper mixing, & mixer has been
incorporated in the tank. It 1s driven through a rotating seal by an
slectric motor on top of the tank.

The mix tank, small oil manometer, sample regulator, sample
flowmeter, and all the other components which might contain H, 0 vapor
when it 1s being studied, are enclosed in an oven which can ge heated
to app-oximately 140°C. By maintaining this temperature it is possible
to study samples containing H,0 vapor at partial pressures as high as
approximately 1500 mm Hg withSut condensation. The lines connecting
the sample cell in the furnace to the components enclosed in the oven
are insulated and heated by an electric heating wire. The valves and
the regulator in the oven can be controlled from outside ad the oil
manometer and sample flowmeter can be viewed th 2ugh windows. When
studying samples not containing Hzo,tne componenc§ in the oven are not
heated.

When a gas mixture is being produced in the mix tank, each gas
is introduced separately, and the pressure is measured after each is

" introduced. A dial gauge connected to the mix tank gives only approximate
pressures, particularly when the tank is hot. More exact values of pres-
sure are measured by a system which is not included in Figure B-1. 1If
the mixture does not contain H,0 vapor, the pressures are measured by one
of the three gauges used on thg argon line. When H,O vapor 1is included
in the mixture, the mix tank is connected to ~n=» siZe of a small glase
-+ "e containing vacuum pump oil which is enclosed in the oven to pre-
ven condensation of the H,0. The other side of the U-tube is connected
tr une of the three pressu;e gauges used on the ::gon line. The pressure
un the line to the gauge's can be adjusted so that there is no pressure
difference between the two sides of the U-tube., The gauges then indicate
the pressure in the mix tank. By this technique it is possible to measure
pressures in the mix tank with about the »ame sccuracy aa {n the argon

line without heating the pressure gauges.

Other sections of this rennrr contain discussiouns of the use
ol the monitor cell to determine the pirity of the gas coming from efither

) the argon section or thc sample section. To investigate the yas in the
argon section, for example, the monitor cell is first evacuated and the
gas is introduced through valve (25) with valves (23) and (22) closed.

' In this manner it is postuibie to fill the cell with a minimum of dia-
turbance or change in the flow of the gas {n the system. By adjusting

) the opening of valve (24) the flow of argon can be maintained very
nearly constant until the pressure in the monitor cell approaches that

I in the argon aection. Wheu the flow stops, it {s assumed that the prenmaure
in rhe monitor cell is equal to that {n the argon :ection. Valve (25) {i»
then closed and the other valves are re-adjusted to give the desired flow

} rate, In order to {nvestigate the gas in the sample section, a similar
procedure {s followed by nse of valves 9, 10, 11, and 12.
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