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ABSTRACTI
Measurementa of the infrared mission of 002 and H20 near

3700 cm. 1 and near 2350 cm 1 have been sade at 900 0 K, 12000K and 15000K
with pressures varied between approximately 5 .nd 1500 Mg. Samples
were contained in a ample cell 7.7b cm long and heated by molybdenum
wire furnace. Investigations were made of absorption of radiation from
hot 002 by cold C02 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

INTRIODUCTION

Seneral Discussion

More fundamental information about the emission of infrared
radiation from flies and its te tisxsa Son through the atmosphere is
clearly needed. The objective of the present experimental invoetiga-
tion is to provide basic informatio'n about the emission of 00 and
H 0, the two most important constituents of flies, and a" ut the
transmission of the emitted radiation through atmospheric paths con-
taiing these sma two species. A t~pical flme shows a region of
strong emission by CO2 neolr '4350 cm '(4.3 microns) and another by
CO• and 40O near 3700 cm (2.7 microns). This report is devoted to
measurmefito made in these two spectral region*.

A furnace hes been designed and built to beat samples composed
of N • nd CO2 and other goaes to temperatures as high as 20000 K. The
sample gas is contained in a small platinim cell with sapphire wintows.
end the temperature of the sample is uniform to approximately - 10 K.
Virtually any mixture of N 0, CO , and any gas which does not react
with copper tubing can be investigated a& any pressure between approul-
mately 3 and 1500 tm g. The measurements have been made with the a
of deteruining the dependence of mission on the temperature, the
optical thickness of the emitting gas, the ptrtisl pressure of the
e*ittin gases*. ane the ;a-teal pressure oi othcr non-smitting asees
which are present, Nitrogen has been used as a non-emitting Ioraeii,
gas. It is believed that the information presented in this report,
along with that which will result from continued investigatioaesviIl
be invaluable in ma"ing calculations of the isiesion from flams which
are larger then can be produced in the laborstorv. and are non-untiform
In temperature and1 in composition. The type of infatuation provided by
the present investigation Is essential for the developenmt of proper
band models necessary tar such calculations.
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Since the objective is to obtain quantitatie data on effects
of pressure, temperature, etc., it was decided to investigate samples
heated by a furnace rether than flames. Much better control of samples
coutained in a cell heated by a furnace is possible. The temperature
and composition can be kept uniform throughout the sample, while these
parametera are variable throughout a flame. The temperature, pressure,
and composition can also b•i varied over such wider ranges. Results of
the CO, and H 20 measurements are presented in Sections 3 and 4,
respac vely.

A second phase of the study involves the transmission of
radiation thro.;h synthetic atmospheres. Considerable work has been
done on the transmission of radiation from continuous sources, such as
glowers and hot filaments, through atmospheric oaths. However, the
problem is further complicated when the source ef radiation is a gas
flame containing the same species as the absorbing gas. The complica-
tion results from the fact that many of the mission maximsa occur ct
the same frequencies as the absorption maxima. A detailed discussion
of this effect is presented in Section 5 along with the results of
several measurements which have been made.

Since the investigations are being continued, very little
analysis of rho data I- nresented in this report. The date are
presented In considerable detail ir the form of tables and figures
so that they can be used conveniertly by other workers for comparison,
or for a basis for theoretical calculations. Further reports on this
investigation will contain a considerable aount of analysis. and
coaparisoes will be made vi~h results of -clate* investigations by
workers at Geineral DYnamicss , Warner and Sweeyi , University of
Californi 1, Israel Inctitute of Technology , and Armour Research
institute . Effect@ of temperature, pressure, optical thickness, etc.
will be determined an the usefulness of different band models will
be considered.

Vntts. Symbolo. and tefiritioes

,h reeOr letter v to used to deonate the frequency of radiation
"in wvenumbor (cn'm). the number of waves per centimeter in vacuum. Veve-
lengths ar, measured io micIone "nd denoted by X. F•eq•aencieC in cm-1

can he found by dividlin 10 by the 6aevle"4th in microns,

k(. to the true absorption coefficient at frequency v, as it
would be observed with eb isetrasnet having Infinite resolving power.
flherever "tru.e is used 4ith absorption coefficient. transmittence or
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emissivity, it corresponds to infinite resolving power. True transmittance
is given by exp(-k(v)u), where u is the optical thickness.

T(-.) is the transmittance of a sample measured at frcqucacy v
with a continuous source and a spectrometer having finite alit width. The
transmittance of a gas sample is the ratio of the radiation transmitted
by the San to that incident on it. Ausorptance is denoted by A(v) and is
l-T(v). Emissivity c(v) is also 1-T(v); absorptance is used with reference
to cold gases for which the irterest is in the absorption of radiation.
hissivity is used with reference to hot gases whose radiation characteris-
tics are being studied. The emissivity of a gea is the ratio of the
emitted radia:,t power to the radiant power from a blackbody at the same
temperature. If is used to denote the average value of t(v) over a specified
interval.

-l -2 1
H(v) denotes.!pect.al radiance in watts star cm cm . N denotes

radiance in watts star cm ; either for all frequencies or over a speci-
fies interval. Different subscripts and siperecripte used with the symbols
described above refer to specific cases. For example NM(v) denotes the
spectral radiance of a blackbody. T' (v), T (v) and T c(v) denote Lraiu•-
mittances of a cold gas, a hot gas, izd a h~t and coll gat in series,
respectively. when an asterisk is used with a symbol for transmittance
such as T('(v), it denotes the transmittance that would be obeerved with
a hot ILs source.

Total pressures are denoted by P, and partial pressures of
individual gases by p(C02 ), P(H 20), etc. All pressures are measured in
mie g.

Values of optical thickness u for CO 2 samples are determined in
stmos cm STP by

p(CO) L •0
u (atmos cm ST?) • - (1-1)

where L i* the length of the smle in cm, O is standard temperature.
273•K; and 0 is the gas tuoeraLure in OK. °DividinS by 760 con4erto
the pressure to etmospheres. The temperature factor 0 "* is to be noted
since many authors do not apply it in their calculatioss. In the present
Investigation this factor is used so that a given 2 value of u in Itmoe cm
ST? correepon"Is to the some value In moles per cm ur gs per ca'. regerd-
less of the temperature. in the case of CO., SaJU0e of optical thickress
can be con erted fr', atmos cm SI? to 1s pir mu by mitiplying by

1.1, 10
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SCI'UON 2

EXPERIMENTAL

A diagrm of the optical componwnts of the apparatus is shown
in rigu'e 2-1. Padiation from a Nernst Slower passes a 13 cps chopper
and Ic 1,t,;*d near a small absorption cell inside the furnace. The
absorptior .all is not shown in Figuzo 2-I, but the eappt ire windows
which fit It are shown. After passing through the cell, the radiation
travels on through the furnace and an image of the glower is formed on
the slit of a Ferkin-|Imer Model 99 monochromator. Thd abeorptance at
any frequency ti obtained by comparing the signal obatrvwd with a
ample in the hot cell to that obeervec with the cell evacuated. Sinci
the furaice is between the chopper and the monochrosator, radiation from
it is not modulated Qnd is not detected. Absorption by the windowe ts
accounted for by the comparison of the spectra. If one were to use the
ho; gas directly as a radiation source, error would arise from radis-
tic~n emitted by the windows or reflected from thom. This radiation
could not be very accurateLy accounted for by comparing the signal
with a sample in the cell to that obtained with the cell evacuated.

KEch window would not only emit and scatter radiation intg the instru-
ment; it would also absorb a portion of the radiation from the preceding
components. For examplW , the cell window on the side neXt Lo the
"-nnochrmator would absorb part of the radiation emitted by the gee
and by the window on the opposite aide of the lee. Similarly, the
sample gee would absorb part of the radiation from one window and none
from the other. Thus, Lt is apparent that the contribution of the
radiation due to the windows would change with the gas sample and wnuld
be very difficult to determine.
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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 determiued 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 tev•erature 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 source tank is evacuated ,nd 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 a tendency of the Hernst glower to evaporate
and form a film on the mirrors. The lid of the monochromator is
connected to the window at the end of the optics tank by means of a
bellows to reduce leakage of air into the region under the lid, which
"is ftushed with dry nitrogen at the rate of about 3 liters per minute.
Under these conditions, it is possible to reduce the maximum absorptance
"i"i tb,* regions of the CO bands at 2350 cm" 1 and the H20 bands at
3'00 r-n"1 to about 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,
ti av-id complications in making slit adjustments and in scanning t1e
Littrow drive.

The optical system for the optics shown in the left-hand
porr'oi, of Figure 2-1 is used when it is desired to have a rather
long path of absorbing gas in "series" with the gas in the furnace.
An image of the ,lower is formed adjacent to the single mirror 6of a
multiple-pass mirror system similar to that described by White . In
the situdies using thin system, which are described in Sectlon 5, the
number of pauses zould be varied from iutside the tank without opening
it ar without changing the Sas in It. The maximum number of passes
used was 24, w•ch correspon-s to a total path of more that, 2600 cm
within tie ovtics tank.

The image of the giower formed near the hot ,eLl is enlarged
by a fac-i. of &- proximately three. This image is th6ý.i reduced by
about the same factor, giving an image approximately (.4 cm high on
,ht slit of the montochromator. By decreasing the f-xa-tio in this manner,
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the beam entering the monochromator "fills" more than 80 percent of
the prism. Since there is some vignetting, and since the beight of
the slits is about 1 cm compared to the image height of 0.4 cm,
the monochromator is only about 30 percent filled. In an optical
system such as this, the maximum resolving power is limited by the
minimum slit width compatible with the desired signal-to-noise ratio.
The resolving power is approximately proportional to the reciprocal of
the physical slit 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 completely filled.
Since high resolving power is not essential in the present study, the
factor of two which is lost is not considered important.

It would be possible to more nearly t-ll the monochromator
optics by using an image-splitter or by increasing the aperture of
the furnace; but the advantages that would be realised do not appear
to justify the inconvenience. If the aperture of the furnace were
increased by enlarging the opening. aire power would be required and
it would be much more difficult to maintain uniform temperature over
as long a portion of the furnace. An image-splitter which would split
an image of the glower vertically into two halves and re-image them,
one above the other, could make use of more of the height of the slit.
Such a device takes advantage of the fact that the image formed on
the slits is usually much wider than the slit opening; some of the
radiation that would ordinarily be wasted is then used to form a
higher image without increasing the f-ratio of the beam. However,
in view of the tact that the optical syetm is already complex, the
further complication of an image-splitter 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 exiL slit. For any setting of the Littrow mirror,
there is some frequency which passes through the exit slit after only
a single pass (actually two passes through the prism, since the beam
traverses the prism twice in a single pass instrument and four times
in a double pass), but the single pass radiation is not detected
because it has not been chopped. However, if the bea,. is chopped
externally, as in the present study, bms modifications must be made
in order to avoid simultaneous detes.ýtk l radi::2 tij Jafre-t
frequencies, one single passed and one double passed. To double pass
the instrument while using the external chopper, the bottom halves of
the entrance and exit elite were I-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 therefore 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 alit passes through the upper
half of the exit slit. Since the height mf the imago of the Nernst
glower formed at the entrance slits is lees than half the height of
the slits, no loss in signal was introduced by blocking half of 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 as when the instrument was double passed while
using the internal chopper in conjunction with other optical systems,
such as the Nernst glower and monitor cell in the optics tank. When
using the external chopper the internal chopper is p"sitioned so
that it is out of the beam. A window has '-tn added to the lid of
the monochromator so that the internal chopper can be viewed while
positioning it.

With the monochromator double passed in this manner, the
"scattered light" was less than 0.1 percent of the total radiation
near the 3700 cm-1 region and was about 0.5 percent in the region of
the strong CO2 absorption near 2350 cm" 1 . The amount of scattered
light was determined by comparing the recorder deflection with the
entrance slits covered to that vith a sample of CO2 large enough to
produce complete absorption, Since the mount of scattered light
was so small, it could be accounted for sufficiently well to avoid
significant error.

If the physical slit vidth if the monochromator were kept
constant while scanning over the entire region of CO2 absorption
near 2350 cm 1 , the recorder deflection on the low frequency aide
was found to be only about 20 percent as great as that on the high
frequency side. In order to reduce the chenge in deflection from
one side of the absorption region to the other, the slit servo-
mechanis.t built for the monochromator by Perkin-Ilmar was used to
open the slits automatically according to a pro-detemined program.
A nonlinear electrical cam which% wae custom made in our laboratory
was found to produce a reasonably smooth background when used with
the Perkin-Elmer slit servo. The physical slit width was kept constant
while scanning the region near 3700 cm-1 since the change in recorder
deflection from one side of the region of absorption to the other side
wees less than for the region near 2350 ce"I. A further reason for
using constant slit@ at higher frequencies is that the slits are
narrower and a small error in the servo mechanism would produce a
larger error in the recorded signal.
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Table 2-1 gives values of spectral slit width AV at several

frequencies for the dVfforent slit programs used. The va&ues are

based on curves in the instrument instruction manual relating AV' to

the physical alit 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 usting the Rayleigh criterion. In

the discussion of the results, reference is made to the resolution

schedule which was used while obtaining the data.

TABLE 2-1

RESOLUTIOH SCHEDULES

Wevenumbr.r -(l in cm

1800 3.7 5.0

2000 3.5 4.8

2200 3.2 4.6

2400 3.1 4,4

2600 4.6

2600 2.9 4.2

3000 3.5 5.2

3200 4.3 6.4

3400 5.1 7.6

3600 6.0 8.9

3800 7.0 10.4

4000 8.1 12.0

4200 9.2 13.7

4400 10.4 15.5
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The synchronous motors ,which drive the recorder chart and the
monoc~hromator Littrow arive~were 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 the recorder chart

and Littrow drive are synchronized so *hat the frequency calibration
on a spectrum remains the some 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 5
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 dezermined by
the region having the most structure.

A gas handling system, which is described in considerable
detail in Appendix D, was designed to deliver gas samples to the
sample cell in the furnace at any desired pressure between approximately
3 and 1500 mm Hg. Virtually any gas mixture, including water vdpor,
whic~h will not react with copper tubing can be produced and flowed
continuously through the ample roll at a regulated pressure. All the0
components which contain sample gas can be heated to approximate~ly 140 C
in order that R 0 can be investigated without condensation in the linas.
Argon which is Inactive in the infrared is continuously flushed through
the section of the furnace aro~.ad the sample cell. The argon pressure
iesmaintAined very close to that of the sample in order to avoid
rupturing the thin sapphire windows of the samle cell and to reduce
leakage past them. T~he windows are only O.; mm thick so that absorption
of radiation by them is kept to a miniam. Absorption by sapphire
becomes important at high temaperature at frequencies below about 2200 ca
(x> 4 .%L) .

Both the samle gas and the argon are flusned continuously to
avoid accumulation of either of these gaeses in the wrong section of the
furnace~and to carry away any impurities that might atiese from slow
reactions or from de-gessing from the walls of the furnace~wtich might
occur because of the high temeratures. A small absorption cell and a
separate radiation glower were employed in order to monitor the composi-
tion of the gaeses by observing their absorption spectra. The arrangement
is shown in figure 2-1. A small flat mirror located Inside the optics
tank can be moved into the path o' the beam coming from the furnace,
thus blocking it from the monochromator. When in this position~the
'mirror directs light from a Nernst &iower onto the monochromsatr.
Located in the beam Is a small absorption cell, labeled as a monitor
cell, which is connected to the gas handling system. The primary purpose
of the monitor cell is ki cont-in samples of gas which can be bled
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from either the hot call in the furnace or from the argon sections.
Spectra of these samples can be obtained periodically to monitor
the composition of these Sases. For example, the purity of the argon
is monitored to check for possible leakage of excessive mounts of
ample gas into the argon section. ;y comparing the spectra with
others obtained for knowm mixtures in the cell, it is possible to
estimate the mount of ample gas present. On the basis of checks
made while obtaining the data presented in this report, it was found
that there was usually less than 0.05 of one percent &ample gas in
the argon. trrot arising from the presence of this gas is 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%. While
obtaining spectra of samples in the monitor ceLl, the internal chopper
was used.

Because 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 flow rates were used for water vapor as
for CW2 and it waee aesumed that negligible error was introduced by
leakage.

RocordinA of Date

before and after the spectra of a series of smples were
obtained, backgrounA spectra were run with the ample call evacuated
but with all other experimental conditious the sase *a those for the
samples. The frequency interval covered by the background spectra wee
somew•at wider than that over which the largest omp ae would absorb.
In the case of 002 aMple. the region near 2350 cme' and the one near
3700 cm-l were scanned separately. When studying 1120, the region near
3100 cm'1 was scanned in one continuous spectrum.

Smples were usually divided into sets compnoed of a given
mixing ratio at different pressurej. In general, the first sample was
at the lowest pressure at which the absorption wae sufficiently great
to be measured with reasonable accuracy. Succeeding ample@ were at
higher pressures, where the presuu-ae ware increased by a factor of
approximately two between samples. After the esmple pressure was
changed, but before a spectrum wee scanned, the flow rates of the
emple gas and argon were adjusted to soem predetermined optimum value
anA the flow was maintained for a few minutes. Immediately after each
spectrum was scanned the recorder deflection was checked at a fev key
frequencies within 6'e band. If the deflections at these frequencies
mere the same as were observed during tho scan, It was assumed that
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there was a negllgible drif.. In cases of excessive drift the spectrum
was re-run.

Reduction and Frteentation of D1;a

T Curves which represent recorder deflection for no ample
absorption were superiposed on each ampl spectrum by tracing the
appropriate background spectrum. There were always at least two back-
ground spectra for each ample, one obtained before the ample spectrium
and one after it. Comparison of the different backgrounds provided a
check for drifts within any one spectrum and for other possible "long
term" variations which might occur between the tines they were obtained,

There is, of course, aces uncertaxnty in fitting a bockground
"to a smple spectrum. This uncertainty ti particularly noticeable in
the wings of a band if the absorptance decreases very slowly. The error
which might arise in any individual spectrum can be reduced by "nesting"
all the curves belonging to a set of sample. for example, if emples
of a given mixing ratio at 9 different pressures were studied, the spectra a
of several of these amplss can be superimposed. Since it is known
that the absorption at any frequency increases with increasing pressure,
the absorption indicated by any single emple should be consistent with
that of the other samples. better accuracy can be attained by this
technique, since information from several spectra is used to determine
the spectrum of any single ample.

After the backgrounds have b .on drawn the information is put
in digital form for use on an Ilk 7090. Values of recorder deflection
are recorded on punched cards for enough points to define the curve;
the points at which any curve is read are chosen according to the
amunt of structure and occur at variable density along the curve.
As an approximate criterion, points are read at every maximum and mini-
mum and at points in between so that straight lines joining them will
not deviate from the curve by an amount corresponding ko more than 1/4
percent tranomittanco. The is criterion is used for the background
curve as for the sael curve, and no attempt is made to read both
cur:as at the sa frequencies. Lach card contains informtion about
the recorder deflection and about the x-value, from which the frequency
ie calculated. A program for the 13 7090 has been devoloped to
provide the following output for each sample %tos emission is being
studied.

(1) Values of iasslivity I (-) * 1 " T(IV), end frequency in
cm, 1 at all points where the ample spectrum wes read.
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(2) Values of N(v) *t the same frequencies; N(v) is the
spectral radiance of the gas computed from he product
of c(v) and the spectral radiance of a blackbody at
the temperature of the gas.

(3) Values of j, the average emissivity over 5 cm-
intervals. These are determined by averaging values of
e(v) which are calculated at integral wave numbers as
an intermediate step.

(4) Values of N the radiance in watts cm-2 star"1 for the
5 cm"1 intervals. These values are deterained from the
product of t for the same interval and 5M3 (v ), where
I(v ) is the spectral radiance it the canteo of the
intepval of a blackbody at the ae temperature as the
gas. Since the spectral radiance of a blackbody is
nearly constant over a 5 cma1 interval for the tempera-
tures and frequencies covered in the present study,
the simple prcduct is a very good approximation to the
radiance of the interval.

(5) Values of j for 50 cm' intervals, determined by one-
tenth the sam of thv values of i for the ten 5 cm 1

intervals.

(6) Values of N for 50 co 1 intervals, determined from the
sun of the values for the tin 5 ca 1 intervals.

In information contained in (I) and (2) are included in the
computer output in tabular form end on cards vhich can be used with
an automatic plotter, while the information in (3), (4), (5), and (6)
is presented in tabular form only. The curves of missivity shown
in Sections 3 and 4 were plotted from the punched cards, but the
re"inder of the output described in (1) e•nd (2) above is not included
in this report. The emissivity curves are presented rather than
photographs of the original spectra which have a nonlinear wave number
scale and fot which the background curve corresponding to 100% trans-
mittance is not constant. Tabular information from (3), (4), (5) and
(6) above is presented in Sections 3 and 4.

The results of the investigation of the traemission of radia-
t1on frou aot CO, through cold C0 are presented in a different sanmer
it Section 5 sloAg with a discussion of experimental techniques, data,
and the theory involved.
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The major portion of the results obtalined are presented in
this report in a manner that should ha ionvenient for workers who
need the raw data to compare with their resultb or for others who
are intetested Lit fitting data to vaivioue band mudels. VOLY hI(Llw
analysis is presented here since more data will be obtained in th.
near future and a detailed analysis of all the data will be performed
at that time.

Irrora and Accuracy

In a study such as this there are certain sources of error
which arise from sampling, from data recordin;l, and from data analysis.
Uncertainties in sampling are somewhat lakrger in the Present study
than in studies that are not complicated by the high temperatures and
by tht necessity of flowing the smaple con iautously whlile makinS
measurements. 1%1e recordel temperature of the asample of hot gas is
pccu rats to approximately . 00K; this uncertainty causes approximately

1%error in the calculation of optical thickness, which is inversely
proportional to temperature at a given pressure.

Approximately t 1% error in the calculation of optical thickness less
arises from the uncertainty in the lengLli of the sample cell at high
temperatures. Available data on the coefficient of thermal expansion
of the cell material only covers temperatures to 10000C. The cell
Length at the higher temperatures was calculated by asestulug the samw
coefficient of expansion as for the lower temperatures, mind the value
cai~culated for 15000ý is used for all temperatures above 9000K since
the change in length at the different temperatures is very small.

On the high frequency side of the CO bands an increase in
temperature, at constant pressure, results in a decrease in emissivity,
while on the low frequency side an increase in temperature causes an
increase in estissivity. LUder most conditions and at most frequencies,
a I percent error in temperature, would probably cause loes than 1 per-
cent error in the measured value of emissivity, but on the extreme
low trequiency side the error In emissivity might bv as large as 3 or
4. percent.

Further sapling error arises from Impurities and from un-
certainties in the mixing ratior of the gases. 110 is the only
impurity in the 001 and OD + NZ2 mixtures wic alsorbe Infrared radia-
tion In the regions of the 00 bands but even the absorption by 1120
near 3700 cm-1 is very small )~r hot samples and can be accounted for
without introdvcing sign~ficant error. 1%e ODI + N1 mixtures were
-1btained from a local gas supply company which claimied an accuracy
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of ± 0.5 percent. Unfortunately, many of the emissivity measurements
vere made before it was discovered that the mixing ratios of the gase@
did not meet the specifications. The gases ordered were supposed to
be 1/16, 1/8, and 1/2 C02, but were found to have the mixing ration
of 0.074, 0.145 and 0 .53, respectively. The values were determined
by carefully comparing the infrared absorption by the pre-mixed samples
to that by samples mixed in the laboratory. Measurements were made
with an absorption cell at roco temperature. Repeated measurements
cade by usin3 different mixing techniques indicated that the fractions
of CO quoted above are accurate to approximately ! 1 percent exceptI ~for tie most dilute mixture wh~ich may be in error by as much as t 2
percent. The purity of the "pure" OD and of the K120 investigated was
probably greater than 99 percent.

Further uncertainty in amplinS .1 introduced by the small
leakage past the windowe of the cell. The small amunt 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 too low. it was found
that the emissivity measurement was insensitive to change in aemple
and argon flow rates over a wide range, indicating that the flow wee
not too fast for the gas to heat to the proper temperature and yet
it was sufficiently fast to provide flushing. As a result of these
findings, along with the spectra obtained for the Sames bled into
the monitor cell, It wes concluded that leakage could not give rise
to nor* than t 1 percent uncertainty in the measured values of

Absorption by the small amou..t of C2and N-j0 which could
not be flushed from the monochromator could give rise to a maxima
error in smissivity of approximately 0.01 at the frequencies of
maximum absorption in the background. The abaorptance by the residual
C02 and NO2 wee greater than 0.02 or 0.03 in only a few cases. Thi
absorption can be partially accounted for, so that the maxImim err-or
should not exceed that stated above.

Certain small errors are introduced by possible nonlinearity
of the detector and smplifier and by scanning too feast for the recorder
to respond completely to give on accurate reading. According to the
instrumnt manufacturer's specifications, the maxism error in emis-
sivity values caused by n"onlinerity of the detector and amplifier
should not *ax-d 0.003 for values of esissivity near 0.50 and should
be oven loee for values nearer toer or unity. Itrror introduced by
scanning too fast for the response of the amplifior eho'mld be n~egligible.
except possibly for frequencies twer a very steep slope on the spectrums
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such as occurs on the high frequency side of the 00 absorption ir. the
2350 cmi1 region. Maxima and minima on the rec3rdilgo may tend to be
sllghtly "woun~ded" and shifted toward the direction of snan, whiich in
the prosint study is from high to lowi frequonciea. Since considerable.
:are was taken to d~termine the proper scanning speeds, wh~ich vere
varied fras one portion of a spectrum to anotner, the maxtimus error
in eminsivity due to slow "dynmic response" stould not exceed 0.i01
at any frequency, and the aiemrage over a 5 cm- interval is considerably
loes.

The operator of the digital read-out machine can read the
recordings with an ancertainty that corresponds to &,)proximately
t 0.004 in emissivity. The machine program performs the calculations
as if the curves were composed of straight lines between the points
read, and the points were sufficiently close that this "assasition"
should never produce errors gretter then 0.001 in the calculated values
of average emissivity for 5 ca intervals which are tabulated in
Sections 2 and 3. Amy other errors due to the machine are negligible.
except for mistakes in the input such #as duplicate cards or cards w~hich
were punched wrongly. Output errors due to incorrect cards are usually
obvioua when the emiasivity curves are plotted, and corrections can
easily be made. ftwever, it is possible that a few obscure errors
still exist in the table& of Wetiona 3 &Ad 4. If so, these errors
would appear in a close comparis'-n of the tables with emissivity curves.

Error in te!foquoncy calibration of the epoctrometer ih
are apprpialy±1m er the 2330 ceod region and t 3 cm- ea
3700 cm tend to shift the spectra but do not change the structure.
Of course, such error@ in calibration can produce largG errors in setis-
sivity at a particular frequeny maeaured on a steep alupe of a spectnim.
6uz the error imtredut*d for a very wide interval or band is negligible.

because of the many sources of errors Wd because eam are
Important for *em cooditifte end not for others, it is difficult to
Qumerims the uncertainties of the results in a concise maaaer. But.
for seet cases, It is believed that tim values of Waissivity loee them
0.10 are trobably accurate to t 0.01, while the uncertainty may be as
large as .0.03 or 0.04 for Values of siaisivity greater than approsimately
0.5. It should be mated that ditIrizns in emiseivity betwoen neigh.
boring frequenacies.which are much )*so them the stated values of un-
cortainty, cm be detected. this is true because the **curacy of the
"s1hape" of a spectrum is considerably better then the absolute accuracy
of the measuremat at a single frequency, .amge it eiselivity as "*I&
as 0,001 or 0.002 co frequently be detected between neighboring points.
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SECTION 3

RESULTS: EMISSION BY HOT CO2

I

This section contains the results of emission data obtained
for more than 60 uamples of CO and CO + N at 12000K and 150C°K.
?fiAtures r'f 0Oi + N contaionnj 7.4%, 14.5%' 53% and 100% of CO2 were
investigatid ai totil pressured between approximately 6 and 1500 mm Hg.
The langth of the sample cell was 7.75 cm at the high temperatures. In
Zeneral, the spectre were obtained in sats consisting of samples having
a fixed temperature and fixed mixinS ratio but at diff~rent totl pres-
sures. For a given sample the spectra of the 2350 cm and the 3700 ;m
regions were recorded separately Several of the samples t lower pros-
sures did not produce mignificant emiasion in the 3700 cm-L region, and
spectra were not scanned in this region. Although spectra were obtained
in both regions for many of the samples, each spectrum has been given a
different sample number for reference. SaLple numbers for the 23?O cm"
region are prefixed by the letter F, while those for the 3700 cmt
region are prefixed by T.

Figures 3-1 through 3-8 show curves relating emissivity to
frequency foT the ?samples. The curves were replotted from the spectra
ohtained with spectral resolution given by schedule A in Tdble 2-1.
Since loss oC a l,.Ll structure in the process of replotting is
inevitable, all the emissivity curves shown in this report probably
correspond to a spectral slit width I or 2 cm wider than that shown
in the corresponding re•,lution shcedule.

Emnipsivty curves for the T spectra (3700 cm ") region are
shown in Figures 3-9 through 3-14. Resolution schedle C (Tablo 2-1)
applies to the spectra from which these curves were obtained.
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The growth of the emission 7with increasing pressure is seen
to be quite large. It is well known from similar studies of absorption
by gases at lower temperatures that the growth observed by incr ising
the pressur.9 of a given mixture is a result of both the Inrease in
optical tt.iktteas and the Increase in line width associated with higher
pressure.

in Figure 3-15 are shown a set of curves relating fq(v)dv over
the 2350 cm resion to total pressure for four different gas mixtures
at 120001. The quantity fc((dv correspond. to the quantity fA(v)dv
which is frequently used in absorption studies of gases because it is
independent of the slit function under usual experimental conditions,
provided the integration is carried out over the entire region of
absorption. The features of the curves of Figure 3-15, ohich are drawn
on log-log scales, are quite similar to curv, •of fA(v)dv for samples
at room temperature which have been published. The curves contain an
a!mopt straight portion and tend to level off at higher pressures as
the emissivity approaches a maximum value of unity over much of the
rsgion, and the only growth occurs in the winps of the emitting reaion.

In order to demonstrate the effect of increasing preosure
while maintaining constant optical thic' ness, points were read 1rom
the curves of Figure 3-15 and plotted in F'gure 3-16, where "ach
curve corresponds to a constant value of optical thickness. A rather
small dependence on presoure is observed; the maximum slope of any of
the curves is approximatmly 0-2, which indicates that the maximum
dependence on pressure is p . it should be noted that the total
presasire used in the abscissa of Figure 3-16 is due to CO2 + N2 ; and
different points 'sed in obtaining the cLrves represent samples having
different ratios of the two gases. No attempt has been made to account
for the different broadening abilities of the gases to obtain an equiva-
lent pressure which is oirectly related to the widths of the spectral
lines. The necessity of accounting for the different broadening abili-
ties has 8been explained in considerable detail by Burch, Singleton, and
Williams . The curves of Figure 3-16 illustrate the effect of pressure
broadening by an inert gas, N2j buz the dependence of emissivity 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 present investigation.

information about each sample and about the measurements are -l
given in contiderable detail in Tables 3-1 and 3-2, covering the 2350 cm
and 3700 cm regions@, respectively. The tables were compiled by
"strip;ing 1.n" the output from the IBM computer for each samplej the
tables were then photographed and redured to page siae.
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"INFORMATION FOR USAGE OF TABLES 3-1 AND 3-2

Tables 3-1 and 3-2 have been divided into portions 3-lA,
3-1b, etc.,since the information for all the samples included in each
table could not be put on a single page. For example, 3-1A covere
samples Fl through FT; 3-1 covers F8 through F14, etc. Tables 3-1A,
3-1B, etc. are each on one page, whili 3-2A, 3-2B, and 3-2C are each
two pages long.

The following information regarding each sample is given at
the top of each table: The number assigned to each 4ample, the tempera-
ture, total pressure, ratio bt the partial pressure of CO to the total
pressure, thu optical thickness u, in atmos cm STP, le(Y)iv over the
entire region of absorption, and the number of the figure containing
the emissivity curve.

The interval is given in cm' 1 in the first column and in
microns in the second column. The third and fourth columns apply to
sample F1, the fifth and sixth to F2, etc. In the left-hand column
under each sample is given T, the average value of emissivity over
the interval; the right-hand column ulder each @aTplo gives the radi-
ance N over the interval in watts cm steradian , The multiplication
factors 100 snd 10,000 at the top of the columns should be noted.

1 The first portion of each table is devoted ti intervals
50 cm wide; and' the remainder is for intervals 5 cm' wide. Radi-
ance value. rut each 5 cm" interval are found by multiplying 5 times
the average emineivity over the interval by N1 (v ), the spectral
radiance at the center of the interval of a '.lachbody at the temperature
of thr gas. NB(v), the spectral radiance of a blaerkbody at frequency
v(cm" ) at temperature 0 is given by:

N (v) M 1.1906 x 10" 1 2 v3  xp .43868 - (3-1)

The power radiated from a I cm2 surface of the gas sample in
the frequency interval involved, through a small solid angle w in a
direction perpendicular to the surface, is given by cuN. The requirement
for the power to equal wN is that the cosine of the angle between the
surface and any of the rays in the beam be approximately equal to unity.

The total power radiated in a hemisphere from a 1 cm flat
surface of a blackbody is given by nNB(v).
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Values of N foi the 50 cm' intervals were found by summing the
values for the ton 5 cm' intervals included; values of T for 50 cm-I

intervele were found by taking one-tenth the sum of the values of j for
the ten 5 cm 1 intervile.

Although tht output of the computer included two figures after
the decimal point in the i columns aid three figures after the decimal
point in the N colutmn, the last figure in each of the columns should not
be considered significant. Uncertainties in the tabulated values are
discussed in Section 2.
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SECTION 4

i RSULTS: 04ISSION BY HOT H120

Results on emission measurements of 11 sample$ of pure H 0
vapor at 9W 1, 1200*K, and 15000K are presented in this section.
Pressures were vatted from approximately 48 to 760 e HI, with a sample

7 cell length of 7.75 ca. Figurep 4-1 to 4-5 show amissivity curves re-
plotted from spectra obtained with resolution schedule C (Table 2-l).
As in the case of the CO1 emissivity curves a small mount of information
has been lost in the r.opttins. In a few cases it appeared that the
automatic replotter did not move in straight lines between the points on
come of the steep elopes. The error tended to make the emibsion lines
appear slightly narrower than they should. The uncertainty in Llah
minion curves is gootwhat greater on the low frequency side, below
approximately 3100 cm , than in other portions of the spectrum. The
8restir uncertainty in this region is due to %wo factors, The first
is th, t the recorder deflection iQ this region is only eboat 30. of
full scale on the original specgrd. The other factor is the error in
fitting the spectrum to the background because the two curves converge
so gradually that it is difficult to determine where they should meat.

Results of the calculations of j and H are given in Table 4-1
in the same form as the CO results in Tables 3-1 and 1-2. Information
about the contents of the lablae is given just previous to Table '-1.
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SECTIOH 5

TRANSMISSION OF RADIATION FROM HOT CO2 THROUGH COLD CO2

Introduction and Theoretical

In dealing with the detection of hot gas sources such as
rocket plumes and jet exhausts, the problem of trinsmission of the
infrared radiation through the atmosphere is as important as the
problem of emission by the hot gas. This is particularly true mince
H 0 and CO , the main radiating constituents in flames also occur In
tio atmosphere. Since the emissivity of a gas is large at the same
frequencies as the absorptance, the gases tend to radiate at frequencies
where there are atmospheric absorption bands. Much work on the trans-
mission of atmospheric gasej has been done so that it is now possible to
estimate the transmittance of atmospheric paths covering wide ranges of
path length, pressure and atmospheric compositln. 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 is
constant over the spectral interval being considered. However, if the
spectral radiance of the source varies rapidly with wavenumber, 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 use of the simplified
model illustrated in Figure 5-1.
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Fig. 5-1
A Simple Model showing the Effect of Coincident Lines

The upper portion represents the alit transmission function of
the monochromator, which is zero outside of the spectral interval Av wide
and centered about v, Of course, this is not & realistic slit function,
but it is simple and will serve the present purpose. Panel b represents
"the true spectral intensity of a hot gas source having two emission lines
in the interval Avj each 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 emission lines would not
be resolved, and with the mo.achromator set at v, the signal on the
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I. detector would be proportional to the average intensity over nv. Now
assume that the radiation from the hot gas passes through a sample of
cold gae having a true transmittance curve like that shown In panel c
of Figure 5-1. In this example the absorption Lines of the cold gas ai

"cuiticident with the emission lines of the hot Sam. Penal J of Lhe figurc
represents the spectral intensity of the transmitted radiation obtained
"from the product of the curves in panels b and c. The maximum spectral
intenetty of each line will be reduced to one-half unit, and the signal
will be reduted to half its sine by the cold gas. The observed trans-
mittance of the cold gas, defined as Tt(v)jwhen used with this gaseous
source of radiation is 0.5. It can be seen that if toe spectral intensity
of the radiation incident on the gas were constant over 5lv, the observed
transmittance TC (v) at v would be 0.75, the average of the true
transmittance.

Thus, it is apparent that the fraction of the radiation
transmitted by a cold Sga @ample having unresolved "structure" is
dependent on the structure of the emitting gas. In the example given
here, in which the wission Lines and absorption lines are coincident,
TA(v)(< T(v). It is apparent that if the absorption lines were die-
praced so that they occurred in between the mission lines, Tt(v) would
be greater than TC(v).

When observing hot C02 , fot example, through an atmospheric
path containing cold CO , it is expected that many of the absorption
lines will coincide witt the mission lines, with the rheult that
Tt(v) < T (V). The problm is complicated by the fact that there are
mIny lines which contribute sig;lficantly to the mission by hot CO•
but are negligible in cold CO%. The relative intensities of man)
of thG lines also change considerably as the CO is heated. Thus, one
expects that there would be some, but not complites, correlation between
the lines of the eitting and absorbing gases.

The ideal method to investigate T*(v) and its devietion from
T (v) would involve a system in which a variety of cold semple@ could
bc contained in an absorption celli and for sources of ;:adiation one
would have both a hot gas sample and a continuous source, such as a
Nernst glower. It ýould be desirable to be able to vary the optical
thickness, pressure, and temperature of the hot gas and to have it at
uniform pressure and temperature. Ai explained in Section 1, it is not
feasible to use a gas sample in the furnace as a source of radiation
because of radiation from the windowel and an open flame has the disad-
vantage that the temperature is not %iniform and there are limitations on
the pressures and optical thicknesses which can be obtained.
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Although it is not feasible to use, a sample in the fuzrace as
a radiation source, Lt is possible to make tranamiesOn measurements
under some conditions which enable one to calculate the value of T*(V)
for a cold ample that would be observed if the sample in the furnlce
were the source. The measurements are made in a manner similar to those
debcribed in Section 3 and 4, except that the optics tank ie used as an
absorption cell in "series" with the furnace, Absorption spectra are
made in sets of three: the first with a sample in the furnace and the
absorption cell evacuatedi the second with the same sample in the furnace
and another sample in the absorption call. The third spectrum is then
obtained with the furnace evacuated and the sample left in the absorption
cell. From the three spectra, values of T (v), (hot gas)J Tu,(v), (hot
and cold &a&)j and T (v), (cold gas), reapictively, are calcu ated at
several frequencies Ehroushout the band, It is shown below that the
value of T*(v) at these onme frequencies can be calculated from

-T 1 (,) , (5-1)
ITT HVV

erivation of Tr*(v)

With the monochromator set at frequency (v), D (v) is the
recorder deflection observed with no sample in the furnahe or in the
cold absorption cell, using a glower Rource,

D (v) N f N(v) C(v) f(v) dv, (5-2)

where N(v) is the spectral radiance of the glower and C(v) is a variable
quantity which depends on the aperture and transmittance of the optical
system, not including the elite, and on the sensitivity of the detector
and amplifying system. f(v) is the slit function cf tho monochromatorl
i,e., the transmittance of the monochromator over the interval bw passed
by the slits. If a ample of gas is put in the cold cell, with all
other parts of the optical system kept the same, the recorder deflection
will be given by

DC(V) z f N(Nj) C(v) f(%,) sxp f-kC(v) uC] dv. (S-3)
tC

k (v) is the true absorption coefficient oi the cold sample as would be
oiserved with an instrusent having infinite resolving power, and u ts
the optical thickness of the cold sample, With a Nernst glower ani an
optical system of the type uv*J in the present investigation, it is
usually ette to aesum, that N(v) and CMV) are conetant over Av (from S
to 1.25 ca ) and can be removed from uneer the integral sign.
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The observed transmittance TC(V) is given by

I) (v) Nv f(v) exp [-kC(v) ucJ dv
T (V) ,54

I)0  1t7IV f(V) dV 5

Similarly, tho observed tranmittanc, T (v) o- the hot sample alone
is given by

-- v .rfy f(v) ,xp (-N(v) u-] dvT H(v) - I av f~) dv HV (5-5)

where k,(v) is the true absorption coefficient of the hot gas and uH
* is its bptical thickness.

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

f f(v) exp [-kC(v) uCJ exp [-k (v) u I dvTC(V) C- H (5-6)T~c~v) Av f(v) dv

Since we are interested in ia.aLing the quantities given by
equations 5-4, 5-5, and 5-6 to Tt(v), the transmittance of the cold
sample that would be observed if the hot gas were used as the source
of radiation, we assume another optical a&d detecting system which is
different from the present oge except that it must have the same slit
function f(v), We define vD as the signal or recorder deflection
observed at frequency v if H blackbody at the temperature of the hot
gas wiere viewed through the assumed system with no absorbing gas in the
beam, If we splace the sensitivity constant C(v) in equation 5-3 by
C*(v) then I) is given by

DA (v) a N (v) C*(v) /Av f(v) dv, (5-7)

where k3(v) is the spectral radiance of the blackbody.
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If the hot gas sample inctead of the blackbody were viewed

wiLh the same system, the signal would be

UA(V) - CA,(v)N B(01f &V(v) (I-.*xpt .kH(v)u H} dv, (5-8)

where the term in braces is the true emissivity of the hot gas, Now if
the radiation from the hot Sao pauses through the cold gas sample, the
observed signal will be

DAC(v) a C*(v)N B(0AVf f(v) (lXPC(kR(V)u} H' exp(-k CMvu dv.

By the definition of Tt(v), it is given by 4C/DA. Therefore. Tt(v)a

If(v)expt-kc(V)uc 1- f(v)exp [.k(v)uH ]eKp[. (5N.10)

&f f(v)dv 6 f f(v)exp[-kH(v)unj dv

it is n~oted that if each term in equation (5-10) ts divided by f f(v)dv,

TV -T C (v) -T51..(v) .T Mv - T H(v)
1~V - T V

Thus, it is possible by the use of equation (5-1l) to determine Tg(v)
from the three measurements of transmittance Ya~de at thegVa le

of v. it should be noted that the measurements must bn madmewith the
same alit functionj the calculated value of Tt(v) thon applies to the
same slit function.



do I

Since the effecc of correlation between the lines appears as aIdifference between Tg (v)OandcTC(v), the measurements are made ý;, condi-
tio~ns in which this i fferan c can be determined with reasonabit accuracy.
In this regard the ttchnique described is not useful for values of T (v)Ior T C(v) near sera or near unity. Tf T (v) in nvar toro or unity, op ifI is near zero, tile difference betwein T (v) and T*(V) is so small
t~at it cannot be determined with mu~h accu~acy. If - , a small errorin its measurement will Cive rise to a large error in Vhe calculated valueof T'I(v), since the denominator in equation (5-1') becomes small. For this
reashn, neasurements of TA (v) have been limited to spectral regions over
which T (v) and T (v) lie'between 0.1 and 0.9. in order to investigateI differelt spectraf regions, the pressures and optical thicknesses of the*samples are changed so that T (v) $j~ T C(v) lie within the prescribed
limits in the desired intervay.

In the discussion of the simple model Illustrated in Figure 5-1,it was noted that T*(v) <7 (v) if the emission lines are coincident with
* ~the absorption Uline, and +~v) > T (v) if the muission lines occur be-

tween the absorption lines. If the positions and strengths of the emission
lines occur at random with respect to the absorption lines then T*(v)
T Mv. When T*(v) a T (v)o there is said to be no correlation bet6een the
eiission linseCand the absorption linos. It can be seen from equations

*5-l' that T HC~ M T H(v) x T CWv under this condition.

aid cmo8veral measurements have been made in the spectral region near
3700 ca with ho ntefurnace and cold CO in the absorption tanki

adit has been founi that T* (V) *T (v). This risult is not surprisingsince it can be seen from big-reeO16tion spectra that there is little, ifany, correlation between ti8 positions of K 0 'inos and 0O lines. it has
also been shown previously that the produit 'Of the trausaittances of awater vapor samle and a 00 somle obtained separately is equal to theproduct of the two :sapls n series, when both eagles are at room

*~temperature.

It can be seen from equation (5-') that T (v) e T (v) a T7(v)if sith1j k (Yi) or k, (v) is constant over 6~v so thaf'th* eiiipLntiel C
factor incl~ding it Un be rmoved from under the integral sign. Thus,
a difference between YT (v) and T C(v) occur, only when there is untresolved
structure '.in 9i thl mission spectrum and the absorption spectrum.*it folloovethat k v) and (v) will be constant over on* spectral slit

width !as tw is Sk very smýll so that. it iosumch loes than the half-vidthof all the lines. For the presslures, t~enpraturies and slit widths encoun-
tered in the present att-dy, 1s is 2 3 orders of magnitude larger than
the half-width of the spectral line
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Results

In tas upper portion of Figure 5-2 is shown a curve relating
em)'ssivity to vavenumber for the CO sample indicated; ai~d the solid
curves in the lower portion are traiauittance curves for two cold sam-
plcc. The X'S O~n Lhe ujotLed curve in the lower panel represent values
of T*(v) which werei calculated for the 10 -e H& sample if the hot sample
reprisented in the upper panel were the source. Values of T*(v) were
determined by inserting into equation (5-l') the measured vaiues of
T Wv, T (v and Tuc(v) for the #ample& involved. Similarly, the +Is
r~prosonf values oYCTt(v) for the 1.3 - Hg sample with the same hot
sample as the source. It is seen that T-*(v) is considerably loes than
T (v) over most of the spectral interval Cwhere it can be calculated.
Iione compared values of , (v) - I - T (v) and PIM (vin-toad of Tc(v)

and T-*(v), it is seen that (v) is mori than twice as great as AC C over
a coniiderable portion of th' spect-um of the '-.3 mm Hg ample. The
curves in figures 5-2, 5-3, and 5-4 are based on spectra obtained with
slit widths given by Resolutior' Sihodule U in Table 2-1.

It is noted that the samples represented in Figure 5-2 are
at relatively low pressuresj thus one would *Apect the spectral lines
to be narrow, giving rise to a large variation in the absorption coef-
ficient k(v) over a spectral interval corresponding to one slit width.
Since the "structure' in the band gives rise to the difference, between
T and T, one would expect this difference to be greatest for lowest

Figure 5-3 includes a similar set of curves with the hot am-
ple composed of a dilute mixture of CO, in N2? thus producing Iample
of low optical thickness but high proslurt. it is well known, from
previous tranewiaaion studies that the structure of a hand is decreased
by increasing the pressure and decreasing the optical thickness. On
this basis one would expect that the difference betweea T and Tf would
be loes for a given cold ample when the hot ample *Is atChigh p1' ssurs
and low optical thickasess than when the hot sample isatc low pressure.
Comparison of Figure 5-3 with Figure 5-2 seems to bear out this expecta-
tion In the case of the 1.3 MgN ample. Nowever, the difference
between T and Te for the larger co~d samples (9 mom IS and 10 m KS)
is not griatly different in the two figures. gince complete 'smoothins"
of t he structure of elbl thte hot or cold ample would ellitnato any
effect of correlation, It can be con.-ludod from Figure 3-3 'hat a
significant mount of structure still exists in the hot sample ita
pressure of 1130 wemeM.
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Figure 5-4 shows two pairs of curves obtained with larger
samples Lo investigate ':h,. low wavenumber side of the re8gon. The large
cold samples were obtained by usig the multiple-pass mirror system in
the optics tank as shown in the left-hand portion of Figure k-l. The
Kla adjacent to curvc A 'lower panel) represent calculated va~ues of
T* (v) for the same coLd sample when the hot source is the one whose
emissivity is shown by curve A in the upper pe-el. Although the calcu-
lated values appear to lie close to the steep portioýi of the curve, most
of them lie below the curve by an amount corresponding to a difference
in tral.,%mittance of approximately 0.04. This diffei :nce iE believed to
be significant, and one cin conclude that thvre 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 a region
of low transmittance between 2000 and 2150 cm"I, hut emissivity curve B
in the upper panel contains no corresponding maximum. Since the gro~s
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 adjacent to B in the lower panel represent values of
T*(v) calculated by using the hot source corresponding to B in the top
pinel. With the exception of 2 or 3 points, Lhe x's seem to fall very
cloRe to the curve, indicating that there Is very little, i.C any, corre-
lation between the positions and intensities of the lines in the twc
samples. This result is not surprising since the gross Appearances of
the spectra of the samples are greatly different, indicating that the
relative contributions of the different vibration-rotation lines are
different.

-1
Figure 5-5 shows two &ets of curves for the region near 3700 cm

which are based on spectra obtained with slit widths given by Resolution
Schedule D in Table 2-i. As in the previous figures, the +'s end 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 Tc(V), as was
found to be true for the 2350 cm'l 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 CO2 produced by burning
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CO in 0 will be used as an optically thin source; i.e., T 'T.1. T*
for colg samplew can be measured directly by comparing the signal fiom
the flame after passing through the sample, to the signal with the
4bsorption cell evacuated. The radiation from the flame will be chopped
between the flame and absorption cell.

Similar measurements will bi made with H 0 sample@ in t. long
absorption cell and in the furnace. H}20 flames WiRl be produced by burn-
-a 2 in 02,
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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 20000 K.

Heat is provided by three resistance elements composed of Mo
wire wound on McDanel AP35 alumina (Al2 0 ) tubing which has an I.D. of
approximately 3.8 cm and wall thickness oi 0.3 cm. The alumina tubing
is more than 99% pure and is impervious. A ceramic substance which is
put on in the form of a paste made from pure Al 0 powder and water is
used to hold the coils of the heater elements a.it. 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 cm long at room temperature, can be heated to 2000 0K with
a maximum temperature variation of - 5°K along the length of the cell.
It is not possible to maintain this good a trFerature uniformity with
the longer cell (30.6 cm) above approximately 15000 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



CCJ

L&.j

P.-k

44
=+

A-2



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
th eands of the furnace where the temperature do 0 not exceed 600 to
70"K, ."O-rinse of silicone rubber are used as seals between the
different sections of the furnace and as gaskets for the windows.

The heating coils are proticted on the outside by a larger
Al 03 tubing. Around this tubing are placed AO pellets for insula-
tiK sin the region where temperatures are too higi for fiberglass, which
is ueed in the outer part of the furnace. The cylinder containing the
Al 0 tubing and insulation is made of steel approximately 0.6 cm thick
ani Is approximdtely 80 cm long. As indicated in the left-hand portion
of Figure A-lthe center piece of alumina tubing is connected to the
steel inder by use of two flanges joined by ilixibae lellowes 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
center section of the furnace. in operation this portion is flushed
with a mixture of 10% H and 90% argon at a rate of approximately
1 liter per minute. This gas mixture, which is directed past the wind-
*ins as indicated in figure A-I, is used to provide a reducing atmosphere
around the Mo wind~ing to prevent oxidation. The pressure of the H2 +
argon mixture can be controlled, during flow, from 8pproximately 50 to
1500 mm Hg. At temperatures higher than about 1500 K the pressure is
maintained approximately equal to that in the argon section to minimise
strain on the alumina tubing arising from any difference in ges pressure
across it. it has been fousd that at temperatures below 1500°K the
alumina tubing can safely withstand a pressure difference of I atmosphere.
As the HI + argon mixture is flushed, it is pumped through a vacuum pump
whose exhaust is directed into the flame of a Meeker burner where the
H is burned. The flame is located under a hood so that the fumes are
s austed to the outside. it was found that this technique was more

reliable than attempting to burn the Hi + argon mixture alone, since
the flow vas so small that the flame fequently extinguished itself.

Copper coils have been soldered to the outside of the furnace
to provide water cooling. Other colse, part of which are not shown in
Figure A-l,havs been provided to cool the ends of the furnace so that
the "O"-ring seal0 and CaF 2 windows will not be damaged. The separate
set of heating coils which are shown adjacent to the cooling coils on
the left end 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 it is being studied. In some cases the extra heat is necessary
wien there is not enough provided by tho heating elements inside the
furnace. It is seen from Fit re A-1 that the sample entrance and exit
lines pass Lhrough thio po•tion of the furnace,
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Temperatures inside the furnace are measured by thermocouples
having one lW& of Pt-6% Rh and the other leg of Pt-30% Rh. The thermo-
couyles are placed along the furnace at various locations to provide
information about the temperature uniformity. Three thermocouples -,re
indicated in Figure A-i, although additional ones have recently been
used to provide mor, information about the temperature profile in the
furnace, particularly near the windows of the sample cell and near the
"O"-rings close to the ends of the furnace. In order to minimize
temperature gradients within the alumina tubing, the temperatures in
the regions near the "O"-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 center thermocc-.p'e is recorded on a
Leeds and Northrup strip chart recorder &no also serves as the input to
a Leeds and Northrup control unit. Voltages from the other thermocouples
are measured with a vacuum tube voltmeter hovixag very high input impedance.
The controller can be preset to a given voltage corresponding to the
desired temperature, and will automatically maintain this temperature after
making certain adjustments which depend on the time lab between the 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 been mad&, the current through the end
heaters is controlled manually to provide uniform temperature over the
region containing the sample cell.

Both if the sample cells are made of an alloy of ?t-20% Rh
which will withstand temperatures as high as 2(OO°. The body of each
cell iL a piece of tuhin$ having a wall thickness of 0.38 mm with flanges,
which are 0.25 am thick and 2.5 cm in diameter, fused to the ends. The
diameter of the short cell is 1.3 cm, and the long one is 1.7 cu. Two
tubes having approximately 4 mm I.D. are fused to the body of the call,
a shown in Figure A-1, and extend to one end of the furnace where they
connect to the gas handling system, One tube serves as the inlet and
the other as the outlet for the sample gas.

No information about the Lhermal coefficient eif expansion of
he lPt-20% Rh alloy for temperatures above about 1200O°1 could be found,

so in order to c&Lculate the cell length at high temperatures it was
.sumed that the thermal coefficient at high temperatures was the eame
as that at lower temperatures. Since the difference in length at the
different operating temperatures is small and since it could not be
calculated accurately, a single value of cell length is used for all the
hinh temperatures. The shorter cell was the only one used in obtaining
data appoaring in the present repolt, its estimated length of 7.75 cm
to probably in error by lose then - 0.05 ca.
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Sapphire windows, which are 25 mm in diameter, are clamped
againet the flanges by the use of washers and bolts made of the same
alloy as the body of tOu cell. Gaskets of the same material., and
0.025 mm thick, are used between the windows and the thit, flanges which
are sufficiently fleorbli to bend to the proper shape and make good
contact as the windows are tightened. The seal which is formed would
not be good for vacuum appli'nations, but the leakage is small since the
pressuore is the same on both sides of the window. Both the sample gas
and the argon are flushed continuously to avoid accumulation of either
)f these gases in the wrong section; i.e., the sample in the argon
section or tjo argon in the sample cell. Flow rates of approxiv'-ely
5 and 700 cm per minute were used for the sample and argon, re ztively,

Since the sbporption by sapphire becomes important below
approximately 2200 c€n° (h ) 4.54), the windows ire as thin as seems
practical. It is essential that the absorption not be largo at these
frequencies so that the low erequency side of the CO absorption relion
can be studied, The absorption by sapphire increaseS with temperature,
so ýhe windows on the short cell, which is heated to 20000K, are only
0.5 = thick. Windows 1 = th:..k are used on the loneser call since it
will not be used at such high temperatures. As well as the need for extra
strength, a furt~er reason fir using the I = windows instead of tho
OS.m ones where it is possiblais that the thinner ones produce a
slight fringe pattern which can be troubleoe.s. It is nocessary to
slilhtly defocus the optics to *limiq, te the tringes which appear on
the spectra in the region neer 2150 ca.

A-5



APPENDIX B

GAS HANDLING sysrnm

The most impor~ant purposes and requirements of the gsa handling
myntem are:

1. To produce samples containing N 0, .1O , N ndother
non-corrosive lases in any do I ad mI na 2 raio at
pressures from approximately 3 to 1500 - Hg.

2, To continuously flow the ample gasn through the sample
cell at a known and adjustable rate while the pressure
is automatically controlled.

3. To flow argon through the section of the furnace surround-
Ing the sample call at a known and adjustable-rats and at
the same pressure as the *amle.

4. To provide a means of measuring the sample pressure with
good accuracy.

5. To "bleed off" gas from either the argon or ample line
after it has passed through the furnace and to direct it
into the monitor cell where its infrared spectrum can be
obtained.

Two key parts of the gas handling system aro the inexpensive
pressure regulators which were made for -so on commar..ial gas linoo".
The regulators are shown &)abolically by parts g and 15 in the diagram of
the gas handling system shown In Figure 3-1. T~he pressure on the downstream
side of the regulator is automatically maintained at some value p(ý:on) pro-
vided it is less than the pressure or. the upstream side. Gas flow through
a small orifice io controlled by a plunger which is actuated by a mechanical
connection to a diaphragm which is approximately 15 cm in diameter. One
side of the diaphragm is open to thv downstream side of the regulator and
is, therefore, at the same pressure. The pressure on the other side of the
diaphragm is defined as the reference pressure, p(ref), and is equal to the
atmospheric pressure in the normal operation of the regulator on comercial
1as lines. The diaphragm is spring-loaded so that a variable force can be
applied to it. lly varying the force against the diaphragm, the difftreiice
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between p(ref) and p(con) is changed. In the normal opoittion on comuer-
ciil gas lines p(con) is frum 5 to 15 mm HS greater thý.i p(ref). without
changing the regulstor, it is no" possible to adjust the fo'rce on the
diaphragm so that p~rtf) and p(con) are equal.

In order to use the regulators in the present investigation, two
basic modifications weire made. The fi':c modification sale it possible to
adjust the difference b~tween p(con) and p(ref) so that the two were equal.
This was done by attachLnS a steel plate as a wtight to the diaphragm of
the regulator. The regulator was then inverted f~om its normal ops'rating
position, and by adjusti1ig the force on the spring against the diaphragm,
the difference batweenp~con) and p(ref) could be adjusted. The difference
can %tow be regulated frm approximately -5 mm to +5 mm MS.

The second modification i:I-ulvei Loalf'g the reference side of
the regulator and connecting it to -.tank, callea the reference tank, which
hot a volume of approximately 6 litors. Thu purpose of the reference tank
is to i~ncrease the volume of gas an~ the rieference sidt cof the diaphragm so
that small leaks and motions of the, diaphragm will have little effect on
the reference pressure. The refortnce tank can be evacuated at pressuri~a",
and the approximate pressure can be' road from a dial type vacuum-pressure
gauge. ftrm the discussion of the operation of the system which follows,
it can be seen that it ts not necessary to know Ote pressure in the reference
tank very accurdtatly.

The difference between p(con) and8 p(rof) can be adjusted while
the system is under vacuum or under pressure by changing the force of the
spring against the diaphragm by means of an addaarfent through a rotating
seal. During operation only very small adjustman: have been found to be
necessary. because of the large aruea Of the diaphrago, the regulator will
respond easily to pressure changes which are much loes ihan 0.1 an MSg.

The operating principles of the gas handling systet can beat be
explained by describing the fillin~g operation. The reference tar'1', the
argon section, and the saple cell are all evacuated, and the valves to
the vacuum pump* are all C10804. Argon or air is then allowed to Mtow
slowly into the reference tank. As the preseurt. in the reference tank
Increases the argon regulator (15) opens and argon (lowe into the argon
section, maintainsn a pressure nearly equal to the reference pressure.
The argon line it connected to the refere.nce side of the sample pressure
regulator (8) so that as Ote argon pressure increases it.# regulator opens
atd savple gso is alloved to flow into the semple aection. if the pree-
sires are increased slowly, and it the spring force on the diaphragms of
'be regulators are properly adjusted, the i easures in the saple section
and the argon section will be approximately equal to that In the reference
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tank at al timer. When the desired pressure is reachrd, valve (16) to the
referince tark is closed. Valves (10) and '23) are then opened and needle
valveF (9) and (24) are adjusted to give the proper flow in the sample an6
argon sections, respectively. Values of flow rates are read from the
flowmeters shown. Val',es (10) a .' (23) are block valves used to stop the
gas flow without closing the neele valves, thus avoiding possible damage
to them. Valves (11) and (22) are npen only when the system is being
evacuared in order to pump the gas through the flowmeters. Valves (12)
and (25) are albo normally closed, and their purpose will be described
below.

The atuall oil manometer which iv Lonnected between the sample
line and the argon line serves two purposes. Valve (13) is normally
closed and valve (18) open so that the manxter reads the difference in
pressure between the sample and argon sections. The pressures can easily
be equalised by adjusting the spring force on the dtaphrr• of the sample
pressure regulator (8). The second purpose of the manometer is that of
a safety valve; in case of a mistake in opening or closing of the other
valves a large pressure difference cannot be built up between the argon
and sample sections. As the pressure difference starts to Increase, the
oil will flow out of the manometer and into a trap which is not shown in
the line. The argon and sample sections are then connected together and
the pressures will quickly equalise. When the system is being evacuated,
valve (13) is opened in order to maintain nearly equal pressure in the
argon and sample sections without the posbibility of forcing the oil from
the manometer into the traps.

The pressure in the argon section is measured by one of three
pressure gauges. The Xg manometer which is shown in Figure 1-1 is used
for pressures between 20 and 800 as Kg. Two other gauges, which are not
shown in the figure, are used .or other pressure ranges. A D)ubrovin is
mployed for pressures less than 20 em Mg and a gourion type gauge for

T pressures greater than about 800 = HS. Since the sample and argon are
maintaired at the amn pressure, the pressure indicated by the gauges is
that of the sample. ' isibla error In the measurement o. the sa-le
prcrvure resulting *-, .,*sure drops in the &as lines is only important
for pressurrs lose than .... ut 6 or 8 - Ra for the flow rates used in the
present Investigation.

- Samples can be tntroduced tj the systi. fto rto-ercial cylinders
through valves (4) and (5), or from the mix tank 1hrough valve -). mtany
O the C-0 * W mixtures were pur-'astd p, %ixeJ so 0t they could be
used direstly iro: the cylinders. Other gas mixtures, lncludinS all thole
that contsin N,.0 were made in th aim tank, which has a volumr of about

* 50 liters and as lined with glass on the inside to redý,t adsorption of
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gas on the walls. in order to ensure proper mixing, a mixer has been
incorporated in the tank. it is driven through a rotating seal by an
electric 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 is being studied, are enclosed in an oven which can ge h~ated
to app.~oximately 1400C. By maintaining this temperature it is possible
to study samples containing H 0 vapor at partial pressures as high as
approximately 1500 mm Hg with9ut 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 at.d the oil
manometer and sample flowmeter can be viewed th ojugh windows. When
studying samples not containing H20, the componeni.p 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-l. If
the mixture does not contain H 0 vapor, the pressures are measured by one
of the three gauges used an thi argon Line. When H 0 vapor is included
in the mixture, the mtx tank is connected to -n siue of a small glass
IT-t 'e containing vacuum pump oil which is enclosed in the oven to pre-
yen condensation of the H 0. The other side of the U-tube is connected
- ine of the three pressuie gauges used on the .:,on line. The pressure
4n 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 mame accuracy as in the argon
line without heating the pressure gauges.

Other sections of this r,,•nrý contain discussions of the use
of the monitor cell to determine the )irtty of the gas coming from either
the argon section or the saniple artion. To investigate the gas in the
argon section. for example, the monitor cell is first evacuatcd and the
gas is introduced through valve (25) with valves (23) and (22) closed.
In this manner it is pos•lib.e to fill the cell with a minimum of dis-
turbance or change in the flow of the gas in 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
in the argon aecrion. Wlt the flow stops, it is assumed that the preuuc
in the monitor cell is equal to that in the argon ZcCLion. Valve (25) is
then closed and the ocher valves are re-adjusted to give the desired flow
rate. In order to inveotigate the gas in the sample sectlon, a similar
procedure is followed by liat of valves 9, 10, 11, and 12.
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