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ABSTRACT

Spectral emissivities between 2800 cm-1 and 4200 cm-1 have been ob-

tained for water vapor at 10000, 12000, 15000, 1800* and 2200°K. The heated

H120 test gas was produced at the exit of a small rocket burner which used

H2 and 02 propellants. The emission measurements of the gases were made at

the immediated exit of the burner where the composition, total pressures

and temperature can be defined. The emissivities or absorptivities were cal-

culated from a calibrated emission spectrum and an accurate spectroscopic de-

termination of the temperature of the test gas. The composition of H120 was

evaluated from a semi-empirical fit to a thermo-chemical flow calculation.

The hot H20 samples were observed at a total pressure of one atmosphere

in the optically thin region where the spectral emissivities are on the average

approximately 0.05. The variation of the spectral emissivities of H120 in the

2.7 micron region as a function of temperature are given for a constant amount

of H20 in the optical path. A good estimate of the integrated intensity of

the 2.7 micron H20 band (v1 and v3 ) has been made from the high temperature

data.
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INTRODUCTION

The determination of basic spectra absorption or emission parameter

of H20 at elevated temperatures is of importance for obtaining the radiant

infrared power emitted from the exhaust of rocket motors. The quantitative

infrared absorption 2.7 micron H 20 band has been extensively studied at
1

room temperature although an accurate determination of the integrated in-

tensities of this band has not been made. Measurements of the absorption

of this band under various pressure, and optical lengths have been made up to

approximately 1500K 2'3 using a cell in a furnace. These measurements were

generally made in the optically thick region because of the great problems

associated with measuring very small absorptions. These results give infor-

mation regarding pressure broadening effects and ratios of line widths to

line spacings. It is also necessary to measure the spectral absorption of the

2.7 micron H 20 band at elevated temperatures in the optically thin region

where the absorpticn is small in order to evaluate the average absorption

coefficients and perhaps the integrated intensity of the band.

In general, all of the aforementioned basic information are necessary in

order to properly evaluate theoretical band models which can be used to pre-

dict the quantitative infrared behavior of various hot gas systems.

The present report describes emissivity measurements in the 2.7 micron

H 20 band at one atmosphere total pressure between 1000K and 2200*K. The

hot H20 gas samples were the exit gases of a small research rocket burner.

The temperature variation of the gases is obtained varying the stoichiometry

of the gases,H2 and 0 Vburned in the rocket. Then present experiments were

performed on the gases at the immediate exit of the burner nozzle where the

hot exhaust can be well characterized by measuring a radiation gas temperature

and using a thermochemical flow calculation to determine the composition of

hot H120 in the test sample. The other species present in the exhaust are 02

and a small amount of OH. Unlike the previous absorption measurements the

present results were obtained from calibrated emission spectra and an experi-

mental determination of temperature. These two experimental measurements

yield the spectral emissivity or the transmission. As opposed to other ab-

sorption measurements in furnaces, the pre3sent emission burner technique has

its own particular merits and limitations.
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EXPERIMENTAL

Spectrometer System - Fig. 1 shows an overall run of the experimental

apparatus which was used to determine the emission spectrum of H20 in the hot

burner gases. The emission measurements were made with a double-pass prism

(CaF 2 ) monochromator, Perkin-Elmer 99, together with a globar light source,

thermocouple detector, and a standard blackbody calibration source. The

system has been used previously for the hot CO2 absorption measurements in
4

the 4. 3 p region and has been described in detail . A wavenumber calibration

of the monochromator was made in the usual way using known absorption band of

various gases. A wavenumber calibration check was made during each run. For

the calibrated emission and temperature measurements, the two position dia-

gonal mirror can be rotated to fill the identical monochromator aperture with

"a standard blackbody for an energy calibration. For absorption determinations

"a dimunation in the globar intensity was measured. The mechanical slit widths

used in the present work was 100 microns, resulting in a spectral slit width-l-I -i -I

of 5 cm-I at 2800 cm and 17 cm at 4400 cm

A large insulating box is placed over the apparatus to protect it from

the hot rocket exhaust and serves as a convenient enclosure for flushing. The

interferring absorption of atmospheric water vapor in the optical path was

reduced to less than 107. at the peak absorption by flushing the box containing

the optical system with dry nitrogen. An additional percentage of absorption

is present from the air in the space between the outer boundary of the ex-

haust jet and the entrance of the box because of the pumping action of the

burner. Since the distance is about 1 cm and the total optical path in the

box approximately 3 m, this amounts to about 37.. The opening of the protective

box is not protected by a window and the possibility exists that in spite of

the flushing procedure, atmospheric air is pushed in during the firing of the

rocket; however, no change of absorption is observed in attempting to observe

this effect. On the other hand, the globar emission was influenced during

runs from turbulent air entering the protective box containing the globar.

A CaF2 window in front of the globar eliminated this problem. The window

was installed at an angle to avoid reflection from the rocket plume.
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Rocket Burner - The supersonic burner which was used to produce the

hot gas sample was designed and operates to produce a homogeneous axial jet

of characterized gases. A schematic of the burner is shown in Fig. 2. The

detail design, performance, and some preliminary results have been reported
5

previously . However, since a combination of hydrogen (instead of kerosene)

as fuel and oxygen is being used, the injector part has been modified to

insure efficient rocket operation for stoichiometric as well as very lean

mixture ratios. The other parts of the burner, namely the chamber nozzle

(with an area ratio of 5.25:1) and the water cooling system were not changed.

only the gas supply (gaseous hydrogen and oxygen) was newly installed and the

metering system for measuring mass flow was improved. The mass flow ratio is

monitored by calibrated orifices and accurate Ap-gauges. The chamber pressure

line is connected to the injector face. Attempts to measure the pressure

variation in the chamber by placing a second meter near the throat had to be

abandoned since hot spots developed where the tube was imbedded into the cham-

ber walls. The exit pressure was measured directly at the end of the nozzle.

All the burner operating parameters are made within * 27..

Two different injector designs have been employed, which operate under

(a), single impingement of fuel and oxidizer and (b), double impingement of

fuel and oxidizer. The design (a) is simple to manufacture but is limited

to a small range of operation, because the injector holes and angles of im-

pingement are dependent upon the mixture ratios. The design (b) is more

complex but permits its use with a wide range of mixing ratios as well as

with different fuels. The latter fact is important in view of the continuing

program in which a combination of hydrogen, carbon-monoxide and oxygen is used.
6

The design principles of (b) will be presented in a separate report .

The diameter of the exhaust jet (i.e., the geometrical pathlength) was

3.12 cm and the exit gas pressure was always adjusted to one atmosphere. The

long term stability in operation was excellent. The performance of the engine

was judged by comparing the experimental and theoretical characteristic velo-
*

city C . As a first step, the actual chamber pressures versus mixture ratios

(02 /H2 by weight) were determined. The characteristic velocities were deter-

mined by:
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. PcAg

C - - ft/sec
exp

and

I k+l
* = RTc .k+. k-i
C h i g(---) ft/sec
theor W- 2

where

P - chamber pressure, psiC

2
A t throat area, 0.226 in

g 32.2 ft/sec
2

S- total (fuel and oxidizer) mass flow, lbs/sec

T c f chamber temperature, *Rc

MW average molecular weight, lbs/Mole

k - average specific heat ratio between chamber and throat

k = average specific heat ratio at the throat

R - 1544 ft-lbs/Mole *R

The average molecular weight, the specific heat ratio at the exit and

chamber temperatures have been calculated by means of the Astronautics com-
7puter program, "Performance Evaluation of Engines and Propellants (PEEP)",

The variation of the specific heat between chamber, throat and exit is very

small (±27.) and the exit k has been used. A comparison of experimental and

calculated C is shown in Fig. 3. The difference between frozen and shifting

equilibrium is very small because of the small change in k and molecular

weight (see Fig. 3). In comparing the experimental and theoretical C it is

found that the engine is operating at an efficiency of better than 957. Only
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when any injector was used outside its designed range, did the efficiency

drop below 907.. In these cases the spectroscopically determined exit tem-

peratures were significantly below the values observed which were obtained

running with more efficient injectors. In all cases, the final experimental

emissivities were obtained only with injectors which are most efficient at

the desired mixture ratio.
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EXPERIMENTAL MEASUREMENTS, RESULTS AND DISCUSSION

Temperature - The experimental determination of the temperature of the

exit gas is necessary in order to evaluate the spectral emissivities and to

determine the concentration of the H20 in the sample from a semi-empirical

fit to the experimental temperatures of a thermochemical flow calculation.

The temperature of the gas jet was determined using a method similar to the
8

one employed by Silverman in a study of the CO -r 02 flames . This method

has been very successful when it was previously applied to temperature measure-
4

ments of a kerosene-oxygen exhaust jet

The measurements of the exit temperatures have been made at different

spectral regions in the 2.7 micron H20 band from accurate transmission and

emission measurements of the exit hot gas sample. The emissivity is calcu-

lated from the measured transmission with

•(v) = I.-(v

0

where I (v) - incident globar energy, and I(v) - transmitted energy of globar

attenuated by the exit gas. The temperature is determined from the cor-

responding blackbody energy:

W (v,T) =(v)

where W (T,T 2 ) - CI 93 - exp (T-- , J(v) - emitted energy from hot

exit gases, obtained from a comparison with a standard blackbody calibration

source and C and C2 are the radiation constants. The results of the experi-

mental temperatures as a function of the mixture ratio (0 2 /H 2 by weight) are

shown in Fig. 4. It should be noted that experimental measurements were

made only on the oxygen rich side of stoichiometric because the temperature

is relatively inseesitive to mixture ratio in this region.

-10-
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Compositions - The temperature and composition of the balanced exhaust

jet have been calculated with the "PEEP" thermochemical computer program for

the two limiting cases of frozen equilibrium and shifting equilibrium.

"Frozen" means that the composition does not change during the expansion in

the burner nozzle while "shifting" means that the composition changes during

the expansion and adjusts to the temperature. The chamber pressures needed

for the calculation have been obtained during the experiments. The mean

deviation of *27. in chamber pressure per individual injector has a negligible

effect on the calculated parameters.

The rocket burner is water cooled during its operation and a constant

temperature rise has been observed during the experiment. Heat, then has

been transferred from the combustion gas to the burner walls. An attempt has

been made to correct for the heat loss to the coolant. The enthalpy amounts

to 44.8 kcal/sec for an average water flow of 5.9 lbs/sec and a temperature

difference of 30*F. This amount of heat loss was approximately the same re-

gardless of mixture ratio. By dividing the enthalpy loss by the experimentally

determined mass flow of the fuel, the enthalpy loss in kcal/mole fuel is ob-

tained for the different mixture ratios. Since the coolant surrounds the in-

jector face, the chamber, the throat, and the expansion nozzle, the heat is

transferred over the entire liner in an unknown manner. It appears to be

rather difficult to make a detailed analysis, involving a non-isentropic ex-

pansion in the nozzle. As a first approximation, the isentropic expansion is

retained and the heat transfer is limited to the chamber (non-adiabatic com-

bustion). However, since the highest heat transfer would take place in the

throat and would reduce the temperature of the non-isentropically expanding

exit gases even more, the approximation does not yield P lower limit.

The calculated exit temperatures with and without corrections for the

heat loss versus mixture ratios are plotted in Fig. 5. The calculated mole

fractions of H20 and OH are shown in Fig. 6. The difference between the un-

corrected and corrected concentrations is very small at stoichiometric con-

ditions and becomes negligible at leaner mixture ratios.

The spectroscopically determined exit temperatures which are shown in

Fig. 4 have been used to determine the actual concentrations by means of a

shifting changing to frozen thermochemical flow model. It should be pointed

-12-
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out that the first approximation for correcting the heat loss does change the

theoretical exit temperatures very little at the high temperatures, where the

uncertainty of the concentrations is large (207.). On the other hand, the

exit temperatures are lowered considerably at leaner mixture ratios by the

first approximate correction where the uncertainty of the concentrations is

smaller. Thus, it appears that a better approximation in correcting the

heat loss would probably not result in a more accurate determination of the

concentrations. Therefore, the uncertainties in the concentrations are given

within the experimental spread of the temperatures at the fuel rich mixture

ratios. At the leaner mixture ratios where the experimental temperature data

fall outside the calculated ones, the concentrations are given within the

limits of the frozen and shifting equilibrium cases. The experimental errors

in the exit temperature have been determined by a least square curve fits.

The errors amount to ± 1.67.. The uncertainties in partial pressure of H2 0

for the fuel rich mixture ratios are

AP 0 (TeAT - T r) (Pequ - PFroz)'
equ Froz

and for the lean mixture ratios

AP - (PEqu PFroz)'

which results in an average error of * 1.57.. Since the geometrical depth

is known within * 1.57., the total error in optical depth pA is * 37.. A

graph of (pl) of H2 0 and OH versus mixture ratios and temperature is given

in Fig. 7. In some presentations, the optical depth in (cm-atm)STP is used:

PH20 TO
u .- A (cm-atm)Po T STP

-15-
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where T - 273*K, po " I atm, T - exit temperature, and A- 3.12 cm. To

convert u into precipitable cm, it must be multiplied by p o(H 20) - 8.041 x

10-4 g/cc. In these experiments, the value of u is constant for all tem-

peratures. It is u = 0.30 (cm-atm)STP * 37., or 2.41 x 10-4 gm/cm2 .

Spectral Emissivities - The measurements of the emissivities were made

by determining the spectral energy emitted from the burner exit gas and

dividing by the blackbody energy at the particular wave number and tempera-

ture. The following equation which expresses the spectral emissivity,

E:v,TR), in terms of the spectral radiance of the hot gas J(v) and spectral

radiance of the blackbody, W(,T R) was used:

e(v,TR) = J( ,TW(•,TR)'

where TR, the temperature hot gas sample at the appropriate mixture ratio, is

taken from the best fit to the experimental values shown in Fig. 4. The

appropriate optical depth is then found from Fig. 7. The emitted energy is

obtained on an absolute basis by relating the instrument deflection to a

standard blackbody, the temperature of which is determined with a Pt-Rh thermo-

couple. Readings from the traces (burner and blackbody emission) are made at

constant micrometer drum readings of the spectrometer and serve as input to

a 650 data reduction program. The conversion of micrometer drum readings into

wavenumbers is made with a 4-point interpolation procedure based on the orig-

inal wavenumber calibration. The wavenumber intervals, at which the readings

were taken, are 9 cm at 2800 cm and 15 cm at 4400 cm The computer
-I

output consists of a listing (on cards) of wavenumbers in cm , wavelength in

ýt, the energy radiated by the exhaust gases in watts/cm2 -ý," and the emiz-

sivity. .The listings for five different runs (at T - 1000, 1200, 1500, 1800

and 2200*K) are reproduced in the Appendix. The emissivity spectra for the

2.7 micron, H20 band at 1000, 1200, 1500, 1800 and 22000K are shown in Figs.

8 through 12, respectively. Since the observations were made at constant

spectrometer drum readings and not at constant wavenumber increments, not all

- 17 -
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of the peak maxima and minima were covered and hand calculations for these

points were made.

In order to compare the emissivities and show the temperature varia-

tion, an averaged composite of all the previous emissivity curves was made

by smoothing out the structure. The comparison is shown in Fig. 13 and

shows the temperature variation very nicely. The spectra in Figs. 8 through

12 were smoothed by taking the mean value of the two envelopes of the maxima

and minima. In order to check this averaging procedure the total band area,

e(v)dv, under the smoothed curves was compared with the detail emissivity

plots as determinated with a planimeter; no difference was observed.

These integrations were also used to give the apparent integrated band

- -2 -l1
intensity, 0 (cm atm )ST, at different temperatures of the 2.7 micron H20

band. The apparent integrated intensity is then defined as:

cYSTI: = u 4 and L~-

1p L d (1 d

The error in replacing in by e is proportional to - x 100% for e < 0.1.

The error for the integral is about 3%. The values listed for c in Fig. 13

are corrected by this amount. The integrated band intensity of the H20 band

will be discussed in a later paragraph.

In Fig. 14 the "apparent absorption coefficient",

An 1l -e -lt-1lsT
k(M) 1--C (cm-atm

as a function of the temperature for various spectral regions are shown.

The apparent absorption coefficient is implicitly a function of the con-

centration of H2 0, total pressure and geometrical path; however, the results

in Fig. 14 do show the qualitative behavior since all of the aforementioned

parameters were constant in the present experiments.
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A detailed analysis of the errors in the emissivities shows that the

main contribution is in the uncertainty of the temperature of the exhaust

gases:

C
- 2 - W(vT)

Le v(l+ )dT
T Cv

where C1 and C2 are the constants in the blackbody function W, v - wave-

numbers, T - gas temperature. The other errors (calibration, reading, etc.)

at reasonable deflections are constant and amount to E 3.67.. A plot of the

uncertainties in e versus temperature (with wavenumbers as parameters) is

given in Fig. 15. For very low deflections, the errors are somewhat higher.

An additional uncertainty in emissivities at the higher temperatures

is caused by the small amount of OH present in the sample. According to the

calculations, there is about 10X OH of the water concentration at stoichio-

metric conditions, becoming less toward leaner mixture ratios (see Fig. 6).

An attempt has been made to correct for the contribution of OH to the emis-

sivities. The absorption coefficient in the weak line approximation9 times

the pt is shown in Fig. 16. The corrections to the individual emissivities

are within the experimental uncertainties and were not made; however, the

OH correction to the integrated band intensity was made in an attempt to

improve the accuracy of the intensity results.

For the present conditions, the integrated emissivities of OH are

approximately 2.0 cm"1, 2.1 cm-1 and 0.1 cm"1 for T - 22000K,

1800*K and 1500*K, respectively. At lower temperatures, the correction

vanishes. It is now possible, to correct the integrated emission of the

water vapor band, f (;) d;, by these amounts. In the following table, the

corrected and uncorrected values for the integrated absorption for the 2.7

micron water vapor band are given:

- 26 -
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T*K 1000 1200 1500 1800 2200

•uncorr. 154 ± 16% 168 ± 137. 176 ± 117. 188 * 10. 178 k 117.

0'corr 154 168 176 182 171

The error values are taken from Fig. 15, plus an additional 37. from the

uncertainty in the optical path.

Integrated Intensities - The apparent integrated intensity of the 2.7

micron H20 band has been determined at more temperatures than shown in Fig.

12. The results of all the intensity measurements as a function of tempera-

ture corrected for the OH contribution are shown in Fig. 17 together with
2comparable results taken from the work of Burch, et al . The curve shows

that the intensity values do decrease as the temperature is reduced which

indicates that the band at lower temperatures does not act like it is

"pressure broadened". There is some evidence to believe that at the high

temperature at least, the band is sufficiently smeared, or essentially sta-

tistical because of the present small emissivities. The assumption implies

that the apparent integrated intensity evaluated in the present work, 180

(cm- 2atm- )sTP'is a good approximation to the absolute band intensity of the

2.7 micron H120 band. The results also show that the integrated intensity

does not markedly vary as a function of temperature. There is some reason

to believe that the integrated intensity of this fundamental band does not

vary with temperature.
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APPENDIX

The computer output listings are given in the following pages for the

experiments performed at 1000*, 1200°, 1500, 18000 and 2200*K. For the

particular temperature, given in the upper right hand corner of the page,
- "l

the output is given for: v, wavenumber in cm ; p, wavelength in microns;
2

E, energy in watts per (cm - ff7' ); and e, the emissivity.

The entries are in 650 floating point and the last two numbers fix

the decimal point.

3157565854 is .31575658 x 104 or 3157.5658

3166996650 is .31669966 x 10* or .31669966

1288473348 is .12884733 x 10-2 or .0012884733

-32-



S• !• 10006K

31154 •8654 3209779751
3121800U54 3203280251
3127307154 3197639351
3133324554 3191498451
3139500054 3185220651
3145397254 3179248751
3151367154 3173226051
3157565854 3166996651 1288473348 0001120451
3164242354 3160314251 1927815648 0001675251
3172972054 3151619451 2561829248 0002224351
3117880054 3144772851 3193729248 0002771251
3186385054 3138352751 3822748848 0003315151
3192922854 3131926651 5083892748 0004406351
3199494054 3125494251 5704479948 0004941551
3206098354 3119056051 6347386i48 0005495551
3212735954 3112611951 6963459748 0006025851
3219419754 3106149851 8207214648 0007098651
3226139054 3099680551 8814242848 0007620051
3232883554 3093213851 9417572548 0008137951
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