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\ ABSTRACT

As part cf an exploratory program of research in the chemical and
physical kinetics of rocket exhaust gases, the emission spectra of rocket
flames were examrined with infrared, visible, and ultraviolet spectrographs
of moderate dispersion. A high-speed portable grating spectrograph was
constructed for observations in the visible region, and flames from rockets
using ten different propellant combinations were photographed. The spectra
have been analyzed and the species identified in most instances. A specially
constructed infrared spectrograph disclosed a number of emission bands in the
spectrum of the flame of a rocket using JP-3 and WFNA, but their identifi-
cation and interpretation will require further study. Observations of the
flames of rockets which will be tested in the future should be made with
these instruments as well as with an ultraviolet spectrograph which is now
available,

A methed for recording the changes in emission spectra along the axis
of rocket exhaust flames was devised and tested. The method was shown to
be feasible and should be applied to the study of a wide variety of rocket
flames, It should be particularly valuable in determining the structure of
the exhaust flame and in studying the phenomenon of exhaust flash.

i

An apparatus was constructed for the examination of rocket flame
absorption spectra. Preliminary experiments which were made with the
equipment show that the method is promising, but further development will

be necessary,

A method for measuring flame temperature was investigated in which
the temperature dependence of the slope of an intensity vs wavelength
curve is employed. It is recommended that this method be investigated in
greater detail and that other methods, which are not dependent on a black-—
body distribution, also be studied,

In particular it is recommended that a method which 1s based on the
measuvrement of the ratio of intensities of Two spectral lines emitted by
the same flame species be investigated as a possible tool for use in
mapping temperature distributions,
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FOREWORD

This report was prepared by the Aerojet Engineering
Corporation, Azusa, Californis, under USAF Contract
AF33(038)-18315, Supplemental Agreement S1(52-30L). The
contract was initiated under the research and development
project, identified by Expenditure Order No. [j60-35-9 Br-1,
and it was administered under the direction of the Aircraft
Laboratory, Engineering Division, Air Materiel Command.
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SECTION T

ANALYSIS OF PROBIEM

In principle, spectroscopy can contribute the following kinds of in-
formation in the study of combustion in rocket engines: (1) The identities
and quantum states of the intermediates of the combustion reactions, (2)
their concentrations, and (3) under certain conditions the temperature of
the combustion gases.

The ultimate products of combustion are more conveniently determined
by conventional methods of chemical analysis, but short-lived intermediates
cannot be determined in this way. Not only is it desirable to know their
identities in connection with the kinetics of combustion reactions, but it
is also necessary to know what species persist in appreciable concentration
in the exhaust gas so that the theoretical performance can be calculated.

The magnitude of the lifetimes of these intermediates can be estimated
as follows: The number of collisions which a molecule makes per second as
given by the kinetic theory for a gas consisting of a single species is:

Lrmo? VRT /M
where
n is the number of molecules per cubic centimeter
o is the effective diameter of the molecule
R is the gas constant (8,31l x 107 ergs per degree per mol)
T is the absolute temperature
M is the molecular weight,

The effective diameter of the molecule, o, is approximately 10-8 cm.
Assuming a value for M of 30, a molecule thus makes about 109 collisions per
second at room temperature and atmospheric pressure, or the time between
collisions is about 10~ sec. In many reactions not all collisions result
in reaction and consequent disappearance of the molecule, so that proba-
bility factors of about 10-8 are encountered, Taking this extreme value,
the lifetime for the molecule is still only approximately 0,1 sec, so that
it is evident that analysis for these intermediates by direct chemical
methods is not possible,
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The presence of a number of these intermediates has been detected by
their emission spectra. For example, the presence in flames of the radicals
CH, Cp, OH, and CN is easily determined from photographs of visible and
ultraviolet emission spectra. These spectra are readily excited, and their
observation is further facilitated by the fact that a relatively intense
emission spectrum is obtained even though the concentrations of these species
are exceedingly low, Other radicals besides those which have been found in
emission are undoubtedly present but are not observed because there is no
low-energy electronic state to which the molecule can be excited., There may
be an upper electronic state which cannot be reached by the molecule with
the available excitation energy. These species can nevertheless be studied
by the application of absorption techniques. The conditions are favorable
for the study of these molecules in absorption since the relative number of
molecules in lowest electronic states is high, and they can thus readily
undergo the transition to the first allowed excited state with the absorption
of a light quantum. Accordingly, the development of equipment for observing
absorption spectra has been emphasized in the present work.

These considerations apply to stable molecules, as well as to the
short~lived intermediates, but in the case of polyatomic molecules there is
little likelihood that more than a few of these, as such, will absorb or
emit light in the visible and ultraviolet regions of the spectrum. However,
in the near-infrared region of the spectrum, i.e., 1 to 15u, selective
emission is usually molecular in origin, and depends on the vibration and
rotation of molecules. For a given vibration-rotation band to appear in
emission, the vibration must be accompanied by a change in electric moment,
so that no emission is to be expected from homopolar molecules such as O
and No. Conversely, such polar molecules as HQO and 002 may be expected to
be relatively strong emitters. Transition probabilities, and therefore
emissivities, are of an entirely different order of magnitude from those
for electronic transitions, even for strong infrared emitters, and at present
no integraling receiver such as photographic film is available for the
infrared. Consequently, only those chemical species which are present in
appreciable concentrations will yield detectable emission bands.

Fundamental vibration-rotation bands, i.e., bands which arise from a
change of unity in the total vibrational quantum number, occur only in the
spectral region beyond 2.%u, so that all bands below 2.5 are combination
or overtone bands. In absorption the latter are far weaker than the
fundamentals, but the energy emitted is proportional to the fourth instead
of the first power of the frequency so that in emission, overtones and
combination bands are of comparable intensity with the fundamentals. Hence
the spectral region 1 to 2,.5u is potentially interesting.

Although the determination of the concentration of an intermediate in
a flame is theoretically possible by spectroscopic means, it is very diffi-
cult in practice and has not been undertaken in the exploratory program
described in this report.
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In addition to the possibility of identifying chemical species through
the identification of emission or absorption bands, there exists the possi-
bility of using thece bands as a basis for flame femperature measurements,
provided the bands arc thermally excited. Various methods based on band-
intensity distribution have been described.] If no banded emission is ob-
served from the flame, the temperature can be determined from the slope of
the intensity vs wavelength curve of the continuum if the latter has a black-
body distribution. Alternately, an emitting substance can be added to the
flame, and the intensity ratio of two of the lines in the spectrum of the
additive can be used as a basis for measurement of the flame temperature.

In summary, the methods of spectroscopy can be used to advantage in
the study of the kinetics of combustion reactions in rocket flames, for the
dztermination of the identity and distribution of intermediates, and for

measurements of flame temperature. The following sections describe the
work done for this purpose.

SECTION II
EMISSTON SPECTRA OF ROCKET EXHAUST FLAMES

IN THE VISIBLE AND ULTRAVIOLET REGIONS

Experimental Details

Observations of the visible spectra of exhaust flames from rocket
firings were made with the portable grating spectrograph which is shown in
Figure 1 in its present form. Several modifications of the original instru-
ment were made in the course of the program in order to reduce the setup
time and facilitate the photographing of the spectra. A long section of
tubing between the collimating lens and the camera was removed toc permit
rapid aligmment of the optical system and to increase the light intensity
at the camera. For most observations, the slit of the spectrograph was
placed approximately 36 in, from the flame. Therefore, with the slit which
is L in, in length, and the collimating lens which is normally used at an
aperture of f/8, the camera views about 15 in. of the flame. In nearly all
instances the rocket test-firings were carried out with mixture ratios close
to that calculated to give maximum theoretical perfermance, In order to
minimize the effects of afterburning on the spectra of the flames, the
region nearest the nozzle of the rocket was chosen for observation., The
spectral region covered extends from the limit of transmission of glass at
about, 3500 A to approximately 6500 A for the Super Panchro-Press, Sports
Type, sheet film which was usually used.

1 L. Bernath, H. N. Powell, A. G. Robison, F. Weltz, and K. Wohl, Project
Squid Technical Report No, 32 (1951); S. S. Penner, Am, J. Phys., }Z,
L22 (1949); 17, L91 (19L9).
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For the ultraviolet region a Hilger Intermediate Quartz spectrograph
was used with a spherical condensing lens. This instrument, which was placed
about 36 in. from the flame, has an f/7 camera lens and thus views about 5 in.
cf the flame, The spectral region ccvered extends from the visible to about
2100 A where the quartz begins to absorb.

Wavelengths of spectral bands and lines were measured from microphotom-
eter traces of the spectra made with a Jarrell-Ash Co. Model 203 Recording
Microphotometer. Figure 2 shows a typical spectrogram (enlarged) with the
corresponding tracing (reduced).

Spectra of Boron-containing Propellant Systems

1. Experimental Results

Spectrograms were obtained of the exhaust flames of rockets using
several boron-containing compounds as fuels. Among these fuels, which were
prepared and tested at Aerojet, are aluminum borchydride, dimethylaminodi-
borane, and a 13% solution of lithium borohydride in hydrazine., The lithium
borohydride serves primarily as a freezing point depressant for the hydrazine,
but alsc yields an increase in performance over anhydrous hydrazine,,2 Alu-
minum borohydride and dimethylaminodiborane have been tested with liquid
oxygen and with ligquid fluorine as oxidizers, The lithium borohydride and
hydrazine solution is currently being tested with liquid oxygen. The tests
of aluminum borobydride with liquid oxygen were made prior to the initiation
of the experimental work under this contract. The spectrogram3 shown in
Figure 3(a) was taken with a small Littrow quartz spectrograph so that the
scale differs widely from those obtained with the grating spectrograph. It
has been reproduced in this report in order to show the characteristic
features of the flame spectra from boron-containing propellants.,

The most prominent feature of the flame spectra from liquid pro-
pellants containing boron is the system of boric acid fluctuation bands,
which are narrow diffuse bands evenly spaced over the visible region of the
spectrum and commonly referred to as "waves." In the negatives, the BO
bands recently reported by Singh® can be seen superimposed on the bands at
5800 A and 5450 A, These bands are not readily detectable because of the
greater intensity of the fluctuation bands, but they are nearly always found
along with the latter. The species to which the emission of the fluctuation
bands is attributed has not been determined, but it is assumed that it is
due to a polyatomic oxide of boron of the type BXOy, perhaps BZOBOS These

2 Aerojet Report No. 577 (7 February 1952) p. 6, Confidential,
3 Aerojet Report No, 490 (22 January 1951) p. 21, Confidential.
N. L. Singh, Proc. Indian Acad. Sci., A29, L2L (19L9).

R. W. B, Pearse and A, G. Gaydon, The Identification of Molecular Spectra
(John Wiley & Sons, Inc., New York, 1950,
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bands were also obtained in the laboratory by photographing the spectrum of
a saturated solution of boric acid in the Beckmann flame photometer. The
spectrum is shown in Figures 3 and L for comparison with the spectra of the
rocket flames,

a. Aluminum Borohydride. - With liquid oxygen [?igure B(aﬁ
the boric acid fluctuation bands are by far the most prominent feature of
the spectrum of the exhaust flame from this propellant combination. Weak
bands due to other species seem to be present, but these were not identi-
fiable from the spectrogram available,

With liquid fluorine [}igure 3(bﬂ , fluctuation bands are
also the most prominent feature. Here the presence of some BO bands of the
X system and of Mulliken's combination system can be detected. These are
extremely weak and will not be found on the reproductions, but are observable
on close visual examination of the original spectrogram. In addition to
these are also found the aluminum doublet at 394l A and 3962 A, the sodium
doublet at 5890 and 5896 A, and chromium lines at 4290, L275, and L25L A,
The aluminum lines are not ordinarily excited in laboratory flames. The
requirement of a higher excitation energy is apparently fulfilled by the
high temperature of the aluminum borohydride and fluorine flame. The
chromium used as a chamber-lining material is responsible for the emission
of the chromium lines. Bands appearing at 4360, 1,180, LO70, 3860, and
3650 A could not be identified with any species found in the literature,
but their appearance indicates strongly that they are an extension of the
boric acid fluctuation band system. Although these bands do not appear in
the boric acid laboratory flame, the conditions of excitation are con~
siderably milder than those existing in the aluminum borohydride and liquid-
fluorine flame. The confirmation of this point requires additional ex-
perimental observations,

ba Dimethylaminodiborane. - With liquid oxygen [?igure h(aﬂ ’
this spectrum shows only the boric acid fluctuation bands with the super-
imposed BO bands of Singh. Some weak bands appear above 6000 A on some of
the spectrograms which were subjected to longer exposure. The weakness of
these bands made them difficult to measure, but their appearance and visual
estimates of their wavelengths suggest that they may be CN bands of the red
system. The testing program for this propellant combination was completed
before a spectrogram could be taken to confirm this hypothesis.

. With liquid fluorine E&igure h(bi] the boric acid fluctua-
tion bands and the BO bands of Singh are again present with considerable in-
tensity. In addition, the Swan bands of C, and the violet bands of CN are
quite prominent. They are especially noticeable on spectrograms where the
mixture ratio (ratio of weight of oxidizer to weight of fuel, W, /W) is
relatively high. The high mixture ratio suppresses the fluctuation bands
and permits the C, and CN bands to be easily observed. The L4312 A band
of CH also appears weakly. The three chromium lines previously described
appear on some spectrograms, and the Na doublet is always present.

WADC-TR-52-108 8
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Ce Lithium Borohydride in Hydrazine. - With 13% lithium boro-
hydride in hydrazine with liquid oxygen [?igure 3(03 , an exhaust spectrum is
1 obtained which contains the usual boric acid fluctuation bands and BO bands of
Singhe, Atomic lines of lithium appear at 6707.8, 6103.6, and L603.0 A, The
Na doublet and the three chromium lines are also present. Several other
lines have been found at wavelengths of 4135, 1033, 3933, and 3861 A, but no
conclusions have been reached as to their identity.

d. Table I summarizes the results of the emission spectro-
graphic studies in the visible and ultraviolet regions,

2e Discussion of Experimental Results

a. Some outstanding features are to be noted in the spectra
of flames supported by liquid oxygen and liquid fluorine., The liquid-oxygen-
supported dimethylaminodiborane flame emits with intensity only the fluctua-
tion bands of boric acid. With liquid fluorine the same bands occur, but the
presence of Cp, CH, and CN bands is marked, In addition, no fluorine-con-
taining emitter is detected. Duried observed only C2 and CH bands in a
variety of fluorine-supported organic flames, Since the corresponding
oxygen—supported flames also exhibited characteristic Co and CH emission,
Durie suggested that the mechanisms of burning in the two types of flames are
similar, The absence of these emitters from the dimethylaminodiborane and
oxygen flame is rather surprising. Sufficient data are not available at
present for a reliable explanation, but indicate that the parallelism in
the mechanisms of burning in oxygen- and fluorine-supported flames is not

: clearly drawn.

Do Since the fluctuation bands appear in exhaust flames of
boron~containing fuels supported by fluorine, polyatomic oxides of boron
must be formed by reaction of molecules such as BF and BF3 with atmospheric
water or oxygen outside the rocket chamber,

Co The presence of Co bands in the dimethylaminodiborane and
fluorine flame requires a polymerization reaction since no C - C bond is
present in the dimethylaminodiborane molecule., Durie reported that Cp
emission is present in flames of CH)-Fp as well as CH}-0o and suggested that
the fluorine forms free hydrocarbon radicals which can lead to Cp formation
and carbon deposition. The fact that in the present experiments relatively
little of the latter is fouund 1s interpreted to indicate that polymers com-
posed of relatively short chains are formed. It was observed that an in-
crease in mixture ratio causes an increase of the Co and CH emission. This
result could be obtained if either the radical concentration or the tempera-
ture increased., The accompanying decregse in relative intensity of the
fluctuation bands is difficult to explain, Perhaps the increase in mixture
ratio results in more of the convergion of fluorides to oxides occurring
further downstream from the nozzle,

6R. A, Durie, Proc. Roy. Soc. A211, 110 (1952),

WADC-TR-52-108 10
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d. Additional bands are observed in the spectra of the
rocket exhaust flames obtained with aluminum borohydride and liquid
fluorine, dimethylaminodiborane and liquid oxygen, and dimethylamino-
diborane and liquid fluorine. The shapes of these bands are very similar
to those of the boric acid fluctuation band system, and their positions
are such as to make them appear to be a short-wavelength extension of that
band system. The fact that they were not previously reported is easily
accounted for. These bands were originally found in the boric acid flame
spectrum. In the boric acid flame the conditions of excitation are some-
what less severe, and the spectra accompanying the weaker transitions do
not appear. The fluctuation bands are also produced in the arc with boric
acid, but under these conditions the & and B bands of BO are so much more
strongly excited that they would obscure any of the weaker fluctuation
bands which might appear in this region. Figure 8(a) is an enlarged
spectrogram of the dimethylaminodiborane and liquid-oxygen flame, showing
these bands.

Spectra of Other Propellant Systems

1. Experimental Results

In addition to observations of firings of rockets with boron-
containing fuels, spectrographic observations of exhaust flames from test-
firings with more conventional propellant systems have been made in the
past year. These observations were made during firings of standard JATOs
as well as during many special types of rocket firings under a variety of
test conditions. The results of these observations are presented below.

a. JP-3. - With liquid oxygen [figure S(bi], the spectrum
is entirely continuous, with no suggestion of structure throughout the
visible region (6500 to 3700 A),

With WFNA [figure S(ai], the spectrum is essentially
continuous with a few bands superimposed. The CH band at 4312 A and the
CN band at 3883 A are always present. In some cases of long exposure
the Swan bands of C, at 5165 A and L365 A show weakly. The L737 A, C,
band does not appear under these conditions,

Spectrograms were made of the flame inside the chamber
of a two-dimensional, transparent Plexiglas motor,! using JP-3 and WFNA,
during four separate test-firings. On three of these spectrograms, bands
were observed beginning at about 6500 A and extending to shorter wave-
lengths [?igure S(CZ]. On the fourth spectrogram the spectrum was en-
tirely continuous throughout this region, Still another spectrogram was
taken of the flame through a Plexiglas chamber section of a 5000-1b-thrust
unit using JP-3 and WFNA. This spectrum was also entirely continuous.
However, in this test a hypergolic slug start of furfuryl alcohol and
triethylamine was used. This results in a heavy carbon deposit on the

T 5. H. Altseimer, J. Am. Rocket Soc. 22, 86 (1952).
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chamber wall, and it is likely that the continuous spectrum in this case

is actually caused by radiation from the glowing carbon. The two-dimensional
motor runs use a hydrazine and oxygen start, and in these cases there is
little carbon formation. Thus, the one observation in which a continuum

was obtained with the two-dimensional motor is anomalous. Unfortunately,

it was not possible to clarify this point since further motor tests were

not made. The identification of the bands could not be made since they

are extremely weak and difficult to measure accurately.

be Aniline and Furfuryl Alcohol with WENA, - The spectrum
of this rocket flame appears to be continuous in the visible region,
though weak bands which are obscured by the spectrum of scattered day-
light radiation may be present [Figure 5(d)].

C. Metal~Oxidizer Engine8. ~ A spectrogram was made of the
exhaust flame of a rocket engine which uses a propellant consisting of an
oxidizer and aluminum with water [Figure 6(a)]. The spectrum of the very
intense flame shows a considerable number of bands. In addition, lines
are found in both emission and absorption. Most of the bands can be
attributed to A10. Tour bands of AlO were positively identified. 1In
emission were found K (I) lines at 5782, 5802, 5813, and 5832 A. In
absorption the following lines were found: Na 5890, 5896 A, Pb L057.8 A,
and K LOLT, LOLL A.

d. Solid Propellant AN-525J, - Bands are found in the
region LOOO to 5000 A in rocket firings from both the 5KS-L500 and 15KS-
1000 JATO units. As previously stated (Report No. 1056-L), the bands
had been observed only in the flame from the 5KS-4500 unit which contains
resonance rods fabricated from Micarta (a phenol-formaldehyde laminate).
A more detailed examination of the spectrum shows that these bands are
also present but in low intensity in the flame spectrum from the 15KS-1000
unit which contains no Micarta. The spectrogram shown in Figure 6(b) is
from the S5KS-L500 unit, and that in Figure 6(c) is from the 15KS-1000
unit, The flame spectrum of a burning AN-525J propellant strand shows no
apparent structure in the visible region examined. The identity of these
bands has not been established, although the wavelength measurement
suggests that some of them might be formaldehyde. The accuracy of the
wavelength measurements is poor because the spectrogram from which these
were made was not a good one. However, the correspondence and separation
of the intensity maxima indicate that some of the bands may be HCHO bands
of the Emeléus cool-flame spectrum, identical with the formaldehyde
fluorescence bands., Visual estimates of the band intensities are also
in general agreement with that of the HCHO band system. No conclusions
concerning the identity of the other bands have been made. The corre-
spondence is shown below:

8 Aerojet Report No. 579 (7 February 1952),Confidential.
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A\ Measured

L997.7
11965,1
1,886.9

L1856, 9

1,582.9
L533.4
Lli96. Ly

LLL3.5
Lk, 6

L356.6
L333.6

11293.0
L6k, 1

4133.0

A for HCHO?

Lok2

4821

L707

L5€6.8

LhL7.6

L359.9

Laolh2.8

h129.2

9 R. W. B. Pearse, and A. G. Gaydon, The Identification of Molecular
Spectra (John Wiley & Sons, Inc., New York, 1950),
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€, Other rocket flames which were observed but which did not
give spectra of interest were the following: Hydrazine with liquid oxygen -
Only Na emission could be detected with the grating spectrograph. A faster
instrument would be required, or, alternately, a longer test run could be
made. Sodivm + Ho0 - Na emission and some weak bands which could not be
measured were observed. Lithium + HZO — The tests were run with an ex—
tremely high mixture ratio, and there was practically no luminous flame,

f. Observations were made of laboratory and rocket flames
with the Hilger intermediate quartz spectrograph. The instrument was re-
ceived late in the contract period and opportunity for only a few observa-
tions on rocket flames was available. Figure 7(a) is the spectrogram ob-
tained from the exhaust flame from a rocket using the 13% solution of
lithium borohydride in hydrazine with liquid oxygen. It was necessary to
use a 0,1-mm slit in order to obtain sufficient intensity. The spectrum
extends to about 2800 A and appears to be continuous below 3500 A, The
long-wavelength end of the spectrum is limited by the falling off of the
emulsion sensitivity of the Kodak 33 plates used. The use of a wide slit
resulted in the presence of a noticeable amount of scattered daylight
radiation on the spectrogram, in spite of the fact that it was taken on
an overcast day. The spectrum of a natural gas and oxygen laboratory flame
taken with a 30p slit and showing the characteristic OH band system, is
reproduced in Figure T(b).

2. Discussion of Experimental Results

a. The band at L4051.5 and LOL3.5 is sometimes found in the
JP-3 and WFNA flame. It seems to correspond to the LOS0 A comet-head group
which has been attrituted to CH,. There has been some discussion about
this assignment, Durie finds these bands in some organic fluorine flames
but disagrees with its assigmnment to CHo, He suggests that this is due to
C3 or CpH rather than CHp, and points out that in fluorine flames the band
appears simulteneously with C,, whereas it is weak when the CH emission is
also weak. TFigure 8(b) is any enlarged spectrogram showing this band in
the JP-3 and WFNA flame,

b. Bands occurring in the spectrum of the exhaust from the
firing of the 15KS-1000 and S5KS-4500 JATOsare tentatively identified as
belonging to HCHO. The available spectrograms do not permit an accurate
analysis of the bands. The presence of HCHO bands in the 5KS-4500 flame
spectrum can be partially accounted for by the presence in this unit of
resonance rods made of Micarta, which is a laminated phenol-formaldehyde
plastic. However, this cannot be the complete explanation, since the
15K5-1000 unit does not have these Micarta rods, yet these same bands
appear, although with much lower intensity. The flame from AN-525J pro-
pellant strands, burned at atmospheric pressure, does not show these
bands. Further investigation would be required to confirm this tentative
assignment.

WADC-TR-52-108 18




puTd pESH~18WO) ¥ J50M SuTMOUS VILIM WaTs €-df (q)

spueq Mof JuT#oys Ua3Lx) PINDTT ygtm SUBIOQTPOUTWETAYoWTT (')
(IIA) Bagoedg gsneyxy 1300y *q °andTd
20 HO

rE] oz ¢

(@)

000 0051 0005 0055

(®)

OOOJ | - 005 0005

sureTd usldAx) pue SeB) TeJN1EeN (Q)
U9ZAX0 PTNDTT YT OUTZBRIPAH UT 8PTJIpAYogod UMTURTT %ET (®)

(Ia) =xyoeag qeroTABI}TN  *) oam3Td

19

WADC-TR-52-~108




C. The spectrum of the chamber gases of the transparesnt
engine using JP-3 and WFNA exhibits a banded emission which has a complex
structure. The origin of these bands has not been established. The fact
that some test runs give continuous spectra only is puzzling, but in one
case, this can probably be directly attributed to the emission from the
carbon deposited on the chamber wall as a result of the use of a triethyl-
amine and furfuryl alcohol hypergolic start.

Conclusions and Recormmendations

From these studies it is evident that visible emission spectra of
rocket exhaust flames usually consist of an intense, continuous spectrum,
together with superimposed discretve spectra, which are produced by only a
small number of species in the flame., Observations of the spectra of rocket
chamber flames were limited in number, but apparently these spectra can be
described similarly. Analysis of the visible emission spectra obtained in
this work has consisted in the successful identification of most of the
species producing the discrete emission, and the association and dissociation
reactions, or other processes to which the continuous spectra are to be
attributed, have not been identified., Examination of these analyses indi-

cates that generally only a limited amount of information can be obtained
from the visible spectrum observed at only one position in a rocket flame.

Because studies of rocket exhaust flames of boron-containing pro-
pellant systems which contain no oxygen have demonstrated the presence of
one or more oxides of boron, it is evident that oxygen from the air enters
the flame as a result of diffusion, convection, and turbulence. Accordingly,
care must be exercised in the interpretation of the spectrograms of exhaust
flames, but it may be possible to apply this effect to the study of the ex-
tent to which oxygen from the air wmixes with various parts of the exhaust.
An investigation of this type would be pertinent to the study of the mechanism
of flash in rocket exhaust flames.

Future work should be directed toward the observation of ultraviolet
emission spectra (by use of equipment which is already available) in order
to determine the types of information obtainable. For propellant systems
which have not previously been photographed successfully in the visible
region it will be necessary also to obtain spectrograms in the visible for
comparison with those in the ultraviolet region. Although most of these
observations will be confined to rocket exhaust flames, the spectra of
rocket chamber flames should be observed whenever possible, ther recom-
mendations for future work involving visible and ultraviolet emission
spectra are described in Sections IV and VI,

WADC-TR-52-108 20



SECTION IIT

EMISSION SPECTRA OF ROCKET EXHAUST FLAMES IN THE INFRARED REGION

Experimental Details

1, Infrared Spectrograph

a. During the past year an infrared spectrograph has been
constructed and shown to be suitable for taking infrared emission spectra
of rocket exhaust flames, The infrared spectrograph, shown in its present
form in Figure 9, consists essentially of a Beckman IR-2 monochromator,
shock-mounted on a rigid frame and provided with detecting, amplifying,
and automatic recording systems, and a prism drive for producing radiation
of various wavelengths., Light from the source under study is "chopped" at
100 cycles per second before entering the monochromator, and the resulting
a-c signal from the Golay cell, which serves as detector, is amplified and
then recorded on a G. E. oscillograph. About 26 seconds is required to
scan the spectral region from 1 to 154 by use of a rock salt monochromator,
or from 1 to 6.3u by use of a lithium fluoride monochromator.

b. As originally constructed, the spectrograph incorporated
a Beckman IR-2 rock salt monochromator on loan from the Navy, but as soon
as the design was shown to be practical, a Beckman lithium fluoride mono-
chromator was purchased and installed shortly before the termination of the
contract. The increased resolution which is given by lithium fluoride, as
compared with rock salt, is apparent in Figures 10 and 11, The fact that
it was possible to use the same slit widths with both monochromators, in
spite of the difference in dispersion, showed that either the rock salt
monochromator was badly out of alignment or the prism was fogged.

C. Selected oscillograph records are shown in Figure 10 to
illustrate the results obtainable with the spectrograph in its present
state of development. In the succeeding figures, the smoothed trace of
the oscillograph record for the spectra was obtained by compariscon of at
least three scans.

2. Procedure for Observation of Rocket Exhaust Flames

Light from the rocket exhaust gases is picked up by a plane back-
surface mirror and is condensed on the slit of the spectrograph by a para-
bolic front-surface mirror which has a focal length of L3 in., The alignment
is checked by placing a small tungsten lamp at the slit and then observing
the lamp from the position of a rocket exhaust. The flame is sufficiently
large that the errors inherent in this method are not serious. This is
demonstrated by the fact that slits have been used with widths comparable
to those which were used in observing laboratory flames in spite of the
increased distance (nearly 50 ft as compared with less than 3 ft in the
laboratory) and the impossibility of adjusting the setup for maximum signal
before recording a spectrum. A front-surface pickup mirror would be ob-
tained for any future work.

WADC-TR-52-108 21
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Figure 9. Infrared Spectrograph
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Experimental Results

Spectra were obtained from two firings of a rocket engine, using JP-3
WFNA, one by use of the rock salt monochromator, and the other by use of the
lithium fluoride monochromator. Smoothed spectra are shown in Figure 13,
and a sample portion of an oscillograph record is shown in Figure 10, The
apparent low intensity of the emission bands beyond 2.7y arises in part from
the use of a back-surface mirror in the optical train. Glass begins to ab-
sorb strongly near this wavelength and does not show high reflectivity until
much longer wavelengths are reached. It is noteworthy that the chief emitters
in the infrared are not greatly different for the JP-3 and WENA rocket ex-
haust flame and the natural-gas oxygen flame.

Numerous records of the emission spectra of laboratory flames were
taken during the development of the spectrograph., Three of the records
are shown in Figure 10 and selected smoothed traces of the oscillograph
records for the spectra are shown in Figures 11 and 12,

Emission tands are found at the following wavelengths in microns in
each spectrum obtained by use of the lithium fluoride monochromator: 1.llk,
1.85, 1.99, 2.h9, 2,71, 2.86, and L.Lu, Wavelengths are given only to the
nearest 0,01y because the wavelength scale on the monochromator has not yet
been calibrated, The actual position of the maximum of the L.lp band is
not clear, partly because of self-absorption and partly because of the width
and unsymmetrical shape of the band; hence its position is given only to the
nearest O.1u.

Approximate positions of bands as found in emission spectra obtained
by use of the rock salt monochromator are as follows: 1.5, 2.0, 2.5, 2.9,
Loy, 6.9, and 7.5¢. The 2.9u band does not show up in the rocket exhaust-
flame spectra because of the use of a back-surface pickup mirror,

The genuineness of the band shown at 2,64y in the rocket exhaust-
flame spectra is not established. Although each of the five scans of this
region by use of the lithium fluoride monochromator with a O,3-mm slit
appears to show this band, a low-speed scan of this spectral region should
be made before it can be accepted as real,

Discussion
1. Resolution
a. The infrared emission spectra of laboratory flames have

been examined previously by numerous investigators with resolution comparable
with that which was obtained with the rock salt monochromator,lo and Wohl

0 See particularly A. G. Gaydon, Spectroscopy and Combustion Theory (Chapman
and Hall, Ltd., London, 19L8) Chap. XI for discussion and references.
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and co—workers11 have presented a butane-~air flame spectrum, which shows
somewhat higher resolution than has thus far been reached with the Aerojet
1ithium fluoride monochromator. The latter was obtained by use of a Perkin-
Elmer lithium fluoride spectrophotometer in conjunction with a lead sulfide
photoconductive cell. The resolution shown by the Aerojet spectra is very
gratifying in view of the relatively high speed of scan and wide slits which
were used. The resolution could probably be significantly improved by
lowering the "chopping" speed, which would increase the sensitivity of the
Golay cell and thus permit the use of narrower slits. The resulting decrease
in the number of galvanometer swings per micron could be partially compensated
by using full-wave instead of half-wave rectification. For some runs it
should also be possible to decrease the scanning speed,

b. If subsequent work shows more resolution to be desirable,
some additional improvement could probably be obtained in the spectral region
1 to 2.8p by substituting a lead sulfide photoconductive cell for the Golay
cell. Some modification of the optical system following the exit slit would
be required. High resolution grating studies of emission spectra are in
progress in various laboratories, particularly the National Bureau of
Standards,12 but 1little has been published as yet. Such studies may be ex-—
pected to provide both positive identification of emitters and the ex-
perimental basis for a theoretical study of the dependence of band shape
on chemical excitation.

2. Identification and Interpretation of Bands

a. Discussions in the literature of the infrared emission
spectra of flames have been based on low resolution work with rock salt
prisms. Bailey and Lih,13 for example, do not resolve the three bands near
2.7, but report them as a band at 2.8Lp with a shoulder at 2.60u, Also,
the pair of bands near 2y is uniformly reported as a single band, 14 Hence,
earlier discussions must be regarded as incomplete, and must be reconsidered
in the light of new data. Wohl and co-workers show the 24 band as resolved
into three components, and the 1.4y band as resolved into two, but they do
not discuss the identity of the bands other than to say that the bands at
1.35u, 1,824, and 2.51p are also found in the hydrogen-air flame and are
presumably due to H,0 alone. A high-speed scan of an ammonia--oxygen flame
by use of a vacuum grating spectrographlS shows a close resemblance to the
butane--air spectrum published by Wohl. The inference is that the bands

1l L. Bernath, H. N. Powell, A. G. Robison, F. Weltz, and K. Wohl, Project

12 Squid Technical Report No. 32, 1951,
E. K. Plyler, W. L. Benedict, and S. Silverman, J. Chem. Phys. 20,
13 175 (1952). N
o1 C. R. Bailey and K. H. Lih, Trans. Faraday Soc. 25, 29 and 32 (1928).
15 Gaydon, op. cit.
Private communication from Roger Newman, California Institute of
Technology.

WADC-TR-52-108 29



below 2,8u arise from Ho0 emission alone, unless OH can be shown to contribute.
Carbon dioxide appears to be the chief emitter at L.Lp and is reported by
Gaydon (92' g}i.) to be responsible for much of the emission at 2,86p. How-
ever, the 2.86p band under high resolution shows the same lines and relative
intensities in both smmonia--oxygen and natural gas--air flames, which indi-
cates that more work remains to be done before this band is positively
identified,

b. The band at 1.Llp, which Wohl resolves into two components,
is undoubtedly partly due to the combination band of water,2/ *-L/3, and
perhaps partly to the first overtone of the band at 2.86p. Gaydon's sug-
gestion that the latter may arise from OH appears to bear further investi-
gation.

C. Part of the emission near 2u no doubt arises from the
water combination band,Z/2 + 2/3, but the source of the remaining emission
in this spectral region 1s very obscure at this time., Emission might be
expected in this region from the carbon dioxide combination bands Eib@ + Vg,
andz/:l + 2/3, but the unchanged appearance of this emission in the ammonia—-
oxygen flame spectrum, as compared with butane-air or natural gas and air
flame spectra is not consistent with such an assignment.

d. The 2.5 and 2.7y bands probably arise from H,0 emission
but a careful theoretical stud§ of self-absorption, known energy 1evels,16
and transition probabilities,l! and their effects on band shapes would be
desirable. A similar study would be helpful at 1.4 and 2p also. A thorough
understanding of the transitions involved in the emission bands of a flame,
beyond the simple identification of the emitter, may be expected to throw
light on the mechanism of combustion when the emission is at least partly
chemiluminescent.,

e. The work of Daly and Sutherlandl8 on the emission of hot
carbon dioxide (700°K) near Lu indicates that the positions of the intensity
maxima in this spectral region, which are shown in Figures 15 and 16, are
determined solely by the 1-»0 transition of V/,, after allowance is made
for the fact that a much longer absorbing path”of carbon dioxide was present
than Baly and Sutherland used. The emission on the long wavelength side of
the L.Lp maximum is undoubtedly strengthened by transitions involving higher
excited states, but a careful study would be required to determine whether
the intensity distribution corresponds solely to thermal excitation or
whether it also reguires some chemiluminescence.

16

W. S. Benedict and E. K. Plyler, J. Research Nat. Bu. Standards Qé,
2L6 (1951).

P. €. Cross, R. M, Haines, and G. W. King, J. Chem. Phys. 12, 210 (19Lh).

E. F. Daly and G. B. B. M., Sutherland, Third Symposium on Combustion,
Flame and Explosion Phenomena (The Williams and Wilkins Company,
Paltimore, Md. 1949), p. 530.
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Conclusions and Recommendations

1. The preceding studies demonstrate that the infrared spectrograph
can be applied to rocket exhaust flames and indicate the direction to be
followed in future work,

2. Certain modificatious which will improve the performance of the
spectrograph are recommended below and the types of investigation to which
the instrument should be applied are outlined.

a. The design of the infrared spectrograph should be further
refined by making the following improvements:

(1) The "chopping" rate should be decreased to LO cps
and the cascode amplifier should be modified to reach its peak at this
frequency.

(2) A means should be provided to scan the spectrum
at both a reduced and an increased rate, as desired. This may be achieved
by means of a planetary reduction gear whicli can be controlled by a brake
band.

(3) The speed of the sweep motor should be adjustable in
order to permit small portions of the spectrum to be scanned at lower speeds,
thus increasing the resolution at critical portions of the spectrum.

(L) The lead sulfide cell should be developed further,
together with the accompanying optical components, choppers, and pre-
amplifiers,

(5) A more satisfactory recording oscillograph could
make a vast improvement in recording and presentation of the data.

(6) Full-wave rectification of the final signal would
double the electrical resolution,

b. Infrared emission spectra should be obtained from a large
variety of rocket exhaust flames and, if possible, from rocket chamber
flames. Complete analysis of these spectra will require a careful theo-
retical study of the effects of self-absorption and strong thermal ex-
citation on the shapes and positions of maxima of the vibration--rotation
bands shown by Hp0, CO5, and any other strong infrared emitters that might
be encountered in rocket exhaust flames, In addition, it will probably be
necessary to supplement these theoretical studies with experimental studies
of the thermal emission of pure gases in the infrared. In order to apply
the theoretical analysis, the absolute absorption intensities cof vibration--
rotation bands of chemical species which might be found in rocket exhaust
flames should be determined in order to calculate emissivities in a manner
similar to that described by Penner.1? The complexity of this program

19 Progress Report No. 9-37, Jet Propulsion Laboratory, California Institute

of Technology, May 31, 19L9.
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necessitates a long-term effort and division into two phases is recommended.
The first phase should consist of the observation of the spectra of rocket
flames and of hot, pure gases, and the second phase should consist of the
theoretical analysis and the evaluation of the parameters necessary to the
application of the results of the analysis to the spectral data. The first
phase should be initiated immediately.

SECTION IV

SPATTAL RESOCLUTION OF EMISSION SPECTRA OF ROCKET EXHAUST FLAMES

In studies of combustion it is desirable to know the species present
at various positions in the flame. Techniques in which samples are with-
drawn from specific portions of the flame and analyzed chemically have the
serious disadvantage that chemical reactions may occur in the sample during
the interval between its collection and the analysis., This is especilally
true if the sample contains chemically reactive species, or if the sampling
device exerts a catalytic effect on reactions in the sample. If the molecule
in the flame has characteristic emission bands, the analysis can be made
spectroscopically, thereby avoiding the limitations of a sampling method.

Two spectroscopic methods have been considered: one involves photo-
graphing the flame with nearly monochromatic light and another produces a
spectrum of the entire flame, The first method made use of narrow band-
pass optical filters.20 The principle of the method was to isolate by
means of narrow band-pass optical filters the radiation corresponding to
the emission of one of the active species, e.g., CH, Cop, CN, ete, If
photographs of the flame were taken through appropriate filters they would
indicate the source of the emission of that species in the flame. A
Stereovach was adapted so that two photographs through different filters
could be made simultaneously. In principle, this should permit emission
of the various species to be localized as to the zone in which it occurs.
In practice, however, this did not prove possible because the emission of
discrete bands is accompanied by strong, continuous emission in most rocket
flames. Since the banded emission is weaker than the continuum, it is not
possible to observe any significant difference in the intensity of the
radiation through the filters, When this btecame apparent; the work was
discontinued and the emphasis was placed on the development of the long-
slit technique described in the following paragraphs.

The second method tested involved isolating a portion of the flame
as was done, for example, by Pennen?l by the use of defining slits, and

20 perojet Report No. 1056-2 and -3.
2l 5. 5. Penner, M. Gilvert, and D. Wever, J. Chem, Phys., 20, 522 (1951),
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Gaydon and Wolfhard. 22 However, these methods require many exposures in
order to cover the entire flame. In principle, it should be possible to
construct a large stigmatic spectrograph with a slit which could be adjusted
in length to correspond to the extension of the region of the flame which is
being studied. Each point on the image obtained on the spectrogram would
then correspond to a given point in the flame. In practice this can be done
by placing a large slit near the flame. The length of the slit will be de-
termined by the size of the flame, and the width of the slit can be made

as narrow as practicable. A grating and a camera can be set up at a suf-
ficient distance from the flame so that the light reaching the grating will
be nearly parallel. Of course, the intervening space between the slit and
the grating must be dark. The arrangement is shown schematically in Figure
1. The feasibility of this arrangement was demonstrated first in the
laboratory, and then an observation was made on the exhaust flame of a
rocket. TFor the laboratory test, a gas discharge tube approximately 3/8 in.
in diameter and about 30 in. long was used. This discharge tube containing
a mixture of gases at low pressure was set up at one end of the laboratory
and served as a luminous slit. The front section of the portable grating
spectrograph, containing the slit and the collimating lens, was removed.

The grating and camera assembly of the spectrograph was then set up 30 ft
away at the opposite end of the darkened room, and a l-minute exposure was
made of the glow discharge. The spectrogram obtained, which is shown in
Figure 15, clearly defines the variation in the spectra of the discharge

at different pcoints along the tube. The narrow horizontal line near the
bottom of the spectrogram is an indicator mark which was placed on the tube.
The broad line across the upper part of the spectrogram was caused by a
clamp which was used to support the tube. The central image is shown at

the extreme right.

The apparatus was then set up for the observation of the flame from
the firing of a liquid-propellant rocket. A slit was made of sheet iron
by mounting two pieces of 1/2~in. plate, 8 ft long x 3 ft wide, on a suit-
able frame with a 3/8-in. space between them to form the slit opening (see
Figure 1l ). This turned out to be wider than necessary; however, for this
preliminary test this width was chosen arbitrarily to ensure sufficient
intensity to produce a spectrogram. The camera and grating assembly was
placed about 60 ft from the slit. The camera was focused with the aid of
a mercury arc lamp which was placed alternately at the two extremes of the
slit while the camera was adjusted so that the spectra of the lamp in the
two positions defined a zone approximately in the center of the focal plane
of the camera. Also, the camera back was adjusted to give sharply focused
spectral lines. A test-firing of a rocket using JP-3 and WFNA was made
after sundown in order to minimize the effects of stray light entering the
camera. Figure 16 is a reproduction of the spectrogram obtained. Super
Panchro-Press, Sports Type, film was exposed for 7 sec. The horizontal
lines are index marks spaced at 1l2-inch intervals to show the location of
the spectra in relation to the distance from the nozzle of the motor., The
central image is shown at the right. Although this rocket flame does not show

22 A. G. Gaydon and H. G. Wolfhard, Proc. Roy. Soc. (London) A1SL, 169 (1948);

A199, 89 (19L9); A201, 561 (1950); A201, 570 (1950); A4202,7118 (1951).
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an abundance of emission bands, the test nevertheless demonstrates the
applicability and feasibility of the apparatus for observations of rocket
firings, and suggests means by which the apparatus can be improved for
future firings. Some overlapping of spectra was encountered on the spectro-
gram since the light from the flame illuminated the walls of the test in-
stallation, and reflections from these walls entered the spectrograph. This
is a problem in shielding and can be remedied with little difficulty.

The results of the preliminary tests with the long-slit apparatus for
obtaining spatial resolution of the spectra of rocket flames are encouraging.
Spectrograms which show the change in the character of the emission from the
flame as a function of the distance from the nozzle of the motor give in-
formation concerning the course of the reaction outside the chamber. One
of the problems which could be conveniently investigated by means of this
technique is the question of the structure of a rocket exhaust flame.
Although the detailed processes which occur in a rocket exhaust flame are
important in determining the intensity of flash and afterburning, no
systematic spectroscopic investigation of the structure of exhaust flames
has been made. Spectroscopic studies on the structure of diffusion flames?3
have led to conclusions concerning the mechanism of burning in these flames.
In particular, the significance of C, emission and carbon formation have
received considerable attention. With the apparatus described above, this
sort of study could be made on a rocket exhaust flame, It is recommended,
therefore, that this aspect of work be continued, and that the apparatus
already developed be applied to the study of other rocket flames.

SECTION V

AN APPARATUS FOR STUDY OF THE ABSORPTION SPECTRA OF ROCKET FLAMES

Many chemical species exist in a rocket exhaust flame that have not
been detected by means of emission spectrography, either because of low
concentration, low transition probabilities, or both. Some of these species
that are weak emitters might be detected by increasing the exposure time if
it were not for the obscuring effect of other relatively strong emitters
near the same regions of the spectrum. Absorption spectrography appears to
offer important advantages at this point in that (1) both excited and un-
excited species absorb, (2) spectrograms may be obtained of exhaust-flame
phenomena of very short duration, and (3) the sbsorption intensity may be
increased by many traversals by a beam of light through a small exhaust
flame to provide a relatively long absorbing path.

23 See H. G. Wolfhard and W. G. Parker, Proc. Roy. Soc., A385, 2 (1952).

WADC-TR-52-108 36



From several methods of obtaining a long optical path the method
described by Kratz and Mack?!4 was adopted for work on absorption spectrog-
raphy because of its relative simplicity. The apparatus consists es-
sentially of a source of continuous radiation, a right-angle prism, a con-
cave, spherical mirror, a spectrograph, and a rigid bench for securing the
components in proper alignment. An over-all view is shown in Figure 17.
The source may be an ordinary filament lamp, a carbon arc, a photoflash
bulb, or another convenient source providing a continuum in the desired
spectral region. The prism is an isosceles right-angle prism with one
truncation at the 90° angle, and another at one of the L5° angles. Widths
of these truncations impose limits on the number of reflections possible
with a given prism. The aluminized spherical concave mirror is mounted on
a gimbal ring with adjusting screws to allow for proper orientation with
respect to the prism. A Bausch & Lomb spectrometer with camera attachment
is used with this apparatus, although any spectrograph of conventional de-
sign may be used.

Figure 18 is a schematic view of the optical system. A beam of
continuous radiation is introduced through the truncated face at the 90°
corner of the prism and is reflected a number of times between the prism
and the concave mirror. Adjustment of the mirror is such that internal
reflections in the prism are progressively shifted away from the center of
the prism toward the L5° corners. After several reflections, the beam is
brought to a point opposite and perpendicular to the truncated face at the
L5° corner. It then emerges from the prism and falls on the entrance slit
of the spectrograph. If an absorbing medium such as a liquid, gas, or
rocket exhaust flame is interposed between the prism and mirror, all light
reaching the spectrograph traverses this absorbing medium several times.
The absorption path is then equivalent to the thickness of the medium times
the number of traversals. The apparatus was adjusted for 8 traversals, which
is the maximum number possible with the prism now available,

Preliminary experiments were made in the laboratory with this apparatus
using various materials which absorb in the visible region. Some repre-
sentative absorption spectrograms obtained during these tests are shown in
Figure 19. Three exposures were made of rocket exhausts. Because of fogging
of the spectrographic plates, the results of these exposures could not be
evaluated. Delays in completion of the apparatus left insufficient time for
some modifications which appeared desirable after field tests,

It is thought that the study of the absorption spectra of the flames
will disclose the presence of molecular species which cannot be observed in
emission. These studies should be continued in the visible region and ex-
tended to include the infrared and ultraviolet regions of the spectrum for
which the apparatus is already available. In future work, however, the
following improvements are suggested:

1. A more intense source, which will permit a shorter ex-
posure time, will minimize interference by radiation from emitters in the
rocket exhaust. In the tests made, a considerable amount of emitted light

2l

H. R. Kratz and J. E. Mack, J. Optical Soc. Am., 32 L57 (1942).

WADC-TR-52-108 37



Absorption Spectrograph

Figure 17.
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reached the spectrograph. Possibly this light may obscure some of the
absorption bands.

2. A different prism with very narrow truncated faces will
permit a greater number of traversals and hence increase the length of the
absorption path.

3. The use of quartz as the prism material along with the
incorporation of a quartz spectrograph will increase the spectral range to
include the ultraviolet region. Quartz with its low expansion coefficient
is also desirable because the prism is heated by the intense light beam
source and the rocket exhaust flames. .

L. Since the diameter of the cross section of some of the
rocket exhaust flames is relatively small, it is desirable to locate the
rocket exhaust as near as possible to the prism where the various reflected
beams are close together. If the exhaust is placed too far from the prism,
some of these beams may pass between the prism and mirror without traversing
the rocket exhaust.

SECTION VI
FLAME TEMPERATURE STUDIES

Introduction

In any study of reaction rates, the temperature at which the reaction
occurs must be known, or determined. Various methods have been described
in the literature?> for the measurement of flame temperatures, but there is
frequently some question as to the significance of the measured temperature,
as well as to the reliability of the result. In general, it is best to
arrive at a value by comparison of the results obtained from several de-
terminations by independent methods. It is therefore advantageous to have
available a variety of methods from which those most convenient for a given
experimental condition can be chosen, 1In the following paragraphs, a method
for determining the temperature of a rocket-exhaust flame having a black~
body distribution of radiation is described.

A Method for Measuring Flame Temperatures

1. Theoretical Basis

The radiation emitted from a black body at temperature T is
distributed among the various wavelengths, A, in accordance with Planck's
radiation equation, i.e.,

25 For discussion of optical methods, see S. S. Penner, Am. J. Phys., 17,
L91 (19L9). T
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he? 1
ExdA= 7\5 He/RTR > dA (1)
where E ) is the intensity of radiation of wavelength, A , h is Planck's
constant, k is Boltzmann's constant, and ¢ is the velocity of light. When
the spectrum of the radiation from a black body is photographed, the
blackening of the photographic film, quantitatively expressed in terms of
the photographic density, D, is a measure of the relative intensity of
this radiation. This relation can be represented by the following equation
over a considerable range of photographic exposure

D = a logyqy (Exposure) (2)

where a is a congtant for a given emulsion. Under conditions where the
reciprocity 1aw?® is valid the exposure can be expressed as a product of
intensity and time, i.e.,

Exposure = Et (3)

where E is the intensity and t is the time. Thus D is related to the in-
tensity through the equation

D= alogy E + alogt (L)

and on a spectrogram, at wavelength A,

D?\ = aA1°g10 E7\ +an 1oglo t7\ (5)
where an is a function of wavelength.

For the spectrogram of a black body, the slope at a given wavelength of the
experimental D vs A curve would be given by the derivative of the equation
given above, i.e.,

dD___A = g __(_i__ (10 E ) + a —d— (10 t ) (6)
dA A GA V0 FA A Gx ‘%10 YA
For a particular spectrogram, t is the samé for all A, and the second term

on the right is zero. Es 1is a function of the two variables 7\and T, and
for a given A is a function of T only, i.e.,

log, E7\ = logy, he? -5 loglo7\ - logyg (e he/kT A -1) (7)

26 See C. E. K, Mees, The Theory of the Photographic Process (The Macmillan

Co., New York, 19427 Ch. VI,
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so that Equation (6) becomes

db
_57&\ = a7\d7\ (s logyg N) - a7\d—dx logyq <ehc/kT -1>

. A - 7\ d_ 1, (Ghe/xt _9

" In 10 dA Tn 10 dX

Sal al he ehc/kT?\

= Aln 10 + In 10 kT7\2 eh°7kT7\_1 (9)

]

In the temperature and wavelength ranges at which the measurements are being
made, i.=.,

T ¥ 2500°K and A % 50004
he/kTA ¢ 11.5
and

ehc/kT 7\_1 x ehc/kT A

Therefore, Equation (9) simplifies to

dD7\ _ 5&7\ . an he
dA Aln 10  1n 10 kT7\2

Hence, if —7r is measured at a partlcular A for a black body at a series of

d7\
and intercept equal to -

temperatures T, a calibration plot of — l should be a straight line

ay he 537\
k7\2 1n 10 Aln 10 D
plot the temperature of a black body can be determined by measuring <§7K> .

with slope equal to From this

2. Experimental Procedure and Results

A series of exposures on the same film were made with the
grating spectrograph using a tungsten ribbon lamp at a series of known
temperatures ranging from 1885 to 2135°K as the source. Super Panchro-
Press, Sports Type film was used. The tungsten lamp was calibrated by
means of a Leeds and Northrup optical pyrometer which had been checked
against a tungsten lamp standardized at the General Electric laboratories.
The exposure times were adjusted so that approximately equal maximum
densities were obtained on the film for all temperatures. After exposure,
the film was developed for 5 min in fresh Kodak DK-60a developer and fixed
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in an appropriate fixer. Microphotometer traces of the spectra were then
made. This gave the D vs A curves. A convenient A was arbitrarily chosen
for measurement of slopes. This was usually chosen to be that A at which
the inflection was greatest. The slopes were then plotted vs the reciprocal
temperature. Typical plots are shown in Figure 20. From this graph the
temperature of a black-body source within this temperature range can be
determined by measurement of the slope of the D vs A curve at the same A.
On the assumption that the straight lines drawn through the points in
Figure 20 represent the correct slope vs 1/T relationships, the estimated
standard error was 24°K for the measurements at 5322 A, 359K at 5430 A,
and 41°K at 5591 A.

3, Discussion of the Method

a. The preliminary data obtained for the calibration of a
tungsten ribbon lamp indicate that the black-body curve slope method is
feasible for the measurement of temperatures of black-body radiators. A
plot of the slope of the microphotometer trace at an appropriate wavelength
vs the temperature of the source for a series of known temperatures serves
as the working curve,

b. The principal experimental difficulty in the method is
in estimating the correct exposure time for the various lamp temperatures
and for the rocket flame. This difficulty was overcome to some extent by
the discovery that there appears to be a linear dependence of the logarithm
of the exposure time on the lamp temperature. The correct exposure time for
the rocket flame can only be obtained by experimentation, but this may be
reduced by introducing a neutral-density step filter at the slit of the
spectrograph to give a series of exposures. The filter must be of fairly
small dimensions so that the effects of possible nonuniformity in illumina-
tion of the slit would be avoided. When this is done, however, the height
of the steps becomes small and may lead to errors in measurement of densities.

Conclusions and Recommendations

1. The studies described in the present report indicate that the
temperature of a rocket exhaust flame which emits radiation characteristic
of a black body can be measured by the black-body curve slope method. The
feasibility of the method has been demonstrated, and there remains further
developmental work to reduce the operational difficulties. However, the
applicability of the method is limited by the fact that it can only be used
to measure temperatures of flames which have a black-body radiation distri-
bution., Furthermore, the temperatures measured by this method represent an
average over the region of the flame photographed. It is therefore recom-
mended that, in addition to the completion of the development of the black-
body curve slope method, further work be initiated to develop a method which
does not depend on a black-body distribution in the flame, and which can
measure temperatures at a specified location in the flame.
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Figure 20. Calibration Curve for Flame Temperature Measurement
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2. A method for flame temperature measurement which has not been
applied to rocket chambers is that of Smit and Ornstein,27 whereby a sub-~
stance is added to a flame and the ratio of the intensities of two of the
emitted spectral lines is used to calculate the flame temperature. It
will be necessary to solve problems which arise as a result of self-
absorption of the spectral line and perhaps also as a result of catalysis
of the flame reactions by the additive. If these problems can be overcome,
the method will afford a means by which the temperature distribution in the
chamber and exhaust of a ligquid rocket can be mapped. The value of a tool
of this type Justifies the investigation of the feasibility of the method
as applied to rocket flames. For this purpose a high-resolution grating
spectrograph should be constructed to obtain the details of the spectra in
the visible and ultraviolet regions. 4 1.5-meter concave grating which is
ruled 30,000 lines/in., available on the present contract, should be used
to construct a high-dispersion instrument for measuring quantitatively the
intensity distribution of molecular emission bands as well as atomic emission
lines. The instrument should be applied to laboratory flames to which the
additive is added in controlled amounts at carefully controlled positions.
With the solution of the fundamental problems in the laboratory, the method
should then be applied to rocket firings.

21 3. A. smit, Physica 2, 683-700 (19L6).
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The method was shown to be feasible and should be applied to the study of a wide
variety of rocket flames. An apparatus was constructed for the examination of
rocket flame absorption spectra. Preliminary experiments which were made with
the equipment show that the method is promising, but further development will be
necessary. It is recommended that a method which is based on the measurement
of the ratio of intensities of two spectral lines emitted by the same flame species
be investigated as a possible tool for use in mapping temperature distribution.





