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FOREWORD

This Final Technical Report was prepared under Air Force
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work was performed under the direction of the Air Force Rocket Pro-
pulsion Laboratory (RPCL), Edwards Air Force Base, Califurnia, with
Capt. W. H. Summers, acting as Project Nfficer. Denver Re: arch
Institute personnel responcible for the work include William H. McLain
and Robert W. Evans.

The authors wish to express appreciation to Mr. Ralph E.
Williame and Mr. Larry D. Cameron for their considerable contri-

butions to one or more phases of this research program.

‘This technical report has been reviewed and is approved.

W. H. Ebelke, Colonel, USAF
Chief, Propellant Division
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ABSTRACT

The spectral characteristics of high tempe.ature Hybaline B-3
fueled comnbustion reactions are reported. Data were obtained for
Hybaline B-3 augmented hydrogen-oxygen, deuterium-oxygen,
acetylene-oxygen, and air diffurion flames under conditions simulating
rocket test firings. Major features of the emission specira are out-
lined for the ultraviolet, visible; and infrared regions. Su.lficient
specific emission is available to indicate the feasibility of determining
changes in the species concentrations and flame temperatures as func-
tions of changes in O/F ratios and other major rocket parameters.

High temperature Hybaline B-3 flame studies indicate that suf-
ficient selective emission occurs in the visible region to allow the
detection and analysis of the vapor phase combustion product BO,(g).
In add’ .on, in the infrared region, prominent spectra have been
observed which are specific in character. These spectra :~ve been

correlated with emission from water, a combination of carbon monoxide

and carhon dioxide, and selective emission peaks in the 5.0 to 6.0
micrcn region which are tentatively attributed to HBO, and BO. Suf-

ficient re3olution is available in both the visible and infrared regions to

allow analysis of relative peak intensities as time-resolved functions.
The emissioa spectra of this system in the ultraviolet region consisted
mainly of the OH barnds. No evidence of emission from any beryllium
species was observed in these burner studies. The spectrographic
techniques developed on this program show promise as possible meth-
ods for determining the ''real time'' kinetic behavior of Hybaline B-3
fueled rocket combustion gases.
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I. INTRODUCTION

‘The objective of this research pregram was to determine the
feasibility of us:ng spectroscopic methods for the purpose of evaluating
the extent of thormal and chemical equilibrium within a methylamine
beryllium borohydride {Hybaline B-3) fueled rocket plume. This cb-
jective was accomplished by a detailed analysis »f the species present
in the flame of a small burner which simulated rocket plume conditions.
Emphasis was placed on the identificaticn of the epecies which emiited

enough discrete radiation to provide a basis for a possible concentration

analysis. Such concentrations are dependent on the mixture ratios
(O/F) and the pressure levels at which the combustion occurs, there-
fore the relative spectral intensities can be correlated with theoretical
shifting or frozen ecuilibrium calculations. From & detailed aralysis
of the emission characteristics of the combustion plume, an evaluation
of the critical physical and chemical processes important to the estab-
lishment of equilibrium can be verformed.

In addition, wet chemical analyses of the products of reaction
were .electively used to correlate ¢ ¢ obgserveu spectral data. Aiso,
chemica’ analyses were used to identii; intermediate chemical species
which exist in the Hybaline B-3 flame. Based on these studies, a
model of the pyrolysis mec™anism is proposed. It is concluded that
emissgion spectroscopy can provide useful data relative to the hightem-
perature thermochemistry and kinetics of boron-fueled rocket-exhanst
plumes. The major results of this research progr-m are summarized
in the following se~tions.
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II. EXPERIMENTAL PROGRAM
A. Introduction

The approach used in this research program was to perform a
preliminary series of studies to obtain relative spectral emission in-

tensities. For these studies a burner technique was developed to *
simulate a rocket combustion chamber. Using this burner, boron and
bervllium containing powders or compounds could be added tc pre- v

selected and carefully controlled base flames. This ~ortion of the
program served two primary purposes. One purpose was to calibrate
instrumentation under closely controlled experimental conditions. The
second purpose was to obtain 2 qualitative documentation of the relative
intensity levels for important emitting epecies using the actual equip-
ment and techniquee which would be applied later to propeliant c¢-.nbus-
tion studies. Following the calibration and preliminary investigation
studies, experimental work using Hybaline B-3 flames was initiated.
Because of the toxicity of the combustion products formed during this
reaction, consideratle emphasis was placed on developiang safe oper-
ating procedures and facilities. A brief outline of the techrniques
employed and cermnments relating to the handling characteristics of
Hybaline B-3 is given in Appendix II.

B. Burner for Combustion Studies

While severa! burner coniigurations were used for these studies,
most of these were modifications of the burner shown in Figure 1. It
is essentially a modified cutting torchk in which the base flame was
either hydrogen-oxygen or acetylene-oxygen. To this base flame,
boron and beryllium powders or compouunds could be added as necessary
tc nrovi  the desired mixture ratios. The liquid Hybaline B-3 coula
not be added directly in this burner because of extensive plugging at the
orifices. To minimize plugging it became convenient to add the
Hybaline B-3 separately in an atomized liquid form. For this purpose
a standard one on one impinging jet atomizer was used. The carrier
gases used were either helium or argon in order to provide an inert
system. Two principle injection techniques were used. A cross axial
injection position of the atomization stream was used to sirnulate short,
flame residence times of hvbaline droplets. An on-axial placement of
the injector was used to simulate a longer flame residence time.
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Typical arrangements of the hybaline injector system are shown -..
Figures 2 and 3. Flow rates were monitored using standard flow
meter techniques for the gaseous flows necessary for the base flame,
and time-displacement meth~ds for the neat propellant.

While in operation, the injector was placed as close as possible
to the combustion zone. However, some difficulty was encountered
even in an argon shronded atmosphere with flash back to the atomizer.
The result of such flash back was to initiate a stable flame held on
the injector. When this occurred, extensive plugging of the orifices
took place, which reduced the fuel flow rates. To avoid this problem
the injector assembly was placed at varying distances from the combus-
tion zone depending on the run conditions. Thus the entire reaction was
made to occur within a closely defined area of observation.

All the resulis presented in this report were obtained at ambient
Denver pressure (approximately 640 torr). Toward the end of the
contract period a pressure vessel was fabricated so that the burner
could be operated at high pressures. However, experimental diffi-
culties were encountered which precluded the acquisition of data at
higher than ambient pressures.

C. Spectral Analysis of Radiation

Combustion processes are usuall - unsteady so an instrument
which scans a spectral region rapidly provides the most useful infor-
mation concerning the spectral distribution of radiation from a flame
or rocket plume. But, in general, the spectral resclution is low for
most rapid scan spectrophctometers. Therefore, it is necessary to
get compiementary, time integrated data in order to correctly intecpret
the results from the rapid scan instri aent.

Four instruments were used for obtaining the spectral distri-
pution of the radiations produced by the burner plume.

1. Perkin-Elmer Model 108 Rapid Scan M nochromator. This
ingtrument was used for obtaining spectral information in the visible
and infrared spectral region. For this program a nominal scan time of
approximately 300 milliseconds was used. Adsquate resolution wau
obtained in the infrared region; however, the relatively low dispersion
of this instrument tends to limit its usefulness in the visib'e and uitra-
violet regions to studies of band intensities.
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Figure 2. Typical Cross Axial Injection for Hytaline B-3 Fuels

Figure 2. Typical Axial Injection Burner Configuration for

Hybaline B-3 Fuels
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2. CINE Framing Spectrcgraph. This instrument has a large
aperture so that reasonable time integrated spectral data can be ob-
tained frocm relatively low intensity sources in the visible and ultraviolet
spectral region. However, because it has a relatively low dispersicn
in the visible, its usefulness is limited. Framing rates greater than
1000 frames per second can be obtained from this instrument.

3. Bausch and Lomb Grating Spectrograph. This instrument
was used mainly to obtain relatively high resolution, time integrated
spectra in the visible and ultraviolet regions (3000 A to 8000 A). The
orinciple problem with this spectrograph is its inherent slowress
caused by overall aperture of about f22.

4. Hiiger Prism Spectrograph. This instrument was also
used to obtain time integrated spectra in the visible and ultraviolet
spectral region. It is relatively fast (approximately f4.5), and be-
cause of its quartz prism, had very good resolution in the ultraviolet
region.

D. Experimental Results

Typical spectra obtained with these instrumerts are shown in
Figures 4 through 14.' In Figures 4 and 5 the background emission is
given for a hydrogea-oxygen fleme and an acetylene-air flame. In
Figure 4 the major structure consists of water emission at (2. 7). To
the far right hand side, the spectrum tfrom a 6. 25 hydroxyl band is
observed. A comparison of this spectrum with the Hybaline B-3 aug-
mented flame shows a doewnward spectral shift to a peak at about 5.4 -
6.0 microns. In Figure 5 the structure in the acetylene-air flame
consists of blackbody emission from carbon soot, and a combined
CO-CO, peak at about 4.5 microns. As the temperature increases, the
blackbody radiation will tend to shift its peak value to higher frequen-
cies although the absolute intensity will increase at all wave lengths.
Since relative peak heights ar= used by varying the amplifier gain, cor-
restions can be made to account for the blackbody background.

An emission spectrum from a Hybaline B-3 augmented hydrogen-
oxygen flame is shown in Figure 6. In this figure the major peaks
correspond to water; a combined CO, CO, band, and unidentified bands

Fecause of its relatively low dispersion, no time resolved spectra
taken with the CINE spectrograph are included.
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Figure 6.
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Figure 14.
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6707 LI {?) Singlet

Film Cutoff

Hybaline B-3 - Air Flame - Bausch & Lomb Grating
Spectrometer 45 Second Exposure
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at about 5.4 and 5.9 - 6.1 microns. The assignment of this latter peak
is not clear but could be interpreted as a H-OBO stretching mode.

This oscilloscope tracing clearly shows pronounced structure in the
infrared region. Although the flame is somewhat dilute, blackbody
emission from incandescent particles would probably not be high encugh
to mask out this structure. This is particularly true for the radiation
at 5.9 microns where the blackbody radiation is relatively weak. The
spectral resolution of the Perkin-Elmer 108 in the visible region is in-
dicated by Figure 7. This spectrum was obtained using a mercury arc
calibration lamp. A Perkin-Elmer 108 spectrum showing the BO,
fluctuation bands is shown in Figure 8. In this figure the structure con-
sists of BO; fluctuation bands in the visible region. 2 There is not suffi-
cient resolution here to allow quantitative data although some use might
be made for qualitative work. The B & L grating spectrometer is
better suited for this analysis if exposure times of the order of 10 sec-
onds can be tolerated.

Figures 9 and 10 shov results from a boren loaded pyro-
technique mixture. Some of tue boron fiuctuation bands appear in the
visible region (Figure 9) but are of only gross qualitative interest. In
Figure 10 the infrared radiation from a similar mixture is shown to-
gether with the associated calibration curve for that region. ’

Calibration spectra for boron and beryllium oxides were obtained
Dy arcing the metals in an oxygen atmosphere, using the Bausch and
Lomb grating spectrometer. They are shown in Figures 11 and 12.
These spectra are of relatively high resolution and considerable struc-
ture is present. High temperature Hybaline B-3 augmented acetylere-
oxygen spectra are shown in Figure 13. The beryllium oxide bands are
not discernable over the BO; fluctuation bands under the conditions of
these experiments. A similar spectrum for a hybaline-air flame is
shown in Figure 14. Again only the BO, fluctuation bands are observed
in emission.

2 Based on work with the B & L grating instrument, some of this repre-

sents overlap and a portion is attributable to the background noise in
the system. This data would be useful for integrated band studies,
but is limited ii specific bands or lines are to be closely studied.

This calibration includes the absorbance caused by windows ana opti-

~al attenuation in the reaction chamber and associated instrumentation,

The value of the ordinz ‘e at a particular wavelength is the value by
which the observed output {lower) curve should be multiplied.
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The Hilger spectrograph ccvers an effective spectral range
between 2000 A and 9000 A. However, for these studies, because of its
optical design, it is most useful in the 2000 to 4000 A region. A cali- §
bration spectrum showing the mercury lines is given in Figure 15 !
together with spectra for hybaline-air diffusion flames. A relatively
firm assignment cf the H atom in absorption was made and this was
somewhat unexpected. The spectra obtained from a series of Hybaline
B-3 augmented hydrogen-oxygen and deuterium-oxygen runs is shown in
Figure 16. An enlargement of the OH emission structures in the 3G00 A .
region is given in Figure 17.

E. Discussion of Results

For Hybaline B-3 fueled burner plumes, useful information can
be obtained in three spectral regions; the infrared, the visible, and the
‘ultraviolet. Major species observed in emission are listed in Table I.
More details concerning the prominent features in each spectral region
are given in the follcwing sections.

TABLE I. SPECIES OBSERVED IN THE ZMISSIONS
OF HYBALINE B-3 FLAMES

Uliraviolet Spectral Region® OH
( BO,
Visible Spectral Region < H;O
H,0
-
CCO,; - GO
. HBO,
Infrared Spectral Region < HBO
_BO
1. Infrared Region

Prominent spectra have been observed in the infrared region !
which are specific in character, and are protably associated with
emission from water, a combination of carbon monoxide and carbon
dioxide, and two unidentitied selective emission peaks in the 5.4 and g
5.9 -dcron regions. These latter peaks may be attributed to HBO, *

* No bervllium or beryllium oxide bands were observed in the emission
from Hybaline B-3 augmented flames.

18
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Hyhuline B-3 - Air Diffusion Flame 80 Second Exposure - BO, Fluctua-
tion Banks in Emission - H Atom plus Other Structure in Absorption.
Crumpled Aluminum Foil Reflector ~ 0. 010 Slit.

Hybaline B-3 - Air Diffusion Flame 200 Second Exposure - BO, Fluc-

tuation Bands in Emisgsion - No Discernable Absorption. No Refiector
~ 0. 005 Slit

Calibration Spectrum for Above Using Hg Quartz Lamp

Figure 15. Spectra Obtained with the Hilger Spectrograph
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-~ Bands

OH rBOz(g}} Continuum

a. Ultraviolet spectra from Hybaline B-3 augmented hydrogen-oxygen
flame studies. Time integrated exposures of 40 and 30 seconds.

Bands
A ’ . - —
OH BO,(g) + Continuum

Ultraviolet spectra from Hybaline B-3 augmented hydrogen-oxygen

flame studies. Mixture ratios are varied from fuel-rich to fuel-
lean,

Bands
"

OD + OH ‘BO,(g) + Continuum’

c. Ultraviolet spectra of Hybaline B-3 augmented deutcrium-oxygen
flames. Mixture ratios are varied from fuel-rich to fuel-lean
with the OH and OD bands prominent. Isctropic shifts are readily
observed verifying assignment of bands.

Figure 16. Hybaline B-3 Augmented Flame Studies Showing Spectra in
the Ultraviolet Region
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Fine Structure of OH Emission Observed in the 3064 to
3300 A Ultraviolet Region for Hybaline B-3 Augmented
Hydrogen-Oxygen Flame

Figure 17.
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HBO; or BO. Sufficient resolution is available in beth the visible and
infrared spectral regions tc allow analysis of relative peak intensities.
These i-tensities vary with changes in combustion product concentra-
tions caused by varying the O/F ratios and therefere are suitable for
determining the ''real time'' kinetic behavior of these species. The
precision of measurement in the infrared region is adequate for deter-
mining relative species concentrations as time resolved functions using
a scanning rate of about one third second per scan covering the speciral
region from one micron through about £.3 microns. It is probable that
satisfactory resnlution could be obtained with scan times as low as 10
milliseconds. This capabiiity should enable selected rocket phenomena
(e.g., chugging) tc be related to specific changes in the concentrations
of important combustion products.

2. Visible Spectral Region

As has been indicated, the major structure ir. the visible spec-
tral region consists of the '""BQ; fluctuation' bands. 'These bands are a
series of thirteen bands ranging from 4075 to 6310 A which have closely
spaced individual lines and broad maxima. There is some discernible
structure to these bands with, perhaps, sufficient intensity tc be able
to use them for analytical spectroscopy. The major difficulty in their
use for this purpose is th:: existence of a broad underlying continuum.
The background shift is shown in a microdensitometer tracing in the
region of the sodium lines, Figure 18. A tracing of two BO, bands,
shcwn in Figure 19, indicates the amount of structure present. Be-:ause
the general continuous background is less at the shorter wave engths,
these bands may be more useful than those of greater intencity for
boron reaction rate studies. Quantitative data may poseibly also be
cbtained using the ''"bottom'' of these bands.

3, Ultraviolet Spectral Region

Using a Hilger quartz prism spectrograph, studies were made
of the spectral characteristics of Hybaline B-3 augmented hydrogen-
oxygen flames in the ultraviolet region. This spectrograph has a re-
ciprocal dispersion of 5 A per millimeter at 2100 A which increases to
20 A per millimeier at about 4500 A. The principle spectral features
observed with this spectrograph include the BO; fluctuation bands in
the visible region from 4000 to 6500 A, together with a series of OH
bands starting at about 3060 A. The BO, fluctuation bands are of much
greater relative intensity. In the region between 6500 A and 33004 a
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continuurn background smission is also observed. This continuum cuts
off at different wavelengths, depending on the fuel-oxidizer ratios, and
2 direct correlation exista between the sbsurved cut off region and the
calculated flamne temperatura. This behavior indicates the continuum
iz due to grey body emiszion. Bacause of the low diz'pérsion of the
instrument in the visible region. only a 'imited amount of line structure
can ve observed in the BO, fluctuatioa cands. That line structure which
is observed may possibly be correlated witi: contaminate species {e.g.,
; FeO) originating from the burner and/sr flow hines. The observed band

gtructure originating at 3067 A Gegrades to the red. These banda con-

sist of a series of lines with a band head st 3067 A and another at

3090 A. Although it may be possible that some of this structure repre-

septs emission corresponding to the BO(a} bands, the main structural

features correspond to the reported OH band spectrz in this region.

In these bands, there is sufficient detail to provide independent mea- .
surements of flame temperature from chservation of the relative '
intensity distributions,
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Typical spectra in the ultraviolei region have been shown in
Figuree 15, 16, and 17. These spectra represent diffcrent O/F ratios
of oxygeu and hydrogen to which Hybaline ©-3 is added. The OH bands
in emigsion 2re readiiy observed. Because of partial plugging of the
hybaline injector nozzle, the exact Hybaline B-3 fuel rate was not ac-
curately determined, but for most flow conditions, this value was ap-
proximately 5 cubic centimeters par minute. The film used ior this
study was Eastman Kodak Linagraph Sheliburst.

An additional series of tests were performed using a deuterium-
oxygen flame. Spectral shifts are apparent in the regicn associaled
with the bands at 3090 A, No major shift wag cbserved in the BO,
fluctuation band structure although some smali differences were ob -
served which {urther confirms the assignmén_t praviously made. Be-
cause of limited resolving power in the region _i)_f.ﬁhe fluctuation bands,
an analysis of the fine structure in this region wuas not sttgmpted.

No spectral emission was observed which :c%:)ulci be assacipted
with the Be or BeO species. The lack of Be and BeQ speciral emission o
may indicate that the attainment of equilibrium concentration of BeD is
i some manner inhibited under these combustion conditi ions. Although
the transition probability for BeO(g) emissicn is iow relative to that of |
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: BO,(g), the concentration of the BeO(g) should bﬁ s,ﬁizr: e‘xﬁ‘}*‘ high as to
| idicate that a

allow detection. The lack of specific BeO em*sszrn ey ind
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mixed oxide or complex compound is formed. Since thermochemical
data relating to these compounds is not available at high temperatur=s,
the usual calculation of theoretical specific impulse includes only BeO
and B,;Os. If, however, 2 mixed boroberyllium oxide or hydroxide were
formed in a2 metastable or stable state, then the concentration of BeQ

would be correspondingly reduced. A typical compound of this type is
a complex with a structure similar to

B/O-—“B\ /8-—0

O0—Be—0
\O“B/ \B———O

N
PL

These compounds have been well documented at lower tempe=>a-
tures and would tend to tie up the beryllium and boron in a fully co-
ordinated complex structure. The thermochemical heat release for
such compounds would be expected to be sornewhat lower than for the
formation of a mixture of pure oxides. This would tend to reduce the
experimental specific impulse and account, in part, for the observed
reduced propellant efficiency.

4, Comments Concerning Observed Spectra

The BO; ''fluctuation” bands belong to two systems. Each sys-
tem must invclve the ground state since they have been nbserved in
absorption. The spectral assignment made b, Johns - .5 4075 A to the
B2Z +~- X%w transition and the others to the A’r— X%r systems. Of
these, the 4075 A band, although relatively weak in our studies with
hybaline, had several resolvable lines where sufficient exposure was
available. In the case of the B’Z +— X*7 transition the intensity is not
sufficient for a rapid scan technique but it may be possible to obtain
complementary temperature information in consecutive runs. In any
case, the relative intensities of the B?Z + and A’m systems is of defi-
nite interest in analyzing the reaction kinetics involving the BO,
molecul.

A number of investigators have tried to determine which boron
species are responsible for these bands. Before 1961 these maxima
had not been completely resolved and were believed to be associated
with '""csntinuouwz emission' {rom boron, boric acid, or the gaseous
B,0,. Kaskan and Millikan (4), from a quantitctive stud, ‘f the absorp-
tivity of boron flames at 5740 A together with data concerning the OH
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concentration and emissivity at 2040 Kaysers (HBO,), suggested that
the most likeiy emitter is BO,. In more recent studies Kaskan and
Millikan (5, 6), and others (2, 7, 8) have confirmed the assignment of
these bands to the BO,(g) species. The best evidence for this assign-
ment has involved high temperature furnace (B;0,-0,) and flash
photolysis studies. From the flash photolysis studies involving a
BCl,-0, system, Johns (2) was able to obtain low temperature absorp-
tion bands which corresponded to those previously seen in emission.
Sufficient resolution was available for an analysis of these bands and
they were assigned to a linear and symmetric triatomic molecule AB,
containing only one boron atom. Because of nuclear spin considerations
this assignment was made to BO, and not BCl,.

One of the most important implications of the above studies is
that the BO; {luctuation band does not arise from transitions between
two electronic energy levels one of which is unstable. The result of
such an instability would e a nonprecise definition of traneition energy
resulting in continuum band radiation. The work of Johns, in partic-
ular, would indicate that these bands are generated via transitions
between stable states. The reason that this fact is important to the
present studies is that it implies that the states responsible for emis-
sion of the BO,; '"fluctuation'' bands are in chemical equilibrium with
other BO, electronic states. Using the principle cf detailed balancing
it is then possible to relate spectral intensity data to the relative popu-
lational distributions of BO, at specific electronic energy levels and
these distribution functions can then be used te provide species concen-
tration levels. On the other hand, if an unstable state were responsible
for the emission then the use of normal statistical methods to cbtain
concentration data might not necessarily be valid, and the probiem of
interpreting relative spectral data from boron fueled rocket plumes
would be much more complicated.

The OH bands have been reported by a number of investigators
and can be seen in Figures 16 and 17, which are typical of spectra ob-
tained from a Hybaline B-3 augmented hydrogen-oxygen fiame. These
bands are attributed, at least in part, to a chemiluminescent reaction.
Although the kinetic path ihas ncot been fully worked out, a considerable
technical effort has been made to determine the reaction sequence and
probabie precursor species responsible for the observed chemi-
luminescence. These reactions may involve either a bimolecular or

27




trimolecular reaction mechanism to produce the obrerved species. At
ambient pressure the rate constant for the reaction

H + CH + OH = H,C + OH*

) 1

was measured aud found to be 2 X 10" *%cm® sec™?.
This trimolecular reaction has been suggested by several in-

vestigators (1, 9) as being responaible fcr the observed OH chemi-

luminescence. Based on this reaction rate, an estimate can be made

of the relative concentrations of OH* formed by this three body collision

process and the thermalysis of the OH radicals by collisicnal activa-

tional processes.

An analysis of this type shows that the concentration ievels of
OH* are pressure and temperature dependent functions involving two
almost independ2nt mechanisms. It is thereforx necessary to have suf-
ficient information regarding the relative effects of thermal and
chemical activation mechanisms before correlations between the ob-
served intensity levels and the calculated [OH] radical concentration
levels can be made with high analy: cal precision.
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1. DISCUSSION
A. General

The major objective of this re-carch program was to determine
the feasibility of using emission spectra to analyze high temperature
combustion species in rocket exhausts. Sucn an analysis can provide
a ''real time' evaluation of the gaseous components in a rocket exhaust
stream without perturbing the system in any way by a sampling pro-
cedure. The detailed quantitative analysis of emission spectra is
exceedingly complicated, both experimentally and analytically. To
more closely define the experimental variables, the generai techrical
approach was to use a burner in which Hybaline B-2 was injected into
preselected flames simulating rocket exhaust plumes. Emission spec-
tra obtained from such Hybaline B-3 fueled flames we~e then analyzed.
The results of this work indicate that 2 determination of several specific
combustion species can be performed (at least qualitatively) using emis-
sion spectroscopy. These species are: BO,{g), OH(g), CO,(g), CO(g),
H,O(g). HBO,(g) and BO(g).

Because of the complexity of the em.ssion spectra in all of the
flame systems studied, a considerable effort was necessarily devoted
to correlating the observed spectral lines with specific combustion spe-
cies. A number of difficulties exist in such correlations. They are
caused primarily by two effects; first. by the overlapping of spectral
bands ard lines in a given region by two or more species, and second,
by the existence of a broad band continuous emission caused by the con-
tinuum of ''grey body' radiation eminating from solid or liquid products
of reacticn. To identify important species a preliminary series of ex-
periments were performed te outline the emission characteristics under
conditions which involved relatively simpie emission profiles. These
were then used to calibrate the spectrog.aphs and to ..rovide a reference
base for further investigation.

There is a question as to whether or not a quantitative determi-
nation of the absolute concentration levels of individual species can be
obtained us.ng emission spectroscopy if a high level of accuracy is
required. However, it is probable that a mathod to determine species
concentration levels can be developed using the relative intensity ratios.
Such a method would require the use of correlation parameters which
are functions of the following: (1) temperature, {2) estimated back-
ground in*~rference, (3) relative band overlapping, and (4) optical depth
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of the flame zone. Such an analysis would be useful in determining the

relative changes in species concentrations which would give an insight
into the reaction kinetics.

The sensitivity and precision of such analyses is expected to be
a function of the specific combustion product. For example, a strong
emission in the 5.5-6.0 micron spectral region has been tentatively
identified with the HBO,(g}. This band is extremely intense (indicating
probable c! emiluminescence) and may possibly be useful in tracing the
presence or absence of equilibrium involving the following reaction:

Hzo + BzOg(C) —_— HBOz(g).

A similar effect was obser.ed for hydroxyl radical emission in the
ultraviolet region. For both species the intensity of emission is suffi-
ciently high to allow the use of empirical correlation parameters.

A secondary objective of this program was to determinre whether
or not the sclids produced in the combustion of metalized fuels are com-
pletely oxidized. We would thus know if the products corresponded to
those which are assumed for theoretical, shifting equilibrium calcula-
tions of specific impulse. Therefore, in addition to determining the
feasibility of using ernission spectroscopy to examine rocket exhzust
combuscion products, a portion of this work effort was devoted to *he
chemical analysis of the condensate particles obtained from Hybaline
B-23 fueled flames. The results of these chemical analyses indicate the
existence of a significant amount of hydrolyzation of the beryllium and
boron oxides, particularly at the lower temperatures. From these
analyses it is inferred that the early pyrolysis of Hybaline B-3 probably
results in the evolution of hydrogen which burns to form water. This
implies that the actual oxidatiorn mechanism of the residual boron and
berylliumn may occur via an oxidation involving water as the oxidizer.

I: this in fact is the reaction path, then the lack of efficiency of Hybaline
B-3 fuels may be attributed to a partial retention of some water vapor
in the form. of chemically bcund water of hydration. This would result
in the preferential formation of nonequilibrium products of reaction, and
therefore, reduced propulsion efficiency. A more complete discussion
of these effects is given in the fcllowing sections.
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B, Emission Spectroscopy Theory

The obgerved emission of rocket exhaust plumes is dependent on
the species concentration, plume temperatures, and plume thickness.
Spectroscopic intensities obtained in ernission usually result from a
combination of emission and se¢lf-absorption. Either photographic
plates or an electron photomultiplier detector can be used to measure
these intensities. The interpretation of intensity data requires infor-
mation in addition to the measured intensity determination. The inten-
sity of a given spectrum line is determined both by its transition
probability for emission as well as the extent of reabsorption. The
intensity Iy of a given line measured under conditions of negligible self-
absorption is proportional to the n. mber Ne of emitting atoms, the
frequency v, and, the transition probability Ac of the line, thus

Io GVACNG'

Any quantitative analytical procedure using spectral emission from
rocket plumes is based on the existence of a definite relationship between
the number of molecules or atoms present and the intensity of the spe-
cific radiation. This functional relationship may be expressed as

I=1(N).

For a volume of emitting gas containing Nj molecules, in an excited
state Ei above the ground state, a number of these, dNjj, will undergo
spontaneous transitions to a lower state, Ej, in a given unit of time.
The number dNjj is proportional to the population density Nj and
therefore;

= A::

dN ij

ij Nid'r

where, Ajj is the Einstein transition prnbability for spontaneous emis-
sion. The emission intensity Iem of the spectral line is the energy hv
emitted per unit time

dNji
em = hv ‘"?1'?]'

-
i

i

hv AIJNI .

Since photons are emitted isotropically in all directions, only the frac-
tion corresponding to the sclid angle d2/4n are observed by the detector.
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It is useful to rewrite the previous emission expression in terms
of oscillator strengths. The expression used tc determine the transi-
tion probability function, Aij' in terms of oscillator strengths fij is

87’ &?

where A is the wavelength corresponding to the transitioni—j, and e
and m are the electron charge and mass. Using this equation, the
emitted intensity becomes

2 2
L2 S
2 mAi 1)

Since oscillator strengths are tabulated in the literature, this latter
expression is rnore useful.

The observed spectral line intensities resuit from a combination
of emission and self absorption. For rocket plume studies where the
optical path is 1ong, the self-absorption can become quite important.

It can be shown that the observed intensity can be given by an expression

which is proporticnal to the emission intensity and the optical path
length as

where a is a proportionality constant, and { is the optical path length

in the absorbing media. If gj refers to the statistical weight of the i th
state, and c is the velocity of light, we have

() [ o ]

For small values of 1 this expression reduces to

. 8ne’h)(Ni) (go
I=agl =@ ("‘;;:T)(N; 7 (No 1)

which is the same as that previously obtained. This expression allows
the analyses of plume thickness effects >y using selected changes in
specie concentrations obtained from carefully controlled burner studies.
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C. Experimentzl Example

In order to provide quantitative dnta concerning the relative spe-
cie concentrations, it is necessary to correlate the observed spectral
intensities with those predicted from a knowledge of the gas composi-
tions and transition probability functions. The observed intensity is a
combinaticn of thermal and chemical activation processes which pro-
mote the mnlecules into higher excited states. In most cases the
excitation is thermal in origin and therefore the concentrations are
directly related to the intensities providing the transition probability
function is known. Species which were studied in this research program
for which chemical activatinn is im»portant are OH, CO;, and HBO, (?).
For chemiluminescence the spectral intensities will depend o1 the spe-
cific reaction rates responsible for the production of the excited state
which may or may not be pressure dependent. Further, even though the
specific rate constant and the reaction may be known, there may be an
undetermined effect caused by the fall off of the kinetic rate constant at
the pressure normally encountered in rocket chambers.

An example case which suffices to illustrate the feasibility of
using emission spectra to qualitatively determine rocket exhaust plurne
concentration gradients is given by a series of thres tests performed on
this research program. A series >f burner runs were made in which
Hybaline B-3 was added to hydrogen-oxygen flames corresponding to a
variation in O/F mixture ratics., Spectral platec obtained are reprs-
duced in Figure 16. Theoretizal calculations predicting the relative
concentrations under adiabatic flame conditions are given in Tables II,
III, and IV. These calculations correspond to three specific test runs,
The species which were p.ominent in the visible ~nd ultraviolet spectral
regions are BO,(g) and OH(g). The relative equilibriurs rativos of
OH/BO, vary between 0.68 and 1.3C for this series of tests.

There are twe methods by which this data can be used to provide
informaticn. Cne is to examine the variation of "absolute' spectral
intensities as a function of changes in O/F mixture ratio and thermo-
chemically calculated concentrations for individual species. To pror-
erly perform th.s, the actual flame temperature should b measur.d.
This can be done either by optical pyrometric methods, or by a study
of the relative line intensities available “rom a vibrational analysis of
one or more species. The second approach is to correlate the ratios
of corrected observed band intensities. A calculation using a ratio of
intersi.ies essentially assumes that within a given temperature rar-e
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TABLE . THEORETICAL THERMODYNAMIC COMBUSTION PROPERTIES OF HYBALINE B.3

o - Wt. Fraction Enthalpy Temp Dersity
: Chemical Formuls. (See Note) Cal/iol  State Deg. X G/cc
Fuei H 2 0. 22000 0.000 G 298. ¢ $.000009
Fuel H 13 CNB;Be 9. 78000 -8400.000 L 298. 16 0.650020
Oxident O 2 1.00000 0.000 G 298. 1% 0.000050

O/F = 2. 470000, Percent Fuel = 28, 8184, Fquivalence Ratio = 1.£120
EQUILIBRIUM THERMODYNAMIC PROPERTIES

P, ATM 0.8320 0.0011 £0.00
T. DEG K 3081 2383 3561 .
H, CAL/G -27.1 -27.1 -27.1
5, CAL/(G) (K) 4. 4456 5.3920 3.9292
M, MOL WT 14.527 12,504 5. 306
CP, CAL/(C) (K) 3. 8415 9.0744 2.0855
GAMMA 1.1179 1. 0887 1. 1396
MOLE FRACTIONS
BO(g) 0.00158 0.00051 0.0020¢
BO.(g) 0.05346 0.06444 6.53897
B,0,(g) 0.00001 0. 00000 0. 00007
B:Os(g) 0.00063 0.00011 0.00172
Belg) 0.00056 n.00030 0.00026
B:H(g) 0.00001 0.00000 £,00003
Bed{g) 0.00024 0.00008 6.00615
BeO,H,(g) 0.00024 0.00004 0. 60043
Be,0,(g) 0.00155 0.00056 0.00063
BeyOy(g) 0.00148 0.001i9 0.00523
Be D4(g) 0.00015 0.00007 €. 00203
CO(g) 0.04031 0.03624 0.04234
CO,(g) 0.G0481 0.00567 6.80474
H{g) 0.11522 0.20765 0. 06265
Hy(g) <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>