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E_ ABSTRACT

3 A new high-temperature infrared radiation source was used in

conjunction with a rapid-scanning spectrometer to obtain absorption

spectra from composite sc1id propellant flames during both constant

and transient pressure tests. Also, an electro-optical, hot-gas

e e s e o)

pyrometer was used simultaneously to measure flame temperatures. A
secondary variable-area nozzle was used to impose either pressure
oscillations of controlled amplitude and frequency or single pressure

3 pulses in the combustion chamber pressure. The oscillatory pressure

tests had a frequency range of 10 to 100 Hz. and an amplitude range
of 2 to 10 psi. The propellants studied were exclusively composites

of armonium perchlorate (AP} and hydroxyl-terminated-pclybutadiene

{HTPB).

The new, high-temperature, infrared radiation source was operated
at a brightness temperature of 2727°K. The rapid-scanning spectro-
meier scanned the 2.5 to 5.5-um region in approximately 0.50 msec. at
a repetition rate of 800 scans per second. The electro-optical hot-
gas pyrometer. operated in the visible spectrum in accordance with the
Schmidt method, yielded data at a rate to give 4500 temperature measure-
ments per second.

The 3.17-um H20. 4.26-um 002, and 4.72-um CO absorption bands were
quantitatively calibrated so that variations in the gas phase concen-
tration of these major combustion products could be simultaneously

measured. A modified absorbance term, which included the relatively




low intensity flame emission, was used as the caiibration parameter.
A Beer-Lambert. type plot of the modified absorbance versus the
respective specie concentration resulted in linear calibration
curves over the concentration ranges studied.

The axial concentration profiles revealed CO2 and CO concentra-
tion gradients in the region between 3 mm and 14 mm from the propellant
surface., The H20 concentration was observed to be constant over
this same region. These concentration profiles are similar to those
observed in hydrocarbon-oxygen flames, and indicate a non-equilibrium
condition close to the surface.

The time-varying nature of the composition and temperature at
given axial locations in the flame was studied for constant and tran-
sient pressure tests. The constant-pressure profiles contained both
high and low-frequency oscillations. The high-frequency oscillations
(200-300 Hz.) were also present in the transient pressure tests and
are believed to be associated with inhomogenieties along the optical
path length in the flame, and were not phase correlated. The low-
frequency oscillations were not continuous 1ike the high-frequency
oscillations, but rather were random in nature. These low-frequency
fluctuations were typically in the range of 20 to 80 Hz., with no
preferred frequency being apparent. These random fluctuations in
the composition profiles are an indication of local changes in the
composition of the pyrolysis products leaving the propellant surface.

During the 20 to 100 Hz. oscillatory pressure tests, the compo-
sition and temperature of the propellant flame oscillated in phase
with the pressure. The CO2 and CO concentration oscillations were

180° out of phase, and the HZO oscillation was usually in phase with the

xi




S T T,

CO oscillation. The COZ concentration increased and the CO concen-
tration decreased during pericods of pressure increase, and vice versa.

The amplitude of these oscillations were many times those observec
during the constant pressure tests, and were directly dependent on
the rate of pressure change.

The single-pressure-pulse tests further confirmed this pressure
effect on the relative specific gasification rates of the AP and HTPB.
A single pressure-increase puise caused an initial oxidizer-rich
period which was followed by random fluctuations in the gas phase
composition. These random fluctuations varied in frequency and ampli -
tude from test to test and within individual tests, and were apparently
independent of the rate of pressure change over the range studied.

The single pressure-decrease pulse caused an initial fuel-rich period
which was followed by an AP-rich period. This alternating composition
condition was continuously repeated during the depressurization. The
characteristic time associated with the initial composition change
was 15-20 msec and was very reproducible from run to run. Although
the magnitude of this initial composition fluctuation was directly
dependent on the rate of depressurization, the characteristic time was
independent of the rate of depressurization over a range of 300 to
700 psi per second. Even though the rates of pressure change were
comparable to those of the oscillatory pressure tests, the composition
changes during these single-pressure-pulse tests were much smaller
than those of the oscillatory pressure tests.

The characteristic time for composition adjustment corresponds
to a characteristic frequency of approximately 25 Hz., which is

consistent with the observed difference in the concentration profiles

xii




for oscillatory pressure tests below approximately 20 Hz. At these
low frequencies, the concentration oscillations appeared to oscillate
at a frequency slightly different than that of the pressure.

The absorption spectra for the three major combustion products
obtained 1. this study indicate that an earlier interpretation of
flame emmision data during transient pressure conditions leads to
invalid conclusions, even though the general features of the observed

phenomena were similar to those reported in this study.
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CHAPTER I
INTRODUCTION

Simple composite solid propellants are made by odispersing a finely
divided crystalline oxidizer, such as ammcnium perchlorate, in a poly-
meric fuel. The resul.ing heterogeneity of composite soiid propellants
hai long been recognized as playing an important role in both the steady
and the transient combustion processes. Over the years, many studies
have attempted to relate the scale of inhomogeneity, the oxidizer particle
size, to the burning characteristics of ccmposite propellants. However,
almost without exception thase studies were aimed at the gross charac-
terization of various propellants. There have been relatively few
fundamental studies of the effect of propellant heterogeneity on the
conbustion processes, and most of them have been limited to stable
combustion. Also, almost all of the theoretical modeling of oscillatory
comoustion has been done with the assumption of a homogeneous condensed
phase.

Derr and Osborn [1] observed a change in the steady-state flame
structure, as indicated by temperature measurements, adjacent to the solid
propellant surface when the oxidizer particle size was changed. Several
studies [2, 3, 4] have dealt with the effect of the composite propeilant
heterogeneity on the propellants' surface structure during stable combus-
tion. These studies revealed that there is a difference in the steady-

state gasification rates of the ammonium perchlorate \AP) oxidizer




crystals, and the fuel-binder matrix of composite solid propellant.
Also, beth of these gasification rates have different steady-state pres-
sure dependencies.

A recent study [5] has shown that there are gas compositior varia-
tions in composite solid propellant flames during rapid depressurization.
These composition variations are caused by changes in the apparent gasi-
fication rates of the oxidizer and fuel-binder, due to different pres-
sure-rate dependencies. This phenomenon could result in significant gas
composition variations in composite solid propeliant flames during
oscillatory combustion.

The objective of this work was to characterize this change in the
gasification rates of the various components of composite propellants
due to pressure oscillations. A rapid-scanning infrared spectrometer
was used to quantitatively measure the absorption by propeiiani flames

during externally imposed pressure oscillations.

Gasification Rates: Related Studies

The previous investigations concerning the gasification rates of
the two major components of composite solid propellants, the oxidizer
and the fuel-binder, employed two kinds of experiments: 1) steady-state
pressure tests, and 2) transient pressure tests.

This gasification-rate phenomenon was originally observed by
Bastress [2, 6] during a comprehensive investigation of the steady-state
burning rates of composite propellants. Bastress examined the extin-
guished burning surface from steady-state pressure tests. Burning
propellant strands were extinguished by means of a rarefaction wave,

and the propellant surfaces were .tudied by means of microscopic
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examination and photumicrography. A series of uncatalyzed, unmetallized,
AP-polysulfide propellant samples. both unimodal and bimodal oxidizer
size distributions, were extinguished over the prassure range from 15 to
1000 psia. This technique produced some interesting information regard-
ing the heterogeneity of composite propellants.

At low pressur2s, the oxidizer crystals were observed projecting
above the fuel-binder surface. However, at intermediate pressures the
crystals were flush with the fuel-binder surface, and at hiah pressures
the AP crystals were below the fuei-binder surface. Although this trend
was observed for all oxidizer particle sizes studied (9 um to 265 un),
it was obviously easiest to ohserve with the largar particl. sizes. In
the case of a bimodal propellant sample burring at low pressures, the
-ourse oxidizer particles were observed projecting above the surface of
the fuel-binder containing the fine oxidizer particies. At high pres-
sures the large particles were agair observed to be below the fuel-
binder surface.

During steady combustion the regression rates of the two propellant
components must be the same. However, the gasification rate can be
represented as vA for each component,where v is the gasification rate per
exposed surface area of the component, and A is the exposed surface area
of the component per total propellant surface area. For a given propel-

lant, during steady burning,

v._ A
—______ox _ox = constant . (1)
Yeuei Afue]
where the bar denotes the time-average values. At high pressure,
(;Bx/vfuel) is large, and (Fbxfl}ue1) is small with the AP crystals being

exposed only at the buttom of the observed holes. At low pressure,
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(Vox/"fue]) is small and (on/A ) is large with the oxidizer crystals

fuel
protruding above the propellant surface.

Recent work [3, 4] using a scanning electron microscope {SEM) to
study the extinguished burning surfaces of composite solid propellants
has confirmed the observation reported by Bastress. Boggs et al. [3]
studied uncatalyzed, unmetallized composite solid propellants consisting
of ammonium perchlorate (AP) and either polyurethane (PU) or carboxy-
terminated polybutadiene (CTPB) fuel-binder. Small strands of these
propellants were burned over a pressure range from 15 to 800 psic. Once
steady-state conditions were attained, the propeilant flame was extin-
guished by a rapid depressurization of the combustion chamber. The SEM
used to study the extinguished surfaces provided magniticatic;iz up to
100,000 X. Also, high-speed, high-magnification motion piciures were
taken while the strands were burning. A comparison of s:rface structures
observed in the motion pictures and those of the extinguished samples
indicated that any artifacts introduced by the extingnuishment method
were minor. The results of propellant strands (25% PU, 74% 200-um AP)
extinguished at both 100 and 800 psia, clearly showed that at the low
pressure the specific gasification rate of the AP particles is less than
that of the fuel-binder, and vice versa at the high pressure. The low
pressure sample also indicated that the AP particles were apparently
undermined. Another propellant sample (22% PU, 78% 50 um AP} showed
this same undermining when extinguished at 100 and 200 psia. Tests
designed to explore any possible effect of the fuel-binder type on the
surface structure were conducted with a propellant containing CTPB fuel-
binder. The tests revealed the same type of results, except the AP
particles did not appear to be undermined. These studies clearly

revealed that the steady-state gasification rates of the AP particles




and the fuel-binder matrix have different pressure dependencies.

Schulz [5, 7] studied the spectral emission (1.7 to 4.8 um) and
temperature of various composite propellant flames during extinauishment
oy rapid depressurization of the combustion chamber. Propellant samples
were burned in a combustion cnamber which was mounted on the end of a
rarefaction tube. The propellant samples were allowed to burn stably
for a short time before the cellulose-acetate diaphragm in the rare-
faction tube was ruptured. Spectral measurements were made by means of
the same Warner and Swasey Model 501 Rapid-Scanning Spectrometer used in
the present study. The emission spectira, at the rate of 800 per second,
and a pressure transducer signal were photographically rvcorded from an
oscilloscope display. Flame temperature measurements were made by means
of the emission-absorption technique at the sodium D-lines. The flame
temperature measurements were not made simultanenusly with the spectral
measruements but during separate "identical" tests.

Schulz used the 2.5-um Hp0 and the 4.4-uni COp emission band inten-
sities as a measure of changes in the flame gas-composition. Because of
the rapid depressurization rates, which also produced large flame temp-
erature excursions, it was impossible to relate the individual emission
band intensities directly to the flame species concentrations. However,
equilibrium calculations showed that the ratio of the HZO-to-COZ in the
propellant flame for these fuel-rich systems decreased as the AP level
increased. This was confirmed with steady-state emission tests run for
various propellants containing different levels of AP, Since the temper-
ature effect on the H20 and C0p emissions would be similar, the use of
the intensity ratic approximately compensates the temperature effect.

Also, by comparing the transient ratios from depressurization tests with
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the measured steady-state ratios at the same pressures, Schulz approxi-
mately treated the pressure effect. In this manner Schulz was able to
detect changes in the effective fuel-to-oxidant ratio in the propellant
flames during rapid pressure decays.

During tie initial depressurization, the intensity ratio indicated
that a more oxidizer-rich gas was being produced. However, after only
several milliseconds, as the pressure decay proceeded, a more fuel-rich
gas was generated. Schulz states, "this recovery is probably due in
part to the depletion of AP on the propellant surface." For many of the
tests, extinguishment occurred during this period of apparent fuel-rich
gas generation. The flame temperature decreased rapidly during the
initial depressurization, 12gging behind the initial drop in the spectral
intensity ratio only slightly. The flame temperature recovered at about
the same time as the spectral intensity ratio. Schulz nostulated that
during the rapid pressure decay, the rate of AP gasification increases
relative to the fuel-binder rate of gasification. Then, as the pressure
decay rate decreases, the relative rates of gasification reverse.

In an effort to obtain direct evidence of the postulated indepen-
dent gasification rates during depressurization, Schulz tried to sepa-
rately tag the oxidizer crystals and the fuel-binder with different
metallic additives. The spectrometer was operated in the visible region
for this work, and the spectral emission intensities from the various
metals were measured. Originally, either sodium or potassium permanga-
nate was co-crystallized with AP to form homogeneous crystals. Finely.
ground sodium chloride or sodium oxalate was used to tag the fuel-binder.

The manganese emission level at 0.403 um, and the sodium emission at
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0.589 um were used to monitor the relative gasification rates of the AP
and fuel-binder respectively. These tests seemed to confirm the postu-
late of independent gasification rates but were far from being conclu-
sive. However, the infrared emission intensity ratio studies of these
propellants containing nonalkali metallic salts failed to confirm the
postulate.

These metallic compounds apparently produce a coupling of the
oxidizer and fuel-binder gasification, notwithstanding the observations
in the visible regios. Further tests indicated that only the monovalent
alkali metals did not affect the combustion processes. The range of the
spectrometer did not allow Schulz simultaneously to tag both the A° and
the fuel-binder with different alkali metals. Therefore, separate
"identical" tests were run with differently tagged propeliants. The AP-
tagged propellant was tagged by co-crystallizing sodium perchlorate and
AP. The fuel-binder tagged propellant again used very fine sodium
chloride. Comparison of the sodium emission intensities from these
separate “identical" tests does not allow a firm conclusion, but the
results are consistent with the postulated independent gasification
rates. Although Schulz's study was very qualitative, it is one of only
two fundamental studies to date regarding this variation in gas-composi-
tion due to independent gasification rates of the AP and fuel-binder.
The other study, by Eisel, is discussed in a following section.

The new high-temperature infrared radiation source developed in

this laboratory now permits quantitative absorption measurements to be

made of flame gas compositions.
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Infrared Absorption Spectroscopy in Flames

The temperatures of most flames of interest exceed the effective
temperatures (1500-1700°K) of conventional infrared sources. Therefore,
the majority of the spectral studies of flames have been either emission
studies, or absorption studies in the ultra-violet and visible regions
where high-temperature sources are available.

Emission spectroscopy of flames will not be diccussed in detail.
The reader is referred to references 8 and 9 for an excellent review of
flame emission spectroscopy. Emission is largely due to the small
fraction of the molecules or atoms that are in an excited state. These
data are a measure of the concentration of the unexcited atoms or mole-
cules only when their excited companions are in thermal equilibrium and
there is no self-absorption. Also, the correlation of the emission
intensity and the concentration is a difficult matter and can be realized
in only a few special cases. Thus, although emission spectroscopy is
a powerful qualitative tool, it is almost impossible to obtain quanti-

tative inTormation from emission data.

Absorption spectroscopy requires a background source which has a
bright continuous spectrum. ior absorption work in flames, this source
must have a brightness temperature which i1s greater than the effective
brightness temperature of the ‘lame. This requirement has limited most
absorption spectrgscupy work in flames to the ultra-violet and visible
regions, where very high temperature sources are available. The two
most common sources used for the ultra-violet and visible regions are
the tungsten strip-filament lamp (2800°K) and the xenon high-pressure
arc lamp (5000°K). Many of the stable prcducts of combustion (HZO, COZ’
C0) do not possess the electronic energy levels necessary to produce
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appreciable absorption of radiation in the ultra-violet and visible
regions. But since many fuels and intermediate combustion products
(i.e., acetylene, formaldehyde, propionaldehyde, benzene, NH3, NHZ’ OH,
>, CH, NR) do have absorption bands in these regions, ultra-violet and
visible absorption spectroscopy has been used to study the reaction
mechanisms in flames [10, 11, 12, 13].

Many of the stable products of combustion (i. e., Hj0, COZ, co,
NO), as well as many unburned hydrocarbons, have absorption bands in
the near and middle infrared region (0.70 - 25 um), making infrared
absorption spectroscopy an ideal in-situ method of studying many combus-
tion phenomena. This method eliminates the need for sampling probes,
quenching systems and the like associated with the analytical methods
requiring a representative gas sample. Unfortunately, the two conven-
tional near and middle infrared background sources, the Nernst glower
and the Globar, have maximum operating .emperatures of approximately
1700°K to 1500°K respectively. The Nernst glower is an electrically-
heated rod of fused rare-earth oxides, and the Globar is an electrically-
heated rod of bonded silicon carbide. This relatively Tow source tem-
perature has restricted the use of infrared absorption spectroscopy to
studies of low temperature flames [14, 15]. Cole and Minkoff [16, 17]
report doing infrared absorption spectroscopy work in methane-oxygen
and ethylene-oxygen flat diffusion flames. They report that the flames
studied have maximum temperatures approaching 3000°K, but the operating
temperature of the Nernst glower is not reported.

There have been several attempts [18, 19, 20, 21] at developing a
new high-temperature infrared source, all of which have resulted in

varying degrees of failure. None of them, with one exception, are known
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ever to have been used for spectroscopic studies. The exception is the
carbon-arc lamp {(3800°K) which has been used as a far infrared source.
There are several problems associated with using the carbon-arc lamp as
a background source: band emission superimposed on the continuum,

and atmospheric Hy0 and CO, interference when operated in its normal
mode are just a couple. Thus, the carbon-arc lamp has been limited to
specialized applications. The new high-temperature {2800°K) infrared
radiation source developed in this laboratory is not plagued by these
problems and is ideal for quantitative absorption work in high tempera-

ture flames.

Spectroscopic Studies of Composite Propellant Flames

Almost all of the spectroscopic investigations of solid propellant
flames have been emission studies, and the majority of these emission
studies are for stably-burning double-base solid propellants. These
studies are reviewed in reference 22 and will not be discussed. There
is but one absorption-spectroscopy study [23] of solid propellant flames
raported in the literature, and this study is for a double-base propel-
lant. Only four spectroscopic stusies [7, 24, 25, 26] of solid propel-
lant flames during unstable burning are reported, including the work of
Schulz [7) alreauy discussed.

Heath and Hirst [23] studied stably burning cordite strands, both

photographically and spectroscopically. Besides measuring the dimensiong

of the different flame zones, they recorded both emission and absorption
spectra in the ultra-violet and visible regions. In the dark zone
immediately above the propellant surface, they observed some absorption,

which they attributed to aidehydes and other organic molecules. They
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did nut observe the atomic l1ines of sodium and potassium in this dark
zone, indicating that these metal alor; were probably not in the gas
phase yet. The absorption in the explosion zone was continuous and
complete. They concluded that the explosion zone had a sufficiently
large concentration of carbon particies to cause the explosion-zone to
be a blackbody.

All of the spectroscopic studies of unstable solid propellant com-
bustion were emission studies, and one of them is of double-base solid
propeliants. Diederichsen and Gould [24] recorded the photographic
spectrum of the near ultra-violet region of double-base solid propellants
during mechanically-imposed pressure oscillations. They did not identify
any of the spectral bands, but they did observe that the amplitude of
the flame radiation osciilations increased toward shorter wavelengths.
They suggested that stability grading of various propelliants could be
done using this short wavelength radiation.

Kimball and Browiee [25] have reported preliminary studies of
composite-solid propeliant flame emission during unstable burning.

Their work was in the visible region, and they reported NH, CN, CH, OH,
Ca, Na, K, and Fe emission at one atmosphere. But at 76 atm., they
were only able to see NH and OH emission above the continuum.

Eisel [22, 26] studied the infrared emission spectra of composite
solid propellant flames during L*, or bulk mode (BMI), instability. A
series of propeliants (80% AP, 20% estane-based polyurethane), differing
only in distribution of AP particle sizes, were studied. These various
propellants were tailored to be unstable at low pressures (below 60 psia)
and at low frequency (10 to 100 Hz.). Eisel used the rapid-scanning

spectrometer used in the present study, to record alternate flame




12

emission and flame emission-absorption spectra (1.7 to 4.8 um) during
unstable combustion.

Eisel used flame emission spectra (400 spectra per second) to
monitor the 1.9-um Hy0, 4.3-um COy, ano 4.6-um CO emission intensities.
A preliminary shock tube study was undertaken to calibrate emission
intensities as a function of partial pressure, temperature, and total
pressure. These data were used to normalize the raw C0y emission data
to fixed values of temperature and pressure. Eisel states, "variations
then noted in intensity are attributable to a change in concentration.”
The 4.6-um CO band was of low intensity and was badly overlapped by
strong adjacent bands. Therefore, Eisel states that "the CO data must
not be given too much credence," and, in fact, the CO data are not
repurted. Also, the Ho0 data were only reported in the form of raw
H20/602 intensity ratios. The flame emission-absorption data (400
spectra per second) were only used in the calculation of the flame tcm-
peratures, using the emission-absorption technique applied to the 4.3-um
CO2 band.

Eisel reports observation of at least three different variations
of unstable combustion. These are described as bulk mode instability
(BMI), "layer frequency" instability, and local intrinsic instability.
BMI was noted by oscillations in the apparent C02 concentr2tion and the
flame temperature at the same frequency as the pressure oscillations,
and both were consistently leading the pressure oscillations. The BMI
fFequency was controlled by the particle size of the smaller AP'particles
(15-90 um). These frequencies were only approximately related to the

frequencies predicted by Boggs and Beckstead's [27] "layer freguency"

concept. However, the predicted frequency (approximately 3 Hz)
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associated with the larger AP particles (600 um) was approximately equal
to the observed frequency in the pressure history records of both
unstable and stable tests. Eisel observed tests where both the apparent
CO, concentration and the flame temperature oscillated at the same
frequency, but at a frequency different from, and uncorrelated to, the
pressure oscillations. He refers to this as intrinsic instability, and
explains it as a situation in which isolated randomly phased regions on
the propellant surface burn with a distinct periodicity unrelated to the
pressure or flow conditions. It should be noted that t.e measured flame
temperatures were typically 600-800°K lower than the calculated adicbatic

flame temperatures for this propellant system.

Present Study

The development of a new high-temperature (2800°K) infrared radia-
tion source in this laboratory now permits infrared absorption measure-
ments to be made in high temperature flames. This new source was used
in conjunction with a rapid-scanning infrared spectrometer (800 spectra
per second) to study gas-phase composition variations in composite solid
propellant flames during both steady-state and oscillatory pressure
tests. A rotating valve was used externally to impose controlled oscil-
lations in the combustion chamber pressure. The 2.5 to 5.5-um region
was scanned in approximately 0.50 millisecond, and the 3.17-un Hy0,
4,26-um C02, and 4.72-um CD absorbances were measured. The system was
calibrated for changes in these absorbances as a function of changes in
the respective species concentrations. Thus, 1t was possible to measure
variations in the oas-phase composition due to the changes in the pres-

sure-dependent gasificaticn rates of the AP and the fuel-binder. Also,
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an electro-optical hot-gas pyrometer was used simultaneously to measure

flame temperatures at a rate of 4500 measurements per Second.
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CHAPTER 11
APPARATUS AND EXPERIMENTAL PROCEDURES

The experimental apparatus consisted of five main sections: (1)
the combustion chamber, (2) the rapid-scanning spectometer, (3) the high
temperature radiation source, (4) the flame-temperature measuring equip-
ment, and (5) the data acquisition equipment. Figure 1 is an overview
of this equipment.

Since the development of a combustion chamber which would yield
meaningful quantitative spectroscopic data was a primary objective
during the initial stages of this study, a complete description of the
combustion chamber is given in the following section. The other equip-
ment is only briefly described in this chapter, and a complete descrip-

tion of this equipment is given in the various appendices.

Combustion Chamber

The design of the combustion chamber was dictated by the following
considerations:
1) A means of externally imposing oscillations in the combustion
chamber pressure, at controllable frequencies and amplitudes.
2) Windows which would permit measurement of infrared absruption
in the propellant flame.
3) Also, windows which would allow indepandent flame temperature

measurements with an electro-optical hot-gas pyrometer.
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4) A gas purging system which would flush all combustion products
directly dcwnstream, thus eliminating any recirculation of
combustion products through the plane of the spectrometer beam.
This purging system must also keep all windows clean during
the tests.
The above constraints resulted in the combustion chamber shown in Figures
2 and 3. To facilitate easy modification of the original combustion
chamber design, the chamber was built in three separate sections. The
central portion of the combustion chamber was machined from a piece of
steel 8.9-cm square and 11.4-cm in length. The chamber was equipped
with two sets of windows. Two sapphire windows, 5.8-cm in diameter and
3.2-mm thick, were mounted on opposite sides of the combustion chamber
and were open to the 3.81-cm internal diameter of the combustion chamber
by way ov a milled slot, 7.94-nm wide and 3.81-cm in height. This slot
was large enough to permit passage of the focused high-temperature infra-
red source beam. Sapphire was selected as the infrared window material
because of its excellent transmittance in the 2.5 to‘5.5-um spectral
region and because of its excellent physical properties. Two quartz
windows, 2.54-cm in diameter and 4.67-mm thick, were mounted in the other
two opposing sides of the combustion chamber to permit the simultaneous
use of an electro-optical hot-gas pyrometer to measure flame tempera-
tures. The hot-gas pyrometer was operated at the sodium D-line wave-
length, 0.590 pm, and thus, sapphire was not required for the window
material. The quartz windows were open to the inside of the combustion
chamber by way of a milled slot, 7.94-mm wide and 1.91-cm in height.
A1l windows were sealed by means of 0O-rings and were provided with gas

purging ports necessary to keep the windows clean. Keeping the windows
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Propellant holder
Propcllant holder mount
Central portion of chamber
Converging inserts
Extension

Dual-nozzle assembly
Fixed-nozzle inserts
Rotating nozzles
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FIGURE 3. AN EXPLODED VIEW OF THE COMBUSTION CHAMBER.
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in both optical paths clean was a primary concern, and it was accom-
plished in the following manner. A 4.75-mm wide and 0.254-mm deep
rectangular relief was milled in the surfaces against which the windows
mated, and adjacent to the length of each window slot. A series of
equally spaced 0.343-mm diameter holes were drilled in this relief area,
connecting the relief surface with a set of gas purging channels located
in the interior of the combustion chamber body. This configuration
provided a continuous stream of gas sweeping over the surfaces of the
windows, and then flowing down the optical slots and into the combustion
chamber. This technique worked exceptionally well, and thus, the windows
could go long periods without cleaning. To permit the necessary purging
cf the entire optical path between the source and the spectrometer with
H20-C0,-free gas, concentric rings, containing O-rings, were welded
around the sapphire windows. The extension tubes from the source and
spectrometer s1ipped over these rings and completely sealed the entire
system. This central portion of the combustion chamber also contained
mounting holes for a Statham pressure Transducer (Model PA285TC-150-350)
and a safety rupture disk assembly (BS & B No. SA-8, 195 psig). These
holes were located opposite one another on the sides of the combustion
chamber containing the smaller quartz windows.

The end of the combustion chamber which served as a mount for the
propellant holder is shown in Figure 4. This end-piece also contained
the heart of the gas purging system. One central network of channels
supplied the purging gas to each of the windows and fo a plenum chamber
directly behind the sintered-stainless steel frit which filled the
annulus between the propellant holder mounting hole and the inside of

the combustion chamber. The frit provided a uniform axial purge stream
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which carried combustion products directly downstream.

A rotating nozzle, used in parallel with a fixed nozzle, provided
mechanically-imposed oscillations in the chamber pressure. The nozzle
assembly is shown in Figures 2 and 3. The mean pressure and the ampli-
tude of the pressure oscillations could be changed by simply changing
the size of the fixed and rotating mozzles respectively. The fixed
nozzles were made from carbon inserts, and could be changed verv quickly.
The rotating nozzles were made of brass and had a cylindrical body shape.
A hole of the desired nozzle size was drilled through the diameter of
the no2zle body, and then the two ends of the hole were milled into 90°
arcs around the circumference of the nozzle body. This nozzle configura-
tion produced approximately sinusoidal pressure oscillations, with two
pressure cycles for every one revolution of the nozzle. The rotating
nozzle was held in place by ball bearings and was continuously lubricated
by two 0il cups mounted in the top of the rotating nozzle housing. The
rotating nozzle was driven by a variable-speed DC motor (Bodine Tyse NSH-
12R) equipped with a Speed Controller (Minarik Electric Co., Model SL14).
This mator-controller combination was capable of driving the rotating
nozzle over a range from 600 to 6000 RPM. The rotating-valve port in the
nozzle housing was threaded so that a small solenoid valve could be
attached for some tests. For these tests, the rotating nozzle was opened
and used as a fixed nozzle. The solenoid valve was used for rapid opening
or closing of this fixed nozzle, and thus cause a single pulse in the
chamber pressure. The Fastax Control unit was used to coordinate this
valve action with the tests,

The above describes the combustion chamber as it was originally

designed and built., Prelimin.ry testing revealed that two modifications
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had to be made to eliminate the recirculation of combustion products
past the plane of the spectrometer beam. The combustion chamber had to
be made longer. This was easily done by placing a 19.0-cm extension
between the central portion of the chamber and the end housing the
nozzles. Also, il was necessary to divide the chamber into two sections.
An upstream section where recirculation was prevented, and . downstream
section where recirculation was permitted. These two sections were
isolated by means of a tapered insert which made the inside diameter of
the chamber converge from 3.81 cm at the edge of the optical slots to
2.54 cm at the start of the 3.81-cm inside diameter extension. This
converging section, and then sudden expansion back to the original
diameter was successfu, in separating the two sections. However, a
smaller insert was necessary in the middle of this larger converging
insert to prevent recirculation in this upstream section. The thin-
walled middle insert converged from a 2.54-cm ID to a 1.27-cm ID and
was the same length as the larger insert. The smaller insert had three
equally spaced studs around its periphery at either end which held it
directly in the center of the larger insert.

Both propellant ignition posts were mounted on the propellant
holder. One ignition post was silver-soldered directly to the holder,
since the chamber was used as one leg of the ignition circuit. A small
ceramic tube running the length of the hoider insulated the other
ignition post from the chamber. The 0.25-mm diameter nichrome ignition
wire was embedded in a razor-blade-cut slit in the center ¢f the propel-
lant surface. A fast smooth ignition was produced by applying approxi-

mately 12 VDC to the ignition wire.
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Spectrometer and High Temperature Source

The Warner and Swasey (Controlled Inst. Div.) Model 501 Rapid-
scanning Spectrometer used in this study is a single-beam instrument,
designed for studying transient spectroscopic phenomena. The spectro-
meter can be set up to scan various selected spectral regions, of
approximately A to 3x in length, from 0.30-um to 14.0-um. The spectral
region scanned is determined by the grating, fiiters and detectors used.
The spectrometer has seven scan rates ranging from 1.0 msec. to 100 msec.,
with a corresponding repetition rate range of 8 to 800 scans per second.
The spectrometer output is linear in time and wavelength. Therefore,
wavelength instead of wave number is used 1n reporting the data.
Previous work in this Taboratory [7, 22] indicated that the most useful
spectral information for composite propeliant flames is in the 2.5 to
5.5-um region. Thus, the spectrometer was set up to scan the 2.5 to
5.5-um region at a rate of 800 spectra per second.

The high temperature infrared radiation source used with the spec-
trometer was a modified version of a Warner and Swasey Model 20 Synchro-
nized Radiation Source, utilizing the new vitreous carbon source devel-
oped by Robert J. Law [28]. The vitreous carbon source elements were
operated at a brightness temperature of 2725°K. This new high-tempera-
ture radiation source permitted the use of the specteometer's 0.20-mm
entrance and exit slits, which gave good spectral resolution and an
excellent signal-to-noise ratio.

The combustion chambef was located at the common focal plane of

the spectrometer and the radiation source. The relatively Tong optical

path had to be purged with CO,-Hy0 free gas in order to eliminate
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atmospheric cozand Hy0 absorption. Both the radiation source and the
spectrometer have tunnels which extend from these units and seal to

the combustion chamber, which facilitates this necessary purging. A
complete description of the spectrometer and the high temperature radia-

tion source is given in Appendix A.

Equipment for Measuring Flame Temperature

Flame temperature measurements, independent of the infrared absorp-
tion measurements, were made with an electro-optical hot-gas pyrometer
[29]. The pyrometer operation is based on the spectral emission-absorp-
tion method of gas pyrometry often called the Schmidt method or Planck-
Kirchhoff method [30]. Flame temperatures are determined by simultaneous
measurements of spectral radiance and spectral absorptance at one wave-
length. Although the sodium 0-line wavelength wes used in this work,
the Schmidt method has no wavelength restrictions.

To achieve optimum emissior and absorption at the sodium 0-line
wavelengths, a small amount (0.10 to 0.50 weight percent} of finely-
ground sodium chloride was added to the propellant formulations. A
tungsten-strip lamp was used as the pyrometer's background radiation
source, and a chopper wheel containing 64 slots around its periphery was
used to prechop this background radiation. The chopper speed was set
to produce 4500 interruptions of the source beam per second, yielding a
maximum of 4.5 temperature measurements per millisecond. An RCA 7102
photo-multiplier was used as the radiation detector, while an interfer-
ence filter, transmitting radiant energy only from 0.5884 to 0.5914 um,
provided the very narrow spectral band necessary in the Schmidt method.

A complete description of the electro-optical hot-gas pyrometer and the
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Schmidt method is given in Appendix 8.

Data Acquisition Equipment

The output signal from the spectrometer, the electro-optical
hot-gas pyrometer, and the pressure transducer had to be recorded simul-
taneously. This combination of equipment generated data at a tremendous
rate, requiring special recording and measuring equipment. Precision
tape decks can be used when the spectrometer is operated at its slower
scan speeds. However, at its fastest scan speed, 800 scans per second,
the frequency response reguirement prevents the use of tape decks.

The problem of simultaneously recording these data was solved by
using a high-speed Fastax oscillostreak camera (Wollensak Model WF-225)
to record a triple-trace oscilloscope display. The developed 16-mm
films were analyzed on a modified Recordak microfilm reader. An elactro-
mechanical device used to measure the oscilloscope deflections recorded
on the film was added to the reader. The electrical signal from this
electro-mechanical device was a direct measure of vertical distances on
the display screen and was used to drive a digital printer. The print-
out from the digital printer was used to punch up data cards, and all
the data reduction was done on a Univac 1108 digital computer. A com-

plete description of the data acquisition and reduction techniques is

given in Appendix C.

Miscellaneous Equipment

The pressure transducer (Statham PA2857C-~150-350) used throughout
this work was a nonbonded strain gage type transducer, with 4 0 to 150

psia range. A nickel-cadmium battery was used to supply the 7.0 YOC
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excitation voltage during most of this work. The transducer output was
linear over the above pressure range, and with the 7.0 VDC excitation
voltage it had a sensitivity of 0.380 mv/psi.

Due to the hazardous nature of this work, all tests were remotely
controlled from outside of the testing area. A solenoid valve in the gas
line provided remote control of the combustion chamber purging. A
double pole switch was used as the chamber purge switch and the ignition
switch. The camera-on switch of the Fastax controller was also located
outside the laboratory. In addition, the mean pressure transducer signal
was recorded on a strip chart recorder (Leeds and Horthrup, Speedomax XL
Series 600). The Speedomax XL has a 1/3 sec. response time, thus for the
oscillatory pressure tests only the mean pressure signal was recorded on
the strip chart recorder. Since the Speedomax XL is a two-pen recorder,
it was possible to record a signal from the Fastax contiroller indicating
the segment of an oscillatory pressure test during which the Fastax
camera was recording data.

In addition to the 565 oscilloscope used to record the data,
another oscilloscope (Tektronix Type 502) was used as a monitor. The
Type 502 is a dual-beam oscilloscope and was used to monitor the spectro-
meter and the electio-optical hot-gas pyrometer signals. An oscillo-
scope camera (Tcktronix Model C-12) was used to record information from
this monitor oscilloscope.

Two motion picture cameras were used to study the nature of the
propellant flames investigated. During the preliminary recirculation
studies, a 16-mm Cine-Kodak Special camera was used. The Cine-Kodak

Special is a framing camera which can take a maximum of 64 pictures per
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second. Also used to study the propellant flames was a 16-mm high-speed
combination framing-oscillographic Fastax camera (Wollensak Model WF-17T).
The Wollensak WF-17T was also used with the Fastax controller, and it has
a maximum speed of 9000 pictures per second. This camera has two lenses
mounited normal to one another. Thus, making it possible to photograph

the prcpellant flame (framing mode) and the pressure transducer signal

on the oscilloscope {oscillographic mode) simultaneously. Eastman Kodak

Ektachrome EF fi1m was used with both of these cameras.

Propellant Sample Preparation

A11 the work in this study was done witnh uncatalyzed, nonmetallized
composite propellants. Ammonium perchlorate (AP) and hydroxy-terminated
polybutadiene (HTPB) were use:d exclusively as the oxidant and fuel-binder
respectively. A complete description of the propellants and the mixing
procedure used in their preparation is given in Appendix F.

The propellant was cast in slabs approximately 2.5-cm thick from
which samples were cut. Initially cylindrical samples, 15.5-mm in
diameter, were cut from the slabs. However, a square cross-section
sample was decided upon for the following reason. A slight misalignment
with a cylindrical sample can cause changes in the effective optical
path length in the flame from run to run. With a rectangular or square
sample, this same misalignment does not change the optical path leangth.
Cylindrical samples were used for only part of the preliminary tests,
and all the data runs were made with square cross-section samples.

When the change from the cylindrical to square samples was made,

the size of the samples had to be reduced so that the square samples

would fit on the same propellant holder. Both 12.7-mm and 11.1-mm square
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cross-section samples were tried. The 12.7-mm samples were harder to
mount on the propellant holder and caused more melting of the ignition
posts. Therefore, the 11.1-mm samples were used even though they were
approximately the same size as the height of the projected image of the
spectrometer's entrance slit. The propellant flame is conside-ably
larger than the sample. Analysis of the high-speed motion pictures
(1500 pictures per second) on the film reader revealed that the

central core of the flame from the 11.1-mm samples was at least

15-16 mm across.

A specially machined cutter and a small arbor press were used to
cut 11.1-mm square and 2.5-¢m long samples from the slab. The sides of
the fresh samples were leached free of AP by placing the samples in a
beaker of water for ten minutes. This procedure leacted just a very thin
surface layer of AP. Once the sample was dry, the sides of the propel-
lant were coated with a thin acrylic coating (Krylon, Borden Chem. Co.).
This method of inhibiting the sides of the sample resulted in a very flat
burning of the propellant surface. The samples were then stored in
sealed containers until used. Just before the samples were mounted on
the propellant holder, they were cut to the desired length, exposing a
fresh surface for ignitiun. A quick-setting epoxy cement was used to

fasten the samples to the propellant holder.

Procedure
The spectrometer was continuously purged with H,0-free air when
not in use. Two hours before tests were run, this purge was switched to
Hp0-C0p free air at approximately 10-15 LPM. One hour before tests were

run, the argon purge (5 LPM) of the high-temperature source and all the
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electronic equipment was turned on. Just prior to a test, the internal
source in the spectrometer was used to check the background Ci7 level.

A data sheet for each run was used to record the following infor-
mation: 1) the date, the run number, and the film roll number, 2} the
type of propellant and its dimensions, 3} the type of run, 4) the oscil-
loscope and the electro-optical pyrometer settings, 5) the Fastax set-
tings, 6) the infrared source temperature, and 7) miscellaneous comments.

After the propellant was mounted in the combustion chamber, the
following sequence of events occurred:

1} the spectrometer scan wheel was started,

2) the electro-optical pyrometer was turned on,

3) the infrared source was turned on and adjusted,

4) the traces of the 565 oscilloscope were adjusted for both

intensity and position,

5} the Fastax camera was run for a short period to record the base-

line and intensity of the pyrometer's background source,

6) the settings on the Fastax controller were changed for the run

conditions,

7) a small purge of the combustion chamber was started using a

small bypass valve in the gas line,

8) the ignition-circuit wires were attached to the combustion

chamber,

g} the strip chart recorder was started,

10) the ignition and full chamber purge switch was closed,
11) when ignition was indicated by the pressure trace on the strip
chart recorder, the camera-on switch from the Fastax controller

was closed,
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12) after the burn was over, the ignition-purge switch was opened,
and the strip chart recorder was turned off,

13) the pyrometer source and the infrared source temperatures were
checked; the difference, if any, was noted on the data sheet,

14) the spectrometer scan wheel, the electro-optical pyrometer,
and the infrared source were turned off, and

15) the small combustion chamber purge was turned off and the
propellant holder was removed.

The burn times of these tests were approximately 5-10 seconds
depending on the type of propellant, the length of the sample, and the
chamber pressure. The time interval between step #10 and step #11 was
approximately one second. The length of time between step #5 and step
#12 was approximately one minute, and the time interval between step #1
and step #15 was typically six to eight minutes. A1l tests were remotely
fired; that is, events 9 through 12 were controlled from outside the
testing area.

The temperature of the tungsten strip lamp, the electro-optical
hot-gas pyrometer's source, was checked with the Leeds and Northrup
optical pyrometer only at the beginning and end of a set of runs made
each day. It was found that the lamp's current was an excellent measure
of the filament temperature. Therefore, the ampere meter on the lamp's
power supply was used to check the filament temperature before and after
each run.

Closing the camera-on swit h in step #11 started two different
sequences of events depending on the type of test. For the oscillatory

and steady-state prassure tests, closing the switch caused the camera to
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run for a length of time determined by the Fastax control unit. This
interval was recorded on the strip chart recorder, along with the overall
pressure history of the test. The camera timer was usually set for 1.5
10 2.0 seconds. At the end of this time, the camera started to slow
down, taking about another 0.50 second to stop. It took the camera
approximately one second to get up to a film speed which was adequate
for analyzing the films. This resulted in 1.0 to 1.5 seconds of usable
data. In the case of the pressure step-change tests, the closing of
this switch again caused the camera to run for a set length of time.
However, a predetermined length of time after the camera started, the
Fastax control unit activated the solenoid valve. After the preset
camera time interval had expired, the solenoid valve would return to its

original position and the camera would start to slow down.
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CHAPTER [II

PRELIMINARY WORK

Recirculation Studies

Developing a system which would yield meaningful quantitative
spectroscopic data was a primary objective during the initial stages of
this study. The principal task was to eliminate the recirculation of
combustion products past the spectrometer's beam, so that only the
freshly generated products in the flame were in the spectrometer's view.
The recirculation patterns in the original and modified combustion

chamber were studied both photographically and spectroscopically.

Initially, cold flow spectroscopic studies were made using the
modified propellant holder shown in Figure 4. The sintered stainless-
steel frit of this modified propellant holder allowed the introducticn
of an infrared absorbing gas at the normal location of the burning
propellant strand. The optical slots separating the infrared-passing
windows from the interior of the combustion chamber were purposely made
extra long so that the spectrometer beam could be located above or below
the location of the propellant strand surface to detect the recircula-
tion of the infrared absorbing gas. During those tests compressed air
was used as the purging gas (02 and N» are both infrared inactive), and
carbon dioxide was introluced through the sintered-stainless steel frit.
The strong 4.26-um CO, absorption band was used to monitor the recircu-

lation of CO, during different compressed air and CQ, flow rate
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conditions. It was this type of testing which lead to modification of
the original combustion chamber, as discussed in the preceding chapter.
Burning propellant strands were also studied in the above manner,
as well as photographically. The major finding from the photographic
studies was the effect of the purging gas type on the nature of the
combustion process. A Cine-Kodak Special camera was used to photograph
(32 pictures per second) the burning propeliant strand through the large
infrared window and optical slot. When compressed air was used as the
purging gas, large fingers of fiame were observed propagating upstream
of the burning propellant surface, along the sides of the propellant
strand. This observed phenomenon explained why even inhibited propellant
strands coned badly when compressed air was used as the purging gas.
Motion pictures of tests made with a nitrogen purge did not reveal these
large fingers of flame propajating upstream. The use of nitrogen as the
purge gas, and inhibiting the sides of the propellant strands as dis-
cussed in the previous chapter, resulted-in a very flat regression of
the propellant surface. Spectroscopic studies above and below these
burning propellant strands, in the final combustion chamber, showed no
signs of recirculation of combustion products. Due to the symmetry of
the combustion chamber, this finding should aiso be true for the other

sides not observed.

Spectral Characteristics

The absorp:cion spectrometry was done entirely in the middle infra-
red from 2.5 to 5.5 um. Since many of the common combustion products
possess absorption bands in this infrared region, it is ideal for flame

studies. Preliminary information concerning the expected composition of

e
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the combustion products from the propellants being studied was obtained
from an equilibrium computer program. A complete description of this
equilibrium program and its use during this study is given in Appendix E.
These equilibrium calculations revealed that the major gas-pnase combus-
tion products are H»0, COZ. CO’ HC1, Hz, and Ny. All of these species,
except Hz and NZ' have absorption bands in the 2.5 to 5.5-um region.
These absorption bands are listed in Table 1. The strong H,0 and €0,
bands in the 2.66 to 2.72-um region overlap, and absorbances in this
region are complicated functions of both the C02 and H,0 concentrations.
Also, these bands were very close to the cut-on wavelength, 2.5 um, of
the filter used with the InSb detector. Both of the above conditions
made it impossible to use these H,0 and CO2 bands for any type of quan-
titative work. Although the 4.82 and 5.17-um C02 absorption bands are
isolated, they are only of medium strength and fall in « region of
rapidly declining infrared source intensity, due to the spectral charac-
teristics of the source, the spectrometer, and the sapphire windows.
These bands were barely detectable in this study and were not used. The
medium-strength 3.17-um H,0 absorption band, the 2v2 overtone of the
symmetric bending mode, is well isolated and was used to measure changes
in the Hy0 concentration. The 3.46-um HC1 absorption band, the funda-
mental stretching band, is very broad and extends from 3.3 to 3.8-um.
Even though the equilibrium calculations indicated that a large amount of
HC1 would be present in the propellant flames, this band was almost
impossible to detect. The reason for this is the relative weakness of
this band, and the characteristic spectral shape of the infrared source

spectrum. No attempt was made to use this absorption band during this
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TABLE 1

SPECTRAL ABSORPTION BANDS OF THE MAJOR EQUILIBRIUM COMBUSTION
PRODUCTS OF AP/HTPB COMPQSITE PROPELLANTS
(Hertzberg [33])

i Ll o

Navelengt? ;§ band head Species Band Strength
& U
! 2.66 H20 very strong
| 2.69 o, strong
2.74 Hp0 strong
t 2.77 COZ strong
3.17 Hp0 medium
3.46 HC1 medium
4.26 o, very strong
4.66 o medium
4.82 CG2 med1ium
5.17 002 medi um
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study. The very strong 4.26-um C02 absorption band, the fundamental vj
antisymmetric stretching band, is well isolated and was used to measure
changes in the €O, concentration. Finally, the fundamental CO band at
4.66-um was used to monitor changes in the CO concentration. The spec-
trometer resolution allowed identification of both the R branch at
approximately 4.62-um and the P branch at approximately 4.72-um. The
4.72-um branch was the easiest to measure and was used throughout this
study. A complete description of these abscrption bands in the middle
infrared is given by Hertzberg [31].

These above absorption bands along with other characteristic
absorption bands in the 2.5 to 5.5-um region were used to perform a
wave ength calibration of the spectrometer's output. The output of the
spectrometer is linear in both time and wavelength. Aithough the Fastax
camera used to record the spectra was rarely up to constant speed during
a test, its speed was essentially constant during the 1.25-msec time
interval between adjacent spectrometer timing marks on the film. A
variable scale {Gerber Model TPOO7100B} was used to divide tiis linear
time-wavelength scale between adjacent timing marks into 100 equal divi-
sions. The resulting wavelength calibration curve is given in Figure 5.

The 3.17-um H20, the 4.26-ym C0», and the 4.72-um CO absorbances,
£n E;% , were calibrated as a function of the respective species concen-
tration in the flame. Where P°, is the incident radiant power at wave-
length X, and PA is the transmitted radiant power at wavelength .

Beer-Lambert type calibration curves were cbtained. The full details of

this calibration work are given in Appendix A.
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CHAPTER 1V
RESULTS AND DISCUSSION

During this study spectrometric data were taken in well over one
hundred runs, not including the large number of preliminary tests. It
was virtually impossible to reduce all of the data into final form,
and it was equally impossible to report all the reduced data. The
reported results are typical in that the phenomena presented were
observed in other tests as well. However, tests were selected to
display best the reported phenomena.

Tne spectroscopic nature of this work required that the flames
studied be as optically clean as possiblz, and thus only urmetallized,
uncatalyzed composite propellants were studied. Preliminary tests
were made with different propellants having ammonium perchlorate (AP)
contents ranging from 78 to 87 weight percent. Emission tests with
the 78 and 80 weight percent AP propellants revealed a high level of
continuum emission attributed to carbon particles in the flame.
Although the 85 and 87 weight percent AP propellants had a very low
level of continuum flame radiation, these near-stoichiometric propel-
lant flames also have a very low concentration of CO, making it very
hard to detect and measure accurately the CO absorption band on the
absorption spectra. Very early in this work, it became apparent how
valuable it was to monitor simultaneously the changes in both the Co,

and CO concentrations. The 82 weight percent AP propellant was ideal.
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The continuum flame radiation was relatively low, indicating a low
concentration of part.culate matter, and the CO absorption band was
well defined and easily measured. Therefore, the majority of the tests
in this study were made with one propellant formulation (82% AP, 17-
17.25% HTPB-IPDI, 1/2% carbon black, and 1/4 - 1/2% of finely-ground
NaCl). A series of tests were also made with 80 and 85 weight percent
AP propellants. A full description of the propellant formulations used
in this study is given in Appendix F, along with the mixing and curing
procedures used in their preparation.

Three different types of propellant combustion conditions were
studied: 1) steady-state pressure tests, 2) mechanically driven oscil-
latory pressure tests, and 3) externally-imposed single-pressure-pulse

tests.

Steady-State Pressitre Tests

Although the =i nary objective of this investigation was to study
the effect that externaily imposed pressure changes had on the gas-
phase composition of composite propeilant flames, a necessary founda-
tion for this work was the study of the gas-phase composition of com-
posite propellant flames during steady-state pressure tests. In
particular, the study of the axial profiles of both composition and
temperature as a function of distance from the burning propellant sur-
face, and also the study of non-steady composition and temperature

fluctuations at a given location in the flame as a function of time.

Axial Concentration and Temperatuire Profiles

The axial profiles of both composition and temperature were

studied by letting an extra-long strand burn past the position of the
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spectrometer's beam. Since the propellant strand compietely blocked the

optical paths of the spectrometer and electro-optical pyrometer, the
time at which the regressing propellant surface reached the plane of
the spectrometer's beam was easily detected on the film. The repeti-
tion rate of the spectrometer and the burning rate of the propellant
were used to calculate approximate distances. Figure 6 shows the
results of this type of a steady-state pressure test, where the
profiles were measured at four different axial lecations. Although
this is described as a steady-state-pressure test, the chamber pressure
did slowly rise, approximately two psi during the several seconds over
which the data were recorded. Also, the pressure trace of this partic-
ular run contains some 60 cycle noise, which was only occasionally
observed in the pressure traces throughout this study. The most
striking feature of these data is that the 002 concentration increases
with distance from the propellant surface, and the CO concentration
decreases with distance from the surface. The HZO concentration
remains fairily constant over the interval measured. These observed
COZ' €0, and H20 concentration gradients are typical of those observed
in hydrocarbon-oxygen flames [32, 33].

Relatively fast reactions produce HZO’ co, Hz, various radicals
(OH, H, 0), and other intermea1atés in the initial part, or primary
reaction zone, of the flame. The majority of the H20 is produced by
the following relatively fast reaction

RH + OH —>H20+R s (2)

where R can be H, CH,, C2H5’ etc. The C0, is produced by the relatively

slow reaction,
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O+ O0H —=CO, +H R (3)
in the latter part, or secondary reaction zone, of the flame [33, 34].
These axial CO2 and CO concentration gradients are evidence of a non-
equilibrium condition at distances of up to at least 1.5 c¢cm from the
propellant surface.

These observed axial concentration gradients were further con-
firmed with data from calibration tests using various-length propellant
strands. The calibration data counsisted of numerous time-averaged
values measured at various axial positions in the flime, and they also
revealed axial concentration gradients for the CO2 and CO, but not the
HZO' The calibration data are discussed in Appendix A.

With the limited amount of temperature data for any one axial
location presented in Figure 6, it is difficult to detect any trend in
the axial temperature profile. However, it is clear that the flame
temperature does not change appreciably over the measured distance.
More extensive temperature measurements at the 3 - 5 mm and 12 - 14 mm
locations, which are discussed in the next section, show that the
temperature actually decreased 30-50°K over this distance.

The relativeiy high frequency {200-300 Hz.) oscillations in the
concentration and temperature profiles of this test were universally
observed in both the constant and transient pressure tests. The nature
of these high frequency oscillations will be discussed later. However,
even though this “noise” was of a much higher frequency than most of
the phenomena being studied, it partially obscured the phenomena.
Therefore, a digital-filter algorithm was incorporated in the data-
reduction computer program to eliminate this high frequency "noise" in

the final processed data. A complete description of this digital

ALAUD
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filter algorithm is given in Appendix D. With the exception of the
material in Appendix D and a few of the initial plots in this chapter,
all of the data presented are filtered data. The raw, unfiltered data
appear in tabular form in Appendix H. The initial-value transients
associated with this filtering aigorit; 1 are apparert at the beginning
of many of the filtered data plots. Thus, the filtered data during
the first five or ten milliseconds are not considered to be valid and
were not used.

The effectiveness of the filtering algorithm is clearly shown in
Figure 7, where the data presented in Figure 6 are replotted in filtered
form. These filtered data reveal information, regarding the nature cof
the concentration fluctuations at any given axial location, which is
not easily detected in the unfiltered data. Almost without exception,
observed increases in the CO2 concentration occur simultaneously with
observed decreases in the CO concentration and vice versa. These
correlated concentration variations are similar to those observed when
the effective oxidant/fuel ratio of a flame changes. Although the H20
concentration also fluctuates, these fluctuations appear to be unrelated
to the fluctuations in the CO2 and CO concentrations. This observation

is discussed in more detail in the following section.

Measurements at Individual Axial Locations

The time-varying nature of the flame temperature and composition
at given axial locations was studied for a large number of steady-state
pressure tests. MNo attempt was made to keep the spectrometer and pyro-
meter beams at a fixed position with respect to the propellant surface.

Therefore, during the typical 100-125 msec. interval of data-taking, the

-y
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propellant surface regressed approximately 0.25-0.50-pm. Since this is
such a relatively small distance, the axial concentration gradients
will not be noticeable within individual tests. These data not only
produced information about the steady-state combus®ion process, but also
established a basis of comparison for the transient pressure data. The
data plotted in Figures 8 through 11 are representative of the tempera-
ture and concentration fluctuations observed in the constant pressure
tests. These data are from the same test as those plotted in Figures
6 and 7 and are more extensive measurements at the 3-5 mm and 12-14 mm
axial locations. Before the filtered data are interpreted, a further
discussion of the high frequency oscillations is necessary.

High Frequency Oscillations. As was noted earlier, the high

frequency oscillations appear in the temperature profiles, as well as

in the three species concentration profiles. Although the oscillations
in each of these profiles are approximately of the same frequency {200-
300 Hz.), the relatively slow scan speed of the spectrometer (800 spec-
tra per second} prevented exact definition of the concentration profiles
The excellent time resolution of the electro-optical hot-gas pyrometer
permitted a detailed mapping of the unfiltered temperature oscillations.
The detailed temperature profiles of two steady-state pressure tests
are shown in Figures 12 and 13. The data of Figure 12 are most repre-
sentative of the nature of the oscillations observed in the majority of
the tests. The temperature decrease over this relatively short time
interval is not associated with an axial gradient, but instead is part
of a low frequency temperature oscillation. The magnitude of this
decrease is slightly atypical of the majority of the constant pressure

tests.
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Several major questions need to be answered with regard to these
high frequency oscillations. Are the oscillations real, or just mani-
festations of this particular experimental system? In either case, what
is the cause of thece oscillations? The various aspects of the experi-
mental equipment which. could cause apparent temperature and concentra-
tion fluctuations will be discussed first. Since these oscillations
have been detected with two completely separate pieces of equipment,
the spectrometer and the electro-optical hot-gas pyrometer, the oscil-
lations apparently are not electrical or physical manifestations of the
individual pieces of equipment. The presence of common mode noise in
both output signals is always a possibility. However, since this "noise"
did not appear in either signal during no-flame conditions, this possi-
bility is eliminated.

Are the oscillations related to the scale of propellant hetero-
geneity, like the layer frequency oscillations postulated by Boggs and
Beckstead [27]? For the propellants and pressures used in this study,
the Boggs and Beckstead model predicts layer frequencies of approximately
4.7 Hz. and 50-90 Hz. associated with the course (approximately 225 um)
and fine (15 ym) ammonium perchlorate (AP) respectively. Since the
cbserved oscillations were the same ord:: of magnitude as those predicted
for the 15-um AP, tests were made with a unimodal propellant of the
course AP (approximately 225 um}. These data also had the same high
frequency oscillations. Therefore, we have no grounds for an affirmative
answer,

Recirculation of cool combustion products between the flame and

the windows could produce oscillations in both the temperature and
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concentration profiles. As is discussed in the previous chapter,
considerable effort was devoted to eliminating large-scale recirculation
flows. Special spectroscopic studies showed that large-scale recircu-~
lation of this type was not present in the combustion chamber as finally
modified.

An oscillation of the flame shape could ilso produce fluctuations
in the profiles. High-speed motion pictures (1300 pictures per second)
revealed a flickering of the propellant flames during both steady and
unsteady combustion. This flickering can produce oscillations by twn
different mechanisms. Local recirculation at the edge of the flame can
provide eddies of gas which are unlike ine mean gases in the combustion
zone. Fluctuations caused by such small scale eddies would most likely
not be phase correlated. This flickering could also produce changes in
the optical path length in the flame, which would appear as apparent
fluctuations in the species concentrations. Apparent concentration
oscillations of this type would be phase correlated. Even though
the relatively slow scan speed of the spectrometer prevented
exact definition of the concentration profiles, there is no hint of the
observed concentration oscillations being in phase with one another.

The visually observed flickering of the flames appeared to increase in
both frequency and amplitude with increasing distance from the propellant
surface. Thus, the visual flame structures at the 3-5 and 12-14-mm axial
locations were radically differert. However, the observed high-frequency
oscillations in the concentration profiles at these two axial locations,
Figures 9 and 11, are not appreciably different. It is possible that
although there were visual differences at the two axial locations,

spectroscopically they were similar.
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This flickering of the flames could produce an oscillation in the
observed flame temperature, if the effective absorptivity of the flame
was altered. The temperatures measured are average temperatures (not
a path-length arithmetic ave:age), and self-absorption tends to increase
the weight of the region closest to the detector. Therefore, if the
flickering causes the absorptivity on the detector side of the flame to
fluctuate, a resultant oscillation in the flame temperature could be
observed. Segments of the temperature profiles of Figures 8 and 10 are
presented in detailed form in Figures 14 and 15. Again, there is no
appreciable difference between the profiles at the 3-5 and 12-14-mm
axial locations. The one large temperature spike in Figure 15 is not
representative of the temperature profile at this axial location, as
is shown in Figure 10,

High frequency oscillations were also observed in the flame-emis-
sion-intensity profiles from flame-emission-only tests. However,
these oscillations were in phase with one another and appeared to be
aspectral in nature. Changes in the flame's optical path length due to
the observed flame flickering is believed to be one possible explanation
of these aspectral flame radiation fluctuations. These tests are
discussed in Appendix A.

The large temperature fluctuations at fixed axial positions above
the surface of composite propellants observed by Oerr and Osborn [1]
were attributed to inhomogeneities in the reaction zone. Previous
temperature profiles in propellant flames had been obtained by letting
the propellant strand burn past the measurement point, such that only

a single scan of the temperature profile was obtained. Oerr and Osborn
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used a servo-controlled feed-shaft to advance the propellant strand
toward the temperature measurement zone at the same rate at which the
strand burned. Thus, temperature measurements at a fixed axial position
in the flame could be made for controlled periods of time. The tempera-
ture measurements were made with a modified line-reversal pyroneter,
wiich was capable of one temperature measurement every two milliseconds.
The scanning range of the equipment limited the temperature measure-
ments to within one millimeter of the burning propellant surface.
Various AP-polysulfide propellants were studied over a pressure range
from 1 to 15 atmospheres. The results of the temperature neasurements
indicated that no one-dimensional temperature profile exists above the
burning surface of the propellant. Derr and Oshorn observed tempera-
tures, at fixed axial positions in the flame, that varied from the lower
limit of accurate temperature measurement (1800°K} to the adiabatic
flame temperature of the polysulfide propellant (2200°K).

The high frequency temperature and composition oscillations
observed in the present study possibly indicate that these inhomogene-
ities observed by Derr and Osborn close to the propellant surface still
exist at distances of approximately one centimeter from the surface,
and are inhomogeneities in both temperature and composition. The
optical path length in the flames investigated in the present study
was seven times that used by Derr and Osborn. Since both the tempera-
ture and spectroscopic measurements yield an average value for the
entire optical path length in the flame, the inhomogeneities would tend
to average out for longer optical path lengths. Consistent with this
fact 1is that the tomperature fluctuations observed in this study were

gencrally smaller than those observed by Derr and Osborn. Alsc, there
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is little chance that any of the cscillations would be phase correlated
with one another. This is exactly the condition observed with the
high-frequency temjerature and concentration oscillations in this study.

In summary, the observed high-frequency temperature and corcen-
tration oscillations are believed to be caused by small scale inhomo-
geneities in the interior and (or) at the edges of the flames. Because
these high-frequency oscillations partially obscured the lower

frequency phenomena being studied, a digital-filter algorithm was used

to eliminate the high-frequency "noise" from the data in final form.

Filtered Data. The filtered steady-state data of Figures 9 and

11 reveal several very interesting feutures of the steady-state combus-
tion of composite propellants. The fiame composition and temperature
also fluctuate at a much lower frequency during stable combustion. The
Tower frequency fluctuations were not continuous like the high frequency
oscillations, but rather were random in nature. These low frequency
fluctuations were typically in the range of 20 to 80 Hz., with no
preferred frequency being apparent. As was previously mentioned,
almost all of the observed increases in the C02 concentration occu®
simultaneously with observed decreases ir the CO concentration and vice
versa. Periodically, this correlation is observed to have minor devia-
tions. The minor deviations are believed to be the result of incom-
plete filtering of the high-frequency "noise," and thus the unmasking

of the low frequency signal was not complete. The digital-filter
algorithm was purposely not written for optimum filtering of the high-
frequency noise. Instead, it was designed to clean up the data to a
minimally acceptable level. The reasons for not using an optimum fil-

tering setting are discussed in Appendix D. The large discrepancies in
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the C0-C0, correlation in approximately the middle of Figures 9 and 11
are atypical and were very rarely observed. The cause of these particu-
lar discrepancies is unknown.

Al though the Ho0 concentration does fluctuate during steady-state
combustion, these fluctuations are apparently unrelated to the CO2 and
CO0 oscillations. In any event, it is clear that the H,0 fluctuations are
not related to the 002-C0 oscillations in an equilibrium manner. That
is, the H20 and CO2 oscillations are not in phase. The major sources of
Ho0 and CO, are the free radical reactions involving the OH radical (see
equations (1) and (2)). Although the OH radical concentration was not
measured in this study, previous studies [33] with fuel-rich systems
have shown that the OH radicai concentration near the primary reaction
zone can be considerably in excess of the equilibrium concentration.
This possible superequilibrium CH concentration could have a significant
effect on the relatively fast Ho0 producing equation. Also, the propel-
lant flame has two fuels, NH3 from the decomposition of the AP and the
fuel-binder pyrolysis products reacting with the decomposition prodrcts
of the HC]04. Thus, the hydrogen is distributed approximately 60% and
40% between the AP and the fuel-binder respectively. At least two
competing reaction paths convert this hydrogen into the stable hydrogen-
containing combustion products HC1, Hp and HZO. These considerations
indicate that the Hp0 concentration variation in the flame will not
necessarily be a simple funztion of the changes in the composition of the
pyrolysis gases leaving the propellant surface.

The carbon has only one source, the fuel phase. Thus, the carbon
containing combustion products €0, and CO would be a good indication of

changes in the composition of the pyrolysis products leaving the
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propellant surface. Since the CO production reactions are relatively
rapid, whereas the CO axidation reaction is relatively slow, the changes
in the CO concentration would be the best indication o7 rapid changes in
the composition of the gases leaving the propellant surface.

Because of the very complicated non-equilibrium condition which

exists, the equilibrium data were not used to convert the observed C0,-CO

concentration variations into changes in the effective AP-content of the
pyrolysis gases leaving the propellant surface, as was originally planned.
Instead, these observed concentration variations were used directly for

comparing various tests.

The typical CO,, CO, and H,0 concentration variations for the
constant pressure tests were 1-2 mole percent, 4-6 mole percent, and 3-5
mole percent {of the total gas) respectively. The observed temperature
fluctuations for these constant pressure tests were only 30-60°K and

vere only occasionally phase-correlated with the CO and CO, concentra-

tion oscillations. The wagnitudes of these variations occurring during
constant-pressure burning, what is called "steady-state burning" for
propellants of this kind, are part of the background against which data

taken during pressure transients can be analyzed.

Oscillatory Pressure Tests

The oscillatory pressure tests were conducted to see what effect

externally-imposed pressure oscillations had on the specific gasification
rates of the two composite propellant components. Both the freguency
(10-100 Hz.) and the amplitude (2-10 psia) of the pressure oscillations
were varied for mean combustion chamber pressures of approximately 25 to

65 psia. For brevity and clarity, only sufficient data to describe the
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major findings are presented in this section. The data for other tests
are presented in Appendix G. Only the 82-wt.% AP-propellant data are
reported in mole fractions. Calibration curves were not established for
the 80- and 85-wt. % propellants (see Appendix A); thus, only pressure-
corrected absorbances are reported. However, since the temperature
corrections for these data are negligible, the pressure-corrected absor-
bances are directly related to concentration changes. The measurements
for the tests reported were made at either the 3-5 mm or 12-14 mm region
in the propellant flame, and each test is appropriately labeled. Due to
the observed C0, and CO axial concentration gradients, the mean concen-
trations of these species will vary accordingly. All of the data
presented in this section and in Appendix G are filtered data.

The data from a 31 Hz. pressure oscillation test are given in
Figure 16. The mean combustion chamber pressure was 45 psia, and the
peak-to-peak pressure oscillation was approximately 6 psia. Flame
temperature measurements were not made for this particular test. With
infrequent exceptions, the €O, and CO concentration oscillations were at
the same frequency as the pressure oscillation and were 180° out of
phase with one another. The CO, concentration decreased and the C0
increased during periods of decreasing pressure, and the opposite condi-
tion occurred during periods of increasing pressure. The typical €Oz
and CO oscillations were 2.5-4.C mole percent and 10-18 mole percent
respectively. These amplitudes are approximately three times greater
than those of the corresponding steady-pressure test oscillations. The

H20 concentration oscillation is approximately in phase with the CO con-

centration oscillation and has a magnitude of 9-16 mole percent. Again,
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: this magnitude of the H,0 oscillation is approximately three times
greater than the steady-pressure HZO oscillation. Note that this HZO-CO
correlation is directly opposite to that predicted by the equilibrium
calculations. It is assumed that a simultaneous increase in the CO2

concentration and a decrease in the CO concentration corresponds to an

increase in the effactive AP concentration of the pyrolysis products

leaving the propellant surface. Thus, the specific gasification rate of ;
the APappears to increase relative to that of the fuel-binder during
i periods of increasing pressure and vice versa.

Several observations regarding the mean COZ’ the HZO and CO concen-
trations require discussion. For this run both the C02 and H20 mole
! fractions are approximately 167% of the steady-pressure test concentra-
tion levels. While the CO concentration is the same as the steady-
pressure test value. This excessive H20 ~oncentration was present in
approximate]& half of the tests run and was not always accompanied by

an excessir2 C0p concentration. This phenomenon also occurred in a few

steady-pressure tests and is presented in the H,0 calibration curve
given in Appendix A. Because almost all the other calibration points
fell on the same curve, these few high values were disregarded in the
calibration work. The reason for this excessive HZO concentration,
especially when it was not accompanied with an excessive C0y concentra-
tion, is not understood. However, even though some of the mean concen-
trations were excessive, these tests possessed the sameloscillatory
phenomena as tue tests having reasonable mean concentrations. Thus, the
oscillatory phenomena of these otherwise abnormal tests were considered
valid.

The basic features of the concentration oscillations described for

- : . P : “M‘d
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the above test were generally present in all the oscillatory test data.
The following data will be used to illustrate other observed charac-
teristics, as well as observed deviations from the above basic features.

The data from several lower frequency tests are presented next.
The 7-8 Hz. test data in Figures 17 and 18 are for an 82- and 80- wt. %
AP propellant respectively. In both cases the concentration profiles
contairn a high frequency oscillation, as well as the lower frequency
oscillation associated with the pressure. Since only a couple cycles of
data are reported for these lowest frequency tests, and since the high
frequency oscillation tends to obscure the lower frequency component, it

is very hard to determine the relationship between the low frequency

} concentration oscillation and the pressure. When all of the lowest

frequency data are taken collectively it appears that the CO2 and CO

concentrations generally oscillate at a frequency which is slightly

different than the pressure frequency. Howewver, the temperature in
Figure 19 appears to oscillate in phase with the pressure.

The observed high frequency concentration oscillations are differ-
ent than th» "noise" discussed earlier in that the CO, and CO oscilla-

tions are generally correlated and are 180° out of phase. These high

frequency CQ; and CO oscillations in the 82-wt. % propellant test of
Figure 17 are approximately 80 Hz. This is approximately equal to the .a
layer frequency predicted by the 8oggs and Beckstead mode! for the 15-um

AP in this propellant. Similar oscillations are present in the 80-wt. %

AP propellant data of Figure 18, even though they are less well defined.

However, this propellant had a unimodal particle distribution of only

the 225-um AP. Therefore, it appears that the origin of this high

frequency concentration oscillation is not related to the AP particle
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size.

The 22 Hz. data in Figures 19 and 20 are for an 82- and 85- wt. %
AP propellant respectively. The major significance of these data is that
at this slightly higher frequency, the previously observed high frequency
concentration oscillations are not present. In both of these tests, the
€0, and CO concentration oscillations are approximately correlated in
the manner described for the 31 Hz data in Figure 16. The 85- wt. % AP
propellant data in Figure 20 again shows the 002 concentration increasing
and the CO concentration decreasing during periods of increasing pressure
and vice versa. Again, the HoQ concentration oscillation is in phase
with the CO oscillation. Also, the flame temperature oscillation is in
phase with this observed gas phase composition oscillation and the
pressure,

The correlation between the €0,-C0 oscillations and the pressure
less evident for the 82 weight % AP propellant data in Figure 19. The
phase shift observed in this test was only occasionally ncticed in other
tests, and it is not clear if this is a real or just apparent phase shift.
The H20 concentration oscillated slignhtly during this test, and it
appears to be in phase with the CO oscillation for at least part of the
run. Again, the mean COp and Hy0 concentrations are excessive, while
the mean CO concentration is approximately equal to the steady-pressure
value.

The data from a 100 Hz. test is plotted in Figure 21. For this
test at the highest frequency used, the relatively slow scan speed of
the spectrometer does not permit good definition of the concentration
profiles. Also, the frejquency of the phenomena of interest is approach-

ing tnat of the "noise,” thus, the digital filtering is less effective.
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Although the general characteristics previously described are apparent
during portions of the run, the above considerations make it difficult
to determine if they are present throughout. However, the major signif-
icance of these data is not the correlations between the various pro-
files but rather the magnitude of the oscillations. The largest tempera-
ture and concentration oscillatinns observed were for this highest
frequency. The temperature appears to oscillate in phase with the
pressure, with a peak to peak magnitude of 150-200°K. This is 4 to 5
times greater than the temperature oscillations observed for the steady-
pressure tests. The 602 and CO concentration oscillations are 3-6 mole
percent and 30-60 mole percent recqectively. The CO2 oscillation is
approximately 3 to 4 times greater than the steady-pressure test CO2
oscillation, while the €O oscillation is 8 o 10 times greater than ihe
corresponding steady-pressure value. The Hn0 oscillation was approxi-
mateiy 15-30 mole percent or 5 to 6 times the steacy-pressure value.

Figures 22 and 23 are detailed temperature profiies from two
oscillatory pressure tests. The overall temperature changes are a5s0-
ciated with the Tow frequency temperature oscillations which are present
in these data. However, comparison of these temparature profiles with
those in Figures 12 through 15 for the constant pressure tests reveals
a difference in the structure of the high frequency oscillations. These
data apparently indicate that the structure of the inhomogenieties in
the flame are different for the constant and uransient pressure condi-
tions.

The following discussion centers around the oscillatory data

presented woth here and in Appendix G. In the vast majority of the
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tests, the COZ concentration increased and the CO concentration decreased

during periods of increasing pressure and vice versa. This observation
implies that the specific gasification rate of the AP increases relative
to that of the fuel during periods ur increasing pressure and vice versa.
In the few tests that deviated from this general observation, the origin
of the apparent phase shift between the COZ-CO osciliations and the
pressure is not understood.

At a constant mean pressure and a constant frequency, the magnitude
of the composition variations in the gas phase increased with an increase
in the amplitude of the pressure oscillation. Also, these composition
oscillations increased in magnitude with an increase in the frequency of
a constant-amplitude pressure oscillation. Over the pressure range
studied, 25-75 psia, the mean pressure or the fractional change in the
pressure did not appear to have an effect on the composition or tempera-

ture oscillations.

Single-Pressure-Pulse Tests

To further ciarify the pressure effect on the specific vaporization
rates of the two propellant components, sever:1 single-pressure-puise
tests were conducted. The data from two pressure-decrease tests are
plotted in Figures 24 and 25. In both tests, the CO» and CO concentra-
tion fluctuations are again 180° out of phase, and the H,0 concentration
fluctuations appear at times to be in phase with the CO concentration.
During the initial part of the pressure decay the COZ concentration
decreases and the CO councentration increases for the first 15-20 msec.

Then both species concentrations reverse direction, and the CGy increases

and the CO decreases for approximately the next 30 msec. The data in




76

(tivp-S "ON uny ‘ww 6-¢ ‘[14n] 3uej|sdoad dy % *3IM 08) 1531 3SINd
-3SY3UD3C-3UNSSIUA-ITIONIS ¥ 404 SIT1408d IINVEHOSEY QIL03¥U00-IUNSSIUd ONY UNLWVAIdW3L  "pC JuN914

LA L - | (L =. LS - 2L 'h”gu#n_ﬁhl “.JF L7 1 LN 4 - m'e L&) Li'e ..
|

T o o . o bl




77

e

(pLeb-8 "ON uny ‘umi G-¢ *[N4n] uepladoad dy = "M 28)
*183L 3$INd=-3ISYINIAT-TUNSSIUG-IVINIS ¥V ¥04 $IVI140ud NOILVIINIINDD ONV JuNLveIdwil

i 'l

[ R .n._r.-_.. = - 1 L -4l = .E__ ..m.J... - ...,m..i_auum-.".“_u”w_: .W-ﬁmr fale oy O 1 == LE "8l -
A

'S¢ JuNo14

.

»
o

__inm
8g°re

— ey

SE°LE

L
H

0

et
—_—— [ - 81X) U4 W G

0 en

Uz-B1X) Hi 0w

— =
2t
[N

‘6

[ d
. ¥ T SN
H )43 L'
1S4 TINSSIug

"
"N

i

b

"
9

b}

,ws




et

78

Figure 25 shows that this alternating concentration condition continues
during a period of continuous pressure decay. Although the temperature
oscillated, its magnitude (25-75°K) is approximately equal to the
temperature oscillations observed for the steady-state pressure tests.
The anomaly just before the pressure decay in Figure 25 is of unknown
origin. However, the pressure decay data collectively indicate that it
is not associated with the pressure pulse.

Although the characteristic time (15-20 msec.) associated with
this initial composition fiuctuation was independent of the rate of
pressure decay over the range of 300 to 700 psi/sec., the magnitude of
this fluctuation was directly proportional to the rate of pressure change.
Also, though these rates of pressure decay were comparable to those of
the oscillatory pressure tests, the composition changes during these

pressure decay tests were much iess than those of the oscillatory tests.

Data from two pressure increase tests are plotted in Figures 26
and 27. The nature of the composition fluctuations during presswi2
increase tests varied from run to run and were not regular like those
observed during the pressure decay. However, several general observa-
tions regarding these tests can still be made. It appears that initially
the CO, concentration increases and the CO concentration decreases for
an irregular length of time. This is followed by random osciliations in
the CO, and CO concentrations. Although the Hy0 concentration fluctuates,

its relationship with either the 002 or CO concentration is not apparent.

The concentration osciliations for these pressure-increase tests were
larger than those observed for the steady-state pressure tests but were
again much smaller than the values from oscillatory tests with comparable

rates of pressure change.
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Flame-Emission Data

The general observations and resulting conclusions from this study
cont+adict those reported by Schulz [7]. That is, the present data
indicate that the AP gasification rate increases relative to that of the
fuel-binder during periods of increasing pressure, whereas Schulz con-
cluded that the AP gasification increased relative to that of the fuel-
binder during periods of pressure decay.

Since Schulz's rapid depressurization studies (using rarefaction
waves) were verv unlike the pressure decay tests of this study, data of
the kind Schulz took were obtained under the conditions of the present
study. The emission data from a typical oscillatory test are plotted in
Figure 28. The bottom profile on this figure is the (H20/C0;) emission
intensity ratio. The nature of the intensity ratio oscillation for this
present test is identical with that reported by Schulz. The steady-pres-
sure intensity ratio data does not predict this large of an osciilation,
thus, the observed intensity ratio overshoots the steady-pressure inten-
sity ratio profile in both directions. Schulz used steady-pressure
"equilibrium" data to interpret this intensity-ratio overshooting. How-
ever, the non-equilibrium condition known to exist in these fiames
indicates that using his method of interpreting transient data is ques-
tionable. Also, the use of flame-emission data, which is largely due to

the smail fraction of the molecuies that are in the excited state, is

1ikely to iatrocuce additional errors.
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CHAPTER V
SUMMARY AND CONCLUSIONS

The objective of this study was to characterize the independent
gasification processes of the two components of AP-HTPB composite solid
propellants during steady and non-steady pressure tests. In particular,
it was to be a study of the independent pressure dependencies of the
specific gasification rates of the oxidizer and fuel-binder phases.

A new high temperature infrared radiation source was used in con-
conjunction with a rapid-scanning spectrometer (800 scans per second)
to obtain quantitative absorption spectroscopy data from propellant
flames during both steady-state pressure tests and ¢xternally imposed
transient pressure tests. The system was quantitatively calibrated
for the 3.17-um HZO’ 4.26-um ¢0,, and 4.72-pm CO absorption bands.

Also, a fast electro-optical hot-gas pyrometer (4500 measurements per
second) was used to obtain simultaneous flame temperatures. A variable-
area secondary nozzle w.s used to impose the pressure transients to
otherwise stable burning propellant strands.

The following summary is organized according to the three types
01 tests conducted: a) steady-state pressure tests, b) oscillatory

pressure tests, and c¢) single-pressure-puise tests.

Summary of the Constant Pressure Data

The axial composition and temperature profiles as a function of
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distance from the burning propellant surface were studied in the region
between 3 mm and 15 mm from the propellant surface. The composition
profiles revealed gradients in the concentrations of C0O and 602 over
this region. However, the H20 concentration was, on the same scale of
observation, constant over this same distance. These observations from
within individual tests were substantiated with numerous time-averaged
vilues measured at various axial positions in the flame. The axial
temperature profile indicated that the flame temperature only decreased
25-50°K over this distance, probably due to entrainment of the cold
purging gas and radiation to cold surroundings.

The observed concentration profiles are typical of those observed
in hydrocarbon-oxygen flames [32, 33]. Relatively fast reactions pro-
duce CO and H20, however, the CO oxidation reaction which produces the
602 is relatively slow [33, 34). We find that, over the pressure range
studied (25-10C psia), a non-equilibrium condition existed at distances
of up to at least 1.5 cm from the propellant surface. Consideration of
this non-eyuilibrium condition is most important when interpreting
composition data from transient pressure tests. It probably has rele-
vance to considerations of combustion instability.

The time-varying nature of the composition and temperature at a
given axial position in the flame produced considerable information
concerning the steady-state combustion processes. A 200-300 Hz. oscil-
laticn in both the composition and temperature profiles was observed.
Hone of the observed high frequency oscillations were phase-correlated
with one another. These high frequency oscillations are believed to be

caused by inhomogeneities in the propeliant flame, similar to those

observed by Derr and Osborn [1] when measuring flame temperatures close
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to the surface of a composite propellant.

The flame composition and temperature were also observed to
fluctuate at a much lower frequency during stable combustion. These
lower-frequency fluctuations were not continucus like the high
frequency oscillations, but rather were random in nature. Also, the
CO2 and CO concentration fluctuations were, almost without exception,
phase correlated and 180° out of phase. Althougnh the H,0 concentration
fluctuated during the steady-pressure tests, these fluctuations were
apparently unrelated to the CO2 or CO fluctuations. These low
frequency fluctuations were typically in the range of 20 to 80 Hz.,
with no preferred frequency being apparent. The average C02, €0, and
HZO concentration variations for the steady-state pressure tests were
1-2 mole percent, 4-6 mole percent, and 3-5 mole percent respectively.
The obczrved temperature fluctuations for the steady-state pressure
tests were typically 30-60°K and were only occasionally phase-corre-

lated with the COZ-CO concentration fluctuations.

Summary of the Oscillatory Pressure Data

Oscillatory pressure tests were conducted over a mean pressure
range of 25 to 65 psia, a pressure amplitude range of 2-10 psia, and a

frequency range of 10 to 100 Hz. The nature of the composition oscil-

lations were generally the same for all the tests between 20 and 100 Hz.

The C02 and CO concentration oscillations were 180° out of phase, The
€0 concentration increased and the CO concentration decreased
during periods of increasing pressure and vice versa. In several runs,

the CO2 concentration oscillation was out of phase with the pressuve,
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even though the C02 and CO oscillations were still approximately corre-
lated. It is not clear if this observed phase shift was real or just
apparent. 1In either case its origin is unknown. Since this was only

an occasicnal observation, it was considered an anomaly in the otherwise
general characterization. In many runs the H20 concentration oscilia-
tion was in phase with the CO concentration oscillation. Ir the runs
where this was not the case, the relationship between the H20 concen-
tration oscillation and either the COZ or CO oscillation was not

readily apparent.

Since carbon was only contained in the fuel-binder phase, whereas
hydrogen was contained in both the ammonium perchlorate {AP) and the
fuel-binder (HTPB) phases, the C02-C0 concentration variations were
considered the best indication of changes in the composition of the
pyrolysis gases leaving the propellant surface. Also, an increase in
the CO2 concentration and a simultaneous decrease in the CO concentra-
tion was considered as an indication of a more oxidizer-rich gas mixture
leaving the propellant surface and vice versa. Thus, for the 20 to
100 Hz. tests, the specific gasification rate of the AP apparently
increases relative to that of the HTPB during periods of increasing
pressure and vice versa. This finding is directly opposite that
postulated by Schulz [7]. The reason for this discrepancy will be
discussed later.

The temperature in most of these 20 to 100 Hz. tests oscillated
in phase with the pressure with an amplitude greater than that observed
for fluctuations during the steady-pressure tests. The adiabatic flame

temperature data for the 80, 82, and 85 wt.-%-AP propellants used
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indicate that an increase in the effective oxidizer concentration in
the flame will result in a temperature increase. That is, the tempera-
ture should increase during periods of increasing pressure, which is
exactly what was observed in many of the tests. In the few tests where
tie temperature did not oscillate in phase with the pressure, the
temperature fluctuations were generally random in nature and smaller

in amplitude. In these tests the temperature profiles resembled those
of the steady-pressure tests. The reason for this lack of temperature
and composition correlation is not known, but again, this anomaly
occurred in only a few tests.

The concentration profiles for the oscillatory pressure tests at
the lowest frequencies studied (7-10 Hz.) had a much different charac-
ter. The concentration profiles for these tests contained a high
frequency oscillation as well as the lower frequency oscillation asso-
ciated with the pressure. The low frequency component of the CO2 and
CO profiles were again generally 180° out of phase. However, when all
of the lowest frequency data are taken collectively it appears that the
002 and CO concentrations generally oscillate at a frequency which is
slightly greater than the pressure frequency. The H20 concentration
oscillation appears at times to be in phase with the CO concentration
oscillation, but this is not an observation of sufficient generality to
be a prime consideration.

The higher frequency 002 and CO concentration oscillations are
also yenerally 180° out of phase. These 70-90 Hz. oscillations were

originally thought to be a "layer frequency" associated with the 15-um

AP present in the propellants being used. However, a unimodal propellant

P ) R
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of 225-pm AP also revealed similar high frequency oscillations. The
relationship between the higher frequency H20 oscillations and either
the C0, or (O concentration oscillation is difficult to determine,
although at times it again appear: to be in phase with the CO concen-
tration oscillation. The temperature profiles for these low frequency
tests did not contain this characteristic high frequency oscillation,
ard only occasionally oscillated in phase with the pressure.

The following discussion pertains to the temperature and concen- .
tration oscillations which are associated with the pressure oscillations.
The amplitudes of the concentration and temperature oscillations of the
oscillatory pressure tests are at least several times those of the
random values seen in constant-pressure tests. The amplitudes of the
€0 and H20 concantration oscillations were generally larger with
respect to their constant pressure test values than was the corres-
ponding C02 oscillation. This is consistent with the reaction kinetics
of the various reactions which produce these species. Also, the CQ
oscillation was generally larger than the corresponding H20 oscillation
which might be due to the dual source of the hydrogen.

At the lowest frequencies (7-10 Hz.) and for pressure amplitudes
of only 3-10 psia the magnitude of the concentration oscillations are
typically 2 or 3 times greater than the random constant-pressure values.
The anmplitude of the observed concentration oscillations increased with
an increase in the rate of pressure change. Experimentally, this was
done by either changing the pressure amplitude at a constant frequency,
or by changing the frequency at a constant pressure amplitude. For

example, changing the amplitude of a 31 Hz. test from approximately 2 psi
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to 8-10 psia resulted in approximately a factor of two increase in the
amplitude of the C02 and H20 oscillations, and a factor of three
increase in the CO oscillations. Also, the largest temperature and
concentration oscillations were observed for the highest freguency
studies {100 Hz.). The amplitude of the 602 oscillation was approxi-
mately 3 to 4 times greater than the constant-pressure value, and the
amplitude of the H20 oscillation was approximately 5 to & times greater
than the constant-pressure value. The CO amplitude was 8 to 10 times

greater than the constant-pressure value.

Summary of the Single-Pressure-Pulse Data

To further clarify the pressure effect on the specific vaporization
rates of the two propellant components, single-pressure-pulse tests were
conducted. Both pressure increases and decreases were studied.

A single pressure-increase pulse caused an initial increase in

the CO, concentration and a decrease in the CO concentration. This was
followed by an oscillation in the concentration profiles. The magnitude
and frequency of these concentration oscillations varied from run to run
and within individual runs. Also, there appeared to be no clear corre-
lation between the amplitude of the concentration oscillation and the
rate of pressure change, over the range of 25 to 275 psi per second.
The HZO concentration oscillations during these tests at times were in
phase with the CO oscillations, but this again was not a general obser-
vation. Even though the rates of pressure change for these tests were
comparable to those of the oscillatory pressure tests, the amplitudes

of the concentration fluctuations were much less than those observed in
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the oscillatory pressure tests. The flame temperatures for these tests
fluctuated in a random manner very similar to those of the constant
pressure tests, and the amplitude of these oscillations was approxi-
mately equal to those observed for the constant pressure tests.

The data from the single-pressure-decrease pulse tests were
unlike those of the single-pressure-increase pulse tests, in that they
were very reqgular and very reproducible. The pressure decrease caused
an initial CO2 concentration decrease and a CO concentration increase
for the first 15 to 20 msec. Then both species concentrations reversed
direction and the CO2 concentration increased and the CO concentration
decreased for approximately the next 25 to 30 msec. This initial alter-
nating composition condition was continuously repeated during the
pressure decay. Although the temperature oscillated during these tests,
its magnitude (25-75°K) was approximately equal to the random tempera-
ture oscillations observed for the constant-pressure tests.

The magnitude of this characteristic time (15-20 msec.) associated
with the initial pressure decay was independent of the rate of pressure
decay over the range of 300 to 700 psi per second. However, the magni-
tude of this initial concentration fluctuation increased as the rate of
pressure change increased. Also, although these rates of pressure
change were comparable to those of the oscillatory pressure tests, the
composition changes during these pressure decay tests were nuch smaller
than those of the oscillatory-pressure tests.

These present pressure decay data can be compared to the emission

data from other depressurization tests reported by Schulz {7]. Schulz,

using flame emission intensity ratios, observed the same general
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phenomena duiing depressurization and oscillatory pressure tests as

those raported here. However, the interpretation of these emission data
lead to the postulate that the specific gasification rate of the AP
increased relative to that of the fuel during periods of decreasing
pressure, which is in conflict with the conclusions of this study. The
reason for this discrepancy will be discussed later; for the moment, only
the general features observed by Sciulz are of interest. Although
Schulz's depressurizations (using rarefaction waves) were considerably
different than those investigated in this present study, the same initial
composition fluctuation and the subsequent recovery were observed, 2long
with repetition of this alternating concentration condition during the
pressure decay. For depressurization rates in excess of 3000 psi per
second, Schulz observed initial characteristic times of response of 6-15
msec. Schulz used bimodal propellants with essentially the same AP parti-
cle size (15 um and 200 um); however, he used different fuel-binders,
namely polybutadiene-acrylic-acid (PBAA) and polyurethane (Estane}.
Although the scale of inhomogeneities should be approximately the same
for the propellants used in both studies, it is uncertain how large of

an effect the different fuel-binders would have on the characteristic
times. For the data reported by Schulz, it appears that the PBAA propel-
lants have the shorter characteristic times (6-10 msec.} and the Estane
propellants have longer characteristic times (10-15 msec.). Also, tests
made by Schulz with propellants made of AP and carbon black pressed into
pellets showed characteristic times in this same region (6-15 msec.). It
is interesting to note that for "similar" propellants, changing the

depressurization rate by over an order of magnitude apparently results in

a relatively small change in the characteristic time. This characteristic
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time, t, has a corresponding characteristic frequency, w, of 25-33 Hz.
This characteristic frequency is consistent with the observation that

the nature of th2 concentration oscillations changed considerably for
oressure oscillations below approximately 20 Hz. At the lowest {requency
studied (7-10 Hz.), the concentration profiles appeared to oscillate

at a frequency which was slightly different than that of the pressure

oscillation.

Conclusions

1) The H20, €0y, and CO concentration profiles measured in this
study indicate that a non-equilibrium condition axists in composite
propellant flames close tn th2 burning surface. Over the pressure range
studied (25-100 psia) this non-equilibrium condition was observed to
extend out to at least 15 mm t.-om the surface of a stably burnino
propellant.

2) The flame temperature and composition of stable burning com-
posite propellants are not constant, syt rather fluctuate in a random
manner and apparently at no preferred frequency. The gasification rate
of either the oxidizer or fuel can be expressed as vA, where v is the
vaporization rate per exposed area of the respective component, ind A
is the exposed area of the respective component per total propellant
surface area. For steady burning, the average values of these quanti-
ties must be such that

v._ A
_‘-——q'-x—__o—x'-— = constant,

Vfuel Pfuel
where the bar denotes the time-average values. During constant-pressure

burning, the respective specific gasification rates, v,y and vgyey,
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should be constant, therefore changes in the ratio (on/Afuel) are
believed to cause these observed random fluctuations in the 5as phase
composition. The random variation in (on/Afuel) results from a non-
uniform distribution of the crystalline AP in the fuel-binder matrix,
and (or) from processes which take place on the surface during the
combustion process.

3) A pressure transient will cause a change in the gas phase
composition of the composite propellant flames. The COZ-CO data indicate
that the flames become AP-rich during periods of increasing pressure
and vice versa. These composition variations are much larger than those
observed for the constant pressure burning. The different pressure
dependencies of the specific vaporization rates of the oxidizer and fuel

result in a change in the (v, /v ]) ratio. Until (on/Afue]} is

fue
sufficiently altered, the change in the (Voxlvfue]) ratio is responsible
for the composition changes of the pyrolysis gases leaving the propel-
lant surface. Later, after (on/Afuel) has been sufficiently altered,
this too can be responsible for gas-phase composition changes.

4) The specific vaporization rates are not only dependent on the
instantaneous pressure, but also in some degree on the rate of pressure
change. An increase in the rate of pressure change results in an increase
in the amplitude of the composition oscillations.

5) For equal rates of pressure change, pressure oscillations
produce much larger composition variations than a single-pressure pulse.

6) The characteristic time, t, associated with the initial fuel-

rich period during a pressure decrease test can be represented as L/r,

where L is a characteristic lenpth associated with depleting the surface

of one ingredient, and r {s a characteristic mean regression rate of the
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mixture. The initial fuel-rich period is, it is postulated, associated

with a change in (Vox/VfueI) whereas the subsequent AP-rich period is
assoclated with a change in (A 4/Afyer).

7) The characteristic time, T, for the propellants studied, has a
corresponding characteristic frequency, w, of approximately 25 Hz. Above
25 Hz. the changes in the gas phase composition are associated with
changes in (vox/vfue]) whereas below approximately 25 Hz. composition
changes can be associated with changes in both (Vox/Vfue]) and (Agx/Asye1) -

8) Small pressure oscillations can produce large temperature oscil-
lations (200°K), as well as the large gas phase composition oscillations.
The temperature oscillates in phase with the pressure, and thus in phase
i with the composition oscillations. For the small pressure amplitudes
studied, the propellant burning rate should not change significantly.
Thus, th2 change in the thermal energy accumulation in the solid phase

should also be relatively small. Therefore, the observed temperature

e

oscillations are believed to be primarily associated with flame composi-

tion changes and not with changes in the thermal energy accumulation in

the solid phase.

9) The H20 concentration oscillations during transient pressure

tests appear to be in phase with the CO concentration oscillations, and
thus 180° out of phase with the 002 concentration oscillations. This is
directly opposite of the equilibrium concentration changes for flames
with changing oxidizer-to-fuel ratios. This observed condition could

result if the principle reaction were

Hy0 + €O —> €0y + Hy

FPVIRE PHOTIFIIRS
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Also, if there were a large excess (relative to equilibrium} concentra-

tion of OH radicals, then the Hy0 concentration might increase d.:ing

fuel-rich periods instead of oxidizer-rich periods.
10) This study strongly suggests that the use of equilibrium data

to interprete HZO-emission-to-COZ-emission intensity ratios during

EA
3
]

transient pressure tests leads to invalid conclusions. It is also not
clear if this interpretation is solely attributable to a non-equilibrium
effect, of if faulty interpretation of emission intensity data must also
be considered.

1) The use of infrared absorption spectroscopy as an in-situ method
of analyzing transient phenomena in flames should prove most valuable in

? the future, now that a good high temperature infrared source has been

developed.
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APPENDIX A

SPECTROSCOPIC EQUIPMENT AND TECHNIQUES

Specirometer
The Warner and Swasey (Controlled Inst. Oiv.) Model 501 Rapid-

Scanning Spectrometer used in this study is a single-beam instrument,
designed for studying transient spectroscopic phenomena. The spectro-
meter can be set up to scan various selected spectral regions, of
approximately A to 3\ in length, from 0.30 um to 14.0 um. The spectral
region scanned i$ determined by the grating, filters and detectors used.
The spectrometer has seven scan rates ranging from 1.0 msec. to 100
msec., with a corresponding repetition rate range of 8 to 800 scans per
second.

The radiant enerqy of interest is collected by a Cassegrainian
optical system, which can be focused on any source 28 cm or more from
the spectrometer, and imaged on the entrance slit of a Czerny-Turner
monochromator. The wavelength scanning is accomplished by sweeping a
sequence of corner mirrors through an intermediate focal plane of the
double-pass Czerny-Turner monochromator. As each set of corner mirrors
traverses acr¢ss the dispsersed spectrum in the intermediate focal plane,
the rays intercepted are laterally displaced and directed back through
the monochromator. The symmetry of the corner mirrors produces a simul-
taneous scanning of a short and a long wavelength region across the

separate exit slits associated with the short and long wavelength
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detectors. Twenty-four sets of corner mirrors are mounted on the
periphery of the dynamically balanced scan wheel which is driven at a
constant rate of speed by a hysteresis-synchronous motor. A schematic
of the spectrometer is shown in Figure A-1.

Since the moving element is not part of the dispersing train, the
optical quality of the spectrometer is not affected by the rapid scan-
ning but is limited by the signal-to-noise ratio of the detector. The
spectrometer output is a time-varying voltage, which is preamplified in
the spectrometer before going to the spectrometer's control console.

The control console has separate gain and filtering controls for the two
detector signals. The maximum gain setting and the minimum filtering
setting corresponding to no filtering, were used throughout this entire
study. The spectrometer output is linear {n time and wavelength. There-
fore, wavelength instead of wave-number is used in reporting the data.

The nature of the phenomena investigated in this study dictated
that the spectrometer be operated at its fastest scan rate of one milli-
second. The previous work of Schulz [7] and Eisel [22] indicated that
the most useful spectral information for composite propellant flames is
in the 2.5 to 5.5-um region. Thus, the spectrometer was set up to Scan
the 2.5 to 5.5-um region using the components listed in Table A-1.
Since only one indfum antinomide (InSb) detector was needed to scan this
region, the scan time was only 0.50 msec. The spectral resolution of
the spectrometer is determined by the grating and the entrance and exit
s1it widths. The seven slit widths available on the spectrometer are
0.025-mm, 0.05-mm, 0.10-mm, 0.20-mm, 0.50-mm, 1.0-rm, and 2.0-mm.
Decreasing the s1it width increases the spectral resolution, while at

the same time it decreases the signal-to-noise ratio. The new
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high-temperature radiation source used in this study permitted the use

of the 0.20-mm slits, which gave good spectral resolution and an excel-
lent signal-to-noise ratio. The 0.20-mm slits and the 12.5-1ines/mm
grating gave excellent resolution of the 4.26-mm (0, doublet at the 10
and 100 msec scan times. However, the 4.26 COZ doublet was not resolved
at the 1.0 msec. scan time. The problem appeared to be the relatively
large time constant of the new InSb detector (Barnes Eng. #101). Other-
wise, the spectral resolution at the 1.0 msec scan time was good. The
9-mm ¢ntrance and exit s1it baffles were used instead of the norma' 12-mm
baffles, so that the projected image of the entrance slit was completely
inside the central core of the propellant flames.

The combustion chamber was located at the common foca? plane of
the spectrometer and the radiation source. At this distanc . acproxi-
mately 78 cm, the projected image of the entrance slit was approximately
11.0 mm x 0.25 mm. The relatively long optical path had to be purged
with C0,-H,0 free gas in order to eliminate atmospheric €0, and H20
absorption. Both the radiation source and the spectrometer have tunnels
which extend from these units and seal to the combustion chamber. The
spectrometer was purged with COZ'HZO free air which was dried in a
refrigeration air drier (Puregas Model 750) and then passed through
cannisters of molecular sieves (13x) to remove CO2 and remaining traces

of water.

Infrared Radiation Source

The high temperature infrared radiation source used for this study
was a modified version of a Warner and Swasey Model 20 Synchronized

Radiation Source. The infrared source supplied with the Model 20 was a
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fused silicon carbioe Globar. The radiation from the Globar was focused
on the exit slit of the source by means of a spherical and planar mirror.
The energy from this exit slit was collected by a Cassagrainian optical
system, identical to the one in the spectrometer, and imaged on the
common focal plane of the specirometer and source.

The maximum operating temperature of the Globar is approximately
1500°K, which is not high enough to permit absorption measurements irn
high temperature propellant flames (2400-2700°K). Fortunately, Robert
J. Law [28], while working with this same instrument, developed a new
high-temperature infrared radiation source which operates at 2700-2800°K.
The Glo-Rod elements were made from vitreous carbon rods, 3.18 mm in
diameter and 5.1 cm long. The vitreous carbon was supplied by the Beck-
with Carbon Corp. of Van Nuys, Calif. Vitreous carbon properties are
intermediate between glass and carbons in respect to thermal and electri-
cal conductivity. Therefore, it is described as a conductive ceramic.
The source element was electrically heated to the operating temperature
by passing a current of approximately 140 amperes at 10 VAC, supplied
by a large step-down transformer. The current to the source elements,
and thus its temperature, was set by means of a large autotransformer on
the primary winding side of this large step-down transformer. An optical
pyrometer (Leeds and Northrup Nodel 8732-C) was used to measure the
element temperature through a window in the outer source housing. The
optical pyrometer was calibrated just prior to this study, and this cali-
bration is traceable to an NBS standard lamp. The temperature of the
source element was not controlied with a controller circuit. However, in

the range 2700-2800°K, the source temperature rarely fluctuated more than
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+ 20°K. At these high temperatures the source element had to be operated
in an argon atmosphere, to keep element degradation to a minimum. The
original design used a pool of mercury as the bottom source-element
terminal, thus eliminating any potential problems caused by thermal
expansion of the vitreous carbon rod. The entire source element mount-
ing assembly was water-cooled. A complete description of this new
source is given by Law [28].

The Glo-Rod source used by Law was modiied in two ways for use in
this study. First, the pool of mercury was eliminated. It was dis-
covered that both ends of the rod could be rigidly mounted, without any
deleterious effects due to thermal expansion. However, a stiff leaf
spring was added to the top mounting head, which allowed it to move the
necessary ‘raction of a millimeter. Also, since the chopper wheel of
the Model 20 Synchronized Radiation source was not going to be used in
this study, the exit slit and mirrors of the Model 20 were removed. The
Glo-Rod element was located at the old s1it location; thus any energy
losses associated with the mirrors and exit slit were eliminated. The
source element was operated at a brightness temperature of 2725“K during
this study, and each element lasted approximately two hours at this tem-
perature. Although each test las.ed only a matter of seconds, it
was necessary to have the Glo-Rod on an average of five minutes per

test; resulting in approximately twenty-five tests per source element.

Spectroscopic Techniques

Quantitative analysis by means of infrared ahsorption spectroscopy

is based on the use of the Beer-Lambert Law,
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where P: is the incident radiant power, P, is the transmitted radiant
power, ¢ is the the concentration of the absorbing component, )\ is the
wavelength of the absorption band associated with the absorbing compo-
nent, £ is the optical pai. length in the absorbing gas, and K is the
spectral absorption coefficient. The ratio —;g— is called the absorp-
tance and the term £n —FX— is called the 2bsorbance. This section

describes the techniques used to meacure Pg, account for flame emission,

and quantitatively calibrate the system for the components studied.

Single Beam Spectrometer Data

The Warner and Swasey Rapid-Scanning Spectrometer (Model 501) is
a single beam instrument, and thus a technique of measuring the incident
radiation, P§ , has to be established. Many of the popular methods
described in the 1iterature [35) were not applicable, and they are
described only briefly. The empty-cell method could be used by record-
ing radiation spectra before and after each run, and then calculating an
average value for Pg. However, the twenty-four sets of rotating corner
mirrors do not all have the same reflectivity {28]. This variation is
slight, ¢+ 2%, for all but one set of corner mirrors, which is off by 10%.
Obviously, this condition has to be considered if the empty-cell method
is used. Although this method accounts for the reflection and absorption
losses of the two sapphire windows, it does not account for any aspectral
attenuation of the source radiation due to reflection and scattering

associated with the flame. Also, since the high-temperature infrared

source used for this study does not have a temperature cuntroller, there
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is the possibility of the source radiation slowly changing with time.

The empty-cell method cannot account for this possible variation in the
radiance of the source.

The abuve considerations dictate that the various Pg values should
be mea:ured within each scan. The very popular tangent base-line method
could be used to measure the CO, Pg.zs. by drawing a tangent to the
window areas on either side of this absorption band. The distance
between the spectrometer baseline and the tangent, measured 4.26 um is
p2.26' This technique would make the data reading process very time
consuting, and considering the large quantity of spectra required to be
read, it is not a realistic alternative. Also, due to the characteristic
spectral shape of the 2.5-um to 5.5-um region, and the very broad HCI
absorption band {3.3-3.7 um) adjacent to the 3.17-um HZO absorption
band, this tangent method would be most difficult to apply successfully
to the 3.17-um Hy0 and the 4.6-um CO absorption bands. A typical absorp-
tion spectrum is shown in Figure A-2, with the various bands marked.

Fortunately, the very discernible inflection point at 3.85 um to
3.95 um, which is characteristic of the spectrometer, is in a non-absorb-
ing band or "window" area. It 1z possible to relate the various Pg

values to the Pg 9 value by

PR=m 7.9, (2)

where the coefficients m, are calculated from empty-cell data. Except
for the flame attenuation, wnich will be discussed later, these coeffi-
cients are a function only of the spectrai characteristics of the spec-
trometer, the spectral characteristics of the sapphire windows, and the

source temperature. The spectral characteristics of the spectrometer
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FIGURE A-2a. THE 2.5 TO 5.5-um SPECTRUM OF
THE HIGH-TEMPERATURE INFRARED
RADIATION SOURCE. Some atmo-
spheric €0, is present.

2.5-um cut-on filter 5.3-um window

4.6-um CO doublet
4.26-um CO2
3.9-um window

FIGURE A-2b. THE 2.5 TO 5.5-um SPECTRUM SHOWING
THE VARIOQUS ABSORPTION BANDS. This
was obtained with a gas cell, and
the absorption strengths are not
representative of the tests. The
€02 concentration was so great that
the 4.26-um band is almost black and
the weak 2,7-um band is noticeable.
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and sapphire windows are fixed and, of course, did not change during this
study. The coefficients, ratios of the source's spectral radiance at
various wavelengths, are a function of the source temperature in a manner
described by the Planck radiation jaw. As would be expected, the observed
source temperature fluctuations of ¢ 20°K when operating at 2725°K did
not produce any measurable changes in these coefficients. Therefore,
the coefficients calculated from empty-cell data are constants. The
usefulness of these coeffic1enfs to calculate the various Pg values from
the P°.9 value measured on absorption spectra depends on the validity of
one assumption. That 1s, the non-absorbing attenuation, reflection
and scattering, of the source radiation due to the flame is aspectral in
nature.

Because the flame attenuation of the scurce radiation at 3.9 um is
non-absorbing in nature, this transmitted radiation will be represented
by the P§ ¢ nomenclature and not P, g The coefficients relating the
transmitted radiation at other "window" areas in the 2.5 ym to 5.5 um
region to P°

3.9
absorption conditions. These preliminary tests indicated that the non-

were measured for both the empty-cell and the flame

absorbing flame attenuation of tne source radiation was indeed aspectral.
The use of these coefficients in conjunction with the Pg 9 vatue measured
for each scan, provided a convenient and quite accurate method of deter-

mining the various Pg values needed for absorption caiculations within

each scan.

Absorption Measurements in Flames

Flame emission is a major concern. Ideally, the experimenter

seeks to distinguish the transmitted source radiation from the flame
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radi :tion. Usually the source radiation is prechopped mechanically [17, 35]
thus producing a high frequency AC detector signal associated with the
source radiation, while the flame radiation produces a DC signal. The

data can be reduced directly, or with the aid of electronic filters the

DC signal can be eliminated, leaving only the absorption information.

This technique works especially well for monochromatic operation, and

can be applied to slow scan operation. However, for the scan time

(0.50 msec.) used in this study, this technique is physically impossible.

Separate emission and emission-absorption measurements can be
made, and the emission data used to correct the emission-absorption
data to absorption unly data. The Warner and Swasey Rapid-Scanning
Spectrometer is equipped with a Model 20 synchronized radiation source.
A chopper wheel in the source unit can be synchronized with the scan
wheel in the spectrometer, sc as to block the source radiation on
alternate scans. This produces flame emission and emission-absorption
spectra ¢n alternate scans of the spectrometer. Although the synchro-
nized source provides continuous, alternating emission and emission-
absorption measurements during a run, it also reduces the time resolu-
tion of the spectrometer by a factor of two. The phenomena studied
required the full time resolution provided by the spectrometer's fastest
scan rate, 800 spectra per second. Therefore, the synchronized radia-
tion source was not used.

An alternative mahod would consist of using average emission
values for a given test condition to correct the emission-absorption
data. The emission data could be obtained from a separate emission-only
run at the same test conditions, or by using a shutter in the source

unit, during a segment of the emission-absorption run. Inaneffort to
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see if this method could be successfully applied, the nature of the flame
radiation from several different propellants was studied for both steady-
state and oscillatory pressure tests, The results of several emission-
only tests, which are representative of the more than twenty-five tests
made, are shown in Figures A-3 through A-6. The quantities measured on

0 )
emission-absorption spectra are (P3 9 + p3.9) and (PA +p. ). P3.g is the

A
transmitted source radiation at the 3.9-um "window" area, and Ps g is the
flame emission at this wavelength. PA is the transmitted source radiation
at the absorption band wavelength, X, and N is the flame emission at
this wavelength. The flame radiation values, p,» are fairly constant
during constant pressure tests, with the values fluctuating about a mean
value. During oscillatory pressure tests the flame emission values
oscillated in phase with the pressure. However, even for large pressure
oscillations (10-20% change in the mean pressure), the fluctuations in
the flame radiation values were usually smaller than those during a
constant pressure test.

The pA values can be represented as the sum of a mean value, 5%,
and a fluctuating component, pi, where the value of pi can be either

positive or negative. Thus, the average value methed results in the

following absorbance term

£n

rtm) -5 2\ 3 N : (3)

'"A[(Pg.sa* P3.9) - P3.g t 3 y (P3.6" 93.9)

Equation (2) can be used to simplify the right hand side of equation (3)

or
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3 [
| on 1™0F3.9 * P3.9) SRR . (4)
7 P, + pA P tp',
]
Since the fluctuating components, p3 g and pi, are small compared to
' 0
1 P)\ and PA
PO + m,p! po
e [2—232) 1ol , (5)
Pyt Py Py

which is the absorbance term defined by the Beer-Lambert law.

i Preliminary calibration work to exploit this method revealed a
serious disadvantage. The subtraction operation in the denominator can
result in a relatively small number compared to that obtained in the

; ’ numerator. Thus, the subsequent division yields a number which is large
compared to the denominator. While the relative error introduced in the

data reading process remains constant, the above operations magnify the

absolute error greatly. Forturately, the emission-only tests revealed
several other characteristics of the flame radiation which lead to a
different method of interpreting the emission-absorption data. As was
discussed earlier, the Py values are fairly constant during both steady-
state and oscillatory pressure tests, even though the p, values do oscil-
late in phase with the pressure during the oscillatory pressure tests.

In a like manner, the Y values for constant pressure tests also vary
with the total pressure, but not in a way which is easily discernible.
Refer to Table A-2, Some of the data indicate that the p, values
increase directly with the pressura, as might be expected. However, the
important point is that the absolute value of these variations is compar-
atively small with respect to the Py values. Also, even though the p, values

fluctuate during a test, the ratios -%Ig. remain constant, indicating
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that the fluctuations are aspectral in nature. Moreover, the value of
these ratios are nearly constant from run to run, regardless of the
change in the P3.9 and Py values. The value of these ratios typically
vary only 5-10% from run to run, with the maximum variation observed
being approximately 20%. The fluctuations in the ratios plotted in
Figures A-3 through A-6, almost without exception, fall within the
precision of the data reading process. The two most 1ikely causes of
these aspectral emission fluctuations are aspectral attenuation caused
by particulate scattering in the flame and fluctuations in the optical
density of the flame. The non-catalyzed, non-metallized high-AP-
content propellants used should be fairly clean and free of large
amcunts of particulate matter. High speed motion pictures (1000-1500
pictures per second) of these flames showed a flickering on the edges
of the flame, which could account for changes in the optical density
of the flame. The flame flickering visually appeared to increase in
both frequency and amplitude with increasing distance from the propel-
lant surface, however, this was not noticed in the flame emission
fluctuations. Although the reason for this discrepancy is unknown,
this flickering is believed to be the main cause of the flame emissicn
intencity fluctuations.

Since P39 = MPy»

0
P AL N D U TR U o | AT 6
Pyt P At P 3 '

For the normal non-radiating spectgoscopic sample, P, = 0, the above
P

term is just the absorbance, &n ﬁl . Therefore, if the m NPy and
A

p, terms are comparatively small, the above uncorrected emission-
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absorption data is approximately equal to the absorbance. In this
work, the mn,py values are all only 10-15% of their respective Pg
values, and the HZO P3.17 is only 15% of the H20 P:”7 values. How-
ever, the CO2 Pa.26 and COpp4.6 values are typically 25% and 50% of
the CO2 94.26 and CO P4.6 respectively.

For the special case where the Py values are constant for all

conditions, 5 .
PA + m,n, P, i PA + AA

{n |
Py * Py A tE ’ (7)

where AA and BA are constants. Therefore, the above modified absor-
bance term must also be related to the concentration of the absorbing
component by the Beer-Lambert law. This special case was closely
approximated over the pressure range covered in the work, 25 psia to
100 psia, suggesting that this uncorrected modified absorbance term
could be calibrated ard used in the same way as the standard absorbance
term. Also, since P, appears in both the numerator and denominator,
small fluctuations in Py result in very small changes in the value of

the modified absorbance term.

Qualitative Calibration

Since the early work of Angstrom [36] in 1B90, it has been known
that the absorption of radiation by gases at room temperature deviates
from the Beer-Lambert law. However, recent experimental work by Tourin
[37, 3B, 39], with two of the gases of interest in this study, H,0 and
COZ.‘indicates that the Beer-Lambert law is applicable to the spectral
absorption of hot gases. Therefore, calibration tests were made to see

if the above modified absorbance term also cbeyed the Beer-Lambert law.
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It is well known that the absorption coefficient, KA, depends
on temperature. Thus, the calibration work had to be done at the flame
temperatures of the propellants studied. Originally, this calibration
work was going to be done with hydrocarbon-oxygen gas flames, using
equilibirm gas compositions calculated from thermochemical data. A
special sintered-stainless steel frit gas burner was made from a spare
propeliant holder. But it was decided that many potential problems
cculd be eliminated if the propellant flames to be studied were also
used for the calibration work. The major problem eliminated was the
inherent uncertainty of how much difference there was in the optical
path length in the two types of flames. Since the slope of the Beer-
Lambert plots is kkt. going from one system to the other would require
adjustment of the slopes of the calibration curves. High-speed motion
pictures indicated that measuring the path length, £, would be difficult
at best. By using the propellants for everything, the optical path
length, £, was a constant and did not explicitly enter into the calcula-
tions.

The calculated adiabatic flame temperature and species concentra-
tions for a BZ wt.% AP propellant are plotted as a function of the
combustion chamber pressure in Figure E-3. Since both the flame
temperature and the species mole fractions of a given propellent
are essentially independent of pressure over the pressure range of
interest, a constant temperature calibration can be made by making
several tests at different total pressures. Recent studies [40, 41]
have shown that calibrations of this type, where the ratio of the
absorbing component partial pressure to the total pressure are kept con-

stant, produce a family of linear Beer-Lambert curves. All the curves
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go through the origin, but the slopes are a function of the pressure

ratio. If this same calibration is done at constant total pressure,
instead of constant pressure ratio, a family of curved Beer-lLambert
type curves is produced just by changing the total pressure. Effects
of this type have been observed at low pressures, atmospheric and
below, and can be explained in terms of pressure broadening of the
unresolved spectral 1ines encompassed within the spectral slit width of
the spectrometer. Tourin, et al., [42, 43] has shown that this pressure
effect is important only at low pressure, atmospheric and below, and
that the spectral Tines are completely pressure broadened at pressures
above two atmospheres. Therefore, the pressure broadening effects on
the absorptiun coefficient should not be observed in this work.

Since the 82-weight-percent AP propellent was used for the
majority of the tests, for reasons that are discussed in Chapter IV, this
propellant was also used for the calibration tests. The species concen-
trations used in this calibration work are equilibrium concentrations
calculated by the computer program discussed in Appendix E. The cali-
bration curves for the species of interest (HZO’ CO2 and C0) are plotted
in Figures A-7, A-8 and A-9. All of the calibration curves are linear,
but they do not pass through the origin as required by the Beer-Lambert
law. This is not surprising, considering the definition of the modified
absorbance term used in these calibrations. In fact, the relatively small
values for all the intercepts is probably an indication of how small of
an effect the flame radiation terms, Pys really had on the values
of the modified absorbance terms. Almust all of the HZO calibration
points fell on the one calibration curve. The two extreme data points

in Figure A-7 are typical of occasional tests where the apparent HZO
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concentration was excessive. This excessive HZO concentration was also
detected during mzny of the oscillatory pressure tests. The cause

of this apparently large HZO concentration is not understood. A family
of three constant-slope calibration curves existed for both the CO2

and C0. These sets of curves are a result of a change in CO and CO2
concentration with increasiug distance from the propellent surface.
Data showing this effect are plotted in Figure 7 (Chapter IV). WNotice
that the H20 concentration is essentially constant throughout the flame
region studied, explaining why only one HZO calibration curve was
observed.

In the case of the (0, and the CO calibration, curves B and C
represent data taken approximately 3-5 mm and 12-14 mm from the pro-
pellant surface, respectively. Each curve is made up of data taken
on three separate days, over the course of several months, and
with propellant strands from two different propellant batches. Curve
A also represents data taken close to the propellent surface, and it
should coincide more closely with Curve B. The reason for this
discrepancy is unknown. However, the fact that all the data for
Curve A were taken in one day, a couple of months before the data
associated with the other two curves, suggests that some anomaly is
present in these earliest data. One possibi]jty is that the propellant
strands used for these earliest tests were cut from a portion of the
propellant slab that had a slightly different composition than the rest
of the batch. In any event, the data reported were taken during the
time period covered by Curves B and C, and Curve A was not used to
reduce any of the data reported. The important feature of Curve A is

that its slope is identical to the slopes of Curves B and C.
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These double CO2 and CO calibration curves are displaced segments

of the true calibration curves. This displacement is due to the use
of the same equilibrium composition data for both positions in the
propoilant flame, when in fact a change in the CO2 and the CO composi-
tion has heen observed experimentally.  For obvious rcasons, the gos-
phase composition farthest from the propellant surface is likely to
be closest to the calculated equilibrium composition. Therefore, it
was assumed that curve C was the true calibration curve for both
the CO2 and the CO. Use of this calibration curve with data obtained
close to the propellant surface indicates the true fuel-rich nature of
this zone adjacent to the burning surface. It should be noted that
the difference between curves B and C only produces a difference of
1-3 moie percent and 5-10 mole perc2nt in the absolute CO2 and CO
concentrations respectively. The primary concern in this work was
changes in concentrations, which are related to the slopes of the
calibration curves.

The slope and location of the HZO and CO2 calibration curves
are very well defined. However, the scatter in the CO data makes it
more difficult to determine the exact CO calibration curve. Although
the exact location is in doubt, the slope of the CO calibration
curve is fairly well defined. Therefore, the measured changes in the
gas phase composition are considered to be guite accurate, even though
the absolute values might be in error slightly.

Also, the slope of the CO calibration curves is negative, which
is a viartling observation at first glance. The reason for this nega-

tive slope is apparent when the modified absorbance term

-~ s [PER—— R e —
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0

PA + mknxpk
in T p
A A

is studied. The m,n, terms for the H20. 002. and CO absorption bands
are approximately 1.0, 0.40, and 0.45 respectively. For the weak C0
abscrbing band at 4.6 um, only 0.40 (p4.6) is zdded to Pg_ﬁ in the
numerator, while the entire Ps.6 is added to the P4.6 in the denominator.
Since the 4.6 uvm CO band is a weak absorber, the denominator in the
modified absorbance term increases faster than the numerator, result-
ing in a negative slope. Even though the 002 Ma 264 26 also has
approximately the same value, 0.40, the fact that the 4.26 um 602 band
is a strong absorber prevents the above from occurring. It should be
noted that this negative slope, which was calculated from the average
E values of many runs, is consistent with several observations. The

observed change in the 002 and CO concentrations, whi'e the HZO conhcen-

tration remains constant, with increasing distance from the propellant

surface, is consistent with this negative slope calibration curve.

Also, the observed 002 and CO concentration fluctvations with time are
consistent with the calibration findings.

Because the absorption coefficient, KA. is a function of tempera-
ture, these 82-weight percent calibration curves may not be used with
the data from the 80 and 85-weight percent propellant tests. Separate
calibration curves for the 80 and 85-weight-percent propellants were
not made. However, a few 80 and 85-weight-percent propellant data

points are plotted in Figures A-10, A-11 and A-12, along with the
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82-weight-percent propellant calibration curves. 1t is hard to discern

any trend from this 1imited amount of data. Even though the difference
between the calculated adiabatic flame temperatures for the 80 and 82

and the 82 and 85-weight percent propellants is only approximately
175-200°K, no attempt was made to use the 82-weight-percent propellant
calibration curves for these other data. Instead, only pressure corrected

absorbances are reported for the limited 80 and 85 propellant data.

-



APPENDIX B
FLAME TEMPERATURE MEASUREMENTS

The flame temperatures were determined by the simultaneous measure-
ments of the flame's spectral radiance and spectral absorptance at one
wavelength. This temperature measurement technique was first reported
by Schmidt in 1909 [44]1, and was first used with modern equipment and
interpretation by Silverman in 1949 [45]). This radiometric method of
gas pryometry is often referred to as the Schmidt or the Planck-Kirch-
hoff method. Although the sodium D-line wavelengths were used in this

work, the Schmidt method has no wavelength restrictions.

Equipment for Flame-temperature Measurements

A schematic of the electro-optical hot-gas pyrometer used to measure
the flame's radiance and absorptance is shown in Figure B-1. The radiant
energy from the light source was focused on the slit of the chopper wheel
assembly by a combination of a plane and a spherical mirror. A Casse-
grainian optical system collected the radiant energy from the slit and
focused it on the center plane of the combustion chamber. A matched
Cassegrainian optical system in the receiver unit collected the combined
source and flame radiation and focused it on the detector.

A GE 18A/T10/1P tungsten strip lamp, powered by a Technipower (Madel
L10-25) power supply, was used as the light source. The strip lamp was

operated at an effective black-body temperature of 2553°K. The 22-cm
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diameter chopper wheel contained 64 slots around its periphery, and it was
driven by a 12-VDC motor. The motor was powered by a Lambda {Model LH
122a FM) regulated power supply, which was used to set the speed of the
motor. The motor speed was set to produce 4500 interruptions of the
source beam per second, yielding a maximum of 4500 temperature measure-
ments per second.

Prior to entering the RCA 7102 photo-multiplier detector, the light
beam passed through a small entrance slit and an interference filter.
The entrance slit was 3.1B mm long and 0.50 mm wide, and its projected
image in the focal plane of the receiver unit was appro.imately 4.0 mm
long and 0.62 mm wide. This small slit guaranteed that only radiation
from the very central core of the propellant flame was measured. The
interference filter (Baird Atomic, Inc., Type B-11 {x)) provided the very
narrow spectral band necessary in the Schmidt method, transmitting
radiant energy only from 0.58B3-um to 0.5914-um. The transmittance
curve for this particular filter is shown in Figure B-2. The RCA 7102
photomultiplier was operated at a voltage of 1150 VDC, supplied by a
Hewlett-Packard OC power supply (Model # 6110A). With these operating
conditions the photomultiplier output was approximately B volts; thus
the signal did not require amplification before going to the oscilloscope

for recording.

Theoretical Oevelopment of the Temperature Equation

The temperature equation used in this work is based on Wien's energy-
distribution law instead of Planck's law, and the development of the

equation presented follows Millar et al.[29]. Figure B-3 is a schematic
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diagram of the hot-gas pyrometer‘s output during both no-fiame and fiame

conditions.
If the chopper wheel is not blocking the background-source 1ight
beam, and there is no flame present, the detector output, Dg, may be

expressed as

Ds = € Nys{ApsTpg) s (1)

where Tps is the true temperature of the projected-image of the background
source, and NpS (AD, T¢) is the spectral radiance of the projected image
of the background-source over the very narrow spectral range, AAD, trans-
mitted by the Na D-line filter. The proportionality constant, C, is
characteristic of the transmission coefficient of the optical equipwent
between the flame location anc the detector, the detector sensitivity,
and the calibration factor for the electronic equipment.

For the flame condition, with the chopper biocking the background-

source 1ight beam, the detector output, Df, is given by

where Nb(AD, Tf) is the spectral radiance of a blackbody at the true
temperature of the fiame (T¢) over the narrow spectral range Ahp, and egy
is the effective flame emissivity over this same spectral range.

For the flame condition, with the chopper wheel not biocking the
background-source, both flame radiation and the transmitted background-
source radiation reach the detector. Thus, the detector output is givea
by

b
CegyN (AD’Tf) + C[NPS(AD,TPS) - agy Npg(Ap, Tps)]

O (g, Tps) = 0, Nos(ip Tpg) + £, W0y T)D 4 (3)

PRFRPER T

bt ns 1 Pt
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where DT is the detector output signal due to the transmitted radiation,

and agy is the effective absorptivity of the flame over the spectral
range AAD.
Equatfons (1}, (2) and (3) can be combined to yield
Df+DT=DS-afADS+Df . (4)

Rearranging equation (4) gives

Ds"DT
GfA = Ds . (5)

Thus, the average absorptance (absorptivity) of the flame over the spec-

tral range AA, can be determined from a record of the detector's output.

D
If Kirchhoff's law holds, the absorptance (absorptivity) of the flame

at any wavelength equals the emissivity of the flame at the same wave-

length. (The validity of this assumption is discussed later.) There-

fore, the average absorptivity over 8rg aquals the average emissivity

over that same spectral range, or
Agy = Ef) (6)

Equations (1), (2), (3), and (6 combine to yield

Og - Dy _ Nps(Ap,Tps) )
D
f b
W0y Te)

Wien's energy-distribution law is used to determine the flame

temperature from the flame radiance. Wien's law for the flame is
A2

Nb(:\D,Tf) 7 E-]- exp - EZ_ dx (8)

A
where Ay - N o= AAD. the spectral r7n3z passed by the sodium D-line

filter. €y and C, are known constants. For the projected image of the

2
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background-light source Wien's law is

A2

c Ca

N__ (i, = N(x,, TP ) - "P -

ps( D Tps) N> (4, Tps) ] _;_ exp( A_TE_) (9)
1 A ps

where T;s is the brightness temperature measured at AD (the temperature

of a blackbody which has the same spectral radiance as the projected
image of the background-1ight source over the spectral range Adp ) of the
orojected image of the background-light source.

Since Axp is relatively small, the mean value theorem can be used in
evaluating both Nb(A.Tf) and Nb(A,Tgs). That is, Nb(A,Tf) and Nb(A,Tgs) may
be expressed as the product of AX and the mean value of the integrand in

the spectral range AAD, or

(A, T2.)
: D’ 'ps - (10)
NB(Ap,Tf)
Equati:a equations (7) and (10) yields
D. - D c C
T 2 2
| e = - —= (1)
A
O D'f ADTBS
Rearrangement of equation {(11) results in the temperature equation
1.1 ., 1% -0
— = == £n ’ (12)
e B, G | Of

where the constants AD and Cz are 0.5896-um and 1.439-cm°K respectively,

and Tgs is the brightness temperature of the projected image of the back-

ground-source measured at A Remember that Ds’ Dy, and D are all

D’
measured off the recorded detector output.
The brightness temperature of the projected image of the background-

source was measured with a Leeds and Northrup optical pyrometer (Model
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8632-C). The temperature measurements were made with the combustion

chamber removed, but with one of the quartz combustion chamber windows
in the optical path. Two different methods of viewing this projected
image were tried. First, the optical pyrometer was mounted in place of
the photomultiplier detector assembly and focused on the projected
image. This technique gave a brightness temperature of 2358°K when the
tungsten strip lamp was operated at a brightness temperature of 2553°K.
The second method used a 45° first-surface mirror at the plane of the
projected image of the background-source, and the pyrometer was focused
on the projected image on the first-surface mirror. This technique gave
a brightness temperature of 2273°K when the tungsten-strip lamp was
operated at a brightness temperature of 2553°K. The relatively small
difference (85°K) obtained by these two methods might suggest the use of
a mean temperature value. However, preliminary temperature calculations
showed that the 2273°K value resulted in measured flame temperatures

that were more consistent with respect to the calculated adiabatic 1ame
temperatures for these propellants. Therefore, 2273°K was used exclu-
sively for all the temperature calculations reported.

Because the optical pyrometer measures brightness temperatures at a
wavelength of 0.653 pm (Ap), it was necessary to correct the pyrometer
readings, TP, to the corresponding sodium D-1ine (AD = 0.5896 um) bright-
ness temperatures, Tb. The equation used to correct the measured tung-
sten filament temperature, TE, can be developed by again using Wien's
energy-distribution law. If TS is the true filament temperature, and ¢

2
is the tungsten filament emissivity at Ap, then, from Wien's law

p = -5 - p = -5 -
NS()\p,TS) CyAp exp(-Co/A Te) elihy exp(-Co/AgTe) (13)

and
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-5
NS(AD,TE) = Cy Aj exp(-Co/AgTe by = ¢ o€ A Sexp(- -C/pTg) s (14)

where €y is the tungsten filament emissivity at Ap. Equations (13) and
{14) can both be solved for Ts and then equated, yielding

A
1 _ 1
TT -_-—-+EE mep-c—z- hey . (15)
s

Using ep and €, values of 0.420 and 0.430 respectively [46], in equation
(18) yields a Tg value of 2585°K corresponding to the measured Tg value
of 2553°K.

The following assumption has to be made in order to correct the
measured temperature, Tgs’ of the projected-image of the background
source: the same fraction of tiie source radiance at ip and Ap reach

the projected-image, or

b . b
Nps (ipsTBs) _ Nps (Ap,Th)

(16)
M 072 8 (p, )
Use of Wien's law allows equation {16) to be rewritten as
=3 ApTE -5 AT
Ciap exp (-C2/ApTps) Cyrp exp (-C2/2pTps) (a7
- - -5
Equation (17) can be simplified and rearranged to ;ield
1 -0 ]
B % * 5 : (18)
Tos P |Ths TE Ts

The above Ts value of 2585°K, and the measured Tg and Tgs values

-

of 2553°K and 2273°K respectively were used to calculate a 'BS value of
2324°K. This calculated T:s value and the Ay and Cz values can be used

to rewrite equation {12) in the final form used to calculate flame
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temperature,

0
___:Ir__ = + 0. 5:8395;]% [loumCH'I] SD; DT ) (]9)

Throughout the derivation of equation (19), Wien's law was used

instead of the more exact Planck radiation law. However, for the sodium
D-1ine wavelengths, the discrepancy between Wien's law and Planck's law
is less than one percent for temperatures less than 4000°K [47]. Since
almost all the flame temperatures in this study were below 3000°K, the
use of the simpler Wien's law should not introduce significant error in
the values of the calculated flame temperatures.

The accuracy of the above temperature equation depends on the
validity of several assumptions made during its derivation. The Schmidt
method measures one of the statistical temperatures associated with the
internal energy distributions of the radiating specie. All of the
statistical temperatures are the same and equal to the kinetic temperature
only when there is complete thermal equilibrium. Use of the sodium D-
line wavelengths results in the measurement of the electronic excitation
temperature of the radiating species. Although there are major departures
from equilibrium in the reaction zones of flames, the relatively small
departures from equilibrium in the post-reaction-zone region do not
usually produce a major difference between the electronic excitation
temperature and the kinetic temperature [8). Therefore, experimentally
measured post-reaction-zone flame temperatures {using the sodium D-line
wavelengths) have generally agreed well with theoretically predicted
flame temperatures, as well as with flame temperatures measured by
other techniques.

The Schmidt method assumes equality between the flame's spectral
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absorptance (absorptivity) and spectral emissivity, that is, application
of Kirchhoff's law to the flame. Because the emission and absorption
of a gas vary strongly with wavelength, Kirchhoff's law is applicable
to gases only in a sufficiently navrow spectral band {30]. The sodium
D-line interference filter used in . is study has a one-half peak-height
spectral band width of 0.0015-um, and the application of Kirchhoff's law
is assumed to be valid over this very narrow spectral band.

Also, for Kirchhoff's law to hold there must be no nonabsorbing
attenuation of the light due to reflection and scattering in the flame.
That is, the flame must be clean and free of particulate matter. This
same consideration was also importart in the infrared absorption measure-
ments, thus, only uncatalyzed, non-metallized propellants with relatively
high AP contents were used in this study. Since these propellant formu-
lations do not generate large quantities of particulate matter, the
effects of flame reflection and scattering should be negligible. However,
the super-adiabatic flame temperatures measured for the lowest AP content
(80 wt. %) propellant used are believed to be caused by such particulate

effects. This condition is discussed in a following section.

Flame-temperature Measurement Technique

A high-speed camera was used to record the hot-gas pyrometer’'s

signal on an oscilloscope, as is described in Appendix C. The pyrometer
signal during combustion is shown in Figures C-1 and C-2. The modified
square wave form is the result of the mechanical chopping assembly and

the frequency response of the electronic equipment. A1l measurements

were made to the flat minimum and maximum regions of the curve. Originally,

the quantity DS was recorded before and after each run. Howeve:, since
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no discrepancies were ever observed between the before and after values,
subsequently, Ds values were only recorded before each run. The D
value after each run was checked visually to make sure that it had not
changed. The various pyrometer deflections measured from the 16-mm film
were used as input data for a computer program, which calculated the

D¢, Dy, and Df values and then calculated the flame temperatures from
equation (19). A complete description of the data reduction technique
is given in Appendix C.

The sodium emission was obtained by adding a small amount of finely
ground sodium chloride to the propellant formulations. Temperature
measurements with optimum accuracy are obtained for absorptances above
20% [30]. It was found that 0.10 to 0.50 waight percent of sodium
chloride was adequate to produce acceptable absorptances over the pressure
range studied (25-100 psia). In fact, at the highest pressures studied,

the 0.50 NaCl weight percent produced nearly blackbody conditions (alf =
0.95).

F1ame-Temperature Results

The time-varying nature of the flame temperatures is described in
Chapters IV and V and will not be discussed in this section. However,
there are several characteristics of the measured time-averaged flame
temperature values which require discussion.

Figure B-4 compares the measured flame temperatures of the three
different AP-content propellants used with their respective adiabatic
flame temperatures. The experimentally measured values plotted are
mean values from steady-state pressure tests., OQOver the pressure range
used, 50 to 100 psia, the adiabatic flame temperatures only increase

slightly (20-40°K) with pressure. Therefore, the adiabatic flame
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temperature at 75 psia is plotted for reference. With regard to the
experimentally measured flame temperatures, increasing the pressure
increases the sodium O-1ine absorptance (absorptivity), thus, the
temperatures are plotted as a function of the measured sodium D-line
absorptance.

The 82 wt. % AP proorllant was used during the majority of this
study and it will be discussed first. The measured flame temperatures
for this propellant were 2-7% (50-175°K) lower than the adiabatic flame
temperature, This deviation is normal and reasonable for this type of
ron-adiabatic combustion. Also, as is discussed in Chapter IV, the
flame temperature appeared to decrease slightly (30-50°K) with axial
distance from the propellant surface (between 3 mm and 14 mm). However,
the major characteristic of the measured flame temperatures is the
absorptance effect. When there is a temperature gradient alone the opti-
cal path in the gas, the temperature measured by the Schmidt method is
an average value over the path. This is not an arithmetic mean. Regions
of higher temperatures are weighted more because of the curvature of the
Planck law curve, while regions closest to the detector are weighted
more due to self-absorption. The result is that the average value is
weighted towards higher temperatures for lower absorption levels and
towards lower terperatures at higher absorption levels [3C]. This effect
is apparently observed in the 82 wt. % AP propellant data, with the
temperature decreasing approximately 150°K between an absorptance value
of 0.40 and 0.90. Almost without exception, all of the time-dependent
temperature profiles reported were measured with an absorptance between
0.40 and 0.80, thus, the run to run difference in the mean temperatures

due to this absorptance effect would not be greater than 100°K. Since
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the absorptance did not vary greatly during a test, this absorptance
effect was not noticed within individual tests.

The measured flame temperatures for the 80 wt. % propellant were
all 2-4% (50-100°K) higher than the adiabatic flame temperature. A
slight error in the AP-content of the propellant, introduced during pre-
paration, could cause this deviation. However, since the data in Figure
B-4 came from tests using two separate propellant batches, this cause of
the deviation is unlikely. As is discussed in Appendix A, these flames
had a much higher level of continuum flame emission, presumably
the result of a large concentration of radiating carbon particles. Car-
bon particles in a flame reduce the background-source radiation due to
scattering and reflection, while only the flame emission from the back
side of the flame is weakened. Therefore, the sodium emission is reduced
less than the background radiation, resulting in a measured temperature
which is artificially high [8]. This is believed to be the cause of the
high temperature values for the relatively dirty 80 wt. ¥ AP propellant
flames.

The measured flame temperatures for the 85 wt. % AP propellant
were 6-10% (170-270°K) lower than the ad{abatic flame temperature. Again,
these values would be expected to be lower than the adiabatic flame tem-
perature, but not by this great of an amcunt. The reason for this
deviation is not readily apparent.

For both the steady-state and oscillating pressure tests, the mean
flame temperatures for the 80, 82, and 85 wt. % AP propellants increased
with an increase in the AP content. However, the magnitude of the changes
were not those predicted by the adiabatic flame temperature data. Although
the mean temperature values are most likely off by 2-5%, it is believed

that the magnitude of the observed time-dependent fluctuations are accurate.
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APPENDIX C

DATA ACQUISITION AND REDUCTION

Data Acquisition Equipment

The output signals from the spectrometer, the electro-optical hot~
gas pyrometer, and the pressure transducer had to be recorded simul-
taneously. This combination of equipment generated data at a tremendous
rate, requiring special recording and measuring equipment. Precision
tape decks can be used when the spectrometer is operated at its slower
scan speeds. However, at its fastest scan speed, 800 scans per second,
the frequency response requirement prevents the use of tape decks.

Five pieces of information had to be measured from each spectral scan.
Thus, at a scan rate of 800 spectra per second, the spectrometer
generated 4000 pieces of useful information per second. The electro-
optical hot-gas pyrometer gerierated 4500 temperature measurements per
second, or 9000 pieces of information per second. The problem of simul-
tanesusly recording these data was solved by using a high-speed Fastax
camera (Wollensak Model WF-225) to record an oscilloscope display for
later analysis.

The three output signals were displayed on a multichanneled oscillo-
scope (Tektronix Type 565). The Tektronix Type 565, a dual-beam
oscilloscope, was equipped With a type 3A3 dual channel differen-
tial amplifier and a type 2A63 single-channel differential amplifier.

8oth the scope and the amplifiers were operated in the DC-coupled mode
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and had a bandpass of DC to at least 300 HZ. The Wollensak Model WF-225

camera is a 16-mm oscillo-streak camera. It is equipped with both magne-
tic and dynamic braking, which allows repeated starting and stopping on
the same roll of film. A Fastax control unit (Wollensak Model J-515)

was used to coordinate camera operations with the tests.

The oscilloscope was placed on its side, and operated without time
base. This produced an oscilloscope display of horizontally deflected
dots, with the vertical streaking motion of the film adding the time
base. A small reference light was attached to the facc of the oscillo-
scopt to provide a reference line used in the analysis of the films. A
small portion of film is shown in Figure C-1. The camera was operated at
a film speed of approximately 20 fps, which allowed recording data from
four runs on each 100 foot roll of film. Eastman Kodak 4-X Negative
Film (4XN430) was used to record most of the data. Some of the initial
data were recorded on Eastman Kodak Tri-X Reversal {TRX-430} film. How-
ever, in both cases the film was developed to give a negative. Thus, the
oscilloscope traces appeared as dark lines on a clear background
and were very easy to analyze. Even though only small segments of each
run were analyzed, this data recording technique provided a permanent
record of each run, without affecting the resolving power of the spectro-
meter.

The films were analyzed on a modified Recordak microfilm reader,
which is shown in Figure C-2. The overall magnification of the Fastax
camera and Recordax reader was such that a 1-cm deflection on the
oscilloscope corresponded to approximately 2 cm on the film reader. An
electro-mechanical device used to measure the oscilloscope deflections

recorded on the film was added to the reader. The slider from a precision
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linear potentiometer (Gamewell 14075100) was fastened to a moveable hair-
Tine assembly mounted on the display screen of the reader. The potentio-
meter had a 40kQ resistance and a 1% linearity. The fourteen-inch
linear travel of the potentiometer permitted the hair-line assembly,
which was mounted on precision ball bushings, to traverse the entire
vertical distance of the display screen. The output from the potentio-
meter, which was powered by a 12-volt battery, was a direct measure of
vertical distances on the display screen. An aialeg-to-digital (A/D)
converter (Teledyne Philbrick Model 4111} was used to convert this voltage
signal into its corresponding binary coded decimal (BCD) signal necessary
to drive the digital printer [Anadex Madel DP-650A).
The following procedure was used when reading the 16-mm films
(refer to Figure C-1 and Figure C-2):
1) The reference line immediately below the spectrum being read
was lined-up with the measuring hair-1ine while the hair-line
assembly was resting on the fixed stops.
2) The following signals were then recorded:
a) spectoreter baseline just prior to the spectrum
b) H,0 absorption, 3.90-;m window, CO, absorption, CO absorp-
tion, 5.3-um window.
c) the two adjacent D¢ signals directly above the spectrum, and
the corresponding N¢ + Dt signal
d; the pressure directly above the spectrum
3) The film wes advanced to the next spectrum, and steps 1 and 2 were
repeated.
Step 1 in the above procedure was also used when the ten "before-run"

Hot-gas-pyrometer baseline and DS signals were recorded. The
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reproducibility of measurements made with this equipment corresponded to

+0.2-mm deflection on the oscilloscope screen.

Data Reduction

The various oscilloscope deflections measured from the 16-mm film,
in the form of the digital printout, were used as the input data for a
computer program, and all data reduction was done on a Univac 1108 digi-
tal computer. The output from the computer program consisted of the
reduced unfiltered data in tabular form, and a plot of the various filtered
variables as a function of laboratory time. The plots were generated by
the University of Utah Computer Center's Gerber plotter (Model #622 Graphic

Display System).
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APPENDIX D
DIGITAL FILTERING ALGORITHM

This section describes the digital filtering algorithm used to
eliminate the high frequency "noise"” from the final data. The nature
of the "noise" being removed is thoroughly discussed in Chapter 1V, thus,
only its characteristics relating to the filtering algorithm will be
mentioned here. The twu most common algorithms used for digital
smoothing are the arithmetic average and the numerical equivalent nf
the first order lag, or simply called digital 1ag. The digital lag
algorithm was used exclusively in this work and will be the only
algorithm discussed.

The numerical equivalent of a simple RC low pass filter was first
described by Jursik [48] and then later by Goff [49] and Smith [50]. The
The differential equation describing the first-order lag for continuous

signals is

ng}%'t‘)'+y(t) = x(t) , (1)

where y(t) is the input signal to the filter, x(t) is the filter cutput
and t¢ is the time constant of the filter.

This eguation can be expressed by finite differences and rearranged
to yield

Yp = axp + (]'G)Yn-] ’ (2)

where y, is the present output value, ¥pa1 is the previous output value,
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Ao is the present input value, and o is a weighting function. The time
function response of the system relates the weighting function a, to
the filter time constant 7 and the sampling time interval Tgs. When
T¢ 15 considerably larger than ks , a *Tss/t¢. Thus, the filter’s
bandwidth can be easily varied by changing the value of the weighting
function a. If a fixed input is applied, the output of equation (2)
approaches the input monotonically at a rate proportional to both the
frequency of computation and the value of o.

The basic limitation to digital lag filtering is dictated by
Shannon's sampling theorem [50], which states that if the continuous
signal is to be completely recovered from its sampled counterpart,
the sampling frequency must be at least twice the highest frequency
comgonent in the signal. That is not to say the sampling frequency
has to be at least twice the highest frequency of interest.

The effective sampling frequency of the equipment was 800 Hz, while
the observed "“noise" was only 200-300 Hz. Thus, the requirement of
Shannon's sampling theorem was met, and digital lag filtering was

applicable to the data.
Before the digital filtering algorithm was applied to the data, its

performance was tested on some artifically created signals. This
preliminary work was done on a Wang 2200 mini-computer equipped with a
plotter. Figures D-1 and D-2 show the results of single and double stage
filtering respectively. The original signal in both of these plots,

y = sin(x) + sin{11x-1) + sin{17x-8), has a "noise" which is typical of
that found in the experimental data. The bottom sin{x) curve in each
figure is the signal trying to be recovered from the original input

signal, and is given for reference only. As would be expected, the two

st il
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stage filter is superior to the one stage filter, and as o is increased,

the initial value effects persist for a longer time. The observed gain
and phase angle of the digital filter compare well with those
predicted by the Bode diagram for the particular systems.

Figures D-3 through D-8 show the results of the two-stage digital
filtering of the experimental data. Note that the two a's used, #/10
and 7/20, are the same as those used in the preceeding preliminary testing.
Since all five variables were filtered, the phase lag problem has been
implicitly treated. This treatment is only exact when all the variables
have the same frequency. However, any errors introduced by slight
frequency differences would be small and were not treated. The gain
ratios predicted by the Bode diagram were used to approximately adjust
the magnitudes of the filtered data. Although the initial value effects
persist longer for the larger value of a, the initial portion of the
data in all cases must be considered erronecus. Since the n/10 value
of a gave a reasonable degree of filtering, with a minimum amount of
initial value effects, this value was used exclusively.

Figures D-9 and D-10 show the unfiltered and filtered data from
a single-pressure-pulse test. Again, the digital-lag filter was
applied to all the variables. Although the filtering changed the shape
of the initial segment of the pressure-pulse, the advantages derived
from the approximate treatment of the phase lag which this provided
was considered to out-weigh the slight disadvantage of a distortion in

the pressure trace.
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APPENDIX E
EQUILIBRIUM COMBUSTION COMPUTER PROGRAM

An equilibrium combustion computer program was used during various
aspects of this study. The computer program used was written by Curtis
Selp, Robert Hall, Gerald Cahill and Robert Patton; and it was obtained
from the United States Air Force Rocket Propulsion Laboratory, Edwards
Air Force Base. The program is very general and it is capable of calcu-
lating many of the standard rocket motor parameters (i.e., optimum
specific impulse, ionized exhaust products, and equilibrium combustion
products in the combustion chamber, throat, and nozzle of a rocket motor).
However, in this study the program was only used to calculate the adia-
batic flame temperature and the equilibrium combustion products in the
chamber. The program will work with a system containing up to thirty-two
elements. The following input data were required for each run:

1) A list of propellant ingredients and their respective thermo.

chemical data.

a) heat of formation, (kcal/formula wt.)

b) density, g/cc

¢) name and amount of elements making up each ingredient
2) chamber and exhaust pressure.

3) the propellant formulation, in weight percent of the listed

ingredients.

———
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A copy of a typical computer output is given in Table E-1. The first

colum of gas properties is for the combustion chamber, while the second
is for the exhaust conditions. Included in the list of gas properties is
the adiabatic flame temperature, and the equilibrium specie composition
given in moles/100 grams. In addition to this output, the computer
program 1ists the species considerea, based on the input ingredients.

The nropellants studied in this wirk were exclusively ammonium
perchlorate (AP) and hydroxyl-terminated-polybutadiene (HTPB} based
composite solid propellants (see Appendix G). The thermochemical data
used for the HTPB was obtained from Thiokol Chemical Corporation in
Brigham City, Utah. The HTPB has a heat of formaticn of 4 kcal/100 gm, a

density of 0.899 ¢, and an elemental iti
sity o 899 g/c n ntal composition of C7.27] H10.982

09.034M0. 007
Table E-2 gives the adiabatic flame temperatures and the major

species concentrations for even AP weight percent (wt.%) propellants
(between 80 and 92 weight percent) containing 1.2 wt.% NaCi and 1/2 wt.%
carbon black. These adiabatic temperature data are plotted in Figure
E-1 as a function of the propellant AP content. The species concentra-
tions are plotted as a function of the propellant AP content in Figure
E-2. The flame temperature and the species concentration data for the
82 AP wt.% propellant are plotted in Figure E-3 as a function of the
combustion chamber pressure.

Since propellants containing 0.10, 0.25 and 0.50 wt.% NaCl were
used in this study, the effect of a small change in the Nall content
on the flame temperature and composition was studied. Table E-3 gives
the adiabatic flame temperatures and the major species concentrations
for 80, 82 and 85 AP wt.% propellants containing 1/2 wt.% carbon vlack

and no NaCl.
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N
TABLE E-1
EQUILIBRIUM COMBUSTION COMPUTER PROGRAM QUTPUT FOR
4 AN 82 WEIGHT PERCENT AP PROPELLANT CONTAINING
1 1/2 WEIGHT PERCENT CARBON BLACK. (75 psia)
; UKRIVERSITY OF UTAH CHEMICAL ENGINEERING DEPARTMENT
: PROPELLANT HF DENS wT MOL VoL
; AP =69,4200 11,9600 82,0000 ,6979 41,8367 '
, HTPB %,0000 ,8990 16,1800 ,1618 17,9978 i
1POI -73,5000 1,0860 11,3200 ,0059 1,2155 r
C 20000 2,2600 +5000 v0416 2212
NACL -98,3210 2,1630 » 0000 , 0000 +0000 3
. GRAM ATUMS c H 0 N cL
] 7100 GRAMS 1,289 4,675 2,8186 ,7109 +6979
ENTHALPY = =48,23660 DENSITY =1,632
PRESSURE (PS1A) 75.000 5,000
EPSILUN »000 ,000
ISP (SHIFT) ,000 203,165
ISP (FROZEN) ,000 204,350
TEMPERATURE (K) 2557,012 1550,444
MOLECULAR WEIGHT 22,947 23,086
MULES GAS/1006 4,358 4,332
CF ,000 »000
PEAE/M (SECONDS) ,000 28,579
GANMA 1,240 1,263
HEAT CAP (CAL) 44,761 41,320
ENTROPY (CAL) 270,331 270,330
ENTHALPY (KCAL) ~48,237 «95,653
Ce (FEET/SECOND) ,00u ,000
A1TERATIONS b 9
H 102537 +00010
H2 , 73535 186794
H20 1,20430 1,12079
Ne 495521 + 35545
cu 1,014806 ,88091
cu2 2TH%S7 Ty
cLh 68116 169782
HO " 00950 +00000
0¢ ,00015 »00000
Ho + 00005 + 00000

cL 101568 = ,00007
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The data in Tables E-2 and E-3 set the upper and lower limits for

the NaCl wt.% range used in this study. Comparison of these data
clearly indicates that this 1/2 wt.% NaCl change has a relatively

small effect on both the flame temperature and composition. Therefore,
the effect of the smaller NaCl content variation of the propellants

used was assumed to be negligible.




APPENDIX F

PROPELLANT FORMULATIONS AND PREPARATION

The propellants used in this study were exclusively composite
propellants consisting principally of ammonium perchlorate {AP) and
hydroxyl-temminated-polybutadiene (HTPB). A11 of the propellants were
prepared at the University of Utah in the Chemical Engineering Depart-
ment's propellant mixing facility.

The propellants, with one exception, had a bimodal AP particle
distribution. The exception was one propellant that had a unimodal
particle distribution. However, in all cases, only two AP particle
size distributions were used. The course AP was -48 + 100 mesh
(150-300 um) and was sieved at the University of Utah's propellant
mixing facility in Tyler standard screens. The fine AP was ground by
the Thiokol Chemical Corporation and was classified as 15-um. The
course AP/fine AP weight ratio was 60/40 for all the bimodal propellant

formulations.
Thiokol Chemical Corp. supplied the HTPB (Arco Chemical Co., R-45)

and its thermochemical data \see Appendix E) used in the equilibrium
combustion calculations. Isophrone diisocyanate (IPDI), manufactured by
the Midland Div. of the Dexter Corp., was nsed as the HTPB curing agent.
An HTPB/IPDI weight ratio of 92.53/7.47 was used for all the propellant
formulations. The carbon black used was manufactured by the Cabot

Corporation (Regal SR, GP-6406), and the sodium chloride (Baker Chemical

I



174
Co., reagent grade) was ground and sieved to -325 mesh (less than 43 um).
Approximately a dozen different propeilant formulations were made
and used during various aspects of this study. The compositions of the
propellants used for the majority of the tests, including all of the

reported tests, are given in Table F-1.

Mixing Procedures

A water-heated sigma-blade mixer, equipped with a variable-speed
drive and enclosed in a vacuum chamber, was used to mix the propellants.
Although the mixer could handle propellant batches from 3060 to 700 grams,
the batches were typically 500 or 600 grams. A1l propellant ingredients
were weighed on a triple beam balance. The following procedure was
followed each time a batch of propellant was prepared:

a) Several hours prior to preparing a batch of propellant the mixer's
constant-temperature, circulating-water bath and the heated vacuum
oven were turned on and allowed to reach steady-state. Both were
operated at a temperature of 60°C.

b) The AP was weighed and added to the mixer. The course AP was
added first.

c) The carbon black and sodium chloride were weighed and added to
the mixer.

d) The HTPB and then the IPOI were weighed and added.

e) The vacuum chamber was sealed and the vacuum pump started.

f) The chamber was held at a low pressure for 15 to 20 minutes in

order to de-aerate the mixture.
g) The mixer was started and operated for fifteen or twenty minutes.

h) The mixer was turned off and the vacuum released.

112 g i
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i) The sides and blades of the mixer were scraped with a spatula.

j) Steps e through h were repeated.

k) The propellant was examined to make sure that it was homogeneous.

i If not, steps e though h were repeated once more.

1) The propellant was placed in a preheated aluminum pan to form
2 slah approximately 2.5 cm thick. '

m) The pan of propellant was placed in the 60°C vacuum oven and
held at a low pressure for approximately 10 to 15 minutes in
order to de-aerate the propellant slab.

n) The pan of propellant was then placed in an atmospheric curing
oven at 58°C for four to five days.

The cured propellant slab was properly marked and then stored in the
propellant locker. The procedure used for cutting propellant strands

from these propellant slabs is discussed in Chapter II.




APPENDIX G
ADDITIONAL DATA FROM CONSTANT AND TRANSIENT PRESSURE TESTS

The additional data presented in this section are from the type
of tests described in Chapter IV, and they supplement the discussion
regarding constant-pressure,oscillatory pressure, and single-pressure-
pulse tests found in that chapter. The individual figures are clearly
labeled so that the d.ata can be casily interpreted.
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APPENDIX H
TABULATED DATA

The unfiltered data for all the tests reported are presented in
tabular form in this section. The data are labeled with the run number
as well as the Figure number where the data, or its filtered counterpart,
are presented graphically. Also, the axial position with respect to
the propellant surface where the data were measured is .ven for each
test.

The composition data for the 82 weight percent AP propellant are
are reported as mole fractions, however, the data for the 80 and 85
weight percent AP propellants are reported as pressure-corrected
absorbances. The flame radiation data for the flame-emission-only
tests are reported in arbitrary film-reader units. The measured

sodium D-1ine absorptance (absorptivity) is reported for almost all

of the tests.
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NOMENCLATURE

Symbol Description Units
Abx exposed surface area of the oxidizer per cm2
total propellant surface area
Afue] exposed surface area of the fuel per sz
total propellant surface area
C proportionality constant of electro-optical
hot-gas pyrometer system
c concentration of absorbing component moles/liter
¢ physical constant 3.74x10"12
-(watts/cmz)
Cy physical constant 1.439°K cm
Df hot-gas pyrometer signal due to flame mv
emission
DT hot-gas pyrometer signal due to flame- mv
transmitted radiation trom the back-
ground radiation source
DS hot-gas pyrometer signal due to mv
background radiation source
Kk | Beer-Lambert spectral absorption £/cm moles
coefficient at wavelength A
L characteristic length associated with cm
initially depleting the propellant
surface of one ingredient during
depressurization
L optical path length in flame cm
my ratio of incident radiant power at dimension-
wavelength A to the incident radiant less
power at 3.90 um
n, ratio of flame emission at 3.9 um to dimension-

the flame emission at wavelength A less




ARl Sl

2n

Nps(AD'Tps)
b
N (AD.Tf)

b b
N (AD.Tps)

P
N (1 TR)

b
N (g To)

spectral radiance of the projected image of
the background radiation source over the
Na D-line filcer spectral bandwidth

spectral rudiance of a blackbody at the
true flame temperature over the Na D-line
filter spectral bandwidth

spectral radiance of a blackbody at the
brightness temperature of the projected
image of the background radiation source
over the Na D-line filter spectral
bandwidth

spectral radiance of the tungsten fila-
ment at the optical pyrometer wavelength

spectral radiance of the tungsten
filament at the Na D-line wavelength

incident radiant power at wavelength )
from the infrared radiation source

transmitted radiant power at wavelength A
from the infrared radiation source

flame emission at wavelength X
time-average value of the flame emission
fluctuating component of Py
characteristic mean regression rate
associated with depleting the propellant
surface of one ingredient during the
initial depressurization

true temperature of projected image of the
background radiation source

brightness temperature measured at ip of
the projected image of the background
radiation source

brightness temperature measured at Ap
of the projected image of the background
radiation source

true temperature of tungsten filament

watts
cm *Sreym

watts
cm *Sreum

watts
cm *Sreum

watts
2
cm *Sreum

watts
cm:-Sr-um

watts
watts

watts
watts
watts

cm/sec
oK
°K
°K

°K

- A
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Tz brightness temperature measured at Ap of the °K
tungster filament (optical pyrometer reading)

Tz brightness temperature measured at Ap of the °K
tungsten filament

Te true flame temperature °K

Tss sampling time interval associated with msec
taking digital data

Wiy oxidizer gasification rate per exposed gm
surface area of oxidizer sec.cm

Veuel fuel gasification rate per exposed gm _
surface area of fuel sec.cm

x(t) output signal from filter

Xn present input value to digital-lag filter

y(t) input signal to filter

Yn present output value from digital-lag filter

Yp-1 previous output value from digital-lag filter

Greek Letters

T characteristic time of propellant during msec
depressurization

w characteristic frequency astociated with Hz.
initial gas-phase composition fluctuation
during depressurization

A wavelength um

AD Na D-line wavelength 0.5896-pm

Ap optical pyrometer wavelength 0.653-pm

A, spectral bandwidth of the Na D-1ine pm
interference filter

€f), effective flame emissivity over the spectral dimension-
bandwidth of the Na D-line interference less
filter

“e effective absorptance cf the flame over the dimension-
spectral bandwidth of the Na D-line filter less
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emissivity of tungsten at the optical
pyrometer wavelength

emissivity of tungsten at the Na D-1ine
wavelength

time constant of the digital-lag filter
weighting function of the digital-lag filger

dimension-
less

dimension-
less

msec

dimens ion-
less
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