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INTRODUCTION

The 3rd Meeting of the Panel on Solid Propellant Combustion Insta-
bility (SPIC) was held March 4-5, 1963 at the Applied Physics Laboratory,
The Johns Hopkins University. In view of overlapping membership and
in order to economize on participants' time, it was scheduled jointly, as
in the previous year, with the 5th AFOSR Contractor's Meeting on Solid
Propellant Combustion.

One of the important functions of the Panel is to bring together
active workers and research administrators approximately once a year;
to schedule informal reports on research findings and plans; and to em-
phasize those points where detailed discussion can prove illuminating.

The papers in this report represent, in various degrees of conden-
sation, results acquired during 1962. Since these Panel meetings are
primarily intended to provide opportunities for the exchange of informa-
tion on work in progress, the contributions are not to be judged by the
standards of papers submitted for publication in professional journals.
Rather, they are summaries of status reports whose principal purpose is
to elicit comments and to indicate the direction in which the more promis-
ing lines of work are pointing.

The vigor of the research effort in the field of combustion insta-
bility is undeniable. The exper..nental programs, in particular, are
beginning to '"zero in" on quantitative measurements of the acoustic admit-
tance of burning propellants, a goal that was only dimly visible three
years ago. Attention is directed to the papers on the exploitation of the
self-excited resonance tube technique (reported in more detail in the
Proceedings of the Ninth Symposium on Combustion in contributions from
NOTS, BRL, and the University of Utah). In addition, Dr. S. N. Foner
described twe novel mieasuring techniques which, if successful, would
lend themselves to meaningful determinations of the amplification charac-
teristics of propellants burning within cavities, without the limitation that
the propellant system produce ''spontaneous' oscillations.

The intricacies of the instability phenomena (and, in particular,
the difficulty of performing proper experimental measurements) are well
demonstrated in the comments of Dr. R. Cantrell on the corrections to
be applied to admittance determinations in a T-burner. This interplay
between experiment and theoretical interpretation (which is repeated again
in the discussion of "entropy waves'" by Summerfield et al.) represents
one of the most fruitful aspects of the Combustion Instability research

program.
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Altogether, more than ten papers addressed themselves to meas-
urements of acoustic admittance. Others dealt with observations on non-
linear and nonresonant instabilities, the fluid dynamics of the flow process,
the interaction of oscillation with the ballistic properties of the propellant,
viscoelastic properties, etc. The amount of stimulating work was such
that the technical sessions extended late into the afternoons. Thanks are
due to the authors for their prompt effort in making available their con-
densed remarks.

The papers included in these Proceedings are the ones dealing
specifically with Combustion Instability problems. A complete listing of
all papers presented at the joint meeting is given on pages 187 to 189.

The following newly appointed Panel Members attended: Professor
A. O. Converse (Carnegie Institute; Pittsburgh, Pa.), Dr. I. Dyer (Bolt.
Beranek and Newman; Boston, Mass.), Dr. G. R. Leader (Thiokol,;
Elkton, Md.).

The financial assistance of the Advanced Research Projects Agency,
Chemistry Office, in support of the SPIC Panel is gratefully acknowledged.
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THE LARGE SOLID MOTOR PROGRAM

William Cohen
Chief, Solid Propulsion Systems
Office of Manned Space Flight
NASA

In November of 1962, a solid motor feasibility program was
jointly accepted by Administrator, NASA, and Secretary of Defense.
The program will establish the feasibility of solid propellant
motors with capabilities for use in very large launch vehicles for
massive space missions. The motors to be evaluated will have
thrust capability in the range of 6 to 10 million pounds each,
will be approximately 23 feet in diameter by 100 feet long, and
will contain over 3 million pounds of propellant.

The authorized program involves the manufacture and test of
a total of six motors of this class. The first four will be of
the full diameter but approximately half-length. The last two
will be of full performance characteristics. The motors will be
made in one piece.

As sub-scale tools for the evaluation of nozzle materials
and thrust vector control, segmented motors 156" in diameter will
be made and fired. 1In general, these will contain no more than
400,000 pounds of propellant and probably will consist of one or
two center segment designs. At least one of these motors will
contain propellant with burning rate and charge design to produce
3 million pounds of thrust for duration of approximately 60 sec-
onds. The purpose of this motor is to evaluate the full diameter
nozzle of the half-length 260" motor.

The most probable application of the motors in the 6 million
pound thrust class is in booster stages of very large launch ve-
hicles with payload capability of approximately 1 million pounds
in earth orbit. Upper stages of such vehicles will probably
consist of liquid-hydrogen, liquid-oxygen motors. The solid pro-
pellant motors will probably be used in clusters of four, produc-
ing stage thrust of 25 to 35 million pounds.

The dimensions of the solid motor may result in fundamental
oscillatory modes which can induce or maintain combustion insta-
bility, with all its detrimental effects. These might extend
beyond the motor itself into the relatively fragile liquid pro-
pellant stages and possibly into the human payload. This possi-
bility must be reduced to the vanishing point; but the high cost
of the motors (perhaps $10 million each) will limit the numbers
available for development and testing. Thus, the advent of very
large solid propellant motors for space launch vehicles raises
conflicting conditions; high reliability and compatibility with
manned payloads and liquid stages must be established, but ex-
tensive test and development programs are not possible.
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PROGRESS OF WORK AT SUMMERFIELD RESEARCH STATION 8
AND THE UNIVERSITY OF SHEFFIELD, ENGLAND g

G. F. P. Trubridge
Imperial Chemical Industries

and
G. Sotter
University of Sheffield, England

At Summerfield Research Station, which 1s managed by Imperial
Metal Industries Limited (a subsidiary of Imperial Chemical In-
dustries Limited) on behalf of the Ministry of Aviation, work is
carried out involving combustion research and the desigzn, develop-
ment and production of solid propellant rocket motors for the Ser-
vices.

In the present report emphasis is placed on the research ef-
fort devoted to the elucidation of the phenomena associated with
combustion instability. With this objective, programmes of theo- '
retical and experimental investigations are being pursued at Sum-
merfield Research Station and at the Universlity of Sheffield under
a Ministry of Aviation contract.

During the three years of activity of the Solid Propellant Com-

bustion Instablility Panel, conslderable advances have been made

towards an understanding of the general problems of instabllity.

The output of theoretical and experimental papers has been prolific, ;
so that the task involved in interpreting these contributions to i
the state of knowledge and obtaining the results in an effective
form sultable for use by the desizners of rocket motors, has now |
become a major problem of communication.

As some contribution towards bridging the gap between the basic
research and applied flelds, the author has carried out a detailed
examination of the theory of unstable combustion developed by the
group at the Applied Physics Laboratory, under the general direction
of Dr. F. T. McClure. Expanded versions of the five principal
papers have been pre ared, which will be circulated to members of
the Panel. (1) ? These five papers comprise Parts 2 to 6 :
of a general report Part 1, which is in preparation, will pro- |
vide a general survey of the whole fleld of investigation on un-
stable combustion in non-mathematical terms. Further parts on al-
ready published work are in preparation, and additional parts will
be prepared should the need arise.

In these expanded versions all formulae developed in the origi-
nal papers have been derlved 1in full and a certain amount of rele-
vant background material has been 1included. The text of the origi-
nal papers has been closely followed and expansions of the materiail
have only been made where these might help the reader towards at- -
taining a proper appreclation of the physical, chemical and mathe- ¥
matical principles involved, without undue effort and absorption of }
time,
t

The present author has reserved for future reports any comments
on his excursions into the many supplementary issues railsed by
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studying the theory developed at the Apriied Physics Laboratory.
He 1s also not unaware of the many other valuable contributions,
both theoretical and experimental, which have been made by a num-
ber of investigators, but some selection has to be made by each
individual from the vast amount of material avallable in this in-
triguing field of study.

The programme on instability at Sheffield University under the
direction of Prof. M. W. Thring, and conducted by Mr. J. Swithenbank
and Mr. G. Sotter is now under way. The principal objectives are
to obtain a better understanding of the detalls of the chemical
processes occurring in the combustion zones by spectroscopic and
other methods( and to determine the processes involved in the "coupl-
ing" between "oscillatory" and "irregular" burning.

The emission spectra from a leaded double-base propellant are ,
being studied under stable conditions, and in particular the 25396 A
band of nitric oxide has been selected for investigation under un-
stable conditions. The work, however, is still in an early stage;
a full report will be presented later for circulation to the Panel
members,

Changes in mean caamber pressure in rocket motors departing
from the expected value are referred to as "irregular burning".
This phenomenon is generally accepted as being "triggered" in some
way by small amplitude oscillatory pressure variations. High speed
cine” photos (1000 to 3000 frames per second) have been taken, which
show that at least some of the pressure peaks arising in unstable
burning are assocliated with vortices in the flow. This phenomenon
has been known about, at least qualitatively, for over twenty years
and has been mentioned by a number of investigators. Detailed ref-
erences to this work will, however, be deferred for a full report
on the subject which 1s in preparation.

At the Panel meeting a cine” film was presented of the unstable
burning of a six-inch slotted radial burning charge in a non-alumin-
1zed cast double-base propellant, which was photographed through the
transparent (4-inch "Perspex") end of a window motor. At three
stages during the firing, which lasted six seconds, a single vortex
was formed which filled the entire chamber. The duration of each
vortex was about one tenth of a second, and the times of occur-
rence correlated with ‘rregular peaks in the pressure time record.
From visual observation, the rotational gas speed has been estimated
to be about Mach 0.2 at the forward end of the motor. This type
of instability can be expected to produce barrelling in the con-
duit, which has been observed in interrupted firings by Trubridge (6).

This single vortex shows veloclity profiles for acoustic stream-
ing associated with the first transverse travelling mode. (See
Plates 1A and 1B.) Acoustic streaming is a classical phenomenon
which has been discussed by Rayleigh %?) and Moore and Maslen (8)
among others., In the case of a solid propellant rocket motor, the
flow is altered by transpiration of mass and energy on the propellant
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surface. The rotating gases are forced towards the centre, in-
creasing their speed of rotatlon to conserve angular momentum, The
theoretical treatment of the phenomena involves solution of three-
dimensional compressible viscous flow equations and boundary layer
equations with mass and energy added and is under active investiga-
tion.

Much of the instability of the propellant-motor combination
under review has, however, been associated with the first and second
standing transverse modes (9). Streaming diagrams for these modes
are given in Plates 2A, 2B, 3A and 3B. The printes on these plates
show smoke patterns produced by solid particles in the combustion
products, which have been transported to the center following the
streamlines shown, and have begun to cool as they travel back to-
wards the propellant surface. Both the oval and the cruciform
shapes are relatively stable, remaining in one orientation for
several tenths of a second; they may, however, rotate slowly. In
the film in which these shapes were observed, at one period the
oval could be seen osclllating between two orthogonal positions;
this was apparently an attempt by the second transverse mode to
establish itself, for the cruciform shape appeared shortly there-
after. The eight vortices formed by the second transverse mode
should tend to erode the propellant in eight places around its
inner circumference late in the firing; this has in fact been ob-
served in interrupted firings of similar charges by Trubridge (6).

A film was made for a charge with a six-point star configura-
tion and suggested the presence of small vortices in the points of
the star.

In the development of the theory of instability of solid pro-
pellant rocket motors, recourse has had toc be made to empirical
laws for the pressure rate of burning, where the velocity of flow
of the propellant gases over the burning surface 1s negligibly
small, and for the erosive rate of burning, where the velocity of
flow of the gases 1s relatively large. Well founded theories for
both pressure and erosive rate of burning under stable conditions,
especlally if they included the treatment of transient (time de-
pendent) behaviour,would be very valuable in improving the basic
concepts underlying current theories of 1lnstability. Several in-
vestigators have tackled the problem of development of a theory
of the pressure rate of burning under stable conditions with some
limited success, but much more work is needed.

The present author, in parallel with the studies at the Armour
Research Foundation (10), is making continued efforts to develop
a quantitative theory of erosive burning based on fundamental prin-
ciples of the change of combustion rates by heat transfer and
chemical reaction processes from a high speed, high temperature,
accelerating compressible gas mixture, through the boundary layers
and reaction zones of the burning propellant. Studies of current
theories of erosive burning involving simplified treatment of the
boundary layer equations,with transpiration, have been made, but

-
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these are by no means satisfactory from the point of view of apply-
= ing them to instability problems, even though the authors claim
good agreement with some experimental results after fitting values
for the available free parameters. The theories should also in-
clude, but do not, an interpretation of the so-called "negative"
erosion, in which the erosive burning rate is smaller than the cor-
responding pressure burning rate. So far the chemical, physical
and analytical difficulties arising, especially thcse associlated
with the interaction of the boundary layer flow itself and the com-
bustion zones, and with the degree of laminar or turbulent flow in
the main gas stream, have proved insurmountable.

Or.e of the many significant deductions from the theory of in-
stability developed by the group at the Applied Physics Laboratory
is the 1mportance of considering the whole acoustic fileld of the
rocket motor, and in particular the acoustic features of the solid
propellant itself. A small group has been set up at Summerfield
Research Station to study the visco-elastic behaviour of propellants,

5 including the dynamic response phenomena. It is hoped to obtain ex-
perimental results which can be used in the theoretical investiga-
tions on instability.
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Plate 1A - PRINT OF FRAME FROM HIGH-SPEED CINEFILM TAKEN DURING IRREGULAR
BURNING IN SLOTTED RADIAL BURNING CHARGE IN CAST DOUBLE-BASE PROPELLANT,

(DIAMETER OF BURNING ZONE IS ABOUT 32 INCHES. ROTATION IS COUNTER-CLOCK-
WISE. THE MOTOR, WITH A FORE END OF PERSPEX, WAS DEVELOPED AND SUPPLIED
BY THE SUMMERFIELD RESEARCH STATION OF IMPERIAL METAL INDUSTRIES LIMITED.

SMALL ¢

Plate 18 - VELOCITY PROFILE WITH RESPECT TO RADIUS AND TIME (1) FOR ACOUSTIC
STREAMING ASSOCIATED WITH FIRST TRAVELLING TANGENTIAL MODE,



Plate 2A - OVAL-SHAPED SMOKE PATTERN (PARTLY OBSCURED BY BLACKENING OF
WINDOW) GBSERYED IN HIGH-SPEED CINEFILM. CIRCULAR AXIAL PERFORATION IS
ABOUT 4 INCHES IN DIAMETER.

SMOKE BOUNDARY

Plate 2B - ACOUST'C STREAMING PATTERN ASSOCIATED WITH FIRST STANDING TAN-
GENTIAL MODE INCLUDING MASS TRANSFER EFFECTS.
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Plate 3A - CRUCIFORM SMOKE PATTERN (PARTLY OBSCURED BY BLACKENING OF
WINDOW) OBSERVED LATER IN FIRING FROM WHICH Plate 2A PHOTOGRAPH WAS TAKEN.
CIRCULAR AX!AL PERFORATION IS ABOUT 4)2 INCHES IN DIAMETER.

SMOKE BOUNDARY

Wi o e B

Plate 3B . ACOUSTIC STREAMING PATTERN ASSOCIATED WITH SECOND STANDING TAN-
GENTIAL MODE INCLUDING MASS TRANSFER EFFECTS.




APL EXPERTMENTAL PROGRAM .

S. N. Foner
Applied Physics Laboratory
The Johns Hopkins University

I. INTRODUCTION

The experimental program on combustion instability at the
Applied Physics Laboratory is concerned principally with measure-
ments of acoustic interactions with solid propellants, and, in
particular, with the measurement of the acoustic admittance of a
burning solid propellant surface.

Two rather promising methods for the measurement of acoustic
admittances of burning propellant surfaces have been devised.
Both methods employ resonant acoustic cavities to attain high sen-
sitivity. In one method, the burning propellant serves as a ran-
dom noise source to excite various resonances in the cavity. From
measurements of the power spectral density distribution for any
particular mode it is possible, in principle at least, to determine
the bandwidth and, therefore, the Q of the cavity, which in turn
is a function of the admittance of the burning surface. There are
a number of attractive features in this system; namely, the appa-
ratus is simple, the sysiem is self-tuning, and several modes may
be excited simultaneously, permitting admittance measurements to
be made at several frequencies. The major disadvantage is that
the analysis of the data involves a complex computational program
consisting of digitizing the data, computing the correlation func-
tion ¥(7), and then calculating the cosine transform,

W(f) = r ¥ (T) cos 2nfT 4T
0

to obtain W(f), the power spectrum as a function of frequency. A
complication is introduced by the fact that the resonant frequen-
cies are not constant, but change with time due to regression of
the burning surface and to variations in the temperature and compo-
sition of the propellant gases.

In the second method, the acoustic cavity is used as the
frequency-determining element of an oscillator, with energy being

F 3
The work reported was carried out in collaboration with R. L.
Hudson and B. H. Nall.

}
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supplied by an external phase-locked mechanical driver. A simpli-
fied schematic diagram of such a system is shown in Fig. 1. The *
mechanical driver excites the cavity at a selected resonant fre-
quency. The signal is picked up by a microphone, amplified,
filtered, phase-shifted appropriately, and fed back to the driver
in such a way as to keep the system oscillating at resonance.

The problem remaining is to design an electronic scheme for meas-
uring the bandwidth or Q of the resonance. As we shall discuss
later, a practical system for carrying out these measurements re-
quires rather elaborate electronic instrumentation.

In comparing the two methods it will be noted that in the
first method, the instrumentation is relatively simple and the
heavy load is placed on the data analysis phase of the piogram;
in the second method, while the electronic instrumentation is
complicated, there is no requirement for a complex computational
program. In contrast to admittance measurement techniques which
use unstable propellant systems and determine the rates of growth
and decay of pressure oscillations, both methods described here
are applicable to stable propellant systems.

1Y. EXPERIMENTAL APPARATUS

The acoustic cavity used is essentially a steel pipe 2.0 in.
ID by 20 in. long which has approximately 200 holes 1/16 in.
diameter drilled in the midplane to exhaust the propellant gases.
The cavity is mounted vertically inside a pressurized vessel.
This arrangement results in pressure equalization betwee: the
inside and outside of the acoustic cavity and thereby permits the
use of sensitive microphonés. for sound pressure measurements.
For the experiments in which the propellant serves as a noise
source, two water-cooled Altec-Lansing highk intensity type 21BR-
180 and 21BR-200 microphones are mounted in the top of the cavity.
In the phase-locked driver experiments, the top of the cavity is
replaced by the driver assembly and only one microphone is used.
A modified torpedo flask connected to the pressure vessel serves
as a ballast tank and limits the overall pressure rise during a
run to about 10 psi.

The experiments to date have been carried out with a compo-
site double base propellant (DQO) furnished to us by T. A. Angelus
of the Allegany Ballistics Laboratory. The propellant is 2.00 in.
in diameter and 1.00 1n. long and is mounted in the bhottom of the
cavity. Figure 2 shows the cavity loaded with a propellant prior
to being lowered into the pressure vessel. The array of exhaust
holes for the propellant gases are clearly visible in the photo-
graph. The propellant is ignited by switching a 110 volt ac line
across a zig-zag nichrome wire in contact with the propellant sur-
face which has been sprinkled lightly with black powder. The
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system is pressurized to 200 psi with super-dry nitrogen prior to
firing. Burning time for the 1 in. length propellants used is
about 9 seconds.

III. NOISE EXCITATION OF CAVITY RESONANCES

The noise spectrum generated by the burning propellant was
recorded on a multi-channel tape recorder and given a preliminary
analysis by playback through a Raytheon Rod Spectrum Analyzer.
Some rather interesting effects were observed. On ignition a
series of modes were excited. The fundamental was the strongest
signal throughout the run. Starting at about 340 cps, its fre-
quency moved up to an equilibrium value of about 740 cps in about
3 seconds and then remained approximately constant. A more careful
measurement on the frequency of the fundamental showed that it was
actually decreasing slowly during the last half of the run, as ex-
pected, due to regression of the propellant surface and consequent
increase in cavity length.

In addition, excitation of the second and third harmonics,
as well as the lowest Helmholtz frequency, were observed. A mode
splitting phenomenon was noted in the case of the second and third
harmonics. This effect presumably occurs because of temperature
differences in the cavity. The lower half of the cavity which is
being swept out by the propellant gases is at a considerably higher
temperature than the upper half of the cavity whick relies princi-
pally on convection for heat transfer. One way of considering the
mode splitting effect is to treat the cavity as a coupled system
consisting of two parts having different physical properties, and,
therefore, capable of simultaneous excitation at two somewhat dif-
ferent frequencies.

The data from this experiment are being analyzed by a com-
puter program in an effort to determine the power spectra asso-
ciated with the resonances. Since noise levels during stable pro-
pellant burning are generally too low to be measured by conven-
tional instrumentaticn, the actual sound levels encountered may be
of some interest. In the run described, the two microphones re-
corded an average sound level of 115 db or about 100 dynes/cmz.

IV. PHASE-LOCKED OSCILLATOR SYSTEM

The phase-locked acoustic cscillator system uses a tracking
filter to follow frequency changes and employes a phase modulation
scheme for rapid determination of bandwidth. A simplified block
diagram of the apparatus is shown in Fig. 3. The driver excites
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the audio cavity containing the propellant at a selected resonant
frequency. The signal is picked up by the microphone, amplified,
and sent to a phase-lock tracking filter which contains a voltage
controlled oscillator (VCO) and crystal oscillator whose signals
when combined in a mixer produce an audio signal at the driver
frequency. A power amplifier closes the feedback loop. A phase
modulation technique is employed to center the frequency precisely
on the resonance maximum and to measure the bandwidth of the sys-
tem. For this purpose, a low frequency modulation (33 cps) is in-
jected into the phase modulator. If the system is being driven
off resonance, this will be detected as AM modulation and will be
observed on the phase shift indicator. The phase shifter is ad-
Jjusted to bring the indicator reading to zero. The bandwidth is
obtained from the output of a phase detector which measures the am-
plitude of the sidebands produced by the low frequency (33 cps)
modulation. For a cavity of very high Q, the sideband amplitude
(or phase modulation) received at the microphone will be very
small, while for a low Q cavity the sideband amplitude will be
large. This arrangement provides a very convenient means for rapid
measurement of the Q of systems whose frequencies are varying with
time. An additional phase detector compares the audio output from
the microphone with the signal driving the cavity and thus gives

a direct readout of signal amplitude.

The complete phase-locked acoustic analyzer system was suc-
cessfully tested in an experiment with a burning propellant. Some
of the salient features of the experiment are shown in Fig. 4.
Prior to ignition the oscillator was locked onto the fundamental
mode (A = 2L) at a frequency of 350 cps. The measured Q of the
system was 200, corresponding to a bandwidth of 1.75 cps. On
firing, the tracking oscillator moved up in frequency, but inad-
vertently locked onto a Helmholtz resonance at about 500 cps. This
is a low Q mode, as is evident from the small amplitude of the sig-
nal. During this period, the bandwidth was so large that the ampli--
fier used in making the recording trace in Fig. 4 was overloaded.
At about 4 sec. after ignition, lock-on to the fundamental mode at
740 cps was achieved. No particular less of data was incurred by
the failure to achieve lock-on earlier, since the system requires
a few seconds to reach temperature equilikrium. The bandwidth
after attaining lock-on at the fundamerntal frequency was about 0.5
cps, corresponding to a cavity Q of about 1400. An independent
confirmation of this rather high Q was obtazined from calculations
based on the rate of growth of the sigral amplitude following lock-
on. It will be noted that substarntial variations in amplitude and
bandwidth occur during buraing, indicating that some physical pa-
rameter in the system, most likely Zhe propellant response, is
fluctuating. The frequency plot aiso shows some irregularities,
but the effect is considerably smaller than in the case of ampli-
tude or bandwidth. The decrease in cavity frequency due to pro-
pellant regression can be seen on the frequency plot. When the pro-
pellant burns out, the frequency drops, the bandwidth increases,
and the amplitude at first decreases and then is followed by an in-
crease due to the higher efficiency of the acoustic driver at lower
frequencies.
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A rather unexpected effect on the damping of the cavity was
observed after propellant burnout. About 3 seconds after the run,
the amplitude started to go down accompanied by an increase in
bandwidth. At about 8 seconds, the Q of the cavity was degrading
rapidly. It reached a minimum at about 30 seconds and then re-
covered slowly. At the minimum in cavity Q, the amplitude had
dropped by a factor of 12 compared to pre-run conditions, corres-
ponding to a decay constant @ of about 65 sec~'. It has been sug-
gested by R. W. Hart and R. H. Cantrell that the observed damping
is due to condensation of water vapor in the cavity to form drop-
lets, and calculations have been made to show that the magnitude
of the damping can be accounted for with reasonable choice of
parameters.

Further analysis of the data from this test is in progress.
In order to obtain meaningful values of the propellant admittance
from the experimental data on the cavity Q, it will probably be
necessary to put in corrections for gas flow and for the non-uniform
temperature distribution in the cavity with the resulting displace-
ment of the exhaust holes from the nodal plane.

Propellant

Diaphragms

[+]
< A
o
e Driver
. ri
(&
L)
Exhaust Holes
Amplifier,
I Phasc Shifter
Microphone ] ete.

Fig. | SCHEMATIC DIAGRAM OI AN ACOUSTIC OSCILLATOR
WITH CAVITY AS TREQUENCY-DETERMINING ELEMENT

Fig. 2 CAVITY ASSEMBLY PRIOR TO BEING LOV ERED INTO
PRESSURE TANK
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BURNING PROPELLANT

SR S ST e AR T A e oY e

*
EFFECT OF PROPELLANT VARIABLES ON RESPONSE FUNCTION

M. D. Horton
U. S. Naval Ordnance Test Station
China Lake, California

This program used a self-excited double-end burner to study
the effect of several propellant variables upon the response func-
tion of the combustion zone of a propellant at 200 psig. A PBAA-AP
composite propellant was used for the study and the variables in-
volved were ammonium perchlorate particle size, the effect of one

percent copper chromite as an additive, and the effect of one percent
LiF as an additive.

The propellants tested and their designations are listed in
Table I. Figure 1 shows the response functions of the propellants.
The results speak for themselves as to the complexity of the prob-

lem. At this time there seems to be nc general explanation of the
trends.

Table 1
Polybutyl
acrylic 80u 15u Copper
Propellant acid Ammonium Ammonium chromite LiF
designation copolymer perchlorate perchlorate added added
(%) (%) (%) (%) (%)
A-13 24 76 0 0 0
A-14 24 0 76 0 0
A-15 24 76 0 1 0
A-16 24 0 76 1 0
A-17 24 76 0 0 1
A-18 24 0 76 0 1

%
Sponsored by Special Projects Office of Bureau of Naval Weapons.
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MECHANISM OF SUPPRESSION OF OSCILLATORY
BURNING BY ALUMINUM ADDITIVES*

M. D. Horton
U. S. Naval Ordnance Test Station
China Lake, California

In this series of experiments, a self-excited, double-end
burner was used to study the oscillatory behavior of several varia-
tions of a PBAA-AP composite propellant. These variations were
identical except that some contained small amounts of aluminum or
aiunina as an additive. Oscillatory tests were made with each
propellant over the frequency range of 1,500 to 10,000 cps at 200
psig. From each osclllatory test record, the exponential growth
decay constants of the osclllations were determined. These ex-
ponential growth constants were then used to calculate the re-
sponse functlions of the combustion zones of the propellants and, »
within the accuracy of the method, it was observed that all of the
variations had the same response function-frequency curve.

Observation of the growth and decay constants showed that the
oscillations generally grew less rapidly when the propellant con-
tained an additive and the oscillations decayed more rapidly after
burnout. For the aluminum additives, the suppression 1increased
directly with concentration (for concentrations of 0, 0.5, 1.0,
and 1.5%), decreased with the particle size of the aluminum (for
the 25p, Sp, and 0.2p aluminum tested), and increased with pres-
sure (400 psig compared to 200 psig). At the same concentration
level, the alumina was roughly half as effective as the 25p alumi-
num,

Inasmuch as the Al and Alp0Oz did have a suppressive action
on the oscillations of the additive-containing propellants and yet
seemed not to affect the response function of the combustion zone,
it was believed that the additives functloned through a damping
mechanism. The theory of Epstein and Carhart treats the viscous
damping action of particles suspended in a gas and this theory was
used to examine the data. It was found that, under reasonable as-
sumptions, the increased viscous damping caused by the condensed-
phase particles introduced into the combustion gas by the additive
would qualitatively explalin the experimental results. The con-
clusion was therefore drawn that the viscous damping action of
alumina droplets in the combustion gas accounted for at least a
large fraction of the stabilizing influence of these additives in
this propeliant.

¥
Sponsored by the Specilal Projects Office of the Bureau of Naval :
Weapons. :
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ACOUSTIC WALL LOSS THEORY

R. H. Cantrell
Applied Physics Laboratory
The Johns Hopkins University

RIRR e

INTRODUCTION

: The usual acoustic theory of wall losses (Ref. 1, for ex-

’ ample) is not appropriate for the conditions found in rocket motor
\ or test apparatus cavities. This theory is applicable to cavities
with no mean flow and with rigid isothermal walls where the wall
temperature and undisturbed gas temperature are identical. 1In a
rocket cavity, there is a steady state flow in the absence of
acoustic disturbance, and the wall temperature may be different
from that of the gas core. This paper reports a theoretical in-
vestigation of the wall losses for a rocket cavity and applies the
results to the interpretation of T-burner experiments to determine
the acoustic admittance of burning solid propeliant surfaces. An
analysis is made of the frequently used hypothesis that the in-
herent damping during the oscillation growth period of T-burners
is identical to the damping measured after burnout. To obtain

the inherent damping from the measured damping, a significant
correction is often indicated.

! e, T .
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The flow conditions which prevail in many rockets are shown
in Fig. 1. There is an essentially uniform flow in the core of
the cavity, and near the walls there is a steady state velocity
boundary layer. When the wall temperature is different from the
gas core temperature, the steady state temperature profile is
4 similar to the velocity profile, and the steady state thermal and
| & velocity boundary layers are of comparable thickness. When a .
sound field is present, there is also an acoustic boundary layer
adjacent to the wall. The acoustic boundary layer thickness is
typically an order of magnitude less (except near a leading edge)
than those of the steady state boundary layers for the usual ve-
locities, temperatures, and frequencies encountered in solid pro-
pellant applications. In the present report, the wall is assumed
isothermal, which is reasonable whenever a typical time for wall
temperature change is long compared to the period of the acoustic
oscillation.

a

o -y
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The acoustic field in the rocket cavity assumes different
forms in the gas core, steady state boundary layer, and the
acoustic boundary layer is not identical to the gas core acoustic
field as envisaged in the usual theory because the acoustic field
is modified (from the gas core field) in the steady state boundary
layer as well as in the acoustic boundary layer. Examination »f
the x-momentum equation of fluid dynamics shows the mechanism of
modification in the steady state boundary layer. The x-momentum
equation is

(1)

] &2

ik = - (§;>

C

where k = w/c, » is the angular frequency, c is the gas core sound
speed, & is the dimensionless Fourier acgustic velocity coefficient
defined implicitly by v, .~ Re[cd el¥t) ¢ is the dimensionless
Fourier acoustic pressure coefficient, T is the temperature, the
subscript ¢ indicates gas core conditions, and the overbar indi-
cates a steady state value. When the wall is colder than the gas,
Eq. (1) shows that the acoustic velocity in the steady state
boundary layer is less than the gas core value since the acoustic
pressure gradient is essentially independent of distance from the
wall. Thus, for a fixed core temperature, the viscous acoustic
wall loss should be somewhat less for a cold wall than for a wall
at core temperature because of the diminished velocity amplitude
at the edge of the acoustic boundary layer (within which the loss
occurs). The viscous loss is also lessened for a cold wall be-
cause of a diminished viscosity in the acoustic boundary layer.
Likewise, the thermal loss is less for a cold wall because the
thermal conductivity decreases with temperature. It should be
noted that the imaginary part of the acoustic frequency is a meas-
ure of the loss and is calculated from

Im v = = —-(é-y— <g—i—: (2)

where E is the acoustic energy within the cavity and { ) denotes
the time average. The preceding argument shows that (dE/dt>
is lessened as the wall is cooied. In the determination of (E)
the principal contribution arises from the acoustic field in the
gas core and is almost independent of the various boundary layer
modifications.

A detailed quantitative estimate of the acoustic wall loss
for a cavity with steady state mean flow and thermal boundary lay-
ers is given in Ref. (2) and will not be repeated here. Ref. (2)
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utilizes a variational method to iind the complex eigenfrequencies
of a cavity. The two principal advantages of the variational
method are: (1) that it is relatively insensitive to the assumed
form of the acoustic field (trial function) and (2) that it pro-
vides for the possibility of conversion of other forms of energy
into acoustic energy in a region of steep gradients (this possi-
bility turns out to be unimportant in present solid propellant
applications). The geometry of the calculation is that of Fig. 1.
It is chosen because there are no net gain or losses in the system
due to flow, so the principal loss is at the wall. The primary
result of the variational calculation for an axial mode in a hLalf-
wavelength cavity is

1/2
T mfu

Im w = - + (3)
AT Ver w

where S is the wall surface, V is the cavity volume, Y is the
specific heat ratio, Pr is the Prandtl number, f is the frequency,
u is the viscosity, p is the density and the subscript w indicates
wall conditions. The result of Eq. (3) is shown in Fig. 2, where
it is seen that the loss diminishes as the wall is cooled and the
core temperature held constant. The insensitivity of the varia-
tional method to the choice of trial function is illustrated by
the dashed line. In that case, there is no modification of the
acoustic field trial function in the steady state boundary layer.
The close agreement of the two calculations illustrates the power
of the variational method.

APPLICATION OF THE THEORY

The results of the present method are applicable to the
interpretation of T-burner experiments to determine the acoustic
admittance [or response function Re (M/2)] of a burning solid pro-
pellant surface. A T-burner as shown in Fig. 3 has a large wall
area, so wall losses should usually be significant. Experiments
with T-burners are described at this meeting in detail by several
participants (Ref. 3, for example), so only those details esscn-
tial to the present application will be repeated here. The pro-
pellant response function is calculated from the various measure-
ments by the relation

]
j

|

;
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where p is the steady state pressure, m is the steady state mass
flux at the propellant surface, @, is the measured acoustic pres-
sure amplitude growth rate, and @; is the inherent damping present
during the oscillation growth period. (Note that the theoretical
estimate for @, = - Im w is given in Eq. [3].) Since the inherent
damping cannot be directly measured, it is commonly assumed that
the inherent damping is identical to that measured after burncut.
This assumption has always been questioned, but used of necessity.

A difficulty in the foregoing interpretation arises because
the resonant frequency of the cavity changes rapidly after burnout
By the time the oscillations are sufficiently small to use with the
linearized theory, the frequency is about one-half the oscillation
growth period frequency. The diminished frequency implies that the
cavity core has become cold, so linear decay measurements are made
at reduced frequencies and temperatures.

In a recent series of T-burner experiments at NOTS for
several propellants with similar gas compositions (Ref. 4), the
measured decay rate depends roughly on the square root of the fre-
quency, indicating the dominance of wall damping. Accurate pro-
cessing of these data according to the present method is impossible
because the frequencies and temperatures at which the decay rate
is measured are unknown. However, it is believed that the assump-
tions made below are sufficiently reasonable to indicate the magni-
tude of error involved in the identical damping hypothesis. Since
the final frequencies are approximatelv one-half the frequency
during the oscillation growth period, it is assumed that f¢ = £/2,
where the subscript f indicates a final value after burnout at
small amplitude. The final core temperature is thus T, ¢ = T /4.
The wall temperatures during the oscillation growth period and
after burnout ar= unknown, but it is assumed they are identical
and Tw = To/4.

The NOTS data correlate roughly with Qg¢ = - 3.5 \/£/100 for
the series of tests where 0, ¢ is the measured damping. When it is
assumed that the only losses are wall losses and that v = 1.2,

Pr = 0.75, and T_ = 3000°K, these data imply an effective wall vis-
cosity Wy = 15.7%10)-* poise. This viscosity is large, but the
high value could be due to wall roughness and scale deposit on the
walls. When this value of viscosity is used in Eq. (3) with the
other assumptions of this section, it is found that

a, = (0.545) a; ¢ = - 1.9'{1/100 (5)
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The importance of this correction at low frequency is easily seen
by comparison of two d ta-processing methods: the first uses the
identical damping hypothesis and the general correlation

(azg = a; 5§ = -3.5 VfSlOOi while the second uses the correlated
correction of Eq. (5). For the first method

o E
1
lm

[
"1 ]/100
) (_f— + 3.5 T ) (63)

e
2

and for the second

mACZ
[

o
-2 (341020 (6

.

As an example, for one propellant in the NOTS series, a, = 5 sec'1
at 620 cps. Eq. (6a) gives (u/€) = (p/4mc)(1.41) while Eq. (6b)
gives (u/€) = (p/4me) (0.77). Since the underlying assumptions for
the result calculated by Eq. (6b) are believed to be reasonable
(if not accurate), a significant correction to the measured damp-
ing is undoubtedly necessary to obtain accurate values of the
inherent damping, especially at low frequency.

DISCUSSION

The calculations of the previous section indicate that the
inherent damping may be significantly different from the damping
measured after burnout. The validity of the calculations is
limited by the lack of knowledge concerning the final frequency
and wall temperatures during the growth period and after burnout.
If these quantities are measured in future experiments, it is be-
lieved that the methods outlined in this paper can be used to ob-
tain better values of a4, from the measured decay rates. In apply-
ing the present theory, however, it must be ascertained that wall
loss is the dominant loss and that other damping mechanisms (for
example, particle damping) are not present. Alternatively, the
extent of each type of damping must be known.
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THE EXPERIMENT AT BRL ON ACOUSTIC ADMITTANCE
MEASUREMENTS OF BURNING PROPELLANT SURFACES*

Richard C. Strittmater, Leland Watermeler,
and Samuel Pfaff

Ballistlc Research Laboratories
Aberdeen Proving Ground, Md.

The object of the work reported here was to improve the re-
producibility and to decrease energy losses in the resonant tube
experiment to measure the admittance of burning propellant sur-
faces. Much of the work has been concentrated in the following
areas:

1. Improvement of coupling between gages and combustion
tube.

2. Obtaining uniform ignition.
3. Reduction of thermal wall losses.
4y, Improvement of exhaust conditions.

To determine the coupling characteristics between the com-
bustion chamber and gages, a series of shock tube tests on the
gages and coupling cavities were completed. These tests indi-
cated the cavity resonant frequency to be very close to the range
of fundamental frequencies being measured. Redesign of this
cavity has eliminated this condition. The thermal isolation af-
forded by the redesigned cavity and grease still appears adequate
and the resonant frequency of the coupling cavity is now 20,000
cps.

A new method has been developed for applying the resistance
wire igniter to the propellant sample. This has improved the
uniformity of ignition and gives promise of improving reproduci-
pility in this experiment.

The inside wall of a combustion tube was coated with 6 mils
of ZrOz 1in order to reduce thermal losses at the walls. The tube
was 1 3/16" in diameter and was 2 1/4" long. The fundamental fre-
quency was 8100 cps. Results indicated that there was no signifi-
cant reduction of losses. The value of the admittance of the
burning surface determined in the coated tube was the same as the
value determined in the uncoated tube.

*This work 1is supported by the Army Materiel Command.
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A new combustion chamber was built which vents the product
gases through four holes instead of one. The idea behind this 1is
as follows. In the "T Motor" experiments to determine the acoustic
admittance, it i1s assumed that the acoustic losses during burning
are the same as after burnout. This single assumption probably
introduces more error into the experiment than any other. There-
fore, it 1s important to reduce the losses wherever possible. It
was believed that the losses would be reduced by venting the gases
uniformly around the entire periphery of the tube, rather than
through one hole as in original "T Motors”.

At BRL an approximation to uniform venting has been designed
in the form of a combustion tube that uses four drilled holes for
venting the gases. The centers of the holes lie in the central
transverse plane of the tube and the holes are 90° apart. The com-
bined cross sectional area of the four orifices in the new burner
1s equal to the cross sectional area of the single orifice in the
original T Motor. The central transverse cross section of the new
chamber is shown in Fig. 1. Very few experiments have been com-
pleted with this chamber. However, on the basis of these experi-
ments, a few remarks can be made:

1. None of the data taken at 3300 cps has shown the
presence of the cusp-like mode described in the work
of Hart, McClure,and Cantrell.

N

The admittance determined from the data taken in the
f-orifice burner agrees with the previous results ob-
tained with the single orifice burner.

3. The losses measured in the 4-orifice burner are less
than in the single orifice burner.

Our original plans to run comparative tests with Horton,
Price; Ryan, Coates, and Baer (1) were side-tracked somewhat by
the considerations discussed above. In the near future we hope
to accomplish the original goal of comparative tests and to pur-
sue the problem of minimizing the acoustic losses.

REFERENCE

1. Horton, M.D. and Price, E.W.; Ryan, N.W., Coates, R.L., and
Baer, A.D., The Ninth Sympusium (International) on Combustilon.
New York, Academlc Press, Inc., to be published.
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COMBUSTION IRREGULARITIES OF SOLID PROPELLANTS *

Neorman 4. Ryan
Dept. of Chemical Engineering
Jniversity of Utah
Salt Lake City, Utah

At the Unilversity of Utah there iiave been two principal lines
of attack on the oscillatory burning problem, both employing the
side-vented enG-burner. In one, the oscillation growth constauts
are determined from records of runs with short propellant grains
burning first in only one end, then in each end. The constants ob-
tained permit estimating both the acoustic admittance ol the burning
surface and the chamber losses. In the other attack, long grains
are burned 1in only one end, the graln being advanced at the burning
rate to maintain constant gas phase geometry. An attempt has been
made to interpret the results observed in terms of the viscoelastic
properties of the solid propellant.

Acoustic Admittance

If 1t 1s assumed that convective movement of the gas can be
neglected and that losses in the gas column can be considered pro-
portional to acoustic velocity, the wave equation can be solved to
give the real part of the specific acoustic admittance of the burn-
ing surface and the loss coefficient in terms of the growth constants,
ap for double-end run and aq for single-end run, as follows:

£ 2f
vnere f 1s the frequenrncy, and

g% = a, - 20, sec.” 1 .

Recent work on Utah F propellant has confirmed the growth con-
stant-frequency correlation previously reported for single-end runs,
vut has led to a revision of the correlation for double-end runs.
it is now believed that the relationship for double-end runs lies
nearly half-way between that reported by R. L. Coates, then of the
Utah laboratory, and that reported by M. D. Horton of N.O.T.S. Re-
sults, still regarded as tentative, computed according to the ab.ve
equations indicate that the specific acoustic admlttance varies in-
versely with the square root of the frequency and the loss coef-
ficlent 1s very nearly constant. The frequency range investigated
was 600 to 7000 cps.

Participation of the Solid Phase

In the solution of the wave equation applied to the solid phase
when a long grain 1s burned, the coefficient of the position para-
meter 1s taken as complex in order to 1lntroduce the attenuation constant,

33
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which can then be related to the other viscoelastic properties of

the solid. The time dependence is fixed by the sinusoidal pressure-
time relationship at the supported end. The acoustic admittance of
the free end is matciied to the value computed, assuming that the dif-
ference between oscillation growth coastants (determined in the gas
phase) for short grains and for long grains represents the amount of
acoustic energy pumped into, and dissipated within, the solid phase.

Provided viscoelastic properties are known and the liberties
taken in the derivation are admissible, the resulting solution per-
mits expressing, as a functlion of the grain length, each of the fol-
lowing: (1) ratio of pressure amplitudes at the end plates (solid
end to gas end), (2) the phase difference between the two end pres-
sure signals, and (3) the reduction in the value of the growth con-
stant below the short-grain value. Unfortunately the viscoelastic
properties are not known. Attempts to obtair the complex moduli
pertinent to the particular process have not been unambiguously
successful. Comparison of experimental resul®ts to values of the
three variables above computed for arbitrarily assumed values of

the quality factor, Q , indicates that the q for Utah F propel-
lant is about 5.

Attempts to produce oscillatory burning with highly aluminized
modified double-bas2 propellants, experiments in which Hercules
(Bacchus) personnel participated,were unsuccessful. Much of the
difficulty is now thouzht to have been due to inadequate ignition.
'hen ignition was satisfactory, burning was normal and stable. The
negative results do encourage future work. They included occasional
chuffing and sometimes complete decomposition of the propellant,
leavinz a large residue of unburned, unmelted aluminum.

*This work supported by Advanced Research Projects Agency (ARPAj.




EXPERIMENTS WITH A SOLID PROPELLANT
ACOUSTIC OSCILLATOR*

J. F. Engler and W. Nachbar
Lockheed Missiles and Space Company
Research Laboratories
Palo Alto, California

Standing wave oscillations in the gas cavity above an end-
burning solid propellant grain have been studied by using as test
apparatus a side-vented rocket motor with a transparent combustion
chamber. One-inch long, uninhibited grains of an 80%~-20% ammonium
perchlorate-polyurethane propellant are pressed tightly into one
end of a quartz tube, 6" long and 1 1/2" I.D., which in turn forms
one end of a cavity of adjustable total length. Pressure measure-
ments are made using both high-and low-frequency response trans-
ducers, and high-frame-rate cameras are used to monitor the re-
gression of the propellant surface under oscillatory and non-
oscillatory operatiocn.

Oscillations in chamber pressure of frequencies from 1000-
2000 cps. were developed to 10 psi amplitude on a 200 psia average.
Frequencies observed were inversely proportional to chamber length
but 20% lower than calculated acoustic frequencies for the closed-
closed tube. In addition, both frequencies and amplitudes were
observed to be strongly dependent upon mean pressure in a con-
sistent way. Higher amplitudes and lower frequencies were observed
at lower pressures. Actual burning rates are measured from the
motion picture record with the aid of a Vanguard Motion Analyzer.
It was found that, within a calculated probable experimental error,
the observed mean burning rate agreed with the strand test rate
under both oscillatory and non-oscillatory conditions.

In an accidental experiment, it was shown that the burning
propellant can be extinguished within 8 milliseconds by fracturing
the quartz tube.

%
This work was performed at the L.ockheed Missiles & Space Company
Research Laboratories, Palo Alto, California, under the sponsor-
ship of the LMSC Independent Research Program.
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A REVIEW OF EXPERIMENTAL WORK ON
ACOUSTIC INSTABILITY IN DOUBLE BASE PROPELLANTS
FOR THE PERIOD MARCH 1, 1962 TO MARCH 1, 1963

S. F. Mathews and T, A. Angelus
Hercules Powder Company
Allegony Ballistics Laboratory
Cumberland, Maryland

A program has been initiated at ABL to investigate low frequency
(200-1000 cps) acoustic instability in composite modified double
vase (CMDB) propellants. The primary emphasis of recent work has
peen to develop a burner to operate in this frequency range. This
aporoach has provided some unusual results which may lead to a
better understanding of inherent losses in the system.

All firing tests have been perfcrmed 1n a side-vented six-foot-
long "T-burner" with an inside diameter of 3 1/8 inches (Fig. 1).
Two-inch-long grains are placed in both ends and ignited with bag
izniters, All tests have been made with a nonaluminized CMDB pro-
cellant. The nozzle was sized for 400 psi chamber pressure and the
resonant frequency corresponding to the calculated flame temperature

or the propellant was 300 cps.

Typical performance of the T-burrier with uninsulated walls is
shown in Fig. 2. The pressure-time record of a round which was
..echanically stabllized with chamber baffles is &lso shown for com-
varison. The burning range during instability is severely lowered
and the observed frequency {170 cps) corresponds to a chamber gas
temperature of about 1000°K, which 1s over 2000°¥% lower than the
calculated temperature. The chamber wall temperature of the burner
v1as measured during burning and heat balance calculations gave an
cquivalent drop in chamber gas temperature. This temperature drop
was subtracted from the calculated flame temperature to estimate
~inal gas temperatures of 122C°K for unstable operation and 2200°K
“or stabilized operation. The temperature for unstable operation
airees reasonably well with the temperature computed from the fre-
zuency and in both cases the heat loss to the walls can be used to
cxplain the low operating pressure at the average burning rate of

the firings.

The burner has been fired with twc types of chamber insulation -
nitrile rubber and asbestos phenolic. Firings with the insulated
chamber produced significantly higher operating pressure (325-350
psi) and higher frequencies (260 cps). However, the oscillations in
both cases were completely suppressed within 2.5 seconds and there-

after the rounds were stable.

The stabilizing effect of the insulation was considered due to
increased acoustic losses and not due to a pressure dependence of the

propellant admittance. Therefore, the sound absorption characteristics
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of the insulation were measured in a standing wave apparatus. A
hard termination was used in the end of the tube to eliminate re-
flection losses and the inside of the standing wave tube was lined
with cylindrical samples of the insulation to simulate motor ccn-
ditions. The acoustic pressure was compared to the unlined tube
at constant input to the driver. The acoustic pressure loss of
both types of insulation (including a fired sample of the nitrile
rubber) was less than ten per cent in the frequency range of the
T-burner oscillations. This level of absorption did not explailn
the stability of the insulated burner. The losses in the 1nsulated
T-burner are believed to be a result of viscous damping in the
thick boundary layer formed by decomposition of the ablative in-
sulation.

An additional experiment was carried cut in the unlnsulated
T-burner in which chamber gas samples were collected and gas tem-
peratures in the chamber were measured with bare junction thermo-
couples (platinum-platinum/10 per cent rhodium) Chemical analysis
of gas samples, taken during stable and unstatle burning, revealed
no evidence of incomplete rewction. However, uncertainties in the
sampling technique make the results questionable and the relation of
combustion efficiency to the depressed burnirg rate remains a matter
of conjecture. The temperature-time recorcé 1s compared to the
frequency and pressure history of the unstable round in Filg. 3. The
zas temperature shows reasonably good agreement with the temperatures
computed from frequsncy and the resalts also demonstrate the exces-
sive heat loss 1n the system. The most 1interesting rcosult, however,
is the low temperature recorded six incues from the burning surface
which indicates the {emperature to he far below the flame tempera-
ture, During stabllized burning, the melting of the thermocouple
located cix inches from the burning surface (melting point of plati-
nun 1s 2028°K), gives qualitative evidence that the lccal gas tem-
perature near the burning prepellant was much higher thar that dur-
inz unstable burning. These results offer a possible explanatiorn
for the depressed burning rate; l.e., the presence of the acoustic
oscillations in the gas with a high temperature gradient (due to
heat loss) causes the temperature in the vicinity of the burning
surface to be lowered.

The proposed solutlon for the performance anomalies of the low
frequency T-burner involves the use of a nonablative thermal in-
sulator, Future work will include an evaluation of rigild ceramic
material to reduce the thermal and acoustic losses. In addition,
the mass flow rate will be increased in an attempt to minimize the
effect of heat loss in the system.
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FIGURE 1
Prototype Mctor (EM 54) for Unstable Combustion Studies
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FIGURE 2

Frequency, Amplitude, Pressure vs. Time for EM-54 Double~End~Burner, Uninsulated
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DOUBLE-END BURNER EXPERIMENTS

R. L. Coates
Hercules Powder Company
Bacchus Works

The recent success of the use of side-vented, double-end motors
to obtaln quantitative data to characterize unstable combustion has
prompted us to try to adapt these kind of tests to a motor develop-
ment program. Even though absolute measurements of the more relevant
property pertalning to combustion instabllity, the acoustic admit-
tance, cannot yet be made with complete confidence, a quantitative
comparison of different propellant compositions 1s possible. Meas-
urements of the rate of growth of oscillation amplitude for different
compositions when fired under identical conditlons provides a quanti-
tative measure of relative tendencies toward stable combustion.

Several improvements were made 1in the double-end burner tech-
nique to allow testing of rather stable burning propellants. To re-
duce acoustic losses, a larger motor (4.5" diameter) was constructed
with all exposed internal surfaces covered with a phenolic-asbestos
insulating materlal. To increase acoustic amplification, provision
was made to use shallow cup-shaped grains as well as the ordinary
end-burning grains, thus lncreasing the burning surface area.

Eleven firings have been made to date with this motor with a pro-
pellant containing a substantial amount of aluminum. End-burning
grains were found to burn stably, but cup-shaped grains with tubular
sections greater than 2" in length were found to produce oscillatory
burning. Oscilllations having peak-to-peak amplitudes as great as
150 per cent of the mean pressure were observed.

The use of grains with varying surface area presents an opportunity
for a different approach to estimating burning surface admittance and
the 1nherent motor losses. If the dimensions of the grains are such
that the one-dimensional acoustic characteristics of the motor are
preserved, a simplified analysis shows that the rate of growth of
oscillations can be written as

2

a=-{2f-9-(ﬁ-) Yr +a2}, (1)
I Ae

where £ and ¢ are the density and sound veloclty of the propellant

gas, L 1s the length of the motor, (A/Ae) 1s the ratio of actual burn-

ing surface area to that for an end-burning grain, Yr 1s the real

part of the acoustic admlttance of the burning surface, and a, repre-

sents a term due to inherent losses asscciated with flow and incrt

surfaces (the decay constant). Equation (1) shows that if a series

of tests were made with varying burning-surface area ratlo but the

same propellant and motor length, and the measured values of a were

then plotted versus A/Ae, the admittance, Yr, could be obtained from

the slope and ap could be obtalned from the intercept of a best fit

line drawn through the data points.
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To illustrate the analytical technique, data from four of the
initial firings were analyzed. Although the data were rather poor,
an estimate was made of the burning surface specific admittance
and the damping constant. Valuei obtained from these duta are

peYr = 0.005, and ap = -20 sec™-,
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PHYSICAL PROCESSES OF SOLID PROPELLANT COMBUSTION*

R. B. Lawhead and L. W, Carlson
Rocketdyne
Canoga Park, California

Accurate measurements of the acoustic impedance of burning
solid propellant gralns are required 1f the current analytical
theories of solid propellant rocket combustion are to be effect-
ively evaluated. Conventional methods of measuring acoustic im-
pedance using steady-state sinusoidal pressure waves require ac-
curate pressure-amplitude measurements as a furniction of distance
from the surface at discrete frequencies over the range of in-
terest. With a2 burning solid propellart, the surface is constantly
regressing at a failrly rapld rate. If conventional methods of
measurement are to be used, it 1is. necessary to employ elaborate
experimental or analytical techniques to compensate for the chang-
ing surface position. Even then, a complete impedance-frequency
response cannot be obtained with a single burning sample, but
requires many tests, all under identical conditions.

The studies described here were undertaken to examine the
possibility of obtaining a complete spectrum of impedance-fre-
quency values from measurements of the pressure-time histories of
a single shock wave, incident on and reflected from a burning pro-
pellant surface.

The studies under our original contract (AF 49(638) 1093) were
completed last July and have been reporied in Rocketdyne Report
13802. Studies have recently been resumed under a new AFOSR con-
tract (AF 49 (638)-1208}, using the results of the earlier studies
as a gulde for thelr directicn.

The results of the earlier studies can be summarized as
follows:

Nonburning Transient Technique Evaluatlion

1. A frequency-dependent transfer function which describes the
response of a surface to a normal shock wave can be determined
from measurements of the pressure-%ime history of the shock
wave 1ncident on and reflected from the surface, rrovided that
very weak (pressure ratios less than C.02} shock. are used.

2. The transfer function 1s defined as the ratio of the Fourier
transforms of the reflected pressure-time function to the in-
cldent pressure-time function and 1s obtained through an
IBM 709C program which evaluates the individual transforms
and then computes the ratio of the complex values.

3. Computation of a transient impedance function which corresponds
with a classical acoustic impedance value depends on demonstra-
tion that the transient transfer function is identical with the
classical reflection coefficient.

*Phis work supported by Advanced Research Projects Agency (ARPA).
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For a perfectly reflecting termination, the transient reflec-
tion coefficient (computed from observed pressure-time his-
tories) was found tc be within £ 3 percent of the classical
value of 1.00.

No satisfactory comparison between the transient and classical
reflection coefficie::tys could be obtained with inert materials
because the inert materials tested (e.g., cellulose sponge)
exhibited nonlinear behavior, even at the very low shock
strengths used.

Comparison of measured transient reflection coefficients with
classical values for simple resistive impedances (e.g., tube
area change) showed the transient values to be high by 5 to
15 percent, depending on the relative area change (the larger
the area change, the better the agreement). This difference
appears also to be due to some as yet undefined noniinear be-
havior of the low but finite amplitude waves.

The observed nonlinear response of simple passive materials in-
dicates that no one-to-one correspondence can be established
between classical and transient reflection coerfi:ients (and
hence impedances). The response of burning propellant sur-
faces will probably be even more nonlinear than the passive
elements.

A re-examination of the analytical treatments of instability
will have to be made to determine the significance of the tran-
sient response function which can be determined by means of

the weak shock experimental technique.

Application to Burning Propellants

1‘

Gross differences are measured in the pressure-time histories
of weak shock waves incident on and reflected from different
types of solid propellants burning at 450 psi. Only minute
differences are observed between aluminized and nonaluminized
samples of the same type of propellant.

The effects of the hot-gas region generated by the propellant
combustion prevents determination of whether the observed dif-
ferences in pressure-time are due to real differences in pro-
peilant response to the pressure wave or to differences in gas
temperature gradients and product composition.

Pressure traces also show that a pressure wave 1s generated

due to the shock wave interaction with the burning surface.
This "wave" appears to be ccincident with the reflected wave at
the propellant surface, but travels at a speed about one-third
the velocity cf sound. Motiun picture documentation shows an
increase in luminosity of combustion originating at the surface
which appears to be assoclated with this pressure wave.

To eliminate hot-gas effects and unusual wave propagation
phenomena, it appears that the measurements of the incident
and reflected waves shculd be made at the propellant surface
rather than at a statiogwscme distance away from the surface.

-
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5. A "wave-splitting" technique for making the pressure measure-
ments of the surface of the material has been devised and cold-
flow Schlieren pictures indicate that it 1s feasible.

The studles under our new contract are making use of the wave
splitter technique since 1t appears that the best approach is to
attempt to elimlnate the effects of the hot-gas region from the
primary measurements and to make thie measurements at the surface
of the propellant.

The wave spllitter technique may te described as follows: A
planar shock wave propagating through a hot-gas region is split
into two parts by a partitlon separating the tube 1nto two areas
of flow. One part of the shock wave travels to a burning solid
propellant surface and reflects from it. £ pressure transducer
iocated at the plane of the buraing 3urface reglsters the com-
bined input and reflected wave form. The other part of the shock
wave travels down the other portion of the tube past another pres-
sure transducer located in the same plane as the one by the burn-
ing surface; this wave continues to another termination before re-
flection. Solid propellant located at the second termination has
been ignited simultaneously with the test sample to give a similar
hot-gas region. The end of the tube 1s located at sufficient dis-
tance from the pressure transducer so that the pressure pulse re-
flection does not cverlap the 1lncoming wave., The distance re-
quired is merely greater thar the quantity: '

sound speed in hot gas
sound speed 1n driver gas

Thus, this pressure transducer experiences separately only the
incoming wave and an inconsequential reflected wave. The incom-
ing wave can be aligned and subtracfed electronically from the
combined wave recorded by the other pickup. Thus, the lnput and
reflected wave recorded at the prcpeilant surface are avallable
for analysis. There are a number of restrictions which apply to
this scheme: (1) The wave-splitting device must have a sharp
leading edge. Preliminary cold tests using Schlieren photography
show that reflection from the leading edge can be made negligilble,
(2) The wave splitter must seal off the two wave passages 80 no
interactionacross this toundary occurs. This is not thought to be
a difficult problem. (3; The wave splitter must be at least one-
half the length of the pressure pulse traveling in the hot gas to
be able to separate leakage between pickups arcund its tip. (%)
Equivalent hot-gas sources must be provided on each side of the
wave splitter. One of these sources must have a surface normal to
the wave passage past the pressure transducer. (5) The shock wave
must be planar and symmetrical with respect to the two transducers.
This can be proven prior to testing by Schlieren pictures and pres-
sure records sampling shock behavior.

Driver length x

Emphasis in the next few months will be placed on obtaining re-
sponse function for normally incident shocks with various aluminized

_
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and non-aluminized propellants using the wave splittinz technique.
In addition, grazing incident waves will be examined using a 6-in.
diameter pancake-type chamber in which simultaneous high speed
motion pictures and pressure records can be obtained under con-
ditions of transverse modes of combustion oscillatinns.




ACOUSTIC ADMITTANCE MEASUREMENTS: -
REFLECTED-PULSE METHOD*

George M. Muller
Stanford Research Institute
Menlo Park, California

A reflected-pulse method for measuring the normal acoustic
admittance of a burning propellant surface has been under investiga-
tion at Stanford Research Institute for about two years. This
method involves sending a plane accustic pulse (peak pressure less
than 1% of ambient pressure) down a long tube terminated by the
surface to be investigated, and observing the pressure-time pro-
file of the pulse before and after reflection. By computing the
Fourlier transforms of the incident and reflected pulse, one can
determine the complex reflection coefficient § and hence m, the
real part of the complex admittance ratio Ypc+, for a range of fre-
quencies whose limits are set hy the length and diameter of the
tube and the shape of the pulse. It 1s more convenlent to consider
instead of M the related quantity n* = (1/2)(1 -IR|) which depends
only on _the absolute value of R; 7 is given 1n terms of M* by m= n¥*
+ (nf)2, an equation which is correct to terms of second order in
the real and imaginary parts of 1 - R.

‘ The values of M* thus obtained contain two contributions:

(1) the true m* of the termination and (2) the tube M *, represent-
ing losses or gains2 which arise from the motion of the pulse through
the tube between the point where the pressure 1s recorded and the
termination. Previous work has shown that, for sufficiently small
values of true mM?* and tube M*, these two contributions may be
treated as independent. In the case of a cold samrle, the tube m *
may be found by repeating the measurement with the tube terminated

by a blank, i.e., a rigid surface whose N* is zero. With an obvious
notation we have, then,

Noroe = Vsampre = "“srank - (1)

During the past year, we conducted a systematic investigation
of the precision and general internal coherence of this method when
applied to cold samples. The samples were rigidly-backed, cylindri-
cal columns of 1l.2-mm-diameter lead spheres (No. 12 birdshot) con-
tained in a steel cup designed to fit on the bottom end of a verti-
cally mounted pulse tube. Conslderable pains were taken in the

*Research reported in this publication was supported by the Advanced
Research Projects Agency and technically monitored bg the Air PForce
Office of Scientific Research, Contract No. AF 49(638)-565.

1. Y 1s the admittance/unit area; £ and c¢ are the density and
sound speed of the gas in the tube,

2. Gains are due to nonlinear (finite-amplitude) effects.

e
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machining of the Jjoint between tube and cup in order to avoid the
apurious disturbances which arise from mismatch or leakage. Thils
particular type of sample was chosen because it 1s reproducible
(the void fraction was 41 £ 1% for all column heights used), has

a reflection coefficient close to unity, and allows this reflection
coefficient (and hence'q*) to be varied systematically by changing
the column helght.

Initially, pulse records were obtained with the cup empty
("blank") and with 10, 12, and 13.5 mm columns of lead shot, at
a peak pulse pressure of 0.0002 atm (Series I). The entire series
was then repeated at a peak pulse pressure of 0.002 atm (Series II).
In Fig. 1 we show the calculated values of M *pranNk, and of . *saMpLE
for the 12 mm column, each value beling the average obtalined from
three runs. The values of i *pryr as determined at the two pressure
levels fall so closely together that we merely indicate the total
spread between the two curves. In the frequency range considered,
the results for the 13.5 mm column were equally good, except at the
upper end of the range where ¥ *SAMPLE becomes so large that Eq.(1l)
can no longer be expected to hold. For the 10 mm column, agree-
ment between the two curves was good everywhere except near the
high-frequency end where the spread reached 0.006.

In view of the satisfactory results obtained, we extended the
measurements to determine N*pryg at column heights of 4.1, 5.5,
and 7.9 mm; these measurements were only done at the lower pulse
pressure level (Series III). The results obtained from Series I
and III are summarized in Fig. 2; it should be noted that all curves
were drawn so as to fall within 0.002 of the points zalculated from
the experimental data.

The internal precision among successive determination of »*
with the same termination and nominally identical pulses is indicated
by Table 1. We have listed the mean values of MN*grayx for Seriles I,
II, and III, together with the standard deviation. or each fre-
quency we also give |S_(w)] , the absolute value of the Fourier trans-
form of the lncident pulse normalized to have a value of unity at
approximately the peak frequency. Actually, |S (w)|] at the maxi-
mum and minimum frequency listed will vary from run to run by
several percent, and the peak pressure by as much as 20%; this varia-
tion seems to have only a negligible effect on the computed value
of n *. Note that in each series there 1s a range of frequencies,
including the peak frequency, where the standard deviation is sig-
nificantly smaller than the average for the entire range; this only
confirms what one would expect intuitively. The standard devia-
tions given in Table 1 are completely representative of those which
occur in the determination of the .arious n*gaMpre+ Taking 0.0007
as typical for the "best" frequency and 0.002 as typical for the
best octave, we obtain estimated standard deviations for MN¥*p UE
by multiplying these numbers by v2, i.e., 0.001 for the best e
quency and 0.003 for the best octave.
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These measurements were made with the use of a low~-pass filter
to eliminate frequencies about 4 kc¢/s from the recorded microphone
signal. In the light of recent investigations (for detalls see
Juarterly Technical Summary Report No. 16 under Contract No. AF 49
(638)-565) it appears that the precision can probably be consider-
ably improved by using a band-pass filter to eliminate from the
signal frequencles below about two or three times /0 where

o = (2 T)-1, T veing the lenzth of the incident pulse. (With
our present apparatus, T — 2 msec, ¢ — 80 c¢/s.)

Table 1.

THREE DETERMINATIONS OF M *AS A FUNCTION OF ANGULAR
FREQUENCY; BLANK (ZERO-ADMITTANCE)

TERMINATION
1: Rune 61-63 11: Rune 81-83 111: Runs 161-103
w x 1o-4 | Pesk pressure: 2 x 1074 atm | Peak pressure: 2 L 1073 atm | Peak Presswre: 2 x 10 ¢ sen
(-ec-l) ":en o IS_(w)l ":un o lS_(w)l n:cn o Is.(w)l
1102 [ x 1072 | (Runel) | x 1072 | x 1072 | (Runs1) | x 1072 [ x 1072 | (Run 101)

1.000 | 3.46 0.50 | 0.33 2.41 | 0.18 0.364 3.49 [0.23 | 0.421
1.059 3.63 0.33 0.364 2.77 0.24 0.413 3.60 0.14 0.454
1.122 3.75 0.29 0.403 3.17 0.13 0.468 3.70 0.14 0. 489
1.188 | 3.96 0.05 | 0.452 3.56 | 0.08 0.533 3.88 |o0.08 | 0.528
1.259 4.16 0.14 0.513 3.82 0.18 0.607 4.04 0.14 0.574
1.333 4.24 0.0S 0.580 3.96 0.13 0.685 4.09 0.08 0.626
1.412 4.33 0.17 0.5657 4.11 0.01 0.756 4.20 0.10 0. 6%0

1. 496 4.60 0.17 0.754 4.38 0.06 0.819 4.48 0.06 0.771
1.585 | 4.91 0.09 | 0.869 4.69 | 0.02 0.889 474 lo0.06 | 0.869
1.679 5.00 0.07 0. 966 4.91 0.96 0.964 4.92 0.07 0.963
1.778 4.97 0.09 1.000 5.09 0.02 1.000 4.99 0.03 1.000
1.884 $.04 0.05 0.946 $.39 0.15 0.937 5.25 0.04 0.93S
1.998 $.23 0.17 0.808 5.82 0.09 0.768 5.5¢4 0.07 0.776
2.113 $.29 0.13 0.625 6.22 0.13 0.565 .75 0.14 0.578
2.239 $.54 0.12 0.461 6.71 0.25 0. 405 6.03 0.09 0.389
2.31 $.91 0.14 0.331 T.44 0.18 0.290 6.04 0. 10. 0.274

_ - .
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EXPEKIMENTS FOR THE MEASUREMENT OF THE
ACOUSTIC IMPEDANCE OF A BURNING SOLID PROPELLANT*

Dr. Gordon R. Leader
Thiokol Chemical Corporation
Elkton Division
Elkton, Maryland

- meptgre

INTRODUCTION

Studies have been made to determine the feasibility of the
application of a method developed by 0. K. Mawardi (1) for
measurements of the acoustic impedance of a burning propellant
surface. Measurements by this method, involving externally im-
posed sound oscillations, could usefully supplement and check
data on acoustic impedance of burning propellant surfaces which
are currently being obtained by other methods, and could aid in
verification and further development of theoretical studies of
the problem of combustion instability in solid propellant rocket
motors.

EXPERIMENTAL METHOD

The Mawardi method is intended for measurement of the
acoustic impedance of inert sound absorbing materials and uses
for this purpose a small heavy walled solid chamber such as is
shown in Fig. 1. Application of this chamber to measurements on
burning propellant requires that the chamber be vented, and Fig.
1 shows in cross section, the manner in which nine radially dis-
tributed exhaust ports were provided for the chamber. The cham-
ber is also fitted with a sound driver which supplies to the
chamber a high sound intensity of a single frequency in the range
200 - 2000 cps. The sound input is delivered to the chamber
through a wire packed source tube and an annular opening around a
circular plug in the top of the chamber so as to give a high
source impedance and a uniform sound pressure distribution in the
chamber. A microphone is also connected to the chamber through a

*
The major portion of this work was supported by the Office of
Naval Research, Contract NOnr 3474(00), and ARPA Order # 23-62.
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small diameter probe tube which is partially packed with steel wool
to increase its impedance. A B and K Type 4134 condenser micro-
phone has been used in all passive tests, but was replaced during
active tests by an Astatic 151 ceramic microphone which was found
better able to withstand the pressure surge and other effects which
accompany propellant combustion. The sound chamber is constructed
in three sections which cau be bolted together when in use or dis-
assembled to permit different types of samples, i.e. solid metal
plate, sound 2bsorbing material or propellant sample to be installed
in the bottom of the chamber. Small size of the acoustic chamber is
necessary to prevent acoustic resonance effects and satisfy other
requirements of the Mawardi method. These requirements limit appli-
cation of the 20 cc chamber to the frequency range 200 - 3000
cycles/sec. An even smaller chamber is required for higher fre-
quencies.

The basic instrumentation used for measurements is shown in
Fig. 2. With a given termination in the bottom of the test chamber,
sound of a given frequency and at constant intensity is fed into
the chamber. The resulting sound oscillations in the chamber are
sensed by the microphone and are measured with respect to intensity
by the B and K AF Spectrometer and with respect to Phase by the Ad-Yu
phase meter. Measurements are read directly from these instruments
in passive tests or are recorded on high speed strip recorders during
active tests on burning propellant.

The tests on burning propellant nust be conducted under pres-
sure. For this- purpose, a pressurized chamber of total volume 5.5
cu. ft., capable of withstanding pressures to 1000 psi and permit-
ting the necessary electrical connections to be made to the sound
chamber has been provided. <{The interior walls of the chamber are
lined with sound absorbing material.) Fig. 3 shows a schematic
drawing of this pressurized chamber and its accessory equipment.

Each measurement of impedance by the Mawardi method involves
conparison of the microphone response under two conditions: with
rigid termination, and with sample termination in the bottom of
the chamber. If the sound current is constant, and the sum of source
and microphone impedance is large in respect to impedance of the
chamber, the sample impedance Z, is related to the impedance of the
chamber by the expression

2,

Zu = TI-T 2

Where £ is the ratio of microphone voltages and © is the difference
in phase angle shift for the two conditions. 1In each condition the

phase difference between sound driver current and microphone voltage
is determined.




53

When the source and microphone impedance are not sufficiently
large to be neglected, a correction term for its effect must be

added giving:
- 1 1
Zm = 2, (gejcp = 1) (l + 2, ) (2)

Z = sum of source and microphcune impedance in a solid chamber. It
w%s found during work on this program that this same expression can
also be applied to a vented chamber, where Z, in this case signi-
fies the sum of source, microphone and holes impedance. The correc-
tion term can be obtained as a numerical complex quantity s + tj for
the solid chamber by conducting measurements with rigid termination
at two different chamber volumes and obtaining at each frequency

a value of voltage ratio £ and phase angle difference ©® for this
situation. Where V,/V, = 1/2

7 1 - & jow
7 = i =2 (3)
1 ‘e
Z
2
Z
L = = =5 + tj (4)

o3

1 + : Zo + 1
Z, I
o

It can be readily shown that s = £ cos ® ~ 1 and t = € sin o.

In similar fashion, the analongous correctic... term a + bj
for the vented chamber can be derived by the same treatment of
measurements made on the vented chamber with two different chamber
volumes (20 and 40 cc voluues were used). The real part of the
solid chamber correction term is near unity and the imaginary part
is small so that the error introduced L; neglect of this term is
small, but for the vented chamber, the correction terms vary with
frequency over a wide range of values and their use is essential
in order to obtain correct impedance measurements.

The correction terms for the vented chamber are incorporated
into the working equations which are used to caiculate sample im-
pedances from the acoustic data (comparison of rigid and sample
termination). These are:




-
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where A = cross sectional area of the chamber and 9 C = character-
istic impedance of the medium. The results are thus obtained as
specific acoustic impedance ratios.

ACTIVE AND PASSIVE MEASUREMENTS

b o]
. - di{a ° sim = - b cas = - 1)) (s)
2 +1-22cos ¢
s = ) ? sin =
S d(l(:zcos =~ - 1) «+ b  sin 3) (6)
£ 1-2Tces T
. Z A
- =YP _ 1 o
zl T G ) c ("

The validity of the experimental method has been demonstrated

by measurements on passive samples. Tests on Johns Manville
Airacoustic and other absorbing materials at 1 atm in the solid
chamber gave results for real and imaginary parts of the acoustic
impedance ratio which are in good agreement with reported values
of the sound absorption coefficient for these materials (2), con-
verted to specific acoustic impedance ratio as described by
Beranek (3). Measureuwents in the vented chamber were checked
against values obtained for the same passive sample in the solid
chamber. Typical results c¢f this comparison are shown in Table I
which gives measurements made on a 1/2 inch fiber glass pad sample
at ambient pressure. Similar measurements were made at 200 psi,
using appropriate correction terms determined at this pressure.
In this case, good agreement was again obtaired for the imaginary
component of impedance ratio between sclid and vented chambers.
The real components showed poorer agreement than at 1 atmosphere,
but were sufficiently close to justify application of this method
of calculation to data obtained from active shots (4).

Measurements on burning propellant have thus far been made
using a non-aluminized, 82 percent loaded polyurethane propellant.
The 20 ccachamber with 9-1/8 inch vents, having a total port area
of .11 in", is intended for use with a propellant sample 1/2 in.
thick, weighing 24 g and having a total area of 2 inches. It has
been shown that samples of this size can be burned in the chamber

without causing a damaging temperature rise of the driver or micro-

phone. Combustion of this amount of propellant in the pressurized




¢ mmber iscreases pri=sure oaly from I00 to 528 psi asd a pressere -
relief valve ia the s;Stem operated to maiatain the original pras-

sure. The sample comt-ustiom causes a pressure surge of 2-3 psi ie

tle sound chamber during buraning. To minimize this effect and the

azount of combustion noise, both of which can interfere with proper
operation gf the microphons and driver, samples of reduced surface

arza (1 in") have been used in most of the preliminary measuremsents.

Table I

SPECIFIC ACOUSTIC IMPEDANCE OF FIBER GLASS PAD (1 Atm)

Real (R) Imaginary (X)
Frequency (Egl Solid Vented Solid Vented
0.2 1.40 -6.7 -14 -11.7
0.3 0.99 0.39 - 9.7 - 8.6
0.4 1.05 0.44 - 7.3 - 6.7
0.5 1.30 0.51 - 3.9 - 4.0
0.6 1.18 0.65 - 5.1 - 4.9
0.7 1.07 0.60 - 4.4 - 4.2
0.8 0.99 0.59 -3.8 - 3.9
0.9 0.84 0.46 - 3.35 -3.40
1.0 0.69 0.61 -3.20 -3.14

In active shot measurements made thus far at 200 psi micro-
phone voltage and phase angle shift have been successfully recorded
during 4-5 seconds burning times., Interpretation of results was
made difficult by the presence of combustion noise and by the ef-
fect of pressure surge during combustion on the driver and micro-
phone. A 1/3 octave filter has been used to reduce the interference
of combustion noise in most of these studies, but recent work has
shown the need for an even better filter and one with a narrower
band pass (5-10 cycles) will be employed in future work to improve
both the voltage and phase angle recordings. The Astatic 151 ceramic
microphone used during active shots has been shown to be able to
accommodate the pressure surge during combustion without loss in
performance. Tae seriousness of pressure surge effect on driver out-
put was overlooked during preliminary measurements and appears to

3
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invalidate the first results cbtaimed. Correctioam of this effact
bas beem made by providisg larger ports for equalizatioa of pres-
Surs: on both sides of the driver diaphragm.

CONCLUSION

The means fo: overcoming the major experimental obstacles to
obtaining significant data during active shots from which acoustic
impedances can be calculated have thus been found. These will be
applied in future work to studying in detail at various pressures
and frequencies the acoustic impedance of the non-aluminized poly-
urethane propellant, and tests will then be extended to include
other propellant types.
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ACOUSTIC VAVE BURWING ZONE INTERACTIGN
IN SOLID PROPELLANTS*®

H. F. Calcote
AeroChem Research Laboratories, iInc.
Princeton, New Jersey

The main objective of this research was to measure the acoustic
admittance of a solid propellant flame. The unique feature of this
experiment was the passage of the acoustic wave through the propellant
and thence through the combustion zone. This phase of the program has
been ccmpleted. Work of a preliminary nature has also been done on
the nolse spectra produced by such flames. Preliminary experiments
on measuring the acoustic absorptivity of propellant gases issuing
from aluminized propellants have been performed, and more accurate
measurements of the acoustic attenuation of aluminum oxide particles
in the gas phase from solid propellants employing aluminum are being
made.

Acoustic Admittance

The apparatus employed in the messurement of acoustic admittance
is presented in Fig. 1. This involves a wave analyzer coupled to a
signal generator from which the driver signal activates two 60 watt
horn driver units which are coupled to the propellant through a 93-
inch long tube, 1 1/8" i.d. The propellant is burned at one atm. in
an anechoic chamber which is 10' x 10' x 14'. This allows operation
at frequencies above 500 cps. The frequency range of the Hewlett-
Packard model 302A wave analyzer and signal generator is from 500 to
15,000 cps. The output of the acoustic sound intensity after passing
through the burning surface 1s detected by a microphone and fed to the
wave analyzer. The output of the wave analyzer 1s recorded on an
oscillograph. The minimum detectable db change in this experiment
was - 1.3 x 10-3 rayls-1l, Since no absorption of the sound could be
accredited to the presence of the flame, the admittance of the com-
bustion zone must be less than - 1.3 x 10-3 rayls. This is consist-
cnt with an estimate of Hart (1). The prope lants used in these
experiments were ammonium perchlorate composites. We feel we have
zleaned as much from this experiment as is possible so the technique
has been abandoned.

Flame Noise Spectra

Experiments were run to determine the spectral distribution of
the combustion noise produced by the burning strands. Square strands

*The work reported on is that of Dr. D. W. Blair, who 1is currently

on leave of absence with the Norwegian Defense Research Establishment.
In his absence, this report was presented by Dr. H. F. Calcote, The
work was sponsored by the Office of Naval Research, Contract Nonr-
3477(00), ARPA Order No. 23-61.
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3/8" on a side were burned in the anechoic chamber. The location of
the strand and the aicrophone within the chamber were varied. The
microphone signal after being amplified was sent to the wave analyzer
which produced 2 dc signal proportionzl to the input amplitude. This
signal was electrically integrated over a period of 52 seconds. Ex-
periments were performed at several frequencies and the results re-
ported as change in db relative to standard signal ievel. Some typi-
cal results are reported in #ig. 2. In this figure the effect of
particle size for an ammonium perchlorate propellant is recorded as
well as results from a double base propellant. The signal level 1is
observed to peak at about 3,000 cycles independent of particle size,
propellant type, and varia%ion in propellant composition and aluminum
content. The only change seems to be in signal amplitude. This simi-
larity in sound spectra suggests that some property of the anecholc
chamber 1s being measured. However, this poscibility has been elimi-
nated by shifting the positions of the strand and microphone and by
replacing the strand with an electrical-mechanical sound source. It
1s possible that the sound 1s generated by the turbulent mixing be-
tween the propellant gases and the surrounding atmosphere (jet noise).
It should be possible to demonstrate this by varying the strand diame-
ter. This will be done in future experiments.

Acoustic Absorptivity of Aluminized Propellant Products

Some very preliminary work was carried out to determine the feasi-
bility of measuring the acoustic absorptivity of the aluminum oxide
particles in the combustion gases from a solid propellant. The experi-
mental apparatus 1s sketched in Fig. 3. A metal tube was coupled to
the acoustically driven air column through an asbestos diaphragm. In
the middle of this tube a microphone was connected through a glass wool
packed T-tube. The propellant was burned in a connecting tube near
the diaphragm such that the combustion gases flowed through the main
tube and out an open end into the anechoic chamber. The propecllant
strands consisted of layers of non-aluminized and aluminized propellants,
thus the change in the microphone signal could be recorded as the com-
bustion gases changed from products without aluminum to products con-
taining aluminum oxide. The results of this work are presented in
the table. The experiment demonstrated a definite change in sound
level with the addition of aluminum.

Acoustic Pressure Ratio,
Aluninized to Nonaluminized

Acoustic Frequency Propellant
(cps) (db)
2% aluminum:
290 = 105
1400 - 1.1

4% aluminum:
250 - 2
475 -5
1425 -0
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Proposed ieasurement of Acoustic Absorptivity

It is proposed to measure the acoustic absorptivity by a
methoed based upon experiments recently reported by Parker (2). 1In
essence, this measurement consists of determining the "half power
point" of zases contained in a rigid walled cylindrical tube. Since
a tube of this type will show resonance at a series of harmonic fre-
guencies, the experiment is performed by driving the tube at the
several harmonics and observing the difference in frequency at which
the power is one half the maximum. The basic equation is:

af = &2

where Af iIs the frequency difrference at the half power point,

¢ is the velocity of sound which must be measured separatecly
or obtained from two measurements at the half power point,

o 1s the acoustic absorptivity.
Experiments are being designed to make these measurements.
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1. Hart, R. V., Eizhth Symposium (International) on Combustion.
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CARDE EXPERIMENTS ON NONLINEAR AXIAL
COMBUSTION INSTABILITY

W. G. Brownlee*
Canadian Armament Research and Developmerit Es*s>lishment
Valcartiler, P.Q.

INTRODUCTION

A systematic investigation of finite wave axlal combustion
instability was undertaken at CARDE in i960. To date some 200
experimental motors have been fired using polyurethane ammonium
perchlorate (CARDEPLEX) propellants. The primary aim of the fir-
ings has been to determine the gross dependence of the unstable
process on motor operating parameters. The results obtained have
been applied to motor design programs (1) [superscript numbers
refer to footnotes; numbers in parentheses are references] and
are now lncorporated in CARDE motor development procedures.

Nonlinear axial combustion instablility occurs when one or
more strong compression waves propagate axlally within a motor
cavity. The resulting unsteady flow field interacts with the com-
bustion process, derives energy from the interaction and causes an
increase in the time-average burning rate of the »ropellant. Thus
the flow fleld is nonlinear in the usual sense; furthermore, the
experimental results indicate that the process is linearly stable
and nonlinearly unstable with respect to initiation. Therefore a
triggering flow disturbance is required to produce instability.
This trigger was provided 1n the experimental firings by means of
the pulse technique originated by Dickinson (2).

The single "sonance-tube" system reported in Ref. 2 was modi-
fied by the author (3,4,5) so that several flow disturbances are
now injected directly into the motor cavity as shown in Fig. 1. Pres-
sure time traces from a typical firingl with pulse initiation are
shown in Filg. 2. The increase in space-time average burning rate
assoclated with the instability 1s evident in the low frequency
response pressure recording. The traces labelled "interval A,B"

are plezo (Kistler) gauge pressure recordings taken at the head

end of the motor. The steep fronted compression wave has a pres-
sure ratio at reflection of approximately 1.4. Application of
one-dimensional theory for reflection of a plane shock wave (vy=1.24)

1. This motor was 8 inches in diameter x 80 inches in length. The
propellant was Type A3, nonaluminzed, 25% polyurethane binder, 75%
ammonium perchlorate. The propellant graln was case-bonded and cyl-
indrically perforated with a 4-inch port diameter. The grain ends
were restricted. For brevity the motor will be coded as A3 x 4 x 8 x
80 in. Future references to motors will employ this coding. For
other propellant formulations see Table I.

*Major, Royal Canadian Artillery, Seconded to Canadian Armament Re-
search and Development Establishment, Defence Research Board, Quebec.
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leads to a propagation Mach number of 1.08. The frequency of oscil-
lation is approximately 250 cps.

Similar results have been obtained with motors as large as
Star x 17 x 180 in. and as_small as 1 x 2 x 10 in. Typical re-
sults are shown in Fig. 3.1 It may be seen that the frequency
range for finite wave axial combustion instability extends from
at least 100 cps to 2 Kes.

The experimental firings exhibited a remarkable degree of
reproducibility. The observed operational trends lead to an ap-
proximate criterion for stability which can be obtained experi-
mentally. Certain salient features of the results are described
in the present summary. A more complete description is given 1n
Ref. 5.

TABIE I
Propellant Data
Formulation Code No. 4760/ A3 A5 Al2 BT c2
Polyurethane fuel, % by weight 25 25 25 25 25
Ammonium perchlorate (150 p),
% by weight 75 70! 70 70 56
Aluminum, % by weight

SAX-3  (kop, 6% Mg) = 5 = 5 -
SA-24 TR - - 5 - -
SAX-9  (kop, 12% S1) = = = - 19

LiF, added parts - - - 1.8 -
Flame temperature, °K 2288 2460 (2460 2350 12677
Mean molecular weight (gas) 22.49 120.99{20.99 21.06 |17.85

Burning rate at 1000 psia,
1n./sec 0.19 0.20} 0,22 0.15 0.1k
h i ;

Case-bonded grain cross-sections of tubular, opposed slab,
star and two and three arm modified cloverleaf designs were used in
the test motors.

NONLINEAR AMPLIFICATION AND INITIATION

Motor response to a flow disturbance depends on the net ampli-
fication or gain of the system. The response is nonlinear in that
the gain is a function of disturbance amplitude. This may bc seen
clearly in Fig. 4, where pressure traces are shown for an A5 x 1 x 2 x
20 in. firing. On the second pulse the motor seemed marginally

1. The 17 in. firing was not pulsed. Instability was initiated by a
small flow disturbance of unknown origin. The motor casing burst
on the fiftieth cycle of oscillation.
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stable as evidenced by the decaying amplitude of the compression )
wave. Nevertheless the motor became fully unstable on arrival of {
the strong third pulse at a time when the weaker wave was damping -
out. Similar nonlinear effects have been observed in many firings.
On the other hand no instances of amplification from the 'noise'’
level have been encountered.

An immediate consequence of nonlinear amplification is that
motors capable of the most catastrophic unstable behavior will re-
peatedly operate 1n a stable manner provided that no triggering
flow disturbance occurs. This inherent capability of unstable
operation will be referred to here as incipient instability. A
measure of the degree of incipient instability is the relative jump
in average pressure which occurs on transition from stable to un-
stable operation. Motors which are incipiently unstable to a high
degree require only a small flow disturbance in order to transition,
as for example in the case of the 17 in. motor shown in Fig. 3.

To ensure positive testing of development motors the pulses
used are larger than any natural disturbances likely to occur. The
same is true of the experimental firings for in the latter case
interest has centered on the behavior of fully excited motors. The
purpose has been to determine the conditions under which any given
motor is inclplently unstable.

DEPENDENCE OF AXIAL INSTABILITY ON THE AREA RATIO K.

The effect of varylng the motor geometry has been investigated
with a large number of firings. The most crucial result is that the
degree of instability (for a given propellant and motor scale) is
almost entirely dependent on the ratio of burning surface area to
throat area, . Pressure time curves obtained from a serles of A5 x
1l x2 x 20 in. motors are shown in Fig. 5. The traces are arranged
in ascending order of the initlal value of the area ratio, Kpi.
Motors with successively smaller throat sizes became progressively
more unstable and at earlier times until at Kpy = 392 instability
began on ignition. This behavior pattern has been observed in all
unstable firings regardless of propellant type, grain cross-section,
grain temperature and motor size or scale.

Pressure data from a simllar series of A3 x 1 x 2 x 20 1in.
motor firings is plotted logarithmically versus log K, in Fig. 6.
All values are head end pressufes taken at a time when the fraction
of the web burnt, fy, was 0.8.% The curves labelled 'peak' and
'minimum’' refer to the maximum head end pressure at reflection and
the minimum pressure just prior to reflection, respectively. Average
pressures were obtalined from a low frequency response pressure re-
cording system.

1. For CARDEPLEX propellants the constants in the non-erosive rate
law, r=aph, are weak functions of the web fraction. At constant pres-
sure the rate increases until fy=0.5 and then decreases to burnout.
The value of r at fy= 1.0 exceeds that at fy=0. Maximum deviation from
the ideal law is about 15 to 20%. This effect 18 reflected somewhat in
the unstable pressure values. Therefore, wherever possible, data has
been compared to a fixed value of fy.

v’
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The peak, average and minimum pressures lie on parallel
straight line segments in the log p - log K, plane. It follows
that the ratio of peak to minimum pressure (i1.e. the compression
wave strength) 1s independent of port-to-throat ratio, 1/J. More
generally, results at other values of f show that the ratio is_
independent of Kn. Agaln, the time average unstable pressure, Pqus,
plots linearly. This pressure will be reached only if the insta-
bllity is triggered. For example, a motor operating stably at
Peg = 610 psia (i.e. K; ® 400) is capable of unstable operation at
Fous #1300 psia. The relative jump in pressure decreases with Kp.

In fact, the osclllating flow fileld produces an effect equivalent to
an increase in n and decrease in a in the stable burning rate law.

Consequently the plot of P,,g intercepts that of Pgg at a particular

value of K,, say Kn*, which In the present instance 1s about 220. If
a motor operating at K, < K, 1s pulsed, the injected compression
wave 1s attenuated in successive cycles and the average pressure re-
turns to the stable value. Since K, increases with time for tubu-
larly perforated motors 1t is possible for them to be inherently
stable during an early portion of a firing and inciplently unstable
at a later time when K, has become greater than Kp*. Also, it 1is
clear that if the throat size is decreased in successive firings,
then Kn* will be reached at correspondingly earlier times. This
trend is apparent in the firings shown in Fig. 5.

In view of the above it 1s obvious that Knp* can be used as a
Stability criterionl provided that linear scale-up, change in grain
cross-section, or change in motor length does not affect the cor-
relation of Peyg with Kn. 1In order to determine the effect of-scal-
ing up, a series of A3 x 4_x 8 x 80 in. motors was fired. Results
are given 1in Fig. 7. The Pgyg V8 Kp correlation method remained
valld but the degree of instability was roluced so that Kp* in-
creased to 270. Thus, the lar%er motor may be considered less prone
to instability. Other results (5) show that this improvement does
not continue proportionally for- still larger motors. Firings of

17 x 180 in. motors show that they are at best only slightly more
stable than the 8 x 80 in. size.

Further tests were made to determine the influence of motor
length and grain cross-section. Complete firing traces from B7 x 3 x
8 x 80 and 120 in. motors are compared in Fig. 8. It 1s clear that a
length increase of 50% does not seriously affect the correlation.
Similar results were obtalned from A3 x 1 x 2 x 20 and 30 in. motors
as may be seen in Fig. 9. 7. the other hand, shortening the length
to 10 inches reduced the .- ree of instability. At the same time,
the latter motors were not very reproducible as may be seen in Fig. 9
and it was difficult to inltiate instability.

1. For CARDEPLEX propellants the dependence (noted earlier) of the
stable rate law constants on web fractlion leads to a corresponding
shift in Kpn*. This effect 18 easily accounted for in prediction.
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A number of motors were fired with the non-tubuler grain cross-
ections shown in Fig. 10. The change in grain cross-section did not
frfect the Ppoys v8 Kp correlation obtained from tubular firings. As

an example, in Fig. 11, data from A3 x 2 Arm x 8 x 80 in. motors 1s

compared with tubular results.

!

i Summarizing, it appears that P,,g is a function of K, only,

ifor given case diameter, propellant, and propellant temperature pro-

‘vided that L/D is sufficiently large. A critical value of restric-

ition ratio, Kn*, exists such that motors operating at K, < Kp¥* re-

‘main axially stable.

EFFECT OF VARIOUS PROPELLANT ADDITIVES

The dependence of motor stability on propellant formulation
has not been investigated in depth. However, results obtained so far

' show that aluminum additive 1s not nearly as effective a suppressant
: of finite axial instability as it has proven to be for the trans-

verse modes. This may be seen in Fig. 12 where 4 x 8 x 80 in. firing

: data 1s plotted for propellants A3, A5, Al2, C2 and B7. The esti-

mated intersections of Poyg With P.g are marked with solid circles

. in each instance. The assoclated Kp* values are given in Table II.

TABLE II
Propellant K.* Addit've
A3 270 »
A5 430 5% Al (40 p, 6% Mg)
Al2 500 5% AL (7T p )
c2 310 19% Al (40 p, 12% Si)
BT 350 5% Al (%0 p, 6% Mg)+ 1.8 added

- parts LiF.

It is immediately evident that substitution of 5% SAX-3 alumi-
num alloy for the equivalent amount of oxidizer (propellant A5) is
beneficial in that Kp* increases from 270 to 430. Therefore, while
an A3 motor operating at say, Pecg = 700 psia would be lncipiently
unstable to a high degree, the equivalent A5 motor at the same cham-
ber pressure would almost certainly be inherently stable. A fur-
ther gain was made on substituting fine pure aluminum rather than
SAX-3 (propellant Al2).

Propellant B7 presents an interesting situation. The formula-
tion 1s identical with that of propellant A5 except for the addition
of 1.8 parts LiF which serves to reduce the stable burning rate by
about 25 percent. The stability characteristics are adversely af-
fected since Kp* decreases from the A5 value of 430 to 350. Sup-
pose that the burning time of an A5 motor 1is to be increased by sub-
stituting propellant B7. Assume further that a stable chamber pres-
sure of 700 psia is to be maintained by decreasing the throat area.
The required value of K, for the BT motor is 540 which corresponds to
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an unstable chamber pressure of about 1500 psia. The design change
thus leads to a motor which is inherently unstable to a high degree.
The ill-fated 17 in. firing shown earlier in Fig. 3 resulted from
Just such a seemingly innocuous redesign. Needless to say, current
information was not availlable at the time.

A low burning rate may also be obtained by increasing the alumi-
num loading as in propellant C2. Preliminary data points from 4 x 8 x
86 in. and Star x 17 x 180 in. firinge are given in Fig. 12. It ap-
pears that there is no great difference in the behaviour of the two
motors. The degree of instability 1s low and the gaseous compres-
sion waves are very weak and not steep fronted. In fact they have
the same highly damped aspect as the decaying waves that are present
during tail-off of an unstable motor using nonaluminized propellant.
Whether this is due to decreased propellant response or increased
particle damping is not yet clear.

The information given in Fig. 12 may be cross plotted (P, vs Pgg)
as in Fig. 13. The line at 45 degrees corresponds to stable opera-
tion for all propellants; that is, the time average pressure equals
the stable pressure. The oblique liines give the incipient unstable
average pressures, Poyg as functions of the corresponding stable pres-
sure P,g. The relatlive stability of the propellants with respect to
P.g is BT«—>»C2, A3, A5, Al2. These are ordered in the same way as
the burning rate as may be seen on reference to Table I. Thus is ap-
pears that low-burning-rate propellants become unstable at low operat-
ing pressures and high rate propellants at high pressures. It seems
likely that this behavior can be associated with the erosive burn-
ing characteristics of the propellants. However, the latter character-
istics are not yet available in detail.

INFLUENCE OF INITIAL GRAIN TEMPERATURE

As might be expected, the propellant gralin temperature has an
important influence on unstable motor behavior. Firings with an Al2 x
Star x 10 x 120 in. motor show that with fixed geometry, stability
decreases with initlal grain temperature. This does not appear to 1
be due to an Increase in P,,;g at given Xpn as may be seen in Fig. 14,
Rather, the onset of instability at low temperature can be associated
with the shift in Kp* arising from temperature displacement of the
P.g plot.

FURTHER OBSERVATIONS

Several interesting operational features were noted during the
course of the experiments. It is possible for two compression waves
to exist simultaneously at undiminished strength. When this occurs

§Eus increases only slightly. During single shock wave instability

1. All values of K, are referred to the best estimate for the 72°F
firing at the time when the fractional pressure integral, ¢ , reached
a value of 0.6 in each instance. Hence the positions of the data
points relative to each other are probably correct although the 72°
base point may be somewhat mislocated.
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the wave is attenuated when propagating from head to nozzle and ampli-
fied when moving upstream. )

The nonaluminized propellant A3 occasionally exhibited trans-
verse tangential instabllity. In a few instances the onset of high
frequency instablility occurred when the motor was fully excited in
the finite axial mode. The average burning rate then increased a
further 50 to 70 % while the axial mode was immediately suppressed.
A plausible explanation follows if we assume that the rate increases
assoclated with both types of instabllity are largely due to induced
tangential gas particle velocities (6,7). The space average excita-

ion should be greater for the transverse mode. If a limit to the
rate increase due to gas velocity is assumed, then the axial wave may
be unable* 8o sustain itself on the grounds that locally it can, prot
duce no rate increase over that arising from the fully developfd

tangential wave. A

1

The very small 1 x 2 x 20 in. motors are unsuitable for gvaluat-
1ng the stability characteristics of propellants. Aside from the
large scaling effect noted for the nonaluminized A3 propellant,” it was
found that aluminized propellants behaved anomonously. The average
unstable pressure, Pcus, for propellants A5 and B7 was essentially
identical with that for A3; that is while stable burning rates were
normal the unstable rate was not influenced by the presence of alumi-
num or lithium fluoride. It has been shown that this was not true
for the larger 8 x 80 in. motors.

Finally, while the experiments were conducted using polyurethane
propellants it appears that nonlinear axial instability is by no
means limited to this class. The same phenomenon has been observed
in a CARDE firing of a 5 x 50 in. motor with plastic propellant (8).
Triggering occurred when an injected graphite sphere produced moment-
ary, partial nozzle blockage.
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FREQUENCY RANGE 100 cps to 2 Ke
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EXPERIMENTAL INVESTIGATIONS OF LOW FREQUENCY
COMBUSTION INSTABILITY*

E. W, Price
U. S. Naval Ordnance Test Station
China Lake, California

Occurence of oscillatory behavior in the 1-100 cps frequency
range has become increasingly common as the size of rocket motors
has incrcased, as the operating pressure has been reduced, and as
the variety of propellants has increased. The oscillatory be-
havior in tkis frequency rapge is usually (but not always) in
nonacoustic modes of the combustion chamber, and is usually (but
not always) obtained with propellants using metal fuel ingredients.
The unstable bebavior includes not only periodic cscillations, but
also self-quenching and chuffing. Becauss no well-established
laboratory or theoretical tools wv.re available for eiucidation of
the phenomena, progress in achievi.:g understanding or rational
control of such instability has been slow.

During the past year two experizental techniques have been
applied to the study of low frequency irstability. Ope consists
of a double-ended burner with propellant discs having burning sur-
faces facing each other (Fig. 1). The reaction products are vented
through a2 hole in the center of one of the p-opellant discs, lead-
ing to a sonic nozzle. In this configuration, the stay time of
material ic the combustion chamber flow is varied by varying the
distance betweea the twc burning surfaces. This system was tested
75 times, with several propellant-nozzle size-stay time combina-
tions.

A typical oscillatory test is shown in Fig. 2. All classes
of behavior from steady high pressure burring to oscillatory be-
havior to chuffiang to spontaneous quenching after ignition were ob-
served, with all propellants exhibiting such anomalous behavior
under some conditions at low pressure. While the behavior was not
ccrrelated with any quantitative arguments, it was observed that
the limitieg counditions for stgble behavicr with each propellant
could be correlated with the L of the coabustion chamber. At
pressures below 100 psi. canstable behavior of some kind was
generally encountered for L* below the critical value noted in the
table on the following page.

*This work was sponsored by NASA.
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Propellant Type Stable Behavier
PBAA-ammonium perchlorate 10 in.
Polyurethane-ammonium perchlorate-

15% aluminum 200 in.
Double-base with MG-Al alloy 200 in.
Double-base 2,000 in.

The correlation between the limiting L*'s and the known combus-
tion rates (i.e., completeness of combustion of ingredients) of
the propellants at low pressure supports the argument that pres-
sure-dependenti combustion efficiency is a factor in the stability
of the combustor (as argued in an accompanying article). Work
is continuing on this investigation, with particular emphasis on
low pressure combustion rates and on accumulation, shedding, and
combustion of metal fuels during propellant burning. Also, a
few firings of the burner have been made with glass walls; the
results indicate that photographic methods hold considerable
promise.

A second experimental technique used for low frequency in-
vestigations consists of a six-inch-diameter burner with lengths
up to 60 feet. The purpose of this burner is to permit investi-
gations in acoustic modes at frequencies down to 10 cycles per
second. The configuration was described in last year's report:
the burner provides fer a propellant slab at each end and for
either no vent or a nozzle midway between the ends. The system
oscillates sprntaneously with some propellants in the axial mode.
#ith "stable" propellants, the relative stability can be de-
termined by measuring the decay rate of a pressure oscillation
induced by a small black powder charge. To date this system has
been used to compare stability of about 15 propellants in a series
of 35 firings. While the technigue appears to be useful for com-
parinog propellants with respect to low frequency pressure-coupled
instability, further experience is required to evaluate the
effects of heat loss, to determine how to control the mean pres-
sure level, anc how to obtain decisive ignition and pressurization
of this high-free-volume system. While the present performance
is adequate for comparing the relative stability of propellants,
quantitative data such as that obtained by Horton in smaller
burners at higher frequency may not be attainable.

Aside from obtaining comparative data on different propel-
lants, the low frequency investigations to date have served
primarily to show how varied and complex the LFI bebhavior is.
While enough is known about the behavior to warrant speculative
interpretation of results, data to verify the speculations is
still lacking and will be slow to "emerge" because of the experi-
mental difficulties. Probably the most intriguing result to date
is the evidence that a propellant may have a preferred frequency
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for low frequency instability, i.e., . frequency at which it is
prone to burn in an oscillatory fashi. n. This idea has been sug-
gested by results reported by Angelus in previous Tecknical Panel
meetings, and is implied in the analytical results of Dennison and
Baum. It has even been sSuggested that some propellants will burn
in an oscillatory manner in a constant pressure vessel. While the
results of investigation of one particular propellant during the
present program (Fig. 3) support the coucept of a preferred fre-
quency, it does not seem likely that any inherernt capacity of a
propellant to burn in an oscillatory manner can lead in itself to
rocket motor instability. Instability of the "combustor" as a
whole can occur only if the oscillatory coubustion of the propel-
lant at various locations in the combustor is brought into some
suitable phase relation characteristic of the particular mode of
oscillation. It is hard to see how such "coherence” of the oscil-
latory combustion behavior could occur unless there is some

measure of responsiveness of the combustion onscillatiors to the
oscillating state of the combustor as a whcle. The "preference”

of some propellants for oscillations at particular frequencies in
burners and motors thus may reflect a high susceptibility to oscil-
latory behavior in a particular frequency range, but cannot possibly
be construed as inkerent instability of the prcpellant independently
of the osciliating environment produced in the burner (assuming

the propellant sample size is large compared to the thickness of the
combustion zone). This thesis is supported in the results of the
"big pipe" tests summarized in Fig. 3. During these tests, the
burner would not oscillate except at times during the test when the
frequercy-pressure coanditions in the figure were satisfied for
natural acoustic mode of the burner, i.e., when the combustor was
able to exert a feedback to the combustion at the frequency "pre-
ferred” by the propellant.

—— Propellant
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PROGRESS REPORT ON SOLID PROPELLANT COMBUSTION
INSTABILITY STUDY*

A. 0. Converse and G. K. Klinzing
Carnegle Institute of Technology

INTRODUCTION

Our studies of combustion instability are carried out in a
1 1/2" diameter pipe which is open at one end and closed with a re-
ciprocating piston at the other. The propellant 1s attached to
the piston and is ignited while the piston 1s in oscillatory motion.
The combustion, therefore, takes place in an oscillating pressure
field. The pressure 1s measured at the piston end of the pipe
under resonant conditions. As indicated in the section on the mathe-
matical analysis this allowis one to evaluate the dynamic burning
rate-pressure respons2. The combustion products are vented through
the open ené and, at present, the static pressure 1s one atmosphere.
The piston 1s driven by a variliable speed electric motor through a
scotch yoke. The piston motion, therefore, contains no harmonics.
With the present equipment the frequency can be varied from 4 to
25 cps and the amplitude of the oscillatiny pressure between G
and 0.5 atmosphere.

This sytem was chosen for the following reasons:

a. At very low frequency one can assume that at each instant
the pressure dependency of the burning rate is the same
2s the static pressure dependency. This pseudo steady-
state assumption which must begin to apply at some suf-
ficiently low freqg-ency allows one to calculate the pres-
sure amplitude to be expected. This allows one to verify
the experimental results. At higher frequency both the
measurement and the calculation may be subject to question
and there is somewhat of a dilemma.

b. With piston driver it is possible te have much larger
pressure amplitude than can be obtained with acoustic
equipment. This 1is an advantage in distinguishing the
signal from combustion noise. Although the amplitudes
may be large the reflection conditions at the open end of
the pipe prevent large distortion of the desired sinus-
oldal pressure wave forms. This allows the investiga-
tion of the nonlinear response of the combustion without
the complications of extreme nonlinearities (e.g. shock
waves) in the pressure wave forms.

¢c. And, of course, the low frequency region is of interest
itself.

*This work is supported by the Army Materiel Command at the Ballistic
Research Laboratory, Aberdeen Proving Ground, Maryland. <Contract

No. DA-36-034-AMC-3797(R).
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EXPERIMENTAL RESULTS

In order to evaluate our ability to analyze the effect of
time-average flow on the pressure oscillations, some non-combus-
tion experiments have been run.l In these experiments air is ad-
mitted at the piston end of the pipe through a critical flow
orifice, Thus the mass flow rate can be maintained constant, in-
dependent of the pressur: oscillations in the tube. The effect
of mean flow on the pressure oscillations at the piston end of
the tube is shown in Fig. 1. The effect is most pronounced where
M< 0.,035. In connection with this, it is interesting to consider
the effect of steady state Mach number on the gas velocity. With
no mean flow (M = O) the gas velocity reverses direction during a
period, at every point in the tube. As mean flow 1is introduced,
the gas Tlow ceases to reverse its direction first at the piston
end of the tube, and then progressively throughout the tube as the
Mach number is increased. Under the conditions corresponding to
the data in Fig. 1, flow reversal ceases at .M = 0.03. Hence 1is
appears that the damping of the pressure oscillations is greater
when there is no flow reversal, and the rate of change of pressure
amplitude with 1ncreasing meaa flow 1s greatest when the flow re-
versal 1s being destroyed. This should be considered to be a pre-
liminary remark; greater verification is obviously needed.

THEORETICAL RESULTS

At present inorder to simplify the analysis we consider a
purely hydrodynamic model. That is, the propellant is considered
merely as a source of gas, the flux of which depends on the pres-
sure,

Two methods of analysis have been applied. In the first method
the continuity and motion equations have been linearized permitting
an analytical solution. Although momentum transfer between the
gas and tube is consldered, heat transfer is not. Hcwever, this
omlssion is corrected empirically by using a measured damping coef-
ficlent. The dawmping coefficlent is evaluated in the experiment
where M = O,

In the second method the nonlinear equations were applied.
This required numerical integration using the method of character-
istics (1) [superscript numbers refer to footnotes; numbers in
parentheses are references]. Two assumptions were made, however:

a. There is no heat transfer between gas and tube due to
the varlation in gas temperature during compressio.a and
rarefaction. This azain was compensated by choosing the
friction factor f so that computed and experimental ampli-
tude agreed at M = 0.

1. 1In the combustion runs the pressure oscillations are also pre-
sumably affected by the temperature gradients as well as the flow.
Combustion runs are now being started.
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b. It was also assumed that the heat generated by friction at i
the wall was absorbed by the wall and was not transferred to
the gas. Thus the entropy of the gas could be considered.con-
stant. -
A. Linearized Analysis.
The Tollowinz linearized wave equation can be derived (2):
2 12 2
271 2y 271 271 pll Rr .
—= - (1 - M%) - + 2M + MB + B =0 . 1 i
36° : )M’é P20 2f 20 (1) E
The boundary conditions are
(1) =0 at open end (2)
p(0) = € + am(0) at piston end (3)
where a = M(Ny -1); e=V/c . (1)

The boundary condition at the piston end 1s the essential one and
it 1s obtained from a sample mass balance

pu = Vp + KpN/»P (5)
total mass _ mass flux due to 4 mass flux due to §
flux - piston motion propellant combustion .

The pressure is measured at resonance at the piston end. Under these
conditions and with M< 1 we get

T (6)

The above equation is in agreement with our physical intuition. As B,
the damping factor, goes to 0O, the pressure amplitude becomes in-
finite, which is to be expected at resonant conditions. When N be-
comes larger, which is to say tha®™ the burning rate pressure expon-
ent becomes larger, the pressure amplitude also increases.

From Eq. (6), a can be determined from the measured pressure /7T
and the damping factor B.

SLRSE a=MNy -1) , (7)

one can evaluate the effective pressure exponent N because y and M are
known. Since this is a steady state experiment, the damping factor
B must be obtained from other sources.

In the actual experimental results reported in Fig. 1, the
mass flow into the tube was independent of pressure, hence N = O and
a becomes - M. With this slight alteration, Eq. (bs becomes

a(0) _ 2 cos(Mmo) .
€ B 1l + (2M/B) (8)
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Values of 17 (0)/e' computed from Eq. (8) are compared to the experi-
mental values in Fig. 1. The value of B was calculated from the no-
flow experimental data; hence the theoretical and experimental curves
are forced to agree at M = 0., The inability of the linearized analy-
sis to predict the observed behavior is apparent. The calculated
values were refined by allowing for the fact that B is a function

of M (3). The improvement was negligible. The reason why the linear-
ized analysis breaks down 1s not known at present.

B. Nonlinear analysis.
Following the development of Shapiro (1) the equations npon
which the analysis is based are

&= =uxec (9)
I, 11

S =FE(E PLF v §)
= - ¥ . (10)
at 1,171 v-I° T 1,II E

These equations are integrated numerically, using the method of chara-
cteristics. Here the agreement with experiment is quite good as
shown in Fig. 1.

CONCLUSION

The effect of mean flow on the pfessure oscillations in a gas-
filled tube has been studied under a limited set of conditions. Whereas
the linearized analysis falled to predict the observed behavior, a
well known nonlinear analysis did succeed. Thus it appears that the
effect of the mean flow caused by a burning propellant can t: taken
into account. It 1is suggested that this method of analysis should
be employed in the study of unstable combustion in rocket motors if
the flow can be considered to be one-dimensional.

NOMENCLATURE

= damping factor
velocity of sound
time average velocity of sound
pipe diameter
Fanning friction factor

2
= (fu®)/D (u/jul)
a constant in the burning rate expression
pipe length
u/¢c, Mach number
=wlL/c
= pressure
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time

gas veloelty

piston velocity

defined by Equation (7)

Cp/CV

V/c , dimensionless piston velocity
amplitude of €

tc/L dimensionless time

p/Yp dimensionless oscillatory pressure
gas density

propellant density

x/L dimensionless distance

angular frequency
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Fig. 1 EFFECT OF MEAN FLOW ON PRESSURE OSCILLATIONS
AT PISTON END OF TUBE
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LOW FREQUENCY (NON-ACOUSTIC) INSTABILITY STUDIES
FOR THE PERIOD MARCH 1, 1962 to MARCH 1, 1963

R. A. Yount and T. A. Angelus
Hercules Powder Company
Allegany Ballistics Laboratory
Cumberland, Maryland

Current trends in solid propellant motor systems are toward
large motors and low operating pressures. At low operating pres-
sures, achieving and maintaining equilibrium operation may become
difficult due to the danger of hangfires and periodic combustion
phenomena, such as chuffing and low frequency (non-acoustic) in-
stability (LFI). For large motors, the acoustic mcdes of the sys-
tem may be of such low frequency tnat coupling may occur between
these modes and pericdic ccmbustion phenomena which may be inherent
in the propellant. Thus, it 1s important that a fundamental know-
ledge of these phenomena be obtained.

Results of work prior to this period suggested that the
phenomena of LFI and possibly chuffing were intrinsic propellant
properties rather than a coupling between combustion and some other
mechanisms of rocket motor operation. During this period, further
work was done to determine if LF1i was a coupling between propellant
combustion and rocket motor parameters., High impulse, heavily
metalllzed propellant systems were also examined for susceptibility
to chuffing and LFI, and a fundamental investigation into the nature
of these low pressure phenomena was begun.

The effect of residence time on LFI was studied by comparing
data from standzrd motor firings in which the free volume was sys-
tematically changed. All firings were otherwise identical relative
to AP/At, operating K and propellant. The propellant was a double
base” system containing 5 per cent of a Mg-Al alloy. LFI was ob-
served 1in all cases, the frequency being indepcondent of free volume,
and the amplitude change belng inversely prcportional to the free |
volume. This indicates that the residence time, by 1tself, at least, '
is not a strong controlling factor in LFI. A double length grain- ‘
double length metor firing was also compared with the standard
motor firing. This firing was identical in all respects except for
Ap/A¢ ratio. The frequency of oscillation did not change, but a
marked decrease in amplitude cccurr . indicating a possible re-
lationship between driving force and velocity. (or possibly pressure
drop) within the port. The addition of a reaction catalyst, which
had been known to increase the combustion efficiency of some propel-
lants at low pressures, increased the frequency but did not affect
the amplitude of LFI.

Highly aluminized composite modified double base propellant *%
systems were observed to exhibit chuffing and LFI in motor firings .f
at low operating pressures. The pressure-frequency-amplitude
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relations for LFI were similar to thosz observed earlier for sys-
tems containing small amounts of metal additives (1). The fre-
quency increased as the operating pressure increased; the ampli-
tude decreased with increasing operating pressure and with increas-
ing free volume, Strands of these propellants were also burned in
a combustion bomb, This was done to determine if LFI was related

to rocket motor geometry or an intrinsic property of the propellant.
Movies of the burning strands showed the periodic¢c build-up and
ejection of aluminum globules and also "shedding" of layers of con-
densed phase material at the burning surface. The frequency of this
process appeared to increase with increasing operating pressure, and
the order of magnitude of the frequency was comparable to that of
LFI observed in the motor firings. This gives added support to the
previously proposed theory (1) that LFI is associated with the
periodic accumulation of some oxidative resisztant speclies, in this
case the metal particles, at the burning surface.

The facts that chuffing and LFI often occur simultaneously,
are both low pressure phenomena, and show similar dependence on
operating pressure, suggest that they may be related. The amplitude
of chuffing has been observed to decrease as the pressure associated
with the base pressure between the chuffs increases. This "vase"
pressure was also found to depend inversely on the pressure decay
rate of the prior chuff. The time between chuffs showed an inverse
dependence on this pressure for a CMDB prcpellant containing d4if-
ferent types of aluminum (Fig. 1).

The sharp transition from the low pressure dark zcne reaction
to a chuff suggests an explosion mechanism. PFurthermore, experi-
mental evidence shows that this may be thermal in nature (2), If
such a mechanism is involved, cne 3hould be able to correlate the
time between chuffs, t;, with the induction time; 7 , for thermal
explosion. Ana1¥sis involving a time-dependent form of the heat
flow equation (3) and an Arrhenlus-type equation to represent the
propellant surface temperature (4; has been made. An equation of
the form fn t3y = C - D /n Py relating the inducticn time of a
chuff to the pressure (Py) of the quasi-steady reaction prior to
the chuff 1z cbtained. éhe constants C and D depend upon thermo-
dynamic properties of the propellant and the kinetics of the com-
bustion process. The data from Fig. 1 plotted in this way (Fig. 2)
give reasonably good straight lines, thus indicating the possibility
of a thermal explosion mechaniszm.

Laboratcry apparatus has been tullt to determine experimental
induction times for thermal explosion. Preliminary results indicate
that a relation of the type given by Ccok (3) 1s obeyed for the
propellant studied (a highly aluminized system),.

Work will also continue in attempts to gain further insight
into the mechanism of LFI and chuffing. Specifically, studies will
be oriented toward determining if the bullding up and discharging of
metal agglomerates observed at the surface ¢f burning propellant

g mnteie e i L emdme . UM Re oSl
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strands 1s the cause of LFI in rocket motors using these propellants.
According to this theory, a correlation between LFI and various
properties of the metal additive should exist. The effect of LFI :
on the reactivity of the metal additive as determined by its com- =
position, particle size, melting point, bolling point, properties '
of its oxide, and concentratior will be determined by strand burn-
ing and, if necessary, motor firing experiments.
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ENTROPY WAVES GENERATED BY COMBUSTION
UNDER OSCILLATORY PRESSURE*

R. H. W. Waesche, J. Wenograd, and M. Summerfield
Guggenheim Aerospace Propulsion Laboratories
Princeton University
Princeton, New Jersey

INTRODUCTION

This report describes progress made during the past year in
a program designed to investigate the physico-chemical aspects of
combustion instability through a study of the interaction between
the so0lid propellant flame zone and an oscillating pressure field.
Particular attention has been devoted to the nature of the boundary
condition describing the flame zone - pressure field.

In their treatment of combustion instability, Hart and McClure
(1) have assumed that a gas particle traversing the flame is sub-
Ject to adiabatic compression leading to a time-varying temperature
at the edge of the flame zone. An alternative point of view (2)
describes a situation which might prevail with low frequency oscil-
lations. In this case, the transit time of a gas packet is short
compared to the period of oscillation and the flame is essentially
isothermal due to the weak dependence of flame temperature on pres-
sure. The isothermal assumption leads to the expression Y = - v/p
(n/€ - 1) for the acoustic admittance, where pu 1is df/h, € is
dp/p and v and p are the velocity and pressure respectively.
This differers from the result of Hart and McClure's assumption
which leads to an expression Y = - v/p (p/e - 1/y) for the acoustic
admittance. The 1/y factor has been re-analyzed in detail by
Hart and Cantrell in a recent paper (3).

THEORETICAL BASIS OF EXPERIMENTAL PROGRAM

A significant feature of the isothermal boundary condition
assumption is the prediction of the existence of entropy waves at
low frequencies in the gases flowing from a propellant burning
under oscillating pressure conditions. With an isothermal flame,
gas packets emitted at low pressure wlll nave a temperature higher
than or equal to the adiabatic flame temperature since they immedia-
tely experience a compressicn, while gas packets emitted at high
pressure will suffer a subsequen® rarefaction and a resulting lower-
ing of temperature. These entropy waves will have a wavelength much
shorter than the acoustic wavelength (Fig. 1).

A straightforward analysis, assuming low frequency, gives the
following expression for the entropy of the gas as a function of dis-
tance 4 (from the burning surfacey and time:

s(w,t) = + € 17;1 C, sinfw (t - 2.“;’) - (1)
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where € = Ap/p, V = ave. gas velocity, and the other symbols have
their usual meaning. This entropy equation is immediately convert-
ible to a temperature equation:

-~

T#t) _ g - el—- 2 sin 1% ~Z cos (c«)t:-l“_)_"")l> ' (2)
T 2V 2v J

It can be seen from this expression that temperature waves
should exist in the burnt gases. It is these temperature waves which
are observable and manifest the existence of entropy variations.

From the equation, 1t should be noted that temperature nodes
should exist when w¢'n/2v = nIr and antinodes when w*p/2v = (n-+ 1/2)TT.
The temperature nodes under the conditions outlined in Fig. 1 should
be at =0, 7.5 mm, 15 mm, 22.5 mm, etc. In addition, it should
be noted that the phase relation between temperature and pressure de-
pends on positlon, and that, at the antinode for n = 1, the pres-
sure is out of phase with temperature by 180°.

EXPERIMENTAL OBSERVATIONS

The existence of waves emitted from a propellant burning under
oscillating pressure was first observed in movies taken by W. A.
Wood of the Rohm and Haas Company, who was studying the combustion
of metal additives in solid propellants. A careful examination of
these films at this laboratory showed that the products emitted
from the flame had a fluctuating luminosity. It was also noted that
the spacing between the luminous bands varied as the pressure changed.
However, the interpretation of these fllms was confused by the pres-
ence of metal, since it was possible that the waves observed were
due to smoke. In addition, no simultaneous synchronized pressure
record was available. Consequently, to cbtain definite proof of
the entropy wave hypothesis, an experimental program under way at
Princeton on unstable burning in solids was pointed toward a study
of entropy waves.

The source of osclllating pressure used here is a T-burner,
shown in Fig. 2. This driver has been used at frequencles ranging
from 280 cps to 1600 cps. Most firings have been made at 430 cps
for handlinz ease, The observation of entropy waves at higher fre-
quencies approaches a dual barrier: first, the decrease in period
might cause 1t to be comparable to the flame transit time, and
second, an analysis of decay by one-dimensional heat conduction
shows that the temperature waves persist best at low frequencies,
The disappearance of entropy waves at higher frequencies can proba-
bly be used as an indication of the flame zone residence time.

Firings have been made with seven different drivers at pres-
sures from 150 psi to 700 psi, and it has been found that the T-
burner is quite reproducible 1in the amplitude of oscillation at-
talned for a given driver at a given pressure. Typical experimental
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- conditions are: %§
observed pressure amplitude = lgg si = 25% |
ps

theoretical temperature amplitude = y-1 4p N _112:.15 = 4% ,
Y P 2800°K

Initially, high speed movies were taken to determine whether
waves did indeed occur for non-metallized composite propellants.
Initial attempts to photograph the temperature waves were thwarted
by soot deposition on the windows within 0.1 second after ignition.
A large number of attempts were made to alleviate these conditions,
and these are described in greater detail in a progress report (4).
It appears that use of a polyurethane-based ammonium perchlorate
propellant as the driver has cured the difficulty, and movies have
been taken which show waves emitted by a non-metallized propellant.

Although the presence of the waves 1s an encouraging factor,
the entropy wave hypothesis can only be proved or disproved by meas-
urement of the gas stream temperature as a function of position and
time for comparison with Equation [2). The temperature of flame
gases 1is best measured by optical means, since no disturbance occurs
from probes inserted in the flow. To make the variations in tempera-
ture more marked, flames may be colored by the addition of small
amounts of sodium to the test propellants, and a brightness-emis-
sivity method used in the region of the "D" lines., The emissivity
of the flame can be varied to optimize the temperature sensitivity
of the method by varying the sodium concentration and thickness of

the flame.

In order to determine the optimum parameters, the amount of
broadening of a sodium line for a thick flame at elevated pressures
was calculated. It was assumed that all NaCl molecules yield Na
atoms, and that all Na atoms were thermally exclted. As a result
mainly of pressure and absorption broadening, it was found that at
the normal operating pressures an eﬁissivity of 1 was attained over
a spectral reglon broader than 100 A, for a propellant containing
less than 1/2% of NaCl. This meaas that such a flame would have
a black body character when viewed through a standard interference

fllter.

Thus, temperature can be measured directly by measuring the
intensity of radiation emitted by the flame gas. The 4% tempera-
ture variation mentioned previously leads to a total radiation
amplitude variation of 174 over the entire spectrum, assuming a uni-
form grey body emissivity. However, the variation of the radlation
intensity using a "D" line filter, for the same 4% temperature change,
is 44%. This should be measurable with precision.

The experimental arrangement 1s shown in Fig. 3. Since the
micrometer slit is fixed and the sample surface regresses, the photo-
cell records the luminosity at a continuously increasing distance from
the surface. The test time is of the order of 600 msecs. In Fig. 4,
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a segment of the oscilloscope record obtained in a typical run bi
a strip camera 1s shown. The bottom trace is the output of a 1P42
photocell viewing the lame through 2 pair of 1 cm high slits, 1 mm
wide, with a 5890 AU interference filter interposed which has a

100 AU band width and 40% maximum transmission. At the time this
segment was recorded, » (the distance from the surface) was such

that w#/2V = 2 T, 1.e., the antinode for m = 1. The sinusoidal

form of the pressure record should be noted, as should the pressure-
temperature phase relation. PFurthermore, temperature nodes were ob-
served earlier in the same lwalnosity trace. All these observations
are in qualitative accord with the predictions of the previously
mentioned analysis.

DISCUSSION AND FUTURE PLANS

The results shown are, of course, only preliminary. Tests
will be run with narrower slits, which will require the use of a
photomultiplier tube to give higher outputs. In acidition, absolute
temperature measurements will be made. These will necessitate a
calibration as well as some means of determining the changing trans-
missivity of the viewing windows. The latter will involve the use
of a source at some wavelength other than the "D" 1line, while the
former will be done using a standard black body.

The quantitative measurements of temperature and phase re-
lations will give an indication of the validity of the isothermal
boundary condition, and the mechanism of combustion under oscil-
lating pressure, Some knowlecdge of reaction times might be obtained
by varying the frequency and noting at what point the reaction time
becomes an appreciable part of the oscillation period. In addition,
the waves might be used as tracers to obtaln gas velocity. If this
were done, admittance could be determined from a simultaneous meas-
urement of the pressure and velocity at the same plane.
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Fig. 3 PHOTOMETRIC TEMPERATURE MEASURING APPARATUS

200 psi ‘ PRESSURE

T LUMINOSITY

Fig. 4 PRESSURE AND LUMINOSITY TRACES

(Portion of Record approximately 3/2
entropy wavelengths from propellant
surface; note phase difference be-
tween luminosity and pressure maxima,)




EXPERIMENTS ON ACOUSTIC EROSIVITY EFFECTS ON
PROPELLANT BURNING RATES

Leland A. Watermeier, William P. Aungst, and
Richard C. Strittmater
Ballistic Research Laboratories,
Aberdeen Proving Ground, Md.

Late in 1961, McClure, Bird, and Hart published a report (1)
in which they "investigate an interesting non-linearity arising
from acoustic erosivity, i.e., the dependence of the burning rate
on the magnitude (but not the direction) of the fluctuating gas
velocity parallel to the transpiring surface. This non-linearity
is of first order in the acoustic amplitude, and so can be signifi.-
cant even when higher-order effects are negligible." They presented

- simple calculations of the stability in axial modes to illustrate
this phenomenon and they showed that a motor stable at low acoustic
amplitudes could be unstable at moderate amplitudes due to the non-
linearity of ercsion.

In August 1952, Murphy of Purdue published a very complete
review (2) of the current status of erosive burning in solid pro-
pellant rocket motors. The fact remains, however, that very little
effort has been made to measure acoustic erosivity effects on pro-
pellant burning rates. Probably the most precise measurements to
date have been made by Price (3) on extinguished grains.

The objective of the program underway in the Interior Ballis-
tics Laboratory is to measure instantaneous burning rate variationms.
These variations are to be determined as functions of frequency and
amplitude of the acoustic environment. This is to be accomplished
by using an adaptation of the resonant tube technique developed
for acoustic admittance studies (4).

Figure 1 shows a schematic drawing of the test chamber. The
chamber has a square cross-section which is 2" x 2" and it is
centrally vented. A single exhaust port will be used for initial
experiments with an eventual changeover to a multi-nozzle system
if it proves advisable. The tube length can be varied from 10" to
8' which permits a frequency range capability of approximately 1700
to 200 cps, respectively.

Two chambers are to be used. One will be lined with a 0.C06"
thick sprayed coating of zirconium oxide. The other chamber will
be left uncoated for use in comparative studies.

3
This program is supported by the Army Materiel Command.
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Both single and double-ended propellant "driver" systems will
be used. The propellant samples under study will be of the same
composition as the driver propellant. They will be located near
the exhaust plane (velocity antinode) of the chamber. Lucite win-
dows provide a means of photographing the regressing propellant
surfaces. Pressure gages are located near both ends and at the
middle of the chamber. Two more gages will be added later half-way
between each end and the exhaust port.

Thermocouple measurements of the wall surface temperature
during each run are also planned.

Acoustic damping will be provided either by the Helmholtz
cavity technique discussed by Ryan or by a series of screens near
the passive end of the chamber. This will be varied so as to de-
termine the burning rate variation dependent upon acoustic ampli-
tude.

The entire chamber system (test section and dump tanks) will
be pre-pressurized with nitrogen prior to each run. The pressure
range of approximately 100 to 1500 psi will be investigated. The
test chamber is attached to the top of one of two 2 ft® dump tanks.
It is also in line with a Schlieren system as shown in Fig. 2.

The strong backlighting from the mercury lamp provides a sharp
outline of the propellant samples. By means of high speed photog-
graphy the regression rate of the samples can be followed. It is
anticipated that the burning rate change per cycle of oscillation
may be extremely small in some cases. That is why we are resort-
ing to low frequencies and high camera framing rates initially.
This should provide maxXximum experimental conditions for film re-
cording of any changes. If the cycle to cycle variation is im-
possible to follow (beycnd film resolution, etc.) it is hoped that,
at least, a specific period of time can be isolated where the
chamber conditions will be fairly well-known. In this case, an
average effect would have to be accepted.

The Schlieren system may provide additional infurmation on
gas density gradients during oscillatory operation if suitable
standards can be established and the gas temperature can be de-
termined.

Eventually it is planned to try the Weinberg "inclined-slit"
technique (Fig. 3) for mea=uring temperature profiles above the
burning propellant surface. Again, as in the case of the Schlieren
system, this type of information should be quite valuable if it can
be obtained.

The primary objective of the prcgram, i.e., determination of
burning rate variations under controlled acoustic erosivity condi-
tions, should lead to d:.termination of non-linear aspects as
brecught out in the McClure-Bird-Hart report.
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EFFECT OF ACOUSTIC ENVIRONMENT
ON PROPELLANT BURNING RATE*

E. W. Price
U. S. Naval Ordnance Test Station
China Lake, Caljifornia

Earlier werk continved on determination of the change in
mean burning rate in the presence of large amplitude gas oscilla-
tions. It was previously reported (1,2) that with double-base
propellants an acoustic velocity environment increased the burning
rate, while an acoustic pressure environment decreased burning
rate. Similar results have now been obtzined also for a composite
propellant. These results were obtained using the double. burner
described last year, consisting of coupled "T" motors discharging
through the same nozzle, with one motor rigged for oscillatory
combustion and the other for nonoscillatory combustion.

In addition, an extensive series of tests was made in the
end-burner configuration (Fig. 1), where the oscillatory behavior
is more nearly one-dimensional than in the tubular, doubtile-burner
configuration. This design is less versatile becausz it does not
provide such vevere oscillatory behavior and gives data only on
acoustic pressure effects on burning rate. On the other hand, it
is easier to obtain data at different frequencies by varying the
burner length; and the mean pressure is more easily controlled
because the burner is fired on a pre-pressurized surge tank. By
measuring the burning time of pre-measured propellant discs in the
end burner, the mean burning rate can be compared wich the oscilla-
tory behavior.

Tests were made on seven unmetallized propellants (composite
and double base) at two frequencies and two pressures (Ref. 3), to
determine the effect of acoustic pressur2 on burniug rate. It was
observed that the effect of acoustic pressure was always to de«
crease the burning rate, the effect being greater at a frequency of
10 kc than at 2 kc. With respect to mean pressure dependence, it
appeared that in the double base propellants the effect was greater
at low pressure than at high and in the composites the opposite was
true. The different propellants behaved similarly with respect to
the magnitude of the burning rate changes, with the exception of
a cast double base formulation which exhibited changes about twice
as great as those typical of other propellants. Typical results
are indicated in Fig. 2.

*Sponsored by the Special Projects Office of the Bureau of Naval
Weapons.
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SCALING LAWS FOR COMBUSTION INSTABILITY'

E. W, Price
U. S. Naval Ordnance Test Station
China Lake, California

Investigation of the effect of size on the instability be-
havior in the NOTS T-burner continued with modifications of ANP
2639 AF propellant. Burner dimensions (inside) ranged from
l-inch diameter and 6-inch length to 10-inch diameter and 60-inch
length. Aluminum concentrations from zero to 15% were tested,
as well as 6% aluminum oxide. Results are summarized as follows:

1. With aluminum or aluminum oxide, high frequency
oscillatory combustion occurred, in axial modes in
small burners and transverse modes in large burners.
The frequency range 1,000-4,000 cycles per second
was favored.

2. With intermediate concentrations of aluminum (6% and
9%), only mild oscillatory behavior was observed which
occurred sporadically in axial modes only over the
whole frequency range 3,600-360 cps.

3. With high aluminum concentration (15%), significant
oscillatory behavior occurred only in the 36-inch-long
and 60-inch-long burners. In these burners, oscil-
latory behavior was severe at 100 and 360 cps re-
spectively.

4., No oscillatory behavior was obtained in the formulation
with 6% aluminum oxide.

The results of this investigation, interpreted in line with
results available from other projects, indicate that aluminum and
aluminum oxide suppress high frequency instability through the
mechanism of acoustic damping of droplets in the combustion
chamber gases. At lower frequencies this damping mechanism is
believed to be marginally effective (below about 1,000 cps).
There is increasing evidence that the combustion of the aluminum
enhances axial mode instability in the frequency range below
about 800 cps. The mechanism is believed to involve periodic
"shedding" of aluminum from the propellant burning surface, coor-
dinated by acoustic velocity (periodic fluctuations in gas
velocity parallel to the burning surface). Since such velocity-
coupled combustion disturbances require a time lag between the
velocity-induced disturbance of the burning surface and the re-
sulting combustion disturbance, the ignition-comhustion time

X
Sponsored by Special Projects Office of the Bureau of Naval
Weapons.
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of the aluminum droplets appears to be crucial to this type of
instability. Current information on these combustion time con-
stants is not adequate for correlation of motor firing data, but
the effect of initial aluminum particle size (observed in other
projects) seems consistent with the erosive-coupled mechanism

in which aluminum combustion can contribute to instability.




DEPENDENCE OF ACOUSTIC LOSSES ON
MOTOR DIMENSIONAL VARIABLES*

E. W. Price
U. S. Naval Ordnance Test Station
China Lake, California

Because of combustion problems in a motor development piogram,
an experiment was set up to simulate axial mode oscillations with
a cold-flow system in a quarter-scale model of the rocket motor.
Flow simulation was accomplished by gas injection at the head-end
of the combustion chamber through a high impedance porous plate.
The inflow of air included an oscillating component at controlled
frequency. Running at resonant frequency with constant amplitude
oscillations, the acoustic power level in the motor is compared
with the acoustic power input (which equals the acoustic losses
under the steady oscillatory conditions prevailing). The model of
the motor was made up from interchangeable components permitting
systematic changes in internai dimensions. Repeated tests with
different dimensional combinations permitted a correlation of
acoustic loss levels with motor geometry. Results in this particu-
lar investigation correlated with qualitative arguments regarding
loss mechanisms, and the technique appears to be widely applicable
to measurement of the effect of geometry on acoustic loss in axial
modes, particularly losses by radiation from the nozzle.

*
Sponsored by Special Projects Office of Bureau of Naval Weapons.
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AXIAL MODE INSTABILITY IN THE INTERMEDIATE e
FREQUENCY RANGE

E. W. Price
U. S. Naval Ordnance Test Station

The observation of axial mode instability with heavily A
aluminized propellants in development programs led to a survey b
program with a specially designed burner to compare the behavior
of the various classes of commercially available propellaats.

The T-burner configuration was used with a 5-inch diameter and
72-inch length, yielding axial mode oscillatory behavior at about
240 cycles per second. During this year the design and fabrica-
tion of the burner and loading hardware was completed, and 14
firings were made with E 107 propellant (25% polyurethane, 57%
ammonium perchlorate, 18% aluminum). All firings showed severe
oscillatory combustion with major increases in burning rate
accompanying oscillatory combustion (Fig. 1). Oscillations de-
veloped without finite initiating pressure pulses (Fig. 2) and
initiated in the pressure range 500-1,500 psi. Methods for
delaying the onset of oscillatory behavior using tuned acoustic
filters were explored as a means of minimizing the higher acoustic
modes in the burner (to permit comparison of the behavior of
various propellants at the same frequency later in the program).

A method for introducing a pressure pulse into the burner to test
nonlinear instability was incorporated in the design, but has not
been used because the system has oscillated without pulsing.
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Negotiations were initiated for loading of ten additional
propellants from various suppliers. Pending availability of
these loadings, testing is continuing on E 107 propellants and
modifications involving changes in aluminum particle size.

X
Sponsored by Advanced Research Projects Agency.
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SOME NOTES ON THE EXPERIMENTAL MEASUREMENT OF TRANSIENT
COMBUSTION INSTABILITY PHENOMENA

F. F. Liu
Quantum Dynamics, Inc.
Tarzana, California

I.

The study of transient phenomena involved in combustion in-
stability has gained increasing interest in recent years. The follow-
ing factors are belleved to be some of the principal background fac-
tors:

A. The need for increasing accuracy in the quantitative
measurement of key instabiliiy parameters (e.g., acoustic ad-
mittance of the burning zone) following the theoretical postu-
lation by McClure, Hart et al. Measurements of this type are
often directed toward the transient part of burning process,
for instance, the rate of growth and decay of acoustic oscil-
lation (1).

B. Renewed interest in the role of combustion driven shock
waves in instability and detonability investigations.

C. The search for additional insight cn the fundamental
instability mechanism. .

D. The recent availability of 1nstrumentation techniques
having high transient/frequency response and the requisite
cooling power (or heat transfer rate) for quantitative meas-
urement in the combustion chamber.

For the sake of discussion, the measurements of a solid rocket
unstable burning process are analyzed in the nature of a case study.
Knowing the diversity and complexity of the problem, however, no at-
tempt 1s made here to infer that the phenomena discussed are typical
of all other unstable burning processes. The discussion only offers
to illuminate a few phenomenological observations and pertinent
methods for the interpretation of data which hitherto had not been
seriously reported. Instrumentation-wise, the transient data shown
in this paper were obtained simultaneously with (thermal) radiation
measuring devices and pressure measurement instruments. Both of
these are capable of accurate measurement of transient quantities up
to the megacycle region (2).

The usefulness of the radiation measurement in rocket research
has been reported on several previous occasions. In earlier deflagra-
tion-to-detonation transition investigations, for example, it was
noticed that little significant pressure variations were detectable
untll the very last moment prior to detonation. However, radiation
measurement was able to reveal precursory phenomena virtually from

111




ERTs ° . - VN,

- ottt -

ey

T L g e

112

the beginning. To some extent this also applies to instability re-
search where the utilization of brightness temperature as a sensitive
indicator of unstable burning was borne out by numerous experiments.
Such observations have since been corroborated by the theoretical
works of Agosta and McClure, who pointed out independently that pres-
sure 1s often not the sensitive parameter under certain unstable con-
ditions (2).

Figure 1 i1s a simultaneous osclllographic recordiug of the
transient phenomena covering the period froa the inception to the
full development of the instability. The middle trace records the
high frequency chamber pressure (Ps) versus time with the time scale
provided by the 10 Kc timing marks in the lower trace. Shown in the
upper trace is the brightness temperature (Tpp) pattern inside the
combustion chamber, and this information was obtained with a high
frequency (water-cooled, gas-purged) radiation transducer in conjunc-
tion with its anclllary electronic units. Since the radiation inside
the chamber approaciies that of the blackbody condition, a measure of
the oscillatory chamber temperature can be obtained. Thus, the
simultaneous recording provides both the momentum transfer (pressure)
and energy transfer (temperature) picture of the combustion instability
process from the formative stage to the development of steady-state
pressure, temperature and velocity oscillations. In this respect, it
will be shown later that information on flow field can also be deduced
objectively from the recorded data. Figure 2 shows the Tpp vs time
during the entire run.

It 1s interesting to note that vigoious buildup of the fluctua-
tion in Tpp occurred long before the appearance of any significant Pe
variation: the latter effect became noticeable only after a suf-
ficiently prolonged (in terms of milliseconds) oscillation in Tpp.
Then one notices that wavelets of higher harmonics began to superim-
pose on the Tpr waveform, and concurrently pressure oscillation also
developed in increasing intensity.

For some of the more interesting information, one should focus
his attention on the "envelopes" of the Tpp oscillations. Initially,
the Tppr variation was confined to a single trace of lower frequency
(co?); gradually it assumed the form of upper and lower boundaries of
a higher frequency(ub$ ) oscillation. These envelopes are referred
to recently in the works of Summerfield and Waesche as "entropy waves"
(4). 1In the beginning, both the peak and trough of the lower envelope
appeared to be in phase with their respective counterparts in the
upper envelope. But then an abrupt discontinulty took place: on2 of
the enveloping waves suddenly shifted approximately 180° so that the
peak of the lower envelope became nearly in phase with the trough of
the upper one. This, 1in effect, corresponds to a doubliing of frequency
from w, to wy.

The frequency-doubling now signifies a new phase of combustion
oscillation, and it appears to be a phenomenon which separates the
bulldup and the intensified stages of combustlion instability. Such a
transitional pattern has been confirmed repeatedly in many unstable
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rocket tests, when it was noted that the sudden 180° phase shift was
generally, if_not invariably, followed by more intense high frequency
oscillations.l Moreover, such frequency-doubling behaviors are knowin
in acoustical and shock wave theories; for under certain conditions of
imposed discontinuity, the frequency and phase of the wave solution
must satisfy a given set of secular equations (5).

Perhaps of no less fundamental significance is the stipulation
that this sudden phase transition which marked the near superposition
of a temperature peak and trough is actually the near coincidence of
a compression and rarefaction wave; in which case, one must conclude
that a combustion driven shock wave has been generated at this moment.

The aforementioned observation may now be briefly recapitulated
into the following set of conclusions for the sake of conciseness:

a) That shock wave appears to be a principal coupling mechan-
ism between different modes of oscillatory combustion.

b) That the conversion of thermal energy into acoustic energy
is greatly facilitated by severe temperature gradients.

c) That the transition from one stage of combustion instability
to another, e.g., from the buildup to a more intensified
stage, is often accompanied by a sudden 180° phase-shift
and/or doubling of frequency.

While these statements may appear to be qualitative, they are
actually arrived at through careful quantitative measurements made
possible by the use of powerful instrumentation and electronic tech-
nique of proven reliability (6). In the subsequent part of the paper,
we shall discuss the possibility of extracting more quantitative in-
formation from combustion instability test data.

At the instant of shock passage, for instance, the Riemann in-
variant can be used to calculate ihe velocity of the shock character-
istics which, as is well known, is the sum of the particle velocity
(u) and the speed of sound (a). The relation may be expressed as
follows (7):

With the instantaneous pressure and temperature gquantities meas-
urable, one is greatly facilitated in the choice of realistic values
for many other factors, for example: the ratio of specific ..;at (v)
and sound velocity (a). In this particular test, ¢ was - termined
to be 1.26; the absolute pressure values of p and P, Were measured
as 60 and 120 psi. From these, it is readily calculatéd that

u+a/a;=1.69 .

1. Based on the analyses of the previously shown data of E. V. Price
and N. W. Ryan.
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In the above calculations, the effect of viscosity on transient
phenomena 1s assumed to be small. Despite this simplification, how-
ever, the calculated velocity of the characteristics 1s shown to be
conslderably higher than the steady state velocity of the flow field
as estimated from pertinent parameters (5). It 1s apparent that, in
order to conserve the momentum, other modes of combustion oscillation
such as the tanzential and transversal modes, would have to be genera-
ted. The observation 1s then in accord with conclusion (a) mentioned
above,

As further examples, additional estimates of sound velocity (a) |
may be obtalned from the measured {requencles and the known geometri- ‘
cal confilgurations of the rocket chamber, using the following famlliar
relations:

- . - 2 2P\ _ _ P
Q)—’ﬂ'ao/L_, ao~C* ao ——Z—o-)s—*'}’p .

Experiences have shown that through successive calculations
and approxlimations of this nature, sufficlently realistic estimates
of the interesting thermodynamic quantities can be made, and which are
obviously to be preferred over intultlve guecsses, In the case of gas
density /# , methods for 1ts direct and indirect determination are
avallable although they have not been put into intenslve use 1in rocket
instabllity research.

In general, more guantitative information on instabllity can
actually be extracted from accurately made measurements than ordinarily is
beliesved possible., By means of such technlaues, theoretical postu-
lates can be verilfied or refined. For .nstance, 1n the licClure-Hart
theory, the following relatlons on the ampllitude of tangential veloclty
was glven as

sy

a 1.84y 3 .

Since the values shown above are determinable elther directly
or indirectly, 1t would be instructive to compare the steady-state of
value with 1ts corresponding transient values as glven by the velocity
of the characteristics.

Accurate determination of vy, or its related parameters (y-1/y |
and 1/v, has important bearing on instability investigation, for the |
evaluatlion of such quantities leads directly to the assessment of the
instabllity criteria

n

L - ll>o ; % -Lll<o ,
€ Y e Y

A —
where & = 2—%r2 1s immediately determinable from measurements,

m - M -
ﬁ = -l—=~— and can also be computed indlrectly from measured data.

m
Moreover, 1f the instabllity criterion of Hart and Cantrell is

e — PO . S
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applicable, a reasonable estimate of the parameter (y-1)/y<n £ 0.2
should be useful in the study of low frequency combustion instability

(8).

II.

The aforementioned observations, and the methods outlined above,
are presented with the full knowledge that data on oscillatory pres-
sure, even those so-called "high frequency" pressure osciiiatiouns,
have appeared in abundance among existing literature; to a lesser
extent, even data on radiation intensity have been previously re-
ported. Most of these dealt with steady-state processes, whereas
the present note has its main irterest in transient phenomena,
which appears to be less understood at present. In doing so, it is
the intention of this work to sugsest that, insofar as transient in-
vestigation is concerned, the merit of evaluation may indeed differ
widely between a casually conducted "pressure" measurement, and a
set of objectively directed quantitative measurements consisting of
relevant values. Pressure measurement is by no means synonymous
with the mere installation of pressure transducers; nor 1is pressure
measurement alone adequate for the study of complex transient phenom-
ena, particularly when it may not be a sensitive indicator of in-
stability under many circumstances. To illustrate the point, Fig. 3
shows that in the presence of high chamber temperature and fast
transients, there can be pronounced difference between an accurate
dynamic measurement (lower trace), and other distorted indications
on the same phenomena (other traces); dynamic errors can result due
to the choice of transducers, method of mounting, quality and sophisti-
cation of electronic instrumentation, etc. Since they may affect the
validity of experimental findings in instability research, and since
a growing amount of quantitative data are required, such problems have
lately become a matter of growing concern. In this we include a wide
range of instrumentation problems, besides the more familiar pressure
measurement .1

I1I.

Among the recent works on combustion instability, some studies
have appeared on the subject of shock interaction with combustion
zone and propellant burning surfaces. Theoretical treatment of this
nature, for instance, has been advanced by Agosta and others (3).
This addition of shock considerations has plunged us deeper into the
regime of nonlinear instability studies, thus promising to further
complicate the status of instability theories. Consequently, oL-
Jective experimental investigations are looked upon to provide the
necessary information. But at the same time, and for lack of actual
observations, a number of experimentalists contend that shock waves
are not ever-present in combustion instability, and therefore they are
of minor or no importance. Such opinion, of course, is conditional

1. Some limited evaluation programs on pressure "transducers" (not
pressure instrumentation systems) had been conducted previously by JPL
but this is now being actively pursued at Guggenheim Laboratory,
Princeton University, under a NASA programn,
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upon the adequacy of measurement technigues. For instance, an examlna-
tion of the lowest trace in Fig. 3 would easily convince an investi-
gator that steep shock fronts and "spikes” of oscillating shocks are
present; on the other hand, one could not readily indentify the pres-
ence of shock from the other traces, mainly due to lack of transient
response of the transducers. Thus, in the latter case, the distorted
data might conceivably prevent one's gaining a proper perspective of

the process, and could perhaps lead one to believe that "high frequency"
oscillations rather than shocks are involved. Thus, the conclusion
drawn from distorted data can be a different one.

It 1s questionable that one could safely dismiss the effects
of shock wave on combustion instabllity, particuarly in the casc «
very large solid or liquid rockets. Crocco and Cheng, for instanc ,
have mentioned several phenomena which, they belleve, are 1involvzd
in nonlinear type combustion instability. Among these are the szenera-
tion of shock waves due to coalescence of compression waves in the
combustion chamber, and the exponential dependence of certain rates
on temperature(9). The mechanism due to a shock wave's direct action
on chemical reaction rates has received particular attention, and
they consider that such effects can be larger than the combined ef-
fects of the pressure and temperature increases through the shock it-
self. These observations are believed to be essentially valid, for
we have notliced through numerous rocket tests that the interaction
between fluctuation in the chamber and burning rate is noticeably
amplified bty the appearance of shock. The data shown in this paper
are sufficiently convincing to support this contention. The rapid
increase in the propellant's heat release rate 1s evidenced by the
sharp splikes and steep gradlients shown in the Tpp or radliation in-
tensity recordings (Figs. 1 and 2). Even the high frequency oscil-
lations are characterized by sufficlently steep fronts to be considered
shock waves. Since the chemical reaction rate figures importantly
in shock interaction studies, the data presented here are especially
pertinent. The signals shown are actually indications of the propel-
lant's heat release rate, which 1s given by mRT/M, where m 1is the
mass rate of burning per unit surface, and M 1s the molecular weight
of the propellant gas, Rg is the gas constant, and T 1is the usual
gas temperature.

Possibly the effect of shocks on heat release rate can be
further examined analycically. Before attempting this, it is in-
structive to point out (see Figs. 1 and 2) that the accompanying
change of density A across the shock front is sufficiently drastic
and discontinuous. As such, the gas traversing such discontinuity
would experience an entrcpy lncrease which, for weak shocks, is

given by (10)
AS = 1—%—1—1-1 R, (6 P /p)3

The amount of heat release per unit time and unit area 1is thus
TAS, which can be evaluated since T 1s obtainable from measurements
and AS can be derived from measured values. Some sample calculations
have been done during the past on the time-varying pattern of TAS.

.
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In the steady-state case, this parameter has important significance
in the "entropy wave" concept. However, with the presenc2 of shocks,
this entropy parameter wave has been found to be significantly dif-
ferent. Although both tend to raise the gas temperature, the entropy
increase in the shock wave equation involves a third order effect.
This involves formation of curved shock, which is often characterized
by a substantial temperature gradient throughout its cross-section.
When this occurs, according to the Crocco theorem (11), the gas in
the combustion chamber is highly susceptible to vortex-type spinning.
In fact, such retating vortex phenomena have since been noticed in-
dependently this this author, and by Jenkins, Swithenbank, and
Trubridge, of Britain (12).

1%
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Fig. 2 SHOCK WAVE IN COMBUSTION INSTABILITY
PROCESS

RESPONSE OF LIU GAGE AND PHOTOCON (DYNAGAGE)
TO OSCILLATIONS IN THE N.O.T.S. 6" UNSTABLE
BURNER
AT R O S TR e B

ACACALALRLALALRL AL AL A AL AL A

Liu Gage: Two tests with gage mounted
behind 3/16" x 1/2" grease line (D-C 11).

EVLVEVE VL VEVI VT WLV VIV VA VIV

Liu Gage: Mounted behind hole without
grease, 60 psi water cooling.

Photocon Gage: Mounted beliind grease line
as above. (top trace)

Liu Gage: Flush mount. 200 psi water
cooling. (bottom trace)

Fig. 3 COMPARATIVE PERFORMANCE OF DYNAMIC
PRESSURE MEASUREMENT DEVICES




RESPONSE OF PROPELLANTS TO DIFFERENT
TYPES OF MECHANICAL EXCITATION

Thor L. Smith
Stanford Research Institute
Menlo Park, California

INTRODUCTION

A program® is being conducted whose primary objective is to
characterize the response of propellants to different types of
mechanical excitation within the range of linear viscoelastic be-
havior. Secondary objectives are to determine propellant re-
sponse to large deformations and to consider ways in which pro-
pellant mechanical properties depend on such factors as mechanical
history. The information should assist in relating certain as-
pects of combustion instability to the mechanical characteristics
of the propellant grain.

By way of review, the response of a linear elastic material
to various stress or strains can be represented in terms of cer-
tain elastic constarts which are indeperdent of the magnitude of
the stress and strain. In an analogous way, a linear viscoelastic
material can be characterized by certain time-dependent quantities
which are independent of the magnitude of the stress-time (or
strain-time) history. For example, we can define a tensile modulus
M(t) = o/¢ where M(t) is the time-depeadent modulus, o is the stress,
and € is the strain. If at zero time the material is subjected to
a strain which remains constant during the determination of the
stress, the time-dependent modulus obtained from the data is called
the relaxation modulus E(t). If the material is subjected to a
strain which increases linearly with time, the resulting stress-
strain data give the so-called (1) constant-strain-modulus F(t)
Further, if the material is subjected to 2 sinusoidally varying
strain, the response can be described by a complex modulus
Ex(w) = E(w) 4 iE"(w) where E'(w) and E"(w) are the storage and loss
moduli, respectively, and v is the circular frequency. However,
the moduli E(t), F(t) and E*(») can be interrelated by equations
from the theory of linear viscoelasticity. In principle, if one of
the moduli of a material is known over an extended range of time
(or frequency), its response to any arbitrarily selected type of
mechanical excitation can be calculated provided the response is in
the linear range.

1The program, ''Viscoelastic Properties of Solid Propellants and Pro-
pelland Binders," is administered by the Bureau of Naval Weapons
under Contract NOw 61-1057-d and is funded by the Advanced Research
Projects Agency.
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The linear viscoelastic properties of many materials can be
specified in terms of their shear and dilatational (bulk compres-
sional) behavior. For rubbery materials, including propellants,
under sufficiently small strains, Poisson's ratio is essentially
0.50. In other words, the bulk modulus is large compared to the
shear modulus, and as a result, the tensile modulus is three times
the shear modulus.

In the remainuer of this paper, we shall consider briefly
the bulk modulus of propellants and how it depends on temperature
and mechanical history. Then, we shail present some tensile data
determined at various strain rates and temperatures on a poly-
urethane propellant and the complex shear modulus derived from
these data.

Before considering illustrative data, a few remarks should
be made about the propellants being studied and how their proper-
ties may differ from thosz of a grain in a rocket motor. The
propellants now being studied are dried for :‘everal weeks before
being used. This procedure has bec¢en adopted because certain me-
chanical properties of propellants depend on the moisture content.
In a rocket motor, the moisture content of a grain undoubtedly is
not uniform and depends on a variety of factors. Even in the
absence of moisture, the properties of certain propesllant grains
are not uniform because the binder properties may depend on the
temperature history both during and after cure and on other fac-
tors which are difficult to control. In addition, even for so-
called well consolidated propellants, the surface area of filler
particles apparently is not completely wetted by the binder be-
cause the repeated application of pressure changes the compressi-
bility of the propellant and probably other mechanical properties.

BULK MODULUS

The bulk modulus of a propellant depends on pressure, tem-
perature, and time. The time-dependence may result either from
viscoelastic relaxation or from certain structural charges, of
a more or less permanent nature, produced by pressure.

Although no determination apparently has been made of the
complex bulk modulus of a propellant, our knowledge of rubbery
polymers indicates that the storage bulk modulus of a propellant
should vary by a factor of two or less as the frequency is varied
over 6-8 decades. On the other hand, the equilibrium bulk modulus
in both the rubbery and glassy regiomns is quite dependent on tem=
perature. Also, the repeated application of pressure to a propel-
lant can change significantly its static bulk modulus. Because
of these characteristics, it is desirable to obtain static com-
pressibility data over a wide temperature range before a concerted
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attempt is made to determine the complex bulk modulus as a function
of frequency, temperature and pressure.

Static compressibility data are being obtained by placing a
specimen and a confining fluid (Dow Corning 330 silicone fluid) in
a glass dilatometer. The dilatometer is placed in a pressure
vessel equipped with a window to permit observation of the meniscus
in the dilatometer when pressure is applied. Some typical data for
a polyurethane propellant containing 70% solids are shown in Fig. 1.
(See Ref. 2 for a detailed discussion,) Before data were recorded,
the dilatometer was subjected to one pressure cycle during which
the pressure was increased up to 1500 psig. Data from the second,
third, and fourth pressurization cycles are those shown in Fig. 1
plotted as pressure vs. AV/V,., where AV is the volume change and

is the specimen volume at -10°C at atmospheric pressure. (The
agbitrary constant A on the abscissa is used to displace for
clarity the data from the second pressurization cycle.) The P vs.
AV/V, data from the second and third pressurization cycle yield a
curve, although data from depressurization yield a straight line
which intersects the abscissa at a finite value of AV/V,. Also,
the width of the hysteresis loop for the third cycle is less than
for the second one. On the other hand, neither nonlinearity nor
hysteresis was observed during the fourth pressure cycle. These
changes are believed to result from the compaction of the propel-
lant during the repeated application of pressure.

The bulk modulus, from data ob}alned during depressurization,
increases from 7.6 x 10° to 8.4 x 10° psi in going from the second
to the fourth pressurization cycle. On the other hand, the initial
slope of the P vs. AV/Vy curve for the second pressurization cycle
gives a modulus of about 4 x 10° psi.

An equation has been presented (3) for estimating the % voids
in a propellant from the shape of the curved portion of a P vs.
AV/Vn curve. By use of this equation, it is estimated that the
propellant at the beginning of the second and third pressurization
cycles contained C.14% and 0.09% voids, respectively. Apparently,
no voids existed at the beginning of the fourth pressurization cy-
cle because AV/VO increased linearly with pressure.

After completing the work at -10°C, the specimen was tested
at temperatures between 45 and -17°C. On the second pressurization
cycle at each temperature (the first cycle for which data were re-
corded), the resulting P vs. AV/VO curve was nearly linear and no
hysteresis was observed. Values of the bulk modulus are shown in
Fig. 2 plotted against temperature. Preliminary data from earlier
experiments on another specimen are also shown along with modulvs
data for the silicone 0il used as the confining fluid in the
dilatometer.

The data in F1g 2 show that the modulus increases from about
5.4 x 10° psi at 50°C to about 8.7 x 10° psi at -20°C. As the
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velocity v for the propagsgion of bulk compressional waves 1is given
by the equation v = (K/p) (provided the shear modulus is small
compared to the bulk modulus), where K is the modulus and p is the
density, the velocities are about 1.48 x 19 and 1.89 x 10" cm/sec
at 50 and -20°C, respectively. However, because the modulus of 2
propellant before being pressurized repeatedly may be lower by a
factor of 2 than the values given, the velocity of propagation of
sound in a rocket grain may be in the vicinity of 1 x 10° cm/sec

at temperatures somewhat above ambient.

COMPLEX SHEAR MODULUS

Tensile stress-strain curves have been determined over a
range of strain rate at temperatures between 70 and -20°C on a
polyurethane propellant (AEBA-10) which contains 80% solids. The
methods for obtaining and analyzing the data are described in de-
tail elsewhere.(4). In brief, all data for strains up to 10%
yielded a single curve on a plot of log F(t) 298/T vs log t/anq,
where F{t) is the constant-strain-rate modulus defined as (1 + €)g/¢
where 0 is the stress and € is the strain, T is the test tempera-
ture in °K, t is the time which equals e/é where € is the strain
rate, and ap is the temperature function, given by the Williams-
Landel-Ferry equation, required to superpose data determined at
different temperatures.

The data could be representcd (5) by the equation

-0.25

F(t) - 350 = 654t (1)

where F(t) is in psi and t is in minutes. (This equition repre-
sents the behavior at 25°C over an extended range of time; ag

equals unity at this temperature.) By applying certain approxi-
mation methods, which are discussed in Ref. 5, it was found that

log G'(w) - G, = 0.25 log » + 7.545 (2)

log G"(w) = 0.25 log w + 7.163 (3)
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where G'_(w) and G"(w) arg the storgge and loss shear moduli in
dynes/cm , G = 8.05 x 10° dynes/cm , and v is the circular fre-
quency in radians/second. Plots of log G' and log G" against log
w are given in Ref. 5 along with corresponding plots of j'(w)

and J"(w) which are the storage and loss compliances.

Values of J'(w) and J"(w) have been measured on the same pro-
pellant with the Fitzgerald Apparatus by workers at the Atlantic
Research Corporation (6) (ARC). Frm their data at temperatures
between 25 and 45°C, reduced plots were made of log J'T/298 and
log J"T/298 against log wap. The resulting curves are compared in
Fig. 3 with those given by Eqs. (2) and (3) over a limited frequency
range. Equations (2) and (3) should be applicable down to very low
frequencies; the highest frequency at which they apply is not known.
The shortest value of reduced time t/ap at which F(t) was obtained
corresponds to an W of about 100 radians/second at 25°C.

Figure 3 shows that G'(w) calculated from tensile stress-
strain curves ave in close agreement with values obtained from the
ARC data; agreement between calculated and experimental values of
G"(w) is relatively poor. At the present time, it is not possible
to state which values of G"(w) are most reliable. However, the
results presented in this section indicate that reasonably reliable
values for the complex shear modulus can be obtained from tensile
data determined at various strain rates and temperatures.
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MEASUREMENT OF THE COMPLEX DYNAMIC SHEAR COMPLIANCE
OF COMPOSITE SOLID PROPELLANTS*

C. N. Roblnson** ,
Atlantlc Research Corporation

INTRODUCTION

This paper presents results of an experimental program
to define dynamic shear properties of two composite solid pro-
pellants at frequencles between 25 c¢cps and 5000 cps within the
temperature range of -50°C and +75°C, and at pressures [rom
amblient to 1000 psig. This program is intended to further the
study of combustion instability in rocket motors by providing
dynamlc shear compliance data for calculating dissipation of
energy when the propellant is periodically deformed%g).

Measurements are made on a Fitzgerald Apparatus which has
been described previously (2). Disc-shaped samples are held be-
tween two parallel metal surfaces, under slight compression to
prevent slippage. The sinusoidal shearing force applied to the
sample normally has an amplitude of about 2000 dynes. Stress
amplitude, depending on the area of the sample, 1is about 5000
dynes per cm? or less. The data given herein are the two com-
ponents of the complex dynamic shear compliance for two propel-
lants. Other pairs of quantities used to describe the dynamic
mechanical properties of a viscoelastlic material can be com-
puted from the components of compliance.

The application of sinusoidal shear stress to a linear
viscoelastic material 1induces strain response which is slnusoidal
and of the same frequency, but which 1s displaced in time.

Two quantitles, each a function of temperature and frequency,
are used to define this stress-strain relatlonship. The real
component J', and the imaglnary component J" , are related

to the complex shear compliance J* and to the loss angle a
as follows:

J* Jt - 13"
tana = J"/3' .

Energg stored in the displaced material per unit volume peE
cycle 18 2S2J', while energy dissipated per unit volume is 21 SeJ"

H

*This work supported by the Advanced Research Projects Agency (ARPA).
**Ppresented by R. Frledman
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where S 18 the rMS value of the sinusoidal stress.

Because of the energy relationship, J' is termed the storage
compliance, while J" is the loss compliance. The two quantities
are utilized subsgquently to describe experimental results in
units of dynes/cm=., Complisnce is the reciprocal of complex shear
modulus, G¥,

MEASUREMENT OF DYNAMIC SHEAR COMPLIANCE

Effect of Temperature and Frequency. The effects of tem-
perature and I'requéency on the real and Imaginary components of
the dynamic shear compliance of a PBAA solid propellant (TPH-1001)
are shown in Table I and displayed graphically in Figs. 1 and 2.
Similar data for a polyurethane propellant (AEBA-10) are shown in
TablesII through VI, and Figs., 3 and 4. It can be seen that for a
given temperature for the PBAA propellant, the real component, J!
of the dynamic shear compliance decreases with increasing fre-
quency while the imaginary component J" increases. For the
polyurethane propellant, both components of the dynamic shear com-
pliance tend to decrease with increasing frequency at a constant
temperature.

Measurements of the polyurethane propellant produced results
unexplained in the runs conducted above 45°C. Data of the first
two series of measurements showed inconsistent values of compliance
as temperature varied between 45°C and 55°C. A source of uncer-
tainty existed insofar as the moisture content of the transducer
atmosphere was uncontrolled due to a leak in the system during
the first series of measurements. It was estimated that the dew
point was probably in the region of -17°C. The second series of
measurements was made under closely controlled humidity conditions.
The average dew point for these measurements was -45°C. Figure 4
compares the results of these two sets of data at two frequenciles
(320 cps and 800 cps). Whilz the samples having the lower mois-
ture content were slightly more compliant, it is apparent that
moisvure content of the samples i3 not the controlling parameter
at the levels that existed.

A third set of measurements from 25°C to 65°C have recently
been completed with propellant from a different batch. These
data, which are not included in this paper, have compliance versus
frequency curves which are smooth and regular as would be ex-
pected, No explanation has yet been developed for the anomalous
behavior during the first two series of measurements.

Time-Temperature Superposition. One of the objectives of
this program 1s to provide a test ol applicability of the method
of reduced variables (time-temperature superposition) to solid
propellants. Measurements at closely spaced frequencies and tem-

peratures are required for this purpose. The Jdata mentioned above
provide such a set of measurements.
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Measurements are reported for frequencies from 320 cps to
ps. In testing the method of reduced variables, it is de-

e to extend measurements to lower frequencies. However, the
0
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ol frequencles over which accurate measurements can be made
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sam This, in turn, depends upon the compliance of the matgrial
an% the zample dimensions. For compllance in the range of 10~
cm</dyne to 10'locm2/dyne, measurements at low frequencles are

not possible, ;

The trend of the data as frequency and temperature are
changed 1s such that the temperature-shift required to superpose
the real component data l1ls not the same as the factor required to
superpose the imaginary component data. This is contrary to the
results found by Landel (3) in his study of polylsobutylene-glass
beads systems.

Effect of Cure Time on Aging. Previously published data on
dynamic sheéar compliance of TPH-1001 solid propellant, cured 48
hours at 40°F (60°C) showed that dynamic mechanical properties of
this material increased with time (4). This aging effect has been
further investigated using propellant cured 80 hours and 186
hours.
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Measured values of the real components of the dynamic shear
compliance of the two samples are given in Tables VII and VIII, and
shown graphically in Figs. 5 and 6., Sample #46 was cured 180
hours at 140°F and Sample #U47 was cured 30 houre at 140°F. The
sequence of measurements was as follows: one run at room tempera-
ture; one run at high temperature; one run at room temperature;
two runs at high temperature; one run at room temperature; several
runs at low temperatures; and finally, one run at room temperature.
The final run at room temperature was made about one month after
the first.

Examination of the data shows that the change of dynamic
properties with age 1s less for the material having the longer cure
time. This difference probably indicates that the short cure
time does not atford complete reactivity of the binder components.
Lccordingly, long-cure materials were used in this program when
aing effects were to be minimized.

Effect of Compresslcn of Sample by the Transducer. Two
serles of tests were made Lo determine -the effect of sample com-
vression on the dynamic shear compliance of TPH-1001 propellant.1
Compliance was measured on a sample under 2 per cent compression
after which the compression was increased in per cent steps to
4 per cent without removing th~ sample, and the run repeated.

Some erratic operation of the electrical portlon of the equipment,

1. 2 per cent compression is the smallest practicable value for
the sample dimensions beinyg used.
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due to a malfunction in the amplifier, occurred during these tests.
Although the measured compliance values were correspondingly er-
ratic, the general trend of the data 1s still evident as shown in
Figs. 7 and 8.

In one case, decreasing the thickness of a sample from a
compression of 2 per cent to a compression of 4 per cent increased
the sample constantl by about 4 per cent, but decreased the real
component of the compliance by about 20 per cent. The imaginary
component was decreased by about 35 per cent. Some uncertainty
exists concerning the shape of the sample under compression, and
hence a small possible error in the sample constant. Visual in-
spection has failed to show any evidence of sample bulging in the
installed sample. Further investigation of this effect is war-
ranted, particularly in conjunction with tests at elevated pres-
sures.

Effect of Pressure on the gzgamic Shear Compliance. One
major obJéctive of thls program 1s to determine the effect of
pressure (up to 1000 psi) on the dynamic shear compliance of the

" selected propellants. A high pressure chamber has been constructed

and associated modifications go the Fitzgerald Apparatus were made
at the time of this writing.© No data are available as yet.

1. Sample constant, C = 2A/h, where A 1s the cross sectional area
and h 1s the thickness of the sample.

2. The Fitzgerald Apparatus and the high pressure chamber are
shown in Fig. 9.

REFERENCES

1. Hart, R. W., and McClure, T.T., "Combustion Instability:
Acoustic Interaction with a Burning Surface," J. Chem. Phys.

30, 1501-1514 (1959).

2. Fitzgerald, E.R., and Ferry, J.D., "Method for Determining
Dynamic Mechanical Behavior of GELS and Solids at Audio Fre-
quencies; Comparison of Mechanical and Electrical Properties,"
J. Colloid Sci., 8, 1-3% (1953).

3. Landel, R.F.,"The Dynamic Mechanical Properties of a Model
Filled System: Polylsobutylene-glass Beads," Trans. Soc.
Rheology, Vol. II, 53-75 (1958).

4, Bryant, R.C., "Preliminary Measurements of the Dynamic Shear
Compliance of a Solid Propellant," presented at Technical Panel
on Solid Propellant Combustion Instability, Stanford Research
Institute, March 8-9, 1962.



cmz/dynu

OO R 10'9

COMPLIANCE

© oo ocoo~
F wn M L

[
P

Q.2

9.1

0.08
0.07

0.06
0.05

0.04

0.03

COMPLIAKNCE, J: 10" %cm?/dyne

PR L GH e

2.0 +
T T | —
1.0} —d
0.0 |- i
0.8 | -
0.7 p -
0.6 (— -t
0.5 — ..
0.4 p— —
0.3 - —
0.2 (- -
0.1 }— -
0.09 -
0.08 |- n
0.07 {— .
0.06 — o . o o
0.05 (. - ,
Sample No. 48
0.04 |- Sample Constant 1.32 em -
0.03 [— -
0.02 j— —
0.1 ] [ NN | I A :

100 200 300 500 800 1000 2000 3000 .. 500 -

Fﬁl-‘.QUENCY: cps

FIGURE 1. VARIATION OF THE REA', “OM[“".ENT J'
OF THE DYNAMIC SH4I'AR COMPLIANCE
WITH FREQUENCY, 1 P-H-1001,

- f T T 7T T7 I i 1 [T ! | ]
- —
- Temp: *C -
— o——o—e—0 0 8
| O—p - 14.6 m
~ , .
b Sample No. 48 -4 ]
Sample Constant 1.52 cm .
, .

IR N S O L1 1 1] L1 A

0 20 30 40 50 60 80 100

200 300 - - 500 800 1000 2000 3000 5000

FREQUENCY: eps

FIGURE 2. VARIATION OF THE IMAGINARY COMPONENT J**
OF THE DYNAMIC SHEAR COMPLIANCE WITH

FREQUENCY.

TP-H-1001.

131

i e

a
&

4
{
3
%,
§
¥
4
-
o
»
¥
r

S R

[T

ey

T




132

COMPLIANCE COMPONENT, 3’ or 3" : 10-9cal/ayne

AT TTTT T T T T7TTT T3
8.0} O Szaple No. 34 -
1.0}. Sasple Constant 1,63 ca .
.0l Tesp: 23.2°C _
© sasple No. 33
s.of Saaple Constant 10.34 ¢a”
w0l Teap: 28.3°C -
Real, '
3.0 !
2.0
1.0
0.9
0.8
0.7~
0.6
0.5~
0.4}
ol L 1 1} 1 i L 1 i tiii 1 i
30 200 300 500 600 1000 2000 3000
FREQUENCY: cps
FIGURE 3, VARIATION OF THE REAL COMPONENT J' AND THE
IMAGINARY COMPONENT J'* OF THE DYNAMIC
SHEAR COMPLIANCE WITH FREQUENCY, AEBA-10.
0
: T T T L
S Sample No. 54 1 [~ Sample No. 55 -
8} Saaple Constant 1.63 cm — - Sample Constant 1034 cn—
y Frequency 800 cps - Frequency 320 cps
M 6 -
f-3
>
T 5 =
&
-
L=
[=2]
2
5 = -
-y .
. H
o
=
F ] U U Imaginary, 1" i
; ,'ﬂ. Imaginary, 1"
d . @ -"'Q‘
g o Q™ e
= Ao g
2
] 0]
=
= A - —
E o = -
& :
g ol . _
Bbew Pornt Appaovimately -17°C
0.7 p=- -
0.f - =
QO Dew Poant Approsamately -45°C
0,08 -~
04} o
P I R I [ T
20 A0 40 " ] 70 20 in 40 50 /0 70
TEMPERATURE: "C

FIGURE 4. EFFECT OF TEMPERATURE AND MOISTURE ON THE
DYNAMIC SHEAR COMPLIANCE OF POLYURETHANE
PROPELLANT, AEBA-10, AT 800 CPS AND 320 CPS.



] 2l
i
H
i
1
; 133
3
i
:
3 0. 10.0 ‘
; ll.g - i | L 1 i | oot T T T T T T ]
¥ 8.0 - = 4.0 - =
{ 7.0 | - 10l =
8.0 j~ et 40 -4
8.0 - Sampls No. 4 ~ 50 —
i I Sample Constant 2.04 em B _
g 2.0 |- I Temp: °C — -
o 0.1 -
: s 2.0} (Thres Runs) E
P §
[)
. % e - 10} _.
3 - S o e
~ 1.0 -1 s 08 = -1
0.9 | - L X | L ~
o1 5 s -
os |- - | o .
g 0.5 — e 04— -
0.4 |- - o3|
= n o3l
03} -
{ e\o a3
i e 0.00 -
k 0.08 —
§ 0.1 ] ] | i | ] | 0.07|—
i 100 300 300 500 900 1000 3000 2000 5000 sepsd ]
i 90 100
§ FREQUENCY: cps
4
.;. i)
3 FIGURE 5, VARIATION OF THE REAL COMPONENT J' OF FIGURE 6. VARIATION OF THE REAL COMPONENT J' OF
§ THE DYNAMIC SPEAR COMPLIANCE WITH gmcrmm"ﬁ!m
k FREQUENCY, TP-H-1001, LONG CURE, ) »
4
3
!
; )
4
i
{
10.0
H 9-0 9.0 1 IR RRA { | I
i 5.0} ssaple No. 51 _ :.:: =
: Sample Conatant at 2% Coapresalon 1.32c¢a J Saap!.e =
i Teap: 35.3 2 0.4°C 8.0 Syabol Coap Comstiat Teaperatuce =
i 4.0 - o 8.0 s 22.9¢8 38.3°C -
b5 e : o D 4 e e _
el .04 ] 2
im & .0}~  Ssaple No. 83 -
Eoaw e
1 e
e g Lol 283
j e 0 - o -
i -
- Ieaginary, J° 4
E N 28-3*
&
i " sg'— -
2 = G4 448-3° G o T 5 By a -
b 4] g-: — -
2 Lo — § A —.
L Z g S [ X ] o —
L g 09 — :
© v osp =)
w 0.8 s -
p e ——
A o — Z 0.4
'J = L)
Pom 08k =] 8 o3l =
L9 oesk- - g
d 0.3 =
H n4}— p
3
‘ i | | | |
33 2.0 2.0 4.0 5.0 5.0 7.0 0.1 I L Ll ] |
COMPRESSION: p-t cent 100 00 00 M0 %00 100 2000 M0 W
FRIQUENCY: cpa
FIGURE 7. EFFECT OF COMPREXSION ON THE
P00 T B0 ey IANCE OF FIGURE 8, EFFECT OF COMPRESSION, TP-H-1001.

. A




k3
H

> punp i I

134

2%

fvs

e idid,

Fig, 9 FITZGERALD APPARATUS

TOP: Operating Console and Temperature
Bath Containing Sample Transducer

BOTTOM: High Pressure Chamber and
Accessory Equipment




Table 1. DYNAMIC SHEAR COMPLIANCE, TP-H-1001, Sample No. 48

Sample: Area 0.274 cm2,

Date
3-7-6

3-9-62

3-13-62

3-1k-62

3-15-62

3-20-62

3-21-62

327-62

3-29-62

4.283-62

&

. 255

5.2

b ,&.9

-14.6

-2k.7

15.“

25.9

37.2

4s.6

5.8

Thickness 0.351 cm.

Constant 1.52 em.

FreqQuency
(cps) J' J
320 T .16
500 .65 179
800 .60 .187
1,200 .55 202
1,600 +50 215
2,000 k65 216
320 450 .11k
500 393 -119
800 .364 .129
1,200 317 BEN
1,600 291 .140
2,000 .263 J12
320 .329 091
500 277 0ok .
800 248 .095
1,200 .220 .106
1,600 .203 .105
2,000 .183 .105
320 227 .062
500 .184 066
800 .165 .066
1,200 149 .068
1,600 .135 072
2,000 121 071
50¢ .113 .0371
800 .103 .0388
1,200 .095 0395
1,600 .087 L0430
2,000 .08 L0b17
320 59 .150
500 .51 162
806 Aé2 <157
1,200 A2l 167
1,600 .387 177
2,000 .351 AT7
320 .1 AT
500 .63 .178
800 .58 .185
1,200 .53 .199
1,600 49 .210
2,000 kg 211
320 .87 232
500 .80 234
800 T3 -237
1,200 .66 252
1,600 .60 283
2,000 .55 270
100 1.20 2U5
320 1.05 269
500 .Sh 272
800 .87 .280
1,200 .T8 .298
1,600 .1 303
2,000 .€5 311
100 1.46 279
200 - »300
320 1.26 .25
500 1.12 .330
800 1.03 .339
1,200 R +354
1,600 84 .368
2,000 .76 .378
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Table 1. DYNAMIC SHEAR COMPLIANCE, AEBA-10

Sample No. 5%: Acrea 0.300 em2, Thickness 0.369 em. Comstant 1.63 em.
Sample No. 55: Area 1.943 em2, Thickness 0.376 cm. Constant 10.34% em.

Cg_ng iance

o BRSO
54 6-29-62 25.2 100 5.7 2.09
200 .79 2.3
320 3.64 1.95
800 2.88 1.55
1600 2.19 1.41
55 6-27-62 26.3 320 .37 1.73
8o 2.& 1.52
1600 2.22 1.40
3000 1.5% 1.28
5000 1.19 107

Table IIl. DYNAMIC SHEAR COMPLIANCE, AEBA-10, Sample No, 54
-Sample: Area 0.300 em2. Thickness 0.369 cm. Constant 1.63 cm.

Comrliance
Temp Trequency (10-9 cm%d*me}
Tate {°0) {cps) . J' J
6-29-62  25.2 100 5.7 2.09
(Note: taken 200 L.79 2.3
fram Table 4 of 320 3.64 1.95
‘previous Quarterly 800 2.88 1.55
Report) 1600 2.19 1.4 »
7-02-62  35.9 25 9.5 -
%0 7.8 3.05
100 7.1 2.62
200 5.9 3.08
320 4.81 2.20
800 3.8 1.96
1600 2.56 1.70
7-06-62 45,5 50 6.2 -
100 5.7 1.59
200 .97 1.95
320 4.0 1.58
500 3.89 1.40
80 3.37 1.37
7-10-62 55.7 50 5.6 -
100 5.2 1.36
200 4,5k 1.53
320 3.80 1.40
800 3.19 1.18
7-27-62 26.3 100 5.6 1.75
200 4,78 2.13
320 3.68 1.81
) 3.02 1.hk
1000 2.22 1.b7
8-03-62 65.2 25 8 -
50 7 2.26
100 6.4 1.91
200 5.5 2.18
320 4,90 1.86
800 3.89 1.56
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Table III (Cont.)

DYNAMIC SHEAR COMPLIANCE, AEBA-10, Sample No, 54

~Coapliance _
Frequency (10'9 cﬁ[ggez .
Date ;EC; (cps) J* = 4
8-06-62 25.8 100 5.5 1.73 ;
2%C 4.78 2.08
30 3.5% 1.7
800 3.03 1.45
1600 2.03 1.42
8-10-62  15.1 . 100 5.0 1.96 i
200 4.26 2.25
320 2.83 1.69 %
800 2.38 1.3 5
1600 1.64 1.25 g
8-13-62 5.3 100 3.3 - 1.60
200 2.4k 1.5
320 1.7€ 1.69
£00 1.19 0.93
1600 0.79 0.77 ’
2000 0.65 0.68
8-14-62 4.5 200 0.8 0.64
320 0.78 0.€<
600 0.366  0.333
160 0.299  0.265 g
2000 0.264  G.258
2000 0.168  0.206 +
8-15-62  -15.1 20 0.2tk 0.120
806 0.1£6  0.100
12C0 0.i22 . 0.087 ¥
16¢0 0.127 0.073 :
2000 9.126  0.072
260 0.086  0.0C9
5000 0.049  0.059
6-20-62 2.9 1C0 5.8 2.15
200 4.90 2.71
320 3.41 2.02
800 2.58 1.40

Table IV. DYNAMIC SHEAR COMPLIANCE, AEBA-10, Sample No. 55

Sample: Area 1.943 cm2. Thickness 0.376 cm. Constant 10.3% cm,

Comviiance
Temp Freguency g10'9 cmaédmez
Date (Ce) (crs) AT J
6-27-62  26.3 320 3.75 1.73
(Note: taken 600 2.8 1.52
from Table 4 of 1600 2.22 1.40
previous Quarterly 3000 1.54 1.28
Report) 500 1.19 1.07
7-03-62 35.4 320 4.62 1.72
800 3.26 1.56
1600 2.7 1.46
3000 1.9 1.67
T1-05-62 45.3 200 L.oe 1.87
320 5.1 .77
800 3.8 1.61
1600 3.36 1.64
7-09-62 56.3 200 4,75 1.49
' 320 4.68 147
800 3.7L 1.37
1600 3.24 1.43
7-27-62  26.0 200 L.k45 =
i 320 4,19 1.42
800 2.56 1.64
1600 2.34 1.38 ’
3000 1.64 1.32 4
8-02-62  65.3 200 5.2 1.73 -H‘g
320 5.2 1.63 {4
806 L.09 1.53 | &
1600 3.59 1.6 LI
2000 3034 1.68 K
8-06-62 25.6 200 4,43 -
20 4,21 1.40
800 2.42 1.63 o
1600 2.39 1.30 -
3000 1.67 1.30 :

O
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Table V. DYNAMIC SHEAR COMPLIANCE, AEBA-10, Sample No. 54

Sample: Area 0.30C cm2,

Date
11-38-82

11.12-62

11-14,15-62

11-19-62

11-20,21-62

12-03-62

2.8

P2

u5%

55-7

65.3

26.0

Thickness 0,369 cn.,

Constant 1.63 cm.

Cropliance
Frequency (e =flame)
{ezs) J 3
100 L.66 1.60
200 3.98 1.86
20 2.% 1.81
500 2.6+ 1.27
80 2.29 1.19
1200 1.93 1.17
b33 T4 -
50 5.9 2.09
100 5.7 2.01
200 4.95 2.45
20 342 1.79
aso 2.88 1.3
1200 2.56 1.49
25 8.5 2.9
50 7.2 2.60
0 6.5 2.20
200 5.6 2.46
20 .5k 1.83
300 2T 1.61
250 2.96 -
b 5.2 145
o0 4.B8 1.286
200 B 1.36
20 3.50 .24
X 3.8 1.08
1200 2.58 -
25 7.1 =
b 5.7 1.5
poy 4.5 1.28
200 L3 1.3
20 3.67 1.23
&0 3.21 1.1
1200 2.8 -
50 6,75 1.42
100 4.56 1.26
200 4.16 1,56
20 2.46 1.53
&0 2.56 1.0¢
1200 2.18 1.C6

Table VI, DYNAMIC SHEAR COMPLIANCE, AEZA-10, Sample No. 55

Sample: Area 1.943 c¢m2,

11-C6-62

11-09-62

11-14-62

11.15,16-62

11.23,24-62

11.30-62

Thicwkness 0.375 c=.

Tszp

(el

27.

3.3

55.2

26.7

Zonstant 10,35 on,
Cercliarce

Trejuency §10'9 cmzzdx_gez
{czs) <! J.
200 3.80 S
20 261 1.3
558 3.16 1.43
2o o, 1.83
12¢C 1.96 arli5.
1600 1.86 B!
208 .71 117
100 5.3 o
200 L.sL s
229 4.Le L7
(2] 2..6 1,78
1650 2.35 .33
2050 2.16 1,38
1 5.& &
2% w053 e
20 w72 L5
W 3.6 .82
123 2.88 1.25
L850 2.58 Leflis
2L0 2.31 1.1s
8} 5.3 ol
250 3.99 5
22¢ w.C7 17
&o 3.8 L2
12¢0 2.99 L.l
1600 3.20 Loub
2060 3.06 .51
100 L.&2 -
200 3.78 -~
320 3.98 1.¢c9
80 3.02 1.21
1200 2.98 1.07
1600 2.67 1.15
2000 2.70 1.20
v 3.6) -
20 3.64 Lo 257
L0 3.6 1.26
e 1.77 2.1
20 2.03 .9
Haaw 2.03 1.02
ey, 1.5 1.0
L0 1.45 1.17
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Table VII. DYNAMIC SHEAR COMPLIANCE, REAL COMPONENT, TP-H-1001,
Sample No. 46, Long Cure

Sample: Area 0,172 cm?, Thickness 0,169 cm, Constant 2.04 cm. )
Comp.iance =

(107 cn® /ayme)

= o 4“."5-‘-_"\" o
L‘f A i o

‘l‘smp . Frequency
Date g c) gcgs ) J*
1-23-62 23.4 100 1.6 e
800 1.15
1,600 .93 '
1-25-62 58.1 200 L.b2
400 3.08
800 2.86
1,600 2.09
1-29-62 22.9 Loo 1.54 _
800 1.14 >
1,600 O f_}
1-30-62 5841 200 L.61 a|
400 3.15 1
800 2.2 !
1,600 2.16
2-1-62 58.1 200 k.57
L0oo 3.05
800 2.86
1,600 2.16
2-5-62 23.1 Loo 1.54
800 1.12
1,600 .93
2-15-62 0.4 500 .57
. 800 -h72
1,200 418
1,600 .388
2,000 341 |
3,000 239
2-20-62 -10.4 500 . 366
800 .322
1,200 267
1,600 .250
2,200 .220
2-21-62 <2k .b 800 .159
. , 1,200 .138
2-26-62 23.6 320 | 1.51
500 1.24
800 1.09
1,600 .89

2,000 .&




s ot Yo g A

2 K
* Table VIII, DYNAMIC SHEAR COMPLIANCE, REAL COMPONRENT, TP-H-100i,
Sample No. 47, Nominal Cure
= sanple: Area 0.224 cm2, Thickness 0,215 cm. Constant 2.03 ¢,
i Compliance
2 9 2
g Temp Frequency (10 7 on [ dyne)
Tate Lo_cl (cps) J'
1-23-62 23.b4 200 .99
400 91
800 L2
1,600 59
% 3,000 438
1-25-62 '58.1 100 3.26
200 2.87
ol 800 1.5k
1,600 1.37
3,000 1.02
1-29-62 22.8 200 1.21
400 1.10
800 .66
i 1,500 64
3,000 RN
1-30-62 57.9 100 3.49
200 3.05
860 1.57
1,600 1.42
3,000 1.02
2-1-62 57.9 100 3.51
260 3.06
850 1.55
1,600 1.37
3,000 O4
2-5-62 23.1 200 1.32
GO Ll
€00 .72
1,600 .67
3,000 L63
2-15-62 0.5 500 Lot
gco 402
1,200 297
1,600 .288
2,000 261
3,000 <194
2.20-62 -10.1 500 270
800 251
1,200 189
1,600 .16
2,000 .162
- 3,000 .122
R
2-21-62 24,2 800 121
1,200 112
1,600 .098
2,000 .095
2-26-62 23.6 320 1.16
500 .9k
800 .70
1,600 .65
2,000 .58

3,000 kg
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CURRENT WORK ON VISCOELASTIC PROPERTIES

A. S. Elder
Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland

A theoretical and experimental program on the mechanical
properties of solid propellants is in progress at BRL. Current
theoretical work concerns the development of integral equation
methods of solving quasiwstatic stress analysis problems in visco-
elasticity. Methods of calculating constants for a viscoelastic
model from experimental data have also been derived. The experi-
mental program has been concerned mainly with the development of
apparatus for measuring the bulk modulus and shear modulus of
solid propellants. Only certain topics will be discussed in this
paper, as a complete review of the work at BRL has been published
elsewhere (1).

A study at BRL has shown that the stress functions of classi-
cal elasticity can be used for quasi-static problems in linear
viscoelasticity (2). This theory has led to the formulation of
problems involving moving boundaries in terms of Volterra integral
equations of a very general type. A detailed analysis of a rocket
motor containing a viscoelastic propellant grain which is subjected
to the combined effects of pressure, thrust, and an eroding inmer
boundary is in progress. The formulation of this problem has been
completed for an elastic motor case (3); recently it has been
found possible.to extend the analysis to include cases of visco-
elastic material.

The modulus of the propellant in shear and under hydrostatic
pressure are used as kernals of the Volterra integral equations
mentioned above. As the burning time of the rockets to be used in
the experimental work is about a second, an apparatus for measuring
the shear modulus accurately in this short interval of time was
required. A high-speed stress relaxation device has been developed
at BRL for this purpose. This device consists essentially of a
specimen, gage, and spring-loaded actuating mechanism. The speci-
‘men is a hollow cylinder which is subjected to a shearing force be-
tween a fixed inner rod attached to the gage and a concentric outer
cylinder linked to the actuating mechanism. A tapered beam of high
strength steel is used for the spring. The time to full load is
less than a millisecond for an axial displacement of 0.1 in. Tran-
sient vibrations are insignificant after ahout ten milliseconds.

A report dealing with the design and development of this apparatus
is being prepared.

*
This program is supported by the Army Materiel Command.
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Approximately a year ago, N. C. Wogsland developed an appa-
ratus for measuring the equilibrium bulk modulus of solid pro-
pcllants and other viscoelastic materials (4). Hydrostatic pres-
sure is applied to a test sample in the high-pressure chamber of
a pressure intensifier. Measurement of the volume displaced by
the low pressure end of the double piston provides high sensi-
tivity in measurement of the volume change in the high-pressure
chamber. The isothermal bulk modulus is obtained by making meas-
urements after temperature equilibrium of the test sample has been
attained. A thermocouple inserted in the test sample is used to
measure the temperature of the sample during the test.

Although it is generally believed that viscoelastic materials
should exhibit viscoelastic behavior when subjected to hydrostatic
pressure, we have not attempted to measure the relaxation modulus
under these conditions because of the difficulty in separating
relaxation phenomena and thermodynamic phenomena associated with
the equation of state. When the propellant is pressurized
adiabatically, the temperature also increases. If the volume is
then held constant, the pressure and temperature decrease until
the specimen attains temperature equilibrium with its surroundings.
The pressure-volume relation under equilibrium isothermal condi-
tions appears to follow Tait's equation of state (5) with reason-
able accuracy within the 0-2500 psi range over which measurements
were made.

The Laplace transform provides an elementary method of solv-
ing quasi-stutic stress analysis in which boundaries do not vary
with time and the load is applied over a fixed region of the
boundaries (6). A limited number of dynamic problems also appear
solvable by this method. In this connection, formulas for the
free vibrations of a torsional pendulum have been derived at BRL.
The pendulum consists of a circular, viscoelastic rod fixed at
one end and attached to a rigid disc at the other end. However,
detailed calculations require the solution of polynomial equations
with complex roots. A code for calculating these roots is being
programmed for the new BRLESC electronic computer at BRL.

The inversion of the Laplace transforms occurring in the
analysis described above is facilitated if the mechanical proper-
ties of the viscoelastic material are represented by a spring-
dashpot model. In this case, the transform to be inverted will
generally be represented by a rational function, and the inversion
is obtained through an application of residue theory. However, if
the theoretical solution is to represent the behavior of a real
system over a reasonable interval of time, the spring-dashpot model
must' also represent the measured mechanical properties over an
adequate interval. '

Methods of calculating viscoelastic model constants from ex-
perimental data have becen under continuing study at BRL and North
Carolina State College. In 1960, a method of calculating model
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constants from complex compliance data was presented (7). TI's

procedure was based in part on Zobel's method of network synthesis.

At one stage of the analysis, the relaxation times were calculated
as roots of a polynomial. Naturally, these roots would be ob-
tained if the data varied rapidly with frequency, or if too many
elements were assumed for the viscoelastic model.

In 1961, John T. Welch of North Carolina State College,
under contract with BRL, showed how Baum's asymptotic method of
network synthesis could be applied to this problem (8). In this
method, response curves of the network plotted to a log-log scale
are approximated by a series of straight lines. The network
parameters are then calculated from the slopes and points of in-
tersection of the line segments. In this method of graphical
analysis, an adequate number of real, negative relaxation times
are obtained. However, the accuracy of this method is limited.

The essential features of the two techniques have been com-~
bined by Goldberg and Dean of BRL (9). Their method has been ap-
plied to complex compliance data for N.B.S. polyisobutylene at
22 different temperatures. The calculated curves are generally
within 5% of the experimental data, except at the extremes of
frequency and temperature.

In addition, methods of model fitting based on inverted
differences are being studied at BRL and North Carolina State
College. The recursion formulas required by this method have been
derived, and a program is now being written for the BRLESC elec-
tronic computer at BRL.
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DETERMINATION OF COMPLEX COMPLIANCE OF PROPELLANTS*

J. Edmund Fitzgerald
Lockheed Propulsion Company
Redlands, California

Rather than a technical presentation per s€, this paper 1is
a report of research in progress relative to vibrational response
of solid propellants.

While work has been in being for some years at our labora-
tory on the creep and relaxation phenomena of propellants, only
recently have we become actively engaged in vibrational effects.

Pertinent points of interest toward the eventual applica-
tion of our work to the oscillatory combustion - propellant re-
sponse coupling are

Ls

The development and routing application of relaxation
and retardation operators over an eighteen decade time
domain. The results are generally expressed in finite
linear differential operator form but, where more con-
venlent for subsequent analysis, occasionally in heredi-
tary integral form.,

The development of routine procedures for the determina-
tion of complex compliance expressions from the above re-
laxation operators. It should be mentioned at this

point that if the relaxation modulus plots as a straight
line on log-log coordinates of Erel v8 reduced time that

a) The real part of the complex compliance will be
a straight line over the same range.

b) The imaginary part of the complex compliance
will be a straight line over the same range
parallel to the first.

c) The loss tangent will be a constant over the
above range.

This characteristic of power law relaxation moduli has
frequently been overlooked.

An example of a preliminary comparison of a PBAA
propellant complex modulus as calculated from relaxa-
tion data and as determined experimentally elsewhere is
given in Fig. 1.

The above results in conjunction with knowledge of the
thermal properties of the propellant enable one to then
calculate rather good estimations of the temperature rise
in a vibrating propellant body. The rigorous solution
to the problem involves non-linear mathematics even in

*Presented by Jleon Green,
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thermorheologically simple materials because of the re-
sulting coupling of compliance and temperature change.

4, Experimental work is now in prosress determining the
complex compliance directly over a wide frequency and
temperature range for both

a) Complex shear modulus and
b) Complex bulk modulus.

It 1s felt that the bulk effects may demand consider-
ably more attention for chamber pressure oscillation ef-
fects than bulk effects usually do with quasi-statlc prob-
lems where incompressibllity is often assumed.

It is hoped that a detailed technical presentation on the
3 above items with complete analytical and experimental correlations
will be available at the next meeting of the Technical Panel.
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THE EFFECT OF FLOW ON BURNING INSTABILITY **

Ira Dyer
Bolt Beranek and Newman,Inc.
Cambridge 38, Massachusetts

I am pleased to be at this meeting, for I have much to learn
about the acoustics of so0lid propellant instability. I am going to
talk about a problem that I, for one, do not understand well. The
purpose of a burning solid propellant is to evolve gas, and this it
does. Although the gas is evolved at fairly low Mach numbers, 1
believe that the mean gas flow should be taken into account because

it may have much to do with the details of energy balance, and hence
the stabllity. :

There are now at least three criterla available for deciding
upon the instability of soiid propellants. These criteria, cast in
terms of the propellant response function Mm/€ , are displayed in
Fig. 1.1[Numbers in su rscript are footnotes; numbers in paren-
theses are references. To help set the stage, a response function
calculated by Hart and McClure is also shown (1). The highest cri-
terion, given by Re(p/€ )> 1/y, was brilliantly suggested several
years ago by McClure and his co-workers (1,2). This criterion ig-
nores the presence of mean flow. Just a short time ago another
criterion, considering mean flow, was derived by McClure and his
co-workers 53). It is shown in Fig. 1 as the lowest criterion,
given by Re(p/€ ) >0, which is the value obtained for very small
values of the flow speed. Not long ago, I too had a try at it and
arrived at the middle criterion, Re(p/€ )> 1/(2y).(4). Clearly
these criteria can lead to greatly different conclusions on the fre-
quency range of instability, as illustrated by Fig. 1. What can be
sald about these criteria, and which one, if any, is right?

Allow me to discuss the foregoing question initially in terms
of energy flux in a one-dimensional situation. Imagine a burning
solid propellant surface, located at X = 0, which evolves gas in
the positive X direction. We may state that the acoustic in-
tenslty evaluated at X = 0 1is the sum of the usual acoustic
pressure-velocity product and a term representing the convection
of kinetic and potential energy densities (4):

- Al
\'

I =pVy *+ Y, szl + p%2 : (1)

2f6°
With acoustic admittance of the burning surface defined by
v

1

SR E=— (2)

P1
we get

2
*See appendix for definition of symbols.
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Equation (3) may be used to establish a criterion for instability,
if we assume that the acoustic intensity represents the totality

of energy flux avallable to overcome acoustic losses occurring else-
where in the system. This assumption will be discussed later, for
it is central to the problem of instability. For the moment, at
least, grant it.

For a solid propellant to act as a soundé source, the flux
of energy must be positive, i.e., I>0. By taking M, = 0, Eq. (3)
yields McClure's earlier result:

Re Y < O . (%)
This may be transformed readily tol
MLl
Re E}; . (5)

On the other hand by taking M, << 1, I have obtained

M
Re Y¢=2 (6)
2,0 c
o
which transforms to
5 1

The difference in the criteria given by Egs. (5) and (7) hinges on
the added convection term in the intensity. This term is always
positive; hence Eq. (7) predicts a greater range of Re(p/& ) for
which the propellant acts as a sound source, i.e., is unstable.

Does the convection term actually represent an energy flux
that is available to overcome acoustic losses, as assumed? It
may be that the energy flux associated with convection merely
disappears completely someplace else, without affecting the oscil-
lations2, If so, then one might take Eq. (5) as a more appropriate
criterion, even in the presence of flow. Since the convection term
is positive, however, we might take refuge in the belief that the
proper criterion is between 1/vy (corresponding to complete disap-
pearance of the convected energy) and 1/(2v) %corresponding to com-
plete use of the convected energy in overcoming acoustic losses).

1. The thermoviscous nature of the burning gases 1s neglected,
as well as the effects of diffusion of reactants as discussed by
Williams (5).

2. For example, we may imagine the possibility of an open-ended
one-dimensional tube (like an organ pipe) which is capable of sup-
porting standing waves, but which may allow the convection of acoustic
energy density out of the open end.
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The uncertainty between 1/v and 1/(2y) stems from our inability
at this point to give a clear physical interpretation of the con-
vection term. It is apparent that a statement like Eq. (3) describ-
ing conditions at the face of a burning propellant is incapable of
shedding light on the nature of sound-flow interaction in the re-
mainder of the system. We may conclude that we must consider the
entire system, including flow patterns, acoustic modes, and losses,
before we can make headway with this problem,

In the recent work of McClure, Hart and Cantrell(3), account
is taken of a complete system, namely a T-burner. Although the
oscillation considered is primarily one-dimensional, the mean flow
is not. Their results indicate that for My<< 1, system instabllity
may occur if

Re g->-0 . (8)

In view of the range 1/y to 1/(2y) implied by Eqs. (5) and
(7), this result may appear very surprising indeed! The implica-
tion is that some other part of the system may act as a sound source
too. Unfortunately, McClure, Hart and Cantrell do not identify the
part of the system or what mechanism 1is responsible for the genera-
tion of sound. Nevertheless, thlis possibility should not be dis-
counted since many mechanisms exist for the conversion of flow energy
to acoustic energy, particularly if rotational flows are considered.
In any case, it is well to remember that Eq. (8) 1s a criterion rele-
vant to the T-burner system, and may not be applicable to other sys-
tems.

Although I am not prepared to give general conclusions on the
question of instability criteria, I am convinced that mean flow plays
an important role. Flow may convect acoustic energy from one part
of an oscillating system to another, it may enhance the ordinary
acoustic loss mechanisms or bring into beling new ones, and finally,
it may cause sound to be generated quite apart from the action of the
propellant. It is clear that much more needs to be accomplished,
particularly along the lines of the McClure, Hart and Cantrell study,
before we can resolve some of the issues raised herein. Only with
a thorough understanding of the relevant physics will we have confi-
dence in a general criterion for propellants.
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Definition of Symbols

e speed of sound

I acoustic intensity
Im imaginary part of
m mass flow

M Mach number

P pressure

Re real part of

v velocity

Y acoustic admittance of the propellant
v ratio of specific heats

e Py/p,

u ml/'mo

/ density

0 mean quantities

1 fluctuating (acoustic) quantities

*#This work supported by the Army Materiel Command, Contract DA-19-
gQO-AMC-STSS-R, and Advanced Research Projects Agency Order No. 357-
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L* COMBUSTION INSTABILITY*

E. W. Price
U. S. Naval Ordnance Test Station
China Lake, California

INTRODUCTION

The pressure in the combustion chamber of a rocket motor is
determined by the balance between the process by which mass is dis- -
charged from the chamber and the process by which mass is injected
into the chamber. In transient situations, consideration must also
be given to the intermediate processes followlng injection and pre-
ceding discharge, where significant mass accumulation may occur. For
practical reasons, rocket motors are designed to assure that these
mass rates converge rapldly after ignition to a desired equilibrium
value ylelding the desired combustion chamber pressure and thrust.,
However, this goal is not uniformly achieved, and a variety of un-
wanted classes of behavior occur, such as hard starts, chuffing,
catastrophic pressure rises, hang-fires, and periodic pressure fluctua-
tions. Periodic fluctuations are usually assoclilated with the con-
cept of "combustion instability," although in a scientific sense all
of the classes of behavior referred to are unstable and it is dif-
ficult to deflne a decisive boundary for the concept. It has been
observed that a small change in motor or propellant variables can
lead to a series of instabilities ranging from periodic oscillatory
behavior (Fig. la) to chuffing behavior (Fig. 1lb) to quenching
(Fig. 1lc). These apparently different kinds of instability are all
seen to be closely related.

The examples of instability noted in Fig. 1 are quite different
from those discussed in recent literature involving interaction of
combustion and acoustic behavior. The frequency of oscillation, when
there is one, is relatively low (1-100 cps), and is not usually
identifiable with any natural acoustic mode of the rocket motor. The
prevalence of the behavior with propellants having slow-burning in-
gredients, and with low pressure operation where combustion 1is slow,
suggests that low frequency instability 1s related to incomplete com-
bustion and to factors governing reactant stay time in the combus-
tion chamber. In a sense one might say that the problem involvee a
condition where the combustor volume is less than the volume of the
combustion zone, the stay time is less than the reaction time (at
least for some reactants), the combustion zone thickness is compar-
able to the combustor dimensions. These concepts are strange to the
solid rocket propulsion scientist, who is useéd to the usual rapid
reaction of solid propellants and to the usual large internal free
volume of solid rocket motors. To the liquid propellant propulsion

*Sponsored by the National Aeronautics and Space Administration.
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scientist, the problems of combustion volume and stay time are funda-
mental considerations in good design and are related experimentally
to the concept of L*., A good engine design provides the lowest value
of this ratio, L* = V,/A¢, consistent with efficient combustion. In
the case of a solid propellant rocket, a low value of L* may be more
tolerable because of more rapid combustion, but may be accepted

even with slow combustion because the L* lncreases rapidly to ac-
ceptable values after burning starts. During the time that L* is low,
the stability of the system depends upon the effects of incomplete
combustion on the mass in-flow, out-flow, and accumulation in the
system. The types of instabilities arising from this condition are
referred to here as "L* Combustion Instability." The extent to which
low frequency instability observed to date is "L* Instability" is

not yet established, but it will be seen in the followlng that the
concept fits the observed facts rather well.

MASS~-BALANCE ARGUMENTS FOR PRESSURE DECAY

There is some reason to believe that the mechanisms governing
the descending part of the pressure cycle are qualitatively different
than the mechanisms governing the rising part of the pressure cycle.
The descending part of the cycle can be explained in phenomenological
terms by a quasi-steady model of mass rates as shown in Fig. 2. The
graph shows what the mass burning rates and mass discharge rates
would be at each pressure if the pressure were sustained at that value
independently of combustion chamber mass-balance arguments. The
sollia curves represent the mass rates assuming large values of L¥
which allow complete combustion in the rocket motor and complete heat
feedback to the propellant sample for normal burning rates. The
broken lines represent mass rates at low values of L* ‘here incom-
plete combustion leads to abnormally high nozzle discharge coef-
ficients (low c*), particularly at low pressures. Burning rates may
also be changed at low L*, either because of incomplete heat feedback
to the propellant surface or convective encroachment of the chamber
flow on the combustion zone near the propellant surface.

If one considers a motor design in which the value of L* is low
(because of small free volume and/or large nozzle throat area), then
it can be seen in Fig. 2 that the mass discharge rate is higher than
the mass burning rate at normal rocket motor pressures. Thus the
motor pressure, if raised to normal values by the igniter, would then
drop off to the point where mass out-flow and mass burning rate are
equal (e.g., point 1 in Fig. 2). From the figure, it 1s evident that
such a motor pressure always exists if the propellant will burn at
atmospheric pressure, because the mass discharge rate 1s zero at that
pressure and an equilibrium must occur at some higher pressure.

Since the value of L* increases rapidly as the burning proceeds,
the lower equilibrium noted above may not occur in practice. By the
time the pressure has dropped off, L* may be enough larger to yield
a higher equilibrium pressure (point 2 in Fig. 2). Thus the pressure
may reach a minimum and then drift back to normal as L¥* increases to-
wards values permitting complete combustion and heat feedback. It
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should be emphasized that the drop-off in pressure after the ignition
does not constitute incomplete ignition. Also, it should be noted
that burning will be completely quenched by this drcp-off behavior

if the propellant will not burn at low pressures. This must still be
regarded as combustion system instability rather than unsatisfactory
ignition since the behavior is predicted even on the basis of steady-
state burning rate data for the propellant.

t .

THE LOW PRESSURE PART OF THE CYCLE “

Very little data are avallable regarding burning characteris- A
tics of solid propellants at low pressures, so it 1s difficult to :
predict the behavior of the system after the pressure has dropped

off. Partially reacted materials may accumulate in the combustion

chamber, and the propellant surface may become covered with carbon

or aluminum or other reactants and intermediate products. The gas

flowing out of the nozzle may be only partially reacted, and may not

have the same atomic composition as the propellant (because of select- i
ive accumulation processes in the combustion chamber). In addition, g
the temperature profile in the solid propellant surface may take some 3
time after the pressure decay before 1t arrives at that profile nor-

mal for the low-pressure burningz, and the burning will in the mean-

time be slowed by the excess heat flow into the solid. There seems

to be little doubt that these effects are present, but their qualita-

tive and relative importance has not been established. 1In spite of

this ignorance of transient processes, some insight into the ob-

served behavior during the low pressure part of the cycle in low-

frequency instablility can be obtalned by use of steady-state arguments.

O

The reglon of pressure below 30 psia 1s one in which many pro-
pellants will not burn, and other propellants burn without a flame
and with incomplete reaction. Thas the existence of a low-pressure
equilibrium point in Fig. 2 18 contingent on continued burning in
the pressure range where the nozzle flow 1s subsonic and the dis-
charge curve turns steeply down. The actual pressure range involved
here is contingent on the external pressure (Fig. 3). If the external
pressure is sufficiently low, the propellant mass burning rate curve
may reach its low pressure limit before it intersects the mass dis- !
charge rate curve, and no low pressure equilibrium would be possible
(case C in Fig. 35. Thus it would be expected that the character
of the L* instability would be qualitatively different depending on
the external pressure and on the low pressure deflagration limit of
the propellant. This qualitative difference 1s predicted even by
the steady-state theory, although such theory is not adequate for
quantitative predictions. Provided this low pressure behavior is of
practical interest, some determinations of low pressure deflagration
limits would be instructive, as would be determinations of discharge
coefficients and burning rates in the low pressure range above the de-
flagration limit.

To obtain a quantitative understanding of the low pressure part Y
of the pressure cycle, it will be necessary to construct a very com-
plicated transient model of combustion and gas discharge. For the

P2 SR
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present it appears to be preferable to correlate obtainable behavior
with the measurable steady-state burning and discharge characteristics
and then assess the areas of inconsistency as a basis for future re-
search if needed.

THE RISING PART OF THE PRESSURE CYCLE

| A variety of arguments may be evolved to explain why the pres-

i sure doesn't remaln at the low value dictated by the steady-state
curves of Fig. 2 and Fig. 3. Since the pressure rise is not pre-
dicted by the steady-state curves, one cannot avoid reference to
transient models in explaining the pressure rise. The most obvious
explanation 1s the accumulation of partially reacted material in the
motor in the presence of a progress!ve thermal environment leading

to sudden burning of the accumulated reactants and heated propellant..
The thermal explosion theory of Clemmow and Huffington is an example
of such behavior, which may be relevant to some instances of LFI.
However, it seems unlikely that the dominant contributions to the
rising part of the pressure cycle are the same with all propellants at
all temperatures, pressures, and combustion chamber cavity relaxation
times. Consequently, the first problem is to identify the possible
mechanisms, how they can be recognized or distinguished in practice,
and when each becomes important. Since none of these things has

been done, the present discussion will be restricted to comments on
possible contributing mechanisms.

Thermal Lag. Heat stored in the thermal gradient of the solid
propellant Is greater at low pressure than at high pressure (in steady-
state). Thus, when the pressure in the combustion chamber increases
rapidly, the propellant at each instant has more heat content than
normal and burns faster than normal. This condition does not induce
pressure rise, but amplifies the effect ¢f any rise that occurs for
any other reason. 1In order to get an idea of the energies and times
involved in the transient thermal adjustment during pressure changes,
the relation between heat content, heat flux, and rate of pressure
change was derived from the case of an isotropic propellant material

n K Tm
( / a%) (L (L +eT_)p=™*

where
dt = time interval for pressure to go from p to p + dp
dq8 = difference in heat content for steady-state burning at
p and at p + dp
dqr = heat transferred to the propellant from the combustion

in the time dt under steady-state burning conditions
C = factor in the propella burnizg rate rule
= Cpn(0.0446 cm-sec~i. psi-
= heat capacity of the propellant (0 45 calegm -1, og~ 1)
heat cogguctivity of thf proEellant
(2 x 10-3 cal-cm”™ 1 gec-1.9°k~

=0
il
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L = heat required for gasification of propeilant after
reaching the femperature Tp(100 cal-gm=*1)

pressure exponent in the burning rate rule r = Cpn(.s)

surface temperature rise from amblent of burning propel-
lant (400°K

p= density of propellant (1.6 gm-cm'3)

5'.3 o
o

Typical values of the parameters are noted in parentheses. For the
values noted and for a pressure of 100 psi,

(dqs/dqr)/(dp/dt) = 4.5 x 1072 sec/psi.

This result can be used as a qualitative indication of the con-
ditions under which significant deviaticn from steady-state behavior
occurs. Thus, if a value of dp/dt leads to a value of dqs/dqr greater
than about 0.1, it must be assumed that the burning rate will differ
significantly from the steady-state value because a significant amount
of the energy flux at the surface 1is going into accommodation of the
temperature profile. In the case of rising pressure this 1s an energy
excess (supplied from the temperature profile), which leads to in-
creased burning rate. Taking this somewhat arbitrary criterion for
"onset of transient response," in the example chosen, transient re-
sponse occurs at rates c¢f pressure change greater than 2,200 psi/sec.
Thus one might anticipate that the thermal energy excess in the solid
propellant acts to amplify a perturbing pressure disturbance with
pressure changes of the order of 2 psi per millisecond (it should be
noted that this result is applicable to both positive and negative
pressure perturbations).

Thermal Exploslion. With some propellants, exothermic reaction
is believed to occur in the condensed phase. It was argued by
Clemmow and Huffington that, following a pressure decline, the pro-
pellant temperature profile adjusted under the influence of external
and internal heating until the condensed phase reactions "ran away"
and rapidly consumed the heated surface layer of the propellant. Al-
though the external heating conditions assumed in this theory were
probably unrealistic, and the assumed condensed phase reactions are
only vaguely established, the general mechanism is protably relevant
to some double-base propellants. Furthermore, the mechanism draws
not only on the thermal lag as a contrlbutor to the pressure rise,
but also provides an explanation for the onset of the pressure rise.
However, it is significant that low-frequency instabililty similar to
that observed by Huffington has also been observed with many solid
propellants not exhiblting exothermic condensed phase reactions. Ac-
cordingly, it must be assumed that other transient processes can
also be involved, and indeed may have been in Huffington's work also.

Surface Accumulation. Frequently it is observed that burnirng
propellants have accumulations of carbonaceous or metallic material
on the surface, which may act to aid or impede energy transier to
the surface. Although very little data are available on the rates
of accumulation, manner of detachment, or manner of subsequent com-
bustion of accumulated materials, the time constants are typically
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in the frequency range 10 to 500 cps. So long as the detachment-
combustion process 1is spatially uncoordinated, the accumulation
processes do not contribute to oscillatory tehavior. On the other
hand, any degree of coordination must lead to fluctuations in mass
combustion rate, and to fluctuations in composition and temperature
of the exhaust jet and discharge coefficient. The coordination of
detachment may be induced by already present pressure fluctuations,
or by some "cascading" process in which detachment spreads from
initiating sites. Knowledge of the processes involved in these
surface accumulation and detachment phenomena 1is singularly lack-
ing at present, so that their involvement in instability proccsses
is largely speculative at present. However, the occurrence of sur-
face accumulation processes and appropriateness of the time con-
stants to low frequency instability are not in doubt, and the par-
ticipation in oscillatory combustion is entirely plausible.

Volume Accumulation. During low frequency oscillatory be-
havior, the pressure durlng the low pressure part of the cycle is
usually low enough so that incomplete reaction of the propellant
may occur (i.e., even in steady-state). As a result, the combustion
chamber may fill up with an explosive gas mixture, and the external
Jet may be both explosive and reactive with the atmosphere. The
interplay of reaction processes and heat losses in this body of gas
may give rise to a thermal explosion similar to that proposed for
the solid propellant by Huffington. The "ignition" may occur
either inside or outside the combustion chamber, and may provide
the impetus for the pressure rise (external ignition will presum-
ably be effective only at low pressures where the nozzle flow is
subsonic). This impetus may be amplified by the thermal excess
in the solid propellant and by coordinated detachment processes
at the propellant surface.

Possibly the most significant aspect of the foregoing specula-
tions about the rising part of the pressure cycle is the relative in-
dependence of the arguments on the value of L*., This seems consist-
ent with the observation that, in the class of L* instabilitiles de-
picted in Fig. 1, the pressure rise rate i1s relatively independent
of L*, Thus the distinctive features of L¥* instability will very
likely emerge in the pressure decay, with the balance of the cycle
being a sort of "recovery process.’

SUMMARY

On the basis of steady-state arguments 1t is shown that the
design equilibrium pressure may not be stable in solid rocket motors
in which insufficient stay time for combustion of the propellant in-
gredlents is provided. The instability arises from the pressure de-
pendence of the combustion efficiency, with further contributions
arising from anomalous burning rate of the propellant under conditions
of incomplete combustion. The phenomenon is most likely to be observed
in motors designed for low pressure operations and high loading density,
characterized by low values of the free volume- to-throat area ratio,L¥.
The behavior occurs typically during the early part of burning when the
free volume and stay times are 3mall, and is more prevalent with pro-
pellants having either slow-burning ingredients, such as metal parti-
cles, or having incomplete reaction at low pressures.
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SHOCK WAVE INTERACTION WITH A BURNING
PROPELLANT

Vito D. Agosta
Polytechnic Institute of Brooklyn

ABSTRACT

The Iinteraction between a normal shock wave and an end
burning solid propellant is analyzed to obtain the characteristics
of the reflected shock wave and the attendant effects on the com-
bustion process and heat transferred to the solid propellant. The
equations and boundary conditions for shock wave reflection include
a variable mass source represented as an exponential burning rate
equation, the existence of a contact surface, and solld propellant
compressibllity, and gas pressure effects on the adiabatic flame
temperature. The equations are solved, assuming a hypothetical pro-
pellant, for a particular set of initial conditions and a variation
in the burning rate exponent.
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It is found that the variatlon in reflected shock wave velocity,
and in the pressure ratio across the reflected shock is quite small,
about 0.2% and 0.5%, respectively. The greatest change ?e.g., about
100%) occurs in the velocity of the contact surface, which as is
known, follows particle paths. It is suggested that the contact
surface propagation velocity is most suitable for instrumentation.
Some phenomenological mechanisms are discussed concerning the value
of the burning rate exponent under transient conditions. A short
description of an end burning solid propellant rocket motor-shock
tube is given.

INTRODUCTION

The purpose of this analysis 1s to investigate the inter-
action between a normal shock wave and a burning surface, such as
can occur in an end burning solid propellant rocket motor. The
single shock reflection problem is assumed since the steady state
solution and the normal shock reflection from a plane wall solution
. offer a reference standard which can easily be verified experi.-

' mentally. In addition, this analysis can be used as a point of
departure for the more difficult cyclic and continuous wave propa-
gation problems. Particular attention is focused on the gas dynamics
at the expense of some of the transport processes with the objective
P of obtaining an insight on the governing mechanlisms which influence
b shock wave behavior. The answers to three questions are sought:

(a) What phenomena occur after shock wave reflection from a burning
g propellant surface; (b) Which of these. predicted phenomena are mort
realistically amenable to instrumentation, and (c) What size equip- -
ment is required to observe these phenomena. Based on the theoreti-
cal results obtained, a rational approach is suggested in the de-
sign of test apparatus and instrumentation.
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In general, the reflection of a shock wave from a burning

et =

solid propellant surface will affect the burning rate and hence
the mass flux into the system. Thus the strength of the reflected

v | shock wave, measured in terms of pressure ratio and wave velocity,

> SN 3¢ ¢

* +wlll depend on the magnitude of the new burning rate, in addition
‘to;the initial shock conditions. The change in mass flux into the
system gives rise to the formation of a contact surface, a discon-
tinuity which delineates the higher density gas adjacent to the

burning surface from the lower density gas existing behind the re-
flected shock. The theoretical analysis developed herein includes,
in addition to the normal shock relations, the governing relation-
ships across the contact surface, the compressibility and transport
properties of the solid propellant, and some of the transport prop-
ertieg of the decomposition and burning zones adjacent to the propel-
lant.; Hence, all of these effects are coupled to give the reflected
shocki’ wave properties.

] SHOCK REFLECTION FROM A BURNING SURFACE ANALYSIS

1
+

/{ The introduction of a burning surface upstream of the incident
shogk 1is depicted schematically (Fig. 1). Under the conditions de-
scqibed, the upstream absolute gas velocity (ul) must conform to
codtinuity at the burning surface, namely,

!

/olu
where ri is the initial burning rate and /~

1=rllps ’ (1)
the propellant density.

In order to solve this equation, a combustion analysis must be made
fo determine the adiabatic flame temperature. The energy equation 1is

v

I
i
)

Ifand the equations of state

hO
S

Py

=nd = hy + (u /2) (2)
RT4
= /1 -1{1— . (3)

Implicit in *hese equations are the equilibrium equations required
to determine the apparent molecular weight M; at the given pres-
sure P;. Thus, there are three equations and three unknowns (ul,

The normal shock

#1,T1) and this set can be solved.

wave egtations are

Vy =4y ¢ Wy, (%)
V, = uy 4 Wy, (5)
?1V1 = A~V (6)
1 272
2 2

P14V = P2 * PV (7)

2 2

v v
1_h, +=2 (8)
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List gg Sngols

b propellant burning rate constant t time
¢ velocity of sound td delay time to attaln steady-
cp Specific heat at constant pressure state conditions

- t,. relaxation time for mass
g gravitaticnal constant r adjustment
h  entialps u absolute gas velocity
J mechanical equivalent of heat (relative to wall)
L heat of sublimation V gas veloclty relative to
M  Mach number JC OC RN avE
5 molecular weight vV average molecular speed
n propellant burning rate exponent W shock wave velocity
P  pressure X linear distance
R gas constant v ratio of specific heats
R, universal gas constant © sublimation temperature
r propellant linear burning rate p density
T temperature gy Propellant density

Subscripts
X upstream of shock 3 downstream of reflected
y downstream of shock shock
1 upstream of incident shock 1s sublimation zone - prior
2 dcwnstream of ineident shock to shock reflection
or upstream of reflected shock 38 sublimation zone-subsequent
2% yupstream of reflected shock to attainment of steady-
' ‘state conditions
Superscript

L propertlies behind the contact surface

The equation of state and enthalpy are, respectively,

P2 = PQ(RTz/MQ) (9)
hl = °P1T1 (10a); hy = cp2T2 (100b) (10a,b)
Finally, the pressure ratlo across the shock wave 1s given:
Ty = P2/P1 . (11)

Thus, there are (Vy, Wys, Vo. u,, P, P;, hy, hy, T ) nine equations
(4-11) and nine unknowns, and tﬁe sglut on can ge fgund. A knowledge
of specific heats and species (via the equilibrium equations)is
assumed.

The condlitions upon shock reflection are illustrated in Fig.2
where .
Vo = up - Wo3 (12)

V3 =u3 - Wez . (13)

i ek, gl
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A solution to the physical problem requires the existence of a
contact surface. A contact surface separates regions of different
density and temperature, but equal pressure and velocities, and re-
sults from the change in mass flux into the system due to the adjust-
ment in burning rate behind the shock reflection. The assumptions
made here are:

1) The propellant burning rate is pressure dependent.

2) The propellant is homogeneous and the burning rate is uni-
form over the entire burning surface.

3) Adjustments due to transients resulting from shock inter-
action with the burning surface have occurred (i.e., in
burning rate, gas velocity, pressure, etc.) and steady
state conditions have bheen achieved.

The contact surface is parallel to the particle trajectory and origi-
nates at the propellant surface at some time t = t, (where t, is the
inner relaxation time for the start of contact surface formation).
The base reference time t = O is taken when the incident shock strikes
the propellant surface. For the properties across the contact sur-
face we have
L - | - ! 1

Bl =g OpNERg Tyl ATy et ET

The continulty condition 1is employed to relate the adjusted
burning rate after shock reflection to gas properties behind the con-
tact surface, namely,

/3'u3‘ = r3f; . (14)
A burning rate equation for the conditions 1is assumed in the
form
n
r="%
5 (15)

where the exponent n 1is not necessarily related to that obtained
from steady state tests due to different temperature history in solid
propellant before and after shock wave reflection,

= bp. " (16)

| 1

r

3 bP3n . (17)

Continuity at the burning surface and the burning rate equation
is combined to relate the contact surface velocity u to the
as velocity upstream of the incident shock uj. Hente, usigg Egs. (1),
%14), (16), and (17), we have

L e - -

st ‘
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Eq. (18) exhibits an interdependency between the velocities (u1 and
uz) and the strength of both the incident and reflected shock.— More-
oVer, the solution for reflected shock strength will be dependent on
the burning rate exponent n, the ratio of combustion flame tempera-
ture T3'/Ty, and gas constant (or molecular weight) R3'/R;. For
given lncident shock conditions and a specified burning rate expon-
ent n, the change in combustion flame temperature and gas constant
must be estimated before these relations can be used.

In order to estimate Tx!' it 1s assumed that an increase in
stagnation emthalpy of the so0lid propellant occurs due to isentropic
compression and is equal to the work of compression done by the com-
busting gas downstream of the reflected shock surface. Hence, for
the solid we have:

Tds = dh - vdP = O (19)
or 0o
o) ~ o _ AP

Mhgor1g * Algas = 27 - (9]

For the low absolute gas velocities encountered in regions 1 and 3!
we further assume
an®. % an = AR

gas gas  pJ

e

(21)

The effect of pressure on combustion temperature and gas constant can
be obtained from the above expression for énthalpy increase. With
these parameters determined, the reflected shock pressure ratio,
shock velocity, density ratio and gas velocity u3' can be calculated
as a function of the burning rate exponent n.

The equations to be solved reduce to the continuity equation:

;3 _ Y23 U , (22)
2 Wa3 - ug
the continuity and mcmentum equatggn, _
P.g -1
(ay = W, .)% = 2 % , (23)
23 2N Pz
73
the Rankine-Hugoniot equation, o
B
Y+l
7— = ’ (2)"‘)
® B, 1l
P2 Y-

and Eq. (18).
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For illustrative purposes the following set of initial con-
ditions are specified for this investigation:

propellant composition - CH,gN, Og (hypothetical)
propellant density (fé) - 50 lb/ft3

incident shock strength (P2/P1) - 1.5

specific heat ratio (y) - 1.23

initial temperature (Tl) - 4320°R (2400°K)
initial pressure (Pl) - 300 psia

initial burning rate (r ) - 0.3 inches/sec.

For a first approximation (in determining T;'/T 1) we estimate
that the strength of the reflected shock (P3/P2) 1s edual to the in-
cident shock strength (Pp/P;). Then,

v 2 2 .
Py = Pl(Pz/Pl) = 300(1.5)° = 675 psia;
hence, from Eq. (21),

P3 - P1 =
Ahgog = —73;3- = 1.388 BTU/1b.
From the Hottel Charts for CH48N1608 at T1 = 4320°R and P1 = 300 psia,
4320
300 7387.508 BTU/1b.
Thererore,
T3' 4320
h675 = 300 + Ahg = 7388.900 BTU/1D.

Using linear interpolation in the tables of the Hottel Charts, we
obtain the combustion temperature after shock reflection

Té = 4333°R:
which ylelds a temperature ratio

.
- 1.003.
L

The effect of the increased pressure behind the reflected shock on
gas constant (or molecular weight) can also be obtained from the
Hottel Charts, namely, at P3 = 675 psia,

Ry' = 124.266 £'t/°R,
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which yields a gas constant ratio

R !

g = 1.004,

|

With the temperature ratio and gas constant ratio known,

Eqs. (18), (22), (23), and (24) can be solved numerically to obtain
the reflected shock conditions.

A result 1s the variation in reflected shock pressure ratio
with the burning rate exponent. This variation 1s presented graphi-
cally in Fig. 3, together with the value for plane wall reflection
and the incident shock pressure ratio. It can be seen that for
n > 0.92 the reflected shock strength from the burning surface will
exceed the value of reflected shock strength for plane wall reflec-
tions (note, from either a stationary or moving boundary). Indeed,
for n 2 3.0 the reflected shock pressure ratio is greater than the
Incident shock pressure ratio. onversely, for n< 0.92, the re-
flected shock strength 1s less than the shock reflecting from a
plane wall. Any set of conditions (i.e., Pp/Py, P3/Pp, n, T3'/T,,
R3'/R;) which result in a velocity ratio u3'/u; equal to unity, will
y?eld a reflected shock strength equal in %agnitude to a plane wall
reflection. For a velocity ratio u3'/u12>-1, a stronger shock re-
flection will be obtained, and for u%'/ul < 1 a weaker reflection
will result. It should be noted that for a burning rate exponent
of unity, Eq. (18) becomes

u,! T. 'R,
_SI = (E'jl—)(%) n=1 (25)

and the strength of the reflected shock compared to the case of plane
wall reflection is entirely dependent upon the combustion tempera-
ture and gas constant ratios. For the conditions specified in this
investigation the product of (T3'/T1)(R3'/R;) results in a one per
cent change in velocity ratio u3'/h1. éor stronger incident shock
pressure ratios (and hence stronger reflected shocks) the effect of
the combustion temperature and gas constant ratios on the velocity
ratio u '/ul will be greater. It is apparent, however, that the
magnitude of the reflected shock strength is determined primarily

by the value of the burning rate exponent (for n # 1). Table 1 sum-
marizes the results for various values of the burning rate exponent

n between 0.3 and 3.0, and includes for comparison purposes the
solution for plane wall shock reflection with initial conditions
identical to those specified above. As Table I indicates, for n
varying between 0.3 and 3.0, the velocity ratio uz'/uj varies between
0.56 and 5.10, yielding considerably larger changés than that in-
duced by the product of combustion temperature and gas constant ratios.
While r3 will always exceed the initial burning rate r1(0.3 inches
per second) for any n > O, the absolute gas velocity downstream of
the shock reflection (i.e., the contact surface velocity u3z' = u3

can be less than the initlal gas velocity uy. This is exp?ained by
the increased density behind the contact surface (F@') and conforms
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to the continuity equation (14). Table I shows the varlation in con-
tact surface velocity from 8.92 fps to 78.90 fps as n varies be-
tween 0.3 and 3.0.

As in the case of plane wall reflections, the reflected shock
velocity is less than the incident shock velocity. However, for all
values of the burning rate exponent n, the reflected shock velocity
is greater than the reflected shock velocity from a plane wall (sta-
tionary boundary). It should be noted that the incident shock ap-
proaches the burning surface at a lower velocity than the incident
shock approaching the plane wall, that is:

W P (26)

12 plane wall

burning surface
but
W : (27)

>u
23burning surface 23p1ane wall

An x-t diagram for the case of a shock reflection from a burn-
ing surface 1s presented in Fig. 4.

In order to discuss the temperature distributions throughout
the system a model of the combustion zone structure is first estab-
lished. The propellant and combustion zone model _-hosen consists of
four adjoining regions: 1) the solid propellant, 2) the sublimation
zone, 3; the decomposition zone, and L) the deflagration zone. These
zones are illusirated schematically in Fig. 5 (not to scale). The
temperature distribution as a function of linear distance before and
after shock reflection is also presented qualitatively.

The increaced combustion temperature in the deflagration zone
after shock reflection 1s representative of Tq', While the illustra-
tive example examined in Fig. 5 ylelded only 2 13°R increase for an
incident shock strength of 1.50, a larger increase should be expected
for stronger incident shocks. Moreover, the magnitude of combustion
temperature increase will be dependent on the propellant composition
and density under consideration and the pressure effect on comtus-
tion (adiabatic flame) temperature. The temperature in the sublima-
tion zone 1s affected by the sudden increase in pressure behind the
shock reflection. Assuming that thermodynamic equilibrium exists,
the change in the sublimation temperature due to the increased pres-
sure can be obtained with the Clausius-Claperon relation,

dp LP
™ = T (28)
where L 1is the heat of sublimation and /~ the density of the gaseous
phase. Assuming P = ?R@, Eq. (28) becomes

dP _LPm

3 " n_o? : (29)




160
Separating variables and integrating, we obtailn
1P3 038
ap _ Im a0
P R 02
Py ° 614
or P P
R il (30)
1s  93s Lm

For thermodynamlic equilibrium the Clausius-Claperon equation
relates the adjusted sublimation temperature after shock reflection
to the initial sublimation temperature ©1g, the propellant proper-
ties (i.e., heat of sublimation and molecular weight), and the
strength of both the incident and reflected shocks. Thus, the ana-
lytical method described above for calculating the magnitude of the
reflected shock strength also provides the means of obtaining the
boundary conditions for the adjusted temperature distribution after
steady-state conditions have been achieved., It should be noted that
the temperature distribution in an opaque solid propellant 1s largely
unaffected by the combustion process due to 1ts poor thermal conduc-
tivity.

For large molecular weight gases, the specific heat ratio ap-
proaches 1.00; therefore the temperature ratio behind a strong shock
approaches 1,00, It is assumed for the case where thermodynamic equi-
librium exists at thé sublimating surface that an lncrease in heat
transfer rate is mainly due to the compression or greater density
of the gases near the propellant surface, e.g., the temperature gradi-
ent near the surface increases directly vs. the density ratio (or
pressure ratio) and exponentially due to the increase in the col-
lision frequency term in the reaction rate equation. From this simple-
minded consideration a conservative estimate can be made of the in-
creased heat transfer to the wall and the subsequent burning rate
exponent n. It can be found that the obtalined heat flux does not
permit thermodynamic equilibrium to exist at the wall. For this case
the method for the propagation of a freezing surface can be applied.

The importance of the following consideration is to determine
the physical size of test equipment required to observe the results
predicted theoretically. The higher temperature distribution in the
combustion zones 18 consistent with the increased burning rates ex-
perienced after shock reflection (see Table 1 - r%/rl). It is ap-
parent, however, as 1s described in Fig. 6, that the burning rate
does not adjust instantaneously to the disturbance caused by the
shock reflection. While the burning rate relation r = bPR correlates
burning rate and pressure adequately for steady state, 1t is as-
sumed that it 1s essentially the increased temperatures that generate



170 |

1 higher reaction rates and mass decomposition. Indeed, as will be dis-

cussed later, not even the pressure behind the shock reflection (P3)

| reaches its final steady-state value instantaneously. The pressure

i does, however, affect the temperature distribution by causing an in-
creased heat transfer rate (i.e., by increasing the heat transfer
coefficient due to the aforementioned density effects).

qualitatively in Fig. 6. Two distinct time intervals are indicated,

: namely, the relaxation time tp and the delay time tq. The relaxa-
tion time ¢ty 1s the time delay between the incident shock striking
the propellant surface and tne start of burning rate adjustment. This

time is also indicative of the start of formation of the contact dis-

continuity. The delay time tg 1s the time required for the system
to attain steady-state conditions. Hence, as shown in Fig. 6, the
propellant burning rate continuously varies between tp and tg.

|
|
The variation in propellant burning rate with time is shown {
J

To estimate an order of magnitude of the relaxation time ¢tp,
i it is assumed that no adjustment in burning rate can occur until a
heat wave, subsequent to the shock reflection, reaches the solid sur-
face (1.e., passes through the decomposition zone)., It is further
assumed that the wave propagates with a velocity equal to the average
molecular speed as given by kinetic theory:

—_ 1/2

7 - &' (31)
The data from Denton, et al. (1) was utilized to obtain an estimate
of the thickness of the decomposition zone and the distance down-
stream of the propellant surface where the adiabatic flame tempera-
ture 1s reache. in the deflagration zone. These distances are 0.2 mm
and 1.0 mm, respectively. This also provides a representative order
of magnitude of temperature at the start of the deflagration zone of
T20°R. Applying Eq. (31), a V = 470 fps 1is obtained at a distance
0.2 mm downstream of the propellant surface and a Vv = 6635 fps at a
distance of 1.0 mm. Hence, two estimates of t, are obtained,
namely, 0.495 microseconds and 1.396 microseconds, respectively. It
is significant that these values are of the same order of magnitude,
as it is indicative that the start of burning rate adjustment will
occur within 1/2 and 1 1/2 microseconds after shock reflection.

The delay time tq to attain steady-state conditions is depend-
ent upon flow field interactions, heat transfer effects, and thermo-
chemical reactions, the analysis of which is beyond the scope of this
discussion. However, the flow fleld transients occurring until steady-
state conditions are achieved can be examined on an x-t plane. This

- will provide some insight into the mechanisms that determine the re-
sults obtained for the steady-state analytical solution. Figure Ta
depicts the actual transient case while Fig. Tb 1llustrates a some-
what simplified model. During the transient time tg (but after tr)
the burning rate is increasing from its initial value r; to its

: final or steady-state value r3. With each incremeatal change in

g mass flux into the system a contact surface is formed. Hence, a con-

tact zone rather than a single contact surface is created during the




W

171

transition to steady-state conditions (Fig. Ta). The model depicted
in Fig. Tb assumes a coalescence of each individual contact surface
within the zone, or more specifically, the formation of a single con-
tact surface after the delay time tg. The change in density and
temperature across the single contact surface of Fig. 7b can then be
considered equivalent to the summation of these property changes
across each individual contact surface within the contact zone.

It was pointed out that for gas velocity ratios (u3'/h1) > i, b
the reflected shock strength from a burning surface will exceed the :
value of reflected shock strength for plane wall reflections (note,
from either a stationary boundary u3z' = u; =0, or from a moving
boundary u3' = uj # 0). It is apparent %hat this reinforcement in
shock strength is due to a series of compression waves interacting
with the reflected shock during the period t = tp to t = tg, as
shown in Fig. Ta. While the actual process conslists of a series of
incremental amplifications, Fig. 7b depicts the overall amplifica-
tion as a single reinforcement. Hence, the initlal shock reflection

at t ®0 will be equal in strength to a plane wall reflection and
subsequently am‘ligiea'by compression wave reinforcement. Th1s also

serves to explain the Increase in reflected shock velocity compared
to the plane wall case. Namely, each interaction between a generated
compression wave and the reflected shock will amplify not only the
shock strength, but also its velocity. This result is shown in Figs.
7a and 7b by the increased slope of the reflected shock trajectory.

In addition, it was observed that for velocity ratios (u3'/u1)<.1,
the reflected shock pressure ratio was less than that which would
result from a plane wall reflection. This relative attenuation in
reflected shock pressure ratio is the result of interactions with
rarefaction waves generated at the propellant surface and overtaking
the initial shock reflection. Thus, as above, the initial shock re-
flection is equal in strength to a2 plane wall reflection, but for
(uz'/uj) < 1 it is attenuated by being overtaken by rarefaction waves,
ra%her than being amplified by compression waves. As the results of
the 1llustrative problem indicated, although the pressure ratio is
attenuated, the reflected shock velocity is not. That 1s, the reflec-
ted shock velocity was in all cases greater than the reflected shock
velocity from the plane wall. It should be noted that the actual
amplification or attenuation process will start some time after t = ¢
and will be a function of the time required for the compression of
rarefaction waves to overteuke the reflected shock. The process con-
tinues until t = t3, where steady-state conditions are achieved, and
no further adjustment in shock strength or burning rate 1s encountered.

r’

An experimental test rig (see Fig.8), for the purpose of analyz-
ing shock interactions with a burning propellant, 1s at present under
construction at the Polytechnic Institute of Brooklyn Graduate Center
facility in Farmingdale, New York. The shock tube 1s approximately
five feet in length and 1.6 inches in inside diameter. Additional
sections can be used to lengthen this chamber. An explosive charge,
or gas driver, will generate the incident shock and drive it against
an end burning propellant at the opposite end of the chamber. From
the results of the illustrative problem (sec Table 1) it can be
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observed that for incident shock pressure ratios of 1.5 or less,
standard pressure tap instrumentation will be insufficient. Under
these conditions the difference in pressure behind the shock reflec-
tion between a burning surface and plane wall reflection are not
discernible. Temperature probes and/or Schlieren photographic tech-
niques will both afford the ability to detect the contact surface

due to the large temperature and density changes across this boundary.
With the contact surface veloclty determined, the mass addition and ;
shock velocity after shock reflection can be calculated and compared
to the theoretical value predicted by the analytical techniques above.
Finally, any change in shock velocity, pressure ratio, or temperature
ratio subsequent to reflection would be indicative of the amplifica-
tion or attenuation process described above. The chamber length to
be used will provide a test duration of several milliseconds.

It is significant to observe the existence of contact surfaces
and the concomitant small waves following the reflected shock wave as
the theory herein predicts. It is noted that the contact surface
will be generated within several microseconds after the shock wave
reflection and, due to 1ts low velocity, will be observable near
the burning propellant. As it propagates downstream, diffusion ef-
fects will cause its boundaries to become undistinguishable. In ad-
dition, the determination of the relaxation time tgq, both theoretically
and ultimately experimentally, will prescribe the minimum shock tube
length required to observe changes in the reflected shock wave strength
and, indeed, whether steady-state conditions can be attained in a
reasonably-sized shock tube.
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ANALYTICAL INVESTIGATION OF THE BURNING MECHANISM
OF SOLID ROCKET PROPELLANTS *

T. Paul Torda, W. J. Christian, Fred L. Schuyler,
and
Richard H. Snow

Armour Research Foundation
of
Illinols Institution of Technology
Chicago, Illinois

FLUID DYNAMIC MODEL
(T. Paul Torda, W. J. Christian, and Fred L. Schuyler)
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INTRODUCTION

The aims of these investigations are severalfold. They ¢
are first, to analyze existing theories of the burning mechanism
of solid rocket propeilants for the purpose of extending them to
include non-steady phenomena, if such extension is possible,
second, to extend these existing theories to include non-steady
burning, and third, if such an extension is not possible, then
to develop a steady-state analysis based on fluid dynamic prin-
ciples and including thermochemical processes, with the ultimate
aim of extension to include non-steady regression rate prediction.

S : Evaluation of available theories of burning mechanisms of

- solid rocket propellants has shown that due to the simplifying as-
sumptions made, extension to include non-steady phenomena is not
feasible. The efforts on this contract toward this first aim

were discussed during the presentation at the Second Meeting of
the Technical Panel. During this discussion, the model employed
in our approach and also the basic equations, together with the
method of solution, were discussed. A brief review will be help-
ful at this point.

It is important to bear 1n mind that our efforts to develop
an analytical method for the investigation of the burning mechan-
ism of solid rocket propellants have to be done in two phases.

The first is to establish a steady-state model and analysis which
. describe in sufficient detall the fluid mechanics and thermochemi-
. cal phenomena. Once this is successful, the extension of this ap-
. proach to non-steady phenomena can be made. No proven method
' exists for the numerical solution of the non-linear set of second
{ order partial differential equations involved. 1Initially (and for
: quite some time) we had difficulties with the stability of the
: solutions. However, this problem has been overcome and we have
. obtained smooth and reasonable results.

et
)
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Last year, we presented the model (Fig. 1), and these figures
are still valid with the possible modification that the temperature
boundary layer or the concentration boundary layer may be much
thinner than the momentum boundary layer, The conservation equations
which represent the velocity, temperature, and concentrations for
the two-dimensional flow of combustion products over a plane pro-
pellant surface are those originally presented (Eqs. 1-5). Equa-
tion (6) shows the boundary conditions at the solid gas interface,
and Eq. (7) gives the expression of the propellant regression rate
(1.e., an Arrhenius-type law). It should be noted that the radia-
tive energy transfer to the solid 1s neglected, but this assumption
may be removed if desired. The viscous energy dissipation 1s negli-
gible and this term is not included in the energy equation.

Continuitx:

_9';;;1. < Wy\’ — 0 (1)
3(1 3a 3
SRl L I &

Momentum:

puld o py 28 7R, 2 (24 (3)
Energy:

(gZh . y2h\ _ 2 (k7h k. !

f‘(“?’i v ay) = 2y <cp 7y ~ ©p (Le-1] 2.4hy 79_) ()

y 2y

Here, ag 18 thermal diffusivity of the solid and r 1s the rate

of recession of the burning surface. It 1s presumed here that the
zone of phase change and chemical reaction in the solid is very thin
and may be regarded as a surface heat sink insofar as the heat con-
duction in the solid is concerned. Accordingly, conditions at the
solid-gas interface are described by the following heat balance:

k@) = (kP - pg F Q| (6)
y=0

v -B/T

ro= (e )y (7)

where
cp is constant pressure heat capacity of the mixture
h 1s enthalpy of mixture (Eiaihi)
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hi 1s enthalpy of 1th component

k 1s thermal conductivity

le 1is Lewis number

p 1s pressure

Qp 1s heat absorbed in gasification of the solid
P

is regression rate

wy 18 rate of production of 1th component by chemical
reaction

ag 1s thermal diffusivity of the solid
a4 1s concentration of ith component

p 1s viscosity

P is density

and supscripts s and g refer to solid and gas, respectively.

In the two-dimensional steady-state boundary layer analysis,
a number of questions concerning the numerical stability of the
equations arise. In addition, the coupling between the chemical
kinetics and the fluid flow presents the question of the minimum
kinetic representation which will adequately describe the energy
production process. In order to investigate these questions, a
one-dimensional computer program was developed which represents the
flow in the direction away from the surface only, and neglects any
variation in the direction parallel to the surface. This approach
is motivated by the fact that neglecting the variation parallel to
the surface reduces the boundary layer equations to a set of ordinary
differential equations for which adequate numerical methods are
readily available. Although boundary-layer thicknesses cannot be
determined, the questions mentioned above can stlill be investigated.

The program 1is initially coded using the ldentical formula-
tion to that of the first annual report, except that all deviations
with respect to¢ x are set equal to zero.

Formulation of the computer code is sufficiently general that
a large number of chemical reactions may be included. First re-
sults have been obtalined for a one-step, second-order reaction in
order to obtain some feeling for the kinds of solutions involved.
Figure 2 shows temperature and concentration profiles obtained from
the one-dimensional program. Rate expressions used here are based
on estimates of frequency factors and activation energies for an
ammonium perchlorate composite propellant. Figure 3 shows the re-
sults obtained using a lower activation energy in the solid phase.

These are just two examples of the results of the two-dimens-
ional analysis. We shall use this analysis to discover as much as
possible, concerning the effect of the various parameters on the
burning rate and its pressure sensitivity. Ultimately, we shall
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want to lncorporate a chemical kinetic model for an actual propel-
lant. Our investigation of the kinetics associated with nitro-
cellulose burning will provide the necessary input. Pending com-
pletion of that, however, we intend to utilize the kinetics of a
well-known reaction, such as the hydrogen-oxygen reacticn, to fur-
ther study the character of the solutions to the one-dimensional
system.

To increase the confidence in the results obtained, the two-
dimensional computations have been made in two phases. The first
computations have used the coatinuity, momentum, and energy equa-
tions to calculate the case for laminar boundary-layer development
with constant property values for a porous wall with variable tem-
periture and mass injection. However, no chemical reactions have
been inciuded. This was done because exact solutions for this
case are available.

A comparison between the numerical solution obtained from the
computer, and the exact analytical solution is shown in Fig. 4. The
good agreement gives one confidence to proceed with solutions in-
volving chemical reactions. A preliminary result of a two-dimensional
calculation 1s shown in Fig. 5. Estimated kinetic expressions used
in the one-dimensional calculations have been used here, and an
erosion velocity of 200 ft/sec has been imposed.

It is emphasized that the results presented are of preliminary
nature and serve only to indicate the general behavior of the numeri-
cal solutions. In the coming months extensive experimentation with
the computer model will be undertaken.

PLANS

The one- and two-dimensional computations will be continued
with successive refinements as the nitrocellulose combustion analysis
progresses. With these results, which are discussed in Dr. Snow's
paper, we hope to fulfill the first phase of our efforts, that is,
the reliable analysis of a fluid mechanic process combined with
chemical kinetic thermochemical processes. Thus, the erosion and
pressure sensitivity of the regression rate will be establlshed
for the steady case. Immediately following will be the non-steady
analysis, which 1is a modification of the two-dimensional analysis
in that the time-dependent terms are included in the equation.

THEORY OF COMBUSTION INSTABILITY - CHEMICAL KINETICS
Richard H. Snow

The chemical kinetics of cellulose nitrate burning is being
studied as a model for the investigation of solid rocket propellant
combustion instability. These are two chemical problems: the
partial decomposition of the solid to give gaseous products, and the
burning of these gases in a flame above the surface. The solid de-
compnsition is belleved to be controlled by splitting off of nitrate
groups. The products are oxides of nitrogen and aldehydes. lost




183

attention has so far been given to the gaseous reaction. A set of
46 simultaneous free radical reactions has been postulated, based
on a study of published information on the types of reactions in-
volved. A computer program is being developed to calculate re-
action rate and products for any set of simultaneous reactions. It
is currently being tested on a subset of 15 important reactions
under constant temperature conditions. It will later be incorporated
into the over-all combustion calculation scheme, including heat and

y mass transfer and fluld flow.

The following reactions comprise the proposed formaldehyde-
nitrogen dioxide mechanism:

1) HCHO + NO, == CHO + HNO,
2) CHO + o, =H + CO
3) HNO, =2OH + NO

p &2
4) CC - OH =xCO, + H
5) CH0 + NO, = CO + HNO,
6) HCHO + OH == CHO + H,0

7) HCHO + H <= CHO + H,

8) HNO, + OH -~H,0 + NO

2 2 2

9) NO, + CHO <=HCO0 + NO

10) HCOO + NO, = HNO, + CO

2 2
11) HCOO + CHO =2 HCOOH + CO

12) NO, + H = OH + NO

2

13) ¢HO + OH — HCOOH
14) CHO + OH == CO + H,0
15) CHO + ﬁv:é H, + CO

The mechanism involves the four radicals éHO, éH, ﬁ, and HCOé.
Calculations show that steady state concentrations of these radicals
are establlished. The last radical appears to be unimportant.

The more complete mechanism includes reactions of 2-carbon
aldehydes., Particularly important are, the reactions of the radicals
%CO and CH3, which are analogous to CHO and H. An additional re-

ion sequence is

NO + CH3——-> CH3NO —> CHQNOH —> HCN, CH3CN.

AR ‘A_ﬁ‘;’; o[ i

2
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This sequence explains the production of cyanides in cellulose

nitrate combustion. The analogous sequence

NO + ﬁ—"NOH——" e e e

is also included.
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PROGRAM

3rd Meeting, Combustion Instability Panel
5th AFOSR Contractors' Me:ting on Solid Propellant Combustion
March 4,5,35, 1963

March 4 (Classified Session) -  9:45ANM

R. Lawhead (Rocketdyne)

J. B. Levy (ARC)

T. A. Angelus (ABL)

(Unclassified Session)

W. Cohen (NASA)

Instabilities in Liquid Rocket
Engines

Research on the Deflagration of
a High-Energy Solid Oxidizer

Studies of Low Frequency Instability
in CMDB Propellants

The Large Solid Motor Program

Effect of Propellant Variables
on Response Function

Comments on above

Latest Experiments at BRL on
Acoustic Admittance Measurements

Oscillatory Burning Studics

APL Experimental Program

Acoustic Instability Studies
Acoustic Loss Theory

Physical Processes of Solid
Propellant Combustion

Acoustic Admittance Measurements
Experiments for the Measurements of
the Acoustic Impedance of a Burning
Solid Propellant

Acoustic Wave Burning Zone Inter-
action in Solid Propellants

M. D. Horton (NOTS) -
F. T. McClure (APL) -
R. C. Strittmater (BRL) -
N. W. Ryan (U. Utah) =
S. N. Foner (APL) -
March 4 (Unclassified Session) - 2:15PM
T. A. Angelus (ABL) -
R. H. Cantrell (APL) -
R. B. Lawhead (Rocketdyne) -
G. M. Muller (SRI) -
G. R. Leader (Thiokol) -
H, F. Calcote (AeroChem) -
W. G. Brownlee (CARDE) -

CARDE Experiments on Non-Linear
Axial Combustion Instability
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March 4 (Unclassified Session) - 2:15PM (Continued)
. E. W, Price (NOTS) - Experimental Investigation of

Intermediate and Low Frequency
Combustion Instability

A. 0. Converse (Carnegie Inst.) - Dynamic Response in Presence of
Low-Frequency Instability

March 5 (Unclassified Session) -~ (9:45AM)

U PN s s s
A .

G. P. F. Trubridge (ICI) - Progress of Work at Summerfield
Research Station and the University
of Sheffield

I. Dyer (Bolt Beranek & Newman) - The Effect of Flow on Burning
Instability

E. W, Price (NOTS) -~ Theory of L* Combustion Instability

? V. D. Agosta (Brooklyn Poly.) - Shock Interaction with Burning
Surface -
P, Torda (Armour) - Theory of Combustion Instability
= : T. L. Smith (SRI) - Response of Propellants to Different
: Types of Mechanical Excitation
i R. Friedman (ARC) - Measurement of Complex Dynamic
Shear Compliance of Composite
H Propellants
A. S. Elder (BRL) - Current Work On Viscoelastic
. Properties

L. Green (Lockheed) - Determination of Complex Compliance
of Propellants

March 5 (Unclassified Session) - 2:15PM

L. Watermeier (BRL) - Experiments on Acoustic Erosivity

Effects on Propellant Burning Rates

E. W. Price (NOTS) - Effect of Acoustic Environment on
Propellant Burning Rate

M. D. Horton (NOTS) - Mechanism of Suppression of Oscillatory
Burning by Aluminum Additives

W. Nachbar (Lockheed) - Experiments with a Solid Propellant
Acoustic Oscillator

M. Summerfield (Princeton) - Solid Propellant Combustion Under
Oscillatory Pressure

F. F. Liu (Quantum-Dynamics) - Instrumentation Techniques for Solid
Combustion Research




March 6 (Unclassified Session) -

9:45AM

C.

"-

Ciepluch (NASA)

Nachbar (Lockheed)

. Sibbett (Aerojet)

. Fleischer (RMI)

. Osborn (Purdue)

. Wight (Aeronutronics)

March 6 (Unclassified Session) -

Solid Propellant In-House Research
at NASA lewis Research Laboratory

Steady and Unsteady Burning of
Solids

Investigations of the Mechanisms
of Decomposition, Combustion, and
Detonation of Solids

Tracer Method for Determination
of Solid Propellant Burning Rates

Continuous Measurements of Solid
Propellant Burning Rates

Reflection and Scattering of
Sound by Gaseous Flames

2:15PM

M.

M.

M.

Evans (SRI)

Friedman & L. Fagg (ARC)

. Acker (Radiation Applications)

Baer (U. Utah)

Summerfield (Princeton)

Summerfield (Princeton)

Detonation Characteristics of Low
Density Granular Materials

High-Pressure Plasma Production
Technique

Radiation Induced Solid Propellant
Decomposition

Ignition and Burning of Solid
Propellants

Fluid Dynamic Aspects of Solid
Propellant Ignition

Solid Propellant Ignition Transient
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