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I INTRODUCTION AND SUMMARY

Combustion instability associated with solid rocket propellants has,
in recent years, been recognized to arise from the coupling of the physical
and chemical proc:sses at or near the surface of the burning propellant
with acoustic waves. These waves are often of finite amplitude, and their
characteristic frequencies are defined by the geometry of the acoustic
cavities (usually the grain port dominates the cavity geometry). The
many distinct experimental and developmental programs in acoustic burners
and rocket motors have resulted in instability being arbitrarily categorized

on a phenomenological basis into several distinct types; these are:

High frequency transverse mode acoustic instability
Intermediate longitudinal mode acoustic instability

Finite amplitude longitudinal traveling wave instability

> W

Low frequency or sub-acoustic instability.

It is significant that potentially umstable propellants usualiy
exhibit all types of instability, while other propellants appear to be
completely free from instability. Our previous studies showed specifically
that inclusion of ammonium perchlorate in composite propellants led to
increased susceptibility to transverse and axial type instability;
contrariwise it appeared that propellants based un potassium percnlorate,
l1ithium perchlorate, and ammonium nitrate were stable (historically, motor
development data also confirm this). 1In our prior work it was not possible
to unequivocally decide whether instability was associated with the over-all
ballistic properties of the propellant or with the chemical processes
occurring in the combustion wave, because both homogeneous (double-base)

and composite propellants burning in certain pressure-burning rate regimes
exhibit instability of various types.

Experimentally it was decided that for composite propellants a choice
should be made between the conflicting explanations which are based
respectively on the chemical nature of the oxidizer or the over-all

ballistic properties of the propellant. By an exacting prorellant

RC-% R



formulation study, it proved possible to produce two propellants with
appropriately matched ballistic properties--one containing ammonium
perchlorate and ammonium nitrate responded in an unstable manner to a
pressure transient, while the other containing potassium perchlorate

and ammonium nitrate was stable.

This critical comparison suggests that combustion processes associated
with the burning of ammonium perchlorate are to a large measnre responsible
for the coupling often observed between acoustic waves and the burning oif
propellant containing ammonium perchlorate. Further confirmation of this
has been obtained in Institute T-burner experiments in which pellets of

pressed ammonium perchiorate were found to burn unstably.

The specific conclusions reached in the above-referenced phase of

our experimental program stimulated renewed study of both physical and
theoretical models of the combustion process. 1In association with a

study of propellant extinction, a theoretical model was developed which
could permit heat release in the combustion wave to occur in two zones,

one characterized by surface reactions as typified by the ammonium
perchlorate decomposition flame or perhaps even by heterogeneous reactioms,
and the other would be normal gas phase combustion away from the surface.
The model shows qualitatively that instability would be expected to result
from the inclusion of an oxidizer such as ammonium perchlorate. Similarly
the observed pressure-burning rate stability koundary is predicted by the

theory.

Experimental studies of double-base propellants at high pressures
reveal that combustion is usually stable and various types of instability
occur as the burning rate and operating pressu:e are reduced. Significantly,
the generation of a finite amplitude traveling wave only occurs for a slow
burning propellant at low pressures when the fizz burnirg zone is relatively
thick and the shock pressure of the wave front appears te be zble to pro-

mote the release of the necessary sustaining energy.

Further investigation of the role binder chemistry plays in the
combustion characteristics of propellants was stimulated by the theoretical

N model developed. A small but definite effect appears to be attributable

1 v o ohnain s m o
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to the binder type in the stability bound of ammonium perchlorate-based

propellants.

From the standpoint of the rocket motor designer, our over-all studies
in typicai rocket motors have shown that the inclusion of ammonium per-
chlorate in propellants almost invariably aggravates a variety of combustion
problems. (This is true both for composite and composite modified double-
base propellants.) The stability data obtained are of great value in
anticipating problem areas and in suggesting ways of designing out specific
types of instability if they should occur in a motor required for operational

purposes.

#

R i i e s s B

Gk

i

<
-
1
i
x
;

&

movee s e s - i T b ~ - Toeeneny R %




TP IOE

T

Ry

ey

P 1 <R

Na mp g A

II  RESEARCH OBJECTIVES

The ultimate objective of this research is to identify the chemical
and physical processes responsible for unstable ccabustion during the
burning of solid propellants in rocket motors. The principal specific
goal is the understanding of erosive-velocity-coupled instabilities,

primarily through the study of finite-amplitude axiul instability.

A second specific goal is to provide comprehensive data for use by
rocket design engineers in choosing propellants and associated grain

configurations for particular applications.
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III EXPERIMENTAL AND THEORETICAL PROGRAM

A, General

In the current studies experiments have been performed to further

elucidate the influence of prepellant compositional factors on instability

with a view toward obtaining data suitable for theoretical interpreta-
tion. The studies have heen based principally on the pulse triggering
of longitudinal mode finite amplitude traveling wave instability;?
supporting investigations have also been performed in other burners.
In particular the studies have sought to further define the pressure-
burning rate regimes where instability occurs with ammonium perch-

lorate (AP) propellants containing different fuels and other additives.

Previous studies have shown that for typical composite propellants
the presence of ammonium perchlorate usually endows propellants with
incipient instability if the burning rate is less than the deflagration
rate of AP. (This is a qualitative generalization which has not been
completely rationalized with any of the candidate flame models proposed

2,3,4
by various workers.)

This observation ismost significant, since it suggests that rate-
controlling processes occur either in the AP monopropellant flame or
a modified monopropellant flame (in the latter the temperature profile
which controls heat transfer to the surface is modified by other proces-
ses such as the iater-diffusion flame of reactants from the pyrolyzing
binder). An aiternative explanation might also be sought in critical
sub-surface reactions, since under certain conditions solid phase
decomposition of AP may compsete with vaporization and dissociation of
AP, To gain information on «ritical processes associated with AP
ticn, pressed peileir of AP were burned in a ‘I'-burner and attempts
were made to examine the infrared radiation during periods of stable
and oscillatory burning. These experiments were planned to gain an
insight inte the characteristic relaxation time of tke combustion

processes.
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In a further series of experimental studies we examined the propaga-

Qi

tion and growth of the wave fronts characteristic of finite amplitude

traveling wave axial instability.

B. Test Instrumentation

The programmer shown schematically in Fig. 1 was used for aut iatic
programming of all motor test firings. Considerable improvements were
necessary in data acquisition methods to obtain good data on wave travel

phenomena, Specifically, techniques were developed to record and play

back pressure data from multi-station high frequency pressure transducers
which were located along the length of the rocket motors investigated.
This improved instrumentation has enabled both amplitude and velocity data
to be obtained with sufficient accuracy to identify where cri*ical driving

and damping processes occur in a motor.

1

e |

{IGNYTER'

— e e e

|
|
|
PULSES :
I
PULSE PULSE | EVENT ::: ! :
DEARMING ARMING [———"| PROGRAMMER — 1 2 |
DC Level | |
SELECTIVE AC | [TaBER] !
FILTER ‘Componem AMPLIFIER || GAGE {
; i
TABER]| |
VOICE GAGE {
: SN TAPE | |
TIME -»| RECORDER pc | I
MARKER > <+ 4— PIEZO |
AC_ | | GAGEs |
L]
b
FILTERS PLAY
' : DC ~ 100 KC BACK
RA~2770~21

FIG. 1 INSTRUMENTATION BLOCK DIAGRAM
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The programmer automatically sequences all events called for in
a test firing such as recorder switch-on, camera run-up, igniter

light-off, and pulse initiation.

C. Rocket Motor Configuration

Static firings of the various propellants investigated were usually
carried out in a S-inch-diameter chamber whose length could be variead
from 7 to 80 inches. The standard 40-inch-long chamber is shown in
Fig. 2; a multi-unit pulse head is attache.. at the head end and a
relatively aerodynamically clean closure fitted with a pressure relief

device is attached at the aft end.

While tubular grains were normally used in studies on compositional
factors, grains with rectangular perforations were necessarily used
in the wave propagation studies (Fig. 3). The grains were cast into
motors which could be fitted with either high frequency transducers or
optical viewing ports at selected stations along the length. The
rectangular motor fitted with Plexiglas sides was abandoned early in
the study, since it was found that at the necessary low design pressures
the enhanced stability from the relatively flexible inert side walls

precluded unstable operation.

D. Propellants Investigated

In the studies previously reported® many typical operational AP-

based propellants used in modern rocket motors were examined, along with

some special propellants containing potassium perchlorate.(KP),ammonium

nitrate (AN), lithium perchlorate (LP), and nitrocellulose/AP mixtures.

The previous results® suggested that AP-containing propellants burning
in certain regions of the pressure-buriing rate surface were unstable.
This study has been extended by comparing AP/AN and KP/AN propellants
possessing comparabie burning rates in regions found Lo be unsiable for
AP propellants.

With the recognition that the driving of the finite amplitude
traveling wave instability was associated with the c™emical and physical

processes occurring in combustion waves, it was also decided to
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investigate two typical operational double-base propellants. The known
differences in the combustion wave would, it was hoped, provide critically

needed information on the energy sources responsible for instabilities.

The composite propellants used in this study to date are detailed
in Table I, and their nominal ballistic behavior in the pressure range
250 to 2000 psia is outiined in Table II. The double-base compositions

investigated are also described in Tables I and II.

13

E%:

oot

A




el

.0 2aieles

N el TR SRR NS T LT TR Ty A

Table I
PROPELLANT FORMULATIONS INVESTIGATED

A. Composite Propellants

Propellant _ Composition, Percent by Weight
Type™® APC KC10, AN Binder Additive

PBAN 102 68.2 16.8 15.0 Al

103 80 20

104 78.5 20 1.5 LiF

205 75.0 25

229 79.5 i 20 0.5 FeyU3

244 79 20 1.0 LiF

284 *** 79.5 20 0.5 SrCo,
PU 125 40 40 20

127 40 40 20

146 78.5 20 1.5 Fep0;
PS 115 80 20

B. Double-Base Propellants
Propellant Type Description

Extruded double base, NC/NG
F Extruded double base, NC/NG

*
PBAN-Polybutadiene acrylic acid acrylonitrile terpolymer;
PU ~ Polyurethane; PS - Polysulfide

*%
Bi-model mix; 66% as received, nominal 100 W, and 34% ground
11 p

o
Tri-model mix; 50% as received, 25% 20 u, and 25% 600

14
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Tanle II
PROPELLANT BURNING. RATE DATA

Propellant Burning Rate, msec at Pressure psia
Type 250 500 1000 1500 2000
PBAN 102 0.185 0.25 0.33 0.38
102M 0.200 0.270 0.350 0.42
103 0.165 | 0.22 0.28 0.30
103M 0.185 0.255 0.33 0.37
104 0.14 0.225 0.23 0.24
205 0.135 0.185 0.23 0.25
229 0.235 0.315 0.42 0.5
244 ‘0.;35 0.200 0.235 0.27
‘284 0.135 0.215 0.230 0.245
PU 125M -—- 0.068 0.136 0.176
127 - 0.062 0.126 0.163
146 0.245 0.32 0.375 0.44
PS 115 0.25 0.34 0.47 0.56
S - 0.26 0.37 0.45 0.525
) - 0.56 0.80 0.95 1.0

E. Theoretical Studies - Combustion Models

The nature of the chemical reactions and associated physical processes
controlling the burning rate of ammonium perchlorate-kased propellants is
still largely a matter of conjecture; consequently any attempt to develop
theoretical models appears to be fraught with grave uncertainties. Yever-
theless it was decided that an attempt should be made to theoretically
reconcile the large volume of experimental data accumulated in this

pregram which relate instability to propellant composition.

A combustion model being develqped in another program related to
propellant extinction characteristics® has provided the framework for

testing whether significant differencas noted between ammonium perchlorate

15
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and other oxidizers could be explained on the basis of recognized differ-

ences in combustion wave characteristics.

F. Scaling Studies

The determination of amplitude growth of the traveling wave during
propagation along the length of a rocket motor permitted, through appli-

cation of numerical analysis, an attempt to generate scaling laws.

The interdependence of many ballistic design parameters permits
onily slow progress in this area, but experiments were designed to cover

a limited number of motor aspect ratios.

-

In previous work® an attempt was made to develop a écaling relation-
ship based on similitude studies between wave travel times associated
with an instability and critical mixing times which could be predicted
on the basis of turbulent mixing processes in a ‘'granular' diffusion
flame. During the current investigation this modeling approach was
critic.lly examined by iunvestigating the influence of both changes in
wave travel time, by varying motor length, and changes in critical mixing

geometry, by varying propellant microstructure.
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IV EXPERIMENTAL RESULTS

The experimentel studies were designed to elucidate the nature of
critical processes within the combustion wave which control the onset of
combustion insiability. To facilitate this study the roles played by
propellant compositional factors and motor geometry were examined in a

variety of motor types.

A. Propellant Compositional Influence

1. Composite Propellants--Rocket Motor Studies

The previcus program5 had shown that the inclusion of ammonium
perchlorate in & composite or composite-modified double-base propellant
generally increased the incidence of combustion instability (data on

instability are summarized in Fig. 4).

In ammonium perchiorate-based propeilants a stability bound exists
which divides the pressure burning rate surface into two regions; one
where any finite amplitude disturbance will decay, and another where it
may amplify, forming a traveling wave whose net amplitude is governed
by the driving and damping present in the cavity. Contrariwise, no
motor operating conditions were found in studies with the 5-inch-diameter
by 40-inch-long motor vhere traveling wave instability could be excited
in potassium perchlorate, lithium perchlorate, or ammonium nitrate-~based

propellants.

The metallic salt oxidizers produce propellants which burn consider-
ably faster than uncatalyzed AP-based propellants; the AN-based propellants
burn congiderably slower. Catalyzed fast-burning AP propellants were
shown in our study to operate completely within the stable regime found
for AP-based propellants. In view of these past observations it was
considered imperative to resolve whether the macro-ballistic phenomena
of burning rate, aZfecting as it does the thermal relaxation times for
the gas and solid phases, was the critical factor or whether the physical
and chemical processes associated with AP combustion controlled the

incidence of instability.

. 17

e N A 2

T e




e

- T T TTTTI T~ T T IT1TE
| ‘o -

Q NITRASOL

" | V4

~N — -

£ — —
N LiP _

':-: — / —_—— —

o / ///

(L) - KP/AP Pt _"-""' -]

_2_ /’—"

4

T - oA~ - -

® AP

g AP

w

Z 0.

- - -
— 'AP STABILITY BOUND AN _
| (500 cps) —
- / -~
- _

0.0l L1 L 1ultd IR
I 10 100
PRESSURE —~ psi x 1072
TA-4865-0

FIG. 4 TYPICA' PROPELLANT BURNING RATE CURVES RELATIVE
TO STAmiLITY BOUND FOUND FOR PROPELLANTS CONTAINING
AMMONIUM PERCHLORATE: SOLID LINE, STABLE BURNING
DETERMINED IN A 5-INCH x 40-INCH MOTOR (Data Obtained

from Reference 5). Aluminized Nitrasol Propellant Unstable in One Firing.

(U T . e




e

$0-2 | T I I B I I B R = |
~N
c — 125M —
£ — —
. 127 ]
R _
[ | —
e
[0 4
(2 = po—
z
g l
2o, | | Llor bbbt
200 400 600 800 1060 1200 1600 2000
THRESHCLD PRESSURE — psio
TA-5458-21

FIG. 5 PROPELLANT BURNING RATE DATA <OR PROFELLANTS PU 125M
AND PU 127 (PU 127 Containing AP and AN Burned Unstabl / While the Other |
Propellant Containing KP and AN was Stable)

To resolve the issue it was decided to attempt the formulation of
two propellants with matchad ballistics; one was to contain AF and AN and
the other KP and AN. After an extensive, and furtunately successful,
propellant formulation study,‘two propellants were obtained whose burning
rate-pressure relationship (Fig. 5) lay in between the AP stability bound
and the burning rate relationship for the catalyzed AN propesllants

previously studied.

The two propella..ts were initially test-tired in a 5-inch x 40-inch
motor witkh a radial burning grain. It was found that the propellant
containing KP and AN (PU 125-M) was quite stable to pulsing; the other
propellant, containing AP and AN (PU 127), became unstable and the safety
device ruptured. The pressure-time trace of the flring showed a few
cycles of the characteristic traveling wave superimposed on a rapidly

rising chamber pressure.

-n crder to examine the response of the propellant it was decided
tn attempt to follow the wave form of the instability transients in a
motor operating at a sufficiently low pressure so that rupture of the
safety device would not occur. Difficulties in igniting ammcnium nitrate-
based propellants as well as the safety advantage of operating with a

regressive grain led to the use of the slab propellant grair in the
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S-inch motor. The slab motor was pulsed twice and the pressure-time

curve shown in Fig. 6a was obtained.

A detailed examination of the high frequency respounse transducer
records (Figs. 6b and c) showed that the amplitude of the traveling wave
decreased steadily as the mean chamber pressure rose; eventually the
wave disappeared, and the mean chamber pressure decayed to a level lower
than the predicted steady state value (Fig. 6b). Thi: experimental
result is interpreted on the basis tha* during the pr.riod of instability
the ammonium perchlorate oxidizer is burned preferrntiuzlly; this leads
to a depletion of ammonium perchlorate at the s-rface. The steady state
pressure of course depends on burning of both AP and AN; cousequently,
depletion of AP leads to operation at a reduced pressure-until the
surface concentrations of each oxidizer return to .ne mean values

existing before the disturbance.

It is considered that this comparison between the AP/AN and KP/AN
rropellants conclusively proves that instability can be traced to one
or more critical processes occurring in the deflagration of AP and its
interdiffusion flame with the pyrolyzed binder. To unequivccally
demonstrate that the monopropellant flame of AP could sustain instabil-

ities, an examination of AP combustion in a suitable burner was planned.

2. Monopropellant Combustion of AP

As a consequence of our previous investigations® showing, in the
case of AP, the strong dependence of the threshold pressure for insta-
bility on the burning rate of the propellants, it was considered desirable
t0 examine the over-all response of combustion processes in the decom-
position of AP. This work was furthér prompted by the theoretical studies
of Sotter’ on the chemical kinetics ¥n the gas phase zone of double-base
propelliants; he concluded that only a few reactions were sensitive enough
to pressure perturbations to coutribute largely to the response cf double~-
base propellants. The heterogeneous composite propellant, however,
probably presents a more complicated picture. Price® has concluded that

the response of the reactions occurring in the diffusion flame are
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responsible for the acoustic interactions leading to sustained combustion

instability. In our study in the T-burner, the decomposition of the

simplest component of the heterogeneous propellant system, ammonium
perchlorate, was examined in relation to its contribution to combustion

instability. ‘

The response of burning AP to pressure perturbations was studied
in a 2-inch-diameter T-burner similar to that described by Price and
others.® Ammonium perchlorate pellets lé—inches in diameter x %—inch
thick were pressed at a pressure of 210,000 psia to give a density of
1.94 g/cc. (This is 99.5% theoretical; decrease in density resulted
in a lower degree of instability.) The ammonium perchlorate used was
of high purity with less than 10 ppm of impurities. The pellets were
mounted at each end of the 40-inch-long burner shown in Fig. 7. A
specially shaped window was used to view radistion above the surface of
the pellet. The pellet was burned at pressures above 400 psia, since
this was found to be the minimum deflagration limit for the AP used in

our experiments.. The burner was consequently pressurized with nitrogen

¢
H
]
1
i
H

to 400 psia and the increase in pressure after ignition then burst a

.+laphragm held in place over the nozzle.

In initial experiments the pressure response was monitored with

Kistler gages in Type 622B mounts located in the side of the T-burner

at the level of the pellet surface. Subsequently the response of emitted
infrared radiation at 2.26 and 3.10 microns was monitored by means of a
quartz window mounted to view the burning surface. The infrared radiation

was detected with the appevatus sketched in Fig. 8.

It was found that burning AP would oscillate in the T-burner at
amplitudes varying from 5 to 80 psi at mean chamber pressures in the
T range 600-800 psi. In the same burner neither potassium perchlorate
propellants nor higlk burning rate AP propellants would oscillate. 1In :
Fig. 9 typical oscillations measured by the Kistler gages at each end ¢
of the T-burner are shown on oscillograms. It appeared that the unequal
amplitudes measured at opposite ends are characteristic of unéven burning

over the face of the pellets; i.e. one pellet presented less burning
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FIG. 8 SCHEMATIC LAYOUT OF INFRARED RADIATION DETECTION DEVICE

surface to couple with the acoustic cavity. The frequency of 200 cps
is characteristic of a standing acoustic wave possessing a pressure

antinode at the center of the burner.

In Fig. 10a are shown oscillograms of pressure and infrared light
measurements made on AP pellets burning i\ "~tably in the T-burner; Pc,
and Pc, are Kistler gage measurements at the burning surface at opposite
ends. I, p5 and I,y are light intensities at 2.26 and 3.1 microns from
the AP pellet corresponding to the location of Pcy. In Fig. 19 the
over-all pressure-time trace is included along with the D.C. pressure
level to show both the absolute pressure level and the occurrence of
instability. The burner was pressurized to 400 psig before ignition;
pressure then built up until the diaphragm ruptured at 650 psig. The
maximum peak-to-peak amplitude observed during unstable operation has
varied from 20 to 80 psi. The data gaps shown on the light intensity
traces are caused by the light chopper, operating at 20 cycles/sec,

which was used to eliminate detector saturation problems.

25




T Pey |
[ V] * )
E > ChLlaa fLLJ_J._L.YLL Teara
. o '
~
@
Q
© Pea
1 5ms/DIV —
(a)
{
1 r
2
3 (=)
t S
‘@
Q
3 o)
«
R ; . . , . )
A TA-5453-16
3
(b)

FiG.9 PRESSURE OSCILLATIONS OBSERVED DURING UNSTABLE BURNING
OF PRESSED AMMONIUM PERCHLORATE PELLETS

26

ar . swen

e for wom b emte 0

ot ST

-1



2
3
] .
[P Y —— Jo— . - ot Am e amd e meeb—m mena — o m a s s & AR ST TAY,
‘ g
3 %
&
¥
=
3 %
SR
£
t e

N . . L5

. T A AN ’
Pai . EANY \J v V»\v'\v/\vﬂvr\v/\vf\v/\v/\vf\vf A K

Peo [ iV "m N\/\ /\/\/\/\“ .

=
[
~
-

0.1 V/DIV—&~ 25 psi /DIV—s~
o
G

10 ms/DIV —-

FIG. 19(a) OSCILLATIONS IN PRESSURE AND INFRARED RADIATION OBSERVED DURING

Li' : THE BURNING OF PRESSED AMMONIUM PERCHLORATE PELLETS (Test 63)
= }
: >
N o
i S Py
a
[@]
2 |
13 N
: ol
- l
: : gpcz
H
o . .
: 500 ms/DIY ~—ippn
TA—-5458~17
H FIG. 10(b) PRESSURE/TIME TRACE, D.C. AND A.C. COUPLED, OBTAINED DURING
] § COMBUSTION OF PRESSED AMMONIUM PERCHLORATE PELLETS
r
]
)

27

- e - B — I NI )




»

In our studies of infrared radiation from deflagrating AP, the two
wavelengths of 2.26 p and 3.1 y were selected, since a considerable
amount of data on the emission and transmission characteristics of these
wavelengths had been accumulated by Powling and Smith.3°:'} At the high
pressure used and .n our experiment the detectors monitored the temper-
ature response of the gases above the surface of the AP. It is concluded
that our measurements at 2.26 and 3.1 1 represent the temperature response
of the gas phase above the burning surface. It will be noted in Fig. 10a
that the temperature perturbation (as measured by response of the lead
sulfide cells at the specified wavelengths) is out of phase with the
pressure perturbation. The exact meaning of this is not clear at this
time. Preliminary experiments using AP propellants rather thaa pressed
pellets show that the phase relationship between light radiation and
pressure is zlso a function of the light detector location above the
burning surface and the absolute pressure level of the test chamber. It
may also be dependent upon the apparatus geometry. it s therefore not $
possible to attribute aﬁy phase lugs, or leads, between pressure and
light radiation at this time to thermal relaxation t;ﬁes in the solid

or gas phases, nor to departures from equilibrium.

The experimentalily observed sensitivity of AP pellets burning in
the T-burner to acoustic pressure perturbations could perhaps be satis-
factorily explained on the basis of the pressure and temperature sensi-
tivity of reactions such as:

4NH, + 50, -+ 4NO + BH,0

2NO + O, - 2NO,

3NO + N,O + NO,

2NO - Ny + O,

HC10, - HO, C10, HCl0Q, C10,, Cl,, H,0, O,

which have been identified as possible decomposition reactions.l® The
introduction of a secondery hydrocarbon fuel with the concomitant
problems such as additional competitive reactions and the fluid dynamic
processes of diffusion and turbulent wmixing would further complicate

the picture.
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In summary, it is apparent that the decomposition of pure AP pellets
tends to couple with the acoustic cavity of a T-burner and burn unstably.
In analytical agproaches it has been customary to neglect this and the
response of gas phase reaction, since the times involved were insignificant
relative to the frequercies under consideration in this study. It is
hoped in future work to elucidate the exact nature of the relaxation

phenomena involved and satisfactorily include them in en analytical model.

3. Double-Base Propellants--Rocket Motor Studies

Recognizing that the structure of the combustion wave of double-bhase
propellants is quite different in character from that of composite
propellants, it was decided to examine two extruded double-base compo-

sitions in addition to the nitrasol propellant previously examined.3

It will Le recalled that tre composite modified double-base propellant
previous!y studied was a relatively fast-burning propellant; in view of
this, a fast-burning and a slow-burning extruded double-base composition
were selected. These propellants were made available to this program by
courtesy of the Naval Ordnance Test Station and the Naval Propellant
Plant. The grains obtained were a nominal 5 inches in diameter and
possessed & star center perforation; while this was a departure from

the sinple radizl burning grains previously used, this change was not,

on the basis of past experience,!® considered an important factor in the

assessment of axial instabiliky test data. This change in grain design,

ek

however, resulted in a more neutral pressure-time curve, and several

firings were needed to cover the pressure 7ange of interest. 3

The experimental test data showed that the fast-burning (F)
propellant grains were stable to axial pulsing in the range 650-2200 psia;
lower pressures could not be studied because of the adverse effect of
motor hardware design on the ballistic design parameters. Incipient

transverse instability was observed with this propellant in the pressure

range 650-1750 psia.

The slower-burning propellant (S) was found to respond unstably to §

axial pulsing at 650 psia; at a higher pressure of 2100 psia the propellant

29

oo T T ) i




was stable. The stability regimes for transverse instability appeared
to follow the same pattern in that no high frequency instability was

detected at elevated pressure.

The instability trends observed with the extruded double-base
propellants are shown in Fig. 11. It is considered that the occurrence
of axial instability at low pressures with low burning rate propellants
can be explained on the basis of the increase in fizz burning reaction
zone thickness as the pressure is lowered. Increase in pressure increases
g the over-all reaction rates in the ges phase and consequently gas-flow
perturbations do not lead to the local instantaneous increases in energy

release necessary to sustain a traveling wave type of instability.
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FIG. 11 SUMMARY OF INSTABILITY DATA FOR TWO REPRESENTATIVE
DOUBLE~BASE PROPELLANTS, SHOWING STABLE OPERATION
AT ELEVATED PRESSURES; STABILITY BOUND IS SUBJECT
TO FURTHER EXPERIMENTAL CHARACTERIZATION
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B. Combustion Models

1. Theoretical Studies

Most theor~tical investigations of combustion instability in solid
rockets have emphasized the role of gas dynamics in the combustion
chamber, paying less attention to the combustion mechanism of the
propellant itself. It has become customary tr describe the behavior
of the latter in terms of an essentially empirical factor, the "acoustic
admittance.” In view of the enormous complexity of the solid propellant
combustion mechanism, which is not well understood even in steady-state
operation, this is a reasonable approach and it has proven useful. How-
ever, something more than an empirical representation of the propellant's
combustis mechanism certsinly is a prerequisite for a comprehensive
understanding of transient phenomena in solid rockets. Accordingly,
theoretical studies conducted during this program have been concerned

primarily with the propellant response.

Our objectives 1in these studies extend somewhat beyo~d the specific
problem of combustion instability, for one can anticipate that the
controlling mechanisms during instability phernomena will be of comparable
significance in a2ny combustion transient having a'similar characteristic
time. For example, it has been our expectation that a valid model of
transient combustion would be applicable not only to this combustion
instability investigation, but also to combustion extinguishment studies
now under way at the Institute. The preliminary results presented in
this report appear to confirm this viewpoint. Indeed, to some degree
the various transport phenomena are inseparable. or very closely related,
from the standpoint of the response of the combustion mechanism. There-
fore, it is appropriate to begin the theoretical discussion by briefly
congidering the current quasi-steady analyses of combustion extinguishment,
which repregs nt the mpet recent theorestical 2
to the transient response of a kurning solid p.opellant. A brief review
of these analyses permits a clearer and more complete explanation of the
theoretical studi.s performed during this program, and it provides the

background for an interpretation of the theoretical relationship bctween

31

3

L e T Tt}

N ARans W T e T S e 1




e amae s

.

W PRSI T

combustion instabality and extinguishment criteria which is derived in

the present work.

2. Assumptions and Limitations of Quasi-Steady Analyses of

Combustion Extinguishment

Von Elbel4 and Paull® have independently developed essentially
identical analyses of the response of a burning solid propellant to a

pressure transient. These analyses incorporate the following assumptions:

1. The rate of change of heat flux (or pressure is considered to
be low enough that there is no appreciable lag in the relaxation of the
temperature profile in the grain. Thus thcre is always a steady state

profile corresponding to the instantaneous heat flux.

2. The steady-state burning rate of the propellant is assumed to
be described by the empirical expression r = an (see section on
Nomenclature for definition of symbols). 1In addition, this expression

is assumed to relate the ins*tantaneous burning rate and pressure during

transients.
3. The surface temperature is assumed to be constant.

These assumptions permit a quasi-steady treatment of the response
of the propellant to pressure transients. In this approach the empirical
steady-state burning-rate law is combined with an energy balance at the
gas-solid interface, and the resulting equation is differentiated with

time to relate instantaneous burning rate to pressure decay rate.

The limitations of the quasi-steady approach can be deduced by
examining the characteristic relaxation times associated with the gas-
phase and solid-phase processes involved in the combustion mechanism.

Orders of magritude of these relaxation times are®

.4
S

Tsolid ~ 78

%e
T oas ~ 12
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vhere Ks and Ké are the thermal diffusivities of the solid and gas phases,
regspectively. A typical value for K, is 2.5 x 107% in.?/gec, so for a
burning rate of 0.1 in./sec the thermal relaxation time in the solid is

of the order of 0.0625 sec; for a burning rate of 0.5 in./sec it is about
0.001 sec. The gas-phase thermal diffusivity Kg is about an order of
magnitude smaller than Ks, with a corresponding reduction in gas-phase
relaxation times. Consequently, the solid-phase thermal lag should be

the rate-limiting mechanism in extinguishment of burning solid propellants,
as assumed by the analyses mentioned above, if unanticipeted slower
mechanisms do not appear during the transient period. Howevex, this
conclusion also implies that characteristic times for extiaguishment

will be comparable to the solid-phase relaxation time, and, indeed, the
extinguishment times observed by Paul et all® are in the range 0.005-0.040
sec, or about the same as the relaxation times quoted above. Under these
circumstances the quasi-steady analytical approach to the problem is
somewhat questionable; such an approach is truly valid only when all
relaxation times are negligible relative to the characteristic time of

the process under consideration.

The empirical steady -state burning-rate law r = 9 describes a
behavior that results from an enormously complex interaction of gas-phase
and solid-phase processes. For example, the over-all pressure sensitivity,
represented by the «ponent n, encompasses the individual pressure sensi-
tivities of many reactions, both in the gas ph:qq_and at the interface,
and is determined by the order of these reactions and other factors.
Inasmuch as the relaxaticn times of gas-phase and solid-phase processes
differ by an order of magnitude, it is 1likely that the relative contri-
butions of these portions of the burning mechanism to the over-all pressure
sensitivity are substantially altered during transient operation. This

means that the pressure exponent n may itself be a function of dP/dt, in

which case a representation of the burning rate durin

e trangiont marinde
g Trangient p

by the steady-state expression r = an would be misleading.

It is undoubtedly true that the surface temperature of a burning

solid propellant is nearly constant, even with wide excursions in the

.33
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burning rate. This observation merely reflects the fact that the effective

activation energy E for the surface volatization process is generally quite

large, so that E/RTw ~ 10 or greater. Therefore, purely from the stand-
point of determining & temperature profile, the surface temperature can be
considered constant. On the other hand, to be self-consistent an analysis
to determine the transient behavior of the burning rate may be required to
account for changes in the surface temperature, because large changes in
the burning rate actually are inseparably coupled through the burning

mechanism to small, but finite surface temperature variations.

Because all relaxation times are neglected in the nquasi-steady
analyses of propellant extinguishment, these theories predict an in-
stantaneous response of the burning rate to an imposed pressure gradient.
This implies that at the very instant a sufficient pressure gradient has
been introduced, before the pressure itself has responded, burning will
cease. In practice, of course, a finite decay rate (with a time constant
on the order of 5-40 msec, as noted above) is observed. To account for
this lag, Paul et al. have introduced an arbitrary, empirical lag factor
in their quasi-steady analysis.l® This device allows a reasonable corre-
lation of data, but is of somewhat limited value, in that the empirical
constants in the lag factor vary with experimental conditions; i.e., the

lag factor is not universally applicable.

The relaxation phenomena represented by this lag factor are active,
of course, in any transient combustion process. In particular, they
play a key role in combustion instability, for the latter occurs when
the phasing between various steps in the combustion process is such that
the reactions reinforce each other and are in resonance with oscillations
in the chamber. Under these circumstances there will be a positive feed-
back of energy into the chamber oscillatory modes, causing unstable
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In recognition of the points discussed above, as part of the present

program we have initiated an attempt to develop a more comprehensive and

fundamental model of solid propellant combustion under transient conditions,

with the specific objective of clarifying end relating the mechanisms of
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combustion instability, propellant-flame extinguishment, and other

transient phenomena. This approach reflects the hypothesis that the

same basic mechanisms appear in all transient responses of similar time

scales, and that one of the most important links between these transient

Ly e F4E

phenomena is the relaxation time lag described in the preceding discussion.

RENTH

The philosophy underlying this analysis is that the mathematical complexity
should be consistent with the available pertinent information, such as data

describing the kinetics of the reactions. Therefore, rather than performing

an exhaustive analysis of & model that is highly restricted in deference
to insurmountable mathematical complexities, we are seeking a more neutral
balance between a realistic model and mathematical tractability. Specif-

ically, the model should encompass in a fundamental way, rather than through

S, €1 et I, B, URE BT § 2 o )

purely empirical relationships, the recognized basic features of the com-

bustion mechanism, with modifications or improvements dictated by experi-
ments. At the same time, it is consistent with current quantitative
knowledge of the combustion kinetics, and with the desirability of
minimizing mathematical problems, to describe the reaction steps in

highly simplified terms, e.g., by elementary Arrhenius kinetics.

Marxman has reported a preliminary analysis developed with the
above requirements in mind.® This theoretical treatment appears as

Appendix A in the present report. The chief conclusions, including the

T

theoretical relationship between stability and extinguishment criteria,

are, summarized below. In a subsequent section the stability criterion,

r‘:q';;,“',"'h

which sppears in the analysis in terms of thermochemical parameters of

i

the propellant (activation energies, thermal diffusivity, enthalpies of
reaction) is rephrased, in an approximate manner, in terms of the ;hamber
pressure and burning rate. Since these are cxperimentally accessible
variables, a comparison with laboratory measurements obtained during the
program is feasible. The theoretical criterion is consistent with the

data and offers a possible explanation for the observations.
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3. Respoase of Sinusoidal Pressure Oscillations or an Exponential \

Pressure Decay; A Stability Criterion

An oscillatory perturbation in the chamber pressure can be expressed
as:

P = ¢ sin wt - (@)

where the ratio of the oscillation amplitude to the steady state pressure
is ¢ << 1. The corresponding burning rate response derived in Appendix A,

assuming T=0at t =0, is:

C, C,t
PRl - N 1v - -
r G+ @ [wexp C, sin wt - w cos wt] (2)
where ‘
p T E/RT ‘
C_raeEH m+9ED Cp T¢ /RT,
T —_ — " c = E
K| "B\ o7 DRTw c, Tw(n;z f)
2RT
b
X -
t— ———2?_ -1 (-a—t) (3) ;
T r¢ | RT W ’
w w f
- cC, T
r® E n P °f 1
Cy = — B M+ 5 — 3 (4)
2 g -
K RTw H ZCSTW n;2+ f {
2RT X
£ !
Note that
HH _\m
— p —
8, = —— exp (-E /RT)(-_-_—); 8, = — exp (-E_/RT ).
H cT H w = D ¢ T D' w
sw . w s'w

Equation 2 indicates a very important stability criterion; if C, > 0 for
a given propellant, imposed pressure oscillations may induce in that
propeilant an unbounded increase in burning rate with time; i.e., unstable
combustion. Because instability-damping mechanisms present in an actual
rocket chamber are excluded from the present model, it is not necessarily
true that combustion instability must occur when €, > 0. However, the
analysis indicates that combustion instability is impossible only if

c, <O.
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The chamber-pressure decay introduced within the port of a solid

rocket to terminate combustion typically has the form:

P = exp_Bt -1 (5)

(Note that at t = 0, dP/dt = ~B or dP/dt = -BP.) The approximate initial

response of the burning rate to this pressure decay is:

~ 4 . .- C
¥ = E:g? cexpplt - ‘exp Bt) + ga (1 - exp 1t) (6)
. 1

As in the case of a sinusoidal pressure oscillation, unstable combustion
may occur when a sudden negative pressure gradient is imposed, unless

C, <0. 1In fact, this stability criterion holds quite generally, inde-
pendent of the type of pressure disturbance that is introduced. Such a
criterion is not derivable from the quasi-steady analyses discussed

previously.

Thé physical mcaning of the stability criterion can be explained
qualitatively by examining the separate terms in Eq. (3). For stable
burning iflis required that the sum of the negative terms be greater
in magnitude than the sum of the positive terms. An increase in the
magnitude of the negative terms occurs primarily through an increase
in the gas-phase flame temperature, which corresponds to an elevation
of the energy release in the gas phase. (The other negative term is
practically the same for all propellants.) A high energy release
associated with the solid phase, e.g. from exothermic decomposition
reactions, contributes to the positive terms and thereby promotes
combustion instability. Consequently, for stable burning it is required
that the heat release from solid-phase coupled reactiones remain less than
a certain fraction of the total heat release in the combustion process.
Highly exothermic solid-phase reactions are likely to exceed the per-
missible 1imit and cause unstable combustion. Moreover, owing to the
positive (d?/dt)w term, combustion instability may occur in an otherwise
stable motor if there is & pressure disturbance while the steady state
temperature profile is still being established within the grain, e.g.
Just after ignition.
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4. Pressure Decay Gradient and Combustion Termination

Obviously, termination of the combustion process will ultimately
occur if tne pressure excursion results in the chamber pressure falling
to zero, regardless of the pressure gradient initially introduced. However,
the rate at which the extinction occurs, i.e., the time required for the
burning rate to drop to zero, is intimately coupled to the transient '
response of the combustion mechanism and therefore to the pressure gradient.
In practice, for solid-propellant combustion to terminate, it is necessary
that the minimum possible lag in the response of the burning rate to a
chamber pressure decay be achieved. In an actual motor the chamber
pressure initially drops, then rises again as a result of the finite
chamber volume and nozzle throat area. If the response of the combustion
mechanism is slow, reignition may occur as the pressure starts to rise.
It is a consequence of this lag effect that an empirical lag factor,
which is not universally applicable, is unavoidable when the quasi-steady
theory is used.l® This difficulty is removed with the present approach,

because the finite response time of the combustion mechanism is considered.

A criterion for minimizing the propellant response lag time when
under the influence of a pressure decay is obtained by examining the second
derivative of Eq. (6). The more negative this derivative, which may be
identified as r", the faster the burning-rate derivative becomes more
negative with increasing time. This characteristic is illustrated schemat-
ically in Fig. 12, which shows burning rate vs. time, after a pressure
< 0. It is

decay is imposed, for three cases: ¥ >0, T =90, and T

clear that propellant extinguishment will be enhanced by making T as

negative as possible.

The second derivative of Eq. (6) is:

o

2o~ -
Fov=—C2  (0.2ext®1t - g2exp Pty - ¢ coexpCt® %)
t‘ UI + b - -~ -

o

Note that the second term on the right-hard side is always negative, as
desired, bu: the first term can be either positive or negative. Specif-

ically, at t = O the first term is negative only if B2 > C;2. Thus, the
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FiG. 12 TIME DEPENDENCE OF BURNING RATE DERIVATIVES

maximum negativity in ¥, and therefore the most favorable conditions

for combustion extinguishment, is achieved if B > |01| .

In summary, the present analysis defines two criteria for extinction
of solid propellant combustion: (1) to prevent unstable combustion as
a result of pressure :listurbances, it is required that C;< 0; (2) to
ensure minimum lag in the burning-rate response of the combustion
mechanism to an imposed negative pressure pulse, it is required that
B>|01|-

The earlier, quasi-steady analyses of other investigators!®15 lead
to the following criterion for combustion termination by . negative

rressure gradient:

dP @2 P
at X = ®
t=0
where
—Il
r = bP
The criterion developed in the present treatment, B > lcll’ can be
eXpresseq in the Loliowlng comparaible Lorm;
I-g—i > Cli’-, or
t=0
_ (9)
2 -
EHE
t=0
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where

X =86 E___ - + @ ..ED_ + _]E_ l -1 -];_. (BE
H\ g7 Do Te\mrT T ot
A w w w
C, T. E/RT
- = :f_ Ew (10)
s T
w

The common feature of these two criteria is evident: both show
precisely the same dependence on the burning rate, chamber pressure,
and thermal diffusivity of the solid propellant. However, the present
treatment reveals a basic distinction between different propellants
that is not indicated by the quasi-steady analysis. According to Eq. (9),
an array of propellants with identical burning rate characteristics,
and orerating at the same chamber pressure, might still require substan-
tially different pressure gradients to terminate burning, owing to
different values of the parameter ). The magnitude of ) is determined
by the relative importance oi various reaction phases to the over-all
combustion process, while the stability criterion devzloped above
requires that )\ < O for stable combustion. Note that those (relatively
few) propellants with C; < 0 will always burn stably in any motor con-
figuration, but in the case of extinction they may require different
pressure-decay ratios, inasmuch as these ratios depend upon the magnitude
of C,. Probably most propellants have C;, > 0, i.e., they can be unstable
under certain circumstances. According to Eq. (5) the greater the
tendency of such propellants to be unstable (i.e., the greater the
magnitade of C;), the greater the pressure gradient required to achieve
the most favorable burning rate response for extinguishment. This
theoretical conclusion appears to be in general agreemexc with experi-
mental observations by Stanford Research Institute investigators®'® and

others.

For the first time this analysis establishes a direct, physically
realistic, link between instability and extinguishment criteria, showing

that the latter depends upon the former. It also afiords a possible
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explanation fbr the observed differences in stability characteristics
among proyellants. As with extinguishment behavior, two propellants
with identical burning rate characteristics and .equal over~ail energy
release per unit mass, operating under the same conditions, may have
quite different stability characteristics if the formulations are such
that the thermal energy release profile of one is markedly different
from the other. It should be noted that the stability criterion applies

both to acoustic and finite pressure disturbances.

It is important to recognize that Eq. (9) does not constitute a
strictly necessary condition for extinguishment. Any negative pressure
gradient, if it can be sustained long enough, will ultimately terminate
the combustion process. Consequently, a frue extinguishment criterion
¢i.e., a necessary and sufficient condition for extinguishment) must
encompass the internal gasdynamics of the combustion chamber as well
as the propellant response, because the pressure-time curve depends on
both factors. However, according to the present analysis the most
favorable initial propellant response to an imposed pressure decay, from
the standpoint of extinguishment, will be achieved when the criterion

of Bq. (9) is satisfied.

This analysis must be regarded as preliminary in nature. A more
exact mathematical treatment of the same model, which avoids certain
assumptions about the temperature profile in the sovlid phese (Eq. 13,
Appendix A), yields a more complicated stability cricerion, although
the qualitative conclusions are substantially unaltered. Aliso, compar-
isons with existing and new data are likely to suggest modifications in
the treatment. However, even the present approximate analysis secems
quite consistent with experimental studies performed during this program,

as will become more clear in the following section.
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c. Theoretical Relation of Stability Criterion to Motor Pressure and

Propellant Linear Burning Rate

The stability criterion €y < 0 {or equivalently, ) < 0) appears
in the analysis as a limiting relationship between thermochemical para-
meters of the propellant. This permits a relatively straightforward
physical interpretation, as presented above, but a direct comparison
with experimental results is difficult, because in most cases the key
thermochemical parameters can be neither measured nor calculated
acci'rately. This situation is typical of all combustion theories ir
which the reaction kinetics play a dominant role (as opposed to aerc-
dynamically controlled combustion processes). Clearly, the theory
cannot be expected to yield a complete, quantitative description of
the process, even if qualitatively valid, unless the chief parameters
can be determined quantitatively. However, the theory provides an
extremely useful means of correlating data and guiding experimental
studies, if, through suitable approximations, it can be recast in terms

of readily measureable quentities.

The easiest and most common method of characterizing solid propellants
is through the burning rate-chamber pressure relationship, which can be
determined experimentally relatively easily and with good accuracy.
Consequently, it is of considerable value to restate the stability
criterion derived in the foregoing analysis in terms of chamber pressure
and burning rate, at least in an approximate way. By thus showing the
form this criterion should take on an r vs. P plot, it is possible to

make a8 comparison with known stability characteristics of propsllants.

To do this we note that Eqs. (15) and (16) in Appendix A can be

solved simultaneously to yield:

1l
T /-y \npT1
E _{ax, _
7 kc“@
o P
where E T
T w
y=l-E——~—-~l
£
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In sddition, it is generally true that

E
3
——— > N
BT
E
b n+ 2
RT, >

and, as a crude approximat:on valid over a limited range,

r ~bl|l— where z >> 1

T

(o] 3

Substitution of these expressions inic Eq. (22) in Appendix A
leads to an approximate expression for the stabilit& criterion in termse
of burning rate and pressure. For the case where all surface-coupled
reactions are heteropeneous, or pressure-sensit: v, this expression is

(in oxder to ensure stability):

— - — 2 -
m+ —— 1 E§ fﬂ Ef (2)2 + 1 HH
3 + 1 2C_E RT ‘A CSTo
log (r/a) > _3—}' B leg P + log oy (11
n E n E
L.2 +1 - L. 2 +1 o

If all surface reactions are pressure-insensitive, as might be thke case
in sub-surface decomposition, the expression becomes (in order to

ensure stability):

~ 2 _
B ] C_E_E g+l
2 1% 5% ¥ b
. 3+ 1 2C_E RT_ 'a cT,
iog ) >|-———-=— | log P + log = (12)
2y _ D 2y D
” )2 " »
=+1 = S+1 7
2 - — 2 -

Thus the stability criterion deritad in the present report appears as
approximately a straight line on the usual log r» vs. log P plot. The
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slope of this line is determined primarily by the effective order of the
gas-phase and surface-coupled reactions. The intersect is determined

mainly by the magnitude of the enthalpy release in the surface-coupled

o et - -
TG LSt RIS R

reactions per unit mass of reactant (H.H or Ho); when a relatively large
portion of the total heat release occurs in this manner, the extent of
the stable-burning regime is reduced. The converse result occurs when
more of the heat release is in the gas phase. This behavior is illus-
trated in Figs. 13 and 14.

HIGHLY EXOTHERMIC
SURFACE REACTIONS

STABLE
UNSTABLE TYPICAL PROPELLANT BURNING
- RATE CURVE

- -

’f

LOW EXOTHERMIC ON
SURFACE REACTIONS

{OR ENDOTHERMIC)
STABLE

/ UNSTABLE

log P
TA=$438~30

FlG. ISI"QEDICTED STABILITY BOUNDS FOR PRESSURE SENSITIVE
SURFACE REACTIONS

~#— HIGHLY EXOTHERMIC

Q
STABLE ~NsTABLE

= NOT HIGHLY EXOTHERMIC
log r

STABLE
UNSTABLE

log P
TA-$488-37

FIG. *4. PREDICTED STABILITY BOUNDS FOR PRESSURE INSENSITIVE
SURFACE REACTIONS
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As the figures show, the criterion implies that of two propellants
having identical burning-~rate curves but different formulations, the one
having more highly exothermic solid-phase coupled reactions (such as an
AP-based propellant) would be expected to coperate unstably over a much
wider pressure range than the one with less solid-phase heat release.
This characteristic appears to be entirely consistent with the experi-

mental observations made during the present program.

It should be re-emphasized that the approach outlined here is
preliminary and approximate in nature. For example, a more rigorous
examination of the same model would yield a somewhat more complicated
stability criterion; even with the present simplified analysis there
would be a slight curvature in the plot of the criterion on a log r vs.
log P graph, if the criterion were transformed to the r-P plot withdut
approximation. However, the approximations employed here are quite
consistent with the accuracy to which the pertinent parameters can be
measured, so that further extensions and refinements of the model may
be of greater value in future studies than refinements in the mathematical
treatment of the present model. The present work suggests that a rela-
tively fundamental approach to¢ the solid propellant combustion problem
may ultimately define and clarify significant mechanisms and interactions

that heretofore have been overlooked.

D. Experimental Studies f,o0 Correlate Stability Criteria with Ballistic

Design Parameters and Propellant Microstructure

It will be recalled that in our previous studies an attempt was
made to correlate the observed stability criterion found for ammonium
perchlorate~basad propellants with a combustion model basgsed on critical
mixing parameters of a diffusion flame which is believed to be present

at the burning surface of composite propellants. A relationship was
developad from similitude gtudies haged on simple furbulent miving model
proposed by Bittker.'? It was suggested by our analysis that instability
was characterized by a constant relationship between ‘he wave travel time,
tw, in the mgtor and the characteristic combustion time for mixing, t*

This ratio %— is defined by the follewing equation:
w
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* P
t _ oM sc T
_—= . x
tw q pSRZL r'l‘T

(13)

where o = mixing parameter:®
7 = intensity of turbulencel®
M* = mean molecular weight of reacting species
s = source spacing
¢ = speed of sound
Pg = density of solid propellant
R = gas constant
4 = motor length
T = threshold prassure
r,. = threshold burning rate
T* = initial temperature of reacting species
*
(Note 1T =~ Tsurface)

It is noted that the wave travel time criteria predict that for

different propellants in the same scale moior the stability bound would

be defined by & line with a slope of approximately unity. The corrections

for known variation in surface gas temperature and other propellant
parameters rediiced the slope slightly and brought it into line with
the experimental stability bound data.

It was apparent from equation (13) that two critical parameters
in defining a similitude criteria for instability were the source
spacing s (a function of oxidizer particle size or specific sur’ .:e)
and the motor length 4. In view of these facts two sets of experiments
were planned; in one several combinations of motor length and propellant
composition were test fired, and in the other, two propellants with
matched hLallistics (burning rate) were prepared with the largest mean

particle size difference that could ke satisfactorily formulated into

To determine if design factore such as motor length would shift
the critical stability line,® several motors, 5 inches x 80 inches long

with & 3 inch-diameter perforation, were test fired. Following standard
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procedure, Kistler gages located at the head end were used to monitor
the pressure response and multiple pulses were used to perturb the motor

over the pressure range of interest in order to find the critical pressure
for instability. The data for the 80-inch motors are plotted on our
original instability diagram for 5-inch x 40-:inch motors in Fig. 15.

0.8 | T | T T T [ rrrrTTTm

. OXIDIZER BATCH CHANGE
POST SCRIPT M * L1GHER BURNING RATE

06 — A 5x 80 DATA —
O 5 X 40 DATA
0.5 {— PBAN 229 A —
o A
QO-“ — PBAN 102M ]
£ STABLE REGION

PBAN 102

PBAM 103

BURNING RATE

UNSTABLE REGION

PBAN 104

THRESHOLD LINE FROM 5in. DIAMETER X 40in,

o | L llLI|I|llIIl|!

200 400 600 800 10CO t200 1600 2000
THRESHOLD PRESSURE — psio

1B-5458.23

FIG, 15 STABILITY BOUND FOR 40-~INCH AND 80-INCH LONG MOTORS

Since all of the 80-inch-motor data points f£all closely about the
stability line for t"e 40-inch motor, the obvious conclusion is that
this variation in length did not significantly alter the stability

characteristic of our AP-containing propellants.
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The two propellants selected for the study of; oxidizer particle
size (source spacing) had lithium fluoride and strontium carbonate added
to counter the rate variations produced by the oxidizer grind variations.
The formulations are given in Table I. The strand burning rates are
shown in Fig. 16. When tested for critical threshcld pressure, PBAN 244
with a surface area of 3015 cma/cd)gave 320 psi, while PBAN 284 (surface
area of 1149 cm2/cc) gave 400 psi. This appears to be contrary to
prediction, but it is not considered to be at all significant because
the burning rate curves appear to parallel the instability 1line
at these low pressures. It is concluded that oxidizer surface area

variations of the type normally encountered in propellant formulations

0.8 | | | 1T T 1 T T TTTTT]
0.7

06~ O pBAN 284 OXIDIZER SPECIFIC SURFACE = 1149 cm?/cc 7

(FISCHER SUB - SIEVE SIZER)

05|~ © PBAN 244 OXIDIZER SPECIFIC SURFACE = 3015eme/sc -
. (FISCHER SuB ~ SIEVE SIZER)

A STABILITY LIMIT

o
FS

in/sec
O
o

BURNING RATE

0.l | i i ] | - I I

200 400 600 800 1000 1200 1600 2000
PRESSURE — psia
T8.5458.22

FIG. 16 BURRING RATE AND STABILITY DATA FOR PROPELLANTS WITH MATCHED
BALLISTICS BUT DIFFERENT OXIDIZER PARTICLE SIZE
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play a minor role in finite amplitude instability. The chief role of
oxidizer particle size appears to be in its effect on burning rate, the

major correlating parameter.

1. 1Influence of Fuel/Binder Characteristics on Instability

It had been observed in previous experimental studies!?® that insta-
bility was enhanced by a burning rate apparently associated with a
reduction in flame temperature prom-ted by addition of either an endo-
thermic burning rate catalyst (LiF) or a fuelirich oxidizer-fuel ratio.
In view of the relevance of propellant thermochemistry to development
of a suitable combustion model, it was decided to examine the influence
of binder pyrolysis characteristics on the incidence of axial stability.
Polyurethane and polybutadiene acrylonitrile-based propellants were
therefore compared at two loadings of ammonium perchlorate. The loadings
selected, 80% and 75% by weight, are representative of many aerospace

propellants.

The experimental results showed that the oxidizer-rich propellants
(20% fuel) based on both binder systems were unstable at the pressure
level predicted by the AP stability data previously obtained. At the
higher level of fuel (25%), it was found that the polyurethane-based
propellant PU 108 was unstable at the predicted pressure of 286 psia.
The PBAN hinder, however, could only be driven unstable at a pressure

of 685 psia, some 400 psi higher than predicted.
In comparing these results it must be noted that:

1. AP is more soluble in the PU binder.

2. PU-based propellants appear to develop a greater degree of
instability as measured by the an, litude and the D.C. pressure
level during periods of instability.

2. DU hinders are more rveadily nvrolyzed then PRAN hinders.

These facte appear to be consistent with the theory developed in Section
I1I1(E); the less highly over-all exothermic surface reactions promote
stability.
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Further study of the influence of binder characteristics oa insta-
bility awaits a more complete development of the stability criteria
outlined In Section III(E), These criteria will be tested using all

available data before additional experiments are planned.

2. Lloss and Gain Processes During Axial Mode Traveling Wave

Instability

It was recognized that the growth processes and loss mechanism of

a traveling wave type of instability could be examined by measuring the
amplitude and velocity of the wave as it propagated up and down a rocket
motor. Motors of various lengths with a regressively burning rectangular
perforation were selected for this study and after being driven unstable
by a pulse, the wave travel up and down the grain was monitored by high
frequency pressure transducers located at stations on the side and at the

head-end of the rocket as shown in Fig. 17.

PULSE UNIT

HEAD-END
VIEW SIDE VIEW
AP,
pl _—
—_———d
AP,
Py ————ed

TA-5430-28

FiG. 17 SCHEMATIC LAYOUT AND DATA ANALYSIS
PROCEDURE FOR AXIAL STATION PROBING
OF TRAVELING WAVES IM ROCKET MCTORS
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The transducers selected were Xistler Model 601 and/or 601A piezo-
electric pressure gages whose outputs were short-coupled to charge
amplifiers (Kistler Model 566 and/or 504). The amplifier outputs were
recorded on magnetic tape. The gages had to be protected from the high
heat flux during instability and accordingly, water cooled mounts
(Model 629) were used. The decoupling of the gage through the mount
reduced the absolute pressure response to 10 kc. The time-averaged i
chamber pressure was monitored with a strain gage type transducer
(Taber Model 206) whiclh was recorded on the oscillograph.

The propellait used in the rocket motors was the 80% APC - 20% FBAN
system, PBAN 103. For the tests the motor length was varied from 82
inches down to 15 inches. All motors were operated at an initial chamber
pressure of 1100 to 1200 psi and were pulsed shortly (100 to 300 msecs)
after the appropriate steady state chamber pressure was reached. This
was accomplished by the use of a pressure sensor which activated the

time-delay unit inserted to regulate the firing of the pulse.

E. Date Reduction

The data from all channels were played back from the tape into an
oscilloscope which was equipped to handle six channels. Values for
travel time (tn) between stations and the pulse amplitude (AP) at e =h

station were taken from the oscillograms as indicated in Fig. 17.

Port-area to throat-area ratio (j) was calculated using the assump-~

*
tion that the characteristic velocity (C ) was invariant under the test

conditions. Using the pressure-time integral as a measure of propellant
mass. consumption, the space-averaged port area at a given time could be

readily computed..

The gas velocity in the grain port at nozzle was calculated using

the standard ballistic relations:

v = (...):gﬂAtpc .
pAp CpgAp !
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The theoretical velocity of sound for this propellant system at the

nominal chamber pressure of 1250 psi was calculated using theoretical

%
A = Vg%g = 3180 ft/sec.

The observed values of the shock velocities and other pertinen’ data are

values for y and p.

listed in Table IIX; shock velocities (average values gre given) based
on cycle time from the head-end pressure transducer. The influence of
stream velocity on the shock characteristics with and against the stream
could not be exactly determined because the shock strength increases

during transit along the burning surface.

Table III

SUMMARY OF EXPERIMENTAL DATA REILATING TO TRAVELING WAVE PROPAGATION
IN ROCKET MOTORS OF VARYING LENGTES

Test | Length A 3 £ v ® v
No. | (inches) (in®) (cps) | (ft/sec) | (1b/sec) | (£ft/sec)
6 40 0.710 5.33 466 3100 7.00 360
37 23 0.386 13.85 803 3075 3.73 124
38 40 0.707 9.15 464 3095 6.03 212
40 . 8% 1.539 4.3, 238 3250 14.20 445

It will be seen that in any particular motor & significant increase

in wave strergth 'occurs  a$ the:wave propagates along the grain.

In Fig. 18

the amplitude of the wave front versus station during travel to and from
the head end along the port is shown for a 5-inch x 80-inch regressively

burning slab motor.

Oscillograms provided by tape playbacks were used to obtain the
instantaneous pressure increases at each measuring station along the
motor. Thesc pressure changes at each station are plotted in Figs. 19(a-d)
for some typical tests using a range of motor lengths. 1In Fig. 20 we
reproduce the pressure vs. time history for up to 3 sec. during the

unstable burning of a 5-inch x 40-inch slab motor. (It should be noted
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FIG. 18 OBSERVED PEAK PRESSURE AMPLITUDE OF THE TRAVELING WAVE
DURING PROPAGATION IN A 5~INCH DIA. x 80-INCH LONG ROCKET
MOTOR BURNING PBAN 103

that the grain design used burns regressively so that the burning surface
area decreases throughout the run and this results in the pressure
ultimately entering a stable regime.) A 15-inch motor was alsc tested

but it did not go unstable; in fact, it was possible to track the pressure

perturbation for only one cycle before it dampened and stabl~ burning
continued. The Kistler gage responses at 1/4, 1/2, and 3/4 stations down
the grain are shown in Fig. 21 for this test.

[

63

R




150 2 ‘
° TEST No. 37
5in. X 24 in. MOTOR

S PROPELLANT= PBAN-103
< 160 &~ P=1290 psia, ¥=13.8 -
w
o
po ]
=
i
s 50 -
L= 4
S
<
z

0

0 10 20 | 30
HEAD END NOZZLE ENU

STATION——in. from head end
TA-545R~27
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FIG. 21 MULTI-STATION PRESSURE RESPONSE OBSERVED
IN' A 15-INCH LONG MOTOR ON PU!SING

F. Data Interpretation

The increase in pressure that occurs in a traveling wave front going
from the.nozzle end to the front end and back is plotted in Fig. 52 on
a normalized basis for a series of rocket motors varying in length from
24 to 80 inches., It will be noted that the wave strength uappesars to
increase during transit along the grain and to suffer very significant
losses in amplitude on reflection at the ends. It 1s surmized that energy
is gained from coupling of the flow disturbances with the combustion
process ut the surface of the propellant due to pressure coupling and/or
turbulent mixing (erosive coupling). The gond straight line correlation
for pressure wave growth toward the nozzle end suggests that an exponential

growth is occurring which may be represented by & relation such as:

dP = B expa x/L

instantaneous increase in pressure caused by wave passage

£
=2
o
3
Q.
=
W

over gage face

growth constant

n

distance from head end
length of motor (Note that 2 4 = ) (one wavelength)

D o R R
n

= pressure coefficient
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FIG. 22 NORMALIZED GROWTH CHARACTERISTICS FOR TRAVELING WAVES
OBSERVED IN ROCKET MOTORS OF DIFFERENT LENGTHS

As the wave is reflected from 7he nozzle there is a loss in energy which
caused a drop in dP. This energy loss comes from two factors. First,
mass and heat are lost from the nozzle opening. Second, the impact of
the high speed wave upon the solid portions of ...e nozzles causes high
rates of heat transfer to the nozzle, and this too subtracts energy from

the wave.

Our evidence for high rates of heat transfer at the nozzle comes
from early experiments in which thermal shock was found to cause failure
of a dense carbon nozzle and a softer carbon had to be substituted. The
softer carbon always shows high erosion rates on internal surfaces when

used in a motor operuating in an unstable pressure regime.
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After the wave amplitude attenuation caused by nozzle losses, gain
mechanismg predominate during transit back to the head end and the
pressure gain in the wave Jront again is described by a typical exponen-
tial growth equation. The gain against the mean flow is nore pronounced
than for waye travel with the mean flow from the head end to the nozzle.
Upon impacting the head end, the wave again loses ensrgy through heat
transfer mechanism and there is a loss in wave strength. This high rate
of heat transfer upon reflection at the head end is again manifested by

severe erosion of the face 0f the.pulse head.

0a examining the sawtooth wave structure obtained when the data are

plotted on semi~log paper, we note that the growth constant for propagation

against the mean flow appears to be constant for ail motors, while with
the mean flow the growth constant appears to depend on motor operation
and design parameters. This difference in behavior can be explained on
the basis that the admitt.ance of the head end is invariant in all motors
but that of the nozzle is depzndent on the nozzle design and the mean

flow field pear the nozzle.

In addition to our pressure mzasurements along the length of the

rocket motors described previously, it was possible to’also measure the

|
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FIG. 23 TYPICAL OSCILLOGRAM USED FOR COMPUTATION
OF THE VELOCITY OF THE TRAVELING WAVE
IN THE 80-INCH LONG ROCXET MOTOR
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wave velocity from the arrival times at each of the monitoring stations.
The data for the 80-inch motors was obtained from ¢scillograms such as
that shown in f£13. 23. The wave velocities obtained in this manner are
thus those averaged over the distance between pressure gages. Theéé
average velocities are plotted for three typical cycles of the wave as

a step curve in Fig, 24, An attempt to visualize the weve shape of the
velocity profile up and down the rocket motor is showr by the dotted line
in Fig. 24, It will be observed that:

1. When wave travel is toward the nozzle a maximum velocity is

ohserved near the three-quarters station on the way to the

nozzle.

2. Upon reflection from the nozzle a velocity increase is

observed.

3. When wave travel is from the nozzle to the head there is
a minimum velocity near the guarter station on the way to
the head end.

4. Upon reflection from the head end, the velocity appears to

decrease,

The picture of the velocity profile up and down the motor is somewhat
distorted, because it is only possible to measure average velocity between
stations and the discrimination is not yet as good as it should be since
it is dependent on available transducers. However, all measurements on
80-inch motors suggest that the description given by Figz. 24 is correct.
Due to lack of time resolution in short motors, our experimental study
is 1imited to the 80-inch motor.

Iq‘Fgg. 25 the station relations for the pressure increment and
velocity increment of a single cycle are visualized. It is apparent
that the growth characterisijic of the. pressure wave does noi bear a
uniform phase relationship with velocity. As the wave approaches the
head end, the station variant velocity is in phsse with pressure; after
reflection, it is also in phase. On passing the quarter wavelength, the

station variant velocity changes so that it is 180° out of phase with
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the pressure, as predicted from traveling acoustic wave theory., After
reflection from the nozzle end velocity continues to be out of phase

with pressure until at about the 3/4 wavelength station it apparently
comes into phase.

There is some evidence that the wave pressure amplitude may have a
contribution from a standing acoustic wave: similarly, the velocity
profile observed has at certain periodic times som-- ¢f the characteristics
anticipated for a combination of tne acoustic velocity field of a standing
wave and the mean flow Zield in the rocket motor. As yet inadequate
resoluticn in our velocity measurement precludes a rigorous numerical

analysis of the finite amplitude traveling wave observed.

Future work will seek to identify the specific growth‘?echanism
occurring as the wave propagates and to examine further the loss mechanism
occurring on wave reflection at the ends. It is hoped that studies of
different propellants may elucidate the dependence of the growth constant
on specific chemical processes.
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V SUMMARY DISCUSSION

A, Compositional Factors

The experimeutal results have shown two distinct trends; one is the
essociation of finite-amplitude traveling wave combustion instability ia
composite propellants with the presence of ammonium perchiorate; the
other, that in the case of double-Lase propellants this type of instabil~
ity appears to be associated with a thick fizz burning zone.

B, Composite Propellants

In our experimental study of composite propellants a unique combina-
tion of propellants posseséing different ballistic bensviors and contain-
ing different oxidizer binders and other additives have been investigated.
Specitically the study was concerned with the incidence of finite
amplitude iraveling wave instability induced by pulsing the chamber
pressure, Data have been obtained principally by.using rocket motors
40 inches and 80 inches ldng by 5 inches in diameter, and it has been
shown again that propellant burning rate is, in the case of AP-contain-
ing rropellants, the most important parameter with which to correlate
instability behavior. The data are summarized in Fig. 26 for propellants
which have been formulated ¢o provide maximum energy (consistent with
large scale processability); the propellants examired have chiefly used

a hydrocarbon binder {polybutadiene acrylic and acrylonitrile terpolymer).

4+ will be noted that all AP-containing propellants with a burning
rate vs., pressure relationship extending to the regime to the right of
the stability bound are liable to operate unstably. The oxidizers
KP, LiP, and AN were found to be associated with stable combistion. A
qurlitative explanation of the observed behavior of AP-containing
' Lle propelliants
is associated with the rate~controlling low activation energy reaction
between HC10, and fuel pyrolysis Zragments in the premixed flame. This

4
reaction releases more energy than the AP monopropellant flame and
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consequently the propellant burns faster than pure AP, At higher pressure
it appears that the premixed flame becumes a modified diffusion flame in
which the over-all mass burning rate is suppressed because of a progres-
sive change of the reiative amounts of heat transfer back to the oxidizer

and the pyrolyzing binder. The energy release profile and temperature

profile in the combustion wave govern the mass burning rate of the
propellant; these profiles would appear to be controlled primarily by
the enthalpy changes associated with pyrolysis of the binder, decomposi-

tion of the oxidizer, and specific surface-coupled reactions such as the

monopropellant AP flame, '

It is possible that at high pressure an imbalance in the heat
transfer back to oxidizer and fuel components occurs; augmented heat
transfer back from the fully burned combustion products may then arise
due to turbulent mixing associated with fiow perturbations; thkis in

turn can lead to the transient accelerated reaction of partially reacted

e st v —————— A ———— . S

. combustion products and perhaps in certain cases to an over-all increase

in the mass rate of burning.

In the case of AP propellants, in contradistinction to KP propel-
lants, it is noteworthy that the mass burning rate can be accelerated or
depressed by the addition of combustion catalysts., Catalysts such as

iron oxide appear to increase the temperature gradient at the surface, .

which results in an increase in burning rate; it is presumed that the N
catalyst promotes either the gas-phase reactions near the suriace or
condensed-phase reactions. It can be postulated that promotion of the
condensed-phase reactions can result in a lower surface temperature for

a given decomposition rate or a high rate of decomposition at a given

temperature, The experimental studies performed in this program suggest

that increzse of burning rate by either catalysis or particle size

control promotes stability by raising the level of heat transfer back

to surface. Consequently under these conditions heat release in the

surface becomes less significant from the standpeint of the over-all

decomposition process.

The exact role that catalystsz which accelerate burning rece play in

the flame microstructure is still open to conjecture; in many instances {
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the catalyst functions very effectively even though it is dispersed in
an ablative coating of fuel, It is possibie that the catalyst functions

in two roles; it promotes certain oxidative reactions, and the local~

ization of energy rvlease generates additional local turbulence which

also promotes the over-all combustion reaction., The burning rate

depressants may alsc functior in two ways; they may reduce the tempera~
ture gradient near the surface and they may also quench the AP mono~
propellant flame. Certainly the unique behavior of lithium fluoride as
a rate depressant suggests that it modifies AP decomposition,

It is noteworthy that similitude studies based on mixing criteria
in the granular diffusion flame, while predicting the observed pressure-
burning rate relationship, did not scale satisfactorily. This suggests
that the driving of this type of combustion instability is not associated
directly with the diffusion flame at the surface; this supports strongly

the idea that the urexplaired low burning rate of the AP propellants

concerned is ‘'of primary.importance:.

! C. Double-Base Propellants

! The observed behavior of the double-base propellants suggests that
finite-amplitude tvaveling wave instability is associated with the

relatively thick primary reaction zone observed at low pressures and low !

Aabac

burning rates,

The traveling wave instability is sustained by the shock pressure

(and associated temperature increase) promoting the reactions which are

only partisliy complete near the surface of the propellant; again
turbulent mixing behind the wave front may also promote the combustion

E reactions.,

) It is conceded that an extensive study of double-base formulations
% has not been possible, but the gain mechanism suggusted--reaction
promotion by the shock front~-is zntirely consistent with well-established

concepts of the steady-state burning of double~base propellants,
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D. Stability and Scaling

The studies performed on traveling wave amplitude growth during
transit along the grain have shown that a simple exponential growth
relationship appears to hold for motors of different sizes. Cyclic
growth is, however, modified by very heavy losses occurring on reflection

at the nozzle and head ends.

It has been found that motors of low aspect ratio are inherently
stable; no simple reason can be found to explain this fact. It is
perhaps related to losses sustained on reflection at the nozzle end.

The nature of the traveling shock wave and associated wake structure may
also be of importance; a complex interaction of the reflection of the
primary shock with wake reflection may also attenuate the shock. (The

nature of the shock pattern is briefly discussed in Appendix B.)

The complex pressure and velocity characteristics determined for
the shock indicate that a satisfactory model accurately predicting
stability scaling factors related to geometry may be quite formidable.
Fortunately the work to date suggests that propellant ballistics can ke

chosen in such a manner that unstable régimes can be avoided.,

¥. Analytical Models

It is expected that the combustion model being developed will make
it possible to predict propellant response to flow perturbation on the
basis of the chemistry of the propellant constituents.

Some success has already been achieved in predicting stability on
the basis of the energy release profile within the combustion wave. It
appears that energy release at the surface or in surface-~coupled gas
phase reactions may promote instability. The model, while an improvement
on previous quasi-steady treatments, can be further improved bv a more
sophisticated approach involving chemical kinetic consideration of

surface and respc..se~-coupled reactions.
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VI  CONCLUSIONS AND FUTURE WORK

The principal conclusions reached in our study are:

1. Combustion reactions associated with the presence of ammonium
perchlorate rather than macro-ballistic behavior have been identified

as a major contributing cause of finite amplitude traveling wave axial
instability in composite propellants.

2. Incipient low frequency (200 - 800 c¢cps) traveling wave type
instability can be avoided by selecting propellants inside a given
burning rate vs. pressure regime.

3. Stable operation of double-base propellants appears to be
enhanced at elevated pressures.

4. An analytical combustion model being developed appears to be

capable of explaining obsgerved propellant behavior on the basis of
propellant chemistry.

Future work will be directed primarily toward elucidating loss
mechanisms in wave propagation in rocket motors. Emphasie will also
be given to further developing the analytical model and identifying the

exact nature of critical processes in the construction of ammonium
perchlorate,
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NOMENCLATURE*

frequeacy factor in Arrhenius law (Bq. 2)

throat area

coefficient in empirical burning rate law, r = DbP
constant defined by Eq. (7)
constant defined by Eq. (22)

constan. defined by Eq. (23)
specific heat capacity of the gas
specific heat capacity of solid

activation energy for vaporization of interface (Eq. 2)

activation energy for pressure-insensitive solid-phase
decomposition reactions (Eq. 9)

activation energy for gas-phase reaction (Eq. 7)
activation energy for heterogeneous or pressure-sensitive
solid-phase reactions (Eq. 8)

frequency

energy carried into gas phase with the vaporizing propellant
per unit mass

energy carried by convection from the unreacted solid phase
per unit mass

heat release (positive) per unit mass propellant in
decompesition reactions (Eq. 9)

heat release (positive) per unit mass propellant (at a
reference temperature and pressure) in heterogenecus reactions

(Eq. 8)

port to throat area ratio

t?ermal diffusivity (of solid unless otherwise specified) =
k/o C

'8 8

thermal conductivity

*Unless otherwise noted, equation numbers refer to Appendix A.
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NOMENCLATURE {Continued)

= heat of vaporization per unit mass of propellant
= order of heterogeneous reaction (Eq. 8)

= order of gas-phase reaction (Eq. 7); also pressure exponent
in empirical burning rate law

P = chamber pressure

QD = energy released from solid-phase surface reactions

Q, = energy released (gas-phase coupled) from heterogeneous
decomposition reactions

Q@ = heat of reaction per unit mass of reactant in the gas phase

r reaction
R = gas constant

r = burning rate
T = temperature
t = time
v =  gas velocity in grain port at nozzle end
¥ = mean velocity of shock front
w = mass flow rate (nozzle end)
X = distance into the propellant from its surface
B = constant defined by Eq. (26)

= amplitude of pressure oscillation (Eq. 24)
€. = fraction of total mass flux at the wall associated with

W reactant (nearly unity at the wall)
= defined on p. 33

A = constant defined by Eq. (10) in text
p. = density of solid propellant

relaxation time

3
1

Subscripts
PL = 1lower deflagration limit

£ gas phase fiame

!

gas phase

g
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NOMENCLATURE (Concluded)
o = conditions at x * o
s = solid phase
w = conditions at the wall (gas-solid interface)
Superscripts
( 7 ) denotes value of quantity prior to pressure disturbance
( AJ) denotes difference between perﬁprbed and unperturbed value,
divided by unperturbed value; ¥ = (r(t) - r)/r.
'ﬁ'}'
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Appendix A

SIMPLIFIED MODEL OF UNSTEADY COMBUSTION IN SOLID'PROPELLANTS
combustion in which it was assumed (a) that gas-phase reactions can be

Denison and Baum!”? have considered a simplified model of propellant i
i

represented in terms of a single reaction of arbitrary order that obeys

Arrhenius kinetics and responds with negligible time lag to pressure

number is unity in the gas phase; (d) that surface vaporizution follows

i
i
disturbances; (b) that there is no erosive burning; (c) that the lewis I
i
i
i
]

an Arrhenius law; and (e) that there are no solid-phase reactions. Their
perturbation analysis determined the response of this modei combustion
process, initially burning in steady state, to a sudden oscillation or
step-change in pressure, and derived stability criteria in terms of
therggchemical parameters of the propellant. Recently this analysis

was extended by Imber,® using the same combustion model, to include

: ' the possibility of a time-varying temperature profile in the grain priorxr

3 to the pressure perturbation, as during ignition; corresponding modifica-

3 tions in the stability criteria were derived. The basic approach taken

in these analyses is commendable, but the results probably are of limited
value owing to the rather unrealistic combustion model, wbich omits what

may be key steps in the combustion mechanism.

4 . To develop an improved theory of unsteady combustion, it seems
desirable to retain the general approach of the perturbation analyses,

while employing a less restrictive combustion model.

We recognize that any model must allow for the presence of solid-
phase reactions and ultimately :(or situations in which gas-phase relaxation
times may not be negligible, perhaps as in surface-coupled gas-phase

reactions. Accordingly, as a first step in developing an improved model

(or endothermic) reactiops are permitted within the solid phase, at or

very near the interface. 1In this idealized model these solid-phase

reactions will be assumed to occur in a surface layer of negligible

e M e

thickness relative to the penetration depth of the temperature profile. :
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E This assumption greatly simplifies the mathematical analysis and is.+
. entirely consistent with the simple Arrhenius kinetics employed to

describe the reaction processes.

The equation governing heat conduction in the soliud phase beyond

the surface react.cn zone is (see section on Nomenclature for definition

————r

of symbols):

T _ ;L L ¥FT
1 -é—t-—r(t) ax+Kax2 (1)

The vaporization process at the wail is assumed to follow an Arvhenius

law so that the burning rate is related to walii temperature as follows:

r = a exp (—E/RTW) (2}

The following koundary condition is imposed upon the temperature:
X - «; T"’To (3)

The remaining boundary condition is obtained through an energy-flux

palance at the s.iid-gas interface. The net heat conducted into the
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unreacted solid propellant from the interface at the plane x =0 is:

- k(%%) = —4k(%§) - psrhg + psrhs +Qy + Q, (4)
w By W w

The first term on the right-hand side of the equality sign represents
the energy coming from tne gas-~phase; the second, the energy carried’
into the gas with the vaporizing propellant; the third, the energy
carried by convection from the unreacted solid phase into the interface;
the fourth, the energy released (positive) in heterogeneous decomposition
reactions at the surface whose reaction rates depend upon the local gas-
phase density; and the lest, the energy released in solid-phase surface
reactions with rates that are independent of gas-phase conditions. It

is convenient to rewrite this expression as follows:
oT oT
- - mo- = - - + +
k(?x>w k<?x) + psr[(Cs cp)'rw L] Q + Q) (5)
/
W

Denison and Baum®® have obtained a solution to the gas-rhase conser-

vation equations by assuming that the complex gaseous reaction process

. can be represented Hy a single-step reaction of order n, where in some

cases n may not he an integer. For now we shall retain their gas-phase
sclution, which yields the following expression for the heat flux from
the gas phase to the wall:
'
- k(Bx) = psr[er Q. - cp('rf - Tw)] (6)

g w

w
This solution also relates the instantaneous flow of reactaut into the
gaseous reaction zone, psr, to the instantaneocus gas-phase reaction

rate, s0 that:

E=

.
Ay

+ 1

r = CP Tf exp (rEf/2RTf) 7

™
wis

Heterogeneous decomposition reactions at the interface will proceed
at a rate proportional to the total mass flux through the surface reaction
zone, p_r. The fraction of this material invelved in the heterogeneous

L T
reaction depends upon the density of the gas-phase reactant and on the

A-3
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Arrhenius law of the reaction. Thus:

¥

m
: - P -
L Q = perH(?;) exp ( EH/RTW) (8)

R Except that .théy .are independent of the gas-phase density at the surface,

‘ the other decomposition reactions (represented here as a single step

reaction, consistent with the gas-phase treatment) follow a similar law:

f QD = perD exp (-ED/RTW) (9)

f Equations (5), (6), (8), and (9) can be combined to obtain:

m
% -k(gg)w= psr[eerr-L - Cpr + csTw + Hn(g;) exp(—EH/RTw) + HDexp(-ED/RTw)]
‘ e
; Equations (1), (2), and (7), with the boundary conditions of Eqs. (3)
and (10), complete the mathematical representation of the combustion model
in terms of the dependent variables Tf, Tw' and r. Owing to the nonlinear
character of these equations, a closed-form solution cannot usually be
: ‘ obtained. Consequently, to avoid unwarranted numerical calculation, we
( resort to a small-perturbation analysis, assuming that each dependent
variable, as well as the pressure, is the sum of a steady and a perturbed

component @

P =P(1 +P
: Tf = Ef(l + Tf)
. T, =T, (1 + ?‘w)
3 r =71 +7) (11)
: P(t) - P .
- where, for example, ¥ is the ratio — << 1. By introducing these

3 expressions into Eqs. (1,, (2), (3), (7), and (10), and retaining only
first-order terms in the perturbed quantities, one can obtain a set of

linear equations. The selution to these equations gives the first-order

LEEAD 113 Tt

response of the combustion mechanism to a perturbation in the chamber

pressure.

SeEavE

Denison and Baum!? and Imber'® have carried out such a solution for

% 1 their simple combustion model, in which solid-phase exothermic or endo-~
|
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thermic reactions are not permitted. In future work it will be shown
that the present problem, in which such reactions are allowed, can be

made mathematically identical to that of the simpler model by suitably

redefining certain parameters. This permits the use of earlier results,
obtained from a rather complicated analysis, to determine the response of

thy present combustion model to pressure perturbations.

An Approximate Solution

Before developing a precise solution, it may be instructive to obtain
an approximate solution corresponding to ..e present combustion model.
The maihematical complexity of the problem can thereby be greatly reduced,
which t.ould facilitate a physical interpretation of the results.

With this objective ir mind, let us integrate Eq. (1) over x to
obtain:

d e _ 36
gof (T - To) dx=-r (t -ty -K (S;)w (12)

To evaluate the integral, which represents essentially the total energy
stored in the grain at any instant, it is convenient to ussume & steady-
state temperature profile,

~-rx/K

As rapid changes appear in the heat flux, the temperature profile shape
will reflect the corresponding small changes in surface temperature much
more readily than it will respond to the much larger simultaneous changes
in burning rate. Thus, for purposes of the approximate analysis, dT/dr
will be neglected. Then Eq. (12) becomes: '

dT
%'&‘t—:—v—{ = - r('l‘w - To) - K(-g'-rx-) (14)
W .

It is worth digressing briefly to note that the assumptions leading
from Eq. (12) to Eq. (14) do not reduce the present analysis to a quasi-
steady treatment comparable to those discussed in the text of this report.

Here the surface temperature has been allowed to vary, and the primary
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transient in the temperature profile has been considered. Moreover, the
possible shift in relative importance of solid- and gas-phase reactions
under transient conditions is accounted for in the present approach, as

no empirical burning rate law is used.

Equations (11) can now be substituted into Egs. (2), (7), (10), and
(14), and terms of equal order collected. Terms of the order of P (or
T&, T&, ;) comprise the unperturbed equations, while those of the order
of ¥ form the 1ineariged mathematical description of the response to

pressure perturbations.

_ggmbustion Without Pressure Disturbances

The equations for undisturbed burning of the solid propellant are:

T =a exp (-E/R'Fw) (15)
nn+1
T = CP°T2  exp (-E_/RT.) (16)
f £ f
dT r r Cc.T H = \m H
K w_ W L Pf_ H P )
% - To + —5 3 o *+ g exp(-E/RT )| — | + z—exp(-E/RT )
r s [] [] s Tw s
Qa7

These equations are nonlinear, and, except by numerical methods, no
solution can be readily obtained. A numerical solution, if obtained,
would describe the "normal’ behavior of the combustion process, i.e.,
the behavior in the absence of disturbances caused, for example, by
acoustical interactions in the chamber. The steady state solution
(dTw/dt = 0) would correspond, within the limitation of the model, to
the behavior usually described in terms of an empirical law sucl as
r = bP". ‘

The FKFirst-Order Response To Pressure Perturbations

The first-order response of the combustion model to pressure tran-

sients is obtained by collecting terms of the order of ratios of perturbed

to unperturbed quantities, i.e., ¥, T, ‘r’w, and "r’f. Coefficients in these
equations may be simplified by appropriate substitutions from Eqs. (157,
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(16), and (17). After considerable algebraic manipulation, one obtains

the following set of linear equations:

¥ (18)
RT
w
E ~ n
N ﬁ;’l‘wﬂzﬁ (19)
T =
f z
where ez Ef
L= g+ —=
2R
Ty
g Ty g faT\ 1 E E) 9 ~
—'—-a-E—= Ll "s:t‘ ""'I'e — - +9D-"— TW
by oy = g o
r w Tw RTW RTw
T oeT, oT. _¢c T, . _ am.
- w_ +:1_—§—-—€-vi r-rza-l-)-_-_—f; +,+r216—H—P (20)
T T r? sT ° T
w w w w
where
m
By P
B = —— exp (-E./RT )| —]; 8, = —— exp (-E_/RT )
CT T CT
S w S w

It is convenient to combine these equations to obtzin the following

differential equation for ¥:

%% - ¢,¥ = C,P (21)
where
T2 By Ey  Cp Tp E/RT, x [ 2E 8T
Cl-—k—— GH —-m +9D—_-_—~-E~:- 5t =2 -1-5E
RT RT s T T r? \ RT w
w w w w
(22)
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Response to Sinusoidal Pressure Oscillations or an Exponential

Pressure Decay; A Stability Criterion

An oscillatory perturbation in the chamber pressure can be expressed

as:

P = ¢ sin wt (24)

where the ratio of the oscillation amplitude to the steady-state pressure

is € << 1. The corresponding solution to Eq. (21), assuming T =0 at

~ C )
r = ——2— [wexpc1t - Cy sin wt - w cos wt] (25)
c? + o
The chamber-pressure decay introduced within the port of a solid

rocket to terminate combustion typically has the form:

P = .exp-Bt -1 (26)
~ A0 p—
(Note that at t = 0, dP/dt = -B, « a -gP.) From Eq. (2i), the
v

approximate initial response of the burning rate to this pressure decay
is:

~ Cz Cyt -Bt Cz2 C,t
Y = 2 b - — - 1
5+ G, (exp .~ €Xp ) + S, (1 -expl?) 27)
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App~ndix B

REFLECTION OF TRAVELING PRESSURE WAVES AT THE
ENDS OF THE COMBUSTION CHAMBER

The general character of the traveling wave phenomena observed in
axial instability studies is worthy of further consideration, particularly
the reflection process at the chamber ends. As shown in Fig. B-1, the
pressure transducer records indicate that the amplitude of a pressure
pulse initiated at one end of the motor tends to grow continuously as the
wave passes through the chamber during unstable operation. This, of
course, corresponds to the transfer of energy from the combustion process
to the pressure wave, which is implicit in an unstable combustion pheno-
menon. More difficult to explain, and probably of greater importancé
in many respects, is the end-wall wave reflection observed in axially

unstable motors.

This reflection is strikingly different from that in a shock tube,
for exsmple. In the latter a plane shock, moving into a region at
pressure p, and followed by a region at pp, where py > p;, ul:imately
reflects from the end wall with approximately the same strength, re-
entering the zone it has just left at pressure p,. Thus, the pressure
behind the reflected shock is pg, where pa/p, ms py/py. In this way the
well-known "‘pressure doubling’ behind the reflected wave in a shock tube
is achieved. Note that the pressure behind the original shock remains
at p, until the reflected shock arrives, and the pressure in the 2zone
behind the latter remains at p, until the arrival of a reflected rare-
faction wave from the other end of the tube. In other words, the
traveling pressure pulse, or shock, in a shock tube is not followed by
an immediate pressure decay, as in the combustion chamber of a solid
rocket motor. Moreover, the pressure wave in the rocket motor reflects
from the ond wall with a somewhat diminished amplitude, in marked contrast
to the pressure doubling in shock tubes. It is apparent that these two
traveling wave phenomena are fundamentally different when viewea from

the standpoint of the gasdynamics of the cavity.
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An examination of the probable effect of the combusticn process and
mass addition on the shape of the pressure front (or shock) moving through
the rocket chamber effords a plausible explanation for this difference.
In the rocket chamber there is a very sharp temperature gradient between
the prepellant surface and main gas-phase reactions just above that
surface, followed by a less steep gradient 2 little farther from the
surface as the reactions go to completion. Consequently, the velocity
of sound, to which the pressure-wave velocity is closely related, though
a little higher, is much higher near the center of the chamber than at
the propellant surface. Also, there is a strong convective flux norxmal
to the surface. Together these characteristics would be expected to
distort the shock shape substantially, with a resulting profile that
probably is similar to the qualitative representation in Fig. B-1.

In the central part of the chamber, where the temperature is high
and nearly uniform, the shock speed tends to be higher than near the wall,
where the temperature is lower and changing. As the wave proceeds down
the port this results in a shock profile such as that depicted as "1" in
Fig. B-1(a). Therefore, at the propellant surface the shock is essen-
tially oblique in character, and the flow is turned away from the surface
in the region behind the shock. Thus a rarefaction wave is formed as
indicated by the dashed line a. This sequence is repeated several times
as shown, with each shock and subsequent rarefaction weaker than the
preceding set. The resulting instantaneous pressure distribution along
the propellant is shown in the upper part of the figure; this also
represents the pressure vs. time plot for a given point on the surface
as the pressure pqlse passes over that point. Owing to the very short
time between pressure peaks, the response of a pressure transducer in
the wall would tend to be more smooth, as indicated. Clearly the
concept of a curved shock profile is consistent with the type of pressure

pulse that has been observed experimentally.

The reflection process provides a second test of this idea. Note
that as the oblique gortion of the shock near the wall is reflected, it

enters the approaching rarefacticn zone behind a almost at once. In
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other words., the reflected shock enters a zone of reduced pressure,
which is entirely different from the situation in a shock tube. Follow-
ing the reflection of the entire curved shock {or shock train), one

can see that the reflected pressure pulse will have about the same

shape as the "original one, and an equal or lower amplitude (with some
losses at the end wall inevitable). Again, this conclusion is consistent

with experimental observations.

In summary, il appears that a pressure front moving down a combustion
chamber has a strong tendency to assume a sharply curved surface, and
that if we assume this to be true the major features of the experimental
results can be explained, at least qualitatively. Further experiments
are planned to ascertain the validity of this concept and to better define

the details of the traveling wave phenomenon.
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