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ABSTRACT

A study was made of the extiuguishment of composite solid
propellant strands at low pressures. Both the extinguishment at a
constant pressure near the low pressure deflagration limit (Pdl) and
the extinguishment during depressurization were considered. The
effects of the depressurization rate, the supplemental heat flux, and
the propellant chemistry on the extinguishment were investigated.

Controlled thermal environments were produced inside a large-
volume combustion chamber by a quick-heating nichrome-ribbon furnace
or by a cooling coil. The steady~state and transient burning rates
were determined by continuously measuring the welght of the strands.

Several catalyzed and uncatalyzed propellant formulations
containing ammonium perchlorate and polyurethane (PU), polybutadiene-
acrylic acid (PBAA), hydroxyl-terminated polybutadiene (HTPB),
psly(laurly methacrylate) (PLMA), and fluorocarbon (FC) binder-fuels
have been used.

Two distinct extinguishment regimes were observed for the
extinguishment during depressurization, signifying two different
extinguishment mechanisms. 1In the high-rate regime, the starvation
of energy in the zone of initial reactions is inferred to be the
mechanism of extinguishment. In the low-rate regime, the extinguish-
ment pressure tock a limiting minimum value independent of the rate

of depressurization, provided the rate was low enough. Extinguish-

Lyl




ment in the low-rate regime appears to have the same mechanism as
extinguishment observed in constant pressure experiments at or below

the low-pressure deflagration limit (Pl ). That mechauism involves
<

1
a self-excited, intrinsic instability, manifested as oscillations in
burning rate, which develops in the combustion zone and eventually
leads to extinguishment.

A large augmentation of the burning rate and flame temperature

near the P, and a significant lowering of the P

d1 was made by a

dl
moderate external heat flux, indicating that low-pressure burning
behavior of propellants is strongly iufluenced by the thermal

envircnment of the combustion chamber. If the near~linear relationship

between the extinguishment pressure and the external heat flux is

extrapnlated to zero pressure, one obtains an intercept heat-flux
value of about 1.0 cal/cm2 sec, which is inferred to be the minimum
feedback heat flux required for combustion. The corresponding effective
furnace temperature, about 650°C, is interpreted as the least effective
surface temperature at which combustion can occur.

The very low rate of the low-pressure burning permit, the details
of the polymer chemistry to emerge as important variables, because,

when heated slowly, the polymers may undergo characteristic low-

temperature, combustion-modifying changes. Polymer melting accompany-

ing depolymerization is responsible for the high Pdl of fuel-rich

propellants containing PU and PLMA polymers.

All the propellants considered exhibited oscillatory burning at a

constant pressure near their P which leads to extinguishment below

dl’ -
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the Pdl' Unimodal-AP propellants showed a single mode of oscillations.
Bimodal-AP propellants showed two modes of oscillations, whose periods
were proportional to the thermal wave tiwe. The Denison-Baum model,

one of the so-called '"one dimensional' theories of combustion stability,
faills to predict the observed periods of oscillation with reasonable
values of kinetic and thermochemical parameters. It is proposed that a
successful theoxy start with the proposition that oscillating gasifi-

cation rates of the two main propellant ingredients are out of phase.

xviii
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CHAPTER T
INTRODUCTION

Difficulty in combustion termination is one of the major disad-
vantages of solid propulsion svstems, especially if restart capability
is desired. Several methods of combustion termination have been
develcoped to help design a controllable motor. Rapid depressuriza-
tion and exploitation of L* instability are two approaches. However,
as the modern rocket technology advances, these methods become inade-
quate for an extremely fast-burning propellant system or a large rocket
booster because of severe requirements in nozzle design. There is
another mode of extinguishment; reduction ot pressure below the so-
called low pressure deflagration limit. The lowest pressure at which a
solid propellant sustains combustion is termed the "low pressure

deflagration limit (P,.)." Although such a limit is inferred from

| dl
practical experience and the concept has oriented some research

groups to develop propellants with a high (even above atmospheric)
apparent Pdl’ there are some fundamental questions yet to be answered.
Is there, in fact, a Pd1 which is an intrinsic property of the propel-

lant? The negative answer is generally given because it is found

that the P, . values observed arc very much [nfluenced by the experi-

dl
mental arrangements. Nevertheless, the concept of the pdl may be

useful as a measure of the extinguishability of solid propellants at

low pressures just as the flammability limit of gaseous mixtures,



being determined by standardized evperimental procedures, has proven
to be a reliable safety guide.

I'f the steady operating pressure of a rocket chamber is dropped
below the low pressure deflagration limit of the propellant, combus-
tion ceases. The rate of depressurization is not critical if small
enough, but it it is large, it may result in extinguishment before
is reached. Since depressurization rate can thus affect results,

pdl

a true Pd] must be determined in o burner in which pressure is con-
trolled independent or the mass rate of burning. A large volume
strand burner is adequate for this pnrpose but the inherent lmita-
tion of nounadiabatic conditions plagues any direct application of

the strand bomb data to the motor design. In this study the simula-
tion of rocket motor conditions in a strand burner was attempted by

a quick-heating furnace inside the burner chamber. This apparatus
allows us to perceive also the intrinsic instability of the combustion
wave of solid propellants.

Besides the practical purpose of helping design of the controll-
able motors, this investigation takes the advantages of the extended
thermal wave to study the fundamental processes governing composite
propellant combustion in general.

From the literature survey, it is noted that closely standardized
experimental procedures should be employed to obtain reproducible
Pdl data. Also noted is that heat losses may affect the low-pressure
burning and extinguishment. During the course of this study, it has
been observed that the burning of solid propellants near their Pdl

is oscillatory and vory susceptible to pressure disturbances.  Thus,



in this study, Pdl is regarded {rom various points of view: as a

steady~combustion limit, as an intrinsic instabilf{ty, as a feature

of non-adiabatic burning, and as a limiting extinguishment pressure %;'

during depresaurization,

The program of this project proceeds with the study of steady

burning behavior at low pressures and P,  measuvement in Chapter IV,

dl
The intrinsic instability is discussed in Chapter V. In Chapter VI,

the effect of external heat flux on the burning and extinguishment

Lt \!dmwu b el o i dul

at low pressures is explored. An investigation on the transient

burning during depressurizetion at low pressures is described in 3

Chapter VII. 1In Chapter VIII, an effort 1s made to extend the study

el I gl

on depressurization extinguishment to higher pressures, and the

relignition phenomenon after depressurization extinguishment is

PRTINT T~

considered.

D ult

Reliable experimental data are the first requirement. Develop-

ment of theory 1s deferred until after accumulation of a body of

o Ll .

reliable data, and then has more a raticnalizing than an innovative

T

character. In Chapter 1I, a thorough literature survey on the low

e il ..

pressure limit is made. More extensive discussions of the relevant

literature are found in the background section of the several

chupters.

wtd L

To avoid complexity, the general apparatus common to varicus
phases of this study are described in Chapter III. Only the necessary
part of the experimental procedures for the explanation of the results
is presented in each chapter and the details of each procedure and

the calibration data are found in Appendix C.
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flecause of the Targe volume of data to be presented, figurcs
and summarized tables are placed at the end of the maln text. The
supp lementary numerical data for the figures and tables are shown in
Appendix G. The composition of all the propellents adopted in
this study and the thermophysical properties of the propellants
used extcnsively are found in Table B,1 and B.II of Appendix B
respectively. Supplementary studies on intermittent burning behavior
of a PU propellant in a furnace, measurement of burning-surface

temperatures, and the electrical properties of burning propellants

appear in Appendices D, E and F, respectively.
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CHAFTER 1T

REVIEW OF RELATED WORK

Little work has been done on tbe pressure deflagration limit
of composite propellants. The investigation on ammonium perchlorate
(AP) has generated some useful information on the general features
of the phenomenon. Further fundamental aspects of the problem are

found from the works on flammability limits of gaseous mixtures.

A. FLAMMABILITY LIMIT OF COMBUSTIBLE GASEQUS MIXTURES

The pressure or concentration limits of gaseous mixtures have
been determined experimentally by standardized experimental procedures
[39, 46, 79]. Although these limits are useful for a safoty guide,
it has been argued that the limits may not be fundamental properties
of the mixture by the fact that the measured values are too much
dependent upon experimental conditions [43, 79]. Early investiga-
tors [78, 110] have tried to explain the flammability limit in terms
of flame-front instability to small disturbances from steadv state
within the adiabatic plane wave model. Spalding [1iv], however,
clearly presenied that evein a targe disturbance cannot extinguish a
flame In an unlimited one-dimensional system without heat losses and
developed a radiation-heat loss theory. The heat-loss theory still
remains the only successful approach to the problem within the frame-
work of one-dimensional flame propagation [79, 132]. However, the

radiation-heat-~loss theory fails to explain many of the fundamental



features of the phenomenon [43, 79]. After an in-depth analysis of

the problem, Lewis and von Elbe [79] suggest a mechanism of flame

B. PRESSURE DEFLAGRATION LiMIT OF AMMONIUM PERCHLORATE
There are numerous studies on the deflagration of ammonium perchlo-

rate (AP) and some experimental data on the limiting pressures are
available {1, 2, 5], 66, 77}. Friedman, et al. [52] studied the
pressure deflagration limit of pressed AP strands. Go/no-go ignition
tests with ignition oy a heated nichrome wire was used to determine
the Pdl of AP strands with the cross-sect:.on of 4 mm by 4 mm. The
lower deflagraticn limit was found to be very sensitive to AP particle
size and the initial strand temperatures; the Pdl increases as the
particle size is decreased and as the initial strand temper:ture is
decreased. The Pd1 of AP strands with a wide distribution of particle
sizes was 45 atms at the ambient initial temperature. In a subsequent
study, using a much more efficient ignition technique, Levy and Fried-
man [77] were able to reduce the Pdl of AP from 45 atms to 22 atms.

They also found that a small amount of copper chromite powder

catalyst increases the P.. markedly; so does a small amount of plati-~

dl

num black. An external radiation flux about 10 cal/cmzsec was

needed to reduce the Pdl of AP from 22 atms to atmospheric pressure,

In gumming up their results, Levy .nd Friedman pruposcd that the radia-
tion heat loss from the burning surface could account for the Pdl'
Arden, et al. [2] has found AP can deflagrate at atmospheric pressure

if the sample is preheated to about 280°C or a small amount of fuel

is added to give a final flame temperature of about 930°C. Jacobs and

el e e e 1 e
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Whitehead [66] summarized experimental data on pressure limits of AP

~_1n their recent review on decomposition and combustion of ammonium

perchlorate, iancluding many Soviet works:

1. The lower limit is predictably depeundent on strand

size, being lower for strands of large diameter;

2. The lower limit is also decreased by increasing the

strand density or by increasing the particle size

of AP used to form the strand;
The lower limit can be reduced to 1 atms or lower by

heating f AP or by the incorporation of catalysts.

A theorectical explanation of the Pdl of ammonium perchlorate

was attempted by Johnson and Nachbar [70) on the basis of the experi-

mental findings of Friedman, et al. described above. The radiation-

heat-loss theory first applied to solid-propellant systems by
Spalding {120] was advanced with the assumption of a rate-controlled
surface condition. Their calculation shows that the theory predicts
Pdl due to heat loss only when a large amount of unaccountable heat
logss is added to the radiaticn-~heat loss from the burning surface.

This result casts some doubt on the validity of the radiarion-heat

loss theory. The same doubt was evoked by the experimental results

of Horton and Price [61] who found that the more nearly adiabatic
condition with the burning Inside hollow grains did not lower the
Pdl of AP.

Recent observatlions of the burning surface using a scanning

electronmicroscope have helped the combustion modelling and the inter-

pretation of experimental results on Pdl of AP {16, 18, 61]. A
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molten layer entrapping gas bubbles was observed to exist on the

surface of burning AP at 20 - 50 atms. BRoggs [16] deduced that this

frothy liquid layer would provide an excellent site for energy

transfer and pseudo-condensed phase reactions. Watt and Petersen

“[131] developed a technique measuring the Pdl dependency on the

initial sample temperature and found the limiting pressure was the

same for AP single crystals and pressed pellets in both nitrogen and

“"helium. They explain that the limiting condition Is a unique property

of AP and it could possibly be related to the molten surface zone.

Recent theories on AP deflagration 11, 54

4, 82] all evmphasize the
importance of condensed phase reactions. Guirao and Williams [54]
have developed a model of AP deflagration cunsidering exothermic

condenscd-phase reactions in the liquid layer, coupled with the exo-

thermic gas-phase reactions. They conclude that 70 percent of heat

rtelease occurs in the liquid layer, and further, that the Pd1

to the drop of surface temperature below the meltring point of AP,

is due

approximately 560°C [38, 59]. Beckstead, et al. [11] also adopt this

melting temperature-limiting view in applying their three-dimensional

flame model to the AP deflagration. Their model calls for a heat

2 : ;
loss of more than 200 cal/cm sec to account for extinguishment at

the observed Pdl'
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C. PRESSURE DEFLAGRATION LIMIT OF COMPOSITE SOLID PROPELLANTS

On the deflagration limit of composite propellants only a few
investigations have been reported. A slow depressurization method
has been adopted to measure the limiting pressures by most investi-
gators.

During the effort vf developing high pdl propellants for the
controllable motor application, Peterson, ¢t al. [100] have made an
extensive study to find the effective way of increasing the Pdl of
composite propellants. Since their main goal was to formulate propel-
lants which have the Pdl higher than the atmospheric pressure at sea
level, mostly aluminized polyurethane systems have been considered.

; The Pdl dependency on the ingredient kind, level, size and shape
; g has been explored. Thelr results indicate that increased Pdl is
H obtained by: 1) increasing binder level 2) replacing hydrocarbon
3 binders with oxygenated binders 3) increasing aluminum content

3 . 4) using small particle size oxidizer 5) coating AP with fluorocarbon

polymer. Further studies for high Pdl propellants have been carried

out by Peterson, et al. [99] and Reed, et al. {108, 109] and some &

] 7 mechanistic explanations on the effect of each ingredient on Pdl have 3

been attempted. Because too many compositional factors were con-

sidered simultaneously, definite conclusions are hardly to be drawn.
Most of their explanations on the contributory effects of ingred-
ients on Pdl appear tc he reasonable, but some are dubious, or at

best vague. For instance, the abnormally high P (several atms) of

dl

PU propel tants compared with polybutadicne propellants was oxplained

in terms of the blpgher heat of combustion and the greater reactive-

ness of polybutadiene bionders [109, 110]. The significant effect of




10
fine AP on increasing Pdl in PU systems was inferred to a shallow

7 deflugration region due to light scattering [108].

Wovlridge, et al. [134] reported some experimental results on

the Pdl of prupellants fueled with polybutadiene-acrylic acid- i
acrylonitrile (PBAA-AN) and polyurethane. They concluded that varia- i
tion in AP level, aluminum content, and ferric oxide did not change :%
the Pdl from the range (.06 atms to 0.11 atms for PBAA-AN propellants., Eé
The use of potassium perchlorate in place of AP was shown to increase 1
Pdl of a PBAA-AN propellant to 1.6 astms. A PU propellant of 80 per- é

cent AP is listed to have pdl of 0.11 atms. Generally, the burning

rate catalysts tend to devrease the Pdl of PBAA-AN and PU systems.

Some interesting observations on the tow pressure deflagration

limit have been made by Steinz, et al. [123) during their study on

the steady burning mechanism of composite propellants. It is empha-

E

sized that the binder meltability plays an important role on both

|
ol

the steady state burning behavior and the extinction of composite

propetlants. They considered that the binder melting behavior is

responsible for the high P

a1 of PU propellants and the ' around

0.05 atms of normally burning propellants with non aelting binders

_Mmemmmmmmmmmuﬂmmdih

is mainly caused by convective cooling by entrained ambient gases

together with a decrease in combustion efficiency at reduced pres-

S Lol e

sures., Not much data to support their views have been reported.

S

Inclusion of the radiative heat loss to their theory predicts P of

2

d]
an order of lower values than 0.05 atms.

Still there have bcen some attempts to explain Pd1 of composite

propellants on the heat loss arsument. Chaiken [24] trled to explain

the extinction pressure of composite propellants by the extension of .

e Sy
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his thermal-layer theory with the inclusion of heat losses. His

--:development merely emphasizes that any combustion model can predict

the existence of a pressure deflagration limit if heat loss term {is
”introduced. Cookson and Fenn [37] measured the effect of sample
cross-gectional area on the Pd1 of pnlysulfide propellants in a
strand burner, using the slow depressurization methoed. The Pdl is
sharply increased as the sample cross-sectional area it decreased,
indicating that the contribution of conductive and convective heat

losses is significant in determining P( However, comparing the

1’

extrapolation of Pdl values to infinlte strand size and the cxtrapo-

lation of Silla's burning rate data [118] to zero burning rate, they

inferred t.at heat losses might not be the only cause of Pdl'
Thus far, the works on the pressure deflagration limit have

been reviewed on the basis of compositional effects and the heat loss

argument. There has been advanced another explanation of the pres-

sure deflagration limit. It is suggested that a self-excited mode of

instability can lead to the extinguishment of a steady deflagration

at a constant pressure.  The combustion Instabitlty theory developed

by Denison and Baum [42] has shown a criterion under which a solid

propellant combustion beccmes unstable without stimulus by pressure

perturbation. Soviet investigators [133] have long been interested in

the stability of solid propeliant combustion itseif without any coupling

of external pressure disturbances. The physical and chemical parameters

of the propellant determine the stability criteria. Although the para-

meters appearing in their model such as the burning surface temperature

are difficult to measure within a desired accuracy, their concept

deserves consideration.
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A comment is necessary on the methods of determining the Pdl of
solid propellants. Most {nvestigators have used the slow depressuriza-

tion method because of the extreme difficulty of ignition at low pres-

sures near the detlagration limit. Scome investigators [37, 69, 123]

observed that the combustion of propellants near their Pdl was very sus-

ceptible to the rate of depressurization. Investigators adopted a dif-
ferent rate of depressurization which was satisfactory to their experi-
mental purpose in determining the low pressure limit. As it is certaln
that the rate of depressurization does often affect the measured value
of the deflagration limit, a thorough study is necded on th.!s subject.

Moreover an extension of this study to the higher rates of depressuri-
zation may reveal some important aspects of the response of low-pres-

sure combustion to pressure transients,.

D. EXTINGUISHMENT DURING DEPRESSURIZATTON AT LOW PRESSURES

A large volume of work is available on the extinguishment of
solid propellants via rapid pressure excursion. After Ciepluch's
earlier experimental works [27, 28, 29] and von Elbe's theoretical
explanation {128] on the subject, numerous investigators :.'e
attacked this probiem. Some of the major arguments have been
centered on the usefulness of von Elbe's form of the extinguishment
criterion. It expresses that there is a critical ratio of the charac-
teristic times {for depressurization and for the relaxation of the
thermal wave) which is proportional to the exponent in the steady-

burning law, or

rz/a

* /2 o _n . -
-(dfn p)/dt A (11-1)

i — o .




—‘W.~

Vi

e d

13

In this equation r {s the steady regression rate at pressure p;

a, the thermal diffusivity; p, pressure at time t; and n, the burning

rate exponent. Depending upon the author of the treatment [94, 96,
127), A ctakes the value of 1/2, 1 or 2. Criticism of this expres-
glon comes from the fact that this equation does not have a sound
physical basis [86, 135] and moreover it fails to predict the extinc-
Fion behavior of the catalyzed propellants [44, 83]. Von Elbe and -
McHale [129] by modified strand burner tests, and Jensen {67, 68]
by motor tests, respectively, have shown that Eq. (II-1) predicts the
extinction behavior of some propellants quite well and emphasize the
merits of the simplicity of that expression.

More rigorous theoretical treatments of this problem have
been uﬁdertaken by Horton, et al. [60], Woolridge, et al. [135],

Merkle, et al. [86], and Coates and Horton [32, 33]). All of the

authors have solved the transient heat conduction equation in the
golid with different laws for transient heat feedback from the gas
phase to the burning surface, claiming that their theories predict
the extinction behavior of solid propellants very well. Since the
uncertainty in the physicochemical parameters is not easily resolved,
these theories need further examination. The evaluation of these é 3

theories is not in the scope of this work. What is concerned in this .

program is the findings of others that the extinction 1is most sensi-
tive to the last part of the depressurization history or the final
system pressure itself. Ciepluch's results (27, 28] with rapid

depressurization indicate that the effect of initial pressure is mild

on the extinction requirement, and the final pressure attained is

important in determining whether extinguishment is permanent or is
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~ followed by spontaneous reignition. A series of workers at the ' "";;
University of Utah have found the initial pressure produces little 3
effect on the extiuction requirement of a strand in a rarefaction o
tube during depressurization (4, 44, 83, 112]. Instead the final
dump~tank pressure decides the extinguishment-no-extinguishment ;
criterion within 0.0l atms [4, 112]. Woolridge, et al. [135] also
reported that a motor extinguishment dur.ng depressurization was
very sensitive to the final dump tank pressures.

What all these experimental results suggest is that the extinc-

tion during depressurization occurs at the final sctage oS the
pressure history near the final dump tank pressure, when the nozzle
is dechoked. The vital importance of low pressure processes near

atmospheric or subatmospheric pressures is conceivable.

E. SUMMARY OF LITERATURE REVIEW
1. On the deflagration limit of composite propellants
there have becn accumuilated too few reliable data to ii
support a theory of extinguishment. Moreover, the
data taken by different investigators are not compatible
with each other due to non-standardized experimental
procedures.
2, Analytical approaches for Pdl based on heat losses have
pot been successful in predicting the measured value of
Pdl' The instability model appears to be promising,

but may require heat loss considerations 1if Spalding's

argument is accepted.




v

3.

Certainly heat losses lmpose a significant influence
“on the extinguishability of a strand burning at low
pressures, although they may not explain the
pressure deflagration limit.
The extinguishment of solid propellants by rapid
depressurization appears to be dominated by the low
pressure combustion processes. Hence, the information
on the response of the low pressure burning to presgsure
transients is necegsary to understand the extinguishment

during rapid depressurization.

15
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CHAPTER III
GENERAL FEATURES OF EXPERIMENTAL APPARATUS
A. COMBUSTION CHAMBER AND ACCESSORIES

A combustlon chamber, schematically shown in Figure III.1, was
specially designed for low-pressure combustlon studies and used
throughout this investigation, except for the tests on the rapid
depressurization and reignition study. The chamber consisted of a
dome and a base which fitted together by flanges., The base, 25 cm
i.d. and 13 cm height, had eleven threaded holes on the wall for the
gas and electrical connections, including a 1-1/2-inch ticcing for
the exhaust line. The dome, 25 ¢m i.d. and 31 cm height, was
equipped with three 5 cm diameter windows, two on the side wall and

one on the top. An overhcad pulley system with a counter-welght

was utilized to facilitate handling the dome. The chamber was made

of mild stecl, plated by nickel to minimlze corrosion. The chamber
embraced 20 liters of free volume which gave enough room to put the
necessary apparatus inside. Moreover, the large chamber volume was
necessary to eliminate any possibility of dyuwamic coupling between
chamber gases and combustion or the discharge of gas at low pressures.
Inside the chamber a stand made of micarta plate was installed to
support the electric terminals and the sample holder. There was also

contalined a fixture for a fast heating furnace or a cooling coil

(described tater in this chapter).
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The flow diagram for the combustion chamber is shown in Figure
C.1. There were twuo exhaust systems, main and auxiliary. The
1-1/2-inch diameter main exhaust line included a main orifice, a
quick-opening ball valve of one inch port, and a large dump tank,
1,300 liters in volume. The auxiliary e¢xhaust line depressurized
the combustion chamber through an auxiliary orifice and a 3/8-inch
needle valve operated by a quick acting pneumatic cylinder. The

auxiliary line had a half inch diameter and the auxiliary dump tank

had a volume of 120 llters. To draw the necessary vacuum in dump

tanks, a Nash Hytor Vacuum Pump was utillzed in series with a

No. 2-26-6 Nash Alr Ejector. Without gas generation inside the system,

the vacuum could be drawn to as low as 0.016 atms. However, during

experiments with a propellant sample burning inside, 0.02 atms was
about the minimum attainable.

Compressed air admitted through svlenoid valves was used to
drive the pneumatic actuators. Nitrogen was introduced to purge the
force transducer and the sample, when necessary. A pressure trans-
ducer was mounted on the inner wall of the combustion chamber.

The electric clrcult diagram for the combustion chamber is

shown in Figurce C.2. The circuit had two control pancls, local and

remcte. The remote control panel was located outside of the tunnel

in the control room, and was used when tests were carried out with the

chamber pressures more than 10 atms. Relays, timers, and a pressure

switch were arranged so that a test by the predetermined cycle could
be carried out. Hand operation was also possible by continuously

monitoring the relevant switches, if necessary. A variac was

utilized to supply the appropriate voltage to the ignition wire.

|
%
E
L
4

%

i

!

Mu.}mwwum‘.m e



18

o A pyrofuse wire or a nichrome wire was used for ignition. For
detalled information on the flow control system and the operation of

the control circult, refer tv Appendlx C.

B. FORCE TRANSDUCER

o e

A Stathan Model UC3 force transducer was adopted to measure
the burning rate continuously. Figure I1I1.2 shows the schematic
diagram ot the sample mounting on the force transducer. To prevent % {
any damage by the corrosive combustion gas, the head and the chamber
of the transducer were continuously purged by flow-controlled nitro-
gen which acted as a cooling gas around the cample edge. A micarta
r>wmt was inserted between the aluminum sample holder and the trans-
ducer head to prevent it from being heated by the flame and the
furnace.

A recoll-force compensator was used when the transient burning

R

rates were measured, It had the shape of a flat umbrella. The tup i '{
plate, an aluminum disc of 5 c¢m diameter and 0.16 cm thick, was
connected to the sample holder by four thin stainless steel rods. The E ’
distance butween the plate and the sample holder f{s 6.5 cm. The

fast moving combustion products struck the top plate and were deflec~

o ——— ¢

ted horizontally, exerting an upward force which compensated for

the downward force resulting from the initial acceleration of the

———
1k

burned gases. The transducer thus detected only the weight of the

E sample. When the compensator was not attached, the transducer N

g

detected the recoil force in addition to the weight.

The electric circuilt schematic diagram for the force transducer

is shown in Fipure C€.3. The ofrcuit was specially designed to -
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signal a zero output for the preload of the sample holder. A low
pass fllter was also designed to filter out the noise signal due to

the natural frequency of the transducer and welight system which was

around 100 Hz.

C. QUICK HFATING FURNACE AND COOLING COIL

To simulate the thermal conditions of a rocket motor in a
strand burner, a quick heating furnace was nceded. 1n Flgure ITI.5
a schematic and wiring diagram of the quick heat tng furnace 1s
shown. It was a vage of nichrome strip wound ¢n a frame made of
alumina tubes and transite plate. The heating element, nichrome
strip, was su thin that it was possible to raise the temperature to
700°C within 20 seconds. The highest temperature to be obtained was
about 900°C. The desived temperature level of the nichrome strip was
maintained by a1 Leeds and Northrup three-mode temperature controller
along with a SCR clectronic switch, A few degree of fset was noticed
between the sct temperature of the controller and the actual tempera-
ture but generally the pertormance of the controller was excellent.,
The bead of 0.0] inch diameter chrome) and alumel thermocouple was
directly welded on the nichrome strip at the position approximately
7 com from the top plate.

A hinged fixture of aluminum which held the furnace made 1t
easy to remouve and relocate the cage cver the propellant strand.
The distance the sample protruded inside the cage was approximately
2 ¢m. The nichrome strip did not cover all of the hemi-spherical
onclosure surtace a burning surface would sece. Moreover, the

temperature distribution over the nfchrome surface was not uniform

i s A |

i

"

o




e e e e e e

20
7 Que to the natural convection, so that the calibration of the furnace

was necessary. Later, a radiation reflector made of polirhed aluminum

sheet (0.16 cm thick) was utilized to increase the furnace efficiency.
The radiative heat tlux rveaching the position wherc a propellant )
surface would be located was calibrated by a Hy-Cal Engineering

Caloriwmeter (Model C-1301-A-120-072) in terms of the actual furnace

wall temperature. Figure C.6 shows the calibration data alcng

with the black-body emissive power. By means of this figure i: was

possible to assign an effective black~body wall temperature corres-

ponding to the measured furnace wall temperature. The variation of

flux intensity at different distances fror the bottom plate wac :
rather small so that it was assumed to remain constant during the

regression of the burning surface.

For experiments not using the furnace, the thermal surroundings

were maintained at a fixed temperature by replacing the furnace with

a cocling coil shown in Figure I11I1.7. The coll consisted of tightly

wound quarter-inch stainless steel tubing, the side wall being a

helix of 7 cm diameter and 19 cm height and the top being a spiral

;
of 10 com diameter. The temperature of the coil was maintained at a ;

constant level about 15°C by a continuous flow of cooling water.
Thus, the burning surface, located near the bc:tom of the coil, saw

nothing but the wall of the temperature-regulated stainless steel

tube.
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D. SMALL-L* BLOW-DOWN CHAMBER AND ACCESSuRliks
For the rapid-depressurization extinguishment and reignition 7 . ;%
iistudy, a small test chamber as shown in Figure III.8 was used in
conjunction with a short (30 cm long) rarefaction tube and &n orifice,
The chamber and tube were originally designed and used by Schulz {112].
The combined chamber, in 5.3 c¢cm 1.d. and 44 cm long, was conveniently
termed a small-L* blow-down chamber because it was not used as a
rarefaction tube but as a blow-down chamber, in which at high pressure
a series of small rarefactions approximates a continuous depressuriza-
tien tory. If there is sonic flow in the throat, the pressure~
time curve can usually be adequately represented as a decaying
exponential. If the nozzle flow is subsonic, the ambient (in this
case, dump tank) pressure also affects the pressure history. The
fractional rates of depressurization for sonic nozzle conditions were
calculated for all the orifices employed with the assumptions of
{sothermal blew-down conditions and 1deal nozzle and are given
in Table C.III. "his small-L* chamber, approximately one liter in
volume, could produce a fractional rate of depressurization as high
as 350 sec—l when incorporated with orifices as large as 4.82 ca
in diameter.

The sudden pressure drop was achleved by bursting a cellulose

ok il

acetate diaphram, mounted at the end of a connecting tube of 30 cm

length, by an electrically operated plunger. The cellulose acetate

diaphram of an appropriate thickness was chosen for a given initial
pressure. The exhaust line consisted of 2-inch pipe and a 2-inch

port gate valve. The length of the exhaust line from the diaphram
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to the main tank was approximately 60 cm. A cooling coil was wound

"~ “around the rerefaction tube to restore the tube quickly to original

room temperature after each run, Cooling water at 15°C flowed

continuously. Between tests, the small-L* chamber was purged with

compressed air to quicken its cooling. The electric control ciccuit

for combustion chamber was also used for the small-L* chamber operation
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e CHAPTER 1V

STEADY BURNING BFHAVIOR OF COMPOSITION PROFELLANT

STRANDS NEAR THRIR LOW-PRESSURE DEFLAGRATION LIMITS

A. BACKGROUND

Since the pressure deflagration limit is a boundary between
the stable and the unstable combustion regimes, it is meaningful to

see how the stable burning at higher pressuires degenerates to the

unstable regime at low pressures.

The burning rates of composite propellants at subatmospheric

pressuree have been measured by several investigators [49, 101, 118,

123].
data.

Veielle's Law, r = a P".

Generally, burning rates are reasonahly well represented by

upon the type of the binder, ranging up to very close to unity.

Ohlemiller and Summerfield [92] observed that s« large amount of

AP was ejected from the burning surface of PBAA-fueled propellants

at low, subatmospheric pressures.

The amount of AP ejected was, in

Not much information can be obtained from others' burning rate

The burning rate exponent 1s much dependent

some experiments, nearly 50% of the original content in the catalyzed

propellants. Steinz, et al.

[{123) remarked that the combustion of

composite propellants at subatmospheric pressures 18 very inefficient

due to the evolution of white fumes containing 25% ammonium perchlo-

rate and 55% ammonium chloride, as well as the ejected AP particles.
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The burning surface temperatures at low subatmospheric pres-
“sures were measured by Powling [102) and Most [referred to in 123].
At about 0.05 atms the hurning surface temperatures of AP-parafor-
maldehyde composites were around 400°C according to Powling and those

- of polysulfide propellants were reported in the range of 250-300°C
by Most.

In this work, burning rates and flame tcmperatures were measured

for several propellant .,stems at low pressures. A preliminary study

on burning-surface temperature measurement was made. Standardization

of Pdl measuremenc and the effect of composition on Pdl were sought.

B. EXPERIMENTAL PROCEDURE

1.  Burning Rate Measurement

Burning rates were measured from the weight vs., time record of

the combustion carried out at constant low pressure. Samples 1.25 cm

X 1.25 cm in cruss-section and approximately 2.4 ¢m long were

inhibited on the sides by Krylon acrylic solution, or later by Kel-F

#90 grease. Ignition was achieved by pyrofuse of nichrome wires. The

transducer and the sample edges were continuously purged by nitrogen

at a low flow rate during a test. A cooling coil was inserted inside

the combustion chamber tou maintain constant thermal surroundings.

The pressure was measured by a pressure transducer. At least two

runs were made for each of the experimental conditions employed.

2. Go/no-go Test for Pdl Measurement

During the preliminary study, the slow depressurization method

was adopted, as by most other investigators. A propellant strand

was ignited at a pressure where ignition was easily achleved, and
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the system pressure was slowly decreased until extinguishment
‘occurred. The extinguishment pressure was found to be very much - 7é¥}
dependent upon the rate of depressurization. To obtain a winimum
asymptotic value of extinction pressure for slow-burning propellants,
extremely small rates of depressurization were required. Moreover,
for irregularly burning, high Pdl propellants, this method failed

to give reproducible extinguishment pressures, values sometimes

being even lower thuan the steady pressure at which the sample would

sustain burning. Thus, a go/no-go test at a fixed pressure had to 3

be devised. ;

sl

In further preliminary experiments (described in Appendix A),

it was established that heat losses from edges of the burning

surfaces were not significant in quiescent ambient gas if the surface

T T

was 1.2 cm square or larger. It was observed that inhibitor material
on the sides of the strands had a detectabie influence on the
extinguishment pressure. A thin film of Krylon was selected as
standard. 1t was also observed that extinguishment pressures were
different if air rather than nitrogen was used as ambient gas.

Nitrogen was used thereafter. At first no effort was made tc control

the thermal surroundings, ambient gas and the chamber wall. Later,

a cooling coll was inserted inside the chamber and the effect of

thermal surroundings was noted. With these standardized experimen-

tal conditions, the Pdl of a propellant was measured in the following

é : The pressure was adjusted to the desired level in the combustion %
clhiamber and the connected large vacuum tank.  The Igniclon was achieved
by o nfchrome vesistnnee=heater tilament one mm {rom the expesced :
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propellant surface. Even at pressures below Pdl' ignition could be
achleved because of the thick heated zone developed in the solid by
the slow ignition process. Ignition voltage was adjusted during
the course of the ignitiun transient by a variac. During the slow =
heating stage, approximately 5V was applied for 20 to 30 seconds.

1f ignition did not occur after 30 seconds, the voltage was increased

to about 8V. After ignition, the ignition power was reduced to

about 4V, and maintained there until the flame spread all over the

surface and a steady deflagration was established. Then the power

was slowly reduced to zero. Initial burning was promoted by the

stored energy and by the radiation heat feedback from the heated

nichrome wire. The transient burning ordinarily ceascd after the

surface regressed about 6 mm, the estimated thickness of the preheated

zone, if the pressure was far below the pressure deflagration limit.

At pressure close to but slightly below the deflagration limit, the

surface continued to regress beyond 6 mm, aided by the weak radiation

from the heated wire, but deflagration stopped at a position of

10 mm to 18 mm, depending on the pressure level and the propellant

kind. A slower-burnlng propellant deflagrated a little farther

before {t quit burning, verifying the effeet of radlative heatr filux

on the secondary stabllization of combustion. TIntroduction of the

electric power In the ignition wire detectably increased the dis-

tance burned. However, the pressure difference between the burn-out

and the pressure at which a propellant deflagrated about 12 mm was

negligible for most propellants, indicating that the radiation

effect diminished quickly as the surface regressed from the igniter
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wire. Thus the extinguishment pressure and the burn-out pressure

- could be identified with the burn~out pressure corresponding to

10 to 18 mm of surface regression.

3. Flame Temperature Measurement

Pt and Pt-10 percent Rh thermocouples were used. A 0.005-inch
Pt wire and a 0.010-inch Pt-10 percent Rh wire were welded together
~with an oxygen-acetylene mini-torch. The bead portion of the
thermo junction was coated by silica to minimize combustion catalysis.

The size of the coated bead was about 0.6 mm. A radlation correc-
tlon was necessary to get the true flame temperature. 1f the bead

is assumed to be a sphere, the following relationships can be

derived [107]:
AT = 1.36 ¢D TC_ 4 _ Nzﬁ_ “ (1V-1)
kNu 1000 1000

Nu = 2.0 + 0.6(Re) L Z(pryt/3 (1IV-2)

where AT is the difference between the real flame temperature and
the thermccouple temperature °C; ¢, D, and k are emissivity, bead

diameter in c¢m, and thermal conductivity in cal/cm sec °K of the

1
i
]
3
f
-
3
3

thermocouple, respoctively; Nu, Nusselt number: 1., the thermo-

o i

couple temperature, °K; Ta, the temperature of the surrounding, °K;

Re, Reynolds number; Pr, Prandtl number. The emissivity of silica
coated thermocouple can be taken to be 0.22 following Kaskan {71]).

The thermocouple was vertically mounted above the burning surface, %;

with the bead initially touching the surface. The signal was re-

corded by a Speedomax two-pen reccrder along with pressure signal.
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The flame temperature was observed to decrease as the burning

surface moved away from the bead. The initial value near the burn-

ing surface was taken as the flame temperature. When the flame

temperature was above about 1400°C, the failure of the silica coat-

ing was observed. Thus, less confidence Is given to the flame

temperature data higher than about 1400°C.

C. EXPERIMENTAL RESULTS

1. Burning Rate

Burning rates were measurable within three percent error.

Burning rates below two atms to the Pdl of each propellant were

measured for several PU, PBAA, and HTPB propellants and are shown in

Figures IV.1l, IV.2 and IV.3, respectlively. The lines were drawn

through the averaged values of at least two runs. Comparlson can

be made on the effects of oxidizer loading, aluminum content, and

catalyst on the burning rates. Vielille's Law for burning rate as

a function of pressure does not hold well for most propellants in

this low pressure range except catalyzed propellants ot pressures

above 0.2 atms. For all propellants, the burning rate curves tend

to bend downward as the pressure approaches the limiting pressure.

This trend is most significant for slow-burning PU propellants. The

slope of the curves, the burning rate exponent, increases at lower

pressures to almost unity for most PBAA and HTPB propellants as the

limicing pressure is approached. The maximum exponent is generally

preater lor slower buaraloy propellants, being larger than unfty for

some U propellants.  The slowest burning propellant, UED, has the

maximum value of 1.3. The burning-~rate exponent greater than unity
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is not likely in the context of an adlabatic flame model like

Denison and Baum's because it implies a gas-phase reaction of order

greater than two to be rate controlling. An alternative, and suffic-

lent, explanation 1s that heat losses become significant at thege

low burning rates.

The prominent effect of fuel type is magnified at pressures
below 0.1 atms. In order cf decreasing burning rate are PBAA,
HTPB, and PU propellants. The promotion of burning rate by copper
chromite catalyst is also remarkable. Replacing AP by 5% aluminum
powder (compare UFB with UEK, for example) produces a mild increase
in burning rate of all types propellants.

Probably the most striking aspect of burning rate behavior of
composite propellants at low pressure is the influence of oxidizer
loading. One might expect that the more highly oxidized propellant
would have a higher flame temperature due to a composition closer
to stoichiometric and would, therefore, exhibit a higher burning
rate, as is the case at higher pressures. In fact, the more fuel-
rich propellant gives a higher burning rate at low pressures in
the case of all those propellants. This trend is most conspicuous
at the lowest pressures and tends to diminish as the pressure is
increased. For PBAA and PU propellants (compare UEM and UEK, for
example), this trend holds at pressures as high as 2 atms.

This anomalous burning behavior below 0.2 atms is best seen
in Figure IV.4, where the results for some wmore propellants are
also included. The curves for PBAA propellants of low AP loading,
707 and 72.9%2 AP, cross over those for the uther more highly oxidized

propel lants ot very tow pressures. Howevere, wear thelr low=pressure
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limits, they exhibit higher burning rates. The very fuel rich
propellant, 702 AP, could not be extinguished in the experimental
system used. In general, a propellant with a higher burning rate
at low pressure exhibits a lower deflagvation limit., This is only
true for the same binder system. The extinguishment pressures for
highly oxidized PBAA propellants are in the same range, around 0.05
atms, as those of PU propellants, although the burning rates of
PBAA propellants are almost three times as fast as those of PU
propellants. Certalnly some other factors are affecting on the
extinguishment pressures.

2. Pressure Deflagration Limit

The measured values of the deflagration limit with a cooling
coll were a little higher than those without a cooling coil inside
the chamber. The results are summarized in Table B-I. 1In Figures
IV.5 and 1V.6, the resulis without cooling coil are plotted since
the Pdl data for most propellants were taken in this manner., The
Pdl data with cooling coil for some propellants have already been
shown in Figure IV.4.

In Figure IV.5, the deflagration limit is shown as a function of
AP particle size (monomodal) for two propellant fuel binders. The
deflagration limits of PBAA-fueled propellants are all very low and
only slightly affected by the particle size of AP. The propellant
of the finest AP size and the largest AP size have somewhat higher
Pdl than that of intermediate particle s3ize. The limits of PU

propellants are markedly higher thar those of PBAA ones and decrease

sharply as the AP particle size is increased, up to about 400 um.
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The resule Is attributed to the melting of PU. Molten polymer

coated  the crystals as verified by scanning electron microscopy

(shown in the following section) and prevented their participation
in the surface reactions. Larger ¢rystals ﬁroject beyond the molten
layer and can react.

Similar information is given in Figure IV.6 where the deflagra-
tion limit is plotted against AP loading for several binder types.
Here AP is 60/40 bimodal mixture customarily used for high loadings.

The reaction-inhibiting effect of molten PU polymer is again apparent.

Above a loading of 80%, however, there s not enough melt to produce

the effect; the deflagration limit (s little affected by AP loadiug.
Propellants fueled with poly(laurv]l methacrylate) (PLMA) behaved
similarly. This polymer scemed more prone to melting, as judged
by inspection of the extinguished surface. More than 85% AP load-
ing is needed to prevent the melting effect of this binder, The
deflagration limit for a flurocarbon-fueled propellant (FC),
supplied by the Thiokol Chemical Corporation, is found to be above
S5 atms. Propellants containing PBAA or HTPB unexpectedly showed a
higher Pdl for more highly oxidized propellants, This observation
appears to be compatible with the »revious observation that more
fuel-rich propellants burn faster, and a common explanation will be

offered.

3. Flame Temperature

The degree of combustion inefficiency i3 indicated by the
difference between the fline temperature measured and the adiabatic
equilibrium flame temperature. The adiabatic, equilibrium flame

temperature was caiculated by the computer program obtained from the
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U. S. Air Force Rocket Propulsion Laboratory, Edwards Air F;rce
Base. In Figure IV.7, a comparison is made between the adiabatic
flame temperatures and the measured thermocouple temperatures of a
PBAA propellant as a function of pressure, Those measured thermo-
couple temperatures are direct readings from the thermocouple out-
puts, not being corrected for radiation to the surroundings, Even
though the mceasured thermocouple temperature 1s not the real flame
teuperature, the difference between the theoretical value and the
measured value is an indication how the combustion efficiency Arops
as the pressure is lowered. The difference clearly increases as
the pressure is dropped. The effect would be more pronounced if the
radiation correction were made because the magnitude of correction
increases when the thermocouple temperature is higher. The radiation
correction near the extinction pressure is about 100°C. Even so,
the corrected {lame temperature is on the order of one half of the
adiabatic flame temperature at low pressure, It appears that the
combustion of this propellant is very inefficient at all subatmos-
pheric pressures, becoming more inefficient as the pressure drops.

Similar information is given in Figure IV.8 for a catalyzed PU
propellant. Differing from Figure IV.7, the curve starts to drop
sharply below about V.3 atms and changes little above 0.3 atms.
Agaln, a loss in efficliency is Indicated at very low pressures.

The flame temperature data for many propellants near their low
pressure deflagration limic are summarized in Figure IV.9. The
uncorrected flame temperatures at Pdl range between 900°C and 1150°C.

The temperature correction is calculated to be in the range 50 to
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100°C, which makes the corrected flame temperature 950 - 1250°C. It

is noted that 950°C, the minimum flame temperature fouud in this
work, compares well with the results of other investigators for

pure AP [2, 52].

4. Supplementary Observations

a. Binder Melting

The melting behavior of PU and HTPB polywmers was confirmed by
microscopic study of the burned surfaces. Figure IV.10 depicts
the burned surface of a PU propellant photographed by a scanning
electron microscope. This propellant, UDV, contains only 400
micron AP particles. The individual pancakes have the linear
dimension of about 400Lm across. and are polymer caps covering
AP crystals. A similar photomicrograph (not presented) of extinguished
surface of a PU propellant with fine AP particles indicates that most
of the particles were cuvered by molten bLinder.

The burning of high Pdl propellants, having Pdl greater than
0.2 atms was very irregular, as reveas.ed by the fluctuation of the
weight transducer signal, by visual olservation, and by the highly
non-uniform extinguished surface. Such propellants burned rapidly
on one portion of the propellant surface, then the flame shifted to
another area and the burning occurred fast in that region. This
erratic burning phenomenon appeared to be largely due to the melting
characteristics of binders.

b. Surface Laver on PU propellants

A thick, brown colored surface layer was observed on the extin-

guished surface of bimodal PU propellants with oxidizer loading
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higher than 80X. The thickness of the surface layer was greater
for burning at lower pressures. Near the limiring pressure, the

:;;:layer was as thick as 1.5 mm. A distinct boundary existed bectween
the surface layer and the virgin propellant, so that the layer was
_eas’.ly sepurable from the rest of the strand. It was brittle and
& little porous. A photomicrograph of this layer 1s shown in
Pigure IV.11. The upper part of the picture represents the interface
of the virgin propellant surface, where the surface layer was
vamoved. The lower part shows the surface layer and its burned
surface. The structures of the two surfaces are similar. The large
AP particles, being covered partly with the binder and showing no
i sign of deocmposition, are seen on “he burned surface. Several
1small pores are also seen in the binder matrix. The partially
decomposed, molten polyurethane polymer appeared to hold AP particles
on the surfage. prowenting ejection of the kind noted with PBAA,
and to a lesser extent, HTPB propellants.
c. AP Fiecticn
After a low presgure burning, of bimodal PBAA propellants in
particular, large Al particles were observed inside the combustion
chambwr, and also some white powder was deposited on the inner
surface of the chamber dome. The gsolid combustion producte, both
rthe large solid particles and the white powder, were ccllected
together on a glass disc under a downward-burning strend and analyzed
by an X-ray crystal analyzer. The solid products were shown to be

a mixture of ammonium perchlorate and ammonium chloride, Certainly

large AP particles were ejected from the burning surface, while
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ammonium chloride was likely to be formed in the after-burning zone.

guished surface by scanning electron microscopy. Photomicrographs
of the burned surface of a bimodal PBAA propellant, extinguished
ﬁear its limiting pressure, are shown in Figure 1IV,12. The many
holes are comparable in size to the larger AP particles, and it is
believed that the pariicles were ejecited from them. Other large
AP particles are seen still in place.

Figure IV.13 shows the extinguished surface of a unimodal PBAA
propellant containing 15-micron AP particles. AP particles are
rarely seen on the surface. In the matrix of fuel residue, there
are volds approximately the size of the particles. Some AP par-
ticles may have been ejected from these holes, but it is suggested
that most of the fine AP particles were decomposed on the surface
at a much faster rate than the fuel binder regressed. Supporting
evidence 1is that tﬁe shape of the holes are not as smooth as those
in Figure V.12. Furthermore, the flame temperature of this propel-
lant near its Pdl still remains relatively high, as shown in Fig-
ure IV.14. Moreover, AP ejection was seldom observed from unimodal
PBAA propellants of larger AP particles. It is probable that fine
AP particles in a bimodal prcpellant promote the ejection of the
larger particles. An explanation is given later.

Less but detectable amounts of AP were ejected from HTPB
propellants and catalyzed PU propellants burned at very low pressure.

No AP ejection was observed from uncatalyzed PU propellants. Copper

chromite catalyst appeared to prevent the coverage of AP by the
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molten binder. For a given binder system, the amount of AP ejec-

tion increases as the AP loading 18 increased and as the pressure

7”15 lowered.

d. Burning Surface Temperature

It was attempted to measure the surface temperature by thermo-
couples (for details, sce Appendix E). A chromel-alumel thermo-

couple with a bead thickness of 25 »u was imbedded in the propellant

. 80 that the flat surface was parallel to the regressing surface. The

measured values of burning surface temperature for a PBAA propel-
lant (G propellant) at 0.067 atms were in the range of 240 to 270°C.
This temperature is taken to be a minimum possible value because
corrtections were not made for either conduction through the leads
or radiation to the surroundings. The true temperature of the
polymer at the burning surface was probably at least 350°C.
e. Oscillatory Burning

Most normally burning propellants exhibited ovscillatory behavior
in the vicinity of the Pdl’ as detected both by the force trans-
ducer aad b, photocell signals. The nature of the oscillation was
much dependent on fuel type, AP particle size, and the pressure
level. For many bimodal propellants, two modes of oscillation at
widely separated and not-harmonically related frequencies were
observed. The osctllatory burning was very regular in PU and HTPB
propellants and less regular in PBAA propellants. In general, the
faster mode of oscillation was very distinct and regular, while the

siower mode was less regular.
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When the propellant combustion was initially stabilized by

preignition heating, the oscillatory burning was most conspicuous,
oscillation amplitude increasing as extinguishment was approached.

- This oscillatory burning near the limiting pressure provides
strong support to the view ascribing the low pressure extinguishment
to the intringic instability of low pressuyre combustion. An
extensive gtudy on this subject and data analysis will be made in

the next chapter.

D. DISCUSSION OF RESULTS

l.  General Features of Low-Pressure Burning

The pronounced effect of fuel type on the burning and extin-
guishment of composite propellants at low pressure is not likely to
be explained solely on the basis of the energetics and kinetics of
the binder decomposition. While the magritude of the heat of combus-
tion and the ease of thermal and oxidative degradation of the binder
are the primary factors differentiating the low-pressure burning
behavior among different fuel systems, the physical characteristics
of the binder as they determine melting and AP ejection are also
important factors.

When the burning occurs at high pressures, the rates and,

accordingly, the surface temperatures are high. Furthermore, the

maximum rate of heating as the surface reaches any designated
particles of polymer is also great so that polymer can attain high

temperatures without degradation. Thus, the oxidative pyrolysis of %

polymer become prominent before depolymerization and other degradation

reactions modify the polymer. The details of polymer chemistry are not
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important. Near the Pdl’ however, rates are slow enough that easily

depolymerized polymers undergo combustion-modifying changes before the
¢ . ... —..oxidant enters the act. The details of polymer chemistry become impor-
tant. The PU binder exhibits a molten film; the PBAA binder, remaining
dry during burning, provides a decomposition surface on which both

polymer and AP particles are exposed directly to energy feedback; and

HTPB exhibits an intermediate behavior.

2. High Pdl Propellants

The high Pdl (more than 0.2 atms) of PU and PLMA-fueled propel=-

lants (Figures IV.5 and 1IV.6) is due tu melting of those polymer

fuels. The funertness of fliuorccarbon is thought to be the cause of

the high Pdl of cthe FC propellant.

Melting can inhibit burning of a propellant by physically

covering AP particles and by cooling the binder surface. The molten

rolymer can protect AP particles in several ways; the already-

. formed film {s at low temperature and may consist of less-reactive :
: decomposition intermediates; the hot molecules undergoing decompo- : €'
sition on the surface can be mixed with the others in the bulk; the

melt can wet or flow over the surface of burning AP particles, and the

burning AP particles may be drowned in the melt. Thus, the burning inhi-

ol W S LB e

bition due to polymer melt is determined by the chemical nature and vie-
cosity of the melt, by the thickness of the melt zone compared to the AP
particle size, and by the amount of melt to cover AP particles.

The melting of PU binder is likely to be more than a simple

physical melting which is probably accompanied by some depolymeriza-
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tion and perhaps other kinds of decompcsition. Dyer and Wright [45]
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report that the dissocistion into igocyanate and alcohol is one
of the reactions of urethane decomposition. Law [75], heating PU
polymer with diol in stoichiometric excess of diisocyanate, noted
f;pectrometrically the appeareance of free isocyanate groups at about
350°C. He heated the sample at the rate of about 70°C/sec. At least

some depolymerization should be noted at lower temperatures for PU

propellant burning near its Pdl’ where the maximum rate of heating

of the burning surface is estimated to be about 5°C/sec. The

I .
o L, et el

endothermic effect of the depolymerization and other reactions cools

the burning surface.

il i,

The melting temperature of PU polymer has been measured by :

several investigators. Varney [127]), by DSC tests with a slow
heating rate (5 - 80°C/min), observed that an Estane-type PU binder

melts at 222°C and at 342°C, the liquid binder becomes very fluid,

followed by a boiling-like activity. A similar melting temperature

il el L i e '

(215°C) is recorded by Shannon and Erickson [116). They also adopted
the DSC technique with the heating rate of 10°C/min. Bouck, et al. [20]

report that rupture of a PU film occurs at 317°C when it 1is heasted at

1o et it it e ik

the rate of 300°C/sec. However, their thermogram shows that the

SRpg—"

onset of endothermic effect occurs at a further lower temperature

about 200°C. As 1is Inferred from those works, the PU binder melts

at temperatures far lower than the active AP decomposition temperas~

ture [14, 15].

A significant effect of depolymerization on the Pdl

More than B85 percent of the solid

1s found

in PLMA propellants (Figure IV.6).

loading is required for those propellants to minimize the melting
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effect compared with 80 percent for PU-fueled propellants. The
depolymerization of polymethacryletes is well known [51, 81].
The influence of melt-zone thickness on ease of burning is
"perceived from the experimental results with the unimodal PU propel-

lants. The propellant containing the finer oxidizer particles has

the higher Pdl' A relation may exist between the size of oxidizer
particles contained in a propellant and the melt-zone thickness near
its Pdl' With this idea, the computed thermal wave thickness near

the Pdl and the particle size of AP contained are compared in

Figure IV.15 for several unimodal PU propellants. The thermal wave

thickness, a measure of melt-zone thickness, is seen to be roughly

gy et e gl g

proportional to the oxidizer particle size.

The high P (more than 5 atms) of the propellant fueled with

dl
fluorocarbon binder appears mainly due to the inertness of the polymer
as Peterson, et al. [99] suggested. The results of high-heating-

rate thermal analysis by Bouck, et al. support this view. They

observed that the film of a fluorocarbon polymer did not rupture

at temperature more than S00°C and its degradation was little affec-

ted by an oxygen environment. The fluorocarbon-fueled propellant

burns very slowly, compared with the propellants fueled with the

other kind of binder, and the burning is erratic near the Pdl'

suggesting that this polymer also may experience melting to some

degree.

3. Highly-Oxidized PU Propellants

The burning of the bimodal PU propellants with AP loading more
than 80 percent 18 normal in the sense that it is not erratic and is

steady to very low pressures (Figure IV.1l). However, these :
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prcpellants exhibit a very strange burning behavior, observed also E

for the PBAA and HTPB propellants; a more highly-oxidized propellant
burns moEf slowly and has a higher Pdl (Figure IV.4). An explanation I
7is necessary for this unexpected behavior.

In order to explain this contradiction, we introduce soume
postulates applicable to all three binder systems. The basic idea
to work in 1is that with bimodal AP we have a very rich unimodal
propellant (with fine AP} in which large AP particles are dispersed.
Let us postulate that the regression rate of a propellant is deter-
mined by the regression of contiruous phase (polymer with fine AP). %
We again postulate that the decomposition rate of large AP parricles
is so low that it contributes little to the cxidative pyrolysis of
binder. The other postulates, as already inferred and applied
previously, are that much of the polyner goes to gas via oxidative
pyrolysis and that the burning rate is primarily decermined by the
surface temperature and thus likewise by the heating rate.

Most of those postulates are based on experimental observations.
Now we are seeking their justification by closely examining their
applicability to various experimental results. Although all three
binder systems may have the common origin of abnormslity in thelir E.
burning behavior, the detailed processes are different depending
upon the binder. Thus, the explanation is separately given for each
binder system.

With more than 80 percent AP in bimodal PU propellants, the
amount of melt is not enough to cover effectively the AP particles

to produce erratic burning and then give a high P However, the

a1’
melt can laterally cover the AP particles to reduce the AP




decomposition surface. Still, the heat of melting has the effect

of cooling the burning surface. By these effects, the burning rates

of those propellants are very small near their Pdl' The residence

time of a polymer particle inside the thermal wave is so long that
it is subjected to further combustion-modifying processes after

melting in the depth of the propellant. The PU polymer by further

changes, probably by cross-linking processes, may actually become a
drier solid matrix as it approaches the burning surface. The AP
particles are relieved from the melt coverage and can react.

The large AP particles do not decompose as fast as the fine AP.

The deocmposition products of fine AP particles promote the oxidative

pyrolysis of the binder in their vicinity. Thus, the decomposition

front of the polymer matrix including fine AP, procceds faster

leaving the large AP particles and associated polymer decomposition

intermediate behind. The rich gases from the decomposition front

of the continuous phase (the polymer and fine AP) flow through the

porous bed containing large AP particles and enter into the gas

phase, where they react with the oxidizer-rich decomposition products

of the surface layer. 1In this manner the observed surface layer is

inferred to be formed.

We further infer that the existence of this surface layer is

responsible for the strange burning rate behavior of highly-oxidized

bimodal PU propellants. The overall regression rate of those propel-

lants scems to be governed by the rate of decomposition reaction of

the continuous phase. The energy necessary for this endothermic

reaction comes mainly from the gas phase reaction and also from the

exothermic oxidative pyrolysis.

Apparently, the large AP particles

vt i o o o st

42

|
?

gl b )

sl L, b b

3
3
3

3
3

3
;j‘
;
3

T




[,

43
act as an inert energy-absorbing medium, so that the more highly-

i b

oxidized propellant actually has a lower effective temperature at

the controlling reaction zone. Moreover, the thicker surface layer

as observed for the more highly-oxidized propellant lessens the

effective energy feedback from the gas phase. Thus, the burning rate

is less for a more highly-oxidized propellant.

o )
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The role of copper chromite catalyst increasing burning rate

is not well known. From the tendency that a catalyzed PU propellant

ejects AP, it appears that copper chromite promotes the decomposition
of AP, of finer particles more effectively. With the help of the
oxidizer decomposition products, the oxlidative pyrolysis of binder

could be still prominent for catalyzed propellant even at low

pressures. The resultant faster burning rate gives a higher surface

temperature and the heating rate of the polymer is so high that
lictle time is available for the polymer to melt.

When some of the AP is replaced by the same amount of aluminum

powder, the burning rate is probably increased by the hotter flame.

4. PBAA Propellants

The PBAA propellants do not exhibit a significant effect of AP

particle size on the Pdl (Figure IV.5). They were the fastest-burning

propellants among the binder systems considered (Figure IV.4) and

eject a large amount of AP particles at low pressures when made with

H

bimodal AP. Again, the chemical nature of this binder, as producing

Wl

little melt during decomposition and giving high reactivity, largely

ik

dominates the observed burning phenomena.
The PBAA polymer does not readily melt during the course of

degradation as inferred previously from the photos of rhe extinguished
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surface of the PBAA-fueied propellants. Supporting evidence comes

_from the results of DSC tests by other investigators (116, 127].

One can also perceive its limnited-melting behavior from its chemical

structure. The PBAA binder, obtained by reacting the carboxyl groups

in prepolymer with the epoxy groups in Epon, is cross-linked by
ester-linkages. The ester-linkages are not expected to be so

reversible as urethane-linkages [51]. Hence, melting by depolymeri-

zation is less likely to occur for PBAA polymer. The physical

melting also seems more difficult for this polymer than for PU.

A high decomposition temperature of PBAA binder is predicted

by its thermally stable structure. Varney reports that the decompo-

sition of this polymer starts at 337°C and reaches a peak at 407°C,
High-heating-ratc tests by Bouck, et al. show the film rupture

temperature of this polymer to be 464°C. Another chemical nature

of the PBAA binder is that this polymer is more vulnerable to ox‘'da-
tive degradation than PU, cue to the double bonds and reactive

allylic hydrogen atoms on 1its backbone.

These properties of PBAA hinder are the suggested fundamental
explanation for the burning behavior of PBAA propellants. High

temperature can be obtained by this polymer without degradation to

liquid. Furthermore, as inferred from burning rates higher than

for PU and HTPB propellants, the burning surface temperature is

also greater. Likewise, the maximum rate of heating is greater,

estimated for PBAA propellants burning near Pdl to be 50 - 100°C/sec.
Thus, the combustion-medifying changes PBAA polymer may undergo in

very slow heating conditions cannot occur.
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Although the non-melting and the reactivity of the PBAA binder may

explain the observed ipsensitivity of the Pd of propellants fueled

1
with this polymer to the oxidizer particles size and loading, there
are many more questiona to be answered. Note from Figure IV,14

that the limiting burning rate and flame temperature are much

higher for a unimodal propellant containing the finer AP than one

with a larger AP but the pressure deflagration limits of all propel-
lants are nearly the same. Those exztinguishment phenomena cannot

be explained by the burning rate alone. The relative decomposition
rates of AP and binder appear to be important. As mentioned previous-
ly, if AP particles are too fine, they decompose too fast on the
burning surface leaving momentarily a fuel-rich burning surface. By
stoichiometry, a moment later, the flame becomes rich in fuel with
the rich surface decomposition. At a low pressure, a propellant may
stop burning at this rich stage. The kind of instability inferred
above appears to be the cause of the observed extinguishment behavior
of unimodal PBAA propellants.

One of the prominent characteristics of PBAA propellants contain-
ing bimodal AP is the ejection of AP particles. In order to explain
this phenomenon, we employ the postulate applied for the burning
behavior of bimodal PU propellants. The continuous phase containing
fipe AP particles regresses faster than the large AP particles.
Differing from PU propellants, PBAA has no molten layer to cement the
large AP particles to the surface. The large AP particles may also
decompose slowly and produce some oxidizer gases to help the decomposi-
tion of the continuous phase. When the regression frent of the contin-

uous phase pasges, the exposed large AP particle is simply released and
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driven away by the decomposition gases of the continuous phuse. Before
an oxidizer particle is fully exposed, it is also pushed out by some
mechanism as indicated by the holes shown on the extinguished surface.
One proposed mechanism is that reaction with gas generation occurs at
the polymer-AP interface and the particle is flipped out. This {s
possible for the PBAA propellants which have supposedly a higher burning
surface temperature than PU propellants. An alternative mechanism is
that thermal expansion of ruhbery material puts the surface under com~
pression and the AP particles are squeezed out. If the surface were
molten, the compressive stress would be relieved by flow.

The burning~rate behavior of bimodal PBAA propellants, the more
rich propellant burning faster, ca: be explained by the premise

postulated for PU propellants, namely, that the large AP parti-zles

are somewhat inert with respect to surface reactions. Large particles

are simply flipped out of the surface with their sensible heat. As
a result, the burning surface becomes cocler with fewer AP particles
participating in reaction. Accordingiv, tine regression rate of the
continuous phase occomes slower.

5. WIPK Propeliants

the HTPY binder shows a behavior intermediate between those of
U oand PBAA bilugers (Figure jV.4). 1t meils to some degree, and
ejects some A particles.

With regira to depolymerizat.on tac o738 polymer should be

regarded as a posyurechane, The HTPB prepolymer functioas as a high-

molecular weignt diol, and the curing agent used was a dilsocyanate.
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Thus, the cross-linking bonds of HTPB polymer are similar tv Estane-

based PU while its backbone (s polybutadiene. 1t shares the depolymer-

ization melring with PU but its physical melting and reaccivity of

the backbone are similar to PBAA. The melting temperature of HTPB

polymer is expected to be higher than PU. Bouck, et al. report the

rupture temperature of HTPB film is 494°C. The fundamental differ-

ences of HTPB melt {rom the PU melt lie in the reactivity and the

temperature of melting.

The HTPB polymer, supposedly having a higher melting temperature

than PU, can attain higher temperature without melting. Moreover, the

burning rate of the HTPB propellants ar»> groater than the PU propel-
lants so that the maximum heating rate of the polvmer in the propellant

burning near its Pdl 1s greater, cstimated to be 10 - 15°C/sec and

also the surtace temperature is higher. With those factors and the

higher reactivity of HTPB polymer, the ceffect of polymer melt is

less pronounced for HTPY polymer than for PU. The polymer melt is

observed to exist even on the burning surface of HTPB propellants

loaded with high percent ol oxidizer burning near its pdl' The small
amount of melt existing on the burning surface help retain the large

AP particles from cjection. The best low pressure stability of
HTPB propellants of high-oxidizer loading among the three binder

systems considered appears to be obtained by the better combustion

etficlency than for PBAA propellants and the faster burning rate than

for the PU propellants.
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CHAPTER V
INTRINSIC INSTABILITY
A. BACKGROUND

The oscillatory burniny behavior of solid propellants when burned
near their low pressure deflagration limit is very interesting in
relation to the combustion instability problem of rocket motars. The
oscillatory burning most frequently observed in a svulid propellant
motor is excited and sustained by a coupling between the combustion
and the oscillating acoustic pressure. Straud combustion in a large
strand bomb 1s very nearly an open process, not likely to couple
with dynamic proce:ises in the chamber. Therefore, if any oscillation
is observed in strand burning, it could well be a property of the
propellant and its combustion. It is conveniently called "intrinsic
jnstability” or "intrinsic oscillatory combustion."

The solid propellant burning process consists of solid preheat,
gasification, combustion and energy feedback tu the surface. If the
propellant is homogeneous and uniform, combustion being one-dimensional
and adiabatic, then the process is monovariant in the steady state; it
becomes uniquely determined if one process parameter is specified.
Given a sujtablc model for the process, one can investigate the
stability of the combustion process by the usual methods of perturba-

tion analysis, checking under what condil.uns a transient or periodic
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perturbation introduced in the process increases or decreases with

time. If the disturbance decreases with time, the proucess is ascuwned
to be stable, otherwise, unstable.

The stability analysis of a combustion zone has been performed
by numerous investigators in connection with the motor stability.
The resultant expression for the combustion stability has beeun con-
venientlv expressed as the pressure response function, the ratio of
mass flux perturbation to the perturbation in chamber pressure.
Denison and Baum [42] were among early investigators concerned with
the intrinsic instability of solid propellant cembustion as a
special case of the general instability prot em in rocket motors.
Applving the perturbation method to their version of the governing
equations, they were able to express the instability criterion of the
combustion zone itself in terms of steady state parameters. The same
form or final result was deduced by Culick [40) in his review of
unsteady burning of a solid propellant. Culick cast the results of
several theoretical investigations of unsteady burning into 2 pres-

sure response function of general rorm:

m'/m nAB

p'/p T+ A/) - (1 + A) + AR (v-b

where m is steady mass burning rate; p is pressure, the prime indica-

tes the perturbed value; n is the pressure exponent in the burning

rate law, r = apn; A and B are dimensionless parameters differing for

different combustion modelz; ) is a complex function of the complex

)
dimensionless frequency, & = aw/r-,

M(r -~ 1) = 1l (Vv-2)
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a is the thermal diffusivity of the solid; w is the complex angular

frequency; and r is the linear regression rate.

Culick presents the intrinsic mode of instability will occur at

- the condition giving an infinite value of the real part of the

response function; i.e., m'/m finite as p'/p vanishes. The response
function will become infinite when the dencminator of Eq. (V-1)

vanishes;

Y(h - 1)+ 2AB ~ 1) +A=0 (v-3)
Eq. (V-3) gives a formular for A which, when substituted into

Eq. (V-2), gives for the real and imaginary parts of

It

[NXR ad

+ 5 A(B - I)l4A - (v~ AB + 1)2]1/2 (V~4)

A + A(B -~ l)(ﬂ - AB + 1) (V"S)

PO {—

Since .. originally appearced as iy in harmonic time variations, —ui is

thie perturbation growth factor. For stable transient motions Ri >0
ana tuen Eq. (V~5) leads to
2
B+ 1> A(B-1) (V-6)

The real frequency at the stable end unstable houndary is obtairad
by putting Eq. (V-6) into Eq. (V-4):
xo = AB . (v-7)

Those results are the same as Denison and Baum originally derived

with their own expressions for A and B, both positive, real quantities.
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Eq. (V-6) predicts the stability criterion and Eq. (V-7) gives the
frequency of oscillations of the self-excited, intrinsic mode of
instability.

In the Denison and Baum model, the parameters A and B are ex~

pressed in terms of more familiar physical and chemical parameters;

E, T,
AR\ T,
s S
c T T F.
()L -0 —t -
B (C )(T ) ( T )(é +1 + IRT ) (v-8)
s s f

where ES is the activation energy for surface reaction; T , burning
surface temperature; K, universal gas constant; Cp and ¢, specific
heat of gas and solid, respectively; Tf, flame temperature; n, burn-
ing rate exponent; Ef, activation energy for gas phase reaction.

For normal solid propellants, the intrinsic mode of oscillation

as sugpgestced above has not been observed experimentally in a strand

burner before. Contrary to the prediction made by one-dimensional

theory as above, there have been some observations which rather
support the three-dimensional aspects of the oscillatory combustion.
Price [48, 105] proposed the concept of preferred frequency explain-
ing the burning behavicr of aluminized propellants in a motor test.

The propellant-like material, pecllets of AP and aluminum, was obser-

ved to exhibit the phase-correlated oscillatory burning behavior even

in a strand burner [105]. Tiie explanation offered for these phenomena

is that aluminum alternately accumulates on and sheds from the burning

surface.

Boggs and Beckstead [17) developed the layer-frequency concept

noting the failure of one-dimensional theory to correlate experimental
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nonacoustic combustion instability data for some propellants. They

found the discrepancy between cheory and experimental dat: was more

RN

serious in PU propellants than in CTPB propellants, and at higher
burning riates more than at lower burning rates. For propellants
containing AP with a bimodal particle size distribution, two fre-
quencies were observed. Boggs and Beckstead viewed the one-dimensional
model as not valid when the thermal wave thickness is approximately

the same as the mean particle size of AP and proposed the layer-
frequency concept stating that there is a characteristic time related
to the size of AP particle. The characteristic time (ri) of the
burning of an oxidizer particle is obtained by dividing the charac-
teristic distance associated with an oxidizer particle (Di) by the

averaged regression rate (r) of the burning surface:

|w)

1
Ti = ';— . (V"g)

The characteristic distance, D;. is calculated as the edge of a cube
of propellant containing one oxidizer particle of Di diameter, assum-
ing uniform, cubic spatial distribution of particles. The ratio of
the oxidizer volume to the total volume of the cube is expressed by

the composition and the densities of the fuel and oxidizer:

D.3 X,
1

1
pid ¥ G Je) X

a\lrd

(V-10)

where Di is the particle size; Di, the characteristic distance defined
above; Xi, the weight fraction in the oxidizer of carticles with

Di; XT’ the total oxidizer loading; P ox’ the density of oxidizer;
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Py the density of fuel. The rearrangement of the above equation gives
the ratio of an oxidizer particle size to the characteristic distance

(ki = Di/Di):

e

1
X, 1/3
K. = : (V-11) ]
i (ﬂ/e)[xT + (pox/“b)(l Xp)]
Thus, the frequency associated with Di is .
PR TS SR VS S (V-12)
i 1 D i D,
i i i

Bogg= and Beckstead reported that Eq. (V-12) better predicted the
frequency trend at higher burning rates.

Eisel [47] also observed two-frequency behavior in bimodal PU
propellants during his spectroscopic study of nonacoustic instability
in a low-L* burner. He found that the frequency predicted by Eq.
(V-12) was close to the measured value for the large AP particle but
was off by an almost constant factor for the smaller particles. The
frequency of bulk-mode instability was noted to be controlled by the
fine AP particles. Also, he found a mode of oscillation in composi-
tion and temperature which was not coupled to the pressure excursions
and termed jt Jocal intrinsic instability. He was not able to
identify the origin of the local instability, which had the frequency

about 60 to 80 Hz regardless of AP particle size. E
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B. DATA ACQUISITLON AND RLEDUCTION

The frequency data on the oscillatory burning were gathered

B L5 e

during experiments intended to measure the steady burning rate and

"

the Pdl' The fluctuation of the force transducer signal was the

main source of information, while the photocell and thermocouple

bl
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output provided supplementarv data. As briefly stated in the pre-

vious chapter, the regularity and the distinctness of oscillatory

ol eyl

burning were very much dependent on hinder type, oxidizer level and

pressure.

Figure V.1 shows force transducer signals for bimcdal PU, HIPB,

b sl sbacobots

and PBAA propellants extinguished after inicial forced deflagration é
at a pressure just below their P, values. As the recoil force com- 2
pensator was not emploved during the tests, those force transducer ;

£
signals contain botir the contribution of the weight and that of the 3

f
combustion recoil. In the signal for the PU propellant, small fluctu- 3
ations are seen riding on the large-period (on the order of 25 sec.) é

mode of oscillation. Similar signals were exhibited by most PU ;
propellants except an aluminized one in which the small fluctuations

were absent. Unimodal propellant gave an oscillation of only one

R TR

frequency. 1n the case of the HTPL propellant, the amplitude of the
small fluctuations is itself periodic, the period being Interpreted as 5

the same as that of the slow oscillation seen for the PU propellant.

The cessation of deflagration occurs around the maximum amplitude of
small oscillations, suggesting the oscillation growth is responsible.
Overall mass burning rate indicated by the mean slope of the curve is

also fluctuating with the total growth and decay time of the small
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fluctuations, and with the same period as that of the large-period
oscillations. In contrast to PU propellants in which the extinguish-
ment occurred at the point where the derivative of the oscillating
force takes minimum value, interpreted for this case as minimum
burning rate, HTPB propellant extinguished at the maximum amplitude
of the small oscillation. The data on the period of oscillation

for PU and HTPB propellants were obtained relatively easily compared
with those for PBAA propellants.

The force signal for PBAA prcpellants was very erratic in detail
as shown in Figure V.1. In UEK, the second oscillation mode was
hardlv noticeable. The regularitv of oscillation was a little
better in more fuel-rich PBAA propellants which also exhibited the
two frequencies more definitely. The catalyzed PBAA shiowed extremely
erratic burning. Thus the data on PBAA propellants are less accurate
than thoseon PU and HTPB propellants. The regularity and distinct-
ness of oscillations were better in the order of catalyzed PU,
aluminized PU, uncatalyzed PU, uncatalyzed HTPB, and the other
propellants.

In Figure V.2, the force signal and the light signal are presen-
ted together for a catalyzed PU propellant. The light signal was
detected by a photocell (1IN2175) nounted inside the combustion chamber.
The regularity of the oscillations is apparent. The signals are from
the last portion of an unstaole burning which eventually resulted in
extinguishment. The amplitude of the low-frequency oscillation in-
Ccreases continuously to the extinguishment point. It ic also noted
that the light signal tends to lag the force signal more as the

extinguishment point is approached.
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C. EXPERTMENTAL RESULTS

Comparison between the measured period of oscillation and the
period predicted by Boggs and Beckstead's theory, Eq. (V-12), is
made for unimodal PBAA propellants in Figure V.3. The agreement is
excellent except for UDX, one with 15-micron AP. Since the deviating
UDX had the greatest ratio of thermal wave thickness to particle
diameter, it is the one Boggs and Beckstead would least expect to
conform to their prediction. For the other propellant as well,
however, that ratio is larger than the range in which Boggs and
Beckstead would assert that their prediction is valid.

It is also noteworthy that such good agreement with prediction
is obtained with propellants containing PBAA, because when this poly-
mer is mixed with bimodal AP, frequency prediction is very unsatis-
factory., The PBAA-bimodal AP propellants burn (at low pressure) with
ejection of a considerable quantity of unburned AP, which fact
probably accounts in part for poor frequency prediction. The PBAA-
monomodal AP propellants, on the other hand, burn with very little
AP ejection.

On Figure V.4, the low-pressure (near Pdl) oscillatory burning
data for PU propellants containing bimodal AP are plotted as period
vsé. burning rate. Two distinct periods are found, the ratio being
approximately the same as that of two particle sizes. The influence
of AP particle size in determining the oscillatory period appears to
be firmly established. However, the predictions of the layer-frequency
theory for those bimodal propellants are not so good as they are for

the unimodal PBAA propellants discussed previously. Although the
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propellunts cunsidered ia wuis oscillatory burning study are not

the same in details of their compositions, it is reasonable to
consider them togather because they contain the same mixture of
coarse and fine AP particles. The constant K, appearing in the
layer-frequency theory does not vary appreciably among different
propellants. The valuesof oscillation periods predicted by the
laver-frequency theory do not fit the data except for a catalyzed
propellant, UFA, for which the shorter-period oscillations were per-
ceived but could not be analyzed. 1t is interesting to notice .hat

the slope of the points for the short-period oscillatinns of the

uncatalyzed propellants are close to unity and the periods are off
bv a constant factor (approximately 1.5; from the layer-frequency

predictions. This discrepancy is the same as that arising from

Lisel's observations, referred to previously.
It Is apparent that the long-period data for uncatalyzed PU

propellants do not fit layer-frequency predictions. The applicability
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of the ovne-dimensional megel of Denison and Baum {42) was examined for
a fixed value of ... The reference line with i of 25 (arbitrarily

assumed for best fit of data) is shown to correlate the long-period
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data for both catalvzed and uncatalyzed propellants. Even for a

single propellant UFA, the slope of the line correlating the data

points is clogse ta -2, Now some promise for tihe one-dimensional
theory is in vicw. A closer analvsis of the UFA data, which are
the most accurate, gives a ii value slightly higher than 25,

We arc in the position of having results for uncataiyzed propel-

lants supporting, if not necessarily confirming, the layer-frequency
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predictions. Certainly it is apparent that bimodal AP leads to two

oscillation modes; yet, the catalyzed bimodal AP propellants show
only one pronounced oscillation mode, with an indication that the
frequency 1s predictable by a theory having no reference to AP
particle size or other physical dimensions. Results with other
propellants do not help in clarifying this dilemma.

Similar information on oscillatory burning for PBAA and HTPB
propellants is presented in Figures V.5 and V.6, respectively. The
layer-frequency theorv fails to predict the period of oscillation
for most PBAA and HTPB propellants except for the catalvzed PBAA
propellant, UEZ. Even there, only one oscillation mode is seen. The
burning of PBAA propellants was so erratic tihat two frequencies were
hardly identified from the force transducer signals of more oxidizer-
rich propellants. The long-period oscillations, being erratic and
irregular, were observed for some very fuel-rich propellants (UEO,
UEP) but the layer-frequency theory does not predict the observed
frequencies. Tne long-period data for uncatalyzed fuel~rich propel-
lants and data for catalyzed propellants are scattered around the
.« = 5 line. The short-period modes of several propellants cluster
around a line for .. = 25. Although two frequencies were observed for
all the uncatalyzed HTPB propellants considered, none of the observed
frequencies were predicted by the layer-frequency theory. Again,
the one-dimensional theory with i = 15 correlates the long-period
oscillations. For the short-perjod mode, a line with & = 100

approximately represents the data.
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In Figure V.7, the long-period data, being relatively distinct

and represcntative of each binder system, are summarlzed. The one-
dimensional theory with @ equal te 20 correlates all the data quite
well.

At this point, a comparison with related studies is relevant.

Mihlfeith, et al. [87] were able to locate the critical frequency

corresponding to a maximum in the flux response function by a newly
developed experimental technique. The critical frequency found by | 5
them should be comparable with the intrinsic frequency observed in
this study if the one-dimensicunal theory is valid. Mihlfeith's
blackened and catalyzed PU propellant (UCX), which has a very similar
composition to UFA in this study, shovwed the critical dimensionless
frequency a little bigger than 30 which compares well with the
intrinsic frequency of UFA. Also, it is marked that UCX showed the
sharpest resonance point as UFA exhibited most distinct and regular
oscillatory burning in this work. The results for translucent PU
propellants in their study are also in fair agreement with those
blackened ones of this work. he weak maximum response shown by

PBAA propellants in their study is also consistent to the observa-
tions in this program; the oscillatory burning behavior was least
regular in PBAA propellants as repeatedly emphasized. Nevertheless,
the response of UCW and UCV in their study are in moderate agrecement
with that of UEM and UEZ respectively, in this work. In addition,
the frequency of intrinsic instability observed by Eisel can also be

recuced to the dimensionless frequency around 20.

e o 1o NS Ll T



60
D. DISCUSSION OF RESULTS

1., Stability Analysis by Denison-Baum Theory

The experimental results as described above indicate that the
frequencies of the oscillatory burning are of a contradictory nature,
being in part, related to the particle size of the oxidizer and in
the other part, having nothing to do with the particle size and
being proportional to the square root of the regression rate. In
order to resolve the contradiction, we are forced to infer that the
composite propellant combustion inherently contains two types of
instability; one due to the heterogeneity of the composition and
another related to the overall combustion processes. Depending on
the burning conditions, one of them becomes prominent and is observed.
As Boggs and Feckstead suggested, one-dimensicnal theories of the
unstable combustivon need a mod!Ilication so that the instability
produced by the heterogeneity of the formulation can be included.

Since the modes of oscillations whose periods are proportional
to the thermal wave times in the solid seem to be predominant for
most bimodal propellants near their low pressure *t, the instability
unreléted to the oxidizer particle size appears to account for the
extinguishment of those propellants at low pressures. The applica-
bility of one-dimensional theory is ¢xamined by the Denison-Baum
model. A Denison-Baum type instability diagram is drawn in Figure V.8
in terms of A and B instead of the reciprocal of B. The boundary
between the stable regime and the unstable regime 1s determined by
Eq. (V-6). The unstable regime is also divided by two regions,

oscillatory and nonoscillatory, by the equation gz & 4A, where
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g =1+ A(1l - B)., The frequency of oscillation in the unbounded

oscillatory burning regime is in dimensionless “orm,

Q = 5—5—-1-4 4a -~ g2 . (V-13)

To predict the intrimsic instability of solid propellant burning
by Denison and Baum model, four purameters, Ef, ES. If and Ts‘ must
be known. The measured value of fleme tewmperature in this study is
in the 1200 - 1500°K range. The surface temwperature can be estimated
at about 600°K from this study and other iavestigations. One more
constraint for the application of one-dimensional model is that the
dimensionless frequency for an intrinsic oscillatory burning should
be around 20. The results of a parametric study are shown in
Figure V.8. With the values of TS, Tf and Qo otserved in this study,
Ef = 20 kcal/mole and ES = 60 kcal/mole appear to establish the sta-
bility criterion within the framework of the Denison-Baum model.

2. Criticism of the Denison-Baum Type of One-Dimensional Theory

Before one claims the success of Deniszon-Baum model for predic-
ting the oscillatory hurning behavior of composite solid propellants
at low pressures, other matters should be considered. One of the
criticisms is that acceptance of the theory requires belief that the
activation energy for the surface reaction 1is equal to or larger
than 60 kcal/mole, a physically unrealistic value. As Mihlfeith,
et al. [87] showed, the incorporation of the condensed-phase heat
release does not permit one to take a more realistic value of the

activation energy.
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The activation energy for gas phase reaction, 20 kcal/mole, as

needed for the interpretation of the observed periods of oscillations,
might be regarded as supported by the experimental data of the furnace-
augmented burning rates and flame temperatures as described in

Chapter VI. However, Ef of 20 kcal is inferred there for relatively
stabtle burning, and the value of Ef approaches zero as the stability
limit is approached. The calculated zero activation energy for the
gas-phase reaction indicates that the condensed-phase processes are
rat > controlling near the limiting pressure, a view also supported

by the intermittent burning data of a fuel~rich PU propellant inside
the heated furnace (refer to Appendix D).

Those observed modes of oscillation whose frequencies are
predicted by the oxidizer particle size cither contradict the
one-dimensional theories or, at least, deny their general applica-
bility. ‘rother contradictory observation was made by Eisel [47],
who observed gas-phase composition fluctuations during unstable
burning. 7The necessary inference is that chere are also fluctuations
in the composition of the surface material, and further that the rates
of decomposition of the oxidizer and the fuel fluctuate out of phase
during unstable burning. A more rigorous theory concerning the
unstrady composite propellant combustion should take compositiorn
iluctuations into account.

3. Advuncement of an Alternative Theory

The failure of t:e conventional cne-dimensional theories is
noted in explaining the observed oscillatory burning behavior of

composite propellants at very low pressures. Tha failure appears
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to be attributable, at least in part, to neglect of the compositional
fluctuations during oscillations. Most conventional one-dimensional

theories assume the condensed phase to be homogeneous and are based

on the simplified laminar flame theory for the gas phase flame. By l

the usual simplifying assumptions, the gas phase molecular species

conservation equations are dissolved into the energy equation. Thus,
the oscillatory feature is embodied in the temperature oscillation.
Those theories have been successfully applied to the pressure-coupled
oscillat-ry burnring. Those theories, however, are not adequate to
describe the oscillatory burning of solid propellant at constant
pressure: only a urnjque frequency can be exhibited by the unstable
burning of the composite propellants near their low pressure limit by
conventional {(neories.

A more versatile and rigorous theory should allow the fluctua-
tion of the composition as was observed experimentally. In order to
al'ow the vaciation of compositions during oscillatory burmning,
we need at least one unique gas-phase-species continuity equation.
The fluctuations in the gas compositions are due to the dispropor-
tionation of the oxidizer and binder decomposition rates. Not only

the linear decomposition rate of each ingredient but the decomposition

Lol
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surface as well can affect the mass evolution rate of each ingredient,
Fo~ «<irplicity, the linear decomposition rate of each ingredient can :
Le «rressed in an Arrhenius equation.

Then, the mass gasification rates of the binder and the oxidizer

are expressed as follows:

m = Sb”bAb exp (~Eb/RTS’b) (V-14)
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m =§

¥ 3N -~F Ve
ox ox'oonx exp on/RTs ) (V-15)

,0X

N

where m 1is the mass burning rate: S, the burning surface area; p,
the density; A, the pre—exponentialJfactor; E, the activation energy;
R, the universal gas constant; TS, the burning surface temperature;
and the subscripts b and ox denote the properties of the binder and
oxidizer, respectively. At steady burning conditions, the mass

ratio of the decomposition products of the oxidizer to that of

the hinder (¢) is the same as the mass ratio of the oxidizer to the

hinder in the virgin propellant.

Sox “OXAUY Eb EOX
‘/‘&, _S—__. ......—.A = exp RT - RT . (V-l6)
b /\b b s,b $,0X

If the regression surface of the propellant were flat, the surface
ratio, Sox/sb’ Qould be simplv the volumetric ratio of the oxidizer

to the binder in the propellant. Since, because of the heterogeneity,
the surface exhibits irregularities on the scale of the oxidizer
particles, the actual ratio of the burning surface area should take

the fact into account. Following the procedure of Beckstead, et al.

[10], we find the corrected ratio of surface areas, y:

I

S
b= =%y [6(—3—)2 + 1] (V-17)
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where ¢ is the volumetric ratio of the oxidizer to the binder in
the propellant; h, the height of the protruded part of the oxidizer;

and Do, the diameter of the oxidizer particles. The geometric

factor h/Do can be written [10]:

ho1 1 Y ox 1gn
— = = {1 4+ -—=\\+r V-18
D, 2 ( V;) ( Ty ) ox D, ’ ( )
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where L and r, are the regression rates of the oxidizer and biunder,

respectively, and tign is the ignition delay time.

Under perturbed burning conditions, Eq. (V-16) gives

) b E T E T!
o el b _syb . ox _s,ox (V-19)
¢ Y RT T RT T :
s,b 's,b 5,0X 5,0X

Equation (V-19) enables the descriprion of fluctuations during

unstable burning.

From Eq. (V-19), it is seen that the fluctuation in the concen-

tration is affected by the surface areas and the surface tempera-

tures of the oxidizer and the binder. In an actual burning situation,

the surface temperature fluctuation of the oxidizer is assumed tc be
much less than that of the binder on the grounds that the cxidizer

particle protrudes above the binder surface so that it makes close

contact with the flame. TJf the surface temperature fluctuation of

the oxidizer is small enough compared to that of the binder, Eq. (V-19)

is reduced to

. . L T
- %_ - ﬁf_h_ TEAE . (v-20)
¥ s,b “s,b

It is noted that tuae oxidizer/binder ratio in actual propellant is
usually less than the stoichiometiic ratio ¢£o that any positive

increment in ¢' should produce a hotter flame. In addition, from

Eq. (V-17) and Eq. (V-18), it is seen that a positive increment in the

binder surface temperature, producing an increas. in its regression

rate, results in an increase in the oxidizer/fuel surface area

ratio.
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Thus, the oscillatory burning at low pressures may happen in
: ' the following way. Consider a small increment in the flame tempera-
ture. The increased flame temperature produces an increase in feed~-
back heat flux, which increases the binder surface tenmperature.
' With a lag, the oxidizer/fuel ratio decreases tc give a more fuel-rich
_decompositicn gas which decreases the flame temperature. However,
after a short time later, the fuel-depleted surface, being oxidizer-
z

rich, increases the oxidizer/fuel ratio to increase the flame
temperature. In this way, the interaction between the rate of
decomposition and the surface area ratio could be a possible forcing
mechanism for the low-pressure oscillatory burning, even extinguish-
ing the flame under certain conditions. In an unimodal propellant,
a single mode of interaction 1is expected, while a bimodal propellant
can generate two modes of interactions; one is between the fine AP
particles and the binder and the other is between the coarse AP par-
ticles and the binder containing small AP particles.

It is shown above how, fcom the heterogeneity of composite
propellants, one can rationalize the composition-driven oscillatory
burning behavior at low pressures. Of course, the complete descrip~-
tion of the model needs the conservation equations of energy and

species in the solid and gas phuse. Here, we are just suggesting

ARt W bl Mk st a1

another possibility of the unsteady burning model at low pressures.

T

Other information about thz oscillatory burning near the limit-

I "

ing pressures céen be obtained from somez of the records of force and
light intensity signals. On Figure V.9 are presented the analyzed

results of a typical oascillatory burning test of UFA propellant such

H
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as one shown on Figure V.2. The mean (over one period) burning rate
decreases as the extinguishment point is approached, but both the
amplitude and the period of the oscillation increase. Above all it
is interesting to see that the phase lag of the iight signal to the
force signal seems to approach =©/4 as the extinguishment point is
reached. These observations pertain to all records obtained, but
the local period-to-period excursions are ~andom. Any successful
unsteady burning theory should be able to explain these experimental
observations. We suggest that these observations should be valuable

guldes in establishing a satisfactory theory.
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CHAPTER VI

EFFECT OF SUPPLEMENTAL ENERGY ON BURNING AND EXTINGUISHMENT

OF SOLID PROPELLANT AT LOW PRESSURES
A. BACKGROUND

Low pressure extinguishme.t has been explained in terms of
combustion inefficiency and intrinsic instability in previous chap-
ters. As discussed briefly in Chapter IV and more thoroughly in
Appendix A, the extinguishment at low pressures was observed to be
strongly influenced by experimental conditions, by the conditions at
the edge of the flame zone in particular. The boundary conditions at
the edge of the burning surface is an inevitable innerent limitation
in a strand burner technique. With an experimentally tractable strand
size, the transverse heat losses from the combustion zone could not be
eiiminated completely, although the losses were less significant when
a larger strand size was used. Even then there remains the radiative
neat loss from the burning surface to the cold surroundings, which is
increasingly more important as the pressure approaches tlie limiting
pressure. At those low pressures, a considerable nortion of the
energy feedback from the gaseous combustion zon: tc the burning sur-
face is lost by the thermal radiation from the burning surface. It is
one of our major concerns to see how the stability of combustion is

improved when the compensation for the heat losses is made by an

external heat flux.
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‘The heat loss and the combustion inefficiency were not intro-

‘duced in the phenomenological asrgument of intrinsic instahility since
the mechanism of instability can be described without reference to
them. However, in any complete theory they must appear at least in
the parameters because they determine the range of burniung conditions
in which instabilicy is manifested. For example, heat loss and combus-
tion inefficiency appear in the A and the B parameters of Denison and
Baum's theory.

No extensive work has been done on the effect of external flux

on the low pressure extinguishment of the composite solid propellant.
Ohlemiller and Summerfield [92]) have studied the radiation-augmented
burning of a PBAA propellant, with an arc-image furnace as the radiation
source. They were able to make the propellant sustain combustion at a
pressure as low as 0,007 atms by a radiation flux 9 cal/cmzsec; without
the augmenting flux it would quit burning at 0.05 atms,

On the subject of the burning rate augmentation by external
heat flux, there have been several experimental and theoretical

studies [3, 34, 58, 62, 73, 74, 77, 87, 98, 126]. Some investigators
(3, 98, 73, 74, 126] were concerned with the burning rate augmenta~-
tion in translucent propellants by external radiant heat flux,
ascribing the increased burning rate to the preheating of the propellaat
sample by the penetrating heat flux. In this case, the effect of ther-
mal radiation was shown to be equivalent to an increase in initial
cemperature [3, 73, 74]).

Horton and Youngberg [62] were able to predict the burning surface

temperature and the heat of decomposition of a composite propellant

by comparing the burning rates of externally burning strands inside
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a temperature-regulated furnace with those of internally burning
grains, Thomson and Suh [126] have reported that thermal radiation
has an iusignificant effect upon the burning racte of a double base
propellant. Their experiments were carried out at extremely low
pressure of 0.07 atms for a range of fluxes from 0 te 1.5 cal/cmzsec.
The absence of significant effect may be due to the relatively high
burning rate of 0.08 cm/sec at the pressure. Hertzberg [58] made an
investigation on the laser-induced combustion of ammonium perchlorate
at atmospheric pressure. Mihlfeith, et al. [87] measured the effect
of radiation heat flux on the steady burning rate of several composite
propellants at atmospheric pressure. A burning rate increase up to
30 percent was indicated in their study with the maximum heat flux
14.85 cal/cmzsec‘ They also computed the heat of decomposition
for the propellants tested using their data. Coates and Kwak [34]
used a stainless steel tube heated up to 950°C to measure the burning
rate dependency on the incident external heat flux at low pressures.
They found the burning rate of flurocarbon propellants at (.68 atms
could be enhanced as much as 100 percent by a heat flux of 2.€4
cal/cmzsec.

In this work, regression rates and flame temperatures were
measured in a furnace for two composite propellants burning at very

low pressures. Also, the effect of external heating on extinguishment

pressure was investigated.
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B. EXPERIMENTAL PROCEDURE

1, Burning Rates and Flame Temperatures

The quick-heating furnace described in Chapter 11l was used as
a source of the external flux. The experimental methods for burning
rate and for flame temperature measuremeant are, in most parts, the
same as those described earlier except for the introduction of exter-
nal heat flux. The sample of 1.25 c¢m X 1.25 cm cross-section and
2.4 cm long was ignited in the unheated furnace in the pressure-
adjusted combustion chamber and permitted to regress to about 1 ca
before the furnace power was turned on. Cooling nitrogen was continu-
ously introduced during a test at a rate of 4 liters per minute. The
weight of the sample was continuously monitored by a force transducer
and the flame temperature was sjimultaneously measured by a thermo-
couple in the gas phase. The variation of the furnace wall tempera-
ture was also recorded during a test along with the force transducer
signal on a Speedomax two-pen recorder. The :hermocouple signal for
the flame temperature was separately recorded on an Electronic 19
recorder.

A question inevitably arising for this sort of experimental
arrangement is whether a steady state is attained during a test
since the unburned part of the sample could be continuously heated
by thermal radiati- 1 incident on its sides. The best answer to this
question can be furnished by tracing che burning rate continuously
during a test. This was done for a catalyzed PU propellant, UFA,
burning at a pressure just above its low-pressure deflagration limit,
The recults are shown in Figure VI.1l, where histories of burning

rate, flame temperature, and furnace wall temperatures are shown.
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Different symbols indicate two different runs. Almost immediate
response of the burning rate and the flame temperature to the furnace
wall temperature is noted. The burning rate rises to & new level and
remains there, strongly suggesting the relative insignificance of
sample side heating during a testing period. Supporting evidence is
that the burning surface remained flat at least for the period concer~
ned. When the furnace temperature used was over 750°C, however, a
conical burning surface at the edge of the flat burning surface
appeared les: than a minute after the power was turned on. The
slight effect on tempera‘ure and rate of cooling nitrogen used to
protect the sample sides is revealed by comparing the results of two
runs. Even without nitrogen cooling, the flama-induced convective
flow around the sample was likely tc protect sample sides from quick
heating. The reproducibility of burning rate measurement is also found
to be excellent.

The data reduction of burning rate tests was straightforward.
The burning rate before and after the furnace was powered was obtained
by taking an average slope of the force transducer signal over an
appropriate time interval. The interpretation of flame temperature
data was complicated by the spatial distribution of temperature in
the flame. As shown in Figure VI,l, the flame temperature steadily
decreases as the burning surface regresses away from the thermocouple
bead, initially at a rate of about -3°C/sec or -240°C/cm. The
maximum thermocouple temperature shown when the furnace reaches the

set temperature 1is not wvhat it would be if the rhermocouple bead

were still located near the burning surface. Therefore, the
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thermocouple temperature of the flame was deduced by adding the incre-
ment of thermocouple temperature due to furnace heating to the initfal
thermocouple temperature which was taken from the early part of the
thermocouple signal. The increment of thermccouple temperature in
the furnace was taken as the difference between the maximum furnace-
augmented thermocouple temperature anc a tewperature the thermo-
couple would have at the time of the maximum thermocouple temperature
if the furnace had not bee. turned on. The latter temperature was
determined by linear extrapwlation of the first part of the flame
temperature history. The reproducibility of the flame temperature
measurement appears to be good on Figure VI.1l, but 1t was not 30 good
in general. The poor spatial positioning c¢f the thermocouple bead
inside the flame cross~-section is presumed to be the main reason,
evidenced by an almost fixed temperature rise regardless of the
thermocouple temperature before the furnace was turned on. The
reproducibility of the flame temperature rise was good. Hence, the
temperature rise rather than the temperature itself was counted more
meaningful. After radiation correction was made on the measured
thermocouple temperature by the method described in Chapter IV, the
final furnace augmented flame temperature of a run was calculated

by adding the difference between the corrected initial flame tempera-
ture and the furnace-augmented flawe temperature of the run to the
averaged initial flame temperature of many runs carried out at the
same experimental conditions.

2. Extinguishment P.essure with External Energy Supply

The go/no-go test was inadequate to determine the low pressure

deflagraticn limit with e.ergy supply because it would need the



exposure of a sample to the incident radiant heat flux for too long
a time. The depregssurization method was adopted with a rate of
4. pressurization slow enough to give a minimum pressure, the necessary
rate of depressurization thus depending upon the propellant kind. An
extensive study on this subject was made and the results are reported
in the next chapter. For the normally buruing propellants considered,
the rate of depressurization required was about 0.042 aec:nl for UFA,
0.006 sec-l for UED, and 0.075 x-;ec-1 for UEK, respectively. The rate
of depressurization was not determined by the orifice 3ize alone. It
was affected by many other factors, principally thc pressure-dependent
gas generation rate, the flow rate of cooling nitrogen, and the dump-
tank pressure as the extinguishment pressure approached the dump-
tank pressure. The situation became further complicated by a limita-
tion on the allowable exposure time of samples under furnace heating.
Thus, some preliminary investigation of sample preheating was needed.
The effect of sample preheating on the extinguishment pressvre
was investigated and the result is discussed in Appendix A, Section 4.
It is concluded that to iimit the error in extinguishment pressure
within 5 percent, the sample center temperature should not be allowed
to increase more than 10°C. The sample heating rate was measured
for various furnace wall temperatures and sample sizes. The results
are shown in TableC.II1. It is shown that a cylindrical strand of
1.43 cn diameter and 2.54 cm long is heated up from 21°C to 31°C in
56 seconds when the furnace temperature is 750°C. The sample used in
this study was a parallepiped of 1.25 cm X 1.25 cm X 2.40 cm which 1is
similar to the sample tested above. Thus, the contribution by an

jncrease in strand temperature would be negligible if the burning
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of a sample {g brought to extinguishment within approximately one
minute after the furnace power is turned on. This conclusion is also
supported by the burning rate measurement as described in the previous
gsection.

Further standardization was needed for the purging rate of cool-
ing nitrogen. As 1s discussed in Appendix A, Section 3, the effect of
nitrogen cooling was significant. To be consistent with the standard-
ized method for deflagration limit measurcment, a quiescent nitrogen
environment would be needed. This condition could not be met because
the purging of nitrogen was needed to minimize the sample preheating.
A faster rate of cooling nitrogen would be more effective for the
cooling purpose alone. However, a flow rate more than 4 liters per
minute was not adoptable because it appreciably raised the system
pressure limit. Thus, 4 liter: per minute was chosen for a standard
rate of nitrogen purging.

It was understood that to get any meaningful data from extinguish-

"ment tests in the furnace, two rather conflicting experimental coun-
ditions must be met: the rate of depressurization should be sufficiently
slow, as discussed in Part B.2 of this chapter, and the propellant
burning should be brought to extinguishmen: within one minute after

the furnace power was turned on. These conditions were easily met for
the faster burning propellants such as UEK and UFA for which relatively
high rates of depressurization may be used. For UED propellant, which
has the slowest burning rate among the propellants considered in this
study, the results are least reliable.

The extiiguishment tests for UFA, UED, ard UEK propellants wer=

carried out by the following sequence:

e .
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The desired fu nace temperature was set at the
controller.

An orifilce of proper size tuv meet the critical
depressu; ..ation was chosen and mounted (refer to
Table C.I1I, Appendix C).

The initial chamber pressure was chosen to be
approximately two times as high as the expected
extinguishment pressure (refer to Chapter VII).

A sample of 1.25 cm X 1.25 c¢m X 2.40 cm was mounted
on the force transducer and the combustion chamber
was filled with nitrogen.

The cooling nitrogen was introduced at a previously
determined rate; the nitrogen flow rate was adjusted
before a series of tests to give 4 liters per mirnute
when the chamber pressure was 0.067 atms,

The hand exhaust valve was adjusted to give a con-
stant chamber pressure with the introduction of purging
nitrogen.

The sample was ignited by a heated nichrome wire
(0.011 gage) and the chamber was depressurized by
opening the main exhaust valve. Both the weight and the
pressure signals were recorded on a Speedomax two-pen
recorder.

The furnace power was turned on when the chamber
pressure reached a level slightly higli:¢ than the

Pdl measured for the propellant without furnace

heating.
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(9) If the rate of depressurir:ii-7, was too slow to

extinguish the burning ¥ thin one minute, the test
was repeated with a bigger orifice.

The tests on the TPF 1006 propellant which has a very high P

dl

were made with a fixed orifice size of 0.318 ¢m. The furnace power

was on before the depressurization was started. Since the rate of

depressurization by the 0.318-cm orifice was still relatively high

for this slow burning propellant, the extinguishment pressures measured

would not be the limiting values independent of the depressurization

rate. As the extinguishment occurred, in most cases, at pressures

before the orifice was dechoked, the extinguishment pressures were

determined by the fractional rate of depressurization as well as the

energy supplied.

C. RESULTS AND DISCUSSION

1. Transient Responge of Low Preosure Burning to External Heat Flux

On Figure VI.2 are shown the transient responses of the burning
rate and the flame temperature of a PU propellant at a pressure

slightly helow its pressure deflagration limit. An apparent cvershoot

of the burning rate and the flame temperature is noted when the fur-

nace temperature reaches the pre-assigned value. The burning rate

change follows the furnace wall remperature closely and attains a

maximum value. There is a time lag of 3 to 5 sec - considerabiy less

than the relaxation time of the thermal wave. After staying the

maximum level for a while, the burning rate suddenly drops to a final

steady state vulue which is approciably lower than the maximum. The

game trend is found in the response of the flame temperature. This
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strange burning behavior was a characteristic of PU propellants, being
~ore distinct when the furnace wall temperature was less than 600°C.
For furnace wall temperatures more than 700°C, the differenc=
" between the maximum and the final burning rate became less pronounced.
This peculiarity in the burning response of PU propellants is
likely attributable to the existence of the surface layer formed by
polymer melting and cross-linking as described in Chapter IV. The
overall deflagration distance during the transient response estimated
from Figure V1.2 1is approximately 1.1 mm which 1s comparable to the
deflagration distance during a long-period oscills .ion for the same
propellant burning at about the same pressure. Also, this deflagra-

tion distaice is almost the same as the thickness of the surface layer

measured from a quenched sample. Thus, the explanation offered for

this phenomenon, compatible with the explanation of intrinsic insta-
bility, is as follows.

The surface layer containing large AP particles, polymer melt,
and cross-linked polymer decomposition products is slightly oxidizer-
rich and in a marginally stable state. It burns away rapidly when

additional energy is supplied, actually overshooting the new steady

state which is established later. This fast-burning state is thought

to be oxidizer-rich (relative to the propellant as a whole) on the

evidence of the transient increase in flame temperature. When the

externa). heat flux 1s rather strong, perhaps comparable to the heat
feedback from the intensified flame, the available oxidizer is not
sufficlent to overshoot the more remote final steady state. Possibly
the flux provided by the furnace at 400°C is comparable in magnitude

to the flux excursions associated with oscillatory burning.

t
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2. Augmented Burning Rates and Flame Temperatures by External Heat ;j

Flux

The dependencies of the burning rate and the flame temperature
on augmenting flux were measured for two PU propellants, a catalyzed
one, UFA, and an uncaitalyzed one, UED, at pressures slightly above
their low pressure deflagration limits. Figure VI.3 shows the burning
rate data for UFA propellant. A large increase in burning rates is

achieved by relatively weak external heat fluxes. As much as 45 per-

.

i cent enhancement in burning rate is attained with a moderate heat 3

¥
|

flux, 0.84 cal/cmzsec. One striking feature is that the rate of the
burning rate increase, measured by the slope of the curve, also
increases as the external flux level is iucreased. This is contrary
to the expectation that a finite increment ¢f external heat flux would
constitute a smaller increment of the total feedback heat flux for a
higher burning rate. A possible explanation is found in the fact that
the external heat flux also stimulates a large gain in the flame
temperature which brings an extra heat feedback to the burning surface.
On Figure V1.4, similar information on burning rate augmentation

is given for an uncatalyzed FU propellant. It is notatle that a

moderate external heat flux, 0.84 cal/cmzsec increases the burning
rate as much as 140 percent at 0.05 atms, a pressure just below the
deflagration limit of this propellant. The initial burning without 3

external heat flux was barely sustained by the ignition aides. At

i b

0.05 atms, the acceleration of the burning rate increase is not
exhibited, whereas it is at 0,06 atms. At the higher pressure, a ’

burning rate increase by B4 percent 1s induced by the same external

heat flux, 0.84 cal/cmzsec. !
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Figure VI.5 shows the cnhanced flame temperatures of UFA propel-

lant under the furnace heating. Those data were taken simultaneously

with the burning rates. Radiation corrections and the data-reducing
nrocedures as degcrited early in this chapter have been made for those
flame temperatures. Straight lines represent the data satisfactorily
and the flame temperature is raised by 200°C at 0.05 atms and by 160°C
at 0.06 atms regpectively, with an external heat flux of 0.84

2
cal/cm sec.

It is noted that the flame temperatures for two pressures
approach each other as the higher heat flux is imposed. The combustion
efficiencies at both pressure levels appear to be much improved and
approach each other at those higher external fluxes.

The difference between the flame temperature of UED propellant
(Figure VI.6) at 0.05 atms and 0.06 atms is large, being as much as
400°C when no external flux 1s introduced, whereas only 60°C differ-
ence is exhibited by UFA propellant. A marked increase in flame
temperature, as much as 700°C, is observed for UED propellant burning
at 0.05 atms with an external heat flux 0.84 cal/cmzsec. It is under-
standable cthat an increase in the energy feedback to the burning
surface, either due to the increase in system pressure or by the added
external heat flux, have a more significant effect on the burning of
a slow-burning propellant than that of a fast-burning propellant. The
UFA propellant has a larger burning rate without external flux and

probably a greater combustion efficiency to start with.

3. Further Interpretation of Burning Rate and Flame Temperature

Data under Furnace Hezting

In the previous section, a qualitative explanation has been

offered for the observed burning rate behavior under furnace heating.

]

3
%

3

il e el

0 v I e N g
s bt b st bl ol

FIPRNTRIAE TR BRPP vy

il Lk




81

An attempt is made in this section to find values for thermorhemical
and kinetic parameters from the data. Some fundamental difficulties
are expected in applying a phenomenological combustion model to these
experimental data. One of the major problems 1s our 1gnorance about
the combustijon inefficiency which accompanies low pressure burning.
Another problem comes from the possibility that the external heat
flux might not only augment the burning rate but also alter the burn-
ing mode at the low pressures. There is, howcv. v, no unambiguous
evidence for this possibility. It is never. . s felt that some
analysis with simplified models may be just. ™ ..

a. Activation Energy for Gas Phase Resction

Denison and Baum's simplified model, which assumes a laminar
flame in the gas phase, is adopted. Coates [30] has shown the adequacy
of the simplification and some success has heen claimed by Coates
and Horton [31, 32] in their application of the model to the extinguish-
ment of solid propellants by rapid depressurization. Coates and Kwak
[33] also applied this theory in correlating their experimental data
on the augmentation of burning rates by external heat flux. Further
justification is provided by the fact that the very low pressure
considered in this work makes less objectionable the application
of & laminar flame theory for premixed gases to poorly mixed gases;

the rate of diffusion becomes faster than the rate of reactiot at

very low pressures.

According to Denison and Baum, the gas-phase reactjon rate is

expreased by che following eq - ~tioa:

rec Pn Tfn+1 e-Ef/ZRTf ’ (VI-1)
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where C 1s a constant and the other symbols are as defined in the
previous chapter. 1In the steady state, the gas phase reaction rate
shiould be the same as the deflagration rate of the condensed phase.
Thus, the gas phase reaction rate can be substituted for by the
regression rate of the condensed phase. Eq. (VI-1l) suggests that the

plot of log [r/(p" Tfn+1

)] versus the reciprocal of 'I‘f would give a
straight line of slope (-Ef/a.606 R).

This is done in Figure VI.7 for both UFA (catalyzed) and UED
(uncatalyzed) PU-fueled propellants. The data for UFA propellant
toth at 0.05 atws and at 0.06 atms are fairly well together, while a
considerable discrepancy exists between two sets of data for UED
propellant. There is some doubt that Eq. (VI-1) is a good represen-
tation of the data for either propellant, It is, however, seen that
a straight line of E¢ = 25 kcal/mole correlates the UED data at
0.06 atms. In contrast, a straight line fails to fit UED data for
0.05 atms. A better representatien would be a curve gradually level-
ing off as the flame temperature jis decreased. A similar and clearer
tendency is shown by UFA data for both pressures. The curves could
perhaps be represented by two straight lines, a declining line and a
horizontal line, as the flame temperature about 1160°C as a breaking
point. When the flame temperature is higher than this temperature,
the straight line of E, = 20 kcal/mole cotrelates the data for both
pressures reasonably well. The data for flame temperatures lower
than 1160°C are better represented by a straight line of zero s3lope.

An explanation is offered for this sharp change in the apparent
activation energy of gas phase reactions. A modification of the

purning mechanism is suggested to occur during the course of increasing
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external heat {lux, as speculated previously. For flame temperatures
lower than the critical value (1160°C for UFA, about 1800°C for UED),
controlling processes for the low-pressure burning may exist in the
condensed phase, and the gas phase reaction rate becowmes ilimiting

for the flame temperatures higher than the critical value. The
augnenting external heat flux required to increase the flame tempera-
ture to the critical level is in the range of 0.4 to 0.6 cal/cmzsec
for UFA propellant and is about 0.8 cal/cmzsec for UED propellant.

The increased burning rate at the same augmenting flux level for each
propellant is about 0.16 mm/sec for UFA and 0.11 mm/sec for UED,
respectively (Figures VI.3 and VI1.4) which corresponds to the flux~
unassisted burning rate at the pressure about 0.07 atms for UFA and
0.1 atrs for UED respectively (Figure IV.1). From these results, one
may infer that propellant burning hecomes controllcd by condensed-
phase processes from a pressure slightly higher than the P

d1’
b. Net Heat of Gasification

Another application of the furnace-gugmented burning rate and

temperature data 1s to estimate the net heat of gasification as done

Y

by Mihlfeith, et al. [87]). VYor thelr experimental conditions, they
assumed the change in the flame temperature way negliglible under the
irradiation by external heat flux, which turned out to be not true in
our cagse. Horton and Youngbex»g [62] included the contribution of the
flame temperature rise in their computation of the net heat of gasifi-

cation. However, their employment of a rough energy feedback law

makes rtheir method less attractive. There is no direct way to measure

the net heat of gasification. Values computed from temperatures and
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rate measurements are, as pointed out by Mihlfeith, et al., a function

of the assumption made.

Nevertheless, the computation of the net heat of gasification was
made using the method adopted by Mihlfeith, et al., hoping that a
comparison could be made with their results. The heat balance at the

burning surface gives

f = rolc(T = T)) + gl (VI-2)
ar
Gy e (VI-3)
3T, ple(Tg = T ) + q)
. e L e(T, - T)) (VI-4)
q p(3r/af) s 0
L

where f 1{s the total energy incident on the burning surface aud q is

the net heat of gasification. If the quantity (Br/af)T can be deter-

s
mined experimentally, Eq. (VI-4) provides a means to compute the net

heat of pasifi-atien. In this work it was found that the burning

rate is in . #d »ot only by the direct heat flux but also by the

additional h. flux from the gas-phase flame of increased temperature.

Although the latter effect is probably not negligible, it is, for the

present purpose, assumed to be sc. The burning rate-external flux

relationship, though not linear, is taken as linear. With these simpli-

fications, the net heat of gasification was calculated for each case

and is listed in Table VI.l. When the burning surface temperature is

about 300°C which corresponds to C(Tg - TO) = 100 cal/g, the net heat

of gasification is barely exothermic (q negative). With the higher sur-

face temperature assumed, the net heat of gasification becomes more

oy
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exothermic. Due to the severe assumptions introduced, the absolute
values of (he heat of gasification cannot be concluded from these
results but we infer that the surfz.¢ decomposition reactions are,
taken together, siightly exothermic.

2

4, Extinguishment under Furnace Heat Flux

The dependency of the extinguishment pressure on the external
heat flux was measured for five typlical pronellants. The result for
tour of then are discussed in detall in this chapter. Propellants
chosen are representative of a group of propellants which have similar
burning characteristics: an cxtremely slow-burning, uncatalyzed PU
propellant, UED; a catalyzed PU propellant, UFA, as a representative
of propellants of the intermediate burning rates; a fast-burning
PBAA propellant, UEK, which ejects a large amount of AP particles;
and two high-Pdl propellants, TPF 1006 and UDF. For tour propellants,
UDF being the exception, the extinguishment pressure could be lowered
to the system limit with the external heat-flux level attainable in
the apparatus. The fuel-rich PU propellant, UDF, behaved strangely.
Even with the maximum heat flux of the system, 1.64 5al/cm25ec, a
steady burning could not be achieved for this propellant at a pressure
below its deflagration limit withour augnenting flux. Instead, this
propellant exhibited a repeated sequence of ignition, deflagration,
and extinguishment when exposed tu augmenting flux. A detailed
description of this phencmenon is found in Appendix D.

On Figure VI.B, the deflagration limit of UFA propellant is
presented as a function of external heat flux. The extinguishment
pressure is lowered when the external heat flux is supplied. When

the external heat flux 1is greater than 0.7 cal/cmzsec. the propellant
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burning cannot be brought to extingrishment at the least pressure

o

attainable. Linecar extrapolation indicates that the propellant would

burn at zero pressure when the external heat flux excecded about

3
1.0 cal/em“sec. 1f, of course, one could further reduce Lhe pressurc,

other, as yet unobtrusive, c¢ffects would become prominent, and the
extingulshment pressure vs. external flux curve would deviate from

the simple extrapolation.

e 1 T T ST I T

There are three examples of procesres

which might occur when the pressure approaches zero: (1) surface

reaction between oxidizing gases (from AP) and polymer would cease
as the mean free path approaches the distance between AP particles;
(2) Al wonld evaporate and escape at sub-ignition temperature; (3) the

| behavior of UDF (intermittent buruing). But the extrapolated minimum

flux for what appears to be near-ordinary burning 1s important. It
is tie least net surface flux at which ordinary burning could occur.
The corresponding furnace temperature, 650°C for UFA, is the least
effective temperature for burning.

Figure VI.9 displays the effect of external flux on the extinguish-
ment pressure of UED propellant. The :cattering of data is due to the
difficulty of experimentation with slow-burning propellant, as discussed

esrlier in this chapter. Because of the sampie prehr~ting problenm,

the higher values of extingulshment pressure for a given flux are

considered the more accurate. The extinguishment pressure for zero

heat flux to be 0.063 atms was determined with cooling nitrogen passed

around the sample at a rate of 4 liters per minute, so that it is

appreciably higher than *he Pdl of this propellant, 0.052 atms as

determined by the standard method. Less pronounced effects of cooling
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nitrogen on the oxtinguighment prussure was observad [or faster
burning propellants such as UFA and UEK,

Again, iInterestingly, linear cxtrapclation of the data to zero
extinguishment pressure gives a corresponding external heat flux
about 0,9 to 1.0 cal/cmzscc, supporting the Interpretation applied to
UFA propellant.

it appears that the augmented burning rate stabilizes the combus-
tion to give the near-linear drop of extinguishment pressure with
respect to the external heat flux. 1In Figures V1.1(0 and VI.1ll, the
heat flux-augmented burning rates arc compared at the pressures neatr
the extinguishment vajues for UFA and UED propellant respectively.
The data were taken from the weight transducer signals recorded
during the tests for determining extinguishment pressures. Fillad
srubols indicate the burniag rate taken near the extinguishment
pregsure. Note that the burning rates at the extinguishment pressures
are nearly the same for all the external flux levels considered,
although a slight decrease it experienced as the heat flux level 1is
increased. The limiting burning rate is approximately 0.1 mm/sec
for UFA propellent and 0.045 mm/sec for UED respectively. The near-
constant limiting burning rate is taken as an empirical fact useful
for further interpretation of the cxtinguishment data.

Based on the assumption of the limiting burning rate, termed
rdl' a mathematical description ig attempted fci1 the extinguishment

data under the furnace heat flux. Additional assumptions are ede’

to predict the lowerfiig of the extinguishment pressure by external
heat flux based on the burning rate eugmentation data near the flux-

nuassisted deflagration limit of a propellant, It is postulated that
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the same functional dependency oi the burning rate on the external
flux exists even at pressures below the deflagration limit and the
burning rate increases linearly with the external heat flux. Also
"—assumed 1s that the same burning rate law holds at pressures lower

than the deflagration limit of the propellant. A burning rate law

adopted 1is

n

ry = 2Py, . (VI-5)

By the assumptions as above, the burning rate of a propellant at a

certain pressure, being augmented by an external flux, fr’ is,

r = ap" + BE. (VI-6)

where B 1s the slope of burning rate-external flux curve, termed the
heat flux coefficient for convenience and fr is external heat flux.
By the assumption of limiting burning rate, extinguishment occurs

when r equals to réi' Thue, from Eqs. (VI.5) and (VI1.6), the pressure

i ) e el

aeflagration limit under furnace heating, Pf, hbecomes

( Bfr 1/n
p,=p (1 -—F (Vi-7)
£ d1 rdl) .

Eq. (VI-7) suggests that t.e more significant effect is produced
when the heat flux coefficient is bigger and the limiting burning

rate and tne buining rate exponent are smaller. The deflagration

bl i it 1, el e

limit under the external heat flux can be predicted by Eq. (VI-7)

with the heat J[lux-augmented burning rate data at low pressure deflag-
ration Jlimit. Applying Eq. (VI-7) to data for UFA and UED propellants,
cne finds that this linearized correlation predicts higher values of

extingulshment gressures than experimentally measured oves for UFA

© ol o
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propellant and slightly lower values for UED propellant. The
simplifying assumptions are probably responsible for those discrepan-

cies. However, Eq. (V1-7) does correctly predict the qualitative

nature of the phenomenon such as the slope of the curve being steeper
for UED propellant.

Due to the severe assumptions involved in its derivation, the
application of Eq. (VI-7) should be limited to a rather small external
heat flux. Eq. (VI-7) cannot be applied when Pf approaches zero, as
shown by the following argument. Differentiating Eq. (VI-7) with

respect to fr’ we come up with the followirg equation:

( Bfr /n -1
P {1 -—EL . (V1-8)
g 4 rdl)

Eq. (VI-8) 1indicates that the slope of the curve (de/dfr) at Pf = 0

becomes zero or minus infinity depending on whether n is smaller or

bigger than one, which seems hardly credible.

On Figure VI.12 are shown the extinguishment data for UEK pro-
pellant. This propellant needs more than 1.0 cal/cmzsec to reduce
the extinguishment pressure below the system limit. With an external
heat flux more than 1.05 cal/cmzsec, the propellant burned out at the
gsystem limiting pressure without showing a visible flame, which indi-
cates that the flame temperature is very low. At these very low
pressures and with high external liest fluxes, the condensed phase %
regression rate of this propellant stays hig¢r as a result of the high

regression rate of the continuous phase (polymer and fine AP particles),

e

most of the large AP particles being ejected. The reaction rate in

the gas phase is very low, which appears to be the cause of the very low
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flame temperature. This new phenomenon is presumed to make this

propellant behave differently from UFA and UED propellants. However,

" we find the extinguishment data below external heat flux 0.8 cal/cmzsec,
where the aew phenomenon is not significant, resembles those of UFA
and UED propellants. Linear extrapolation gives a minimum heat flux
about 1.1 cal/cmzsec which is not very far off from about 1.0 cal/cmzsec

for UFA propellant.

The extinguishment data for a fluorocarbon propellant, TPF 1006,

A 7;
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are shown in Figure VI.13. This propellant has a high Pd1 of about

5 atms. The burning of this propellant was seen to be very erratic

o o b b s i

when the external hcat flux was less than 0.3 cal/cmzsec. Also, the

WA

burned surface was verv irregular and concave. The increased heat

flux above that value gave a normal burning and a flatter burning %
surface. The burning surface became perfectly flat when the external f
heat flux was 0.7 cal/cmzs:c and had a tendency to be convex for still

hi. - heat fluxes. On a semi-logarithmic coordinate, a straight line

approximates the data of this propellant well. Noticeably, air does

not provide a detectable effect in those high extinguishment pressures

when it replaces nitrogen as an ambient gas, while the effect of

cocling nitrogen is still observed.

s e e

Because the chemistry of this propellant is very much diffecent
from that of the other propellants, comparison of the extinguishmert

data s not attempted. We do note very large change in extinguishment

precdare wirth external heat flux.
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CHAPTER VII
EXTINGUISHMENT DURLNG DEPRESSURIZATION
A. BACKGROUND

In the early phase of this program, the slow depressurization
method was used to determine the low pressure deflagration limit as

the asymptotic extinguishment presgsure approached as slower rates of

depressurization were employed. It was observed that even very small

rates of depressurization had a significant effect on the extinguish-
ment pressure, though a lesser effect than observed when extinguish-
ment was achleved by rapid depressurization.

The object of this subprogram is two-fold. One 1is to develop a
suitable way of determining the low-pressure limit and to see how
the low-pressure limit changes as less severe pressure transients are
imposed. Another object is to broaden our understanding of the
extinguishment during depressurization using the relatively easy
controllabllity of experimental conditions at low pressures. Although

the burning behavior and the extinguishment mechanism at low pres-

sures could be much different from rhose at high pressures, we pre-

" sume the difference 1is in the relative influences of sub-processec

that are common to combustion at all pressures.
Notwithstanding much effort devoted to understand the extinguish-
ment during rapic depressurization, the mechanism of extinguishment

ia not well understood. Both theoretical and experimental difficulties
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appear. From the theoretical point of view, the relatively well-

developed transient burning theories based on linear perturbational

"hnalysis are not applicable to this situation, because large excur-
sions from steady-state behavior are induced. The inadequate

understanding of the steady-state buruing mechanism itself is an

obstacle.

1

Experimentally, several problems have been encountered, although

the extinguishment itself is easily achieved, one being the diffi-
culty of the instrumentation for the rapid depressurization test.

Some investigators (134, 135] report difficulty in determining the

e St e

extinguishment point accurately enough. The exact pressure of extin-

guishment is an essential datum for judging the adequacy of predictive
theories. Only a few investigators [67, 68, 129] have attempted to

determine the point of extinguishment precisely. Most other workers

Ll b s Do, ke i

have relied on the conventional go/no-go type of test which supplies

bl ot

only very rough information on extinguishment mechanism. Another

experimental attack on this problem which has a poor yield of under-

v talal L tminis

standing is an attempt to measure the transient burning rates during
depressurization. If successfully measured, the rate transient would

give critical information on the extinguishment mechanism. Fletcher

P rp————

and Bunde [50]) deduced the transient burning rate by a mass balance, i E
using the pressure-time history of a propellant-containing chamber

during depressurization. For some cases, they inferred that the

transient burning rate first rapidly increases above the initial

steady-state value before eventually decreasing to zero. Their

conclusion is not widely accepted because of many uncertainities

involved in their calculation, such as the nozzle opening time, the
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gas temperature inside the combustor and the nozzle coefficient of
discharge. A technique using microwave reflection from the surface
has been adopted by several investigators, and some results have

been reported [117]). However, the reliability of those data are
still also in doubt. Recently, Yin and Hermance [137] have measured
the transient burning rate by continuously monitoring the electrical
capacitance across the burning surface. Their results show that the
burning rate at any pressure during depressurization is higher than
the steady-state value at the corresponding pressure. As the capaci-
tance across the flame is the least reliable quantity to be measured,
their results also remain uncertain. Thus, there 1s no generally
accepted way to measure the transient burning rate during depressuri-
zation.

Experimental difficulties arise from the strong dependency of
the extinguishment process on the experimental conditions. The
burning rate becomes small at the last stage of the extinguishment
process, so that it could be strongly affected by heat loss and flow
conditions around the burning surface. Two types of experimental
apparatus have been used for extinguishment tests: a subscale
motor with variable venting, and a rarefaction tube in which propel-~
land strands are burned. A motor may generate data of practical
value, but the results are of little use for testing extinguish-
ment theories. The pressure-time relationship is complicated by
the coupling between the combustion and the nozzle flow. Addition-
ally, in motor tests there are the effects of erosive burning and

the external heat flux coming from the heated hardware which surely

promotes reignition. 1In rarefaction-tube runs or in modified strand
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bomb tests, the pressure-decay rates are little affected by the
gtrand burning. However, heat loss from the strand burning to the

cold surroundings promotes extingulshment. Those effects of the

“experimental conditions introduce unavoidable errors which preclude

close examination of any existing theory.

In the following paragraphs, some of the related work is
reviewed. At first, the von Elbe-type theories are examined. Von
Elbe-type models lead to Eq. (II-l),(rz/a)/[-(d £n p)/de] = n/A
which could readily be inferred from dimensional analysis, but has a
basis in physical recasoning. Rather severe assumptions are intro-
duced In deriving the equatisn: a constant burning surface temperature,
a chemically inert solid phase, and a quasi-steady heat feedback law.
Furthermore, the solution is basically obtained by a perturbational :
approach which is valid only if the deviation from the steady state
is small. However, if only the resultant equation is examined, one
can rationalize its occasional success. It is interpreted as expres-
sing that when the characteristic time of the change in process
conditions (represented by pressure) is less than the time required
for the thermal wave adjustment, which is the slowest procesg, then
departure from steady-state lncreases. 1In the case of depressuri-
zation, the departure is in the direction of starving the precombus-
tion processes of needed energy, with the consequence of extinguish-
ment. Eq. (II-1) implies that the extinguishment is determined only
by the instantaneous rate of depressurization. However, the experi-
mental results (for example, (83]), indicate that not only a certain

rate of depressurization but also a finite pressure drop 18 needed :
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to quench a propellant burning. Hence, Eq. (II-1) is considered to 3;
constitute the condition for the onset of instability as Cohen [35]) :
viewed, not to represent the termination point as the original
derivations imply.

Although Eq. (Il1-1) does not adequately describe extinguishment,
it has been applied, with some success, in correlating the extinsuish- )
ment data. Ciepluch (27, 28, 29] was the earliest investigator
who made a systematic experimental study of rapid-depressurization
extinguishment. Using a subscale motor, he investigated the extin-
guishment of PBAA and PU propellants during rapid depressurization
and of the occasional subsequent reignition. He reported that the
minimum pressure decay rate for extinction linearly increased as
the initial chamber pressure was increased [27]). He later represented
his data in terms of the critical timec required for the pressure
todecrease to one-half its initial value. A mild effect of initial
pressure on this critical time was observed {28]. His observations
for the compcsitional effect on the extinguishment requirement are
summarized in Table VI.II in comparison with the results of other
investigators. The mild effect of initial pressure for extinctio-
requirement is a tendency supporting von Elbe's representation. Later,
von Elbe [128] applied his theory to Ciepluch's experimental data,
assuming reasonably a depressurization history deduced from the
ballistic equation. His analysis indicates that the theory yields a
critical vent ratio only about 20 percent sgmaller than the experi-
mentally determined ratio.

An advanced interpretation of the von Elbe-type model has been

made by Cohen [35]. He viewed Eq. (1I-1) as defining the requirement

|
1+ i




96

for the initiation of extinguishment. He further helieved that both
the L* extinguishment and the rapid depressurization extinguishment
are the same phenomenon caused by self-induced and externally induced
pressure perturbations, respectively. The permanence of extinguish-
ment is hypothesized to be achieved only if the pressure falls from
the initiation pressure to below the low pressure ignition threshold
level within the corresponding chemical induction time for reignition.
His view on the completion of extinguishment is questioned due to

the introduction of quantities of vague physical meaning, the ignition
threshold limit and chemical induction time. He reports that Eq. (II-1)
well predicts the rate of depressuvization required for extinguishment.

Investigators at the University of Utah [26, 44, 83] have used a

varefaction tube as a tool to quench the propellant burning. Blow-
down and first-rarefaction-wave pressure reduction werc utilized to
extinguish the strand burning. They found that the initial tube
pressure has no effect on the extinguishment in blow-down runs and,
therefore, the fractional rate of pressure decay, -(d £n p)/dt,

is the determining factor for extinguishment. Their results on the
blow-down type of extinguishment tests are summarized in Table VII.I.
The pressures at the moment of extinguishment were not detected so
that the direct comparison with the von Elbe-type theories is not
possible. However, as the fractional rate of pressure decay is
nearly constant in a blow-down type of run until the nozzle is de-
choked, Eq. (II-1) is best checked at the minimum pressure where the
nozzle remains choked. This minimum pressure would be about twice

the pressure in the region into which the gases are vented [26]. With
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this postulated extinction pressure, the fractional rate of depres-
surization required for extinguishment is computed by Eq. (II-1)
and compared with the experimentally-determined value. 1t is seen
that the experimental results are well within the predictions of
EQ. (1I-1) except for F propellant, which is a catalyzed bimodal
PBAA propellant. F propellant requires as much as eight times faster
rate of pressure decay for extinguishment than theoretically predic-
ted (based on A = 1). However, the Utah investigators have taken
the severe test of permanent extinguishment as the extinguishment-
nonextingulshment criterion. Since F propellant has strong tendencies
to reignite, they may have judged the equation too harsghly.
Mantyla [83] estimated the net heat of gasification, using his data
for extinguishment by the first rarefaction wave, His computation
was based on a hypothetical crictical pressure ratio, the ratio of
the final pressure to the initlal pressure, which would be required
to extinguish a propellant by an infinite rate of pressure decay.

The problems associated with extinguishment in motor firings
were also noted by von Elbe and McHale [129]. They avoided the compli-
cated problems by using a modified strand bomb. With the aid of a
simultaneously recorded photocell signal, the actual extinguishment
pressure was determined on the recorded pressure-time curve. The
instantaneous depressurization rate was also obtained from the tangent
to the actual pressure-time curve at the point of extinguishment.
They have reported that an excellent agreement exists between von
Elbe's theory and experimental data for a PVC-fueled propellant,
whereas the data for PBAA propellants show a fair agreement with

the theory in the intermediate pressure range, but definite deparcture
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from theory at the highest ;nd lowest depressurization rates. They
have concluded that von Elbe's theory is a good first approximation
for predicting extinguishment of solid propellants,

An extensive experimental study of extinguishment by rapid
depressurization was made by Jensen [67, 68) using two large-
volume, small-grain motors, with end-burning and tubular grains. He
also obtained the extinguishment data from the actual pressure his-
tory of a motor. He has found that the von Elbe equation with A = 1
correlates the extinguishment data for most of the propellants
considered. The CTPIB propellant data show disagreement with the
theory at the highest and lowest depressurization rates, as von Elbe
and McHale noted for PBAA. Jensen also observed that the extinguish-
ment was easler when a vacuum exhaust pressure was used. He
concluded that the von Elbe type of combustion extinguishment model
provided a rough guideline for motor development work.

There is experimental evidence supporting the view that the
extinguishment during depressurization is not determined primarily
by the initial or mean rate of depressurization, but rather is
governed by the last part of the pressure history, over a small
pressure range. Schulz [112] and later Baer, et al. [4]) observed
that extinguishment by rapid depressurization was determined by the
final dump tank pressure rather than by the initial pressure.
Schulz's results show that a four-fold variation in initial pressure
(from 1.4 atms to 5.4 atms) does not produce a change in critical
dump tank pressure more than 0.02 atms for a fixed nozzle. Baer,

et al. made an zxtension of Schulz's work and found that the final
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dump tank pressure determined the extinction criterion within (.01
atms when the initial pressure was changed from 6 atms to 13 atms.

More rigorous analysis has been attempted by various investiga-

tors {32, 60, 86, 135) to overcome the gshortcomings of the von Elbe-

type models. Horton, et al. {60} solved the transient heat conduc-

tion equation in the solid numerically with the assumptions of
quasi-steady heat feedback law and constant surface temperature to
predict the depressurization extinguishment. They also allowed a

finire amount of endothermic net heat of gusification in their model.

g L g s el

Their model was claimed to predict their experimental data better
than Eq. (I1-1). The numerical values of the net heat of gasifica-
tion, however, are very much uncertain., Mantyla [83] has shown that
their model predicts depressurization rates for extinguishment three
to ten times greater than those actually needed.

Wooldridge, et al. [135], Merkle, et al. [86] and Coates and

Horton [32] have improved Horton's earlier technique of solving the

heat conduction equation in the condensed phase to predict the extinc~
tion criterion with less drastic assumptions. All those investigators
have allowed the variations of surface temperature with the burning
rate in Arrhenius fashion. Both Woolridge, et al. and Coates and
Horton employed Denison and Baum's transient heat feedback law.
Besides, Woolridge, et al. included two kinds of the condensed phase
heat release, one pressure-dependent and another pressure-independent.
Thus, their model needs five more parameters to be assigned in
addition to the surface temperature at a reference pressure. The
model by Merkle, et al. is based on the granular diffusion flame

theory. Besides the surface temperature at a given pressure, two more
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parameter; are needed, the heat of decomposition and activation
energy for solid phase reaction. They assumed that the extinguish-
ment was actually achieved when the surface temperature reached
600°K. Coates and Horton circumvented the uncertainity in the heat
of decomposition by directly aprlying the Denison and Baum's heat
feedback law, which implicitly includes the heat involved in the
solid surface decomposition. With the surface temperature known at
a given pressure, their model also needs two more parameters, the
activation energies for the gas phase and the solid phase reactions.,
They postulated that extinguishment would occur when the transient
burning rate dropped to 0.0127 cm/sec for all propellants. All the
investigators who devised morc sophisticated models claim good predic-
tion of extinguishment conditions with their estimated values of

the parameters; however, the arbitrariness in the numerical value of
those parameters needs further justification.

In testing any existing extinguishment theory with the experimen-
tal data available, one finds that those data are too rough for
critical evaluation. One reason is the variation in propellant composi-
tions studied by the various laboratories. Experimental procedures
are different also, Tn Table VII.I11, some of the extinguishment
data are compared. Some 1inv-stigators report that no significantc
effect of the binder kind, while others say differently. Considerable
disagreement is shown to exist in the effect of oxidizer particle
size, the content of gluminum and the inclusion of catalysts.

What may be an invalidating defect in one-dimensional extinguish-
ment theories is suggested by the experimental observations by Schulz

[112]) and Steinz and Selzer [121, 122]. Schulz observed by infra-red
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gpectrometry that the ratio of oxidizer to binder species in the ga-
phase increases at the earlier stage of depressurization and later
decreases below the steady-state value. Steinz and Selzer have é:'
reported that at a medium depressurization rate, the quench of the
first flame is followed by a development of a second flame which
preferentially consumes the oxidizer before dying out. There are
grounds for doubting the validity of any theory which does not VL
account for the compositional heterogeneity of composite propellants.

In this program, the accurate extinguishment data are gathered
to examine the existing theories. The transient burning rates
during depressurization are also mcasured. A comparison is made
between the low pressure deflagration limit measured by a go/no-go
test at fixed pressure and thut obtained by employing successively

lower ratea ot depregsurization.

B. FXPERIMENTAL PROCEDURE

1. Extinguishment During Depressurization 3

As seen by the literature survey, close control of the experi-
mental conditions is the key to reproducible, extinguishment data.
In order to attain a sure control of the thermal surroundings, the
combustion chamber was used as a tool for depressurization extinguish-
ment. Instead of attempting to simulate the adiabatic condition
for strand burning, fixed thermal surroundings were provided. For
this purpose, the nichrome-ribbon furnace was replaced by the cooling
coil described in Chapter II1, Section C. All the extinguishment
tests were carrled out with samples of 1.25 c¢m X 1.25 cm cross-

section, 2.4 cm long under a3 quiescent nitrogen environment. The

sides of the sample were inhibited by Krylon.
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The various rates of depressurization [as -(d £n p)/dt]}, ranging

1 to 0.003 sec_l, were attained by connecting the combus-

{ - from 5.0 sec
~—— -tion chamber and the main dump tank with a line In which orifices of
eleven different sizes would be placed. In Table C.III in Appendix C,
-‘the orifices and the corresponding fractional rates of depressurization

tion, which were calculated theoretically with the assumption ot the

ideal nozzle and no gas generation in the combustion chamber, are

Mo

shown. Without the propellant burning ingide the chamber, the pres-

sure decay was fairly well approximated as exponeatial when the
rozzle was choked. The actual rates of blow~down had values between
the predicted rates for izentropic and isothermal blow-down. Even
when a propellant sample was burning inside the chamber, the history
nf pressure changes was well represented by an exponential decay as
shown in Figure C,7. 1t is also shown that the actual rates of
depressurization compare well with the theoretical predictions when
the orifice size is larger than 0.318 cm. The gas evolution by
propellant burning, however, becomes significant when the orifice
size is smaller than 0.318 cm and the pressure is low. Although

the theoretical prediction ¢f depressurization rate is not poesible
for this case, the constant fractional rate of pressure decay still

well represents the pressure history when the orifice is choked.

The detection of the extinguishment pnint was achieved by a
photocell (1N2175) or by the force transd:.cer, depending upon the
rate of depressurization. When both sensors were used, they signaled

extinguishment at one same time, The pressure signal was picked up

by a pressure transducer (Statham PA731TC-25~350). The light and

the force signals were recorded cither by a camera-equipped
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oscilloscope (Tektronix Model 564) or by a strip-chart recorder

{(Leeds and Northrup Speedmax Series XL600 Recorder), depending on

S

" the depressurization rate, When an orifice larger than 0.635 cm
was used, the extinguishment point was detected by a photocell and
the oscilloscope was utilized for recording signals. For the U.635 cm 1
orifice or smaller ones, the depressurization rate was slow enough {
that the weight transducer and th. strip-chart reccrder served

better. 1

>ince it was intended to correlate the extinguishment pressure
in terms of the instantaneous rate of depressurization, a preliminary

study was made to determine if the initial porticn of the pressure

decay affects the extinguishment pressure. The results for a
catalyzed PU propellant are shown in Figure VII.2. It is nnted that
for the two orifices tested, the pressure at which depressurization
is begun does not affect the extinguishment pressure provided that
it exceeds the latter at least by a factor of two. This observation
holds for the other propellants studied. For the other data taken
during depressurizatioon and reported here, the initial pressure
used was, accordingly, more than twice the extinguishment pressure.
To establish a steady combustion before the depressurization
was started and to solve the difficult ignition problem at low
pressures, special procedures were needed. When the depressuriza-
tion was made frcm the combustion chamber alone to the large
vacuum tank, the propellant was ignited at a high enough pressure
that ignition was fast, then the chamber was slowly depressurized
by venting to the auxiliary dump tank originally kept at a pressure

slightly lower than the desired initial test pressure. An auxiliary
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orifice was chosen such that the propellant was not quenched during

this preliminary depressurization. When the auxiliary dump tank

"~ was coupled to the combustion chamber so that the extremely low rates

of depressurization could be used, the ignition was made at the low

initial test pressure. Nect only was the auxiliary dump tank unavail-

able for the first stage depressurization but too long a time was
needed to depressurize the chamber from a large pressure at which
ignition is easy. In this case ignition was slow; the deflagration
was allowed to proceed more than 10 mm before the test depressuriza-
tion was begun in order that the thick thermsl wave gnerated by the
ignition wire was consumed and a true steady state attained. In
this preparation step the chamber pressure was maintained at a con-
stant level by adjusting the hand exhaust valve.

The extinguishment tests were carried out in an automiatic
sequence preset on two control timers. The first timer set the
time for ignition and deflagration before the first-stage depressuri-
zation was started. The second was designed to control the interval
required for the first-stage depressurization and steady burning
before the main exhaust line was opened. A third timer was hooked
up to the main control sequence to trigger the oscilloscope, 1if
necessary.

With procedures as described above, the extinguishment tests
were carried out in the following sequence:

(1) An initial pressure and auxiliary orifice sizec were

selected which were adequate for the extinguishment

tests with the main orifice., Atmospheric pressure
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(2)

(3)

(4)

(3)

(6)

7

(8)
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was, if possible, preferably chosen for the initial
pressure in most cases.

The main dump tank pressure was kept at the lowest
system pressure, about 0.02 atms, by continuously
operating a vacuum pump during a run,

When needed, the auxiliary dump tank pressure was

set at a pressure belng 0.02 atms lower than the
desired initial pressure.

The timers were set at appropriate times estimated

for the initial steady burning and oscilloscope
triggering.

A sample was mounted on the weight transducer and the
cooling coil was put above the sample.

When needed, the photocell was located inside the cool-
ing coll at a position about 3 cm from the sample so
that it viewed the flame,

When necessary, the chamber pressure was adjusted to a
reference pressure, which was recorded by the oscillo-
gcope camera along with the zero cutput of the photocell
signal. Then, the oscilloscope and camere were prepared
for a run.

The combustion chamber was evacuated to the lowest
system pressare before it was filled with nitrogen gas
to a preignition pressure.

A run was initiated by pushing the gtarting button.

The sequence was as follows: ignition, preparatory
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: burning, first stage depressurization and steady
v burning at a constant pressure (initial test pres-

sure), the triggering of the oscilloscope, and the

opening of the main exhaust valve.

2. Measurement of Transient Burning Rate During Depressurization

To measure the transient burning rate during depressurization,
the force transducer was utilized along with the recoil force

compensator as described in Chapter III. An obstacle was encountered

during the firsr efforts to measure the transient burning rate with

the force transducer. As the sensor element of the force transducer

was contained inside a confined case, the signal of the force trans-

ducer was sensitive to pressure changes. Much improvement was

realized when a vent hole was drilled through the wall of the trans-
ducer case at a position opposite to the sensor hole; even then, the

influence of depressurization was detectible when the rate of depres-

: surization was greater cthan about 0.5 sec-l. Accordingly, the

successful employment of the force transducer as a tool for measuring

the transient burning rate was limited to the depressurization rate

lower than 0.5 sec-l.

il b e gt

Most of the steps of the experimental procedure for extingui:h-

el iU g

ment tests were also employed for the transieat burning rate measure-

ment. The changes were that cylindrical samples 1.0 cm in diameter

and 2.5 cm long were used in the burning rate tests, and the cooling
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coil was removed to make room for the recoll force compansator.
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C. EXPERIMENTAL RESULTS

1. Extinguishment During Depressurization

Figure VII.l shows oscilloscope traces for two typical depres-
surization runs. For both runs, the same fractional rate of de-
pressurization, 4.80 aec—l, was employed. A slow-burning, non-
catalyzed UEF propellant (polyurethane-fueled) i3 shown to be
extinguished above atmospheric pressure, while the fast-burning,
catalyzed UEZ propellant (PBAA-fueled) is not quenched until the
pressure reaches a very low value. Another difference noted between
the oscilloscope traces of UEF and UEZ propellant is the manner the
extinguishment point is approached. The luminosity of UEF propellant
burning, measured by the photocell, dropped very sharply to zero,
whereas the luminosity of UEZ propellant burning approached zero
gradually, making determination of extinguishment pressure difficult.
It appears that there may be a difference in the extinguishment pro-
cegsgses of these two propellants.

As briefly discussed in the previous section, the effect of
initial chamber pressure on the extinguishment pressure observed
was checked for UFA propellant and the result is shown in Figure VII.2.
For the two orifices employed, the initial pressure did not influence
on the extinguishment pressure when it exceeded the latter by a
factor of two or more. When the initial pressure was less than
twice the extinguishuwent pressure, the latter decreased as the initial
pressure was lowered, indicating that a finite pressure drop 1is
needed fur extinguishment along with a certain rate of depressuriza-

tion. The pressure drop was more conveniently represented by the

pressure ratio between extinguishment pressure and the initial pressure
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when the latter affected the former. It is interesting that this

pressure ratio appears to rewain at a constant value, approximately
0.5 for UFA propellant. Similar tests were made for UEG propellant,
which showed the ratio of extinguishment pressure and initial pressure
to be approximately 0.8, a value larger than the one for UFA propel-
lant (the experimental results are not shown in this report). It
appears that the required pressure ratio for extinguishment is
dependent on the propellant kind. If the pressure ratio is interpre-
ted in terms of time, one may say that there is a finite time required
for extinguishment, & time needed for the completion of extinguish-
ment after a propellant burning is brought to an unstable condition.
This extinguishment time is longer for UFA propellant than UEG propel-
lant. In the experiments reported hereafter, the initial pressure
always exceeded the extinguishment pressure by more than a factor of
two.

The extinguishment data are presented in terme of extinguishment
pressure and the instantaneous fractional rate of depressurization in
Figures VII.3, VII.4 and VI1.5. The fractional rate of depressuriza-
tion was obtained by dividing the actual rate of depressurization
at extinguishment (-dp/dt) by the extinguishment pressure. The
reader may refer to Table G.II for the detailed information on the
extingulshment tests for all the propellants considered. At least
two runs were carried out at each experimental condition.

In general,

the reproducibility was quite good.

The extinguishment data for polyurethane-fueled propellants are

summarized in Figure VII.3. For each propellant considered, a

straight line correlates the extinguishment data at extinguishment
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pressures exceeding the asymptotic minimum by more than about a

factor of two. At very small depressurization rates, the rate no

longer affects the extinguishment pressure which, for these propellants,
approaches an asymptotic value in the neighborhood of 0.05 atms. It

is inferred that the existence of two distinct regimes of extinguish-
ment signifies the exigtence of two distinct mechanisms. It should

be noted that for a given extinguishment pressure in the high-rate
regime, the rate of depressurization required to produce extinguishment
is very much dependent upon the propellant kind, being greater for

the faster~burning propellant, UFA, than the slower-burning propellants,
UED, UFC, and UEF propellants; and being least for the propellant con-
taining the most polymer, UEF.

The extinguishment data for the high-rate regime strongly suggest
the applicability of the von Elbe-type expressions as represented by
Eq. (II-1), (rz/a)/[-(dfn p/dt] = n/A, which implies that a single
parameter, the ratio of characteristic times, provides the extinguish-
ment criterion. It is predicted by the von Elbe-type models that the
faster-burning UFA propellant requires a higher rate of depressuriza-
tion than the slower~burning propellants for extinguishment at the
same¢ pressure. However, they fail to explain why the slower burning
UED and UFC propellants require mwore stringent extinguishment stimuli
than the faster-burning UEF propellant. Von Elbe's criterion must
be applied with caution.

Similar extinguishment data for HTPB and PBAA propellants are
given in Figures VII.4 and VII.5, respectively. The quenching curves

for these propellants show the same general features as those for PU
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propellants. Since the burning rates of these propellants are greater
than those of PU propellants, only limited portions of high-depressuri-~
zation-rate regimes are shown.

Because of the popularity of von Elbe's criterion, the extinguish-
ment data are further reduced to compute the ratio of characteristic
times, ~ (d {n p)/(rzlu), corresponding to each extinguishment pressure
and the results are listed in Table GII for all the propellants
considered. Also, the data for PU propellants are plotted in Figures
VII.6 and VII.7. To conform with von Elbe-type models, the ratio of
characteristic times should be a constant (0.5, 1, or 2) divided by
the burning rate exponent, and therfore should increase slightly as
the extinguishment pressure increases because the burning rate
exponent decreases as the pressure is raised at subatmospheric pressure,
Thus, n times of the ratio of characteristic times might be a better
coordinate than the ratio itself. This adjustment of the ratio is
not made in Figures VII1.6 and VII.7, but the numerical values of n
at the extinguishment pressure are given in Table G.II for all data
points.

The extinguishment data presented in Figure VII.6 are for two PU
propellants containing more polymer. 1In the high-rate regime, where
the criterion should be applicable, the critical ratio of the charac-
teristic times remains at an almost constant level for each propellant,
approximately 2.3 for catalyzed UFA propellant and 0.5 for uncatalyzed
UEF propellant. It appears that a critical ratio of characteristic
times is a good extinguishment criterion for a high-fueled PU propel-
lant, but the value of the critical ratio is a property of the

particular propellant.
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A slightly different reaponse to pressure transienta is indicated

on Figure VII.? for PU propellants with less polymer: a plain propel-

lant (UED) and an aluminized propellant (UFC). The ratio of charac~-

teristic times at extinguishment varies greatly, from more than 2.6 to

about 1.3 in the high~rate regime. The multiplication of the critical

ratio by the burning rate exponent yields only a slight approach ta

constancy. The von Elbe-type expression is less satisfactory in corre-

lating extinguishment data for these propellants than for the more

fuel-rich propellants, but is still judged to be a fair extinguish-

ment criterion for these propellants. Note that there is a tendency

for the critical value of the ratio of characteristic times to in-

crease as the pressure increases.

A similar, but more severe, variation of the critical ratio of

characteristic times with pressure is shown by all HTPB and PBAA

propellants tested (refer to Table G.IL, Appendix G). Similar to PU-

fueled propellants, the variation is less for propellants containing
more polymer (UEV, UEX, UEM, and UFB): the most variation is recorded
by the propellants containing the most oxidizer (UEW and UEK). The
von Elbe-type criterion is still useful, but only marginally, for

describing the extinguishment of HTPB and PBAA propellants.

2. Transient Burning Rates

Figure VII.8 shows the burning rate as a function of pressure

for an uncatalyzed PBAA propellant (UEN). The solid line was obtailned

for steady burning at fixed pressure. The data are for two different

tests for which the pressure was reduced at the fractional rate of

0.075 sec_l. The steady state curve is followed by the transient
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data down to a pressure about 0.1 atms. A8 the pressure drops
further, there 1s a marked difference between steady and transient
rates until about 0.05 atms where extinguishment occurs (filled
symbol). Clearly, for the experiment depicted in Figure V1.8, the
burning of UEN propellant is responding very sluggishly to the
changing conditions as extinguishment is approached.

Measurement of transient burning rates was attempted for other
PBAA propellants, and similar results were obtained. However, due to
experimental limitations on the depressurization rate, the extinguish-
ment could be induced only in the low-rate regime where most PBAA
propellants exhibit erratic burning behavior. Consequently, the
burning rates taken from the force signal are of poor accuracy. A
similar problem was encountered with HTPB propeliants. This difficulcy
notwithstanding, the force transducer signaled the onset of unsteady
burning and indicated how slowly the extinguishment point is reached.

The extinguishment process occurred with less departure from
norma! burning when tests were made with high-fueled uncatalyzed PU
propellants. Figure VII.9 displays the burning rate of a high-fueled
PU propellant (UEG). It is remarkable that, for each of two
tests, the transient burning rate follows the steady state rate
faithfully all the way to extinguishment (filled symbols). Even when
the extinguishment of this propellant was induced near its low
pressure deflagration limit, the transient burning behavior was almost
the same as at higher pressures. A PU propellant containing more
oxidizer (UED) showed slightly sluggish extinguishment behavior near

its Pdl when the flame was visually observed but no significant
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departure of the transient burning rate from the steady state rate

was detectad. The sluggishness of burning rate response to pressure

transients appears to depend primarily on the nature of fuel type and

perhaps also on the pressure.

3. Comparison of Limiting Extinguishment Pressures Measured by

Depressurization Tests and the Pressure Deflagration Limit

Determined by Go/No-Go Tests

An extremely interesting observation is that the extinguishment
pressure attained in slow depressurization tests was often lower than
the pressure deflagration limit determined by the constant-pressure
(i.e., zero depressurization rate) go/no-go test degcribed in Chap-
ter IV. This anomaly is most pronounced with PBAA propellants, a
catalyzed one in particular. The extinguishment pressure produced
by slow depressurization (PE) i5s compared with the pressure deflag-
ration limit of each propellant determined by go/no-go tests (pdl)

in Figures VII.1l0, VII.1ll1l and VILI.12, for PU, HTPB, and PBAA propel-

lants, respectively. In the case of every propellant, a smaller P_ was

E
attained when a slower rate of depressurization was applied. Thus, it

should be noted that for HTPB and PBAA propellants, there was a

significant range of low rates for which PE was less than Pdl'
For PU propellants, Figure VII.10, the least PE values agree
well with Pd1 values. However, only for the UFA propellant it is
assured that the asymptotic least value of PE was actually attained,
according to Figure VII.3. Quite possibly, the anomaly exists for

PU propellants also. All HTPB propellants exhibit least PE values

less than the Pdl' Still more pronounced differences are seen for
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PBAA propellants. The catalyzed PBAA propellant, UEZ, shows an
extinguishment pressure as low as 0.024 atms compared with its low
pressure deflagration limit, 0.037 atms.

An explanation is needed for Lhis apparently contradictory
phenomenon that propellant burning can be extended to lower pressures
than the steady-combustion limit by slowly depressurizing the system

pressure and lower extinguishment pressure is attained by lower

rate of depressurization.

D. DISCUSSION OF RESULTS

The experimentally determined quenching curves (extinguishment
pressure vs. fractional rate of depressurization) of various propel-
lants are seen to consist of two distinct portions: a straight-line
portion with a non-zero slope for high rates of depressurization, and
another straight-line with a zero slope for low rates. There is also
a hybrid intermediate portion. For convenience and as inferred
previously, we term them the high-rate regime, thz low-rate regime,
and the transition regime, respectively. The two extreme regimes indi-
cate that there exist two different mechanisms of extinguishment.

1. Extinguishment in the High-Rate Regime

As already pointed out, the sloped straight-line relationship
between the extinguishment pressure and the fractional rate of
depressurization indicates a tendency to support von Elbe~type
extinguishment concept. From Eq. (II-1), (rz/a)/[-(d £n p)/de] = n/A,
if Vielle's law (r = apn) holds for the pressure range considered, a
straight line is resulted between log PE and log -(d4&n p)/dt)

with the slope of 1/2n. The approximate applicability of Eq. (1I-1)
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is shown by experimental results, suggesting that in the high-rate
regime the relative magnitudes of the rate of the externally-

imposed pressure reduction and the rate of thermal-wave adjustwent

71argely determine extinguishment.

The limitation of von Elbe-type expressions is obvious by the
fact that in order to fit the experimental data the critical value of
the characteristic time ratio should be allowed to be a property of
each propellant and also to vary with pressure. Certainly, processes
other than thermal-wave adjustment also come into action during
extinguishment. The justirication of the usefulness of Eq. (II-1) is
based on the observation that the experimentally-determined values of
A are in a rather limited range, about 0.5 to 3.0, for most propellants,
Conclusively, the starvation of energy in the thermal wave by exter-
nally-imposed transient action is the major process of extinguish-
ment in the high-rate regime.

2. Extinguishment in the Low-Rate Regime

As lower rates of depresgsurization are used, the log-log plot
of PE vs. —(d&n p)/dt deviates from the simple straight line relation-
ship (transition regime) and PE approaches a limiting minimum value
unaffected by further reduction in -(d4€n p)/dt (low-rate regime).
The limiting PE would be expected to be the least pressure, Pdl’ at
vhich combustion can be sustained at fixed pressure. An anomaly
occurs that the limiting PE is less than Pdl for many propellants.
Thus, the low-rate regime is characterized by an action of pressure
reduction to stabilize propellant burning rather than to destabilize

it as in the high-rate regime. The observed anomaly is certainly a
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consequence of the finiteness of the depreseurization rate. If the
rate approaches zero (i.e., is infinitely slow), PE should be equal
. to Pdl' Thus, we expect a minimum in PE exiats for a certain small
value (smaller than employed in this study) of the fractional rate
of depressurization.

We attribute extinguishmeat in Pdl experiments to an intrinsic
instability as discussed in Chapter V. Somehow a small but finite
-(¢£fnp)/dt inhibits the instability mechanism. A difference between
the experiments is noted. In Pdl experiments, propellant burns pricc
to extinguishment through an energy-rich zone obtained during slow
ignition while in PE experiments propellant burns prior to extinguish-
ment through normal zones, since depressurization time is considerably
bigger than the thermal~wave relaxation time. But still, there is
a slight deficiency of energy in the thermal wave in PE teste. The
more energy-rich wave may become a factor facilitatirg the onscc of
intrinsic instabilitry in Pdl tests or the slight deficiency of energy
in the thermal wave may supress the instability. One wmay recall that

8 deep thurmal wave in the condensed phase is iaferred to be the

origin of oszillatory burning hehavior near the Pdl in Chapter V.
Anocher view is that there is a pressure-independent characteris-

tic time of extinguishment. Note that the most lowering of PE below

Pdl is observed for PBAA propellants. It is pr:-posed that there is a

longer characteristic time of flame-out for PBAA propellants than

HTPB or PU propellants. Also, it is longer in the low-rate or

transition regime as the transient burning rate tests indicate. From

the quenching curves, one may note that the low-rate regime is fully
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established for PBAA and HTPB propellants and not for most FU propel-

B ! o
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lants considered. The long characteristic time of flame-out for %

PBAA propellants is probably ascribed to the non-melting and AP- jJ;

Vejecting characteristics of PBAA binder. The interfacial reactions r?

between PBAA binder and the oxidizer may exist beneath the large AP %é

particles after the system pressure reduced below the Pdl and ) B i?

momentarily stabilize local burning. :%
i
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CHAPTER VIII
RAPID DEPRESSURIZATION EXTINGUISHMENT AND REIGNITION
A. BACKGROUND

In previous chapters, there have been discussed the combustion
and estinguishment of composite propellants at pressures not far
removed from their low pressure deflagration limits. Two diastinct
regimes were noted when extinguishment occurred during pressure drop:

the high-rate regime, where a critical ratio of characteristic times

is a good criterion for extinguishment during depressurization; and the

low-rate regime, where the externally imposed pressure transient defers
the onset of the intringic instabiiity which eventually extinguishes
the flame. The maximum depressurization rate attainable in the strand
bomb was 5 sec-l, too small to extinguish some fast-burning propel-
lants burning initially at high pressure. An extension of the
extinguishment study to the higher pressure range was carried out with
a small-L* (compared to the chamber used previously) blow-down chamber
described in Chapter II{, Section D. This blow-down chamber allowed
the use of fractional rates of pressure decay up to about 350 aec-l.
One of the objectives of this investigation was to determine whether
the extinguishment c¢riterion, the critical ratio of characteristic
times, is applicable to extinguishment by depressurization near atmos-
pheric pressure; and if not, what other factors affect the extinguish-

ment at pressures well above the low pressure deflagration limit.
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Another motivation for this investigation was to study the reig-
nition phenomenon occurring after depressurization extinguishment, a
gserious problem in the development of controllable motors. For all
its practical importance, little progress has been made in the research
on the reignition phenomenon, largely because it 1is so dependent upon
experimental conditions. For example, it is certain that the reig-
nition should be strongly influenced by the thermal surroundings of a
temporarily-extinguished propellant grain. Reigniticn was observed

in rarefaction tube tests by Baer, et al. (4). They reported that

RTVORTTI

a catalyzed bimodal PBAA propeliant could not be permanently extinguish-

Sl

ed with a fractional rate of pressure decay rate as great as 100 sec-l.

TR

Their catalyzed PBAA propellant required a very large fractional rate

.

of pressure decay for permanent extinguishment, and they speculated

LA e

that this propellant mighct have an exceptional propensity feor reignition.
An examination of this behavior of PBAA propellants was intended.

Other investigators have beer concerned with the reignition
problem. Ciepluch [29] has made a systematic study on the reignition
phenomenon of aluminized and non-aluminized PBAA propellants, His o
results show that the temporary flame-out is determined by the rate
of pressure decay and little influenced by the ambient pressure level.
In contrast, success in achieving permanent extinguishment at the same
rate of pressure decay is determined by the ambient pressure level.
Ciepluch reasoned that the existence of the veignition limit, which
is far higher than the deflagration limit of the propellant, is due to

the limitation of the available residual energy for reignition since

the threshold energy flux required for propellant ignition increases

sharply as the pressure is decreased in the subatmospheric pressure
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rang2. He explains that the radiant energy flux from the heated

o chamber wall ig not sufficient to cause reignition and the energy

z _for reignition is derived from a combination of the residual energy
in the thermal wave and in the combustion gases. He also reports

1t that the reignition time, the time duration between flame-out and

reignition, increases as either the depressurization rate is increased

,m‘:mm.umm_xw‘quﬁmMu&wMWMAWM‘ Ll

or the ambient pressure is lowered, being in the range from one second

? to more than 20 seconds. An aluminized propellant is observed to have

1wl il e

the lowest reignition pressure limit.
Wooldridge, et al. [133, 134) investigated the extinguishment of
H PU propellants burned in a chamber vented to a vacuum tsnk. Their
reports indicate that the extinguishment with depressurization at a low

rate is more dependent cn the pressure in the vacuum tank than on the

ol

rate of depressurization [133]. Like Ciepluch they observe that the 1
reignition time increases as the dump tank pressure is decreased until

it reaches a pressure at which no reignition takes place. The presence

b 4

of aluminum is observed to shorten the reignition time. They also
write that tubular grains are less prone to reignition thar are end-

burning grains, and, if reignition occurs, require a longer time for

sS4

reignition than end-burning charges. They attribute the difference

to radiation from the heated hardware in the chamber.
The effect of grain shape on reignition observed by Jensen [68]

1 is different from that noted by Woolridge, et al. He reports that a
swing-nozzle motor in which a tubular grain is burned experiences more
frequent reignition than a windowed chamber in which end-burning

? grains are burned. It is evident that chamber size and geometry are

important factors. A valid comparison of propellants requires that

[P R




e AR PTa A — Mmoo mm e A s e h o e ascmaE Fiiee o - Em AW A e - = il

121
similarly shaped grains be burned in the same chamber. Jensen also
reports that the addition of catalyst in aluminized propellants con-
taining carboxyl-terminated polybutadiene or polyisobutylene greatly
enhances the reignition tendency. He was able to prevent the reig-
nition by purging the chamber with nitrogen immediately after
depressurization.

During motor extinguishment tests in a chamber vented to the
atmosphere, Merkle, et al. [78] also observed frequent reignition
phenomena. They adopted the temporary extinguishment as a criterion
of depressurization extinguishment to examine their theoretical
extinguishment model. They considered a model for reignition including
the effect of depressurization. Because the heat flux from the
surroundings to the propellant surface was not known, their theoreti-
cal prediction could not be compared with experimental results.

From a literature survey, one infers that the reignition depends
not only on the intrinsic properties of a propellant but also strongly
on the experimental conditions. The standardization of experimental
procedures is necessary if propellants are to be compared. However,
most investigators report that the factors influencing reignition are
the final dump-tank pressure, the rate of depressurization, the
propellant composition, sample and motor geometry. In this investi-
gation, it was intended to minimize the effect of chamber geometry
by using a small-L* blow-down tube whose wall temperature was con-
trolled and by burning strands or hollow grains small compared to
the chamber volume. Because the accuracy of pressure measurement was

much decreased when the rapid depressurization rate was employed and

because the reignition was very sensitive to the final dump tank
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pressure, the final dump tank pressure and orifice gize were chosen
as major control variables in this study. Extinguishment tests were
undertaken with four selected propellants: an uncatalyzed HTPB
propellant, a catalyzed PU propellant, and a catalyzed and an

uncatalyzed PBAA propellants.
B. EXPERIMENTAL FROCEDURE

The small-L* blow-down chamber described in Chapter III was
connected to the main dump tank replacing the large combustion chamber
for rapid depressurization tests. Since the volume of the blow-down
chamber was small, the depressurization history was significantly
affected by combustion generated hot gases and the variation of gas
temperature inside the chamber during a test. Only the initial part
of the pressure-time curve could be represented as an exponential
decay. The combustion-unaffected depressurization history desired
was not attained.

Square grains, 1.25 c¢m X 1.25 cm cross—~section and 2.4 cm long,
and tubular grains, 0.64 cm 1i.d., 2.2 cm o.d., and 2.4 cm long, were
prepared and used. Tubular grains were cast in sections of stainless
steel tubing of the same length with 0.64 cm diameter rods at the
center. An extinguished tubular sample was used again when sufficient
web thickness was left after a run. In some cases, a tubular grain
was used three times. A re-used tubular grain had an increased
diametcer and, accordingly, produced a slightly different pressure
histovy.

At first, there was an attempt to maintain a constant pressure for

the steady combustion before depressurization. Later the attempt was
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discontinued as unnecessary. The preparatory propellant combustion in
the pressurizing environment was thought close to gteady state since
the characteristic time of presgsurization was very much greater than
the thermal wave adjustment time at the initial pressures employed.
The maximum pressure during initial steady burning before depressuri-
zation was taken as the initial pressure of an extinguishment test,

The desired initial pressure was obtained by choosing an appro-
priate pre-ignition pressure and initial burning time before depres-
surization was started. The initial burning time was controlled by
a pressure switch and a timer. The pressure switch activated the
timer when the chamber pressure, being increased by propellant burning,
reached the pre-set level. Several trial tests were needed tc deter-
mine the appropriate level of pre-ignition pressure, pressure switch
and timer setting for a desired initial pressure.

The pressure in the tube was monltored either by a Statham Model
PA 285 TC-150-350 absolute pressure transducer with an Accudata 120 DC
Amplifier when the maximum tube pressure was less than 10 atms or by
a Kistler PZ 14 quarts crystal transducer with a Kistler Model S/N 166
charge amplifier when the maximum pressure was higher than 10 atms.
The dump tank pressure was read from a mercury manometer before and
after a run.

The light signal was detected by an RCA 1P40 infrared-sensitive
gas photodiode which was mounted on the window of the rarefaction
tube so that it could directly look across the flame. The light
signal was amplified up to 50 times by a CRC AMPLI-VOLT DC amplifier
to gsense the low-intensity flame near extinguishment at low pressures.

The circuit diagram for the photocells is shown in Figure C.5.
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record by a Precision Instrument Model 1207 tape recorder. Since the
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The pressure and light signals were amplified to volt level to

tape recorder was adjusted to record a maximum input 3V r.m.s., the

portion of light signal larger than 3V was chopped off by a silicon

voltage regulator diode (Texas Instruments Model 4372A) before being
fed to the tape recorder. The tape recorder was pre-calibrated for X
each channel and for each recording speed. The recording speed was
chosen out of 15, 30, and 60 ips depending on the depressurization

rate. The recording was made in FM mode. The pressure and light

signals were also photographed on the screen of a Tektronix Model 564

memory oscilloscope.

After a series of tests, the recorded pressure and light signals 11
were reproduced on the Tektronix Model 564 dual beam oscilloscope by

playing the recorder back at 7-1/2 ips speed and photographed by a

ol gy

C-12 model oscilloscope camera. Two photos were taken for each run;
one in slow scan to determine reignition time and another in fast
acan to determine the extinguishment pressure and the rate of depres-

surization from the pressure trace.

il

C. EXPERIMENTAL RESULTS AND DISCUSSIONS

e ol o,

For the four propellants selected, approximateiy 250 runs were
conducted, emphasizing the dependency of reignition and reignition

time on the final dump-tank pressure.

Figure VIII.1l shows the oscilloscope traces of a typical test

in which extinguishment is followed by reignition. From the fast scan,
upper picture, the extinguishment pressure was determined. It is

noted that complete extinguishment occurs at a pressure very near the
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final dump-tank pressure. Als» noted 1s that the pressurization rate
of the chamber due to pre-depressurization combustion 18 very slow on
the tim. scale of interest. As seen in the lower picture, the re-

development of flame follows about (.25 sec after the original flame

is quenched.

pu—

1. The Effect of Initial Pressure on Extinguishmert Requirements

In the previous chapter, it was shown that the initial pressure
does not affect the extinguishment pressure during depressurization
in a lower pressure range when it exceeds the latter at least by a fac-
tor of two. It was intended to determine if the same is true for
higher pressures and higher rates of depressurization. Figure VIII.2
shows the effect of initial pressure on the critical dump-tank pressure
needed for extinguishment of the strands of a catalyzed polyurethane
propellant. The orifice size is rather small so that extinguishment
occurs at low pressures which are, however, in the high-rate regime
as defined previously. The change of initial pressure from 0.8 to
20 atms does not produce any detectable change in the critical dump-
tank pressure, about 0.2 atms, which may not be exceeded if burning
is to be extinguished. Also noted is that the pressure at which

extinguishment actually occurs 1s 0.25 atms, regardless of the initial

pressure. Extingiishment occurs when the orifice flow is subsonic,

and therefore is sensitive to the final dump tank pressure. Accord-

.

ingly, the final dump-tank pressure bdecomes a factor in depressurization

extinguishment.

Similar extinguishment data for a larger vent orifice are
plotted in Pigure VIII.3, also for catalyzed polyurethane propellant.

At the higher rate we find that the initial pressure has a detectable
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influence on the extinguishment phenomenon, The least severe

extinguishment condition, as measured inversely by dump-tank pressure,
i8 for an initial pressure about 5 atms, while more severe extinguish-
ment requirements are shown for higher and lower injtial presaures.
The same tendency was observed by previous Utah investigators [26].
Another point to be noticed from the figure is that the extinguishment

of hollow grains requires a lower dump tank pressure than end-burning

strands. Reignition is rarely observed for this catalyzed PU-propellant

at the experimental conditions adopted. 1In tests with strands, reig-

nition is only observed when the initial pressure is about 2 atms.

The range of final dump-tank pressures for reignition is, however, very

narrow.

The decided effect of initial pressure on extinguishment, as shown

just above, is contradictory to the earlier findings when a smaller

vent orifice was used. Further examination is considered to resolve

this contradiction. When one characterizes the severity of extinguish-
ment conditions by the final dump-tank pressure, he supposes that the
same pressure-time history is followed in the period in which the

pressures are common for the cases with different initial pressures

if the critical final dump-tank pressure is the same. In other words,

he assumes that the rate of depressurization is a function only of the
system pressure, the dump-tank pressure, and orifice diameter.

To check the validity of the assumption, the pressure histories
for tests at three different initial pressures and at near critical

dump-tank pressure but with the same vent orifice are displeced on

Figure VIII1.4, such that the initial point of each lower-pressure run
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is on the pressure-time curve for the run starting at the highest
pressure. Obviouslv, our assumption is not supported. The iniria?l
pressure effects the pressure histories below about 2.3 atms, even
though the pressure is higher than 1.7 atms, where the orifice flow
is expected to be sonic for all tests: at a given pregsure, the
pregsure drops more slowly when a test is begun at higher pressures.
The same trend persists even at subsonic-nozzle conditions until the
system pressure 1s very close to the dump-tank pressure. As shown,
extinguishment occurs when the sygtem pressure is below 1 atms where
the orifice flow is gubsonic for all tests. The tests at a higher
initial pressure simply neec a lower critical dump-tank pressure to
give the necessary rate of depressurization for extinguishment at the

observed flame-out pressure. The role of the dump-tank pressure in

determining extinguishment is to influence the rate of depressuriza-
tion when the orifice is dechoked. The pressure histories of the
tests with the initial pressure of 5 atms are also checked (not shown)
and found to be very close to but to decrease slightly faster rhan
those at initial pressure about 2.2 atms. The influence of initial
pressure on the depressurization history appears to come from the
difference in the temperature histories of the gases inside the burner
chamber for the different initial presgsures.

It is noted in Figure VIII.3, however, that the pressure at
extinguishment appears to become ndependent of the initial and dump-

tank pressures if the former is large enough, and the latter small

enough.
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2. The Effect of Grain Shape on Extinguishment Requirements

L J
e, s

The actual histories shown in Figere VIIILS, confirms the obser-
vation of Figure VIII.J, that a much lower dump-tank pressure is

required by hollow grains than by strands. For the same orifice size

and the same initial pressure, the rate of pressure decay is noted to

be much slower when hollow grains are used. The total mass burning

i

rate has a decided effect on the depressurization history at low

pressures. It is interesting to note that the rate of pressure decay

in Run 235 1is faster than that in Run 234 for most parts of the pressure

history, except the very last portion. Extinguishment is, however,

recorded in Run 234, Note that below 0.5 atms, the orifice is dechcked

o ez

earlier in Run 235 and therefore the rate of depressurization is
expected to be lower than that in Run 234 for the same pressure. The
notably higher mass burning rate in Run 234 at higher pressures is due :
to the use of a sample which has once before extinguished and, accord-

ingly, had a larger burning surface area than the sample used in

Run 235.

3. Temporary and Permanent Extinguishment Requirement of Various

Propellants

With the observation made above, it is acknowledged that the repre- i
sentation of extinguishment data by the initial pressure and the initial
rate of depressurization, which is fairly well represented by the orifice
size (or, more precisely, by the ratio of its area to tube volume), is i
not satisfactory. The actual pressure history should be used to test

any extinguishment theory. For an approuzimate characterization of

depressurization to permanent extinguishment, the orifice size and final %

dump-tank pressure would make better but still approximate descriptors.
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In Table VITI.1, the experimental data are summarized in terms of
final dump-tank pressure for a given orifice size and initial pressure.

A number of tests were carried out tu determine the reignition
time with the experimental rconditiovns producing reignition. Reignition
was rarely observed in uncatalyzed HTPB and catalyzed PU propellants.
PBAA propellants, however, both catalyzed and uncatalyzed, showed
reignition over a broad range of experimental conditions. In most
tests, the final dump-tank pressure was kept at subatmospheric
pressure. From Table VIII.I, one may notice that for UEW and UFA
propellants, the dump-tL.uk pressures for permanent and temporary
extinguishment arve very close. In general, hollow grains are shown to
require lower dump-tank pressure wither for the burned out-reignition
buundary or for the reignition-permanent extinguishment boundary., As
discussed previously, the main reason that hollow grains need a lower
critical dump-tank pressure for extinguishment is probably the slower
rate of depressurization at low pressures.

Extinguishment results for a catalyzed PBAA propellant, of
interest because of its broad range of reignition conditions, are
summarized in Figure VIII.6. The dump-tank pressure needed permanent
extinguishment is greater for end-burning grains than for hollow
grains and dependent on the rate of depressurization. Hollow grains
exhibit almost a constant critical dump-tank pressure for permanent
extinguishment for a wide range of depressurization rates. When the
fractional rate of depressurization is lower than 50 Rec—l, the propel-
lant could not even he temporarily extinguished with the final dump-~%tenk
pressure as low as 0.075 atms. The final dump~tank pressure appears to

be a most influential factor on reignition as was remarked by Ciepluch [29].

i
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4. The Effect of Final Dump Tank Pressu.e on Reignition Time

In Figure VIII.7, the reignit:oun times of UEZ, a PBAA-containing

. -+ e~ =propellant, are plotted as a function of final dump-tank pressure

i for various experimental conditions. Although some data scattering

iy noticed, the general trend is that the reignition time decreases as

l ’ * (e final dump-tank pressure is increased. This result is consistent

vwith the observations of Clepluch {29]) and Woolridge, et al. [135],

Y,

: ) although they observed longer reignition times, from one second to

i about 20 seconds. Sometimes almost immediate reignition was observed

after flane-out when the final dump-tank pressure was high. Generally,
strands show slightly longer reignition time than hcllow grains at the
game experiuental conditions, indicating that heat loss plays a role.

R
3 .
F The initial pressure and the rate of . 'pressurization do not seem to

have a sufficient effect on the reignition time to be discerned through

the ata scatter.

5. The Unusual Reignition Tendency of a Catalyzed PBAA Propellant

The unususl reignition capability of a catalyzed bimodal PBAA pro-

pellant reminds one ¢f the several peculiar burning and extinguishment

characteristics of this propellant: exceptionally fast burning rate at

te

low pressures, ejection of a large amount of AP at low pressure, and
long characteristic time of flame-out near the limiting pressure.
Uncatalyzed PRAA propellants also show similar reignition behavior

The reignition under the cold surrounding conditions arranged in this

study is preswnably caused by the unique characteristics of PBAA

Ly
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propellants. Note that the propellants fueled with PU and HTPB bind-

' b

ers rarely show reignition in the same experimental conditionms.




L TR ¢ MRS+ e AT AT e e A TR T S e e — PN ASORY ST WSTE Y

131
It may be that the difference between PBAA and PU (and HTPB has

PU characteristics) propellants is the same as that between the poly-

- -meric fuels. As described in Chapter 1V, the PU binder melts, while

the PBAA binder does not. On an extinguished surface, molten PU

polymer flows into small crevices between AP particles and binder, ‘

but these crevices remain on PBAA surface, and are the hot spots for

reignition. AP ejection at low pressure may have the same explenation,

with reaction at the interface gap eating under the particle.

6. The Representation of Ixtinguishment Data by the Critical Ratio

of Characteristic Times

To determine the applicability of the critical ratio of charac-
teristic times for extinguishment, the extinguishment pressure, in
both the temporary and the permanent extinguishment cases, is plotted
with respect to the instantaneous fractional rate of depressurization
at the moment of extipnguishment along with the extinguishment data

obtained from combustion-chamber tests in Figures VIII.8, VIII.9 and

VII1.10 for UFA, UEM, and UEZ, respectively. The datd from the small- .

L* blow~-down chamber on those figures show extinguishment pressure

for first extinguishment regardless of whether reignition occurs and

wvhether the orifice is sonic or not.

The extinguishment data obtained by the small-L* blow-down chamber

are much less accurate than those taken in the combustion chamber. In

some cases, probably, the error in taking the slope of the pressure~

time curve could be a factor of two. The large scatter of the data is

presumably due to the inaccuracy involved in data acquisition and

Uk it o 0l A W i o 0

reduction procedures. The firat thing to be noted from these figures

el

b

is that differences are not detectable in the temporary-extinguishment
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requirements between the hollow grain and the strand, suggesting
that heat loss does not play a role for high-pressure first
extinguighment.
It is also noted that straight lines; adequately correlating
the combustion-chamber extinguishment data in the high-rate regime

studied in the large chamber, match the low-pressure bound of the data

ot i et G A e R 1 1 1, S G St A S UMANETER .

for the smail-L* chamber for UFA and UEM propellants, respectively,

implying that a critical ratio of characteristic times particular

it g v 1 1

to a given propellant constitutes a rough guideiine for motor design
with the propellant. The line of the low-pressure bound represents §
the conditions for sure extinguishment. The critical ratio of charac-

teristic times for UFA and UEM propellants happens to Le a value

approximately corresponding to A = 2 for the von Elbe-type criterion,
For reference, the lines representing the von Elbe-type criterion
with A = 2 are plotted in Figures VIII.8 and VIII.9. The UEZ propel-
lant, for which high-rate data in the combustion chamber are very

limived, lacks the extinguishment data for the intermediate rates of

e o e, ol B

depressurization needed to interrelate the two sets of data as above.

gl s

Roughly, a straight line cocresponding to a A value slightly less

than two make the low-pressure bound of the data for the small-L* blow-

dobaitint

down chamber but the von Elbe~type expression with the same value does ;

not correlate the combuation~chamber data. The lines corresponding to
A =1 and 2 are drawn in Figure VIII.10 for reference. : i

6, Summary of Results

The findings in this chapter can be summarized as follows:

(1) The presentation of extinguishment conditions in

terms of initisl pressure and initial rate of

[ 9
=
2
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(2)

(3)

(4)

(5

(6)

depressurization is not satisfactory. The
actual pressure history should be measured to
determine extinguishment conditions.

The critical final dump-tank pressure 1is a very
important parameter in the extinguishment process
because it governs the final phase of the de-
pressurization history, which actually determines
the extinguishment. Moreover, reignition is very
sensitive to the final dump-tank pressure.

The sample geometry does not have significant
effect on temporary extinguishment although hollow
grains have a greater tendency to reignite.
Reignition is very much dependent on the polymer
fuel. PBAA propellants are most prone to reig-
nition. Reignition is rarely observed for HTPB
and PU propellants in the experimental conditions
considered.

Reignition time is observed to be less than 1.6
seconds for the experimental conditions employed
and increases as the final chamber pressure is
decreased.

The critical ratio of characteristic times appears

to be roughly applicable to temporary extinguishment

even at higher pressures.

133
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CRAPTER IX
SUMMARY AND CONCLUSIONS

Each of the Chapters IV through VIII contains its own discussion
of a study which is, in large degree, independent of the others. Few
cross references are made. This final chapter is an attempt to draw,
from the five preceding chapters, selected items of information which,
taken together, bear imporrantly on the following four topics:

A, Mechanisms of Extinguishment; B, Effect of Heat Losses on the
Combustion and Extinguishment; C, Influence of Binder Chemistry on

Low-Pressure Combustion; D, Status of Unsteady Combustion Theory.

A. LcCHANISMS OF EXTINGUISHMENT

1. Experimentally-determined (by depressurization) quenching
curves (Figures VIT.3, VI1.4, and VII.5) indicate that
there are two distinct extinguishment regimes {the high-
rate regime and the low-rate regime as defined in Chapter
VII, Section D), signifying two different extinguishment
mechanisms.

2. The sloped-straight-line relationship between the
extinguishment pressure and the fractional rate of
depressurization in the high-rate regime suggests that
the ratio of characteristic times (depressurization and

thermal-wave adjustment) determines extinguishment in

3
g
3
k|
b
3
E
3
k|
k|
i |

st bl 1




e e e e . A AT A b A Pl Y S A AFS S bt | Ty A ——— et e s aw T

= 10
|

.

|

|

]

r-m~
[}

135

% § the high-rate regime. The starvation of energy in the i 8

zone of initial reactions is believed to be the -

mechanism of extinguishment in this regime. The high-

&n

rate regime extends to still higher pressures and

depressurization rates, as shown by the data taken with

small-L* below-down chamber (Figures VIII.8, VIII.9,

. and VIII.10). Consequently, von Elbe-type extinguish- ;;
ment criterion is, at least to a first approximation, :
applicable in this regime wicth the A value taken as a
property of the propellant.

3. The extinguishment pressure takes the limiting minimum
value independent of thr rate of depressurization when
the rate is slow enough (low-rate regime). Extinguish- E
ment in the low-rate regime (Chapter VII) has the same

mechanism as the extinguishment in the P,  experiment 3

dl
(Chapters IV and V). Self-excited, intrinsic instability,
manifested as oscillations in burning rate, develops in
the combustion wave and eventually leads to the extinguish-
ment. An anomaly occurs at this low-rate regime. The
limiting extinguishment pressure observed during
depressurization is often lowzr than the Pdl of the

b propellant determined by go/no-go tests (Figures VII.1O,
VII.11, and Vil.12). We suggest two possible explanations.

One is that the slight deficiency of energy in the thermal

? wave in depressurization extinguishment tests may have the

AT b

et i e o b




136

it o, AT et et

effect of delaying the onset of the intrinsic instability.
Another view is that there is a pressure-independent !
characteristic time of extinguishment, whose value depends

on propellant chemistry.

B. EFFECT OF HEAT LOSSES ON THE COMBUSTION AND EXTINGUISHMENT

1. The large augmentation of the burning rate (Figures VI.3

and V1.4) and flame temperature (Figures VI.5 and VI.6)

and the significant lowering of the P (Figures VI.8,

dl
VI.9, VI.12, and VI.13) by a moderate external flux

indicate that heat losses from the burning surface have "
a significant effect on the combustion and extinguish-

ment of solid propellants near their Pdl'
§ 2. The analyses of the burning rate and flame temperature
data show that the surface decomposition reaction is
slightly exothermic (Table VI,I) and the activation
energy for the gas-phase reaction (as defined for the
Denison-Baum model) is approximately 20 kcal for a
catalyzed PU propellant and 25 kcal for an uncatalyzed

PU propellant (Figure VI.7).

: 3. It is clear that the low-pressure burning behavior of

propellants is strongly influenced by the thermal
environment of the combustion chamber. Meaningful

investigation of the combustion characteristics

[

requires knowledge or control of that environment.
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4. The limiting extinguishment pressure drops almost

linearly with the supplemental external heat flux

b o b i

(Figures V1.8 and VI.9). The extrapolated minimum

|

flux corresponding to the zero pressure is about

bl b~ o ALt S

1.0 cal/cmzsec. It is the least net surface heat
flux at which the ordinary burning could occur. The
corresponding effective furnace temperature, about
650°C, is interpreted as the least effective surface

temperature for burning.

C. INFLUENCE OF BINDER CHEMISTRY ON LOW-PRESSURE COMBUSTION .
1. Low-pressure burning conditions such as the low burning
rate, the_low surface temperature, aad the low heating
rate of the binder polymer, permit the details of the
polymer chemistry to emerge as important variables by
allowing polymers to undergo combustion-modifying
changes (Chapter IV). The effect of polymer chemistry
is noted in the burning rate behavior (Figure 1V.4), in
the Pdl (Figures IV.5 and IV.6), in the oscillatory
burning behavior (Figures V.4, V.5, and V.6), and in the

extinguishment during depressurization (Figures VII,10,
VII.1l1, and VII.12).

2. The high Pdl of polyurethane and PLMA-fueled propellants

(Figures 1V.5 and 1IV.6) is due to the melting of the

¥ bl 3 Il

binder polymers. The melting of these polymers is

inferred to accompany depolymerization. The HTPB binder
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is also a polyurethane but the effect of melting is
less pronounced due at least in part to the lower
concentration of urethane bonds, and therefore,

the higher melting temperature.

The observed insensitivity of the Pdl of propellants
fueled with PBAA binder to the oxidizer particle size
(Figure 1V.5) is due to the non-melting and the
reactivity of this binder. The same characteristics
presumably account for the large amount of AP ejection
from PBAA-bimodal-AP propellants. Also the exceptional
propensity for reignition following rapid depressuriza-
tion extinguishment (Chapter VIII) appears to support
the same reasoning.

The PBAA propellants and highly-oxidized PU and HTPB
propellants containing the bimodal AP show a strange

burning behavior near the P . : a more fuel-rich

dl’
propellant has a higher burning rate at the same

pressure and thus, a lowver Pdl (Figures IV.1, IV.2, IV.3,
and 1V.4). The explanation offered is that the large AP
particles, decomposing slowly, provide a relatively inert,
energy-absorbing surface layer for PU propellants. Large
AP particles are ejected by PBAA propellants burning at
very low pressure. The more fuel-rich propellants eject

a much smaller fraction of their AP, and are thought to

be actually the less fuel-rich as measured by concentra-

tions of reacting species in the combustion zecne. The

ittt st
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actual combustion efficiency is therefore inferred to be

better in the more fuel-rich propellant.

D. STATUS OF UNSTEADY COMBUSTION THEORY
The observed oscillatory burning behavior of solid
propellants near their low pressure limit supports a view

that the extinguishment at the P, . should be attributed

dl
to an intrinsic instability (Chapter V).

The so-called "one dimensional' theories of propellant
combustion instability presume a homogeneous propellant.
They treat instability as a coupling response of combustion
to an external pressure (or energy flux) perturbation, and
therefore can describe an intrinsic instability only as a
limicting case in which the amplitude of the driving
perturbation vanishes (Chapter V). Denison and Baum's
theory, one of this kind, fails to predict the observed
periods of the oscillation in burning rate with reasonable
values of kinetic and thermochemical parameters (Chapter V).
That theory does, however, predict the observed fixed ratio
of oscilliation period to the relaxation time of the thermal
wave in the propellant.

The above-mentioned successful prediction by the theory is
not regarded as validating the theory. It is merely taken
as evidence that any successful theory must account for the

energy capacitance of the thermal wave.
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To consider intrinsic instability as a special case of

narrow a pergspective. The processes providing the coupled

stimulus and response must all occur in the flame, surface,

and subsurface preheat zones, and, further, should all be

describable without reference to external conditions.

It is proposed that a successful theory start with the

proposition, which has a respectable experimental founda-

tion, that the oscillating gasification rates of the two 7
main propellant ingredients are out of phase. The . -
relative surface availability of the ingredients would

necessarily vary, as would the feedback energy flux, and

the thermal wave would provide a capacitive element in the

cycle of events.
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NOMENCLATURE
Symbols Definition Unite
A parameter in pressure response function
Ab on Arraenius frequency factors for the
! decomposition processes of binder and
oxidizer
An nozzle throat area cm2
a burning-rate coefficient in Vielle's n
burning-rate law cm/[sec atm )
a initial speed of sound at Po and L cm/sec
B parameter in pressure response
function
c constant in Denison-Baum model cn/[sec atm" °Kn+1]
c heat capacity of solid cal/gm °K
¢y heat capacity of ith ingredient cal/gm °K
¢ heat capacity of gas at constant
P pressure cal/gm °K
D bead diameter of thermocouple cm
D1 diameter of ith oxidizer particle size cm
Di characteristic distance associated with
an oxidizer particle of Di diameter cm
D° diameter of oxidizer particle in general cm
N Eb’Eo activation energies for the decomposi- cal/
’ x tion proceszes of binder and oxidizer gm mole °K
Ef activation energy for gas phase
reaction cal/gm mole °K
!
Es activation energy for surface
reaction cal/gm mole °K
]

o o % Lk bl
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Fi frequency of oscillations Hz

f total heat feedback flux cal/cm2 sec

£ external heat flux cal/cm2 sec

G 8,878,

8 1+ A(1 - B)

&ys B_» 8y gstatistical weights [Eq. (F-1)] E

h distance crystal protrudes above or 1is ;
recesged below the propellant surface cm 3

1 (_1)1/.: ;

K equilibrium constant :

E

Ki ratio of the ith oxidlzer particle 3
size to the assoclated characteristic 3
distance 4

k thermal conductivity of propellant cal/cm °K sec é

ka thermal conductivity of the contin- 3
uous phase in a composite solid cal/cm °K sec 3

L* ratio of the free chamber volume :
to nozzle throat area cm ;

M molecular weight of gas gm/gm mole

m, o' mass flux and its perturbation gm/cm2 sec

s M mass decomposition rates of binder

o, oxX 2
and oxidizer gm/cm” sec

Nu Nusselt number

n pressure exponent 1n Vielle's burning
rate law

Pd] pressure deflagration limit atm

PE extinguishment pressure atm

Pf pressure deflagration limit under
furnace heating atm

Pr Prandtl number
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P, p' ~ pressure and its perturbation atm
Py initial chamber pressure atm :
q net heat of gasification cal/gm E
R gas constau* cal/gm mole °K
R' gas constant gm cmz/sec gm mole °K
Re Reynolds number
r linear burning rate cn/sec
T averaged linear burning rate cm/gec
Ty Tox linear burning rates of binder and
oxidizer cn/sec
T limiting burning rate cm/sec
Sb’ Sox decomposition surface areas of 2
binder and oxidizer cm
T temperature °K
T, temperature of the surroundings °K
T, thermocouple temperature °K
T, flame temperature °K E
T, initisl temperature of propellant °K é
To initial gas temperature in the chamber °K %
TB surface temperature of burning ;
propellant °K
Ta,b’ T;,b surface temperature of decomposing . ‘ %
binder and its perturbation K S
.7
T Toion  fmiice Semeratuce of secemposing y .
t time sec §
tign i,.1ition delay time sec z ]
: i} ionization potential cal/gn mole ; :

o o
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hx

3

* g

Py Db. Dox

chamber volume
weight fraction of the ith ingredient
photograph magnification

weight fraction of ith oxidizer particle
s8ize in total propellant weight

tctal oxidizer weight fraction

fraction of ionized molecules

thermal diffusivity

heat flux coefficient, ar/afr

constart dependent on heat-capacity ratio
heat-capacity ratio

emissivity of thermocouple bead

volume fraction of the discontinuous phase

volumetric ratio of oxidizer to binder in
propellant

constant in von Elbe-type criterion

characteristic root of solid phase energy
equation [see Eq. (V-2)])

ratio of the thermal conductivities of the

discontinuous phase to that of the contin-
uous phase

densities of propellant, binder, and
oxidizer

period of oscillatory burning
defined by Eq. (C-3)

period of oscillations assoclated with

ith oxidizer particle size

ratio of the mass decomposition rates cf
the oxidizer to that of the binder and 1its
perturbation
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cm3

cmZ/sec

cm3/cal

gm/cm3
sec

8sec

sec
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v, v' ratio of the decomposing surface areas of the
oxidizer to that of the binder and its
perturbation
1, Qr’ ﬂi dimensionless frequency parameter and its real
and imaginary parts
Qo resonance dimensionless frequency parameter
w angulsr frequency rad/sec
Abbreviatilons
AP ammonium perchlorate
CB carbon black
CcC copper chromite catalyst
CTFB carboxyl-terminated polybutadiene
CTPIB carboxyl-terminated polyisobutylene
FC fluorocarbon polymer
“TPB hydroxyl-terminated polybutadiene
PBAA poly(butadiene co acrylic acid)
PBAA-AN poly(butadiene co acrylic acid co acrylonitrile)
PLMA poly(lauryl methacrylate)

PVC poly(vinyl chloride)

{

R oMo Lo by s

g R e S S o ST
e b iy £ R B bttt st nt B



R L T L

~e
f

:
|

10.

144

REFERENCES

Adams, G. K., Newman, B. H., and Robins, A. B., "The Combustion
of Propellants Based upon Ammonium Perchlorate,” FEighth
Symposium (Intermational) on Combustion, p. 693, The Williams
and Wilkins Company, Baltimore (1962),

Arden, E. A., Powling, J., and Smith, W. A. W., "Otservations
on the Burning of Ammonium Perchlorate,'" (ombustion and Flame,
6, 21 (1962).

Avery, J., "Radiation Effects in Propellant Burning," J. Phys.
Chem., 54, 917 (1950).

Baer, A. D., Chien, W. P., and Ryan, N. W., "Transient Flame
Temperature and Depressurization Extinguishment of Composite
Propellant Strands," 7th JANNAF Combustion Meeting, CPIA
Publication No. 204, Vol. I, p. 369 (Feb. 1971). Also Chien,
W. P., "Solid Propellant Flame Temperatures during Depres-
gurization,” M. S. Thesis, Department of Chemical Engineering,
University of Utah (October 1970).

Baer, A. D., Schulz, E. M., and Ryan, N. W., "Spectra and Tem-
perature of Propellant Flames During Depressuziation,'
AIAA J., 8, 869 (1971).

Barrére, M. and Nadaud, L. '"Combustion of Ammonium Perchlorate
Spheres in a Flowing Gaseous Fuel," Tenth Symposiwm (Inter-
national) on Combustion, The Combustion Institute 1381 (1965).

Barrére, M. and Williams, F. A., "Analytical and Experimental
Studies of the Steady State Combustion Mechanism of Sclid
Propellants," Advances in Tactical Rocket Propulsion, AGARD
Conference Proceedings No. 1, p. 49, April, 1965, edited by
S. S5. Penner, Maidenhead, England, Technivision Services
(Aug. 1968).

Bastress, E. K., Hall, K. P., and Summerfield, M., '"Modifica~
tion of the Burning Rates of Solid Propellants by Oxidizer
Particle Size Control,' ARS Solid Propellant Rocket Confer-
ence, Salt Lake City, Utah, Feb. 1-3, 1961.

Beckstead, M. W., "Non-acoustic Combustion Instability of
Solid Propellants,'" Ph., D. Thesis, Department of Chemical
Engineering, University of Utah (June, 1965).

Beckstead, M. W., Derr, R. L., and Price, C. F., "A Model of
Composite Solid-Propellant Combustion Based on Multiple
Flames," AAA J., 8, 2200 (1970).

1
i
i




D A b

147

; 11. Beckstead, M. W., Derr, R. L., and Price, C. F., "The Combustien
: ¢ of Solid Monopropellants and Composite Propellants,' Thir-

teenth Symposium (Intermational) on Combustion, p. 1047, The
Combustion Institute (1971).

12. Beckstead, M. W. and Hightower, J. D., "Surface Temperature of

Deflagrating Ammonium Perchlovate Crystals,” AJAA J., 5, 1785
.- (1967).

13. Beckstead, M. W., Ryan, N. W., and Baer, A. D., "Nonacoustic

Instability of Composite Propellant Combustion,'" ATA4A J., 4,
1622 (1966).

N
-
o o e Dl = i b o e B Bt

b

14. Bircumshaw, L. L. and Newman, B. H., "The Thermal Decomposition
of Ammonium Perchlorate I," Proc. Roy. Soe. (Londonl, 2227,
115 (1954).

S R P PRy T Ty

15. Bircumshaw, L. L. and Newman, B. H., "The Thermal Decomposition

of Ammonium Perchlorate II," Proe. Roy. Soe. (Londonl) A227,
228 (1955).

16. Boggs, T. L., '"Deflagration Rate, Surface Structure, and Sub-
surface Profile of Self-Deflagrating Single Crystals of
Ammonium Perchlorate,'" AJAA J., 8, 867 (1970).

17. Boggs, T. L. and Beckstead, M. W., "Failure of Existing Theories
to Correlate Experimental Nonacoustic Combustion Instability
Data," AIAA J., 4, 626 (1970).

SRR [ BRI I I PEP Y

18. Boggs, T. L., Mathes, H. B., Price, E. M., Kraeutle, K. J.,
Dehority, G. L., Crump, J. E., and Culick, F. E. C., Combus-
tion of Solid Propellants and Low Frequency Combustion
Instability Progress Report, NWC TP 4749, Naval Weapons
Center (June 1969).

w1 il et

19, Boldyrev, V. V., Alexandrov, V. V., Boldyreva, A. V., Gritsan,
V., 1., Karpenko, Yu. Ya., Korobeinitchev, 0. P., Panfilov,
V. N., and Khairetdinov, E. F., "On the Mechanism of the :
Thermal Decomposition of Ammonium Perchlorate,' Combustion .
and Flame, 15, 71 (1970).

20. Bouck, L. S., Baer, A. D., and Ryan, N. W., "Pyrolysis and
Oxidation of Folymers at High Heating Rates,' Fourteenth
] Sympostwr (Intermational) on Combuetion, p. 1177, The Com=
* - bustion Institute (1973). Also Bouck, L. S., "A High-Heating
Rate Thermal Analysis of Solid-Propellant Reactions,” Ph. D.

Thesis, Department of Chemical Engineering, University of
Utah, (August 1971).

21. Carslaw, H. S. and Jaeger, J. C. Conduction of Heat in Sclids,
2 2nd ed., Cxford University Press, London, (1959).

P L R R




R o XL s

148

A e

22, Caveny, L. H. and Pittman, C. Y., "Contribution of Solid~Phase

: Heat Release to AP Composite Propellant Burning Rate," AJAA J.,
¢ 6, 1461 (1968).

23. Chaiken, R. F., "A Model for Low Pressure Extinction of Solid
Rocket Motors," AIAd J., 3, 1144 (1965).

24, Chaiken, R. F., "Implications of a Steady State Solid Proj-ellant
Combustion Mndel to a Low Preassure Deflagration Limit," “SCI-
69-5. Presented at Western States Section of the Combustion

Institute, U. S. Naval Weapons Center, China Lake, Ca., f
April 28-29, 1969.

25. Cheng, J. T., "Thermal Effects of Composite-Propellant Reactions."

Ph. D. Thesis, Department of Chemical Engineering, University
of Utah (August 1967).

26. Cheng, J. T., Bouck, L. S§., Keller, J. A., Baer, A. D., and
Ryar, N. W., "Ignition and Combustion of Solid Propellants,"
Technical Report under Air Force Grant AFOSR 40-€5, Department
of Chemical Engineering, Univergity of Utah (1965).

27. Ciepluch, L. C., "Effect of Rapid Pressure Decay on Solid
Propellant cCombustion," ARS J., 31, 1584 (1961).

i 28. Ciepluch, C. C., "Effect of Composition on Combustion of Solid
t : Propellants During & Rapid Pressure Decrease,' NASA TN D~1559
: (1962).

; 29. Ciepluch, C. C., "Spontaneous Reignition of Previously Extin-

guished Solid Propellants,” NASA TN D-2167 (March 1964).

H < 30. Clemmow, D. M. and Huffington, J. D., "An Extension of the
Theory of Thermal Explosion and Its Application to the Oscil-
2

} latory Burning of Explosives,” TIrans. Faraday Soc., 52, 385
: (1956).

31. Coates, R. L., "An Analysis of & Simplified Laminar Flame Theory
for Solid Propellant Combustion," Combugtion Science and
] Technology, 4, 1 (1971).

32. Coates, R. L. and Horton, M. D. "Prediction of Conditions Leading
to Extinguishment," 6th ICRPG Combustion Conference, CPIA
Publication No. 192, Vol. I, 399 (December 1969).

33. Coates, R. L. and Horton, M. D., "Further Evaluation of a Simpli- :
fied Theoretical Model for Solid Propellant Extinguishment," :
7th JANNAF Combustion Meeting, CPIA Publication No. 204, Vol. I,
369 (February 1971).

34. Coates, R. L. and Kwak, S., "Effect of External Radiation on

the Burning Rates of Solid Propellants," J. Spacecra;t, 8,
Tuz <1972).

E |
-
3
3




e o o g

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46,

47.

48,

149

Cohen, N. S., "A Theory of Solid Propellant Extinguishment by
Pressure Perturbation," ICRPG 2nd Combustion Conference (1965),
CPIA Publication No. 105, 677 (May 1966).

Cohen, N. S., Fleming, R. W., and Derr, R. L., "Role of Binder
in Solid Propellant Combustion," AIAA Paper No. 72-1121, AIAA/

SAE 8th Joint Propulsion Specialist Conference, New Orleans,
Louisiana, Nov. 29 - Dec. 1, 1972,

Cookson, R. E. and Fenn, J. B., "Strand Size and Low Pressure
Deflagration Limit in a Composite Propellant," AJ4A Paper
No. 69-144. Presented at AIAA 7th Aerospace Science Mheting,
New York City, New York, Jan. 20-22, 1969.

Cordes, H. F., "An Estimate of the Melting Point of Ammonium
Perchlorate," 4744 J., 7, 1193 (1969).

Coward, H. F. and Jones, G. W., U. S. Bureau of Mines Bull.
No. 279 (Revised) (1938).

Culick, F. E. C., "A Review of Calculations for Unsteady Burning
of a Solid Propellant," AIAA J., 6, 2241 (1968).

Culick, F. E. C., "An Elementary Calculation of the Combustion of
the Solid Propellants,'" Astronautica Acta ,14, 171 (1969).

Denison, M. R. and Baum, E., "A Simplified Model of Unstable
Burning in Solid Propellants,' ARS J., 31, 1112 (1961).

Dixon-Lewis, G. N. and Isles, G. L., "Limits of Inflammability,"
Seventh Symposiwn (Intermational) on Combustion,” p. 475,
Butterworths Scientific Publications, London (1959).

Donaldson, A. B., Baer, A. D., Ryan, N, W., and Ryan, P. W.,
"Extinguishment of Composite Propellants by Rapid Depressuri-
zation," 2nd ICRPG Combustion Conference, CFIA Publication
No. 105, Vel. I, 697 (May 1966).

Dyer, E. and Wright, G. C., "Thermal Degradation of Alkyl N-
Phenylcarbamates,'" J. Am, Chem. Soc., 81, 2138 (1959).

Egerton, A. C., "Limits of Inflammability," Sixth Symposium
(International) on Combustion, p. 4, Reinhold Publishing
Corporation, New York (1957).

Eisel, J. L., "Flame Spectra of Solid Propellant during Unstable
Combustion," Ph. D. Thesis, Department of Chemical Engineering,
University of Utah (June 1972},

Eisel, J. L., Horton, M. D., Price, E. W., and Rice, D. W.,
"Preferred Frequency Oscillatory Combustion of Solid Propel-
lants," ATA4 J., 2, 1319 (1964).



-

e

49.

50,

Sl.

52.

53.

S4.

55.

56.

57.

58.

59.

€0.

61.

150

Feinauer, L. R., "Burning of Composite Ammonium Perchlorate
Based Propellants Near Their Extinction Pressure,”" AJA4
Student J., 3, 125 (1965).

Fletcher, E. A. and Bunde, G. W., "Gas Evolution from & Solid

Rocket Propellant During Depressurization to Produce a Quench,
AIAA J., 4, 181 (1966).

Frazer, A. H., High lemperature Resistant Polymers, p. 108, p.
132, Inter Science Publighers, A Division of John Wiley &
Sons, New York (1968).

Friedman, R., Nugent, R. G., Rumbel, K. E., and Scurlock, A. C,,
"Deflagration of Ammonium Ferchlorate,' Stxth Symposium
(Intermational) on Combustion, p. 612, Reinhold Publishing
Corporation (1957).

Gorring, R. L. and Churchill, S. W., "The Conductivities of
Heterogeneous Materials,' Chem. Eng. Prog., §7, 53 (1961).

Guirao, €. and Williams, F. A., "A Model for Ammonium Perchlo-
rate Deflagration between 20 and 100 atm," AJAA J., 9. 1345
(1971).

Guth, E. D., Land, J. S., and Schlesinger, G., "Model for the
Burning Rate and Extinction of Aluminized Polybutadiene
Ammonium Perchlorate Composite Propellants,” AD 706 033,

U. S. Department of Commerce/National Bureau of Standards
(December 1969).

Hawkins, W. L. Editor, Pnlymer Stabilization, Wiley-Interscience,
a Division of John Wiley & Sons, Inc., New York (1972).

Hermance, C. E., "A Model of Composite Propellant Combustion

Including Surface Heterogeneity and Heat Generation," 4I44 J.,
4, 1629 (1966).

otk i i e, Wil o drailaicid

Hertzberg, J., '"The Free-Laminar and the Laser~Induced Combustion

of Ammonium Perchlorate," Combustion Science and Technology,
1, 449 (1970).

b il

Hightower, J. D. and Price, E. W., "Combustion of Ammonium
Perchlorate," Eleventh Symposiwn (International) on Combustion,
. 463, The Combustion Institute, Pittsburgh, Pa. (1967).

Horton, M. D., Bruno, R. S., and Graesser, E. C., "Depressuri- ,
zation Tnduced Extinction of Burning Solid Propellant,” ;
ATAA 0., 6, 292 (1968). Lo

Horton, M. D. and Price, E. W., "Deflagration of Pressed [
Amrunium Perchlorate,'" ARS J., 32, 1745 (1962).

i 1



62.

63.

64,

65.

66.

67.

68.

69.

70.

71.

72.

73.

I
i
i
|
A
;
|
{
!

bl

i,

151

ol ] L

Horton, M. D. and Youngberg, L. Z., "Effect of radiation Energy
on the Burning Rate of a Composite Solid Propellant,' ATA4 J.,
8, 1738 (1970).

Huffington, J. D., ""The Unsteady Burning of Cordite," Trans.
Faraday Soc., 50, 942 (1954).

Inami, S. H., Rosser, W. A., and Wise, H., "Dissociation Pressure
of Ammonium Perchlorate," J. Phys. Chem., 7, 269 (1963).

Jacobs, P. W. M., and Russell-Jones, A., "On the Mechanism of the
Decomposition of Ammonium Perchlorate," ATA4 J., 5§, 829 (1967).

Jacobs, P. W. M. and Whitehead, H. M., "Decomposition and Combus-
tion of Ammonium Perchlorate," Chemical Reviews, 69, 551 (1969).

Jensen, G. E., "A Start-Stop Study of Solid Propellants," NASA
CR-66488 Nov. 1967.

Jensen, . E., "An Experimental Study of Solid Propellant Extin-
guishment by Rapid Depressurization," NASA CR-66747, Final
Report, Contract No. NAS 1-7815, United Technology Corporation,
March 1969.

Johns, W. F., "New Results on the Low Pressure Deflagration
and Reignition Limits of Solid CMDB Propellants,' 2rd
Combustion Conference, CPIA Publication No. 138, Vol. I,
181 (February 1967).

Johnson, W. E. and Nachbar, W., "Deflagration Limits in Steady
Linear Burning of a Monopropellant with Application to
Ammonium Perchlorate,' Eighth Symposiwm (International) on
Combustion, p. 678, The Williams and Wilkins Company, Balti-
more (1962). Also Technical Note AFOSR TN 60-700, Lockheed
Missiles and Space Division (August 1960).

Kaskan, W. E., "The Dependence of Flame Temperature on Mass
Burning Velocity," Sixth Symposiwn (Intermational) on Combus-
tion, p. 134, Reinhold Publishing Corporation, New York (1957).

Keller, J. A., "Studies of Ignition of Ammonium Perchlorate-Based
Propellants by Convective Heating," Ph. D. Thesis, University
of Utah, 1965; Technical Report, "Ignition of Ammonium Perchlo-
rate-Based Propellants by Convective Heating," under Grant AF

AFOSR 40-63 and 64, Department of Chemical Engineering, Univer-
sity of Utah, August 1, 1966.

Konev, E. V., "Influence of Light Radiation on Burning Rate of

N Powder,' Combustion, Explosion, and Shock Waves, Vol. 1, No. 2,
53 (1965).



e s N
-

et

74.

75.

76.

77.

18.

79.

80.

81.

82.

83.

84,

85.

86.

152

Konev, E. V. and Khlevn>i, S. S., "Burning of a Powder in the
Presence of Luminous Radiation," Combugtion, Explosion, and
Shock Waves, Vol. 2, No. 4, 21 (1966).

Law, R. J., Personal communications with N. W. Ryan, University
of Utah, Salt Lake City, Utah (1973).

Lengelle, G., "Thermul Degradation Kinetics and Pyrolysis of
Vinyl Polymer," AIAA J., 8, 1989 (1970).

Levy, J. and Friedman, F., "Further Studies of Pure Ammonium
Perchlorate Deflagration," Eighth Sympoeium (Intermational)
on Combustion, p. 653, The Williawms and Wilkins Company,
Baltimore (1962).

Lewis, B. and Von Elbe, G., Combugtion, Flames, and Explosions, of

Gases, lst Editlon, p. 369, Academic Press, New York (1951).

Lewis, B. and Von Elbe, G., Combustion, Flames and Explosicns, of

Gaseg, 2nd Edition, p. 310, Academic Press, New York (1961).

Linnett, J. W. and Simpson, J. S. M., "Limits of Inflammability,"

Stxth Symposium (Internaticnal) on Combustion, p. 20, Rein-
hold Publishing Corporation, New York (1957).

Madorsky, S. L., Thermal Degrudation of Organic Polymers,
Interscience Publishers, New York (1964).

Manelis, G. B. and Strunin, V. A., "The Mechanism of Ammonium
Perchlorate Burning," Combustion and Flame, 17, 69 (1971).

Mantyla, R. G., "Extinguishment of Solid Propellants by First
Rarefaction Waves,”" M. S. Thesis, Department of Chemical
Engineering, University of Utah (1968). Also Mantyla, R, G.,
Baer, A. D., and Ryan, N. W., "Extinction by Rapid Depressuri-
zation : A Means to Other Ends,”" 3rd ICRPG Combustion Confer-
ence, CPIA Publication No. 138, Vol. 1, 227(1966).

larshakov, V. N. and Leipunskii, 0. I., "Burning and Quenching
of a Powder in the Pressure of a Rapid Pressure Drop,' Combus-
tion, Explosion, and Shock Waves, 3, 144 (1967).

Mastrolia, E. J. and Klager, K., "Solid Propellants Based on
Polybutadiene Binders," Propellant Manufactiure, Hazards, and
Testing, Advances in Chemistry Series No. 88, p. 122, American
Chemical Society, Washington, D. C. (1969).

Merkle, C. L., Turk, S. L., and Summerfield, M., "Extinguishment
of Solid Propellants by Depressurization: Effects of Propellant
Parameters," AIAA Paper No. 69-176. Presented at AIAA 7th
Aerospace Sciences Meegint, New York, New York (Januery 1969);
Frinceton University Aerospace Mechanical Science Report No.
880 (July 1969).

—"




g o o FRTH ¥

87.

88.

89.

90.

91.

92.

93.

54.

95.

96.

153

Mihlfeith, C. M., Baer, A. D., and Ryan, N. W., "Propellant
Combustion Instability as Measured by Combustion Recoil,"
AIAA J., 10, 1280 (1972). Alsc Mihlfeith, C. M., "Some
Experiments on the Effect of Thermal Radiation on Composite
Rocket Propellants,"” Ph. D. Theais, Department of Chemical
Engineering, University of Utah (June 1971).

Nachbar, W., "Steady Linear Burning of a Monopropellant with a
General Surface Condition," Paper 69-22, Spring Meeting
Westerm State Sectiom/The Combustion Institute, China Lake,
calif., (April 1969).

Novikov, S. S., Pikhil, P. F., and Ryazantsev, Yu. S., "Modern
Ideas on the Mechanism of Combustion of Condensed Systems:
A Review," Combustion, Explosion, and Shock Waves, ¢, 469 (1968).

Novozhilov, B. V., "Stability of the Stationary Regime for
Powders Burning in a Semiconfined Space," Combustion, Explo-
gion, and Shock Waves, 3, 19 (1967).

e L

Oberth, A. E. and Bruenner, R. S., ''Polyurethane Based Prupel-
lants," Propellant Manufactwre, Hazards, and Testing, Advances
in Chemigtry Series, No. 88, p. 84, American Chemical Society,
Washington, D. C. (1969).

Ohlemiller, T. J. and Summerfield, M., "Radiation Augmented
Burning of a Solid Propellant," Aerospace and Mechanical
Sciences Rept. No. 799, Princeton University (November 1967).

Osbern, J. R., Burick, R. J., and Ho, P, Y., "Techniques for
the Continuous Measurement of Solid Propellant Burning Rates,"
Final Report Grant AF-AFOSR 207~64, Report No. F-66-3, Jet
Propulsion Center, Purdue University (February 1966).

Parker, K. H. and Summerfield, M., "Response of the Burning Rate
of a Solid Propellant to a Pressure Transieng," AIA4 Preprint
No. 66-683. Presented at tne AIAA Propulsion Joint Specialist
Conference, Colorado Springs, Colorado (June 1966).

Paul, B. E., Cohen, N. W., and Fong, L. Y., "Solid Propellant
Burning Rate under Transient Heating and Extinguishment via
L* Instability," Proceedings of the let ICRPG Combustion
Conference, CPIA Publication No. 68, 491 (January 1965).

Paul, B. E., Lovine, R. L., and Fong, L. Y., "A Ballistic Expla-
nation of the Ignition Pressure Peak," ATAA Preprint 64-121.
Presented at the Fifth AIAA Solid Propellant Rocket Conference,
Palo Alto, California (January 1964).

R e




oy T TR e

e

g AT

Y

97.

98.

99.

1C0.

101.

102.

103.

104.

105.

106,

107.

108.

154

Pearson, G. S., "Perchlorate Oxidizers," Oxidation and Combus-
tion Revtews, 4, 9 (1969).

Penner, S. S. and Olfe, D. B., "The Influence of Radiant-energy
Transfer on Propellant Burning Rates and Ablation Rates
Controlled by an Intense Radiation Field," Aatronautica
Acta, 11, 65 (1965).

Peterson, J. A., Reed, R., and Cornia, R. P., "Comparative
Extinction Characteristics of Fluorocarbon and Conventional
Propellants,"” 4th ICRPG Combuction Conmference, CPLA Publica-
tion No. 162, Vol. I, 389 (December 1967).

Peterson, J. A., Reed, R., and McDonald, A. J., "Control of

Pressure Deflagration Limits of Composite Solid Propellants,"
AIAA J., 5, 764 (1967).

Powling, J., "The Combustion of Ammonium Perchlorate-Based
Composite Solid Propellants: A Discussion of Some Recent

Experimental Results,"” E. R. D. E. Report No. 15/R/65,
(July, 1965).

Powling, J., "Experiments Relating to the Combustion of
Ammonium Perchlorate-Based Propellants,'" Fleventh Symposium
(Intermaticnal) on Combustion, The Combustion Institute,
Pittsburgh. 447 (1967).

Powling, J., and Smith, W, A. W., "Measurement of the Burning
Surface Temperatures of Propellant Compositions by Infra-red
Emission," Combustion and Flame, 6, 173 (1962).

Powling, J. and Smith, W. A, W., "The Surface Temperature of
Ammonium Perchlorate Burning at Elevated Pressures," Tenth
Symposiwn (International) on Combugtion, The Combustion
Institute, 1373 (1965).

Price, E. W., "Review of the Combustion Instebility Character-
istic of Solid Propellants,” Advances in Tactical Rocckut
Propuleion, AGARD Conference Proceedings No. 1, April 1963,
Edited by S. S. Penner, Maidenhead, England, Technivision
Services, pp. 141-149 {(August 1968).

Rabinovitch, B., '"Regression Rates and the Kinetics of Polymer
Deflagration," Tenth Syrposiwn (Intermational) on Combugtion,
The Combustion Institute, 1395 (1965).

Ranz, W. E. and Marshall, W. R., Jr., "Evaporation from Drops,"
Chem. Eng. Prog., 48, 141-146, 173-180 (1952).

Reed, R., Cornia, R. P., Miller, R., and Munson, W. 0., "Some
Effects of Coated AP and Finely Divided Oxidizers on the Extinc-
tion Characteristics of Polyurethane Propellants," AIAA Paper
No. 70-657. Presented at AIAA 6th Propulsion Joint Specialist
Conference, San Diego, California (June 1970).

i Wi b s et e

DA s el i s o




109.

110.

111,

112,

113.

114,

115.

116.

117.

118.

119.

120.

121.

155

Reed, R., Nelson, C., McDonald, A., and Ramnarace, J. "Extinc-
tion Characteristics of Carboxyl Terminated Polybutadiene
Propellants," 3nd Combustiorn Conference, CPIA Publication
No. 138, Vol. I, 187 (February 1967).

Rosen, J. B., "sStability of Ozone Flame Propagatiom,' Sixth
Symposium (Intermationall) on Combustion, p. 236, Reinhold
Publishing Corporation, New York (1957).

Ryan, N. W., "Comments: Experimental Solid Rocket Coubustion
Instability," Tenth Symrostwn (International) on Comlustion,
p. 1081, The Combustion Institute, Pittsburgh, Pa. (1965).

Schulz, E. M., "Propellant~Flame Spectra During Depressurization.'

Ph. D. Thesis, Department of Chemical Engineering, University
of Utah (1969).

Sehgal), R. and Strand, L., "A Theory of Low Frequency Combustion
Instability in Solid Rocket Motors," iJd4 J., £, 696 (1964).

Selzer, H., "The Tempurature Profile Beneath the Burning Surface
of a Composite Ammonium Perchlorate Propellant," Eleventh
Sympesium (Intermationel, on Comibustien, The Combustion Insti-
tute, Pittsburgh, Pa. 439 (1967).

Selzer, H., "Depressurization Extinguishment of Composite Solid
Propellants: Influence of Composition and Catalysts," ATA4

FPaper No. 72-1136. AlAA/SAE 8th Joint Propulsion Specialist
Conference, New Orleans, La., November 29 - December 1, 1972.

Shannon, S. J. and Erickson, Y. E., '"The Thermal Decomposition
of Composite Solid Propellant Binders," Sixth ICRPG Combustion
Confeprence, CPIA Publicatior No. 192, 519 (1969).

Shelton, S., a paper presented at 3rd ICRPG/AIAA Joint Propul-~
sion Conference, Atlantic City, . J. (1968), cited by Culick,
F. E. C., "Remarks on Extinguishment and the Response Function
tor a Burning Solid Propellant," 444 J., 7, 1403(1969).

Silla, H., "Burning Rates of Composite Solid Propellants at
Subatmospheric Pressure," /ii5 <., &1, 1277 (1961).

Spalding, D. B., "A Theory of Imflammability Limits and Flame-~
quenching," Frce. oy, Soe., A£42, 831 (1957).

Spalding, D. B., '"The Theory of Burning Solid and Liquid Propel-
lants," Combustion and Fiame, 4, 59 (1960).

Steinz, J. A. and Slezer, H., "Depressurization Extinguishment of
Composite Solid Propellants: Flame Structure, Surface Charac-
teristics, and Restart Capability," Corbustion Science and
Teennology, &, 25 (1971).




-~

156

122, Steinz, J. A. and Selzer, H., '"Depressurization Extinguishment
l for Various Starting Pressures and Solid Propellant Types,'
AIAA DPaper No. 71-631, AIAA/SAE 7th Propulsion Joint 3pecialist
Conference, Salt Lake City, Utah {(June 1971).

123. Steinz, J. A., Stang, P. L., and Summerfield, }., "The Burning
Mechanism cf Ammonium Pocrchlorate-Based Composite Solid Propel-
lants,' Aerospace and Mechanical Sciences Dept. No. 830,
Princeton University (February 1969).

Y
£

124, Strand, L. D., "Summary of a Study of the Low-Pressure Combustion
of Solid Propellants' JPL Technical Report 32-1242 (April 1968).

125. Summerfield, M., Caveny, L. H., Battista, R. A., Kubota, N.,
Gostintsev, Yu. A.,, and Isoda, H., "Theory of Dynamic Extin-
gulshment of Solid Propellants with Special Reference to Non-
steady Heat TFeedback Law," #ldA Pgper No. 70-667. Presented at

ATAA 6th Propulsion Joint Specialist Conference, San Diego,
California (June 1970),

126. Thompson, C. L., Jr. and Suh, N. P., "The Interaction of Thermal 3
Radiation and M-2 Double-Base Solid Propellant," Combustion
Setence and Techrology, &, 59 (November 1970).

127. Varnev, A. M., "An Experimental Investigation of the Burning
Mernanism of Ammonium Perchlorate Composite Solid Propellants,"

Pi. D. Thesis, School of Aerospace Engineering, Georgia Insti-
tute of Technology (May 1970).

bt AL i b

. e, il

128. Von Elbe, G., "Theory of Solid Propellant Ignition and Response to
Pressure Transients," Bull. Interagency Solid Propulsion Meeting
(Conf.), Seattle, Washington, Vol. ITI, p. 92 (July 1963). Also
"Solid Propellant Ignition and Response of Combustion to Pres-
sure Transients," 4/44 Fapor No. 60-668., DPresented at ALAA

Second Propulsion Joint Specialist Conference, Colorado Springs,
Colorado (June 1966).

il

el AL SMHALD e "l i 2

129. Von Elbe, G. and McHale, E. T., "Extinguishment of Solid Propel-
lants by Rapid Depressurization," 4744 J., €, 1417 (1968).

bl el i i

130. Waesche, R. H. A. and VWenograd, J., '"Calculation of Solid Propel-
lant Burning Rates from Condensed-Phase Decomposition Kinetics,"
4AlA4 Parer No. 69-145, AIAA 7th Aerospace Sciences Meeting, New
York City, New York, Jan. 20-22, 1969.

i

131. Watt, D. M., Jr. and Petersen, E. E., "Relationship between the
Limiting Pressure and the Solid Temperature for the Deflagration
of Ammonium Perchlorate," .. Chem. Fhys., 60, 2196 (1969).

132. Williams, F. A., Zerbustion Theory, p. 191, Addison-Wesley
Publishing Company, Inc. (1965).

o, b o il




133,

134,

135.

136.

137,

138.

157

Wooldridge, C. E. and Dickinson, L. A., "Review of Soviet Tran-
sient Combustion Research," Volume of Preprin-s from ICKPG/
AIAA 2nd Solid Propulsion Conferemce, Anaheim, California,
104 (June 1967).

Wooldridge, C. E., Marxman, G. A,, and Capener, E. L., "Propel-
lant Combustion Phenomena During Rapid Depressurization,' NASA
CR-66500, Final Report, Stanford Research Institue, October
1967; ATAA J., 6, 471 (1968).

Wooldridge, C. E., Marxman, G. A., and Krier, R. J., "A Theoret-
ical and Experimental Study of Propellant Combustion Phenomena
During Rapid Depressurization," NASA CR-66733, Final Report,

Contract No. NAS 1-7349, Stanford Reszaich Institute (February
1969).

Wong, T. L., "L-Star Instability," Ph. D. Thesis, Department of
Chemical Engineering, University of Utah (June 1969).

Yin, C. F. and Hermance, C. E., "Continuous Measurement of Tran-
sient Burning Kates of a Composite Propellant Undergoing Rapid
Depressurization,' AlA44 Paper No. 71-173, ALAA 9th Aerospace
Science Meeting, New York, January 25-27, 1971.

Yount, R. A. and Angelus, T. A., "Chuffing and Non-Acoustic
Instability Phenomena in Solid Propellant Rockets,' AT44 J.,
2, 1307 (1964).

Tl 1110 0 et 1

BT

Wt [l e s g

Al

f o el

e ke e Al




- S on R T AR TSy

A a2 WA W

158

iWINOOW

1

REFLECTOR

| l
WINDOW —~ ’ | | WINDOW

o |
[ b
, i f i .3 1nld B E

= F—iig] ;] : %
FLANGES FORCE

TRANSDUCER TO VACUUM 3
— E
GAS ENTRY CHAMBER

=1

| —— e —

Figure Iil.1. A Schematic Diagram of the Combustion Chamber. : L




" e—— R

Pl M |
~

159
3
/—RECOIL PLATE
PROPELL ANT
SAMPLE
HOLDER
MiCARTA
MOUNT IGNITION LEADS
N
|
|
F\{L\ \ JANN
COOLING GAS
ENTRY
FORCE
TRANSODUCER TRANSDUCER
CHAMBER VENT
- ++5re TI1.2. A Schematic Diagram of the
Force Measurement Assembly,
]
&

B 5 e YN T o e N e il C

|
I

NPT

b i

APt




Figure I11.3. An Overview Photongraph of rhe Combustion

Chamber (With Dome Lifted to Show
Nichrome Ribbon Furnace) and Accessories

Figure II1.4. A View of the Remote Control Panel and

the Data Acquisition and Processing
Equipmen..

160

bl HH\ML.W kil ‘\. s m

i

Lz el

il g L

ik e




|
|
!
|

[ R P

161

"IFNOIT) TeOFAIVATF SI] PUE IdvUANg 8ur3zeag yoynd ay3y jo weiderq djIRWRYOS Y *61I1 3an8yy

(Wl 02 wd2 X wd y)

wl $°0
{ 3JIHL w3 G0°0

® 30IM wd $9°0)
di¥lS 3NOHHIIN

38N1 VYNINNVY

31VId  3ILISNVYL

JOVNYN4

5
=

o%o

H3IN08LNOD
3Y¥NLIVEHIING L
37dNOJ0ONN3IHL
T3IANTIV - 1IWONH)D
v:01
HINHOISNVYL ¥3S AVI3Y JVA 022
o o—o

e




"1¥0D Bufyyoo) *3opuang 3uyiesy YIIN)
ay3 3jo ydeaBojoyd v */°111 dan31y Y3l jo ydeaBojoyd v -9-III 2an8y4

b b ———— . ——

Ml - v e - e e e e e RS P e . e et BB s o e e ] ey




STV T PTG YW AR T 7 e S-S e T e -

g e o AN AT | " i

:
)
|

i

|

S !
—~ ~8Butjunoy ardues Buimoyg 18quey) umop-molg yI-TIEWS 3yl JOo mvfp PauoyIoes ¥y g III ainSy4 j
|

7732010Hd ¥04 MOONIM

3VdNVS  INVIT13dOYd ,:

¥30710H |

7102 9NI100D 3dNVS !

|

A h,

L 0 0 QO O ;

=7 |

I

e SIHIM :

—%-, NOILIN9I :

OO OO0 O \\\\ |

| |

38N1L NOILOVI3¥VY

370H ¥3INASNVHL 34NSSIHJ

!

|

I

f

:

:

:

:

I




e

10

164

UFA
—1
UEF CODE AP% ADDITIVE %
UFC UED 85 —_ -
UED UEF 80 —
UFC 80 AL 5
UFA 80 cc 2
| I ] { 1

0.02 005 o1 02
PRESSURE, ATMS

O

w 2

wm

~

2

p- |

")

= 05

g

a

&)

= 0.2

Z

S o

a
0.05
0.02

Figure 1IV.1,

0.5 1.0 2

Burning Rate Behavior of Bimodal (60/4C)-AP, PU-fueled
Propellants at Low Pressures. The Lines were Drawn
Through the Averaged Values of at Least Two Runs. All
Propellants Contained 12 Carbon Biack. CC Denctes

Copper Chromite Catalyst.




e sy S 2 T e T

ok ey g s SR T S v iadeleriey gemyY B o DO SATEED et ¥ s

P S N
165
10 T l = ] ]
51 -
()
w 2F -
w
~
=
S IF 4
i LJEi%L////’///”
L
- |
05 =
0
o UEN
Z 02 uyeMm .
— UFB |
2 UEK |
o
o O.lifF -
P CODE AP% ADDITIVE%
UEK 85 —
0.05 UEM 80 — -
VEN 77.5 —
i JUFB 80 AL 5
UEZ 80 cCc 2
. 0.02 A L 1 1 A
f 0.02 0.05 0. 0.2 0.5 1.0 2

s PRESSURE, ATMS

Figure IV.2. Burning Fate Bahavior of Bimodal (60/40)-AP, PBAA-fueled

Propellants at Low Pressures. Supplementary Captions are
the Same as for Flgure IV.}.
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Figure IV.10. Scanning Electron Microscope Micrograph

of the Extinguished Surface of a

Unimodal-AP (400u) PU Propellant (UDV)

Burned near Its Pdl (55X).

Figure IV.11.

Scanning Electron Microscope Micrograph
of the Extinguished Surface of a

Bimodal-AP (200u/15u) PU Propellant
Burned near Its Pdl (70X).
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of the Extinguished Surface of a
Bimodal-AP (200u/15u) PBAA Propellant .
(UDL) Burned near Its Pdl (20X). E

Figure IV.13., Scanning Electron Microscope Micrograph
of the Extinguished Surface of a
Unimodal~AP (15u) PBAA Propellant (UDX)
Burned near Its Pdl (600X) .
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Figure VI,3. Effect of the External Heat Flux on the Burning Rate of a

Catalyzed PU Propellant (UFA).
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The Slow-Depressurization Method Was Used.
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Figure VII.1.

PR

Oscilloscope Traces of Typical Depressurization ]
Extinguishment Tests Using the Combustion Chamber. !
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Figure VI1.8. Transient Burning Rates During Depressurization at Low
Pressures for a PBAA Propellant.
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Figure VII1.9. Transient Burning Rates During Depressurization at Low
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Pressure Deflagration Limit Determined by Go/No-Go
Tests (Pdl) for PU Propellants. In the Case of Every
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Run No.: 2813-133, Propellant: UEZ, Sample Shape:
Strand-
Initial Chamber Pressure: 19.6 atms, Reference
Pressure: 13.8 atms-
Inftial Dump-Tank Pressure: 0,68 atms, Final Dump-
Tank Pressure: 0,71 atms.
Tape Recorder Recording Speed: 60 inches/sec.
Play Back Speed: 7.5 inches/sec.
Vertical Scale: 3.40 atms/divicion.
Horizontal Scale: 6.25 msec/division (above),
0.0625 sec./division (below).
Initial
Chamber --- ~~-Zero
Pressure Luminosity

-~-Reference
Pressure

~~-Final Systenm
Pressure

Figure ViII.l. Osciiloscope Traces of a Typical Rapld-Depressurization
Extinguishment Test Followed by Reignitien.
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Figure VIIT.3.
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INITIAL PRESSURE, ATMS

Effect of the Initial Pressure on the Critical Dump-
Tank Pressure for the Fxtinguishment of a Catalyzed

PU Propellant (UIFA) During Rapid Depressurization When
the 0.953 cm Orifice Was Used [~(d fnpYdt = 13.9 sec™!].
Diamond Symbols Indicate the Chamber Pressures at Which
Extinguishment Actually Occurred During Depressurization.
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Figure VIIT1.4. Influence of the Initial Chamber Pressure on the Pressure

Histories During Rapid-Depressurization Extinguishment
Tests.
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Tests.
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Figure VIII.6. Temporary and Permanent Extinguishment Requirements
for a Catalyzed PBAA Propellant (UEZ).
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APPENDIX A

EFFECT OF EXPERIMENTAL COND1TIONS
ON THE PRESSURE DEFLAGRATION LIMIT

It is necessary to standardize the experimental procedure if one

is to measure the pressure deflagration limit of a propellant %

reproducibly. A preliminary study was therefore conducted to find its

dependency on strand size, sample side inhibitor, environmental gas,

flow rate of cooling nitrogen on the sample side, and initial strand

temperature.

1. Effect of Strand Size on the Pressure Deflagration Limit

!
i

Figure A.1 shows the significant effect of sample diameter on

extinguishment pressure. The fcrm of the curve indicates an asymptotic
pressure as the strand diameter increases. For the strand diameter

bigger than 12 mm, little change in extinguishment pressure is noted.

The results are quite similar to those reported by Cookson and Fenn [37].

1 e s .. st il L e

It appears that the conductive and convective heat losses become insigni-

s

ficant when the sample diameter 1is bigger than 12 mm. However, the

A | o

radiative heat loss from the burning surface remains, but its value per

unit burning area may reasonably be assumed to be independent of strand

diameter for diameters greater than 12 mm.

As suggested by Cookson and Fenn, It would be instructive to re-

plot the same data in the coordinates of Pdl versus the ratio of strand

diameter to cross-sectional area, which is a rough measure of the heat
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losses from the burned gases r:lative to the radiative heat loss from

R s g

i the burning surface to the surroundings. This is done on Figure A.2.
7 Contrary to their result, the data do not fall on a straight line so
that the extrapolation of the line may intercept the Pdl ordinate at a ;'
finite value of the pressure. Instead, the straight line which best L

PR P T TR
L

. nrmw

fits all the data goes through the origin. However, the data points
corresponding to the three largest diameters fit a curve which extrap-
olates to a finite Pdl between 0.2 and 0.3 atms for infinite cross
section. Thus, it is concluded that the conductive and convective
heat losses become insignificant, and radiative losses are nearly

i constant, when the strand diamef:r is greater than 12 mm.

2. Effect of Strand Side Inhibitor and Environment Gas on

Pressure Deflagration Limit

R G —

The strar| burning behavior of a solid propellant at very low

3 pressures was found to be influenced by the inhibitor material painted
on t.e side of the strand and also by the ambient gas filling the
combustion chasber. The effects were most pronounced for an uncatalyzed
PU propellant, UeG, which is so formulated as to exhibit a marginal
effect of binder melting (refer to Chapter IV). Other propellants were
also influenced, but to a lesser degree. 0On Figure A.3, the experi-
ment.al results for UEG propellant are summarized.

The Krylon 1e an acrylic sclution made by Borden Inc. and Mr.
Spray is a white paint made by Plasti-Kote Inc. It is noted that the
white paint contains a small amount of cellulose nitrate as a vehicle.
Combustion at low pressure is strongly promoted b, Mr. Spray. The

deflagration 1limit for a Krylon-inhibited strand, about 0.32 atms, is
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reduced to 0.078 atms when Mr. Spray is used as an inhibitor. The use of
alr as an ambient gas replacing nitrogen, also promotes combustion,
enabling deflagration at a pressure as low as 0.057 atms.

Different burning phenomena in different experimental conditions
were also observed. A Krylon-inhibited strand burning in nitrogen
exhibits periods of instability during burning near its deflagration
limit. Flame quenching would start from one edge of the burning
surface and propagate toward the center, leading to complete

extinguishment if the chamber pressure was lower than the P If the

dl’
chamber pressure was slightly higher than the pressure deflagration
limit of the propellant, the quenching front stopped, and the flame
recovered on the quenched area. The extinguished surface of Krylon-
inhibited sample burned in nitrogen was always concave. This was true
for all other propellants. The Mr, Spray-inhibited sample surface
burned in nitrogen was flat except being slightly concave at the very
center portion. A convex and rounded edge was displayed by a Krylon-
inhibited sample burned in air.

As a consequence of all the above observations, it is apparent
that when oxygen is available cither in the ambient gas or the
inhibitor, the resulting heat supply affects the deflagration limit
even when the strand diameter is bigger than 12 mm. Krylon inhibitor

and nitrogen environment were adopted as standard.

3. Effect of the Purging Rate of Cooling Nitrogen on Pressure

Deflagration Limit

Thus far, the effect of conductive and convective heat losses on

the Pdl has been discussed for a propellant strand burning in quiescent

Al
4
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ambient gases. The effect of heat losses by forced convection on the i

extinguishment pressure was also examined.

[ —
A "

Figure A.4 shows the detecteble effect of the rate of cooling
nitrogen. The cooling nitrogen was introduced to the system to purge ;j
id

the force transducer and the sample side to minimize side heating in the

furnace. The nitrogen gas was at ambient temperature. The extinguish-
ment pressure monotonically jincrevses to about 0.072 atms as the purging ;%
rate is increased to 8 liters per minute. An increase in purging rate
to 15 liters per minute does not produce any more increase in extinguish-
ment pressure. This result zppears partly due to rhe increased
combustion intensity at higher pressures and partly due to the dimin-
ishing effect of nitrogen purging rate on the forced convection in this
apparatus.,
Again, the importance of the conductive and convective heat losses
is perceivad. Since the combustion of solid propellant is so much
susceptible to the external flow condition of the ambient gas, it was
decided to take a quiescent ambient gas as a standardized experimental
condition, except when the furnace was used.

4., Effect of Initial Strand Temperature on Extinguishment

Pressure
The dependency of extinguishment pressure on the initial strand
temperature was checked to construct basis for the experiments with the
furnace. Cylindrical samples, 1.43 cm in diameter and 2.2 cm long,
were preheated in a temperature-regulated o’en for about 30 minutes.

The jample temperature was continuously monitored by a thermocouple

embedded at the center of the sample. When the sample center
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temperature reached a desired value, the sample was mounted on a sample
holder, around which nitrogen gas, regulated at the same desired temper-
ature, was continuously purged before and during a test. The nitrogen
temperature was regulated by flowing the nitrogen through a copper tube
wound around a cartridge heater and by a temperature controller. 1In
spite of these precautions, the sample temperature, continuously
monitored by a copper-constantan thermocouple, failed to keep at steady
level. The experiment had to be performed quickly after the sample was
transferred to the test section. Extinguishment pressures were measured
by depressurization methods.

The results are shown in Figure A.5. Later, the rates of depres-
surization adopted in these tests were found not to be small enough to
give the real low pressure deflagration limit (refer to Chapter VII).

As the extinguishment pressure for a same fractional rate of depres-
surization still could be a measure of the combustion stability, it is
instructive to see the trend of extinguishment pressure as the initial
temperature is increased. The data nearly fall on a straight line for a
given rate of depressurization. As expected, the extinguishment pressure
is low.red as the initial strand temperature 1s increased. The tendency,
however, is mild. Only about 20% lowering in the extinguishment pressure
wag achieved by increasing the initial strand tempers ture by 40°C. 1f
the initial temperature is maintained within 10°C of the standard, the

extinguishment pressure can be measured with nu more than 5% error from

this source.
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Figure A,2. Dependence of the Pressure Deflagration Limit on Strand
Hydraulic Radius.
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Figure A.3. Effect of Strand Side Inhibitors and Fnvironmontal
Gases on the Pressure Deflagration Limit. Filled
Symbols Indicate P for tre Given Conditions.
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APPENDIX B

PROPELLANT PREPARATION, COMPOSITIONS, AND PROPERTIES

1. Propellant Preparation

Because some moisturc is absorbed in storage, juet prior to
mixing uncured binders, curatives, and ammonium perchlorate were dried
for two to three hours in a vacuum oven set at 80°C. Uncured binders
were dried until no more bubbles came out. Lauryl methacrylate
monomer, which 18 readily oxidized at drying temperatures, was dried
in the presence of nitrogen.

Sigma-blade mixers were used for mixing the propellant
ingredients. The chosen mixer was preheated to about 60°C by circu-
lating warm water. The propellant was mixed by the following
procedure:

(1) Weighed quanties of solid ingredients were added

to the mixer in the following order: coarse AP,
fine AP, and other additives.

(2) The mixer was evacuated to about 25 torr and the
80lid ingredients were mixed for 15 minutes.

(3) The vacuum was broken, the mixer opened, and the
uncured polymer and the curative were added. For
PLMA propellante, benzyl peroxide powder was
dissolved in the lauryl methacrylate before the

monomer was added to the mixer.
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(4) The mixer was evacuated to 25 torr and kept for 10

minutes, then started and operated for 20 minutes. iy
(5) The mixer was stopped and opened, and the walls and
blades were scraped with a spatula.
(6) The mixer was then sealed and again evacuated, held

for 5 minutes, then operated for 20 to 30 minutes.

Two types of molds wera used. For slabs from which strands were
later cut, shallow pans 16.5 cm x 11.4 cm in area and 1.27 om deep were
fabricated. Each pan held approximately 400 g of the propellant.
Hollow grains were cast in sectiona of stainless steel tube, 2.2 cm

i.d. and 2.38 cm long, with dowel pins of 0.635 cm in diameter arranged

at the center. To cast 36 hollow grains in one mr'd, a total propel-

lant mass of about 500 g was required. The inner surface of slab molds

was lined with aluminum foil. Mold release agent (Rulon Spray #2, The

Connecticut Hard Rubber Co.) was sprayed on the surface of the aluminum

foil. The inner surface of hollow grain molds was doped with poly(vinyl

alcohol) (Plastilease 512-B, Ram Chemicals, Gardena, California) so

that the stainless steel hull could, after use, be easily cleaned by

water. The molds were preheated to 80°C before the casting operation.
The viscous propellant wix was poured, spooned and tamped into

the heated molds at atmospheric pressure. The filled molds were put in

i the vacuum oven maintained at 80°C temperature. After 10 minutes’

1 warming time, the oven was evacuated to 7 torr. After about 10

7 minutes, cthe mold was taken out of the oven and the gas bubbles were

worked out of the soft propellant. This vacuuming and kneading ;

procedure was repeated two or three times until the bubbling from the

propellant surface was no more significant. Then the propellant was
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transferred to the main oven, for final cure at atmospheric pressure
and a temperature appropriate for curing the given propellant. The

surfaces of PLMA propellants were covered by high temperature wax to
prevent them from air contact. The curing temperatures and times

waere as follows:

Binder Type Curing Times, Days Curing Temperature, °C
PBAA 5 80
PU 2 80
HTPB 4-5 57.5
PLMA 2 90-93

The cured propellant was wrapped with the aluminum foil and
stored for future use. When & series of runs was planned, test
specimens were cut from the slabs. Newly cut surface was coated with
Krylon acrylic solution. Just before a test, the coating was trimmed
away from the surface to be ignited.

The fluorocarbon propellant (TPF 1006) was supplied by the
Wasatch Division of the Thiokol Chemical Corporation, Brigham City,

Utah, already in the form of cured slabs 1.27 cm thick.

2. Propellant Compositions and Properties

The designations and compositions of all the propellants employed
in this study are listed in Table B.I along with their low pressure
deflagration limits.

The properties of propellants were mostly calculated from the
properties of the ingredients. Densities were also measured by weighing

specimens of measured dimensions. The measured density of a propellant

on
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conparad favorably with the theoretical value, as shown in Table B.II.

Table B.II aleo contains the calculated thermal capacities, thermal
conductivities and thermal diffusivities of various propellants which
Were axtensively employed in this setudy. Using the properties of
ingredients shown in Table B.III, the theoretical calculations of

properties were carried out in the following ways:

Density
Loy 2 (B-1)
P 1o,
where p is the density of the propellant and vy and Py
are mass fraction and density of the 1 th ingredient
respectively,
Heat capacity
c = Zi Wy, (B-2)

where c 1is the heat capacity of the propellant and cy

is the heat capacity of the i1 th ingredient,

Thermal conductivity

The Maxwell equation, as used by Gorring and
Churchill [51] for the calculation of thermal conductivity
of heterogeneous meterials and also adopted by other Utah
investigatoras [9,68], was employed to calculate the

thermal conductivity of propellants:

k - 2 +
2 +

v = 2n(l -v) _
v+ n(l -v) (B-3)
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where v is the ratio of the thermal conductivities of
the discontinuous phase to that of continuous phage, n
is the volume fraction of discontinuous phase, ka

18 the thermal conductivity of the continuous phase,

and k 18 the conductivity of the propellant.

According to referances [9] and [68], Eq. (B-3) predicts
the thermal conductivity within 3 to 4 percent of the

measured value.

Thermal diffusivity

Thermal diffusivity was calculated by the defimition,

239

g = — (B-4)
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?
APPENDIX C
' EXPERTMENTAL APPARATUS AND CALIBRATION DATA
1. Flow and Pressure Control Componencs for the Combustion Chamber
, The flow dlagram for the combustion chamber is shown in Figure
C.1. The descriptions of the components are as follows:
Component Degcriptions
: Combustion Chamber: 25 cm 1.d. 44 cm height (approximately
20 liters in volume), designed and
tested for maximum pressure of 200
psig, custom-made, nickel-plated.

Main Dump Tank: 1,300 liters in volume, evacuated by a
type MD674 Nash Hytor Vacuum Pump in
series with a No. 2-26-6 Nash Alr
Ejector. An absolute pressure about
0.016 atms could be maintained. The
vacuum system was made by the Lang

é Wayne Equipment Company of Salt Lake
E City, Utah.
? Auxiliary Dump Tank: 60 liters in volume, maximum allowable

pressure 60 psig.
Main Exhaust Valve: l-inch-port ball valve operated by

' Ramcon pneumatic actuator (Model P3SFS




p /3

80 psi, Ramcon Division, Penwalt Corp.,
Elgin, Illinoisj).

Auxiliary Exhaust Valve: 3/8-inch needle valve operated by a
pneumatic cylinder (Type A-I1I,
Allenair Corp., Mineola, New York).

Main Orifices: 0.953, 0.238, and 0.159%-cm orifices
were sharp-edged ones made of graphite.
The other orifices were smooth-edged
stainless steel ones originally used
by Schulz (refer to Table C-:III).

Auxiliary Orifices: Sharp-edged graphlte orifices, 0.635,
0.594, 0.475, 0.437, 0.356, 0.277,

0.198 cm in diameter, were used.

Main Exhaust Line: 1-1/2-inch pipe, approximately 4 feet
long.
Auxiliary Exhaust Line: Consisted of two portions, one 3/8-inch

diameter and 3 feet long and another
1-1/4-inch diameter and 7 feet long.

2. Electric Circuit for the Combustion Chamber

Figure C.2 shows the electric circuit diagram for the combusticn
chamber. Two control panels were used: one was located in the control
room (shown on the top part of the diagram) and the other in the tunnel
near the experimental apparatus. The REMOTE-LOCAL switch was designed
to select one of the panels. Toggle switches and a push button switch
(for nitrogen supply) were used for the hand control of tests. A pre-

determined automat.. sequence was generated by pushing the AUTO and

S ————
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then the START push button with desired settings on timers T-1, T-2, and
T-3 and on the pressure switch PS-1. After a run by automatic sequence
was over, the circuit was reset by pushing the RESET push button. The
RESET push button was also used to interrupt the automatic sequence
during a test. Either the RESET button on the control room panel or
that on the panel inside the tunnel was designed to be always ready for
functioning regardless of the position of the REMOTE-LOCAL selector
switch.

Automatic operation of the control circuit for the depressuriza-
tion extinguishment test was used for tests in both frhe combustion
chamber and the low-L* chamber. When the combustion chamber was used,
the pressure switch was removed from the circuit because it was not
needed. During tests with the smaller chamber, the timer T-1 was
disconnected. The rest of the control circuit was the same for both

cases,

After preparation for a run was made, an extinguishment test
proceeded as follows: |

a. The electric power was introduced by the MAIN switch.

b. The evacuated chamber was filled with nitrogen to the
desired level by pushing NITROGEN ON button. When
the large chamber was used, the nitrogen flow was
discontinued after the chamber pressure reached the
desired level, whereas it was allowed to continue
when the small chamber was employed.

¢. The remote or local control of the test was determined

by the REMOTE~LOCAL selector switch.
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The AUTO button was operated to give the following
events: the magnetic switch MS-2 supplied electric
power to the automatic power line and the relay R-6
was energized to close its contact R-6, which was
normally open to isolate the automatic circuit from
hand operating switch.

The START button was pushed: the relay R-1 started
the timer T-1 and energized the relay R-4 which
stopped the nitrogen feeding and closed the ignition
power lines (the timer T-1 was not adopted in small-
chamber tests).

Either when the set time on the timer T-1 was over
(in combustion chamber tests) or when the system
pressure reached the set pressure on the pressure
switch PS-1 by the help of combustion products (ia
small-chamber tests), the relay R-2 was energized.
The relay R-2 opened the auxiliary exhaust valve
(this valve was disconnected in small-chamber tests)
and started timers T-2 and T-3.

When the set time on the timer T-3 was over, the
oscilloscope triggering circult was closed, if the
oscilloscope was used.

The timer T-2 energized the relay R-5 after the set
time wa. over. The relay R-5 closed the auxiliary
exhaust valve, simultaneously opening the main

exhaust valve V-1, The relay R-5 also stopped the
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power to the ignition line by opening the coil circuit of
the relay R-4.

i. After a test was over, the RESET button was pushed which
cut the power to the automatic circuit by de-energizing

the magnet switch MS-2 and also released the relay R-2

by the help of the relays R-8 and R-2'.

3. Circuits and Components of Mcasuring Units

The schematic circuit dfagram for the force transducer, the
pressure transducer, and for photocells are given in Figures C.3, C.4,
and C.5 respectively. The detailed descriptions of the key elements

in those circuits and of the other instruments for data acquisition

|

and reduction are as follows: ;
3

3

Component or Instrument Descriptions %
Force Transducer: The Universal Transducing Cell E

Model UC3, Force Range +60 gms,

PR

Statham Instruments, Inc., Oxnard,

California.
Pressure Transducer 1: PA285TC-150-350, 0-150 psia, or
Pressure Transducer 2: PA731TC-25-350, 0-25 psia, Statham

Instruments, Inc.
Pressure Transducer 3: Kigtler Model PZ 14 quartz pickup,
Kigstler Instrument Corp., North
Tonawanda, New York.
Photocell 1: Type 1N2175 N-P-N Diffused Silicon
Photo~Duo-Diode, Texas Instruments,

Dallas, Texas.
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Photocell 2:

24VDC Supply:

Strip Chart Recorder 1:

Strip Chart Recorder 2:

Oscilloscope:

Oscilloscope Csamera:

DC Amplifier 1:

DC Amplifier 2:

Charge Amplifier:

Tape Recorder:

249

1P40 Infrared-Sensitive Gas Photo~ _
diode, Radio Corporation of America,
Harrison, New Jersey.

Model KR 24-.25, Universal Elec-
tronics, Santa Monica, California.
Speedomax XL 600 Recorder, two-pen,
Leeds and Northrup Co., North Wales,
Pennsylvania,

Electronic 19 Recorder, Honeywell
Inc., Denver, Colorado.

Tektronix Model 564, Tektronix Inc.,
Portland, Oregon.

Tektronix Model C-2.

Accudata 120, Model No. ACC-120-1,
Honeywell Inc., Denver, Colorado.
CRC AMPLI-VOLT, The Chemical Rubber
Co., Beacon, New York.

Kistler S/N 166 Model 568.

Model PI-1207, Precision Instrument,

Palo Alto, California.

The force transducer was calibrated by weights and the linearity

of the output with respect to the weight load was found to be excellent.

Before a series of tests, an appropriate calibration factor, the output

voltage per unit mass, was chosen by adjusting the input rheostat with a

reference weight applied on the transducer. The zero adjustment
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potentiometer was used to bring the output signal to an adequate
position on the recorder. Both the input rheostat and the zero
adjustment potentiometer were ten-turn Helipot precision potentiomers.
The relatively low resistance of 4.7 KQ employed in the zero adjust-
ment potentiometer enabled to bring the output signal to zero with a
load as much as 45 gm. A 24VDC power supply was replaced by a 22.5V
battery when the weight signal was recorded on the oscilloscope since
it produced some AC noise. The low pass filter was designed to cut
off the noise in force transducer signal originated from ifs natural
frequency about 100 Hz. The cut off frequency of the low pass filter
was 22 Hz.

The circuit shown in Figure C.4 was utilized for both Statham
transducers. The 12V battery was a rechargeable Cd-Ni cell. The
zener diode 1N752 (zener breakdown voltage 5.6V) maintajned the
excitation voltage at a constant level. Pressure transducers were
calibrated with a dead-weight tester. Again, the linearity between the
pressure and output was good within the normal range of each unit.

Figure C.5 actually depicts two different circuits; one for a

1N2175 photodiode and the other for a 1P40 photocell.

4. Calibration of the Quick Heating Furnace

The quick heating furnace and its control circuit, as shown in

Figure III.5, consist of the following major components:

Component Descriptions
Nichrome Strip: Tophet A Nickel Chrome, Size 1/4 x

0.0201", Ohms per foot 0.1005, Wilbur

B. Driver Co., Newark, New Jersey.

. e vy v N
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Temperature Controller: Electromax C.A.T. Controller, Cat. No.
6261-2110-1-0, Range 93-10Y3°C,
Leeds and Northrup Co.
SCR Switch: Zero Voltage Power Pack, C12,
1144TP 1970, Leerds and Northrup Co.
Stepdown Transformer: Input 220V, 10:4 I/0 ratio, Berg
Electric Co., Salt Lake City, Utah.
Thermocouples: 0.01 inch chromel and alumel type.
Calorimeter: Used for calibration:
Asymptotic Calorimeter, Model
C-1301-A-120-072, Hy-Cal Engineering,

Santa Fe Springs, California,

The performance of the temperature controller was checked by
comparing the set temperature and the actual temperature of the nichrome
strip which was indicated by the thermocouple output. The calibration
was undertaken at two pressures, 0.85 atms and 0.0l atms., No signifi-
cant effect of pressure was noted. As shown in Table C.I, the actual
wall temperatures are slightly lower than the set temperatures, the
offset increasing as the set temperature is increased. The offset is,
however, less than ten degrees when the set temperature is less than
850°C. These calibration data related the true wall temperature to
the given set temperature since the furnace set temperature was
taken as the experimental variable. Also are shown the furnace
heating time with and without the radiation deflector. The effect

of the deflector on the heating time becomes pronounced as the




-~

252

furnace set temperature is increased. When the furnace set temperature
1s less than 800°C, the furnace can be brought to the set temperature
within a half minute.

The furnace radiation heat flux, reaching to the position where
the propellant burning surface would be located, was calibrated with
regpect to the actual furnace wall temperature with the Hy-Cal
calorimeter. An Electronic 19 recorder was used to record the thermo-
couple output. The calibration data are plotted in Figure C.6 along
with the black body emissive power. The actual radiation flux is
approximately two-thirds of the black-body flux corresponding to the
measured temperature with the radiation deflector installed and only
one-third of it without the radiation deflector. The spatial variation
of the radiation flux was examined for three positions: 0, 1.27, and
2.22 cm above the bottom plate of the furnace. As seen from Figure C.6,
the higher position receives slightly more radiation heat flux. The
variatiorn of the radiation heat flux between 1.27 cm and 2.22 cm
position 1d noticed to be less than three percent. The propellant
burning during a test usually occurred between those distances.
Consequently, for the zone of interest the spatial variation of the
radiation flux was concluded to be negligible.

The heating rate of propellant ramples exposed to furnace heat
flux was measured to standardize experimental procedures. Under the
conditions for an actual depressurization extinguishment tests with
furnace heating, but without the propellant burning, the temperature
at the center of the sample was monitored by 0.005-inch-diameter

copper-constantan thermocouples. Tne results are presented in

il A
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Table C.II. It is noted that almost a minute i{s required to heat up

samples similar to those used in the extinguishment test by ten

degrees when the furnace temperature is 700 to 800°C.

5. Pressure History During Depressurization Extinguishment Tests

A universal repregentation of the depressutrization rate was needed
to compare the extinguishment data from different apparatus. Although
the actual measurement of the pressure history fulfils this requirement,
an approximate estimation of the fractional pressure decay rate can be
made by the volume and orifice size. With the assumption of an ideal

nozzle, the theoretical pressure-time relationship during the blowdown

of a chamber is given by the following equations;

Adlabatic blowdown

2y .
P (1 O\ -
P (1+Y-1ec)Y1 (-1
o Bt
2 1
) Y o+ 1
)
v
1 m —— (C-3)
Anao
YR'T
a, = v o (C-4)

where p 1s pressure; po, initial pressure; Yy, heat-capacity ratio;
t, time; V, chamber volume; An’ the cross-sectional area of orifice;

a., the initial speed of sound; R', pas constant; To’ temperature of

o i
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gas in the chamber at start of blowdown; M, molecular weight of the
gas.
Isothermal blowdown
.8,
2 .. T, or (C-5)
pO
_d4np B -
dt 1 (C-6)

The pressure history during relatively slow depressurization,
which condirion prevails in the depresgsurization of the large combus-
tion chamter for all orifice sizes, would be closely approximated
by Eq. {C-6). &us a first approximation, the fractional rate of
depressurization could be estimated roughly by Eq. (C-6) even for the
smalier chamber. Thus, the fractlonal rate of depressurization was
calculated for hoth chambers with the following information:

The gas was assumed to be air at 25°C: y = 1.403

The volume of the larger combustion chamber: 20.12 liters

The volume of the smaller chamber: 0.98 liters

The volume of the auxiliary dump tank: 120.72 liters

The calc.ilated results are listed in Table C.III.

The actual pressure history during depressurization from the
larger chamber was measured for several orifice sizes without the
burning propellant inside the chamber. It was observed that the actial
pressure decay rates were bracketed by the adiabatic and the isothermal

blowdown prediccions. On Figure C.7, comparisons are made between the

i il el s

- i
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actual pressure histories during depressurization extingulishment in the

larger combustion chamber and the theoretical predictions. Except the

cagse when the initial chamber pressure is very low, the actual pressure

histories are shcwn to agree with the theoretical predictions reasonably

well. That such a marked deviation can occur serves warning that

theoretical prediction may be of chief value only in guiding the

selection of the vent orifices.
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Figure C.3. Circuit Schematic Diagram for Force Transducer.
) O——A >— -+
! 180 l
12 vi 2ENE R 5K
aATTERY’f DIODE Sox -
1N 752
|_ OUTPUT
- —0 4+ ‘
ZERO PRESSURE  SENSITIVITY

ADJUSTMENT POT. TRANSDUCER ADJUSTMENT POT.

Figure C.4. Circuit Schematic Diagram for Pressure Transducer.

i\ .
l FHOTO DIODE
asv = 1N 2175 R OUTPUT
OR OR 100K
1P 40 R
225V 390k
——o —0 4
SENSITIVITY

ADJUSTMENT POT.

Figure C.5. Circuit Schemat lc Diagram for Photocells,
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Figure €.7. Actual Pressure llistories During Depressucization
Extinguishment Runs for the Combustion Chamber in
Compiarison With Theoretical 1sothermal and Adiabatic
Blow=down Curves.

i kil

et bt e Lt i



H‘*‘R - e e e L = == =
i
261 :
Table C.I. Calibration Data of Temperature Ccntroller for Quick i.
Heating Furnace and Furnace Heating Times. %
Heating Time g
Controller Set Actual Furnace Wall H
Temperature Temperature :
°C °c Without With
Deflector Deflector
sec sec
150 146 2.0 -
200 196 3.5 3.5

300 296 5.7 5.4

v T —_——




Table C.II.

Propellarni: UDJ (PU/78.4 AP/2CB).

Pressure:

Sample Initial Temperature:

21°C.

No Cooling Nitrogen Was Introduced.

Heating Rates of Samples in Furnace.

The Combustion Chamber was Depressurized from 0.22 atms to
0.05 atms through 0,318 cm Orifice During Tests.

1.43

1.43

2.54

2.54

700

750

56

56

50

Sam* le Size Heating Time for
Furnace Set Sample Center Ignition
Temperature Temperature Time
Diameter Length °C to Reach 31°C sec
cm cm sec
0.95 2.22 700 24 52
1.43 0.95 750 37 --




|

L]

g

Table C.I11I.
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Calculated Fractional Rates of Depressurization for

Combustfon Chamber and Small-L* Blow-down Chamber for
Various Orifice Sizes.

Orifice Size Fractional Rate of Depressurization Rate, sec-1
inch cm Small-~L¥ Combustion Combustion Chamber
Chamber Chamber and Auxiliary Dump Tank

1.896 4.82 355

1.500 3.81 223

1.000 2.54 99.0 §4.82 0.686

0.850 2.16 71.5 3.47 0.496

0.700 1.78 48.5 2.35 0.336

0.600 1.52 35.7 1.73 0.247

0.500 1.27 24.8 1.20 0.171

0.375 0.953 13.9 .675 0.0964

0.250 0.635 6.2 . 300 0.0429

0.177 0.450 3.1 .150 0.0214

0.125 0.318 1.6 .0750 0.0107

0.0938 | 0.238 .0422 0.00603

0.0625 | 0.159 .0188 0.00269

i
ot L s 4 it

i
m‘.w R R 1] L TR



! APPENDIX D

INTERMITTENT BURNING OF A HIGHLY-FUELED

’ PU PROPELLANT UNDER FURNACE HEATING

1. Background
As briefly mentioned in Chapter VI, the strands of a highly-fueled
! PU propellant (UDF) responded strangely when an external heat flux was

imposed on the burning surface. Differing from the other propellants

tested, this high Pdl propellant would not burn steadily at pressures

\ below its Pdl' even with an external heat flux of 1,64 cal/cm2 sec.
Instead, it exhibited intermittent burning with augmenting heat flux,

i.e., a periodic repetition of ignition, deflagration, and extinguish-

ment. This intermittent burning of propellant strands under relatively

F weak external heat flux appears to be closely related to the chuffing E

of rocket motors.

An extensive study or chuffing was made by Huffington {63) with

cordite charges in a small vented vessel. He observed that the
recession of the rropellant surface during a single chuff was roughly

constant more or less independeat of pressure over a wide range, of

ok Lot bt S oS A el

chuffing frequency, end of charge cdesign; and that the average bhurning

rates were abnormally high during a period of chuffing. Based cn those

obaservations, he applied Frank-Kamenetsky's thermal explosion theory to

PO T AT R

explain the chuffing phenomenon, postulating that burning during
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chuffing 1is thermaliy explosive in nature, being governed by a
condenged-phase exothermic reaction. Clemmow and Huffington [30] ex- ;‘
tended this theory to explain oscillatory burning. Young and Angelus %w
(138) followed a similar approach in their study of chuffing snd non- |
acoustic instability of rocket motors fueled with modified double-bas2
propellants. However, later investigatozrs suggest that this approach
may be erroneous, except, perhaps, for double-base propellants,
because chuffing and non-acoustic instabiiiry are exhibited by many
propellants for which the existence of sub-surface exothermic reactions
is very questionable. Modern theories for chuffing and ncnacoustic
ingtability are based on the stability analysis of the motor considering
the interaction between the combustion and mass flow through the nozzle.
However, an explanation is needed for the observation in this
study that a chuffing-like phenomenon is also observed in strand burner.
As the oscillatory burning of propellant strands at low pressures 1is due
to the intrinsic i{nstability of the combustion wave, this chuffing-like
phenomenon is also thought to be a manifestation of the same inherent
properties of the propellant combustion. There is, however, a
fundamental difference. Oscillatory burning is continuous and self-
sustained while intermittent burning needs either a finite amount of
external flux to provide reiguiticn or the persistance of local hot

spots during the non-burning phase of the chuff.

2. Exper:ment Results

Figure D.]1 shows the force transducer signals during intermittent

burning at various pressures witlh the measured furnace temperature of




900°C. The salient periodicity is pronounced. The periodicity and the

ignition and deflagration times are vwuch influenced by the pressure.
The oscillation has its greatest frequency at 0.1 atms. At higher
pressures, both the ignition time and deflagration time are longer
and the burning is very erratic. At very low pressure, 0.04 atms, the
burning is rather smooth and slow. The jump of the force transducer
signals at the initiation of burning is caused by the recoil due to the
explosive mass evolution. The burning rate, being roughly indicated by
the mean slope of the force transducer signal, decreases steadily as
the deflagration proceeds until the extinguishment occurs. No
appreciable change of mass is detected during the non-burning phase.
Visual observations during the lntermittent burning at low
pressures indicated that a bright flame suddenly developed all over

the propellant surface and then the flame diminished in size and

T R T T

luminosity, until burning ceased. The extinguishment appeared to be
complete, showing no sign of residual burning on the surface. A thick
surface layer of modified polymer was found on the extinguished surface,
which had the same appearance as those seen on the extinguished surface
of the normally burring PU propellants near their low pressure
deflagration limits. The thickness of the modified zone was approxi-
nately one millimeter at 0.1 atms, corresponding closely to the
deflagration distance during one large cycle of the oscillatory burning
of the highly-oxidized PU propellants (refer to Chapters V and VI).
Again, the existence of the surfacz layer appears to be related tu the

peculiar burning nature of this highly-fueled PU propellant.

Mihlfeith [87] also reported that a highly-fueled PU propellant (607 of




T -

e aoled

5 micson AP) shouwed periodic combustion wavelets on the burning surface
when the propellant sustained combustion with intense external heat
flux at atmospheric pressure.

Table D.I summarizes the data of intermittent burning of UDF
propellant under furnace heating. The intermittent burning was
observed to take place cver a wide range of pressures when the furnace
wall temperature was 900°C. The propellant would not be reignited
after a chuff when lower furnace temperatures were used with higher
pressure (0.5 atms or more). With a furnace wall temperature of 800°C
and very low pressures (refer to Rung 20 and 21), the propellant surface
regressed by successive explosions with a very short time interval.
Thus, periods are shown to be unusually short.

One of the most interesting results to be noted from Table D.I is
that the deflagration distance during a cycle is almost constant, about
0.6 mm, being little dependent on the pressure when the pressure is less
than 0.3 atms. This result is similar to the observation made by
Huffington. The burning distance during a chuff becomes greater as the
pressure 1s increased above 0.3 atms. The dependency of burning rate on
the pressure is milder than would be expected for a normal burning, as
can be shown by dividing the burned distance by the burning time. The
ignition time is certainly greater at higher pressures, a disagreement
with the results of Yount and Angelus {138]. The total) period of the

intermittent burning is, accordingly, longer at a higher pressure.

This tendency is again the same as Huffington's result, and opposite to

*
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the pressure dependency of the period in concinuous oscillatory burning,
as shown both by Huffington and by other perts of this study. ;

From Figure ™.1, one may notice that the average burniang rate

———

during a cycle, being the mean slope of the force transducer signal,

seems to be little affected by the pressure. The observation is
confirmed by Figure D.2, where the linear regression per cycle is

shown tc be constant over the pressure range 0.04 to 1.1 atms. This

result suggests that the gross deflagration rate is almost totally
determined by the rate of energy ilnput from the external source. Thus,
the energy contributed by the gas-phase flame during the intermittent
burning appears to be insignificant.

Similarities appear to exist between the intermittent burning and
the continuous oscillatory burning of highly-oxidized propellants at
low pressures. It is instructive to compare the dimensionless frequency
parameters for both cases. Computed dimensionless parameters for
intermittent burning, based on the averaged burning rate, are shown in
Figure D.2. Most values lie between 7 and 23 for pressures lower than
0.2 atms, bracketing values for the continuous osclllatory combustion of
more highly oxidized PU propellants near their low pressure deflagration
limits. Thermal capacitancé of the solid phase plays a role in both
cases.

In Figure D.3, the ignition period + ing a chuff at 0.1 atms is
plotted as s function of the external heat flux in logarithmic scales.
A straight line of slope -2 correlates the dat:, indicating that the 7
ignition during an intermittent burning follows the prediction of the ; 1

thermal ignition theory (see 72 for example).
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3. Digcussion of Results

a. Computation of the Net Heat of Gasification

The lack of dependence of the gross regression rate on pressure
provides a means ro compute the net neat of gasification. The
instantaneous burning rate, r, is related to the instuntaneous total
feedback heat flux, f, by the energy balance at the burning surface:

f

r = (D-1)
o[C(TEI - To) + q]

With the assumption that o[c(Ts - To) + q) is a constant, taking the

time average for a single chuff,

- 1 1 T
£ e T+ ql (¥,[ L do) (p-2)

where v is the averaged burning rate during a chuff and 1 is the period
of a chuff. Since the contribution of the energy feedback due to the
gas-phase flame is insignificant during the burning period, the time
averaged f=edback flux can be approximated as being the external heat
flux, fr' Rearranging Eq. (D-2), we have

f
T

q=—- C('T8 - TO). (D-3)
or
With the numerical values, fr = 1.64 cal/cm2 sec, p = 1.57 g/cm3,

r = 0.01 cm/sec, c(T8 - To) = 100 cal/g, the computed q becomes 4 cal/g

(endothermic). Note that with the same value of c(TS - To), the lLeat

flux-augmented burning rate data give slightly negative values of q
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(exothermic) for the more highly oxidized propellants (refer to Table
VI.I). The result is consistant to our expectation that a more fuel-

rich propellant would have a more endothermic net heat of gasification.

b. The Mechanism of Intermittent Burning

Although many features of the intermittent burning resemble
those of thermal explosion, it is not likely to be explained by the
thermal explosion theory alone. Rather, melting and other combustion-
modifying chaunges of the polyurethane polymer along with temperature
conditioning of the overall solid by a moderat. external heat flux
appear to account for the observed phenomenon.

The moderate external heat flux, which is not sufficient to help
sustain the combusrion wave of this propellant at the pressure level
employed, heats up the solid and produces a thick thermal wave which
1s an effective increase in propellant temperature. The polyurethane
polymer also undergoes melting and then drying changes for this pre-
ignition period. The drier and warmer layer of the solid near the
exposed surface eventually reaches the ignition temperature. The
combustion wave generated advances to a position where the polymer
melt prevails and the surface temperature is low, and stops. Another
pre~heating period must transpire before the pronellant is reignited.
At a higher pressure the deflagration proce.us to a greater distance
because a larger energy feedback from the gas-phase flame helps
combustion persist at a lower propellant temperature, and therefore,

a longer heating time is needed for the reignition of the extinguished

propellant. The experimental results support this view.
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The dominance of the condensed-phase action 1is the common factor
for the intermittent burning of a highly-fueled PU propellant and the
oscillatory burning of highly-oxidized propell:ints. The difference is
that the oscillatory burning cf highly-oxidized propellants is self-
sustained due to the hotter flame and less polymer melt in the solid
phase. Moreover, the oscillatory burning is inferred to be featured
by the phase difference between the decomposition of the oxidizer and
the binder while in intermittent burning the decompositions of the
ingredients are in phase and the periodical burning nature appears

purely thermal.
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APPENDIN E

MEASUREMENT OF THE SURFACE TEMPERATURLS OF BURNING STRANDS

The low burning rates of propellants at low pressures produces
thick thermal wave in the solid, which suggests a simple, direct
measurement of the surface temperatures. The thermal wave thickness

is of the order of one millimeter near the low-pressure deflagration

limit of burning propeliants. An attempt was made to measure the

surface temperature with fine thermocouples.

The chromel-alumel thermocouples employed were purchased from
Science Products Corp., Dover, New Jersey. The bead of the thermo-
couples was formed by pressing 0.005-inch thermocouple wires to give
a junction 0.001 to 0.0002-inch thickness. The junction was thin and
flat, and thermocouples of 0.00l-inch thickness were adopted for this

sgtudy,

The junction of the thermocouple was embedded in the middle of
the propellant sample., A section of the sample was cut out as shown

in the Figure E.1. The bead of the thermocouple was pushed into the
propellant so that the flat face of the thermocouple junction was

parallel to the burning surface. A small amount of Krylonm acrylic

solution was used to cement the pileces of the propellant together.
The time when the thermocouple bead emerged from the burning
surface was determined by measurement of the electrical conductiviiy

from the thermocouple bead to an electrode attached on one side of the
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sample. The electric circuit is shown in Figure E.2. A 10 mega ohm
re~istor was used to isolate the conductivity measuring circuit from =
the thermocouple circuit.

Figure E.3 shows oscilloscope traces of the conductivity and
thermocouple signals during ai actual run. The photocell signal is
also shown. In this test, the system pressure initfally was kept at a
constant level and then dropped to quench the burning after the
thermocouple bead protruded from the burning surface. The point where
the conductivity signal starts to fluctuate after increasiug mono-
tonically was assumed to be the moment when the thermocouple bead

reaches the burning surface. This assumption was confirmed by

examining the extinguished sample. In this test, the thermocouple L
bead projected out of the burned surface 0.3 mm, indicating that 1.2 )
seconds had elapsed from the moment when the bead was exposed on the
burning surface until extinguishment occurred. Since the steady
burning rate of this propellant at this pressure is 0.025 cm/sec, it
would take 1.2 seconds for the surface to regress by 0.3 mm, which is
consistent with the measured protrusion of the thermocouple. The ?
change in the slope of the thermocouple signal shown in Figure E.1l
during the rise in temperature appears to be caused by the partial
quenching of the flame when the burning surface reaches the cut and
glued portion of the propellant and also by the radiative heac loss
from the thermocouple bead to the surroundings.

There exists, however, some uncertainty in the determination of

the temperature when the thermocouple bead reaches the burning surface.

As shown in Figure E.3, the point where the conductivity signal starts

to fluct -ate does not coincide with the time when the slope of the
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thermocouple signul changea. The positioning of the thermocouple bead
¢ and the orientation of the burning surface apparently cause this
uncertainty. The lower and upper bound of the surface temperature
Were taken at the point where the conductivity signal starts to
1 fluctuate and at the moment when the slope of the thermocouple signal
changes abruptly. The results of these preliminary runs are summarized
in Table E.1. Corrections for the heat losses from the thermocouple

junction by conduction through the lieads and by radistion to the

surroundings were not made for those temperature data. Thus, those
temperatures should be taken as the minimum possible values of the |

real sur{ace temperatures.
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Figure FE.2. <Circuit Schematic Diagram foy the Measurement ol
Burning Surface Temperatures.



~-~Zero Luminosity

~-=Zero Conductivity

~=-Zero Thetmocouple
Output

Run No.: 2222-19, Propellant: G, Pressure: 0.067 atus

Vertical Scale: Thermocouple, 5 wV/division
Conductivity, 5 V/division

Horizontal Scale: 2 sec/division

Figure £.3. Typical Oscilioscope Traces for a Run Measuring
Burning Surface Temperature. Light,
Conauctivity, and Thermocouple Signals Are Shown.

Table E.I. Summary of Measured Burning Surface Temperatures.

Corrcoctiong for Conduction and Radiation Heat Losses
Yere Not Made.

Fropellant: G Pressure: 0.067 atms
Burning Surface Temperature, °C
Run No. 2222
Range Average
16 225 - 259 242
17 206 - 243 224
18 223 - 237 230
i 19 221 - 271 246
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APPENDIX F
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ELECTRICAL PROPERTIES OF COMPOSITE PROPELLANT COMBUSTION

Sl bl

1. Background

During the early stage of the study on the depressurizaticn

o ol st i . il

extinguishment, difficuity was encountered with determination of the
extinguishment point due to the very low luminogsity of some propellant
flames at low pressures. In order to overcome the difficulty, the
measurement of the electric conductance across the burning propellart
surface was considered as an indicator of extinguishment. Although
the difficulty with the optical detection system was solved by using
an improved arrangement of the photodicde, the preliminary results on
the conductivity measurement across the burning surface were interesting
enough to suggest some further study. The object of this program was
to gain basic information on the nature of electric conductivity
across the burning surface Jor future application of this property in
characterizing the burning of composite propellants.

Yin anc Hermance [137] monitored the electric conductivity across
the burning surface to determine the extinguishment point during rapid
depressurization. The experiment.i results of Bestgen and Wright [F1]
showed that the electrical conductiviiy tijzough a solid prcpellant was

strongly affected by the temperature, increasing as the temperature
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was 1increased. This result suggests the posaibility ot influencing the
burning rate by dissipating electric energy in the thermal wave near the
surface of a burning strand. If one can introduce external energy to
the surface in this manner, a significant improvement in the technique
developed by Mihlfeith et al. [87]) for characterizing the transient
response of propellant combustion could be achieved. An alternating
current with pre-assigned frequency could be introduced tc the burning
surface to perturb the steady burning. Mihlfeith et al. could only
modify the burning rate of very cleanly burning propellants by external
radiant heat flux. Aluminized propellants could not be treated.

Mayo et c¢l. [F9) report that aluminized propellants have a much
greater conductivizy than non-aluminized ones, and it appeared possible
tc use electrical energy to perturb the burning of these systems. The
modification of propellant burning rates using a strong electric field
* s been attempted by several investigators [Fl, F9), but with litcle
success. Bestgen and Wright (F1] observed that the regression rates of
propellants were increased when the propellant temperature was enhanced
by the breakdown current produced by high voltage across the propellant
sample.

In the program discussed here, the electrical conductance of the
burning surface was measured. The effects considered were the influence
of propellant composition, electrode materials, pressure, electrode
geome.vry, and the magnitude of the applied voltage. This investigation
a'uvy - ~i'ed studies of the augmentation of the burning rate by

« wri. en2rgy and the transient response of electrical conductivity

turie~e during rapid depressurization.
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2. Experimental Procedure

g. Conductivity Near the Burning Surface

283

The samples used for these tests were of rectangular cross-gection,

being typically 0.75 cm x 0.75 cm. As shown in Figure F.l, two of the

opposed sides of a sample were covered by thin-film electrodes.

Several electrode materials were considered:

silver conductive paint: XC-3800 Silver Conductive Coating,

The Hanna Paint Mfg., Inc.;

silver leaf and gold leaf: very thin (approximately 0.2 micron)

tin foll:

foil for decoration, the maker is
not known;
0.0005" thickness, TX645 CB1025,

Matheson, Coleman and Bell.

The s’lver conductive paint was directly applied on the propellant sur-

face and dried in place, When foils were used as electrodes, thin

films of gold-leafing adhesive were applied to the surface of the

strands approximately 10 minutes before ihe foil electrodes were

attached. Thr . -im-wide aluminum-foil leads were connected to the

gold electrodes by use of the silver conductive paint. About an hour

was then allowed for the adhesive for cure.

Figure F.2 shows the circuit diagram used for the measurement

nf electrical conductivity. The resistor box, consisting of six

precision resistors, was specially designed to measure the electric

conductance over a wide range.

The propellant sample was mounted on the insulator mount using

double~face tape.

The combustion chamber was filled with nitrogen and
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kept at a constant pressure during ithe steady-state measurement of the
conductivity. Ignition was achieved by nichrome wires or pyrofuse
wires. The conductivity and pressure signals were photographed on the
screen of a Tektronix model 564 oscilloscope. In some cases, a
Honeyweil Electronic 19 recorder was used to record the conductivity
signal and the pressure was read from a manometer or a pressure gauge.
After burning in steady state for several seconds, the flame was
quenched by rapid depressurization to perwit inspection of the
electrodes. The conductivity during depressurization was measured.

In many tests, the light of the flame and the weight of the
sample were alsc monitored by a photocell and the force transducer
respectively for comparison to the conductivity data.

b. Burning Rate Augmentation by High Voltage Power

A high voltage power source (maximum 5 KV) was used to introduce
electrical energy to the burning surface. The preparations of samples
were largely the same as (a) above. Gold foil electrode was mainly
employed for these tests. In order to prevent the fallure of electrodes
by electrical breakdcwn, the electrodes were coated with thin films of
a high voltage insulator (Corcna Dope, G. C. Electronics). The
steady-state burning rates were measured by the force transducer.

The power supply was turned on when approximately half of the sample
was burned, and the change in the rate of change of the weight
transducer signal could be measured. The actual current and voltage

during a run were read from meters.
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3. Results and Discussion

a. Ohmic Nature of the Conductivity Across the Burning Surface

The current density across the burning surface was measured as a
function of the applied voltage for various pressure levels and the
results for 2.1 atms are shown in Figure F.3. Currert densities were
obtained by multiplying the ratio of the distance between electrodes to
the width of an electrode to eliminate variations due to the sample
geometry. A straight line passing through the origin is shown to
correlate the data very well. This proportionality between current
and voltage indicates an ohmic nature of the conductivity across the
burning surface under the electrode geometry considered. A similar
relationship was found to hold for the electrical conductivities at
the other pressures.

This ohmic nature of the conductivity across the burning surface
supports the contention that the current path across the burning surface
is not totally through the gaseous flame. A purely gaseous conductor,
being composed ¢ uniformly ionized gases, would show a parabolic

functional relationship between voltage and current (F7, F10].

b. Non-Ohmic Nature of the Conductivity Acress the Burning

Surface
The proportionality between voltage and current depicts only one
agpect of Ohm's law. The other aspect of Ohm's law is that the
resistance should be proportional to the distance between electrodes.

As shown in Figure F.4, this property of Ohm's law is not well satisfied
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by the resistance across the burning surface. The resistance at the
pressure of 0.85 atms is proportional to the distance when the distance

between electrodes is less than 0.4 c¢cm. For the distance beyond 0.4 cm,

"another straight line i8 required to fit the data, and a discontinuity

is apparent at about 0.4 cm. The conductivity data for tests at 0.067
atms which employed larger samples are also well represented by a
straight line which, however, does not extend through the origin.

This non-ohmic nature of the conductivity across the burning
surface indicates the complexity of the process. It appears that the
conduction through the gas phase forms a large portion of the total
conductivity at 0.85 atms., The sharp change of the dependency of the
electric resistance on the distance between electrodes around 0.4 cm
appears to be due to the space charge effect near the electrodes, and
the sheath thickness of the space charge is apparently near 0.4 cm.

The interaction between the gas-phase space charge and solild phase
conduction may result in the observed increase of resistance before the
0.4 cm distance. When the distance is bigger than 0.4 cm, the increase
of resistance with respect to distance is likely to be contributed by
the solid phase since the gas-phase resistance is essentially constant.
The situation is slightly different at 0.067 atms. The slope of the
line correlating the resistance to distance is much steeper at 0.067
atms than at 0.85 atms when the distance between electrodes is larger
than 0.4 cm, The condensed-phase conductivity could constitute a

larger portion of total conductivity when the pressure is very low.
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¢. Separation of Conductivity Between Gas and Solid Phase

Contributions

An experiment was designed to aeparate the total electrical
‘conductivity-near the burning surface into the gas-phase and solid-
phase contributions. The solid phase conduction was effectively
eliminated by inserting a th;n mica sheet in the propellant strand so
that it formed a barrier parallel to the electrodes. A rubber
adhesive (Rubber Adhesive 1300L, 3M Cortpany) was used to attach the
mica sheet and nropellant sur «a-e together. The mica barrier was
inserted only at the lower half of the propellant length so that the
change of conductivity could be measured as the mica strip reached
‘he flame front.

Data from these tests is presented in Figure F.5, as total
conductance and gas conductance, as a function of the reciprocal dis-
tance between electrodes. Interestingly, the gas conductance does not
vary with the distance while the solid conductance, being a dominant
portion of the total conductance at this low pressure, is inversely
proportional to the distance. Those results explain the strong
dependency of the resistance on the distance between electrodes at
0.067 atms as seen in Figure F.4. The results alsc support the
assumption that resistance across the gas-phase flame is concentrated
around the electrodes.

d. Effect of Pressure on the Conductivity Across the Burning

Surface
The total conductivities across the burning surface of several

aluminized and non-aluminized propellants were measured as a function
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of pressures. Figure F.6 shows some of the results. The reproducibil-
ity of the experimental data is excellent. Strangely, all propellant
show a maximum conductivity at a pressure about 2 atms. In general,
the total conductivity increases as the pressure i1s increased at
pressures below 2 atms, whereas the inverse 1is true at higher pressures.
The G and UDE propellant have almost the same conductivity above 0.2
atms. The UDE propellant conductivity at pressures below 0.2 atms is
shown to increase as tbe’s;Qtem-pressure is lowered. The G propellant
exhibits a slow dgcrease of conductivity as the pressure is decreased

\ * S
below 0.2 atms. The conductiviiy of the aluminized propellant is
slightly higher than those of éhe nép-aluminized ones,

The peculiar dependency of the conductivity on the pressure
required an explanation. The conductivity across the burning surface
with the electrode geometry considered is influenced by many factors.
The conductivity is certainly composed of both gas and solid contribu-
tions. The conductivity throuszh the gas-phase flame is affected by the
effective surface area of the electrode and the ionization potential of
the electrode material and by cooling, space charges and other effects
around the electrodes, Intrinsically, the gas-phase conductivity is
indicative of the density of ionized particles in the gas phase so that
it is very sensitive to the existence of alkali metals which could be
included in the propellant sample as impurities. The heterogeneous
nature of the solid phase also prohibits a simple interpretation of

ite electrical conductivity,

To gain some more information on the effect of various factors

on the measured conductivity, the dependency of conductivity on the

N e, e o
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' electrode materials was sought. As shown in Figure F.7, the use of
similar materials such as silver paint, silver leaf, and gold leaf
yielded essentially the same values of conductance. However, the use
t of tin foil, which has a much lower melting point than the other
materials, gives significantly lower conductance. Although all kinds
of electrodes considered in this gtudy apparently recede with the
1

burning surface, the portion of electrodes which protrudes out of the
burning surface appears to depend on the kind of electrode material

and to have an effect on the measurement. A material which has a lower

-

melting point could leave less protruded parts above the burning sur-~
face. The maximum conductivity around 2 atms is shown by all kinds
of electrode materials. Probably, this maximum conductivity 1is an
indication of some intrinsic nature of the propellant burning.

The peculiarity of the increased conductivity of UDE propellant
for pressures lower than 0.2 atms was explained by the tests which
separated the conductance into gas-phase and solid-phase contribution
as shown in Figure F.8. At the very low pressures, the thermal wave
in the solid phase is apparently thick enough to produce the increased
conductivity. The solid phase contributes more than 90 percent of the
overall conduction below 0.1 atms. As expected, the solid phase

conductivity decreases as the pressure 18 increased uand approaches a

-4

very low value at 0.5 atms. The solid-phase conductivity then tends
to increase again as the pressure is further inrveased. This effect
has not been explained. The conductivity data of the solid phase for

pressures more than 0.5 atms are not, however, very reproducible. The
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technique of using mica sheet is apparently not sultable at the higher

pressures.

e. An Interpretation of the Maximum in the Conductivity Curves

The occurrence of the maximum in the conductivity curves around
two atms is possibly explained by the thermal ionization of gaseous
molecules. The alkali-metals included as impurities could be the
major source of ions while the gaseous molecules of combustion products
may also be dissocliated to form some portion of the fons by chemi-
ionization. The ion concentration due to thermal ionization can be
calculated by Saha's relation ([F4]:

2

log K = 1og(-3£*- y

5
.2 p) = - 7 SI3T + 5 logT - 6.49 + log G (F-1)

where K is equilibrium constant for ionization; x is the fraction of the
initial atoms which is ionized; p is the total pressure; U is ilonization
potential of the atom expressed in calories/mole; T is the absolute
temperature in °K; and G = g+g_/go. and the g's are the statistical
weights.

Equation (F-1) indicates that the lon concentration in the gas
phase increases as the flame temperature is increased and as the
system pressure is lowered. As mentioned in Chapter IV, the flame
temperatures of composite propellants is very low at subatmospheric
pressures so that the temperature effect might dominate the ionization
process at low pressures. At higher pressures, however, the flame
temperatures become close to adiabatic flame temperatures and do not

vary aignificantly as the pressure is increased so that the pressure
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effect may be governing. As a result, one may expect that a maximum in

the conductivity would appear at some pressure above atmospheric,

f. Burning Rate Augmentation by High Voltage Power

Figure F.9 ghows the conductivities across the burning sviface
measured when high voltages were applied. Although such measured
conductivities do not change much with pressure, their magnitudes are
nearly those measured by use of low voltages.

The augmentation of regression rates by the dissipated electrical
energy at the burning surface was investigated for three propellants and
the results for one of them is shown in Figure F.10. A detectible
increase of burning rate was achieved by the dissipation of the
moderate level of electric power. Some difficulty was encountered in
measuring the increased burning rates. The sample had a tendency to
burn faster at a position near the electrodes when the electric power
was applied, which produced a wedge-shaped burning surface. Thus, the
augmented burning rate was taken from the portion of weight signal
immediately after the power was introduced. The other two propellants
tested, UER and UEG, also showed similar augmentation of burning rates
by electric power. These results suggest that electrical dissipation
could be used as an alternative to the radiant energy input in the
technique developed by Mihlfeicth [87].

g. Transient Conductivity During Depressurization

Figure F.1l1l shows the oscilloscope traces of the light,

conductivity, and wejght signals along with the pressure signal during

a slow depressurization test. In these pictures, the time when the
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conductivity signal drops to zero is seen to colncide with the moment
when the light luminosity disappears. The weight signal also ceases
to decrease at the same instant. The numerical values of the
conductivity of those runs were observed to follow the steady state
values until the pregsure reached a pressure slightly above the
extinguishment pressure. As the extinguishment point was approached,
the transient conductivity deviated from the steady state value until
it dropped to zero. It appears that the conductivity during de-
pressurization may contain some information about the burning rate
response.

Another point to be noticed from these oscilloscope traces is
the peculiarity of the conductivity signal of an aluminized propellant
as ghown in the lower figure, At pres.urcs above 10 atws, the
conductivity of the aluminized prcpellant is similar to that of the
non-aluminized systems. However, the conductivity signal of the
aluminized propellant tends to fluctuate with increasingly bigger
amplitude as the pressure is lowered. The steady burning tests also
showed this tendency for fluctuation of the conductivity at about the
same amplitude. At subatmospheric pressures, near the limiting
pressure, the fluctuation of the conductivity was cbserved to be so
large that the momentary maximum conductivity approaches near
infinite values, indicating that the surface becomes fullyconductive
at that moment. It appears that the agglomerated aluminum particles
on the burning surface momentarily make a closed circuit before the

shedding breaks the bridge. Conductivity measurement could be a iseful
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tool to characterize agglomeration of aluminum during the burning of
aluminized propellants.

Figure F.12 shows the conductivity signal of a run made with a
very slow rate of depressurization. Note the maximum in conductance
et about 2 atms. 7The measured conductivity of this run faithfully
follows the steady state value for a given pressure.

The relaxation of electric conducitivity across the burning sur-
face was followed during rapid depressurization for some propellants.
As shown in Figure F.13, the conductivity signal drops very sharply
near the extinction point. Figure F.14 compares the steady and
transient conductivity signal during rapid depressurization. The
conductivity signal is noted to deviate from the steady state value
only as the extinguishment point is approached.

h. Conclusion

(1) The measurement of the electrical conductivity
across the burning surface 1s a useful tool to
study the steady and transient propellant
combustion. The extinguishment point during
depressurization can easily be detected and
some insight into the burning of aluminized
propellants could be obtained by the
conductivity measurement.

(2) Significant amounts of power can be dissipated
on the burning surface by use of high voltage.

This fact could be used to advantage to improve
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the experimental technique developed by
Mihlfeith for measuring response functions

by energy input to a burning surface.
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ELECTRODES
BURNING

SURFACE

ATTACHED BY
SILVER PAINT

ALUMINUM FOIL :
ﬁ LEADS E
Figure F.1. Schematic Diagram of a Sample Prepared for the Measurement
of Electrical Conductivity Across the Burning Surface.
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Figure F.2. Circuit Schematic Diagram of a Resistor Box for the
Measurement of Ele :trical Conductivity.
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Figure F.3. The Ohmic Nature of Conductivity Across the Burning
Surface, Current Densities Were Obtained by
Multiplying the Ratio of Distance Between Electrodes
and Flectrode Width to the Measured Currents,.
Samples Were Approximately 0.75 em x 0.75 cm in
Cross-Section,
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Figure F.4. Effect of Distance Between Electrodes on the Resistancc
Across the Burning Surface for Two Pressures.
Were Ohtained by Multiplying the Width of Electrodes to
the Measured Values. The Width of the Electrodes Was

Approximately 0.75 cm.
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Figure F.5. Effect of Distance Between Electrodes on the Solid and
Gas Conductances Across the Burning Surfaces. Conductan. -
Data Were Obtained by Dividing the Measured Values by the
width of Electrodes. The Width of the Electrodes Was
Approximately 0.75 cm.
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Figure ¥.6. Effect of Pressure on the Electrical Conductivities of %
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Figure F.8. Effect of Pressure on the Electrical Conductivities
Through Gas and Solid Phase.
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~==Zero
Initial Luminosity
Chamber
Pressure ——-
Weight --- -~-Reference
Signal ' Pressure
~~-Zero
Conductivity
~--Final System
Pressure
Run No.: 2215-19, Propellant: UDE, Orifice:
1.27 cm, Initial Chamber Pressure: 8.1 atms,
Reference Pressure: 7.1 atmg, Vertical
Scale: 1.36 atms/division, Horizontal
Scale: 0.5 sec/division.
Initial
Chamber =-- Reference
Pressure - Pressure
-~=Zero
Luminosity
Welght  -a-
Signal
-~=Zero
Conductivicy

---Final System

Run No.: 2215-21, Propellant: UDI, Orifice: Pressure
1.27 cm, Initial Chamber Pressure: 11 atms,

Reference Pressure: 10 atms, Vertical

Scale: 1.36 atms/division, Horizontal

Scale: 0.5 sec/division.

Figure F.1].

Oscilloscope Traces Showing Light, Conductivity
Signals Near Extinguishment During Depressurization.
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Pressure

Figure F.12.

Initial

Chamber ---|

Pressure

Reference
Pressure ---

; Figure F.13.

eeeeeeeeee

—._Reference
Prasgsure

Conductivity

Run No.: 2322-2, Propellant: G, Orifice:

0.953 cm, Initial Chamber Pressure: 7.8 atms,
Reference Pressure: 0.85 atms, Vertical
Scale: Pressure, 1.36 agms/division;

Conductivity, 3.6 x 10”2 mho/division, Horizontal
Scale: 0.5 sec/division, Electrodes: Silver Paint.

Typical Oscilloscope Traces of Pressure and Conauctivity
Signals During Slow Depressurization Using Combustion Chamber.

Zern
“T“Conductivity

L Final System
e ---Pressure

Run No.: 2409-4, Propellant: UDE, Orifice:

1.27 cm, Initial Chamber Pressure: 7.1 atms,

Reference Pressure: 0.85 atms, Vertical

Scale: Pressure, 1.36 atms/division; Conductivity,

4 x 10~ mho/division, Horizontal Scale:

50 msec/division. Result: Extinguished.

Typical Oscilloscope Traces of Pressure and Conductivity
Signals During Rapid Depressurization Using Small-L*
Blow-down Chamber.
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Figure F,i4. Transient Conductivitles During Depressurization.
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APPENDIX G
REDUCED DATA OF EXTINGUISHMENT TESTS
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