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ABETRALT

Unstable combustion {n gsolid propellant rocket motors
is characterimed by high frequency chamber pressure oscillstions,
often accompanied by changes in the mean burning rate. luperiments
with case-bounded, ecylindrically perforated motors were reproducible
as a result of careful manufacturing control and extended propellant
curing time., In these motors the oscillations were in the fundamental
p&@ud@aamneﬁimg tangential mede and were accompanied by increases
in the average burning rate, At sufficiently bigh pregsure levels all
firings were gstable, Reduction of the operating level led to mild
instability, A sufficient further reduction produced a sudden change
to maximum ingtability., Continuved reduction in pressure level from
thig polat resulted in a gradusl decrease in degree of instability but it
could not be euperimentally verified thet & low pressure siable region
existed, “The levels at which thess events took place were freguency
dependent and generally increased ag the tangential frequency was re-
duced, At given operating level, the instability became less gevere when
the grain length was reduced below & critical value., Incressing the
leagth above the critical value moved the polnt of meaximum ingtability

the level ot which the motors

to somewhat higher levels but did not affect
became stable, The pressure levels for stability and for masximum in-
g tability moved to lower values with decreases in the propellant grain
temperature in a meanner not entirely accounted for by the effect of grain
tesnperature on burning vate, Stable, wmildly unstable and severely

.4 7, . 83 k) %, ¢ ﬁ';”{“« ., \33&%9
vnstable operation wes cbeerved throughout the range -80 & to 180 17,

‘The meximumn instability decreased with grain tempereture,



Slab ni@tar&z with opposed-plane grain surfaces exhibited
oscillations in the transverse sloshing mode but no accompanying
changes in the burning rate. Tangential oscillation of eguivalent
avaplitude strongly affected the burning rate in the cylindric motors;
hence it appears that increases in the burning rate are associated

with tangential velocities rather than pressure fluctuations,
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SYMBOLS

S Ballistic parameter in burning rate law r, =8 Pej
Ab Area of the burning surface of propellant grain

L Speed of sound inside rocket motor

At Area of nozgle throet

c* Fropellant characterisiic ezhaust velocity

Dy Diameter of the motor port or perforation

Dpe A particular value of Dp, See Fig, 31

dt Diameter of the nozzle throat

H Freguency of gaseous oscilletions

H Ratio of port area to throat area

Kan Ratio Ab/At

En® A particuley value of Un, See Fig, 31

ip Length of the propellant grain

n Dallistic parameter in burning rate law ¥, =8P ;‘
Pac ‘Peak-to-peak amplitude of gaseous oscillation

?e Mean value of the unatable chamber pressure

Pe s Stable value of the chamber pressure

Eﬁcg Value of ;ﬁ‘e at the "break" in the ié”"o‘*e va t curve, See Fig, 1
% Stable linear burning rate of propellant

%‘%p Radius of the motor port or perforation

¢ Time {rom ignition

Toe Characteristic temperature for & propellent

Tp Prefiring temperature of the propellant grain

w{te} Weight of propellant burned at time t
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X ran

L {

Total weight of propellant
Mode number, J'm {wolmn) = 0
Average value of ratio of specific heats

¥4 )
‘ = ~ ¥ (& 2% -1)
Related to ¥ through /= ¥ (.ﬁ-«i-—)

APc = ?’c% - ?cﬁ

Density of propellant

Subscripts:

h

i

Head end of motor

Value at ignition

MNozzle end of motor

Propellant, port, or perforation as applicable

Stable



I, INTRODUCTION

Although the cceurrence of high frequency oscillations
in solid propellant rockets, and the attendant increase of mesn
chamber presgure, have been mmgﬂé%ﬁ for mérly twenw
w&mz} +243 the basic facts underlying these phenomeﬁa are at
best underetood very poorly. ‘:ff&aifé stote of affeirs certainly does
not reflect any lack of enthugiasm, effort or ingenuity on the part
of aerious investigators but rather is 2 measure of the inherent
-experimental and theoreticel difficulties of the problem., Theoretical
| inwsﬂgatiw@’ 50647 are often severely hampered by lack of
knowledge concerning key physicel phenomena, it is hardly to be
expected that & definitive analysis concerning the response of a
burning solid gwe:xpaimm surface to high frequency oscillations of
pressure and tangential %elm:iw can be carried out when fundamental
Emmﬁaége on the mechanism of stable solid propellant combustion
iz just becoming &vail@b}aﬁ% . Analyses of the acoustic problém and
the detailed reaction of the propellant surface generally involve
&uﬁicﬁ@mvarhﬁrminew and properties of unknown magnitude that it
is impossible to assess, én the basis of gross enperimental resulis,
whether the postulated mechenism {g or is not operative,

9.16,11,12 present their own

Ezperimental Investigations
peculiay brand of difficult problems, From a fundamental view-
point, one should start with a thorough investigation of the chemical

Kinetics and gas dynamics of the stable burning process. For until
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this is well in hand, no meaningful detailed experiments
concerning transgient behavior can be contemplated, Expeviments
iovolving the behavior of unstable rockets are also plagued with
difficulties, In the first place the preponderant portion of this
work has been performed ag as accessory to the development of
military or commercial rockets, Naturally there is a tendeney
to direct this work toward the very practical aim of removing the
ingtability rather than toward en understanding of it.‘ Firings
made under these circumestancee have been very informative but
inveriably limited in the range of gignificant parameters covered
and often somewhat compromised in the counirel exerted over
gxperimental conditions end instrumentation, Secondly it has
usually been very difficult to obtain repeatable experimental results
of regonani firings; in fact decision as to whether a certain rocket
type resonstes or not must often be arrived at only from statistical
coneiderations over a large number of gimilar firings. Although
such a result may be adequate {or certaln manufacturing decigions,
it ie not quite so significant as a means for understanding the
inptability mechanism,

At present there appear to be two possible approachees
to advance the understanding of resonant cambustion beyond its
pregent imperfect state, The first, of course, is the fundamental
attack on the basic mechaniem, This lengthy purauit has the
strong adventage that in the course of the work, numerous other
solid propellant combustion problemes will algo be golved, The
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second approach, and the one attempted in the pregent work,
rests upon the hope that by study of carefully controlled rocket
experiments entailing systematic variation of the significant
parameiers, ene can arrive al some grose conditions governing
resonance that rest only on facts that cun be cbtalned from stable
combustion processes and not upon detailed undersianding of the
propellant burning mechanism, This approach was taken success~
fully in connection with the high {requency oscillation in aizr-
breathing combustion chambers, Here it wae ﬁmxza&ua) that the
detailed combustion information required could be obtained simply
irom an elementary experiment with a steble combustion chamber
and hence the unsclved problems of hydrocarbon combustion
kinetics and cambustion in turbulent mixing zones were, to a
large entent, bypassed, The present work has not yet yielded
+gimilar suceess with resonant burning in solid propellant rochets,
The progress, however, has besi most encouraging and the
results significant and very useful,

The present extensive series of rocket experiments was
planned with full knewledge of the difficultiee faced by previous
maximﬁnﬁzms.' it was recognized that without essentially complete
reproducibility of results, asg to whether resonance occurred and
what ite pattern was, the cutcome would be largely meaninglegs.
Consegquently realization of this aim wes taken as the first
objective and modification of guality control and curing procedures

gtudied accordingly. The achievement of reproducibility weas actually
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one of the major eceomplishments of the investigation, It was
possible then to investigate the oceurrence or non-oceurrence

of resonance in case-bonded, cylndrically perforated motors
over wide and systematic varictions of propellant grain geometry,
rocl et chamber pressure level, grain temperature, ete, Allin
all some 450 rocket firinge were made under highly controlled
conditions, A composite propellant was used with o polysulfide
fuel and ammnonium perchlorate oxidizer, Some further ewperi-

R,

ments with o slab type motor elucidated certain features of
combugtion instability, Although the resulis have not as yet led
to & simple picture of unstable combustion cecillstions they have

illuminated some features hitherto clouded through incomplete

and sometimes disjointed information,



NS
B GURVEY OF ANALYTICAL INVESTICGATIONS 0F
THD UNSTABLE COMBUSTION PROCESS

In recent years a number of theovetical investigations have
been made of the problem of combustion instability in solid pro~
pellant rockst motors, Decause of {te complex nature, a com-
pletely general solution of the problem of sound fleld amplification
in & solid rocket motor is hardly feasible or desirable. The con-
servation equations would have to be solved for an irregular
cavity, The boundaries of the cavity include a sonic opifice, solid
wealls, heat insulating materials and the buraning surface of the
propaliant. The medium through which the sound ﬁéicﬁ propagates
consiete of high texnperature, chemically reactive gas which may or
may not be in chemical equilibrivm and which enters the cavity at
the buraiag surface and leaves at the sonic orifice. Near and at the
burndng surfece a complex combustion process transforms the
receding solld propellant into kot combustion products., The details
of the combustion process are not explicitly imown for quasi-steady
state operation hence the unsteady featurcs are aven pmwre obscure,

In consequence of these difficulties various investigators
have 2ll made asssumptions which tend to accontuste the features of
the problem in which they were interested and, of course, rendsyed
it move tractable from & mathemstical point of view. Representative

of the work done to the prepent time are the investigations of Crad %.
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Cheng 5’, Creen and Hart and MeClure ., The firet two analyses

are concerned with the conditions under which self-excited gas

oscillations within the perforation of a combustor can be amplified
through their effect on the combustion process, Green's work
aaémmm the existence of unsteady conditions at the surface of &
burning propellant slab and investigates the conditions under which
they can lead to an increase in ﬁmﬁm@ average burning rate, The
analysis of Hart and MeClure, the only one that can claim to be a
theory in the sense that it relates to the chemical fundamentale of
the combustion process.is one dimensional alss in thet local conditione
are considerad at the surface of & slab of burning propellant without
reference to combustor geometry. The conditions under which
local periedic disturbences of the flow may be amplified are de-

. veloped,

in the work of both Grad and Cheng, the characteristic modes

of oscillation within the combustion chamber were obtained by
solution of the wave equation, which sssumes that izsentropic flow
conditions exist and that the changes in velocity, pressure and
density from mean flow conditions are infinitesimals of the first
order, Uscillations in the characteristic médeé would ordinarily
be quickly damped by the inherent losses of the system, The effect
of the downstream exit of the motor i3 inciuded in the theories by
an impedance~type boundary condition at the nossle end of the grain,
in order for the oscillations to be amplified it is necessary that their

- intersction with the ¢cerbustion process lead to the addition of energy

in the proper phase, The phase relation will depend on any natural
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time delays between the disturbance applied to the reactive
zone adjacent to the solid grain and the response of this zone,
In Grad's analyeis this time delay T is areumed constent and
is taken to be the time required for the chemical reaction at the
burning surface to reach equilibrium after o disturbance, On
this basis the relation between the instantaneous burning rate
0 {i:} at time t and the equﬁihﬂum value of the burning rate {{t)
iz given by .

R Y (1)
The steady state burning rate must depend on the local fluctuating
values of pressure and temperature. Using this fact and equation 1,
Crad determines a radial boundary condition which takes the place
of the gsolid wall boundary condition Jg{i— = § at the wall, In this way
the parameter T enters the final solution and it is the subsequent
detailed relation between the period of the oecillations and T that
determines whether or not oscillations of given fregquency can be
amplified., The effect of the downpiream boundary condition, the
mean flow and the sensitivity of the burning process toc changesg in
pregaure and temperature determine, together with 7T , the degree
to which oscillations in particular modes will be deiven, The theory
indicates that a combination mode with axial, radisl and tangential
components is the meoet likely to be amplified, That is, its growth

with time is largest of all unstable modes. OGrad concludes that

stability may be promoted by proper cheice of the value of certain
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oparating paramaters. The aystem should be more stable

the lower the values of %g) and %’%) where » is

the dynamic burniag rate mi and T are the gas prassure and
temperature regpectively. The use of graine with low values of
lopgth to diameter ratio should tend to stabilize the system,
Again, instability is more lkely to occur at stagnatios points
in the fow, hence, if posasible the grain design should avoid
such points in the inner periovation. Fimaily, t:%w lapger the
chemical time constant 7T and hence the slower the chemical
rveaction the more stable the system.

it is interesting to note that this ploneering work of Urad
was carvied out before any exporimental work had indicated the

oscillatory nature of resons

ot buraing; the whole idea of the un-
gtable combustion was largely & conjecture. Conseguently, bis
work must be looked upon as the first demonstration, experimental
or theoretical, that unstable oscillations can exist in o solid
propellant rocket. As will bo seen through description of the en-
sulng work, the theoretical advances sinee Grad's work have been
lazgely changes ia detail

The essential difference betwesn the Crad and the Cheng
theories lies in the type of radial boundary condition imposed.
Asg hae been noted, Grad poatulates 2 relaxation time for the chemical
reaction which is considered to be a constant. Cheng, on the other

hand, takes over bodily the variable time lag lntroduced by Crocco 14
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in hie work on the mzmhm cembustion of liguid propellant
rockets. During combustion the solid gurface undergoes &
primary decomposition reaction inte intermediate gases due to
heat transfer and/or interacticn with activated species from
neighboring gas. The intermediste gases are then activated by the
final combustion products during & time interval T . Finally,
the activated intermediate gaoes react at a high rate to become
the end combustion products, Cheng sgsumes that this latter rate
ie so large that the intermediate gases generated at the rate niai { ¢t}
at time t can be considered to burn instentanesusly at time t + T .
Thus, from & mass balance

mb{-z}m*%gmi{e.’r} (2)
where % { t} is the instantaneous rate of burned geas generation at
time t, The time lag T is assumed te be aﬂeé@&d by the gas pressure
and temperature oscillations, Under {gsentropic conditions the
temperature can be expresged in termws of the pregsure, and the time
lag then depends on the pressure only, The lecal rate at whick energy
is absorbed in the activation of the im&xm@diam geases is taken to
vary as “@m{ t} attime ¢ wherep {t] is the instantaneous pressure
of the burned gas acting on the intermediate gas, It is sessumed that
the total amount of activation energy required for an average come=

. bustible intermediete gas element during the time interval T is
t

fpm{t'} dt’ = comst, {3)

congtant, Hence

¢ T



During steady state operation vy, ie egual to mi since T is
then constant, The steady state rate of burned gas generation is

given by ) a
dy {t] =censt.p (¢} {4)

when the eroeive effect of drifting velocity is neglected, I
equation (3) is differentisted and the result used with equation {2}

and {4) there resulte

w} I (1 3 1l (5
Y [p{& T }] mea Pt}

where T hes been replaced by an average value T and zﬁ% is
the eteady stete burning rate, Thus the instanteneous burning rate
is assumed to depend on the pressure ouly, “?é".’?iﬁa parameter n is a
meagure of the rate of burning under eteady conditions, larger
n copyesponding to higher burning réte et given pregsure, The
parameter m is & measure of the tizne taken for activation of the
im@rmegﬁaw g;sas%.‘ lafgm m corresponding to shorter activation
times, A radial boundary condition is then obiained by matching the
ingtantaneocus rate of burned gas genevation, es given by equation 5,
to the radial influx of mass, pv. I is egsumed that the reaction |
zone thickness is negligibly small compared with the perforation
rodiug, Since the nsturs of the radial boundary condition is different
in the Grad end @héng theories, the predictions of the theories with
raspect to stablility can be expected to be at variance, Cheng shows

that & simplified overall pressure index of reaction & = m - {u/2}



must be larger than e certain minimum value § if instability

min

to be possible, S inin 18 given by

Sotn * B [1 +8.15 4 4 )2 ,;I‘] 6)
wheyre Aﬁ and ﬁsr are the real and imaginary parts of the nozsle
admittance A, and are given as plotted functions of & reduced
frequency parameter; /\ is the ratic of grain length to perforation
diameter and ;;R is the nondimensional average radial inflow velocity

at the boundary, referred to the speed of sound in the burned gas,

For cylindrically perforated motors Cheng concludes that the most
unstable mode is the combination meode made up of the fandamental
cormnponenta in the circumferential, radiel and axial directions,

Cheng refers to this mode form as the fundamental spirel mode, e
concludes that the circumferential component will amplify the fastest
and that ite {requency will be equal to the acoustic value, The
frequency of the radisl component will be almost equal to the scoustic
value but the axisl component will differ sigrificently from the acoustic
organspipe values, During a firing, the parameter ) decreases

with time since the perforation radius is increasing., At the game

tirne Cheng agsumes that the radial velocity ;1 of the burned gas is

constant during the firing, * By calculaeting the value of § rain for a

* In an actugl firing with a cylindrically perforated grain h;il ghould vary
as ,{ rather than as indicated by Cheng since pressure increages
progressively with time due to the increased burning area, However,
thie makes no essential change in Cheng's results since ,\a I%"gl —~ /\
Henee /\2 Wl‘ decreases with A .
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vange of A he finds that g‘}:iwiy‘, riges very steenly and exceeds

20, It is not expected that

0
oS
&

unity for /\ preater than about 18

the over-all p will be this large sinee n must dbe

Py

leas than uwrity if the motor s to be inherently stable to small

disturbances during etable operation and m is expected to be on
the order of unity, Since 5 must be greater then & . for unstable

operation, it appesrs that high velves of the ratio grain length to

perforation dameter, A , tend to probibit instability, Zonseguentiy

ng eepects o rapld degtabilisation of the motors as burning
& B

proceeds and /\ decreases aller which destabilization will ceeur at

a2 lower rate, Furthevmore, the amial geometry of the motor enters

steongly through the dependence of & .  on the ratio of the distance,
- THAR
grain exit to voszle throat, te the grain length which Cheng denotes

by e, Por given A

is decreased, ence for givem gre wpth, 2 short grain port te

nopsie throat detance tends to destebilize the motor, In o similar

3

maanney 1t iz shown that mmotors with none-eroeible end senls at the

noszle end of the grain are more stable than those with erosible end
seals, Uheng coancludes that the externally burning rod type grals
will likely burn stably, the rod-in-grain type unstably, and that the

tubularly perfovated type will be most unstable of all, e also

W

a

concludes that insertion of an dnert rod along the axis of & tubuler
grain should stabilize the system, It should be noted here that the
coefficient un is wnknown and its relation to mean propellant hurning
conditions is, at best, uncertaln, Jence the analysis can not give

an abgolute result but rather 2 correletion method,



It hes been seen thet ithe @p@g@&fcéw of Grad and Cheng

| consist, in essence, of solutions of the wave eguation with a

radial boundary condition which differs irom the acoustic solid

wall condition, In both cases the reaction zone is considered to

be of mﬁgiig@%ﬁ@ thickness and the interaction between the @@ciﬂmi@g@
in the barm@d_gas and the cowibustion process enters the solutions

28 a fluctuating vradial mess flow %wmadary conditicr, U= the other
band, Ureen agsumes the exislence of unsteady flow conditions in the
burned gas and their effect on the time-average sclid burning rate

z‘sé calevlated without mfw%cé to the problem of hew the oscillations
‘are driven., The chemiecal reaction and heat conduction effects in
the reacting gas zone are replaced by a model which assumes
conveetive heat transier to the solid surface from a parallel flow of
gas at flame tempersture, It is assumed that the sffective heat
transfer coefficient is an inverse function of the propellant burning
zate and that the latter depends on an Arrhenius function of the
propellant surface temperature, The steady-state treatment of this
model leads te a@ér@gt gualitetive dependence of the burning vate and
propellant temperature distributions upon parameters characteriatic
of the propellant and of the gas flow, The non-steady situation is
treated as 2 problem in small perturbations of the heat flux, burning
rate and grain surface ternperature, It is assumed that a gmall tline
interval is required for the ende thermic d@c@:ﬂﬁ@@ﬁi@@ﬂ of the solid

?r@p@%ﬁm@ surface layer to gasecus decomposition products which then
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e in a thin hmmogem@ua layer next to the solid surface,
Hence a Eiméﬁ.@.g enters this theory algo but is now related to
the initial decomposition reaction, Fluctustions in the effective
heat trangfer coefficlent due to opcillations in the burned gas
can then couple with the decompoeition reaction when the product |
of angular frequency w and the dme lag 7T aitaics ceriain
values, Under these conditions, the time-average burning rate
can Aej%@vm%@ widely irom the steady ﬁ%é»t@ valugg and Ureen refers
to thege as resonance conditions, The velue of T can only be
egtimated, Hesulis ave given for the arbitrary values T = 3%"3.
3@’%. and m.,.g sec. and & comparigon is made for T = 1673 sec,
and T =7.88 ¢ m"ﬁ“ e, ﬁﬂﬁ@( comparigon a&ﬁﬁwsﬁmﬁ the magnitude
of the resonant {luctuations in surface temperature is very sensitive
to the value of T and that large deviations in the time-average
burndng rate can oceur only when the me@@mmm@ m@m@i%‘ém@ y';sgs approached
very closely, Creen gives a single example of a true resonant peak
for the time lag 7 = 7,88 x w“% gecs, In this case, surface
temperature fluctuations mﬁficiém to produce éigﬁiﬁaw% change in
the mean burning rate, extend sver the raoge W= 1,99 % mé‘ e

w =1.12 % w‘% radians gmﬂ' second or ebout 3% of the centre
frequency. It appears that low amplitude mrefmémﬁmp@ramm ex-
cursions are possible sver a much broader range of {reguencies,
Creen concludes that an increase in the mean ?@wnm@ rate is favoured

by low thermal conductivity of the solid propellant, large heat of

phage change, high flame teroperature, low activetion energy of the
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solid phase decomposition reaction and a high freguency factor
for this reaction, In addition, an increase of the mean burning
rate appears to be favored by low initial propeillant grain temperatures
and possibly by high temperatures also, It is expected that &
detailed analysis of the model by Nackbar and Gre@nuw will be
@ubﬁ&haﬁ at a later date,

The introduction of an arbitrary time lag is avoided in the
theory of Hart and McClure, In this theory ae in Green's analysis,
the details of motor geometry are omitted, FHowever, in this case
the objective ig to determine under what conditions periodic perturbatione
of the steady state reaction process can lead to amplification of the
perturbing cscillations in the burned gaeg, The model treated is one-
dimensional and does not include the effect of gas velocities parallel
to the plane suriace of the grain, Time-dependent reaction rate
chemistey io avoided by sssuming that the resctions are so fast that
the instantaneous volumetric rate of reaction eguals the steady state
rate under the same instenteneous locsl conditions, The proposed
modsl of the cormbustion process consiste of & solid surface at which
solid phase decomposition reactions take place, NMass flows outwards
through an induction reglon to the gas phase reaction zone, Hesat is
transported from the gas phase reaction. to the solid phase de-
composition reaction, The transfer rates of heat and mase through the
induction zone are taken to be finite, The induction zone is small
compared with the wavelength of the sound waves and the flow velocities

are smasll compared with speed of sound, Hence the change in
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prepsure across the region ip neplipible, Consequently the
¥ g il ) ¥

induction vegion is completely defined by the eguations of heat

and mass transfer

— i = BT mﬁwﬁ Y $7)

and

3t @

where m i the ingtantaneous made {low rate, K is the thermal

o

conductivity of the gas, and ¥ is the local gas temperature, It
ie assumed that the specific heats, thermal conductivity and the
molocular welght of the gas remaeln constant and that the ideal gas
law is cheyed, Iouetions 7 and § ave cubject to boundary
conditions at the cold and bot boundaries of the induction aane, At
the cold boundary the rate of conversion of solid inte vapor is
gumed te depend on an Arvhenius function of the temperature in
thin reaction sone, !ence the reaction rate depends on the
temnperature and its gradient at the gas slde of the eolid reastion
zone, ‘he thin gsurface reaction zone is trested adiabatically
o that the gteady state relationehip between burning rate, temperature
and temperature gradient is valid in the time dependent case. Yhe
heat flow eguation i integrated across the surface reaction and the
eaditions ot the cold pide of the solid phase resction are matched
¢ the solution of the time dependent heat {low problem in the aone-

reacting solid, At the hot boundary of the induction zone the rapid
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gas phase reaction beginsg. It is assumed that the reaction s 8o
fast that the time of tronsit of the gases through this reaction sone
is negligibly small compared with the period of the pressure
ﬁu@%&z@ﬁam@, Thue the ediabatic approximation is made that the
steady state functionel relationchip between mass flow rate,
temperature gradient end pressure 2t the induction aone side of
gas phase reaction region i valid under unsteady conditions, Iy
integration across the induction none the dependence of the mass
flow rate on the pressure and temperature gradient at this point
is related to the dependence of the steady ptate burning rate on
pressure and body temperature of the solid, imally eguations
7 and § and the boundary conditions are Hﬁ%arim@d for pmall
perturbations and the resulting solution for the induction zeone io
expressed in terms of Legendre functions, This sclution ig coupled
to & sound field in the burned gas by noting that the preseure and
mess flow at the boundary between the gas phase reaction zone and
the product gases are eseentially the same as on the induction zone
eide gince the gss phase reaction zone thickness is very much smaller
than the wave length of gound, The specific acoustic impedance is
then determined at the burning-gone-product-gas boundary,
Ineoming sound waves sre attenuated or amplified according to whether
the real part of the admittance is poeitive or negative, respectively,
In final form, the selution containg seventeen parameters which may

be grouped into eleven sets, each of which may be varied independently,
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The sensitivity of the result to variations in particulay
parameters may depend strongly on the cholce of values for
others, As 8 result of exploratory calculations with presumably
reasonable values of the paremeters Hart and McClure note thet
amplification tends to oceur over & broed range of frequencies
in the neighborhood of seversl thousand cycles rather than being
sharply peaked in a narrow frequency range, Also, the system
generally becomes more unstable as the body temperature of the

solid grain {s reduced; although this dependence is reversed in

, gz
certain cases, Stabiliry is promoted by low values of ;&-gg
c|Tp
2 Bry
and T . However & mero value of o
P pe Pe Ty

does not guarantee stability, The high frequency response of the
systern ie much more sensitive to chemical and physical changes
of the surface reaction, than is the steady state ha&mﬁw. It
appears that increasing the pressure level tends to destebilize the
system response to high frequencies, Hert and MeClure note that
comparison of theory and experiment ie made difficult by the complex
dependence of the sclution on the various parameters, the values of
which sre not all known,

The status of the theoretical work at the present time indicates
that the resulis are limited sither by lack of experimental results from
which gross parameters characterized by Gz‘&d.. Cheng and Green may

be determined, or by lack of fundamental knowledge concerning



“19-

resction mechanigms, rates and transport properties entering
into the steady burning theory., As indicated inthe introduction
it was the purpose of this work to conduct experiments indicating
the existence of & gross mechenism rather than to implement
existing snalyses with date from which empirical parameters

might poseibly be Jdetermined,
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7 TIME RISTORY OF A TYPICAL UNETARLE FIRING

Inmasmuch ag this poeper will deseribe certain
features from a great number of rocket firinge, it is ad-
visable first to describe one firing in complete detail, In
this menner ceriain peints of operation, features of experi-
mental technique will be made clear za well as the general
characterigtice of an unstable pregsure-time curve, These
items will then be taken for granted in the following chapters
and the main body of the experiments will be readily understond.-
able, In figure 1 the mean pregsure {Pe) versus time curve io
shown for a c¢ylindrieal metor with nominal 3.0 in, perforation,
5 in. 1D case, grein length of 38 in, and case length 35,5 in,
Fer brevity this will be designated a 3 % 5 x 38/38,5 in. motor,
The motor was fired at a grain temperature of 160°r with a
nozsle throat sizse of 1.70 in, It is clear from the pressure time
curve that this motor wag severely unstable,

if we refer to figure | we observe that, after ignition,
a stable period of 0,38 geconds follows., At 6,38 seconds, high
frequency instrumentation indieceted that a gaseous opcillation was
preseant within the grain perforation. This cscillation became
chservable at & level of approximately one psi peak to peak; the
mean chamber pressure was 350 psia ot the time, Ae time passed,
the oscillation amplitude grew larger and the mean pressure
increased, The correlation between oscillation amplitude and

mean pressure increase may be clearly seen in figure 2, The



lower two traces labelled ﬁc% and ’?’*cn sre mehn pressure
traces, measured at the head and nogsle ends of the metor,
regpectively, The upper three traces labelled Pac, 1, 2,
and 3 are indicative of the peak to peak oscillation amplitude
at the head end of the cavity, Increasing cecillation amplitude

ig indicated by e downward deflection of these traces, It is
elear that the amplitude of the oscillations correlates exactly
with the mean presgure increages. As the oscillation became
very large, & severe increase in mean pressure occurred,
The mean pressure rose smoothly to 900 peia where an abrupt
change in slope occurs in the Pe va, ¢t trace. This point will be
designated the "break" in the mean pressure trace, After the
break, Pc rose morve slowly with time to 1050 psic, At this point
{point C), the oscillations decayed rapidly and Pe dropped to 470
poin {point D). A second growth in instability then oceurred with 8
maximum amplitude at point &, This terminated at point I,
Finslly, & period of weak instability cccurred just before and
during teil-off (burnout),

Dats obisined from other firings enables prediction

of what the chamber pressure would be under stable operating
onditions, That is, the stable chamber pressure versus srea
ratio Eifmé@aa ve, Kn) relation and also the corresponding
burning rate versus pressure relation (r g V8¢ Pe E) are kmown,
Neglecting length effects, which are small for the motor under

consideration, thesge relations are:
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in figures 3 and 4 these relations are plotted logerithmieally
and the resulting straight lines are labeled, Flgure 3 a2lpo
shows the relation Pe va, &n for the ungtable motor under
eongideration, demongtrating that a:i‘;mfmg instability the usual
relation is invalid, At point U we observe that when the
ingtability decays the motor returng escentially to the stable

urve, However, 2f point I where the second unstable @@miﬁé
ends, the motor cperation devintes frow the mm@ prediction,
This is characteristic of the firings to be described and is
believed due to a grein composition change which begine at a
radial dictance of approximately 0,4 in, from the case wall,
The fnal unsteble period occurs just before burnout and bhence
in the region with changed composition, The value of I'n plotted
wae computed with the agsumption that the grain burned uniforrly
during the instability, It will be seen in Chapter LI, that
interrupted firings substantiate the wnethod,

The unetable and stable relations between burning rate
and mean chamber pressure are shown in figure 4, During
stable operation the pressure index in the burning rate law was
8.323 at 166°7, & aring the major instability period the mean

burning rate increased very rapidly and abnormally. If the same
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fupctional form of the burning rate law is sssumed, the
constants involved ave changed radically, as may be seen
by reference to figure 4, During the pericd of changed
composition the buralng rate is abueormally low,

Throughout the firing, the outputs of the high
frequency pressure transducers were recovded on a cathode
ray tube oscillograph, The portion of this record corresponding
to the severe instability pericd is reproduced in figure 5, [Sere
one may observe the slow growth of the ogcillations and the
rapid onset of severe instability., The wave form ig not purely
sinssoidal but containg significant harmonic components, The
harmonic content preduces the inteneity modulation and the
distorted wave form, The amplitude of the wave fluctuates
rapidly, Part of this ie due to phase ghifting of the components
and part {s a real fluctuation of component amplitudes,

From the record of figure 5 a crude measure of peaks
to-pesk oscillation amplitude was taken, In figure 6, thig in-
formation has been used to plot the ratio of peak-to-peak oscillation
amplitude with meen pressure, i.e., E’fﬁ&e/%;c, &m@mg@ I?ae/‘@%
where E?cﬁ is the corresponding stable operating pressure, It
may be seen that at the break the pesk amplitude is roughly egual
to the corresponding stable operating pressure and about one-half

of the unstable mean operoting pressure.
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The increase in burning rate associated with the

ogecillation is presented in figure 7. In this figure the increase

in burning vete from the corresponding stable condition is re-
ferred to the stable condition and is plotted versus the peali-toe
peak oecillation pressure, At the break in the pressure-time
curve, the increment in Burning rate exceeds the norrnel stable
burning rate for that value of in, Iijence the burning rate is over
twice the normal value, 4 fictitious burning rete may be obtained
by using the unstable mean pressure in the stable burning rate
low, We may call this ¢ { £ ‘c}; #gure & is a plot of the vastabls
burning rete minus * iaﬂ@:% s referved to E’i Pe 1 and verpus Pac,
It is clear thot the unstable burning rate greatly ewceeds that which

wight be exwpected due to the increase in average pressure alone,

In both figures 7 and 8 it is interesting to note that the
relation between the unstable burning rate and the oscillation
amplitude differs between the onset and deecay phases of the in-
stability, IY'or given oscillation amplitude the unstable burning
rate is greater duving the decay phase,

Oetalled {requency enalysis of the complen wave form
indicates that the strong fundamental corresponds to the fundamental
tangentiel acoustic mode within approxiraately one pereent, The
overtones present are exact multinles of the fundamental, ‘This
eituation is not strongly influenced by fluctuating pressure ampli-

tude, The frequency analysis record for this unstable firing is

reproduced in figure 9, The analyser uesed operates on 2 band pasa,
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h@&@@m@ principle, i'be bottom channel includes frequencics
from 0 to 1580 cps. The center frequencies of the higher bands
are noted in the figure, The traces record the beat frequency
between the ﬁngmzi: frequency and the conter frequency, Whether
or not the beat frequency is positive or negetive must be inferred
from the fact thet es tivme pasees, the freguency must decreasge,
due to the increased geometrical dimensions of the motor, It
may be seen that the fundamentel osecillation beging in the
neighborhood of 6700 eps. The end of the firet unstable period
oceurs at, roughly, 5200 cpe; the finel period of instablility ex-
tends from 4500 cpe to 4200 cps.

Finally, it should be noted that this {iring was made
uaing the type 3 beedplate shown in figures 10, 11 and 12, Zecause
of the presence of the small cavity in the headplate, and slso due
to the lack of rigidity of the headplate, the oscillation amplitudes
guoted are not precise., Further ewperiments indicated that
spprowimately 10% acceleration response is to be expected, ,5%1@.
a gmall corvrection {less than 4%), due to the locstion of the gauges
with respect to the grain's surface, has been n@gle@%@é. it e in-
tended, therefore, that the amnplitudes guoted be considered

- sccurate only within this range.



Pve EEPERIMENTAL SETUP AND INSTREUMENTATION

The ungtable rocket firing described in the fore«
going chopter utilized & cage-bonded, end-restricted motor
with cylindrical perforation. All but eight of the firings
conducted employed motors of this type., A& schematic drawing
of the cylindric-type meotor is given in figure 20, A typlesl
setup for firing is chown in figure 13, The motors were seated
in three Veblocks and restrained by chaine, ‘The bead end of the
motor was supported by heavy steel thrust blocks welded to the
thrust bed, In practice lead sheets (not shown) were placed
between the motor head plate and the thrust blocks in order to
provide uniform contact,

An exploded view of the nozzle agsembly is gshown in
figure 14, The assembly concisis of a noszle plate, noszle
insert, retainer ring, gaskets, = copper safety diaphragm and
retelner. As may be seen, the compenents are very heavy
and are designed for continuel re-use under severe conditions,
The nossle inserts w@eﬁ‘wam. for the most part, copper with
molybdenum throat sections, Some steel-graphite nonzles
were veed but were generally unsatisfactory for sustained re-use
due to cracking end chipping of the graphite.

The instrumented headplate of the motor is shown in
figure 10. The headplate itself iz ghown in figures 11 and 12, In

figure 12 it may be seen that there exists 2 shallow one guarter
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inch deep cavity between the sho o0 or where the case-end
butts and the instrumented inner face of the head plate, The
cavity was designed to allow space for a woafer type igniter to
be ingtalled, Frowm the point of view of high frequency amplitude
measurements this type headplate {type 3) was not completely
satisfactory, The trensducers were gituated flush with the
ignition cavity and hence did not measure the amplitude of the
gaseous cecillations within the grain cavity, Furthermore,
while the type 3 headplate wes one inch thick in the transducer
mounting section, thip did not prevent extremely large
accelerations from developing. Some acceleration measurernents
wera taken and these ghve indicated axial accelerations in
excess of 20,000 g during severcly unsteble motor operation,
These levels were well beyond the calibrated range of the
accelerometers, The accelerations induced spuricus outpute
from the high frequency traneducers of 10% or more of the pressure
outputs, depending on the %:g@ae trangducer z:as@ﬂ;

Neverthelees, the type 3 headplates wers used in the
vw:ajority of the firings, They had the advantages of being come
patible with & range of grain perioration diametere; they eased the
- ignition problem, kept the getup time of conditioned motors
short ma were available ut the outset of the experimental program,

Finally, ia the tests run using these headplates, the over-riding

purpose wag to discover the limiting conditions goveraing the
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instability procegs., Hence amplitude measurements were

not the most esgential information,

While most of the firings were made using the type 3
headplate, a sizeable number were made using the type 4
headplate ghown in figures 15 and 16, in this headplate the
igniter eavity was removed and & protruding disc in which the high
frequency pressure transducers were mounted was inserted
into the perforation cavity. The design was suitable for motors
with three inch perforations, When mounted, the ﬁenniﬂg faces
of the transducers were flush with the face of the protruding
digsc and flush with end of the grain, The cavity around the dise
was {illed by the head end restrictor plug., Hence the disc acted
ag @ flat boundary at the end of the grain perforation and the
pressure {ranasducers sensed on the surface of the boundary,

The type 4 headplate was massive in deslgn, The gection in
which the transducers were mounted was three inches thick, In
addition, the headplate was bolted at eight places to the heavy
thrust block shown in figure 17, Finally, the thrust block was
‘bolted to the thrust stand at four peints, three of which are visibie
in figure 13, The purpose of the meassive design was to eliminate
the accelerations se troublesome with the type 3 headplate, In
this respect the design succeeded, This was checked in two ways,
Ag shown in figure 15, a blind pressure transducer was mounted
on the outer face of the headplate, This gauge produced only a

barely detectable cutput even under the most severe conditions,
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The second method involved the use of a special adapter whieh
made blind one of the transducers normally used to meagure
pressures, This test too was very satisfactory and acceleration
output did not exceed five percent of the pressurs vutput,
nition, - Doth wafer and tubular igniters were used
in most firings, In general the motors were over-ignited,
inagmuch ag motore were fired over a wide range of sizes and
operating conditions it would otherwise have been necessary to
develop a broad selection of igniters to produce optimum ignition
in every case., Furthermore, the motors were heavily instrune
mented as will be seen, hence it was acceptable to over-ignite

in order to avold misfires, hangfires and incoraplete ignitions,

N
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Mean Pregsure Instrumentation, « During a stable

firing the pressure is gquasi-eteady in time., An unstable firing
usuaily exhibits & rapldly changing average pressgure upon which
is superimposed high {requency pressure fluctuations. Low
frequency response instrumentation tends to average out the high
frequency fluctuations, Taber pressure trangducers, type 176,
with a 0-3000 peig range were used in all but the sarliest firings,
This transducer is & strain gauge type and requires a carvier
voltege input, The clectromic setup is showsn in figure 21, The
demodulated output of the Miller Carrier Amplifier “i‘s’;‘w& C=3 was
fed to two recorders, The first of these was 8 rdiller model X

galvanometer escillograph, The 460 cycle galvanometers were

shunt damped to be down 3 db at 100 cpe. The damping wae used
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to puppress a spurious output of the system which consicted i
a beat frequency of zeveral hundred cycles per sec. The beat
frequency arose from interaction of the high frequency come
bustion oscillations with the carrier frequency, Comparison
tests were made with damped and undawped gelvanometers., The
damping dd not produce significant loas of mean pressure-time
information, The reproduction shown in figure 2 is that of &
Miller oscillograph record, The traces labeled E?@% and ‘%"3%
correspond to the outputs of two Taber gauges, one at the head end
of the motor and one ot the nozazle end, These gauges may be
geen in figures 10 and 13, A second recorder of less sophisticated
design, the Sanborn recorder, Model 1277 was used at the test
cell to monitor the ‘ﬁé'?eh output of the iiller Carrvier amplifier,
Eecords from this recorder are used for illustration in this report,
The Miller records were read out digitally and this
presaure-time informetion was programmed through & Satatron
Model 202 digital computer, The compuiation was made with the
assumption that the grain perforations remained esgentially
cylindrical throuvghout the fivings., This agsumption was valld zs
is shown in chapter XI,, ~ The compuier output included per-
foration diameter, pressuve, burning rate and aree ratio Kn all as

&2
functions of ime., The propellant eheracteristic velocity ¢ was

also computed,
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slgh Freguency Instrumentation, - liigh freguency
pressure transducers, Photocon types 3495 and 355 were used
throughout the ecuperimental program, These may be seen
mounted in the types 3 and ¢ headplates in figures 10 and 15,
regpectively, 7he trensducere are water ¢ooled, capacity
type and operate in conjunction with the Photecon Uynagege
units shown ia figure 18, The output of the Dynagage unit
econsists of a voltage with mean 1, C, level proportional to the
average pressure in the motor but with a rapidly Quctuating
high frequency component which represents the gascous oscillation
preéssure at the transducer,
" in most firinge, three Photocon transducers were
uged, all mounted in the head plate of the motor as has been
deseribed, Of the two types of Photocons, the type 35% was
preferred since its reeponse to acecleration wae approximately
one half that of the type 345, In addition, the type 355 proved to be
more mgg@ﬂ. The zerc readings {rom both types of gauges tended
to shift during the severe instabilities, presumably due to ine
creased heat transfer rates, Hence, their D, T, ouiputs were
not particularly useful, The I, €, output of one transducer was
~slways monitored, however, ginee this proved advantageous in
cases where very sudden steps cecurred in mean pressure such
ne when the propellant grain {ailed or where the safety diaphragm
burst during a firing, Theelctrouic setup connected with the

gauge is shown in figure 22, The outpute of the three Dynagage



unite were A, . or T, T, coupled to three channels of a high
speed cethode ray tube oscillograph, lathawey Inetruments
Type $7 6.4, In addition, the output of cne gauge wag lowepass
flitered and D, C, coupled to & Hathoway channel, A& llathsway
record iz ghown reproduced in figure 8, The cuiputs of the
Tymagage unlts were also A, €, coupled to three A, 1, channels
ofa J.P L., mmdﬁi@d Ampex Model 3067, 7 channel tape recorder,
| Finally, the high frequency components of the gauge
wave forme were {iltered to vapying degrees, fuvll wave rectified
and fed to damped 460 cpe galvanometers in the MMiller recorder
wémm described earlier, The resultant traces gave a crude
raeapure of the amplitudes of the high frequencey componente,
correlated in Bme with the mean preseure tracee %ﬁah. %‘“cﬂ? a8
has been described in chapterlli{see figure 2}, These traces
allowed easy differentiation between extrerme pressure peaks due
to propellant grain breali-up and those due to increased instability

levels,
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. QUALITY CONTROL AND REPRODUCIBILITY OF RESULTS

The experimental results are significant only insofar as
they could be repeatedly obtained in a reproducible manner, By
reproducible is meant the repeatability of the Pe vs. t curves for
firings under identical conditions and the repeatability of the onset
of instability., Ia the illustrative firing of figure 1 the unstable in-
créa% in mean chamber pressure (Fc) corresponds to am increasing
level of gaseous oscillations. 1t was characteristic of the firings
that at some increased Pc the smooth unstable rise ceased. (See
"break” point in figures 1 and 3.) After these large doviations
have occurred it should not be surprising should the character of
the Pec ve. ¢t curves deviate widely from firing to firing. Actually
there was a remarkable correspondence in the overall pressure
‘time behavior of most firlngs made under identical conditions,
Neve’tthaless there were many exceptional cases. Some of these
deviations can be attributed to mechanical failure of the propellant
graiun structure. In others, the instability persisted at high levels
for unusual periods of time.

On the other hand, the initial phase of the instability
process (up to break in the chamber pressure versus time curve)
was in general remarkably reproducible, That is, the overall
delay time from ignition to the break in the Pc vs, ¢t curves did
not vary greatly for similar motors and the Pe values at the break,
wlzﬁie somewhat scattered, were on the whole guite consistent,

The reproducibility of unstable firings in this work is in

contrast to mopt of the experisnce in this field. It was, in fact,
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not achieved easily and the means by which it was accoraplishad
- constitutes one of the major efforts of the investigation. Although
much may still be desired with regard to reproducibility {rom
one lot of raw materials to the other, the accomplishment here is

of sufficient importance to merit detalled deacription.

Processing Controls. - The overall process of manufacturing

and firing the motors involved a2 great many steps. In order to
eliminate s0 {ar as possible the unknown effect of any variations in
procedures, standard methods of operation ware adopted. Most of
these wore normal procedures long in use at the Solid Rockets
Section of the Jjet Z%%@paﬁgi@ﬂ Laﬁmmmry.\ A parxtial zim. follows:

&, Smmg@ of Paw Materials

(¢} M: Stored in sealed containers; removed for use
by a dry nitrogen pre@éum fzed. -
(ii) Oxidizer: Stored in plastic bags in sealed containers
with desiccant.
(iii) Additives: Stored in sealed containers.

B. i@:ﬂg&-@asiinﬁ Process

(i) Took place in a2 temperature-humidity controlled
snvironment. ,
(ii}) Fach ingredient weighed separately.
(1ii) Wfixer was thoroughly cleaned with solvent on
previous day and allowed to dry.
(iv) The mix was temperature controlled during the
‘entire process. |
(v} Ingredients were added to the mix in an ordered

time segquence.
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{vi) 3ixing was done under vacuum {0 remove
reaction gases and air.
(vii) Casting was done under vacuum and with vibration
shaking to eliminate volde due to trapped gases.

¢. Curing and Restricting

(i) Curing took place in temperature controlled ovens
for a specified time period at a standard
teraperature of 160°F,

(i{) The propellant grain was then trivmed to length
and weighed and the x’émric@@r plugs applisd and
cured in the curing oven for a specliied time
period; i.e., (16 hours each).

(iii) The motors were reweighed and placed in 80°%F
QVRRGE .

"

d. Assembly and Fi ring

(i) The perforation diameter was mesasguraed internally
at 6%, 120% and 240° circumie rentially and at
intervals of approzimately eight inches along the
grain length.

(ii) The motors were reweighed and agsembled with
the top end during ‘caéamg usad as the nozzle
end during the firiag.

(lif) After aspembly the motors were conditioned in
temperature-controlled ovens or refrigerators

for a period of approzimately 24 hours.
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{iv) On the firing day, each motor was removed
from conditioning, instrumented and fired in
a time interval of approximately 20 minutes,

(v) After firing, the motor case was reweighed with
and withowt the eroded restrictor plugs in order
to make an accurate determination of the weight
lose due to propellant consumption,

e, Batch Check Motors

(i) At least cne, and usually two, 2 1/2" ID x 5" QD
motors with a grain length of five inches were
made in each batch of propellant,

{ii) These motors were fired with low frequency
responge instrumentation only, to yield pro-
pellant ballistic date such as c*. r Vs, ?cs,
ch va., K,

Despite these precautions, early experiments indicated a
need for improvement in both in-batch and batch~to-batch re-
producibility. The dete obtained showed that reproducibility
depended on the length of time allowed for the curing process.

In-batch Reproducibility, - The effect of cure time on fn-

batch mpioducibmty is illustrated in figure 23. All batches of
propellant were made from the same lots of raw ingredieants.
The firings are grouped in pairs of geometrically identical
motors, by batches. Datches R25, R28, and R26 were cured
72 hours at 160°F with the casting mandrel in place; received
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32 hrs at 16077 with the casting mandrel removed during the
spplication of the end restrictor plugs; and received 24 hrs st
160°% while completely assembled for firing, during a pre-
firing, temperature-conditioving period. It is clear that satis-
factory in~batch reproducibility was net achieved,

However, an 89 hr, cure, followed by the additional
processing just described, produced the resulte shown for n27.
in thie case the firings are almost identical up to the break in the
unstable rise in Pe, A further incresse of cure time to 116 hrs
led to the firings of bateh 124 which leave nothing to be desired
insofar as in-batch reproducibility is concerned, Hence, it may
be coneluded that the cure time must exceed some minimum wvalus
if in-batch reproducibility iz to be attained,

it is not clear in exactly what manner the additional cure
time influences the instability process. Tensile specimens were
cast in subsequent batches, Theese wevre ecured 120 hours &t 160%7
in their molds, removed end aged st 160°7 for perieds of time
ranging up to 130 additionel hours, Tesis indicated that the
physical properties improved rapidly during the first two daya of
aging., 7or ¢xample, the uliimate tensile sirength increaged by
a factor of twe, Turther aging up to 2 tolnl of 130 houre produced
no significant change.

The aging times involved in the tensile @@eaim@n tests
cannot be carrvied over Jdirectly to the moters., The propellant

grains of the motors are very much larger in dimension, hence
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the times required to reach the same overasll state of cure may
be quite different, The motors probably require a imge? period
of timg to reach a state of uniformity since the reaction products
of the curing process must on the average diffuse through greater
ﬂistméas. Hence the tonsile specimen tests probably provide a
lower limit for the times involved in reaching e particular staie
of cure of the motor grains, After the initial cure time with the
mandrel in place, it is unlikely that the propellant grain is in a
more advanced gtate of cure than is the corresponding tensile
specimen, Thus it must be expected that chemical changes will
take place at a rapid rete during at least the next 48 hours of
processing at 160°F,

The time required to reach a particular state of overall
cure should be more uniform for motors made from the same
batch of propellant than for those made from different batches
since manufacturing variations can enter more easily in the latter
case, Furthermore, changes in manufacturers' lote of raw in-
gredients with attendant variation in their chemical nature could
be expected to produce further changes in the necessary overall
cure time, It will be shown shortly that a cure of 120 hours with
the casting mandrel in place plus 32 hours for restricting plus 48
hours additional was sufficient to produce reasonable uniformnity
of resulte in the remainder of the Wrtmental program.,

Batch«to-batch Reproducibility, « In the early part of the

program batch«to-batch reproducibility was checked by firing &

reference motor from each batch of propellant, The reference
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motore were 3 x 5 x 31/31, 5 in, with dt = 1, 70 in, In all, 21
such motors with a cure of 116 hrs or more were fixed, All
firinge were unstable. Representative results are shown in
figure 24, Each motor is from a different batch and the firings
are arranged in the order in which the motors were made, which
was not necessarily numerical order. Due to practical considera~
tions it was not imamediately possible to make a large number of
batches from fixed maaufacturer's lots of raw materials. Changee
in lots of raw materials are noted. It will be seen that good batch-
to~bateh reproducibility was obtained until batch R37 when 2 new
lot of curing agent A was introduced. Further difficuities developed
when a new lot of fibre additive was used.

At this point it became possible to reserve large quantitiscs
of vaw materials from fixed lots, The remaining firings illustrate
the degree of reproducibility attained in subsequent work, The
overall dalajr time from ignition to the break in the e vs. t curve
iz consistent. The magnitude of the unstable pregsure increase is
somewhat scattered. It will be seen subsequently, however, that
when a larger number of firings under varying conditions are
considered, the unstable pressure increase e a well defined
parameter.

4 standard cure of 120 brs, plus 32 hre for restricting,
plus 45 hrs additional was settled on as being sufficient to over~
come variations in the overall manufacturing process. In subsequent

-firings gross changes were made in many of the motor operating

paramseters. These resulted in very definite trende in the manner
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in which the motors exhibited instability, The existence of such
trends is in itself a strong argument for the existence of con-
trolled conditions. In many caees the firings were repeated and
these repetitions also offer confirmation.

Motor Construction; Effect on Instability Procesge. - Certain

features of the motor construction remained fixed in all firings., In
particular, the free volume between the noszle end of the grain and
the nozzle throat was essentially constant with only emall variations
due to the dependence of nozszle contour on throat diameter., The
linear distance from throat to port was also constant, both factors
arising from the use of nozsle plates of fixed design.,

On the other hand, motors with various grain lengths and
initial port diameters were fired. Hence the ratio of perforation
volume to nozzle free volume varied, as did the ratio of burning
surface length to throat-to-head-end length., Three motors were
made from the same batch of propellant using the design shown in
figure 25, It will be noted that both the nozzle free volumes and
the throat-to-head end distances differed in these motors while the
grain length was fixed at 30, 5 in, The Pc vs. t curves shown in the
same figure are essentially the same in the three cases. Hence it
may be concluded that the aforementioned ratics do not exert a
strong influence and thus did not produce systematic changes in the
main body of the experiments.

A second feature of motor construction which remained un-
changed in all firings was the use of restrictor plugs, one on each

end of the grain, The phxgé were made from a polysulfide base with



wd e

curing additives but no oxidizer, and were cast and cured in position,
During the firings, the head-end plugs remained essentially intact
while the nogzle end plugs were for the most part badly eroded by
the hot gas flow. 7To make certain that the plugs did not influence
the instability process in some unknown manner, the three motors
shown in figure 25 were constructed and fired. One motor was con-
structed in the standard manner, the second with no nozzle end plug,
and the third with no head-end plug. The absence of the plugs in-
creased the area ratio ¥n by approximately 3, 5% at ignition and the
pressure by s corresponding small amount. It is clear from the
pressure-time curves that the plugs exerted little if any influence,
at leaet at this operating peint,

As a result of the foregoing cbservations and rather extreme
precautions taken in manufacture, assembly and firing, it is believed
that the experimental trends that follow are indicative of the gross
features of the instability mechanism and not of random inflyences
in manufacture. It is true that the behavior of rockets manufactured
under less well controlled conditions may, to a significant extent,
be strongly affected by such influences and consegquently they may
not correspond strictly to the present experiments, In this regard
two comments may be made:

1) The experiments reported here were conducted solely for
the purpose of elucidating the instability mechaniam, in the sense
that the results give trends that any adequate theory must reproduce.

Z) In any industrial situvation where instability problems

muet be met in a fundamental manner, reproducibility must be
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achieved by refined process control and hence the present results
will apply. |

At this time, however, we tend to emphasize item one,
that the present sxperimental results are a prerequisite to a

meaningful theoretical treatment.,
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Vi, SFFECT OF CHANGING PROPELLANT OPERATING PRESSURE
AND GRAIN PERFORATION DIAMETER

Several series of cylindrical motors were fired in which
only the nozzle throat size was c:%‘w.nge& from firing to firing. Ina
particular seriecs, the grain length, initial perforation diameter,
grain temperature and propellant composition remained fixed. From
iaeriw to series, the initial gwa;rfwaﬁm diarneter was varied. Thess
firinge were intended to investigate the effect of the ché.mber preg-
sure level or propellant burning rate level on the occurrence and
characteristics of the instability. |

& simple time independent mlaatiamﬁip exists between pres-
sure or burning rate, oscillation frequency and nozgle size for the
cylindric motors., This may be secen as follows., The stable oper-
ating pressure of a solid propellant motor ig dependent on ballistic
parameters and on the geometrical configuration of the motor. If
the ballistic parameters are held constant by a particular choice
of propellant and grain temporature, then the stable pressure-
time history of the motor depends only on the geomstry, a part of
which is time dependent due to propellant consumption. Under the
conditions stated in the firet paragraph, the stable operating
pressure and burning rate depend primarily on the ratio of burning
surface area to nogszle throat area. This vatio is usually called

En., For a cylindrical perforation with restricted ends,

Kn = 30ple i11)

cit?'
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where Dp i the perforation dlameter, Lp is the grain length and
dt is the nossle throat dameteyr, fence the pressure-tizne history
depends on the cholce of dt as well as on the value of Dp at eack
instant, through equations 9 and 11,

Omn the other hand, the local speed of sound in the m@ém" is
elmost constant throughout & firing since it is relatively unaffected
by changes in operating pressure. FHence the frequencies of the
various modes of gaseocus oscillation very with time only through
thelr dependence on the changing geometry., Thus, for a cylindrical
motor, the frequency to be associated with the fundamentsl tangential
mode of oscillation is, in essence, uniguely determined at every ine

constant

stant by the perforation dlameter elone, f.e., £ = T *

Thaerefore
{12}

Hm ~

faet
That {s, the functional relationsghip between acoustic frequency and
pressure or burning rate is roughly invariant with dme and depends
only on the cholce of nogazle size, Thie conclusion presupposes
that the oscillations do not interact with the combustion process in
such 2 manner 28 to produce changes in the ballistic parameters.
in Chaptey I it was shown that the oscillations cause radical de-
perture from siable conditions. WNevertheless, the motors do aot
ogeillate initislly and the above consideratione must apply during
the eariy onset phase of tiﬁe instability process,

At a given grain temperature, the inital value of Ea, En,

together with the initial port (perforation) diameter completely
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specifies the operation of a cylindrical motor in the Kn-Dp plane.
This follows from equation (11 since

Kn, = 4Dp, % (13)
dt
Hence Kn A
i : y
Bn = o, Do 14
§ 414

The assumption has been made that the grain perforation remains
cylindrical throughout the firing.

If the motor operates in a stable mannar one may use
equations 9 and 10 p obtain the chamber pressure and burning rate
corresponding to Kn. Finally, the initial valuee of Kun and Dp are
well defined by pre-firing m@kmuremanm and do not involve pressurs
maasurements and gsssociated data reduction, Thug, if the injtial
operating points of many firings are defined in termes of these para-
meters, meet of the &%m&i‘ixﬁ&&t&l scatter should be 'dzw to variations
in the ballistic parameters themaselves., In view of these consgidera~
tiens, Eﬁni and ﬁpi will be used to specify the agmmemg pointa of all
eylindrical motors. }

Experiments Varying the Chamber Pressure. - Several series
of moters were fired in which the initial value of Dp, Dp,, was fixed,

as were Lp and the grain temperature Tp. Two series are shown in
figure 26, Five firings are ghown in figure 26 in which Dp, = 2. 45 in, ,
Lp=3in, and Tp = 166°F. These motors were fired with nozzle

sizes ranging from 1, 70 in, to 1. 35 in. As a regult the initial value



of ¥n ranged from 199 to 174 and the inltial operating pressure
from approximately 180 peia to 325 psia.

Seversl ﬁ@améw of the firings are immediately apparent,
The most striking perkeps, is the degree of instability exhibited,
As the initial value of ¥n was increased by reduction of nossle
throat size in successive firings of otherwisge similar motors, the
degree of instability increased, However, this trend did not cen-
tinue indefinitely., An increase of Koy from 140 to 156 in, resulted
in 2 sharp transition from 8 etrongly unstable metor to & weakly
unstable motor, A further increase of En, to 174 led to a completely
stable firing., This same trend has been confirmed for motors of
several different initial values of Dp. The results obteined for
Dpy = 2.8 in, are also shown in figure 26,

The break in the unstable preesure rise is usually clearly
defined and should be indicative of the degree of instability the
unstable process may attain before the various unknown limiting
damping {actors balance the driving forces, I we call the mean
pressure at the break ?.5@% and the pressure whick should have
enisted at thig velue of Up had the run been stable “?e;@. then the
s:eazi@(?%iﬁ - P«P:J/’E?%E APc/Pe  is a measure of the degree of
instability of a particuler firing, In generazl Pe and the oscillation
amplitude showed the same cloge correlation exhibited in figure 2,
hence APec is alse a measure of cecillation amplitude, A plot of
ﬁ%ai@ea vs, Iin is given in figure 27 for firings made wm@ values
of D@i vanging from 2,2 in, to 3,0 in,, all with Lp = 31,0 in, and

Tp = 166°7, The majority of the firings showed a linear increase
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of &‘ﬁc!;ﬂﬁs with Kn, untll Kn, = 150, 2¢ ¥n, = 150 an abrupt
transition occurred, The magnitude of AS¢/ Pe decreased rapidly
from 95% to roughly 2% over the range Eng = 150 to En, = 160, The
appropriste values of f@ez@ were determined by comparison of the Pe
traces and the detected Photocon outpute on the Miller records, In
some cases the pressure peak was partially due to grain damage,

it should be noted that the foregoing observation spplies to a

range of Dpy from 2.2 in, to 3,0 in, The results ave characteristic

of cylindrical motors putside this range, in the sense that there
always existed & value of Kun, for given initial value of port diameter,
above which a particular motor wae, at the most, weakly unstable.
The experimental results for & much broader range of parameters
are decugsed later, |

A second feature of the seriee lies in the delay period from
ignition to the "break" in the initial unsteble rise of the mean chamber
pressure., This delay time is short in comparison with the total run
time and is on the ovder of a few tenths of a second, However, it
repregents several thousand gas oscillation cycles at the frequencies
characteristic of the fundamental tangential acoustic mode,

In the early part of the delay period, immediately after
ignition, the molors appeared to be stabie., The instrumentation
employed permitted detection of escillations with a8 minimum peak.
to-peak amplitude of approzimately one pai, This stable period was
seldom less than 0.1 sec and increased as the initial opervating

pressure was increased, In high pressure firings where the motors
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were only weakly unstable, the initial stable period has been ob-
served to be as large as 0. 77 seconds,

After the oscillations were large enough to be detected it was
obaerved that as time passed they increased in amplitude, on the
average. However, the growth was not, in general, a smooth
function of time, but was subject to many rapid and, appayvently
random, fluctuations, Finally, the oscillations became very large
in the region where the mean chamber pressure rises rapidly.

It was characteristic that the overall delay time from ignition
to the “"break" in the unstable rise in mean pressure increased as the
initial value of Kn (pressure) was increased. The mean stable burn-~
ing rate during the delay also increased with Kai. due to the higher
pressure, hence the amount of web burned to the "break' point
becams larger, due to Vboth efiacts, and varied roughly from 0. 1 in,
to 0. 3 in., depending on Kni. Thie is shown in ﬁgwe 28, The
overall delay time is plotted in figure 29 as & function of Kni.

Experiments Varying the Grain Perforation Diameter. - It s

informative to regroup many of the firinge just discussed and to
examine them from a different point of view. As a preliminary to
this, consider the effect on the mean pressure ve. time traces, of
firing a series of stable motors, all with fixed nogsle throat size,
grain length, and fixed grain temperatnré, but with various values
of initial port diameter. It is clear that, except for the initial
starting transient, the pressure-time traces must all lie on that
of the motor with smallest Dpi. Thie may be shown diagram-

matically as followas:
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with increasing Dp,

Sketch A

If we attempt this procedure with unstable firings we expect
some deviations from stable conditions ia the Pc vs. t curve after
the main part of the instability, particularly if the grain perforation
has been damaged. It has been found ezperimentally that where
large deviations occurred, the grain wae indeed damaged., Pieces
of propellant were found in the firing pit after such runs. These
pleces were irregular in shape and of various sizes, some being s0
large as to have left a hole through the grain to the case wall, Itis
clear that such grain damage should seriously disturb the pressure-
time curve for the remainder of the run, Nevertheless, it is in-
structive to superimpose the firing curves of such runs since we
may cenfine our attention to the onset phase of the instability., This
hag been done in figure 30,

In figure 30, results are shown for five firings with dt =
1,50 in., Lp = 31 in., Tp = 160°F, and Dp, = 2. 45, 2,60, 3.0,



330, and 3. 40 in., The firings with I}pi = & 45 and 2, 60 in. have
fé{ni<1% and hence are geverely unstable,

Perhaps the most important point to aote iz that the motor
with Bpi = %. 45 in. is severely unstable in the delay period of the
2. 60 in. motor. Since both phenomena occur in the same frequency

interval, it is clear that the delay period does not represent a

situation in which instability is prohibited by improper relationship

between frequency and any conceivable time lag., Further evidence

of this i seen in figure 30 where firinge are also shown in which
the fized nozzle size has been increased to dt = 1, 60 in. DBoth the
initial stable period and the overall delay period increase as the
operating pressure level is incrensed. As has been noted earlier,
in some bhigh pressure firings the inidai stable period was as large
as 0. 77 secs while the overall delay pericd to the “break" i{n the

De vs. t curve has excesded one second. Ne a@l&m&:ﬁan of this
behavior can be given at this time. The thermal diffusivity of

ths propellant is approximately 2. 4 x 10-% izxai sac; hence we

expect a steep temperature gradient at the burning swiface which
should be essentially quasi-steady space-wise since the surface is
consumed at a rate ou the order of 0. 25 infsec. A rough estimate
indicates that the time required to reach quaei-steady temperature
conditions is on the order of milliseconds. However, data reduction
indicates that quasi-steady operation begins at approximately 0. 1 to
8. Z seconde after ignition, Igaiters were fired in a dummy cylindric
motor under typical firing conditioms. The total time for the
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ignition pulse did not exceed a few hundredths of & second. It is
recognized that during an actual ignition, the propellant grain as
well as the igniter are generating ges and hence the times involved
may be somewhat different. MNevertheless, it seems unlikely that
the ignition process in itself is responsible for delay times as large
@8 those observed.

On the other hand, it will he seen later that motors which
weve interrupted and then refired showed the typical delay period
during the second firing 29 well as the firgt. Hence the delay
cannot be attributed to o composition difference in the outer layer
of propellant. This may aleo be scen from the fact that at the
higher pressure levels a greater thickness of propellant is con-
sumed during the delay period since both the delay time and burning
rate have increased.

The firings of figure 30 represent only & small part of the
total firings made in which the inftial port diavaeter was varied.
The 5 in. ID motor with & grain length of 31 in., has been fired with
20 different siznes of Dpy covering the range Dp = 1.5 to 4.5 in.

The nominal sizes used are tabulated below.

Initial Port Diameters of 5 in. ID, 3l in. Lp lMotors

1.5in. 2.5 in. 3.1 i 3.35 in.
1.7 2.7 3.13 3.45
1.9 2.9 3.20 4. 0%
2.1 3.0 3.25 4.2%
2.3 3.05 3.3 4.5
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Ag was noted in Chapter II], a composition chenge is believed
to occur in the 5 in ID motors when Dp reaches approsimately 4.0
to 4, 2 in, In this region the pressure time curves invariably changed
slope towards lower than normal pressures indicating that the burn~
iag rete was abnormally low, Withowt exception, unstable motors
hecasas stable upon reacking this region, They remained stable
until av dncrease in Dp of voughly 0. 4 lu.kad cceurred and then
usually became unstable again, The sccond instability period thus
oecurved in 2 reglon of composition ai@t precisely known. Purther-
more, since the composition change begins at Dp = 4.0 to 4, 2 in, in
motors of smaller X}pi and with a 5 in. 1D case, it is not clear where

the change begins in motors with the same case 1D and Bapi> 4 0 in,
Hence only a few motors of the latter type were fired. Motors with
fﬁg@i = 4.0 and 4. 2 in, 4id not become unstabls until Dp = 4.5 to

4 & ina * However, the instability followed the same trends with
preseure level as firinge of smaller ﬁpi and the firings are included
in a later discussion for the sake of completenecse.

In these and other fivings instability has beea sbserved mfer
the frequancy range corresponding o roughly Dp = 1. 5 to 6.0 in.
These diameters correspond to frequencies in the ﬁmd&&xa%ai
tangential mode ranging from approzimately 14, § K¢ é:a 3.6 Ke,

Further Lxperiments Varying Initial Perforation and Nozzle

Diameters . ~ In view of the dependence of rocket instability upon

#  This difference is more than can be accounted for by a normal

initial delay period, at least for the firings made at low pregsure
level,
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presgure level os well as perforation sise, 1t appeared advisable

3

to fire a large mumber of motors covering various inftial values of
Dp aad n, The results of these Arings for Lp = 31,0 in, and
ip = 160°F are shown in figure 31. 7he points plotted represent
inltial conditons of iin ve., Dp for the firings, Lines of constant
throat diameter {Jt) are indcated for Lp = 31,6 in., The changs in
En and Lp dering a perticular firing is obtained by {ollowing the
appropriate dt lne. For example, the firing with initial condition
Dp = 3,05, ko = 103 proceeds along the dt lne, 4t = 1,595 out to

b

Dp = 5,0 widch {6 the 1D of the motor case,

[anas)

Several featurce of the plot are immedistely apparent, “The

in-Lp plane may be divided into two major regions: o stable region

@:?s

and ar unstable region, The stuble reglion ie separated from the
unstable region by & lne {stability Hmit line) which, for values of
Dp greater than 2,3 in,, is & lne of constent dt, It will be shown
that this line ig in general 2 line of constant Lp/ & with the value
in this cose corresponding to Lp = 31 in, and dt =~ 1,37 in., For
Lp loss than 2,3 in, the stability limit curves upward to some
extent, In this region the average amizl flow velocity in the motore
becomes increasingly greater as mnay be seen by comparing b to
dt. Dut it i oot kaown whether thie accounts for the devistion,
The significance of this stability lmit s emphasized by the
fact that the unstable fivinge on the dt = 1,30 and 1,325 in, lnes
were unstable only in the very early part of the rung and quickly

became stable zs they entered the stable n-DUp region, All of

the unstable firings with Dp = 2,0 in, or less were singular in
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that the instability began at very low amplitude and gradually in-
creased in intensity, This behavior was markedly different from
the spiking effect obsorved in the firinge with Bpi>2. 0 in. This
may be seen in figures 34 and 35 whers firings along the dt = 1, 30,
1. 385 and 1. 42 in. lines are shown for varvimg port diameters,

It appears that after the initial delay period the motors
guickly hecome unstable to a Uimited degree. The degree of
ingtability iz not that attained at the sama value of Kn and Dp if the
motor starts firing at a2 smaller wpi but with the same nozele size,
This must mean that the previous pressure-time history of the
grain influences the instability at a particular operating point.
Although the origin of thiz behavior is aot clear, it was certain that
the degree of instability of 2 motor through a range of Xn-Dp values
could net be determined by the firing of only one motor. Rather, a
series of firings had to be made with initial conditions spacad
throughout the En-Dp range in gquestion.

It hae been noted that for any given port diameter the in-
stability became more severs as Kni wasp increased in successive
firinge until a certain critical value of Kni was reached, For Kni
greatey than this, the motors were only weakly unstable and became
stable for sufficiently large Z{{ni. If we refor to figure 3] it ie now
clgar that the value of Eini for stability is that defined by the
stability limit and is a function of Dp, as just described,

Also plotted in figure 31 is the line which defines the critical
value of Kun,; below this curve the instability is strong and above it .

iz weak, This line ghall be called the transition line as oppoeed to
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the stability limit line, The trensition line intersects the
stability limit at approximately Ka, = 150 and Dpy = 2. 25 in.,
say ¥n®* « Op*. The plot of @m!fﬁ?ﬁs ve Ko, {figure 27) discussed
eariier covered the range Dp, = 2.2 in, to 3.0 in, and was in-
dependent of Dp; within this range. However, points with ;@p§< 2.2 in,
do not correlate and in general, for these &%?e:iiﬂcs is markedly too
small, If we examine figure 31 we see that such peints lie on
the small side of Dp® and are confined to values of Ku, < Ka#
by the stability limit curve, It seems likely that the lack of
correlation i due to the proxiemity of the stability mit, On the
other hand, for Dp > 3.04n, the transition line rises to higher
values of ¥n for increasing Dy The corresponding Afc/Pe s
¢g Kn; plot is given in figure 36, It may be scen that very large
deviations in Pc oceur et quite low values of Lp/Dp since for the
very largest port diameters the instebility cecurred just prior teo
burnout., At this point Lp/Ip 6.2,

It should be noted that below the transition line shown in
figure 31, the degree of instability decreased ss En, was reduced,
Hence the firings at the lower values of Eff*{ni were not, strictly
speaking “stronyly unstable”, but became so 28 En, was {ncrensed
towards the transition line, This trend has been discussed
previously in connection with figure 27, Surthermore the firings
for Dpy < 2.0 in, did not show the pressure spikes characteristic
of the firings with Dpi> 2,0in, In the former firings the

magnitude of the ingtability increased very gradually with time,
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reached a mazimum value and decayed as was seen in figures

34 and 35, There is some guestion as to the validity of
results obtained from firings with ;%Ti}pi of 4,0 in, and greater,
These firings were unstable and exhibited the usual trends with
operating preseure, iHowever, when this instability occurred
the burning was taking place in & region close to the casing
where a change in propellant ig believed to have taken place,
In this reglon the burning rate is abnormally low as was re-
marked earlier in connection with figure 4,

The transition line and stability limit are shown in the
Be ve., Up plene in figure 32, The corresponding plot in the
Bevsf 100 plane is given in figure 33, liere ¢ 100 denotes the
freguency of the fundamental tangential acoustic mode associsted
with Dp, The initial etable operating pressure of representative
eylindrical motore versus the corresponding value of Kn iz
plotted in figure 41, It is clear that the burning rate remains
méhwg@ﬁ in the operating region under discuesion, Thie dats
was usaﬁ to transform the Xn coordinate ia figure 31 to the pressures
shown in figure 32,

In addition to the 5 » 31,5 in, motors, several others
with a variety of case ingide diameters and lengths ware fired,
These motors were intended to check the instability trends already
established with the 5 » 31,5 in, motors, 7The Kn, ve %i rlote ave
given in figure 37, The stability Hmit and transition line for the

5% 31.5 in. motors is shown in the same figure, Ime to the fact
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that the stability limit delives decreasging values of mz with
decrensing ;é”_ii;zﬁi. 8 diffienlty was encountered in firing motors
of gmall wmi in the unstable region, This difficulty lay in the
low pressure or chuffing lmit for the propellant, Unly motors
which did not ehnff are showsn in figure 37, since the grain
shape was seriously disterted in those metore which chuffed,
“he gmell-sized motors with Up, < 1.6 in. were designed 1o
have an initial Lp/ ‘E:@i of at least ten, in view of results tb be
@fii@e::ﬁzs sed in chapter VI, The length could uot be held to 31 in,

at these small port diameters due to the following consideraticns:

e =4 Dp n_%«; ’ {15)
gt
T 9
= & ‘fﬁE S q@@}

where i = avea of port/erea of throat,
¥ H =1, then the port is the same gize as the nozsle throat,
# must be kept somewhat greater than one to avolid choking and
excessive erosive burning, Hence, as Dp is reduced, Lp must
ziso be reduced if ¥n is to be made sucecesgively smaller and
o reduction of I cannot be accepted, The motors with neminal
Dy = 0.5, i.0 and 1,2 in, were stable, Feference to figure 37

shows that they probably lie above the stability Hmit for the

33 in, motors,
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Two guccessful firings were made with Dp, = 1, 5 in,

One was stable and one unstable, In figure 37 it may be geen
that the initial conditions were in good sgreement with the
ptability limit for the 31 in, motors., This agreement wag
cbtained in spite of the fact that the two types of motors differ
in grain length, cageingide diameter and web thickness,
Several firings were made with 3 x 5 » 38/38,.5in, and 3 x 3 %
44,5745 in, motors, These are also shown in figure 37, The
game trends were observed as for the 31 in, motors and the
stability Umit is in good agreement, The 44,5 in. motors
have a 44% increase in grain leangth as compared to the 31 in,
motora. Finally, several moters were fired with 6 in,
inpide dlameter cases., Ownece again agreement was obtained

both in trends and with respect to the stablility limit, The fring

with highest ¥n lies on the 31 in, Hinit, This motor was very
weakly unstable,

Speculations Concerning & Time Lag Mechanism, -~ The

experimental results strongly indicate that the stability limit
depends only on the perforation dameter and the Iin ratio at the
operating point, This may be restated as follows: The acoustic
frequencies characteristic of the perforation cavity depend
primarily on the cavity diameter. The guasisteady chamber
pressure and burning rate depend primarily on Kn., Hence, the

gtability Wroit is believed to be deterinined by the intervelation
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between the active acoustic mode and the cornbustion mechanigm,
without regard to such factors as web thickness, case dameter,
and grain length,

In partieulsr, in figures 31 and 37, if the slight curvature
in the stability lirmit at small values of Dp is ignored, then this limit
is roughly defined by a line of constant Lp/dtz. M.y[l@! tiifzz] 8

Then along this line

ip
8
But
Pe, x e f_ cvgn)l /1o (18}
and
£ = ac dlﬁ
Dp {19}
whenee
2 1 Llp \
b3 -
f >p@ o © {4 fg,a dw) /’ [d&z ] for stability, (20) .
& 8

t 2 1 L
>1%s es” {4 p o(m)/7 .,.,.%. for stability, (21)
8 ¥ gt
8
Since this defines the inverse of a time, it would be
particularly convenient from the point of view of time lag theory
shiould the equation be cheyed for changes in grain temperature

without having to adjust geometrical factors. A discussion of the

effect of grain temperature on the stability lmit is given in chapter VIIT .
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There it will be seen that some wajustment had to be made

in the factor [Lpl dfz] in order to determine the stabllity
Hmit, The limil chang:d as a function of grain temperature
but the change in the Mmit was not simply related to changes
in 'a' and ', This result, of courge, does not pravent the
agsumption that & time lag is operationsal but states only that
the &ima‘ lag (if any) is probably not simply related to the
ballistic parameters,

However, the trend in the stability limit with decereasing
grain temperature i to lower pregsures; that is, the same
trend as for the burnirg rate, If we ignore the fact that the
geometry had to be changed gomewhat and assume that equations
20and 21 hold rigidly, then we may speculate as to the effect
of ¢ and z Ve Pe ° It is aleaﬁ' that the greater r is for given
Pe 8* the morve difficult it is to stabilizne the system. Further-
mozre, the characteristic veloeity ¢* enters as ca@. hence ‘an
imcrease in c* ghould tend rather strongly to destabilize the
system, It is interesting to note that these speculative results
are in general agreement with the well-known observation that
higher energy propellants are more prone to insgtability,

Again, we may note that as the perforation diameter
is increaged in gize, f is decreasged, hence 8 motor tends to

become destabilized ag its gcale ig increased, provided the
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scaling is done linearly so as to leave the right-hand side of
the equation unaffected, (Note that the R,H.8, of equation
20 ig dimensionsally free of length),
It must be emphasised that these results were
obtained using cylindrical motors, There is reasen to
believe that the particular type vef active acoustic mode in-
| fluences the stability Umit and the degree of mean pregsure
deviation for given cecillation magnitude, This is discussed
in chapter X . Neverthelegs, it ia probably true that gimilar
trends would be noted in moters of different inteynal per-
foration design if sufficient firings were made to determine
them, |
Finally, the effect of changing the propellant com-
position hasg not yet been investigated, It would be of considerable
interest to discover whether or not miner changes in propellant
composition, of guch a nature as not to affect the basic com-
bustion mechanism, would produce the speculated changes
in the stability lHmit,



A number of sxperiments were performed to investigate
the effect of grain length on the instabllity proecess, The motors
ueod had 3,0 in. initiel port dametere, £ series of firings
was made with grain lengths of 17, 31, 30 and 44.5 in, and with
Fam = 136, A plot of g-‘?ff ve Lp for these firinge is chown in

8
Bgure 40, Repregentative pressure e curves are shown in

Bgure 42, It is clear that the degree of ingtability ot fixed

¥y was independent of gralp lenpth for grein length greater than

approvimately 30 in, Owm the other hand, the instability bacame

&
markedly weaker as the grain length was reduced from 31 in, to

»w
e

24 in,s the 17 in, motors were only weskly unstable, Ience a

%,

eritical grain length of appromimately 30 in, existed, bglow which

the instability decreased rapidily with decreasging grain length,

Further experiments were performed with the 17 and 24, in. motors
in which the operating prespure lovel wag decreased {i. e, ‘g"i’:;.mﬁ< 13¢)
in successive firings, For both lengthe the motors became less

ungtable indieating that the firings at En, = 130 were below the

trangition level, owever, & Bring at ii"i:mi ~ 147 with the 24 in, motor

was gtable indicating that the stebliity limilt was exceeded in this
case, tince the stebility Hmit is of approxirmately a, = 280 for

o

the 3u 5® 31/31, 3 motor {see figure 31) it would appear that the

n

ed a8 o function of grain length, lowever

4L

gtability limi¢ has chang
it hae been shown carlier in connection with figure 37 thot this is

in general, not the case and that it is probably true that the stability



1imit depende only on the interaction between the tangential
frequencies and the burning mechanism of the propellant,
A more likely explanation for the behavior of the 17 and 24 in,
motor appeare to be in an unfavorable increase in the losses
of the system, as compared to the driving energy input, That
is, it is apsumed that the losses were go great as to reduce
the instability below detection level at values of E’{ﬂg less then
those corresponding to the true stability limit, |

Alternatively, it may be postulated that & certain
coupling must exist between the tangential mode and the
longitudinal mode agaoeciated with the axial dimension of the
motor, The available evidence argues against thie, One may
cite the superiments discussed in chapter V in which the length
of the motor was changed without significant effect while the
grain length was mainteined constant, Thus if an axial dimension
iz important frequency-~wise it is probably the grain length, Hut
in fact, no high aroplitude driving in axial modes was ever noted,
Reference to figure 9 shows that only the high frequency oscillations
are driven to large amplitude, Thus it is essumed that incressed
damping is the more likely explanation of the two., This argument
receives further weight if we consider the firings with 3 x 5 x 38/38,¢
in, and 3 x % u 44, 5/45 in, motors. shown earlier in figure 37.
The results obtained with these motors indicate that the transition

level increases somewhat with grain length. This may be seen by
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comparing figures 27, 38 and 39 in which g‘%f ve Kn, is
plotted for the 31, 38 and 44.5 in, motors, regpectively,
The transition value of Kn is shown to be 150 for Lp = 31,0
in., 161 for Lp = 38,0 in, and probably somewhat greater
then 161 for Lp = 44.5 in, In view of the foregoing dscuseion,
this result suggests that for the longer motors large amplitude
driving was possible at higher operating levels due to & more
favorable ratio of energy input to losses,

Finally, it should be noted that experiments intended
to investigate the stability limit must involve motors with
grain lengths encesding the eritical value for the particular

design, otherwise erronecus conclusions may result,
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VL. EFFECT OF CRAIN TEMPERATURE

& peries of 42 cylindrical motors with Dp = 3.0 in,
and Lp = 31 in, was fired to investigate the effect of initial
grain temperature, Motors were fired over the temperature
range -80°F to 180°F, |

Figure 43 depicts the Pec vs t curves for ten such
motore gpaced throughout the temperature range and all fired
with 2 nozzle size of dt = 1,60 in, and hence with consgtant
initial area ratio Ea,. This series of firinge illustrates an
effect which has become roasonably well known, The ingtability
is more pronounced at the high and low temperature extremes,
In this case, the firings at -40, -20, and 20°F are stable, However,
the remalining firings in figure 43 show that if Kn, is lowered
by increasging the nonsle throat sizge to dt = 1,80 in, these latter
motors become unetable, This mdght have been anticipated on
the basis of tﬁe dependence on Ka, already described for motors
fired with grain temperature Tp = 160°F,

From the firings made it was poessible to determine the
manney in which the upper stability limit and the point of maximum
instability varied with temperature., These resulie were most
conveniently repregented in & plot of initial chamber pressure
versus initial grain temperature as shown in figure 45, During
and immediately after ignition, the motors were not operating in

a guasi-gteady state, hence the pressure during this interval was
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@ubjeet to large deviatione from normal, Inepection of
reduced data led to the conclusion that by the time Op = 3,15 in,,
the motors were in quasi-steady operation and at the same time
had not entered instability, Since it was desirable to compare
the operation at & condition of fixed geometry, the operating
preseure at Ip = 3,15 in, was chosen for the initial pressure
reference condition, The limiting curves are shown in figure
45 along with the data that determined them, For propellant
temperatures below «-4@@2?. the curves were difficult to detersoine
accurately and consequently ere shown as broken lines,

Curves of constant throat diameter or, what is the
same, of consgtant Kn, , are shown also in figure 45, Frem them,
it is a simple matter to interpret the geries of firings at various
grain temperatures discussed earlier. In figure 43 the motors
were fired over a range of grain temperature from -80°F to 180°F,
with a fived nozzle throat dieameter d¢t = 1.60 in. and hence Eny = 149,
From figure 45 it is seen that the Kn; = 149 line begins in the weak
instability region at Tp = -%99§§“. passes into the stable region at |
Tp = uéﬁgﬁ‘. reenters thé weak region at Tp = 4 30%", and finally
enters the strong izwzabﬁity region at 155°F, The series with
dt = 1,80 in,, Kn, = 118, also shown in figure 43, lies entirely in
the strongly unstable region., The two atability cuyves have been
replotted from the data of figure 45, in terms of the initial velue
of Iin, a8 shown in figure 44, This data gives some indication of
how the results of figuve 31 will change when different grein

temperatures are selected,
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In pearching for the origin of the behavior shown

in figures 44 and 45 it is natural to investigate the propellant
burning rate since this is a property strongly affected by grain
temperature, The manner in which the grain temperature in-

fluencee the burning rate and operating pressure for o particular

geometry is given by 1
, lem
F@‘:s ~ fa f'p e® HEn) . ; {22)
= { fga e® Kn) a {23)

The parameter n is, at the most, only weakly dependent
‘on grain temperature, It has been determined from Emtéh check
motors made from the same batchees of propellant as the unstable
motors of the temperature series, A plot of n versus Tp is given
in figure 46. The parameter 'a' is often taken to vary as

constant o
To - ip (24)

a =
where To is a temperature characteristie of the particular
propellant, Thus, if equation 24 holds, % should vary linearly
with Tp., This resgult was not obtained with the present propellant
as is shown clearly in figures 47 and 48, With the information
now svailable on the buraing rate uf the propellant, it

wag posgible to construct 2 plot showing the stability curves

as a function of initial burning rate and propellant temperature,

These are shown in figure 49, The burning rates for both Hmit

lines increase steadily with increaging grain temperatures, The
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difference in burniag rate between the two curves doss
not differ greatly over the entire temperature range,
Because the temperature effect is strong, the burning rate
stability it and transition line do not ghow & minimum value
as do the corregpondiag Ba, {figure 44) and Tﬁ‘«‘cgi {figure 458}
plots, In chapter VI a discussion of the experimental results was
given for all firings at 166°, There it was seen that the stability
limit was dependent on the oscillation frequency and on the basic
combustion process, In the present cage the initial unstable
frequency is relatively fixed since the instability begins close
to ignition and the initial perforation diameter ig fizxed, Further-
more, the gpeed of sound is at the most very weakly dependent on
grain temperature and chamber pressure, Hence in this series
of experiments we expect that changes in the location of the
gtability lircit must raflect the influence of grain temperature on
the ability of the combustion mechaniam to interact sucecessfully
with a narrow range of {requencies.,

The meximum excitation thet is obiasined at a given grain
temperature increases with increasing grain temperature as ghown

in figure 50, where & plot of the nEmimum observed ADc/Pcs is
given versus Tp. The firings in guestion are thoge representad

by the golid symnbols of figure 45,
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Finally, several flrings were made &t grain

temperatures of 160°7 and -60°F with a different propellant
{prepellant B). The pressure-time gurves are shown in figure
62, A1 firings were stable, Propellant I} was composed of

the same type fuel and oxidizer ap propellant A, The additives
employed were somewhat different. The phyeical properties

and balligtic parameters for the two propellents are not greatly
different, However, the differences were sufficient te produce
complete glability in propellant B motors fired in the same region

of the ¥n - Dp plane as severely unstable propellant A motors,



E, [IDENTIFICATION OF THE MODES OF CABEQUS

UBSCILLATION

it has been stated previously that gaseous oscillations
oceur within the motor, and, that in the case of the eylindrical
motor, the growth of these pscillations ie always accompanied
by an abnormal increase in average chamber pressure. Through
the use of the instrumentation and data reduction methods
described in chapters I and IV, & fairly complete deseription
of frequency versus time and/or perforation diameter has been
obtained, In figure 51 the results are plotted for a typical firing,

The firing began at zero time with an average per-
foration diameter of approximately 3.05 in, Ap the firing
proceedsad, the perforation diameter increased due to the con-
sumption of propellant, The earliest detectable oscillation began
with a frequency of 6.7 Hes., The freguency then decreaged
srmoothly with e as the perforation dameter in@rewmﬁ; The
opcillation diminished below a detectable level st 5,3 ¥Kcs, re-
appeared at 4,6 Hces and persisted through a portion of tail-off,
Uping the methods described in chapter ] the full low frequency
data reduction for the firing provided a calculated value of per-
foration radiue as a function of time., 7The product of frequency

and radiup iz & constant independent of time with an average

value of 10878 & 1% in/sec,
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Un the basis of acoustic theory it would be expected
that the frequency would be related to the instavtanesus

perforation dameter by

& ,
f = {congt) _¢ whaere mﬂ = locel speed of sound

Hp
fp = instentaneocus perforation
radios {25)
Hence £, Pp = {const} 8, {26

which i constent provided the speed of sound or mode of
oscillation does not change with tdme, In partieular, scoustic
theory predicte that tangential, radal and combination modes
of cscillation in & eylindrical cavity will have frequencies

such that

& oL mon
fmw = ; #
""“ wP where X iz & mode number {27}
AddE%

The fundamental tangential meode of operation may exist in either
a standing or travelling configuration, 'The frequency for both
cages ig given by

{28}

correspends to the fundumental tangential mede, 7This leads

o8 = 10875
e {.2930) 12

&c from the relation

= 3085 & 1% fi/sec, Cne may also obtain

a, = /7ex 129)

&

i



The overall average value of ¥ cbtained from all firings
was €236 ft/sec, If the average ratiu of specific heatas,
¥ . is choser to have the velue ¥ = 1,24, then we
obtaln an identicel speed of sound by the latter method,
The next higher mode of ogcillation lnvolves the
mode number 20n = - 9722, Aleo, ris @ very slow

function of ¥, iience for reagenable values of ¥ itis

pogsible to obtain agreement for anly one mods of speration

and it ia clear thet this is the fundamental tangential mede,

I we refer once again to figure 51, we may also
note that during the most severe part of the instability, the
frequency of oscillation does not deviate appreciably from the
acoustic value, During this period, the oscillations ave very
large in amplitude and the linearizations involved in scoustic

theory sve likely to be invalid,
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MOTORS WITH OPPOSED-PLANE GRAIN DESGNS

{SLAR TYPE MOTORE)

In addition to the cylindrical type motors, two designs
of slab-type motors were fabricated and fired, These designs
are shown in figures 52 and 53 and will be designated type 1 and
type 2, respectively, |

Two firings were made with the type | moter, The
pressure-time curves are shown in figure 54, Due to the grain
configuration, the operating pressure remsing essentially con-
stant for a period of time and thes begine a slow mﬂ«eﬁ’. The
firing at the higher initial pressure was stable, The firing at
the lower operating pressure was ﬁn#éa%&l@ in the gense thet gasé@um
escillations occurred. However, no deviatione in the mean
operating pressure were noted as would have been the case had the
motor been of the cylindrical type., The frequency of oscillation
decreased with time and agreed within 2% with the acoustic value
for the transverse fundam@ml sloshing mode. In this mode the
gas moves only in a direction perpendicular to the burning gurfaces;
no motion of the gas tangential to the burning surfaces takes place,

The type 2 slab motors were based on trends observed
in concurrent firings with the cylindrical motors. The grain length
was increased from the type 1 length of 23.5 in, to approuimstely
38.8 in, in the type 2 motors, The steel inserts used in the type 1

motor were omitted, hence the type 2 moters burn with & regressive
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pregpure~tirme eurve from. ignition onward., This, &@g&ﬁ%@?
with an increase in the gpacing between the grain suriaces
to 1,8 in, permiited the longer motors to be fired ot lower
preseures without choking of the flow in the grain port. A peries
of r@i&;ﬁ firings with the tvpe 2 glab motor is shown in figure 54,

The firings using type 2 slab motors covered a range
of '?Ea;xzzﬁ. the initial value of ¥n, from 84 to 219 by cholce of &
suitable range of nozzle throat diameters, Only the firving with

the highegt value of E?i,ni waes gtable, The remaining firings at
lower Hoay ail exhibited gaseous oeecillations in the fundamental
trapgverse mode gsimiler to those found in the type 1 slab moteor,
The peak to peak magnitude of these oscillations was as large as
207 of the average chamber pressure. No changes of mean pressure
were observed, It is guite certain on the othoer that tangential
pregsure oscillations of these magnitudes would have produced easily
detectable changes in the average burning rate of the propellant,

It is of intereet to note that, in o resonating cavity, 2
solid boundary is subjected to preseure oscillation whether the
gas motion be normal or tangential to the surface, In a local
region of grain surface the two modes of oscillation should be
indistinguishable insofar as pressure effects are concerned. On
the other hand, at the solid surface the gas veloeily is zero
for the normel ogcillations but definitely none-sero for the

tangentiel mode, These tangential velecity components may
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bocome of considerable magnitude and it m.»éeaw that ﬂmg
may be a significant influence in affecting the propellant
burning rate, The conclusion may pessibly be made that
while the pregsure fluctuations themselves are responsible
fm'}their own excitation, it is the corrseponding tengential
velocities induced by them that augment the propellant
burning rote. The contrast between results obtained irﬁ
cylﬁndricéi m@mrs and slab motors certainly supports such a

conjecture.,
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¥i . INTERRUPTED FIRINGS

~ One factor of particular importance in correlsting
the occurrence of instablility with our meagre knowledge of
the steady burning mechanism is the nature of the propellant
gsurface during instability, No attempt was made to examine
the surface while combustion was in progress, but a number
of firings were interrupted during caditions of unstable
burning and the greins were examined. It also appears possible
that the propellant surface could become locally distorted
during unstable combustion because of increases in the local
burning rate assoclated with particular modes of gasecus
oscillation, The interrupted firinge to be described were carried
out to permit examination of the propellant surf{ace to determine
the extent of asymmetric burning in the cylindrically perforated
motors,

Description of the Experlments, - The motors fired

and interrupted were cape-bonded, cylindrically perforated,
five-inch motors of the type discuesed throughout this report,
In order to interrupt the firings use was made of techniques

t&mt hed beén developed previously at J.P.L. A new headplate
for interrupted ﬂrgngs. compatible with the five-inch motors and
internally similar to the type 3 headplate, was fabricated. The

design iz shown in figure 55,
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The details of the interrupt system are shown in
figure 56, On an electrical command, squibs were fired in
both the nozzle and head end assembiies. Gas pressure
generated by the nozzie end charge sheared the two main
diaphragms, and hence provided an additional nozzle exit of
diameter 1.5 in., The head end charge sheared one main diaphragm.
This action allowed water to be injected obliquely into the grain
perforation, The water was driven by a 2000 psi dry Nitrogen
gas source,

The system operated very rapidly, The time delay
from the interrupt command to the cessation of combustion was
on the order of a few milliseconds, The command either could
be given manually or could be generated by an electronic instability
shut-off circuit, This unit, shown in figure 61, was developed
by the Instrument Services Section at The Jet Propulsion Laboratory.
The latter method involved the use of a Photocon gauge and its
associated electronic equipment, This gauge sensed the gaseous
pfessure oscillations at the head end of the motor, When these
reached a preset level the instability shut-off circuit triggered,
After a further preset time delay, the circuit generated an electric
interrupt command which activated the squibs,

The automatic interrupt system was necessary because
of the short times involved in the instability process, For the most

part, the motors became severely unstable and returned to
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Weakly unstable operation within one second after ignition.,
Attempts by the operator ‘to observe the progress of the firing
and issue a manual command during severe instability were
singularly unsuccessful, On the other hand, the automatic
system, while functioning perfectly, failed to give the desired
results for another reason, At the time these firings were made,
the proper propellant processing techniques required to give
reproducible firings had not been determined, As a consequence,
the trigger levels chosen on the basis of previous firings were
for the most part unsatisfactory. Nevertheless, useful information
was obtained from a few successful interrupted firings and from
one motor which interrupted itself by blowing off the nozzle
plate during severe instability,

Experimental Results, - The pressure time traces for

a3x5x%x31/31.4 cylindrical motor fired at 160°F are shown in
figures 57 and 58, This motor was interrupted and examined, It
was then allowed to dry out, temperature conditioned once again to
16 OOF, refired, and interrupted égain.

Before and after the first firing, measurements of the
diameter were made at 00, 1200, and 240O around the circumference
and at one-inch intervals along the grain length, The change in
diameter due to the first firing is plotted ver sus axial position in
figure 57. It is essentially constant throughout the length of the

motor and independent of angular location, A visual inspection of
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the grain's surface revesled no ubnormalities. The surface
texture showed the same fine grain roughness characteristic
of propellant which has burned stably. No grooves or ridges
couid be seen, |

The Pe va t trace for the second firing is shown in
figure 58, It will be speen .’ékmt in this éaw also, & &al&y oceurs
after ignition before the instability becomes pronounced, The
ADo ve L plot for thig firing is also shown in figure 58, The
average burning rate was approximately four per cent higher
at the center than at the two ends of the charge, It is possible
t&&& thig small differential ia-du@ to the combined effect of chamber
pressure and erosive burning on the local burning rate, Both
gammmemw are functions of length, The chamber pressure
d@emme@ froes head énd to nozszle end due to mementum pressure
logees while the erosive factor incresses due to increasing awial
velocity., With respect to the grain surface conditi@n; the same
remarks apply to the second firing asg to the first, even though
the duration of the instability is much greater,

4 third interrupted firing is shown in figure 59, In this
case severe iﬁté&bﬂiw persisted for approximagely 0.70 sec. in
& total run time of 1.2 sec. The corresponding ADp vs L plot s
given in figure Et@.’ The surface of the grain was broken in several

places by holes which were attributed to voide net removed during
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mmeswing.* No evidence was found in the firing pit to
indicate that propellant had been ejected through the nossle,
Otherwise, the preceding remarhs regarding grain condition
apply.

Up to this point it had been mmgrmn whether or not
the water injected to quench combustion was sericusly changing
the gross character of the graing' surface, This doubt was
removed by chance in the firing sbown in figure 60, In this case,
severs ingtability was entered spproximately one-half second
after ignition and endured for approximately one gecond, Com-
bustion was guenched, presumably by & gaseous expansion wave,
when the noszle assembly blew off the motor during the period
of instability, The foregoing remarks regarding the surface of
the grain are applicable except that more detail was evident and
the surface was somewhat rougher., No organized system of
grooveg and ridges was seen, The ADp vs L plet is given in figure
60, The same tendency for the average burning rate to be higher
in the centoer of the charge ls evident. It was, of course, not
pessible to compare this result with a etable firing under the

same conditions, since all guch firings have been unstable,

* This condition was corrected in later motors by & more
prolonged period of casting under vacuum and vibration,



Some Speculations ﬁ‘az’mmg Fromwm The Resuits, - The
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primery gaseous oscillation present has been identifisd as the
fundamental tangential mods as i discusged in chapter [,
The interactien mechanism between the maln gas phase oscillation
and the reglon of combustion ruast be dependent on elther the
local uneteady pregsure or the local unstesdy particle velocities,
or both, either directly or lndirectly., The interrupted firinps
indicate that there are no preferred regione of the civcumferencse
of the grain perforation insofar as increases in the burning vate
are concerned, Un the basis of this fact slore it might ba
inferred that the fundamentel tengential travelling {so-called
spinning) mode is the active one, ¥or this wmede the mauimum
@m@ﬁmd@@ of both the pressure and velocity fluctuation are
constant around the clrcumfierence of the perforation, and the
waves vary only in phese angle, The high freguesncy instrumentation
suggests, however, that the active mode ig of prevdo-standing
wave forr whevein the orientation of the pressure nodal line
finctuates yapﬁd§.§ and F@@m@w%‘am randornly with time, it is
clear thet this latter mode form can produce uniforse changes
in mean burning rate, The tests conducted so far do not
differentiate conclusively between the spinning mode and the
statistically fluctuating standing mode, but faver the latter,

| it would be expected that if serious changes in grain

structure oceurred during severe ingtability, some evidence of
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this should remain after the motor ceases firing., This ghould
be so, since the motor cannot operate below a certain low value
of pressure, [Hence, i assymmetry exists, the motor will stop
operating when most but not all of the propellant ie consumed,
A eontinuing vigual inspection wag made of sll motor casings
immediately after firing. No evidence of circumferential
asymmetry was found, OUccasionally, it eould be seen that a
few volds had been present in the grain, since at these locations
the cage wall had been ¢uposed to the hot combustion products
for a large fraction of the run time., Aleo, whenever gevere
instability ceused the ejection of pieces of propeliant through
the nogele, the net effect was the same as for production voids,
The locations of the damaged areary were randomly located in the
circumferential direction and pomewhat centrally located in the
axial direction., No well-defined damage pattern was evident,

The interrupt tegts were useful from another point of
view, The normal data reduction methods predict a mean

Hdameter ag o function of time based on

¢
wit) m[@ Pedt  ryp) 130)
[” Pe at
(~4
where w { t) = weight of propellant

consumed at time ¢

Ve = total welight of propellant
burned

Be = mean total chamber
pressure
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and {sentropic flow conditions are assumed to exigt, A
comparison of the predicted and measured changes in mean
diameter during five iirings. gave agreement within two per
cont in all casen, Hence it is likely that predicted diameters
used elsewhere are relisble to this extent., Furthermorve,

since the firings varied in degree of instability, as hag been
seen, with uniformly good predietion, it is likely that the low
frequency pressure sensing end recording system was producing

reasonable mean pressure data,
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Riae CONCLUSIORNS AND CONCLUDING REMARKS

By extremely careful control of the propellant
mmuﬁ&cmﬁn@ procedure and by extending the cure time to
nearly twice its normal length, it has been possible to secure
results of rocket firings that are almost completely reproducible
with regard to the occurrence of unstable burning end early
phages of varistion of mean chamber pressure with oscillation
amplitude, A total of over 250 research firings using case-bonded,
eylindrically perforated motors were made under these conditions v
along with about 150 additional check firings. The following
results are based upon these firings. All firings were made with
a given ammonium perchlorate polysulfide propellant the come
position of which was carefully controlled during the research period,

- Detalled measurement of oscillatory frequencies

confirmed the fact that the first tangential mode was providing
the excitation and was asscciated with the instability, The variation
of freguency with grain perforation dameter was within 4% of that
to be expected from acoustic theory in gpite of the fact that at times
the peak oscillating presgure reached half of the mean chamber
pressure, Axial oscillations were present but were weak and
obviously not contributing to the excitation even though the length
was varied by a factor of more than two and one-half,

At given grain temperature, stable firings with the
cylindrical motors exhibit a progresgive pressure-time curve,

The chamber pressure increases with Kn, the ratic of burning
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surface ares to noszle throat area, ag the perforation
dameter Ip becornes greater due to Durning, In the En - Up plane
there ewisted regions of stable, mildly unstable and severely
unstable combustion ag defined by firings of motors with 31 i=n,
grein length, For sufficiently high values of in, the combustion
wag stable regardless of Dp., At lower values of Fu the motors
were weakly unstable, The dividing line between these regiones
in the ¥n-Dp plane increased essentially linearly with Dp and
was very nearly a line of constant nozsle size, As Kn was reduced
further ihe: instability became very gradually stronger until at
& critical value of Kn the motors guddenly became severely
unstable, The line of manimurm instability intersected the upper
gtability line at a low value of Dp and gradually increasged in
¥n level as Dp was increased from this point, The region below
the line of maximurm ingtebility was characterized by 2 gradual
decrease in the severity of the instability ag Kn was reduced from
the critical value, |

A reduction of grain length below 31 in. te 17 in,
successively reduced the severity of the instability at given
operating pressure level, An increase of grain leagth from 31 in,
to 44, 5 in, did not affect the degree of inetabllity at given
operating level; nor did the upper stability line change, However,
the line of maximurmn instability moved to Bomewhat higher En

with increaging grain length,
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The effect on the upper stability lire and the
line of meximum instability of changing thé initial grain
temperature was determined for motors of 3 in, initial
perforation diameter and 31 in, grain length, fired over the
temperature range -80°% to 180°F, Poth lines moved te
lower pressure levels as the grain temperature wae decreased
but the reduction was not the same as that due to grain temperature
effecte on the burning rate. The vesults are in agreement with |
the observetion that motors with fixed geometry ﬁmﬁ over &
venge of grain temperatures can exhibit instability at the
temperature extremes and yet operate stably at medium tempe
eratures, Furthermore, the %hgw instebility reglons described
earlier existed at all grain temperatures,

Slab motors with opposeds«plane grein surfaces
exhibited oscillations in the fundamental end higher transverse
gloghing modes, The peak magnitude of these vscillations were
oz large as 10% of the chamber pressure, yet no effect on the
mean burning rate was observed, In the cylindric motor,
pressure oscillations of this magnitude showed a stroag effuct on
the burring rate., Hence it iz concluded that the tangential
velocities associated with the tangential mode were largely responsible
for modification of the burning wate,

Messurement of the fluctuating pressures in the
eylindric motors and grain inspection after interrupted firings

suggested that the mode of oscillation was the fundamental
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tangential mode, The orientation of the pressure mode line
appeared to change in a rendom mamer and did act spin at
the frequency of oscillation as in the travelling tangential
mode,

While these results were obtained through the
use of & particular propellant and grain design it seems
reasonable to suppose that the trends noted are gualitatively
applicable to other motors with similar acoustic properties,
provided such motors operate in an unstable manner, 7The
latter gualification is made since the propellant composition
may be such as to produce complete stability in a particular

design,
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100 cps TIME BASE DETECTED OUTPUT OF Poc 2
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1200~ Ny el 2, 8
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z 2 1000 [TH] i £
1000 — . H i 2
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1.6 1.8 2.0 2.2 2.4
TIME, sec —P»
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TIME, sec —P»
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a. INPUTS TO DETECTOR WERE b. LOW PASS ROLLOFF 8160 cps d.DOWN 3db/OCTAVE OUTSIDE
BAND PASS FILTERED c.HIGH PASS ROLLOFF 3600 cps THE BAND

pyia

OSCILLATION AMPLITUDE,

Figure 2. Miller Record, Typical Unstable Firing.
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MEAN CHAMBER PRESSURE,
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1500
1200 7.
1100 ° /
1000 d(‘/
" BREAK " A
900 Q?' Af
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800 /%
0 N
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700 1 70
G
600 E
500 (IP
/ | COMPOSITION
400 (&%& CHANGE
/ 8
300 va
/
200 v4
14
Y y
100 200 300 400
Kn
Figure 3. Mean Chamber Pressure Yersus Area Ratio Kn, Typical

Unstable Firing.
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BURNING RATE
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1.0
— @ STABLE
0.8— O UNSTABLE
0.6
TIME
|NCREASE
0.4 IGNITION
TRANSI ENT—
c,\—\‘icﬁ/
NS P /
W& B2 ) e
02_51|>~3/1E e %
COMPOSITION CHANGE
BEGINS
INSTABILITY
BEGINS
0.1
100 200 400 600 800 1000
Pc, psia

Figure 4. Mean Burning Rate Versus Mean Chamber Pressure, Typical

Unstable Firing.
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IGNITION
T

RACE —e
Pac | ~—»

Pac | ——s

FILTERED
Pac 2

100 cpsm— Tl o T e Lt LT Lt e el

Pac’ 3

0351 0.%¢ 0.56 0.58
TIME, sec —P

.74 0.76 078
TIME, sac ———P»

o ALL PHOTOCON GAUGES D.C. COUPLED b. Puc! MALFUNCTIONED

Pac |
1000 psig
0 .

Pac
1000 psig

Figure 5. Hathaway Record, Typical Unstable Firing.

CALIBRATION
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24

2.0

0.8

0.4

Pac = PEAK TO PEAK OSCILLATION AMPLITUDE
Pc =UNSTABLE MEAN CHAMBER PRESSURE

Pcs = STABLE MEAN CHAMBER PRESSURE FOR SAME An

/ Pac PEAK TO PEAK /Pcs

g m]
f 0

Pac PEAK TO PEAK/Pc

—9~0-0-0-00—

0.60 0.70
TIME FROM IGNITION, sec

Figure 6. Gaseous Oscillation Amplitude Versus Time, Typical
Unstable Firing.
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CENTRE FREQUENCY

100 cps

IGNITION

CALIBRATION 400 psl PEAK
TO PEAK AT fkc

-—T 10 30c

14230
12740
11260

9738
8238
6743
5238

3739
2244

0—1500

U

' A
A
A o ABLE L UNSTABLE
s
} 400 psi pTP
taqs yHRNTRTRNTONL
o 0.2 0.4 0.6

TIME, séc

END-TT

oF

"FIRST
INSTABILITY ]
PERIOD
T
08 1.0 2 1.4
TIME, sec
STABLE
1.8 1.8 2.0 2.2
TIME, sec
JNSTABLE BURNOUT
‘24 T "2 30

TIME, sec

Figure 9. High Frequency Analyzer Record, Typical Unstable Firing.
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Figure 11. External View, Type 3 Headplate.
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Internal View, Type 3 Headplate.

Figure 12.
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Instrumented Motor on Test Stand

Figure 13.
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Figure 15. [nstrumented Type 4 Headplate.
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Figure 18. Photocon Dyna-Gage Units.
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’ Figure 19. Firing Panel.



-109-

I/4-in. WALL, SHELBY TUBING, 5-in. ID
THREADED BOTH ENDS.

BONDED RESTRICTOR PLUG 1/4in. THICK

BURNING SURFACE OF PROPELLANT GRAIN

Figure 20. Cylindrical Motor Configuration.
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72 hr CURE
3x5x31/31.5 CYLINDRICAL MOTORS
BATCH R25

CHAMBER FPRESSURE, paig

TINE, v0c

ALL MOTORS MADE USING THE SAME LOTS
OF RAW MATERIALS AND FIRED AT A
GRAIN TEMPERATURE OF I160°F

72 hr CURE
3x5x31731.5 CYLINDRICAL MOTORS
BATCH R28

89 hr CURE
3x5x38/38.5 CYLINDRICAL MOTORS
BATCH R27

CHAMGER PRESSURE, peig

ST T\

SRRE, oo
=S

2

*

H

AN

TIME, sec

Nt T k \
|
|
TIME, sec 3
72 hr CURE
3x5%x44.5/45 CYLINDRICAL MOTORS
BATCH R26

116 hr CURE
3x5x38/38.5 CYLINDRICAL MOTORS
BATCH R24

CHAMBER PRESIRE, peig

LJI—/———’”/”*—/\

TIME, sac

] )\

TIME, sec

m?
EAE

TIME, sac

Figure 23. Effect of Cure Time on In-Batch Reproducibility.
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3x 5% 31/31.5 CYLINDRICAL MOTORS FIRED AT A GRAIN TEMPERATURE OF 160°F

NEW LOT OXIDIZER
NEW LOT FUEL

NEW LOT CURING AGENT A

CURE =120 hr NEW LOT CURING AGENT B
LOT 000
CHANGES I
\ et g [
NEW CURING CURE 120hr &
AGENT A ¥ . % L 1
é TIME, 1o ¢ TIME, 1ec
CURE 120 hr A o
- +24 hr g /\,/” ‘
AODITION- |
§ MAA—— AL AFTER |~ \
. PLUGGING
o 1 2 3 L] i k) 4
TIME, so¢ TIME, sac
NEW CURING S ——
AGENT B § At \ J
NEW |
OXIDIZER 5 TME, e
Lot
SAME LOTS
g 7 CURE 120 hr + 48 hr ADDITIONAL
\ AFTER PLUGGING
0 .
TIME, sec
' ]
g H —’\
e \
¥ i z T s
§ TIME, sec
E 506 S ——— —
§ JL—‘r’Q i
1 3 4
> TIME, we
&
g ]
g k\J /TPM
2
E OO 2 3 4
§ TIME, sac
NEW CURING § "*’\
AGENT A g r-J S E— = [ J\,l_/— A S ———
g ;
£ : : : ¢ < ; .
TIME, w¢ ﬁ TIME, sec
NEW FIBRE k_,_{__,__ ) e T A l
ADDITIVE . | § . L \_l
TIME, sec TIME, sec
g X
¥ kS
NEW FIBRE \,/ZW b H ———1
aoiTive £ ] g v M
i
|
[ 2 3 4 ] \
TIME, sec g TIME, sec

Figure 24. Effect of Changes in Lots of Raw Materials on Batch-to-Batch

Reproducibility.




~114-

EFFECT OF FREE-VOLUME, GRAIN PORT TO NOZZLE THROAT
Tp = 160°F

dt =170 in.

Lp = 30.5 in.

4.0"
P—t—Lp= 305

- | ‘=
g _
£
e Il
TIME, sac
3x5x30.5/345
b— Lp+30.5—~

CHAMBER PRESSURE, peig

EFFECT OF RESTRICTOR PLUGS
Tp = 160°F
di=1.89in
Lp=38in,

pal
To—F
T
TIME, sat
Ix5%x30.5/3.5
— Lp; = 30.5 —{

P

- I

CHAMBEN PRESSUPE, paig
>

\

3x5x30.5 CAST INTO NOZZLE PLATE

N

CHAMBER PRESSURE, peig

ZPLUGGED GAUGE

|

]
TE, wec
3Ix5x38/38.5
MOTOR FULLY RESTRICTED

=

TE, sac
3Ix5x38/385
NO NOZZLE-END RESTRICTOR PLUG

X

—

! T:‘. -
3x5x38/385
NO HEAD-END RESTRICTOR PLUG

Figure 25. Effect of Yarying Distance From Grain Port to Nozzle Throat;
Effect of Removing Restrictor Plugs.
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245-in. INITIAL PORT D 2.80-in. INITIAL PORT D
245%5x 317315 : 2.8x5x31/315
Tp = 160 °F Tp =160 °F
o i .
[
— o ‘ A
B A T \
: | \ : : .
" T 3 g TIME, s
5 TME, sec dt =1.35, Kn, = 196 (STABLE)
i d? =1.35, Kn; = 174 (STABLE) g
=
1
—
: — ) \
4 TIVE, 00
TIME, sec It =142, Kn; =17
dt =142, Kn; = 156 =142, Kn; = 173 r
LS e
: : ] \
i 0 3
5 h g TINE, sec
2 ot =150, Kz =155
£ £
g '
g s i —
© TIVE, sac ju—
dt =150, Kn; = 140
0
TE, sec
. of =1.55, An; = 49
1500] T T im
£ NOZZLE PLATE BLEW OFF
g H
2
i e
i Y —
° { 1 3 E) q
TIME, sac TIME, sec
df = .60, Kn; =123 ot =165, Kn,; =13i
1300+ ’ 1300
H i
: | /
— 4
[ 4
TIME, sec TME, sec
gt =170, Kn; =109 at =1.70, Kn; =124
INITIAL
OPERATING PRESSURE
INCREASES

Figure 26. Effect of Yarying Operating Pressure Level; 2.45 and 2.80 in.
Initial Port Diameter.
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1.5 T
INITIAL PORT D
Dpl.,in.
o 2.2
— o 2.45
A 2.60
v 2.80
g 2.90
o 3.0
1.0
0
QO
Q
\ [ &
Q
Q
< 0
A4
L
0.5 i =
Lp= 31.0Oin
7p = 160°
0 P F
a |
B8
g L
o} 5
100 150 200
Kn

Figure 27. Unstable Increment in Chamber Pressure Versus Initial Value of Area
Ratio Kn; Initial Port Diameter 2.2 to 3.0 in. Grain Length 31 in.
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Figure 28.

Grain Web Consumed From Ignition to Break in Mean Chamber
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Kn;
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Pressure Versus Initial Value of Area Ratio Kn.
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OVERALL DELAY TIME, sec

«118a

INITIAL PORT D
Dp;, in.
o 2.20
15— 2.45
A 2.60
v 2.80
4 2.95
a 3.00
© 3.15
> 3.20
& 3.25
e 3.30
° 340 v /
1.0 A 0
.
v Av°
O
0.5 ﬁ o
° H v
o DO ? C
o o
L Lp = 30 AND 3lin.
Tp = 160 °F
o]
50 100 150 200
Kn;
Figure 29. Delay Time From Ignition to Break In Mean Chamber Pressure

Versus Initial Yalue of Area Ratio Kn.
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NOZZLE THROAT D = 1.50 in
TP = 160°F

CHAMBER PRESSURE, psiq

SMTJ\Z{‘\F- ‘\
3
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¢ | |
g S \\‘\
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3 4
g TIME, sac
g Dp;=3.25in. Knj= 161
g ) !
2 1/|I
£ -, |
% 3
i ) a
TIME, sec
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1 ’ |
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g f ¥ P \J
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15001 T "ri T
]
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' THe e M
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Figure 30.

Effect of Yarying Initial Port Diameter with Otherwise Fixed
Geometry; Nozzle Throat Diameter = 1.50 and 1.60 in.
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Tp = 160°F Lp =31.0in. df= 1385in.

Fixed Geometry; Nozzle Throat Diameter =

g oo —
g T\
2 500| ———
; \
% 00' I 2 T|M2 4 5
, sec
° Dp. =3.08in.  Kn =199
A
1500
W 1000 ;
=] |
i N
£ s00 ) Y
&
\_
5 % I 2 3 4 5 6
TIME, sec
Dpl. =2.28 in, K”i = 148
£ 1000
g 500 //4\//—’\
E / . \\
14
iz'; % I 2 3 a s 6
z TIME, sec
Dp,. = 2.08 in. Kn,. = 135
5 1000 — Dpi
INCREASES
5 500 //\
£ \
g o l
% ° ' 2 T|Mé, sec 4 s
5 Dp; =1.90in.  Kn; =122
Figure 34. Effect of Varying Initial Port Diameter with Otherwise

1.385 in.
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Figure 38. Unstable Increment in Chamber Pressure Versus Initial Yalve
of Area Ratio Kn; Initial Port Diameter 3.0 in, Grain Length 38 in.
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Figure 39. Unstable Increment in Chamber Pressure Yersus Initial Value of

Area Ratio Kn; Initial Port Diameter 3.0 in, Grain Length 44.5 in.
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Figure 42, Effect of Grain Length; Mean Chamber Pressure Versus -
Time Histories of Typical Firings.
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Figure 44. Instability Regions in the Initial Area Ratio Kn,
Initial Grain Temperature, Plane.
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Initial Grain Temperature Plane.
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Figure 48. Reciprocal of Buming Rate Law Parameter ‘a’ Versus

Grain Temperature.
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Figure 50. Maximum Unstable Increment in Mean Chamber Pressure
Yersus Initial Grain Temperature.
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Figure 53. Type 2 Opposed Plane (Slab) Motor Configuration.
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Figure 54. Mean Chamber Pressure Versus Time Histories of Type 1
and Type 2 Slab Motors.
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Internal View of Interrupt Head Plate.

Figure 55.
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Figure 56. Schematic Drawing of Interrupt System.
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Figure 61. Avutomatic Electronic Interrupt Command Unit.



*151*

*g tuo||adosy lainssaid BuposadQ Bulkinp jo 43943

79 21nby

d

UGHExd7 H8xluy  UEIZ=
N v des .nu!:. 2
SISYIHONI ] o
JWNSSIUY HIAWYHO S— g
IVILING
WGHE =d7 €6 =uy 90T =P snm
288 'INLL
9 v [y z 1 oo
| ;
. ] 7 008
ul Ol sluy  uwiogi=sp
3NiL .
9 14 £ Z 1
T
|2
UGHE=d7  8Sl=‘uy  uIGLI=4p wolg=d7 ogl =y woLl=w :
208 “INIL 208 "ML m
_o v [ 2 ' o ? » ¢ z | o, m
2 ,
OOnﬂ 00%
'3
WGHE=d7  9gi=luy  wiGe= a WOIg =97 pal=Uu¥ WO =P
208 “IN),
9 ¥ € t z ' 9, m 9 y € 2 | %
B f
J .
o00s — ﬁ m
b
ooxr i
UIGYE=0T QLI =luy  UIGSI=/p o ughg=d7 I8l =y wogt=4p g
208 'INIL 3 208 ‘INIL M
9 v € z [ m 9 2 [3 2 | o ¥
f ° ] 4 o ©
s m — \\7\ = Voos
2 - %
L 7 |

378VLS SHOLOW v
40 09- = d/

g 1NVTI73d0¥d

318v.LS SYOLOW TV

40091 = 4




