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COMBUSTION INSTABILITY IN AN ACID-~HEPTANE ROCKET WITH A
FPRESSURTZED-GAS PROPELLANT PUMPING SYSTEM

By Adelbert O. Tischler and Donsld R. Bellmsn

SUMMARY

Results of experimental measurements of low-frequency combustion
instebility of a 300-pound thrust acid-heptane rocket engine were com-
pared to the trends predicted by an analysis of combustion instability
in & rocket engine with a pressurlized-gas propellant pumping system.

The simplified anslysis, which assumes & monopropellant model, was based
on the concept of a combustion time delay occurring from the moment of
propellsnt injJection to the moment of propellant combustion. This com-
bustion time delsy was experimentally measured; the experimental velues
were of epproximstely half the magnitude predicted by the analysis.

The pressure-fluctuation frequency for a rocket engine with a character-
istic length of 100 inches and operated at a cambustion-chamber pressure
of 280 pounds per square inch absolute was 38 cycles per second; the
analysis indicated a frequency of 37 cycles per second. Increasing
combustion-chamber charscteristic length decreased the pressure-
fluctuatlion frequency, in conformity to the analysls. Increasing the
chamber opersting pressure or increasing the injector pressure drop
increased the frequency. These latter two effects are contrary to the
enalysis; the discrepancies are attributed to the conflict between the
assumptions made to simplify the analysis and the experimental condi-
tions. Oxidant-fuel ratio had no apparent effect on the experimentally
measured pressure-fluctuation fregquency for acid-heptane ratios from

3.0 to 7.0. The frequencies decreased with Iincreassed amplitude of the
combustion~chamber pressure variations. The analysis indicated that if
the combustion time delay were sufficiently short, low-frequency combus-
tion instebility would be eliminsted.

INTRODUCTION

Development of rocket engines for flight propulsion has disclosed
combustion instgblilities which often result in destructlon of the rocket
engine by stress failure or burnout of the combustion chember. A
cyclical low-frequency type of instability which exhiblits chamber pres-
sure and nozzle flow or thrust fluctuations in the frequency raenge from
10 to 200 cycles per second is called chugging (reference 1}. This type



2 ] NACA RM E51G11

of instebllity may reduce specific impulse and is believed to be accom-

panied by changes in combustion efficiency. High-~speed photographs of n
this type of instability are shown In reference 2. A higher-frequency
mode of instability, which manifests itself in greatly increased heat-
transfer rates in the rocket combustion chamber and which generally
results in chenber burnouts, is called screaming (reference 3). Other
types of combustion instability have also been reported at a symposium
on liquid rocket instebility at the Naval Resesrch Laboratory, Wash-
ington, D.C., on December 7 and 8, 1950. Whether these combustion
instgbilities are distlnctliy separaste or are related phenomena in dif-
ferent frequency ranges has not been definitely established because the
origin and nature of the instabilities are unknown.
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Chugging has been postulated to be a result of out-of-~phase cou-~
Pling between the combustion-chamber pressure and the fluid flow 1n the
propellant feed system. Analyses of the chugging phenomenon in a rocket
engline wilth & pressurized-ges propellant pumping system have been made
on this basls. The significance of the ratio of feed-llne pressure drop -
to the absolute chember pressure in determining whether chugging caen
occur is discussed in reference 4. The stability range of operation of
a rocket engine is further defined in reference 5. This analysis hd
derived the following expression aeg a limit of stable rocket operation:

(4p) o 1

Pe te\2
24/1 + (-t—o-)

where

Q&p)cr critical pressure drop in propellent feed system at which
chugging can occur

Pe gbsolute rocket combustion-chamber pressure

te combustion-chamber time constant equal to twice characteristic
length divided by characteristic exhaust velocity

to period of oscillations, seconds per radian

The acceleratlons of fluid masees in the propellant feed lines during
transients were neglected.

A totally different explanation of chugging, based on the premise
thet combustion instability must attune itself to the resonant fre-
quency of the combustion-chambher cavity, is advanced in reference 6. An
equation for the frequency f of the chugging oscillation for the
fundamental mode of the chamber vibration is given in reference 8.
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where
r'e ratio of specific heats of gas in rocket chamber

c* characteristic exhaust velocity defined as effective exhaust
velocity divided by nozzle-thrust coefficient

* characteristic length defined as volume of rocket combustion
chamber divided by nozzle-throat area

Comparison of experimental results with the frequency predicted by this
equetion Indicates good agreement. The chugging frequency is considered
independent of the propellant feed line and the injector system with

the exception of certain types of injectors which may cause complex
modes of resonant instability in the chamber,

Early analyses of chugging did not readily show the effects on the
chugging chearacteristics of a rocket engine of varying the rocket design
and opereting perameters. Reference 6, however, indicates the effect on
the chugging frequency of varying characteristic length and characteris-
tic exhaust velocity.

In order to galn insight into the effects of rocket design and
operating parameters on chugging characteristics, a brief series of
experiments with a 300-pound thrust acid-heptane rocket with a
pressurized-gas propellant pumplng system was conducted at the NACA
Lewis leboratory. In addition, a simplified anslysis wes made of the
chugging instability of a monopropellent rocket engine. This analysis,
completed in 1949, was based on the premise that chugging is caused by
an out-of-phase coupling between the f£fluid flow of the propellant feed
system sand the combustion process in the rocket chamber. The experl-
mentael results of varying operating and design parameters were compared
to the trends predicted by the anelysis. The time delay between pro-
pellant injection and combustion, which was postulated in the analytical
development, was experimentally measured, and the effects' of varying
chanmber characteristic length, rocket cambustion-chamber pressure,
injection velocity, and oxident-fuel ratioc on the chugging frequencles
were experimentally investigated. The results of the experimental in-
vestigation, which are compared with the analyticelly predicted trends,
are presented in the appendix.
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ANATYSIS OF LOW-FREQUENCY CCMBUSTION VIBRATIONS

The analysis is based on the concept of an out-of-phase coupling
between the propellant flow and the rocket combustion-chanmber pressure.
This concept can be i1llustrated by considering the simplified mono-
propellant rocket engine shown in figure 1. A pressurized gas is used
to pump the liquid monopropellant. Under steady-flow conditions the
combustion-chanber pressure ls established by the gas pressure in the
propellant tank, the pressure drop in the propellant feed system and
across the injector orifices, and the pressure drop across the rocket
exhaust nozzle. If the combustion-chamber pressure is momenterily
lowered an increase in propellant flow will occur which will tend to
re~-establish equilibrium conditions. The rise in propellant flow, how-
ever, will not occur simultaneocusly with the drop of chanber pressure
because of 1lnertis of the fluid in the propellant feed line. This delay
i1s hereinafter called the inertia time lag. The delayed propellant-flow
incresse results in an increased cambustlon rate after a second signi-
ficant time delay due to injectiocn, impingement, mixing, wvaporizing, -
preignition reactions, lgnitlon, and combustion. This second time delay
is called the combustion time delay. Because of the necessity of
charging the chamber volume with gas, the incressed coambustlon rate
results in corresponding increased pressure only after a third time
delay, which will he celled the charging time lag. During these time
delays, an excess of propellant enters the chamber. Therefore, when the
pressure doeg rise it exceeds the velue necessary to restore equilibrium
operating conditions. The high pressure eventually causes the propellant
flow to drop below normel, with a subsequent lowering of chamber pres-
sure. Thus 1in the absence of sufficlent damping a cycling condition of
propellant flow and combustion-chamber pressure can become established.

2243

The analysis ylelds an expression of the following form (2ll sym-
bols are defined in sppendix B)

-t fgt) + B2 git) +cr(t) + £(t - 8) =0

dt -

The solutlion of this expression for steble chugging operation can
be found in two similteneous equations: =

wmnz + C+cosa@ =0
By - sin w8 =0

The two simultaneous equations yield unlque soluticns for the com-
bustion time delay & and the cycling frequency o in terms of the
constants A, B, and C, vwhich are dependent on the rocket-engine
configuration and operating conditions. The values of @ and
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represent the minilmum combustion time delay which will permit the

rocket engine to sustain chugging and the corresponding maximum chugging
frequency; that is, these solutions represent the condition at which
the amplitude of the chugging oscillations will be neither amplified nor
denmped. Chugging with longer combustion time deleys at lower cycling
frequencies is possible, but in this case the chugging smplitude theo-
retically will increase wlth each cycle, and the equations of the
analysis will no longer apply. If the combustion time delay is less
than the critical value, any disturbance in the pressure or flow will
be damped and will soon die out.

The gnalytical equations describe a "feedback" loop circuit.
Because the combustion time delay was assumed constant the "gain" or
amplification of the loop is accomplished by a proper phase relation
between flow and pressure change. Amplification or gain by other
processes is not considered.

The analysls does not provide means for predicting experimental
combustion time delays; its value lies in the determination of the
critical combustion time delay which will permit chugging and the indi-
cation of the probable effects on the critical combustion time delsy of
changing rocket design and opersting paremeters.

Complete derivation of the analyticel equations, the assumptions
on which the analysis is based, asnd the chugging trends predicted for
an acid-heptene rocket for a typlcal range of rocket design and opera-
ting conditions are given in sppendix A.

EXPERTMENTAT, INVESTIGATION OF COMBUSTION INSTABILITY
Apparaetus and Instrumentation

The rocket engine used for the experimental investigatlon of chug-
ging was 8 300-pound thrust uncooled rocket with white fuming nitric
acid and comercial n-heptene as propellants. Two rocket chambers were
used; one with a characteristic length of 100 inches and the other with
a characteristic length of 200 inches. The intermel diameter of both
chambers was four inches. The injector comprised four palirs of
heptane~on-acid impinging-type Jjets. BSeversl sets of orifices of 4if-
ferent orifice diameters with acid and fuel orifices matched so as to
maintain an approximately egual ratio of acid injector orifice area to
heptene orifice area were employed.

The rocket installation, which is shown diagrammatically in fig-
ure 2, used high-pressure helium to pump the acld and heptane to the
rocket chamber. Ignition was accomplished by filling the heptane feed
line with furfuryl alcchol. before firing. '



6 CONFIDENTIAT NACA RM E51G11

Instrumentation included an electromagnetic induction flowmeter
capable of following flow surges up to about 100 surges per second
(reference 7). This meter was installed in the acid feed line sbout
two feet from the rocket engine., Conbustion-chamber pressure was
detected by a variable-capacitance type diasphragm pressure detector.
The outputs of these Instruments, neither of which has any eppreciable
inherent signal lag, were fed to two oscilloscopes and recorded simml-
taneously on a moving-fiim camera. These films provided a time-sequence
record of the instanteneous acid propellant flow and the instantaneous
combustion~chember pressure as well as g record of the duration of each
pressure snd flow pulse (chugging frequency).

Pressure taps at both propellant tanks, Just upstream of the injlec-
tion orifices, and in the combustion chambers, were led to Bourdon-tube
recording pressure gages. Thrust was deteeted by & strain-gege pickup
and recorded by & self-balancing potentiometer.

Propellant consumption was estimeted from welghts of the propel-
lants before and after each run. The duretion of experimental test runs
was from 10 to 15 seconds. '

Procedure

A series of experimental test runs was made with each of the two
rocket-engine chambers. In one: series of runs the combustion-~chanber
pressure was varied by adjusting the propellent-tank pressures. For
each rocket englne configurstion, chugging runs at several oxidsnt-fuel
ratios were made by adjusting the pressure setting on the heptane tank.

RESULTS AND DISCUSSION

The rocket-engine instrumentetion permitted the experimental mea-
surement of the time lag during chugging between change of propellant
(ecid) flow and change of combustion-chember pressure, as well as the
chugging frequencies and the mesn tenk, injector, and chamber pressures.
A typical flowmeter and pressure trace is shown in figure 3. The flow
rate of the acid is proportional to the amplitude of a 400-cycle carrier
wave. The chamber-pressure verliation is indicated directly by the lower
trace. The relations between change of flow aend change of pressure are
in accordance with the postulated concept that a time intervel exists
between propellent injection and combustion. A study of the data at
staerting of a run where a time datum for the flow and pressure traces
was available Indicated that each change of pressure corresponded to the
immediately preceding change of flow; that is, there were no mmltiple-
phase relations between flow and pressure in the experimental chugging
runs. Because of difficulties experienced in the maintensnce of the
electromagnetic flowmeter the major part of the experimental data is
presented in termg of the more easlily determined chugging frequency.

CONFIDENTTAT,
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Chugging frequency. - The chugging frequency during the course of a
typical chugging run is plotted in figure 4. Data points .corresponding
to each of the first three chugglng cycles and then to an average of
each succeeding five cycles are shown. The first few chugging waves at
the start of & run were of low frequency and considerable pressure
amplitude. The waves rapidly increased in frequency during the first
one~half second, then decreased somewhat during the following second to
a sustained frequency which increased progressively by about five per-
cent during the run. At the end of the run, apparently after the pro-
pellant valves had bhegun to close, the chugging frequency again
increased.

Other runs showed a similar pattern of chugging frequency during an
experimentel run. The low-frequency, high-amplitude starting pulses
were present in all runs, whether or not sustained chugging occurred.
When chugging began after a period of nonchugging operastion, & pressure
variation of small amplitude end irregular frequency approximately twice
the chugglng frequency was perceptible in the pressure trace Just before
chugging began. This pressure variation dropped in frequency to the
sustained or "normel" chugging frequency with a great increase in
amplitude at the onset of chugging. Sustained chugging of low amplitude
never occcurred. The chugging frequency sbout halfway through the sus-,
tained chugging part of the run was srbitrarily chosen as the "no
chugging frequency end this is the chugging frequency used in further
plots of the data.

A number of experimental runs began with no apperent rocket chug-
ging then broke into chugging. A comparison of recarded Bourdon-gage
pressures and thrust measurements for these runs before and after chug-
ging showed a drop of ebout 10 percent ir both average combustion-
chember pressure and in mean thrust under chugging conditions. Com-
parison of runs In which chugging occurred with runs at similar pressure
settings and oxidant-fuel ratlios in which chugging did not occur indi-
cated increased propellent consumption and a decrease of specific
impulse of more than 10 percent under chugging conditiouns.

Combustion time delay. - The experimental time delay between injec-
tion and combustion, 6 1n the theoretical anslysis, was evaluated by
averagling the measured time lags between flow maximums and pressure
maximms, £low minimms and pressure minimums, and between both the
increasing and diminishing mesn flow and mean pressure values. The lag
of the combustlion~chamber pressure change behind the burning rate due
to the necessity for changing the chanber volume was estimated from
equation (A7) of the sppendix and was subtracted from the measured time
delay between flow and pressure response to find the combustion time
delay. These combustion time delays for two rocket chambers of 4irf-
ferent characteristic lengths at a chamber pressure of epproximately
270 pounds per square inch absolute are shown as related to the experi-
mental chugging freguency in figure 5. The data for a 200-inch charac-
Teristic length rocket chsmber correspond to several different sets of
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injector orifices, The combustion time delay decreased with increasing
chugging frequency, and had velues hetween 0.0027 and 0.0037 second for
the 100-inch characteristic length rocket chamber and between 0.0052
and 0.0093 second for the 200-inch rocket chamber.

Shown on this same figure is the varistion of the eriticel combus-
tion time delay 6 with chugging frequency, based on the theoretical
analysis. The dashed line shows the varistion of chugging freguency
with caombustion time delsy for engines of various characteristic
lengths, but otherwise corresponding to the setup and opersting condi-
tions of the experimental engine. The experimentally observed combus-
tion time delays sre shorter then those predicted by the equations for
corresponding chugging frequencies, although the curves follow the same
trends. The combustion time delays observed for the 100-inch charac-
teristic length rocket chember were approximstely one-half the values
celculated from the asnalysis.

Effect of rocket combustion-chanber characteristic length. - The
effect of rocket engine characteristic length L* on the chugging fre-
quency is shown iIn figure 6 for two rocket motors of different lengths
but otherwlse identical, that 1s, wlth the same injection heasd, chember
diameter and exhaust nozzle, and operated at approximstely the same
chamber pressure. Plotted in this same flgure are pointe celculated
from the theoretical analysis. The experimental end analytical chugging
frequencies in this case agree very closely. For example, the anslyti-
cal chugging frequency for a characteristic length of 100 inches was
37 cycles per second; the experimentally obtained value was 38 cycles
per second. The experimental chugging frequency decreased as the char-
acteristic length was increased, as predicted by the analybical
development. '

Because there is no obvious reason for the actual combustion time
delsy to be affected by change in chember cheracteristic length it mey
be deduced that at the onset of chugging the mean combustlon time delay
seeks values which will permit chugging. Once initiated, the adjusted
combustion time delay for the same injector configuration is different
for rockets of various characteristic length. The mean combustion time
delay during chugging is also influenced by the perticular injector cone
figuretion and to some extent by the amplitude of the chugging, as will
be discuesed.

Effect of throttling. - The experimental effect of varying the
corbustion-chamber pressure and thrust of a rocket engine by decreasing
the pressurizing gas pressure 1s shown in figure 7. The experimental
points indicate that the chugging frequency decreases with decrease in
chamber pressure and thrust. This result is in' contradiction to the
theoretical prediction. Results of calculations based on the anelysis
for a fixed configuration corresponding to the experimental rocket are
shown on the plot as a dashed line. The fact that the ratio of the
propellant-feed-system pressure drop to the absolute chamber pressure
varies with the pressure for & fixed rocket configuration was taken into
account 1n plotting the theoretical curve. The Iincrease in pressure
drop to chamber pressure ratio Ap/bc was considered proportional to
the increase in chamber pressure.

2243
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The lack of correlation between the experimental and analytical
chugging frequenciles can be atitributed to the following simplifying
assumptions: (1) the combustion time delay is inveriant throughout the
chugging cycle, and (2) the chugging amplitudes are small. That the
combustion time delay is unchanged under the changing flow and combus=-
tion pressure conditions existing during the chugging cycle is unlikely.
In addition, the observed chugging emplitudes are high and probably
limited by secondary or nonlinear damping effects or terms which do not
appear in the analytical derivation, for example, the increase in
propellant-feed~system pressure drop with increased amplitude of pulsing
flow. Therefore, the experimental chugging rocket will not necessarily
behave in accordance with the analytical equations bubt will be governed
to some extent by those factors which were assumed negligible in the
analysis in order to permit mathematicel solution.

For a fixed rocket comfigurstion, the injection and combustion of
propellants are probably improved at higher chamber pressures and the
combustion time delay would diminish. Thus increasing combustion-
chamber pressure may increase the chugging frequency as observed for the
experimental rocket.

Another factor which may affect chugging when the injection pres-
sure drop and the chamber pressure are increased is the change in over-
all combustion efficiency or specific impulse. A decrease in specific
impulse decreases the chugging frequency for sustained chugging, in
accordance with these cobservatlons. For the conditions of similar line
length and fluid velocity, the analysis predicts that changing thrust
would have no effect on chugging conditions. This conclusion is sup-
ported by reference 6 as well as the work of other Investigators.

Effect of injection veloecity. - Chugging frequencies for a number
of different injector orifice sets in a 200-inch characteristic length
rocket chamber are plotted in figure 8 against the velocity of the acid
jets. The datea points show that as the velocity of the Jets was
increased the chugging frequency increased. Since the pressure drop
across the in)ector orifices increases with increased velocity of the
injection jets, the experimental chugging frequency can be said to
increase with increased injector pressure drop. Again this relation is
contrary to the theoretical prediction (shown as a dashed curve in fig-
ure 8).

It is generally sccepted that the combustion process may be
affected by the injection process and that better atomizing and mixing
can be accomplished by increassed Injection velocities. Thus the mean
combustion time delay probably diminishes with increased injection velo-
city and the chugging frequency may Iincrease. A change in combustlion
efficiency or specific impulse resulting from increased injector pres-
sure may be a partisl explsnation of the observed results.

.
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Effect of oxidant-fuel ratio. - Figure 9 is a plot of the chugging
frequencies of several rocket-engine configurations, essentially several
different injector orifice sizes, against over-all oxidsnt-fuel ratio.
These data are for the 200-inch rocket coperated at a chamber pressure
of gpproximately 280 pounds per square inch absolute. The plotted data
points indicate that the chugging frequency for each rocket configure-
tion is substantielly independent of oxldant-fuel ratio at constant
rocket-chamber pressure. The analytical approach is based on a mono-
propellant model, consequently it affords no information of the effect
of oxidant-fuel ratio.

The fact thet most rocket engines involve two propellants and cor-
respondingly, two propellant systems introduces complications. The
propellant systems are not likely to have similar dynemic characteris-
tles; consequently a periodic variatlion during the chugging cycle of the
oxidant-fuel retlio delivered to the combustion chamber probably occurs.
If the rate of combustion of the propellants is a sensitive function of
oxidant-fuel ratio, as well as of chamber pressure and temperature,
which are functions of the oxident-fuel ratio, then the cawbustion time
deley will very throughout the chugging cycle. Thus, it is evident that
ary stability criterion for the occurrence of chugging which is based
strictly on pressure drop and feed system and chanber dimensions ¢f the
rocket engine without regard to the combustion process occurring in the
engine mey yleld mislesding indlcations. If the variation of the com-
bustion rete is greater than the variation of the flow rate, the vary-
ing cambustion rate can supply additional "gain" or amplification to
the cycle to promote chugging under conditions for which, according to
the analysis, chuggling should be damped out. This factor may account
for the intensity of some chugging runs.

Variation of chugging frequency with amplitude of chamber pressure
fluctuations. - It was observed that when the chugging frequency for a
particular rocket configuretion varied during a run or from run to run
there was a corresponding variation in the amplitude of the pressure
fluctuations. The differences between meximum end minimum chamber
pressures end the chugging freguencles for corresponding points are
shown for a chugging run in figure 10. This chugglng frequency
decreased when the pressure differences increased.

The amplitude of pressure fluctuations for a number of runs of two
rocket~-engine configuratlions, different only in the sizes of the injec-
tor oriflces, are plotted in figure 1l against the normsl chugging fre-
quencies. The chugging frequencies again decreased when the pressure
fluctuations increased.

Large chamber-pressure fluctuations can occur during chugging
operations., Pressures differences of 550 pounds per square inch at an
average chaniber pressure of 260 pounds per square inch have been
observed during normel chugging.

S
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Because this anslysis is based on the assumption that the pressure
fluctuations are negligible campared to their mean values, the effect
of pressure amplitude on the chugging conditions is not predicted. How-
ever, if the chugging frequencies are in part dependent on the relative
dynemic charscteristics of the oxidant and fuel feed systems a chenge
of amplitude will affect the chugging frequency. More intense chugging
would probably increase the mean cambustion time delay which would
result in reduced chugging fregquencies, as indicated by the experimental
data.

Evaluation of the anslysis. - The concept of time delay between
injection and combustion of the propellants ls confirmed by the mea-
surements of the time delsy between change of scid flow and change of
cambustion-chaember pregsure. The analysis, based on this concept as a
ceuse of chugging, gave calculated chugging frequencles of approximately
correct magnitude and correctly predicted some trends of varying the
rocket design and operating parameters. The agreement of magnitude of
the predicted and observed chugging frequencies can be considered for-
tuitous in view of the simplifying assumptions msde in deriving the end
equations. Among the factors not previously discussed are: (1) the
campressibility of the propellant and the flexibility of the propellant
feed lines, both of which will permit oscillating conditions at higher
frequencies, (2) the time for a pressure surge to travel from its point
of origin to the nozzle, a factor of increasing importance at higher
frequencies and for larger rocket chambers, (3) reflecting pressure
waves in the chamber, (4) the inertia of the gas in the rocket chanber
and nozzle, (5) nonisothermal conditions in the chanmber during a chug-
ging cycle, and (8) any accelerations of the rocket engine as a unit.
Despite limitations imposed by these assumptions, the basic concepts
of the anslysis seem to be well founded and mey lead to better under-

standing of the chugging phenomenon.

Although chugging of rocket engines has occurred primerily at low
feed-system and injector pressure drops the snalysis indicates thai
stable operation at low pressure drops can be accomplished 1If the com-~
bustion time delsy is sufficiently short. The actual combustion time
deley probebly has values of different magnitudes for different propel-
lant conbinations and injection methods; consegquently, different chug-
ging conditions and regimes will occur for different propellant combina-
tions and for different injection methods.

SUMMARY OF RESULTS

Experimentel runs with a 300-pound thrust acid-~-heptane rocket
engine having a pressurized-gas propellant pumping system showed:
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1. Chugging frequencies of sbout 38 cycles per second were obtalned
for a 100-inch characteristic length rocket engine at a chamber pressure
of 280 pounds per square Inch. A frequency of 37 cycles per second was
calculated from the analysis for this rocket engine.

2. Increasing combustlion-chamber characteristic length decreased
the chuggling frequency, as predicted by the analysis.

3. Increasing chanber operating pressure (fixed configuration) or
increasing propellant-line pressure drop increased the chugging fre-
quencles. These trends were Incorrectly predlcted by the analysis; the
disagreement is attributed to the simplifying assumption of constant
cambustion time delay.

4. No apparent effect of oxidant fuel ratio on the chugging fre-
quency for acld-heptane ratios from 3.0 to 7.0 occurred. No effect is
predicted by the analysis which assumes a monopropellant system.

5. The chugging fregquencies decressed with increased amplitude of
chugging. The analysis mskes no predlection of the effect of pressure
smplitude on chugging trequency because the pressure fluctuations were

assumed negligible.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronauties,
Cleveland, Chio.
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APPENDIX A

ANATYSIS OF LOW-FREQUENCY VIBRATIONS

The fundamental concepts on which the analysis of low-frequency
chugging vibrations are based are discussed in the main body of this
report. The analysis is based on the concept of a hydraulic coupling
between the flow of a monopropellant fram lts storage tank to the rocket
chamber and the rocket combustion-chamber pressure. Surges of the pro-
pellant flow and the chember pressure are promoted by a time interval or
lag between each change of propellant flow and the corresponding change
of pressure. This time interval comprises (1) the delayed response of
the flow to any change of chamber pressure due tor the inertia of the
fluid, called the inertis time lag, (2).a time delay between propellant
injection and actusl cambustion, called the cambustion time deley, and
(3) a time difference between a change in combustion rate and the cor-
responding change in chanber pressure, caelled the charging time lsag.

Although the inertias time lag and the charging time lag can be
expressed mathematically as functions of the feed line and chamber geo-
metry and the chugging frequency, this eanalysis assumed that the com-
bustion time delay is constant because of lack of information on the
dynamics or kinetics of factors which influence it. Probably the com-
bustion time delay is influenced by factors such as varying degrees of
atomizetion, mixing and vaporizing due to variation in the injector
pressure drop with the propellant flow surgese and by the varying com~
bustion chamber pressure. Some interpretation of the parameters which
determine and influence chugging is possible desplite the limitaetions
imposed by the assumptions.

ASSUMPTTONS

The cycle can be treated mathemstically for a monopropellant if the
following assumptions are made:

(1) The liquid propellant burns instantly into gaseous products at
g definite time after being Injected into the rocket cambustion chamber,
that is, the combustion time delsy is constant.

(2) The propellant has negligible volume while in-the unburned
phase in the combustion chamber.

(3) The amplitudes of the cyclical variations in combustion-
chamber pressure and propellant flow are small compared to their mean
values and the variations in flow can be expressed by sinusoidal egqua-
tions.
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(4) The propellent 1s incompreseible and the propellant feed system
inflexible.

DERIVATION OF EQUATIONS

The first asgsumption implies that the rate of cambustion of the
propellant at time +t 1is equal to the rate of propellant injection
into the rocket combustion chamber at some previocus time (t - 9).

W, at (t) = W; at (t - 6) (a1)

The gaseous combustlon products in the rocket combustion chamber
are proportional to the combustion-chamber pressure. The volume
occcupled by the unburned propellants 1s considered negligible (assum@-
tion (2)) and the combustion temperature is considered constant. The
smell vaerietions in the chamber pressure (assumption (3)) are considered
not to affect the combustion temperature

Ve Pe
mg= RTC=K1PC (AZ)
differentiating
dm dp
—£ _ K < A%
at 1 3t (43)

If the inflow and outflow of gas in the rocket combustlon chamber are
considered

dmg

et W, - Wg (A4)
If (A3) and (A4) are combined

dp,
- W, = K ——
Wp - Wg = Ky o7 (a5)

The flow from the rocket exhaust nozzle Wg depends on the com-
bustion gas density which, with constant temperature cambustion gas, is
proportional to the chamber pressure -

WR = Kz PC (Ae)
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If (A5) and (A6) are combined

clpc :
w:b = KZ Pe + Kl dt (AT)

The chamber pressure can be expressed in terms of the propellant tank
pressure and fuel-system pressure drops. The Instantaneocus pressure
drop from the rocket propellsnt tank to the combustion chamber comprises
three terms: (1) the drop across the propellant injection orifices,

(2) the friction in the propellant feed line, and (3) the inertia of
the propellant in the feed system.

The injection-orifice pressure drop has the form of an orifice
equation

W; =Kz (pg - pc)l/2 (48)

The gerneral form of the friction pressure drop is
Fve 1l
App = ¥ P (49)

This equation applies only in the turbulent region of fluid flow.
At high Reynolds numbers such as occur in the propellant feed line the
friction faector £ 1is a relatively insensitive function of fluid velo-
city and may be consldered constant for small variations in propellant
flow (essumption (3)). Equation (A9) then becomes

Op, = F va (A10)

The difference between the pressure force from propellant tank to
Injector orifice and the force required to overcome friction in the
line is due to inexrtia forces

(pt-pi)—Fv2=Eél% (A11)

The equation for the pressure drop from propellant tenk to com~
bustion chamber is then

N:I.2 1 dv
- = 2 . P
Py Po = = + F ve + at (AlZ)
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But since
W-
i
v = vy (A13)
and
aw
av 1 i
dt = pa 4t (A14)

the chamber pressure is

Wwia Wi \e aw.
_ 1 1 7 aWy
Pe =Py =73 ~ Fl<pa) T ga dt (A15)

If the instantaneous flow rate Wy 1s assumed to comprise a
steady flow W, and an unsteady term represented as a function of time

Wy =W, + £(%) (ars)
Wi2 = W2 + 2w, £(%) + £2(%) (a17)
Assumption (3) permits the term f£2(t) +to be neglected.
Equation (Al5) then becomes
2 2
_ WS W £(t) _FW,S 2 W £(t) _1af(t) g
Pe = Py z z 2 2 ge ~ dt
Kz Kz (pa.) (pa)
and
Gpe 2o af(t)  ZF W, gr(t) 1 aPe(x) (A19)
at T g2 g¢ (pa)2 4t ga g2
3 ea
I
Wy =W, + £(t)
Then from equation (A1)
W, = Wy + £(t - 8) (A20)
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Equation (A7) can be combined with equations (A18) and (A19)

2 2
Wy 2W, £(t) F W, ZF W, £(t) 4 ar(t)

Wo + £(t - ) =Kp |pg - —5 = z z " 2 " ea dv
K3 K3 (pa) (pa.)
K | - 2o ae(t) 2F Wo ag(t) _ 1 a%e(t) (az1)
k2 (oa)2 Ot B2 .2

which can be rewritten

2 oW 2F W
l-ld'—fét—)-+ Kl—g-+Kl—%+K2-z'- d§£t)+
g2 gt Kz (pa) gs

2Wo 2F Wo

K + K. £(t) + £(t - @

(szz 2 (pa)z) ( )

ko e KTV (azz)
27 T ks % (pa)? °

The right hand side of this equation can be shown to equal zero by
using mean values in equation (A15)

2 2
— . W2 FW,

Py =P =—%7t
K32 (Pa)z

(a23)

Multiplying all terms by K, and combining with equation (A6)
yields
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2 2
Ko W FW
- 2 "o [}
Ko Py - — - Ky = - W, =0 (A24)
Kz (Da)
The remainder of equation (A22) can be written
2
a2 di 19 Bd—fﬁ;@l +ce(t) + £(t - 8) =0 (a25)
where
K 1
A= —= (a26)
ga.

Ky oW, ¥y W, Kpl

B = + (A427)
Ksz (pa)z ga
Ko 2W Ko 2F W
c=[-E =2+ 2 =2 (A28)
K3 (p&)

Equation (A25) governs chugging vibrations in the rocket combus-
tiop chamber provided the assumptione are valid and can be solved 1f
£(t) is assumed to follow a sinusoidel curve such that

£(t) = SePt sin wt (A29)

If n is positive the vibrations will have increasing smplitude;
if n 1is negative the vibrations will be damped. S 1is an amplitude
factor.

The term e®Y can be expanded into a series

(mt)? , (nt)®

= Zt e . (A30)

et =1 4+ nt 4

Because interest for the case of sustained chugging vibrations lies
in values of n near zerc all terms beyond nt in equation (A30) can
be dropped.
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Then
£(t) = 8 sin wt + S nt sin wt (A31)
-d'—gé—-[:—)-=8cucoswt+80)ntcoswt+8nsinwt (A32)
a? £(+) 2 2
3 = = 50" sin wt - SW™ nt sin ot + Son cos ot + Sun cos @t
at

(A33)

£f(t - 8) = (1 + nt - nd) [s sin (ot - a:e)] (A34)

£(t - 08) = (L + nt - n8) |8 sin wt cos w9 -~ S cos wt sinme]
(a35)

Substituting these values in equation (A25) and. combining terms
with like coefficients of + gives

[—Aa)2+Bn+C+(l-n6) cosaJB:I sin ot +
[2Aan+Bcb-(l-n9) sina)e:lcosart+
[:-Aw2+c+cosa)6:|nt sin wt +

Eaaa—sinme] nt cos wt = O (A36)

Because the equation 1s valid for all velues of t +the coefficlent
of each term must be independently equal to zero.
Evaluation of Constants

The constants A, B, and C must be evaluated in terms of com~
monly used rocket parameters.
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From equation (A26)

Ky 1
A = —x
ga
m, Vo P
Ky = =8 =22 (437)
Pc Pc

Because the volume of the combustion chamber is equal to the character-
istic length times the throat ares of the rocket nozzle

* p
Ky = 2.8 e (a38)
Pe

From isentropic nozzle flow theory

W
By = —— (A39)
Pt %
Where
or =] 2L gRT_c (A40)
t AN Y+ 1 M
and 1
2 Y-i
oy = B, ('r n 1) (a41)
Thus
W
8y = = (aa2)
r+l
— -1 Te
Pe r+1 TeR M
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Therefore
IL* W
Ky = o (a43)
r+L
— 2 T_l Tc
Pe (T + l) TeR ™M
and
L*W
A= ° L (Ads)
[ T+l &

0

— / 2 T-l T
Pe 4 rY+1 YeR 3

Combining equation (A27) with equations (A43), (A8), and (A8)

21* P F o1 W
B = E(i-pc)+—2wo]+l}—°g7'—a (a45)
/ T+1 L (pa) c
-1 T
— 2 Y c
Pe /'\/(m) TeR 3r
Combining equation (A28) wilth equations (A8) and (4AS6)
¢c=L2 (-5 + = 5 W02] (A46)
P, (p2)* ° ]

The expressions for the constants B and C Involve an expres-
slon

F W2

(pa)?

(p; - B,) +

This term comprises the pressure drops from the tank to the com-
bustion chember. Evidently, if incompressible fluld and inflexible
propeliant feed lines are assumed, the pressure drop in the feed lines
can be added to the injector pressure drop.
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(P1 - B5) + F V2 = Ap (A47)
Thus
* —_ Wo 1
B = 2L 5D + = (Ae8)
T+l pc ge
—_— 2 ‘r-l Tc
pc r+ 1 TeR M
and
2 —
C =—Ap (A49)
Pe

SUMMARY AND DISCUSSION OF EQUATIONS

The analysis ylelds an expression of the following form for chug-
ging in a rocket engine

2
AS ﬂzt) + 82 fét) + Ce(t) + £(t - 6) = 0 (425)
dt

This expression for chugging operation in which there i1s no change

in chugging amplitude can be solved by using two simuwltaneous equa-~
tions

..Aa)2+C+cosw6=0

By -~ gsin w8 = 0
where
e combustion time delay, sec

w chugging frequency, radians/ sec
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*w
A= o L (Ass)
T+1 ga
—_ ( 2 yr-1 Te
Pe T+ l) ™M
* T W
B = 2L &p + = é (a48)
T+L Pc
-1 T
—_ 2 c
Pe (‘r + l) TER ™M
2 Ap
c===L (A49)
PC

Solution of the two simultaneocus equetions yields values of the
combustion time deley €@ and the cycling frequency ® which delineate
the chugging from the nonchugging conditions of rocket operation and
correspond to operation at a condition where no change of chugging
amplitude occurs. The calculated value of the cambustion time delay
represents the minimim combustion time delsy at which chugging can be
sustained. Chugging at longer combustion time delays is possible butb
the chugging emplitude will increase with each cycle or will bhe limited
by secondary or nonlinear demping terms which do noct appesr in the equa-
tions and the equations of the analysis would no longer epply.

The equations describe a feedback system in which no emplification
or gain of the feedback loop is accomplished except through the hydro-
dynamics and phase relations of the system.

Application of Analysis

A typical example has been set up and the equetions applied to
determine the effect on critical combustion time delay and stable chug-
ging frequency of changes in the following veriasbles: ratio of propel-
lant feed-line pressure drop to the rocket-chamber pressure, character-
istic length, combustion-chamber pressure, propellant feed-line length
and area, and thrust.
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Values of rocket operating and deslgn parameters are listed in the
following discussion. The results are plotted in figures 12 to 21 in
terms of the varilation of the critical combustion time delay and cal-
culeted chugglng frequency as functions of the parameter varied.

The following conditions were chosen as standard, some of which
were teken.from the experimental performance of white fuming nitric
acld and heptane:

Ratio of specific heats, ¥. « « ¢« « « « e e« a4 & ¢ o 2 s« e« « 1.22
Ratio of combustion temperature to molecular weight by

propellant - gases, To/M, °R/fmol. . . . . . . . . .. ... ... 214
Specific impulse, I, Ib-8ec/Ib. « « o o « « « o « o ¢« « + « « + o 187.5
Propellant density, p, 1b/c ££ ¢ o v & ¢ 4 ¢ & ¢ ¢ & + 0 o 4 0. 93
Universal gas constant, R, ft-lb/oR/mol e e e e e e e e e e . 1544

These parameters were fixed and the following parameters were
varied to determine their effect on the predicted vibration range. The
values listed are those used when that particular parameter was not
being varied.. The following parameters were those corresponding to the
300-pound thrust acid-heptane experimentel rocket engine.

Rocket engine thyust, T, 1b. . . . . . e o s e % e e s 300
Combustion-chamber pressure, Pes lb/sq in abs. “ e e s s s s 300
Characteristic length, L¥*, In. « ¢« + + + ¢ ¢ ¢ « o « o« o o s o &« 100
Length of propellent feed line, T, £t. « ¢« ¢« ¢ ¢ ¢ ¢ ¢ ¢ « « s & 4
Cross~sectional area of propellant feed line, a, gq in. . . . . 00,2485
Pressure drop due to friction, 4Ape, Ib/sq INne &« v 4 e ¢ ¢ o s 4 20

Effect of change of the ratio of total propellant feed-system
pressure drop to the rocket combustion-chamber ebsolute pressure. - The
effect of change of the ratio of total propellant feed-system pressure
drop to the rocket combustion-chamber absolute pressure A@/pc is
shown in figures 12 and 13. The figures show that the critical combus~
tion time delay will increase and the stable chugging frequency will
decresse as the ratio Ap/pc 1s increased. Figure 12 indicates for

each value of Ap/pc & minimm cambustion time delay for chugging to

occur. Figure 12 indicates that the combustion time delay becomes
infinitely large and the stable chugging frequency spproaches a value
of zero as the ratio of A@/pc approaches a value of 0.5. A practical
limitation 1s realized before this condition cen pertain, however. The
maximum values which the combustion time delay € can have are uncer-
tain but they must be less than the "stay time"™ of the propellsnt in the
rocket chamber; that is, they must be less than 0.0l second for most
rocket configurations. The analytical derivation shows that if the
conbustion time delay is sufficiently small (0.003 sec for the rocket
configuration for which the analytical results are plotted) the

rocket cannot chug at any wvalue of Ap/pc.
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Effect of varying characteristic length. - The effect of varying
rocket chamber characteristic length L* is shown in figures 14 and 15.
The family of curves plotted are for an acid-heptane rocket with total
propelliant feed-system pressure drop equal to 0.3, 0.2, and 0.1 of the
chanber pressure.

The curves delineate the chugging end nonchugging regions. Fig-
ure 14 indicgtes the combustion time delay for stable or sustained chug-
ging with no emplitude change. Figure 15 shows the corresponding chug-
ging frequency. An increase in the characteristic length causes an
increase in the criticeal combustion time delay factor and a decrease in
the corresponding chugging frequency for stable chugging operation.

This combustion time delay increase is In addition to the Iincrease in
cherging time of the chamber.

The chugging frequency for stable or sustained chugging for =
rocket chamber characteristic length of 25 inches at A@/pc = 0.2 with
other parameters as listed in previocus discussion was 52 cycles per
second; for a characteristic length of 100 inches the frequency was
37 cycles per second; for 200 inches the frequency was 27 cycles per
second.

Bffect of varying rocket combustion-chamber pressure. - The effect
of verying the rocket combustion-chamber pressure is considered for
(1) a roeket configuration in which the thrust is kept constant, and
(2} throttling a fixed rocket configuration by changing the pumping pres-
sure in which case the engine thrust as well as the pressure ls varied.

The effect of varying the rocket combustion-chamber pressure on
the chugging frequency of a rocket engine configuration in which the
thrust is kept constant by adjusting the nozzle throat ares (and the com-
bustion chamber volume so as to maintain constant IL*) is shown in fig-
ures 16 and 17, The constants used in the equations neglect the change
in specific impulse with increased rocket chamber pressure. For this
case the analysis predicts that as the combustion-chamber pressure is
increased the critical combustion time delay for sustained chugging will
decrease; that is, the chugging frequency will increase. Figure 16 shows
that the critical combustion time delay decresses as the rocket chamber
pressure increases., If the combusiion time delsy remains constant as the
operating pressure is increased then chugging is more likely to occur at
higher chanmber pressures; that is, if the rocket configuraetion used for
this illustration has a combustion time delay of 0.004 seconds and a
A@/pc ratio of 0.2, then chugging may occur if the chamber pressure is
400 pounds per square inch or greater. However the actual combustion
time delsy probably decreases as the chamber ﬁ&essure increases. The
computed stable chugging frequency for the assumed rocket configuration
for A@/pc = 0.2 wes about 16 cycles per second at 100 pounds per square
inch absolute; at 1000 pounds per square inch it was 66 cycles per
second.

For a rocket engine of fixed configuration which is throttled by
changing the tank pressures, figures 16 and 17 do not apply. For a fixed
configuration, varying the chember pressure changes the thrust and the
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velocity of the propellant flow in the feed line as well as the ratio

of Ap/pc. For a constant ratio of Ap/pc the combustion time delay
for sustained chugging can be shown to be nearly umaffected by Increased
combustion~-chamber pressure and thrust; consequently the resultant
effect in a fixed rocket comfiguration 1s due primarily to change in

the ratio of the total feed-system pressure drop to the absolute chamber
pressure Ap/pc. If the total feed-system pressure drop is assumed

proportional to the square of the propellant flow rate and the propel-
lant flow rate is assumed directly proportional to the chamber pressure,
bp/p, will vary directly as the chamber pressure.

Effect of varying propellent feed-line length and area. -~ The
effects of varying the propellant feed-line length and area are shown
In figures 18 and 19, respectively. In these figures the friction pres-
sure drop through the 4-foot feed line was taken as 20 pounds per square
inch and the A@/pc ratio was assumed to be 0.2 for the standard con-

figuration. The pressure drop was varied in proportion tc the propel-
lant feed-line length and in inverse proportion to the fifth power of

the feed-line dlameter <Apf a —éLg>. The figures, therefore, show a
a .

double effect, that is, the effect of the parameter which was varied and
the effect of changing friction pressure drop. Increasing the
propellant-line length beyond about 23 feet increased the ratio of
O6p/p, (because of increase of Ape) to a vaelue greater than 0.5. The

equations predict that chugging is impossible beyond this value of
Ap/pc. Restricting the lline area to values less than sbout 0.13 square

inch for the rockel configuration assumed had & similar effect (figs. 20
and 21). Shortening the propellant-line length or increasing the line
area will increase the stable chugging frequency as might be anticipated
because of the decrease in feed-line inertia.

Effect of varying engine thrust. - When thrust of & rocket engine
is increased the propellant feed line geometry is generally changed to
accommodate the increased propellant flow. Whether or not these changes
affect chugging depends on the propellant line length, propellant veloc-
ity, and totel pressure drop through the feed system. If these factors
remein constant then an increase in thrust rating (engine size or scale)
willl not affect the chugging conditions. The restriction that these
factors remein constant, however, is seldom resglized in changing the
scale of an engine. For qgsmple in the case where the propellant-~line
area 1s Increased to meintalin constant propellent velocity, the friection
pressure drop per unit length of line decreases as the Iinverse square
root of the area. Inasmuch as the friction pressure drop is generally
small compared with the injector pressure drop the influence of its
change on the total feed-system pressure drop and consequently on chug-
ging would be of secondary importance in most cases. The effect of
engine scale on the combustion processes and the influence of combustion
effects on chugging are not considered.
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The effect of varylng thrust by throttling an engine has been dis-
cussed with the effect of changing combustion-chanber pressure,

SUMMARY OF RESULTS OF ANALYSIS

A simplified analysis of chugging ln a rocket engine which uses a
pressurized-gas propellant pumping system was based on the concept of a
constant time delay between inJection and combustion of the propellant.
The anslysis Indicated:

(1) TIncreasing the propellant-line total pressure drop increases
the critical combustion time delay and decreases the stable chugging
frequency.

(2) A combustion time delay exists below which chugging is impos-
sible &t any value of feed-system pressure drop.

(3) Increase of chamber characteristic length increases the criti-
cal combustion time deley required for sustained chugging and decreases
the steble (no change of amplitude) chugging frequency.

(4) An increase in chamber pressure for rocket engines in which the
propellant velocity in the feed line is constant causes a decrease in
the criticel combustion time deley and an increase In stable chugging
Trequencies; throttling a fixed configuration by decreasing the tank
pressures decreases the critical combustion time delay and increases
the chugging frequency.

(5) Increasing the propellant-line length or decreasing the
propellant-line area increases the critical combustion time delay and
decreases the steble chugging frequency.

(6) Increasing the thrust of a rocket engine does not affect the
critical caombustion time delay or the stable chugging fregquency pro-
vided the propellsnt-line fluild velocity and line length remain constant.

(7) Chugging frequencies of 37 cycles per second were cslculated
for & 300-pound thrust acid-~-heptane rocket of 100-inch characteristic
length at a chamber pressure of 300 pounds per square inch absolute,
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APPENDIX B

SYMBOLS
The followlng symbols are used in this report:
constants
cross-sectional area of propellant feed line, sq ft
rocket nozzle throat area, sq £t
combustion gas veloclty at rocket nozzle throat, ft/sec

diameter of propellant feed line, ft

friction constant, %Z—DE

fluid~-friction factor
function of time
gravitational acceleration, ft/sec?

specific impulse, lb-sec/lb

Ky, Kg, K3 consgtants

characteristic length, combustion volume divided by
throat area, It

length of propellant feed line, ft

molecular weight of propellent gases, 1b/mol

mass of burned propellant in combustion chamber, 1b
éxponential damping factor

combustion~-chamber pressure, lb/sq Tt

pressure at upstream face of propellant injector, lb/sq 't

propellent supply-tank pressure, Ib/sq Tt
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Ap

4Ape

H B m

ct

Py - Pos 1b/sq £

P; - Pos 1b/sq £t
pressure drop due to friction, 1b/sq £t

universal gas constant, ft-1b/°R/mol

amplitude factor )

rocket engine thrust, 1b

combustion temperature, °R

time, sec

volume of combustion chamber, cu ft

veloeity of fluid in propellant feed line, £t/sec

propellent burning rate, 1b/sec

flow rate of combustion gas through exhaust nozzle, lb/sec
propellant flow rate at injector, 1b/sec

mean propellant flow rate, 1b/sec

ratio of specific heats
time delay between injection and conmbustion, sec
propellant density, Ib/cu ft

combustion gas density, lb/cu 't
combustion gas density at rocket nozzle throat, 1b/cu 't

chugging fregquency, radians/sec
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Flgure 4. - Experimental variation of chugging frequency with

time after start of chugging.
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40

35

30

25

20

15

v .*
(in.)
AD 1

/

T 100

Nonchugging __|

¢ region
\ (theoretical)

1%
\
\

L*
o . Bxperimental, 200 inches o

- Experimental, 100 inches

=== = — Theoretical
]

.005 .010
Combustion time delay, sec

Figure 5. - Experimental variation of chugging

frequency with time delay between propellant
injection and combustion for two rocket chembers.
Average chamber pressure, 270 pounds per square
inch sbsolute.
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Figure 6. - Experimental variation of chugging
frequency with rocket combustion-chamber
characteristic length. Average chember pressure,
270 pounds per square inch absolute.
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Figure 7. - Experimental variation of chugging frequency with

average rocket combustion-chamber pressure (throttling).

Rocket chamber charscteristic length, 200 inches.
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Figure 8. - Experimental wvariastion of chugging

frequency with average acid inJection stream
velocity. Rocket chamber characteristic length,
200 inches; average chamber pressure, 280 pounds
per square inch gbsolute.
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Figure 9. - Experimental variatlion of chugging frequency with
oxidant-fuel ratio. Rocket chamber characteristic length,
200 inches; average chamber pressure, 280 pounds per square

ineh sbsolute.
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Pigure 10. - Experimental veristion of chugging frequency and
amplitude of chamber pressure fluctuations with time after

start of chugging.

Rocket chamber characteristic length,

200 inches; aversge chember pressure, 270 pounds per square

inch sgbsolute.
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Figure 11. - Bxperimental variation of chugging

frequency with amplitude of chember pressure
fluctustions. Rocket chamber characteristic
length, 200 inches; average chamber. pressure,
270 pounds per square inch absolute.
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Figure 12. - Variation of combustion time delay with ratio of
propellent feed-system pressure drop to rocket combustlon-
chember pressure. Rocket chamber characteristic length,

100 inches; combustion-chamber pressure, 300 pounds per square
inch absolute; length of propellant feed line, 4 feet; cross-
sectional area of propellant feed line, 0.2485 square inch;
rocket engine thrust, 300 pounds; specific impulse. 187.5 pound-
seconds per pound. :
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Figure 13. - Varistion of chugging frequency with ratio of

propellant feed-system pressure drop to rocket combustion-
chamber pressure. Rocket chamber characteristic length,

100 inches; combustion-chamber pressure, 300 pounds per squsre
inch absolute; length of propellant feed line, 4 feet; cross-
sectional area of propellant feed line, 0.2485 sguare inch;
rocket engine thrust, 300 pounds; specific impulse, 187.5 pound-
seconds per pound.
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Figure 14. - Varistion of combustion time delay with rocket

combustion-charber characteristic length. Combustion-chamber
pressure, 300 pounds per squere inch absolute; length of
oropellant feed line, 4 feebt; cross-sectionel srea of propellant
feed line, 0.2485 square inch; rocket engine thrust, 300 pounds;
specific Impulse, 187.5 pound-seconds per pound.
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Figure 15. ~ Variation of chugging frequency with rocket combustion-

chamber characteristic length. Combustion-chamber pressure,
300 pounds per square inch gbsolute; length of propellant feed
line, 4 feet; cross-sectional area of propellant feed line,
0.2485 square inchj; rocket engine thrust, 300 pounds; specific
impuise, 187.5 pound-seconds per pound.
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Pl ure 16. - Varlatlon of combustion time delay with rocket combustion-ciamber pressure. Rocket
chamber characteristic length, 100 inches; length of propellant eed llnea, 4 feet; area of propellant
feed line, 0Q.2485 aquare inch; rocket engine thrust, 300 pounds; apecific impulse, 177.5 pound-seconds
per pound.
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Figure 17. -~ Variation of chugging frequency with rocket combustlon-chamber pressure. Rocket
chamber characteristic length, 100 lnches; length of propellant feed line, 4 feet; area of propellant
feed line, 0.2485 square inch; rocket englne thrust, 300 pounda; specifie impulse, 187.5 pound-seconds
per pound.

TTOISE T VOVN

LYy



48

Combustion time delsy, sec

A NACA EM E51G1l

.024 /L
.020 ,[
.016 Z//

.012

Pans
$yaz

.008
/ Nonchugging region

4 -
0 4 8 12 186
Length of propellent feed line, ft

Figure 18. - Variation of combustion time delay with
length of propellant feed line. Rocket chember
characteristic length, 100 inches; combustion~-chamber
pressure, 300 pounds per square inch absolute; area
of propellant feed line, 0.2485 square inch; rocket
engine thrust, 300 pounds; specific impulse,

187.5 pound-seconds per pound.
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Figure 19. - Variation of chugging freguency with

length of propellant feed line. Rocket chamber
characteristic length, 100 inches; combustion-
chamber pressure, 300 pounds per square inch
gbsolute; arez of propellant feed line, 0.2485 square
inch; rocket engine thrust, 300 pounds; specific
impulse, 187.5 pound-seconds per pound.
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Figure 20. - Veriation of combustion time delsy with propellant

line ares. Rocket chamber characteristic length, 100 inches;
combustion~-chember pressure, 300 pounds per square inch absolute;
length of propellant feed line, 4 feet; rocket engine thrust,
300 pounds; specific impulse, 187.5 pound-seconds per pound.
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Figure 21. -~ Variation of chugging frequency with propellant line
area. Rocket chamber characteristic length, 100 inches;
combustion-chamber pressure, 300 pounds per sguare inch absolute;
length of propellant feed line, 4 feet; rocket engine thrust,

300 pounds; specific impulse, 187.5 pound-seconds per pound.
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