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I. SUMAARY

Operation of the monopropellant rocket motor has been performned with
artificial flow modulation at frequencies up to 200 cycles per sccond at
gseveral chamber pressures, and sone sah:}si‘ract,ory neasurenents of tne prese
sure lag between injector and chamber have been made., iLventually, this
data should demonstrite the suitaviiity of the tccunique employed to make
neasarements and at the saie t;imeu provide a rough check on the fundamental
pfecepts of Crocco's theoretical analyses as presented in cariier reporise
Improvenents in the accuracy of tlie rieasurerments and both thecretical and
experimental corrections to the instantancous flow rate determinations

must be comileted before thc data can be fully analyzede

Several methods of measuring the pressure .lag} have been evolved
utilizing DC am;iifiers, constant-phase AC amplifiurs, and direct recording
of pressure traces on a four-channel 6scillo~;cope. Amplitude —alibrations
have not yet achieved the desired degree ol accuracy, vut it is expected
to be only a matter of time until aaditional refinemend of circuit components

will parmit obtaining the required precision,

The Hittelnmann clectromaznetic flown:ter proved unsatisfactory due to
equipnent malfunctions,. despite the many hours deveted to its operation and
repair. It wili be returned tc the vendor for additionai repairse  lhe Wi
nagss flownetcr has been received, and preliminary checks indié'a_%:e that the
leakage has becn reduced to the point at which it can be uscd in the flow
cajihration rige Pulsing flow tests utilizing this mcter and tihie hot wire in

conjunction with pressure pickups will be nrmade aftur concluding the current
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series of monopropellant rocket motor runs.

Detailed information on the performance of the improved ideiiu
pressure pickup under highetemperature conditions has becn obtalned at cur
request by the NACA Lewls Flight Propulsion Laboratdry. Higat transfer rates
up to about 7.6 BTU per square inch per second (refered to the pickup
diaphragm area) have been experienced/inder "screaming" conditions when the
pickup was flush-mounted in an acide-gasoline motor, and the pickup drift
wag shown to be amall at temperatures wp to 500°F, #1L available data on
this pickup design are now being collected, and will be presented at the
Rocket Corbustion Instability Symposium scheduled for 28 October 1953,

Construction of the bipropellant test stand is about one=third completed,
and is proceading according to schedule, Details of the system are presented

dater in the report, -
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suder Contract .foas L2«713=c was undertakon as a part of toc jot
Jrosulsion rescirch progran of ihe wepirtment of seronautical _n_lne.r=-
ing et Jrinceton to "econduct an invesiigation of the crerat nrovkem of
corbustion instability in liquid pro-ciiont rocket ¢ngines, This proe
pran shall conoist of theoroticil anal; ses and experinontal verification
of tacorye Jdhe uitimate objective shall be the colicetion of sufficient
data that chall permit the rocket onjinc duesignee to roduce rowor plants
vhiech are reolativedy froe of the phenomena of instavilivy, Interest shall
center in tnat forn of unntable operuiion which is charactuerized by high

frequency vibrations and i3 commondy known as 'screakning'%',
Be HISTURY

Intorest at Princeton in the problem of combustiion instabiiity in
Liquid proneliant rocket motors was given impetus by a Bureau of iero-
nautlcs symposiun held at the waval iescuren ilaboratory on the 7ih and
8th of weccuber 1950, This intercst resuited in theoretical analyses

by irofessors ile oumnerfield and L, Lrocco of this Center,

rofessor Huwwmerfleld!s work,"Theory of Unstable Comoustion in
liquid fropellant Hoecket Systems®  (JARS, Septe 1951), considers the
effects of both inertia in the liquid propellant Leed lines ar‘d combugm
ti.on chanbor capacitance dth a conetant combustion time laus, .nd

applies to the cnse of low (up to about 200 eycles per second) fre-

o~
i



0 AR S EREIERR. . § SN PPN R = - —

'i'ro Ue ACIro, Lng:e Rpté No 2l6e . T

II TWTRODUCTIUN (Contt'd,)
Yo }Iistory (Cont'd.)
quency osciliations sometimes called "chuguing.

szofessor Crocco advanced the concept of the pressure dep‘endence
of the time la; in mid=1951; his paper, "Aspects of Combustion Stability
in liquid Propellant Rocket Motors" (JAR>, Nove 1951 and Jan.-Feb.1952),
presents the fundamentals resuiting fron this concept, and analywes the
cascs of low frequency instabiiity with monopropellants, low frequency
instabilily with bipropellants and high frequency instabiiity s with come

bustion concentrated at the end of tihe combustion chamberse

Desiring to submit the concept of a pressure dependent time lag to
experimental test a preliminary proposal was made by the University to
v the bureau of Aeronautics in the summer of 1951 and, following a formal
request, a revised proposal was submitted which resulted in Contract

Noas 52=713-c,

Analytical studies with concentrated and distributed combustion had
been carried on in the meantine under .rofessor Crocco's direction and
within tie sponsorsnip of the Guggenheim Jet Propudsion Center by So Ie
Cheng‘and were issued as his rhele tuesis, "intrinsic High Frequency
Combustion Instability in a iiquid Propellant Rocket Motor", dated April

1952,

Time was devoted, in anticipation of the contract, during the first
third of 1952, to constructing faciiitles; securing personnel, and plane

ning the experimental approach,
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IT INTRODUCTION (Cont'd.)
B, History (Cont'd,)

During the first three month period of the contract year, personnel
and facilities at the new James Forrestal lesearch Center were assigned,
and the initial phases of the experimental program were planned in some

detail,

A constant rate monopropellant feed system was designed and pre-
liminary designs of tiie ethylene oxide rocket motor and the instrumentae
tion systems were worked out, GSpecial features of the projected systems'
included a pulsing unit to cause oseillations in proéollant flow rate, a
water;cooled strainegauge pressure pickup designcd for flush mounting in
the rocket chamber, 'and several posgsible methods for dymamic measurcment

of an oscillating propellant flow rate,

Searches were made of the literature for sources of information
on combustion instabiiity and cthylene oxide, and visits to a nwnber
of activities working on Jiquid propeidant rocketi cambustion instabiiity
problems were made for purposes of famillarization witn e,uipment and

results,

The basic precepts of Crocco's theory for combustion instability
were reviewed, and detailed analysés made for specific patterns of com=

bustion distribution,

Operational tests and calibration of the PrincetonspMI1T pressure °
pickup proved the value of the design, aithough failure of the pickup

under "soreaming" rocket conditions showed the nccessity for modification
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IT INAURMATIWN (Cont'ds)

Be Mistory (Cont'd,)
of the cooling sy'stém.

Construction of the monopropellant test stand and rocket motor was
completed, ilodifications were made to the Princeton=MIT pressure pickup
to provide for higher parmissible heat=transfer rates in order that it be
satisfactory for use under "screaming! conditions in a bipropellant rocket
notor, Construction and preliminary testing of the hote-wire flow phase=

meter and its associated equipment were completed.

A new contract, Mas 53-817-c, dated 1 March 1953, was grahted by the -

Bureau of Aeronautics to continue the program origiaslly started under
NOas 52=713=-ce Oparation of the monopropellant rocket motor was begun
under this new contract, and shakedown operations were completeds It was

found that decomposition of ethylene oxide could not be attained with the

original motor design despite many configuration changes, and it was deci- .

ded to avoid a long and costly development program by operating the "mono-
propeliant" motor with smalil amognts of gaseous oxygeny i{he required
lnits of oxygen flow rate were determined at several chamber pressures,
and it was demonstrated that the oxygen would probably have a negligible
effect on performance when compared to the effect of ethylene oxide flow
rate modulation, Preliminary tests with flow rate modulation up to

100 ops were perforied for the purposes of system checkout, using interim

AC amplifiers in lieu of the necessary DC instrumentse

The time constant ‘o;‘ the hotewire liquid flow phasemeter was found to
be 0,15 milli seconds and preparations for instantaneous flow calibrations

were made, A test rig was constructed for this purpose,
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II LWFORMATION (Cont'd,)
B. History (Contt'ds)

A bipropellant rocket system using liquid oxysen and 10U, ethyl
alebhol was desligned on the Lasis of monopropellant operational experience
incorporating an adjustable=phase flow modulating unit operating on both
propellants. Injector design was based on a éonfigurat.ion used extensive-

ly by Reaction lotors, Ince

Subsequent efforts to date are presented in detail in this report.
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IITI APPARATUS
Ae Monopropellant Rocket lotor

Operation of all components of the motor proper continued satisfacte
orily during this report period, using the oxygen flow rates indicated in

the previous report,

—— L

the slowdown of the flow modulating unit experienced on earlier runs
was traced to the extremely hizh bearing friction which occurred ;xhen
fluid pressure was applied to the piston, rather than to the use of an
underpowered drive motor as was first sugpectcd, Addition of a pressure
ized lubrication system to the main connecting=rod sleeve bearing did
not correct the situation, so0 a new split shat't was manufactured which
permitted the use of a roller bearing in this application, Furthermore,

the two 80-pound flywheeis were removed from the unit, This was originally

done in order to reduce the excessive time required for the shaft to attain

constant speed (over one minute at 6,000 RPi, and well over threec minutes
at 12,000 RPM)e No visible effect on the resuwiting pressure-wave shap.

wag @bserved with tlds configuration, and since the reduction in speed-up
time (10 seconds at 12,000 RPM) resulted in appreciable reduction in wear
of critical parts, the "flywheel-less" unit was used to obtain all subse=

- quent test data,
Be Bipropellant Rocket Motor

Overall design of the bipropellant feed system was based partly on
experience obtained with the monopropellant system and partly on general
expearience gained in the rocket industry, Although the first propellant
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III APPARATUS (Conttde)

B, Bipropelliant Roclket Motor

combination to ve used will be liqﬁd oxyzen=100¢ ethyl alcohol, the system
was designed with a view toward future use of any of the propellants now
in common usage throughout the country, with the possible exception of

lquid fluorine.

Figure 1 shows the overall schematic layout of the feed systen, .The
fuel tank is a awrplus stainless stecl vmssél of ap roximately 20 zallon
capacity, hydrostaticalls; tested to 2500 psi. A surpilus LOwgallon Monel
tank with a vacuuneinsulatod jacket was also obtained znd hydrostatically
tested to 1500 psi, for use with liquid oxycen at 1000 psi maxdmum pressures
This latter tank will be suitable for the first few riwnths of o_.cration,but
testing at the higher chambor pressures will require a vessel of greater
strangth, The venterelief valves are of thc same design as the one used 50
satisfactorily on the nonopropellant tank, but are constructed oi stalnless
steel, with the liquid oxygen valve protected from malfunctlior due to froste
ing.A pressure-actuated energency propellant valve fro.i the RII 40O=pound
thrust Lark motor has been modified for use as the wain propellant valveg
Cavitating venturis of turcc different flow ratings will be used for the
three chamber pressure levels anticipated, and Potter flowmeters will again

be used to record stoady-state flow rates,

A flow modulating unit for operation at frequencies wp to 200 cycles
per second has been constructed for use in this systeme The unit conslists
of two easily replaceable plston-cylinder assemblies, with the pistons

driven fron a camnon chaft (see Fijsure 2), In order (o avoid variation in
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III APPARATUS (Cont'd,)
Bs Bipropellant Kocket lotor (Cont'd)

.propellanlo mixture ratio, the crank angle ‘between the two piston strokes
is continuously adjustable from zero to 360° so that stmultanecus modulae
tion of the two propeliant flow rates at the injector orifices can be
obtained,s Design of the unit was bascd directly on experience with'the
monopropellant flow modulator, and incorporates several improvements ad-

" ditional to the use of pressure=lubricated ro_llef bearings on the connect-

_ ing rods. 4 5 HP U, S. Motors Vari.drive has been procured to drive the
unit at speeds from 3,000 to 12,000 RM,

The thrust stand and thrust-measurement devices are identical to those
used 1n. the monopropellant system, All piping, fittings, valving, etc, 1
of type 30L or 316 stainless steel in order to provide for general usage
with nearly all of the common rocket propellants. +hen using ldquid oxygen,
or any other low-temperature propellant, provision has been made for pro-
cooling the entire feed line right up to the rocket motor injector in order

to avoid the hard starts somatimes occasioned by vapor in the feed line.

fhe firing diagram for the bipropellant motor is shown in Figure 3,
Special features include pyrotechnic igniters utilizing a safety fuse to
prevent propellant valve operation in case of igniter misfiring, a safety
chanber pressure switch which will shut off the propellant valves L. case
of a rocket motor misfire, and automatic pressurization of fuel and oxident
tanks to a preset ‘value. No spcclal provision 1s necessary to obtain oxie
dant "lsad" at .af.art o "lag" at shutdown on the liquid-oxygen system,
since oxidant is automatically introduced into the rocket motor at these
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III APPARATUS (Cont'ds)
B. Bipropellant Rocket Motor (Cont'd,)

times via the precvoling arrangeament mentioned cariier,

Figure 4 illustrates tne initial rocket motor design. The chanber is
of li-inch thick copper, three inches in inner diamecter and four inches
long. it will operate uncooled for the first series of tests, in order to
facilitate convanient instrumentation placemente The nozzle is also of
copper, but is provided with water passajus designed four cooling at uniform
heat transfar rates. lhe injector 1s of tie oneeoneonc lmpinging jet type,
using 12 pairs of holes loeated on a concentric circlie. «izes of tne fucl
~and oxidaat orifices are identical, the proper mixture ralio being obtained
by variation in feed pressures, The basic design of tiis injector is pate
terned ai'ter a model used extensively by Reaction iiotors, inc, for perforim

ance evaluation and instabiiity studies,

Adcditional instrumentation cofrrponents consisting of a Lechannel
Electrontc Tube Corporation oscilloscope, a lLi=channel nodification of the
present 2e=channel Ampex tape recorder, and additional pressure pickups
and intermediate equipment have beer ordered, The basi: instrunentation
scheme. will be similar to that used on tie monopropelliant motor, witi the
exception of the heat transfer instrumentation for use on later bipropels

lant test operations,

Ce Instrumentation

ds DeCo Amplifiers

The problan of obtaining De C. aplification conforadns to project
roquirenents has been only partiaily solved, “hrec channels of a choprer

fecdback desiyn have been dovelopoed and tested ard ap.cor to pe satisfacte
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III APPARATUS (Cont'ds)
Co Instrumentation (Cont'd.)

lo’ DQ CQ kaplifiers (Cont'do)

ory from linearity, drift, and differential amplilication standpoints, but
suffer from an excessive noise level, 4nese insuruments were used O
record the Do C. pressure levels descrived later, but are apparently une
suited for use witi lowelevel 4. C, signals such as are characteristic

of the pressure pcikup during runs with modulated flow rates Tne pres-
sure-lag data were thus recorded without benefit of D, Ce differential

amplification,

It is believed that the hizh noise level is not an inherent fexture
of this design of amplifier, but ratier is a function of the detailed
circuit development, During the last month, two comersial ampiifiers
which use the chopper-feedback princi;le and which are clained to be
suitable for this application have ap.eared on tuc market, and will be
investigatcd as possible solutions to the probloms Heanwhile, itne
instrunentation syste: of Figure 5 was calibrated and used to rccord the

pressure time=lag data,
20 Overall Systam for ionopropellant Pressure lire lag sleasuranent

 Figure 5 shows the instrunentation used %o measure the tine lag
betw.un a change in injector pressure and the resulting variation in
charber pressure, Two differential pressure pickups were used, one mount-
ed in one of tie injectors, acd one in the ghamber just adjacent to that

injector, The signal fwom each pickup was then split four wayse. Une branch
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II1 APPARATUS (Cont'd,)
‘O. Instrunentation (Cont'ds)

2¢ orerall Systen for ionopropellant Presswre lime lag tleasuranent (Cout'd.)

lod directly to the fourwchannel escilloscope, upon oue chamied of which a
200 cps timing trace was impressed Ly an audio oscillator calibrated with

a Berkeley precision eluctronic counter. The second signal branch led to

| n,cathodo' follower and thence to a Lleeds aud Northrup recording potenti-

oneters The third branch was passed through the chopper=stabilized Ds Ce
amplifier and was recorded on the Hathaway oscillographs’ The final branch
of thz signal from cach pickup was armlified by a Gonstantephase A. Ce

amplifier and recorded on magnetic tapes

The input impcdance of cach of the instrusents described above was
well into the megohm range, and hen.ce feedback vetwecn instruments was
ch}jlg;ble compared with the output from the 2500=ohm pickupe The Loods
@d iorthrup pJof.enrtiometer records were used o obtain the Do Co level of
the two pressures, while the Do C, Hathaway oscillograph trace was used
primarily to provids a record of run history and to show transients or |
éther unlookedefor events. Accurate time values were taken from the Ao Co
Ampex tape rocordings, and were checked with oscilloscope readir.,s (as
recorded by the General Radio strip=filn camcra)e Lhe oscilloscope and -
m.x records-dldo .supplied pressure amplitude measurements. Heise
iaowdon-tube gauge readings wverc used to check the steady=-state compone
m of each pressure recordinge

e il

p—

-
G AR

3, Pressure Pickups

Thrree differential pressure pickups incorporating the improved cooclant

- i

<
{

g
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III APPARATUS (Cont'd)

~ O Instrumentation (Cont'ds)

3. Pressure Pickups (Cont'd,)

water passage design, extended linear range, and backepressure chamber

sealing moditications huve been delivered, and have been used to obtain all

. test data included in this reporte Calibration tests show what first ape

poa.l;od to be 2 large amount of kWsﬁeresis. but which wms demonstrated to
oocur only when high back pressures were applied without any test pressuree
Calibrations made under simulated operating conditions were entirely satipe
Mtory, as will be L1llustrated later in the report. Pour additional

_ plckups of this type have been ordered, and a slight modification in diae

, phragn spacer design is expected to eliminato even the apparent hysteresis

which occurs under the artificial calibration condition just describede

Thermal drift and "acreaming" heat transfer motor tests on an absolute

| pressure pickup with the improved coolant’ passage design were nade at our

 request by the NACA Lewis {light Propidlsion leboratory. A differential

e o s Bom o

pickup was also sent to the Bell Adrcraft Corporation for evaluation of
thermal drift, vibration sensitivity, and rug.edness under typical rocket
motor test conditions. The NACA data are included later in the present

_report, while the BQL'L tests will be reported upon when complete,

" b Mam

The Mittelmann electromagnetic flowmeter was operated for an extended

. period without achieving so muoh as a steady-state calibration. Iultitudes

of oirouitry difficuities ranging from poor contacts to resonance in the
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III APPARATUS (Cont'd,)

Ce Instrumentation (Cont*d, ) |

Lo ¥lowmetars (Cont'd,)

q.bloa were encountered, and the instrument is to be returned to the
vendor fd revision and repair. Due to its inability to meusurc even a
steady flow rate, no cvaluation of the flowneter's dynamic performance
could be made, and the only recormendation that can be iorwarded at this
ﬁimoi is that S good daeal of electronic circuit cleanup is necessary be=
fore the meter becomes suitable for use in any flow measurement ppplica-

tion,

The 14 nass flownetexr has been received after revision by the vendor
to correct its excessive loakage, Freliminary ckecks indicate its suite
ability.for use in calibration tests, but the leakage rate, although much
snaller, still precludes the instrument's use on direct rocket motor '
*Zbeats. Full dmamic water calibrations in conjunction =with the hoteuire
l‘.\.quid flow phasee=mater discussed in the previous wuartarly leport will
be 'mad. on the monopropellant flow stand at the conclua;i.on of e présent

series of rocket motor tests.
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Ae sionopropellant Rocket Ticts

The dota taken during thc cwrrent saries of teost ruas are not yet
considared to be of sufficient accuracy for comparison witii theorye Alde
though no direct measuwr< of instantanecus flow is belu; taken on these
testsy, it is expected that subssyuent theoretical corrections checlzed by
flowmstand calibrations will pernit use of the instantaneous pressure
drop readings for flowerote determinations, following the theory outlined
in Aopendix A of the Third warterly Progre.s Report.

The difficulty of obtainin: a direct rccord of the instantancous
injector pz:essure drop through a sultable Do C, amplifier nakes it prefer-
able to obtain the correshonding data analytically from riore elanentary
nusurménts, In fact, determination of the injJectour pressure drop can
be made using only the mean lovels, amplitudes of osciuatioﬁ, and phase
d.fference between injector pressure and chanbur pressure. If the oscile
lating portions of the injector and chamber pressures are sinusoidal with

respect to time, tiie injector pressure Py may be written

~J

PL-;E-L + Plsnwt

The chamber pressure Pc then becomes

P.= P + a;&n(wt‘\o&)

wheare o = measured phasc differcnce between injector and chamber

pressare oscillations

\_)C

P = jazean values of injecior and chauber prossures respectively
P. Bc= amplitudes of oscillation of injector and chaab.r pressures,
(H

resyectivelyo
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IV, IUFCRMATION AND DATA (Cont'ds)
A, Honopropellant Rocket Testz (Cont'd,)

The instantaneous pressure drop A across the injector may be written
in the form
AP = Pi- P = AP + &P sin(wt +¥)
where X = phase differcnce betwecn Py and AP,
But, wo; are uwddinately interested in determining the pressure perturbation
as a function of the mass {low perturbation., Asswuming for the moment that

the rclationship between flow rate and /AP were known, this meuns that we

meed the relation between P "and the quantity

AV - AP
N4
Hanceg, we arc interested in tho ratio
PQS\Y\ (L\){ﬁ‘é‘)
= y B sin (WA A Y)
G
This can be written in the form
Pc_‘—p:. . | {
e — ¢ (O(" {) 8
: T /oP-5F - Re . Re®

LP

vhere the amplitude of R of the required ratio is given by

| - (5(. /?j'_ Q(P‘/?c) Cos o
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IV, LNSTRUMNTATION AND DALA (Cont'ds)
A, ionopropellant Rocket Tests (Cont‘ds)

b7 5

c

and the phase diffarence% betweon P, and _AP  1is

s\n oA

tan % = Qo;d _ ("5:_ "‘S’L\

em—

Thus, the necessary relati.nshl: between chaiwer pressure
po.rturﬁation and injector pressure drop perturvation (widch can ve
corrclated to the flow pertarvation) is obtained dircctiy from toe
mean values, anslitades of oscilldations, and rhasc diflerence Lotwoen
injector and charber pressures fhis deterninativn ean be:'m-:,c‘.e with-
©ab the use of a higheresponse Do C. amplifier, requiring only that

the pressure oscillations be sinusoidzl in nature.

Typical oscilioscope recordings ol injector and cihanoir pressuz“'?.
are shown in sigure 54 The uppermoust trace is a 200 cps tiudng trace,
the mivile one is injcctor pressure, and the dower one Ls cnaaver

\

pressurc, '

Forthecoming cold flow stand tecsis wildi vLe usced Lo deternine whether
the highefrequency hash (about 4,000 cps) which appears on tac injector
pressure trace is due to combustion or to fluid Munc osciliationse In

any case, befure entirely adequatc phase and ampdd tade casarwnents can
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IV IEFORMATIOL ARD DATA (Conttd, )

Ao :onopropeliant itocket Tes iy (Cont'a,)

be drawn from this cata, it willi Lu no®essary to rcrove the hash by means

of a suitable low=pass filteare

'1119 excessively high amplitude of tie injcctor pressurc oscillation in
the current tests results from the fact that the lar;ectesizc piston is being
used in the flow modulating unit, i.@., the one desi ncd for 900 psi chaiber
pressure operation, “his one pist.én'has beon used at all chamber pressures
(thy run illusirated in Figure 6 is at 300 psi) only as a natler of convene

ience, but :then theo final sories of testls ic nede, the propor niston slze

for eachi value of tlLc¢ r.can propeliant flowerctie will be uscde
Be Pressure Picluns

Results of tesis nade ot L.o (1CA on heatetransfer and T emperaiure
characteristics of the wd=lio doubleediapnrapgn picku)s are included in
Figures 7, U, and 9o Fijures 7 and 8 show the coolant watcr {low, coolant
teperature, and heat transfar rate for a nonesereamin; aand seruoandng run,
respectivedys  4he dats of Figure U are inco. plite due to Durnoou of e
rocket motor during screw.inge ilo daiagc bto toe tickup was observed, (The
heat transf 2 rate is based on tive overald exposed arsa of t ¢ niekupe If
only the diaplra:: area iz considered, tac heat transfor rates showe in tie
fizures should be muliinlied by cbout 2.2, The aclual heut transfer rate

probably fills sonewhere between the twoe)

Figure 9 shows the tuwperature perforvance 6f an absoldute pickuy up to
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IV, L.FARAATIVG AdD Dadd (Cont'd,)

Be Presswre Piclups (Cont'de)

SOOOF. lhese data are some hat questionable, due to vuth the long-term
axposure to furnace Lemperature and tiie loweaccuracy pressure gauges used
on the testsy, but illustr:te the general nature of thc pickuy's performancee
Actually, it is nut posgible to detetmnine from these data whelher the drift
is due to bamperature or change in sensitivity, and additional temperature
tests wlll be made both to clarify this point and to supply a more satise -
factary tenperat@e characteristic, UJuring the temperature drift tests,

the signal dropped suddenly to zaro, and the pickup (absolute pickup #L) was
returnod to the vandor for internal examination, lo exterior danage was oba

served, Another live plekup (#9) was sent to NACA for evaluation on a

screaning rocket motor, “
411 available information on this pickup desisn wili be collected
and brought wp to date for presentation at the becond Symposiwnm on Liquid
Propellant Rocket Cambustion Instabiiity and will appear as an appendix to
the next “uarterly Report.

Co Theory

A theoretical analysis of the effect of nozzle impedance on low=frequency
corbustion instability in liquidepropellant rockets i1s included as Appendix A
to the present report, This analysis indicates that the loy=frequency stabile
ity of a rocket motor is improved by decrcasing the nozzle angle of converg=

ence, irrespective of wiether this is done by decreasing the contraction ratio
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IV, IFWATION AUD DaTA (Cont'd,)

Co Theary (Cont'd,)

or increasing the length of tlieconvergent section,

V. DISCUSSION

Detailed discussioh of the monopropellant test data will be postponed
until analysis of the current series of runs has been completed, Evaluation
of results to date on the pressu.re pickup development program will appear in

the next Jyuarterldy,
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HIGH-PRESSURE INERT GAS SUPPLY

G:D\REGULATORS
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l=-VACUUM JACKET
L OXIDANT TANK

FUEL TANK '
|
|
—{ 1
VACUUM PUMP
EMERGENCY
PROPELLANT

VALVES .(PNEUMATIC);

a0

b POTTER FLOWMETERS

BYPASS VALVE (FOR PRE-
COOLING)

PROPELLANT VALVE
(HYDRAULIC — SIMULTANEOUS
ACTION)

CAVITATING VENTURIS S

FLOW MODULATING UNIT
(ADJUSTABLE PHASE)

= FUEL PRESSURE PICKUP
--INJECTOR

| CHAMBER PRESSURE PICKUP-~_] ~CHAMBER

WATER OUT = E § .
NO (WATER—COOLE,
WATER IN | ZZLE VATER—COOL (2]

FIGURE |
SCHEMATIC: BIPROPELLANT FEED SYSTEM

OXIDANT PRESSURE PICKUP
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LO4 FREQUENCY COMBUSTION LTABILITY OF LIQUID ROCKET
MOTOR WITH DIFFERENT NOZZLIES

I, INTRODUCTION

Previous analyses of low frequency oscillations (1) to (7)* are made on the
assumption of quasi-steady gas flow in delaval nozzle through which combustion
gases are accelerated and ejected at supersonic speeds, The boundary condition
a8 deduced from this quasi-steady flow assumption is that the Mach number of the
gas flow entering the delaval nozzle is constant so that the rate of flow of
burned gas out of the combustion chamber into the delaval nozzle is directly
proportional to the stagnation pressure and inversely‘proportional_ to the square

_root of the stagnation temperature of the ourned gas entering the nozzles Tsien
(3) questioned the validity of this assumption and analyzed the transf.;er function
of the nozale for several special casese Crocco (9) extended Tsien's treatment
wvith linear steady state velocity distribution in subsonic portion of the nozzle
and determined the speéific acoustical admittance ratio of the nozzle flow for
considerable range of the reduced frequency parameter ,5 ¢ The results show that
for small values of ﬁ the real part of the admittance ratio is essentially constant
and is equal to the vaiue corresponding to that of quasi-steady nozzle i‘low;
However, thg imaginary part of the admittance ratio is directly propozjtional to
the reduced frequency £ , and the rate of increase of the imaginary part with F is
quite considerable especially when the entering Mach number is small as is for the
practical cAse. Furthermore, the magnitude of ﬁ for chugging frequencies with
a ‘conventional nozzle is not really very small but is of the order of one tenth
and can be considerably bigser if the delaval nozzle is exceptionally longe, The
object of the present paper is to invcstigate the’ effect of the deviation of the
nozzle flow from bging quasi-steady on the stability of 1ldw frequency oscillation
on liquid propellant rockets, '

# Number in parenthesis refers to references,
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II, Fundamental Equations

The status in the combustion chamver of a liquid propellant rocket is
extremely complicateds For simplicity, we shall first consider the monopropellant
case and adopt the following assumptions in accordance with previous authors without
further discussion.

as The gas pressure inside the combustion chamber is practicaily uniform
everywhére in the combustion chamber and at any instant, In unsteady state
operation, the chamber pressure oscillates about the mean or steady state valiue
a8 & wholé,

be The adiabatic flame temperature of the burned gas is assumed to be
constant and independent of the small variations of pressure under which combustion
takes places The temperature of the burned gas is further assumed to remain
unchanged throughout its\motion in the combustion chamber irrespective of the
chamber pressure oscillation,

ce The time lag of all the propellant elements are assumed to be the same.

The first two assumptions enable us to neglect the equations of conservation of
momentum and of energy for the flow of the burned gas in the combustion chanber,
The dynamics of the burned gas fiow is governed only by the equation of conservation
of mass, that is, the rate of burned gas generation &, (t) must be equal to ﬁhe

sum of the rate of ejection R (t) of burned gas out of the combustion chamber .nto

d M
the delaval nozzle and the rate of accumulation ‘j;EJk of burned gas in the

combustion chamber. All notations are adupted from Crocco (L) except where new

symbols are necessary. The equation of mass balance is reduced to the following

dimensionless forms

d 9 ]
25 Fle (F) = pey (%) gl . (2.1)
where % -fo; i8 the Teduced time with 93 1 (o - % =

the average gas residence time in the combustion chamber,
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We shall assume that the entire time lag is pressure sensitive and the
dependence of T on pressure is defined as
T
S ’:» (t') dﬁ- /' . Comslant
t-7
where n is the index of interaction in terms of instantaneous pressure including
the effect of temperature variations of the burned gase It has been shown (L)
that |
o' (%) =z, (2-5)+n [5’ (z)—?(Z-S)j
: (2.2)
The fractional variation of the mass flow rate out of the combustion chamber
depends on the transfer function Nj of thé delaval nozzle with supersonic exit
velocity, For quasi-stea'ldy nozzle flow and isentropic oscillations of the burned

gas, we have

J;' VA A 22
/l-c':./b —4 —';-_—— :7 TC.

with the nogzle transfer function based upon fractional pressure variation given
as %’—;—}- which is equal to unity when the temperature variation of the gas is
neglecteds The specific admittarce ratio <, is defined as the ratio of the
fractional variation of gas velocity to that of gas density at the entrance of
the delsval nozzle and can be represented for low frequency oscillations as

P L (23)

n

where JZ 48 the dimensional angular frequency of neutral oscillation and -Ex is
the constant velocity gradient c. the gas flow in the subsonic part of the nozzle,

The constant k for isentropic oscillations can be outained from reference (9)
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=3 —
B dFe, L) (2.4)

in which l{/—_i can be neglected in accordance with assumption b/, The quantity
Z e 1s defined as |
L. MQ,._
Fez 1r &l m,?
with M, representing the Mach number of the burned gas entering the nozzle. The
@tity Z e is usually less than Q.1 for conventional liquid rocketso. The
magnitude of ao%‘ for a delaval nozzle with converging portion of i foot long

and for an oscillation of 100 cycles per second is of the order of 0s2 for

example, Thus we see that the imaginary part of the specific admittance ratiOo(w

is quite significant as compared to its real part. The transfer function of the

mass flow based on fractional pressure variation at the entrance is

N £ &

g xrl . £ o
" ) [/*dh]r: ‘23’ + 2 9/ ux

1}

which reduces to

Y, o

l+.L# G, = [+ b

it

when ¥y’ = 1 under the assumption of negligible temperature variation, The
proportionality constant b is dimensionless and is equal to -9»/ C03 Ty ) e
When the steady state velocity in the subsonic portion of the nozzle is linear,

the value of k is given by equation (2.l4) and the factor b is given as

1 —

/-Ze x "59— (245)

It is conjectured that for practical nozzle shape where the velocity distribution

b 0} Gy _/ J’V 2o /
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is not linear, this constant b will still be independent of the frequency of
oscillation and of the same order of magnitude as that with linear velocity
distribution in nozzle, It is thus seen that the absolute magnitude of the
transfer function will ndt be significantly different from unity, which is the
quasiesteady value, but the phase lead of the mass flow oscillation is quite
consi.derable even for low frequency oscillationse o{
If we write the nozzle transfer function in operational form N / ""b
while investigating the stability of the solutions of exponential type, then
fo s Crop %) o= Coro f5) S »
where ¥, is replaced by & since we assumed that the fractional variation of
pressure at any instant is the same everywhere in the combustion chamber,

Introducing equations (2,2) and (2.6) into equation (2.1), we obtained the

equation of mass baisnce ass

—‘-’-‘;1 + Gré 4z) 7/“» CZ-Swaf?(z) ‘P(z-s)]
-~

Accumulation Ejection Generation

(2.7)

The formulation for the analysis of the oscillation problem will require a
relation between the fractional variation of the injection rate /1—04; ancd the
fractional variation oif chamber press.ree. This relation depends upon the
dynamic characteristics of the feeding system in response to the chamber pressure
variation, The dynanics of the feeding system will be formulated following
Crocco (L) and Tsien (5), with the foliowing assumptionss

(a)s The pressure drop due to wall friction in feed line is negligibly small
ccmpared to the overall drop of thc feeding system, |

(b). The effect of the elasticity of the feeding line can be represented b

an equivalent concentrated spring capacitance ¢, located at a distance g A
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downstream of the pump delivery, where 2 1is the equivalent lengtn of the feeding
line, The spring constant % of the capacitance is defined as the change in
‘volume of the feed line produced by unit pressure rise over the entire feed line,

(c)e The feed pump responds to oscillations of delivery pressure in-
stantaneously and the fractional variation of mass delivery rate is c%irectly
propoftional to the fractional variation of the delivery pressure with the
proportionality constant D defined as

Apa L p
F i (2.8)

and D is assumed real and therefore can be evauated from the steady state
performance curve of the pumpe \

(d)s A control capacitance C, excited by a feed back circuit is introduced
Just upstream of the injectore. The characteristics of the feed back circuit is

o
described by the transfer function F ( ol Z ) as

ol S

A schematic diagram of the liquid rocket is given in figure l. ‘A straight forward

process of elimination !leads to the foliowing dimensionless equation of the

feeding system dynamics relating ?’ and /u ~ aB 3
F £ P o

{F [10e (ow);,%w TE4 —“:,/“é [elp(rets) 35T T2 ?PTE (’-;Kf’*ﬁ) P

» 3 Ey Cry ] £ (S )} ¥

<
# §Loo (e g )] [DF CP172)+T] 5 [D760r ) ta) 5] T~ 220

T°F } Cr-y) <3
vhere P = 274 F is the pressure drop parameter, a relative measurc of the

ad p Co
pressure drop across the injector, ¥ = 53 g‘“}“ = | is the elasticity
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parameter, a ratio of the rate of mass accumulation in the line capacitance due
to a rate of pressure increase of Jd/b// o p2 to the mean mass flow rate of the
system, J = :?%f??jﬁ;jé{? is the inertia parameter, a ratlo of the time required
to accelerate a given element from rest to the state of motion in the feed line
under the pressure drop of ;:zx}F as compared to the gas residence time éﬁi o
Equation (2,10) essentially defines the ratio/#gé//'7 in operational form
which 1s the transfer function of the entire feeding system in response to the
chamber pressure variation. Substituting 4« . from equation (2,10) into (2.7),
we obtain a single hystero-ordinary differential equation with constant
coefficients for the fractional pressure perturbation ¥ as a function of the
reduced time £+ The characteristic equation for the investigation of the
stability of the solutions of exponential type is obtained by replacing the
operator ;fér with the charac.eristic value s. It is obvious that the

dynamics of the feeding system which creates the variation of the injection

" rate is responsible for most of the algebralc complications for the solution of
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III. TRANSFORMATION  OF CHARACTERISTIC EJUATIONS WITH DIFFERENT
ROCKET NOZZLES

-

It is interesting to note that the correction factor b for the phase lead
component of the nozzle transfer function which repressnts the deviation of the 1
nozzle flow from being quasi-steady can be absorbed by defining a new characteristic
time (1%)0;:0;? instead of the average gas residence time O 7 as defined by
Croccoe The dimensionless parameters which involve the characteristic time should
of course b‘e correspondingly modifieds Thus

Z'=€/89" = & / (1+6)
8 = 8/69° 5/ (1s)
E': .ZA/?(%}C/;‘T 0}/ = [/C/fb)
7=k "T'/.zA/;'A 109’ T/Cirb)
F,(d—oé’)=cc /= o3 = F(J%’j/(_ué»)
and w' = Jb '63/ = (b)) w (3.1)
Those dimensionless parameters P, D, and n which do not involve characteristic

"

time remain unchanged.

wWith this similarity transformation, equations (2.7) and (2.10) can be easily '
verified to be completely independent of b and are identical with the form of !
these equations with b = o corresponding to a "very short nozzle® where the
quasi-steady nozzle flow assumption is approximately valide For different delaval :
nozzles the values of b will be different, but its effect can be accounted for
simply by changing the characteristic time according to &3 (1+b). The solution
of the characteristic equation remains identical in terms of the dimensionless
quantities defined in equations (3.1)s Therefore the solutions and the stability I
boundaries given by previous authors for the case b = 0 in terms of these
dimensionless quantities represent the similar or the universal solutions for
rockets wlth{given feeding system and combustion chamber but different delaval

nogsles,
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The characteristic equation becomes,
. - 7 v /
($'%/m + e $ S) [E'I’fD (F"f-%z )].,‘.[DE (Ff/;,;)+ D’]G
ot [DT/E‘/ (/-})<F+ )+ TE /y] s’zf-T’zE'} (/—})5’3}
= PLiroe (pv ) 3'+T'E"«j_ s’a]
. / ,:-' ," / I’ 4 Vd 4
#[0(Pr 74 )2 3% DIEY (1-4) (P12 )s" T E'y (45 ]Sf (s) (3.2)

From. equation (3.2), we observe that the dimensionless quantities E “and J 7 occur
only as B wy and J' wy when 8’ = s wj for the determination of the
stability boundary., Equations (3.1) show that these products E « ~ and J " are
independent of b and equal to E w and J « respectively, The quantity «w’ & .
which represents 2 7 times the ratio of time lag to the period of oscillation is
aliso independent b with w;(. S;(. =&y S5 o Consequently, the effect of non=-
zero values of b enters only through s’ =. w,: and S’F'Cs’)=,.; a.; F,(,Z. w; )

in equation (3.2), The critical value of S; cu;é for neutral oscillations of
frequency w;(_ is a function n, P, D, y, E’ w,:,T/ w_',(. and the coefficients of
F’(s’)e If the feeding system of the rocket is not servo-controlled by feed back
link, then F'=F = o, The critical values of S, wy and wy are therefore
functions of dimensionless quantities which are all independent of b, For such
uncontrolled systems, the efl'ect of the phase lead component ibw can be directly
obtained without determining the similar or the universal solution of the
characteristic equation, Since w’\: and S; w, are constants for any values of
b for a given uncontrolled system, and since

Wy =dby O3 (/vb)

/ / - . =
W - T* '_, Vs T
» S*‘ Q7 ~ :»ﬂ* ‘c;‘_-zw*'-ahg.x—-/CI'fb)

we see that for increasing b or larger phasé lead, the dimensional frequency JZ*
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in cycles per second of neutral oscillation is decreased and the dimensional
critical time lag ‘E, is increased. It can therefore be concluded that for rockets
with feed system not servo-controlled the phase lead component of the nozzle
transfer functi;n tends to stabilize the system towards low frequency oscillatioms,
and larger phase lead component results in larger stabilizing effect in increasing
the coritical time lag.

For rockets with feed system controlled by a given feed bac’: servo-mechaﬁiam,
the coefficients in the transfer function F(s) are different from those in F'(s').
The qualitative effect of the nogzzle constant b cannot be drawn without further
investigation.
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IV. BIPROPELLANT ROCKETS

In bipropellant rocket systems the dynamic behaviors of the feeding systems
of the oxidizer and the fuel are in general different. The variations of the
in.jection rates of oxidizer and of fuels in response to the same chamber prelssv'.'e
variation are different with a consequent variation in the oxidizer-fuel or
mixture ratio o = W"/,,,, £ + The adiabatic flame temperature of a given
propell&;:t combination depends to a certain extent on the mixture ratio. The
stagnation temperature of the burned gas at a given position in the combustion
ch@er therefore varies with time as the chamber pressure oscillates and the
stagnation temperature of the burned gas at different positions in the chamber
at a given instant are also different. This variation of stagnation temperature
of burned gas, which is absent in monopropellant rockets, must be taken into

account in formulating the equation of mass balance in the combustion chamber
for bipropellant rockets.
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By assuming that all combustion takes place practically at the injector end,

and that all prope.‘_Lla.nt elements have the same gas residence time 6; during which

all these particles travel from the injector end to the combustion chamber exit.
and preserve their respective temperature at the instant when they were generated,

rat
Crocco (&) found the following expressions for the fractional burning/\;e,rturbation

Fg = p (E-s)+n[TCz)-9’(z—sﬂ (4.2)

vith

[ = (E+#) pog + <./z."ﬁ)/4-_F (+.3)
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Yor the rate of mass accumulation, )
py (E)y LT —g-1)=peg (E-5-1)
4 (). FHan [ s sl

* 2K [ (5-5)-p¢ (x-3)] (b.4)

Tor the fractional variation of ejection rate evaluated under the assumption of

qmi-lﬁudy nozzle flow,

‘/‘e = P (z)-K [/uo (2-8-1)-/% (Z-S~/)] (b.5)
7 AT
vhere 2 K = 5 9 LA represents the dimensionless slope of the adiabatic

flame temperature curve for different mixture ratio.

Just. like the monopropellant case, the fact that the flow of turned gas in
the nozzle is not quasi-steady only modifies /4— e , not the other terms. But
owving to the variation of the stagnation temperature of the burned gas, there
is also an entropy oscillation of the burned gas entering the nozzle. The specific

i Va ‘
adhittance ratio $e is given by Crocco (9) as
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for a delavsal nozzle with linear steady state velocity in the converging portion
vhere G and 6 are the amplitudes §f the temperature and the entropy oscillations
at the entrance of the nozzle respectively. 'I‘n accordance with the assumption that
the temperature oscillation of the burned gas in the combustion chamber is
naglected vhen the oscillation is isentropic, ) -1 is neglected as compared to

unity. Thus the first approximation of phase lead component of the admittance

ratio becomes - § £=Zx Il vhich is identical vith the valus given
b —Re “wx o
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in equation (2.4) for monopropellent case. That the phase lead component is
independent of the ratio d\/ & of the amplitude of entropy to temperature
oscillation is correct only when ) = 1. Since 7~/ for practical combustion
gases are ususlly 0.2 or 0.3, the ratio of ©/o may be of importance, and the
nagnitude of this phase lead component will depend on many thermodynamic
properties of the combustion gases even for an idealized nozzle with linear
steady state velocity distribution.

The transfer function for the mass flow through the nozzle is, for the

bipropellant case,
e
9& (/*X ) ( /- B

Thus in accordance with the a.ssumption of Y=/ , we have
' o
/-‘c_= C/f-b d = )(?e"@c) (4.8)

/-
- wvhere b = -4 ,{}T:‘: ,}"‘u_ « Which is the sams for monopropellant case. The

expression for w, - 9, - ®c , vhen b = O 1s given by equation (%.5). If the
steady state gas velocity in the nozzle is not linear, we would of course expect

a slight change in the expression and the value of b. The equation of mass balance

becomes

Cr6) FL o (4on) 9en 9 (2-5)
= (aK+E+H ) pey (%-5)-C-2K-F+H)p, (5-5)

+K (3+6 ;,”—fr)['/*o (z-5-1) /¢ (z-5-1] (h.9)*

It is no longer possible to reduce equation (4.9) to the form with b = O by
changing the characteristic time as was done in previous sections. The effect of
a phase lead component of the nozzle transfer function on the stability of a

bipropellant motor cannot be determined in a simple manner without further
* The author Is indebted to Prof. L. Crocco for calling his attention to the sign

mistake in equation (10.1) in reference L which is used in deducing equation (L.9).
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approximation. Observing the fact that the dimensionless slope K of the adiabatic
‘temperature curve is usually & rather small fractional quantity except when the
liquid rocket is designed to operate at very lean or very rich nixture ratio.
Thus, as a rough spproximation, the term

b-i@;";K "/ [/uo (z-g-1)- peg (2- S—/)]

may be neglected as compared to other terms in equation (4.9) without affecting
the qualitative trend of the effect of the phase lead combonent of the nozzle
transfer function. After dropping this term from equation™(k.9), it can be seen
that the new definition of the characteristic time ‘9 2 (1+b&)_. will reduce the
equation of mass balance to the i'orm by putting b = O, The two equations of the
dynamics of the fuel and the oxidizer feeding system, each of them of the form
of equation (2.10), can also be reduced with the nev dimensionless parameters as
defined in equation (3.1).

With this additional approximation of neglecting b “”‘“ , the qualitative
conclusion with regard to the increasing stebilizing effect of larger phase lead
component of the nozzle transfer function, as deduced in previo\u; sections for the
monopropellant case, holds good for the bipropellant case as well provi&d that
ﬁm feeding systems are not servo-controlled. The stabilizing effect manifests
itself as the increase of the critical time lag for neutral oscillation in the
liquid rockets. For the bipropellant case, however, the factor b of the phase
lead component will in g«anerai not only be a function .of the geometi'y of the
nozzle and the specific heat ratic )  of the combustion gases as for the mono-
propellant rocket, but may also depend on t.hg magnitudes of K and o\/ ©. The
entropy variation of the burned gas due to the variation of the stagnation
temperature can no longer be neglected as was in the monopropellant case vhere the
entropy variation is essentially due to different dissipative agents. rurthnrnore
the neglect of the term b %_0_4_ vhich involves all the feeding system parameters,

may result in a small dependence of the apparent value of b on feeding system constants .
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V. PHYSICAL ASPECTS AND DISCUSSION OF RESULTS

The fact that the existence of a phase lead component ¢of the nozzle transfer
function is in effect an incresse of the gas residence time need some clarification.
If we examine the analyses (8) and (9) for the nozzle admittance ratio, we see
that the phase lead component arises because of the inertia of the gas. The
inertia of the gas in the subsonic portion of the nozzle leads to an accumulation
of burned gas when the pressure in the chamber is increased in addition to the
accumulation of gas in the combustion chamber. Therefore this constitutes an.
increase of the effective capacity of the chamber in storaging the gas and a
corresponding increase of the characteristic time of the system. In tl:xe dimensiomless
formulation of Crocco (L) which is followed in the present treatment, the characteristic
time is the gas residence time 03 defined as the ratio of the mass /73 of the burned
gas in the conbustion chamber and the rate w of flow of gas out of the chamber in
steady state operation, ' |

82_ 2 M;/;C ~ Vo /(At CCx)
where Vc is the volume of the combustion chamber. Ay 18 the throat area of the
nossle aﬁd c* is the characteristic exhaust velocity. With Ay and c* of a given
rocket fixed, an increase in the effective volume of the combustion chamber
corresponds to an increase in the gas residence time 0} e It is therefore natural,
though it may not be quite right, to think that the increase of the characteristiec
time due to the phase lead -camponent simply means‘ that the volume \7“ of the subsonic
portion of the noszle should be added to the volume Vg of the combustion chamber in
determi}ning the characteristic time. It should, however, be noted that the pressure
end temperature level of the gas in the nozzle is decreasing continuously toward the
throat and while the chamber pressure varies, the pressure in the nozzle also veries
but in a different manner. Therefore the capability of the volume Vh of the sube

snic portion of the nozzle in accumulating burned gas in
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response to an increase in the chamber pressure is different from the capability

. of an equal volume Vw in the combustion chamber. Knowing the nozzle constant b

of the phase lead component, the coefficient £ of the effectiveness of the

nozzle volume as compared to chamber volume can be determined from

@}/: O} ("‘1—%’\7‘"—'-—6—:-)3 0} Cl*b)

e M
- bV, T
. bVe . 605w

€= V. v re (5.1)

For the case of a nozzle with linear stoagdy state velocity distribution in the
subsonic portion and for isentropic oscillations, the coefficient ¢ is obtained
from equations (2.k), (2.5) and (5.1) us

L =, -
e (- we T J’“)/f (7- )+/ )) " dx
2
= "——Lf”z - 5] /f b Ze ] c/—z¢)+;}/,— “"z/-ic./‘

4 Y2y P -7, L ar-uGsr-2) /- zé (5.2)
Cysr) 3.3 (Fr+t)’ “ - 4! +“-:)’]

which is a function of contraction ratio ’f_:" of the nozzle alone. Sample
calculations for )f = 1.20 with Re = o.éo, 0.10, and C.05 corresponding to Mach
number M, ~ 0.4, 0.3 and 0.2 respectively at the entrance section, the coefficient
¢ 1s equal to 0.93, 0.89, and C.87 for each of the three cases. The variation
of £ for such a wide range of entrance Mach number variation 1s rather |
insignificant an& the pagnitnde of £ can be approximately ‘t;gken as 0.9.

Crocco* has shown that the admittance ratio of a nozzle with velocity

sudbstantially linear upstream of the sonic throat but not linear in the neighborhood

of the entrance, can best be approximated by the rati» of the nozzle where the

¥ Unpublished work of Professor L. Crocco. An cutline of this work will be
included in the appendice’ of the volume on "Combustion Instability in Liquid
Propellant Rocket Motors" of the Monogrsph series of AGARD, RATO.
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velocity distribution is linear with velocity gradient equal to that at the

R sonic throat of the given nozzle. Under such circumstances, the magnitude of é
would be expscted to be approximately 0.9. However, for nozzles vwhose velocity

> distribution is far from being linear, we don't have any ides as to the relation’
of b with the volume V,_ , and the value of £ may be very much different from 0.9.
It cannot be over-emphasized here to point out that vhile the concept of
increasing available chamber volume leads to a simple and convenient interpretation
of the stabilizing effect of the nozzle through the increase of characteristic
time; this concept, however, is not established on sound basis but simply a
conjecture even for low frequency oscillatione. The stabilizing effect of the
nozzle toward high frequency oscillation is known to be based on an entirely

: aifferent mechanism vhich has 1little to do with the volume; and the stabilizing

effect of the nozzle toward low frequency oscillations is not clearly connected

7

v with the volumée of the converging portion of the nozzle. The complicated state

of affairs is simply superficially a.vc;i_ded by using the coefficient € which

) cannot be determined without the precise knowledge of the nozzle constant b of
the phase lead component of the nozzle transfer function.
Having concluded the stabilizing effect of the factor b that determines the

phase lead component of the norzle transfer function or the deviation of the flow
K | in the nozzle from being quasi-steady, we can deduce sevor&l_quaiitative
! conclusions concerning the effect of nozzle geometry on the low frequency combustion

%

stability of liquid rockets. ' Analytical expression for b is h'wvn only for the
special nozzle with linear steady state velocity distribution in the subsonic
portion of the nozzle. It is believed, however, that the change of the velocity
P distribution near the cntranc‘e is not going to change radicall;} the qualitative
| dependence of the magnitude of b on the two parameters X, and Tt . Ee is
determined by the Mach number of the gas entering the nozzle and is therefore a

. paramster of the contraction ratio ;‘4:

> a
o

-
o 5

» the ratio of the throat area to
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the area of entrance section of the nozzie. D—.x is defined only when there is SN

a predominating sliope in the profile of thr velocity distribution. For a given
entrance Mach number and a given type of velocity distribution uax is essentially
& parameter representing the "effective length" of the converging section of the
nozzle. 8ince b is increased by decreuing Ze and U“x , it is increased by
damuing the contraction ratio 7—— or by increasing the length of the
converging section of the nozzle. Consequently, we have:

1. Low frequency stability of a liquid rocket is improved by decreasing the
contraction ratio of a nozzle vwhile keeping the length of the converging section
constant and the profiles of velocity of similar shape. '

2. Low :req\uncy sta.‘bility of a liquid rocket is improved by increasing the
length of the converging section of the nozzle while keeping the contraction ratio
of the converging section unchanged and the profiles of velocity of sinilir shape.

The stabilizing effect manifests itself analytically as an increase of the

critical time lag for neutral oscillation and can be observed experimentally by

the decrease of the intensity of chugging and also by the decrease of the frequency

‘of marginally wistable oscillations in the liquid rockets.
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