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_Amalysis of the recent series of test runs on the monopropellant
rocket motar has been completed, illustrating the suitaldlity of the

- techniques employed to make messurements,and providing a rough check

on the pressure-time lag relationship used in Crocco's original theo-
retical, treﬁtmnt. Accuracy of the measuremsnts was not adequat;e to
provid; a detailed cheék of the 'é.heory, however, so that further refine-
ment and development of the instrumentation has Leen initiated. Roaﬁlta'-

are i-époxfted in detall in Appendix B of the present report.

Dynamic flow calilrations were delayed Loth Ly the instrumentation .

refinement program and by a failure of the flow modulating unit, evidently

“due to maifunctioning of the gas-pressurized Lubrication systsm. Repair

of the unit, whien included congtruction of a now comecting rod, pistoem, .

and cylinder assembliy, is nearing completion as of this date. The hot-

wire flow phasemeter hus bLeen moliﬁ.egl and refined, and is now ‘available

for Wc calibrations. The Li mass flow meter has again Leen returned
to the vendor due to failure of the main drive sbaft while béing calilrated

.jmdeb law-préssure steady flow conditions,

Operation of the improved Lieliu pressure pickups has Leen satisfac-

tory on ail tests to date, and it is planned to use these pickups in theis

present .6onfignrat.ion on the bipropellant system. A detalled history of

 their devalopment wp to this stage appears in Appendix C of the present

®

cm.im;tction of ‘the’b;prq:ell'ant test ;t;ﬁd is complete., Flow and:
pressure qaiibrations of lUoth ﬁrOpellax}t syét.ems nve pagun. Te_sting of.
tho. biproqu nt flow mocmht;ng unit will be performed at tﬁe ooﬁclusion
of the steady-atate flow checks. Photographs of the various components
appear in the present report.
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IX. INTROWCTION
A. Object

Buder Contract Noas 52-713-c was undertaken as a part of the
Jetvpropulsion research program 'of the Department of Aeronauticalr Ene
gincering at Princeton to "conduet an investigation of the general prot-
lem of combustion instability in Liquid propellant rocket engines."
This program shall consist of theoretical anal}sios and experimental

verification of theory., The ultimate oljective shall Le the collection

_of sufficient data that shall permit the rocket engine to produce power

plants which are rehtis}ely free of the phenomena of instability. Interest
shall ‘c'ent.‘er in that form of unstable operation which is characterized by
high frequency vibrations and is commonly known as 'a’cre‘a‘ming”. |
B. History ’ | |
Interest at Princeton in the problem of comlustion insﬁability

in liquid propellant rocket motors was given impetus Ly a Bureau of

. Aeromautics symposium held at the Naval Research Laloratory on the 7th

and 8th of December 1950. This interest resulted in theoretical aﬁa).yses
by Professors b, Sumerfield and L. Croceo. of this Center. .

| Professor Surmerfield's work, "Theory of Unstable Combustion :h{
Liquid Propellant Rociet Systems" (J.I;RS s September 1951), considers the
effects of Loth inertia in the 1iquid propeliant feed lines and combustion
chamber capacitance with 2 cén.stant cmnisustim time lag, and applies to
the case of low (up to about'zod cycles per second) frqqugéncy osciliations
some times .“call-od Wehugging!e x

Professor Crocco advanced the coneépt of the pressure dependence of

‘time lag iu mid-1951; his paper "Aipects of Combustion Stability in Liquid

Propeilant Rocket Notors" {JARS, November 1951 and Jan-Feb, 1952), presents

the fundamentals resulting from this concept, and analyzes the cases of
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low frequency instability with monopropellants, low frequency instability

with bLipropellants and high frequency instability, withs eombustion con-
centrated at'thé end of the comlustion charber.

~ Desiriny to submit the concept of a pressure dewenéent time lag to
experimental test, & ;')relim;lnary prodosal was made by the Uriiversif;y to
tho Pureau of Aeromautics in the swmmer of l951,rand followin;: a formal
request, a .reﬁsed provosal was sulmitted which Iresulted in Contract Noas
52-713-c.

Analytical studies with concentratad and distriluted coslustion had
been oa;'ried on in the meantime under Professor Crocco's direection and
within the sponsorsnip of the Guggénheim Jet Prouision Center Wy S. I,
Cheng and were issued as his Ph.D. thesis, "Intrinsic High Frequency
Combustion Instalility im a Liquid Propellant Rocket Notor", dated April
1952, | | |

Time was. devoted, in anticipation of the contract, during the first
third of i952, to‘constructing faciiitles, securing personnel, and planning
the e)qaerixnéntal approach.

' During.the. first three month pneriod of the contract year, nerconnel
and facliities at the new James Forrestal Resesrch Center were assigned,
and the initial phases of the ex,ner:l.mgnbal program were plg;med in some
detail,

“A constant rate monopropellant feed system was designed and prelimi-
nary -desig'ns of the ethylene oxide rocket 'mot'or and the instrumentation
systems wa:;e worked out. OSpeclai features of the projected systems in-
cluded & pulsing unit 't.‘o cavse oscillations in propellant fiow rate, a

water-cooled strain-gage pressure plckup designed for flugh mounting in
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the rocket chamber and several possible methods for dynamic messurements
of an osci 1la ‘l‘inp propell,mt fiow rate,

Searches were xmde of the literature for sources of information on
combusti on instabiiity end etkwlone oxide, and visits to a number of
activities working on liquid pmpellant rqckat combustion instability
probiems were made for purposes of familiarization with equipment ‘and re-
sults.

The Lasic .precepts of Crocco's theory for combustion instab?o.iity .
were reviewed, and detailed ahalyaes made for specific patierns of -
combustion distribution, |

Opez'#timal tests and calibration of the Princeten-k:.I.T. pressure

pickup proved the value of the design, although failure of the pickup

under "screaming" rocket conditions showed the necessity for modification

of the codlilng system,

Construction of the monopropellant test stand and rocket motor was-
ca'lpld‘bed. Kodifications ware made to the Princeton=t.I.T. pressure
piekup f.o provide ror highar pm'misaible heat-iransfer rates in ordsr

‘t.hat 11; be satisfactory for use under "screaming® conditions in a bi-
propeliant rocket motor. Construction and preliminary testing of the
: hot-uire flow ptaaemeter and 1lts associated equipment were cwpleted.

A new contract., NOas 53-817-c, dated 1 March 1953, was granted by
the Buresu of Aeronsutics o continue the progrem originally started
under NOas 5'2-713-0. Operation of the monopropellant rocket motor was
begun under this new contract, and shakedown operations were completed.

It was found. that décomposition of ethylene oxide could not bLe attained




pee

. . 5 ¢
with the original motor design éespito many simple configuratim changes,
and it was decided to avoid a long and costly development program by
sperating the "monopropellant! motor with small amounts of gaseous oxygen.

The requir&l limits of oxygen flew rate were determined at several chamber

" px‘assume, and it was demonstrated that the oxygen would probably have a
negligibie effect on performance when compared. to the effect of ethylene
oxide ‘flow rate modulation, Preliminary tests with flow rate modulation _

‘'up to 100 cps ware performed for the purposes of system checkout, using

interim AC amplifiers :lnvﬁgu 'o!j'. the necessary IC instruments.
2 The time constant of the hot wire liquid flow phasemeter was found to
be O, 15 milliseconds and preparationa for instantaneous flow ealibrationa
were made, A test rig was constructed for this purpose.

A Lipropeilant rocket system using liquid oxygen snd 100% ethyl aleow.
hol was designed on the basls of monopropellant operational experiencé,
iacorporating an adjustable phase flow modula'oing unlt operating on Loth '
propellants, Injector désigxi vas based on a configura timn used extensively
by Raacﬁ.on ¥otore, Inec. - o o | R

Operation of the monopropellant system was performed with flow modu=

o latian at frequencies up to 2P0 cps, using a camposite instrumentatim ‘system .
o » 0 wwe mean values. amlitudes of oseillatim, and phaae difference bee
' .tunn injector and chamber preasures. '

3 The Mittelman electrumagnetﬁ,c ﬂowmater proved umniafactory due
to aqzipment malrunctims, énd lud to e lho.ndmed a8 a poss:lbla means

" of lisaauring hatantanems £low rates.

Subtequent effm‘ts, are pregontad in detail in this report.

. .

-
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TII. APPARATUS:

A. Monopropeilsnt Rocket Motor:

After compleiim of a ‘series of moﬁOprq:ella_nt t;st rung, the
results of which erevincluded as Appendix B to the present report, it was
intended to oltain dynamic calilrations of the flow through the injector
orifices, However, it was folind after termination of the previous scries
of monopropellant tests that the speed of the flow modulating unit could
not bLe increased beyond 100 cycles ber second, even with the propellant
feed line empty. ALl components were carefull& .checked and found te be
satisfactory, so the flywheels, which has Leen removed for the entire
series of test runs, were reinstalled to determine whether the difficu;.l.ty'
lay in an unbalance of the unit. Unfortumately, improper lulriecation

‘ caused selzure of the connectiny-rod needle lLearing during the first check run,

resulting in failure of the connecting rod. No conclusion as to effect of unbalancé .
could be drawn. Repair of the unit has leen initisted =ni installation
of a bump-pressurized lubricéting system will prevent reoccurrence of the
failure, '

F. Bippopellant Rocket Motor:

Construction of the test-stand is essentially complete, and water .
flow checks of the system have lLeen initiated, Layoixts of the flow and
control systems, the rocket mot;or, and the biproéellant flow modulatihg
unit were included in the previous Quarterly ProgPfess Repbrt. Construction
‘'went rapidly and smoothi}, s primarily due to experience gained during désign
and construction of the ménopropellant stand. The aenly n;ajor delay occurred
when pressure-chsck of the 'uo' gallon surplus liquid oxygen tank revealed
a numbeyr of ieéks, which were difficult to seal due to its vacuum-jacketed, .

t
ali-monel construcf.ion.’ Hydrostatic tests up to 1500 psi were finally come
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pleted; however, nrocurement of an a? itionzli surplus tonk is now Leing
attempted for usé at the hig'her chanler prossur@s. Installation of the
vessel in the liquid oxygen system i¢ shown in Fipure 1, A gmfplus Navy
storage tank and vacuum pump for use with liquid oxygen have Laen locatad
and will be nrocured,

Figur"e 2 1llustrates the alcohol precsure-tank, which is of stainless
steel, has a capacity of 20 gallons and was also procured from surplus
stores. This is the type of tank now Vvein: sought for nermanent use in
the oxidant system, since it is suitalle for acid oxidiz‘ers as well as
for liquid oxygen.

The bipropellant thrust stand with roclet motor and flow modulating
unit instal‘led is shomm in Figure 3. The sctand itself utilizes the same
leaf-spring arrangement as used in the mmopropeilant system, with tl:xe
same comlination of stirain sage and hydraulic thrust-mezsuring devices,
Tue liquid-oxygen line is insulated with felt, weterproofed Ly plastic
tape and Glyptal,

Fiure h_ is a photogrash of the rocket motor, which has an 1% of
57" in its present configuration., Operations at higher chamber prossures
and different vélues of L* are nrosided by the use of interchanrealle
injector plates and chantier Lodies. Only the nozsle is coolnd. The photo-
graph shows only a single chamber pressure pickup, but additional pickups
will Le installed in the chamler and in each injector manifold after com-
pletion of shakedown testins. A schematic layout of the motor avpears in
the' Fifth Quarterly Progress Report,

The flow modulating unit is shown in Figure 5 with its 5 EP U.SMotors
Varidrive, This unif. was installed with a pump-pressurized lubricating

system fer the comecting-rod bearings, and features a ¢ atinuously adjust-
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able. phase diffe;'ence from zero to 360° between fucl and'oadaant pistons,
Detzils of the desizn werc inciuded in the previous Quarterly Progress
Report,

Other system camponents, mountgd on the came panel which services
the mononropellant test stand, aprear in Figure 6. The control, gage
and instrument panels are shown in Figure 7. As in the case of the mono-
propellant stand, only those instruments necessary far operation of the
test stand are located in the control room, all other ;nstrmnentation
being mounted remotely in the central recording room over 50 feet removed.
Flow and pressure checks of the system have begun and shakedown
operation of the system will be carried out when these checks are completed.
The first tests will Le made at 300 psi chamler pfessure with rich mixture
ratios in order to insure avoldance of high-frequency imstability, increase-
ing gradually to maximum performance ratios Lefore Leginning tests with

flow modulation. The flow modulating unit willle checked before Leginning

: shake'dow}x tests, so_‘t}nt any necessary rapairs will not cause delays in the

test proéram.
C. Instrumentation:

The results of the series of monopropeillant test runs completed

" during this report period indicated that the required instrument accuracy

has not yet Leen achieved, (See Appsndix B) An.instrument refinement

~ program hes therefore begun to reduée the overall system error from i‘os\

present value of approxirr‘nately 5%, aiming at the goal of Letter than 1%

_on all measuremsnts.

This program will not require the use of any additional instruments
(other than a set of extremely simple filters to Le constructed at Prin-.
cetm) tut is exmecter “o involve a number of detailed changes in circuitry,

installations and c:libration techniques., For example, an electronic

e e s ==
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method for de‘bémining‘tne phase difference bLetween two sicnals has Leen
conceived, using available equipment, in order to eliminatc the larce

" error involved in manual reading of this important quantity. A complete

revamping of the Central Recording Room has been initiated to reduce
élactrical and magnetic '"noise" pickup, ppor connections, and operatioms
errors, and also to streamline operation of the room for bétt;er- test ef-
ficiency. \ | '

Additional major items necessary for the bipropellant tests which
are now on hand include a four-channel oscllioscope and a four-channel
conversi on of the original two-phamnel inagnetic tape recorder., (See

Figure 8), During conversion of the latter, a number of circuit changes

were made which are expectzd to vartly in;prove the performance of this

instrument, The original two-channel recorder was the first of its type
to be sold, and thus poscessed a number of ;'bugs" which hampereé its use.
at the aecuracy 1ev§ls required. These have Leen eliminated in the four-
c;hannel version, and ;;relim.na:w acqeptance' test;s rew{ealed significant
improvements in performance of the r'ecorder.

Additional ltems which have not yet leen recelved include four
additional Li-Liu pickups of the differential type, and repairs to three
absolute pressure pickups which had Leen damaged on tests at N.A.C.A. and
Princeton. A set of high-sensitivity steady-state differential pickups
(0 to 1 psi full-scale) were opdered some time ago for use in determining
lotion of the cmb;nu'on zone in the bipropellant rocket, bLut these items
are not expected uritil_ January 195L,
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. A failure of the main drive shaft of the L1 mass [lowmeter néceasi-
tated return of the instrument to the vandor, In view of the large number

of mec.anical difficulties encountered in operating this instrument, it

hes Leen decided to eliminzte it from the dynamic flow calilration program

despite its theorstically sound ‘principle of oberation. The unsatisfactory
performance of this meter an? of the Mittelmann electromagnetic flowmeter
leaves only the liquid not-wire as a check on the theoretical phase cor-
rection Letween flow and pressurc drop across the injector orifices, The
existing hot-g:ire probe has Leen modified to nrovide more relisble operation,
and meanwhile a ncw tungsten ;;rolve ’ which will provide much greater sensiw
tivity, has been designed. A nreamplifier has also leen installed letween
the balancing Lridge and the ‘constant bemperatur.e amplifier in order to
increase ‘tha sigml-to.-noise ratio, This meter is availalle for dynamic
calilrations, which will Le run on the monopropellant flow stand as soon

as repair of the flow modulating unit is camplete,
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IV, INFORMATION AND DATA:

. -

. A1l sulijeet matter normally appearing in thds section has bLeen

included in the appendices ac follows:

(a) Theory: ~Appendix Ae
(b) Monopropellant Rocket Motor Tests: Appendix B
(¢) Pressurs Pickups: '

V. DISCYSSLON:

All pertinent discussion may Le found in the appendices as indicated
previously, ’
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INSTALLATION OF LIQUID OXYGEN
Figure |
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INSTALLATION OF ALCOHOL TANK
Figure 2
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BIPROPELLANT THRUST STAND
Figure 3
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BIPROPELLANT CONTROL PANELS
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FOUR-CHANNEL AMPEX FM MAGNETIC TAPL
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CONCEPTS AND THEURY OF COMBUSTION INSTABLLITY
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Concepts and Theory of Combustion ’In‘t.nb:lnlt'y |

~ Combustion in a rocket motor is never perfectly smooth. The pressure
tlnétmuon at a given ‘pos:l.t.ion in the combustion ‘chamber of most ;
of the liquid rockets is very irregular and analysis of -sﬁch
fluctuations shows that no pa’rticular »troquency is peraiaiéi;tlj of
predominating magnitudes As a result of such randomness, the
ueobanioll and the thermal stresses when averagnd over a aurﬂciently
long period of time, remain substantially constant, Thsrefore, no |
aerioua conaeuuences are encountered under such circumstances and
the rocket motor is said to be. operat.ing tmder st.eady state conditions. g |
These random fluctuations may Ve originated from either tlnid wmmical
processes or chmicyl kineti,c‘ ‘processes or both and are ‘eviden&gd by

‘the extromely turbulent conditions in the combustion chamber. The
| origin and the nature of this random or turbulent fluctu‘nt.ion, are
liot the oreae;\t subjects of conéiderat.ion. Under certain operut."ing o
condiums, Lhe pressure fluctuation at a iven uusition is’ more
U er less periodic, Analysis of such fluct‘uat,.icna shows t.hat clo

- or several particular fraquency component s ars perai_lvtontiw of

| 'mdminating magnit.udéa as oompared to vhe ulgni.t.nd.\ of £ha rmdaq N

" noise that mvai-ia.‘»ly occurs in the combustion chamber, ‘u‘m -
rocket is oper#ting under such circumstances, the thermal and the
mcchanicil stresses, when averaied over a sufficientiy long period )
of time, attain magnitudes considerably higher than those corr.e#pgnding
to steady state conditions, Therefore oscill;f.ioné m‘o'f&t.his‘ ‘kind will

have detrimental cffects on the life and the
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reliability of the motor. If such undesirable oscillations are prgaent, ve
call the combustion unstable.* It is the purﬁose of this paper to review the
investigations concerning the origin and the mechanism of producing such ‘
undesirable oscillations with & view to its elimination.
These regular oscillations of large émplitudo can be generated in either
of the folloving two ways: .
1. Any small disturbance, existing in the combustion chamber is unstable
and amplifies with time until it attains a finite magnitude which' is
determined by the presence of nonlinear damping agents. (If the motor is not
etroxlg enough to bear the mechanical and the thermal stresses produced by the
fully developed unstable oscillation, the motor will fail during the period
of amplification, and the unstable oscillation appears to be diverging all
the way ﬁp to the failure of the motor). This type of unstable combustion can
be distinguished from other types by the fact ﬁh&t there is a transition
stage preceeding the fully developed unstable combustion. During this tran-

sition stage, the unstable oscillation gains in amplitude continuously without

" significant change in its frequency. Such transition stage has bdeen recorded

in rocket motor with transparent slit window by Berman and 'Chgney as is
reproduced in figures la and 1lb, from reference 1. The magnitude of the fully
developed unstable oscillation is large but such large amplitude oscillations
are originated from the instability of oscillations of much smaller amplitudes.
While the nonlinear effects should be taken into account for the analysis of |
the fully developed unstable oscillation, the stai)ility of the small
distui'bances wﬁich are responsible for the presence of the larée emplitude
oscillations can be analyzed by linearized treatment. Consequently we call

this type of combustion instability the "linear instability."

*¥This distinction of the rough but stable combustion and the unstable combustion

was advanced by Prof. L. Crocco in the Annual Meeting of the ARS, 1952. A
detailed account is presented in the Monograph "Combustion Instability in

Liquid Propellants Rockets" by L. Crocco and S. I. Cheng to be published by
AGARD, NATO.
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2. Disturbances smaller than a certain maénitude are stable and dié.
with time. But disturbances larger than this maegnitude either rémain finite
or amplify with time. Nonlinear effects are essential for this type of
instability. The occursnce of this type of instability is not necessarily
Preceded by a transition stage and can 'be' initiated by accidental or '
functional disturbance of sufficient megnitude; for example the starting
transient that initiates unstable combustion before the rocket has ever come
€0 a steady state. Because of the fact that nonli.ne‘a.ri;cy is an essential
feature of this type of unstable combustion, we call this type "the n,onniear
instability".. Nonlinear instability can be avoided if both the functional
and the accidental .disturba.nce and the random noise are kept below a certain
magnitude. In this respect, the nonlinear instability differs from.the 1ingar
instability. | ' |

Only linear instability has so far been sub,jected to analysis. Since
.cunbustién plays an important role in the unstable phenomenon and since our
knowledge of mixing processes ka.nd of chemicel kinetics is too meéger to
permit a detalled formulation of the coxﬁbustion processes, the stability
analysis cen be made ‘only vhen the combustion processes are successfully
described by a simplified model. The following model is“ found verjuseful.
it is based on two essential assumptions:

(1) The unburned propellant elements occupy negligible volume in the
combustion chamber. Thus, it is only the flow of‘ the burned gas that enters
into the dynamics of the gas system in the combustion chamber,

(2) The propellant eiement after leaving the injector takes a definite
amount of time called the time lag to prepare itself for combustion which ”

tekes place instantaneously at the .end of the time lag.
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This concept of delayed instentaneéous combustion has long been introduced

for the analysis of combustion processes; for example, the concept of ignition -

temperature. The time lag consists essentially of two parts, a consta.ﬁt part
during which processes insensitive to the thermodynamic states of the sur-
rounding gas, like mixing, take place; and & varisble part during which
processes sensitive ﬁo the states of neighboring gas like activation processes
occur. We call them insensitlive and sensitive tm lag respectively. This
schematic représentation is w}ery rough because both processes take place
simulteneously. However, "this permits 'a "simple" description of the

combustion processes and of their variations undey unsteady conditions.

Combustion in this schematic representation is Jjust a process of mass generation,

and so far as the dynamics of the gas is concerned, the local rate of gas

generation is the source strength from the point of view of aerodynamicists.
[ .

'All that we need to know in analyzing the dynamic behavior of the system is

the instantanecus source strength at any instant at every location in the
chamber volume.
This description of combustion in steady state can be effected by

specifying both the total space lag ; that is the position where a given

" propellent element is transformed into burned gas and the sensitive time lag

“T of the element. The motion of the unburned element during the sensitive
time lag is assumed to be the same as the motion of burned gas in st.eufy state.
The description of combustion in unstea.dy state will require a knowledge as to
how the local ‘s-ource strength or local rate of burned gas generation responds
to oscillations in the combustion chamber.

The rate of burned ga; generation can be gffected by chamber oscillations

in a number of ways. But all these fall in two categories, one modifies the
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’ to chamber oscillations; and the other modifies the specific rate of
conversion of unburned elements into combustion products thro,ugix the
sensitivity -of activation processes to cl}amber oscillations. Instab;lity
excited by agents of the first category, has been studied by Prof. .von Karman
and his ‘group siﬁce,i9li2 and also by maany other authors. Their analyses are
limited to chugging (or low fi‘equency instability). Since the specific ra’.te;
of conversion of unburned elements into burned gas i's unaffected by and
remains constant 'throughmit the oscillations, this type of instability depends
very mich on-thé behavior of the feeding system. Instsbility excif.ed by
agents of the second category was conceived and studied in 1951 by
Prof. L. Crocco, vho demonstrated the possibility of instability of both :
chugging and screaming (or high frequency instability) even when injection
- rate is constant. This type of 1nata.bii:lty has been called mtrins'icb.
instability. To overcome the difficulty of our incomplete knowledge of
combustion processes and of their relations with chamber oscillations,.  Crocco -
introduced an interaction index n which determines the course of \’raria.tionl .
of the sensitive time lag. 'I‘hig interaction index n is a characteristic
- quantity of a given propellant combination and the mixture ratio and also
- depends upon a number of factors like the design chamber pressure and
temperature of the rocket. Let Ty be the total time lag of an element, T.
the insensitive part, and T 1;.he sensitive part with “T¢ = T: + T . The
sensitive time lag T of an element burning at instant t is assumed to be

determined by: the following integral relation:
t ' t
w
| J |’ [ x'¢t') '] &t = constu™ (1)
t-T.
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where x' (t') is the path of each individusl unburned element. The integrand
’ indicates the local rate of activation processes, end the consta.nt of the

. " integral indicates the total amount of activation energy required to initiate

" instantaneous combustion except for a prqportionality constant. The local rate

of activation processes depends on a number of thermodynamic variables like
the neighboring burned gas pressure and temperature and also on the relative

veloéity, mixture ratio and so forth. For small oscillations the variation

of these physica,l' quantities may be assumed to be correlated. Therefore, the
local activation rate can be related to a single varisble which is taken to be.

local gas pressure acting on the unburned element as shown in equation ().

As a result the interaction index n is an average or overell parameter
including the effects of all the relevent physigal factors. The value of
the ‘interacfion' index n for given propellan't can therefore be best determined
- experimentally becanse., as previous],y explained, our knowledge as to 1I:he ‘
detalled processes of mixing and chemical‘ reactions is too meager. The constant
value of the integral indicating the total amount of‘a.ctivaltion energy-also
varies between different propellant 'elementa.‘ This constant 1"33 equal to .
§“‘E if the chamber pressure.F is uniform everywhere in the chamber at any
\ instant which is approximately true in conventionali liquif rocket operating in
steady state (except for i;he case of throatless motor). 'i‘hc.varia.tion of this
constant means that the steady state value of the sensitiwfe' time. lag T variéo
betwgen propellant elements. For simplicity, analyses are performed for

systems in vhich all elements have the same value of f . The effect of the

unequali ‘of different elements has also been treated. ‘
That the variation of this time lag 1ead.§ to the variation of rate of

gas generation can be seen graphically as shown in figure 2. Consider a

oy e g e e
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.given amount of elements injected during the interval A +t. If T remaine

constant for elements injected at different instants, these elements are
transformed into gas in an equal but later time intervel At. If ¢ is larger
for elements 1i:Jected later, the same amount of ‘gas would be generated in a
time interval longer than A t, and the gas generated per unit time is

decreased as indicated in figure 2 as & rarefaction or dilution of the

combustion processes. Thus, increasing T leads to decreasing gas generation

. rafe ixb and vice versa. Since the integral in equation (1) indicates a

variation of T with f P a.n oscillation i:{, of burned gas generation rate is
generated when there is a pressure oscillation r' in the chamber. HNow if the
oscillation of lib is so coordinated as indicated in the figure, the response

of ty will tend to magnify the pressure oscillation. Furthermore if the

- response of ﬁth is big eﬁough as indicated by a sufficiently large value of

the interaction index n, unstable oscillations can be excited.

Here i:léa the fundamental difference between oscillations in an organ
pipe with closed ends and those in the chamber - nozzle combination. If the
walls are rigid and all the usual dissipative agents like viscosity and
conductivity are neglected, a small disturbance in the organ pipe will remain
neutral without losing its strength or energy. However, a disturbance in the
chamber is only partially reflected from the nozzle and is partia.l‘ly trans-
mitted downstream with a consequent loss of ené;'gy of the disturbance in the
chamber. If there is a sustained oscillation in the combustion chamber, the
energy of the disturbance is continuously 'be;'mg dissipated through the
successive wave reflections a; the nozzle. Thergfore » sufficient emount of
energy must be supplied to the oscillation to make up for the dissipation.

Thisfenergy dissipation can also be visualized as the flow work in excess of -
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the steady state value, that is performed by the gas in the chamber on the
gas in the nozzle. This smount of energy must be supplied by the exciting
agent i~ forcing into the combustion chamber the excess amount of the burned
gas that is generated. This energy supply is proportional to the magnitude
of the variation of burnéd— gas gener e.tion. The dissipative a.c'tion of the
nozzle therefore sets up a minimum magnitude of excitation that is required
to ma.i‘ntain neutral oacilla.tion. In the case of intrinsic instability where
the inJection rate is constant, this minimum amount of excitation is indicated
by a minimum value of n which is approxima.tely ; for chugging snd increases
with increasing rrequency as will be shown later. If additional diuipatiivc
ageni:é 1like vis.costty and conductivity are taken into account, the value of
Dpyn Would be correspondingly increased. The existence of the nozzle

dissipative action even in absence of viscosity and conductivity is a very

. important feature of the oscillations in rockets. Therefore, a system can

exhibit instability only when both the excitation agent is sufficiently sm
to overcome the energy loss due to dissipation through the nozzle and the time
lag is i:::roper ra.nge or ranges of values to bring about an increase of
burning rate chr:l.ngApreseure excess period. '

For the analysis of chugging or low frequency oscillation the. period
of the oscillation is very large as compared to the time required for a
pressure wave to travel the length of the combustion chamber. The eifect of \

the variation of burning rate at any point is felt everyvhere in the chamber

practically instantaneously. The gas pressure can be assumed to be uniform

~at any instant everywhere in the combustion chamber, and oscillate as a whole

" about the mean or steady state value. Thus the position where an unburned

element sensed the pressure oscillation and the position where the element
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“bur'nl are not of importence in the low frequency anelysis, and only the
timewise description of combustion in terms of the time lags need be considered.
It is further assumed for simplicity in the low frequency snalysis that the
temperature of the burned gas generated from a given element remains unchanged
,,‘throu'ghout the pressure variations during its travel toward the nozzle end.

m: assunption is e,duivalent to the assumption of }¥- 1 € < 1 for the case
of isentropic oscillation. The stagnation temperatﬁre or adiabatic flame
temperature of the burned gas element is assumed to be the same for all ' .
elements in the case of monopropellant, and to be dependent only on the mixture
ratio of the element in the case of bi-propellant ‘re.gardleﬁs of the p‘r‘e_u'urc
variation under which combustion takes place. The final equation for the

fractional pressure vario.ti.od in a lionopropellant' motor is given “..

Rate of Mass Variation Variation of Rate Gas-- - —
Accumlation of Mass Generation Due to the:
or Pressure . Bjection Sensitivity of
Change Rate ' ,
Feeding Combustion
System Processes

.ﬁ, «’ T = N T(l-:‘.) - N [T(i)- !cz-x’](z)

The course of variation of chamber pressure is determined by the mass

balance of the system. Z is the reduced time defined in terms of the aversge
gas reoide_nce time in the chamber. %1 and ; are the reduced or
dimensionless total and sensitive time lag. N is thé transfer function of

the feeding system defined as the ratio of the fractional variation of the
injection rate {g and the fractional variation of chamber pressure a£ a
given instant. For systems with counstant injection rate, N = O, and the .
instability of such systems is due to' the sensitivity of the combustion
processes only and is called the intrinsic 1nstability. For practic;l systems,

N is a complicated function of the frequency of the chamber pressure
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variation and the different feeding system constants representing the pump
characteristics, the pressure drop across the system, the élasticity and the

| inertia of the system. A number of investigations have been made for low

frequency combustion stability 1.n systems with different ideal feeding systems
characterized by different fornms of .the transfer function N (1 - 7). These
@ﬁes are ﬁuite in;olvet; algebracially primarily because of the sensitivity
of the feeding' system. The effect of varylng individual constants on the
eﬁbility of the systum.cannot“ be easily drawn except that as a general trend,
decreasing interaction index n and increasing the pressure drop in the feeding
system are stebiliszing. s

80 that the period of oscillation is comparable to the time thet. a8 pressure
wave will take in travelling the length of the feeding system, the

elasticity and the inertia characteristics of the feeding system can not de
successfully represented by conce’ntrlated capacitance and 1nert1.a. The
idealized simple systems. as described in the analysis of low frequency
oscillations cannot possibly be admitted for the analyus of high frequency
‘o-cillations(, The situation is further complicated by the presence of valves
and other suqlgfn changes in sections a.nd bends in the feed lines. Except for
the much too idealized "feeding system" consisting only of & uniform straight
tubing 1t is practically impossible to formulate analytically the response of

injection rate to high frequency chamber oscillations even approximately.

- Therefore the apa.lysis of high frequency oscillations has been ﬁrimarily limited |

to 1nt—rihsic stability. Even in this case the mathematical complications
are quite formidable and only the longitudinal modes have so far been treated.

e v e
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The ma.thiemai.tical,'complication ariges because the time of propagation of
“ pressure vaves in the chamber and that in f.he nozzle is comparsble with the pcﬂod
‘of oacil'la.tion.g The response.of the flow ino.the nozzle to high rreq@ncy
os_ci:illations is of fundamental importance to the stability problem because it is .
.' the energy. dissipation uaoc{amd with this outflow which c_onatitu-tes the
7ou‘ent1a1 damping action. The mathematical treatment for longitudinal oscillations
in thle nozzle was initiated by Prof. Tsien (8) and solutions for the whole '
" frequency range were obtained by Prof. Crocco (9). The result ig presented and -,
reproduced as figure 3 with the specific admittancert;ti¢ defined as the ratio
of the fractional variation of velocity to fractional variation of density at
the entrhnce to the nc.mzle plotted againqt the reduced frequency ﬁ which is the |
sngular frequency divided by velocity-gradient in the subsonic portion of the
noszle.

The situation in the combustion chamber can be visualized as a number of :
sources distributed over the chamber volﬁme and generating pressure waves through
the variation of source strength or local burning rate. 'Preuure wvaves are
reflécted from the solid bouidaries, and ere partially transmitted and partially
reflected at the nozzle entrance. All these waves that are present in the
combustion chamber interact ine complicated manner to set up a definite wave
form somewhat different from the standing acoustical or organ pipe mode even'
vithout considering a.ny nonlinear effects. It is therefore necessary in the
formulation of the problem to consider the balance of mass, momentum, and energy
of each individual differential element instead of the overall mass ba.l#nce of
the entire combustion chamber as indicated in equation (2) for low frequency

o

oscillations. As a result, we obtain (11) an integro-differential equation with
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retarded variable for the pressure perturbation in the chamber. An analytic
solution of thil_)oqul.tioﬁ satisfying the necessary boundery conditions camnot

be obtained explicitly. However, approximate solutions can be determined if

we introduce several additional essumptions. Eesides such mathematical

complexity, the spatial description of combustion distribuﬁion bécomes an
important factor in addition to the timewise description in the stability

l'nalyli;. 'l‘hn capability of an element in exciting instability under non- L=

| uniform pressure at any instant in the chember depends not only on the time

interval but also on the spatial range in which this element sensed pressure

vaxriations. "l.‘ha evaluation of the exciting action will requirge a complete

- Qescription of the spatial Adistribution of combustion a.nd its variations in

response to chamber oscillations in addition to the timewise description. In
other words, we have to specify both the space lag and the time lag of each

- propellant element. In general, the space lags are different for different

eélements. Both the magnitudes and .the distribution of the space lags of the
propellant elements are different in different rockets. The spatial distribution
of combustion in the chamber '1’:5 therefore arbitrary‘.’ The sensitive time lags
of different elements are also distributed in a certain range of values. Both
of thase h.avo importeant consequences on the stability of the system. These
qualitative pictures pertain to any-high frequency modes of oscillations » pure
longitudinal mode or combined with transversal modes. The presence of the
transversal modes introduces only additional mathematical gomplications s Tor
example the space lag of an element will have to be described by a vector linstead-
of a scalar distance from injector end. The mechanisms of excitation and of

wave interaction are the same.

The importance of the spatial dis%ribution of combustion is best illustrated .

by considering‘ the simplest case of longitudinal oscillations in systems with

concentrated combustion front, that is, when all elements have the same space

O
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- lag ; and the same aensitive time lagC . In this configuration, irT is

= gufficiently small, propellant elements sense only the pressure variation at

the combustion front and the effect of spatial distribution of combustion is .

. brought out most significantly. Another important extreme case is the

configuration with combustion uniformly distributed over the entire length of

' the chamber. Both of these two extreme cases have been treated analytically
(10,‘11). Typical results are given below.

In figure 4 the unstable ranges of the steady state values of time lag T
for systems with combustion concentrated at different axial position £ and when

" the interaction index n = 1 are shown. The 80lid curves are the stability

boundary which separates the stadble and the unstable regions for systems with
“long nozzle" vith the length of the subsonic portion of the nozzle ‘
_approximately equal to 1/3 of chamber length. The dotted curves a.re those

for systems with "l'ho;t nossle" with negligible length of its subsonic

portion as compared to chamber length. The strong staﬁiiizing effect of a
long nozzle in reducing unstable ranges of o and of § for given n is obvious.

~ The most importent aspect of this stabilizing effect of the nozzle is that it

is much stronger toward higher modes of oscillation. While the "short nozzle"

'leads to definite unstable regions for all modes of oscillations when h 1s

bi_éger, than 4, the " long nossle" stabilizes all modes higher than the second

mode vhen n = 1, If n decreases from unity, the long nozzle makes all modes
 except the fundamental one and eventually all modes always stable before

' reaching 4. The physicel reasons for the increasing stsbilizing effect of a

g:hi_e:ii nozzle tovard higher modes of oscillations are:

(1) ~ The energy outflow through the nozzle as evaluated from the specific

admittance ratio is larger for oscillations of higher frequency. This leads to:
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larger dissipation or damping. (2) The increasing spread of the reflected
waves as compared to period of oscillations of higher modes leads to poorer

timing or coordination and therefore less effective excitation.

For given’positi’on ; of the combustion froit, proper coordination of -the

exciting agent ia obtained only when the time lag T lies in certain dfscretg
range of values. It.is cléear also that if combustion is concentrated in the
neighborhood of the node of & given mode ( § = 3 for fundamental mode) there
is no such unstable ranges of % and that mode is a.lwaysl stable. If écmbustion

is concentrated at an anti-node of & given mode, the unstable range of Tis

- the widest and that mode is most likely to become unstable. This is obvious

physically as there is little pressure variation at a pressure node to exc-ftp
the oscillation while the pressure variation at an antinode is the largest.
It should be remarked that a nodal position ofra given mode -neeq not be the
desirable position for a stable concentrated combustion front becasuse a node
of a given mode can be the antinode of some other mode or modes. For example,
th§ middle of the chamber is roughly a node of the fundamental mode and an

antinode of the second mode. Thus if combustion is concentrated at the middle

. section of the chamber length, the fundamental mode is always stable vwhile

‘ the second mode is most likely to become unstable. Since a motor can be

considered as stable only when all modes are steble, it cannot be concluded
from this simple analysis which is the best axial position for a concentrated
cogbustion front to be stable. However, this simple consideration does
indicate, on the other hand, that the injector end b;ing an antinode of all
modes of pressure oscillations, is the position where a concehtrated

combustion front is most likely to exhibit instability.

[
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In figures 5 and 6 the magnitudes oi’ 5 required tg maintain neutral
oscillations of different frequency & =(91\" in the neighborhood of the
fundemental and the second acoustical mode respectively are plotted for

several combustion configurations (systems with combustion concentrated at

aifferent axial positions ; and for system with uniformly distributed

combustion). For each configuration, there is a particular frequency,

!

corresponding to a particular value of the sensitive time lag where the
value of n that is required to maintain neutral oscillation or to excite
unsteble oscillation is a minimum. We call it ngy,. This ngy, is a
characteristic of.'che given configuration, designating the minimum amount of
excitation required to initiate unstable oscillations under the condition of
optimum timing. Therefore this nyi, serves as a very good criterion in
comparing the relative tendency of different combustion configurations to
exhibit instability independent of the values of the time lag. The values -
of ny;, for systems with combustion concentrated at different ; 's are

shown in '.figure T. It is clearly seen here that when the combustion front is
shifted away from injector end, Npin for all modes increas,e_' gradually and the
system becomes more stable. The value of Boin for a given mode becomes very
ia.rge vhen a pressure node is approached. The curve of Din V8 ; for a given '
mode is roughly symmetric with respect to the node. When all modes of high
frequency oacillations are taken into consideration, we see that the smallest
velue of npin, when the Qoncentra.ted combustion front is at a given position
} , is in most cases given by the npin of either the fundamental or the '
second mode whichever is the smaller. The values of Dpin for the fundamental
and the second mode in a system with uniformly distributed combustion can be

read from figures 5 and 6 and these values are considerably larger than the
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. value of np¢, vhen combﬁsti'on is concentrated at any axial location when all

* . high frequency modes are considered., Therefore a system with uniformly

d:tstributed' combustion is considerably more stable than systems with combustion
concentrated at any axial position. Accordingly, a system with uniformly
distributed combustion can be considered as one of the most desirable stable

- configurations. .

Analysis for systems with arbitrarily distributed combustion has been

- carried out (12). Instead of specifying the local source strength, the

combustion distribution 1; more conireni-éntly described by the A‘stea.d.y state

" velocity U (x) vhich is equal to the Mach number M of the gas flow at the

entrance of the nozzle. The stability boum?ary can be determined by the
method of successive approximation and the y;.lue of nmin corresponding to
each configuration of.combustion distribution U (x) is given for the first
approximation as:

| Lo+ R (W,) Cos cdo

2y L'(U,/M) cos WX AxX

vhere ), 1is the frequency of a given mode of oscillation with optimm

Mo ® )

timing determined by the following algebraic relation:

Wyr how - du M Sewn] el e,y ()
wvith R + 18 representing the nozzle admittance ratio which is the ratié of the
fractional variations of gas velocity to that of gas density at the entrance
of the nozzle. Since M is a small quantity and S ( «,) is of the order of
unity, equation (4) shows that ), is in the neighborhood of integral |
multiples of"lrwif;h deviation of the order of M. Hence > if n is not much
bigger than npjin the frequency of the unstable oscillation is slightly less

than the acoustical frgquency of the gas column in the combustion chamber.
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This decrease in frequency of the oscillation{s cah be interpreted as due to

the inertia of the ga.ﬁ in the subsonic portion of the nozzle which cohstitﬁtes
;a.n increase of the effective length of the gas column in the chambef. : Follc;wing
the conventions in acoustigs » this may be"interprete‘d as an end correction

of the chamber length. But it should be noted that this end correction |
depends on the function S vhich is the imaginary part of the acoustical
admittance ratio of the nozzle and is a complicated function of the nozzle
shape, the entering Mach number of the gas and in particular the frequency

of the .oscilla.tion in quesﬁon. ‘

Equation -(3) represents the balance of excitation and dmnpingw for neutra.i
oscillations with optim timing. The numerator of the right hand side
represents damping. The denaxﬁinator multiplied by n represents excitation.
The denominator itself is a factor ‘that takes into account the unequal
exc:l.tiﬁg contributions of 'different propellant elements. In first
approximation, it is only the averaging factor of excitation that is affected
by the cambustion distribution. With n > nnj, excitation may: be larger:than
Mmg. Unstable oscillation will occur if timing is optimum and neutral
oscillation’ can be maintained if the timing is not quite optimum.

In figure 8 the computed values of ny;, are shown for systems with
combustion uniformly distributed slong the first part § of the chamber length.
It 18 interesting to note that the combined effect of the nozzle and the
spatial combustion distribution makes the second mode always more stable than
the fundamental mode. Furthermore, the most stable configuration (biggest
Npin when all modes are considered) corresponds to a system with combustion
uniformly distributed through most but not all of the chamber length.

In figure 9 fhe values of npjp of the fundamental modes for systems with

combustion uniformly distributed in an intermedié.te portion of chamber length
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are pmlenﬁd; It is found that the spatial spread about a mean position
has in general a stabilizing tendency when all modes are being céhaidjered;
but the effect is mlati:veiy iimignifica.nt if the total spatial spread is
roughly leas than 1/8 of the wave length.‘__ '
So far we have discussed the effect of spatial distribution of combustion
or spread of the totai space lag vhile the sensitive time lag is assumed to
be the same for all elements. - In actual situation they may vary in a certain
renge and distributed in some definite manner. Analysis shows that the
spreading of the time lag, in general, tends to decrease the unstable ranges
for given n and to increase the value of n,i,, for a given spatial distributién
of combustion. The magnitude of the stabilizing effect for a given type of
distribution of the sensitive time lag increases vhen the ratio of the |
sctual spread of the time lag and the period of oscillation tncreuee;
Computed results for a& particular type of time lag distribution about the
l;ean value and for n = 1 are given in figure 10. The unstable ranges for the
fundamental mode of -oscill@.ti‘ons are seen to be dacreasing with increasing |
magnitude of €, vhich is the fractional extent of time lag spread. Thus,
the stabilizing effect toward a given mode of oscillation increases with
increasing extent of spread of the sensitive time lag. Figure 10 also
indicates that a fractional extent of spread of less than f; has negligﬁle
effect on the stability of the fundamental mode. The stabilizing effect of
' & given extent of the time lag spread increases toward higher modes of
oeciliation because of their smaller oscillation periocds. The larger
,sta.biltzi.ng effect of the nozzle and 1.-.hat of the spread of the sensitive time
lag make ‘the h’i_ghgr modes of the high frequency oscillations not likely to
become unstablé‘; a.s coﬁxpa,red to the fmdamg?ltal and the second modes. The

I3
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investigation of t.hé stability of the fundamental and the second rgode will
therefore usually be sufficient. The effect of the spread of sensitive time :
lag in .systen.ls with a.rbitra.ry combustion distribution has been studied (14)

and is shown to be likewise stabilizing. -

| The effect of a pressure s;ensiﬁivewfge“ding system can be analyzgd if we

know the transfer fun;:tion N(w) = f‘i / cr vhich is defined as the ratio

of the fractional variation of the injection rate and the fractional

variation of pressure at injector end. The following expression for niun for

arbitrary combustion distribution 1s obtained (15) -
Ve RCWD + Re(wo)

Mowdn = i‘([ (/M) cos* Wix dx (5)
where go, is the frequency of optimum timing determined by
B ~ qon M () + S.;(t#.’\_] R | (6)
with Ry and Sp defined by the following complex integral |
Rge 4 Sy IEm/m)-"-’Lﬁ Newye T mgtx S m

The order of magnitude of Ry and Sp is roughly given by |N| / w“?‘f . The.
nondimensional T; used in this formula is a mean Qalue‘ of the insensitive time
lags 1} of different elements nondimensionalized by the wave propagation time.
Simple phyaical considerations show that this quantity 1‘- , at least for the
case of distributed combustion must be considerably bigger than unity. 01

the other hand, the dimensionless frequency w) is at least of the order of .
Thus both Ry and Sy are very small compared to unity unless N is very large,
that .13 » unless the feeding system is in reaona.:;ce with the acoustical

frequency of the chamber - nozzle combination. Neglecting this possibility,
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‘ve see am the magnitudes of Ry and Sy decrease very fast withe end that
the effect of the feeding system on high rrequenc;'r modes is very small.

K Consequently, the p}eunt autho.r is inclined to conclude that screaming or
unstable high frcquency oscillation il essentially a phenomenon of intrinsic
instability as compared to thé cagg of chugging or low frequonci oscillation
which is strongly intje'rtered by the pressure sensitivity of the feeding system.
The exceiatiom.l case of resonance would need further study.

As has been remarked, all the previous results concern the stability of
small high frequency longifudinal oscillations only. The stabilizing effect
of the spatial .apreui of combustion and that of the timewise spread of the

sensitive time lag are well established theoretically and the important role
of stabilization played in this case by the energy dissipation due to the
‘response of flow in the nogzzle to oscillations at the entrance has been
verified. The trend of design to eliminate or avoid the linear mubility

of longitudinal oscillations with frequencies in the neighborhood of @co\uucn
values is clearly indicated in the previous theoretical results.

Fully develoged unstable oscillations of combined longitudinal and
‘transversal nodes of the acoust:l.cll t.ype are more often found in large thrust
units especially vhen the length to d:l.meter ratio of the combustion chmber
is not large. The stability of the small cylindrical acoustical oacnhtionl .
in the combqstion chamber can be analyzed based upon the same physical concept.
of the mechanism of self-excitation Q}‘,t?gr pure longitudinal oscimtiom.
However, if we bear in mind the important dissipative actioxi of the nozzle in
the stability analysis of the longitudinal modes, we would have to deternim
the acoustical adnittance ratio of the nozzle in relponse to combined

transversal and longitudinal oac:lllations before we can evaluate the stability

e o = -
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bounds;ry or even the miniimm criterion of ny;,. The determination of this
u&n;ttance ratio is under way but has not yet ﬁeen completed. Much
‘theoretical work remains to“be done concernixig the stability of such combined
moten. .. -
The phenomenon of combustion instability is an extremely complicated one.
The proposed mechanié‘m_ of self-excitation is by no means the only one bt is
believed to be the most important mechanism which is responsible for unstablé .
osclllations with frequencies closely related to the frequencies of acoustical
modes; both pure longitudinal and combined modes. Some of the theoretical
deductions as present.ed in the present paper have received experimental
verifications. Tﬁis is ra.tha; encouraging. However it is all the more
important to investigate the basic postulate of the present theory, that is

the empirical law concerning the variation of the sensitive time lag with
chamber oscillations as expr.eued in terms of gas pressure. The Mitutive
etahili_ty behavior as influenced by the variation of different parameters,
predicted by the present theory should be verified by a ayst;m.tic experimental
research. It is only through the careful investigation from both the |
theoretical and the experimental side, can we hope to understand the
complicated phenomencn of combustion instability. It should be repeated

here that the present theoretical results are concerned only with 11uar:
instability of acoustipal typé. Both the nonlinear instability and the
" linear instebility with frequencies not apperently correlated with any
acmtiéal fre_quenciea would obviously require separate considerations.
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INTRODUCTION

The problem of combustion instability in liquid prbpellant rocket motors
has long been recognized as one of the major difficulties in their develop=-
ment, In particular, the effect of extreme rates of heat transfer which have
been shown to result from the high=frequency oscillations commonly called
"screaming® will become even more significant as the industry progresses to
the use of higher thrust, higher performance rocket ongines,

In view of the present lack of correlation among sc many of the recorded
instances of instability, a program directed by L. Crocco was introduced at
Princeton under the sponsorship of the Bureau of Aeronautics to examine the

~_fundamental nature of this phenomenon from both theoretical and experimental

viewpoints, The long-range objective of this program is to define a parameter
or system of parameters which can be used. to describe quantitatively the
tendency of a given rocket motor configuration to exhibit one or more of the
various forms of instability, and hence to supply the :ocket motor designer
with criteria which will permit elimination of combustion instability either
in the design phase or by rational changes and adjustments in the course of
development,

The first task encountered in setting up a systematic investigation is the
formulation of a suitable framework to be used as a basis of operations, The
concept of a combustion timelag, although presented some time ago by von Kar-
mants group at the California Institute of Technology, was first subjected to
analysis by Gunder and Friant (Refe l)s Modifications were later introduced by
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Yachter (Ref. 2) and Summerfield (Ref. 3), both of whom demonstrated that
low=frequency instability could be coupled to the feed system through a
constant combustion time lage However, it was not until the concept of a
‘pressure sensitive time lag was created by Crocco (Ref. L) that the mechan-
iam of highefrequency instability could be analyzed, and thus it was Crocoots

theary which was selected to comprise the required framework for the experi-
mental program.

Crocco's analysis is based on the assumption of a combustion model which
considers all atomization, mixing, heating, and reaction of the liquid
propellants in rocket combustion to be characterized by the time delay be=
tween the instant a particle of propellant enters through the injector
orifice and the time its evolution into hot combustion gases is complete,
This time delay consists of two partss (which are, however, physically
inseparable) a constant portion, which is a function primarily of motor
configuration, and a variable portion which is sensitive t¢ the variable
combustion chamber parameters (esges pressure, temperature, velocity, etce).
For mathematical and experimental simplicity,and also because it appears to
best characterize the grouping of physical and chemical processes we call
combustion, this variable portion of the time lag was taken to be a reason=
able function of chamber pressure, and development of the analysis was
completedon this basise A summary of the theoretical treatment in its
present state of completion may be found in Refe 56

The experimental attack logically breaks down into two basic problemss

(1) Test, verification, and/or modification of the fundamental assumptions
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which comprise Crocco's model of the rocket combustion process, and (2)
Determination of the effects on stability of varying the time lag and other
significant parameters by means of variations in the standard rocket motor
components; €e.ge; propellants, injectors, chamber gedmetries, nozzle geom-
etries, etces In view of the extreme interest in the detrimental effects of
high frequency instability on liquid bipropellant motars, this particular
case has received primary emphasis in planning both the theoretical and exp-
erimental attacke The theory presents an snalysis of o,uy the longitudinal
type of instability, although extension of the basic fundnnmtg.la to mathem=

atical and experimental analysis of the transverse modes is now being

undertaken.

In order to facilitate development of the necessary experimental
techniques and instrumentation, a "workhorse® monopropellant test stand was
constructeds The monopropellant system vas selscted primarily for its sime
plicity, low temperature, flexibility and reliability of operation, since
the rocket motor was to serve in this phase only as a test vehicle for the
instrumentation, The monepropellant data, however, can easily be applied as
a check on the basic assumptions of the theory for monopropellants as set
forth in Ref, L, once development of techniques and instrumentation have
progressed to a satisfactory degree, but, as mentioned above, the heart of
the experimental program actually lies in the bipropellant system.

The present paper describes the techniques which have been developad to
conduct the experimental investigation, together with preliminary results of

monopropellant test programe These results must be considered Lo be merely
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an indication of the capabilities of techniques which are still undergoing'a
process of refinement, with the final aim of reducing the scatter of the ob-
servations to the minimum possible amount,

APPARATUS

Although construction of a bipropellant sys’gem is ncaring completion at
the present time, only the equipment used to obtain moncpropé nt rocket
motor data will be described here. Basically, this equipment consists of a
gas-pressurized feed system, a monopropellant rocket motor, flow and pressure

sensing elements, and electronic recording equipmente

The feed system and rocket motoi layout is iliustrated in Fige le lhe
inert gas pressurizes cthylene oxide in t‘he high-pressuie tank, forcing it
through a Potter turbine=typc flowmeter, a cavitating venturi, a flow modula=
ting unit, and into the rocket mctor injectors. All components downstream of
the propeliant valve are mounted on a flexure type thrust stané (seec ige 2)
which uses leaf springs to provide one degree of frictionless freedome Tae
rocket motor, shown in Figure 3, is of stainless steei and has au irner diamet
er of 5 inches, It is of sectional construction, providing a simple method of
changing L#, and uses eight radial injectors of the full-cone spray types A
small amount of gaseous oxygen is injected through an orifice located on the
motor axis at the head end, and ignition is accomplished by means of standard

sparkplugs (two are used to provide reliability)e

The flow modulating unit, a simple pisten arrangement diagrammed in
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Fizure lij, is mounted in the pressllant £ucd line Letween the rocket motor and

5. cavitating venturi, The venturi scrves ‘t:., nmaintal. the steadye=state compone
ent of tre flow rate, aad alsec te damp out disturbances traveling upstream
from the modulating unite Lthe flow modulating wnit itself is a straightfor-
ward crank-piston arrangement woth a 0e20=-inch stroke and interchangeable
pistons to provide different dispiacements. The data included in this report
have been taken using a piston with 0,802einch diameter and a ru.suliting dis-
placement of Jel cubie inch:s, Th: unit can be driven at spesds ranging from
3,000 to 12,200 RIML (LU we 200 yyeles pur sacond; by a Us S idet.oré 3/1;4 qp
Varidrivee {t wasz found turing the course ¢ testing that the flywheels

shown in figure 4 wer» not necessary to malituin coastant speed wader load,

and hence most of thuy daka were taken with tne flpvheels roumoveds Piston 'sealp
ing 1o provided by a doable=ridged tefloa gusitet {as shown in Figure 4), but it

Wwas Sowi necescary Lo replace this seal after every ten or twelve runs,

(Operation of the monopropellant motor is performed from the control panel
shown in Figure S, Photographs of the Heise bourdon=tube gages are used to
obtain checks on the steady-state values of thrust, chamber pressure, injector
pressure, and pickup reference pressure, The power supplies and balancing
bridges for strainegage sensing elements aléo appear in Figure 5, but all
other eliectrcnic operations and recording are done in a separate building, to

which the signals are piped via coaxial cablese

Steady=-state flow rates are measurnd with a Potter turbine=type flowmeter,

and values checked by a highepressure sight zlass located on the preopellant
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tankes Thrust is measuwred simultaneously with an Emery hydraulic load cell

and indicator and a 1i strain gage load cell recording on a leeds and Northrup
potentiometers Two li=liu pressure pickups are used to record instantaneous
pressures at the injector and in the chamber. This type of pickup (see Fige 6)
is a double catenary diaphragm, water~cooled strainegage transducer which is
designed to be fiushemounted in a rocket combustion chambero, A detalled de=-

scription of this device is presented in Refs 6o

The pickups are mounted as shown in Figure 7, the diaphragm of one pickup
being flush with the inner combustion chamber wall, and the other installed as

closely as possible to one of the injector orifices. The signals from the

pickups are recorded as shown in Figure 8, Each signal is branched four ways;
first, directly to an ilectronic Tube Corporation sour-cl.annel oscilloscope
recording on a General Radio strip-film camera (see Fig. 9)o A 200 cps timing

trace, checked for exact frequency with a berkeley electronic counter, also

appears on the oscilloscope screene The second rignal branch is passed through

a constantwphase AC amplifier into a two-channel FM Ampex magnetic tape re=-
corder which features a 20 to 1 tape=speed reduction for playbacke (See Fige 9)e
The recorder's lowespeed playback permits ultimate viewing of the taped signals
on a Hathaway sixechannel recording oscillograph whose galvanometer frequency
response is flat to only 1,000 cpse ‘he third signal branch is amplified by a
chopper feedback DC amplifier and recorded on the Hathaway oscillograph, ser=
ving primarily as a éomplﬁ'ete history of the rune The fourth branch is passed
through a cathode follower (necessary because of poor circuit impedance

matching characteristics) to a low-response leceds and Northrup continuously




recording potentiometer, which provides an accurate determination uf avarage

chamber and injector pressures.

Measurement of the instantaneous flow rate through the injectors was
attempted in a number of difierent wayse 4 MNitlelmann electromagncbic flowe
meter was obtained on a loan basisy, but circéuwit inadequacies prevented its
use in the program; despite extensive development wark cn the part of project
personnel,s A true mass flowmeter designed by Y. Te 1i was also procurcd for
this purpose, but mechanical difficulties (e.ge, leakage, cice) have prevented
its use for instantaneous flow measurement purposes up tc the present times
Constructional details and principlie of operaticn of this instrumcnt, which is

pictured in Figure 10, are descrived at length in itefe Ve

A third approach to the flow-measwring problem, which appears to show
some promise for calibration purposes in conjunction with the fourth teche
nique (to be discussed later) was the adaption of constant=temperature hot=-
wire anemometer techniques to the flcw of liquids, This system required
extensive development but has been successful in producing an instrument
which will respond in approximately 0,15 milliseconds to variations in flow
velocityes The method is fundamentally the same as that used in wind=-tunnel
hot=wire anemometry, but involves a number of rather extrume changes in the
bagic components, For example, the strength requirement dictates use of a
wire diameter ten times that of conventional systems, The resulting enormous
decrease in resistance, coupled with the high heat capacity of the liquid

medium, necessitates wire heating currents of the order of one oar two
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amperes, as compared with the few milliamperes generally used, in order to
approach sensitivity requirements of the s;stems The solutions to this and
other problems are described at length in Ref, 8,

The experimental method used for determining the time constant of the
hotewire apparatus is shown in Figure 1ll, A steel welght is droppsd on a

- piston, moving a water column of known dimensions past the hotewire probe.

mow:lng the instant at which the weight strikqs the piston and the wave
travel time through the water column, the response time of the hotewire
probe can be measured, Typical data obtained with this system are shown in
Figures 12a and 12b, The uppermost trace in each case is the electrical
contact which marks the instant at which piston motion begins. The hot=wire
signal appears in the center, and the lowest trace 137 1,000 eps timing marke-
are Figure 1l2a :lndicates' the response time of the hotewire to the water
velocity induced by the piston motion, showing also the expected linear vel-
ocity increases The response time of the probe was ap,roximately one-seventh
of a miliisecond, as shown in the figure, Figure 12 indicates the excellent
resolving power of the hotewire, demonstrating its ability to detect wave
reflections which travelad at 5500 ft/sec in the cylinder of water,

Amplitude response characteristics of the hotewire have not yet been
determined, but its use as a liquid flow phasemeter is now feasible up to
frequencies of at least 1,000 to 2,000 cpse

The fourth technique to be applied to the measwrement of flow is the use

of two high=response pressure pickups and an orifices For an oscillating flow

g . . ——
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rate, it can be shown theoretically (see Refs 9) that there are both an
amplitude change and a phase difference between instantaneous flow and
prﬁuure ‘drop, and further, that these quantities vary as a known funstion
of frequencys _This method appears to show far better promise than any of the
others, but some check on the theoretical correction is necess;ary before it
can become fully reliables Such a check on the phase correction will be pro=-
vided by forthcoming tests utili,ing the hotewire meter in conjunction with
two pressure pickups and one of the injector orifices in a pulsating water
flow, using the test rig illustrated in Figure 13,

DISCUSSION (F RESULTS

As mentioned earlier, the primary purpose of the monopropellant rocket
test stand was to act as a "workhorse" for instrumentation Mehmmt and
svolution of test techniques, particularly the application of propellant
flow rate modulation, It might, at first glance, appear that application of
oscillating flow and pressure data to Crocco's linearized theory would not
be permissible, This could be true if the rocket motor were experiencing
actual combustion instability, but it must be carefully pointed out that the
motor is run under fully-controlled, stable conditions at all timess The
amplituds and frequency of the flow rate modulation are set by the oparator at
will, and are not fixed by the characteristics of the motor and feed system,
as would be the case if instability existeds This condition is in accordance
with the aims of the first phase of the test program, in which it is desired
to measure certain characteristic quantities which are very important for the
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appearance of unstable operation during normal == not unstable ==

combustion,

The specific purpose of operating with a modulated flow rate is as
followss By causing a variation in prepellant fiow rate, it ia possible
to observe wcperimmtally the various quantities which appear in Crocco's
aquation for the combustion chamber (Ref. L)s If the flow variation is
sinusoidal, these experimentally measured quantities may be analyzed by the
use of straightforward mathematical techniques, An illustration of this

feature appears later,

The quantities which enter into the fundamental equation of the
combustion chamber (Refe L) are the instantaneous value of chamber pressure,
its derivative with respect to dimensionless time, the instantaneous value
of flow rate at the injector orifice, the pressure-sensitive and pressure
insensitive time delajs between flow and combustion, and the "index of
interaction" between combustion rate and chamber pressure described in

Refe Le

The first two quantities can be obtained from the recorded chamber
pressure and the third from the injector pressure drop, afler application of
the proper correctionse The remaining three quantities, however, arc une
known, Crocco has devised a procedure, the details of which need not be
included here, by which they may be computed and checked using the flow rate
and chamber pressure data, Hence, the experiments must pfovide only the
ratio of fractional amplitudes of oscillation of the flow rate and chamber

pre.sure, and the corresponding phase difference at different frequencies

e - I e e
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and chamber pressures These quantities can be obtained, after making the
proper corrections, from the ratio of fractional amplitudes of injector
pressure drop and chamber pressure, and the phase difference between
them,

The method is particularly reliable when the oscillations have a nearly
sinusoidal shapes In this case the necessary data can be obtained very
simply from the measured oacillations of feed=line pressure at the injector

(instead of the pressure drop across it) and the chamber pressure.

If the injector pressure P; is sinusoidal, it may be written

— s

p,= P+ P sinwt
The chamber prassure P, may then be written
Po= Pt Poom(wt+a)

where o is the phase difference betwecn injector and chamber pressure

oscillations,

The pressure drop AP across the injector thus becomes

AP = P -P= Pi-R ¢+ Psinwt - R sinlwtia)

But AP may also be expressed by

AP = Kp 4 AP sin (Wi +X)

These expressions can now be used to relate AP to P, by straightforward
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analysis, obtaining the result
%% /7

5

AP-RY

= REL@

where the amplitude ratio R is given by
(P /B - V)
Ch e B - 2 (Pg)eosa

and the phase difference e is written

R

sin &

tan é " cos ot - ('ﬁ/—ﬁ)

Thus, by measuring Py, P, ?i’ 'f"c, and o, that is, by measuring the
mean values, the amplitudes of oscillation, and the phase difference between
injector and chamber pressures, the quantities R and @ » which relate in=
jector pressure drop to chamber pressure, may be obtained quite convenientlys
At any given modulating froquency and chamber pressure, R and \B will provide
the raw data for determination of the combustion parameters, |

Experimental values of R and @ were obtained from recordings of chamber
pressure* and injector pressure as typified by Figure 1, Figure lia is a

stripe{iln photograph of the oscilloscope, and Figure lib a typical low-speed

" e e e e ——— —— e 4 =
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playback of recordings made on magnetic tape., Amplitudes and phase difference
(Leee, B}, B, and o ) vere obtained from these types of record, wile
average values of the required pressures (i.es, Fj and P;) were observed on

recording potentiometers,

The values of R and @ themselves are shown as a function of modulating
frequency (at constant mean chamber pressure) :I.n Figure 15, The data of this
figure are not yet suitable for determination of the combustion parameters for
the following reasonss

The present chamber has a characteristic length L# = 570 inches, due to
the difficulty of decomposing ethylene oxide at smaller values of Lw Conses
quently, if the flow rate osecillations are kept small, the resulting varia-
tions in chamber pressure are not sufficiently large to be observed with propo;'
accuracye For example, in arder to obtain a chamber pressure oscillation of
the order of three per cent amplitude, it was necessary to increase the inject-
or pressure drop amplitude of oscillation to the order of fifty per cent for a
typical chamber pressure and modulating frequencye This means that the flow
rate/pressure drop correlation is out of the approximately linear range.
Moreover, the AP oscillation might be too large for proper range of operation
of the cavitating venturi, with the result that disturbances affecting the ainu-f
soidal nature and general regularity of the modulation can appear at each !

cycle, This is especially true at the higher frequenciese-

*Note that at IJow modulating frequencies below 200 cps, the location of the
chamber pressure tap is immaterial, since the wave travel time throughout the
chamber is negligible compared with the period of the oscillation, and hence
changes in chamber pressure caused by the flow modulating unit may be considered
to occur simultaneously at all points in the chamber.
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Elimination of these causes of error is now under way, using the exper-
ience gained on the preliminary tests to attain better accuracy through the
application of minor improvements and refined calibrations. In the mono=
propellant case, this will supply an order of accuracy sufficient to allow
smaller amplitudes of oscillation in chamber pressure; in the bipropellarit

case the situation will be made easier by the smaller value of I,

Although the data shown in Figure 15 are not yet adequate for precise
determination of the combustion parameters, some qualitative conclusions con-
cerning pressure sensitivity can be drawn, If the experimentallyemeasured
phase difference between injector and chamber pressures is converted to the
dimensions of time and plotted against mean chamber pressure on log-log paper,
we obtain a relation somewhat similar to Crocco's assumed relationship between
chamber pressure and time lag, (Refe 4)s This data is shown in Figure 16%, It
must be remembered, however, that the ordinate T in this figure is not the true
combustion time lag, but merely a conveniently measured quantity which is ex-

pected to vary with chamber pressure in somewhat the same way as the time lage

Figure 16 shows the curves of the time T vs mean chamber pressure for two
different ranges of modulating frequency., The existence of two separate curves
does not violate the assumption that time lag is independent of modulating
frequencye It should be reemphasized that Figure 16 is included only to pre-
sent qualitative trends, and although it appears to support the general

nature of Crocco's assumption of the pressure=sensitivity of the time lag, it

#Notes lhis figure was not rrusented at the Symposium,
g P
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is not considered as proof that the analytical formulation of this assumption
is corrects A quantitative check on Crocco's formulation will be made after
the experimental data are considered sufficiently rcliable and accurate, a

condition which is expected to be attained in the near future,
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Development of the Li-Iiu Pressure Pickup

INTRODUCTION

Experimental investigators are continually searching for new sensing |
devices to measure the elusive parameters of combustion processes. One
of the most important of these variables is pressure, and a great number
of pressure-sensing instruments have been developed especially for rocket
otesting.

Reliable nressure measurements are of particular importance in the
study of unstatle combustion, in which the phenomenon itself is identified
by regular, generally extreme, fluctuations in combustion chamber pres-
sure. Observation and recording of these oscillations requires a true
dynamic response of the pressure-receiving element. This requirement
involres several essential features which must be present in any pickup
and inplies other desirable qualities of such an instrument, The first
requirement is that of an undistorted wave shape. That is, both amplitude
and phase of the input pressure mst be faithfully reproduced by the out-
put signal., This, of course, calls for a high natural frequency of the
pickup and suggests an output proportional to the applied pressure
rather than to any of its time derivatives, The undesirability of dis-
tortion of the true signal immediately prohibits the use of any commecting
tubes from the pressure source to the pickup or pressure receiver, The
possible inaccuracies introduced by even very short connecting passages
are thoroughly demonstrated by lcCullough (1)1 for the case of internal

combustion engine cylinders. Hence, we may draw the logical conclusion



that an accurate pickup must be flush-mounted into the pressure source.
For high temperature combustion research, flush-mounting demands the
presence of sofie cooling facilities if the pickup is to be employed for
amy period of operation longer '-bhaﬁ a few s;conds. In addition it is
desirable that the pickup be of small size for convenience of instal-
lation and that it be of sufficiently rugged construction to withstand
ﬁhe gevere vibrations of unstable rocket motor operation. | .
A short comparison of the interesting properties of several types
of pickups was drawn up by Grey and is reproduced in Fig, 1 from a
forthcoming article on pressure instruments (2). Of course, each of
“the types mentioned has its own advantages, and there may be individual
sitvations where one style is clearly superior to all others, However,
on the basis of existing information, the strain-gaugs type pressure
tx;ansdﬁcer wae chosen as prbba.bly the most promising for all-around -
use in rocket engine research,
The particuiar model of this pickup herein discussed is the result

of a cooperative désign-deveIOpment program between Y, T, Ii of Mass-

achugetts Institute of Technology and F. F. Iiu of Princeton University.
The pickup was intended for use at Princeton University as a primary

‘ aenéing element :LnA a study of liquid rocket combustion instability, direct-
; ed by L. Crocco and sponscred by the U, S, Navy Bureau of Aeronautics. |
l This pickup is the outgrowth of the early Ii-Draper models (produced by
-'Con'brol Engineering Corporation) which featured a catenary-section

diapﬁragm and air cooling, The advantages of the catenary diaphragm shape

+ 1+ Numbers in parentheses refer to references at the end of the ma.mscript1
e .
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over the flat dia.phragm or the piston-spring type pressure indica:bofs are
clearly pointed out in a paper by 14 and Draper (3). 'ﬁhe suceessful per-
formance of these pi,cl'mp‘s led to the deéign-of a new model with increased }
sensitivity, improved cooling facilities, and integral safety features
which has been named the Li-Liu pressure' pickup, In addition to the dis-
cussion of this instrument which follows, a detailed analysis of its cone
struction and method of operation appears in a recent paper by Ii (L).

<

!

DESCRIPTION OF PICKUP

A photograph of the first of the lLi-Liu pickups is shown in Fige 2.
Note the small size, simple electrical and pressure cornections and
rugged exterior construction. The threads for mounting the pickup are
standard spark plug size, i.e., 18 mme The construction details are
better visualized in the cross~sectional drawing shown in Fig. 3, Pres-
sure acts on the outer diaphragm, which is of catenary cross-section, and
is transmitted through a spacer ring to the inmer diaphragm. A strain-
generating tube of .003-inc~h wall thickness presses upon this inner
diaphragm; and this tube generates an output signal by changing the
resistance of the strain gauge wires bonded to its surface. Since the
tube is rigidly mounted to the body of the pickup at one end, the strair
produced is proportional to the applied pressure, The electrical signal
is led through a pressure-tight seal to three output terminals in the

_pickup cap, wnich is of the "Cannon plug" type.

As described in Reference L, the strain gauges actually consist of

two separate sets of windings. One set is wrapped circumferentially,
while the others are longitudinal, This configuration performs two
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useful functions, First, an application of pressure compresses the
strain tube and increases its diameter slightly., This action increases

~

cireumfex;ential windings, The two resistance values are 'cﬁu;’;ed in

| opposite directions, doubling the unbalance between them and hence

doubling the sensitivity of the pickup. Second, any change in temperature,
or the existence of any slight temperature gradients, will change the
dimensions of both sets of windings in the same direction, will act over
approximately the same length of wire (if the spacing of the wires is
carefully controlled), and will thus minimize the thermal senaitiv;ty

of the pickup. .

induction effects. That is, for each longitudinal strand wound from

top to bottom, there is an adjacent one wound from bottom to top; and

for each clockwise circumferential winding there is a neighboring

counterclockwise one, |
Provision has been made for applying a reference pressure to the inner

diaphragm, producing an unbalance on the strain tu‘be equal to the difference

between absolute and-reference pressures, Since this quantity can be made

considerably smaller than the absolute pressure, the differential picicup

sensitivity may be increased appreciably over that of the absolute pickup.

An additional feature in the construction is the existence of a double=

acting safety stop. This takes the form of a solid ring attached to the

- body of the pickup which floats freely between the edges of a notch

machined in the periphéry of the spacer ring. When either the applied
pressure’ or the reference pressure reaches a value close to the elastic

limit of operation of the strain tube or the diaphragms, the safety notch
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presses against the safety-stop ring, and further deformation is possible
only through bending of the ring-shaped cantilever team thus formed, The
details of this safety ring and of the force-transmitting -spacer are more
clearly shown in Fig. 13. _
The cooling water inlet and outlet tubes are indicated in Fig., 3, but
the description of the flow path and the cooling passage details will be
left until later when some heat transfer performance data is presented.
Several troublesome michaxﬂ.éal problems arose during testing of the
original models of the pickup, Reference pressure tubes were very fragile
and repeatedly snapped during connection and disconnection of the hack
pressure supply. Alsc, the seal on the electrical output terminals was
unsatisfactory. Although it performed the task of insulating the output
from the pickup body, it failed to seal the terminals effectively from
the hich reference pressures employed, Hence a revised model of the
pickup was manufactured with heavier reference pressure connections and
Kovar-to-glass seals on the terminals, These modifications satisfactorily
solved the difficulties, and the revised model is shown in Fig. L.

One of the major advantages of strain gauge type pickups is the

simple electrical circuit required to energize the sensing element as well

as to transmit, interpret, and record the output signal. A schematic
diagram of the circuit components appears in Fig. 5. Either AC or DC
power source may be used to supply current to a simple 2-arm resistance
b.ric;ge and to two of the terminals on the pressure pickup; whose strain
gauges form the other tm_a'_bz"idge arms, The output consists mer_eiy of an
unbalance in the bridge and is therefore measured as the difference in
potential between the center points of opposite sides of i;he b;-j.dge. In

a DC system, this EMF may be recorded directly on a potentiometer or
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observed on an oscilloscope as shown in‘the diagram, Of course, a variety

of other recording and indicating instruments may e used, but the

' essential elements necessary for obtaining and transmitting a signal con-

sists of batteries, precision resistors, and shielded two-and three-wire
cables, The AC output circult requires a carrier current whose amplitude
or frequency may be modulated by the pickup output. The DC system is
simpler to construct, but the AC output is considerably easier to amplify
for recorders which demand a large driving signal.

EXPERIMENTAL INVESTIGATIONS

The tests conducted on the Li~Liu picfmp were intended to evaluate
its properties as well as to suggest additional developments, Cone
sequently, the results will be grouped according to the particular
properti.es they demonstrate rather than in the sequence in which they
were conducted. As a guide for this presentation, the discussion will
follow the approximate order appearing in the pickup comparison chart
of Fig. 1.

First among these characteristics is frequéncy response. A high
natural frequency is essential for any pickup designed to respond to
the oscillations encountered in rocket motor combustion. Fig. 6 is a
photographic record showring the natural frequency and damping ratio of
the Li-Iiu pickup, This is the result of a test performed at the
Massachusetts Institute of Techhology in which the pickup was flush=
mounted in the wall of a shock tube, A shock wave was generated in the
tube and allowed to pass over the exposed pickup diaphragm, approximating

a step-function increase in pressure. The resulting change in output




was played onto an oscilloscope screen and photographed with a continuous
strip camera having a film speed of LOO inches per second, For the case
in whioh cooling water was flowing through the pickup (Fige 6), the
natural frequency was found to be approximately 20,000 cycles per second,
A similar test w'i’chout cooling water indicated a natural frequency of
28,000 cycles per second, The damping ratio observed is 0.10; hence the
water-cooled pickup is capable of measuring pressure oscillations of
frequencies up to about 5000 cycles per second with a dynamic error of
" less than 7 per cent.
A second property of obvious importance is output sensitivity., Here
a strain-tube transducing element has distinct advantages; for the |
sensitivity can be controlled over a wide range by varying the length
and cross-section of the strain wire or the length, diameter, and wall
thickness of the strain tube, Of course, an increase in sensitivity
can generally be obtained only at a sacrifice of some other desirable
property. For example, if the strain tube in lengtheneci to allow for
additional windings, the natural frequency of the pickup is correspond-
ingly reduced, Or if the tube wall thickr;ess is decreased, the allowable
maximum load will be decreased. The final design chosen must therefore
be a cormpromise of all these factors,
An outout curve for a Li-Liu absolute pressure pickup is-showm in
Fige. 7. This pickup has a working pressure of 1200 p.s.i. and a
rupture pressure of 3000 to 3500 p.s.i, without provigion for the ap-
plication of any reference pressure. Becausé of its relatively high
working range, its sensitivity is lower than that of the differential
pressure pickups tested, As exhibited by the curve, however, the out-

put signal is still sufficiently large for easy recording, being approx-
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imately 0,07 millivolts per p.s.i. The sensitivity of a differential
pickup is observed from the output curve of Fig. 9 to be approximately
0,21 millivolts per p.s.i. In all the tests shown, the output was
observed on a hand-balanced potentiometer with a combtined resolution

and reading error of i0.05 millivolts, while the applied pressure was
indicated on a Heise gauge with a calibrated accuracy of ks 1l pes.sie The
standard input current chosen was 19.0 milliamperes which was produced
by a DC battery source of approximately 70 volts., Note also on Fige 7
the excellent linearity of output and the absence of noticeable hyster-
esis, two properties to be examined later,

A third very desirable characteristic of a pickup is thermal
stability, that is, relative insensitivity to temperature changes in
the medium surrounding the pickup. Three possible effects arise in
consideration of this the:.'ma.l drift problem, First of these is the -
expansion of the diaphragms and the consequent change of applied load
on. the strain tube, second is the change in strain wire resistance
from increasing temperature and the consequent unbalance in the Wheat-
stone bridge circuit, and third is the change in output sensitivity as
a result of the resistance change and the change in elastic modulus of
the strain tube and wires with temperature. The relative freedom of a
catenary diaphragm from thermal distortion at temperatures probably en-
countered in the presence of cooling water is pointed out in Reference
3, and the compensation of the strain tube windings for temperature
unbalance has previously been discussed, In order to minimize the variae
tion of output sensitivity thé strain tube has been constructed of a
stainless steel alloy with very little change in Young's modulus with

temperature, and the strain wire material has been chosen on the basis of

T e
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the lowest possible thermal coefficient of resistivity consistent with ace
ceptable elastic changes., The thermal drift tests performed thus far have
given an indication of the combined effects of these three phenomena,

In these preliminary experiments, which were conducted at the Lewis

“Flight Propulsion Laboratory of the NACA at the request of Princeton Univ-

ersity and the Bureau of Aeronautics, the pickup was mounted on a pressurw

- izable. adapter which was then inserted in the wall of an electric furnace,

The furnace temperature was measured by an iron-constantan thermocouple
recording on a Brown potentionmeter, as was the temperature at a point on
the boss into which the pickup was threaded. Applied pressure was
observed on a conmercial quality gauge with an estimated accuracy of
2 Pe8ei., and pickup output was recorded on a precision Brown recording
potentiometer with a reliable accuracy of. approximately % .25 millivolts,
Equilibrium temperatures were established in the furnace in all cases be=
fore pickup output was recorded, representing an elapsed time of ten to
fifteen minutes exposure to elevated temperature at each point,
The results of these tests are exhibited in Fig. 8, where the
variation of output with temperature is shown at several applied pressures,
The drift over a range of 500°F is approximately 2% in the curves
showmn, but the pressure imccuraciés are great. enough to make this
quantitv somewhat unreliable. It is interesting to note the action of
the pickup with 4OO p.s.i. applied pressure at furnace temperatures
above 500°F, There was a steady drop in output to a final value -of
970°F, where it fell sharply to zero, Following this, the pickup was
removed and checked for electrical continuity, whereupor it was found
that one arm of the strain gauge bridge was broken. The boss temperature
(with thermocouple about one inch from the pickup) indicated a temperature




increase from 76°F at start to 123°F when the furndce temperature

reached 500°F, ,,Abgve this, the boss temperature rose to a maximum of

184°F at a point where the rapid drop in output occureds The actual

pickup body temperature may have been appreciably higher than this value

and may have melted a soft-soldered electrical connection,

Cooling water was flowing through the pickup during the entire

test, and heat transfer rates of the order of 0,1 BIU per square inch

per second were noted. Thus, the diaphragm temperature during the run

probably varied only slightly; and the test constltutes primarily an

examination of the output drift under long-time heating of the pickup

body and strain tube., Thermal gradients undoubtedly existed within

the pickup, particularly along the: strain tube, in spite of the

relatively long times involved; and these are practically impossible to

oppose by compensating windings,
The next property investigated was linearity of output. Fige 9

shows the results of a calibration test on an original model of the

pickup with a linear range of slightly less than 200 p.s.i. This test

was conducted with a differentia.l pickup without applying a reference

pressure, The action of the safety stops is clearly indicated at both

ends of the linear range. However, there is no sharp change in curvature

at these points to completely invalidate the signal if the applied pressure

slightly exceeds the linear load. Although the ocutput sensitivity of 0.21
millivolts per p.s.i. was more than adequate for the particular installa-

tion desired in the rocket test cell at Princeton, a linear range of 200

P.S.le was considered insufficient; so later models of the pickup were con-

structed to extend this as much as possible, This was accomplished at the

cost of a reduction of sensitivity, as may be seen in the calibration
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curve of Fig. 10, Here the output signal is approximately 0.l3 millivolts
per p.sS.i., which is still appreciably greater than that of the absolute

‘plckup previously discuséed. Note the excellent linearity of response

exhibited over a much wider range of differential pressure, in this case
slightly over 600 p.s.i. Again the test was conducted without applying

- reference pressure to the inner diaphragm.

The cycling of pressure in the calibration tests showm thué far
jllustrate the next important pioperty to be discussed, namely
hysteresis. A late model differential pressure pickup was tested by
applying LOO p.s.i. steady reference pressure and varying the pressure
dn the outer diaphragm through two complete increasing-decreasing cycles.
The results appear in Fig., 11, where an obvious hysteresis effect is
seen, The maximum variation between rising and falling pressure curves
was about 20 p.S.i.y definitely an unacceptable amount in an avei'age
reading of 200 to LOO peSeie This inelastic behavior was thought to be
the result of inaccurate forming of the diaphragms over the force-
transmitting spacer ring connecting them, and Li suggested the application
of an over-pressure of about 2500 p.S.i. to both diaphragms, simltaneocusly
to stretch them into a closer fit at the points of tangency to ﬁhe spacer
ring, This was done and was followed by an application of a slight over-
pressure (1650 p.s.i.) to the outer diaphragm alone to re-seat the
diaphragm assembly onto the strain tubes The resulting calibration
test is shown in Fig. 12, Here three complete cycles of increasing
and decreasing pressﬁfe were epplied (again with L4OO p.s.i. steady
reference pressure) without observing any hysteresis effects within the
experimental accuracy previously indicated, Comparison of the curves
of Figs. 11 and 12 indicates that the application of overpressure




shifted the zero output point slightly but did not change the strain
tube sensitivity, hence the treatment was considered satisfactory. "

Of considerable significance in rocket applications is the response

of a pressure pickup to noise, vibration, and acceleration, The errors
introduced by such response are thoroughly discussed by Ii and Draper
in Reference 3, where the advantages of catenary-shaped diaphragms are
treated analytically. The preliminary tests conducted to date to
evaluate this relative insensitivity to nonppiessure perturbations are
purely qualitative, but they giﬁa evidence of excellent performance

in this respect. , ”

A perfunctory check of these effects consisted of mounting a pickup
firmly to the exterior of a rocket motor where it would be exposed to
the complete spectrum of small vibrations, non-linear and irregular
accelerations, and the wide range ofTacoustical disturbances usually = )
associated with rocket combustion., An oscillograph record of the output
under these conditions showed a response of the order of that produced
by a pressure of 1 t0 2 p.S.i.

Additional checks on vibration, noise, and accelaration effects
were conducted at the request of Princeton University at Bell Aircraft
Corporation, where in one test acoustic disturbances of unknown ampli-
tude up to frequencies of 20,000 cycles per second were produced by a high-
powered speaker and directed against the pickup body without noticeable
change in output, Following yhis, the pickup (with cogling water flowing
through it) was mounted on a vibration table where harmonic oscillatiocns
of sufficient amplitude to produce 10 g's acceleration were applied to it

at frequencies ranging up to 2,000 cycles per second,

Again no response

was observable on the instrument used to indicate output. Two such tests
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were performed with the axis of fbhe‘ pickup both parallel and perpendicular
to the vibration direction. A third check was carried out by placing the
p:l.cléup on a centrifuge with ii;s_ axis in the radial direction, Here steady
accelerations were produced up t0 a maximum of 28 g's, and again no notice-
able output changes occu;'evd._,_ During these centrifugal tests, however, no
cooling water was flowed thr;uigh('the pickup, suggesting additional checks
that would be desirable. |
Perhpas the.greatest singie advantage of the double-diaphragm cone

figuration is the ease with which the pressure-sensing element may be
cooleds The space between the two diaphragms offers an ideal passage

for water or other coolants.' The details o;‘ this construction are

shomn in Fige. 13, where arrows Endicate the path of cooling water from
inlet to outlet tubes. The water flows down a milled slot in the inlst
side of the pickup body, expands into a semi-annular cavity, passes through
holes in the safety stop and spacer ring, flows between the diaphragms, -
and exits by a similar course on the ocutlet side, Note that there are
actually two possible paths for the water through this space between the
diaphragms, since the safety stop has two separate sets of holes cut in
it. One set of three radial holes leads the water directly into the
interior area surrounded by the spacer ring, and similar holes in the
diametrically-opposite side of the spacer ring-safety stop assembly lead
the water out. The second set of holes (appearing as hidden lines in

Fig. 13) directs the water through the safety stop and domnward at a
slight angle into the annular region between the diaphragms and outside

the periphery of the spacer ring, furnishing cooling water for this
exterior area. Again similar holes appear as exit passages on the opposite
side of the pickup.
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The actual effectiveness of this design is illustrated by the exper-
imental heat transfer performance curves in Figs. 1 and 15, The first of
these represents & stable test run on a small scale uncooled acid-
hydrocarbon rocket motor and the second an unstable, or "screaming" run on

the same motor. These tests were conducted at the Lewis Flight P:'"'opulsion

Laboratory of the NACA at the request of Princeton University,and a "dummy®

pickup, i.e., & pickup with all components present except the actual wire-

wound strain tube,. was mounted at the nozzle end of the combustion chamber,

The pickup was undamaged in both tests, although the motor wall burned out
under screaming conditions, Since the runs ended at the point where all

three quantities Jchange abruptly, one may conclude that steady-state heat

transfer conditions were never reached, The figures show some interesting

. factors, The water temperature rise increases throughout the running time,

and the water flow rate for a constant pressure drop decreases during this
same time, h The decrease in flow rate suggests a decrease in liquid coolant
passaze cross-section, possibly due to surface boélliri“g on thé outer diaphragnm,
Thehvery sharp drop in flow observed in the screaming run bears out this
conclusion, since the heat transfer rate also increases sharply without an
appreciable change in flame temperature, a characteristic of the incidence
of boiling heat transfer,

The maximum values of heat transfer rate in each case are significant.
For the normal run, this value is 2,3 BTU per square inch per second,
while for the screaming run it is 3.4 BTU per square inch per second, These
two figures are based on the total exposed area of the face of the pickup,
including the annular area of the support and threads. If the calculations
are based on the area of the 7/16 inch diameter diaphragm alone, the heat

transfer rates for non-screaming and screaming become 5.2 and 7.6 BIU per




square inch per second respectively. The true rates undoubtedly lie somewhere
between these two pairs of valies., It is noteworthy that the o.ooli-inch
thick diaphragm withstood the 'temperatures’and pressures existing under such

} conditions wi£hdut a—ppé.rant damage, since these heat transfer rates are

! N above those nomally encounfcered in existing motors, Some later tests ine
. | dicate that the pickup will respond without difficulty to oscillations in
pressure up to 5000 cycles pei' second even at screaming motor conditions,
' | ‘Hawever, the effects of‘thermal shock and fluctuating temperatures on the

L : ‘ output must be carefully checked before the pickup can be used for accurate

quantitative 'mea.aurements.
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¢ CONCLUSIONS

The investigations reported herein were carried out as one phase of
; study of liquid rocket combustion instability under the sponsc)rship
of 1‘;h,e U.S, Navy Bureau of Aeronautics. A development and test program
was conducted by Princeton University in cooperation with the Hassachusetts
Institute of Technology, the National Advisory Committee for Aeronautics,
and the Bell Aircraft Corporation, Although a great deal of information
about the performance of the Li-Iiu pickup has beén obtained, the evalua~
tion tests are not yet complete. Before the instrument becomes commercially
available, it is necessary to continue the test progré.m to determine such
factors as response to high-amplitude vibrations, acceleration sensitivity
with static and flowing cooling water, effects of oscillating temperatures
on heat transfer rates and pickup output, and reliability and repeatability B

=

of calibrations,

However, on the basis of results obtained to date the pickup appears
.‘quite promising, Frequency response is acceptably high; cooling facilities
are adequate; hysteresis, noise sensitivity, and steady-state thermal drift
are insignificant; and sensitivity and range of linear output are more than
sufficient, These properties, plus the small size, rugged construction,
and simple electrical circuit, make the Li-Iiu pickup an excellent instru-
ment for the measurement of pressures in rockets, ramjets, turbojets,

internal combustion engines, or any other application involving high rates

of energy release,

. et e e e o e
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