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Section I SUMMARY

Theoretical studies of the phenomenﬁ of combustion instability in liquid
propellant rocket motors and experimental test thereof will be undert.aken by
the (ugzenheim Jet Propulsiog Center at Princeton as a part of 1ts research
program under this contract dated 30 April 1952,

During the first three months period, facilities at the University's new -

James Forrestal Research Center and personnel were ;ssigned and the initial
phases of exﬁerimental program -were planned in some detail, The first phases
of the experimental work will include the determination of overall combustion
time lags for the monopropellant, low frequency case,

The basic analysis of Crocce was extended to cover the cases of concen-
trated combustion at various stations and distributed comiustion along the
chamber axis,

A constant rate monopropellant feed system was completely designed and
preliminary déaigns of the ethylene oxide rocket motor and the instrumentation
systems were worked out, Of pirticular interest was the Specification and
order of a special version of the MIT catenary-diaphragm, strain-gage pressure
t;ansducer having = ﬁnter-coolad, double diaphragm and provision faor applying
a reference back pressure. This pickup should have wide application for come
bustion instability studies,

Searches have been made of the literaiure for sources of information on
combustion instability and ethylene oxide.

Visits to a number of activities working on liquid propellant rocket
combustion instability problems were made for purposes of familiarisation
with equipment and results, Combustion instability as generaily agreed to
be & major problem and interesting results of experimental work relating
closed-pipe resonance, injector configuration, chemical kinetics and many
other factors to the phenomena of combustion instability have been recorded,

A non~-linear shock wave form of combustion instability has been observed,
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| Section IT INTRODUCTION
A Obhect

BuAer Contract NOas 52-713-c¢ has been undertaken as a part of the research
program of the Quggenheim Jet Propulsion Center at Princeton te "conduct an
investigation of the general problem of combustion instability in liquid pro-
pellant rocket énginea. This program shall consiat of théoreticu.i analyses
and axperiment.i verification of theory. The ultimate objective shall.be the

- collection of sufficlent data that shall permit the rocket engine designer to

produce power plants which are relatively free of the phonoﬁena of instability.
Interest shall center in that form of unstable operation which is characterigzed

by high frequency vibrations and is commonly known as ‘screaming!™,

B. History

Interest at Princeton in the problem of combustion instability in liquid
propellant rocket motors was given impetus Ly a Bureau of Aeranautlcs symposium
held at the Naval Research Laboratorj on the 7th and 8th of December 1950. This
interest resulted in theoretical analysis by Professors M. Summerfield a.nd L.

~ Crocco of this Centar,

L]

Professor Sumerfleld!s work, " Theory of Unstable Combustion in Liquid
Propellant Roocket 'Systana" (JARS, Sept. 1951), considers the effects of both
inertia in the liquid propellant feed lines and combustion chamber cq;acitanco
with a constant combustion time lag, and applies to the case of low (up to

about 200 cycles per second) frequency oscillations sometimes called "chugging",

a

Prof'essor Crdcco advanced the concept of the pressure dependence of the
time lag in mid-1951; his paper, '/ -pects of Combustion Stability in Liquid
Propellant Rocket Motors® (JARS, 'Nov. 1951 and Jan-Feb 1952), presents the |
fundamentals resulting from this concept, and analyres the cases of low fre-
quensy instability with monopropellants, low frequency instability with bi-
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Section II INTRODUCTIUN (Conttd)

To

Be History (Cont'd)
propellants and high i’reque.ncy instability, with combustior concentrated at
the end of the combustion chauber.

Desiring Lo submit the concept 6f 2 pressure dependent time lag to exe
perimental test a preliminary proposal was made by this Center to the Bureau
of Aeronautics in the summer of 1951 and, following a formal request, a re-
vised proposal was subn{itt ed which resulted in the present contract dated
30 April 1952,

Analytical studies of distributed combustion had been carried on in the
meantime under Professor Crocco and within the sponsorship of the Guggenheim
Jet Propulsion Center by S.I. Cheng and were issued as his Ph.D, Thesis, "Ine
trinsic High Frequency Combustion Instability in a Liquid Propellant Rocket
Motor®, dated April 1952. |

Time m devoted, in anticipation of the contract, during the first third
of 1952 to comstructing facilities, sgouring personnel, and planning the ex-
perimental approach. .

Work since 30 April is described in some detail in the following sections

of the report.

C. Facilities
As a part of the facilities for jet wropulsion research (see Frontispiece)

at its new James Forrestal Research Center, the niversity authoriged construc-
tion of a modern test building with two cells for static operation of jet pro-
pulsion devices and a middle control room., The builiing is constructed of

' twelve-inch thick reinforced concrete with inastalled explosion proof electrical
services and fog sprinkler and floor flushing systems, It is now complete and
the larger test cell has been assigned to this contract.

1
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Section II INTRODUCTION (Conttd)

C. Facilities (Cont'd)

A Central Recording Room, Component Test Room, and Storeroom are locatsd
in "E" bullding.

Bullding "B®" containe Project Rooms 1, 2, and 3, a Blower Room, an Asse
embly Shop, a small Dark Room, Locker Room, Drafiing Room and offices,

The Farrestal Center is located on Brunswick Pike (U.S. Route #1) about

two miles north of the Penns Neck traffic circle near Princeton, New Jorsey,

Ds Peraonnel
During the period, assignments of personnel to the project have been
made to the extent roquira§ by the contract both in number and competence,
Although the efforts during the past month have emphasized the securing of
qualified personnel and their indoctrination into the project, it has Leen
possible to accomplish much of the planning and some desisn and dSValopmento
Key personnel now assigned to the project are listed belows
. l. Professor-in-charge « Dr. Luigi Crocco
2. Assistant Professor (Theo, Studies) « Dr., S.I. Cheng
3+ Rescarch Engineer - J.P, Layton
l. Asst, Research Engineer - Dr. Jerry Grey

5. Graduate Assistants (2) - G.,B, Matthews
’ D.T. Harrje

6. A Technician and two Mechanics
In addition, persommel are assigned from our Supporting Services group for

drafting, purchasing, instrumenting, and computing as required,

Es Schedule
The schedule of the swork is shown on Fig. 1 (see following page) for the

firet year of the contract,
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Section II INTRODUGTION (Cont td)

E. Schedule (Cont'd) .

Pearmission was granted for work to proceed in anticipation of the
contract as of 15 December 1951 although at a reduced level. This aided
nte;;ially in making progress ahead of schedule until the contract was
agtually received, therefore the schedule is shown stai-ting as of 1 Haich
1952; however, deiays in adjustment of the provisions since that time
have hindered progress conaidcrubly #0 that much of the time thus gained
has been sscrificed,

" At the present time work stands about on schedule, considering the
contrlqt':date as the starting date, although continuing procurement diffw
1cu1t1;s with materials, mainly stainless steel, and instrumentatiom,
caused by the lack of a signed contract with its priority provisiani, will
probably occasién further delays in the progress of the worke The work
‘\dil be rescheduled when the magnitude of the delays ig knowm,

RESTRICTED
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Section III THEORETICAL SI'UDIES

r In addition to the work of Crocco wherein both low frequency and
high ﬁequeﬁcy intrinsic combustion instability (see Section il B) were
presented, the theoretical analysis was extended during the first part
of 1952 under the sponsorship of the Guggenheim Jet Propulsion Center,

The orizinal analysis considered simple, constant-rate feed systems
and used a simplified model of concentratod combustion at the injector
end for & particular value of the index of interaction n = -‘.;, where Y
is the gpacific heat capacity ratio of the burned gas. The index, n,
of interactions betwsen .the combustion processes and the pressure ose
cillations is defined through the pressure sensitive time lag T as foll-
owss t

\g PPat = TP" = constant
-T

The analysis using the simplii‘ied model of concentrated combustion
was extended by the thesis studies of Cheng and will be presented in two

papers authored by Crocco and Cheng which are described below,

The paper "High [requsncy Combustion Instability in Rockets with
Concéntrated Combusticn® will be presented before the 0th International

. Congress of Applied Mathematica and Mechanics at Istanbul, Turkey in
August, and covers arbitrary values of the index, n, and arbitrary posi-
tions of the concentrated combustion front along the combustion chamber
axis, It is found that the position of a concentrated combustion front
with respect to the nodes and the anti-nodes of the pressure oscillation

» is of great importance on the stabliiity behavior of the systeme

Systems with combustion distributed over a considerable portion of

the combustion chamber axls are formulated in the paper, "High Frequency

RESTRICTED
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Section III THEORET ICAL STUDILS (Cont'd)

Combustion Inatability'in Rockets with Distributed Combustion®, which
will be presented at the Lth International Combustion Symposium ab (T
in September and where approximate solution of the resulting integro=

differential equation is obuained for the extreme case of uniformly

dstributed combustion,

In both referances results are givon for a high frequency boundary
condition corresponding to a noszzle whose converging part has a length
about onc¢ third that of the chambar, and a low frequoncy boundary coﬁ-
dition represecnting the limiting and ideal casc of a converging part of

sero length.

A. Comcentrated Combustion
The most significant results obtained in the case of concentrated
combustion are the following
. 1. The frequencies of the unstable oscillations a.ré close to
the natural frequencies of the combustion system,

2, For a given configuration of a combustion distribution, un=
stable oscillations are possible if n 1s greater than some
ninimum value and if T is in certain ranges of values which
are functions of n.

3. The minimum value of n compatible with instability of a
Zlven mode increases when the concentrated canbustion_ front
is further away from the anti-node of this mode, and this
R in is infinite if combustion is concentrated at the node
of the given mode, The injJector end is the most unstable
position of a concentrated combustion front for all modes of
oscillations,
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Section III : THEOREIICAL SIUDIES (Comt'd)

L. The value of n in of & given mode is higher than the value of
Npin ©f @ lower mode. This is the result when the high fre-
quency boundary condition is used. The low frequency boundary
condition does not show this variation. With the high fre-
quency condition at exit, only the fundamental and/or the
first few high frequency modes of oscillations can become une
stable if the value of n of the combustion system is close to
or less than 1, .

S. Consequently, the length of the subsonic part of the nozgle
has a xparked effect on the stability of combustion, and ]:ong
approaches to the throat can reduce longtitudinal-type insta-
bility. Of course, the one~-dimensional treatment does not
give any information on transversal-type instability.

Bs Distributed Combustion
In the paper on distributed combustion it is shown thats

1. The minimm value of n for a uniformly distributed combustion
systenm is of the order of %‘. which is about 20 for the funda-
mental mode. Thus the high frequency oscillations in the
uniformly distributed combustion system are most likely to be
stable, |

2, Conclusions similar to items 1,2,4 and 5 as glven above in
the analysis of concentrated combustion are also verified,

RISTRICTED
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Sootion IV - APPARATUS

The first phase of the reaeai'ch program to be undertaken under the
subjeet contract is an investigation of lowefrequency instability in a
1liquid moncpropellant (ethylene oxide - CH),0 ) rocket motor, - It is
planned to induce a sinusoidal ten percent variation in an otherwiss conw
stant rate mnof;ropellant flow system at several frequencies, and to de=
termine the "tinme lag", 'cmsidea‘ec} to be the time between an injection
flow increase and a corresponding corbustion pressurse rise, Instantane
eous measurcments of propellant flow, chamber pressure, and injection

_pressure, made simultansously, recording both frequency and amplitude
will then provide a measure of the absolute values of the overall time
lag and the beginning of an experimental check of the instability theory,
Much spacial instrumentation is required to obitain even the. above type
of information; and, consequently, a ralher extensive program has been
undertaken in this connection,

A. Constant Rate Monopropellant Feed System

The feed e'yatem (see Fig. 2) is of the inert-zas pressurised type
with electro-pneunatic and -hydraulic control components. A cavitating
. venturl is used to maintain fundamentally steady flow, and & positive-
displacemsnt pulsing unit usirig a reciprocating piston has been designed
to deliver the; sinusoidal oscillation of 2 10¢ amplitude in propellant
flw rate at frequencies wp to 200 cps,

Before running tests ‘on a rocket motaor, it is necessary thav some
of the special equipment required for the instability investigation be
tested end calibrated, The first series of t;eata will thus consist of
‘wttu- flow tests of the feed aystem with an orifi;:e substituted for the
rocket motor injections, ﬁwse prellainary runs. will test operation of
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Seetion IV APPWTUS {Contrd)

A. Constant Rate Monopropellant Feed System (Cont'd)

the cavitating venturi and the pulsing unit, as'well as the pneumatic
and h&diigulic valves and othez‘j comyonent s, |

| The s:}stem will also be used in a _slightly‘modif.ied forn to este
ablish the calibration of a method, which has been théoretidally ra:orked.

, out, for detarmning the instantaneous flow Lhrough an injector orifice |
by passing an oscillatory flow and evaluating the variation of instantan-

' eous pressure drop across it. The reguired modiﬁcations to the mt‘ 3
are shown in Fige 3, and consist basically of comnecting the injector
section of the rocket motor onto a pres'stu-i:éd tank to simulate actual '
rocket operating conditions, and the use of high frequency response presse )
wre pickups and dynamic flowmeters to get pressure and flow correlations.

‘The theary and procedure for this determination will be described im
later report. The dumy movor, injectar, and pnssure tank are also ine

. Atmded for use in tvhe injecoor flow-pattern studxel, the tank being

equipped with a camera window for this purpose,

Be Momopropellant Rocket Motor

Monopropellant tests will be run at three rocket motor combustion
chasber pressuress 300 psi, 600 psi, and 900 psi, corresponcing to thnut
ratings of 200 1b,, 40O 1b,, and 600 b, .

Full aidvantage has been uken of the experience of the Wyandotte ‘
. Chemicals Corparation on Buder Contract NCss 106h7 (see Appendix A2) in

determining the fundamental features of the motor and injector design

vhich are shown in a preliminary drawing, ric. Le The only difference
between operation at the several charber pressures will be in the exhaust
poz!‘ic ares and injector orifice sise, As showm on the drawing, eight
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Be Monopropellant Rocket Motor (Conttd)
radial injectors will be installed at a single radial plane in a section
néar the head end of the motor wlth provision for alternmate installation
of some of the injectors in a second downstream section. The injectors
will be of the full~cone swirl type for the first series of test'g/.""&her
injection methods will be tested later in the progr;m; |

Starting will be accompiished with gaseous oxygen and a recessed
electrode spark plug. This arrangement has been quite succeautullyluod
at low propellant flow rates by Wyandotte in their uncooled inconel motor.

C. Instrumentation .

As in any research.wpere ﬁuantitative values of physical variables
are required, the selection of instrumentation must be approached with
care, In the present case of experimental work on rocket combustion in-:;-\ A
stability where transient phenomena must be measured under conditioms of)#-
elevated temperatures, high pressures and puléating flows, adequate inf-
strumentation lies near the heart of the problem. Considerable effort
has been spent in finding satisfactory answers to the difficult instrue
mentation problems although they are manifest in only their least re-
strictive forms in the initial phases of our experimental work. For exe
ample, in the first phase we will try to assess the magnitude of the
total time lag from pressure measurements while using the monopropellant
ethylene oxide which gives a reasonably low combustion temperature while

. impressing only low frequency oscillations so that there will be time to
become acquainted with the behavior of the pressure pickups and to work

out any development troubles before encountering higher temperatures and

frequencies.
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SECURTTY LRFORVATION
section IV APPARATUS (Cont1d)
C. Instrumentation (Conttd)

. 8chematics of the arrangement of instrumenuation for the feed system
calibration, Fige 5, and time lag measurements, Fig. 6, are included to
show the present, although preliminary, hookup of various prospective ltems
of equipment. These arranzements 'Al1l be c¢iscussed in more 'giétﬁil in the
next report when they have become more settled, P

| 1ls Sensing Elements

as Pressure

Consideratle time was spent reviewing commercially
available pressure pickups when the critical nature'of
dynamic pressure measurements was realiged in the deter=
mination of time lag, both from frequency and auplitude'
response standpoints., It was found that none of the
other agencies working on instability phenomena were use
ing a completely satisfactory sensing element for presse
ure although there were a considerable number of differ-
ent type pickups available. '

For this reason a special desj.yn of the MIT Instru~
mentation Laboratory Li-Draper catenary diaphragm strain-
gage transducer was worked out to our specifications by
Dre. ¥Y.T, LL of MIT and Dr. F.F, Liu of Princeton to ﬁoot
the requirements of this contract. It is krnown as the
"Princeton-MIT Unit*, and is being procured from Control
Engineering Corporation, Norwood, Massachusetts,

The features of this pickup meet the following
necessary requirmgmag

RESTRICTED
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SECURTTY INFORFATION
Section IV ' APPARAIUS (Cont'd) .

C; Instrumentetion (Cont'd) _

| 1. Flush mounting of the pickup directly in the rocket
motor wall is made possiblp Ly the uaté:;c‘oqied double
diaphragm so that all of thc oscillations ars sensed withe
out alteration up to the frequency responge limit of the
unite

2. Response to high frequency oscillations up to 5000
eps is made poss;t.hle by the good natural frequency (above
10,000 cps) of the gauge even with the doubls, waterfilled
diaphragns.

3. Application of a reference pressure to the back side -
of the diaphragm will permit high aceuracy in delineation
of transient response wave forms and amplitudes,

L. Diaphragm stops permit high sensitivity without the
danger of recwrrent diaphragm rupture.

Although some development troubles may ensue, it is felt
that the problem of a satisfactory pressurs transducer '
for work on rocket combustion instability will ble solved
by the unit described above, On delivery it will be
tested to see if it meets the performance épeci.t‘ied and
is otherwise suitable, .
be Flow
The problen of measuring transient flow is a very diffie .
cult one, and it has not been possidble to find a solution that
provides a sure answer to this problem as posed by the present
work, For this reagson several posasibilities are being followed

simultaneously,

. RESTRICTED '
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| First will be an attempt to measure the pulsating flow
[y ® L . ) by sensing the instantaneous pressure on both sides of an
oo . | :‘ ' iin:jector orifice and converting the differential pressure

| Ethua obtained into instantaneous flow rate values using ane
’ ?falybical relations developed from fundment;.l fluid flow ‘
3consiclerat.:|.<.>rus. Certain constants in these relations, which
‘wdll be presented in a later report, require initial ealibu-
O’tlon of the method for a specific configuration by one of the
other flow-meters described belows

Secondly, a mass rate flowmeter which is considered to

]

J ' ” pronise good low frequency transi_ent flow responge has been
developed by Dre ¥ T, Li of the MIT Instrumentation Labora-
tory. This meter is based on messurement of the force re-
sulting from the Coriolis acceleration of the fiuld as it
passes through a revolving tube,, A varsion of this meter
specifically designed for owr work is being procured and will
be tested for frequency response and other factors on delivery.
N A third method will be employed if it is possible to
‘ obtain the loan of one of two electromagnetic flowmetcrs i)eing
procured by the Bureau of Aeronautics from the Mittelman Elec.
tronics Division, Century America Carporation, Chicago, Illinois,
It is understoed that the development of these meters has been
R ’ ' slowed by pressure leékage problems and that the frequency res- :
. | ponse is limited by the excitation frequency of the maznet. 3
However, Q:d although a further limitation lies in necessity
gw the fluid to have a conductivity above a certain minimum

RESIRICTED
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Section IV APPARATUS (Cont'd)
Se Inatrumentation (Cont'd) .
value, this meter can be used to very good advantage for .
calibra‘c)ion of other transient flow measuring methods using
water,
Desplte the existence of the methodé described above,
it must be remenbered that so far they cover oenly the low
frequency range. Continued effort will be made to reach a
solution for the measurement of instantaneous flow rates at
high frequencies,
¢, Performance
Measurcmonts will be talen of the basic performances of
the rocket motor oveing tested to ascertain variations in
average values of specitic impulse, heat transfer, etc., une
_der unstable operating conditions. Thrust will be sensed
simultaneously by a strain gage tension unit and an Emery load
cell, Some idea of the variation in thrust will thus.be poas-
ible and an average value will also be available for correlae
tion purposes. Steady averaged fiow rate will be obtained
from a Potter elcctronic flow sensing element incorporating
a vaned rotor which generates electric puises proportioned
to flow rate., Temperatures along the motor walls will be
measured oy thermocouples. Certain system operation pressures
will be sensed by bourdon tube action.
20 Intermediate klements
Some of Lhe items of intermediate usage are shown on Figs. 5
and 6, An extremely staole direct current amplifier is being obe

tained for use with Lhe pressure pickups, etc., Irom Advance Elec=

) i CTRD
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Section IV APPARATUS (Centtd)
C. Instrumentation (Conttd)
tronic Co., Passalc, i.d., according to a new design,

Filters with very sharp cutoff of unwanted frequencies are
being developed and manufactured by Beva Laboratories, Trenton, N.J.

Addit ional amplifiers, intesrators, switching clrcuits, etc.,
are being worked up by project personnel.
3¢ Indicating and Recording llements

In addition to familiar prossure ;ar;e faces it 1s necessary,
because of the transient phencmena, to invest heavily in rather
complex indicating and recording elements, .

fransient data will be-recorded directly on a’tnd channel
Ampex magnelic Lape rzcorder from which it can be played back at
one of Lwo speeds. In aduilion, data will be recorded using a
6 channel lathaway oscillograph.

A Panoramic Sonic Analyser, which displays a plot of ampli-
tude vs, frequency, and a dual beam Dumont oscilloscope will be
used in dellneating the phenomena, These latter two instrumenta
will use a Dumont osciiloscope camera for recording pwrposes,

Steady state signals will be penned on Leeds and Northrup

recording potentioneiers,

RESTRICTED
ST L O AT TON



S e g, -

pa——— B Y T e i

PrU- Aero.Engg.Report No, 216A

27,
~ RESTRICTED
SECURTTY INFORMNAT ION

Section V INFORMATION and DATA

A8 might be expected, no experimental data have been obtained during

the first few months of the contract and efforts to collect information

" have consisted so far of studying literature sources and making trips to

visit activities and consult with persons who have been working in the
field. These efforts are described in the paragraphs that follow,

:" 4. Literature Sources

Literature searches have been made and are included as Appendix A.
The searches made so far cover the basic subject, combustion instability,
and the monopropellant which will be used in our initial tests, ethylens

B. Visits
During the period covered by this report, a number of visits were

. made to various rocket activities in the northeast United States to ax=

change information pertaining to our work under this contract. The re-

sults of these discussions are summarised below.

1+ 'Reaction Motors, Incorporsted (Rockaway, N,J.)
The phenomenon of combustion instability is recognised as a def- |
‘inite problem in the dea;lgn of both high- and low-thrust motors, The
occurrence of low-frequency inat.abilit;y, commonly referred to as
' wchugging®, has been essentially eliminated (borring unforeseen acci-.
dental occurrences) by feed system and injectér development, partice
wlarly by increasing iﬁjectcr pressure drops. High-frequency instae
' bility, or "screaming", has been encountered frequontly, and sometimes
destructively., The Mprovmnt in performance of a "acnaning" rocket
~ motor has been clearly noted, some test results having indicated the

lttlimmt of nurly 100% theoretical impulse.

,, RESTRICTED .
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Section ¥ THPORMATI.O and DATA (Conttd)

Be Visits (Conttd)

of all the aelivivies svrveyed, RML has probably the most complete
instrumencation for instability studles but iis '1Ihilizabi,oﬁ'has been
1imited. ’Pﬁey have bsen "canning? their data on magnetic tape for some
tine, thaeir straln-;age tyoe prassure.trmlsducers appezr to have good
frequency response although conpromised somewhat by mounting limitations,
and mch specialized instrumentation such as a Panoramic Sonic Analyzer
is availlable,

2, The 1, Y. Kellogg Corpany = Special Projects Division (Jersey City,N.J.)

Kellogg has done a considerable amount of fundamental research on
the problem of high-frequency instability, They have essentiaily elime
inated destructive "screaming® in a 5,000-lb thrust cylinder by employ-

| ing an injector confisuration utilising film-cooled splash surfaces,
Extensive studies of 50-1b thrust bipropéllant motors lead them to believe
that "screaming® instability 1s primarily a funotion of combustion chamber
phenomena, and is, unlike *chugging", independent of the feed system,

A relationship appears to exist between "fiszz-gas® formation (i.e,,
formation of radicals, aromatics, ete,, just prior to combustion) and
highefrequency instability, “

Em;er:;mentel results indicated that "screaming" could n;)t be ine
duced when "[izz~gases” were not prescni in the combustion reaction,
Kellozg is presently conducting theoretical studies which will attempt
to rolate high-frequency instabilit;v phenomena primarily to the thermo=
cherdcal reaction processes in the chamber, and secondarily to injector
configuration. |

One interesting result of experiments conducted with 50=-1b thrust

RESTRICTED
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Seotion V INFORMATION and DATA (Cont'd)

B. Visits (Conttd)
motors was the marked independence of exhaust velocity, c®, (L.e.,
combustion efficiency) with respect to characteristic length, L*.
Using an acid-ammonia propellant combination, L* was decreased to
a value of 8 inches before a dropoff in c* was noted. This led to
a conclusion that, with an impinging Jjet injector, combustion was
essentially complete within an inch of the injector, Similar con-
clusions have been drawn by other companies using different propell-
ant combinations (e.g., alcohol-oxygen and gasoline-oxygenm).
Kellogg's present instrumentation is inadequate for highefre-
quency :l.nstabi_lity studies, so most of their results have been ob-
tained by use of high-speed photographs both of transparent (lucite)

rocket motors and of the exhaust jets of conventional motors,

3. Curtiss-wright Corporation - Rocket Division (Caldwell, N,J.)

Curtiss-Wright has not encountered difficulties with combustion
instability in its oxygen-alcohol motor. The stahle character of
this motor 1is att,riﬁuted by Curtiss-wright personnel to the injector
design, which uses a rather complicated series of impinging streams
in conjunction with a central splash disc, and to their use of prac-
tically full film cooling, and to the extremely short feed lines down
strean of‘th,e propellant valves,

Both thrust and pressure osclllations have been detected, at fre-
quencies corresponding to the motor mass resonance and the fm&mmﬁl
closed~pipe mode of the chamber, but t‘.haa'e oscillations are apparently
of small ampiltude. Increases in heat transfer and performance have

been noted in conjunction with what they consider to be occasional

RESTRICTED
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Be Visits
partial breakdown of the cooling film, but no burnout or destructive

ﬁbra.tions have ocourreds

Le deneral Elsctric Company - Malta Test Station (Ballston Spa, N.Y.)
The Hermes project has done some excellent work in highespeed
strip photography of rocket motor combustion, and has identified a
‘ ~ type of high-frequency instability of a highly nonlinear nature, The
photographs indicate that the pressure waves assoclated with high free
quency instability arc actually shock waves, propagating dowm the
chamber at about L700 ft/sec (Mach number between 1.2 and 1.5) and
sufficiently strong to cause {low reversal. 3Zoth upstreame and
‘domstrean-running waves appear in the photographs with reflections
occurring at the injector face and in the converging section of the
nosgle, upstream of the throat. The high;mplitude shock-type insta-
bility was eliminated when the convergent nozsle cone angle was re-
duced from L3° to 10° (i.e,, making the nozzle convergent section
longer and shallower), and low amplitude non-ahock pressure waves
‘ware then observed, The frequencies of both shock and non-;hock ine
stability were approximately equal to the closed=pipe frequency of
' . the chamber, with the slightly lower non-shock frequency explained
as being caused by the increase in effective length resulting from
the lengthened converging section of the exhaust nozsle,

GeE. has noted no consistent change in performance during un~
stable operation, partly due to the necessary btrevity of the periods
of instability. Resulis of their tests on a 1200 1lb. -oxygen-alcohol
motor have shown that a smeller I."t (1.e., shorter motors) tends to

RESTRICTED
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" Seetion ¥ INFCRMATION and DATA (Cont'd)

B. Visits (Conttd)
correct instability, Observed ‘instability frequencles decrease with
motor length in thé same manner ag do chamber resonant freauencies,

The test motors are instrmegxted with Photocon pickups, mounted
about. one inch from the chamber, recording on e G.E. oscillographs.
thrust readings are obtained i‘r;m a mechanical~-hydraulic linkage
connected to a Tate-Emary pressure gage unit,

Some preliminary work has been done in observing the pulse
attenuation. obtainable with a cavitating venturi, | 'Input; oscillatory
flow (300 to 1100 ops) was obtained by use of a rotating disc in a
6h\mt lino; and the ventwri indicated 50% to 90% redtpﬁica in input

" pulse amplitudes.

S+ Bell Aircraft Company - Rocket Research Section (puffalo, N.Y,)
Bell has encountered instability frequencies of fraom 90 to 300

- ¢ps both in 4,000 1b. regeneratively cooled motors and in 1500 1b,

uncooled test motors, operating with white fuming nitric acid and
gasoline, This instability has been reduced in amplitude by installe-
ing an orifice upstream of the injector, but has not been eliminated

' entirely. They have observed no high-frequency instability, although

this may be partly due to inadequacy vof pressure pickup instrumentation,
Improvement in performamce (up to nearly 100% of theoretical ime

p\ilso), and increases in thrust and heat transfer have been observed,

always ocourring in a given motor at.the same mixture ratio as the
ratio is richened, The Bell persomnel feel that instability is a
function primarily of the injector and of the chemlcal reaction kine
etics, but have not yet been able to put thelr theories on a firm .buil.

RESTRICI ED
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Section V INFORMATION and DATA (Conttd)

B, Visits (Cont'd)

Much work has been done on injector characteristics and their
effect on rocket motor instability. An extensive injector flow stand,
using dyed water to represent the propellants, has besn used for this
work, and current construction of a pressuriged transparent tank is
.expected to provide more ‘réal:latic atomization data. Briefly, the
preliminary results of the injector studies are as follows‘c

&, Full and hollow-cone sprays; Very stable but only fa;lr combus-
tion efficiency, and low impulse. |

be "Hypoid®"; Burns hot, but runs ordinarily are stable and effi-
cient, _ |

ce Multiple~jet Impinging streams: Poor stability characteristics,
but,despite poor stream mixing, good performance.

d. Showerhead: Excellent stability, but poor performance,

e, Combination - Showerhead and cone sprays; (No data yet recorded)

Other wark of interest in rocket instability research lincludea a
;latermimtion of the compressibility of various common propellants. The
results of this study have been tabulated, and it is hoped that they will
become available in the near future,

6. Wyandotte Chemicals Co. - High-Pressure Research Division
(Wyandotte, Mich,) ' ' _

This visit was highly informative with regard to details of the
operational technique for testing of ethylene oxide rocket motors, All
formal results appear in their reports (see Appendix A2); but many of
the details of ethylene oxide operation were discussed snd clarified,

No accurate instabllity data was available due to the nature of
the instrumentation, but indications were that, given proper "warmeup®

RESTRICTED
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Section V TIFORMATION and DATA (Conttd)

B, 7isits (Conttd)

time (ise., approximately ssven seconds oxygzen flow duration), chamber
pressure oscillations were less then ¥ 1% in amplitude. Operation on
ethylene oxide wms extremely quiet for the 60-1b. thrust test motor,

and the exhawst was entirely smokeless and odorless,

T+« NACA - Rocket Laboratory (Cleveland, Ohio)

A lar;e number of tests were run on acide-gasoline and o:qgen-"
armonia motors of varying lengths. A plet of theoretical closed~pipe
resonant Irequencies (including harmonics) against the paramcier
c*/Length was made from these tests and data collected from various
sources on unstable operation. Data polnts thus obtained were in
excellent agreement with the predictions from the longitudinal reso-
nance theory, |

Performance changes with "screaming" were noted, indicating heat
tranefer increases over stable opefating conditions by factors of from
2 to 5, and typical c* (expressed as percent of theoretical) increas-
ing from 70% during stable operation to 984 with "screaming", Both
propellant combinations and two .injector configurations indicated the
same trend in this respect. Instability secmed to occur randomly,
sometines requirinz changes in propellant feed rates and pressures to

initiate it, and sometimes starting spontaneously.

‘Extensive studies of both Mittelman and an NACA-de:ligned electro-
magnetic flowmeter have been made, The Mittelman sensing unit has
been deemed unsatisfactory from the pressure-seal standpoint and in
frequency response ( 30 ops), while a L35 cps carrier frequency limits

' responQe of the NACA meter to about 50 cps; Pressure oscillation fre-
| - RESTRICTED
, JPVORTATION
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Section VI PLBCHSETON
Ae Llteraiure Scarches

ymeh ol She material listed in jpponddx A - LIT.DAIERE S‘:iARD‘HIES -
18 avallable locally in the Porrestal Ressarch Center Iilrary and will

be obltained and exwained for pertinence and worth in connection with

“ the work of tnhis contracte Uiforls will be made to.obtain additvional

references from otier activities engaged in similar work, Searches on
allisd subjects d.ll be instituted as tha desire for published infor=
mation is felt., The ultimate aim is the compillation of a selective
Mbliography of published materisl of use to persons interested in come
bustion instability in liquid propeollant rocket motors,

B Visiis

gemeral results of visits to date are swnmarized belows

1. All activities visited, with only one exception, feel that in-
stability is a major problem in rocket motor operation. Much enthusi-
asm was apressad with regard to present instability studies under our
eontract, and nearly all personnel stated the opinion that such a pro-
‘gram.ms necessary and quite timely,

2. Definitions of ™instability" varied considerably, extending from
“any pressure oscillation, regardless of amplitude® through *a loud
screaning nolset to "any oscillatiom which causes mechanical failure ar
burnout”s The réason for these discrepancies lies parhaps in the diffw
iculty of measuring Lhe phénomena in an cbjective way, especially at
high frequencies, so that many times the definition of wnstable con-

ditions are purely based on subjective ncise appreciation or on resulte

ing damage to the rocket, It soems to be commonly accepted that nchugging®
refars Lo frequencies up to the order of 200-300 cps, whereas "screamingn

refers to frequencies of the order. of 800 cps and hizher, but this classi-
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B. Visits (Cont'd)
fication is, of cowrse, inadequate from a ca};aative viewpoint, Additiml
effort needs to be made to identify the phenomena of instability and to
establish more precisely their effects in liquid propellant rocket motors,
3. The general opinion is that “chugging® frequencies appear to be
tied up with the feed system and injector pressure drop. wScreaming®, on
th_e other hand, almost always manifests itself at resonant frequencies
(and harmonics) of the combustion chamber, and most activities feel that
this high frequency mstgbility is closely tied in with chemical reaction
kinetics and injector spray pattern characteristics, Oscillations at

- intermediate frequencies have also been noted, It must be observed that

there can be different kinds of instability, as can be shown from the

" following simple considerations. So~called stable combustion is never

camplet.ely smooth, As a consequence of the mechanism of combustion, presse
uwre and velocity fluctuations are always present, but they are character-
ised by thz fact that they take place nearly at random, since for stable
combustion there is very little correlation between what happens at two
different locations in the combuatian_ chamber, However, 1f one of the
parameters affecting’ the combustion is made to change throughout the
chamber, there will be a correlated effect on combustion at every loca= |
tien, which in twrn can imteact with the affecting parameter and create
unstable conditions. Additiona:!. oscillations of pressurs and velocity

Appear as a consequence, but they differ from the random fluctuations

existin; in the so-called stable case begaueg they are organized, and fw
this reason they can have important mechanical and thermal effects even
if thelr level is not higher than that of the random fluctuatiome. The

dfferent types of instability are due to the interaction of the combuse

*  RESTRICTED
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8. Visits

tion process with differont parametersg for the low frequency case the
interaction is between rate of combustion and rates of wshaust and ine
.Jection; for the high frequoucy case between rate of combustion and
wave motion of the gases in the chamber; for the intermediate fi"equency
case it might be between rate of combustion and wave movion of the pro=
peﬁants in the feeding system., In ~i;‘13:m, the rate of combustion can be
affected by such paramecters as pressurc, temperature, velocity, or mixe
‘ure-ratlo; and each one of these paramelers can be responsible for the
appearance of instabllity. However, tenperature effects can probably
be correlated with pressure effects; and the effects of this parameter,
vhich 1s llkely to be the most important, will be the first object of
the present presearch, .

L. Instrumentation at a.l activities is inadequate for proper ine
stalility measurements, particularly at hizh frequencies, The chilef
failure here is the necessity for mounting chamber p:essure transducers
some distance from the chamber wall in order to prevent burnout of the
transducer sensing element, thus introducing a resonant. compressible ‘
colwmn into the system, which disturbs the high frequency response of

the Instrument. Another important reason can be that in order to glve

the necessary indications, the pressure measurement rmst be made in such

a wvay that one can ciist;inguish the randon process discussed above from
’s}{e _orgnniied process present in the case of instabllity, No satisfacte
;ry attempt has Been made so far in Lhis direction, since the uwse oflthe
sound analyzer for this purpose is open to question, The ovcrell appre-
ciation of the phenomenon i3 more satisfactorally obtained {rom visual

moans in transparent chambers, where the possibility of observing more
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Be Visits

than one point allows the distinction betsreen random mo‘rjion (turbulence)
and orranized motion (oscillabtions)e Drnanic flow measwremsnt at fre-
quencies hirher than about 50 cps has not been successful, and only one
activity visited had made any attempt at all to measure dynamde {low,

T, The results of the 4,F, work show that the press.re oscillations
can reach quite lar;e amlitudes and the waves can devilop lato shock
waves., When this happens tha system cannot be treabtud by means of the
small parvurbation assumption. Therefore, the linearization of the
systans becames impossihle, :dth the resuld Lhat no reasonable theorete
jeal analysis can be porformeds NHowever, thils does not mean that the
results obtained from a linesriucd theory commletely lose thelr signifs
icance, - In fact, the lincarized theory still predicts the ranges of
instability besed on a givan Intoraction ﬁlechanism withm.:.t siving any
doserintion of what happens if the operation falls in one of these renges,
except that the amplitude of the oscillations will increase without limite
This is, of course, imposcible, and the amplitude of oselllation is limited
by the presence of cdissivative forces and by effects of the nonelinearity,
this last being ﬁrobably the most important. e sece that in Lis respect
the non-linearity has a linitin;, and therefore a kind of stabilising,
effect on the oscillationss In other words, it iz possible that close to
the 1imits of the ranjes of instabllity the non-linearity may prevent
large~ampiitude oscillations, znd this to all pz;actical effects reduces
the range of instability. For the ;iven inberaction mechanism it seems
therefore that the predictions of ‘ahc linearized treatment give the most
wfavorable results and arc on the safe side, bccause in ordor to have any

larpe-ammlitude oscillations develop, the system rmst first be unstable for
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3% .

the small perturbations, There 1s also bLhe possibllity that for large

anplitudes some different type of interaction mechanism may appear, 4n

which case large-amplitude oselllations mi:ht be entertained sven in

condicions that are stable against small perturbations, Inthis evente

uality, however, the oscillations carmol Ve self-dcveloped, and some

kind of larzc-amplitude, external disturbance is necessary Lo triggzer

© thems o information on this Lyps of instabilily would be yiven by

any cmall porturbation Lheory, on the other hand there 13 no subsiane

tial evlidence that such & type can =xist, and thereforc this possiliile

ity is neglected forr the time being,
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when, in the progress of the work, it is possible to make
recommendations of value to the rocket engine designer in alleve
iatir.xg the harmful effects of rocket combustion instgbility, they
will be presented in this space.
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lQ Combustion Instability, with particular reference to liquid propellant
rocket motors, , ,
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-1 An investigation of monopropellants for the Navy under Contract No.
| NOa(s) 10647, Detailed Reports No. 1, 2, 3 and 4, June 25, 1950,
. Des. 25, 1950, June 1951 -&nd 25 June 52, No. 3 has & 118t of Lo
.- peferences, of which 2l dnl with the decomposition of ethylene 6x=
--1des RESTRICIED :
R Wdotte Chenicals COrporation
..t Development of a gas generator for boundary layer control. Bi-
;nonth]y progress reports No. l-L, Aug. 25, 1951-Feb, 25, 1952,
Lo e "ro develop a gas generator employing liquid monepropellants for
et - boundary layer comtrol applications, and to determine the stabil-
FEEI "ity of sthylene oxide and rslated fuels under high impact and
_pressure loading." RESTRICTED
mction Motors, Inc.
~Investigation of oropellants for use in catapult powerplants. lst -
ﬁm nonthly progress report, May 1951-March 1952, RESTRICTED
3 o
Investigati.on of the sensitivity of ethylene oxide to compression
o md cjection through orifices. Aeroget mgineerinE Co%aration.
rt No. 72 (&6@1&1)’ Sept. Ce Dde 0
. Br s Se Repdle, &nith, R. Weydroy and Sapsara, O.
. :, ‘mbnwdynmics of the deconposition products of ethylene oxide,
“Buruu of Mines, Report No. PX 3-107/1, Oct. 1951, CONFIDENTIAL
: )
Joet p\mp ror boundary-layer control utilizing ethylene oxide,
(IR Report No. 1284). NAVAER (1951). CONFIDENTIAL
,Butx P.S. and Badin, Elmer J.
'Combustion of sthylene oxide i: air. Emission spectra study.

3 _‘Princeton, N.J., Princston University. ment of Chemlst
=Annual Report on Com on eaaarcg, %m
% Joseph G. and Badin, Elm

er Je
celb\nuon of ethylene o:d.de at rod\wod pressures. Prmccbon
versity. :
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‘the field of ethylene and propylene oxides and related materials to



- D bR S TR § N SOt AP IS N e - &y =

Aoro.TggeRoport Noo 2104 | Lo,
RESTRICTED ' =

SECURTTY INFORMATION

" Bureau of Mines. )
Research on Flame and Ignition Phenomena. Progress Reports No.
1-13, September 1947-December 1950,
Gundex‘, De s and Fria.nt,, D. R,
Stability of Flow in a Rocket Motor. Journal of Applied Mechanics,
v.17, no.3, September 1950, pp. 327-333; discussion by M. Yachter,
Vols’ NOe 1’ 1951’ PPs 11}-““1160 . ’
Bundy, F. Po. JOhnBOH, Re Hey and S‘brong, H, M. ‘
Final Report on Optieal Studies of Rocket Flame at Malta Test
Station. General Electro Co., Report No. R50 AO 506, June 1950,
Randels, We Co )
The Mechanism of Unstable Combustion. Journal of the Aeronautical
Sciences, v.17, no.2, February 1950, p. 124-125, {Latter to the
Editor on turbojet combustion instability).
Spaulding, D. Be :
Combustion of Liquid Fuel in a 3as Stream. I, Fuel, v.29, Jane
uary 1950, pe 2=Ta ‘
Spaulding, Ds Be
Combustion of Liquid Fuel in a Gas Stream. II, Fuel, v.29, no,
2, 1950, po 25"32.
Cheng, S, I,
Intrinsic Hizh Frequency Combustion Instability in a ILiquid Pro-
pellant Rocket Motor, April 1952 (PhD Thesis, Dept. of Aeronautie-
cal Engineering, Princeton University).
Park, Re Do :
Factors Affecting Combustion Stability. In Third Symposium on
Combustion, Flame and Explosion Phenomena, Baltimore, Williams
and walkins; 19L9, pp. 714-718.
Haddotk, G. We. and Childs, J. He
Preliminary Investigations of Combustion in Flowing Gas with
Various Turbulence Prometers. NACA RM E8CC2, June 1948,
ScurlOCR, AO CO
Flane Stabilization and Propagation in High Velocity Gas Streams.
(Meteor Report No., 19). Massachusetts Institute of Technology,
May 19L8.
Schridt, E.
Flame and Schlieren Photographs of Combustion. (Translation),
Navy Dept., Technical Intelligence Center. F2-1)i8L-50
M&rkstein’ Ge Hey and POlanYi, Mo
‘'Flame Propagation « A Critical Reviow of Existing Theories,
(Bumblebee Report No. 61). Cornell Aeronautical Laboratory,
April 1947,
Sutton; George P.
Thermochemistry of Rocket Propellants, American Rocket Society,
Journal, 7072, 19)47, PP 2=T4 '
seimo So, MiJ_lS, M. Mc, and Summerfield, M.
Liquid Propellant Rockets. American Journal of Physics, v.15,
n0.2, 19h7, p. 122.
Bellinger, F,, Friedman, i, B., Bauer, W, H., Eastes, J, W., and
mll’ w.C.
Chemical Prupellants, Corrosion and Stability Studies. Induse
trial and Sngineering Chemistry, v.38, 1946, pp. 310-320,
Minoraky, Ne
Self-excited Oscillations in Dynamical Systems Possessing Re-
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tarded Aetions. Journ

S tarded action 1 of Applied Hechan:i.cé,‘jﬁ;lg,'no.&

OHIB, B., and von Elbe, Go ) ‘

“ Gombustion, Flames and Explosions of Qases, Ncw Yoz'k, Academic

Press, Inc., 1951. 795 pp. (Stability is discussed in sections

on combustion waves in nonturbulent and in turbulent explosive

£8868, DPp. 226"52’-‘.) :

Sutton, George P,

Rocket Propulsion Elaments. New York, John Wiloy & sons, Inc.,
119‘119; 29l pp. (Combustion Process, by L.Y. Redding, pp. 132~
140,

Symposium on Combustion and Flame Explosion. Phenomena, Third.,
Baltimore, Md.,, Willlams % Wilkins Co., 1949. Ti8 pp. (Cone
tains 100 papers; some papers on Combustion in Engines and
Rockets are entered individually in this ba.bliography.)

Jost, Wilhelm

Explosion and Combustion Processes in Gases. Translated ty

Huber O. Oroft. New York, McOraw-Hill Book Co., 19L46. 621

pp. (Explosions in Closed Chanbers, pp. 136-159). "

be chssi.t'ied References

“ ‘ ~ Pollock, Saul ,

g - : An investigation of instabilities characteristic of liquid propellant
e : rocket motors. Naval Ordnance Test Station. Technical Memorandums No.
o 343 and 349, Nov. 1951 and Febe 1952, GUKFIDENTIAL

i . General Electric Company

: Unstable operation of liquid rocket engines. (Report No. GET-223L),
o , 1951, 38 pp. Contents: Experiments i1 rocket motor stability, by

il ‘ ‘ Ge.J. Mullaney; Analysis of rocket propulsion system stability, by

i K. Berman, CONFIDENTIAL

. ‘Tiichler, A. O+ and Bel]w, D. R. '
o . Combustion instabllity in an acid-heptane rocket with a pressurised-
58 ‘ ges propellant pumping system., NACA Research Memorandum No. RM E51011,
Sept. 1951, CONFIDENYIAL
Bureau of Aeronautics (Navy Department)
Symposium on "The unstable operation of liquid rocket engines" held at
3 Ce the Naval Research Laboratory, 7th and 8th December 1950. Feb, 15,
,; 1951. lLpp. (TIP C5415). CONFIDENTIAL -
- .Aerojet Ingineering Corporation
An engineering approach to the .problem of chugging. (Division Interim
, Report No, k). Nov. 1950, CONFIDENTIAL '
! Bureau oi' Mines
s ‘ : Long Range research leading to the development of superior propellants.
! : Mechanism of burning, Progreas Report No. Ll- Oct. 1950«March 1951«
¥ . ‘ CONFIDENTIAL .
‘ SJ-OOP, Je Le
' Problems relating to rocket engines. NACA Conference on Alircraft Pro-

Lo ¥ulsion Systems Research, Jan. 18 and 19, 1950, pp, 100-192, 10 Iigs. _
usvion atlions, pp. 186-187). CONFIDENT TAL
; horgitiy. 38 , .
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Jaffe, Leonard, Coss, Bert A., and Daykin, Donald R.
v ‘ An electromagnetic flowmeter for rocket research. NACA Research
' " Memorandun No. RM ES0L12, 1950,
Michizan University.
Combustion research - resonance and rough burning in rocket motors,
March 1950. RESTRICTED
'S o Pollock, Saul
) ' : Combustion instability as a cavity-resonance phenomenon. Aerojet
mg:&neering Corporation. Research Technical Memorandum Mo,
ec. .

Elko, E. R. and Stiff, Re Caydre
Invest:lgatlon of acid-aniline rocket motor and injector, %
Ingineering Corporation. Semiannual Repori No. 398, Sept. 9.
Yachter, M. and waldinger, H. V.
Dynamic analysis of a rocket motor. M.W. Kellogg COmgany Report
oo, Noe SPD-21, Oct. 1, 1949, :
Bsllman, Donald R., and Humphrey, Jack C.
Photographic study of combustion in a rocket engine. I. Variation
in combustion of liquid oxygen and gasoline with seven methods of
propeliant injection. NACA Research Memorandum No. RM EOFOL, 1948,
(Declassified 1952)
Wolfhard, He G, and Sa.nders, A.

Excitation of vibrations in flames. Gt. Brit. Ro% Aircraft Est-
ablishment. Chenisiry Note No. 1005, Jan, . TRIC

f
: 2+ Ethylene Oxide
= as Unclassified References
[! ¢ (1) Thermodynamic Properties
: Rosam, Fo Do, Wagman, D. D., Evans, We Hs, Levine, S., and Jaffe, I.
Selected values of chemical thermodynamic properties., (National
B Bureau of Standards. Circular No. 500). Washington, U.S, Govt.
Print., Off., 1952, 1268pp. (Ethylene oxide, pp. 122 and 599)
, Mueller, K. H., and walters, W. D.
- The thermal deccmposition of ethylene oxide. American Chemical
Society, .Journal, v.73, No.l, April 1951, pp.1L58-1L61, (Detalled
: tables avallatle as Document 3027, American Documentation Institute,
. 1719 N Street, N.W,, washington 6, D,C.; $0.80),
v . Bureau of Mines,
o Equilibrium compositions and thermodynamic properties of combus-
tion products of ethylene oxide-air systems, Renorts of Investi-
! ‘ , __ gations No. 3189, April 1951,
;’ . Mock, J. E. and Smith, J. M.
i ' Pressure~enthalpy diagram for ethylene oxide, Industrial and
: Engineering Chemistry, v.l2, no. 10, Oct. 1950, pp. 2125-2128.
Burden, F. A. and Burgoyne, J. H,
: ! The ignition and flame reactions of ethylene oxide, Royal Society,
, London. Proceedings, v.1994, 1949, pp. 328-351,
H e Qunthard, H., and Hellbronner, %
Thermodynamic properties of ethylene oxide., Helvetica Chimica
{ v ‘ Acta, v.31, 1948, pp, 2128-2132, (In German), A
) . ov, I., and mro‘o‘, Ve
; M‘rhmadymm:lco of ethylene oxide. Journal of Physical Chemistry USR,
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v.22 1948, pp,B01~8033 Chenical Abstracts, h2, 19&8, 8603,
Crog, mchard S.s and funt, Herachel
Heats of combustion, II, Heats of combustion oi‘ ethyl methyl
ketone and ethylene oxdde. Journal of Physical chemistry,
v lib, 19142, Pp«1162-1163,
~ Parden, F, A,, and Burgoyne, J. H.
The imition and flame reactions of ethylene oxid.. Royal
Societ%, London, Proceedin'a, V1994, 1949, pp.328-351,
Gia@e, » Fo, and

The entropy of ethylene oxide. Heat capacity from 1k to
2850%, Vapor pressure, Heats of fusion and vaporisation.

A%erican Chemical gociety. Journal, v.71, 1949, pp.2176-2181,
F (%] C'\er, C J b”o

The thermal decomposition of ethylene oxide and an induced
acetaldehyde decomposition. (Ietter to the Editor). American
Chemical Society. Journal, v.58, 1936, pp.534=535.
Sedden, Re Ve, ang Travers, Morris .
Thermal decomposition of acetaldehyde and ethylene oxide,
Royal Society, londom. Proceedi. v.1564, 1936, pp.23L=-239.
SicFE Earre{l. Ve
‘Iechaniam for the décomposition of ethylene oxide, Journal of
Chemical Physics, V.k, 10,5, May 1936, pp.297-299.
Thompson, W, We, and Meissner, M, ,
Kinetics of the tharmal decomposition of alkylene oxides. I.
¥thylene oxide, Faraday Society. Iransactions, v.32, 1936,
Ppom51'1h6°o
Heckert, W. W., and Mack, Edward J.
The thermal decomposition of gaseous ethylene oxide. Mm'ican
Chemical Society. Journal, v.51, 1929, pp.2706-2717. '

" (2) Bandling and Storage

Handling ethylene oxide safely. Safety Maintenance and Production,
70102, Aug, 1951, p.65 -
Manufacturing Chemists! Association, Inc.
Chemical safety data sheet SD-38. Properties and essential infor-
mation for safe handling and use of ethylene oxide., Washington §,
Hess, L. 2., and Tilton, Vv, V. -
Ethylene oxide - hazards and methods of handling, Industrial and
Fngineering Chemisbry, Veli2, noe6, June 1950, pps125l- 3 also
Operating procedures for ethylene oxide, handling, storage, and
unloading. ¥.Y, 17, N.7,, Carbide and Carbon Chemicals Mvision,
Union Carbide and Carbon Corporation, 1950. 15pp.
'Sexton, R. Jo. and Henson, E. V.
Experimental ethylene oxide human skin injuries., Archives of
Industrial ene and Occupational Medicine, Ve2, PPeoLI=00ke
Burgoyne, J. H., and Burden, F. A.
Explosive decomposition of ethyléne oxide. Nature, v.163, 1949,
po723o .
Gupta, A. Ko

Explosive polye-condensation of ethylene oxide. Sociaty of Cheme
ical Industry. Journal, ve63, no.6, June 1949, pm'%m—_
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's'ext.on, R. Je and Henson, E, V.
" Dermatological injuries by ethylene oxide. Journal of Indust
Hygiene and Toxicology, V.31, 1949, pp.297-300. -

Bwrgoyne, J. He., and den, Fs Ao
Ethylene oxide explosions, Nature, v.162, 1948, pp.181~182,
1.6, Farbenindustrie A.8@,, Schkopau. )
Explosions in the ethylene oxide plant and their causes, Office
of Technical Services, Report No. PB 95,799, 1939-19Lk.

. (3) Structure, Kinetics, ate.

“Altenberg, X
Molecular-kinetic conception of liquids. IV. Dependence of super-
sonic velocity in liquids on pressure. Kolloid-Zeltschrift, v.122,

. 1951, PP, 35'360 o : '

Clmninghlu, Ge Loy LeVln, W. IO’ and G“inn) We Do . :
The rotational spectrum of ethylene oxide. Physical Review, v.TL,
1948, p.1537.

Ounningham, Ge L., Boyd, A. W., Gwinn, We Doy and leVan, W. Io
The structure of ethylene oxide. Journal of Chemical Physics,

’ VQ17’-19h9’ pp¢211-2120 v

Liu, Ta-Kong, and Duncan, A.B.F,

The absorption spectrum of ethylene oxide in the vacuum ultra-

violet, Journal of Chemical Physics, V.17, 1949, pp.2kl-2Lk.
w‘lﬂh, A. D‘ -

Structures of ethylene oxide, cyclopropane, and related molecules.
~ Faraday Society. Transactions, v.L5, 1949, pp.179-190.

z‘imw ’ Fo Uo
The peculiarities of the structure and properties of ethylene
oxide. Journal of Physical Chem;ti_z_'z, USSR, V.20, 195, ppe133=
137; Acta Tochimicr, USSR, V.21, 15045, pp.4ol-40é (in Eng-
lish)} cal abstracts, v.f;o, 195 s 5613,

L‘i.nnebt, Jo We ’

Infra-red and Raman spectra of polyatomic molecules. V. Cyclo=
propane and ethylene oxide., Journal of Chemical Physics, v.6,
] nO.ll, Nov. 1938, ppo69?‘702.

Fletcher, C.J,M., and Rollefson, G. X.

The production of free radicals from ethylene oxide and the
catalysis of other reactions by them. American Chemical Society.
Joul.'nal, 7.58, 1936, pp.?lBS—?lhO. ) ) -
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©cApril 10, 1952, 'To authorize and finance an investigation into
“the field of ethylene and: “propylene oxides and rélated materials to

discover a campound or compounds suitable for liquid ‘monopropellant

' application,® RESIRICTED .
"Hyandotto Chemicals Corporation,

~ An investization of monopropellants for the Navy under Contract No,
NOa(s) 106L7. Detailed Reports No. 1, 2, 3 and L, June 25, 1950,
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_Development of a gas generator for boundary layer control. Bi-
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Mo develop a gas generator employing liquid monopropellants for
" boundary layer control applications, and to determine the stabil-
ity of ethylene oxide and related fuels under high impact and
pressure loading." RESTRICTED

" .Reaction Motors, Inc.

~Investigation of oropellants for use in catapult powerplants. lst -

- 11th monthly progress report, May 1951l-March 1952, RESTRICTED
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" Investigation of the sensitivity of ethylene oxide to compression
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ey, S. Ro,Jro, Smith, Ro wcgck‘o, md Sapalrl., 00
‘mhmodynaxucs of the decomposition products ‘of ethylene oxide,
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