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TOREWORD

This special report is a supplement to Aerojet-Generel Report No. 2126
(AFOSR 1802) and surmarizes the work conducted on the Two-Dimensional Motor
Pregran, This work was sponsored by the Alr Force Office of Scientific Research
on Contract AF L9(538)-178, Project No. 9751, Task No. 37510, and by Aerojet-
General Corpora“ion. The period covered is from December 1960 to December 1961.

Approved by:

R. H. lcFee
Acting Manager
Advanced Research Division
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Report No. 2185

ABSTRACT

A two-dimensional motor was designed, fabricated, and tested to establish
improved technigues Tor measuring the dynamie characteristics of the combustion
mechanism in an operaiing thrust chamber. The criteria on vhich the design of
tne motor was based, the experimental equipment, and the tests conducted are
described. The methods by which this xictor can be used to investigate stable
and unstable cembuction are discussed and the correlations necessary to relate

the obsasrved pvhencrens to the behavior of Tull-scale rocket engines are indicated.
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I. INTRODUCTION

The ultimate gozl of the investirators studying combustion instability is to
establish sound criteria for the desizn of stably operating rocket engines? Such
decign criterie, together with any resultant increase in the understanding”of
cerbustion, will rfoim the basis of e technique for numericelly predicting thrust-
chernber performance. Analyticel performance calculations based on a paper design
anc. theoretical and/or empiricael concepts will then be possible, reducing to a

minirum the reliance cn expensive "cut-and-try" experimental techniques.

The Two-Dimensional Motor Program cdiscussed in this report is one approach
to the achievement of this goal. The objectives of tiis program are (a) to esta-
blish a transparent-wall research device in which (b) the ccmbustion mechanism
could be quantitatively observed and (c) correlated to the phenoiena as encountered
in large-scale rocket engines.

Complete fulfillment of “hes2 cbjectives will result in both a significant
advaneenert in rocket~engine design theory and an overall improvement in the basic
understanding of the combustion process. Such information will aid in the eventual

estatlishmert of anelytical techniques for predicting inherent stability.

A test and study program was initiated and completed which fulfilled the
first two of the requirements listed above. The third objective of the Two-Dimen-
sional Motor Program was beyond the scope of the work funded by the Air Force
Nffice of Scientific Research under Contract AF 49(638)-178 and by Aerojet-General
Corporation. The design, fabrication, ond test installation, of the two-dimensional
rotor was accomplished on the AFOSR contract. The testing and report preparation

were financed by Aerojet.

¥
hs vsed in this report, "motor" means a research device and "engine' means a
full-scale rocket engire.
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T intrcauction (cont.) Report No. 2185
Theoretical concepts were developed (Refs. 1 and 2) and yvalitatively
verified, using available experimental dota previously developed on this contract

(Ref. 3) vhich demcnstrated that the inherent stability of a combustion process

is primarily dependent on (a) the cmount of pressure-sensitive energy available
for release to a given pressure perturbation and (b) the relationship between the
replenishment of this energy and the characteristics of the perturbation. Empiri-
cal equations relating the magnitude and distribution of pressure-sensitive energy
in a combustcr to ecngine operating porameters were developed. By using the two-
dimensionzl motor for quantitative investigation of the combustion mechanism, it
should b~ pcssible to refine the form of, and to evaluate the constants for, these
enpirical exrressions. It will then be possible to establish the characteristics

of pressure-sensitive energy within full-scale rocket engines.

The discussions contained in this report will detail (a) the design criteris,
(t) the configuration, and (c) the testing of the two-dimensional motor. The

signilicarce of this device as a scientific research tocl and reccrmended areas

Tor future investigations will be discussed.

II.  DESICN CRITERIA

The objective of the two-dimensional nctor was to provide o research device
for the scientific determinaticn of the paremeters affecting and/or controlling

thz magnitude and spatial distribution cf pressure-sensitive available energy in
a full-scale combustion chamber.

The discussions below will describe the problems inherent in the measure-

ment of available energy in a combustor end the criteria for designing a device

for overcoming these difficulties.
A. MEASURE!TENT OF AVAILABLE ENERGY

I Available Energy Equation

The analytically derived relationships presented in Ref., 1
indicate that the pressure-sensitive energy available at any point in a combustion

chamber can be expressed by the relationship
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II Design Criteria, A (cont.) Report No. 2185
R o1 Al
A (1)

vhere

€. = pressure-scnsitive ener. available for release by a presciuye

perturbation
¢ = wnit heat ¢ combustion
T = chemicgl combustion time
A = chember cross-sectional area
auU
éi - gasecus acceleretion wlth respect to chamber length

cT
A
the purposes of this revort it will be ccnsidered 2 constant. Eased upon the

A numericel value for the teim has not been accurately determined; for
im’ted qualitative data presently cveilable, this assumption appears to be vaelid;
consequentl s it is possible to detemine a relativeﬁza profile ‘or a given coms -
tustcr by weasuring sesecus motion vith respect to chamber length. Gaseous
eccelaration, %%, and thus(ja are determined by differentiating the absolute
chember-ges velecit: profile with respect to length, at a serie: of points in

the chamber,

2. Streak-Film hotcgrnphy

Chamber-gas motion ot any location within e combustion chamber
can be determined using high speed, shutterless, 'streak-film" cameras (Refs. &,
5, €, end 7). Cameras of this type have been used for many years to study com-
tusticn phenomena and have proeved to he valuable research tools, once their
linmitetisns are recognized.

The camera is focused to view events within the combustion
chamber through a transparent slit (see Figure 1). The film is exposed as it
vasses through thc lens focal point at a high velocity, in a direction axially
rerpencicular to the camera lens and the transparent slit. The result of
opereting the camera in this manner, and without a shutter, is a film exposure
similar to thet in Figure 2. The dots along the edge of the film are millisec
timing marks used to determine the instantaneous film velocity and to time-

correlate 1ve data records.
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II Design Criteria, A (cont.) Report Ho, 2135

The streuks recorded on the film are imeges of luminous gas
particles in the moving gas stream. The slope of a streak, g%ﬁ at a specified
time and chamber location, represents the instantaneous local chamber-gas
velocity component in the direction of the slit. If the slit is aligned in
the direction of particle motion (i.e.,, along the axis of a streamtube), the
particle acceleration (i.e., the rate of change of velocity with respect to
distence) is obtained by differentiating the measured velocity profile with
resvecy tc chamber length. The necessary steps to derive a relative avallable

~nergy profile are graphically illustrated in Figure 3.

For ccmbustion chambers where recirculation eddies exist, 1t
!s virtually impossible to aolign a transparent slit in the directlon of gaseous
oerticle motion. Consequently accurate particle accelerations are exceedingly

difficult tc esteblish, as shown in the example below.

A hypcthetical exarple of the streak that would be recorded
fer & cecirculeticn eddy which lies in a plane parallel to the field of view of
the ccmers is illustrated in Figure 4. Assume that the eddy has a constant
recirculation velocity, Vé. If this streak were part cf a film record being
anal;zed, and if it were not realized that an eddy existed, it 1s conceivable
trat an inccrrect conclusion would be drawn regarding particle velocity. It
might be concluded thav particle velocity varies, at this point in time, from
zero to Vé end back to zero again because the measured velocity is only that
ccmocnent of particle motion in the direction of the slit. Thus, when gaseous
perticle mction is composed of multi-directional components, the recorded
velocity will be less than the actual velocity. The major problem in using

stresk-film photography to obtain veloeity profiles ig, therefore, the accurate
determination of the absolute local chamber-gas velocity, U, vhere recirculstion

ecdles exist.

Accurate velocity measurements can be made if the recirculation
rddies can be eliminated so thet the gas flow is parallel to the chamber axis,
and if the streak-film slits can be align2d with the combustion-gas streamtubes.
Tr.e limitation of this approach is that recirculation eddies do exist in full-

scale combustion chambers. Hence, if {ihey are eliminated in the research device,
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IT Design Criterla, A (cont.) Report No. 2135

it willl te uecessary to establish factors correlating the measwred comic.etlicn
gas-velocity profiles to those conditions where eddies do exist in full-scale
chambers; this would be difficult.

If recirculation eddies cannot be eliminated, the ccmbustion
phenomena must ve photographed in three orthogonal directions and the measured
velocities vectorially summed to obtrin a resultant velocity profile. The
orcolems inherent in the development of a device capable of recording combustion-
gas motion precisely in three dimensions at any point in the chanber are difficult

or lrpossible,

One of the major criteria, therefore, for the design of any
vesearch device used for measuring aveilable-energy profiles is to provide a
means of contrelling and distingulshing recirculation eddies whenever they exist.
At will te shewn later, this requirement can be fulfilled by using a test device

which limits recirculation eddies to a sinugle plane.
R. TRANSPARENT MOTORS

In formulating the design criteria for s transparent-walled rocket
engine to he used on this program, a review was made of all available information
on transpavent-mctor experiments (see Refs. 3 through 14 for a partial list).

A brief descripticn cf the configuration, application, and limitations of sev-
cral of these transparent motors, together with experimental data on them,

is presented below.

1. The Pulse Motor

The purpose of the pulse rotor (Figure 5) is to provide a
cesearch tool to simulaste the operational characteristics of a full-size thrust
chamber at moderate thrust levels, using durable, replaceable hardware. By
incenrporating within its design an instability-initiating mechanism, it is
possible to control the onset of unstable combustion and to determine the
relative susceptibility to instability of various engine-injector configura-
tions. The characteristic behavior of an instability, during its initiation
and growth, is determined by optical and mechenical observations. Detailed
discussions of the pulse motor, its purpose, characteristics, uses, and result-
ant experimental data, are contained in Refs. 6, 3, and G.
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II Design Criteria, B (cont.) Report No. 2145

The pulse motor concept is basically sound, but it has several
limitations that must be recognized. A discontinuous injection pattern deviating
frcem the full-scale configuraticon is used (Figure 5) to meke possible operation
at moderete thrust levels. As a result, the propellant-mixing characteristics
eneountered with this type cf injectcr differ significantly from those of the
full-scale injecter. Even though it is desirable that any resecarch device
15¢d in studying cembustion gas motion operate at these thrust levels, it can

ve concluded that the use of discrete injector pods cannot completely simulate

Jull-scale engine conditions.

The cylindrical shape of the chambers of the pulse motor re-
sults in additicnal difficulties. It is difficult to define the location or
characteristics of' specific events in three-dimensional space where hetero-
zer.ecus conpustion is occurring. A cylindrical chamber dces not lend itself
tc¢ reducing or eliminating recirculation eddies, while under certain conditions
(e.g., vhen discrete injector pods are used), 1t mey actually promote eddies
cf undeternined strength. A more complete discussicn of the problems encountered

in ueing the pulse nctor are discussed in Rel. 3.

2 Tne Wedlze Motor

The wedge motor is a device desigred to investigate experi-
nentally the stable combustion mechanism. It was developed under another
contract, and was used to extend the understanding of the combustion phenomena
15 studied under Contracts AF 18(600)-1155 and AF 49(633)-178. The wedge-motor
decign is based on the premise that, when a pic~shaped segment is removed from
& full scale engine, the cocmbustion process within that segment is not grossly
eltered, By pleciry walls along the radii of the segment, at least one of which
serves gs an observgiion window, it 1s possible to observe the full-scale thrust-
chember combusticn recchanism, but at & more moderate thrust level. The design

ané crerstion of the wedge motor are discussed in Ref. 10,

It has been found that the wedge motor adequately simulates

the full-scale combustion phenomena and yet allows the direct observaetion of
its burning characteristies. Using this motor, it was possible to examine the

injection characteristics more precisely than had previcusly been possible.
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Ceuparison of the overall performance characteristics of the wedge mector to those
of the full-ccale engines indicated almost a one-to-one correlation. It should
be noted that these comparisons were made at the exit-plane, with no attempt tn
determine variations in the actual combustlon rate throughout the chomver. lore-
over, no studies have been conducted to determine whether variations in the
circunferential components of gas motion exist. It should be noted that the
wedge motcr was lesigned as a developmental tool; for this specific purpose,

it has been quite satisfactory.

The wedge motor was used in conjunction with Contract AF
LG(€36)-173, tc sbtain the initial measwrments of pressure-sensitive available
eprergy. Stresk-film phctography was used to measure gaseous acceleration with
recoect to chember length. By meesuring the acceleration of the chamber gases,
tnus deternining the relative rate of combusticn preducts seneration, it was
coscibl2 t5 determine a relative availeble-energy profile fer the motor. Initial
measurenents in the wedge motor did nct consider meticn in any direction other

than the axial, However, these meacurements did indicate the potential of this

vecanique for cvaluating available energy.

T: cheuld be noted that the measurements made in the wedge
metor censicted of observing gaseous metion along a single fixed axial line,
Tris line was not fixed with respect to the gaseous streamtubes within the
chamber, because of their tendency to oscillate. Iarge velocity gradients
betwcen adjacent streamtubes were frequently observed. Thus, the oscillatory
meticn of the streamtutes causes an epparent velocity variation with respect
t¢ time at each exial peint along the line of observation. Such variations in
tle reccrded data indicate the necessity of determining the absolute velocity
ccapenents at a number of points along each line of observation, This can only
be dene using orthoscnal streak-film records, assuming that all gaseous motion

«xlste in the twec-dimensional plane of observation.

The simulation of full-scale combustion by the wedge motor is
limited because of the shape of the chamber, which produces a very narrow com-

bustion cross section at the thrust-chamber axls and thus restricts the events
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II Lesign Ciiteria, B (cont.) Report ilo. 2185

occurring within this region. This motor also has the disadwantage of being
strongly hardware-oriented, since the chamber walls and the injector are actually
derived from operational rocket engines. It 1s therefore difficult, if not
impossible, to modify the injector pettern or to control precisely the injec-
tiun process. Also, there is no way in which the effects on the combustion

preccess of the two side walls can be analyzed.

3 Tvo-Dimensional ilotors

Two-dimensional transperent motors have been used by various

investigators to study the combustion phenomena (Refs. 7, 12, and 13).

The device described in Ref., T was originally designed to
investigate the ccmbustion characteristics of a specific injector-thrust chamber
ecrbinavion. later experimentation included the use of this engine as a research
device to investigate various aspects of the ccmbustion phencmena, such as re-
action rates, mass and energy transfer, etc. Particular erphasis was put on the
dzterminaticn of velccity profiles Ly using streak-film photography. This device
wves also nsed to examine variations in the injection mechanism, together with
vegutiand ohenges i cembuzticm, Jduriip ex inetability.

Refs, 12 and 13 describe two different two-dimensional motors
of aprroximately the same configuration, which were used to investigate vari-
ations in the combusticn mechanism resulting from the use of several injector
types. The first thrust chamber was a 100-1b thrust motor consisting basically
cf metal contour and injector plates clamped between two plastic sheets, which
wee designed to orerate at a chamber pressure of 300 psia, The combustor had
a uniform thickness of 1/2 in., and a characteristic chamber length (L*) of
appreximately 60 in,

The second motor was a two-dimensional trensparent thrust
chember approximating a slice, O.47 in. +thick, from a 1000-1b thrust rocket
erngine, vhich was also designed to operate at a chamber pressure of 300 psia,

*
The combustor had s contraction ratio of 5.9 and en L of 57 in.
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II lesign Criteria, B (cont.) Report No. 2185
These motors had Iucite windows affixed to both sides to permit
observation of the combustion mechanism. The events occurring within the com-
bustor were recorded by a framing camera ot 3000 fr/sec. Flame-intensity
fluctuetions were recorded in the latter engine by a photoelectric cell,

Beth motors were instrumented to measure steady-state and
cscillatory chamber pressures. Low- and high-frequency instabilities were
enccuntered end quelitetively measured in the former motor. The low-frequency
unsteable crutustion oscillated at 100 cps, while the high-frequency instabilities
oscillated at frequencies corresponding to the resonant characteristics of the
chamber, It was found, in the latter motor, that the flame-intensity and pres-

sure Tluetuations were in phase.

Difficulties were encountered in the use of these motors
teceuse of window erosion and cbstructed light transmission. The erosion was
mcst severe at points of propellant irpingment and at the nozzle throat. The
rlastic eroded et & rate equivalent to 20% of the propellant flow rate (Ref. 12)
end resulted in an 8-14%/sec reduction in chamber pressure (Ref. 13). The trans-
mitted combusticn light became increasingly obscured during each test because
c? depcsiting of an oraque substance - probably carbon particles - on the inner

wvindow surfaces.

The information derived from these motors was very useful in
esteblishing design criteria for the device used on this program. It was esti-
mated, based on the testing of these motors and the wedge motor, that window
ercsion would nct be s severe problem if direct liquld impingment was avoided.
It was later determined (see Section V) that the plastic would erode without
airect liquid impingment and surface brrning if turbulent combustion occurred

immedigtelv adjacent to the liner,

One limitation common to all of these motors is that a method
for determining the effect of the walls on the combustion process has not been
ecstablished. Two-dimensional motor data cannot be used directly to describe

the events within a full-scale engine because of (a) the differing effects of
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the walls (e.g., heat transfer and frictional losses to the walls per unit vol-
une of gas, channeling of the flow, etc.) and (t) the two-dimensional, rather
than three-dimensional, flow charecteristics, Therefore, if a two-dimensional
moter 1s used, 1t 1s necessary to establish a technique whereby the observed
twc~dimensional data can be correlated to the full-scale combustion processes,

L, Sumary
The shortcomings ol the avallable combustion devices described
above have precluded the precise, scilentific evaluation of the combustion pheno-
mena., In order to overcome the inherent difficulties encountered in these motors,
a spscial device with transparent walls, the two-dimensional, variable-width
moter, was selected as the best research tool for obtaining reasonably accurate

velceity profiles.

A twe-dimensional chamber will limit the gross gasecus motion
to a single plane. This will reduce the required photography to the recording
of events in twe crthegenal directions and will eliminate many of the recir-

culation eddy problems inherent in such combustion devices as the wedge motor.

As menticned above, the two-dimensional data cannot be used
directly to describe the ccmbustion phenomena in full~scale engines. Wall-
effect ceorrelation factors must first be derived and gpplied. A detalled dis-
cussicn cf the techniques used to establish these correlation factors is pre-
sented in Secticn III. It should be sufficient to state at this point that
the technique involves experimentetion in which the width of the combustor is

verled.
[ OPERATIIG PARAMETER VARIATIONS

For a more realistic approach to the problem of determining the
perameters affecting and/or contrelling the magnitude and spatial distribution
nf pressure-sensitive energy, it is necessary that the configuration of the test
device facilitate the control and variation of the operating parameters. Since
the cperating parameters must be variable, the major criteria for the hardware

design are established gs described below.
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1. Chamber Pressure

It has teen shown thet the provellant burning rate is propor-
tional to scie power of the chamber pressure, and Uiat the amount of energy
avallable fer release by a pressure perturbation,E' , 1s related to the propellent
burning rate, Q (Ref. 1). Therefore it is necessar; that this device be able to
orercte ot rresswees simulabing those encountered in current full-scale engines
in order that the effects of ch_:ber pressure varistions cn éa can be realisti-
caily studied.

Chomber pressure can ic changed by varying either the propel-
lant weight-flow density, ﬁﬁ/Ac’ or the cress-secticonal. area of the throat, At'

As will te seen leinr, it is c¢isirable to be able to vary both of these

neraneters.

2, Injection Velocity

It has beer shown in Ref. 15 that, as the propellant injection
velocity in-reases, the nriellart voporizetion raie el ¢ increases. Since the
oropellsnt burning »ote, |, i1s .rcveriicncl to the vaporization rate and the
availetle energy is, as r r*tic:23d obeve, related to Q, it is necessary that in-
Jjection velecity be vari-lie so that its effects o fa can be studied. The
injectior: velocity can be varied either by keeping the injection orifice diam-

eters, dc’ constant and varying the propellant weight flow density, %b/Ac’ or

vy varying do while keepinrg ﬁb/Ac constant. Againr It would be desirable to be

gktle to vary both,

S Prcpellant Spatial Distribution

In the initial testing phase, it is necessary to use a homo-
geneous injection pattern, as discussed in Section III. ILater in the program it
will te necessary tc study ncrhomogeneous injection to achieve a mere realistic
simuletion of the characteristics of full-scale injectors. From an economic
standpoint, it would be advisable to minimize injector fabrication. This can be
done by designing injectors whose configuration can be altered with a minimum

amcunt of effort.
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In order to investigate the effect of rropell...t spat.al «is-
tributich on the magnitude and distribution of available energy, it is necessary
for the injector to be designed so that its propellant injection characteristics

can pe controlled and precisely predicted.

L, Other Variable Parameters

The followlng parameters shculd also be variable:
a8 The propellent nixture ratio.

0, The charver width, in order to establish the wall-

effect corrclation factors previously mentioned.

Ce Chamber well nmaterial. The ability to vary the
composition of the material in the walls would
nake this riotor a more flexible research tool.
By using such voriations, it would be possible
to investigate the effects of varying heat sinks,

material erosion, gas addition, etec.

Co Chamber length, so that any particuler engilne
configuration cculd be sirmmlated more closely.
The chamber should be at least long enough so
+that it operates efficiently under the most

adverse propellant-mixing conditions.

e, Propellant combinations. The motor snould be
capable of examining the combustion of the nore

common liguid propellants.
D. INSTRUMENTATION

1. (ptical Techniques

The chamber should be designed so that several unobscured
trensparent slits, both rarallel and perpendicular to the chamber axis, can
te used simultaneously to view and record the combustion-gas motion with streak-

film cameras.
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Previous experience with streak-film photography nas indicated

that & high rilm velocity (e.g., 60 to 200 ft/sec.) is required to achieve an

adequate degree of resolution. Superior photcgraphic results may be derived

if coler film 1s used instead of black and vhite, since it has a greater latitude

that may be useful in distinguishing events lacking in definltion.

An accurate time-correlation between the film records and the
cther date records (e.g., oscillograph) is required. This is usually accomplished
vy rlacing 10C0-cps timing marks on all records with a common occurrence mark
eprearing simultanecusly at some point on each record. Timing marks are also
needed in determining instantaneous {ilm velocity in order to esteblish particle-
valceity profiles.

The streak-film cameras must be oriented to permit an unob-
structed view of the entire window slit, with minimun light diffraction,

It is also desirable, elthcugh not necessary, to photograph
the gress combustion process, the propellant injection, and the ignition chare
acteristics with g high-speed motion~picture camera such as the Fastex camera.

These [ilms cheuld be taken in addition to any required documentary movies.

z, liechanical Techniques

Chanver and manifold pressures must be measured with sufficient
accuracy tc provide a continuous record of both the mean pressure and any signif-
icent prossure oscillations. The latter measurements require the use of high-

recronse sensing end recording devices.,

Propellant flow rates must be measured with an accuracy corres-
rording to that of all other measurements. The more common flow-metering devices,

rotating~-vane meters «nd cavitating venturis, cannot be used to accurately deter-
mine instantaneous Tlow rates. Therefore, it 1s necessary to calibrate the
ingjector so that instantaneous flow rates can be determined directly from the

mzrnifold temperatures and pressures and the chamber pressure.
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Throat-pressure measurenents, although not absolutely necessary,
provide additional infermation (e.g., they indicate the magnitude of the ratio
of specific heats Tor the combustion products) and aid in determining combustion

ef'ficiency.
To define the energy states throughout the combustor, it is
necessary to measwre chamber-gas temperature and pressure profiles and to cor-

relate this information with the optically measured velocity profiles. The pre-

sentv state of the art in temperature- ond pressurc-sensing limits these measure-

nents to the boundary layer.

ITI. PARAMETER EVALUATION

In order to evaluate the characteristics of the combustion phenocmena as
enccuntered ir. full-scale rocket engines, it 1s necessary to study and achieve
o basic understanding of inherently simple combustion medels. These s%udles are
similar to the procedure required to understand the dynamics of real gas flow
(1.e., it is necessary to study and understand nen-viscous, incorpressible flow
tcfere studying viscous, compressible flow). Therefore, it is necessary to

establish the characteristics of the simpler two-dimensicnal combustion system

before stuc; ing more cemplex problems.
A. DATA EVALUATION

1, Particle Motion

Tvo-dimensional chamber-gas motion can be recorded by high
speed, shutterless, streak-film cameras. By recording the particle motion along
several orthogonal transparent slits, two three-dimensional velocity contours
ere cbtained for gas flow throughout the chamber in directions parallel and per-
pendicular to the chember axis (Figure 6a and 6b), If these contours are vec-
terially summed (Figure 6¢) a three-dimensional resultant velocity contour is
cbteined (Figure 6d). A three-dimensional relative avallable-energy contour
cen then be calculated by performing a three~-dimensional vector differentiation
on the velocity contour in Figure 6d (i.e., by plotting the maximum slope at

esch point of Figure 64).
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2, Chamber Gas State Points

The state of the chamver gases is established from the experi-
mertally determined boundary-layer conditions (i.e., temperature and pressures),
the three-dimensional velocity contour, and performance characteristics. A mean
encrgy level as a function of chamber length is determined using the total mea-
sured thermel efficlency and the absolute-velocity profile. This energy dis-
tribution is used in conjunction with the transverse-velocity profile and the
meesured temperatures and pressures to establish an energy gradient. It is
then reletively simple to divide the distributed energy into potential and
kinetic corponents and to evaluate gaseous-state points (e.g., temperature,

pressure, density, ectc. ).
B. T0- DIMENSIONAL WALL-EFFECT CORRELATICN FACTORS

The Aifferences between two-dimensional and full-scale ccmbustion
can be vartially accounted for by epplying a wall-effect ccorrection factor to
the ctserved deta. The applicability of these correcticns is partially depen-
dent upon “he reletive degree of cne-dimensicnality of the full-scale phenomena.
The %echnigue for establishing the required correction factors is to perform a
series of tests cn a variable-width chamber (1) by using & homogeneous injector
vettern (i.e., one that will not cause recirculation eddies), (2) by varying
the chanber width, and (3) by keeping all other engine parameters constant.

The wall-effect correlation facteors are then determined for each set of operating

ccaditicns by the method described below.

The maximum-velocity profile in the two-dimensional chamber (i.e.,
the profile dcwn the center of the chamber) is determined and plotted for various
chember widths (Figure 7a). These curves are then cross plotted at various loca-
ticas dovn the chamber. The result is a family of curves, similar to Figure Tb,
ceen of which asymptotically approaches the full-scale (or infinitely spaced
well) chamber gas velocity for their respective axlal locations., By plotting
these acymptotic values vs chamber length (Figure Te) a velocity profile, valid
fer the description of full-scsle combustion with no recirculation, is obtained.
By comparing each curve of Figure Ta with the curve in Figure Te, two-dimensional

wall-effect correlation curves (Figure 7d) are established for various chamber

widths.
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It i1s known that the maximum gaseous velocity within a channel has
a tendency to be located along the passage centerline, and that the velocities
racorded by streak-film photography are probebly derived from observations
made somevhat closer to the wall. It is therefore necessary, if accurate
results are desired, to know both the velocity distribution across the chamber
wldch and the depth of observation. With this information, it is possible to
determine the infinite-wall velocity profile.

The depth of observation for current phctographic techniques has not
y2t been established, but its resolution should be relatively straightforward.
By analytically ccmparing the experimentally determined velocity profiles with
argine performance (i.e., equating chamber-gas momentum as based on both veloeity
profiles and englne performance), it should be possible to =stablish the depth

of observation and thus to develop the necessary correcticn factors,

The velccity distribution across the chamber vidth cannct be mea-
sured directly, It can be determined, hcwever, by varying the chamber height
and observing the effects of the end walls (i.e., the top and bottom of the
chamber ) cn the velocity distributicn vertically across the chamber at a given
axial lccation. It is necessary to assume that the side wells (i.e., windows )
affect the velccity profile acrcss the chamber width, at that location, in the
seme manner as do the end walls. This is a valid assumpticn only if the mater-
ials of all four walls are the same and the injection pattern is symmetrical.
These twc considerations must be included in the design criteria for the two-

dimenzicnal engine if the maximum veloclty profile is to be determined.

By following the above procedures during the initial testing of the
twc-dimensional motor, three sets of valuable and necessary information will be
obtained: (1) wall-effect correlation curves for various engine operating con=-
ditions, (2) information on the behavior of homogeneous combustion, and (3)

the region of observation within an operating chamber.
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c. FULL-SCALE EVALUATION

Full-scale engine configurations can be evaluated either directly or

indlrectly using the two-dimensional metor.

1. Direct Full-Scale Evaluation

Engine operating characteristics are determined directly by
exemining various sections of the full-scale combustor in a two-dimensional
motor and vectorizlly summing the experimentally measured velocity profiles.
Tris approach is nct so straightforwvard as it may appear, for it is dependent
upcn selection of each sector and its orientation. In order that the experi-
mertal results may e applicable as recorded or, at least, as determined follow-
ing @ minimum emount of numerical analysis, it is necessary that the sector
natrix be made to include a large number of elements in which fluid flow is
grrroximately cne-dimensional. Sectors in wvhich multidirectional gaseous
mctior is enccuntered are oriented in such a manner as to permit the exami-
netion of the more significant velocity compenents. (Thet is, the gaseous
rmotion is restricted to twe dimension, thus requirirg that the plane of obser-
vation be located in the plane established by the major velcci’y components. )
This technique permits the accurate determination cf gareous .- ion in all but

a fev elemerts, and in these remaining elements the results siiculd vbe valid

though ncl cuantitetivel; accurate.

The ~ramination of a combustor is divicded into the determina-
tion of single and multidirectional flow characteristics as affected by the walls
cnd as found far from any wall influence., The characteristics of each sector
are vectorially summed and a three-dimensional contour describing the spatial

distribution of available energy is establiched,

2, Incirect Full-Scale Evaluziion

The indirer~ snalysis of combustion performance regquires little
or no experimentation to evalu.te each specific item of hardware. The entire

enalysis is based on mmerical calculations wade using experimentally determined

Page 17




III Parametzr Evalustion, C (cont.) Report No. 2185

relationships, which describe the effect of each operating parimeter, and the
sources and sinks, on the spatial distributicn of available energy. The con-
figuration being investigated is divided intc a matrix corresponding to the
basic enalytical elements and evaluatad using a digital corputer. The accuracy
of these colculations is dependent on the validity of the empirical exprecsions
and the combustion model. With sufficient prior experimentation, this numerical
technique should permit quantitative examination of any full-scale engine com-

bustion mechanism.

IV,  DESCRIPTION O THE PRESENT TWO-DIMENSIONAL MCTOR ASSEMBLY

A description of the transparent-walled two-dimensional motor which was
febriceted and tested on this program (Ref. 3) is presented belov (see Figures
8, 9, and 10).
A. OPERATING CONDITICNS
A brief survey of the opereting characteristics of present-day rocket
engires was made, since part of the design criteria for the two-dimensional
motor cal’el for simulatiecn of the combustion behavior of these engines. Frem

this survey it wes determired that the following operating conditions would be

representative and couid be achieved using the two-dimensional crgine:

Chamber pressure: 200 < Pc < 1000 psia

A

Contraction ratio: 1.5 < A—c < 3.5
t
Propellant weight- W

flow density: 0.5 < KR < 3,0 lb/sec-in.”

c

Injection orifice

diameter: 0.0%0 < dO < 0.150 in.

Propellant injection
velocity: 20 < Vﬁ < 200 ft/sec
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Chember length: 6 < L, < 22 in,
Combustion efficiency: 90 <7 < 100%

If empirical and/or aralytical relationships are to be Jeveloped
from the experimental data resul:lng from the use of this motor, it is imyera-
tive that the operating conditions be accurately defined and controlled., A
brief discussion of the manner in which these operating conditions are con-

trolled is presented below.

1, Control of Chamber Pressure:

Chamber pressure cen be predicted for any given test by ac-
caretely controlling the propellant flow rates, mixture ratio, and contraction
ratio. The state-of-the-art for testing medium-size thrust chambers limits
prcpallant flow-rate control to I 2%, mixture ratio to ! 4%, and contraction
ratio to . 2%, Therefore, chamber pressure can be predicted within T 5% for
a given engine configuration, if the C* efficiency is known. The chamber

rressure can be measured within * 3%.

2. Control of Injection Characteristics

The control of the propellant injection characteristics is
irrortant, since = deviaticn from the predicted propellant spatial distribution
will elter the resultant chamber-gas velocity contour (Figure 6d). The propel-
lart jets must thercicre exhibit a high degree of directional and mass-flow
stability.

Recommendations for the design of an orifice which will pro-
duce a stable, reprcducible jet are found in Ref. 16, Such an orifice should
have a long orifice-length-to-diameter ratio, i/ (i.e., an 4/a of the order of
10 to 20), & contoured entrance, and a turbulence generator (i.e., a roughened
gection near the orifice entrance). It has been demonstrated (Ref. 16) that
"turbulence-inducing devices tend to promote directional stebility and reduce
the effects of upstream disturbances." Iot only will a long-t/d orifice im-
prove jet directional stebility but it will also tend to minimize the effect
of chamber-pressure oscillations on the instantaneous propellant flow rate

because of the relatively large drop in injection pressure. The resultant
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stability tends to improve the homogeneous character of the combustion process
and reduces the probability of incurring a low-frequency combustion instability.

To control propellant distribution in the combustion chamber,
it 15 nec~ssary that the static pressure be constant, or at least predictable,
at the entrance to each injection orifice. A common problem encountered in many
injJectors 1s that ol l:cel manifold-presswre variations caused by high fluid-
velocity gredients. These gradients result in nonuniform distributions of
(~) static pressures within the manifold, (o) pressure gradients across eesch
irdividual orifice, and (c) propellent within the chamber. Since these distri-
bution functions are generally difricult to predict accurately, one of the design
considerations for the injector is the reduction of the maximum manifold velocity
to 10 ft/sec resulting in a velocity pressure head of less than 1.0 psi. As e
result, it is possible to achieve a maximum variation of less than 1.0% in the
irjectionr velocity between similar orifices. This condition was satisfied in
the fuel manifeld, but not in the oxidizer manifold, because of the cryogenic
properties cf liquid oxygen (LCZ). A minimum 10, feed velocity is required to
prevent, signi’icant vaporization of the liquid prior to injection into the
cramber. Ir crder to maintain this minirmun velocity, no more than three oxi-
aizer feed lines could be used. The resulting corpremise oxidizer-feed config-
uration caused a 3% variation from the mean value of the injection velocity at

the crifices in the immediate vicinity of the feed lines, for the tests with
the highkest flow-rate.

B. PROPELLANTS

The primary reason for selecting L02/RP-l as the propellant combina-
tion for the initial testing of this engine was that past experience had shown
that good stresk-film records are readily obtained with it. The burning of this
propellant produces a high-temperature gas containing large amounts of luminous
carben particles vhich yield satisfactory streak-film records and are thus more
readily photogresphable. Experience to date has shown that stresk-film records
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ave difficult ‘o obtain when nonhydrocarbon fuels such as N2Hh are used. This
situation may vossibly be improved by using fuel additives vhich do not other-
wise affect combustion performance. Such techniques have nct yet been proven

but some experimentation has been done at Aerojet along this line with proiising
results,
C. FQUIPMENT DESCRIPTION

A description of the components used in the two-dimensional motor

assembly is prescated below.

i Combustion Chamber

The maximum internal dimensions of the two-dimensional com-

burtion chamber are 3.00 in. wide by 7.67 in. high by 22,0 in- leng (Figure
6). All o] these dimensions can be reduced to any size less than the maximum

by using the proper size wall liners and nozzle inserts.

e chamber wall material can be varied. #all liners of both

Iucite and zircenia-ccated steel sere fabricated and tested.

2 llozzle

Three different throat-area nozzle assemblies were fabricated
for a 1.00~in.-wide chamber and a single assembly for the 3,00-in. chamber.
These nozzle assemblies have the following contraction ratios: 1.75, 2.&6, and
3.16, and 2,46, respectively. Each nozzle has & rectangular cross section con-

sisting of two flat and two contoured sections of refractory coated copper
(Pigure 11).
5o Injector
Twc injectors having the same showerhead pattern were built,

one for each type of chamber. The injection pattern (Figure 9) is symmetrical

apbout a hSo angle with the chamber wall. The oxidizer and fuel orifices hsave
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diamesers of (.055 and 0,052 in. and lengths of 1.50 and 0.50 in., respectively.
They are equally spaced, 0.333 in. epart, in both directions. All orifices
have & contowred entrance and a turbulence-inducing device as shown in the
gekatch of the axidizer orifice in Figure 12. The distance between each wall
and “4“e nearest row of orifices is 0.167 in. The injector is designed so that
the fuel-orifice plate can be removed and replaced by another plate with a dif-

ferent orifice cenfiguration.
L, Windows

The design criteria for the transparent-walled motor stated
that the rindow-clamping device shoula not obscure any part of the field of
view ¢f the streek-film camcre. The load that each window was designed to
cerry is apprcximately 200,000 1b (i.e., 1000 psi over 200 sq in.), thus re-

ouiring a window thickness of appreximately 4.0 in. to withstand these forces.

To avold the expense ci replacing these windows after each
test, thin dispcsable liners were inserted between the flame and the window
oroper. This technique is fairly cormon where plastic is used both to contain
the -~cnbustion process and to allow the experimental observation of the phe-

ncmana.
D. VCTRUMENTATION

1. Photographic Technigues

The majority of the significant dats on this test program wes
tc be recorded by streak-film photography. Four 35-mm General Radio Oscillograph
Reccrds were used to observe and record particle motion. Three were focused
through axial transpcerent slits on one side of the chember and the fourth was
focused cn a verticel slit on the other side (Figure 13). All four of these
camerss bad film speeds of about 80 ft/sec.

To obtain stresk photographs for computing instantaneous
local chember-gas velocities, it is necessary to limit the camera's field of
view to a narrow strip about 0,10 in. wide. This can be done by the follov-
ing two methods: (a) A narrow slit is positioned near the focal plane of the

Page 22




IV Description of the Present Two-Dimensional Report No. 2185
Motor Assembly, D (cont.)

camera and perpendicular to the film edges in such a manner as to admit only
the illumination from a narrow strip along the chamber well; (b) the chamber

walls are rosked, s0 that only the illumination from a narrow slit is observed.

The first method has several disadvantages. If there is a
relative vitretion between the camera and the chamber, the section of the
chamber viewed will vary with time and consequently instantaneous local veloc-
ities cannot be accurately determincd. Also it is impossible to locate the
me.sk exactly at the [ocal plane because this position is occupied by the film.

The advantages of the masked window approach are: (a) The
chamber location viewed remains constant with time, and (b) vhen the proper
sefeguards are incluced, little extraneous chamber light strikes the film. It
shculd e ncoted that this method cannot be used if more than one slit is being
viewed cn the same side of the motor, sirce it 1s possible that more than one
clit would be in the fileld of view of each camera simultanecusly. Therefore it
is necessary to use a focal-plane mask in conjunction with the window slit. The
focal-plene mack will eliminate all extraieous chamber light, while the window

slit will restrict viewing to a specified location.

2. Pressure Measurement

A high-response pressure transducer (Photocon, Model 352) was
mcunted in the top of the chamber, 3.37 in. downstream from the injector face.
Tne trarsivecer could not be mounted Ilush because of the liner at this location.
Thercfore it was mounted 5/8 in. above the chember inner face with a 1/8-in.-

dia hole connecting the instrument and the chamber cavity.

Shock~tube tests indicated that the transducer, as mounted,

hzs a flat frequency response in exzcess of 2500 cps.,

Lower-response pressure transducers (Wiankos) were ~onnected
tc each of the injector propellant manifolds, to the chamber, and to the nozzle

shrost to record steady-state pressures.
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V. EXPERIMENTAL PROGRAM

An experimental program to evaluate the operating characteristics of the
twe-dimersicnal motor was conducted. The installation and testing of the hard-

ware, ani the analycis of the resultant data are discussed belov.

A APPARATUS AND TEST INSTALLATICH

For the Iirst test of the series, the two-dimensionel mector was
ingtallad as Indiccted in Figure 10, Cameras vere mounted to view and record,
threugh windews lccated on both siles of the engine, the 2vents occurring within
the thrust chember., Three streak-film cameras (i.=., Ceneral Radio Oscillo-
graph Recorders ) were ovierted to rhotograni perticle metion in en axial direc-
ticn while the cther canera, on the oprosite side of the engire, viewed particle
mction in the trancverse directicn, (Figure 13). Framing cameras reccrded the
injecticn mechanism and the overall engine operating characteristics at 100C
and €L frames per second respectively,

Fcllowlng tne initiel test, it was determined that certein modifi-

caticons in the test precedure and installation were required:

e Additional igniters and e longer burning duraticn for the
igniter
2. A chorter oxidizer-manifold pre-chill time

Smaller fuel and oxidizer internal-manifcld volumes

’ An extended valve opening time
Additicnel blast pretection for the cameras

N1 J W\

Tne majcr changes to the test facility were the addition of a blast shield, the
cubstituticn of a steel window in place of the Lucite on one side of the chamber

ena the elimination of the transverse-motion recording camera., The test instal-

letion employed in all subsequent tests is shown in Figure 1bh.

A single igniter of 0,70-sec duration was installed in the top of

the chamber on the first test. Three U4.0-sec igniters were installed on the

chamber, one on the top and two on the bottom, for the second and third tests;

three 2.2-gec dgniters were used at the same locations for the final four tests.
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v. Experiientel Srogvem, A (cont. ) Report No. 2185

It was found that the additional igniters provided the required igniter reli-
abllity on all tests after the first. The igniters were mounted outsiue the
chamber and contained an Alclo-based, restricted solid grain.

LOE/R?-l was the propellant combination employed for this test
series, In order to achieve a stabilized L02 temperatwre during injection
into the ~.mbustor, the oxidizer manifold wvms pre-chilled nrior to fire-switch,
using L02. The pre-chill time used on Test No. D-471-IM-1 was 5.0 sec.* There-
after, it wos found that the required amount of pre-chill could be satisfactorily

acccrplished by venting the cold oxygen vapor through the injector.

The start characteristics of the two-dimensional motor were modified
by decreesing the volumes of the internal fuel and oxidizer manifold and in-

creasiug the propellent-valve cpening time.
3. EXPERIMENTAL TESTING

The objective of the test program was to determine the validity of
the +two-iimenslonal motcr as a research device., The scope of the program was
nct sufficiently bread to give a complete evaluation of the two-dimensional
nctor, but it was sufficiert to indicate operating characteristics (see Sec-

tion IIT). Recause of limited time and Tunds, it was necessary to shorten the

current program to a minimum number of firings. The test program as originelly
planned was tc be conducted using two chamber widths - 1.0 and 3.0 inches - and
two contraction ratios - 1.75 and 2.46. This program was to include investi-

geticns at three chamber pressures and three propellant flow rates. The mixture
ravio, propellant combination, injection temperatures, wall material, etc., were

tC be hela constant throughout the entire test progrem.

Damage to equipment during the first test necessitated the selection
of an alternate scheme for parameter variation. The test conditions, as they

were planned and conducted, are listed in Table 1.

A detonation occurred on the first test as the result of delayed
igrition of propellant accumulated in the combustion chamber, The igniter flame

*
Where tests are denoted as "Test No. X" it is to be understood that this means
“Test No. D-U71l-Li-X."
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nad insufficient penetration to traverse frcom the top of the chamber to the bottom,
vhere unburned propellant had accumulated during the start transient., The delayed
ignition resulted in an explosion which demaged the four streak-filim cameras, the
Injector assembly, and a set of Lucite windows. The damage resulting from this
exrlesicn 1s shown in the view of the test facility in Figure 15.

The test installation and experimental hardware were modified, as dis-
cussed ebove, to prevent further explosions. To determine the effectiveness of
these me?ificetions, an inert-propellant sequence test was conducted using liquid

itrogen, INQ, and R’-1. This test indicated that the major shortcomings in the

o

“est procedure had been eliminated,
Tests No. 3 and b were conducted with no major problems. The pro-
pellent flow retes on Test No. 3 deviated from the planned values because improper

metering devices were used. The devices were corrected for Test No. k4.

An explosion occurred during Test No. 5, caused by a short in the
lgriter circuit and failure of the TPS (Time-Pressure Sensing) switch to properly
terminate the test. The current to the igniters, at fire-switch, wes insufficient
tc initiate igniter burning. The lcw chamber pressure due to non-ignition of the
¢rcrellants sheuld have been sensed by the TPS switch to terminate the test. How-
sver, because of the malfuncticn of the TPS switch, the propellants were continu-
ally injected and accumulated in the ccmbustion chamber. A short in the sequence
circuit applied an aedditional current impulse to the igniters shortly thereafter;
this sufficed to initiaste igniter burning, and the explosion resulted. (It
sheuld be noted that the total energy required to initiate igniter burning is
appreximately constant if applied over a short period. This energy could be ap-
pliec by series of impulses, a single intense pulse, or a single extended low-
level pulse of the same total-energy level.) Equipment damage in this explosion

wes linited to the lcss of a Iucite window,

It should be noted that because of window ablation, the photographic
data collected during these tests did aot meet the minimum resolution required
for acrurate evaluations of particle motion. To improve both the performance of
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the motor and the quality of the streak-film records, the area of Lucite in the
liners exposed to the combustion {lames was reduced. Zirconia-coated steel
strips were used to replace the Lucite in all exposed locations except at the
viewing slits. Tests No. 6 and 7 were conducted with the modified liners and
en increrse in perfcrmance was achieved, Even under these improved conditions
it vas found that there still existed suf{icient ablation of the Lucite to
ceuse severe attenunt’on and diffusion of the transmitted light.

Section II, above, discussed the basis for using plastic liners
within the combustion chamber. The erosion encountered (see Figure 16) was
greater than that fcund when using previous devices because of (1) the close
proximity of propellant injection and ccmbustion to the liners, and (2) the
severity of the environnental cenditions to which the Tucite was subjected.
Firavious motor configurations were designed with a definite seraration between
the viewing windows and the injected propellant jets, and consequently erosion
was confined tc areas of direct propellant impingcment and te the nozzle throat.
These motors generally cperated at much higher contraction ratics, thus mini-

nizing the effects of gas motion,
The data recorded during these tests 1s eveluated and its signifi-

cance ciscussed below.
C. ANALYSIS AND INTERPRETATION OF EXPERZ.LENTAL DATA
As indica*rcc in the preceding sectio: 5. the 'Two-Dimensicnal Motor
Test Frogram has been i’ lered by difficulties i acaicving the preirom obe
Jeetive., 1In spite of dairlerencesbetueen the plericd and actual operating
ccnditions of the motor on these tests, valuable information was gathered

vhich indicates tne pctential for this device.

1. Stable QOperation

Any device which is designed to study the combustlion mechanism
s encounterad in full-scale operational thrust chambers must simulate these
conditions. It is impossible to examine a low-~temperature, low-pressure Bunsen-
burner flame and relate this informetion directly to realistic rocketry problems.
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The experimental devices used in the analysis of combustion must duplicate
combustor environmentalccnditions until sufficiently accurate analytical tech-
niques are developed to eliminate the need for testing altogether. The approach
taken years ago was si.uply to test and evaluate data from "worl:-horse" chambers
siniler in size and configuration to "flight" hardware. Considering the size
and complexity of current engines, this is much more difficult. Furthermore,

it becomes increacingly difficult to control scientifically all significant
parcmeters.,

The basis of the design criterla for the two-dinensional motor
in echieving simulation of the configuration normally encountered in flight-
type hardvare wes discussed in Section II. It is significant to note that
unavoidavle deviations exist between the combustor size and internal wetted
perimater o1 these devices. In order to qualify toe two-dimensionel motor as
8 valid research device, it is necessary to demonstrate that these differences
can be reconciled. This can be accomplished by showing either that (a) vari-
aeticns in tnese nerameters have little or no effect on the conmvustion mechanism,
or that (i) it is possible to esteblish the necessary correlations to account
for the ueviaticns. (me of the program objectives called for demonstrating the
¢ffect of chamber wiith on the gross ccmbustion characteristics by conducting
tests at two different chamber widths. The explosion which occurred on Test No.
1 destroyed en injector, thus limiting subsequent studies to a single width.

The width employed on the remaining tests was 1.0 in., since it was felt that
this configuration would subject the mctor to a severer test of its capabilities.

8. Combustion Efficiency

Only one test, Test No. D-471-IM-6 (see Table I),
achieved a combusticn efficicney sufficiently hignh to be comparable to full-scale
thrust chamber performenc=. Tests No. 3, 4, and 7 did not achieve adequate com-
bustion efficiency because ol cff-mixture-ratio orerat.<n, excessive Lucite
ablation, anc chamber gas leulage, respectively. The Jeck of full-scale simu-
lation on Tests lNo. 1, 2, and 5 is obvious; therefore, the analysis of combustion

efficiency will be restricted to Test No., 6.
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The chamber-pressure record for this test is shown in
Figure 17. The instability shown on this figure will be discussed below. The
motor achieved combustion efficiencies of 89.5% end 86.1% at times t = 2.2 and
2.k sec. At t, = 2.2 the igniters were still in operation; therefore the above
efficiency has been corrected to account for the additional mass and energy.
Had the efficiency been based solely on propellant flow rate and chamber pres-
sure, it wewid have indicated an epparent efficiency of 93.6%. Contrary to the
behavior exhibicved throughout all other stages of the test, during this phase
there was littlc evidence of unstable combustion, (see Figure 17). At ts = 2.4
sec the thrust chamber had a low-frequency instability (f = 76.6 cps). This
instability is discussed below. It should be noted that the chamber-pressure
trace illustrated in this figure is an arithmatic mean.

These efficiencies are high, when chamber size is con-
sidered, ard are only slightly lower than those encountered in flight hardware.
Considering the effect of the low-frequency instability and the Lucite ablation,
toth ¢f which result in a lower efficiency, the recorded performance is quite
satislactory.

b. Particle liotion

Figures 10 and 19 illustrate the recorded particle motion
during the start transients of Tests No. 3 and 7. As dlscussed above, the
ablation of the Iucite liners precludzd the measurement of gaseous particle
moticn at any time other thean during the initial stages of ignition., The
curves showm are based on the gross motion of a series of luminous particles.

A3 such they represent instantaneous motion along a streamline. Recirculation
eddles are apparent in each of these [igures. In Figure 18, combustion apparently
occurs somevhere down-chamber, near the igniter, with the generated gases ex-
panding toward both the injector and the nozzle. In Figwe 19 gases are appar-
ently being generated both at the injector and near the upper igniter. The
resultant gas motion near the injector is toward the nozzle vhile gases generated

neer the igriter move toward both the injector and the nozzle.
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Since mutually perpendicular slits were not used after
the explosion on Test No. 1, it was not possible to determine the absolute gas
velocity in the regions of recirculation. Hence it was not possible to derive

velocity or available-encrgy profiles from the particle moticns 1llustrated in

these figures.
c. Window Ablation

Figure 16 shows the erosion caused by the chamber gases.
This type of liner, with coated-steel strip inserts, was used on Tests No. 6
end 7. Solid Lucite liners without the strip inserts were used on all other
tests. The significant point to ncte in this figure is the magnitude of the

erosion and the amount of the carbon deposited.

The liner shown in Figure 16 has zirconia-coated steel
inserts attached to the combustion side of the liner to minimize the amount of
vlastic exposed to the combustion gases. By reducing the totel exposed Lucite
surface area from 381 sq in. to 27 sq in. the time-average ablation rate was
reduced {rem 1.5 lb/sec to 0.15 lb/sec (see Figure 20). The comparative change
in cemhusticn efficiency was from 70.2, to 86.1% for Tests No. 4 and 6 respec-
tively (Table I). It is estimated that if no ablation had occurred the motor

would have achieved a combustion efficiency of 88.3%.

2. Unstable Combustion

During the course of this test series, three distinct forms of
unstable -ombustion were encountered. Instrumentation techniques employed on

this prcgram demonstrated 1ts capability to accurately document each of these

unstable moedes.
a. Detonation Waves

Detonations within a thrust chamber are not particularly
rare, but it is quite unusuel to record anything other than the effects of a

detonation wave on the test hardwere.
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The explosion which occurred on Test No. 1 was documented
on streak film (Figure 21) as a record of the generation and propagation of a
series of detonation waves, The initial detonation apparently developed near
the igniter, forming two distinct fronts moving in opposite directions. The
width of “he wave-induced luminosity indicates that one front was reflected at
the injector, overtook and coalesced with its counterpart. A second detonation
wave appears tt about the time that the first wave arrives at the nozzle entrance,
The third wave recorded has the characteristics of a deflagration front becausc of
its low frent velocity. The maximum front velocities measured were 6320, 13&00,
end 3790 fps for the first, second, and third waves, respectively.

A typlcal luminosity trace which indicates gaseous-par-
ticle mcticn is shown in Figure 21. The particle velocities varied from 960 fps
et the second wave to 1720 fps at the third wave.

The photographic records as indicated in Figure 21 are
quite detailed. However, the presswre measurements yielded no data because of
the extremely rapid sequence of events and time-response limitations of the
transducers,

b. Low-Frequency Instability

Low-frequency unsteble combustion was encountered during
the starting transients of Tests No. 3, 4 and 6 and during steady-state opera-
tion of Test No. 6. This mode of unstable combustion is due to eritical hydrau-
lic coupling between disturbances in the chamber and the fuel manifold. The
injecticn-pressure drop during these tests was never greater than 30 psi.

Figure 17 illustrates the time history of the peak-to-peak amplitude of a low-
frequency instability. The maximum peak-to-pesk amplitude was 105 psi while
the oscillation frequency remained approximately constant at 76.6 cps. The
ma¥imum peak-to~peak amplitude for the fuel-manifold pressure oscillation was
L5 pei with a 62° phase shift between the chamber and fuel-manifold pressure
oseillations, In Test No. 6, a low-frequency instability was not detected dur-
ing steady-state chamber pressure operation, while the igniters were burning,

or during the high-frequenéy instability.
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c. igh-Frequency Instability

Figure 17 shows the presence cf high-frequency instability
during the start transient of Test No. 6. The operating parameters that pre-
vailed during the instability were:

chamber pressure D, * 152 psia
Propellant 'low rate ﬁp = 4,3 1bs/sec
Mixture ratio il.Be = 1.8
Cembustion efficiency 1= 5%

Chamber temperature Tc(calc) = 5u50°R

Retio of specific heats 7(cale) = 1.145
Acoustic velocity a = 3940 fps

The instability had an average peak-to-peak pressure
amplitude of 70 psi and a frequency of 2650 cps., The streak-film photographs
indicated that the instability was moving in a traneverse direction. (The
resoluticn of the =vent on the film was satisfactory for viewing but was not
sufficient for reproduction.) The values as reported have a tolerance of as
much as t 10% because of the transient conditions and instrumentation response.
Therefore, though an accurate analytical correlation could not be made, it cen
be concluded that the recorded instability was a transverse mode., Furthermore,
it is probable that the transverse high-frequency instabllity was triggered by
the low-frequency instability.

A different form of high-frequency unstable combustion
cceurred on Test Ne. 6, simultaneously with that of a low-frequency instability
as shown in Figure 22. The high-frequency and low-frequency instabilities were
superimposed in such a way that when the low-frequency amplitude was at its
uinimum value the high-frequency amplitude was at its meximum value. The maxi-
mum measured peak-to-peak amplitude was 25 psi, and the frequency of oscillation

wes 2300 cps.
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VI. CONCLUDING REMARKS AND RECOMMENDATIONS

A. CONCLUSIONS

Cn the basis of the experimental program described in this report, the
following vezarks can be made regarding the utility of the two-dimensional motor
as a combustion research device. These remarks summarize the findings of the first
two phases of the Two-Dimensional iMotor Program. These studies did not, nor were
they expected to, provide all of the information necessary to describe the opera-
ting characteristics of the two-dimensional motor or the mechanism determining
inherent stability. It will be the purpose of future studies to complete the

requirements of the overall progran.

1. It is possible to achieve the degree of optical resolution, in
viewing events within the two-dimensional motor, required for the accurate deter-

mination of combustion characteristics.

2. By accurately measuring the spatial distribution of kinetic
energy end the gaseous boundary layer temperature and pressure distributions,

it should be possible to define the total energy state within the combustor.

3. liany of the characteristics of unstable combustion can be
studied using the twe-dimensional motor. GSuch investigations can even include

the experimental observation of the detonation phenomena.

b, The effects of material erosion, of the physical and chemical
properties ¢f che propellant-injector design, etc., can be evaluated to determine
thelr influence on the characteristics of the combustion mechanism. Knowing the
relationship between the injector design and the combustion mechanism, it 1s pos-
sible to evaluate the effect of injector deslgn variations on such considerations
as the erosion of materials in the combustor.

5. It is possible to record experimental data with the preclsion
required to establish the necessary empirical relationships for describing com-
bustion.

It should be noted that these remarks are based upon the validity of
the techniques described in Sections II and III.
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B. RECOMMENTATIONS

The discussions in Section V and above indicate that the two-dimen-
sional motor is a useful device and can be used to advance the state of the art
in ccmbustion research. However, to achieve its full potential, certain basic

medifications must be made in the vresent design, including the following:

1, The use of optical-quality quartz in all viewing slits to

minirize atlaticn of window material.

2, The use of several mutually perpendicular slit-wvindows to

evaluate the dirensional velocity contours.

Sl The use of boundary-layer temperature- and pressure-sensing
devices to establish energy state points.

By incorporating these modifications inte the basic hardware and
conducting a corpplete test series, in which the effects of all significant
variablez {e.g., chamber pressure, miXture ratio, injector design, chamber
configuration, etc.) are investigated, it should be possible to establish
relaticnships bvetween these parameters and the combustion mechanism. It will
then te relatively simple to determine a relationship between any operating
parameter and inherent stability and to establish the technique for predicting

full-scele engine performance,
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