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FOREWORD

This report prepared by the Advanced Progresms Department of
Rocketdyne, a Division of North American Rockwell Corporation,
6633 Canoga Avenue, Canoga Park, California, summarizes the
work performed under Contract No. AF49-(638)-1705, "Propellant
Spray Combustion Processes During Stable and Unstable Liquid
Rocket Combustion", during the four year period, July 1966 to
November 1970. The first phase was formerly titled "Pressure
Wave Growth in Monodisperse Spray/Gas Mixtures". The Air
Force Project Officer was initially Dr. B. T. Wolfson; for
the past two years Lt. Col. R. W. Haffner has served in this
capacity. Mr. T. A. Coultas was the Rocketdyne Program

Manager.

This report has been assigned the Rocketdyne identification

number R-8377.
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ABSTRACT

Information resulting from this study will allow formulation of new
and very general analytical models and criteria to permit & priori
design of reliaﬁle and stable liquid rocket motors and supersonic
air-breathing engines required for future weapons delivery systems.
Specifically the purpose of this program is the acquisition of
detailed analytical and experimental information concerning the
mechanisms of energy addition from propellant spray combustion to
steady flow fields and propagating pressure disturbances. The data
will be used to evaluate present or formulate new expressions des-
cribing the dynamics that contribute to the coupling processes
between the spray and gas flow fields. These expressions form the
basis of steady-state and transient propellant combustion models
that bear directly on the problem of predicting performance and the
ongset of high frequency combustion instability in liquid propellant

rocket engines.

To overcome past difficulties in comparing analytical and experi-
mental results, an apparatus will be utilized that produces & mono-

disperse propellant spray uniformly distributed throughout the

combustor. The motor,to be operated as a rocket engine combustor




under either stable or transient conditioms, provides for optical
observation and 1s extensiv. '- {ritrumented to record pressure wave

amplificetion or decay as a function of parameter variation.

From the test data drop diameters, velocity and pressure wave growth
or decay as a function of chamber length and initisl conditions will
be determined. These data can then be input to appropriate newly
developed combustion models and the validity of the coupling term
expressions evaluated by directly comparing the resulting predictions

to experimental data.
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INTRODUCTION AND SUMMARY

The long-range purpose of this progrem is the acquisition of detailed
experimental information concerning the mechanisms of energy addition

from propellant spray combustion to & steady-state flow field and to a
pressure disturbance propagating through an initially steady, burning flow
fiell, Th? data will be used to evaluate existing expressions or formulate
new empirical and anelytical expressions deséribing the droplet processes

that contribute to coupling between the spray and gas flow fields.

These coupling term expressions form the basis of steady-state and transient
propellant combustion model formulations which bear directly on the problems
of predicting performance and the onset of high-{requency combustion instabil-
ity in liquid propellant rocket engines. However, the presently used coupling
term expressions, which are vital to performance and combustion stability pre-

dictions, are based on data obtained under inappropriate conditions.

To overcome past difficulties with comparisons between experiment and theory,
an experimental apparatus has been developed that is unique in its utilization
o a monodisperse propellant spray uniformly distributed throughout the com-
bustor. The motor, to be operated as a rocket combistor under either stable
or transient conditions, 1s quartz-windowed on two sides to permit photo-

graphic and optical observation.

Kb 377 1
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This experimental device 18 to be used to determine drop diameters, drop
velocity and gas pressure as a function of chamber length. These data

are to be input directly into a highly sophisticated one-dimensional
steady-state combustion program which will calculate the gas flowv field
without the need to use all of the spray equations. With the sr-ay and

gas flow fields thus defined, the droplet drag coefficient vill be
directly computed and various drop burning models cen be directly evaluated.
This information will completely specify the steady-state operation of the

motor,

The most suitable quasi-steady droplet dynamic models for steady-state
operation can in turn be used with an also newly developed, comprehensive
transient analytical model. Comparisons are to be made with transient
data from the motor for the same initial conditions used for steady-state
measurements. Comparisons include: pressure profiles, drop velocity, and
drop diameters as functions of length for various times. In this manner,
the validity of the quasi-steady burning and drag models, with regard to
their applicaﬁion to transient calculations, can be determined. Further
parametric comparisons between the computer program and the motor results
will determine the best available models for use in predicting transient

processes.

The analytical models developed under this contract were formulated after
all of the existing mechanistic theoretical models had been critically

revieved with the intention of selecting one for use in the experimental

2 ) R-8377
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evaluation of the coupling terms. It was concluded, however, that each

of the existing models (particularly those dealing with transient pheno-
mena) has been overly simplified in one or more areas and were consequently
inadequate for proper evaluation of the coupling terms. Accordingly, new
(and very general) transient and steady-state rocket combustion models have
been developed. These express fully the non-linear dynamics of a multi.
component reacting gas stream with simultaneous mass, momentum and energy
exchange with biprorellant sprays. The models are flexibly formulated so
that the important input parameters, which control the coupling mechanisms,
appear in subroutines of the general spray-gas dynamic computer program.

The computer programs are currently operationai.

The primary effort during this investigation has been on the development

of techniques to obtain and evaluate the requi;ed data., Consequently, this
final report deals principally with a description of: 1liguid rocket combus-
tion processes; previously developed steady-state and transient models; the
formulation, development, and checkout of the new overall analytical combus-
tion models; a review of coupling term formulations; and the design, initial
experiments, development and checkout of the monodisperse spray rocket

apparatus. Preliminary analytical and experimental results are presented.

R-Y377 3/b




COMBUSTION PROCESSES IN A LIQUID ROCKET ENGINE

OBJECTIVES OF PROGRAM

The intense, rapid combustion of tipropellant liquid sprays in rocket engine
combustion chamberslpreaents certain obuiacles to the development and applica-
tion of rocket thrustors. Foremost among these problems are inadequate com-
bustion efficiency and combustion instability. For many years, both experi-
mental and analytical investigations have sought to quantitatively explain
and understand the fundamental causes of these problems and to find means

of eliminating them.

At present, the development of high-performance stable propulsion systeus
depends heavily upon testing, which is both expensive and introduces program
delays. However, continued improvement of analytical models will ultimately
enable reliable performance and stability predictions to be made at design
time, significantly reducing system test requirements, development time and

expense.

The objective of this investigation has been the development of techniques to
allow the acquisition and evaluation of detailed analytical and experimental
information, under actual liquid rocket combustion chamber conditions, con-
cerning the mechanisms of energy addition from propellant spray combustion

during both stable and unstable (combustion instability) operating conditions.

R-8377 S




COMBUSTION CONTROLLING PROCE3SES

Analysis of liquid rocket engine combustion requires the forwmulation of a
coupled system of analytical expressions to describe the various physical
and chemical processes associated with the conversion of propellants into

combustion products.

A number of theoretical models of rocket combustion have been developed and
ngad for 3 variety of specific purposes. Basica.ly, all of them start with
a set of ccnservation equations describing the behavior of a combustion gas
flow field. One or more propellant sprays are presumtd to be con:ained in
the gas; additional conservation equations are required for the spray phase,
Because the gas stream and sprays coexist and are intermingled, exchange of
mass, momentum, and energy occurs between thew. This exchange is described

by expressions which will de called coupling terms, and vhich appear in both

gas and spray phase conservation equations. The analytical probler is closed
by imposing initial and boundary conditions corresponding to the particular

problem under study.

The coupling terms a&re the snalytical expressions vhich descride the mass,
momentum and energy transport processes between the spray and the gas.

The processes corresponding to these coupling terms are often denoted as the
droplet dynamic proceases. The coupling terws represent seversl physical
rhenogena vhich occur in & combustion flow field. Among these phenoaena are

the folloving:

t R-0377
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1.

2.

R-3377

Droplet Burning (vaporization)

This includes all droplet mass diffusion loss mechanisms; for
example, subcritical and supercritical pressure dropiet burning
(vhich may also involve "micro mixing" phenomena), flashing, chemi-
cal kinetics (if important in the droplet region of inf luence),
and effects of convection. This category will be further sub-

divided and discussed more completely later in this report.

Droplet Heating Rate
This phenomena is coupled with the burning rate. It cannot »e
ignored even at subcritical pressures where "wet bulb" tempe:atures

are attained.

Droplet Breakup Rate (shattering)

Under highly convective conditicns with high relative gas flow rates
the droplets way underge "bag" or "shear” type breskup, the latter
being more prevalent in & rocket engine. Breeskup of the drop
(usually into smaller .han 10, dropleva) exposes substantially
increased droplet surfxce area t§ the gas, wnich increases the
burnisrg rate. Occurrence of such phencmena hes been observed
during both bsmd\y—smt,e and transiern: operation of & rocket

engine. 1% may be one of che mechanisms that s:stains comdustion

instabilivy.




L. Droplet Drag Rate
This phenomena determines the relative velocity of the drop
compared with the gas velocity. It interacts with all of the
above phenomena because it determines the amount of relative

convection and also influences residence time of the droplets.

These processss illust:at> some of the physical phenomena which will be

denoted simply as the coupling processes; the analytical expressions

corresponding to these w.ll be denoted as coupling terms.

Relevance of Coupling Terms and Processes

At this point the question may be asked, vhat relevance do the coupling
processes have to the problem at hand? The interest concerns the ability
to detail the information (data) and mechanisms that contrcl the combustion
process. is knowledge has direct influence on the capability to make

reliable performance and stability predictions for proposed designs.

Reliable performance and s:zability predictions for engine designs can only
be made through use of comprehensive analytical models for steady state and
~ransient cogdustion. Reliance on experience and savailable experimental data

{5 often not sulfizient for adequate iev designs.

A pars ~f sych models is a generalized set of conservaticn eguations des-
coiding the dehavior ~f the spray and gas fl filelds, A crucial part of

tnese (8 *he tourling terms. These expressions, used to describe the mass

s R-6377




momentum, and energy transport processes between .:* rpray and gas fiow
field conservation equations, substantially control the formulated model.
Thus, all of the steeiy-state liquid rocket combustion models and the
transient liquid rocket combustion modelas (required for predicting onset,
sustenance and even the cause of high-fraquency combustion instability) are,
if formulated properly, dependent on the validity of the coupling terms for

their accuracy.

Thus, the data being sought sre needed to determine and evaluate the validity
of the expressions used to describe the coupling terms. All of the coupling
mechanisms need further investigation and the expressions for them need to de
re-evalusted, verified or updated for application to both stable and unstable

situations.

Almost none of the many experiments reported in the literature adequately
simulate the highly convective, reactive, steep-gradient environment of an
unstatle rocket motor. Indeed, many are not adequate for even the environ-
ment c? a stadle rocket combustor. Thus, all of the presently used expressions,

are, fr—- the most part, based on data obtained under inappropriate conditions.

Hence, a combined analytical and experimentsl effort wvas rneeded %o pinpoint

the specific coupling mechanisms under siable and oscillatory combustion

conditions.

R-8377 4
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This information will provide a major step ftoward development of adequate

nodels of performance and instability which will allow confident predictions
of new engine designs. This is particularly important at this time when the
next generation oi chemical propulsive devices are being designed, such as _
the Space Shuttle Engtnes. This information could be utilized today if it 'if;
were available. As a consequence of ite unavailability the analysis of the

engire design is proceeding with similar coupling terms as those used in the

past.
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INITTAL APPROACH TO THE ACQUISITION AND
EVALUATION OF PERTTNENT DATA -

A REVIEW OF PREVIOUS OVERALL COMBUSTION MODELS

INITIAL PROGRAM APPROACH

At the outset of this investigation the assumption was made that some of

the existing theoretical models describing the spray/gas flow field would

be adequate for general steady-state and transient combustion analysis but
that the initial conditions and coupling terms are inadequately known and
described. These inadequacies include the specific characteristics of the
initial spatial distribution of sprey mass flows and droplet size distri-
butions, both of which are poorly known; also, steady-state and tranmsient drop-

let evaporation and secondary droplet breakup mechanisms are not fully understood.

The philosophy was adopted that an experiment would be designed in which

the initial and boundary conditioms could be controlled to match those for
which the equations of the reacting spray-gas field had been solved., Thus
the ill-defined coupling terms could be isolated. Data obtained therefrom
could be compared with predictions obtained with various expressions for the
coupling terms tc evaluate their adequacy. (The experimental conditions however,
must be appropriate to the mcdel being used for evaluation of the coupling
terms, Precise initial conditions must be known and direct experimental
observation of the physical phenomena corresponding to the investigated
coupling term must be obtained under both steady and transient behavior.

An experimental apparatus for acquiring such data has been built and will

be discussed later.)

R-8377 11




However, an evaluation of the adequacy of the coupling terms may depend on
the overall analytical combustion model being used. Unless the model is
accurate and sufficiently general to encompass the various operating condi-

tions, it may nct delineate the coupling terms to be investigated.

All of the existing steedy-state and transient mechani:tic theoretical
models were critically reviewed during this investigation with the inten-
tion of selecting one or more for use in an experimental evaluation of the
coupling terms. It was concluded however, that except for a few existing
steady state models, each of the existing models were oversimplified in
cne or more areas and that they were inadequate for proper evaluation of

the coupling terms; this is especially true for the transient models.

To obtain solutions, each model was reduced in complexity by the intro-
duction of simplifying assumptlons. In many instances the simplifications
permitted reduction of the coupled partial differentisl equations to &
system of ordinary differential or, occasionally, integral equations des-
cribing the combustion field. Each investigator decided which simplifica-
tions were appropriate for his particular combustlion situation., As a
result there is great diversity in the simplifying assumption used among

the analytical models,

This makes comparisons between the results of various investigators difficult
and obscures the basic need for specific !mprovements appropriate to all of

the models. Existing defects in even the formulation of the counservation
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equations describing the spray/gas fields (again primarily the transient L v
models) could possibly overshadow effects of coupling terms. This con-

clusion is evident from the rather lengthy, but nonetheless necessary and

quite complete qualitative and quantitative description and review which

follows.,

The present program utilized, built upon, and extended the work of many g v -
previous investigators. A summary of this werk will be given, but first
a qualitative description of the liquid rocket engine combustion processes

is presented.

QUALITATTIVE DESCRIPTION OF COMBUSTION PROCESSES -
STEADY-STATE OPERATION

After injection of the propellants into the rocket combustion chamber,
subsequent steps in their combustion ineclude liquid propellant atomization,
spray dispersion and wixing, vaporization, vapor-phase mixing, ignition and
chemical reaction. These processes take place in ¢ two-phase flow field of
finite length; the limited flow field influences both tie process rates and :~‘1
the time available for completing them. A schematic representation of the B
most important processes is shown in Fig. 1, which also emphasizes their
complex interdependence. The process paths to “he left side of Fig. 1 should
tend to be dominant with injectors designed for efficient liquid-liquid inter-
propellant contact prior to their atomization. Conversely, paths toward the
right side tend to be favored with either gas-liquid propellant injectors or

liquid-liquid propellant injections which will accomplish substantial propellant
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atomization and vaporization before much mixing occurs (Ref. 1 ). Most
practical rocket injectors operate between these two exiremes so that
comhustion proceeds simultaneously along many or even most of the prozess

vaths.

The combustion processes occur throughout th: combustion chamber in a
distributed fashion. It Is convenient for this gualitative discussion

to divide the combustion chamber into a series of discrete zones. Based
in part on photographic evidence from trensparent model engine firings
(Ref. 2 ), A logical subdivision is shown in Fig. 2 . The transition and
distinction between the various zones in the combustion region is certainly
gradual and not sharply defined. ‘owever, both the position and abruptness
of the transitions are influenced by injector and chamber designs, the pro-

pellant combination and nperating conditions.

Injection/Atomization Zone

Adjacent to the propellant injector is an inJection/atomization zone. Because
the injection is usually concentrated at discreet sites, with some degree of
separation between unlike propellants, within this zone occur large gradients in
each direction with respect to propellant meuss fluxes and concentrations, liquid
atomization and dispersion rates and properties of the gaseous medium. Some of
the gaseous constituents come from local propellant combustion, but they are
primarily either gsseous injectants or recirculated combustion product gases

from the next zone downstream. The principal force for driving recirculating
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gaseous flows Is viscous shear betweern the injected propellants ana the
surrounding gases. These gases are thereby accelerated in the propellant
flow direction and must be continuvusly supplied by transverse gas flows
into the neighborhoods of injection sites. Somewhere in the regions be-
tween injJection sites, there must be upstream directed flows, as required

by continuity of gasecus mass.

The gas-liquid surface shear forces also contribute to distortion and
fragmentation of liquid surfaces, i.e., atomization. Some gas/liquid
injectors are designed to enhance this shear-breakup mode of atomization,
but most liquid rocket injectors provide some kind of liquid-liquid im-

pingement to enhance atomization due to hydraulic forces.

The primary atomization process is gradual to some extent and requires a
finite zone length for completion, which is typically on the order of 1/2 to
2 inches. Spray formation and its dispersion from the (approximately point-
source) injection sites proceeds simultanecusly. Frequently straight line
ray dispersion may be a good approximation, although interactions between

sprays from neighboring injection sites may turn the sprays.

As liquid propellant sheets, ligaments and droplets are being formed, they

are immersed in the surrounding gaseous medium. Genersally, the gaser are at
somewhat or considerably higher temperatures than the liquid spray elements,

so that convective heating of the sprays {ani cooling of the gases) will occur.

Propellant vaporization {s usually negligible at first, because the liquid
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injection temperatures are far below the propellant saturation tempera-
tures corresponding to the combustion chamber pressure. Cuntinued “eat-
ing soon raises droplet temperatures enough that vaporization rater become
appreciable. During the time required to reach that state, the spray
element velocities transport the sprays away from the injector face,

through the injection atomization zone.

For most propellants, liquid-phase reactions are either very fast, essen-
tially preventing mixing between unlike propsllsnts (Ref.3 ), or very
slow ccmpared to drcpiet heating and vaporization. Vapor phase chemical
reactions, therefore, dominate. Since there is little propellant vapori-
zation in the injection/atomization zone, only a small percentage of the
overall combustion occurs in that region. The validity of this argument
obviously depends upon the buildup of reaction rates being slicver than the
approach to complete atomization. The relative balance between theme
phenomena determines the (approximate) location and the abruptness of the
transition betveen the injection/atomization zone and the next zone

downstream.

Rapid Combustion Zone

The second zone in the combustion chamber {8 characterized by essentially
complete primary atomizaticn and comparatively high chewical reaction retes.
Dispersion of the sprays and gaseous recirculstion in the first zone hevs
reiured the magnizude of treansverse gradients in tais zone but they are

far from being negligible for many rocke?l engines.
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Rapid combustion corresponds to high generation rates of combustion gases.
Upon undergoing vaporization and combustion, an element of propellant
occupies a volume 100 or more times greater than that which it occupied

as a liquid. Expansion or combustion gases from the position where they
are formed accelerates the flow axially but also forces transverse flows
from high burning rate regions to positions with lowver burning rates.

These expansion processes simulianeocusly provide the gases vhich are re-
circulated into the injection/atomizaticn zone and close off the recircula-

tion paths by filling them with dowmstream-floving gases.

Dense spray droplets accelercte less rapidly than the gases and are only
wveakly responsive to the combustion gas movements. Acceleration of the
comdustion gases avay from the spray increases the rates of convective
beating of droplets and, thus, augments their burning rates. Spray
residence times are longer than the gas residence time so that the com-
bustion occurs in a shorter chamber distance tnan if the spray and gas
velocities were equal. The near-injector gradients in spray mass flux
persist, hovever, being degraded primarily by the diespersicr and inter-
spray mixing established at injection. Lateral flows of combustion gases
will be generated whenever there are apprecisble spray flux gradients.
Eventually the lateral flov velccities become small compared wvith axial
flov velocities and the combustion {ield approaches stream tube flov vhich

is characteristic of the nex! dcvnstreas icne.
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Themical reactions within the subsonic flow portion of rocket combustion
chambers usually occur very rapidly compared with the spray gasification
rates (Ref. 4 ), Further, local mixing mates betwesn a droplet's vapors
and gases flowing around it are high irn the droplet wvake. Reaction rates

are high enough that local thermodyntmic equilibrium is rapidly attained,

Stream Tube Combustion Zone

As lateral flows of both burning sprays and combustion gases subside, an
essentially streamline fiow 1s developed. Vaporization and burning continue
with no more than modest transverse gradients in fluxes and properties, but
the flow lacks the strong lateral convective components which are a dominant
fezture of the rapid ccmbustion ne. Continued mixing depends more upon
turbulent exchange between neighboring parsllei-flowing striations tharn upon
spray dispersion or lateral convection., High flov vel~cities in this region,
novwever, lead to short residence times so that turtulent mixing is not very
effective. Photographs shov the flow to be nearly laminar. 7> a good afp-
~roximation, large-scale mixing in this zone can be neglectesd entirely and

tlie two-phase flov treated formally as stream tube flow,

The gradient in comdustion rate decays vwith increasing axial distance due %0
early consumption of the cmallest spray droplets, decreased res!dence times
as ax!ai velocities increase, and eventually depl~etion cf spray mass flux.
Themical reacziion rates, on the cther hand, resain high vell intc the exhauat
n-zzie. The stream tube combustion region a, be considered i~ extend tc the

visfnliy of *the norzle throat,
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Nozzle Expansion Zones

As the combustion products enter and expand through the nozzle, diminishing
pressure and temperature gradually reduce the gas-phase chemical reaction
rates until it becomes necessary to consider finite-rate chsmistry. With
most liquid propellants, this effect becomes important dovnstream of the
nozzle throat. For most high efficiency rockets, performance losses due to
incomplete propellant gasification and mixing approach their exit values
either upstream of the throat or shortly downstream of 1t; further changes
due to spray combustion effects become small compared with chemical kinetic
loeses and two-dimensional flov effects, which become important in the trans-

onic and supersonic expansion zones (Ref. 5).

A Definition of "Mixing" Within & Rocket Combustor

Throughout this qualitative description the e;prouiom "gus-phase convective
flcvs” and "gas-phase mixing" have been useld extensively. To define vhat is
meant by these phrases, the processes are categorized into three sub-groups:
gross gas-phasse convective mixing or flovs, gar phese turbulent mixing and

micro-miiing processes.

Gesa Phase Lonvective Flows. This refers to the strong, lateral gas flows

produced in the reapid combustion zome. They are drivandy nonuniform gas

»ro uction and tbe resultant pressurs gradient. Thoy cause mixing on e

gross scale, not due to "viscous stress or eddy viscosity effect, but rather
t0 the strong transverse velocities produced. Mixing by these flowvs is more
pearly mschanical and a functiocn of toth the directior and velocity of the

flov. The effect is readily calculated hy & three-dimsnsional model. As
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described, the flows rapidly dlecipate and arely persist over a large portion
of the chamber length. Thus, tae mixture ratio distribvution established by

the time the propellants reach the downstream end of the rapid combustion region
will pormalliy be carried through most of the thrust chamber and through the
pnozzle by essentially parallel gas gtreams, Further alteration in the degree

of propellant mixing must rely on gas siream turbulence.

Gas Phase Turbulent Mixing. Turbulen’ gas mixing refers to mixing of adjacent-

flowing, striated propellants. As defined here, turbulent mixing would only
become lmporstant downstream of the decay of the convective flows mentioned
above, so its importance (if it is important) would lie only in what has been
called the stream tube combustion zone. The effect of turbulent mixing would
be t¢ diminish the performance losses predicted by the spray mixing and 3-D

initial combustion analyses applied near the injector.

The frequency of turbulence within a rocket engine is probably on the order of
1000 to 2000 fluctuations per second. Prcpellant residence times are on the
order of 3 to 5 millisecond:, the primary portion of this time occurring before
the start of convergence. Thus, the average number of turbuient fluctuations
undergone by the flowing propeliant before reaching the uozzle may be about
five, which iz probably too few tc produce significant changes in the compo-
sition of the fluid. This order-of-megnitude estimate was confirmed under
studies of F-1 engine gas-phase downstrewm mixing (Ref. 6 ). It was deter-
mined that very little of the propellaats that were not mixed by the near-
injector 3-D transverse-flow reégions were later mixed and burned because of
turbulent gas-phase mixing. Thus, predictions of the mixing loss caused by
striations, culculated by & rapild combustion zone analysis followed by a

streaam tube analysis, appear quite accurate.

[\%}
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Many authors attribute the inability of one-dimensional comdbustion models

to predict performence for injectors with nonuniform propellsant flow to the omis-
sion of consideration of high intensity turbulence observed in such engines.
This definicion of turbulence is misleading because turbulent mixing as

defined between unlike gases flowing jn adjacent stream tubes proceeds

slovly and, within the short gas residence times in this zone, is believed

to contribute far less to overall propellant mixing than the earlier spray
interdispersion and convective lateral gas flowz in the rapid combustion

region. The "high intensity turbulence" these authors describe is really the
xas~-phage convective flows of the rapid combustion zonme. Further, even in

the absence of strong convective flows (i.e., smaller injection nonuniformities)
the mixture ratio distribution across the chamber produced by the injector would
result in a stream tube-like flow that a one-dimensional model cannot describe.
The influence of injection non-u.iformities is always eéxhibited thrcughout the
chamber; the gas-phase convective flows, if present, tend only to smooth but

never elimipate the nonuniformities.

Micro-Mixing Processes. This refers tc small-scale processes occurring in

the vicirity of the gas-droplet interface, It is only concerned with rates
of droplet vapor/gas mixing in the droplets wake. It also refers to the very
local mixing of droplet vapors and surrounding ges for "droplets” which have
passed through their critical (pressure and temperature) state and whose
burning may be more nearly controlled by diffusive rather than evaporatiwe

processes.
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The problem here is how to include these processes in a model. Inclusion in

the overall gas-phase conservation equation seems inappropriate because on
this"micro scale" one is no more interested in the details of gas mixing than

he is in the individual motion of gas molecules when considering continuous
single-phase gas flow, For example, the mesh size of the three-dimensional

model discussed later in this paper contains between 1 to 5 thousand droplets.
Since each mesh size can be aassigned only one velocity, density, etc., the flow
of vapor from each drcplet speciea within the mesh i1s lumped with that from every
other droplet of the same species, It would be impossible to consider each

individual droplet at every mesh point.

Rather this “local" process is within the domain of influence of the drop
vapor surrounding gas boundaries and is logically included in the coupling
terms concerning the dynamics of droplet burning rates. These coupling
terms are functions of the bulk conditions within the mesh point for each
drop-group size. If drop vapor/gas nixing rates become the rate controlling
process, this can be properly calculated by the inclusion of terms for such

8 phenomena in the coupling terms.

The same argument also applies to chemical kinetics limitations. Even if

bulk gas phase chemical reactions are assumed to be rapid and that equilibrium
is obtained, this assumption does not preclude consideration of micro-scale
chemical kinetic processes between the drop vapor/surrounding gas. These
reactions and those in droplet wakes are also properly treated in the coupling

term expressions.

These delineations of "spheres of influences" also have an interesting side
effect on the meaning of one-dimensional flow with regard to mixing, etc.
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The assumption of one dimensiocnality does not imply instantaneous gas-phase
mixing, but only implies that the vapor flowing from the spray is spread in
such & panner that it is distributed uniformly across the flow field at any
axlal location. Consequently, one dimensionality implies only so far as
mixing and related effects sre c~—cerned, if &t a given axial location one
were to divide up the transverse cross secticn into control volumes, these

control volumes would be ldentical.

QUALITATIVE DESCRIPTION OF COMBUSTION PROCESSES -
TRANSIENT OPERATION

During certain periods of a rocket engine's operation, conditions within

the combustion chamber are time variant, i.e., the operatlion is not steady
with respect to time, Normally, these transient periods are limited to

engine starting and stopping. Additionally some engines have been designed
to be continuously throttleable or to operate at two or more discreet thrust
levels., The combustion processes during such "normal", or expected; transient
operation may differ significantly from the steady-state processes discussed
in an earlier section. However, because analysis of these transients is not

a subject of this report, no discussion of their differences is undertaken.
Interest is focused instead on abnormal transient operation during oscillatory,
or unstable, combustion, i.e., pressure oscillations in a combustion device
which are sustained by the combustion process. Unfortunately, although a
great deal of work has been directed toward this problem, the occurrence of

abnormal transient operation is still common in engine development.
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The deviations from steady-state combustion which occur during unstable

burning depend upon the kind of instability experienced; they are described
therefore, in an instability classification context. Howeve-~, a sharp dis-
tinction between classes is not possihle, probably because they are clesely
related and simply represent various oscillatory modes of the complex engine
system. Liquid rocket instabilities are classified eccording tv their dom-
inant tine-varying processes. They may be divided initially into two categories,
depending upon whether the instability oscillation wave length is long or short
compared with the chamber dimensions. The characteristics and name of each

class are not uniformly defined and used in the literature.

Spatially Uniform (Lumped) Chamber Pressure Oscillations

If the instability wave length is considerably longer than the chamber length
and diameter, pressure disturbances propagate rapidly through the combustion
space compared with rates of change due to the instability. As a result,
wave motion in the chamber may be neglected and chamber pressure can be
considered to vary only with time but not to vary spatially (i.e., P, 1is

a lumped parameter). These instabilities depend upon a fluid mechanical
coupling between the propellant feed system(s) dynamics, the propellant
combustion rates {delay times) and the combustion gas exhaust rates ( pressure
relaxation). The driving energy comes from oscillatory combustion but this,
in turn, results primarily from oscillatory propellant injection rates. This
type of instability 1s always coupled with feed system, vibration and other

effects, and may be further subdivided by the type of feed systems coupling

present.
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a. Chug (typical frequencies in the range 50 - 250 Hz)
Feed system coupling acts as a pure lnertia effect, no wave
motion is present in the feed lines,

b. Buzz (Typical frequencies 100 - 900 Hz)
Wave motion is significant in the feed system and may be
quite complex. However, wave lengths are still large
relative to the chamber dimensions so thet wave motion in
the chamber may be neglected, i.e., spatially uniform.
With moderately high frequency buzz instabilities, it is not
unusual to observe wave motion in the chamber, superimposed
on the buzz oscillation. If the waves decay spatially, they
have little influence on the buzz and analysis can often
proceed with the lumped P, approximation; if they grow, how-
ever, the buzz instability may be superceded by initiation of

a chamber resonence-type of instability.

The principal differences between steady-state combustion processes and those
occurring during chug or buzz instability are that propellant injection rates
and chamber pressure are oscillating. If the oscillatory amplitudes are nmall,
their effects on mean propellant atomization, mixing, burning rate, etc., may be
insignificant. Even then, however, injection mixture ratio should be expected
to oscillate, because of unlike injection velocities and oscillation amplitudes
between the propellants, and to have some effect on overall engine efficiency.
These moderate deviations from steady-state gradually worsen as instabilicy

amplitudes are increased until, at some amplitude, peak pressures are high
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enough and last long enough to stop (or even reverse) propellant injection
for a portion of each cycle. At this state, the propellant impingement,
atomization, mixing, and even vaporization and combustion are very much

more chaotic than steady-state and occur in a short, pulse-like fraction
(perhaps 1/3 to 2/3) of each cycle of instability. The rest of the cycle

is occupled with "blowdown" exhaustion of combustion gases from the chamber
and, when the chamber pressure is again low enough, reinitiation of propellant

injection.

This type of instability is accessible to analytical treatment and has
received considerable theoretical and experimentsl study. Analysis tradi-
tionally follows the automatic control viewpoint of frequency-gein diagrams.
Sophisticated treatments of injected propellant flows and accumulation effects
(Klystron effect, Ref. 7 ) and feed system analysis have been added to the
basic models. Usually the least well-defined parameter in the models is the
combustion delay time, which must often be inferred or obtained from subscale
experiments. Nevertheless, "fixes" recommended based on such models (usually
in the form of increased injection pressure drop) almost always are able to

eliminate the instability.

The breakpoint at which wave motion becomes important in the chamber is not
abrupt. In reality wave motion is always there and, in effect, lumped

chamber instabilities are really "zero order mode" limits of the following
more general wave motion instabilities. 1In practice, It 18 found that the

chamber gages can be cons!dered to act as a lump until the frequency of
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oscillation exceeds roughly one fourth of the frequency of the lowest chamber
acoustic resonance mode, above which the wave motion becomes important. For
this reason a third class of inatability, sometimes referred to as "inter-
mediate frequency," has been neglected. Instatility analysis should elther
consider the chamber gases to act as an inertial lump or to exhibit wave

motion.

Chamber Wave Motion Instabilities

This type of combustion instability is characterized by wavelength of the
oscillatory motion comparsble to the chamber dimensions and, consequently,
wvave motion in the chamber cannot be neglected. As with chug and buzz
ins:zabilities, the driving energy comes from oscillatory spray combustion.
With these instabilities, however, in addition to the effects of injection
rate fluctuation (if present) there is the combustion response of burning
propellant sprays as they are disturbed by passage of & pressure wave through
them. Wave motion may increase local burning rates by any of several mechan-
isms: (1) a pressure effect on the drop vapor, gas phase burning rates,

(2) enhanced mixing between gases (such as stripping & vapor-rich wave

from behind a droplet), and between sprays and gases (such as displacing

a fuel-rich combustion gas iato the neighborhood of an oxidizer-rich spray),
and (3) increased spray gasificat.on rates. Increased spray gasification
may be due to transient increases in convective flow velocities, to in-
creagsed temperature or concentration gradients, and/or to spray droplet

shattering. The instability amplitude depends upon the magnitude of the

o
O
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response, and vice versa; typically, the interacting processes are driven
to a limit represented by abrupt, essentially complete consumption of the
propellant sprays. This direct response can be so great that injection rate
fluctuations may be of secondary importance. As a result this class of
instability can also be further subdivided as to the importance of feed

system coupling.

a. Acoustic Instabilities
In this case, feed system coupling effects are negligible. The
instability 1s primarily a functicn of the driving and damping
processes occurring within the combustion chamber. The wvave
characteristics of the instadbility are approximated by the modes
of the combustion chamber filled with burned gases, hence chamber
geometry resonance properties play an important role. Amplituden
of the pressure oscillations are usually very large.

b. Hybrid Instabilities
The most complex of all instabilities, the hybrid class involves
a combination of wave motion in the chamber and feed system effects.
Resultant frequencies may be (1) close to & resonant frequency for
a closed chamber (chamber acoustic mode), (2) may occur nearer to
the feed system resonant conditions (with the chamber having the
same frequency dy matching the boundary conditions at the interface
betveen chamber and feed system), (3) or may occur at intermediate
conditions vhich are near the resonant conditions of the combined

chamber and interacting feed system. The feed system effects can
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be extremely complex. Tn some cases ithe amplitude of this instability
may not be large, with more nearly sinusoldal shape appearance. How-
ever, becsuse the entire engine system (chumber, feed system, etc.)

is involved, structural vibration is often present and this can lead

to severe engine danage.

Analysis of instabilities with wave motion in the chamber 1s extremely dif-
ficult. For example, no complete anslysis of hybrid instability, considering
the transient combustion process within the chamber and a highly oscillating
feed system, has been accomplished. This type of instability is necessarily
assoclated closely with the¢ particular engine uystem and, because there are
myriads of coupling paths between the chamber and the feed system for any one
combination, it is doubtful ir a general model describing this type of in-
stability will ever be developed. All too often, even at rather high fre-
quencles, this type of instabllity does occur in certain engines; and when

it does it is only solved by approximete analysis, used at best for guide-

lines, and by time-consuming trisl and error experimental fixes.

As a consequence the remainder of this discussion on non-steady models will
be limited to those treating classical high frequency acoustic chamber reso-
nance instability. Feed system effects i.e., wave (or lumped) response in
the manifold and its lines are considered negligible; for practical purposes
this consideration can be realized. Clssslicel acoustic instabilities are
among those most often observed in liquid rocket engines. This type of in-

stability is entirely dependent on the detalled wechanisms of propellant
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spray combustion energy addition to the oscillating gas dynamic flow field.
Growth or decay of the instability wave then depends on the relative magni-
tude of the driving processes (those coupling the‘spray and gas flow fields)
and the damping processes (droplet drag, viscosity, oscillating nozzle out-
flow, wall heat transfer, baffles, ascoustic liners, etc.). The droplet
dynamic transport processes are generally believed to have relaxation times,
under the influence of strong waves, near to the wave residence time in a
volume element. Consequently, energy coupling befveen the passing wave and
the spray fiel& is most likely to occur directly near the trailing edge of the

passing wave.

Characteristics of "Acoustic Instability Waves". This instability manifests

itself in the form of waves having many of the characteristics (frequency,
nodal positions, etc.) of classical acoustic chamber resonance, considering
the chamber to be closed and filled with only the burned combustion products
of the propellants. Wave shape and amplitude are definitely, however, far
stronger than those encountered in normal acoustic situa:ions, sometimes
approaching detonation-like conditions. It is perhaps surprising that the
instabllity exhibits chamber resonance conditions, especially when one con-
siders that: spray is present, the energy release is 2istributed axially
throughout the*chamber; there are accelerating through flow and discharge of
products from the chamber, the axial mixture ratio and gas temperature grad-
ient can be large and pressure amplitudes are large enough to make non-linear

effects important. Apparently boundary conditions play a stronger role in
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determining the modal conditions than these complications. For this reason,
arguments of whether the instability is "acoustic” or "detonation-like" are
immaterial; these conditions represent only the extremes of the actual spec~

trum of fluid mechanics which may control instability.

Both transverse (i.e., tangential and redial) and longitudinal rodes are
observed in cylindricel engines. In most cases the transverse modes are the
most important. Instabilities associated with longitudinal acoustic modes
rarely exhibit as severe departures from steady-state spray combustion as do
the transverse instabil’ties. The lo-.itudinal modes are, therefore, seldom
destructive but may degrade performance, Iinterfere with guidaﬁce, etc. Quali-
tatively, this lack of severe pressure oscillations ie possibly due to the
interaction of the wave and the nozzle boundary condition, and to the fact
that most of the spray is concentrated nearer the injector face. Thus, for
an appreciable portion of the non-linear wave's passage, it is propagating
through a medium which is removing rather than supplying energy. Most engines
utilize smwall contraction ratics and a great deal of the wave's energy 1is
swept out the nozzle. Amplitudes of longitudinal instabilities have been
shown to increase as the contraction ratio is increased; this apparently
reduces the energy loss through the nozzle. In the more usual case of low
contraction ratios, however, the combustion process during longitudinal
1nstabili£y may be not unlike that during a chug or buzz instability, but

with the wave motion superimposed. The similarity may be more than superficial,
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because the predominant cause of oscillatory ..nergy release during such

conditicns is probably injectiou rate fluctuations.

Often different modes co-exist or they may combined to form & coupled mcde.
Instability frequencies as high as 18,000 Hz have been reccrded elthough the
more normal range is 500 t.. 5000 Hz. The tangential mode may exhibit bcth

a traveling (spinni.g of nodal point) or standing nodel pattern. Ia addi-
tion, harmonics of the modes have been observed. The practical limit depends,
of course, on the ability of the spray to respond to the frequency of the

wave,

Further characteristics have i-gen discussed thoroughly in the literature on
1iquid rocket ccmbustion instability phenome. , most recently in the ICRPG
reference text (Ref. 8 ). Rather than duplicating such treaiment here,
several more or less self.explanatory charts are revrocduced in Fig. 3 through

T from a varleiy of sources. .. more details, Ref.8 may be consulted.

Disappearance of Zonal Regions in the Chamber. Under nurmal acoustic type

instabilities, transverse and conceivably severe longitudinal, combustion
rocesses are intermittently established and viuvlently disrupted and there
remains no resemblance to the steady-stete distribution of spray combusiion.
What may app2ar momentarily to be a recognirzable injection-atomization zone
ty. In

in the steady-state gsense is greatly foreshortened by the instabil'’

viewing high-speed motion pictures c¢f the injection region, te:en du:sing
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such unstable operation in transparent-walled combustors, & powerful impres-
sion of chaotic violence is gained that this paragraph but poorly imparts.
For analyzing this kind of instability, it is inappropriate, therefore, to

attempt to subdivide the combustion chamber into discreat zones, as has been -
done for steady-state analyses; the entire chamber must be considered as an

entity.

A Note on the Relevance of Turbulence During Unstable Operation

Although mixing and turbulence effects were discussed for steady-state
operation, little has been said of such phenomena in this section. Indeed,
a reader familiar with the field will note that no existing combustion
instability computer model contains turbulent equations. This is not due
solely to the inordinate number of terms and problems that turbulization
of the equations produces. Rather it is due to the more fundamental fact
that the frequency of oscillation of the mean flow itself is comparable

to or greater than the normally encountered frequency of turbulence. Hence,
the definition of time-averaged perturbations becomes meaningless under
these conditions. Further, the large convective gas flows due to the often
“extreme pressure gradients generated during unstable operation renders the

consideration of true turbulence to a low priority.
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REVIEW OF EXISTING COMBUSTION MODELS -
STEADY STATE

There are on the order of 25 reported analytical models for sﬁeady-
state liquid rocket combustor operation. Despite their differences,
almost all prior steady-state analytical combustion models share
certain common features. First, most are one-dimensional, which
implies that all variables are functions only of distance along the
axisl flow direction. Transverse gradients in the gas-spray flow and
recirculation currents of combustion gases are ignored, i.e., condi-
tions are assumed uniform across the combustion space at any axial
location. Secondly, most models deal only with the combustion of
completely atomized sprays; additionally, in the one-dimensional
models they are presumed to be uniformly intermixed at the upstream
boundary of analysis. The injected sprays are most often assumed to
be represented by a few discrete droplet size groups, each possessing
ut ique values of average droplet diameter, temperature, velocity, etc.
depending upon model complexity. Some models are simplified to the
point of dealing with a single “roplet size. Thirdly, spray vaporiza-
tion has been adopted as the combustion-rate-limiting process in most
models, This cholice was corroborated by the definitive work of Brittker

and Brokaw (Ref. L).
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Steady-state combustion models may be categorized and discussed according to
the complexity with which the governing gas-spray conservation equations are

treated, viz.:

a. One-dimensional, decoupled gas and spray flow fields

b. Ore-dimensional, coupled spray/gas flow fields, constarnt
physical properties for the gas flow field.

c. One-dimensional, coupled spray/gas flow fields, variable
zas flow field physical properties.

d. Quasi-one dimensional models (coupled gas/sp;ay flows,
variable properties)
1., Some detailed injector models
2. ' Simplified stream tube models
3. Coupled stream tube models

e. Multi-dimensional model (coupled gas/spray flows, variable

properties).
Within each of these categories varying degrees of sophistication were applied

with regard to the "coupling terms" and the initial/boundary conditions. These

will be discussed for each model considered in each category.

One-Dimensional, Decoupled Flows

Chronologically, such models were the first to be tried. By neglecting the
coupling with the gas however, no true coupling terms are included, {.e.,

values cannot be calculated for droplet velocities or residence times,
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droplet heating or breakup. The mass evaporation rate is calculated to
depend only on the first power of the diameter (i.e., droplet diameter
regression rate dependent on the reciprocal of the diameter); no convec-

tive influence can be considered.

Probert (Ref. 9 ) was the first to report such an analysis; subsequently
his work was extended and refined by others (Ref.l0 throughl3 ). Williams
hac given an excellent review of this approach (Ref.ll ), including effects
of various input droplet size distributions. Usually, because of the many
parameters involved, results are plotted in terms of dimensionless param-
etric groups and only véry generalized conclusions can be inferred. Even
those reached by Williams in his text regarding the effect of droplet size
distribution are now known to be substantially altered by droplet drapg and

convection.

The main advantage of this method was that it was entirely analytical and
did not require numerical solution. While the theory was very incomplete
and could not give quantitative answers to engine design questions, never-

thless, it served as the forerunner for more complete models.

One-Dimensional, Coupled Flows, Constant Gas Properties

During the period when such models were being developed, questions aross
concerning the correctness of the assumption that spray vaporization was the

controlling process. Miesce (Ref. 15 ) and Adler (Ref. 16 ) developed one
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dimensional models in the 1950's that were concerned primarily with gas phase
reaction rates. Miesse's analysis, using an assumption that propellant vapor-
ization was proportional to a linear regression rate of the droplet surface

(a rate which was an order of magnitude too large), led to an inference that
chemical kinetics was the combustion rate limiting process. This oconflict

was essentially resolved by the work of Bittker and Brokaw in 1960 (Ref. &4 ).
They calculated theoretical maximum chemical spatial heating rates in com-
bustion processes and showed that gas phase raaction rates are 103 to lo6
times as fast as typical liquid rocket combustion rates. Thus, spray combus-
tion rates are not significantly influenced by chemical kinetics, but rather

are controlled by the physical processes of atomization, vaporization and

gross gas phase mixing.

Exceptions to this conclusion might be chemical reactions occurring:

(1) within the combustion gas/propellant vapor boundary layer surrounding
a droplet (e.g., decomposition of hydrazine), and (2) in low-temperature
combustion, which might result from extremely low or high mixture ratios
(e.g., gas generator conditions or very poorly designed injectors giving
gross nonuniformities in propellent distribution). Consideration of drop
vapor kinetics properly belongs in the coupling term expression related to
the drop burning rate, which is discussed in a later section, Mixture ratio
‘striations cannot be modeled with a one-dimensional model, but they can be
approximated by a multiple stream tube formulation discussed later. (Even
if kinetic losses are not accounted for in such a stream tube model, large

mixture-ratio variations are likely to so degrade performance that the design
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is unacceptable, anyway.) Consequently, the one-dimensional models consider

vaporization to be the dominant process in controlling the combustion rate.

One-dimensional models in the coupled flow, constant gas property category
correspond to the first attempt to include the combined effects of an inter-
acting spray/gas flow field. The earliest models in this category used an
assumption of constant pressure throughout the chamber and considered both
propellants (fuel and oxidizer) to be injected as fully-atomized liquid sprays.
Relative differences between fuel and oxidizer droplet vaporization rates
either were not considered or were assumed to be in a constant ratio equal

to the injected mass mixture ratio. These assumptions result in a constant
(and often excessive) axial gas temperature, a constant gas molecular wecight,
and constant gas density throughout the chamber. Under these conditions
(having knowledge of the approximate flame temperature for the injected mix-
ture ratio) the only gas conservation equastion that is really required is

the overall continuity equation.

Mayer (Ref. 17) was one of the first to develop such & model in 1959. His
analysis, however, neglected droplet drag and convective processes by equat-
ing all drop velocities to the gas velocity. As a consequence this model

would grossly under-predict periormance for a giver engine length.

Spalding (Ref. 18) extended Mayer's analysis to include the interaction of
the droplets and gas. To meintain a closed form analytical solution Spalding

assumed that all the droplets were of the same size (i.e., a monodisperse
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spray) and neglected the difference between oxidizer and fuel droplets.
Again, the burning rate was assumed to be inversely proportional to the
first power of the diameter; this is a reasonable agsumption if droplet
temperature and gas composition and temperature are considered to be
corstants. (Most burning rate models, such as those of Codsave (Ref.l9}

or Williams (Ref. 14 ) etc., reduce to this form under the above condi-
tions) The analysis at first neglected convection, but was later extended
(Ref.20) to include simplified corrections for the convective conditions.
This was one of the first steady-state models that could account for some
of the observed trends with liquid rocket engines. Williams has also given

an excellent condensation of this Spalding model in Ref. 1lk.

Other similar models were reported during the late 1950's but the applica-

tion of this approach to analyzing liquid rocket engines lergely reached

1ts culmination in 1960 with Priem and Heidmann's work (Ref. 2l) on pro=

pellant vaporization as a design criteria for rocket combustors. They

extended ihe analysis of previous authors to a realistic droplet size distri-
bution and, for the first time within an overall model, considered droplet

heating and its effects on vaporization. The formulation of Ref. 22, based on
spherical heat and mass transfer between a high temperature gas and & contained
droplet, was used. The analysis required computer solution. Although the assump-
tions of constant pressure and constant gas properties were retained, this was the
first model in which a moderale degree of sophistication was applied simul-
taneously to both the gas phase and spray equationg, to the coupling term

expressions (burning and heating rates, drag coefficients), and to the initial
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conditions. These developments were so Iimportant to useful applications
of combustion anslysis that Ref., 2l 13 sometimes the only work cited in

reference to steady-state combustion models.

Priem and Heidmann also applied their model to correlation of experimental

data from a range of research scale combustors with several different pro-
pellants and varied operating conditions. An empiricel equation was developed
for correlating changes in design parameters end operating conditions to
evaporation efficiency or performance. This correlation has since been used by
many investigators for rapid estimation of the effects of design change on
performance. An interesting recent application was to multiple stream tubes

(Ref. 23).

One-Dimensional, Coupled Flows, Variable Gas Properties

Prograns in this category represent the most detalled and complicated of the
modern, purely one-dimensional combustion models. They employ computerized
numerical solutions and remove the restrictions of constant gas physical
properties. All of them consider the spray to be input with known or speci-
fied drop size distributions. The first such model 1n this category was
that of Burstein, Hammer and Agosta (Ref. 2L ) in 1962. While retaining the
ratio restriction that rates of fuel and oxidizer spray vaporization occur
at a constant ratio, this particular model included an integrated gas phase
momentum equation and thus accounted for pressure variation along the length

of the chamber.
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In that same year, work at Rocketdyne culminated in the public ..ion of Lambiris
and Comb's state-of-the-art summary regarding stable combustion in liquid pro-
pellant rocket engines (Ref. 25), which presented the first complete non-res-
trictive one-dimensional combustion model. A complete set of conservation
equations for both the spray and gas phases were included. In addition,
appropriate expressions for the coupling terms were ilncluded. Godsave's
formulation (Ref. 19) for droplet burning rate, modified for convective
conditions, was applied independently to both the fuel and oxidizer sprays
thus allowing inclusion of an axial mixture ratio variation. This, together
with axial pressure variation, and tabulated combustion gas properties,
yielded axially varying gas temperatures and densities. 1In addition, as in
Burstein's work (Ref. 24), simplified expressions for droplet breskup were
included. The initial sprays were input with specified distributions of
droplet sizes. The use of empirical drag coefficient correlations which
account for droplet flattening at high Reynolds numbers {Ref. 26) were also

introduced in this computer program model.

Basically, this same model has been modified and enlsrged by a number of
investigators to include droplet heating (and its effect on mass vaporization
rates), supercritical burning of droplets, gas phase injection of one pro-
pellant, and the decomposition double-flame front models typically applied to
hydrazine-type fuels. The version developed at Dynamic Science (Ref. 27)

has been disseminated rather widely. Improved numerical methods and exten-
sive functional tables of physical properties were employed in the most

recent, version {Ref. 28).
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- In practice the gas phase energy equation has been simplified by employing
the assumption that the composition and stagnation temperature of the gas
are equal to the thermodynamic equilibrium values at the local gas-phase
mixture ratio and stagnation chamber pressure. Other gas properties
(static temperature, density, etc.) are evaluated from the respective
stagnation values by applying local isentropic Mach number corrections

under the assumption of frozen composition expansion,

This process, although not strictly valid for a reacting gas, consequently
neglects heat and drag energy transfer from the gas to the drops. These
terms are, however, properly included in the spray equations and the effect
upon total burnout of the droplet is properly calculated (energy is
conserved). Sutton (Ref. 29 ) investigated this assumption thoroughly by
comparing the approximate results with results from an "exant” nne-dimensional
formulation which retains the complete energy equation and includes exten-
sive tables of gas phase properties as functions of enthalpy, pressure and
mixture ratio. He concluded that the simplified energy equation produced
gas temperature errors on the order of 3 to 5% at low subsonic flow Mach
numbers and influenced the droplet burnout location even less. Because the
ﬁ simplified energy equation permits use of simplified tables of combustion
gas properties, based on standard thermochemicel equilibrium calculations
(e.g., Ref. 30), computerized models employing this approximation have heen
used extensively at Rocketdyne and other locatiens to aid in the design of

new engines and to correlate performance data from existing englnes,
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M re recentl;, only two sig.dficant additional versions of true one-dimen-
sional models have been formulated. The first was by Hammer, Agosta and
Peschke {Pef.3l ) in 1966; this model incorporates the major provisions
previously discussed and includes the complete formulation for the energy
equation including the equilibrium solution. The second is the previously
mentioned due to Sutton and Combs (Ref.29 ); it incorporates a full energy
equation similar to Hammer's et al., but uses tabular data from prior
equilibrium analyses., In acdition, axial direction effects of gas phase
~ondu:tfan, diffusion and viscosity are also included. The models of Ref. 3l
and 29 represent the most nearly "exact" formulations to date for steady

one-dimensional propellant spray combustion.

One-dimensional models have been extensively used. Their utility stems
largely from the basic assumption of one-dimensionality. The analysis is
nearly independent of the detailed features of the particular injector

used (except for spray droplet sizes and velocities) so that a single model
formulation can be applied easily and quickly to a wide range of injectors,
propellants, combustors, etc. Hence, when applied to the downstream
regions of engines which fall within the approximate domain of one-dimen-
sionality, their performance predictions depend entirely upon the accuracy
of input initial conditions and the expressions used for the coupling terms
describing the interaction between the gae and spray phases. It is, in fact,
the accuracy of the input conditions (especially the mean drop size and drop
size distribution) that relate the one-dimensional model to the particular
injector design and make 1t useful from a design standpoint. As a consequence,

a great deal of auxiliary work has sought systematic determination of how spray
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dropsize distributicns and mean droplet gizes depend on injection nlement

design parameters, e.g., crifice dismeters and injection velocities. Thise
has usually been done experimentally by using molten wax to simulate imping-
ing liquid propellants (Ref. 32). More recently the technique has been
extended to gas/liquid propellants where dropsize measurements are per-
formed in a prrycsurized rig, thus simulating the proper gas density,
velocity, and flowrate, Ref. 39. Minimization of recirculation for single
element tests, through use of a base bleed is taken into consideration.

4 Results, of course, are applicable to both one- and multi-dimensional programs.

The one-dimensional character of such models is also their major limitation.
When applied to engines that have even moderately nonuniforas mixture ratio

distributions (e.g., wall film cooling), the models fail to predict perform-

; ance adequately. They are similarly unable to provide information on local
mlti-dimensional problems such as those which arise in studies of injector/
chamber compatibility. Adaptations oi one-dimensional models such as those
described next have offered some approximate, but not complete, solutions to

these problems.

Quasi-One -Dimensional Models

The simple one-dimensional approximation is insdequate to descilibe the axial
flows and distributions existing near the injector of a liquid rocket engine.
As indicated above, it 1s important to avoid use of one-dimensional models in
this reglon. However, before adoption of the current approach of developing
empirical spray mass and dropsize distributions through cold flow and molten
w» % studies, some quasi-one-dimensional combustion models were developed in &n

- attempt to calculate the progress of the propellant combustion within this
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inje~tinn/atomization zone, Typically, multiple coupled one~dimensional

flows were assumed to represent the real flow associated with a single
injection element. Primary interest was in the degree of partial combus-
tion accomplished and in locating a reasonable starting voint for the

downstream zone at which the one-dimensional approximation was applicable.

Some Detailed Injector Models. The first of these models (Ref.25 )

related to self-impinging doublet injection. The model described the
region from the center of a fuel spray fan, through a forced mixing region,
to the center of a neighboring aligned oxidizer spray fan. A one-dimen-
sional flow zone was established for each of those regions and a fourth
zone was used for a gas flow (without apray) surrounding the other three
zones. Spray and/or gas transfer among zones was analyzed as ~ombustion
proceeded. A number of poorly understood phenomena were lumped into

empirical "incomplete atomization" factors for each spray-bLearing zoae.

This was a highly physical model involving geometrical zone prescription
which drew heavily from high speed phctcographic records of transparent mcdel
motor firings with aligned-element like-doublet injectors. Thus the compu-
ter program model was very specific for that type of injector and had limited
versatility. It was no* possible, for example, to analyze injectors with
elaments aligned only on one side, etc. As 8 result it received ouly limited
use and principal reliance was placed on the one-dimensional model for com-

bustion analysis of all impinging-type elements.
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A second =n2el, hovever, becsusde it dealt vith the more readily generallzed
analysir of coaxial gas-liquid injection, has found extensive use. The need
for such a model was soon recognized after attempting to correlate performance
from such an injector with the basic one-dimensional model. Unlike the im-
pinging type injector, which atomizes the entering jets near the injector
face, the gas-liquid coaxial injector may have a liquid jet penetrating 2

to 4 inches from the injector, with simultaneous atomization and burning
strongly coupled and distributed throughout that length. Since cold-flow
correlations cannot possibly include effects of superimposing combustion on
the atomization rates and drop sizes, their principal value for coaxial
elements lies in mixing studies rather than in providing combustion model
dropsize initialization. As a result, a model for this widely used in-
Jector type must include both the atomization and vaporization processes

in the formulation.

The first generalized cosxial model (Ref.33 ) was formulated for axisymmetric,
cylindrical single element combustion{ assumed to be representative of the
overall engine combustion. In its original form it applied strictly to

injectors haing "flush posts," i.e., both an inner cylindrical tube through
which the liquid propellant was delivered, and a surrounding annular space

for passage of the gaseous propellant were terminated at the injector face,

Upon injection, large velocity differences immediately initiate "shearstrip-
ping" of liquid spray from the jet surface. Appropriate equations vere contained
within the model for calculating both jet strinping rates and lozal mean drop

sizes produced.
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Initially, there were two discrete parts to the model. The first, adjacent
to the infjector, wa{ characterized by an onion-skin type layered structure
of spray. This region was assumed to be axisymmetric and non-combusting;
When input conditions regarding flammability limits of concentration and
flame velocity were satisfied, flame spreading was assumed to be rapid
enough that the non-burning region was terminated by a plane flame front

standing in the spray laden gases.

The second part of this model was like that of the usual one-dimensional
model except that it (1) added a residusl liquid oxidizer jet that penetrated
into the combustion zone and retained equations for the subsequent atomiza-
tion of that jet, and (2) allowed for a second zone of axially flowing,
fully-burned or non-burning gases surrounding the combusting one-dimensional
spray-gas mixture. Mixing between zones was approximated by specifying
(input) a linear rate of ingestion of the outer gas flow into the spray-gas
flow., 1In addition, the outer zone was completely coupled to the inner zone
through the assumption of no radial pressure gradient. Both zones obeyed
their respective conservation equations and their areas were mutually ad-
Justed to match the axial pressure gradient profile and still maintain a
fuil-flowing chamber. This portion of the model is the forerunner of current

multiple stream tube models discussed later.

Recently Sutton and Schuman (Ref. 34 ) have redeveloped the model to bring
the one-dimensional zone up to the injector face, and in addition, developed
equations to describe the process occurring within the recessed "cup". Ex-
cellent results have beeh achieved with this model when predicted performance
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has been compared with measured values from engines such as Rocketdyne's J-2,
J-2S and Aerospike. These particular engines are built to deliver relatively

uniform flow fields for highest performance.

Simplified Stream Tube Models

In contrast to the foregoing, highly physicel models for single element combustion,
a quite different quasi-one-dimensional approach considers the entire combustion
field to be composed of a large number of stream tubes, with non-uniform striated
flows created by the injector persisting throughout the chamber length. Introduced
by Wrubel (Ref. 35), analyses neglecting mixing between neighboring stream tubes
have been applied to both injector/chamber compatibility (Ref. 36 and 37) and
combustion inefficiency (Ref. 23 and 32) problems. The utility of a stream tube
approach depends upon how realistic it is to neglect turbulent mixing and, further,
upon accurate description of the injector-imposed striations (i.e., whether or not
the convective cross flows of the rapid combustion zone appreciably changes the

cold flow measured injector striations).

Turbulent mixing between unlike gases flowing in adjacent stream tubes has been
shown to proceed slowly (Ret'. 6) and, within the short gas residence times typical
of rocket comwbustors, is believed to contribute far less to overall propellant
mixing than the spray interdispersion associated with injection and atomizati<n,
although this has not been unequivocally proven. Injector-imposed striations in

the flow are usually characterized experimentally; cold-flow itechniques are Qell-
established for bipropellant liquid injection (Ref. 38, 32). Immiscible propellant
simulants are flowed through an actual rocket injector and a collection apparatus

is used to sample the flow at a large number of points in aome downstream plene,

Both mass flux and mixture ratio distributions are derived from the liquid collection

data. Again,this technique has recently been extended to gaa/liquid propellant

R-8377 | 55



systems and mass measurements are often made in a pressurized rig through use of
- a special two-phase gas probe, Ref. 39. Minimization of recirculation through
use of a base bleed is again considered and the probe has gas sampling capability
to determine the amount of extraneous gas injected. Naturally, all valid cold
flow results are applicable &3 initialization parameters for streamtubes or full
three-dimensional vrograms. Their direct use in the streamtube case is of course
limited to more uniformly injected spray patterns. In fact, for most of the in-
Jector elements and patterns using liquid/liquid propellants an analytical spray
initialization program is now available that replaces the need for cold flow
measurements, Ref. 37. Such programs are not yet avallable for a general dee-
cription of gas/liquid or gas/gas injection. As an application example, the

mean «*-efficiensy among n stream tubes, each having flowrate w,, and mixture

n

ratis O may be approximated as:

- E_ c*(C_)w

where c*(Cn) is a function of mixture ratio and 5& is the mean injection mixture

ratio.

In addition to the incomplete mixing accounted for by the foregoing, there also
may be appreciable degradation of performance due to incomplete spray gasification.
While these two sources of performance loss may be coupled, with the presence of
one making tha other worse, the simplest approach is to treat each separately and
assume that their combined effect is the product of the two. Thus, a wide range of

experimentaL c* efficiency data has been correlated successfully (Ref. 39 & LO) by:

)

= )
- VL‘*,pred y’10*,mix YL*,evap
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where 7c*5m£§ (_E;:;:) is the mass-weighted mean c* efficiency among the stream
tubes, assuming complete evaporation within each stream tube and that there is
no mixing between them’»and_r)c*evap is a mean spray evaporation efficiency,
calculated by one-dimensional combustion model analysis for mean initial-
plane conditions obtained by mass-weighted averaging over all stream tubes,
i.e., assuming complete mixing. Neglecting the coupling between mixing and
evaporation losses appears to be justified, to a certein extent, by the degree
of correlation attained; in the cited references, the predicted efficiennries

were consistently within about +1% of the experimental hot-firing values,

which ranged from about 85 to 99%.

A somewhat different, uncoupled stream tube approach was taken in Ref. 23,
vhere the stream tubes were initialized near the injector and a separate
one-dimensional spray combustion analysis was performed for each stream

tube utilizing Priem's empirical correlation equation referred to earlier
(p.47). Imperfect mixing was accounted for by mixture ratio variation from
stream tube-to-stream tube and the combustion analysis accounted for in-
complete evaporation. Regarding interactions between mixing and evaporation
within a given stream tube, then, this formed a coupled model. Uncoupling
took the form of absolutely no interactions between stream tubes. Initiale
ized with a given percentage of the chamber cross-sectional area, each stream
tubé was tchereafter assigned that percentage of loeal flow area., As a re-
sult, neighboring stream tubes with unequal mass fluxes or unequal specific
burning rates could be said to be flowing side-by-side with quite unlike

pressures. Starting with a uniform injection-end pressure could not,
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therefore, result in calculation of sonic flow at the geometric throat
positions for all stream tubes simultaneously. Such physical unreali-
ties made little difference to the Ref.23 application of the results;
only an integrated, overall approximation of energy release inefficiency
was required for subsequent use in enalyzing the nozzle expansion effi-
ciency. As with the preceding application to c%*, the predicted values
of specific impulse were shown to be in agreement with some experimental

values.

Coupled Stream Tube Models

The lack of physical reality associated with the foregoing simplified stream
tube models makes them inapplicable to situations in which lccal details

of the combustion flow field are of interest. For example, analysis of
combustion chamber wall heat transfer, ablation and erosion requires

detailed local combustion gas temperatures, velocities and compositions

as well as information about spray splashage on walls. Twé related stream
tube combustion models have been developed which provide improved approxi-
mations to reality in coupling together a multiplicity of one-dimensional
combustion models, one for each stream tube, and solving them simultaneously.
One model, developed in conjunction with an injector/chamber compatibility analyses
(Ref.37 ), was designed for use downstream of a three-dimensional model of the
rapid combustion zone (see the next section). It was extended (Ref. u4l) to
axisymmetric flow in the second versiop, includes the earlier stream

tube initialization directly from injected flows, and utilizes a spatial dis-

trivution of pressure in the nozzle to make the transonic flow portion of the
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solution more nearly realistic. By using a one-dimensional, coupled spray/
gas flow formuletion, these models were made fully-coupled. They are still
based on the assumption of no mixing (i.e., no mass, momentum or ecnergy

exchange) among stream tubes.

The model formulations differ from the one-dimensional formulation in several
important ways, which arise from the fact that that a given tube is not physically
confined by walls but is permitted to be squeezed to a smaller size by higher
flowrate, faster burning neighboring stream tubes (and vice versa). That is,

in the previous one-dimensional models, the cross-sectional flow area is a

known, independent parameter, while in the multiple stream tube formulation,

it appears &3 a dependent variable for which solutions must be found. Cross-
sectional areas of individual stream tubes can vary, however, only under the
constraint that the sum of all stream “ube areas must equal the local chamber
cross-sectional area. This constraint, in the form of an area conservation

equation, is what couples one stream tube's combustion model to the others.

If there are S stream tubes, there are S sets of one-dimensional model
equations. Only one equation (area conservation) has been added in the
multiple stream tube formulation, while S dependent variables (areas) have
been added. To close the problem, therefore, either S - 1 equations must

be added or § - 1 dependent variables removed. The approach taken in Ref. 37
was removal of dependent variables by assuming that static pressure is
constant across any given plane normal to the meen flow, rather than vary-

ing from stream tube to stream tube. The computer program solved for the
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pressure level at each plane, begiining at an initial plane near the injector

and marching to the threat.

Programmed for computer solution, the first version stream tube combustion model

vas one in a series of related computer programs for overall injector/chamber
compatibility analyses. While it was possible to assemble input data manually
from full injector cold-flow data (as with the preceding simplified stream

tube models) or from a Liquid Injector Spray Pattern computer program output,
it was structured to receive punched-card input data generated by its immediate
predacessor in the series, a three-dimensional combustion model described in
the next section. Simllarly, it generated punched-card output for subsequent

Boundary layer Heat Transfer program analysis (Ref. 37).

This stream tube model of Ref. 37 was "formless" in the sense that not very specific
knowledg: was needed concerning a tube's position or cross-sectional shape. As

a result, the downstream boundary condition was assumed to be one-dimensional
sonic flow through the nozzle throat plane. The model in its second version

was given a specific spatial form in Ref. Ll by specifying axisymmetric annular
stream tube flow, Adopted to conform to the JANNAF ( ICRPG) reference Two-Dimen-
sional Kinetic computer program (Ref. 42) analysis for the supersonic nozzle
expansion, this configuration gave stream tube positional data which permitted
much more satisfactory nozzle analysis, by means of two model extensions., First,
the longer path lengths taken by stream tubes nearer the wall than those near the
chamber axis could be accounted for analytically by using each tube's actual

path as the independent varlable, rather than chamber axial length. Second,
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the stream tubes' pressures in the nozzle could be made to conform to
those for transonic flow. (In practice, these were simplified to local
conical convergence - or divergence - and to the pressure distribution

fer a homogeneous, constant flowrate transonic flow.)

The axisymmetric stream tube combustion computer program was combined,

in the work of Ref'. 41, with other distinct computer programs to form an
overall engine performance analysis computer program which begins with
enalytical computation of bi-propellant spray distributions produced by a
prescribed injector design and ends with calculation of specific impulse

and thrust coefficient for vacuum exhaust of combustion products from the
nozzle. The three-dimensional combustion model, because its results cur-
rently need to be examined for consistency before proceeding with further
analysis, was omitted from this combined model. Thus the axisymmetric stream
tube model was initialized directly from the calculated injected spray dis-
tributions, unlike its predecessor. Similarly, it provided partial initiali-
zation of flow data along a supersonic start-line for analyzing the flow

in the divergent section of a nozzle.

Multi-Dimensional Model

As a part of the injector/chamber compatibility analysis of Ref. 37, a three-
dimensional steady-state spray combustion model has been developed for analyzing
the "rapid combustion zone" of Fig. 2. The model formulation is based on

three major simplifying essumptions concerning the combustion field. First,

R-8377 o1




it is assumed that immediately downstream of the injection/atomization
(pre-reaction) zone there are strong enough transverse gradients in spray

mass flow (and, therefore, in burning ---.) *0 produce transverse convective

flow forces which are large compared to gas-phase viscous forces. The viscous
terms in the gaseous momentum equations are, therefore, neglected. The second
assumption, that accounting for turbulent motion is not required, follows directly
from the firgt. Th: third simplifying assumption concerns the transverge Lres-

sure gradients; before stating it, the model formulation will be deszribe

The mathematical formulation for the 3-D combustion model utilizes the cylin-
drical coordinate system (r,9, z). Because there are three independent spatial
variables, the mass, momentum, and energy conservation equations (for both the
combustion gas and propellant spray phases) are partial differential equations.
These sets of governing equations are coupled through mass, momentum, and
energy exchang= between phases; several additional equations provide values

for the coupling terms. The gas phase energy equation has been replaced by
tables of combustion gas stagnation properties as functions of mixture ratio
(for a given chamber pressure) and the adiabatic expancion equation. Specifi-
cation of approprimte initial plane and boundary conditions completes the

model.

The system of equations is solved by means of a digital computer program.
"Marching" in the axial (z) direction is used, with simultaneous solutions
at di{screte nodal points in the r,Q plane found sequentially in predictor-

~orrector cycles., The gas-phase conservation equationa arc pariially elliptic
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and, because elliptic partial differential equations are not well-posed

as initial-value problems, the third simplification was introduced to avoid
the numerical instability certain to result from that fact: the pressure
gradients in the r,0 directions are prescribed, rather than calculated as

dependent variables.

Unless the pressure gradients are prescribed properly, the transverse gas
velocities will differ from reality approximately as the square root of the
errors in pressure gradien£. Because of this, the 3-D model i3 properly
viewed as a transition model which acts to distribute the propellant sprays
more realistically before starting a stream tube analysis than if the stream

tube structure had been begun immediately after the pre-reaction zone.

As reporicl in Ref. 37, transverse pressure gradients were effectively forced
to vanish by making axial gas velocity a function of z only. Improving upon
this simplification is one of the goals of current research on improving the

injector/chamber compatibility analysis method.

Summary of the Steady-Stiute Review

This reviev includes current as well as previous steady-state programs. The
coupled stream tubes and three-dimensional formulations are actually digital
computer programs corresponding to the generalized formulations developed
under this contract. In this respect they are believed to be the best and

most complete multidimensional models presently available.
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As 1s shown later, evaluation of the coupling terms under steady-state
conditions requires use only of a one-dimensional model. There are several
existing ones that could have been used, Lambiris and Combs (Ref. 25),
Sutton and Schuman (Ref. 34), or Hammer, et al (Ref. 31). However this model
is alsc required to supply the initial conditions for the transient model
and a new transient model was required. Hence, to insure that the one-
dimensional steady-state model was sufficiently general t¢ allow evaluation
of coupling terms and also to provide compatible inputs to the new trangient
model, & new generalized steady-state model was developed. This model is the
one mentioned in the review, i.e., Sutton and Combs (Ref. 29) and also re-
presents an outgrowth of the generalized formulation/developed under this

contract.

REVIEW OF EXISTING COMBUSTION MODELS -
TRANSIENT

The addition of time as an independent variable, in a combustion model formu-
lation for rocket combustion, complicates the analysis far beyond that of the
steady-state problem. For this reason, and because detailed experimental com-
bustion distribution data for evaluating model predictions are much more dif-
ficﬁlt to obtain than steady-state data, instability analyses have not been
developed as far toward accounting for spatial combustion details as have
steady-state analyses. Until quite recently, instability analyses could be
distinguished and subdivided instead according to whether feed system coupling

(lumped P,) or chamber wave motion were considered dominant and whether com-

bustion was treated in an approximate integrated manner or in a more physically-

based, differential way.
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The full range of liquid rocket combustion instability analysis has
recently been fully systematized and detailed in the forthcoming ICRPG
reference book (Ref. 8 ). Within the scope of this report, only those
involving combustion chamber resonance, and further, those lacking feed
system coupling, are of interest, i.e., acoustic instabilities. Little

work has been done on modeling of more complicated instabilities.

The central problem in ana;yzing chamber resonance instabilities is obtain-
ing solutions in one or more spatial dimensions and time, either numerically
or with analytical approximations, for a couvpled system of nonlinear tran-
sient conservation equations with appropriate boundary conditions. Constant
injection rates are assumed for the injection-end boundary condition, with
no coupling to the feed system. The instabllities treated are acoustic
resonances of the combustion space, with complications introduced, as noted
earlier, by two-phase flow and combustion. Formulations in one-dimension
and time represent longitudinal modes of instability. The transverse
(tangential and radial) modes require transient formulation in two spatial

dimensions, at least.

Non~-steady models, whether one or multi-dimensional, consider the liquid
propellants to be injected as sprays containing (at best) a range of discrete
droplet size groups. Assumptions with regard to the spray behavior are the
same as those developed for the steady-state models. Non-steady models are
always started downstream of the injection process, after atomization, etc.,

has been completed. To date, none has attempted to describe the transient

ﬁ.‘z
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behavior of the entire mixing-atomization region near the injector in thLe
presence of high amplitude oscillatory conditions. To couple this region
with the spray region downstream, the analysis would be required to describe
the details of the transient spray flow from each element in the injector
and couple this information with a full three-dimensional transient combus-
tion model extending to the supersonic portion of the chamber. It is not
surprising that this task has not been accomplished and that all e~xisting
models, regardless of their complexity, neglect the detailed behavior of

une injection region. Consequently, most analyses that {nclude droplet
dynamics employ the assumption thut droplets enter directly into the chamber
through the injector face and that the transient distribution of spray mass
at the injector face remains as it was during the steady-state condition.
Gas phase conditions depend on whether gaseous propellants were injected;

if not then the axial component of the gas velocity at th; face is agsumed

to be zero,

The affect of neglecting the near inj)ection regicn on the accuracy of stability
predictions is not entirely clear. It appears that, for liquid-liquid or ges-
liquid impinging type injectors with strong hydrsulic momenta, Jjet breskup and
m‘xing would occur rapidly even under steady-state conditions and the effect of
the wave on the jets themselves could be neglected. The more {mportant pheno-
mena probably involves tne effect of the vave (bremx-u.n, inter-element mixing,
etc.) on the dense spray fleld. This may not, hovever, be the cese for shower-

head or co-axial-type injeztors. Hare, thr atomization processes control much
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of tne combustion rate and coherent jJets may exist as far as 3-L inches
into the chamber. The e=ffects of strong waves on primary atomization may

be important for these types of injectors.

Time lag - Perturbation Models

The aarliest instability models used a nonphysical global treatment of
combustion, i.e., the time lag concept introduced by von Karman in i9kl.
This approach was well developed for feed-system coupled and longitudinal
instabilities (Ref. 43 ) before the more nearly physical, local spray <om-
bustion models were applied to instability analysis. These two distinct

approaches have since been developed concurrently.

In 1951, Summerfield published the first theorvy (Ref.lLi ) dealing with
unstable combustion in liquid propellant rocket motors. Both he and

Tsien (Ref. 45 ) used the concept of time lag in its original form as &
characteristic constant for each rocket motor. Crezco (Ref. 46) first
introduced the idea of a time varying combuetion time lag, 7 , tn his
analysis of high frequency longituiinal instability modes. With this
concept a total time leg vas uged %o arproximats the effezt of the ~o&-
bustion process, 1.e., products ¢f somdbustion from a given el=ment of !n.
Jected propellant vere ~onsidered to appear  nsian‘asnenusly afier a dis-
crezt, vell-defined time interval afier infe:tion. This ertifice alloved
the spe~ific details of the ~ombustic. process o be {grnored. The magnitude of
the time lag mavy be considered *o vary «!ih local zonditions in “he chamber

as vell as with tim-.
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- The rates of the various processes occurring during the time lag were
assumed to depend on (correlated with) the values of the local preasure.
(ALl other factors were not implied to exert negligible influence on the
rates; rather, their variation, and therefore, their effects, are des-
cribed by pressure effucis.) The correlating parameter, n, js known g
the interactior index. 1In its simplest form, the time variation of T was
assumed to be related to n, mean pressure, the pressure percurbation
amplitude and if, {the space/time average of 7). In the model formula-
tions the coupling term for the perturbed spray mass addition rates to

the gas was replaced directly by the parameters n, T and the pressure

perturbation amplitude.

A dcevastream boundary condition was defined at the reginning cf nozzle
convergence in this and all subsequent tim- leg models. Proper representa-
tior of this boundary conditions became extremely important and consequently
the models include lengthyanalyses of the behavinr of supercritical nozzle
flow under oscillatory conditions. Indeed, in some of the models, attention
to satisfying the downstream boundary condition was more elaborate then the

treatment of chamber combustion phenomena.

Crocco and Cheng (Ref. U43) first treated linear longitudinal oscillations via
the time lag conccpi. Later Scala (Ref. 47) and then Reardon (Ref. 48) extended
the linear enalysis to include transverse (three dimensional) oscillations.
Reardon develcped & more complicated dependency of the perturbed burning rate

on interacticn indices corresponding to radial and tangential velocity
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verturbation effects as well as local pressure. In addition, his burning
rate expression approximately related the dir+ribution of combustion to pro-
pellant injection density distribution. The only droplet couplinrg term
specifically retained in these enalyses was droplet drag which appeared {in

a simclified form. Droplet heating and other effects were neglected,

For stability predictions, the time lag models employed the classical approach
of linear acoustics (small perturbation) referenced to the one-dimensional,
steady state operation conditions. Neutral stability conditions, wherein
amplitudes neither increase nor decrease with time were established. The
locus of operating points of the system which satisfy the conditions for
neutral oscillation formed stability limits, dividing unstable and stable
regions of operation. These stability limits were presented in terms of

dependency upon n and %‘.

The linear time lag models are based upcon first order perturbation of transient
equations of motion. Appropriately transformed and with the downstream boundary
condition applied, the models provide two equationsrelating three dependent
varameters: n , T and the eigenvalue or rescrnant angular frequency of the
chamber, () . Specification of any one of these allows calculation of the

other two. The most convenient procedure is tc prescribe the value of W,

and solve for n end f .
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Recently a monograph by Crocco and Sirignano (Ref. 49 ) has been published

vhich gives a complete description of the analysis of the oscillatory flow

behavior of supercritical nozzles.

The time lag models have serious defficiencies. The linearization restricts

their applicability to the growth of instability from infinitesimally small
disturbances, they cannot be used to analyze the commonly observed, abrupt
initiation of instability by sudden finite amplitude disturbances. The
sinusoidal wave forms predicted bv the models are quite different from the
non-linear shapes frequently observed in pressure measurements on actual
engines. Finally, the linear studies cannot predict anything about the

ultimate, limiting value of oscillation amplitudes.

To overcome these difficulties, partial non-linear extensions toc the linear
theory have been developed. Sirignano (Ref.50) and Zinn (Ref. 51 ) studied,
respectively, longitudinal and transverse mode combustion instability for
pressure waves of finite amplitude. Both authors, however, assumed that
mass and energy additicn occurred only in an arbitrarily thin region next

to the injector face. Sirignano employed the short nozzle assumption (Mach
number at the nozzle entrance remains constant) while much of Zinn's work
wvas devoted to the oscillatory nozzle flow. Zinn's work represents the most
complex treatment of the nozzle to date; he used a third-order perturbation
approximation and required that the nonlinear waves be continuous. With

both models periodic finite wave amplitudes were proportional to the square
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root of the normal displacement from the linear stability limit. (Inter-
pretation of portions of these waves indicated thet triggering of finite
amplitude oscillation is possible. However, the waveforms exhibited none
of the sharp peaks cbserved in experiments, which is not unexpected with a

perturbation approximatior.)

Oscillation frequency was assumed Lo depend on the magnitude of the power
series expansion factor used In perturbing the equations. Frequency devia-
tions from the linear soluticns, due to finite amplitude waves, were indeed
found to depend on the order of the expansion factor required. The resulls
wvere strongly dependent on the forwm of the imposed boundary conditions, one
of which was conrcentrated combustion et the injector fece. This condition
is difficult to relate to actual vrocesses. Major difficulties with these
two models are their great algebraic complexity and their inability to
predict waveforms and nonlinear behavior for values of n and T that are

not cles= to the linear stability limit., The characteristics of instabilities

triggered by finite disturbances cannot be found.

Mitchell (Ref. 52 ) extended the longitudinnl case to include the effents of
distributed combustion, discontinuous weves, and nonlinearities with n and T
values reasonably far removed from the linea- stabili+y limit. Mitchell's
approximation is valid only to second order in shock strength, i.e., to the
order of the steady state Mach number at the nozzle entrance. Hence, althoush
it extends the nonlinearity of previous analysis, the consideration of most
nonlinear coupling terms is still limited. No consideration was given to

droplet drag cr heating.
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Recently Zinn and co-workers have employed an approximate numerical scheme

which is a modification of the Galerkin method. The method facilitates
approximate sclution of the nonlinear partial differential equations com-
prising instability models. Preliminary results indicate the approach is

promising, Ref. 53.

Thus, sevc.al problems with the time lag approach are evident., First, the
conzept itself eliminates consideration of the actual physico-chemical com-
bustion processes that occur in the liquid propellant rocket engine. Further,
stability limits are presented in terms of n and f'; therefore, the assump-
tion must be made that each engine (i.e., injector type, flow distribution,
contraction ratio) has particular values of n and'fﬂ Knowing these,one can
then determine stability of the engine. However, it is very difficult to
determine these parameters for & particular engine configuration. Although
experimental effort has been and is being pursued (Ref. 54) to determine
reasonable approximations of ﬁ and i;for actual engines, the results are far
from being complete enough and general enough for application to wide ranges

of propellants, engine,and injector designs. Application of the sensitive

time lag theory is the subject of a computer program user's guide (Ref. 55)

Use of perturbation techniques in the model formulations introduces unsvoid-
able problems to any attempt to obtain nonlinear solutions. Most of the models
consider only first order (linear) effects; at best second or third order

effects are considered, Aas the order or the approximation in:reasean the
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algebraic manipulations become prohibitively complicated. As Mitchell
has pointed ocut in his paper, the successful analysis of even slightly
nonlinear problems depends critically on the selection of the proper
expansion parameter in the perturbation analysis, and the tasis for

selection is not alwsys evident.

Finally, in all of the aforementioned models, & mejor faul“ lies in the
basic development of the conservation equations. Although the gas pnase
continuity and momentum equations are developed correctly, the lack of a
locally time varying mixture ratio equation renders the energy equation
and the equation of state inaccurate. 1In particular, the equation of

state is written as
P-= E'Rr

Where R = constant, i.e., no consideration is given Lo axial variations of

the molecular weight. Also no consideration is given to dissociation effects
in *he energy equation; specific heats are taken to be constant. The steady
state initial conditioms (p, T , C ) are taken to be constant throughout the
chamber. These assumptions limit the models, regardless of their cther assumr-
tions or perturbation techniques, to consideration only of liquid bi-propellants
wvhose fuel and oxidizer sprays always vaporize in s constant ratic -f rates
equal to the injected mixture ratic. Further, the form of the conservation
equations, regardless of the perturbation order, requires the pressure wvave

amplitude to be swall so that it does not disturdb the local mixture ratio.
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These considerations make the time lag models inapplicable to hydrogen/
oxygen propellants, as one example. Axial molecular weight variations

with these propellants may range between 2 to 12. Even low amplitude

waves in H2/02 engines can drastically alter local mixture ratios due to
the high gasification response rate of liquid oxygen spray. Consequently,
with temperature overpredicted by an energy equation (neglecting dissocia-
tion) and pressure determined from an equation of state that neglects mix-
ture ratio variations, the resultant pressure may be overpredicted or under
predicted by factors of 2 to 4 or more. Even though the assumptions regard-
ing the equation of state are allowable to the order of the perturbation
analysis, it cannot properly be applied to &8 real engine system triggered
by & finite disturbance. This serves further to indicate the limitations

of perturbation analysis to highly nonlinear systems.

In this vein, it is interesting at this point to consider some results from
Culick's 1961 Ph.D. thesis on gas and liquid rocket combustion instability
(Ref. 56). Culick did not sssume a time lag concept, but did employ a first
order (linearized) perturbation analys:s. In this respect the model is
similar to those of Scala and Reardon, although Culick used different tech-
niques to odbtain the downstream nozzle boundary conditions. The equations
used {n Culick's model differ from Reardon's and Scala's only in that he
ncrle~ted droplet drag, the momentun sourte term due to mass addition and

the droplet veloctty ({-~-ms often neple~*ed by miny other authors and usually

Selleved %n ~~ntribute little to the prublem). Upon f{rst order perturba‘tfon
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and sssuming that S, T andé are constants throughout the chamber at steady
state conditions (consistent with the perturbation order and equivalent to
Scala's and Reardon's work), Culick was able to show that the perturbed
continuity equation (which is solved for f“) became {ndependent of the rest
of the equations. As a consequence, the oscillating pressure and velocity
could be determined without considering the mass release (source) contained
in the continuity equation. However, more complete nonlinear mndels, such

as Priem's (discussed in the next section), indicate tha% the zontinuity
equation and its mass release source overvhelmingly determine the ncnlinear-

ity of instability.

The fact that first order perturbation analysis removes completely the
physical coupling of the equations is disturbing and ~asts doubts on the
applicability of any perturbation scheme unless carried to very high order

vhere, unfortunately, the algebras becomes prohibitive.

Computerized Nonlinear Models

During the same time that many authors were pursuing the time-lag perturbation
approach, others wvere ccncerned with the detatled physical processes invclved
wvithin the oscillating and reacting spray-gas flow fielid., Models that have
considered physical coupling processes have traditionally retained more

complete nonlinear conservation equations,.
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These computerized models begin by utilizing some form of initial corditions
as supplied by a steady-state computer model (although the degree of sophis-
tication used in the steady-state analysis varies) and then disturb this
initial condition. The result is the predicted grovth or decay of the pressure
disturbance amplitude as a function of its initial magnitude, the r.eady-state

conditions and the engine configuration.

Most analyses of this type have been limited to one-dimensional longitudinal
or quasi-one-dimensional transverse wave motion. Only very recently has s

nonlinear transient two-dimensional model been developed.

The first attempt &t formulating such & model developed from tlie vork of
Torda in the middle 1950's. In 1958, Tords and Burstein (Ref. 57) pudb-
lished a forerunner of & longitudinal model. The equations as presented 4id
not counsider droplets and represented the coupling terms through fictitious
mass and energy sources. A method-of-characteristics solution to this limited
set of equations vas discussed, but pot implemented. later Torda anl) Schmidt
(Ref. 58) extended this concept and refined the equations. The coupling terms,
hovever, vere left in unspecified form. The numerical calculations presented
in the paper concentrated upon motions of the gas phase. No droplet dynamics
vere included. Coupling terws vere introduced in the gas-phase equations by
means of arbitrary fcrcing and feedback functions. Although the numericsl
scheme used vas apparently not stadle enough to handle strong vaves {(n the
chamber, the paper guve interesting results about the nature of ine ~oupling

terzs necegsary to cause instability. With s lincsr feedback function specified
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for the coupling terms, no instability could be triggered in the chamber.
Hovever, with a quadratic feedback term the chamber pressure oscillation
amplitudes increased rapidly. Unfortunately, these fzedback functions,

though interesting, cannot be related to physical phenomena.

The first nonsteady longitudiral model to include physical terms was
written by Burstein and Agosta (Ref. 59) in 1962. Except for th: absence
of an energy source term (due to mass addition) in the energy equailon,
the conservation equations were quite complete. Coupling terms inc..uled

expressicns for droplet heating and droplet vaporization (the El Waki'

“w

3:82:5m3, Jef. 22) and droplst drag. Tnitial ronditions were baced on

a steady-szare model (Ref. 24) that assumed a constant ratio »f vapnriza-
*ion betwien the inje~ted liquid fuel and oxidizer sprays. As a result,

no axisi rradients of mixture ratio or gas temperature sppeared. As noted
before, this corresponds to constant molecular weight in the équation of
state., Neither tha‘t equation nor the energy equarion allowed for dissocia-
tion. lack of a time varying droplet number concentra’ion equetion also
required that the {rople: numbe: density be the same under nonsteady and
steady-state conditions, vhich is quite unrealistic. This nonsteady model,
hcwever, was one of the first tc allcw an input range of initial droplet

diametears.

The nodel vas programmesd 7or solut!ion through use of the method of charscter-
istics. The accurecy of the mumerlcal g-heme wvas such that the instabllily

zould be analyzed only up o the point ¢f formation of =teer-fronted shock-llxe

3
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§ - waves, Solutions vere not obtained during the subsequent unstable opers-
tion. However, interesting correlations with experimental data were

; presented.

i'se 5f the El Wakil equation, for quasi-steady droplet evaporation, in a
nonsteac combustion model can be questioned (Ref. 60). Perhaps of equal

or more importance as discussed for the time-lag models, is the lack of an
equation sliowing weic.orlar weight shifts due to mixture ratio gradients and
i Jdii{so~iation. The conservation equaticns as mpplied are thus limited to
-onsiderazion of wesk waves which do not disturb the gas phase mixture
ratio. Application to strong waves can cause significent errors in the
calculated pressure amplitudes. In practice the models were applied to
strong waves. This, combined with possible inadequacy of steady-state
~oupling terms, probably can account for departures from experimentally

observed behavior.

In 1962, Priem published the first physizal non-linear model Airected towvard

sangzen-ial resonant instabilities of a liquid rocket .ombustor (Ref. 61).

Recognizing this to be a three-dimensional problem, P:-iem began vith a

fairly rigorous derivation of the full equstions of motion for a tvo-

phase reacting gas. In the first application of Priem's theory, droplet

4rag and irmples heeting vere ignored. FRurther, it clearly vas not feasible

Lo perfore ine increditle number of computations involved in considering tiree-

timons{onal nonilinear flov. HRence, Priem considered conly an annular element

(48
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of 8 cylindrical combustor. Located at the outes wall of the engina, the
element had only an incremental thickness a r. Although Priem originally
considered it to extend over the whole clamher length, it is usually
applied to only a short A 2 (axial) increment. To obtain the equations
for this annulus Priem assumed that a number of variables and gradients

vanish, viz.: Vr . V‘r = V‘Q =0

dV
by —
2

3 3Vq
=0 3270
2

d¢2

(The restriction Y!Q = 0 has been subsequently removed by cther authors,
Ref. 62 and 6. This has left, as the set of governing equations: contin-
uity, tangential momentum, 2 momentum, energy and equation of state.
Further, the time variations of the axial velosity wvere essumed to be

equal tc zero throughout the combustor, i.e., V is a prescribed constant

z
value with time. Upon nondimensionalization and assuming tha* the mole-ular
veignt is constant and equal to the steady-state value (no dissociasion, no
mixture ratic shift!, nondimensional eguat! ns were lerived in which certaln
parameters vere found 1o play !{mporzant roles. These are .«I , Lhe turnine
rate pnrameter al steady-state conditlions, ant &V = V., - Vp = the velodisy
= 2
difference betveen gas and spray in the annulus. Hrwever, the nonstc 4y

equations still contain a hurning rele at ihe nonsteady -~cnditlon and the
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AV
variables -S—% , JL% ) and.%%g (which are functions of time) for which
3 .

relations must be found. The steady-state expression was used fur the
ronsteady burning rate term. Nondimensionalization of the burning rate
equation revealed a strong dependence on AV and further led to the
introduction of a rather nebulous term called Mvap, the reduced mass of
unvaporized propellant. (This term could have been eliminated if an

equation for droplet spray continuity had been added’.

Note again, that the use of this juasi-steady vaporization rate is question-~
able. Of equal, if not greater importance, however, are the assumptions used
to obtain equations for the remaining axial gradients. Priem assumed that
none of the terms va.y in the axial or radial direction and that the axial
derivative terms do not vary with angular position (:2ing average values

end functions of time only). It was then further assumed that the total
mas:, mere. cum, and energy in the annulus do not vary with time so that the
conservation equations had only to be integrated in the @ direction and all
time varying terms in the integrated equations were set equal tc zerc,

These integrated +“otal annulus equations supplied the additional equations
needed to solve for the axial gradient terms. Combined with the integrated
local conservation equations and the burning rate expression, the entire system

was solved numerically with a digital computer.

However, the consequence of assuming that the total mass, momentum and energy
‘n the annulus do not vary with time is most serious. It provides for no

relief flows in or out in the axial direction. A simple physiral consequance
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of this is that, when a strong finite disturbance is input on one side of

the annulus, the program is forced to predict low (or even negative)

density on the other side to maintain constant mass within the annulus.
Clearly this is not an acceptable assumption. It thus appears that the
integration scheme itself may cause oscillating conditions and be one

reason (along with the fact that the waves are constrained in an annulus)
that the Priem model predicts low values for stability levels. Burstein
(Ref. 64) investigated this effect mathematically (since it was the controll-
ing factor in bis r, 0, T, "pancake"” model, discussed later) and came to

the conclusion that this assumption violetes the rule of forbidden signals

for hyperbolic eguations.

Like all previous models, Priem's also suffers from the facts that no mixture
ratio variations in time are allowed and that the forms of the equation of
stete and the energr equation physically limit the model to consideration of
small disturbances. When applied to LOX-CH, combustion, for example, the
model hes serious deficiencies, These are less important for liquid-liquid
bipropellant systems and the model has been successfully applied in explaining
trends, or correlating, experimental stability data and in predi~ting relative

stabilities of various candidate engine designs.

Stability predictions are made by interpreting the results of digital computer
program numerical solutions of the set of equations. The sclution proceeds in
time from a given input set of initial conditions and boundary conditions re-

presenting the particular engine design and operating point being analyzed.
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Growth or decay of pressure oscillation amplitude from an initial disturbance

of preselected magnitude is determined. Successive computer runs are made

with various magnitudes of initial disturbance to determine a "neutrel stability"
level, Priem plotted a large number of such neutral stability predictions as
families of & V' curves on burning rate parameter,at ; versus reduced initial

disturbance magnitude , P,/P,, graphs. AV' = & V/speed of sound.

e’
Relative stability predictions are often made, without running the computer
program, by comparing disturbance levels obtained for candidate designa from
these more or less generalized charts. Such comparisons are usually made at
each design's minimum value of & V', i.e,, for that region in the combustor
which is most sensitive to disturbance. The data needed to enter the charts
are most often obtained from steady-state combustion analysis using one of the

one-~dimensional combustion models.

The basic Priem instability model has been modified and extended by several
investigators. Beltran and Breen (Ref. 63) studied spatial sensitivity of
the combustion field by using annular elements at varied radial and axial
positions. Coultas and Kesselring (Ref. 6U4) formulated 2 rectengular one-
dimensional version and studied stabilization by combustion space baffles.
Campbell and Chadwick (Ref.28 ) made a number of improvements in the model

while extending its capabilities to high (supercritical) chamber pressures,

Recognizing the importance of the full nonlinear approach, Burstein and co-

workers (Ref. 6U4) have recently been working on a full two dimensional transient
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model. Their first attempt at developing this model dealt with a pancake-
type motor using an r, 9, t cocrdinate system. Gas phase conservation
equations were set up quite rigorously, although momentum source terms

from spray evaporation were neglected, es was gas viscosity. Conservation
equations for the spray were neglected though coupling terms were provided
for the spray mass and energy addition. Apparently this was accomplished
by using a modified Godsave droplet evaporation model with constant diameter
for the drop. The vaporization rate again was taken to be quasi-steady.
Since drag and droplet heating were neglected, convective effects on the
drop depended only on the gas phase. Information was nct given on how the
number density of droplets was calculated; it apparently was assumed to be
constant since no time varying droplet number concentration equation was
included. The equation of state‘'again assumed constant molecular weight
and, like models in the past, neglected dissociation and mixture ratio shifts

with the attendant limitations on wave an+lysis.

Only limited results were obtained from the pancake model when combusting
droplets interacted with the strong spinning wave. Energy accumulation in
the plane z = constant led to pressure amplitudes that became unrealistically
large. It was clear from the analysis that the axial infliuence must be
properly included for the combustion model to be coupled to the gas flow
field. This ill-posed problem is similar to the situation required in the
Priem analysis. The addition of the extrs dimension apparently increased the

sensitivity to assumptions governing the axial direction. Application of Priem's
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condition (constant mass, momentum and energy in the plane)was not suffi-
cient to allow good prediction of the pressure wave for the reasons stated

earlier.

Of more importance, however, is their second model, a toroidal, 9, z, t
anslysis. This is the first fully nonlinear model to investigate btoth
tangential and longitudinal motion. The boundsary condition at the exit

was satisfied by specifying a large enough nozzle expension ratio to

provide supersonic outflow, and at this point, setting all gradients with
respect t2 z equal to zero. Again appropriate gas phase equations were
derived, although source terms for momentum due to mass addition and droplet
drag effects in the gas phase were neglected. Conservation egquation for

the droplets (mass continuity drag and energy) were included but no coupling
term for the heat a%gétion to the droplet was utilized. Also, cross gradient
terms, i.e., UJo -3—%£ in the droplet momentum (drag) equatiomns were
omitted. Further, no droplet number concentration equation was provided.
Lack of this equation and a physically-based steady-state model fcr initial
conditions prevent rigorous application of physical coupling terms. That is,
the source terms of mass and energy from the droplets to the gas phast depend
not only on the drop models but on the number of droplets per unit volume,
Since no droplet number concentration equation was provided and no value vas
present from & steady-state model, in practice the source term for mass addi-
tion was prescribed as a nordimensional perturbed parsweter of pressure. In
addition, no mixture ratic or molecular veight variations were allowved. The

equation of state and energy equation are like those for the pancake model.
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Predicted overpressures are greater than are observed experimentally in
cylindrical engines. However, the model is aunular and allows no expansion
and decay of the waves in the radial direction so that comparisons to annular
engines operating unstably would be more appropriate. Whatever the limita-
tions of the model as formulated, it has the potential of being one of the

most important and informative ever written.

Recently Agosta and co-workers (Ref. 65) have developed a refinement of their
longitudiral model. The equation for this model appears to be quite rigorous;
conservation equations for both aspray and gas flow fields are included. Pro-
gramming is done by a finite differcnce method, changed from the original
vhich used the method of characteristics, Raf. 66, given as the source of the
equations, lists no time varying mixture ratio or droplet concentration number
equations. Howvever, in Ref.65 Agosta states that mixture ratio and droplet
concentration effects are included. It is not clear hov this is accomplished.
The model does use as initial conditions the sophisticated steady-state model
of Hammer's, et al, vhich includzs mixture ratio. It is possible that the
droplet concantration from the nonsteady model is taken to be the same as

that in the steady-state. Then, allowing for time variation in droplet mass
allovs provision for a quasi-steady mixture ratio equation, from vhich the
energy equation and tables provide approximate variable, dissociated gas pro-
perties. Agosta uses physical coupling terms for dropleg drag, heating, and
mass addition. In particular the droplet heating equation provides for radial
temperature gradients within the drop. Although he references the use of

evaporstion kinetics for nonequilibrium conditions (Ref. 67) that wc.k vas
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concerned with low pressure ignition conditions and it is not clear if or

hov he applies this to high pressure instability conditions. It appears as

though quasi-steady terms are still used for the mass evaporation.

This represents one of the first transient models that co:siders mixture
ratio and molecular weight variation. Further extension of the droplet
model to include temperature gradients appears to give good correlation of
experimental and predicted results. However, azu artificial heat rate in-
crease to the droplets due to wave passage was used to obtain at least a
portion of the noted analytical and experimental agreement. This model and
more inclusive versions of Bursteins toroidal model do, however, showv great
promise in their ability to analyze the combustion stability problem. %“With
more modern computers the extension to three-dimensions end time, with
consideration of mixture ratio and molecular weight variation, should be

both possible and practical within the near future.

Sumeary of Transient Review

Before leaving this discussion of nonsteady models, three factors should

be emphasized. First, none of the models (except Jor Culicks approximations)
have included gas phase chemx'cal kinetics in the gas conservation equations.
Tris is consistent with our dpproach that chemical kinetics delays wvithin
the mixed gas phase are negligiblie, even in the presence of wave motion.
This, as discussed dbriefly in the stexdy-state section, does not rule out

sll xinetics or even local aicro-mixing processes. Coupling ~nuld {ndeed

be -ontrolled by drop vapor mixing and chemical kine.i{~ conalderalinns

{gas phase flames) but terms sccounting for zuch phenomena shouid be




contained within the coupling expressions since these local processes are
vithin the domain of influence of the drop and its surrounding vapor/gas

mixture,

Second, no multi-dimensional transient model considers turbulence. This

is consistent with prior description.

Third, and this is wvhere most of the models are deficient (e.g., neglect of
varying mixture ratio and molecular veight) even though combustion and droplets
are present in some of the models, they all predict wave freguencies close to
calculated chamber acoustic resonant modes considering the gas phase to be
uniformly at the burned gas temperature. In particular, Culicks linearized
model presents corrections to the pure chamber model due to the presence of
combustion, mean flov and real boundary conditions, etc. All of these cor-
rections sre quite small. More rigorous models such as the physical nonlinear
ones, Bursteins longitudinal anu toroidal model and Priem's model, also predict
the wvave frequency to be close to that of the tasic chamber resonant mode for

the region modeled.

It is pot surprising that the models predist such results. None of them

(excapt for Agosta's recent model) are capable of considering mixture ratio
or molecular veight varistions. As a consequence the mcdels are consistent
only vhen used vith initial conditions that consider the mixture ratic and
hence the temperature to be nesrly uniform through the chamber. 3ince the

mixture retio is considered to ve the same a3 thst vhich vas injected, it
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is not surprising that the predicted waves travel through the chamber at
speeds corresponding to the speed of sound of the burned gas a® the injected
mixture ratio. Although this is also an experimencally observed facz% “or
engines having large mixture ratioc and temperature gradients, the models give
no information about the processes that cause this to occur for such stristed
conditions. The complete explanation for the observed correspondence of the
vave frequency in engines having large amixture ratio gradients to the pre-
dicted fully burned chamber resonmant mode is still not understood. It is,as
has been previously stated, apparently more controlled by the geometry and

boundary conditions than any other Iactors.

Almost all of the existing models contain deficiencies. In particular, the
conservation equations are not entirely complete and omission of terms could
bias the evalustion of coupling expressions during unstable operstion. To
esliminate this possibility and insure that the accuracy of the models depended
solely on the expressions for the coupling terms, it wvas decided that a npew

formulation vas required.
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DEVELOPMENT OF A COMPREHENSIVE

FLOW FIELD FORMULATION

As a result of the reviev it wvas concluded that fev steady-state and no
transient models were adequate for rigorous description of the processes
occurring within the engine. Further, to identify and appreciate the pature
and implications of any simplifying assumptions uesed in model formulation

it vas desirable to start vith a geperal formulation.

Consideratior of general steady-state performsnce predictions required the
model to be three-dimensional. Meaningful analytical simulation of convective
croses flows requires a three-.dimensional model. The model should be capable of
calculating the local m=ss flux and composition anywhere in the chamber cross
section. Treatment of transverse gradients should readily predict formation

of, and intermixing between, areas with striated flows.

Further, local wall compstibility problems could only be analyzed with a model

vhich considered transverse wvall-d{rected flowvs.

Multidimensional consideracions vere obvimusly required for genersl non-steady
analysis. Further, if the model were t. be app.icable to all propeliant com-
binations and actual fintte szplitude disturvances, iocal time varying mixture
retio and droplet number concentraticn effecis st de considered. Introduction
of these equations and addition of projer tatvies of physical properties would

remove the resirictions presen: iu alli ihe non-steady sodels discussed previously.
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— Although not originally intended &s part of this AFOSR program, the need for a
wmore comprehensive analytical formulation to unify the results of analytical
and experimental research in the fields of liquid propellant injection and

combustion was so evident that a generaliced model was developed.

The model furmulation, written in vector-tensor notation expresses the dynamics
of a multi-component reacting gas stream which undergoes simultaneous exchange
of mass, momentws, and energy with contained propellant liquid sprays. Both
gas and liquid spray phases are described in terms of continuum mechanics,

with sprays represented by a discreet number of droplet size groups, each of
wvhich {s treated as a separate phase. These formulas are presented belov

with emphasis on those aspects vhich have been neglected before. Attention

is given to the species anl energy equations and proper treatment of their
terms. The formulation is structured to incorporute rarticular lavs and/or
correlations Tor the coupling terzs as they are develored. The model is

applicable %o either liquid-liquid or gms-liquid injection. The formulation

is stated vithout showing the derivation.

FLOW FIELD PORMULATION

Assuzpsions used in the derivatic: are: (1) {deal gas lsv is a valid state

equation, 72) effacts of turbuience cen be neglected®, (3) dilute sprays

#Tine averaged pe.turbations become meaningless during scoustic instabilities,
when mean-flovw vacillations due 25 vave motich have ! encfe¢ comparsble vith
soehglent fluctustion frequencies. Further, propellant residence times in

rocket combustors are typically oniy 3 %o 10 “imes the mean turbulent fluctuation
perinds, therefrre, an element of propellant !s effected only slightly by turtul-
ence, even during atesdy-siate operaticn. In addition, gas-phase cross con-
vestive flovs overvhalam the effects of turdulence. These effects have ali been
discussed previcusly.
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occupy & negligible fraction of chember volume#, (3) each drop size group
represents a separate liquid phase and exchange terms betweea liquid phase
are not included#, (5) drag contributes only kineti: energy to the spray
energy equation, and (6) secondary "shear" breakup of droplets {aitially
formed during primary atomization produces resuitant droplets so small that

they evaporate immediately upon formation.

The formulation is ttructured to incorporate analytical correlations for the
interphas>» coupling terms, which appear on the right hand sides of certain
equations (they can be identified readily by -heir appearance in both the
gas and spray equations, but with oppoaite signs). Coupling term expressions

and initial and boundary conditions are needed fo comple:e the formulation.

Spray Phase Conservation Equations - Parent Droplets

a) Droplet Number Concentration

n
aN >
-—a{— . div (uj" N,

b) Droplet Spray Mass Density

"y a0 a;

ap."

> n n n . n
5+ div (4" o) = - Ny " vep
n

-N"a %, any other mass- (2)
j ’w loss mechanisa

5The assuzxpticn of dilute spravs fur purposes of this investigatior vas valia.
Hovever, this may not be true for some ~ngines in the region very near the
i{njector face. Mesns have beern found to i{ncliude collision effects 'n the 3.0
computer model descridbing the rspid combustion zone, Ref. 37.

R-8377 a1




The individual droplet mass may be related t.o the droplet diameter by

complex relationships involving radial tempersture and density gradients
in the dropist or as simply as

3

TrE O py ®)

3

if the drop temperature is uniform.

Note: pjn = Njn nj" always,

¢) Droplet Momerntum

8 ., n+n a+n-+n RN
T (pj u ) + div (pj Uyt )= Nj ﬁj
NP B, N +n

Nj (mjvap * ‘jBU + )uj (4)

The drag vector is given by

E‘n - lf. n - - + n: - > n n
5 % ;.:o(D:i ) 1\; u, i(u uj ) cDj
5 .
-4 (Djn) grad p

The drag force includes both frictional drag and the drag due to volume
forces across the drop arising from a pressure gradient. Use of a drag
coefficient CDJn deteruined for drops in a steady nearly-constent-pressure
flow field is correct for accelerating drops. For decelerating drops, the
total transfer of drop momantum to gas pressure may not be realized, but

this condition is not important in a rocket engine.
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d) Droplet Thermal Energy

-5

é n.,n . n_a.,n n.n
7 (py M)+ div (g oy HT) = HgTQ
NPk, Pen, Pe-m?® ()
3 jup ! jBU Is

This formulation utilizes the JANNAF thermwo-chemical data. Thus the naturally

occurring "dead state elements", such as H,, 0, etc., are essigned zerc heat

of formation.

The chemical energy Zor many systems 18 thus contained primarily

in the heate of formation of the combustiocn products. This is reflected in the

combustion property tables describad later that are used with the gas phase

wmixture ratio equatiorn.

It is always necessary regardless of the propellamts

utilized to ensure that both the enthalpies of the spray and the gas phases

are based on the same standard datum snd are compatible. Specific examples

for HE' Q2 combustion are presented later in the report for the one-4imensionsal

n n
programs. In general, for any system, the relation between H, 4 and ’I“.j g 18

n
where BJ i is a reference enthalpy which 18 a slight function of pressure at
o}

and includes the effects of the heats of vaporization and also formation

of the specles, if any.
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If temperature is not uniform within a drop, eJn HJn cannot be separated and
complicated integral relationships must be used for this term. Because the
heating rate, QJn, affects only the sensible enthalpy of the drop (in the
absence of decomposition), this equation (assuming p Jn to be constant during

the increment of heating) can often be simplified with little loss of accuracy

to
9 ( n'l‘n)*div (-n nTn)‘Nj“Qj"
® P S I R
P
j

n .. n n n
j (-jnp ”hjsu +~--)Tjs (6)

Again, however, unless T Jn is assumed uniform throughout the drop, e Jn TJn

cannot be separated. The energy that is transferred to the gas rhase is the

surface enthalpy so it is still necessary to calculate Hjsnn

e) Droplet Shear Wave Build-up for Predicting Onset of Droplet Breakup
Treating the shear buildup on the surface of the droplets as a

property the following equation can be derived.

B(Njn\pjn) an n n n
—— + atv (¥, NJ\PJ)aNJ 1
At TB.U.Jn
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where \YJ“ = nondimensional state of shear (breakup) buildup,

zero at all points except where a critical value of we is

em—

exceeded. \ Re.

We
When the critical value of \[E. is exceeded the drop is assigned a
e

breakup state. Should the drop fail to meet the critical value during the
n
buildup to the breakup point QJJ is set back to zero un..l the process

n
begins (if it does) again. The calculation cafl.}!‘j progresses only so long
We

V7

as the critical value of is exceeded.

The term
133 U. B = induction time required for breakup state (shear wave buildup
L] .'j
on droplet surface) to be maintained for actual shear breakup
W
to occur, It has a nonzero value only when e exceeds
JRe
a critical value (c.v.).
that is
1 n Ve . n
—— = Y} = 0 If < Cc,V,; m =
TB.U,Jn J Re § B.U.
1l n We n
—_— 20 if 2 cwve - ou =0
2 - -
TB.U. n Y)J JRe ) J B.U.
J
n - n We
when 2L m a finite value as long as > c.v.
Y, S VRe
BOU.
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f) Droplet Residence Time
The following equation may be used to calculate the time for a
parent droplet to flow from the injector to the point in question
under conditions existing at the specified time.

b
3t (NJn T

n 2 n n n
)+ atv (3 X, “l:'mJ ) = B,

resd

at Z = Z, (initial plane) Tres = 0
Only at steady state does the equation, because of the Eulerian

derivative, actually "track" the drops.

The equations as presented neglect collisions between the droplets of different
drop group sizes. Because of the Eulerian form of the equations, however, pro-
perties of the drops of the same initial group size from different elements
meeting at the same increment will be averaged. This could be avoided, for
consistency, by the inclusion of an additional subscript delineating separate
elements. Or, more rigorously, & collision term should be included in the
droplet momentum equation accounting for interaction of all initial drop group

sizes. Work on describing such phencmena is presently underway, Ref.37 .

Spray Phase Conservation Equations - Microdroplets

These equations would describe the microdroplets that result from breakup of
the parent droplets. These droplets do not break up further, but are haated and

vaporize. Equations for them are considerably more complex than those shown
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i, above because breskup is occurring simultaneously throughout the chamber,
It would be an enormous task to distinguish microdrops of, say, the rtn
initial drop group size found at Z;, ry, @; from drops of that same initial
drop group size formed at some previous increment and now flowing into Z;,
ry, ©1. Hence, characteristics (diemeters, temperatures, momentums, etc.)
must be averaged for all the drops of the same initial drop group size flowing

into the same increment.

These equations are of secondary importance and, therefore, are not presented
here. Work by Nicholls, Ref. 68 has shown that under the influence of waves
or high convective gas flows the resultant breakup (micro) droplets are
exceedingly small, near one micron diameter, on the average. Hence, EUnB U
of the parent droplet 1is nearly equivalent to direct delivery of the dropie;
mass to the gas phase and can be easily modified tv include such an effect.

It will be treated then as such in the conservation equations.

Gas Phase Conservation Equations

a) Reduction of Species Conservation to Mixture Ratio Conservation

1) Species Conservation Equation

3(puwy)
ot

n
* 2;?- @y,5 Ny~ Oy

+ div (pwiﬁ) + div (pwiﬁi) T

+ ij P §
vap

BU
n
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Under the assumptions that: (1) the usual binary diffusion approximation holds

ol
oW U=eF, emd (8)

vhere D‘i , the gas phase diffusion coefficients, are considered to be nearly
equal for all species, and (2) gas phase reaction rates are large compared to
the delivery rate of vaporized species from spray droplets to the gas stream,
the species conservation equation rigorously reduces to the following relation
for the local time varying mixture ratio. Note that statement (2) is consistent
with the approach that chemical kinetics delay within the gas phase, after mix-
ing has occurred, is negligible even in the presence of wave motion. Agsin,
this does not rule out all kinetics or even local micro-mixing processes,
Coupling could indeed be controlled by drop vapor mixing and chemical reaction
rates (gas phase flames) but terms to describe these phenomens belong in the
coupling term expressions. These local processes are within the domain of

influence of the drop vapor - surrounding gas boundary conditions.

2) Mixture Ratio Equation

_3_3(_:5_)_ + div (pis'c)

= 2
- D-J‘div (grad c) - 2 h:%%L}

—{gr&dc-gud pi}

oxid
* (2 - 1){): )3 Nj" (ij Paoa, ? .---)}
n J vap Iny
) fuel
)T Y NP, "ed, P
9)

The mixture ratio equation is used in conjunction with tables that provide all

gas phase equilidbrium properties as functions of c, H, and p for state calculations.
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In practice, it has been found that effects dus to diffusion are masked by
gas phase convective velocities and hence .U may be set equal to sero.

b) Global Continuity

?-ggl * div(pd) -%% (N’"(i’ LI ..-.)

“vep jBl.l
(10)
¢) Gas Momentum
2§;El + div (pu;u) = - grad p + div 1
- N ED
AN F
eSY N @, Moea, MU (11)
26 N B "
d) Gas Energy

)
ago(uto ) . div{p;(ﬂ . lz'_i)t - - div q

+ di ",‘_ NnQn-zan;n'gn
VUT- 22N Q- 2E N

TINC(a, Mea® H" "’
+ L 2 L 2 *

ny {( Ivep  Im )(’s 2 )‘
. %. (12)
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the enthalpy is given as

T
= = Cp 4T + w B°
e RO 249, ?1 Ty
T°

where H’f is the heat of formation of the species i at standard
{ ,

conditions, T°.

T is the gas temperature.

Also the gas phase heat transfer term

q= -kgrad T - 2 C’J:iai grad o
1

i

The combustion property tables contain all of the required information to
compute these variables as functions of C and p. The enthalpy H in the
tables contains both sensible and chemical energies; further the tables

contain all the species present at the state point.

e) Equation of State

P/Q=RT[212M1£

-1

(13)

where R is the universal gas constant

Mi is the molecular weight of the individual species.
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and all required species data is obtained from the state points contained in

the er=lyuetion property tables.

Reduction to One-Dimension Application

Application of the comprehensive model requires reduction from vector notation
to & coordinate system, 1mposition of initial and boundary conditions and
expressions for coupling terms. In reducing the general equations to one

spatial dimensions, it is necessary to replace

n n n n
P pj ‘nd"j by Ap, Mj andANj ’

respectively, when these appear in the left hand sides of the mass, momentum
and energy conservation equations. In addition, the entire right hand sides

of these equations must be multiplied by A.

FURTHER RELEVANCE OF FLOW FIELD FORMULATION

Even though the development and subsequent programming of reductions of the
generalized formulation caused curtailment of some listed items of wofk oft
this investigation, application of the model to other problems is straight-

forward. The analytical accomplishments include:

R-8377 101



l.

The only curren:ly availadle complete multi-dimeqsional steady-state
formulation.

The only steady-state or transient model available which is believed
adequate to permit delineation of the important coupling terms and
enable evaluation of expressions describing them.

The analysis formed the basis of an operational Air Force combustion
model computer program (Injector/Chamber Compatibility Program,
Contract No. FOu(611)-68-C-0043) that includes & full three-dimensional
model of the Rapid Combustion Zone and a program reduction of the
complete formulation to encompass a stream tube combustion analysis
of the downstream region. This is the first mathematical analysis of
coupled spray combustion ard compatibility (heat transfer) effects.
This computer_model is being used for design purposes.

The analysis formed the basis of an operational NASA steady-state
performance oriented combustion model similar to, but somewhat more
inclusive regarding performance, the ICC program. At present this
model is being proposed as the liquid rocket performance standard for
the United States. |

As a result of item 4, the model is being used for an Air Force

sponsored program to develop a performance model for pulse mode

~operation.

For further information regarding the use of the model, refer to . Ref.37 .

REVIEW OF EXISTING COUPLING TERM EXPRESSIONS USED FOR
DESCRIBING THE COUPLING PROCESSES

Fairly lengthy reviews have been presented pertaining to existing steady-

state and transient overall combustion models. These were necessary because

102
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such comprehensive reviews were not available, and they were needed to determine
the necessity of developing new combustion models for use with the experimental
data in evaluating the coupling term expresrion. Though the goal is to evaluate
the validity of such expressions, the progr.-u emphasis to date has been the de-

velopment of the techniques required to achieve i5i:3 accomplishment.

A review of the coupling terms is also in order but the emphasis here will be

on brevity. Further, unlike the overall combustion models, recent comprehensive
reviews have been published for most of the coupling terms and there is no need
then to repeat the entire reviews here. The coupling processes within an engine
(or any combustion spray field) i.e., droplet heating and burning, drag, break-

up, etc., have traditionally been treated as if resulting from the summation of
such processes occurring to individual, isolated droplets. As such, it repre-
sents an interesting, academic problem easily simulated in a laboratory and

has attracted many investigators. This of course accounts for the wealth of
information existing for at least simple versions of the coupling processes and

the existence of many reviews in the literature, Recent investigators and some
reviewvers however have been emphas’~ing the complex interactions between drop-

lets that may exist in a dense burning sprey field., This aspect will be emphagized
below vhere definitive data of such interaction is available, To date, the effécts
of such interaction§ are believed to strongly influence droplet drag and breakup. The

exact effect on droplet heating and burning processes is not at present known.

Droplet Heating and Burning (Vaporization)

Very recently Roéner, in Chapter 2, of Ref. 8, has published a comprehensive
review of droplet heating and burning processes. This sectionwill attempt to
summarize his conclusions and relate them to the processes occurring within a
rocket.,
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Consider the experimentally observed behavior of an isolated fuel droplet

when suddenly placed into a near stagnant, subcritical pressure, hot, oxidizer
containing gas. Such experiments typically involve photographically follow-
ing the rate of diameter decrease of a fuel droplet suspended on a thermo-
couple Junction. The reverse situation is Just as valid, i.e., oxidizer

drops in fuel vapors. These observations, as reflected in diameter and.
temperature changes, are showu in Figs. 8 and 9, taken from Ref. 8. The
diameter initially expands, until the droplet approaches an evaporative

"wet buldb"”, and then decreases with time (at the rate d° linear with time).
After some pericd of time the mole fraction of droplet vapors around the drop
reaches a critical limit and ignition occurs. The droplet temperature rapidly
readjusts to & higher combustible wet bulb condition and the burning rate is

substantially more rapid.

In actuality these experimental observations are for porous spheres playing the
role of droplets and conditions are such that quasi-steady (QS) assumptions

are at least partiaily veiid. The QS assumption involves neglect of the ?%_
terms of the conservation equations applied to the heat transfer and diffusizn
field surréunding a droplet. It is not surprising that the QS assumptions

have teen invoked in the past; resulting expressions for the coupling terms

are often utf{ ized in more general models such as the steady-state and transient

rocket spray field combustion programs described earlier. These programs require

iterati:.: solution of the complete gas and spray conservation equations at many
increments in space (and time). Further, the computations are often performed
for a range of droplet sizes. Thus during & typical steady-state computer run

over LOOO separate droplet "state" computations may be performed for each spray.

10k R-8377
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phase equation. Should any of the coupling terms be highly complex (require

a large computer program for itself) computations times can become astro-
nomical. Only recently have some transient models been developed; Strahle,
Ref. 69, analyzed the forward stagnation point of a droplet in a convective
flow, Manrique, Ref. 70, analyzed a uniformly heating droplet in a stagnant
atmosphere, and Ledwell, Ref. 71, recently developed a theory for burning
droplets in which he accounted for moving boundsries and apparently scme small
convection. However, none of these models has proven feasible for incorporation
into an overall rocket combustion program. Recent work by Ledwell, Ref. 72,

indicates some work is being done toward this end.

It should be specifically stated at this point that the consideration of
droplet heating, whether it is uniform or non-uniform, does not remove the
QS assumptions. A fully transient model must consider transient effects in

the gas around the drop.

In any event it is not surprising that the vast majority of analytical work
regarding droplet heating and burning hes invoked the QS assumptions. Con-
sldering the regimes of droplet vaporization and burning presented in Fig.

8 and 9, it is also evident why the problem has traditionally been attacked

from two viewpoints.

Droplet Heating and Evaporation. The first of these viewpoints is based on the work

of El Wakil, Ref., 22, and others at the University of Wisconsin., This view-

point concentrates upon the preheat and evaporation regimes of figures 8 and 9.
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The calculation of single droplet evaporation is based on a spherically
symmetric model of simultaneous heat transfer and mass transfer across a
gas-side boundary or film separating a liquid droplet from the surrounding

hot combustion gas . The liquid droplet temperature is assumed
uniform through the drop. Forced convection and resultant nonspherical
trensfer processes are accounted for through empirical Nusselt number cor-
relations for both heat and mass transfer., The Nusselt number correlation
used in the mass transport equation was obtained by Ranz and Marshall (Ref. 73)

rrom analogy with heat transfer:

1/3

Nuy = 2(L + 0.3 Sc, '~ Repl/2)

They verified this equation by data from vaporization of water droplets in
heated air. The equatiomsderived thus account for both droplet heating and
evaporation. Reference to Fig. 8 and 9 indicate that droplet heating certainly
cannot be entirely neglected as it can occupy an appreciable portion of the
droplets lifetime. Recent work by Savery {Ref. 74) gives good correlation
with experimental data under such conditions, even up to high pressure con-
vective evaporation, providing proper relations concerning the presence of other

gases on the vapor pressure and "heat of vaporization" are taken into account.

Thin Flame Droplet Burning Model. In contrast to the previous model, which is

truly a vaporization model, a thin-flame droplet combustion model envisions the

droplet as being surrounded by an actual flame envelope (Fig. 10).* The

*#In the thin-flame approximation, the actual combustion zone thickness approaches
zero (for mathematical simplicity). If the droplet of interest is fuel, for
ex-mnle, fuel vapors are transported outward to the flame zone where they react
at a stoichiometric mixture ratio with oxidizer arriving from the surrounding free
stream gas. No oxidizer vapor penetrates beyond the flame. Reaction products
generated at the flame sheet may diffuse in both directions.

18 R-8377
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theoretical development of such & mod.l is described by Penner (Ref. 75). A
key assumption of his derivation is that the droplet remains at a constant

wet bulb temperature so that the thermal energy arriving at the liquid surface
is just sufficient to provide the heat of vaporization. As a result of this
agsumption, such a model cannot describe the initial droplet heatup from its
injection temperature. For chamber pressures substantially below the pro-
pellant's critical pressure, hovever, this is sometimes acceptable, because
wet bulb temperatures can be rapidly zttained and the predominant portion of

propellant droplet life times are spent vaporizing at the wet bulb temperature.

Generalized equations for the flame zone radius and temperature of the flame
zone are included in this model, Williams, Ref. li, removed the thin flame
zone limitation by setting the Lewis number equal to one and assumed a one

step reaction mechanisms to occur in the drop boundary region.

In practice, the flame radius equations are little utilized since again con-
vective conditions are correlated by the Ranz-Marshall equation. Spalding
(Ref. 76) found this equation to provide a reasonably accurate account of the

experimental effect of mild convection on burning spheres.

There 1s nothing inherent in either Williams or Penners formulations that
precludes droplet heating. Recently, in fact, Dickerson, Ref. (7, added tne
diffusion equation to Penners formulation and developed a comprehensive model
that includes the surrounding flame and uniform droplet heating. However, a
problem arises here in that simple application of such a model requires that the

droplet {mmediately ignite with heatup occurring under burning conditions. In
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that case the physical-ignition-delay time would be zero. Calculation of the

actusl ignition delay time, for given surrounding conditions, ie still in the
premature stage. As discussed later, however, in a rocket engine such considera-

tions may be purely academic,

Comparison of Model Extremes. At firet glance Williams model would appear to

yield much faster burning rates than Pennex"a, which in turn predicts faster
burning than the El Wakil types. The comparisons are ba2st made at the wet bulb
conditions of each model. This can easily be obtained Jor the evaporative
type models by setting the heating rate for the droplet equal to zero and

solving for the "wet bulb" evaporation rate., The results are as follows:

. - T (T - Tg)
p ‘\toa - i@
Evap: Z_ ~ Dyl | 1+
X d A gy,
-
Penn ‘; Dy L 1+ i (TC - Td)
er: ——n n 0
N“H d l L

|8

Where T. i8 at or near the stoichiometric flame temperature of the

thin flame region.
_ ]
Cp (T - Td.) + Ldo)” Q

A HV

Williams: Nu—m— ~ Dy bn |1+
H

Where () is the oxidizer mass fraction at oo (if one is
) 0
burning a fuel droplet)

and ¢ = the heat 1released per unit mass of oxidizer conaumed.
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But note that in comparing Penner's and Williams model

Cp T, % CpT +Wo’m> Q

so that Penner's model just represencs the extreme of Williams, in that
all chemical reaction is considered confined to a flame sheet of negligible
radial thickness. In practice, the two models predict very ne&rly the same
burning rate. Both however predict even faster burning rates than the

evaporative model for equivalent T, temperatures.

Extension of Model Extremes to Droplet Heating. The evaporative model in iis

traditional formulation includes uniform Groplet heating. Further, as Ref. 77
has shown, Penners (or w11liam§) model may also be extended to inciude uniform
droplet heating by the addition of drop vapor diffusion equations. One must of
course, in the latter case, assume the flame is anchored around the drop from

the inception of heating and burning. Obvir: -’y the latter models would heat

the entire droplet to wet bulb conditions faster than the evaporative models.

And since the burning rate can be shown to be greatest at the wet bulb condition
(the droplet vapor pressure, or mole fracticn, at the surface 18 greatest at this
condition and the concentrating gradient {s the driving force for mass diffusion)
the flame sheet models would produce still greater overall burning rates than the

evaporative model, even when droplet heating is considered.

Furthermore, there is actually no need to limit usage of tne models i¢ uniform
heating. Both model extremss predic: under QS assumptions the  heat flux to

tue droplet surface, Qd. Norm~. . ~/. ..,Bumes

3 m
lg; (1[ “py () Ei:
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so that uniform heating results. However there is nothing to prevent the use
of the transient heating equations within the drop, and equating heat flux
gradients at the surface as the boundary condition. This in fact, is precisely
vhat Agosta's non-uniform droplet heating model does, Ref. 65. This appears to
be a more valid method of calculating non-uniform droplet heating than either
Perks, et al, Ref., 78, or the Grossman model, Ref., 79. In the former work no
coupling of the burning rate and droplet heating was allowed; while ir the
latter work the difference between T -T, was held constant, an assumed ex-
ponential internal droplet temperature was uvilized,and the mass flux was then
calculated as the solution to the equations. The results of Ref. 79 predict
slover burning rates than a uniform droplet heating model while Ref. 65 predicts
Just the cpposite. From a physical standpoint it would sprear that &8 non-uniform
droplet heating model should yield faster evaporation (burning) rates since the
surface would more rapidly approach the wet bulb condition. Thusthe absolute
"realistic" extremes one can imagine in describing droplet burning rates would
range from a uniform droplet heating, evaporative type (El Wakil) model to a
non-uniform heating, flame sheet model in which the {lame is anchored from the

inception of heating and burning.

Und>r even mild convective conditions, experimental data and analytical analysis
indicate that non-unifcrm heating may not be possible due to the development of
internal circulaiion (caused by shear) within the droplet, Ref. 30, 1In any event,
again Cecause the axial gas temperature in & rocket rapidly reaches its maximum
value and most propellants in droplet form heat rapidly, the difference in the
absolute range of extremes is not as large as would be expected, Though {t

certainly wculd be snaiytically and experime::zally observabdble.
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validity of Model Extremes at Stagnant Wet Bulb Conditions. All of these

aforementioned models avoid mathematical treatment of reaction kinetics within

the boundary iayer. For the stagnant environment wet bulb case, recent analytical
solutions using the method of matched asympiotic expansions (Ref. Al) have shown
that vaporization and thin-flame models actually represent limiting cases of the
more general treatment which considers finite rate chemistry. Further, the
combustion enhanced gasification rate can be expressed compactly in terms of

these two limiting solutions and an appropriate Damkohler number (ratio of
characteristic diffusion time to chemical reaction time). This Damkdhler

number, Dy, may be calculated from

Dl = (const.) dfrez a
vhere a single chemical reaction stap or order "n” has been assumed, The rate

ronstant, x; is evaluated at the adiabatic flame temperature.

For most practical cases, a multivalued solution of the burning rate as a function of

D; is found, with an unstable branch as illustrated in Fig. 11. As a reeult, gas-
ifi-atfon should closely approximate either of the two limiting cases until an
auto-ignizion or auto-extinction region is reached, whereupon a rapid tranaition

{s +*o be expected. In these calculations one step reaction kinetics were uti{lized
P

i

n/c
and for eacn value of & D4,such parsmeters as ambient oxidizer concentration,

tomperatuire level, etc, vere held constant. The resultsnt curve is for droplet

ad

vapers naving reascnably large activation energies. What this {mplies is that

nje

“here are -errtain va.ues of [ D, where only vaporization (or burning) wvould

-

Be o tnaathle, tut that there {s A large reglon in which either gasification mtes
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much like pure vaporizations or flame sheet burning are both possible. Note

the curve of Fig. 1l says nothing about the rates of ignition or extinction or
vhen they occur (in the droplets history). Quasi-steady, wet bulb conditions
were assumed for the cal-ulations, that is,the profiles of concentration, etc.,
are determined for each point in the curve. The theory predicts only whether
or not ignition, etc., can occur. Further, the actual limits of the curves
depend in particular on the assumptions involved, oxidizer concentration in
outer gas, etc. Extensive computation would be required to map out similar
ourves for various conditicns. What is important from the standpoint of the
models discussed,however, is the indication that for almost all values of
Dl’ the El Wakil type model well represents the lower curve, while the thin
¢lame model is close to the upper curve. By the time oxidizer levels are decreased
in the combustion gas of a rocket engine, the gas temperature would be close to
the flame sheet model sc it appears that such effects would tend to cancel each

other if parametric studies were performed at various bulk gas conditions.

Effects of Convection. The choice of wvhich model extreme is most appropriate

is 3till not c~lear. It should be recalled that the analysis represented in

Pig. 11 is for stagnant conditions. In a rocket engine the flows can be huge,
relative velocities beiveen the drops and gas of a fev hundred to 2¢ frsa
second, and relative Re up to 1000 in value (Nu= 30). Ir reality the droplet
flow field conservaticn equations should be sclved for r, @ coordinate depen-
drents, but su far this has only been developed for creeping flow solutions,

He €€} {Hef. %), 1In place of this {t is necessary tc wae Nu number correctionn

to ac~munt for conve~tive effects (distortion, ets.).
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Further, convection introduces flame extinction problems. Spalding, Ref. 83, has
developed & semi-quantitative treatment according to which there is a finite upper
limit (set by homogeneous chemical kinetics) to the flux of fuel vapor that cen be
consumed by a diffusion flame zcne. The effect of increased relative velocity is to
continuously increase the fuel flux "imposed" on the flame; this results in an in-
creased flame zcne thickness, decreased concentration and temperatures and ultimate
local extinetion of the flame. The theory predicts that Uext should depend linearly

on Dd’ although this has not been adequately, experimentally confirmed. In any event

Uext
< ~ fen (T, concentratiun, P, ete.)
d

and indications are that U,,. is quite small in most cases, Fig. 12, Ref, 83a, as
an example., In a rocket engine it is possible that in many cases the more appro-
priate model to use might be the vaporization extreme. Spaldings treatment assumes
the flowing external gas to be of near ambient condition. In & rocket the external
flowing gas may be high temperature. 1In such a case extinction may still occur but
the following agreement seems more plausible. Schumen and Sutton, Ref. 114, have
investigated such cases with a new droplet burning model developed from original
ideas due to Schuman. They conclude that what is important is the path taken by

a packet of vapor leaving the surface of the droplet. Under such conditions,
corsidering iue LilpoisGtusie, conc-atratlon gradienr =round the drop, and the

short residence time 1a the boundary layer due to the large convective flow, the
important criteria is the ratio of time the packet of vapor spends in the regions
where temperature and concentration effects would allow ignition compared to the
ignition delay time., Results of the calculation to date indicate that, at least,
for LOX-hydrogen combustion, that ignition of the LOX vapor does not, in high
convective flows, occur until the packet is in the droplet wake where residence

times are large, and "micro-mixing" processes are rapid.
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Summary of Burning Rate Models. Moderate convection has been found experimentially

to force the flame into the droplet wake. In any case, the flame enhancement of
gasiiication is removed, resultiné in & vaporization process. It is known, also,
that flame-holding capability of the droplets is quite sensitive to the free-stream
gas temperature. Insufficlent data are available as yet to define the relationship
between these effects well enough to predict with confidence the extent of flame
enhancement on droplet gasification under any prescribed environment. It must be
emphasized that both the theoretical treatments and droplet burning experiments
(from which the foregoing concepts derive) pertain, with few exceptions, to the
nonconvective situation. Application of models based on this information to the
highly convective enviromment prevalent in a rocket thrust chamber must be made

with caution and with maximum reliance on empirical verification.

In cases with highly convective enviromment, the El Wakil equations often give a
correlation betveén predicted and observed behavior. In any event heating and gasi-
fication rates are enhanced by forced convection; the empirical Nusselt number cor-
relation of Ranz and Marshall is invariably employed. There are potential problems
with this correlation at very high convective conditions. It is not known how well
it accounts for drop distortion, high mass transfer rates on the film thickness, and
whether it is entirely applicable to burning droplets. However, there is no better
correlation to date. Further, in comparing modeis which use these film based cor-
relations it is necessary to be consistent in the definition of film property evalua-

tion for all the models to obtain valid comparisons.

The discussion has been primarily concerned with subcritical droplet burning of bi-
propellant type sprays. There are of course other contributions of mass addition ko
the gas phase. These may include micro-mixing phenomena such as the burning of super-

ceritical drops (Ref. 8, Thepter 2), for which no adequate model considering the effects

of convection exists. Figure 13 presents a plot of versus Pc utilizing both

o'u
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the origin~! El Wakil equations at wvet buldb { -ailed BS & L cn the plot) and Spaslding's

supercritical model. Near the critical poin' the discontinuity, excert a. a mixture
ratio of 6, between the two models is so great that under convective conditions the

model does not predict the gra2:nl increase of rocket engine efficiency with pressure

as found experimentally. Note that the decreasing right hand side of the BJ &L quations
is not real but is due to the neglect of real gas properties on the vapor pressure

and the "heat of vaporization". Further, the use of Spalding's model or Rosner's in a
rocket combustor is not really correct, since their original derivations were for non-
changing boundary cond!tions and a supercritical packet or "droplet” flowing downstream
in 8 rocket combustor experiences a continuously changing boundary condition. Adaptation

of the models to such conditicns is not straightforward as discussed in Ref. 28.

Preliminary results from Schuman's model, Ref. 114, indicate that it may be the best
diffusion model available for use within a rocket engine. It is applicable to both
subcritical and supercritical operation and at very lov rressures .cllapses tu tne

original El Wakil equations.

As previously stated the El Wakil droplet heating and vaporization model ceases to be
accurate as the pressure exceeds the critical pressure of the droplet fluid. 1In {ts
application in most spray combustion models, it has been used to calculate droplet heat-
ing to the critical temperature. Hovever, vhen doing so the droplet vapor pressure has
been essumed to vary only with liquid temperature; if the effect of ambient pressure

on v2por pressure is accounted for, even with the old model, all droplets are alvays
calculated to reach a “wvet bulb”™ temperature belov the critical temperatiure. MNowever,
this temperature becomes infinitesimally close to the critical %emperazure end the

vaporization rate is predicted to be extrsordinarily hign.

The El Wakil model has been extended and !{mproved tc cver-ome this phys’cally unresi-

istic result. The nev model will be referred to as the droplet diffusion maodeli. The
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main difference between it and the old model is that the radial mass flux of combustion

gas in the film surrounding the droplet is no longer assumed to t= equal to zero. In-
stead, the molar flux of combustion gas is defined at the dro—let surface through a
moving control volume formulation such that changes in the droplet radius, due to
droplet density changes and diffusion, cause it to be greater than or less than

zero., That is

drd
MCS cg Pmd dat (1)

Thus, as the droplet "burns" the external diffusing combustion gas is allowed to enter

the control volume and occupy that fraction of the volume vqcated by the receding

droplet surface,

The diffusion rate, or burning rate, is defined by the diffusion equation and is

.n 21YD i> (?nﬁ;> [i - Xy, B
(p’;f va l - xv B (2)

vhere

“er

Mcgr (3)

B& 1 -A

NOTE: Here f refers to "film"conditions.

Mogleg
e Moyt

The droplet heatup rate is defined to be

n
kgzNy Dy (CPVJI-ACPCQ:) n n

—

Q= (Cp\,”"‘cvcsﬂ (e%-1) (Teg=Ty) - LRy, (5)

vhere

(Ch. -AC, ) , Mu 1 -
LT Y (e (_._"v_ﬁ)
keB My /N Ty vif (6)

l - va B
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The "droplet” diameter i{s defined such that

n3 »
n a TTDJ n)
R RN (M

Ic should be noted that the model does not include the solubility of the combustion
gas in the propellan’ . either as a-l1iquid droplet or as a gas pocket. Upon being
heated through the critical temperature, & liquid droplet mny be thought of as a
"virtual droplet" with a discrec.e semi-permeable surface which permits outflow of

propellant vapor but blocks *nflow of couhustion gases,

Comparison of the foregoing droplet diffusion model equations witn the old model

equations, e.g., as given by El Wakil, shows them to be very simlilar. The

major differences are the appearance of the parameters A and B in Eq. (2), (5), and
(6). Examination of Eq. (1), (3) and (4) shows, hovever, that A and B depend upon
the heating and vaporization rates so that the droplet diffusion model must be solved

implicitly by iterative methods.

On the other hand, if the heating and vaporization rates are low enough that dry/dt
vanishes, the droplet diffusion model reduces rigorously to the El Wakil model.
This is consistent with all the assump.i.us 12i their derivations being !dentical
except for that expressed by Eq. (1). The majcr assumptions are (1) spherical
symmetry, (2) quasi steady-state behavior, (3) diffusicn is a tvo-species process,
(4) the temperature within each drop is uniform, and (5) the outer boundary condi-
tion may be expressed in terms of the droplet NMuscelt musber and the free-stiresm
g8s properties. Ciemical reactions are not taken into account directly in the
droplet heatirg and diffusion models but combustion is cslculated by specifiring s
bulk gas equilibrium flame temperature and ierc droplet vapor mass frection in the
lnocal free stream. /lsc taken {rto acccunt ere the non-ideal effects of total pres-

sure on both the pruopellant vapor yressure and heat of veporization.
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Other mass loss mechanisms mey also include effects such as "flashing" (where the
drop or portions of it reach a sufficiently high temperature so that drop vapor
pressure becomes higher than chamber pressure and hence "flashes" into a vapor)
which may occur during periocds of transient burning. Or other processes may
include drop vapor accumulation effects in the drop wake or a variety of other
phenomsna that have received little or no analytical attention. There is also
an entire field of monopropellant droplet combustion; the reader is referred to

Chapter 2 of Ref., 8§, Tnr & complete discussion of this subject.

Additionally, no model ye’ available appears entirely suitable for use in

descriding highly oscillatory comtustion {instability), (Ref. 60).

In any evert.8ll of the models suffer the same limitations: extensions of their
formulations, usually developed for and checked experimentally under near-stagnant
flow conditions, to the highly convective, high temperature and pressure gradient
conditions of a rocket engine. Additionally the models represent the effectsn of
a single droplet, yet dense sprays are present in the rocket; the effects of

interaction are not known. All of these phenomena require further invesgstigatiom,

Drag Force

Calculafion of the drag forua coupling terms, which appear in the gas and spray phase
momentum equations, is usually sccomplished through specification of individual droplet
drag coefficients, computation of individual drcplet drag and sumnstivy over all drop-
lets that constitute the spray(s) being analyzed. The drag coefficients mcat often
used are expressed as empirical correlstions of ﬁppropriate sxperimental daia, 8ome-
times the cxpressions are given the form of a theoretically derived drap roefficisnt
(Stokes} law) with "correctioﬁs" to account for effects neglected in the theory. For
lack of definitive liquid dfoplet drag data, correlations.for solid spherical particles
are frequently applied to calculations of spray dynamics. The folloving discussion,
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therefore, deals mainly with solid particle drag coefficients, with only some quali-
tative concluding remarks concerning deviations caused by spray droplet distortion,

circulation, vaporization and vapor combustion.

The classical, theoretical solution for.tﬁe dragz force on 8 single spherical body

in an infinite, low-velocity fluid is known as Stokes' Law:

Fp = 6 T Aur

As derived and discussed in many standard texts (e.g., Ref. 84, 85, 86, and 87) this
results from an exact solution of the Navier-Stokes equation, neglecting'the non-linear
convective, or inertial, terms. It agress with experimental data in the "creeping-flow"
regime corresponding to Refgjq but under predlcts drag for higher Reynolds numbers.

Defining the drag coefficient by

.1 2 2
Fp= 5 P u° Cp Ay, vhere Agg =Tr

the Stokes Law drag coefficient is

. 2pe 2b
‘p pPur Rg

Stokes' derivation does not fully satisfy the boundary condition at infinity (Ref. 85),
a difficulty attecked by Oseen who retained the convective terms in that far field. The
Oseen equations were still linear and an exact, infinite-series solution was obtained.

One result may be written as a first order correction of Stokes' Law:

-2k 3 2
°p = R, [:l+16Re+0(Re)]
vhich is but a slight improvement, overpredicting the drag for Regtl about as much as

Stokes' lLaw under predicts it.

Tmproved accuracy presumably could be achieved by retaining more terms, but it has
been shown that terms like Rea(Ln Re) are missing because of Oseen's initial simplifi-
zations of the goverﬁing equatiors. By“ s method of matched inner and outer expansions,
Proudman end Pearson in 1957 (diacusaéé_in Ref. 85 and 87) derived the more accurate

18t order solution:
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24 2 2
Cp= R, [:1"'%6'%* IESRe (LnRe)+O(Re)]

whose range of validity has apparently not been determined. (It may be noted, however,

|
'

that a second order solution with subtractive terms would apparently be needed to pre-

vent overpredicting CD for Regj.even more than does Oseen's solution.)

-

The "standard" dreg coefficient for a sphere in a steady fluid flow has been deter-
mined experimentally; data plots appear, e.g., in Ref. 84, 85 and 86. For the range

Re<20C, it is well-approximated by:

2/3
Cp = e [“’ @'gl J
Re

as well as other formulae which have been used.

Deviations from the "standard" drag coefficient for & single sphere are observed if
there are complexities in the fluid “low (e.g., ordered or turbulent fluctuations,
vorticity, axial acceleration, rarefaction, compressibility), if the particle is
complex (distorted shape, rough surface, porous, fluid) or if there are several or
many particles vhich may interact with each other. Some of these phenomenu have been
studied analyctically for low Reynolds number flow, but most of them are so complex

that empirical correlations are required.

A number of complexities, such as axisymmetric asphericity, arbitrary shapes, slip

flow at the particle surface and multiple perticle interactions, are treated analytically
for creeping flow (Relcl) in Ref. 87. One of the most interesting analytical develop-
nents, to be found there, is the =olution for interactions between particles. A numer-
ically complicated "method of reflections” is used to account for particles that are
close enough together to interact; typicaily, interparticle spacings on the order of

10 or fewer particle radii lead to appreciablas effects. An interaction factor X is
defined such that

F'D = 67"/4( UPA
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Values of,{ calculated by the method of reflections applied to two perticles

agreed very well with experimental data. Solutions are also given for three
and four interacting particles, but beyond two particles available experimental

data are very sperse.

As indicated in Figs. 14 and 15, the interaction between particles reduces the
drag force experienced by an individual particle in creeping flow. Thus, sedi-
mentation speeds of dust or liquid suspensions are higher at high particle con-
centrations than at low concentrations. Soo (Ref. 86, Chap. 5) plotted the
cpposite effect (i.e., increasing drag coefficients with increasing particle
concentrations) as apply’ ng w..formly over the range Re > 10-2: His graph,
however, was based on correlation~ derived from fluidized bed and packed bed
pressure drop data and it is no’. indicated whether the correlations were valid
in the creeping flov regime or were simply extrapolated from higher Reynolds
numbers, Ce.tainly, drag coefficients are found to be increased by multiple
particle interactions when Reynolds numbers are high enough that the convective
terms should not be neglected., Additional definitive experimental data were
reported by Rove (Ref. 88) for 1/2-inch diameter polyethylene spheres in water
at Reynolds numbers of 32-96. Drag on one sphere in & fixed array of spheres
vas measured as a function of particle gpacing and expressed as a ratic of the
drag at a given spacing to that for one in isoclation at thLe same superficial
fluid velocity; results are reproduced in Fig. 16. A best-fit curve through

the data is given by:

F _ 0.68a
Fo(‘- X + 1
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with d = sphere diameter and x = space between adjacent spheres. This formula

gives a value-of 69 for x/1 = 0.0l vhich, Rowe stated, agreed uell with an ex-
perimental value for packed spheres. Note that there is no epparent systematic
variation with Reynolds number here, which is unlike the fluidization, packed bed
correlations quoted by Soco. Part of the explanation for these results may lie in
the cemantics of the problem. If F, is based on the same upstream velocity as when
the particle interaction is present part of the apperent increase in drag force may

be due to the increased interstitial velocity and closely spaced particles.

In another recent experimental study, Rudinger inferred drag coefficients from shock
tube measurements on the acceleration ~f small (62 micron) airborne glass beads
(Ref. 89). Particle loading ratios of 0.05 to 0.36 1b particles/lb gas correspond
to values of Roew's x/d of about 17 to 35, from which drag coefficients about 1.2

to l.% times the isolated particle values might be inferred. As Reynolds numbers
were reduced from about 200, however, Rudinger observed values that diverged rapidly
from that factor, reaching ratios as large as about 25 at Reynolds number of 10

(Fig. 17). He gave a mean correlating line as

. . 600

D Re1.7
and observed that points move essentially along the correlation with changes in
ehock strength but are translated to the left if smaller particles were used by
an amount that is less than the direct effect of particle size on Reynolds number.
After examining several potential causes of the high drag coefficients, such as
impulsively accelerated flow, delayed mixing of wakes into the gas stream,
electrostatic effects, non-constancy of particle sizes and densities and particle

collisions*, Rudinger developed a simplified flow modsl vhose solutions reproduce,

*An explanation, proposed by Soo (Ref. 86), of earlier Rudinger high Cp data in terms
of gas viscosity increases due to temperature rises across shock waves appears not to
be supported by changes with shock strength moving along the correlation, since the
largest differences from "standard" sphere drag occur at low Re numbers, i.e., at
low shock strengths.
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at least qualitatively, the major features of his experimental findings. The

fundamental. bases for the model are that transverse motions of a particle inter-
mittently carry it through cther particles' wakes so that velocity 1s perturbed
and that these perturbations are not self-cancelling but, through th: non-linear
convective terms {5 the momentum equation, accumulate as substantislly deviations
from the steady-flow, single particle drag. This re~-emphasizes the importance of
the convective terms in development of theoretical models. However, though his
qualitative arguments may be correct, at this point the quantitative data appears

to yleld suspiciously large values of Cjy.

Such transverse displacements and particle interactions can be readily imagined
to have accentuated importance in a turbulent gas-particle flow., If a egingle

particle is large compared to the scale of fluid stream turbulence, its drag

coefficient will be lower than in laminar flow with the same mean velocity

(due to delayed boundary layer separation). However, in flows of suspensions,

the particles are usually small compared to the turbulence scale and the particle
interacticon effects should be similar to those discussed for laminar flow. Ex-

perimental studies of drag coefficient variations with turbulence intensity have

been reported by Clamen and Gauvin (Ref. 95).

In addition to the convectiv: =ffects, Carlson and Hoglund (Ref. 90) have dis=

cussed and correlated effects on particle drag coefficients due to slip flow
around the particles (rarefaction) and high relative velocities between par-
ticles and a carrier gas (compressibility). Their empirical correlation was

vkpressed as a s2t of multiplicative factors applied to Stokes' law:

c - 24 “ronvection Fcompresaible
D R

e Frareraction




A Drag coefficients are lowered by both the compressible and rarefaction factors,

vhich may deviate appreciably from unity in the nozzle portions of rocket com-
bustors. A more recent algebraic expression derived by Crowve (Ref.9l) apparently
represents some experimental data better than does Carlson's, particularly as

free-molecular flow is approached.

Although Rudinger found little influence of flow acceleration on his spherical

particle drag coefficients, other investigators (e.g., Ref,92) have observed

appreclable reductions due to acceleration. The =agnitude of reduction has
been expressed analytically (Ref.93) as e function of an acceleration modulus,

Ac,

2a QU4
where Cpg = Cp (Ac = o) and Ac = 5 s vith a = sphere radius, u s local gas
velocity and y, - local particle velocity. For drag coefficients of the order
of unity, the magnitude of & Cp is of the order of Ac so that the effect of

acceleration can be neglected for Ac &€ 0.l or so.

Liquid droplet drag coefficients have been found to differ substantially from
those for solid spheres urder certain onditions. Droplet evgporation may
cause some reduction in CD but large effects are seen vhen the droplet vapors
burn. Related analytically to reduced surface skin friction (Ref.93), this
effect may also be enhanced by lowvered profile or form drag resulting from

vapor burning in the droplet wake.
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Droplet distortion also influences CD‘ Rabin et al (Ref. 94) observed

that small individual propellant dropiets exposed to weak shocks follow
Ingebo's crrrelation (Ref. 92) for accelerating spheres at Reynolds

numbers below about 80, but experience increased d—ag at higher Reynolds
numbers, eventually approaching the observed behavior of flat discs normal
to the flov. Some, but little effect of fuel droplet burning (in Q) vas
seen in the Cp data, apparently distortion being the more important effect.
As a result, a combination of Ingebo's and Rabin's empirical correlations
has been used for droplet drag calculations in many analytical spray come
bustion models. 1In these applications, no modifications heve dbeen intro-

duced tc account for the other complexities discussed earlier (particle

interactions, turbulence, compressibility, rarefaction, etc.). It is

apparent that improved capadility for rocket combustion analysis will

require that these phenomens be investigated and correlated.




Dropl-t Ereakup
A 1iquid droplet in a flowing gaseous medium will, i{n ger:ral, travel at a

different velocity than the surrounding fluid end thus will experierce pressure
and viscous drag forces. Depending upon the size of the di'oplet, the relative
velocities, the flow duretion and several gas and liquid physical properties,
the droplet may be deformed by these forces, even to the point of disintegration,
or breakup. Consideration of these phenomens is immortant to analysis of pro-
pellant spray combustion: droplet breakup acts to increase propellant gasirica"

ticn rates and to reduce propellant residence times in a combustiov.

There are two distinct modes of droplet breakup: bag and snear. Bag breakup

is moderately slow, being characterized by gradual pressure-force distorcion of

e spherical drop to a planetary ellipsoid, a flattened disc, & rim vith a bag
extending tc the leevard side, cc tinued stretching of the bapg until it ruptures
and, iinally, separation of the rim into u number of aedium size droplets under
surface tension forces. Shesr breakup occurs faster and more continususly than P
does bag breakup. In this mode, as droplet distortion due to pressure forces
vrocesds, viscous shear fouices on the droplet surface simultanecusly set ' a
cireculating boundary layer flow vithin ‘he droplet znd a complex capillury vave

vattern on {ts surface. Breakup epparently involves both stripping of wwve

crests and liquid boundary layer separation from the droplet at {ts perimeter.

An excellent, cavrel...v documented reviev of sxperisentsl and analytical studies
of drop shattering ves giv<- -n 1966 by Davora and others (Ref.9€ vorking

under Prof. J. A. Hicholls at the Ur:i-ersity of Michigan. Subsequertiy, mcet
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of the published work on drop breakup has been conducted by that same group.
The approach taken in this report section is to give a brief precis of the
1966 review, including the most pertinent references and summarizations of

results from mere cecent studies.

Experimental studies in the 1950's by lane (Ref. 97), Hanson (Ref. 98) and Hines
(Ref. 99) delinested the different modes of breakup. Results vere correlated

in terms of critical Weber mimbers (We - uys0/or). Bag breakup occurred for

Weber numbers exceeding 3.6 to 8.4 and vas superceded by shear breakup for Weber
nusbers much in excess of 10. Rabin, et al (Ref. 100) found that & more reproducidle
dema:.ation betveen bag and shea: braakup was We = Rel/g. Because of the rether
restrictad range of occurrence of bag breakup, most effort has been devoted to

shear breakup. A majority of experimental studies has been conducted in shock

tubes with quite weak (Ref. 97, 98, and 10J) to moderately strong (Ref. 102 and 96)
shockvaves. There is general agreement thist dreakup resultes from the convective

flowv behind the shock, rather than from any action of the shock front itself.

Droplet breakup transients are important; particular emphasis has deen placed
or the total breskup time (from first exposure to completion of disintegretion)
and on the breakup delay time (frowm first exposure to beginning of disintegre-
tion). Because total breskup times are difficult to measure accuratsly, Wolfe
and Anderson {Zef. 15i) Jdealt primarily vith »isekup delay times. Most
other investigators, hovever, have maintained {nterest in the total time;

1o some extent, diecrepancies in their results may be attributed to rather
sublective determination of the "completion™ of breakup. There is pudbstan-

tiai genersl agreement, frow avalytical studies ss vell as empirical correlations
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that total breakup times are of the form

.c__.D..SL

t
b u ~u,

vere C is a constant. The exponents on the diameter, velocity difference and
édensity ratio parameters have varied somevhat, in some studies, from those

given here.

The liquid stripped from a droplet rormally {s very finely divided and i{s com-
monly referred to as micro-spray or micro-mist. Me2an product droplet sizes
have not been measured, although there are indications that they may lie in
the sub-micron to a few microns range. As shear breakup proceeds, the parent
droplet mass is depleted faster than its drag force diminishes, it accelerates

wvith respect to the gas and the velocity gradient is thereby reduced. Event-

ually, the surface stripping may cease, leaving a residual droplet in the 30 to
S0 micron range and traveling nearly at local gas velocity. Accounting for

such residusl spray may te important to rocket perfcrmance analysis.

Droplet deformation under shear breakup conditions as denoted by D/Dcphere'
has been found to proceed linesrly in time for atout 1/3 of the total breakup
time (Ref.103)to a maximum value on the order of 3 to 4. As this deformation
progresses, the gas velocity across the perimeter grovs repidly, as shown by
an snalysis of potentisl 7low around a planetary ellipsoid (Ref.l0L) ennanc-
ing stripping. For a minor to major diemeter ratio of 0.3, the perimetric
velocity is nearly double that at the perimeter of & sphere. This showvs that

{¢t 1s {mportent to account for droplet distortion in snalyiing shear treakup.
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411 of the cited investigations were concerned with the breakup of isclated,

individusl droplets. Use of the derived breakup rsate expreasions in spray
combustion analysis hes usually resulied in overprediction of spray combustion
rates and performarnice a8 compared witlh experimental firing observations. One
presumed explanation Tor such discrepancies is that interparticle interactions
(sheltering, w3t reduce substantialiy the breakup rates. This effect has not
been investigated systematicelly at all; the only oluservations that have been
made are some unreported two-drop experiments by Fojec at Rocketdyne. With
two equal diameter 1500,(, KP-1 drops spaced about 1/2 drop dlameter apart
with oiae directly behind the other, the front drop's breakup proceeded
normally vhile the second drop sppesred to be essentielly undisturbed for
about half of the first drop's total breakup time, Fig. 18, These drops were
subjected to a fairly mild shock in ambient air, Shock overpressures were
approximately 20 psi; no ignition of the droplets wes observed. These drops
wera free of any suspension. It “hus appears that droplet breakup in a dense
spray may be half, cr less, a3 fast as isolated drop breakup. This effect needs

to be investigated quantitatively and thoroughly.
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METHOD OF ANALYSIS

REQUIREMENTS FOR OBTAINING DATA

As discussed previocusly, data are required to determine the procesaes
controlling spray combustion, which will permit evaluation of the
expressions used to describe the coupling terms. The coupling terms

of importance have been delineated. The purpose of this section is to
describe the methods used to obtain quantitative information about these

controlling transport processes.

It is clear from the preceding discussions of the coupling terms, that
experimental data used to gain information regarding the transport
processes must be obtained under conditions which simulate liquid rocket

operation.

Because of the highly convective, reactive, steep-gradient environment
of the rocket motor, the transport mechanisms of interest have proven
difficult to isolate and characterize, It is not surprising then that
most of the present expressions used to descride the transport coupling
processes (vhether analytically or experimentally derived) were obtained

from conditions far removed from rocket spray combustion.
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EXPERIMENTAL DATA REQUIRED

To overcome past deficiencies, definitive experimental results are required.

In particuler, the experimental conditions should simulate a liquid rocket
engine, In addition, the initial conditions must be accurately defined,
particularly the spray mass (dropsize) and spatial distribution. This has
been a major deficiency in the past; experimental firing conditions have not
been fully characterized. The experimental effort should produce results which
cal De realistically compared to the prediction of analytical models. This

is particularly true if one is attempting to characterize the transport
processes. Knowledge of the initial conditions in this case is of over-
whelming importance because such items as droplet diameter and velocity are

contained in the expressions for the transport processes.

In the past, information regarding precise initial conditions (i.e., initial
spray mass and dropsize spatial distributions) were not known, but had to be
assuﬁed. Similarly, the downstream distribution and degree of uniformity of
the spray flow field vere unknown. For instability studies, perturbation
sources wvere ill-defined and little information existed on the growth and

decay rates of perturbation wavea.

In addition to overcoming these problems, the experimental effort should also
provide some means of directly or indirectly observing the physical phenomena
(transport coupling process) being investigated. Further, quantitative data
regarding this phenomena must be obtainasble during both steady-states and
transient operation. it is evident from all of the requirements of the
experimental program that a very special device in which to perform the

experiments end obtain the data, is required.
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ANALYSIS REQUIRED

No less demanding is the analytical program that must accompany the experi.

mental effort. The coupling processes (1.e., the fluid dynamics controlling

the transport process) obviously depend not only or the droplet spray parameters,

such as diameter, drop velocity and liquid density, but also on the gas-phase
composition and conditions as well., The experi.ental program, as will be
shown, can readily provide only the drop diameter rad velocity as a function
of geometry and operating conditiona. Of the gas-phase jarauesters, however,
the only one easily measured is the gas pressure. Other parsmeters .uch as
the gas density, velocity, temperature and species composition must be calcu-

lated from overall steady-state and transient combustion models.

It is possible that with highly sophisticated techniques, such &s laser
doppler techniques, or cross turbulent correlations and zone ranging radi-
ometry the gas-phase parameters could be measured. However, at present, these
techniques are still undergoing development and, in addition, are extremely
complex and costly to use. Further, it is doubtful that they could provide

a more usable msasurement of the needed gas parameters than an accurate

combustion model.

However, it must be emphasized that the combustion model, if it is to be used
to calculate the gas-phase parameters and evaluat® the coupling mechanisms,
must be accuratsly formulated. No omissions or simplifying assumption can
be permitted in the conservation equations for the spray/gas flovfield that
would affect the evaluation of the coupling terms. Indeed, only the

coupling terms ithemselves should be treated as unspecified, In this

manner, if the experimental vork can provide sufficient information
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to eliminate the need for & priori specification of the major coupling
terms, then the combustion model can be used to calculate the gas flow
field. This, in combination with the experimental datu, allows the form
of the coupling terms to be calculated in an inverse fashion. A specific

method for this inverse calculation is described in the next section.
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OVERALL METHOD OF APPROACH

_ The physical phenomena represented by the coupling terms should be
isotropic, i.e., equally sensitive to velocity gradients or pressure
gradients imposed from any direction. The coupling terms should,
therefore, be independent of direction and of the instability mode
experienced. Thus, for evaluation of the terms, it is reasonable

to use one-dimensional (steady and transient) models. Once evaluated,
the appropriate coupling terms may be utilized for performance or
stability predictions in any of the models, whether one-dimensional

or multi-dimensional.

Consequently, an experimental device was designed and constructed to

" produce results compatible with the one dimensional models and which

may be realistically compared with the model predictions.

EXPERIMENTAL PROGRAM

Summary of Development

An experimental system has been designed, built and cold-flow tested, but

not yet successfully hot fired to produce thg desired results. The experimental
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apparatus is unique in that it utilizes a monodisperse propellant spray
uniformly distributed throughout the combustor. Conditions in the spray
combustion field are designed for precise control and definition. These
characteristics of the flow are those (the initial condit.ons) that one is
often forced to assume in order to obtain tractable mathematical models,
but have rarely been approached in experiments to test the vaiidity of

analytical predictions.

The motor, operated as & rocket combustor under either stable or transient
conditions, is quartz-windowed on two-sides to permit photographic and optical
observations. Because the design conditions are uniform and well-defined,
accurate determination of droplet behavior (particularly axial variation of
drop diameter and velocity) should be facilitated. In addition, a special
perturbation device has been designed that should introduce & planar, variable-

amplitude initial pressure wave, which travels upstrean from the nozzle throat.

The propellants utilized in this program are gaseous hydrogen (GHE) and liquid
oxygen (LOX).A photograph of the combustion system installed in a special
test stand at Rocketdyne's Combustion and Heat Transfer Iahoratory is shown

in Fig. 19. Some modifications have been made Lo the system that do not
appear in the photograph. The engine fires vertically downward into a small
flame bucket shown in the foreground. Propellants are delivered through

feed systems which are dynamically decoupled by high-pressure drop devicas
from chamber pressure oscillations. Thus, when the engine is operated in an
unstable-combustion condition only acoustic instability esfects associated

with the chamber alone are cbserved because the injection flowrates remein
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essentially constant, The amplification or attenuation of the instability

wvaves are to be monitored and conditions wvhich lead to wave attenuation or

grovth can be determined by variation of experimental parameters.

The expe’ iment can thus provide known initisl conditions and direct experi-
mental observation (obtained under both steady and transient behavior) of

physical phenomepa corresponding to the coupling terms to be investigated.

This unique device wvas designed, developed and brought to operatiopal status
during this contract. An extensive investigation of the methods of producing
spatially uniform single drop-size (monodisperse) sprays vas conducted to

aid the design. An cscillating plezo-electric crystal was used in the LOX
manifold to obtein the only known ex;erimental bhardvare capable of producing
monodisperses sprays of a cryogenic fluid and the only known device capable

of producing (in pripciple) monodisperse sprays of any fluid when operated

under liquid rocket engine conditions.

Liquid oxygen spray is introduced through an injector consisting of 480,
.0l5-inch-diameter drilled noles. The spray is burned vith a concurrent
hydrogen gas stream injected through porous metal (Rigimesh) strips on the
injector face. The resuitant flov is believed to be as pear one-dimensional
s i3 practical to achieve. Further, the monodisperse qualities of the
generated spray have been thoroughly verified by extensive cold fluwa (full
flov and rcv-by-rov). The monodisperse characteris®ics of the spray wvere
found to be gcod. The addition of & high-velocity ges simulaling the

hydrogen had oo disrujting effect on the spray formstion.
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- Although “he selection of a cryogeniz propellant (LOX) produced some dif-

ficulties in achieving monodisperse spray production, these difficuliies
were considered acceptable because of the advantages of the propellant com-
bination. First the LOX/GHp propellant combination is the primary one in use
today. Almost all of the large space vehicles, such as the Space Shuttle,
will utilize LOX-hydrogen propellants. Another advantage is the photographic
properties of this propellant combination vhich are excellent. Both GH, and
che resultant combustion product (H,0) are transparent in the spectral range
of visible light. In fact, GHp neither emits nor absorbs light and H,O has
bands only in the ultraviolet and infra-red regions. No vapors exist that
could physically occlude the fia2ld of view, such as those encountered when
trying to photograph combustion of N,Oy- K:H) or meny hydrocarbon-oxygen

propellants. Nc special windov purges vere required that could destroy the

r 3
one dimensionality of the flow field.
Therefore, LQX-GHé combustion is amenable to direct photographic observation
of the axial variation of droplet burning rates(i.e. diameter change) and
droplet velocities. Photographic methods to achieve such measurements were
investiyated and found to be entirely feasibdble.
These data, in combinatior vith the combustion models d-scribed later, vwill
permit determimation of the physicochemical droplet dynamic processes res-
ponsidle for controlling stesdy-state combtustion and regulating repiad
ccmbusticon energy additions to pressure waves.
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Tn: data will he obtained under a variety of chamber operating conditions:
mixture ratio variations from 0-6, chamber pressure up to 300 psia (steady-
ctate), various initial drop sizeas (500 to 10004). Data will be obtained
during both stable and transient combustion. In this manner a considerable
variation of experimental conditions, and corresponding data, can be input

to the steady-state or transient models.

Cozparisons of the experimental data with the predictions from the models

will allow definition of appropriate expressions for the coupling terms.

Detailed Description of the Combustior System Development

The initial intent was to build an electro-mechanically vibrated injection
device with a large number (LOO to 500) of liyuid oxygen streams disintegrat-
ing to form & spray of uniformly-sized droplets (in the 500 to 1000 diameter
rar e) falling at 30 to 40 ft/sec down a cylindrical steel tube. Annular
injection of hydrogen some distance bhelow the iujector would provide a com-
bustible mixture which would be ignited and brought to steady through-flow
combustion conditions. It was roughly estimated that the evaporating droplets
sould .cll heto-6-feet through the combustion gases without undergoing large
changes in droplet diameter or, by inference, large changes in their ability

to respcad to & pressure disturbance.

This original approach has been subjected to analyticel and experimental
investigation and modification. The modificaticns are summerized in the '

following paragraph and are discusged in detail in succeeding subsections.
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The fundamentsl modification involved the injection scheme for achieving

monodisperse atomization. Rather than eleciromechanical vibration, the
investigation centered around piezo-electric-crystal driven oscillatiorns of
liquid manifold pressure, a technique offering higher frequency capability
with reduced sealing and liquid heating problems. The higher frequency
capability permitted consideration of smaller diemeter droplets; an
extensive preliminary evelustion of cryogenic atomization indicated that
more precise control of droplet size might be expected with smaller sizes.
Capillary jet breakup into uniformly sized droplets, however, was found to
require quite low injection velocities (regardless of the driving method
used) -- so low, in fact, that the droplet residence times were calculated
to Ve high enough for complete evaporation to occur in a moderately short
travel distence, A steady-state combustion model was used to calculate
acceptable combustion tube operating conditlons. The model predictions
resilted in further modificatiocns: re - rsion to large diameter droplets
(4/75Q/4), copcurrent injection of hydrogen from the LOX injector, short-
ening of the combustion tube, and provisions for photogrephy of the spray

during steady-state combustion.

Monodisperse Spray Injection Coacepts. Means of achieving a continuous stream

of constant diameter liquid oxygen droplets were investigated in the first

few months of the program. This iavestigation culminated in the selection

of an ianjection method for the combustion tube, The investigation considered
atomization of one to five liquid streams; the final injector (discussed later)
has 480 individual stresm injection points uniformly apaced over a 2.00-inch

square surface.
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. Desplte limitations, which will be discussed; the most promising approach

for producing a monodisperse liquid spray was based on Rayleigh's enalysis
of the instability of laminar capillary jets (Ref.los)- In a recent review
of this subject (Ref. 106, Nicholls, et al.,, reached essentially the same

conclusions as those expressed by Rayleigh's analysis:

1., Capillary instability induced disinteg.alion of a cylindrical
liquid Jet into droplets of a uniform size can be enforced by

imposing an oscillation of the correct frequency on the Jjet.

2. The oscillation frequency for maximum instability has the

following relationship to the jet diameter and Jet velocity:

u
J
fopt B L7508 dJ
r

3. The frequency can be varied over a range from about 0.85 fopt

to 2.0 £, vhile maintaining uniform droplet diameter. Outside

)

that range, the atomization no longer results in a monodisperse

spray.

L, The product iroplet size is related to the jet velocity,

diameter, and osciliation frequency by:

1/3
2

3uy dy

o] EfJ

and, at the frequency of maximum instability,

Dd,opt = 1.89 dJ




5. The jet velocity must lie between & minimum given by

s\
) =

Whin® (T
J min 3 €

and the transitinn %o turbulent flow at a Reynold's

number on the order of 2300.

Substitution of the frequency equation into that for the product
droplet size indicates that, as shown, the resultant droplet size is
independent of the jet velocity. This result is due to the fact that
Rayleigh's analysis assumes an inviscid jet. Wickemeysr , Ref. 107, has
extended the analysis of capillary instability to include the effects
of aerodynamic forces, jet velocity and viscosity. Although his analytie
cal results did indicate some effect of the jet velocity, experimentation
at Re above 600 failed to confirm the analysis. His experimental findings
at R, > 600 indicate that

)

fort * T Cy

and hence

D -~ 1l.84
dopt J

This drop size was also the minimum he was able to produce experimentally.




Further, he experienced some difficulty in producing monodisperse sprays
with L/D ratios below 33. In this L/D range his jJet did not produce a

parallel flow.

The latter result is contrary to results obtained during this program in that

no problems were evident at L/D's as low as 3-10. Also the measured optimum
droolet diameters from this program were more nearly described by Rayleigh's
criteria  than Wickenmeyer's. The difference may be due to the short L/D
ratios and large jets used in our experiments. Possibly such geometries

do not allow laminar flow to fully develop. This possibility is suggested
by the fact that the actual injector of this program has been flowed at

Re Z 10,000 and still produces fairly uniform, monodisperse droplet flow.

The experimental investigation was made with an electrically driven plezo-
electric crystal to provide the imposed oscillation. This device has the
potential advantage of very high frequency capabilities and of minimal

sealing and coupling problems at elevated pressures.

The first experiments were made with a 2.0-inch diameter barium titanate
crystal coupled to an injection manifola through an aluminum r2:sonance

rod. Liquid water streams were formed by flow through short pieces of
capillary tubing soldered into an injection face plate. Cold flow character-
ization of this device with water discharged into ambient air, various
capillary tube diameirrs and a range of frequencies showed that its be-
havior conformed to the foregoing classical conclusions. An example nf

five streame of water droplets dischargnd from 0,0lv=-inch diameter capli-

laries is shown in Fig. 20,
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20. Array of 500-Micron Diameter Water Droplets
Produced by Modulating 0.012-in. Diameter
Streams at 2,340 cps

2l. Four Monodisperse Water Droplet Streams
from Four Different Diameter Holes Drilled
Through a Piezoelectric Crystal
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Another series of experiments was made with the piezoelectric crystal
itself as the injector plate. An ultrasonic drilling method was used

to drill 0.005-, 0.007~, 0.010-, and 0.015-inch diameter holes through

a 1.0-inch diameter by 0.10-inch thick crystal. Figure 21 shows excel-
lent monodisperse atomization of all four water streams at an oscillation
frequency of 1950 cps. Interestingly, since each of the liquid streams
has its own optimum frequency for maximum instability, this photograph
shows satisfactory monodisperse atomization for frequencies of about

0.5 fopt for the 0.005-inch jet to about 2.6 f, . for the 0.015-inch jet.

opt
The drilled crystal injector was evaluated in two extensive series of
experiments with cryogenic liquids. The apparatus employed is shown
schematically in Fig.22. Tests were first conducted with liquid nitrogen
(Lﬂé) as a simulant for liquid oxygen (Loz) in order to avoid the oxida-
tion hazards while developing the equipment anl test techniques. In none
of the experiments with Lne, however, did the injector actually produce
truly monodisperse sprays. It was suspected at the time that the LN, might
be near a state of incipient boiling, so that slight gasification could
result from slight pressure changes. This would act to absorb or decouple
the oscillatory energy from the injector or even disrupt the liquid jets.
Some support for this interpretation resulted from the second series of
experiments, in vhich successful monodisperse atomization was achieved with
LO2 subcooled a fev degrees belov its boiling point by passage through an
LN, bath. Results are shovn in one frame of a 16 ma Fastax motion picture

of & liquid oxygen upray reproduced in Fig. 23.
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Figure 23 Four Monodisperse Liquid Oxygen
Droplet Streams from the Four Holes
Drilled Through a Piezoelectric Crystal
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This drilled crystal injector configuration was subsequently found to be

impractical for a full injector. A representative of the crystal manu-
facturer expressed serious doudbts that the crystal would retain its response
properties and structural strength if it were perforated with several hun-
dred holes. It was regretfully decided not to use this concept, which had

otherwise looked very attractive for the hot firing injector.

As a result, the earlier, capillary tube technique was adopted for LO2 spray
production. Rather than relying on mechanical transmission of cscillatory
crystal energy through the injector structure, hovever, the crystal was in-
stalled integrally in the injector's IL@ supply manifold. By forcing the
liquid to flowv through a fev, moderately high O P holes drillad in the crystal,
vhich spanned the manifold, the injection manifold vas effectively decoupled

from the hydrsulic and acoustic characteristics of the upstream supply system.

A sizeable mmber of experiments wvas made in determining that good droplet
formation could be achieved with this technique. Three streams, formed from
~.0035, 0.006, and 0.008-inch diameter capillary tubes, were examined. A
typical example, wvith drop diameters ranging upvard from 17044 is shown in

Fig. 2k. The results of these tests strongly emphasized some potential prob-
lem areas: (1) monodisperse atomization vas not achieved for inj)ection veloc-
ities wmuch adbove 5 ft/sec, presumably as a result of turbulent fiow through the
capillaries (L/D ratios 7or these experiments were larger thar for the final
design of the injector), (2) injection pressure drops are extremely lov--
flovrate control by some auxiliary upstreeaz device is msndatory, (3; vorii-

¢ity in the trensperent chamber, induced by lov velocity tangential inlectiocn
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Fig. ¢4 . Liquid Oxygen Droplets Formwed from Three
Different Diameter Capillary Tubes. Crystal
in Supply Manifold Driven st 21L0 cps
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of "de-froster" nitrogen, disrupted monodisperse atomization, and of course,

(4) prevention of capillary plugging demands scrupulcus cleanliness.

At this point, the injection concepts vere discussed with Professor

A. K. Oppenheir and hir associates at the University of California,
Berkeley. In view of their successful experience in simultaneous.y
injecting liquid through & capillary and gas through a surrounding

annulus, and considering the potential disruption by uncontrolled re-
circulation, it was concluded that both propellants should bte {ntroduced
into the chamber together, i.e., through a single injector. This decision
considerably complicated the design of an injector, with an attendant in-
crease in fabrication difficulty end expense. Minimization of the number
of injection sites became very attractive, so an analysis of the ccmbustion

tube's steady-state operating conditions was undertaken to help optimize the

design.

Analysis of Steady-state Experimental Conditions. Kncwvledge of the L0, spray
droplet's lehavior during steady-state combustion tube operation is essential
to successful analysis and correlation of rressure wave growth. It is also
essential for proper design of the experimental apparatus and selection of
cperating conditions. An existing digizal computer model vas ':5ed for alding
in the design of experimental apparatus. The model employs & typical eva-
poration-rate controlled formulation. It was coblained by mcdifying the formu-

lation presented in Ref.33 for appropriate corbustion tube conditions.
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Initiel analysis, carriea out for 225 minimum diameter injection tubes

(a 15 by 15 square array with 1/8-inch between tubes) revealed immediate
conceptu’1 difficulties in taat: (1) the L0, injection rate was severely
linited by the combination of tube size, number of tubes, and most imporcv.-
antly, injection velocity, so that (2) only relatively low injection mixture
ratios were possible, and (3) the droplet velocities were so low that they
were completely consumed on passing only e short distance downstream of the

injector face.

The combustion region is of the primary importance and must be long

enough to install sufficient instrumentation to obtain definitive data.

As originally envisioned, there would be & region of sufficlent length
vhere the relative velocity would be quite low and droplet slze change
would be negligidle. The attaimment of this configuration requires (for
a fixed number of delivery tubes) both highdr jet velocity and higher H2
mass flowrate (i.e., higher combusiion product velocities and, hence,
greater drag) than that previously calculated. These would result in
drop velocities sufficiently fast for the drop to lravel an appreciable
distance during the first portisns of burning, yet not undergo breakup.
However, raising the H, wass flowrate when it was not known 1if cae could
raise the jet velocity (i.e., the mass of oxidizer delivered) could lower

the mixture rativ to an unacceptable level as well as promcte breakup.

Altrough it was not pcssible to completely achieve the initially desired
concept, 1t was desirable to simulate it ag closely as possible. There

are two requirements that allow achievement of this desired result; both
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have been mentioned, high jet velocity (a factor of 3 or 4 would lengthen

the combustion region by a significant amount) and igh combustion gas

velocity (increased propellant flow rate).

The first of these is particularly 3degirable and automatically allows the
second while still maintaining small relative velocities. It appears pos-
sible that the laminar jet region (Hagen-Poiseuille flow) may be maintained
at Reynolas numbers greater than 2300 (up to say 15,000) if the entrances
to the delivery tubes are weil-rounded and if the delivery tubes are short
(L/D's of 3 - 10). The final injector design wae able tc achieve drop pro-

duction at about R, = 10,000.

Yowever, even if higher jJet Reynold's nmumbers were not attainable the combus-
tion region could be lengthened by one or both of the following methods:
(1) increesing the propellant flow rete through the addition cf gaseous Cg
to the H, stream or (2) vy utilizing the same number but larger diameter
delivery tubes, thus producing larger drops. (The cost of machiniry a given

number of tubes goee down as the size of the tube increages).

Part of the injector charscterization study included these nethods and they

are revieved in deta!l bvelow.

Gaseous O, msy be added to the By flov in amounts just belov that required for
flammability and, furthermwore, improves the oversll mixture ratio, However,

if this method were used without being able to raise the jet velocity (it is
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desirable to do both), the desired requirement that the combuation region

be one of low relative velocity cannot bte entirely met. Because the low
relative velocity requirement stems from single droplet breakup criteria,
and because the spray droplets will actually experience a fair amount of
sheltering provided by neighboring droplets, probably this requirement can
be relaxed. The limiting aspect for this approach i{s likely to be too rapid
consumption of the sprey in the burning region, in which case larger initial

droplet sizes would be ultimately required.

The other method, production of larger drops, directly increases the oxidi-
zer flov rate. This allows (for the same mixture ratio) higher hydrogen
mass flov rate and, thus, an increase in combustion gas velocity. Disadvan-
tages here are the initial size of the drop, which is quite far removed from
actual rocket engine conditions, and of course the same breakup questions

that apply for the first method.

After a detailed compsrative study of these competing methods, the latter
was chosen. Premixing gaseous O, and H, prior to injection appeared tc
involve too high risk of hardware destruction to warrant its use unleas

the objectives could not othervise be met,

Modified Tube, Injector Designs. The modified tube and injecter designs
2 4

appear in Figures25and 26. The gas phase is now introduced through the

injector face with separate manifolding for the liquid phase oxidizer and
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gaseous fuel. The Rigimesh acts to diffuse the flow, promote good mixing

and hold gas-jet interference to & minimum. This scheme is felt to give
a more nearly uniform gas-spray flowv than bringing the gaseous propellants
in furtbher dovnstream vhere recirculatioo could create problems. Further-
more, & numoer of propellant cowbinations may be utilized. The design is

not limited to hydrogen and oxygen.

The final design specified 750 a4 drops (vith a possible monodisperse oper-
ating range of 500 to 1000}4.) formed by capillary jet atomization of
streams from 480, 0.015~inch diameter delivery tubes. Normal machining
vractices could be used to drill these holes, whereas smaller holes would
require advanced (bevond state-of-the-art) techniques, such as laner or
ultrasonic drilling, etc. The increased number of holes vas necessary to

achieve pressures above 100 psis at reasonable contraction ratios.

The tube is 20-inches long and has transparent quartz vindows on two sides

for photographic purposes. A constricting section (other than t..e nozzle) to
obtain complete combustion, initially proposed, is no longer necessary. The
modifications have brought the system much closer to the ideal engine it attespts

t model. Fabrication of the system hes been completed.

Description of Fabricated Combustion System

LOX Dose and Crystal Mechanism. Attached to the tcp of the cambusiion tube, as

showvn in Fig. 25 are the injector, the orysiai holder {vith Um crystal instde),
&
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and the LOX dome (manifold) which attaches to the LOX supply lines. The

LOX dome and crystal mechanisms are shown in Fig. 27 . Originally the LOX
entered through the capillary tube shown in the LOX dome. This tube pro-
vided a high pressure drop between the LOX tank and the engine, thus assuring
nearly constant flow rate to the engine even when large chamber pressure
excursions occurred. After the photograph of Fig. 27 was made, the capil-
lary tube was replaced by a drilled orifice, providing the equivalent & P.
The change wvas made to prevent plugging in the small capillar, ‘ube and to
facilitate orifice changes during runs with different flow rates. In addi-
tion, the flow distribution wvas improved by providing four LOX flow ports
into the dome, rather than one. Tvo of the LOX rorts (located on opposite
sides of the dome) are connected to the drilled orifices providing high AP
between the tank and engine, while the other two LOX posts connect directly
to check valves, thus, providing an slterna’ive lowv AP path to the LOX tank.
Selection of flow through either or both sides (simultansously) is possible
through manipulation of flov valves @ and Q}) showvn ‘n the propellant
system schematic, Fig. 30. Provisicn for the low pressure flow path allows
safe inspection at lov tank pressures of the spray during cold flows and
chilldown prior to a hot firing. Safety limitations require that personnel
leave the test stand area vhen tank pressures exceed 300 psia. Prior & hot
firing the lowv pressure valve @) is remotely closed and the LOX tank pres-

sure increased 1C provide a high AP path for the LOX flow.
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After filling the dome, the LOX flows through a low pr:ssure (50 psi) drop,
high porosity Rigimesh filter which serves to distribute the flow over the
crystal. The crystal 1s loosely constrained on all sides within a Teflon
seat, shown fitted around the crystal in Fig. 27. The crystal and its
Teflon holder, in turn, fit loosely within the aluminum crystal holder (also
Fig. 27) which is bolted between the injector and dome. The crystal holder
includes seals for the electrical leads to the crystal. The bottom of the
Teflon seat rests directly upon the back of the injector providing approxi-

mately 1/L-inch of space between the injector and erystal.

10X flows uniformly across the top of the crystal and around the sides of

the crystal in the space between the crystal and the holder. The LOX then
flows radially inward toward the center of the crystal face filling the volume
between the injector and crystal created by the 1/b-inch vertical space pro-
duced by tabe on the Teflon seat. Effectively, the crystal is immersed in

the liquid oxygen. This method thus eliminated any need to "clamp" the crys-

tal sad drill holes through it to allow LOX passage.

Injector. LOX enters the 20 milled slots in the back of the inJjector as
shown in Fig. 28. At the bottom of each slot, and located uniformly along it,
are 24 drilled, 0.0l145-!nch diameter well-rounded orifices. IOX enters these
480 holes and is discharged into the chamber tube as showerhead jets. Opera- |
tion of the crystal synchronizes the instability of these jets into Rayleigh-
like capillary breakup. These discharge orifices are more clearly apparent

in Fig. 29 and 30.

170 R-8377



2

R-8377

Figure 28. Back View of Injector
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Figure 29, Side (Frontal) View of Injector

1Xw73-3/18/68-31¢
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Figure 30. Front View of Injector
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The injector also introduces the fuel (hydrogen) into the chamier. Between
the rows of LOX discharge orifices are strips of Rigimesh behind each of
which 1s a separate hydrogen manifold passages. Tiese passages, shown in
Fig. 29 are fed by manifolds located on each end of the strips. These

manl folds (shown open on Figs.29 and 30) connect, in turn, to large entrance
manifolds located on two sides of the injector. The larger Lanifolds are fed

by supply lines which connect to the main hydrogen supply, Fig.38.

Combustion Chamber - L@2 Bath - Windows

The combustion chamber is shown in Fig. 31. It is made from stainless steel
and is windowed on two sides. After the photograph of Fig. 19 was taken, a
numver of minor modifications vere made. Additional Kistler transducer loca-
tions have been provided (13 in all), particuiariy for pressure wave measure-

ments neer the thrust and injector face.

In addition, the stainless steel LN2 bath atop the chamber has beern replaced
by a Terlon bucket. The function of the LN, bath is to subcool the LOX and
prevent flashing during the droplet formation. Some heat input from the
lines and valves located between the tank and the injector occurs, of course.
Similarly, the crystal cperation produces some {but very little) heat. The
LNy bath thus, assures LOX temperatures below the saturation temperature.
The Teflon material on the bucket acts as an insulator to prevent rapid LN2

bolloff and to block heat transfer between the bath and the combustion chamber.
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Heat transfer between the bath and the ccmbustion chamber is quite serious.
Not only does it chill the quartz windows, which may crack them, but also it
causes condensation and ice formation on the windows which occludes them.
The 3/b-inch-thick Teflon base on the bucket substantially alleviated this
protlem. In addition, a 1/4-inch-thick Teflon seat was added between the
combustion tube and the injector. All bolts which connect the dome, etc.,
to the chamber (and provide a heat transfer path) have been sleeved with
Teflon. This procedure eliminated much of the remaining heat transfer prob-
lem. A view (into the bucket) of the completed installation, with injector,
crystal holder and dome system, is shown in Fig. 32. Most of the fittings
are for two i8-foot heat-transfer coils to chill the LOX. Ome coil is
required for the low pressure line and another for the high pressure LOX

line.

Although the heat transfer problem is effectively diminished by the above
modification it is not entirely eliminated, nor is the LN2 boil-off with
attendant vapors that tend to sweep over the windows and cavse ice formation.
Over long periods _f operation (i.e., 2 to 3 hours of LN2 in the bath) ice
formation on the windows again becomes & problem. This wvas unfortunately
accentuated by the method used to install the windows. As shovn in Fig. 33
the j/h—inch-thick quartz windows are held in place by aluminum windov
frames. The frames are constructed in such & manner that a fairly deep

well is produced between the outside of the vindov frames and the outer

edge of the windows. Collection of moisture, and subsequent {ce formation,

became a serious problem even with the greatly reduced heat transfer rates.
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Viev Into the LN, Bath Atop The Combustion Tube
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This problem was finally solved by installing thin 1/8-inch-thick quartz

vindows over the entire length of the well area and directing heated GN,
intc the well area between the inner 3/4-inch pressure vindows and the
outer windows. Tapped holeg for the fittings are shown in Fig. 31 .

The completed installation is shown in Fig. 34 and 35. Note particularly
in Fig.34 the four small drilled holes at the inner top of the window
frame. These holes are drilled in the tnn end of eacn freme and provids
the exit path for the GNE. In suddition, to prevent ice formation on the
outer cover windows it was necessary to install a windcw purge of heated
GN,, entirely around the perimeter ¢f the windows {¥ig. 34 and 35). This

combination completely solved the ice-formation/water-condensation problem.

Initial hot-fire operation of the system resulted in cracking of the pressure
windows. Quartz is sensitive to thermsal shock or rapld pressure loadings,
particularly if such effects result in tensile stress within the windowvs.
Failures were traced to the rigidity of the instaliation technique. This

was alleviated by reducing the size of the windows and floating them in
silicone rubber (RTV-102). This allows some movement along the length and
width of the windowe. The windows are separated from metal contact by gasket
material in the inside and heavy O-rings on the outsilde, against the bevelled

inper edge of the window frames.

The convergent nozzle section and throat insert (made from OFHC copper) is
contained in a steel throat plate section (Pig. 36). The contraction ratio

is easily varied by changirg copper throat inserts. The steel throat-plate
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section also serves as the bearing surface for the perturbation device.
This device is a small plate (contained in a rail and covering the width
of the chamber) explosively moved across the small dimension of the throat.
The throat is effectively closed for approximately 20 - 50 microseconds,
thus providing a well-defined pulse that is essentially planar in nature
and small in duraticn compared to the perind of the fundamental natural

frequency (1500 cpd of the chamber.

Rigidity and alignment of the chamber in the test stand is controlled by

adjusting bolts attached to the steel throat plate. These are shown in

Fig. 19.

Injector Cold Flow Results

Following fabrication of the injector the device was cold flowed with TRIC

( trichloroethylene) water, and liquid oxygen. Both full injector flow and
row-by-row flow tests were performed. The full injector flow tests were also
performed with and without GN, (gaseous nitrogen) gas flows simulating the
gaseous hydrogen. Row-by-row tests were performed to determine if misalign-
ment (in any direction) of the jets was present. These flows were achieved

by blocking off 19 of the 20 milled slots on the reverse side of the injector.
Some problems in distribution were observed using this method but they were not
detrimental. A typical example of the row-by-row tests is shown in Fig. 37.
The particular fluid used in these tests was water at Re = 2300. Alignment

was checked not only by the frontal view shown in this photograph but also
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along the row itself, i.e., in the plane normal to the photbgraph. Results
of these tests indicated that eight of the L8O holes were hopelessly mis-
aligned and they were subsequently blocked. Figure 37 also shows the
excellent planar qualities of the flow field. This was typical of all

rows and indicates the flow field is essentially one-dimensional in nature.

These row by row tests were performed in the absence of co-flowing gas.
Clearly eviéent on the photograph is the oscillatory nature of the droplets
which is retained long after formation. Approximately every seventh row

the cycle is complete. Damping of this oscillation is dependent on surface
tension and convective forces. Interestingly, the addition of a gas flow
simulating the hydrogen in the full ihjector tests damped these oscillations
rapidly and resulted in quite uniform and spherical droplets. Unfortunately,
those results are on 16 mm f£ilm and difficult to observe unless projected.
Further, no disruption of the flow field occurred with the gas te;ts; in
fact, the gas flow appeared to stop tendencies toward collision and

agglomeration.

Figurg»ST also indicates the presence of swall satellite droplets. These
droplets, for the most part, rapidly disappear through agglomeration with the
next droplet in line. They can, however, be eliminated entirely by timing
of the frequency. Further, full cold flow injector tesfs produced better

distribvution and relatively few of these satellite droplets.
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In all respects the drop production capabilities of the injector was deemed
satisfactory. Row-by-row tests were performed at Reynold's numbers up
to 10,000 and although the quality of the spray slightly but gradually
deteriorated above Re = 2300, sufficiently near monodisperse spray was

still produced at the high flowrates.

ration of the Combustion System As
& Rocket Engine

Following assembly of the combustion system, it was installed in the test
stand in the manner shown in Fig. 19. The test stand is supplied by a

number of propellant, purge, water, and LNé systems.

Propellant System. The schematic of the main propellant systems is shown

in Fig. 38 . Primary emphasis is placed on the LOX and hydrogen systems
supplying the teet stand. Some other systems, because they interact with
the main propellant lines, are also shown. dowever, no source supply
(except for LOX) systems are presented. These source supplies are common

to all the test stands at the laboratory and are quite elaborate in detail.

Gaseous hydrogen flow, delivered from the bottle banks, may be split, if
desired, with one portion passing through a large INé heat exchanger. Flows
are subsequently joined in a spiral mixer located downstream of the heat
exchanger. Control of the proportion of the flow that is cooled allows

delivered injection temperatures to be predetermined at any desired level
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betveen azbient and [N, temperature., Liquid nitrogen jacketing sround,
and dowr.stream of the fuel main valve aids in this temperature control.
lotal flov control is maintained ancl measur:d by a calibrated sonic

venturl close coupled to the engine hydrogen supply inlet., Appropriate

GHe and CN, purge systems are used.

Liquid oxygen is supplied from a GN,, pressurized tank. Supply lines are
vacuum (or LNé) Jacketed from the tunk to the coil inlets in the bath. The
liquid oxygen main valve is cooled by & Lmé bath. LOX flow may enter the
engine through either the low A P or high AP system lines. Both supply
valves <€§\ and <i§\ remain open during chilldown until liquid oxygen

spray is produced within the chamber at ambient pressure.

The liquid nitrogen flow around the main propellant supply lines and valves
is continuous, either dumping into the engine bath oi overboard. Engine
bath LN2 level is maintained through actuation of an automatic valve,balancing

boil-off and overboard runoff.
Heated GN, to the chamber window wells and window purge system 1s provided

through use of a counter-flow electrical heater capable of providing GN2

temperatures of 200°F.
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Hot Fire Operation. Unlike most LOX-GH, engines the combustion system

utilizes a LOX-rich start sequence. This is done to insure proper crystal
operation and liquid oxygen spray production at tihe chamber prior to hot
firing. A schematic of the crystal circuit is presented in Fig.39. Upon
verification of chilldown, the valve to the low pressure coil 1s closed and the
pressure in the tank increased to maintain proper flowrate. Flowrate is
continuously monitored by reading the digital output of the flowmeter

located in the LOX supply lines. Upon reaching proper flowrate utilizing

the high 8 P side, an additional increment of pressure equal to the expected
chamber pressure for the run is added to the tank pressure. This insures

rated LOX flowrate at full chamber pressure.

During this operation the GHp supply pressure is regulated to provide the
desired flow. The fuel bleed is manually opened and the entire GH, system
upstream of the main valve is chilled to operating temperature. The fuel

bleed restrictor orifice ‘E}7 is sized to pass the same flow as the venturi.

The actual start and shutdown sequence of the engine is automatically
controlled through & digital sequencer. Spark ignition occurs simultanecusly
with opening of the fuel main valve. This valve incorpora.es special controls
o produce a slow ramp opening rate. Mainstage rated hydrogen flow is gradu-
ally approached with minimum disturbances of the co-fiowing LOX jets and
spray. The ignition source is sequenced off at completion of FMV opening

(some 400 ms ) and complete meinstage testing 1s approximately one second
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in duraﬁion. A special shut-~-down sequence is then activated which closes
the LOX tank fill valve, Fig.38 and opens the LOX bleed valve. This
allows the LOX accumulated in the 18-foot coil to reverse flow and exit
through the bleed valve. Rated hydrogen flow is maintained during this
entire time. The hydrogen serves to burn that portion of the oxidizer
which continues into the chamber. Fortunately the high pressure drop
orifice acts as a reverse flow restrictor to the LOX compared to the
bleed valve path and, as a consequence, the mixture ratio and, hence,
temperature in the chamber during this shutdown sequence produces no
damaging effects to the windows or steel walls. In the absence of the
long hydrogen shutdown, direct burning of the windows with that small

oxygen flow coming into the chamber had been experienced.

The entire propellant system and combustion device are extensively
instrumented. Reference to Fig.38 reveals a large number of strategically
placed thermocouples and pressure transducers. These are recorded both

on an oscillograpt and a digital recorder (Beckman). Cutoff frequency

for the FM tape system is 20,000 Hz.

A list of all instrumentation and vaives, etc., appear in Table 1I.
Further, a complete description of recording capabilities is presented in

Appendix I.
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TABLE 1
TEST HARDWARE DESCRIPTION

GH,, SYSTEM

HARDWARE:
1. GHp PRESSURIZING MOTORIZED LOADER

2. GH, PRESSURIZING CONTROL MAROTTA

¥. GHy PRESSURIZING REGULATOR 1" - O-2000 psia

4. AUX PAD ARNIN

5. CHp SHUTOPF ANNIN - 1°

6. JAMESBURY VALVE - COLD SIDE

7. JAMESBURY VALVE - HOT SIDE

8. GEy MIXER

9. SHARP EDGE ORIFICE = ,200" DIAM,

10, 10 FILTER

11. BLEED RESPTRICTOR ORIFICE - ,116" - SAME FLOW AS VENTURI
12. GH, BLEED ANNIX - 4" N.0.

13. GH, MAIN ANNIN - 3

14. SONIC VENTURI - .104" DIAM.

15, GHe FUEL PURGE MAROTTA

16. GHe FUEL PURGE RESTRICTOR ORIFICE ~ 50 psi - .032"

17. 5. GRy FILTER cz’vm Vo = 1'/00c
18. GN FUEL PURGE RESTRICTOR ORIFICE - 140 :li - 032"
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10X SYSTEM

HARDWARE

1.
2.
3.
4.
5.
6.
7.
8.

13.
14.
15.
16.

LOX TANK PRESSURIZING MOTORIZED LOADER
LOX TANK PRESSURIZING MAROTTA

LOX TANK PRESSURIZING REGULATOR

LOX TANK PRESSURE ANNIN

LOX TANK VENT ARNIN

LOX TANK FILL ANNIN - 3"

LOX FILTER 10_u.

10X BLEED RESTRICTOR ORIFICE = .175" - 50 psi in tank (.8 lbs/sec)
LOX BLEED ANNIN - %" N.O.

LOX FLOWMETER

LOX MAIN ARNIN - %"

GHe OXIDIZER PURGE RESTRICTOR ORIFICE ~ Ramoved (Gives about same flow
as fuel purge)

CHe OXIDIZER PURGE MAROTTA
JAMESBURY VALVE - LOVW PRESSURE SIDE

JAMESBURY VALVE - HIGH PRESSURE SIDE

LOX HIGH PRESSURE RESTRICTOR ORIFICE (2) - Variable per test request
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JUSIRUMENTATION

0-3K
10X
LK,
(2.5K

)¢ 0}
0-400

2K
]

R-8377

a.
b,
o.
do
e,
L.
8
h.

PLOXPK - LOX TANK PRESSURE

TLOX U/SPH - TEMP LOX UPSTREAN PLOWMETER
TIOX U/SO - TEMP LOX UPSTREAM ORIFICF
210X U/80 - PRRSS. LOX UPSTREAM ORIPICE
TLOX DOME ~ TEMP LOX DOMB

PLOX DOME - PRESS LOX DOIR

PLOX CRYS ~ PRESS LOX CRYSTAL

TLOX INJ - TEMP 10X INJECTION - LX, ref.
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ENGINE SYSTEM

BARDVARE
1. J2~ASI SPARK PLUG YOR CHAMBER IGNITION
JESTRUMENTATION
0~350 a. PCINJF - PRESSURE CHAMBER INJECTOR PACE
0-350 b. PCSTCONV - PRESSURE CHAMBER START OF CONVERGENCE
0=-T00 ¢, KISTLERS 1 -» 6 - HIGH FREQ. FLUCTUATING PRESSURE MEASUREMENT
AMB d. T/C CHAMBER
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INSTRUMERTATION

0-X
ANMB

0~100

R-8377

&
b.
Co
d.
8.
f.
g
h.
i.
Jo
k.
1.
m.

Do

PGH,, SUP ~ PRESSURE GH, SUPPLY
TGH, SUP - TEMP. GHp SUPPLY

PAGH, U/SM - PRESSURE AMBIENT GH, UPSTREAM MIXER
TCGH, U/SO - TEMP. COLD GHp UPSTREAM ORIFICE

PCGH, U/SO - PRESSURE COLD GHp UPSTREAM ORIFICE
PCGHy A PO - PRESSURE DROP ACROSS COLD GH, ORIFICE
PCGH, U/SM ~ PRESSURE COLD GH, UPSTREAM MIXER
TCHy D/SM - TEMP GH, DOWNSTREAM MIXER

PCH, U/SV - PRESSURE GH, UPSTREAM VENTURI

TGHp U/SV - TEMP GH, UPSTREAM VENTURI

PGH, TV - PRESSURE GH, THROAT VENTURI

PGHy MAN - PRESSURE GH, MANIFOLD

TGH, MAN ~ TEMP GH, MANIFOLD

TGH, INJ - TEMP GE, IKJECTION « L¥Np vef
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Methods to Achieve the Desired Information
from the Experimental Tests

Experimental data i{s to be obtained under a variety of chamber operating
conditiens. Both steady-state and transient operation is to be monitored.
During either mode of operation, initial injection mixture ratio can be
varied from 0 - 6, chamber pressure from 50 - 300 psi, and initial drop
size from 500 to 1000 x4. Hydrogen injection temperamture can be varied

from LNé conditions to near ambient.

During nonsteady operation the motor can be pressure pulsed with a perturbation
source. This perturbation source consists of a small plate shot across the
nozzle throat plane at verying speeds. The throat is closed to flow for a
few microseconds and a ram pressure develops at this point. The phenomena
is much like that compared to the sudden closing of a gate valve in a pipe-
line. Duration of the pressure pulse, i.e., closure of the throat can be
controlled either through size of the perturbation plate or through its
velocity across the nozzle. Amplitude can be controlled by the presence

of holes in the plate allowing only partial closure of the throat. There
is, of course, a maximum amplitude of the wave ram and it éan be approxi-
mately calculated to be close to three times the throat pressure, Ref.108.
Rigner émplitudes can be achieved through use of explosive devices located
at the throat, although these do present some difficulties in analytical
modeling. Following passage of the closure (perturbation) device, the
nozzle again is fully opened. Part of the pressure perturbation relaxes

due to convective flow out of the nozzle. Amplitude is also affected by
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the expsnsion of the throat to the chamber, a contraction ratio varying

between 3 -~ 12 depending cn the throat insert,

The perturbation source 1s located at the throat to insure planarity of

the wave by the time it contacts the major portion of the spray. Additionally
the wave has the entire chamber length to travel before it interrupts (if

it does) the production of monodisperse spray at the injector. If it does

not consume all the spray on the first pass, reflection from the face will
result in wave propagation down the chamber, back through spray which initially
resulted from monodisperse production. Another important reason for locating
the perturbation source at the throat,and the manner of perturbation production,
(throat closure) is that such a disturbance can be accurately modelled analyti-
cally. By specifying only wave ram-type perturbations (u = o at throat for
some At) the computer model can accurately calculate the pressure produced.
Other methods such as blasting charges produce both overpressures and

reverse velocities which are extremely difficult to specify and model.

In any event, & considerable variation of experimental conditions and cor-
responding data can be input to the analytical models. The data itself will
be compused of: fully characterized initial conditions (uniform, monodisperse
spray), well defined perturbation source, pressure variation as a funstion of
time and space, and direct measurement of droplet diameters and velocity also
&s a function of time and length. With these data, such items as burning and
breakup rates (from droplet diameters) and drag coefficients (from drop diam-

~ »r and velocity) can be deduced. Further, pressure monitoring of the
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amplification or attenuation of the perturbation wave can determine the

range of conditions which lead to the onset of instability.

Photographic Requirements. It is evident that what makes the experiments

valuable is full knowledge of the initial conditions of the rocket and
subseqient experimental determination of the droplet behavior in the chamber.
The fact that conditions are uniform (monodisperse, etc.) throughout the
chamber (one-dimensional flow) and initially well-defined facilitates the
observation of the droplets. But this observation must result in quantita-
tive data for use in the models. Thus, photographic techniques for measuring

droplet diameters and velocities must be used.

Photography within transparent rocket engines is not new; photographs
within such devices were taken as early as the 1950's. Rarely, however, has
ti.2 photography been used for other than general observation or for streak
films useful for instability correlations. The distribution of drop sizes
and nonuniformity of the injection pattern has precluded the axial measure-
ment of drop diameters and velocity which are representative of the spray
field as a whole. Little ¢:-~atitative data in actual drop diameter and
velocity variation in a combustion spray flow field has been obtained. In
many cases photography was only possible vhen massive window purges were
used to remove propellant vapors that were occluding the windows. These
purges, in turn, destroyed any chance for one-dimensionality of the flow
field, ta from such photography, if obtained, could not be used with a

~mbustion model to ascertain burning rates, etc.
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These were the major factors that led to the selection of the monodisperse
spray flow field and of LOX and Gli2 as the propellants. Photographic pro-
perties of this propellant combination are excellent. Both GH2 and the
resultant combustion product HEO are transparent in the visible light
portion of the spectrum. Figure <0 presents the spectrum resulting from
ccmbustion of LOX and GH, . No vapors exist that could physically occlude
th: field of view such as occurs with NTO-NoHj, propellant combinations.

Thus, no window purges are required and the one-dimensionality of the flow

field is retained.

Photographic Techniques. FPhotographic methods to achieve the required
measurements were investigated and fourd to be feasidle. A tabular

sumary of possible methods and their use is presented in Fig. il .

Without doubt the results of Wruker and Matthews, Ref.lO9have shown the great

potential of holographic techniques. This is particularly so in that with
one hologram all of the rows of spray may be studied., However, their work
does indicate problems with high spray density. This can be

overcome by utilizing a two-beam syetem, but this is fairly expensive to

build. Further, if the spray field is monodisperse and uniform then depth

of field problems are not as serious.

For this reason, to date, the experiments have utilized the Fastax camers

and strobe, spark shadowgraphy and the ballistic camera with a continuous
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light source to quantitatively determine the axial drop-diameter (due
to burning and/or breakup) and velocity variation of burning liquid oxygen

sprays under actual rocket conditions.

Spark shadowgraphy is similar to use of the strobe and Fastax except some-
what shorter duration times mey be obtained with the spark and still pictures
may be taken. In practice, & drop of 1004 represents only ~ 5%5‘ of the
initial mass of the injected drop (720). Thua, even if the minimm view-
able drop is 1004, this represents over 95% of the lifetime of the droplet
and is more than sufficiert to obtain the desired data. Further, some initial
anuiysical predictions presented in the Results Section indicate that for a
typical test, C.R., = 12.3, over 14 inches of travel is required for the drop
to obtain a velocity of 100 feet/sec and some 17 inches to reduce to 100 44,

in size. This represents the entire windowed section of the engine.

Some concern has been expressed over the ability to backlight a burning LOX

rop and accurately determine its diameter. Factors such as the steep gradients
in density between the LOX surface and combustion gas flow could distort the
light path and appear to enlarge the droplet over its actual size. If the
boundary layer around the drop were large (say equal to or greater than the
drop radius) this might indeed be a problem, particularly if a flame of high
temperature were also anchored around the droni~t. Under convective conditions
however, a8 discussed in the reviev of the coupling terms, the flame is dbelieved
*o Ly swept into the wake and the boundary layer to be of negliglble thickness

(€ % of ‘he drop radius). I s doubtful if this vould interfere with Lhe
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accuracy of drop alameter determination. However, this can be checked to
some degree by comparing the initial diameters under burning conditions to

those obtained under cold [low.

Appendix II presents the equations utilized for setting film sreeds, camera
locatiors, and magnification ratios, etc, The photographic setup varies
with subject (diameters or velocities) and the axial location of interest.
Normal accuracy is taken to allow image movement on the fili of no more

than 10% of the diameter of the droplet.,

ANALYTICAL PROGPRAM

Summary of Development

Comparison of the experimental deta obtained and tne prediction of the models
is to be used for evaluation of the adequacy of expressions for the coupling
terms. The purpose of this section is to deacribe how the experimental and
analytical programs will be used to make this evaluation. For this purpose
the generalized model was reduced to one-dimensional steady-state and tran-
sient forms and programmed for a digital computer. These reduced models vere
progremmed in a flexible form sc that the important imput parameters, vhich
control the coupling mechanisms, svpear in sudroutines. The only unknowns
that appear in the programs are expressions for the coupling terms because

the models match the initial and boundary conditions of the erperiment.
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- Steudy-~Stave Model. The steady-state combustion model formulation ie unique
in that 1t allows either complete calculation specifying coupling terms a
priori, or direct input of the experimental data (drop diameter and velocity
as a runction of axial length). For this purpose the model uses the experi-
mental data to bypass the droplet continuity equation (mass addition rate

coupling term) aud the droplet momentum 2quation (drag foice ccupling term).

Evaluation of the coupling terms is strajightforward when the model is
~ombined with experimental data. First the experimentslly determined drop
dismeter {or radius, r) and velocity uy as a function of axial distance,

x, allows the gas flow field to be accurately obtained through use of the
gas phase equAations nnd the droplet enetrgy equation. The oniy coupling
term that is required at this point is the droplet heating rate, and it is
of lesser importance then the other coupling terms for mzss rate adéition
and drag. This is because, as will ° = shown, under steady-state conditions
LOX droplets rapidly heat to the "wet bulb" condition and thereafter remain
at near constaut temperature (and density) until consumed. Thus, even if
the initial term used to describe the droplet h2ating rate is not entirely
accurate, it has only a minimal effect on evaluation of tne other coupling

teras.

The need to consider expressions for these other terms has been eliminated
through use .f the experimental data(to replace 2 of the 3 spray differential
conservation squations). When the gas flow riela has been determined, the

spray momentum equation (which was not initially utilized) and the experimental
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velocity data may be used for direct calculetion of the drag force, and
hence, the drag coefficient. In turn, use of the spray continuity equation
(also not initially needed) and the experimental drop diameter variation

may be used for comperative evaluatior of burning rate expressions,

Through repeated evaluations with various droplet heating rste expressions,

the date will allow determination of the most appropriate heating rate expression.

If droplet breakup occurs, it can be ovserved photographically and the

droplet axia) variation still determined. Delineation of vaporization and
breakup coupling expressions is still possible because breakup will either
occur at some point downstream (allowing upstream correlation with vaporization
models) or can be eliminated by going to large contraction ratiocs (lower gas

velocities).

Trangient Model. The trancient model, to be used to evaluate coupling-term

expressions for describing the onset and sustenance of combustion instability,

differs from previous models in that it allows for variations in droplet

nuuber density, gas phase mixture ratio and/or molecular weight. Just as for
the steady-state evaluations. the model can be used with experimental data
directly input. However, the experimental data is time-varying and, therefore,
this approach is more difficult for this case. A better approach appears to be
the use of the best coupling ‘terms determined from the steady-state evaluation

or other experiments and subsequently evaluating these terms by comparing model
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predictions with the observed results for pressures wave growth or descay,
droplet velocities, diameters as & function of length for seiected times,

and the observance (if 1t occurs) of the onset of breakup, etc.

In this wmanner the best expressions for the coupling terms can be determined.

Philosophy of the Model Formulations. The general eguations of the vector-

tensor formulation presented earlier appear in what is known as the “divergence"

free" form. That is, the equations are written with no coefficients preceding
all differential operations as they appear on the left hand side. This is &
result of deriving the equations from a "stationary control volume" viewpoint.
Removal of the continuity equation from the momentum and energy equations,
etc. results in the perhaps more familiar "following the fluid" form. Both
forms are Eulerian as the independent variables are taken ss the field co-
ordinates and time. As far as the analytical derivation is concerned the
forms are identical; however, it can be shown, Ref,.l1l0 and 111, that the
divergence free form,at least for the gas phasc equationss is to be favored for
use in computing jump conditions across discontinuities in the absence of
viscosity. Further, although the gas phase equations were written for
convenience with the coupling terms appearing on the right hand side, it

ie more computationally appropriate to replace them with the spray dif-
ferential operations. The coupling terms then appear only in the spray

phase equations. The latter equationsmay be reduced to the "following the

fluid" form with no loss of computational accuracy, i.e., droplet velocity,
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etc., does not undergo a finite jump in calculating through a shock wave.

An example using the momentum equation is presented below.

¥rom Equations (4) and (11) in the Flow Field Formulation Section it 1s clear

that the gas phase momentum equation could be written as

-~ : - nTon, 2

='3r“dP"‘ diy ;C__'
and, further, the spray phase momentum equation may be written as
-n

(.}E((LJB + 'u:: vamd &'_; - FJ

m”
J

This was obtained by subtracting equation (2) from the expsnded form of (4)

and the substitution:

C': m? N"
J J J°

In one-dimensionel constant area, non-viscous steady-state flow the simplicity

of the gas phase form for computing discontinuities is evident, e.g., for gas

phase momentum.

%(ew”+ eJ-"(uj’)z‘»r p ) =0

Therefore,

L n n\ &
Cu”+ ej(u” + P
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is conserved across &ll discontinuities. Similarly, for the spray phese

momentum,
n
m*ouf du’ - g"
ax

and no loss of computational accuracy is incurred by writing the equation

in this form. The drop velocity dones not exhibit a discontinuity.

cven when viscous effects are retained the divergence free form for the
gas phase equations is advantageous for numerical eolutiomns by finite
difference methods. Consequently, all of the programmed gas phase equations

were initially written in this form and the spray phase equations were reduced

to thelr simplest fom.

The following sections detail the development of the one-dimensional models ﬁ
from the ganeralized formulation, and methods to evaluate the specified coupling
terms. One-dimensional models are far more convenient to use (and program)

than their multi-dimensional counterparts. Their use was made possible only

because the experimental device is designed to produce a corresponding flow

field.

Nonetheless, results obtainable from them pertaining to the coupling terms
can be subsequently applied to more complex multi-dimensional situations.
There are, of course, practical requirements also. The program outlined here
would be impossible in other than a one-dimensional framework. Sufficient

experimental data could not te obtained to specify all of the unkonwns in a
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multi-dimensional model and little information in a multi-dimensional system N !
could be directly deduced regarding variations of drop diameter, velocity, ete.,

with operating conditions. Subsequent evaluation of coupling term expressions
would not be possible.

Based on this philosophy, the one-dimensional programs a:e presented below,
The numerical techniques used in digital computation of the rrograms appear

in Appendix III and IV.

Steady~-State Model

Development of the Steady-State Formulation

The steady-state equations were reduced directly from the general formulation,
The area term, A, wmust be included. The one-dimensional reduction also
alloved direct integration of the gas phase, and certain spray phase, equations
vhich simplified the mumerical analysis. Although in practice the equations

are normally used with only one initial drop group size (n = 1) and one epray
species, oxygen (J = 1) the equations as presented here (and were so programmed
for) incorporate a range of initial droplet group sizes, n = 1...N, and various

spray propellant species, j = l...J.

Spray Phase Equations - Parent Droplets

a) Droplet Mumber Concentration

Aan N’n = constant = w h
; j e
$= 1.0 aig n)\3
v .1 -— D ) n
n seoN (’ ( J . QLJ
[ ]




where W Jn = weight flowrate of Jt’h species, nth initial droplet
(-]

group size injected at x = o
n th
(D‘j = diameter of oxidizer droplets injected, x = 0, J, n  group.
o

n
Ei ) = liquid demsity of oxidizer droplets injected, x = o,
3 th
J, n”" group

A = chamber cross-sectional area

b) Droplet Mass Continuity
e N e

n
n d n - —_m: - m
PR (m =™y J8.u.
=luo-J J VAP

= 1...N Jd?‘

+ ',940
J
n

n
where mJ is the individual droplet mass and may be related to the
diameter, in the presence of temperature gradients within the drop,
or as simply as

SRR ACONTRRS

Ss— —

n
J
if the drop temperature is uniform.
c) Droplet Momentum
sald o mtut oA fut - F
a= 1...N 8] J x( J) J
vhere
Fre T (0) ) (1w 1) G
AR E ’ J
"y 3 P
_24 7 (D)) dar
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d) Drcplet Eergy n
n

’ ‘N A .. !
3."1;3 u\) dx (T m ) 9_4_5' (mJ'vnp+ TJip.u )Tds
N

when TJnmJn cannot be separated due to the presence of temperature

n n
gredients within the drop. The relationship between T; and my

may be complex, depending on the heating rate model uzed; or

completely decoupled as

if the wodel considers the drop temperature to be uniform. It is

n
J

temperature T Jn (vhich may vary within the drop) because the entire

still necessary to calculate the entire drop enthalpy, H from tie

drop energy is used in the particular form of the gas phase equations
' n n

utilized. This may involve an integration of my CPJ dT throughout the

drop, or if the temperature is uniform, be as simple as

!
n n 2
H\)‘:HJ‘I‘* T;L CP a7

n
where Bjni is a reference enthalpy at temperature TJ L It is given
as a function of pressure for that temperature so that, at vbatever
n
pressure the integration is performed (i.e., effect on Cp ), the

n n
proper K, for T_; and p is calculated.
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e) Droplet Wave Build-up

Bow g (v,

As explained in the general formulation section, 't:inB.U. is an
induction time to the onset of breakup, it allows Jn to reach

a value of 1 which corresponds to breakup. Both TJnB.U. and the
rate of breakup ﬁJnB'U. depend on the particular breakup modal deing
used and the crisical .‘—:’—_e:- number. Breakup stops when this

Re

number falls Lelow the critical value. It is further supposed that
if breakup occurs, the droplet has no memory of its history. This
is perhaps an over-simplification; however, in most situations wvhen
breakup begins in a steady~state flowv field the critical value of

w
—=  1s usually continuously exceeded u; to & point where droplet

Re

drag and mass loss ccmdine to produce a “critical” droplet diameter
and relative velocity at which breakup abruptly c=ases. It aimost

never reoccurs within the combustion chamber.

f) Droplet Residence Time

" d /-7 \.
u)“z; LJ‘T)-!

.
€.

T:Jn'r is the flight time of the droplet from injector face to location x.

R-837i

o

ST .._—._—‘-,"f




A

Gas Phase Eguations

a) Local Mixture Ratio Equation

In the absence of strong concentration gradieants, gas phase diffusion
is neglected. Further, in line with the previous discussion on coupl-
ing terms and chemical kinetics, the lrtter phenomens is contained only
in the coupling terms. Bulk gas phase chemical kinetics are ignored
compared to droplet processes; in practice they are found to have rates
2 to 3 orders of magnitude greater than those involved in the droplet
dynamics. This is particularly true fcr the proprlisnts considered

here, LOX and GH,, Ref. 112.

Thus vithb‘ set equal to zero in Eq. {9) and under one.iimensional

considerations,that equation may be formelly integrated to the followving.

o . ox . n N ox % A Mn “
E Woit (g}'WJO) - | n=i U IR >
os! J=1 Nk
C(X):: © 0
K . Fuel N A ] F“Cl-" 8 r.
. - S AU N.m™ )(
ZW_;"*’ L §;‘WJO> “ = -~ J .
£<1 e 9° ¥ ¥

R-83T7 213




W = weight flov of gaseous oxidizer injected, note, it may be
part of hot gas, as from a staged combustion system that
injects fuel-rich preourner products into the main chamber.
F.om the mixture ratio of these gssee¢ the amount of oxidizer

that vas utilized can be determined.

Wf = We.ght flov >f gaseous fuel injected, note it may also be

part of injected, hot, combusted fuel-rich gas.

2 = Summation over all injected oxidizer gas species.
2 = Sumsation over all oxidizer spray species.

F

i = Summation over all injected gaseous fuel species.

Z = Summation over all fuel spray species.

W “. s Weight flowrate of injected sprsy - 3, nt'h group.

-~
=~

Note for both species, Au, :\_.jn is a constant. Purther, as an exasmple, ér

enly iiquid oxidizer and gsseocus fucl is injected, then all terms vitn zl
el N

and x_ tre :ero. JIf gaseous fuel and gaseous oxidizer alcng vith sprays

~C one specles are {nlected (t {8 assumed that the guseous i{nj)eciion ls
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uniform and gaseous combustion is instantanecus, i.e., neglect of gas phase
kinetics. Although the injection of one of the propellants in its natural
gaseous state is coummon,it is rare that same propellant is also injected

as a liquid. It is common, hovever, that an engine may operate on a staged
combustion cycle in which, say, all of the fuel and a small portion of the
oxidizer are combusted in preburners (used to supply hot gas to the turbine-
pumps) and the remainder of the oxidizer is injected in the liquid state

and burned with this fuel-rich, hot, combustion gas in the main chamber. In

. 1]
such & case the W, and W, are the initisi species of this hot gas, that is

all the wo and a portion of the Wf may form the burned producis, H,0 for
example. In such a case it is necessary to conside:r the initial species to
perform proper calculation of the mixture ratio. Should it occur that an
appreciable portion of both axidizer and fuel species are injected in the
gaseous state, then this model is not sufficiently accurate to handle this

case (i.e., a gas-gas rocket). Such cases are rarely injected uniformly and

mixing considerations (hence a multi-dimensional model) are impcrtant.

In the case of hot combustion gas injection (staged cycle) the model is
adequete as long as it refers to the initial amount of oxidizer and fuel and
performs proper calculation of the proportion of mass, momentum and energy

assignel to eaca.

b) Glcbel Continuity

ox N n n o
AQ’J* 2 Z_Au; N’:"n + Z ZAUJ "dm.)>
31

LR J:'

[2¥]
Pt
Py
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(o] . F '
- = "rrietant - ;' WOL"' ;’ W_; )o

-r%(ﬁ,v\go o id(l >)o

= total propellants inJected

c) Global Momentum
oY A
2 n 4 n n
[T AN )
A eu ‘j;' Ny J d J “)

Fuel

v (2 Aupwdr"m;uw + 9(144) AP
»J:' nri N

N ¥ a A T,
- - 3(;44)1 P (_d&_:_) oy a X
4

= Cerstant
E (g-f—) dx

o}

g (%) PA)o + frwo “o)

ox n
+ W;“}] ' {,,‘ Jo J"J 1
2 Js!

0




= total momentum of propellants injected

where

-4/ du
TXX = /3 Al=- - and involves invocation of the Stokes criteria in

the absence of better data for reacting gases.
velocity of injected gaseous fuel

u. - velocity of injected gaseous oxidizer

Uy, - velocity of injected droplets J, nth group,
Viscosity is retained to add a smoothing effect to the digital computation;

although for this case, steady-state analysis, its presence is negligible.

Again, if the injected gaseous species result from staged cycle combustion,

R-8377 217




d) Global Bnergy

Ml > ov (N A
= A i1 < - Z "l
e (‘ aﬁj + J‘:\ {h‘[ A u I\S rr:j(
n N fuef
Wy (L{) ) | Z iz SEVIPSA ATl
J aq " JF f; A%JN T)(H T

+ ACE - j% _g_,e_) dX = coretard

L)t A s (1 4 >}

+ %2{1 Z vu }1 + <ll ‘:) jg \
g7 L I Jde 26\7 0
Fuel N N

+ Z deo )"\504"—%‘)} ,a

i
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= Total Injected Fnergy
vhere

H = enthalpy of the reacted gas, sensible + chemical,

T [+
=§“’L “fﬁoiw;cmd"* Z W, i,

and is provided from tahles discussed later.

and
T = gas temperature

U35.= mass fraction of species i

]
= e‘_-_’__ » provided from tables.

€

enthalpy of species i

Hi

Hfoi = heat of formation of species 1 at the standard of temperature To’
and pressure, 1l atm
Cpi = Specific heat of species 1
Ho = Enthalpy of injected gaseous oxidizer
Hf = Enthalpy of injected gaseous fuel
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HJ = sensible + chemical (if any)enthalpy of spray, J, oth
group. It may involve integration of the temperature

gradient throughout the drop if one exists.

HJno = enthalpy of injected spray, J, nthgroup. It is a
n

function of the injected temperature, TJ o’

and pressure only, since the initially formed spray is

assumed to have no internal droplet temperature gradient,

T . qd o
A L L
L

and
k = thermal conductivity of reacted gas

):}i = gas diffusion rate of species 1 into all other species.

For consistencyﬁﬁizﬁ3= 0 so that

~ -k dl
T %

only. This is in agreement with the mixture ratio equation.

The enthalpy of the injected propellants mus* be related to the stindard
reference conditions. In this program the JANNAF standard is utilized; the
enthalpy of the "dead state elements" at 537°R, 1 atm pressure is identically
zero., For this case gaseous O2 and H2 at this point have zero enthalpy. All
liquid spray reference enthalpies must reflect this fact and have negative

values. Further, the heats of formation of all products and constituents other
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than the dead state elements (for which Hfo1 is zerv) are evaluated on the
basis that heat release (exothermic reaction) is cunsidered to be negative

in value. 1

The injected gas enthalpies can be relaied to their incoming temperature if
they are injected separately. If they are injected as part of staged cycle
combustion gas at some mixture ratio, temperature and pressure, then the

enthalpy for that gas can be determined from the tables discussed later and

and H are assigned that value.
0

e) Equation of State

¥>(11‘Vf[) -~ RT !':E- W,

z
C M

where R is the universai gas ccnstant

Mi = molecular weight of species {1

Subroutines Utilized in the Steady State Program.

a) Combustion properties table
Throughout the gas phase equations the variables H,@Q, T, "1' etc.,
have been used. Obviously, these and other variables depend on the
actual constituents of the multi-component, reacting gas. As for

example, the density of the gas as calculated from the equation of
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state depends on the total gas molecular weight. Now under the assumption,
which has been used, of bulk gas phase equilibrium, all gas phase parameters
may be expressed in terms of any three independent variables. The most
logical of these are the following. Specification of C, p and H, or

C, p and T provide all other variables. Since both H and T are required in
the calculations (T is often the parameter most useful in the coupling term
expressions) and the temperature is a monotonic function of H, the most
convenient form of property tables to provide gas phase data was determined

to be a set using various combinations of C and p as the entrance parameters.

Hi - Enthalpy of species i

W y =~ Mass weight fraction of species i

H - Total enthalpy = Z;wini

T =~ Temperature

M - Molecular weight of species i

M - Total molecular weight = Wi
1 M

S - BEntropy
c - Constant pressure specific heat - species i

C - Total specific heat = z_ wic

L Py

A - Viscosity

k - Thermal conductivity
a8 - Shifting speed of sound
CP
Y - Frozen gamma = G
f v
} LoP

Y -~ Shifting gamma = @ constant entropy

dlap
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Thus the tables for a given C and p may be searched for either a given H or
T and when found, double interpolation within the tables provides all the
required gas phase data. Obviously since C, p and H are determined frca
equations which are inter-related with the other gas phase variables, the

processes of solution involving the tables and the equations are iterative,

The tables are based on equilibrium propellant composition of ideal gases.
The mixture ratio provides the ratio of fuei to oxidizer present, pressure
and enthalpy complete the requirements needed to specify a state point,

For the most part at the temperatures comsidered, usually greater than
1000°R, the assumption of ideal gases is valid. Balow this, for the very
fuel-rich, low temperature gases near the injector face, adjustments for
real gas effects have been made. Viscosity for the gas mixture is based on
Wilke's method, Ref.1ll3, and the thermal conductivity is found by the modified

Bucken's method, also Ref. 113.

Computation of the tables is based on a Rocketdyne standardized n-propellant
equilibrium composition program, which in turn is an outgrowth of the original
wvork of Huff,Ref. 30. Because the tables are used in the solution method,
extreme accuracy in interpolation is required. For this reason the tables are
extensive in nature, requiring interpclation only over a very small range of
values; over 55,000 data points are contsined in the tables for O - I{z

2
rombustion preducts.
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b)

By setting the mixture ratio C = to zero and infinity, the
tables can also provide the properties of the pure gaseous fuel
and pure gaseous oxidizer injected. Tae ssme ‘s also true of

injected staged cycle fuel-rich combustion gas.

Stagnation properties computation

The computation of equilibrium stagnation properties can be
rigorously done only through use of the tables. It is sssumed
that the stagnation preseure, etc., one wvould measure vith a
probe would result from sn isentropic, fully shifting flow
process. Hence Sa(x) a 8( x) and, of course, the mixture ratio

betveen static and stagnation is the same.

IfC, H, p, T, S, u, etc. are knovn at the static flov point, then

2

7

H, at stagnation = H+

and § = S
s

Calculation of the stagnation point properties utilizes the same
tables but with a different interpolation technique. Hence, for
the knovn C and various assumed pressurszs a search of the tables
under the constraint of knovn H, is comsenced until S; = S is
deternsined. This determines the stagnation pressure and other

properiies.
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Iu practice the maximum static tempereture deviation of the
cowbustor flov field from stagnation is normally about 5%,
reaching a maximum of less than 20% at the engine throat.
Hence the composition of the static gases is often little
different from the stagnation gases. Hence “Ji.'—\" !

and Cp. ~ Cp. Then to a first approximation

T C rTa U™
CP P JS‘T

and Ty can be approximated directly. P then follovs from
( ’ .5 )(J

In actunlity this latter equation is also correct for reacting
ges 1sentropic processes if shifting gasma, Y , is used. Bow-
ever, since T, in this equati~z /as determined from frozen gas
considerations, consistency requires the use of Yr in determin-
ing P,. Values found from this equation differ little from the
more rigorous table calculation. The error is proporticaal to the

order of the mach nmumber squared.

Spray properties
A set of properties relating to the spray must also be provided.
In addition, properties of the film around the droplets are also

required. This latter set may be Jdependent on the particular
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droplet burning, etc., model being utilized. Hence the spray
properties can be subdivided ato two cstegories. Drop properties

and fiilm properties.

Drop Properties

(”1 "o Density of liquid droplet as function of temperature

and pressure, Tadle,

Cp - Conatant pressure specific heat of the liquid,
again a function of tesperature and pressure,

Table.
M, -  -op molecular veight

or van - Vapor pressure of dror /spor, or the mole
s
fraction of drop vapor at its surface. This
is a function of drop temperature and total

pressure, Taudle or Bq.

n
A K"J - The difference betwear the liguid enthalpy and
vapor enthalpy at & given droplet tempersture and

total pressure, Tadble or Hj.

These properties are for real substances and mist de {nput as

such. In particular, the effects of total pressure, {.e., the
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presence of other gases, must be considered in the computation

of X.,J: or A&,Jn. These parameters vill not have the same
values ag i{f the spray vere vaporizing only into its owvn vapors.
Nermelly to calculate the effects of total pressure on such
variadbles, an equation of state must be assumed and fugacity
relations used. PFor LOX-hydrogen the Redlich-Kvong Bquation

of State vas used and the methods of Ref.ll3 and 115 determined the
variation of vapor pressure and "heat of vapcrization" with

total pressure in the presence of other gases. The effect was
found to be small at pressures lov compared to the critical

pressure of LOX, 737 peis.

Film Properties

Most droplet burning models, etc., utilize equations vhich require
specifications of mean fila properties arourd the droplet. T.Le
actual specificetion process depends on the wodel being used dbut in

general the folloving paramsters are important.

n
TrJ -~ Mean film tempersture dbetvean drcp surface and dbulk
combusting gas, Kg.
n
X, - Mla mocle fraction of &rop vepor, BEj.
3
B
"1‘ - PFlm molecular veight, Bg.
3
n A
e, - Milx density, K.
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kv ~ Vapor thermel conductivity at film conditions, Tuble
s
n
., - Vapor viscosity at film conditions, Table
) £
J
n
Cp - Vapor specific heat at film conditions, Teble
VfJ
Cp S Film specific heat - includes effect of external gas
T
J at film conditions, Eq.
n
.Alf - Viscosity of film, Eq.
J
n
ke - Thermal conductivity of film, Eq.
J
iop % . Film aiffusion coefficient, Ea.
J

228

The actual equation for most of these variables dependson the model
used., Hence they will be diacussed more fully ir the Results Section
where a specific model was used for enalytical celculation. In
addition there are other nondimensional groupings that usually occur
such as the Nusselt mass and heat transfer correlations. These
utilize the film properties. The specific correlation used depends

on the model, most oten, &8 has been mentioned, it is Ranz und Marshall's.
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d) Coupling Terms

The coupling term expressicns involver models for droplet evaporiza-
tion, heating,breskup and drag. Various expressions mey be used
and as a consequence the portion of the program that calculates the
coupling terms when they are specified a priori is subroutinized
to allovw efficient interchange of a number of models. Equations
and results of predictions using a specified set of models for the

coupling terms are presented in the Results Section.

Soundary Conditions for the Steady-State Program.

a) Chamber geometry
The model utilizes, as an input, the cross-sectional area of the
comtustor from the injector to the throat. The chamber
geometry most often used was thet corresponding to the experimental

hardware.

b) Spray input parameters

n
VVJ o - Injectior mass flowrate of j, nth group, may be fuel and/or

oxidizer

n
T - Injection drop temperature

Jo
n
uJ - Injection drop velocity calculated from
o
'
- - -—‘___;\'___-...————-—-
e, . ,X in
Ao >
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(’ - Initial liquid density
AinJ - Area of spray injection orifices
n
DJ 0 ° Initial drop diameter

All of ‘hese parameters may be arbitrarily specified for computer
runs or may be obtained directly from measurements made during the

operation of the experimental device,

c) Gas vhase input parameters

Wox - Gaseous oxidizer injected flowrate
Wr - Gaseous fuel injected flowrate

T - Temperature gasecus oxidizer injected
T - Temperature gaseous fuel injected

H,H - Enthalpies of injected gaseous propellants

obtain from Tables for C, pand T

p - In absence of experimental data the pressure at tae
injector face can be closely estimated from shifting

characteristic velocity data.

g

* *
te., P Woitar X C

A thivat x 9
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where c¥* provided from Tables, is the shifting characteristic

velocity dependent on propellant type, mixture ratioc and pressure.

. .n 14 L}
and Wtﬁ|=§§ W, + ? W, * % W

This assumes 100% efficiency and no stegnation pressure loss

from the injector to the throat. This is usually suffic.nt for

the first guess: the actual pressure is found by iterative

procedure. Various injection pressures are assumed until the

velocity of the burned gas is sonic at the nozzle throat.

Experimental data alleviates this problem.

Up - Injected gaseous fuel velocity found from

g
2%
u, - Injected gaseous oxidizer velocity found from
- W
e, A
and the densities, (’r, €°, are found from the equation of state.
Note that for both the velocity and temperatures if the injected

gas is from staged cycle combustion products, To - Tf and U, = uo,

' ’
Wf +Wo = flowrate of injected gas and the enthalpy is found from

the tables at the proper mixture ratio. The velocity is determined

from continuity of the entire injected hot gas.
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Utilization of the Steady-State Program and Experimental
Data to Evaluate the Coupling Terms

It is evident from the description of the model presented thus far that it
may be utilized as a separate entity. Specification of proper boundary condi-
tions and use of presently existing expressions for the coupling terms allows
analytical predictions regarding the performance of proposed engine design,
etc. However, the validity of those predictions will depend greatly on the
accuracy of the terms used to describe the coupling procesces. It is with

the evaluation of these terms that this contract is most concerned. In this
respect the model is most efficiently used, not with & pricri specification

of coupling terms, but with direct spray data supplied from the experimentsl

program.

Specification of Gas Phase g;gg Egeld. Reference to the steady state spray/

gas conservation equations reveals that the coupling terms are szap’ mJnB.U.,
n

CdJ and an. No coupling terms appear in the gas phase equations, in fact

only the droplet mass, mJn, velocity, an, and enthalpy Hdn, appear as variables;
recall that (A uj" NJ“) is a constant everywhere. It would be desirable to be
able to provide my?, an, and HJ“ direotly to the gas phase equations without
having to specify equations for AJ:ap’ &JnB.U., Cddn. If this were possible
then the gas flow fleld p, @ , u, H(T) could be very accurately calculated
without worry as to the validity of expressions used to supply mass, momentum
and energy to the gas. It is necessary to have accurate description of the

gas flow fleld because the gas flow field parameters canmnot be provided by

the experiment. The coupling t--rms expressions and hence evaluation of them
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depend not only on the droplet spray paraweters, such as diameter, velocity,
etc., which the experiment can provide, but also on the gas phase compositions
and conditions as well, Both flow fields must be adequately specified to

allow evaluations.

Now mJn depends only on the diameter of the drop and the temperature gradient
within it, which in turn specifies the density variation. If the drop tempera-

ture is uniform, for example,
n w n\3 N
m,:—’(D’) 2.
d b 2 Cd
and 6& n depends only on chamber pressure and the drop temperature. The drop
J

velocity, u n, is even simpler. All parts of the drop, regardless of density

J
gradient, move at the same velocity. The drop enthalpy (or its equivalent,
temperature) may be uniform throughout the droplet or it may also be a function

of the gradient existing within the drop.

In actuality the gas flow field is really only sensitive to mdn. This is the
only drop variable in the mixture ratio equation, which determines C, and also
the only drop variable in the global continuity equation, which is used to deter-
mine the gas velocity;u (refer to the computer flow charts in Appendix ITI). The

n n
momentum equation contains both my and u, but is nearly insensitive to both

J

parameters as very large variaticns in either m Jn or an (hence e and u) are
required to alter the pressure in the constant area section of the chamber.
Hence, p, determined from this equation, remains nearly constant in the chamber
prior to nozzle convergence. In the global energy equation, the effect of the

chemical heat of formation of the comdbustion products reflected in H, completely
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masks the effects of HJn regardless of the mass flowrate of the drops. This
reflects the fact that less than 3 - 5% of the gas energy is used in heating

the droplets to a wet bulb temperature. Consequently H (and the gas temperature)
depend almost solely on the mixture ratio, equation, and to some extent, the gas
velocity. Density of the gas follows directly from the equation of state, which
again is influenced primarily by the mixture ratio and continuity equations, since

they exert the controlling influence on H {or T) and p is nearly constant.

As a consequence, since the momentum equation is relatively unimportant compared
to the other equatioms (p % constant), the mixture ratio and continuity equations
primarily determine the gas flow field. And these equations are entirely de-
pendent, in turn,on mjn. Thus if this parameter is adequately specified, slight

n
errors in uy or HJn only negligible propagate into the prediction of the gas
flow field.

It is of course, important to also accurately determine an and HJn, since these
spray parameters are directly involved in evaluating the coupling terms. However
the discussion above was presented in order to show that slight measurement errors

in an and HJn would not directly compound problems in preventing prediction of

the gas flow field.

The equations presented thus far appear somewhat burdensome in that they are
written in general form to handle multi-species and drop sizes. When used with
the experimental data, which provides monodisperse liquid oxygen spray burning

in co~currently injected GH,, the parameters J and n in the model are set equal
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to one, eliminating all summation terms. Furthermore VJO is zero and

F_
W = only.
g r =oy,

Because the experiment does provide monodisperse spray, photographic techniques
provide the axial variation of droplet diameter and velocity which is representa-
tive of the flow field as a whole. Breakup, should it occur will be photographic-
ally visible as will the plane of droplet burnout. The primary input to the

analytical model, however, is DLOX and up . a8 a function of the axial length, x.

Thus the spray velocity, one of the desired inputs to the gas phase equations
is directly provided. This completely eliminates the need to use the droplet

momentum equation, A prior specification of Cy is neither necessary nor

required.

Computation of mJn and HJn is not nearly so simple, but is still straightforward.
mJn is dependent, as discussed previously, only on the droplet diameter and
droplet density (density gradient if it exists). The droplet diameter is
directly supplied from the experimental data, but unfortunately the droplet
temperature { hence density and enthalpy) cannot be determined experimentally.
Although the spray data allows elimination of the droplet momentum and droplet
continuity equations, it does not allov elimination of the spray energy equation.
This latter equation is necessary to calculate the droplet temperature and
density variation needed to compute an and HJn.
As a consequence the only coupiing term that is required & priori is a model

for QJn. The important point to be considered is hov greatly does the computation
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of mJn differ with various coupling term models for QJn. As discussed, an
must be accurately determined to provide the gas phase flov field. The droplet
heating and vaporization rate for liquid oxygen in gaseous hydrogen is rapid
compared to most other propellants. This is primarily due to the physical

properties of each constituent, such as C_ and k, etc. Liquid oxygen may

P
be imagined to heat by either of two extremes: (1) the droplet has a finite
therwal conductivity and hence heats by internal temperature gradients,

(2) the droplet has a large internsl circulation caused by convective flow
and hence the thermal conductivity is large and the droplet temperature is

uni form.

In the firet case typical models for such phenomena, such as Grossman's or
Agosta's, Ref. 65, predict that the interal droplet temperature remains
nearly uniform (at the injection condition) with rapid vaporizationm, i.e.,
surface wet bulb conditions, carrying off the bulk of heat penetrating the
suriace layers of the drop. In the second case,as Pig. 44k of the Results
show, LOX droplets very rapidly reach a wet bulb condition and thence remain

At near constant temperature and density for the remainder of their lifetimes.

Hence if LOX were injected at ~s 150°R its density vould be about 73 lbs/cu ft,
but if heated %o wet bulb conditione, (215°R for the example shown) its density
wvould decrease to ~ 63 lb/cu ft, a difference of some 15%. This would be the
maximum difference in density and hence the maximus difference betveen the

n
methods in predicting m, . This {s clearly nnt acceptable accuracy.
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It is fortunately relatively easy tc determine vhich of these heating models
is applicable to LCX. In the former case the droplet diameter would con-
tinuously decrease. However, in the latter case of uniform heating, the
droplet diameter initially grows, then decreases, as in Pig. 42 in the
Results Section. This is due to expansion, heating initially being greater
than vaporization. CObservation of the drop diameter during the experimentsl

operation will determine the proper type of model to use.

Since the various modelsg represanting each extreme predict very nearly the

same result (relative to their extreme) determination of the proper extreme

is sufficient. It is unlikely that there is a regime betveen the tvo because
only small amounts of internsl circulation are required to produce uniform
heating. Further, in a strong convective flov field, such as the combustion
process wvith a rocket, it is difficult to imagine a droplet in vhich strong
circulating currents are not induced. Surface shear requires such a2 phenomena
to occur. There is also considerable experimental evidence for such an event

as discussed in the coupling terms reviev.

In the presence of uniform drop heating, considered the mos: likely modsl to
apply, the amount of mass remaining by the time the density has reazhed its

fipal constant value is nearly 70%, Fig. 843. This is s fortunate result (and
one of the reasons for choosing the propellant combination); if slight errors
are pade in predicting the heat-up rate of the droplet %o the vet dbuldb condi-
tion using such a model, it vill have only a winor effect on predicting the
gss phase flov in the wass of the drop., This is 80 becsuse the heat Up rate

occurs during the poriion of the droplets lifetime that i%s tctal mass and ndsse

rate loss is low.
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For this reason the droplet heating rate is of lesser importance than the
¢ her coupling terms. And {f the initial ters used for that expression is
at first not entirely accurate, it has only a minimal effect in determining
either the gas phase flow or in alloving evaluations of the other, more

important coupling expressions.

Evaluation of the Important Coupling Term Expressions. Having established

tnat vith experimental data ana somevhat insensitive analytical modeling (the
spray energy equation) it {s possible to accurately establish the gas phase
flow field, {t is now necessary to deduce from this information the methods to

evaluate the coupling terms.

a) Drag Coefficient
wWith the gas flow field now determined, the sprezy momentum equation
(which has not been utilized) snd zhe experimental data allow direct
calculation of the drag force and consejuently the drag coefficient.

The spray momentum equation is

dU e F
M U ox dx"—‘g s

N ® 3 . 3
Now both hax and B, ore knovn as & function of liength, Yo directliy
from the experimentsl data and n,, frow Dox and the spray energ: 2qul-
<ton (ylelding density). Hence F . 1s directly calculated, from this

eguation, ond prescribed as g function of chamber length {1.e., flov

sond!tions).
i I""‘:;mr, / 2 ' iA ‘, (LJ-L‘iofjj
for = :,_ id {‘ Goi) } L0 oy
R : » dP
ps Cdﬁ’ - 24T ( Uos ) _g:‘
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In this equation @, u and p are knovn as functions of iength from
the gas phase flov calculation, D,,, of course, is determined

directly from the experiment. The only unknown is Cq and 1t cen

be directly calculated.

The Arag coefficient is usually thought %o be a function of relative
R, and perhaps density losding (sheltering effects). The calculation of
R, - Dox | U- Uor |
J
as & function of chamber length is straightforvard, all velues are

knovn, Similarly, the density loading (D.L.) at any point
D.L-= A Ugx Nox Moy
€ AL

is easily determined since A 9oy N = constancland all other
ox

variables have been dstermined.

Cd may then be plotted as a functi~- - Re or D.L. or various combina-
tions of both and the best dependence of Cy on these and cther param-
eters (Mach No..etc) determined. A mumber of steady state rirings vith
different contraction ratios, D.L., etc., wvill allov a sufficient
variation of parameters to determine the functicnal dependence of
Cd over & vide range of operating conditions.

b) Vaporization {Burning) Fate Models
Evaluation of this coupling ters o

’%p

manner to the evaluation of Cd' The srray continulty equation (again

.13 determined ¢n a sigiiar
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not used until this voint is

v

uoxzd—; (ma*j:- n.\oivap ‘;.

Both u,  and n . 88 funciione of x are known, hence ﬁv iz

CXvap
determined as a function of chamber length and conditions. It

X

is important to use this data only upstream of 5reakup so that

@ can be Gelineated from m etc. Breakup considsrations
®Xvap VXB,U,

can algso te elimina*«d by using data obtained et larger centraction

ratios (lower gas velocities).

var as a funcilon of length does not imediately

yiedd functionai relationsnip as is the case with Cq+ The vaporiza-
tion rate is complexly “ependent on many variables, as was shown for
the different models presented in the coupling term review. However,
the only variahles on which the vaporization rate can be dependent are
the drap 13 {d and vapor propsrties, the spray parameters, and the
gas flow field parameters. These variatles are all knowvn aud a'l
parzmeters, which may enter into the veporizatiom rate calculation,
suck as Nusselt numbers and film propertiss are all dependent on, and
functions of these known variables. Consequently verious existing
models for ﬁoxvap are computed and tne results directly compared to the
experimentslly determined ioxvap' In this manner the most appropriate
vaporizacvicr rate model 1s delineated. Should none of the existing
models yield sufficiently accurate comparisorng to the experimental

burning rate, the information obtained by raking the comparison will

allov new and better formulations to be derivsd,
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Droplet Breakup Rate Mcdels

Bvaluation of this coupling term is also pozsible. If such a
Phencuena occurs it car be observed photographicelly by noting

the occurrence of shearing of the drop surface layers. Under

such conditions the remaining droplet diameter (or volume) axial
variations can be experimentally determined. This droplet mass
variation now depends upen both parent dreplet breakup and vapori-
zation. The shearad off droplets &re normaily so emell (in the
micron or submicron range) that they cannot be singularly observed
and vaporize almost immediately upon formation. Having determined
the vaporization rate from previous correlations, this predicted
mess loss can be subtracted from the measured mass loss occurring
under breakup conditionq. The remaining mass loss is then due

solely to the break-up rate, that is

d ' = -m
LA ox Ji(m°")+ moxva .

P
and &ox can be computed. Further correlation is then the same
‘B.U,
method as used for &or . This method does assume that the mass
‘vap

loss mezhanisms can be superimposed; however the breakup rate is
usuaily fast coupared to the vapcrization rate and under such conditions

r . and
Toxg,u, >7 MoXyep’

d )z -m
uof :l.; (Mo% D*B.u.
only.
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d)

Droplet Heating kate Models

Unlike all the other coupling models it is necessary to specify

& priori a model for this pheaomena. Specification of such models
and the results of comparing extremes of propcsed models have been
. and hence the

J

gas flow field. Having once selected the proper ex.reme (non-

discussed as they concern the calculation of the m

uniform or uniform heating) through experimental observation, the
droplet heating rate at least for suberitical pressure conditions,
was shown to be of lesscr importance than the other coupling
mechanisms. However, it is desirable to have an accurate model
for this phenomena. In almost all expressicus describing the
heat up rate, most of the parameters used in calculating the
other courling terms are present. Thus having once obtalned the
first estimateof the other coupling terms an iteration of these
terms into the chosen heating rate expression can be performed.
Should this significantly change the heating rate then further
iterations iuvolving all the coupling terms and experimental data
will be performed to determine the best expressions for all ccupling

mechanisms.

This process may also be accomplished for various droplet heating
rate expressions; iterative analysis with the experimental data

will allow determination of the mogt consistent total set of couplirg
term expressions. It is not, however, expected that the resulting
expressions for C4 and ﬁdn will differ significantly from their

initial determination.




A

Numerical Ansiveis of the Steady-State Programs

Numerical analysis of the steady-state program for digital computer computation
was relatively straightforward. Primarily the trapezoidal integration formula

was ugsed for the set of ordinary differer’ial equations.

In practice it was found that the viscous tenn1;x,fbr the steady-state case
was of negligible importance, It was subsequently dropped from the gas phase
computations. The heat conduction term also proved to be of somewhat minor
importance, but of considerably greater magnitude than the effects °f136c

Consequently, terms pertaining to q in the energy equation were retained.

A complete descripticn of the numerical methods used for the steady-state
program appears in Appendix III Block diagrams for both versims of the

programs are presented. A description of Rocketdyne's computing facilities

is presented in Appendix V.

Transient Model

Development of the Non-steady Formulation

As with the steady-state model the transient equations were reduced directly
from the general formulation. Again, recall that the area term A must be
included. Becauge of the non-steady inclusion of the formulation the one-
dimensional reductious do not allow direct integration of any of the equations;
the complete partial differential formulation was retained. Also, the equations

as presented belovw incorporate a range of droplet initial group sizes, n, and
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various spray propeliant species, J, and though they were prcgrammed with

this form they are primarily used in practice with nand j = 1. Many of
the variables are defined the same as those for the steady-state case, hence

where this is so the definition will not be repeated.

Spray Phase Equations -~ Parent Droplets

a) Droplet Number Concentration

3(ANS) | dAUNT) - o

J=ll0
n=l-.oN at ax
b) Droplet Mass Continuity
n n ‘'n
B ) n « e b
aﬁb) r 6("U> - - m. - ™My K
- "” [,,l S Q\Jﬁ? ﬁ.u.
n=1...N N 6)(
J=l...J "3{
where mdn, the droplet mass mry again be a complex relation with the
droplet diameter, or given as simply as n
7/
n ny o n :
nt e m (DN)2ee = €
J " 9 J -
N
if the drop temperature is uniform.
¢) Droplet Momentum
N
n n ] n .
»dUt o U 3UJ _ _F
m ) g J _______._’3 J
n=l...N ¢
\leﬂtiJ dt a

n
and FJ is still given as

Fdn-j;__ i,\C (DJn>2<Ll‘an)(,u’an’>CdJnt}
ré
— 24 W(D)n):)—?ff’
d X

R-8377

I —




d) Droplet Energy

J=l...J o+t J d X
n=l.-oN
n . N . n , )
- f% ; m; + m.o T .
= - vap 3 B Js
Cs
wen?, ™ B cannot be separated due to the presence of temperature

J 4
gradients within the drop. On the other hand if the droplet heats

uniformly, then the equation becomes

n
1:0 n
1 T, +md?u§a¢ - Q
v

Again it is still necessary to calculate the entire drop enthalpy,
HJn, because that term is used in the gas phase transient equation.

n
The reletion between HJ and TJn is as in the steady-state case.

e) Dropletdwave Build-up 0 |
3 Lﬁtj + LJ‘? o) <.q<j ) =
j

n=1...N At d X J p.U.
J=l.o-J “
The same assumptd ons regarding

n

critical values are used

here as in the steady-state case.

f) Droplet Residence Time
3T/ n z."
37 + LJ‘j ( Jt o ,

3t X

n
For the transient casa‘ZfJ T calculates residence time as a function

of conditions existing at a specified time, Only in steady-state does

it actually "track” the drop.

R-8377 2u5




Gas Phase Equations

a) Local Mxture Ratio Equation
Although stronger concentration gradients can develop in the transient
case than in steady-state operation, the corresponding gas phase con-
vective velocity gradients are also larger and still tend to mask the
effects of gas phase diffusion. Hence j5 is set equal to zero in the
mixture ratio equatien., In line with previous discussion, chemical
kinetic effects are relegated to the coupling terms and are considered
of negligible effect once mixed into the bulk gas. Thus the one-dimensional

mixture equation is obtained by summing over all species equations, and is

2L S(ave)

oY YREUN SN
:‘(1C+\>ZZ SANTy LN M)
S dt d x

el y /3 AN MYy (AU N )
‘) Z 2 J 4
-+ <C ) 40 . \ dt, - % 5X

where of course C is the mixture ratio and initial conditions for the

gas and spray phases are discussed later, end V = pu The reason for
substituting a single parameter for @u was for cempatational purposes.

As is discussed in Appendix IV, the continuity and momentum equations were

solved simultaneously.
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b) Global Continuity

a(A€-4 2@ 2‘2) ANnmf\) a(AV-}-%%’(CQUON'Om?)‘:D

¢) Global Momentum

5<AV +§)%I (AU;N;MJ“»_ 4 a(A %— !

3t
2 P 3 /u_a_.‘:‘.>
A(“ﬁ’)"\’fmf)) = -gA(H*)—;*%’“SAar( 3
o ¥

Here the viscous term is more important than in the steady-state
case. It does little to alter the final answer, but it adds a

smoothing effect to the digital computation in the presence of steep

waves.

d) Global Energy

5("\;4 Z%ANM(H +(U) )

J2 r\n\ 233
>t
+ 9 [Au<é+ 185 P) + 'Z i@u N (H"

.+ <u )2>)] = -A_éi_ +

o X
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and this artifice was used to enable the term {;%ﬁ to be put
into the derivatives on the left hand side to simplify numerical
analysis of the equations. Definitions of the terms are the same
as for the steady-state case, All enthalpies are referenced to
JANNAF data as previously discussed; boundary conditions, discussed

later, specify the amounts and form of the injected gas, i.e., fuel,

oxidizer or staged cycle combustion products.

e) Equation of State

P (144)

. -1
. rT [z ¥
e © M

Subroutines Utilized in the Transient Prgg;am.

a) Combustion properties tables

Identical to the tables of the steady-state program.

b) Stagnation properties computation

Identical to the method ugsed in the steady-state program.

c) Spray proper:‘~s

The drop pro.-: .~z ...e identical to the steady-state case; the film
properties - .. 1 other than quasi-steady models are used. The
latter is owcussed in the context of a specific model,
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d) Coupling terms
As in the steady-state formulation when coupling terms are
specified & priori, that portion of the program which utilizes
expressions for them is subroutinized to allow efficient inter-
change of models. Although the droplet dynamic physical processes
during instability are in essence the same type of phenomena as in
the steady-state case, i.e., droplet vaporization, heating, breakup
and drag, etc., the quasi-steady assumptione may not be valid and
more general and complex coupling term expressions may be necessary
for describing unstable cambustion. Effects such as flashing,
micro-mixing of vapors, etc., are included in what is called droplet
vaporization. Very simplified models were used for checkout of the

transient program and these will be discussed in the Results Section.

Boundary and Initial Conditions for the Transient Program.

Unlike the steady-state program the transient model computation requires both

initial and boundary conditions.

Initial conditions must be specified at t = o, for all x from x = ¢ (injector
face) to x = L {nczzle throat). Boundary conditions are required at the injector
face, x = o, (mass influx) and nozzle throat for all t (mo downstream boundsry
condition is required for the spray as it burns out at random locations and its

movement is controlled by the gas flow field).

All initisl condition. are supplied “v the steady-state program data (which may

{n turn have resulted directly from experimental data). In all aspects, the
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steady-state model is as rigorous in formulation as is the trensient program and

utilizes the same spray and gas property tables. .he steady-state program is

a.s0 dealgned to provide direct card punciied inpwt tc the transient model.

Following input of the initiel conditione the transient computer program i{s run
for several time steps with no initial perturbation. This insures that the
steady-state input is compatible with that finally predicted by the transient
program as it settles to a steady-state solution. To imsure compatibility the
steady-state limit of the coupling terms in the transient program must be the

same as in the steady-state model. Purther, although some differences in numericsal
technique are inevitable, to avoid long computational times for the transient model
to "setile out' to its own steady-state solution, and to avold significant dis-
crepancies from its finsl predirted steady-state solution sad the input condition
from the steady-state model, it is imperative the: the two models be as identical
and compatible ag pos-i‘ble. It was primarily for tnis reason that the nev stesady-
state model wvas developed. Subsequent tests reported in the Results Secticn have
shown that, using the same coupling terms, virtually no difference exists between
<he input condition and the final steady-state flow field predicted hy letting the

transient model run under & no-perturdbed condition.

&) Cramber geometry
when ccomparisons are made to the experimental data, the actual hsrdvare
gecmesry is used. Hovever, focr model checkout purposes, 8 shoriened
arbisrary chamber geometiry vas used. Croas-sectional area of the ~om-

Yustor as a function of length wvas supplied.




b) Spray input parameters

*

Cn

R

Initial Conditions - spray

Droplet diemeter ms a funccion of length, J, ath group.
Droplet velocity as a function of length F -

Drop number concentration #s a functicn of length. Note the
steady-state program has no problem ‘n computing this variable,

since in steady operation

Aan N*n = known constant 4
J 3
and the equatior can be used to sclve for N ° :

J

The droplet temperature (or tempersture gradient) from the spray

energy equation used in the sieady-state program, as a function of

axial length. %

The droplet zass, function of length and cbtained from steady-

state program Jdepending on the relationship used ULatween DJn and T .

[29
*y

The droplet enthalpy, function of length and agair dependen: 5n

droplet heating =model.

The droplet wave bulld-up parameters - vaiues given for droplets

*hroughout the chamber.

Droplet residence tires from in'e-tion, specified for all dropless

{n chazer,

.




Boundary Conditions - spray

Boundary conditims for a transient program cen be quite complex
depending on the degree of interaction allowed with the manifolding
supply system. Feed syscem effects can be of overwhelming importance.
Alternatively the system may be designed with close coupled high
pressure drop devices (sonic or cavitating venturis, etc.) which
essentially eliminates feed system fluctuations. Since the experi-
mental hardware was designed in this manner and because the frequen-
cles of interest are high (>1500 cps), the mass flowrate injection
of spray will be considered constant. Boundary conditions for the

spray then are)at x = 0, all t,

quno = Injection maass flowrate of }J, nth gioup, considered

to be constant for all t.

Initial injection velocity of drops

=
[
]

¢ N

W3o

o L

where 6L~ A"U
n Yo

62‘2 Injection density of spray, which can vary with the
Jo

-
-

[}

oscillating chamber pressure

Area of spray injector orifices

Afng

o D8y vary slightly.

[] (]
Note that even though w jn,o is constant an
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T = Initial droplet temperature. The initial dropiet tempera-
ture is always uniform because the supplied liquid that forms

the spray has & uniform temperature.

D® = Initial droplet diameter formed. It may well depend on
the actions of the wave and the injected jets. Howvever,
first assumptions, until experimental data is available is
that the distribution and size of droplets follows that

determined for the steady-state program.

NJ 0 = The initial number concentration of n, j drops injected
e N
= Nyo
Auj (DY e
J . ,@( is) €

JO

and this parameter depends on the svecification of DJno

and the effect of pressure on ano'

m = The initial droplet mass. It is equal to
- N .
- b Vo ‘QJ )
since the initial droplet temperature is uniform. Hence

n
it depends on the variation of (D s )o with time.

H = The droplet initial enthalpy. B8ince the drop temperature
is uniform, so is its enthalpy and it is simply related to

the drop temperature.
n n
; = No boundary conditions
q)J ’ I} B.U. i

qun 2 Always equal to zero at x = o.
T
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c) Gas phase input parameters

As for the spray parameters, the transient model computation tlso
requires both initial and boundary conditions for the gas variables,
Because the formulation is for a finite domain both upstream and down-

stream boundary conditions on the gas phase are required.

Initial Conditions ~ Gas

The entire gas phase flow field must be specified as an initial
condition. This involves

C - Mixture ratio

H - Gas enthalpy
e - Gas density
u - Gas velocity
T - Gas temperature

p - Gas pressure

wi - Gas composition

M. , k, etc. Gas physical properties

These are all provided by the steady-state program in combination with

the gas phase combustion properties tables.

Boundary conditio~s - gas
Again as for the spray case, boundary conditions in the gas in transient
operation, can be quite complex, involving wave motion within the feed
system. However, if very close-coupled sonic venturis supply the
gas flov then feed system effects are minimal. As this ls the case

for the experimental hardware of this program, the assumption is made
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that the injected mass and energy flux of gas remains

constant. Boundary conditions for the gas then are

1) Injector Face

R-837T7

8"

b)

No Gas Injection
If all propellants injected are in the liquid phase, the
only boundary condition on the gas phase at the injector
face is that the axial velocity

v = 0
Gas Injection
The injected gas may be fuel, oxidizer (or both) or staged
cycle combustion gases. Because the injected inflow of any
of these alternatives 1s normally subsonic, the upstreem
boundary condition becomes somewhat complicated as the
incoming density ( hence velocity) is strongly coupled with
the combustor conditions. This is s0 even if the mass injection
rates are constant. Boundary conditions for these cases then
are,

L[]
Wox

gaseous oxidizer injected flow rate = constant

Gf gaseous fuel injected flow rate = constant
and assuming as before, if both gaseous oxidizer and fuel are
uniformly injected in their natural states, combustion is

instantaneous.

Aeq= AV = wox + v, = wT
The ;T could aleso be staged cycle combustion gas. In the usual

e Oand ¥ = W..
cas wox = an VT Vf




Also the assumption is made that the entering total energy/

unit mass does not fluctuate, l.e,
2

Ha+Y . Wor Hoxb* W+ H‘”

= L= = F
= 3336‘ . ‘5
T
where
H = Stagnation enthalpy of gaseous
0Xg oXygen source
Stagnation enthalpy of gaseous

i

fuel source ]

Hy = Unit mass stagnation enthalpy (form
to use if gases are injected as staged ;
cycle combustion products). ‘i
The enthalpiles are determined from measured gas temperatures (1

Tbx y Tp or Ts, the appropriate source stagnation pressures
8 8

and the combustion tables where C = O for fuel,©@for oxidizer Q
and a finite value for the staged cycle combustion products.
Normally, these stagnation enthalpies are the same as those

computed for the steady-state program boundary conditions.

The boundary condition for the gas mixture ratio is given simply

as .
Yox

v
£




However, although the stagnation enthalpies, initial mixture
ratio and mass flov rates are specified these do not allow
separate determination of@u and H. The inlet mass and energy
relations with the tables are not sufficient to allow compu-
tation of all the variables. The density is strongiy dependent
on p and T(H) and ¢(from the tables), Specification of the
density would then determine u and hence H. Clearly an iterative
solution at the injector face is required. In reality this is
resolved by simultaneously solving the continuity and momentum
equations throughout the chamber at each time step., Thege
equations are solved iteratively with the other equations,
using the upstream and downstream boundary conditions on V and
C. H at the injector face is then determinable ag part of the

iterative scheme. The exact method is presented in Appendix IV,

2) Downstream Boundary Condition
The downstream gas-phase boundary condition has been and astill is
a source of some confusion among variour authors. Many have placed
the downstream boundary condition et the beginning of nozzle con-
vergence and applied the short nozzle approximation {Mach number at

this point remains constant). This is somevhat oversimplitied.

The actual effect on movement and warpsge of the meach plane at or
near the throat due to nonlipear wave motion, oscillatory droplet
flow and heat release, is uncertain. To avoid such prodlems
Burstein, Ref, 6l, utilized a downstream boundary condition that ie

located in the supersonic portion of the nozzle. At sufficiently

large expansion ratios like 3 (Mach No. ~ 2) he sets all

gas parapeter first derivatives with respect to x equal to zero
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for ell t. This is not entirely accurate but is felt to be

sufficiently far removed from the chamber that the voundary ccndition
is tairly insensitive in nature and gives information ahout throat
nach plane movement. On the other hand in the absence of burning
near the nozzle throat, throa® plane movement may not be great

even with fairly high ampiitude waves and one may imagine that the

throat flow would always be at or very near local sonic conditions.

Both boundary conditions can be utilized in the formulation. At
present the latter has been programmed and the downstream boundary

condition is taken to be

v-—‘et At ut

where
e L - density at throat
At = throat cross-sectional area
up, = local shifting speed oi' sound, depending

on C, H and p at time t at throat.
Perturbation Ccndition
Perturbations are applied at the throat, simulating the experimental
method. The perturbation is produced by physically stopping the flow

or a prescribed portion of it at the throat plane. Thus either

specifying
u, T 0
or .
e T C Ay Y
wviere
A_ = net resultant ares for gas expulsion

p
rtor a specified pumber of time steps is sufficient to allov the computer

formulation tu crlculate the ram pressure wvave produced.




Uti_ization of the Trsnsient Program and
Experime-tal Nata to Evaluate tic Coupling Terms

The transient model, similar to the steady-state formulation, may be
utilized as & separate -ntity. Specitication of presently existing
expressions for -he coupling terms allows analytical prediction regardins
the stability of proposed engine designs, etc. Naturally, those predictions
will depend greatly on the accuracy of the terms used to describe the coupling
processes. The coupling processes during unstable combustion need not be
and in fe:t probably are not exactly the same as those during steady-state
operation. The processes, still are mass vaporization, etc.,, breakup,
heating, drag, but the rates and controlling parameters may be different in
the two modes of operation; in particular, the quasi-steady assumptions of
current coupling term =xpressions may be ‘nvalid for instability snalysis.
It is with the evaluation of these terms under instability conditions thai

this portion of the program is primerily concerned.

Specirication of the Gas Phase Flow Field. It would be advantageous if, as

with the steady-state formulation, th: transient model could be uged, act
with a priori specifications of the coupling terms, but with direct spray

data suppli=d from the experimpental program.

The spray variables that appear in the gas phase transient equations are

n n n a n n_n
N. ,u ,m , and H, . Note that N, arpears as a variablec since Au, N
J J J J J J 7
is no longer a constant. No coup'ing terms appear, of course, {n the form

of the gas phase equations utilized., For the same reasons as in the steady-

state case it would be dcairsble to be able w provide these s, ray variables

LI + ) « N
to the gas phase equations vithcut providing equations for mJ , m R
n n vap’ Jp,u]
CdJ and QJ.
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Tranusient comhustion tnrough observation of the equational formulation and
cuysicel reasouing appears to be primarily controlled by the fluctuating

rate of mass releage. Under such conditions large fluctuation; in local

vas density end energy release can occur. ‘This in turn produces localized
overyiressures which further alter the local temperatures and generate large
velocity gradients. These large velocity gradients and other effects,
pressure, temperature, e€tc., may in turn inteact with the coupling processes
and organize and sustain the pressure oscillations. During such events the
xas flow field is sensitive to the specifications of both m . and u .

J J°
n
is 8o because the mass release is dependent on both N, and mJn and the

This

J
n
parameter NJ is also dependent on the local value of udn.

Hence in both the time-varying gas mixture ratio and continuity equations,

: n n
qu, uJ and m are important spray parameters. This is also now true, at

least indirectly, for the momentum equations, in that the large fluctuations
n n n :

of mj ’ NJ and uJ cause the density fluctuation that can produce large

pressure gradients at any point in the chamber.

The global energy equation enthalpy, H, is still fairly directly insensitive to

a
HJ for the same reasons as in the steady-state case, H is primarily dependen*

on the mixture ratio equation. the sas velneity end fr . llition .-e pressure-

. aPA
time variation because of the 3% term in the equaiion.  Thus, although

n
HJ may still aot be directly important :z specifying the gas :1na.e tlowv rate,
it ls nowv necussary to very accurately specify at jieaat both an and m‘ﬁ and
~

ireferably N, .
o

In ;rinzi{;le, 1t is ucssidle tc approach ths oroblem in the game za Hvr as
srecifisi for the calculation of the gas phase flov rate during steady sta‘s

t at is, eliminate tne transient spray msss coptin. y and momentum =quations.
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n n
These equations are replared by experimsntal data ylelding DJ and u‘j .

Natura.ly, vhen used directly vith experimental data or even when comparisons
to the experimental data are performed, n and j are set equal to 1. and
only Gi{2 enters as the gaseous component. This greatly simplifies the
form and computation of the equations. These reductions are of course
possible because the experimental data are produced by the monodisperse

o n
spray engine where DJ ) and u, = only. This remains true so

LoX 3 " YLox
long as the wave does not disturb the injection process. Similar to the

B n
3 must be calculated through DJ and the drop energy

equation. This, as before, requires a priori specification of at least

previous method m

n
one of the coupling terms, Q 3

There are & aumber of very serious problems with this technique. First,
and the least of the problems, the accuracy of the gas phase flow fleld
calculation aov depends on the accurate specification of two variablas,

unn and an rather than jJust one. Hence, not only .mall errors in specifi-

n n n
cation of D,) (hence m y ) but alsc in "j could propsgate into calculation cf

n
the gas conditiom)conpounding problems. i, is needed for evaluation of

.
3

impossible task. The number of dropg/unit volumwe !s sufficiently large that

o
it vould be desirable to specify N, experimental, but this is an

n
even vith halographic techniques accurate determination ol RJ would be hoth

unfeasidble and uneconomical. Thus it i~ wvAcessary to 'ise an additional spray

n
sguation; the 4drcr number copcentrstiocn squation o determine ’3 ’

- a
Secondly, and of more importance, s,‘ depends oa both D} snd the epergy

equation utilized. In the stealy-ewtete situatiop, thers is & vealin nf
information from many models and sxperimepsal data comparisons Lbat indicace
the quesi-steady assumptions do pot appea- o be gropsiy in ervcr.  Under su

conaltions ;Qn vas shovn to be pot territly sensitiv L0 the energy eq.aliope
L 4

. "7‘
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utilized and the experimental/analytical methods proposed appear quite
reesivle., This may not be the case during transient combustion. As yet,
fully non-steady drop heating and vaporization models which do not invoke

some very simplifying assumptions have not been derived. As a consequence

m_n may, under transient conditions, ©bve highly dependent on the particular

J
n
model for &, utilized.

J

Thirdly, and the most serious problem, the equationgto be replaced and

those to be determined are time, space dependent; that is, they are partial
differential equations. Hence an and DJn must be specified as both functions
of time and axial length. Th'ls is experimentally prohibitive; continuous
photograprhy in time for the entire chamber length would have to be utilized.

n n
The data reduction from such photography to obtain v, and m  as function of

X and t, for a sufficient time span to allow calculation of the effects of ihe
pressure wave throughout the chamber, is enormous. Possibie errors involved

preclude the use of such & method.

It thus appears that, during transient operations, the gas phase flow field
cannot be directly determined from experimentel data, Rather it must be
calculated by & prior specification of all the coupling terms and retention

of all the spray equations.

Evaluation of the Coupling Terms. Und2niably, the fact that the gas phase

flow field cannot be specified independent of the coupling terms complicates

the evaluation of the terms. However it does not make the task impossible.

Although trensient combustion is certainly much more complex thean its steady~

state counterpart there is experimentally one advantage as far as measurement

of' one of the varying gas phase parameters. The pressure, which is nearly
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constant during stable operation, is jus* the opposite during ursteble
burning. It is fluctuating widely or growing or decaying in magnitude,

This can be accurately measured by the transducers along the length of

the engine, The characteristicas of the pressure fluctuations will also

be a function of engine operating conditions and initial disturbance levels.
It is possible experimentally to map out the entire regime of operation in
vwhich 3zZrowth or decay of pressure waves occur. Since the perturbation is
always produced at the thryuat, the pressure wave propagates into monodisperse
spray. Further, even if the injection process is disturbed on the first pass
the resultant wave reflection off of the injector face propagates baci into
the remainder (if any) of the initia® ~opodisperse spray. Reflection from
the throat results in at leac. a pertion of the tnird pass which still could
be interacting with tbe iaitis) upray. Thus there 1s sufficient data in which
monodisperse spruy assumptions are valid to determine the growth or decay of
the pressure vave. Further, additional passes may be valid if the wave doec

not greatly interrupt the spray production process.

It is to be sxpected ithat the directly measured parameter, pressure, whica is
easily characterized as a function of time and space, ie a very strong function
of the coupling term expressions. It appears then that the most appropriate
method to evaluate the coupling terms is to first input the best expressions
determined directly from the steady-state computations and parametrically
evaluate these erms by comparing program predictioms to the observed experi-

mental values of pressure growth or decay.

Pressure !s not the only experimental parameter which may be used in the

comparisona. At selected times during the experimental ovservations, droplet
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Jiameters, velocities and the location of the oneet of breskup can bhe

determined, again because of the monodisperse spray produced., The
coupling terms must allow predictions for these selected times vwhich egree
with the drcp data as well as with pressure, All of this information is

sufficient to eveluate the validity of any set of specified coupling terms.

It is true that this method does mot allow direct computation of individual
coupling terms. But it can determine the validity of those expressions in
surrent use; this is particularly true with regard to evaluating the quasi-
steady assumptions. This in itself 1s a major objective of the program,

It is also true that if the coupling processes differ during translent
combustion,expressioas descriving such processes must reduce to these
determined from the steady-state work as the waves decay and die out.

Hence a combination of steady-state coupling term knowledge and direct
experimental data of p, DLox and uLox during transient conditicns can
produce information needed to expand the description of the coupling pro-

cesses to render them valid during unstable combustio=.

Numerical Analysis of the Transient Formulatiou

"he numerical analysis of the transient formulation was exceedingly complex.
The final set of finite dirfference equations (the technique utilized' avolved
over more than a year's work of trial and e»ror effort. The complexity was
primariiy due to lack of prior experience upon which to base the analyses.
This is not to say that there have aot buen otaer longitudinal or even
transverse instability programs developed in the past. Rather this is the

first transient program to utilize a complete set of conserwration equutions
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inclwding a time varying: droplet concentration number equation, gas phase
mixture ratio equaiion, and a dissociated energy equation. Coupled with
this set of equations was & table of equilibrium gas-phase combustion
properties containing over 55,000 separate data points. The solution of
the equations involved iterative predictor - correction cycles coup.ed
with various interpolations of the tables, Several important criterie were
considered, convergence of the scheme, order of accuracy, and numerical
stability and feasibility of computation. In a trensient computation it is
imperative to know that predicted instabilities are "physically real’ and
not due to numerical probleme. Computations involving particularly the
mixture ratio equaticns (and properties tables) effect on the continuity
and momentum equations was found to be extremely sensitive. Further the
feasibility of the computations depended on the rapidity with which the

tables could be searched during iteratious,

Following consideration (ani often considerable trial and error effort) of
various techniques: method of characteristics (when the viscosity was set
equal to gzero; evolving first-order, nonlinear hyperbolic equations) and
finite difference techniques (useful. for the more complete solution, when
viscosity is retained and the equations ar: parabolic), the latter method

was gelected. In particular, a semi-Zirst order, backward difference

inmplicit gcheme, which utilizes a system of equations, eentered in spacse,

and in wvaich the momentum and continuity equations are simultanecusly solved
throughout the chamber, wvas used. This scheme was selected because of its
ipnherent numerically stable characteristics., It vas possible to shov that the
selected tenhnique, in the absence of the mixture ratio equation and combustion
tables, unconditionally setisfied the Van Newman necessary conditions for

atability., Other higher order, hence supposedly more accurste, techniquea,
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such as the two-step Lax-Wendroff (Ref, 111), have more stringent stauility
requirements for the same set of equations, Thus, since it was not possible
to directly determine the stability of any of the methods when the mixture
ratio and combustion properties tables were utilized, it was decided to

use the scheme which resulted in the most stable solution for the simplified
set of equationsg, This is not to say that the other higher order schemes
may not also be as appropriate (or even better) than the scheme selected,
but economy and reason dictated that the more simple scheme be selected
first. Perhaps, once more information is gathered with this technique it
nay be desirable and possible to advance to other techniques. Thus, some
small accuracy was perhaps disregarded (though since momentum end continuity
are solved simultaneously, this may not be true) in favor of stability con-
siderations. The justification of such an approach will be discussed in

the Results Section in which it was computationally possible, by application
of the chosen technique, to show numerical stability of a sample case of the

entire set of conservation equations.

Details of the numerical method are presented in Appendix IV. This appendix
also includes a short discussion of finite numerical techniques and defini-
tion of the terms used in this section, i.e., order, accuracy, stability, etc,
Along with representative finite difference equaticns, a flow chart of the
computer program, derivations of the stability criteria and order of accuracy

are presented.
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RESULL'S

PRELIMINARY RESULTS

The primary effcrt during this investigation has been directed toward the
development of the experimental and analytical techniques to obtain and
evaluate the required data. Consequently the majority of this report hes
been concerned with: 1) the design, initial experiments, development, fab-
rication, and cold flows of the monodlsperse spray spr.y apparatus, and 2)

a review of past analytical models, then formulation and computational develop-
ment of new, overall combustion models. Although a great deal of discussion,
argument, formulation, hardware and even initial experiments have been pre-
sented, the success of the primary effort of this program to date can only

be judged if the experimental device and the analytical programs work. Thus a
small portion of the effort was reiegated to the task of obtaining actual pre-
liminary experimental and enalytical results. These preliminary checkouts
were to be sccomplished under realistic conditions, closely approximating

actual use in future measurements and correlations.

The experimental preliminary results have suffered fram coincidental problems
vhich have not, as yet, allowed successful droplet data measurements under hot
firing conditions. On the other hand the analytical programs have been checked
out quite thoroughly and judged satisfactory in all respects. Despite the coin-
cidental problems of the hot firings both the experimental and analytical pro-
grams are considered opeiational. Preliminery results and problems encountered,

vhere spplicable, are described in detail below for each program.
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EXPERIMENTAL RESULTS

It is not surprising that problems were encountered during initial hot firing

checkouts of the combustion device. ... 1¢ gxh a great deal of effort went

into the initial design to eliminate potential problems, the checkouts first
subjected the combustion system to actual high temperatures and pressures.
Probelms encountered during such events, particularly with transparent hard-
ware, are often not foreseen. Experience indicates that e considerable number
of actual hot firings are required to eliminate initial difficulties. Conse-
quently on the funds available for the experimental systems checkouts, two

sets of hot firing tests were accomplished.

The first set of hot firings employed ambient temperature hydrogen as the
fuel. Although photography of the first test of the set indicated that the
combustion flow field appeared uniform, no droplets were evident, even near
the injector face. Additional tests, at somewhat different operating condi-
tions but still) using ambient temperatures, revealed much the same results.
Occasionally in some of the latter tests jets and droplets were present but
their appearance wvas random and quite ragged. Closer observance of those
Jets that were present revealed that they were very bushy, appearing two-
phase in nature. Further investiga:. -n of this set of runs indicated that
the 1iquid nitrogen cooling to the engine system, particularly the engine
bath, was inadequate to prevent heat transfer from the warm hydrogen to the
liquid oxygen. This heat transfer wvas sufficient to cause vaporization of
most of the liquid oxygen in the injection site region. The resulting tvo-
pnase, nearly vapor, injected flow destroyed the monodisperse spray production

and in fact vroduced nearly gas-gas cambustion within the chamber.
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The second set of firings incorporated appropriate changes to provide adequate
liquid nitrogen cooling. As added insurance the hydrogen fuel temperature was
reduced to approximately 160°R. Photography revealed excellent drop production
until just after the hydrogen mainvalve opened and hydrogen flow began. At this
point, with the occurrence of ignition, the resulting photography revealed only
a bright white opaqueness on the window. The reason for this was not readily
apparent. During this set of firings, one test failed to ignite even

though the ignition source was cpersble. This test, however, proved to be for-
tuitous in analyzing the test data. Photography from this run revealed that as
the hydrogen flow was increasing with the main valve opening, transverse flow
currents vere set up across the injector face. The result of this flow was

to cause propagation of the spray field towards one side of the engine and
finally around and onto the windows. BSubsequent photographs reveal;d that the
windows were covered with a dense dark opaque 1iquid film. Had ignition occurred,
this derise 1iquid f£ilm burning during cambustion would appear, as it did, bright

and opaque, primarily due to the effect of window glazing and light scattering.

Production of the transverse flow was not due to normal introduction of the

fuel. In previous cold flow tests the addition of a high velocity ges simu-
lating the hydrogen had no disrupting effect on the spray formetion. In fact,
the gas flow improved the spray production in previous tests. Analysis of the
gas flow from the photographs and inspection of the hardvare following the

tests revealed that the injector face seals had failed. This sllowed hydrogen to
flov directly from the open manifolds evident in Figures 2 and 30. These
manifold openings resulted from the machining process and are normally isolat-

ed fiom the combustion chamber by the injector face seals. When these seals

R-8377 269




e anre it e ey

failed, hydropen rather than flowing into the passages behind the Rigimesh,
entered the chamber transversely across the injector face, producing the

disrupted flow.

Ailthouph additional firings were not possible during this contract, a minor
redesign !'s presently being incorporated that will seal these manifolds per-
manently from the chamber. There is no evidence from all the results to date
that indicates that monodisperse spray production and photography cannot be
acnieved during combustion firings. Lack of achievement to date is felt to
e a result of the deseribed coincidental problems and does not reflect pro-
rlems o a fundamental nature, Additinnaily, a new contract is to follow in
whisn <he experimental effort is to be the prime concern. During that eon-
crac~ Tull use will be made of the combustion system. Althourh minnr problems
mav occasicnally occur and have to be sclved in the future effnrt, the rom-

bustion system device is presently considered operational,

ANALYTICAL RESULTS

The stability, accuracy, convergence and feasibility of the pumerical methods
employed to program the steoady-state and transient formuletions are formaliy
discussed in Appendices JIi{ and IV, As presented there it is possivie to show
that a inite mesh size (Ox orfx, 8t) exists which results in numerically
stable ani accurate solutions for the chosen ”inite difference technique and
tne equations analy:ied. These conclusions require of course that the solution
to the finite difference equations be feasidble; i.e., that a solution ie
;osrible, nas the required insensitivity to perturbat’‘-ns, snd io economical,
at least to s~me reasonable cxtent, !n computation t!me, Moreover as also

t¢s~ussed (n the Aypenuaices the Tin ~ %! arence techniques for the sprsy
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equations (particularly th? mess continuity and heating equations), wvhich
contain the coupling terms, may have to be altered, to retain reasonable
computation time and accuracy as the complexity of the coupling terms is
increased. A general guide for satisfactory computational techniques ia
presented in the Appendices. It is of interest therefore to show that the
analytical computer programs are pumsrically stabie, accurate and feasible in
practical application. Moreover, utilizing existing coupling terms that appear
t0 have gome validity, at ieast for stable combustion, ylelds results that give
an ipdication of the feasibility of the p-oposed program to evsluate th»

coupling iterm expressions.

Unlike the experimental program, the nature of the analyticel program was such
that development and checkout of the computer formulation proceeded simultar:ously.
That is, the finite difference technique is selected by its degree of feasibility.
Hence at the point of completion of developmant of the computer programs, they
ware also operstional. The following sections pres~rt some preliminary results

cf computation with the analytical models.

Ste” iy-State Progras

For the axample selectai, three coupling terms are considered, droplet evaporation
(buruing) rete, droplet heating and droplet drag. Since no experimental data

exists, the droplet dynamic wodels hal to be selactad & priori and the firct

version < the model vas utiliged, hovever, & monodispsrse spray case vas selectsd vith
the initial drop size taken to be the same as that det:rmined from experimental

cold flows. A pusber of droplet dy:.2='c processes wvere envisioned during the

revicv of the existing couplipg term expre::‘ons which descridbe those processes.

The El Wakil equations for droplet ieating and vapu.i~aticn vere selectad for

the saaple computation. "_la coupling model considers toe Arcplet to be
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eraporating into a convective flow of bulk chamber gases and *o have sufficient
internal circuletion so that droplet heating 1s uniform. By inference, since no
flame sheet or reaction in the boundary layer is included in the formulation,
burning of the drop vapors occur in or neer the droplet wake. As discussed in
the coupling terms review there is some Justificati n for this model and it repre-
sents the lowver bound of all existing droplet burning models. Note that the El
Wakil equations are obtained by setting the term A = O in Schuman's Model (Ref.
114), As discussed,at low pressures, A —» O, thus making Schuman's ani Fl

wakil's equations identical.

The droplet drag expression selected was that developed at Rocketdyne for

accelerating burning single droplets.

Selected Coupling Term Equations. Specifically, the coupling term expressions

selected are
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Since the droplet tampersture is uniform the droplet spray mass is related to

the diameter as follows,

3

= N m -
¢ Lo % Lox oy N‘-°l % (DL-F) el.t.ol’
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lote that because of the low temperatures of the drcplet the XV

LIDX8

andt;HvLox are compvted from an equaticn of state (Redlech-XKwong) and

fugacity relatiounahins. This corrects for the presence of other gases(Ref, 113,115).

Tue other vapor properties that will pe utllized ire zo the much higher film

temperature avd hence such corrections are not required.

Specification of Texms end Film Properiy £quations. All of thn models one may

consider for burning, heating, etc. nave tc ineclude convective =2ffects. For
this reasos Nusselt number correcilons appear and integrations through the
zonvective boundary isyer are usually averaged and called "film properties,”
iiexce the subseript £ that sppesrs in rany of the terms in the eguations Jjust
vresented. wnea cumparing models it is necegsary that the same method of
calculating film properties be used. This waz discussed in the Joupling Term
Review Section and is particulerly important with LDX;GHé propellants. Thus

it ig necessary to define the methods used to obtain the film vrcperties es

the me+tiod will determine the coefficients of the Nusselt unumber correction.
Most of the terms used in the equatlons presc tedi have been previouwaly defined
in the Analytical Program Section, Subroutine (c). Only those terms which were
20t Aefined there will ve defined here, In the usc of the terms, the subscript
V refers to drop vapor, f, the film, j has been set equal to LOX (cne species),

and n is equal to one and thue deleted from the equations. Thus Xvn becones
£y

@

A4
I.lox.

A linear film averaging technique L&s been gelected here as it 1s consistent
with the methud used Zx obtaining the Ramz -Marshall Nuaselt number correctiors

which are employed, These corrections for convective conditions are
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Kusselt nusber for Mass Transfer

2 (Often called the Sherwood Number).
= | + oa(Rc V"_g &
' Frox ) L « JLMl)
where
Re - ejuu DLG% l W= Wy,
ékoy. -
j }'iju)r.
S(‘.é - 3 AJ Aoy
oy e
5»; ﬂé;o;
snd
Nw Yo,
- Husselt nunber for Heat Transfer
vy
' (RC&L") ( P\’j‘\o,‘\
vhere
ij'kcr = Cr.h.w AJ‘Lox, 3
k:} Loy
Tote vhen Le, = $rox €4 o . Coye
J’ur < = £
c’J._.,x $iox
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= |, an assumption often made in combustion

analysis, then
Num = Nu“

This assumption (Le = 1) is known to be poor for 02 - H2 combustion.

Hence it has not been used for any calculations in this report.

Then the necessary equations for computing all film properties are:

T& =
koﬁ z
Xy - XVLou + Xve
LN < -
0¥
2,
vhere
Xv e = mole fraction of the LOX vapor
o= of the external gas.
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Note: for burning conditions X 2: O and at "wet bulb" conditions
e

2, 1 and hence = 1/2, The saturation temperature for the pure
vaxs = X, / mp P

LOX
droplet in the presence of other -gases is defined as that temperature for which
x,,mx is identically one. It differs little from the pure substance
8
saturation temperatures at low pressures.

Returning to the film property equations

= l] - X
xfconb.gas YeLox
M = +
fwx )lemx "mx xfcomb, gas Mfcomb_ gas
where

Mox = 320
M, = molecular weight of combustion gas at
comb,. gas

T. , assumed to shift equilibrium from
Trox
T to wax’ obtained from combustion tables

at Cypy T,
,'th
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Vapor Properties at Film Conditions are:

1+ e e+ Y TE—————T

Cp - supplied from tables for GOX specific heat
v
f10x at pand T,
10X
vaox - supplied from tables for GOX viscosity at p
and Tr
LoX

kvf - may be supplied from tables for GOX thermal

70)

conductivity at p and T} » However it 1is
10X

most often calculated from Euckens Equation

L
[ - }L
) v
= (3.6 Ho")(lJBO + M, Cp dvop
p v}
Lox MLn,
At the normal film temperatures this is
compatible with the same method as used in the
combustion property tables.
The vapor properties at the film are, except for Cp » unimportant except
v
for their use in calculating the actual mixed film frox
conditions.
Actual Pilm Conditions
_ e, - v
L0 ¥ ¢

$ ey




+ MJ’ COMB-}&& X&Comk. 3‘\& CP

y jtom‘. ak
M4 rex 3

Here the specific heat of the film around the
droplet is taken as the simple low pressure rule,
although C and C_(D ar? each
p"tmx fcomb gas
evaluated at the system total pressure. Errors
t. e J i e e i
introduced are negligible becaus TfLOx 8
normally high enough to eliminate pressure
considerations. This 1s also true of the
properties for the following film equations.
x Lack of knowledge of actual film composition
precludes the use of more complex 'mixing" rules.

= fen of (M and ) computed from
HMetox VeL0x utcomu gas

Wilkes Equation (Ref, 113).
A,
LoX

a 3
LOX

o st = Multicomponent Diffusion Coefficient for one
specles diffusing through the film gases and
follows the method of Ref.ll3, An example for
mixture ratioc less than stoichiometric is given

below:
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For C < 8,00 (LOX-GHE) and at Tfmx the majority of the species present at the

mean film condition are either 0?, H2 or HZO' Hence

{
ﬁu,l
oF
Y
2 + \/ H,0

.
Jj@l,"\k 0/ 3’02 NN

&

1]

\l M 4,0 - M.funag. CAS

=
"

v
N

16.00

8.89 % (0" (TJ“,\%‘

PP § P .& Lol‘ "‘1\)

ﬁﬁ Yo = *.4'..2-,2‘.-,:“0.1 (TJ Lo )%-

a, 2 - - ———

P (L (a

e

B0 R-83T7




and (] 1s & melecular property of the type

of molecules colliding, and includes polar-

bipolar effects, etc. (see Ref,113), It

is also a function of Tfmx

For other mixture ratios, appropriate forms of.O;mx are used,
Results of Steady-State Computations. Following specification of the coupling
terms and film properties subroutines sieady-state computations were performed.
The following conditions were input to the model:
Initial Drop Diameter - 720 pu
Initial Drop Temperature - 1L4O°R
Initial Fuel Temperature - 200°R
- Mixture Ratio , C - 5.0:1
Initial Droplet Velocity - Calculated intermally but = 4,53 ft/sec
Chamber Pressure = Reiterated until throat velocity sonic
< 157 peda.
Initial Gas Velocity - Calculated internally but = 8,9 ft/sec
‘ Chamber Geometry - Identical to Combustion Device, 19" Straight
Snction, convergence to Nozzle from 19"
to 20",
Contraction Ratio - 12.33 to 1
Mach Mumber Start of
Convergence - .05
E These input conditions correspond to actual conditiomencountered during the
E -~ hot firings and repregent a 10X Jet injection Rg = 2300, The numerical technique

b v v e 2 e
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as presented in Appendix III was retained for all equations except for the
spray mass and hesting equations. A more sophisticated bi-section routine
wvags employed so that heating of the drop would not allow temperature overshoot
of the "wet bulb” condition. The veporization model is very sensitive to the
correct "wet bulb" temperature andtt® bi-section technique between the drop
temperature as the lower limit and the saturation temperature as the upper
1imit permitted accurate and smooth solution to the finite difference equaticn.
Utilizing such & techuique the model was run with step sizes dowm to .05";
below this point rno discernible difference could be detected in any of the
predicted values of spray or gas parameters. Hence the practical error

iovolved in any of the predicted values from & given equation is nearly zero.

The results are presented in Pig. 32 through 6. The first three graphs are
crimarily concerned vith the spray parameters. Note that the drop diameter
first increases, due to heating, for nearly the first four inches (Pig.42).
During this same period the droplet essentially reaches the "vet uvuldb” temp-
erature of 215°R and remains st this level for the remainder of its lifetime
(Fig. k4). PFurther, very little of the mass of the drop has burned, 70% is
still remaining vhen "wvet bulb” conditions are asttained (Fig. 43). Drop
velocity is presented in Fig, 46, For the first four inches the droplet
velocity changes little, then ipcreases nearly linearly to 175 ft/sec at the
start of convergence. A¢ the point of burnout the droplet velocity reaches »

paximum of 260 ft/sec.

Pertipent gas paramsters as & function of length are showvn in Fig. 45 and 46.
Az {3 expected, both gas velocity and gus temperature follov the curve of
jercent burned. Within anproximately 7" the gas velo:ity and temperature
reach 0% of their fipal values. Pressure vas not plotted as except for the

cornveryent region it remains constant to vithin 1/2 psi throughout the chamber.
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Relation of Results to the Progrsm Effort. The importance of these analytical

results, as they relate to the entire prcgram effort, cannot be underestimated.

P T VOO .

Some mention of them, as they pertained to a pertinent portion of the program
being described, has previously occurred in the r2oport., At this point it is
proper to gurmarize the more salient features of these results as they pertain

to successful culmination of tue entire program.

Chotograrhically it is necessary that the relation between drop diameter and

velocity be such that the droplets cam be vhotcpgraphed down to at least 100 AL

with rather simpie equipment.

Analytically it must be possible to iistinguish, from photographic datsa,
which extreme of droplet heating model to use, Further it aust be pussible
tuo distinguish which droplet burning mcdel is proper, convective evaporation
or flame sheet descriptions. Of necessity, events must not occur so fast,
regardless of the processes envisioned that photographis results would not be

pos3sible to obtain.

The droplet models used for the coumputations presented yield the slowest burning

and surface heating rate of any available., The remaining burning rate models do
yiell rates of change cf droplet diameters, etc., which are more noticeably

repid. Snould one of th2 other models happen to represent the real com-
dbuctior process, the mcre rapid results wculd also affect the experimental ohserva-
tions. The questions to be enswered are: first,are the analytical results shown
here compatidble with the goals of the coverall program, and second, since the

results represent the lower boundary of drcplet burning, can one extrapolate these
results Lo show that,vithin present knowledge of the extremes of the ooupling
procesges, any of the envisioned coupling processes would yicld adequate experimental

dave?
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First then, for the results shown,over 95% of the droplet mass lifetime can
be observed with erimple Fastax-Strobe photography. The droplet processes are
spread out over 19 in. in length, at least 15 in., of which can be obs~rved by
the simple equipment mentioned above. Though not plotted, the computer results
also indicate that the mass weighted average RefLox for the droplet through this

process is above 750, Thus the Nu, = 18 - 20. Recalling that

ES = Doy
$ | = &
NU..&

this supports the previous contention that DLox is nearly 90% of the average
film diameter. This figure alone would eliminste the photographic problem

of distinguishing the drop from its film. However, this represents the
average film thickness including portions of the wake, thus the actual zone
around the girth of the droplet viewed by the camera i1s considerably less than

ﬁ%; this even further eliminates the potential problem of droplet distinguishment.

To answer the second question, the nodel used does have the sloweagt surface

heating rate of all present expressions. Since droplet surfacas temperature
controls the rate of evaporation, the mass loss (diameter change) with this

model is slower than the others. Hence if a finite thermal conductivity heating
rate model were used in place of uniform heating, the droplet surface temperatura
would rise morerapid and mass evaporation would be faster than with uniform heating.
The droplet diameter would continuously decrease rather than grow initially as
shown in Fig. 42. Distinguishment of heating modecls would be evident and the

mass of the drop could be calculated in either case, Of more importance, the
surfaca: temperature can never rise above the lecal wet buldb condition and hence

the evaporation rate can never be greater than that of the uniform droplet heating
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model presented here once the entire droplet has reached wet bulb conditions,

Utilizing a finite thermal conductivity model would be like starting the maxi-

mum evaporation rate at x = o, i.e., moving the average slope of in

dx

Fig. 42 to x = 0 and it can be easily inferred that the evaroration process
would still be spread out over 14 or more inches. Although the velocity
would increase wvith length somewhat faster than Fig. L€, the change would not
be great enough to cause large effects in the spatial relationship between
DLOX’ uLOX and photographic capability. These are advantages of the propel-
lant combination, flowrates and drop sizes selected. Liquid oxygen, even if
a uniform heating model is assumed, heats rapidly to wet bulb, and when wet

bulb conditions are reached most of the droplets lifetime is spent at that

condition.

The most rapid droplet burning rate model presently envisioned would be one
having finite thermal conductivity heating within the droplet and the exterior
surrounded by a flame sheet even during convective flow. This model of a

rather "unreal" process would have the effect of increasing the initial burn-

ing rate rapidly to thatmear the final wet bulb condition of Fig. U4 and 45, since
the droplet would be receivirg heat from a near stoichiometric flame rather than
from the bulk gas. Initial effects would be noticeable, even over the same model
with no flame sheet, but the overall effect would not be as great as first
imegined. This is evident in Fig.45; clearly the bulk gas temperature, even
for a uniform heating and hence slower vaporizing droplet reaches 90% of its
final temperature by 7 in. Hence from that point on the droplet burns similar

to a flame gheet model, Even if such a flame sheet type process occurred in

the engine, comparisons to the results presenied in Figs. Uz , 45, and 46
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indicate that resultant burning would not be so fast that it could not be
adequately observed. Note that the final gas temperature of the example
presented, Fig. ¥5, for M.R. = 5.0 15 little less than that for stoichiometric
conditions, and most of the dropiets lifetime as mentioned, is spent during
the wet bulb condition when the gas temperature is at or near its final and

highest value.

Transient Program

Preliminary checkouts of the transient programs were primarily directed toward
determining numerical stability of the finite difference technique and compati-
bility of the formulation with the steady-state program which supplies the initial
inputs. The reader is referred at this point to the Evaluation of Solution

Method section in Appendix IV and the discussion of the Boundary and Initial

Conditions for the Transient Program in the Analytical Program section of the

maia report.

As presented in Appendix IV, it was possible to show that a simplified form

of the conservation equations (eliminating the mixture ratio equation and
combustion property tables) unconditionally satisfied Ven Newmans nacessary
criteria for numerical stability. The derivation of numerical atability further
revealed that the satisfaction of this necessary criteria was independent of the
ratio %—E of finite mesh size. This is true so long as a At is selected that
is sufficiently small that a vector term containing the coupling expressions may
be peglected. Thus the stability criteria could be considered independent of the
coupling term expression. The derivation did utilize, along with the simplified

conservation equations, a set of nearly non-responsive (1.e., insensitive to
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pressure or velocity waves) coupling term expressions for drop heating and

burning rates, that is, éLox was taken to be & function of f(x) Doy, vhere T; .y
and !{Lox were considered to be constant. The drag force had C4 equal to a
constant (although this was only for convenience). The results of the deriva-
tion, however, as discussed above, revealed the form of the coupling terms to
be inconsequential so long as the proper At was selected. Hence the form of
the coupling terms used for simplicity in the derivation did not alter the
final results concerning numerical stability predictions. For a discussion of

the "feagibility"of finding the correct & t for more complex coupling terms, the

reacder 1s referred to Appendix IV.

It was deemed necessary to esstablish the relation of the stability of the
simplified set of conservation equations to the complete conservation equations
(including use of the combustion properties tables). Further it was necessary
to evaluate the actual compatibility of Che transient and steady-state models,
both with regards to accuracy and stability on the part of the transient model.

To establish these relations actual computer computations were performed.

Selected Coupling Term Expressicns and Inpute to the Transient Formulations.

The running time of the transient model is quite lengthy. In the absence of
actual experimental data with which to compare results it was decided to
retain the use of simplified nonresponsive coupling terms, as in the stadbility
derivation, and to utilize inputs as if combustion vere occurring in & 7 1in.
long rocket. Use of these nonresponsive coupling terms is actually quite

-

important as will be seen later.
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Initial steady-state calculations were performed usin: nearly the same input

conditions given earlier in discussion of the result: of tnat program. The

@2 temperature was increased to 300°C and the initial droplet diameter was
readjusted, down to 2504ifrom T504L so that droplet combustion would be come
pleted in the length of the 7 in. rocket to be modeled. Cross-sectional area
of this imaginary engine was similar to the renl 20 in. rocket as regards
contraction ratio, hovever the convergent section cf the 7 in. rocket wvas
longer, starting at 4 in. from the injector face. The ElL Wakil equations

and film properties technique presanted earlier were utilized. Complete
steady-state results were obtained. Refer now to the El Wakil burning rate
equation during heating (the guneral equation). At wet buld conditions, this
equation for burning rate becomes,

——

MLur - . ]T’ DLO* k J Loy N‘LH--& ‘:"’“- Ln /‘ . (T- TLOI) CPVJ Loy

D et Cl’q AHVLQV

cath

$rox

This equation was obtained by setting Qrox equal to zero and substituting the
resulting equation into the general expression for l.nmx. Both of these equations
for the burning rate (general and at wet bulb) reveal the bun‘;ing rate to be
proportional to the first power of the droplet diameter and other paramsters.

In fact, at the wet bulb

M Lox @ wet bulb o ConsglonT <DL'«;( )
Mu LI
It vas not difficult then to fit the entire burning rete curve for the steady-

stata selection to

Miex = j’/f) DLU)(
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wvith very little error.

This equation for ﬁ’LOX was then substituted back into the spray méss continu-
ity equation in the steady-state model; the LOX droplet temperature was set
equal to a constant (chosen as the final wet bulb temperature, stilla 215°R
and eliminating the spray energy equation) and the gas phase flow field was
recalculated. There were of course minor differences between the two sets

of gas flow field calculations because of the assumption of coastant tempers-
ture in the latter. In each case the complete drag force was retained, allow-

ing chox to be the normal variable of R,.

Results of Transient Computations. The latter coupling terms specified above

(including variable Cq in the drag force) and the results of their use in
the steady-state program were input to the complete transient model. Selecting
reasonable values of At and A x the model was then allowea to run under a

"no perturbed condition" for a considerable number of time steps. It is during
'Y

this time that if numerical instability is present,errors particularly in 3T

will begin to propagate and grow. Howvever, the transient model predictions
after the several time steps "settled out"® a non-t'me varying solution nearly
identical with the steady-state input. This was true for all spray and gas
phase parameters. Also the compatibility of the two models was established
since the "settling out” period required only 15 time steps. Further, numeri-
cal stability during this "no perturbed” condition vas demonstrated. The ‘steady-

state" pressure profile is shown in Fig.47 as the solid line.
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Of more importance, however, is the establishment of the numerical stavility of
the complete program when subjected to large perturbations. At this point use
of the nonresponsive coupling terms assumes overvhelming importance. It is
often difficult in pracvice to distinguish physical instabi.iti{iae “~or; numeri-
cal problems. However, with nonresponsive coupling wechanisms for the droplet
heating and burning rates any induced wvave in a combustion flow field rust
physically die due to gas viscosity, droplet drag and expansion processes.
Hence a more severe test of the model vas performed. A large perturbation was
introduced at the throat by setting the throat velocity equal to zero for two
time steps (as & ram closure of the throat akin to the perturbation device of
the experimental system). The results are shown in Pigs. 47, 48, and 49.
Resultant pressures following the perturbation are shown for 5, 28.5

and 78.5,4 sec. folloving reopening of the throat. The initial closure pro-
duced a 152 A P overpressure (total of 243 psia) at the throat; by 78. 5 Jdsec.
this pressure front had moved up the chamber at nearly the speed of sound and
decayed to less than 1.5 psi over the steady-state conditions. The wvave decay
is clearly evident in Fig. 48 which is a plot of (P - PS. S.) versus chamber

length, for various times following shock production.

Perhaps mcre revealing is the physical decay of %—g as a function of both
length and time shovn in Pig. 49 . By 78.5 a sec the rate of pressure riseis
rapidly falling and smoothing behind the vave. In summary, the transient model,
using nonresponsive droplet burning and heating properly predicted vave damping
and a return to steady-state conditions. This is ag predicted dy the numerical

stability anslysis for the simplified conservation equations and such coupling
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term expressions. For further numerical stability considerations in the

presence of complex coupling terms, refer to Appendix IV.
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GENERAL NOMENCLATURE

Ocher Specific Nomenclature Defined in Text

area , parameter in Schuran diffusion model
p;::;e::erf fiix.lc i‘sec.;xéxma.n diffusion model
mixture ratio

specitic heat at constant pressure

droplet diameter

molecular diffusivity

drag force vector .
compenent of drag force

gravitational coefficient

enthalpy

heat of vaporization (effeciive)

thermsl conductivity

molecular weight

droplet masa

rate of change cf mass

droplet concentration (no/volune), molar diffusion flux
number flowrate of droplets

Nusselt number

pressure

gprey heating rate

heat flux vectcr

Re:nolds number

universal gas constant

volumetric gas phase reactinn rete, drop radius
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st

T = temperature

t = tirce

'l"'_.’i - gth species &iffusion velceity
B § = flov velocity vector

u = component of flow velocity

X)¥s2 = rectangular coordinates; x also equals mole fraction

z, = axial plane seperating injection/atomization and rapid combustion
' zonea

‘)’ = ratio of specific heats

P = Jensity

T = gtress tensor

y 3 = proportional mass fraction of species i generated per unit weight
’ of propellent J burned

_
Wy = mass fraction of 1th species in a gas mixture
a = gurface tension
Superscripts
n = concerned with the n*® initial droplet size group
i
| Subscripts i
i
ji
| B ~ breakup or disintegration o droplets ]
| | m  droplet |
i = concerned with {9 chemical speciss
3 = concerned with 3" propellant
2 = liquid
cg =  combustion gas
f = filn
_— h = heat
n = mixture of gases, wass
v = drop vepor
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i Yector Operators
' grad ( ) = () = gradient of a scalor quantity

div (9) « VU+) « divergence of a vector quantity

ne
“
A~
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FACILITIES

The experimental portion of the program was conducted at the Facilities of the
Research Division, chiefly those located at the Propulsiorn Field Leboratory.
Here, the Ressarch Division maintalns fully equipped latoratories and test

stands for research in sll phases of rocket propulsion. Included are facil-
ties for research in combustion, heat transfer, fluld transpori,ignition, and
instrupentation, The laboratories are supporced by extensive mechine shop,

data processing, photographic and other service unitsa.

COMBUSTION AND HEAT TRANSFER LABORATORY

The experimental portion of the program was conducted at this lzboratory,
which consists of a numder of high-inatrumented test beys, grouped around a
control and data-recording center. Two large, rezinforced concrate teet baye
are used for motor firings and five smaller test bays are used ro. shock tube
testing, heat transfer studies, bomb tests, and other hazardous operatioms.

Two large, ccvered areas are used for conductinglower-hazard tests.

Facilities are available for model motor testing fram 100 to 30,000~-pounds
thrust and chamber pressures up to 2000 psia. A nmm.er of shock tubes and
specialized combustor devices are available as well., In support of these
instailations are supplies of high-pressure gaseous nitrogen, hydrogen, and
helium and high-pressure liquid oxygen, nitrogen; and hydrogen. These facil-
ities are sxtensively instrumented with high~response pressure measuriig

capabilities end high-speed photographic coverage. Both framing and streak

R-8377 311




camera coverage are available with Fastax cameras to 14,000 frames per second,
while an ultra-speed Beckman-Whitley framing camera, Model 189, takes 25 ex-

posures on 35 mm film at a maximum rate of 1.2 million pictures per second,

In mrddition to this equipment, the laboratory contains a small shop for fab-
rication, instrumentetion, and repair of test equipment. An instrumentation
service center is connected to the laboratory for precision calibration of

instruments and transducers.

Data_Management
Rocketdyne has provisions for a variety of types of data gathering. " For very

long-term testing (i.e., on the order of hours or days), conventional multi-
voint and strip chart recorders are utilized for analog recording of temper-
a‘ures, pressures, etc. They are capable of l/lo-percent full-scale arcurney,
calibrated to within 1/b percent of full scale with linesand transducers in
vlace. Charts from these recorders are hand reduced to either finished data

or 1ew numbers suitable for computer manipulations.

For short-term tests, on the order of minutes, a nonlinear digitel data sys-
tem is used. This instrument is capable of near-simultaneous recording of up
to 200 measurements at LO samples per second, It uses X-1 type digital volt-
meters having 0.003 percent precision in the typical 100-millivolt range.
Automatic ranpge selection of d-c voltage is available for ranpes up .0 100
vde. Another similar system has LO-channel capacity and two samples per
sennnd total sampling rate. Output of both of thege digital systems is on

printed paper tape. Again, “hese numbers may be hand or computer manipulated.
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For even shorter duration testing, on the order of seconds, data are gathered
by a Beckman 210 system. This analog-to-digital converter enables consider-
ation of a multitude of analytical techniques requiring several accurately
measured test parameters. The system 1s available by transmission cable to
all test areas within the Research Division, and is cepable of a sampling rate
of 85-bits per second, and 50-channel capability with one part in L0OOO pre-
clsion for full-scale ranges of 20, 50, and 100 millivolts. An additional

15 chanreels are avallable for pressure transducers with O-to S-volt signal
ranga. The digital output can be directly utilized by computers to obtain
reduced parameters directly from the measured data. This type of date acqui-
sition system will be utilized on the program, Steady-steste rocket operational

data then can be reduced quickly to final dala.

For higher-freguency combustion irstabllity data, a variety of tape resnrders
are avallable to record the output from high-frequency pressure transducers
such as the Kisler or Photocon. In particular, the Ampex FR1LL00 presently in
use at Rocketdyne is & seven-channel, direct-recording machine. This tape
recorder has a frequency response from 400 Hz to 1.5 megaHz at 120 in./sec
tape speed. Deta can be reduced by playing the type back into a Tektronix
No. 551 dual-beam oscilloscope and photogrephing the trace on the CRT, or it
may be played at 30 in./sec into one of several. Ampex FR100 machines, The
Ampex FRL00 machines and a Hewlett-Packard Model 395SE machine can aleo be
used to record the original data with fregu.~ncy response up to 20 lkiloHz.
Further data analysis may be accomplished by use of existing sonic analyzers
or power spectral density apparatus. Misseleizers and a Djane system for
digitization of high-frequency data for subsequent analvsis may be used in

either a spectral analysis or frequency response program.
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APPENDIX II

SUMMARY OF TECHNIQUES FOR PAOTOGRAPHING DROPLETS

WITH A FASTAX CAMERA AND STROBE FLASH

The object of this appendix is to present a concise summary of formules which
will aid those using the Fastax-Strobe technique of droplet photography. Most
of the information contained was generated while working on projects Lo photo=
graph droplets in a monodisperse spray engine under cold and hot firing of
HQ/LOX, aad in a8 2-D engine firing NTO/50-50 propellants. In this technique
the droplets are photographed in silhouette by using a prismless Fastax camere
and backlighting the droplets with a sychronized strobe flash lamp, The photo-
graphic data can yield informavion on droplet size, velocity, and time-dependent

behavior.

The droplet diameter, d,can be measured from the film image diameter, at,

according to the expression

m, the optical magnification is determined by calibrating the cemera magnifi-

cation using a test target of known size.

Velocity, v, can be determined by measuring y', the frame-to-frame image dis-

piacement of a given droplet, and then inserting it in the expression

v o 3y
1)
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vhere 8 is the camera framing rate. Time dependent behavior is observed from

frame-to-frame views of a given droplet.

Table I is anurber of additional equations which effectively aid droplet

photography projects.

A descriptive title, termm definitions, and in some cases additional informa-

tion accampanies each formula,

Teble II is a summary of all term definitions in alphabetical order.

APPLICATION OF EQUATIONS

All the given equations can be solved with simple arithmetic using relatively
few parameters. These parameters are droplet velocity, v, and dismeter, 4;
magnification, m; lens £/no. ,\-‘ s the ratio of tolerable blur spot diemeter

or length to droplet diameter, k; and flesh lamp pulse width, Y .
The values of v, d, are fixed by the droplet spray under study.

Table A below givesY and the relative light output for the EGAG strobe system

Relative Energy

Y {g;;glegong 2 m; E:Laah
1 L] 2 l
1.6 2
2.1 4
Table A
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m 1s set as small es i3 consistent with My, 8iven by Eq. IX. This will pro-
duce a droplet with somewhat blurred edges., If a sharp edge is desired, in-
crease m by two or three times, f' is made as large as possible and is generally
limited by the flash lamp illumination level required for good film exposure.

k is a measure of the image sharpness and ie made as large as possible consis-
tent with the resolution desired. Ideally, k, for a given droplet study pro-
Ject should be determined experimentally. However, for a working rule of

thumb one may use the following criteria for k: If a sharp edged droplet is
required, set k from 0.1 to 0.2. If a blurred droplet image is tolerable,

let k = 0.5 to 1.0 or even greater. A generally satisfactory value should range

from 0.2 to 0.5 for most cases.

Other considerations which are outslide the scope of this appendix, but which
nevertheless can be important in obtaining satisfactory photographic records
are 1) quality of lenses and windows, 2) illumination optics, and 3) filters

to block flame light.
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TABLE I
SUMMARY OF PHOTO-OPTICAL FORMULAS FOR FASTAX-
STROBE PHOTOGRAPHY

I Dept of Fleld, Z
Az -2x[a 224
vhere K = %
¢ = tolerable blur circle aismete:
= t/no
d = minimun droplet dismeter
m 2 magnificaticn = g-'-
d' = image diameter on film

Note: 1if k = 0.1, worat-focus droplet appears with fairly sharp
edge

if k = 1.0, worst-focus droplet appears with highly bluured

edges.

IT Film-to-object distance, L
Leo?(m+1)

n

TII Velocity of moving droplet image, V'

v' s vm

vhere v = droplet velocity

v Minimum and Maximum Tolerable
Film Speeds, fyy; and 5
A. Mm moving parallel to droplet direction, S(P)

= 8(P) == (v - dk); 8(P) =m(v ¢+ &)

min y’ max y
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TABLE I (cont.)

v B. Film moving transverse to droplet dirvection, S(T)

::!g'{“)1 -0 smu('r) - mdyl_q

where'y = flash lamp pulse width

ky = i— vhere 1 = tolerable blur length

v Number of Fremes per Droplet, N
A. Film moving parallel to droplet directiom, N(P)

N(P) = —z-;

B. Film woving transverse to droplet direction, Np
N(T) » k338
mv

S = film velocity in feet per second
v = droplet velocity in feet per second
Vi Maximum tolerable number of frames per droplet, l!m
A. Mlm moving parallel to droplet direction, ng,)(

Reae, (P) = 1+ 524

B. Film moving transverse to droplet directionm, n“u(r)
Note: If “Mnx(P) is less than 4 frames/second, then "Hax(y)

is greater than n.‘u.('r)

Vil Maximum tolerable Droplet Velocity to Record Same Drop on Tvo Frames
v
nax
A. Pilm moving parallel to droplet direction, Vm(P)
) = 28
B. Film woving transve - - . «-.plet direction, V"“(‘r)

Vaax(T) =t
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TABLE I (cont.)

VIII Linear filed of view in object space

P= 0-7:3- inches; T = 9—;-13- inches

where
P = field of view parallel to film length

T = field of view transverse to film length

IX  Minimum Magnification Required to Resolve a Droplet on S5498RAR Pilm,

BMin
DMin 7= Za-

X Curvature of Fleld, AS, in Object Space, Resulting from Tilm Cirvature
x|? 1
As - o0.011 P) o inches

- vhere /\S = devietion of the best focus surface in object space
from & plane surface
X = fraction of distance from center to edge of field in

direction of film length

1.
Dis:lacement
Frouw Plane in 0.82
ObJect S)lce = 0.1
As 0.5 .
(inches)
0.27
m = 0.5
[} i 1
/s 1/2 3/ 1.0
2
Normalized Distance f- Center of Field
- in Object Space Along Film Length

Curvature of Best-Focus Object
Space Surface
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TABLE I (cont.)

X1

Thin Lens Pormulas

A.

B L
R e

vhere t = distance between lens and objext

t' = distance between lens and image

|
101 !
|
i
t
i
5¢ {
1
'
O . - - R -
o] 53 ¢ 10f
t
i i .1
Figure 2. Graph of ¢t o ’
ter T *]
-]
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TABLE II
DEFINITIONS OF SYMBOLS USED

tolerable blur circle diemeter

droplet diemeter

diameter nf droplet image

focal length of reamera lens

% = ratio of tolerable blurspot diemeter to droplet dimmeter
1/d@ = ratio of tolerable blurspot length to droplet diameter
distance between film and object

maximum toierable dlur length

magnification

Minimum magnification to resolve a droplet on 5498 RAR f11lm

Nuaber of frames per droplet
naxinum tolerable number of frames per droplet

linear field of view in object space parallel to file lencth

fila speed

SMtn? Max ” minimum and maximum tolerable film speeds

As

(3.4

tl

deviation of best-focus objlect surface from s plane surface resulting
from film curvature

distance between lens and oblect

distance betwveen lens and image

linesgr fleld f viev irn nhlecs svace “ransverse to f{lm leng'h
velority o€ droplet

raximum velosity of 4r et f-r o-freme Imaping

vecloas{ty of drov (rage




W RREY,

TABLE II (cont.)

¥ = displacement of droplet image between film frames
Az = depth of tie1d

r = f/no. of lens

')/ = width of rlash lamp pulse
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APPENDIX III
NUMERICAL ANALYSIS OF THE STEADY-STATE FORMULATION

This appendix describes the procedure currently being used to solve the sys=
tem of equations which describe one-dimensional steady-state combustion inside
rocket engines. The equations are ildentical to those presented in the
Analytical Progrem Section of this report and will not be repeated here.

The only exception is that the viscous stress term'r;x wag dropped from the
gas phase momentum and energy equations. It was found to be of negligible

influence.

METHOD OF SOLUTION
Finite difference methods are used to solve the differentiel equations. In
particular, the trapezoidal integration formula is used. That is,
1
vimyy g v 8y +yia)
vhere 1 vefers to the X position.
For exsmu.., ine droplet mass continuity equation becomes
s n - n
n n .. .
Mm.. — m. o - A——-x + MJ'- + mJL"
Jv J AN T Ty

X
The system of equations produced is solved iteratively for the unknown at the

new space level. In each equation, only one of the dependent variebles

n n n n } '
Wi, N, i, Ty, G, e Wy Puy Qo T H

is assumed unkriown. All the others are set equal to the best current value,

either an old level value or a predicted value. The following table lists

the correspondence made between variables and equations.
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TABLE I

n
N J concentration number continuity
mz drop continuity or experimental data and relationship between
n
my and D‘s
n
u j drop momentum or experimental data
TJ-" drop energy
C mixture ratio
W gas continuity
P gas momentum
H gas energy
CL gas heat transfer
e equation of state
T
M Tables
AR
k
Cp

3

N
s
—

n
Subroutines or experimental data replacing 1'3‘ and m;

L3

Jilm

awd Tables
o\wP

pmrht\? 5
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One clarification required is the procedure employed to calculate the inte-
grals in the gas phase equations. The parobolic rule is used where possible;
otherwise the trapezoidal rule is used. There was found to be no discernable

difference in the computed results.

The parabolic rule takes the form
X dA LA L
L Fi a? dr = P %.3 dx + J

L dA
P&dx

o

X

-1

X.
t-1
J 2 . . .
z f P ?52 i + |-72 F:.'-z.(AM - A‘;,z) t 3 fear (A" 'A"")“‘}%'P‘v{
o _
!
A - Aca ) ]
This is used for correctnr cycles and only then if Ai-l ' Ao and 12 3.

Otherwise, the trapezoidal rule is used. This takes the form:

]*y’ dAd LT JA L dA j‘ld dA c'
ol-‘ x_jo Pa,x-dl"'jx‘."’d—id’: OP‘T‘ ’

+ ['FL-_, (Ai- Aid)+ Po(Ac-A)] /2-

The integrals are broken into two parts to avoid recomputing known results.
Furthermore, the P; appearing in the expressions are treated as unknowns and

solved for explicitly.

‘ .
[%
The same method 18 currently being employed to compute J % ‘:e( dl
o

Brogram Flowcharts
The following section presents flowcharts of the basic iterative procedures

used for computation of the steady-state formulation. Two flowcharts are

presented, the first represents the procedure used when the model employs a

prior specification of the coupling terms. The second flowchart represents

the procedure used when the model employs direct utilization of experimental
n n

data for DJ , uJ' (L e, DLoi) umi)
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i = 2,...,THROAT

1,....,NO. DROP

INITIALIZE ALL
DATA

MOVE DATA AT (i-})
UP TO DATA AT (1)

I

v

... NO. SPECIES YES ANOTHE
' —t CORRECTOR
SIZES CYCLE
COMPUTE m", COMPUTE P,
{, J! YES Al;
n ANOTHER "\ NO
COMPUTE 07 COMPUTE c,
{¥7 J J ORn lL
COMPUTE F?x COMPUTE H,
COMPUTE U?i COMPUTE ‘t?' GAS PROPERTIES
COMPYTT rh?i COMPUTE p}‘ CONPUTE P,
[ COMPUTE Q?i COMPUTE N? COMPUTE u,
]
COMPUTE T COMPUTE q

COMPUTE DROP AND FILM

n n
PROPERTIES Tfj’ HJ

|

RECOMPUTE -"3'1

=

Figure 50. Block Diagram for Steady-State Computer Program
with initial-Plane Initialization .
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v

CORRELATE m

v

CORRELATE CD

P!

sToP

INITIALIZE ALL DATA,
INCLUDING INPUT FROM
ENGINE EXPERIMENT

NO
i =2,...,THROAT

MOVE DATA AT (i-1)
UP TO DATA AT (i)

i = THROAT

J=1,..., NO. SPECIES
n=1,..., NO. DROP
SIZES

ANOTHER
CORRECTOR
CYCLE

COMPUTE P,
COMPUTE Q|
1 i ?"8;"5“ COMPUTE ¢,
n COMPUTE H
COMPUTE 17, i
n
i COMPUTE T, | [cas PROPERTIFS!
_J
COMPUTE DROP AND FILM Ll
PROPERTIES T: P u;‘ COMPUTE p? COMPUTE p,
T COMPUTE u
COMPUTE N" L
J v
f COMPUTE q,
n
CONPUTE =7, t

Flgure 51. Block Diagram for Steady-State Computer Program with Spatial
Experimental Spray Paramster Initiallzation
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EVALUATION OF THE SOLLION METHOD

There are a number of important criteria to consider concerning the wvaluation
of a numerical scheme. Among these are convergence, order of accuracy, stability
end feasibility of the technique. Most of these terms are self-explanatory,

but they are defined in detail in the next appendix pertaining tn the transient

formulation.

All of the criteria are dependent, for the steady-state formulation, on the
spray phase equations. This is 80 because the gas phese equations are entire-
ly algebralc and can be solved in closed form. The sprey phase equations are

differential, highly interrelated and considerably more complex to solve,

The methods used to solve the givun steady-state formulation are standard tech-
niques. The Adifference operators are mentered in space and hence the error of
the prorram is to (Ax)3 . The "order of accuracy” is said to be, thus of gecond
order. The derivatbr of the order of accuracy ia not presented here, because it
is well known for this technique. The method of derivatimwould follow similarly

to that presented later for the transient solution.

Iikewise the solution procedure is stable for small enough values of AX. Obviously the

form of the coupling terms, number of iterations, etc. location in chamber, etc.,
affect this required value. A proof for the stability of the model 1is not

included.
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In practice by running the program at different A X values, a fairly accurate
error bound on each equation at particular locations can be determined. By re-
ducing the step size » A X can be determined which results in virtuslly no aif-
ference in resultant predictions. This, at least vhysicelly, confirms convergence
of the finite difference scheme to the solution of the ordinary differential

equations.

The last criteria to consider is the feasibility of the solution. The finite
difference equations, themselves, musc be solvable and yield "physically real
values." Now although the general method given to solve the ordinary differ-
ential equations is the standard trapezoidal rule (A x3 errors and stable for
small O X), this may not always be entirely sufficient in the practical sense.
Program computation time at very small & X levels may become unreasonable.
Obviously the coupling term expressions control the gradients (derivatives) of
some of the parameters. This is particularly true of the droplet mass continuity
equation, m‘j and 63), and the droplet heating equation, ('1'31 and QF;). The
coupling terms are obtained from separate subroutines: vhen i‘; and Qg are closed
form expressions their effect on the finite difference tecanique used in their
respective spray equations 18 usually (though not alwvays) minimal. Often, howvever, the
expressions for the coupling terms are either very camplex, involvir; & number
of iterative equations themselves, or are sensitive to certain gas phase para-
meters, etc. Then of course these expressions may require more sophisticated
solution techniques for the fiiite difference equations in vhich they asppear in
order to reduce running time and still retain accuracy. Hence the previous

statement that the coupling terms c’fect stability, etc.
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It wuld be insppropriate to plece in this appendix all of the possible expres-
sions used for computing or evaluating the coupiing terms. The expressions are
all lengthy and the subroutines for each are unique for the particular coupling
term expression specified. As a consequence it is also inappropriate to specify
exactly how the spray mass continuity or heating rate finite difference equa-

tions are effected or altered.

In vractice, for both the steady-state and non-steady analysis it is necensary

©> suhlect the procedures for calculating both the chosen coupling term expres-
sin subroautine and the finite difference equation (of whatever form) in which

it appears to stringent analysis separate from their use in the total program.

If two of the coupling terms and their respective equations in which they asppear
are highly interrelated then both sets must be subjected together to this separ-
ate analysis. This usually involves calculating the subroutines and equations used
under arbitrary specified extremes of engine operating conditions. In this separ-
ate "min’-model” the feasidbility, accuracy and stability of the set of equations

can be determined. Not until this criterie is achieved is the set then utilized

in the full program.

+ is most often extremely difficult to determine the resultunt stabllity of the
en*ire combined vrogrem vhen a variance of finite difference techniques are used
for the equations. However, the method described sbove for determmining separate
stability of sensitive equations i at present the most reasonable method for pro-
ducing overall stability. In practice the program can be employed, as previously
ment loned, a* d.fferent & X values to obtain epproximste error bounds on various

equoa-ions and at reduced & X values to check corvergence.
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An exampl> of the techniques described above were used for the drovlet hurning
and heating model employed in the Results Section. The finite difference equa-
tions containing the burning and heating rate terms utilized a bisection tech-

nique that resulted in quite accurate solutions.
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APPENDIX IV
NUMERICAL ANALYSIS OF THE TRANSIENT FORMULATICN

This appendix is intended to describe the technigue currently employed in the
transient program which solves the system of non-linear partial differential
equations that describe the spray-gas fleld for a one-dimensional transient flow
inside a rocket engine thrust chamber. The eguations are identicai to those
presented in the Analytical Program S “ion of this repsrt and will not be re-
peated here. Is is also the 1. ention of this appendix to briefly introduce
some of the techniques utilized ir Tinite d-fferencing methods and to define

vertinent terms relsted to the analysis. 3

PRELIMINARY DISCISSICN

™e general mode of attack leading to the current algorithm heing employed has
been based on finite ditrferencing schemes. Although there are other numerieal
techniques available for solving systems of non-linear partial differential
equations, the finite difference technique offers a straightforward, easy to “;;
implement approach. In a finite difference scheme the continuous independent
varisbles x and t are replaced by discrete variables i and k. This corresponds

to defining a net on x, t s&pace say ix' y .KLE % i T, T’mS: {(Xg, ‘rk‘)}
and meking the natural 1-1 correspondence between?(xi, tk) and ({,%). For a

given system of partial differential equations, say
Wy F W)
- * = {3"*J}
" 3%

k
The solution function‘vl(t,t)is approximated by the function Vo where wik

(1)

satisfles the same Initial conditions as W on (xi,o), similar boundary conditions,
torether with the following system of difference equations:
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e
DT‘ W: +* D‘iF(wk) ) B‘_

- b

Here, DT represents a finite difference operator approximating -é—t

at (x1 ,tk) and Dx does the same for-?-ﬁ- . For the case under discussion,
i [

the mesh is assumed uniform (i.e., & t,Ax constant) and that DT‘,= D, and
k

Dys = Dy except possibly at the boundaries., We therefore have the following

system of difference equations:

D, w: s Dy F(wh)= B (w) (2)

vV - L
R\ A

Various Difference Operators

Some examples of difference operators for the space dimension are:

(a) Forward difference operator

k ®”
Mo gt T
~ &F L
D 8 &Y.
(v) BRackward aifference operator R
h “ 4
é.t",:: ';TA;".: }L-’i'\
QY Ly v
by

(c) Central difference operato.

At aby ¢ 2 OY it
Foooogk
- N T fu'i
a by
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FPTEP

S

Consider the difference equations approximating system (1) given by:

) k
W' w! F(wtk)-c(wf-,\) B(wt) @
ot = (VJL
O
woow ®
M \A,F - w - (&)
— - Fiw - F( wb - BCN:\
A 3
R -\ (5)
N I H T RO
[ - «

[ (w“ -F(w 5] c o 8w ) (re)e(w )

One says (3) and (4) utilize forward and backward time differences respec-
tively (meaning relative to the time t at which the space differences are
exvressed). FEquation (5) reduces to (3) for ® = 0 end to (4) for & = 1,
If 6 = 0, the w]; can be defined explicitly in terms of w, = and wij
such a system is termed explicit. If 6 # 0, then in general w? is defined
imolicitly in terms of the old time-level values and new time-level values

for other i;such a system is called implicit.

Important Criteria

There are several important criteria that come into play when chosing a finite

difierence scheme, Amony them are converyence, order of accurune ntabilit
» ¥, J
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g

and feasioility of the scheme.

Convergence. lLet W(iax, kat) be the true solution to (1), ILet wl;

be a finite difference approximation. A convergent scheme is simply one

in which the approximation wik converges to W(idx, k&t) as Ht,aX —p 0
i, k =3 eo (for all x, t in the range of interest) such that i&x = x,

kat = t remain fixed.

k
Order of Accuracy. In general, W, = W(iax, kAt) will satisfy the dif-

ference equations used to define wr to withwin some power of Ax andAt (or
slternatively to within some power of &t if we let x = g(& t)), Thus if

one writes

Tk k-1 :

vy = Plv, atax)
vhere ¢represents the process of solving the difference equations, then if

' : K+
i k t'Mz) u = (st )
W - g (W, st gl (
£

The scheme is said to be of k . order accuracy.

Stability, Stability on the other hand has to do with the nature in which
the errors are propagated in the difference equations., Emperically, if the
error grows exponentially with the number of time steps, the scheme is said
to be unstable, Specifically, the behavior of |\ w K|l asat —» ©
(k =»es such that kAt = t fixed) is considered. This answer depends
upon the relative rates at whichAt andAx go to zero. In general, however,
one can see it will take an increasing number of cycles to approximate
w(x,t) with wik. A method is stable if

1 w"" remains bounded as k —»om &t —yp O k&t =t fixed

and & X = g{&t) prescribed.
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More precigely, if W = c(At) wk-l, vhere C{At) is an operator, then W=
[C(At)] ko, (By setting Ax = g(Aat), ¢ is considered as a function of
Ot only). The method is stable if for someT>0, the infinite set of

operators

k 0¢ bt <
Ic(m—.)} &
0% kat g

renains uniforaly bounded.

Feasibility., Also to be considered in a difference scheme is its feasi-
bility of operation. Of foremost concern here is whether or not the non-
linear system of algebraic equations defined by the difference scheme are
computationally solvable, When the scheme is impliecit, this can often be
a very significant problem. Stebility and accuracy are defined in terms of
the exact sclution to the difference equations. These become irrelevant

if the difference equations cannot be solved or take too long to solve

or if the solution process is too sensitive to perturbations.
DEVELOPMENT OF THE CURRENT ALGORITHM

It was felt that, due to the extremely complex nature of the specific

system of trausient equations, the following scheme would be fruitful:

P
K K-\ ¥ ¥
W= w . F(w".‘)‘ F(wt"(-llf B(wf) (6)
At .94

Here, both the derivatives are replaced by backward difference operators
and the right-hand side is totally implicit. The arrows above the varialle
indicate that these are the unknowns in the equation. With system (6)

one marches forward in time and space; i.,e., in computing v: , one has

uvailable the values at wil_‘l and wl;_’l.
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conditions, one can determine wg and wio for all 1, k. (This statement

is modified later.)

A 2 ™ o » ° °

S . . e ® .
K

b R —> [ 'Y

B e d

-~

T
—p ¢ —P .
2 + S
In the above picture, the arrows lndicate the procedures employed. From

1 o} 1 i 6 .0 o
W, and w7, w,  can be determined trom system (6). Then from “y and W, !

(o]
1
w,d can be likewise determined, etc. This differencirg procedure is well

(&) L—’..—.).

o \ L

known to be unconditionally stable, for <funetions without exponential growth,
vhen applied to a hyperbolic partial~differential equation with constant

coefficients, This fact, along with its simplicity, was one of the primary

motives in chosing it. Actually, in attempting to implement (6), the boundary

conditioi. at the throat 1s employed for one component of w. At first this
was done iteratively. That is, the velocity is predicted at the injector
face based on old time level data for which the velocity at the throat was
sonlc. Then the new time level data was computed keeping the throat velocity
at sonic, However, due to the sen~itive nature of the algebraic system of
difference equations, this method proved to be reiatively unsatisfactory.
Alternatively, it was decided to solve the momentum and continuity equations
simultaneously with the boundary conditions (PW); = 66 and Wipront = sonic.
Moreover, due to the natural evolution of practical numerical analysis, the

following difference scheme was substituted for (6):

"_ w-1 K el X /. R

Wi=w ool -l F(W) - Fy Wa;-.\

- - _ -
lat A x

I

338 R-8377

oo d R 3




114

K
Hodelw') « 8w, (7)

This system of equations is now centered in space (about i- 1/2), hence
its accuracy should be better than (6), although not by an order of mag-

nitude ).

Stability of Scheme

Also, it is possible to demonstrate that this scheme unconditionally satisfies
Von Newman's necessary condition Ffor stability., In other woras, if a zolution
is exvressed in its fourier series, the coefficients of the ‘th component of
this series \Ilk at time kAt, satisfy
Kel k k o]

Y! = G Vx = G YY
vhere G is the (amplification) matrix determined by the difference scheme.
Von Newmar requires that the eigenvalues of G(a measure of the amplifying
effect of G) be less than one in absolute value, (See the derivation given
later for details). As a comparison, the Von Newman stability condition for
the Lax-Wendroff two-step scheme is ({Wi+ a) %: < 1. However, it should
be remembered that the result that (7) is unconditionally stable holds only
if it is solved exactly (and if one assumes constant coefficlents). Thus,
in practice, the number of iterations performed in trying to solve the non-
lipear algebraic system of difference equations will have a definite effect

on the stability.
METHOD OF SOLUTION

The equations to be solved are identically those presented earlier in this report.

The chamber is pariitioned from X (injector face) to x (throat) vy ax,
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(xi = (1-1)/\x). For brevity, the entire esystem of algebrain equations resulting
from differencing scheme (7) will not be written down here. Typically however,
they take the following form as exemplified by the drop momentum equations,

Note that in this section both time, k, and gpace, i, denoters now appear as

subscripts to avold confusion with the drop group size.

n
w. . A " " L) n
vk - uj N I R 'uj.;.ko..‘ (u,' .;,n““;;-n,x)
+
A at 2 (8)

w" . " "

( JL"‘"\LJMK) i 3F' N
4 - - .)l:IK F N
aAx 2 — d Tivum

f’ori'2,...., L “"."K ;L-I)K

Ideally, one would want to solve the system of aslgebraic equations simultane-
ously for all unknowns. This process, however, is impracticsl due to the non-
linearity of the system. Instead, we identify particular unknowns with par-

ticular equations and solve the system iteratively. For example, in (8) we

n

31
n n

old time level). Further, we have that uy't-1x and u”y \ | ere known from

assume m 3"1 xend F are known (either froam previous iterntions or from the

previous space and time calculstions. The equation can then be written explic-

ity for ‘Jni ,k and 1s thus used to get a better estimate of ang,k + The

following is a tsrle c¢f each unknown versus its defiring equation:
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Concentration number
Sprey density

Jrop temperature
Drop veloeity
Surface enthalpy
Drop enthalpy

Drop diameter
Film temperature
Evaporization, breakup rate

Drag force
Drop heating

Variocus drop, film

and vepor properties

J

Pressure

Mixture Ratio

Flov vector

Dersity

Velocity

t-vector

Enthalipy

Yarious gas properties

2-8377

TABLE I

Gas Date

T, Mu, K

uted

Concentratior nuaber equation
Spray continuity equeticn
Drop energy equstion

drop momentum equation.
Tables: function TJ:, P

smeasﬁg

J
Frow NyT0 4", By )
From Tyg") T
Subroutine
Subroutine
Subroutine
Tables wrd subroutines ss

s functicn of Tjnn' 'rf'.',
<

T, p,c

Equation of state

Mixture ratio equation
Simultanecusly from
continuity snd momentum
Yunction of v and ¢

Ge: energy equation
Punction of %, & v, M, T

Tebles &3 function of C, X, p
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Essentially, the program steps through each equation and gets an updated esti-
mate of the variable associated with that equation. A complete cycle consists
of passing through all difference equations, functional relations (i.e., state,
vaporization rate, etc.), and the property tsbles. Since the differencing
procedure employs only two time levels, the program requires only tvo arrays
for each variable that sppears in a time derivative. Since the procedure is
totally implicit, that is all variables not in a time derivativeare taken at
the new time level, only one array is needed for those varisbles that never
appear in a time derivative, ( vaporization rate, gas temperature, all pro-

perties, et .).

The program has been arranged as follows. At the end of each time step,
say t = t,, the arrays of the nev-tine variables at t, are wvritten over the

arrays of the old time variable at t, -/\t. Then for the next time step at

t, +At the program initially has the variables at t, in the nev-level array
as well as the old level array. This is tentamount to saying the first guess
for the variable at t, +At 1s its value at to. Not only does this procedure
save a vast amount of core storage, but it alsc saves vriting s separate set
of equations for the predictor cycle as distinguished from the corrector

cycle,

Broaram Flowchart

The folloving section presents a flowchart of the basic iterstive procedures
used for computation of the transient formulaticn. Several clarifying state-
menls can be meds relative to the flovchart at this point. Firat, “pes
coupling terma™ refers to the finite difference approximations uaing (r) or

the folloving equations: 42
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The gas pressure, which used to be a very troublesome term, is celculated

from the equation of state using the most currentc, M, T.

Further Notes on the Solution of the Ges Phase Continuity and Momentum
Equations

The most involved portion of the program is the calculation of e and v.

ALl other paraseters are either computed directly from known functions or
tables, or "marched off” from the finite ( .fference equations. The density
and flow vector on the other hand are solved for simultaneously from the
zL-1 finite difference equations and the dboundary conditions on v at the in-
Jector face and nozzle throat. In the finite aifference equation for the gas
mexzentwa the pressure term is replaced by the equation of state go that the
density appears explicity. ™is system of 2L linear equations in the 2L

unknowns Py, Po,+ « «) Pr5 VI» V2 + ¢ o VY, can be advantageously organized.

Define a new vector P with 2L components such that

£y = Bl fosd  pay, ...,
Cafe Aeven

34k
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and identify equation 1 as vy = E!L.’ equation 2 as continuity for { = 2,
A

equation 3 as momentum for 1 3 2, equation 4 as continuity for 1 = 3, ete.,

and the last equation at 2L or v, = aeL; then, this system, written in the

matrix representation My = £ has the following form

™ A B ]
pl 1
P2 @1
) Vo
: i
P = . n 82 !
Py,
L = - en _2
- -
xxox
X0
XX
. 000X
%900
O 20X
hoveoq
xX
L -

That is, there are at most four unknowns to each equation and they are center-
ed about the diagonal us indicated. Sinée M is banded, Mp = £ is relatively
easy to solve, The program does this using a modified version of Gauseian
elimination which takes advantage of the particular patterm of zero entries in

M.

i Structure of Program - ni ime
To conclude, a word may slso be appropriate concerning the physical structure
of the progrem and its running time. The structure of the progrem is quite

wodular. This allows for ready modification. There is a specific subroutine
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to celculate each of the drop properties. There is one routine that handies

the film property equations, one to handle the gas properties, one for the
veporization rate, one for drag force, etc. The hear: of the program is sub-
routine ALL. All the finite difference equations appear in this routine. For
each corrector cycle, ALL is called once. During each pass, ALL calls the

various other subroutines as required.

As to running time, with "physically real” coupling terms, unfortunately it
is rather lengthy. If the cI ber 1is broken up into approximately 150 mesh
yoints, the program will take approximately ten minutes to step 200 timesteps
with four iterations per time step. This rather lengthy running time is due
to the fact that the program considers actual gas composition and must search

combustion properties tables during the iterations.

EVALUATION OF SOLUTION METHOD
Again the important criteria to consider are convergence, order of accuracy,
stability and feasbility of the technique. These terms have now all been de-

fined and in some cases related to the chosen méthod.

All of the eriteria are dependent .on the entire set of equations because each
is partial differential in form, no cloesed form equations are present. The
methods used to solve the transient formulation, as discussed, are far from
"standard". The difference operators are centered in space while backward in
time. Hence the accuracy of the model is firstorder in time as derived in

a subsequent section.
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A highly complex stability analysis was performed for & simplified set of
the conservation equations (primarily removal of the mixture ratio equetion
and combustion properties tables) and non-responsive (to pressure or velocity
waves) coupling terms, Complete details regarding the simplifications and
their consequences are given in the derivation presented later. What is sig-
nificant however is the results of the stability analysis. For the set of
equations used the results indicate that the method unconditionally satisfies
Von Newman's necessary criteria for stability. Further the stebility results
is shown to be independent of the value of £L1 step size ratio as long as /.t
is sufficiently small that a vector term cge%:ining the coupling expressions
may be neglected, The actual size of At depends of course on the form of
the coupling terms, number of iterations, location in the chamber, time, etc.,
and though possible in principle to compute, would entail a horrendous task,
The point is that, as for the Ax in the steady state model, a At can be found,
regardless of the form of physically real coupling terms,that allow the finite
difference method for the simplified set of equations to satisfy the

necessary conditions for stability. This is not to say that the stabil-
itv condition is as strong as that for the steady state cese; 1t may not be

vossible to determine both necessary and sufficient stability conditions for

any formulation as complex as this transient model.

To relate the simplified set of conservation equations to the complete conser-
vaetion equations and combustion property tables, actual computer model (still,
however, retaining the non-responsive coupling terms) computations were
performed and are reported in the Results Section. Selecting reasonable
values of AT and\x the model received initial inputs from the steady-state

program; thesge inputs were calculated
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using the seme coupling terms as in the transient model. The transient model
was then gllowed to run for a considerable number of time steps under a "no
perturbed” condition, It is during this time that if numericel instability is
present, errors will begin to propagate. However, after the specified time
level, the transient model predictions were identical to those of the steady-
state input. At this point a more severe test was performed. A large pertur-
bation was introduced at the throat. Now with non-responsive coupling terms
{ga 2t ©9or the velocity effects which were retained in the drag force) the
wave must physically die due to expansion from the throat, gas viscosity and
drac; this is precisely what nccurred. The transient model predicted wave

demping and a return to steady-state conditions.

In vractice, combined with the stability analysis for the simplified consmer-
vation equations, these results were sufficient tc allow the predlcition that

a At could be found, repardless of the coupling term expressions, that wonld
result in numericel stcobility. Additionally by running the program at differ-
ent At and Ax values a fairly accurate error bound on each equation at par-
ticular locations and time can be determined. By reducing the step sizes a

At, Ax can be determined which results in virtually no difference in resulted

predictions. This, at least physically, confirms convergence.

However, just as in the steady-state model, feasibility of the solution must be
considered. The same problems exist; "real” coupling terms may require At
values that result in unreasonable running time. Tc alleviate this probelm more
sophisticated solution techniques for the epray finite difference equations in

wvhich the coupling terus appear may be necessary. In such cases the same tech-
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nigque is used for the required transient spray equations as was outlined in
Appendix III for the steady-state spray equations. The method applies to both
subroutines, for coupling terms,and their respective spray equations. Accuracy
and stability are determined under arbritrary conditions; this is often quite

complex as the spray equations are varisble in x and t.

The same limitation on determining the resultart stability of the combined
set of varying finite difference technique exists here as in the steadr-stute
case. However, the method utilized is the best found to date and can be checked

by computer computations, as described previously, at various At, Ax values.

Der t

As mentioned earlier it was possible to show that the selected numericel method
as applied to the transient formulations satisfied Von Newman's necessa-y
eriteria for stability. This section presents the derivation of

this result.

It must be pointed out that the results pertain to a simplified set of the con-
servation equations. That is, it was not analytically possible to apply the
stability criteria to the full set of equations including the combustion proper-
ty tables. Thus the following simplificationg wvere made: 1) the mixture ratio
equation was eliminated, thus also eliminating the cambustion properties tables,
2) the gas camposition vas sssumed to be frozen, 3) gas viscoeity and heat con-
duction were neglected, and, L) simplified forms of the coupling terms were

used.

R-8377 349




Assumptions 1) and 2) imply that the enthalpy H®CpT (essuming a reference of

zero temperature) and that the chemical energy is carried in the spray. Since

Cp is constant it is equal to Y& R and hence H = Y#' Pﬂg(through the equa-
Y‘ -l “ -

tion of staté} Although useful here for this analyaia,%heae are physically

poor approximations for combustion under conditions of changing mixtures ratio.
Assumption 3) is inconsequential to the analysis.

Assumption 4) utilized simplified coupling term expressions. In particular,
the burning rate model was specified as a function of x and diameter only,
f.e.,m = \5 (x) D. In this sense it is similar tc any of the quasi-steady
models upon reaching wet bulbs The drop temperature was kept constant for

the analysis thus eliminating the spray energy equation. The drag coefficient
was also assumed to be a conatant, but veloclity variation was retained in the

drag force equation.

In essence two of these coupling terms are non-responsive in that the gas

. n
vhase flow fidld fluctuations cannct effect m or the drop temperature, (QJ

assumed zero). Though (4 is assumed constent, the drag force can fluctuate

because the velocity terms were retained.

The results of assuming n and an to be non-responsive are shown to be incon-
sequential to the analysis as the stability resultis were achieved by assuming
a /\t sufficiently small that the tern,(ZXt ). Q),in wvhich B is of order 1

and Q contaimsall of the coupling terms can be neglected.
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The realism of this asswmption on At, the meaning of the final stability re-
sults, and the relation of the simplified set of equations to the complete

model has been discussed in the previous section.
Tt is interesting to note, however, that the very simplified conservation
equatiors remaining are still somevhat more complex (except for the coupling

<ems) than those used by most authors in past transient formulations.

In any event considering the system of equations gliven by assuming

1. Td =« const, Hd = const
2. m =bx)D = b D
3. P . Y- eH = ag H
! 23
. P = edwy Fu-ud\ (u-uy)

Then the equations to solve are nearly:

Y1 v =0
am ;
-4 + Wd My s - k.;_ md'l;
ot an
s Ud 3Ud ’
ot 3t g._;;- |U-°udl (u-t“)
m

ot EYY ax S
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Y

'Y 1
) A > ALlu14.185 qput dheg(Uge— a(Ae wafy,, ud
3x
vhere here (@ = Ny m = O
consider this system in the form:
B(w) 3w w) 9 Fiw)
( \ D(w) 22 QW)
vhere Ly
e (ANg My W4, Ae, Av, Ay)
-0 - \ R
B, = A [&(w‘._\ + 8 (W':.\)] vith similar expressions
for
[\ Qr
Then, using differencing scheme (7), we have
K Wi Wl LW _in F(wE)- F(N“\ - d“
% el “ O.; S - L
ant x
If we assume -S% = F, is locally constant, and if we let D = D'F‘v and
h =228t |, then we have:
&x
-w " - . - K
BT (Wi W ews i) W W] @
- W
T 24t Q
This of course is the finite difference approximation to
Blw) X . o) I = a(v)
alr
The vector Q end the matrices B and D are given belov.
| o (3] o O o
(@) { O Q O
B = o O \ O o 9
Wi W, o \ 0 O
LURVY
(e ) w(ag) MM 0 0
. ' -

33;
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R a \Q'.T
Wy ‘!.J'
W, w (I Wil w W, { |
y(Wa ) ww, il )
i BN XNRWE S A
vhere ’ Sf
’ Y
= —— a5
S Y-1
$ = 1§s wt
‘ '-'r--——g'- - le _‘_?."s) (w,w‘\
QaTrw A
§T W, < T )

353




——d

k - k
If we assume that in (9) FL and D;k are nearly constant and that & L " QQ[

whoah ] vhere Q isga constunt matrix, then (9) can be rewritten as:
. -

X-\
[B +hD- bt Q‘k AR [B' hD- et Q}w:u - BWe (10
- BW;‘:‘ = 0
Let the fourier series for v (1Qx, k{t) be given by
W) = T w4y o'l ;=¥
or -] - e ‘.(\ kt
lthy. Note W - nat ve 1,1 e

w w |
Wrh=z Zu)e !
4 i x
Substituting this exeression into (10) and equating like terms in & , v

et o
8+ \nb-zstq]u'; « [8-wo.atal U.:n. itax . (-e)u",“

+ - ®) u;“ PR Y o

or

.
K(B* wo-bra)- e (e wo 'h‘-qﬂ“r

= Bl e’“”) lLE‘"
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The amplification matrix G(a t,A, is defined as that matrix such that

K kel
Clearly, g A "i“‘“*
G= ([Bebo-ara)ae? 7 (8-A0- se@)] B(1+e

or

: -\ -3t
G' = (- e‘”“\ R [(suo-mq)f e “(e-ko-owﬂ
let d;, - &b*

Then

¢t o= [6(\"&-1‘)]“ YB(“ C’-“)*ko(\'C'J‘)“‘tQ(“Q’j‘)}

= (x4 48 | gy - atwa)

|+l
The Von Newman necessary condition for stability is that the eigenvaluss of G
be less than or equal to one in absolute vq.ln. The eigenvalues of G
are the reciprocals of the eigenvalues of G . Further, since the eigenvalues
of B are all one, then the eigemvalues of Bl D and n’lq are the same as the
eigenvalues of D and Q respectively. That this is so follows from:
Ilet A be eigenvalue of D corresponding to eigenvector v. Let w .. . W,

be six independent eigenvector of B"l. Then v = i oW
- .
[ 8

B-'DV T B.‘AV = A&JV = Aie““d W,

= AL ®'w - A id;(l)w; + AL d W = AV

Bence A is eigenvalue of 3 1p.
Note: 1 bere is the summation index, pot spece index
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let us assume that & t 1s 80 amall so that At B']'Qv'.:' 0.

Then 1if ,{ is an eigenvaelue of D, an eigenvalue of G is given by
\

g?.‘. I+ JStaa hk

————

Vet a
J
Since A 1s real by hyperbolicty of the syetem, }g} 2 1 for all h.

Therefore, the method unconditionally satisfies Von Newman necessary criteria
for numerical stability.
Derivetion of the Order of a

We consider the finite difference scheme

X K- . " w w
N - W ‘* "f:-"\_j_ W;: F (WL‘ )-F (W

2 At A%
2

which approximates:
W F(w)
st BEYY

= B(wW)

If V‘f\ isthe true solution at x = L1ax , t =k at. Then
L

W

IV ., . yF(ve) o (v2)
at B d+ - y

y V2 ® |

., i_t(\l“‘) - B(\/K)
at d ¥ Lot

WY T

A \J:( 3 V:‘-\ . AF(V\:\)‘_ N 3?(\":(-\\_ BKVK\J, ?,(V:. \

= 4 . e
st ot SR ¥
V\( _ ey )\J:.. l)
-1 ~ VL-| + Dt Y OLAL
L\ R K
Vo= Voooa st 3N o (at?)
t
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Also "
K K aF (Ve A RY o0 (ox)
FQv)=F (Vw) + A¥
3y
_ K\ _ W v ") L
- (,Vg,\\) - F(VL') + (”5“) j_j._(._..';. + A_(_'fl)_ 4 0(5133
ER 2
Substracting, we get
). w\ AF (X aF (vt
IR A%
or ‘
_ 1)
V) POy Y mvm) o
. A % A T S e + 0 (ax)
', V satisfies (7) to within 0(at) + o a xe) i.e.,
K w-\ " K\ .
VL L = VLA-. 2 L + i (V‘K) - F<V:~\) ] n
- BL\)&"“) - e) (AL) "O(Aﬁ.a)
_ this can be interpreted as
] :
H Rx VK - Ryy™ l\ = O (at) ¢+ QLQX)a 1
Eince
- iy -
R\' O(bt) ) R: = O(A‘l) J’or AX = gbt
]
S VR KR VL = o (at) e o(ax)?
Ve @ v L = o (st s o(ar)
Therefore scheme 1s firat order in time,
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APPENDIX V

COMPUTER FACILITIES

The digital computer facilities located at Rocketdyne consist of severel
IBM System/360 computers coupled with considersble peripheral equipment.
Scientific type programs are processed on a Model 40/65I computer in which
a Model LO computer is coupled with a Model G5 computer as an av  iliary sup-
port processor (ASP). The ASP system provides very efficient processing

by utilizing the Model 40 for handling the input/output functioms, i.e.,
from punched card to direct access storage and out from direct access
storage to printer, and for scheduling the work for the Model 65 computer
(which eliminates delay time between batch jobs), The Model 40/65 not only
executes faster than its IBM TO94 predecessor, but ite cost per hour at
Rocketdyne is less than half that of the 7094. Rocketdyne's Model 65 computer
has a large-size, 524, 288 bite-size core, which is equivalent to 131,072

(32-bit) words.
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