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tional surfaces, such as solar cells, thermal control coatings, optical lenses, optical
view ports, and highly reflective surfaces, have resulted in compromises of mission
effectiveness, The objective of this study was to develop a single computer code
capable of predicting the production, transport, and deposition of engine and plume
contaminants, and the change in absorptivity, emissivity, reflectivity, and trans-
missivity of a functional spacecraft surface, such as thermal control coatings and
optical view ports and lenses, resulting from plume contaminant deposition or
mechanical abrasion (sand blasting). Surface chemical reaction with a deposited
plume contaminant layer was not treated. Analytical models and computer subpro-
grams have been developed and integrated to form the CONTAM computer program.
Complete User's manuals for each of the computer subprograms as well as the
CONTAM program are included in this report, along with details of the analysis and
numerical methods. A sample case illustrating the CONTAM program's capability
to predict contaminant production and transport is presented, The Marquardt

R-6C 5-1b thrust MMH/NTO engine, currently used at NASA/LeRC for their con-
tamination expe riment, was chosen. The deposition and surface effects subprogram,
SURFACE, was not run because it was felt that meaningful results could not be
obtained for this engine with the current version of the SURFACE program. Results
for this thrustor, pulsed for 50 ms, indicate that a considerable amount of contami-

lnant is formed and transported into the plume when the motor is pulsed periodically.
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FOREWORD

This report was prepared for the Air Force Rocket Propulsion
Laboratory (AFRPL), United States Air Force, Edwards, California, under
Contract FO4611-70-C-0076, by the McDonnell Douglas Astronautics
Company (MDAC), Huntington Beach, California. The Air Force program
monitors for this study were Dr. L. P, Quinn (RTSP) and James R. Nunn,
Capt., USAF (RTSP). The study was performed during the period August
1970 to August 1971, and the final report submitted to AFRPL for approval
on October 4, 1971,

The MDAC study manager for this project was Mr. R. J. Hoffman,
Aero/thermodynamics and Nuclear Effects Department, Research and
Development, Mr. W. T. Webber, Propulsion Department, was principal
investigator for the contaminant production task. Mr. R, G. Oeding, Aero/
thermodynamics and Nuclear Effects Department, was principal investigator
for the contaminant transport and kinetics tasks, Dr. D. W, English,
Propulsion Department, was principal investigator for the surface effects
task.

In addition to the authors, many persons contributed significantly to the
study effort for which we are grateful., Dr. L. P. Quinn (RTSP), in addition
to his duties as contract monitor, helped to guide the technical effort by his
continued keen interest in the study and his constructive criticism.

Mr. A. D. Warren, principal investigator for the laboratory experiment
task, provided the necessary experimental background to interface with the
NASA/LeRC contamination experiment. Mr. T. J. Nelson and

Mr. G. A. QGaitatzes assisted greatly in the integration and checkout of the
computer subprograms. Dr. W. A, Gaubatz provided considerable technical
guidance during the development of the contaminant production model and in
the parametric study., Mr. T. Ward performed the actual contaminant pro-
duction parametric study.
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We also wish to express our thanks to Dr, H. Mark and his group at
NASA/LeRC for allowing MDAC to use his experimental engine data in our
computer model development and for providing us with encouragement and
needed information concerning his experiment,

This technical report has been reviewed and is approved.

A. D, Brown, Jr., Lt Colonel, USAF
Chief, Technology Division
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ABSTRACT

The effect of rocket exhaust plume impingement on sensitive vehicle
surfaces is an area of continuing concern in the design of spacecraft, mis-
siles, and reentry vehicle systems. Specifically, the contamination and
subsequent degradation of functional surfaces, such as solar cells, thermal
control coatings, optical lenses, optical view ports, and highly reflective
surfaces, have resulted in compromises of mission effectiveness. The
objective of this study was to develop a single computer code capable of
predicting the production, transport, and deposition of engine and plume
contaminants, and the change in absorptivity, emissivity, reflectivity, and
transmissivity of a functional spacecraft surface, such as thermal control
coatings and optical view ports and lenses, resulting fronm plume contami-
nant deposition or mechanical abrasion (sand blasting). Surface chemical
reaction with a deposited plume contaminant layer was not treated. Analyt-
1cal models and computer subprograms have been developed and integrated
to form the CONTAM computer program. Complete User's manuals for
each of the computer subprograms as well as the CONTAM program are
included in this report, along with details of the analysis and numerical
methods. A sample case illustrating the CONTAM program's capability to
predict contaminant production and transport is presented. The Marquardt
R-6C 5-1b thrust MMH/NTO engine, currently used at NASA/LeRC for
their contamination experiment, was chosen. The deposition and surface
effects subprogram, SURFACE, was not run because it was felt that mean-
ingful results could not be obtained for this engine with the current version
of the SURFACE program. Results for this thrustor, pulsed for 50 ms,

indicate that a considerable amount of contaminant is formed and transported

into the plume when the motor is pulsed periodically,
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SECTION I

INTRODUCTION

The effect of rocket exhaust plume impingement on sensitive vehicle
surfaces is an area of continuing concern in the engineering design of space-
craft, missiles, boosters, and RV systems. Specifically, the contamination
and subsequent degradation of functional surfaces, such as solar cells,
thermal control coatings, optical ltenses, optical view ports, highly reflec-
tive (mirrored) surfaces, and sealants, have resulted in compromises of
mission effectiveness.

To illustrate the deposition of contaminants problem, several
photographic examples of contamination occurring as the result of actual
bipropellant engine firings will be presented. These examples were taken
from a series of contamination experiments conducted by MDAC under the
MOL program.

Figure 1 compares a control surface (no impingement) with a surface
which has been exposed to normal impingement by the exhaust plumec of a
liquid bipropellant engine (MMH-NTO). Evidence of surface damage is
apparent, and was postulated to be caused by condensed droplets in the core
of the plume flow,

During a vacuum chamber subscale thrustor test by MDAC at AEDC,
a 1-1b thrust Marquardt MMH-NTO rocket engine was fired horizontally
so that the exhaust products would impinge upon a vertically oriented test
panel containing several surface specimens., Surface specimens included
thermal control coatings, polished metal, and specialized glass lenses.

During pulse-mode operation of the motor, copious quantities of
brownish, viscous liquid were observed about the nozzle lip and upon the
lower external surface of the motor. This liquid exhibited considecrable
activity, bubbling while suspended from the motor lower external surface
apparently due to some boiling and/or decomposition phenomenon. An
impingement pattern of sorts was visible upon the test pancl that appcarcd
symmetrical but did not agree well (qualitatively) with thcoretical predic-
tions of the gas-phase impingement region. The region within the symmetric
impingement pattern was coated with viscous liquid and/or solid material
that increased in quantity with the number of pulses to which the pancl was
exposed; the coloration of this material was difficult to identify, but was
definitely darker than the panel. Above and below the symmetric impinge-
ment region liquids were splattered in very large quantitices, particularly
near and below the rocket motor wherc semisolid formations of brownish
color were noted; deposition of this variety scemed randomly distributed
and was observed fore and aft of the nozzle exit plane. The amount of liquid
generated by the rocket motor varied inverscly with pulsce duration, with
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Figure 1. Liquid Bipropellant Plume Impingement Effects (22-Ib Thrustor MMH-NTO, O/F = 1.65)
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maximum amount generated during the 16-msce "minimun impulsce’ pulsces,
Thermal control coatings exposed to these exhaust products were visibly
coated and suffered losscs in reflectance. Similarly, transparcent sanmples
suffered transmittance losses. After certain periods of liquid buildup upon
the panel, brownish liquids ran down the pancl surface, During long-durition
firings in excess of scveral hundred seconds, a well defined symmetric
impingement pattern was noted upon the panel. It was difficult to discrimi-
nate between liquid and solid formations at this point. The symmetric
impingement region gained further definition by virtue of a continuous ridge
of solid and/or viscous liquid deposits at the symmetric impingemaent region
boundaries. Posttest microphotography revcaled that glass surfaces were
coated with micron-sized droplets, even though the incidence angle of
exhaust products was (theoretically) very small or nonexistent. Deposits
upon the panel and surface samples displayed phasce instability at STP con-
ditions, changing from solid to liquid to solid when disturbed physically or
environmentally, When the chamber was repressurized to facility ambient
conditions, much of the material deposited upon the pancl became less
viscous and ran off the panel.

Figures 2 through 4 show some of the deposits observed after various
duty cycles.

This report will present the results of a 12-month study for the Air
Force Rocket Propulsion Laboratory to develop an analytical model and
computer program for the prediction of spacecraft functional surface con-
tamination effects caused by interactions with liquid bipropellant rocket
exhaust plumes. Emphasis has been placcd on development of computer
codes to describe the complex two-phase combustion gas-dynamic processcs
occurring in a bipropellant combustor and the thermodynamic and kinetic
nonequilibrium processes occurring during a two-phasc nozzle and plume
expansion. Less attention has been given to the detailed modeling of the
deposition processes and the subsequent changes in surface propertics,
Verification of the integrated Plume Contamination Fffects Prediction
Computer Program will be attempted by comparison with high-altitude
bipropellant contaminant tests., It is anticipated that an independent on-gpoing
NASA Liewis Research Coenter experiment, conducted by Dr. Herman Mark
and Mr. Jack Cassidy, will provide thenccessary engine operating details
and contamination effects data to achieve a meaningful correlation,

This report is divided into five discrete parts: the main body of the
report and four appendixes. In the main body, emphasis is placed on
describing the operating characteristics of the integrated Plume Contami-
nation Effects Prediction Computer Program, CONTAM. A description of
the program, User's Manual, and sample case run illustrating the ability
of CONTAM to predict contaminant production, transport, and condensation
are presented. Deposition and surface cffects prediction has not been
included in the sample case run for CONTAM (main text) but has been dis-
cussed in Appendix D. CONTAM consists of four discrete subprogram links,
cach capable of operating as a separate computer program or as a link to

]
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CONTAM. Each of the subprograms is described in detail in a separate
appendix as follows: )

Appendix A TCC Transient Combustion Chamber Dynamics
Computer Program (a bipropellant contam-
inant production model)

Appendix B MULTRAN Multiphase Nozzle and Plume Transport
Computer Program (a multiphasec nozzle
and plume flow field characterization
model)

Appendix C KINCON Nonequilibrium Chemical Kinetics and
Condensation Computer Program (a multi-
phase reacting gas streamtube model)

Appendix D SURFACE Deposition and Surface Effects Computer
Program (a plume impingement, deposition,
abrasion, and surface contamination effects
model)

In addition to the sample case in the main body of the report, each
appendix contains a sample case illustrating additional capabilities of the
particular subprogram. Detailed operating information for each sub-
program is contained in the User Manual section of each appendix.

This report has been loose-leaf bound to facilitate updating of the various
User's Manuals, either by MDAC or other Government and industry users.
The author's would greatly appreciate comments, corrections, additions,
and suggestions for inclusion in future updates to be distributed to all users.
Please send comments to:

R. J. Hoffman

A3-BBBO-20

McDonnell Douglas Astronautics Company
5301 Bolsa Avenue

Huntington Beach, California 92647

Qladais St s na il S (L BAKAR D XL 1 hat) £ KSR L R H A R




SECTION II

OBJECTIVES AND SCOPE

l. OBJECTIVES

The objective of the study is to develop a single computer code capable
of predicting the production, transport, and deposition of engine and plum
contaminants and the change in absorptivity, emissivity, reflectivity, and
transmissivity of a functional spacecraft surface, such as thermal control
coatings and optical view ports and lenses, resulting from plume contami-
nant deposition or mechanical abrasion (sand blasting). Surface chemical
reaction with a deposited plume contaminant layer is not treated.

The study has been divided into five main areas:

(1) Improvement of predictive technology for the characterization of
reactive, multiphase rocket nozzle and exhaust plume flows con-
taining propellant contaminants and nonequilibrium combustion
products, including condensables,

(2) Continued development of an analytical model to predict the produc-
tion of contaminants in biprcpellant rocket-engine combustion
chambers.

(3) Development of a semiempirical model to predict changes in surface
properties of functional spacecraft surfaces (resulting from deposi-
tion or abrasion).

(4) Integration and coupling of existing computer programs and newly
developed computer programs to achieve a systems engineering
design tool for the prediction of contaminant effects on spacecraft
surfaces.,

(5) Verification of the contamination prediction model by comparison
with experimental data.

2. SCOPE

This initial study has been restricted to the development of predictive
methods for the production, transport, and deposition of contaminants from
hydrazine-family fuels in combination with nitrogen tetroxide and to changes
in thermal and optical surface properties of common thermal-control paints
and optical lenses. The model development has considered RCS engines in
the 5- to 100-1b thrust range; the validity of the model for much larger
engines has not been assessed.

Preceding page blank
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SECTION 1l

MODEIL DESCRIPTION

Section 4 describes the CONTAM plume contamination ellects prediction
computer program developed during this study. The analytical models
associated with each link of the CONTAM program arc discusscd in detail in
the appropriate appendix. In this section, a summary description of the
analytical models employed in the CONTAM program is given.

The general objectives ol the study were to construct a single analytical
model capable of predicting the eifects of bipropellant plume impingement
contamination on optical and thermal spacccraft surtaces basced only on a
knowledge of available ¢ngine operating conditions, ¢ngince/spacecralt con-
fipuration geometrics, and spaccceralt orbital parameters.  To this end, it
was neccessary to construct a model for the production of contaminants in a
bipropellant combustion chamber (unburned propellants ciccted through
nozzle throat); transport of these contaminants by the expanding gases in the
nozzlce and exhaust plume; chemical noncequilibrium composition of plume
specics; condensation of plume species in the expanding plume: abrasion
damage and deposition resulting from plume impingement; and, finally, the
changes in thermal andoptical surface propertics, absorptivity, emissivity,
transmissivity, and reflectivity resulting from contaminant deposition and/or
abrasion damage. In addition, the model considers the effect ot engine duty
cycle and spacecralt radiant energy transicer on the rate of contaminant
deposition over an entire mission prolile.

The feasibility of constructing a valid model, considering all of the
above aspects, relied heavily upon the existence of scveral models and com-
puter codes which could be used as a basis for construction of the overoll
contamination cffects prediction model. Several new portions of the model
and computer subprograms were developed,  Figure 5 schematically illus-
trates the computation flow logic and the related computer codes. Details
of cach computer code can be found in the appropriate appendix.

1. COMBUSTION CHAMBFR CONTAMINANT PRODUCTION
(Sec Appendix A for further details)

Unburned propellant and intermediate products of combustion (liquid
phasc) ejected from the combustion chamber are considered first as a source
of contaminants. Refcrring to Figure 5, the Transicent Combustion Chamber
(TCC) Dynamics Program, developed by Webber and Gaubatz (1) and
extensively modified for prediction of contaminant production (2}, was uscd
to generate parametric contaniinant production data over a range of typical
RCS operating conditions. PBascd on this parametric study, modilications
werce made to the program to allow its inclusion as part ol the overall con-
tamination effects prediction model.

Preceding page blank 11
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Figure 5. Schematic Diagram of Analytical Model Elements and Related Computer Programs
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Contaminant material is produced by the combustor of a bipropellant
rocket engine when partially burned propellant droplets pass through the
throat or when they strike a cold chamber wall to form a hiquid film, which
is moved downstream by chamber gas shear forces. When the unburred pro-
pellant or intermediate rcaction products are c¢jected from a rocket enginc,
they may be transported in the plumc and deposited on nearby sensitive
spacecraft surfaces, changing their thermal or optical properties.

The sequence of combustion related events, in the rocket engine com-
bustion chamber is calculated by numerically integrating the differential and
algebraic equations which describe the basic processes of the feed system,
injector, and combustion chamber. Figure A-1 in Appendix A is a drawing
of the rocket system.

a. Fecd Systems

The feed systems are approximated with single lumped parameters
representing the inertial and resistive aspects of the feed system, the rate
ol acceleration of flow being proportional to the amount that the instantancous
pressure drop exceeds the instantaneous pressure losses in the system. The

.opening and closing of the valves are modeled by varying the feed system
resistance as a function of time. Flow reversals or initial start conditions,
which result in partially or fully gas-filled fced lincs, are simulated by vary-
ing both the resistance and inertia of the feed system as functions of time.

b. Atomization

The atomization process is calculated for onc¢ of several modes,
depending on the chamber pressure. If the injected propellant is sufliciently
supersaturated, the stream is presumed to flash-atomize. The flash-
atomization process resembles the gas-atomization process, with the gas
being supplied by the explosive growth of bubbles in the supersaturated
stream. The flash atomization process gives relatively fine droplets, on
the order of 40 microns in diameter.

When the chamber pressure is sufficiently high that the injected
propellant streams do not flash, the atomization occurs by the impingement
of the fuel and oxidizer streams. The median droplet diameter is obtained
from an equation based on the orifice diameters, injection velocities, rela-
tive momentum of the streams, and physical propertics of the propellants.

When only one stream is being injected during a start transient,
there can be no impingement and atomization is calculated based on single-
stream breakup.

The injected propellant moves {rom the injection point to the
impingement point along the direction of injection. After impingement, the
stream moves in the direction of the resultant angle. The stream moves in
this new direction until its atomization is complete, after which its two-
dimensional trajectory is determined by the aerodynamic drag forces
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C. Chamber Calculations

The vapors or gases that fill the combustion chamber are derived
from several sources: vapor from flashing propellant strcams; material
cvaporated from propellant droplets; evaporation of material deposited on the
combustion chamber walls and from the ignitor if one is used. Fuel and oxi-
dizer vapor from these sources are axially cumulated in the chamber at cach
time interval, while the amounts calculated to flow through the nozzle are
subtracted. This gives current values for the chamber-gas mass and stoichi-
ometry, and the axial addition rate of mass, These are used to calculate the
pressure, temperature, molecular weight, and velocitv distribution in the
chamber. The simplifying assumption is made that at any instant the pres-
sure is constant throughout the chamber, and the gas is well mixed.

d, Wall Calculations

When a computed propellant droplet moves radially to the location
of the combustion chamber wall, its fuel or oxidizer mass is added to the
axial distribution of fuel or oxidizer previously deposited on the chamber
wall. The material on the wall experiences axial viscous flow under the
influence ol shear forces exerted by the chamber gas and is subject to boiloff
from heat transferred from the chamber gas.,

The boiloff from cach axial segment of the wall is calculated from a
heat-transfer coefficient, calculated from the Colburn equation corrected for
counter-current mass transfer. Both the gas shear stress and heal trans-
fer coefficients are correlated with the Reynolds number based on chamber
diameter evaluated at cach axial scgment of the chamber.

R YN

c. Comparison with Experimental Results

The objective of the coniputer calculationsis to predict the amounts
and properties of contaminant material formed during the pulse-mode oper-
ation of small rocket engines. Since the quantitative experimental data on
contaminant production is still rather scanty, the experimental confirmation
of the mocdel must be based, in part, on other cxperimental data, such as
chamber pressure traces, whichare more generally available. Two recent
papers (3 and 4) have been published describing contaminant production from
pulse-mode firings of the 22-pound Marquardt R1-F engine, which is very
similar in design, but larger than the 5-pound Marquardt R6-C engine used
for the parametric analysis at Appendix A, Many aspects of the experimen-
tal firings of the R1-F enginc agree with the trends calculated for the R6-C
engine, for example. sce Figure 6.

Two modes of contaminant production were found experimentally (3).
[.arge drops of MMIt-Nitrate were blown from the lip of the nozzle, being
directed approximately in the radial direction, i.e,, at right angles to the
engine centerline £45 degrees. Much smaller particles of MMH-Nitrate are
carried downstream in the plume, being concentrated along the engine
centerline, with the particles being directed a maximum of 10 degrees
from the centerline. These findings are in agreement with the model, which
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calculates contaminant production from miaterial which flow down the chamber
as wall-filim and from propellant droplets which pass through the throat
incompletely burned. According to the paper of Stechman and Thonet (4)
contaminant production from a series of 17 ms. pulses is strongly dependent
upon hardware temperature and upon the down-time between pulses, maxi-
mizing at about 80 milliseconds for the R1-F engine at an injector temper-
ature of 60°F, The existence of a maximum is in agreement with the
computer model, which calculates that the emptying of the dribble volumes

is sequential at low temperatures, with the oxidizer side emptying completely
before the fuel side starts to empty because of vapor pressure effects.
According to the model calculations, the worst case for contaminant produc-
tion is a down-time just sufficient to empty the oxidizer dribble volume, but
not the fuel dribble volume.

The "worst down time' for the R6-C engine at 70°TF is calculated to
be 6 milliseconds, while the value for the larger R1-F engine at 60°F was
experimentally found to be 80 milliseconds. The difference between the
two values is probably a reflection of the steep vapor pressure vs tempera-
ture curve for NTO.

Martinkovic (3) found that contaminant production was a function of
injector temperature. His measurements for the R1-F engine show fairly
good agreement with our calculations for the R6-C engine as shown in
Figure 6.
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The absolute values for contaminant expelled as wall-film were also
of the same ovder of magnitude. The Martinkovic 2Z2-pound RI-I engine
experimentally produced 0. 772 milligrams of wall-film per 17 millisecond
pulse at 75° T (about 1/1000 of total injected propellant). Our calculations
for the 5-pound R6-C engine indicated that 0. 161 milligrams of wall-film
would be produced per 50-millisccond pulse at 70°F, excluding post-firing
dribble (see Appendix A, Paranvetric Study),

Figure 7 compares a suitably documented experimental chamber
pressure frace with a corresponding computed value. The two curves show
surprisingly good agreement, especially in the prediction of cvents,

R202
300
w 200
i
2
7]
7]
ul
id
a
i
w
o
b3
<
I
O 100 -
4
0 | | L | [ I
0 5 10 15 20 25 30 35 40

TIME (MILLISECONDS)

Figure 7. Comparison of Calculated and Experimental High Altitude Start

2. CONTAMINANT TRANSPORT (See Appendix B for further details).

Iaving detvined the average arnount of liquid phase contaminant ejected
trom the combustor tor cach pulse segment (see subsection lll. 1) the two-
phase nozzle and plume tflow 1s then computed for transient and steady state
pulsce scgments, using method-of-characteristics computer programs des-
cribed by Nickerson and Klicgel in13) and modified by Gabbert and Hoffman
1o), In Fizure 5, these programs are identilied as TDZ2 and TD2P. Varia-
tions in chamber pressure, chamber temperature, droplet velocity, and
droplet-size distribution produce considerably different two-phase flow fields
for cach of the pulse scgments (preignition, ignition, steady state, and tail-
o'lr and theretore require a unique analysis for each pulse segment,
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Because several contaminaat sources origmate upstveam ol (he nozzle
exit plane (tor example, unburncd propellant and noncgurltbrivmn condensed
fuel nitrate species), it is necessary to obtain a complete charadterization of
the multiphase flow at the nozzle exit, including droplet/particle distribu-
tions (size, velocity, temperature, and species) as well as aun asusymmeti
distribution of the gas-phasce flow. The extreme radial compression of
droplet/particle laden regions indicates the necd tor accurate information
conterning the combustor and nozzle transpurt of condensables as mpat to
the plume analysis,

Starting at the convergent nozzle scections, up to 10 droplet groups are
considercd as an approximation to the distribution of condenscd phase
material produced in the combustion chamber. The concentrations, distri-
bution, and trajectorics of cach droplet/particle group are considered at
each mesh point in the axisymmetric method-of-characteristics flow analysis
throughout the entire nozzle and plume.  Lully coupled mwomentum exchange
(drag) between the gas and droplet/particle phase 1s considered, including
rarefication effects. The results (output) of this prograni set provide the
initial conditions (input) for the impingement model and subscquently, the
surface cffccts analysis.

While the transport model will provide information about the dynamic
condition and flux of species arriving in the vicinity of a functional surface
submerged in an exhaust plume, the kinetic/condensation model and the
deposition model are required to provide information regarding the chemical
composition and amount of plume exhaust material actually deposited on the
submerged surface. ,

3. CHEMICAL KINETICS AND CONDENSATION IN TIlkE
NOZZLE AND PLUM FLOW FIELD (See Appendix €
for turther details)

In addition to unburned propeliant droplets, many liguid-bipropellant
exhausts contain condensced phases as an important contaminant source. The
primary condensables in bipropeltlant plunmies are thought to be 1,0 and
nitrate salts of the fuel. One of the major study objectives was to review
existing data on plume condensables and to model the mechanism of conden-
sation analytically in rocket nozzles and exhaust plumes. A thermodynamic
nonequilibrium nucleation and condensation model has been developed and is
discussed in detail in Appendix C. The MDAC Streamtube Chemical Kinetics
and Condensation Computer Program, identified in Figure 5 as KINCON, has
provided the framework for development of this portion of the model. A pre-
liminary study, using the combined chemical kineties and condensation model,
was performed to size condensation characteristics in the nozzle and plume,
corresponding to typical engine operating regimes (both transient and steady
state). The relative effect of condensation as a contaminant source, relative
to combustion chamber sources, 1s yet to be deternuned. although it is
thought to be an important factor in contamination of surtfaces beyond the
central core of the plume where hecavy, unburned propellant droplets seem
to dominate.
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The modeling ot this phase of the contaminant-production problem
requires (1) the chemical Kinetic analysis of the expanding exhaust gases and
(21 a realistic analysis of the condensation process.

a. Chemical Kincetics Model

The chemical Kinetic processes in the nozzle and plume are calcu-
fated along streamlines utilizing the MDAC KINCON computer program. The
KINCON program pusscesses sceveral unique leatures which make it well
suited for anlyzing the nozzle/plume chemical kinetics. These features
imclude (1) a fully imiplicit numerical integration scheme that permits the
rapid integration of the [ull set ol Kinetic equations (up to 40 species and
150 reactions) with complete numerical stability; (2) capability to treat the
addition (or subtraction) of mass, momentum, and energy to the streamtube
by specitying the specific rate as a lunction of streamtube distance;

(3) reaction-rate screcening capability, which identifies reactions and species
that arc unimportant and need not be considered in the calculation of a
specitic species concentration or {luid property in any particular application.

Principal assumptions inherent in the use of the streamtube kinetics
model include the following: (1) the tflow is one-dimensional, steady, and
inviscids (2) cach component of the gas mixture is a perfect gas; and
(3) internal degrees ot freedom of cach component are in cquilibrium.

b. Condensation Model.

It is well known that condensation of a rapidly expanding supersonic
flow does not occur at the point in the flow where the gas cquilibrium tem-
perature rcaches the saturated vapor temperature of the particular species
in question,  Instead, condensation is delayed and eventually occurs as a
"condensation shock” or condensation zone downstream of the equilibrium
condensation pornt,  Although this phenomenon is not thoroughly understood,
it may be causced by a number of factors, including (1) lack of nuclear
material on which condensables may form and (2) inability of the surrounding
gas phasc to readily remove heat from the condensing material.

Fo treat condensation eftects in rapidly expanding gases, a kinetic
model of the condensation process utilizing the classical liquid drop theory
was adopted.  The condensation phenomenon, as described by this model,
occurs as a result ol two distinet processces: (1) nucleation and (2) droplet
vrowth,

Ag saturated vapor conditions are reached in a rapid expansion,
sulficient surtace area will not usually exist for the condensation required to
maintam cquilibrivm (P, Pygl), and a supersaturated condition results
(P > Pug). The nucleation process (spontancous self-nucleation) occurs in
the expanding supcersaturated vapor and involves the clustering of vapor
molecules to give rise to very small nuclei (radius of 10 to 100 A). Cnly
nuclel reaching the critical drop radius r+ can exist and grow. The critical
drop size is determined from thermodynamic equilibrium considerations and
represents the size at which the drop has an cqual probability of either
cvaporating or growing.
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Figure 8 illustrates the effects of condensation on the flow static
pressure and temperature. lFollowing the saturation point, the vapor con-
tinues to expand along the frozen gas iscntrope until a suitable number of
nuclei are formed and the droplet growth process begins. At this point, the
elfects of condensation are observed. Both the static pressurce and tempera-
ture increase rapdily with the temperature approaching the saturated-vapor
temperature. The expansion then continues along a ditfferent isentrope
corresponding to a new gas mixturec.

4, DEPOSITION, ABRASICN, AND SURFACE EI'}ECTS
(Sce Appendix D for further details)

A simplified analytical model for the prediction of plume contaminant
deposition, surface abrasion due to liguid and solid particle impingement,
and changes in thermal and optical surface propertics due to deposition or
abrasion has been completed. Additional work is requirca to couple the
resulting computer program, SURIFACE (Sec ligure 5), to the total contami-
nation prediction analysis and to extend the model to a genceral class of
contaminants and surfaces. A brief outline of the model will be given,

Development of a surface effects model depends heavily upon experimen-
tal data relating plume species deposition and mechanical abrasion charac-
teristics to changes in @ and ¢, in the case of thermal surfaces; and changes
in transmissivity and rcflectivity, in the case of optical surfaces. Such data
are scarce for realistic plumc-deposition products, such as MMH-Nitrate,
although recent experiments have provided some data. ’

The first step in developing a model to predict surface property changes,
based on a computed amount of abrasion or deposition, is to ¢xamine the
possible interactions of plume material with spacecratt surfaces. The pre-
liminary model developed accounts for plumc-induced changes in o and € on
thermal control surfaces, such as heat-rejection radiators. This model will
be extended to include optical surfaces in futurc studics.

Figure 9 is a sketch of the possible interactions with both coated and
uncoated portions of a radiator surfacec.

a. Solar Absorptivity

The absorptivity of the system is primarily determined by the
characteristics of the external surface upon which the external radiation
falls. The average or net absorptivity a,,.¢ of the radiator can be taken as
the mean of the absorptivity of each type of absorptive surface aj times the
area of cach type A;. Generally, ajis a simple term, casily determined or
calculated, but in some instances, such as a transparent deposit, terms
related to the thickness and internal paramecters of the deposit become
important.

b. Hemispherical Emissivity
When contaminant deposits are thin, it is assumed that they offer
little resistance to heat flux through the layer. The emissivity of the sur-

face is assumed to be that of the contaminant layer. TFor thick layers of
deposits, the impedance to heat flow through the layer is also modeled.
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¢. Surface Abrasion

Abrasion can occur on either or both of the coated or uncoated
portions of the radiator surface. Abrasion of the radiator coating affects the
heat flux in a step-function fashion. If only the thermal-control coating is
abraded, the effect is simply that of decreasing the original coating thickness
without affecting the absorptivity or the emissivity. I the abrasion proceeds
far enough, it will penetrate through the coating and expose an arca of the
metal plate substrate. The abrasion of the metal surtace, both that origi-
nally present and that exposed by removal of the coating, will alter its Up and
¢ significantly. The abraded arca of the metal will consist of two parts,
the part that was originally bare and now abradced, plus all that was ¢xposcd
when the coating is abraded away. [t is assumecd that in any arca where the
abrasion is sufficient to remove the coating, the flow ficld will attack the
L’ mecetal at once.

d. Material Deposition

A deposit of material from the plume, randomly located on the
exterior of the spacecraft radiator, acts simply like an additional coating
through which the heat must be transferred. The deposit may be transparcent
(crystalline, glassy, or liquid), or it may be opaque duc to either its basic
naturc or to particle sizes.

Opaque deposits affect the heat flux in a manncer identical to the
thermal-control coating. The situation can become more complex if the
deposit forms a transparent film. Such films are not completely transparent
at all wavelengths, and therefore a complex interaction occurs.

Radiant energy impinging from the environment is partly reflected,
partly absorbed, and partly transmitted into the film at the outer surface in
accordance with the usual p, u, and 7 coefficients. As the encrgy passes
through the thickness of the film, morc of it is absorbed. At the bottom
surface with the opaque paint or metal, the energy is either absorbed or
reflected. That portion of the radiation that is reflected from the substrate
then passcs outward through the film, and again, part is absorbed. When
the energy again reaches the outer surface, the part that strikes the surface
at less than the critical angle is radiated away; but the portion that strikes
the surface at an angle cqual to, or greater than, the critical angle cannot
escape and is eventually absorbed. A similar process also occurs for the
emission of energy from and through the transparent layer.
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SECTION TV
THE CONTAN COMPU TR PROGRAN

1. GENERAIL DESCRIPTION

This scction describes the integrated conputer program, CONTAM,
which has been developed to provide an engineering design too! for the pre-
diction of plume contaminant effcdts on sensitive spacecraft surfaces arising
from direct plume mmpingment., Fipurce JO ithastrates the component subpro-
grams of the CONTAM program. The CONTAN program is capable of
independently running any of the subprograins or of running the entire analy-
sis sequentially and automatically, subject to the restriction below,  When
run independently, the capabilities of cach of the subprograms may be
extended to solve problems associated with: combustion dyvnamics; nozzle
and plume multiphase flow field characterization; nonceguilibrium streamtube
chemical kinctics and condensation; and nmpingement, deposition, abrasion,
and surface property changes—not necessarily associated with plhime
contamination.

During the study cffort, a bipropellant contaminant production model,
contaiminant transport model, noncquilibriom condensation model, and sur-
face effccts model were developed and coded. The surface cffects mode/
developmentl was deemphasized due to funding constraints, and therefore has
not been completed to the level of sophistication ol the other subprograms.
At present, automatic interfacing of the contaminant production subprogram,
TCC, with the contaminant transport subprogram, MUILTRAN: and the kinet-
ics and condensation subprogram, KINCON, with the sarface offccts subpro-
gram, SURFACE, has not been provided,  Provisions have been made,
however, for casily interfacing these subproerarnns in the Inture,

Each of the major subprograms of CONTAN are described i detail in
separate appendixes as follows:

Appendix A TCC Tranctent Combusticn Chiamber Dynamics
Computer Program (o bipropellant con-
Litmitiant prodaction nrodel)

Appendix B MULTRAN  Multiphase Nosale and Plarme Transport
Computer Provramn (a nialtiphase nozzle
and plame flow fiesd characterization
model)

Appendix € KINCON Nonequitibrinm Chennncal Kinetios and

Condens=ation Computer Program (a mualti-
phasce reacting gas streamtube model)

Preceding page blank 23
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Appendix D SURFACE  Deposition and Surface Fffects Compnter
r Program (o plume impingement, deposi-
: tion, abrasion, and sartace contienination
effect= muodet)

This scction concentrates on describing the operation of the antegrated
program CONTAM, and the interfacing of the vavions subprog=ams.  The
reader is referred to the appropriate appendis for detailed information con-
cerning the operation of the individual subprogram.

The CONTAM program is written in FORTRAN TV and requires
220, 000g core locations to load and execule in the automatic mode, The
: program contains 111 subroutines and is currently operational on the
" CDC 6500 and CDC 6600 computers.

a. Combustion Cl.amber Contaminant Production

Unburned propellant and intermediate prodincts of combustion {gas
and liquid phase) cjected from the combustion chamber are considered first
as a sourcce of contaminants. Referring to Figure 11, the Transient Combus-
tion Chamber Dynamics (TCC) subprogram, is uscd to generate contaminant
production data. The results of the TCC subprogram arce time dependent and
require interface manipulation for subsequent modeling and analyses since
the transport model treats the flow as steady state. After examination of the
production of contaminants during the e¢ntire transient pulse, representative
"time slices' are chosen so that gas and liquid properties may be averaged
" over the time intervals for use as input to the MULLTRAN subprogram. The
s required output from TCC includes: chamber pressure, chamber tempera-

ture, droplet size distribution, droplet velocity, and mass flux of gas and
droplets.

Lihidin e ton

b. Contaminanrt Transport

Having defined the average amount of gas and liquid phase cjected
from the combustor for each pulsc scgment, the two-phase nozzle and plume
flow is then computed for each steady state pulse scgment, using method-of-
characteristics computer subprogram MULTRAN (subprograms TDZ2, TD2P,
and SLINES arce included in MULTRAN).

Computer subprogram SLINLS was developed to provide the neces-
sary interface between the TDZ, TDZP and the KINCON subprograms. Basic-
ally, SLINES interpolates between points on cach characteristic line to provide
¢ exhaust gas properties for points on a streamline. A =treamline is defined
' as that tine which runs through the throat, nozzie, and plume, bounding a
given constant percentage of the mass flow bhetween it and the nozzle axis.

C. Chemical Kinetics and Condensation

: In addition to unburned propellant dropicts, many lignid-bipropellant
4 . . ! 0

1 exhausts contain condensed phase products of combustion as an important

: contaminant source. The formation of condensables in Hauid propellant

exhausts has been analytically modceled.  The KINCON subprogram predicts
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the nozzle and plume condensation elfects utilizing a classical nucleation and
droplet growth model. It also provides the gas-phase chemical kineties
analysis along strecamlines.

d. Deposition and Surface Property Iiffects

The flux of contaminants approaching a surface submerged i a
bipropellant plume, as determined above, provides the starting point for the
analysis of liquid and solid deposition on impinged surfaces. A model has
been developed to account for the accommodation of momentwm and energy
upon impact of liquid and solid particles and to predict the arnount and state
(thin film, thick film, droplets, crystals, cte.) of the deposited materials.,
Damage and changes in surface propertics duc to mechanical abrasion and/or
deposition are also treated in this subprogram, SURIFACE. The surface
property changes considered are absorptivity, cmissivity, reflectivity, and
transmissivity, Development of this subprogram is not complete and, there-
fore, is discussed only briefly in Appendix D.

2. PROGRAM DESCRIPTION

This section describes the structure and logic of the Plume Contaminant
Effects Prediction Computer Program, CONTAM. Particular emphasis is
placed on the description of the main program, the overlay structure, and the
data interface between the various subprograms. Detailed descriptions of the
subprograms may be found in the appropriate appendix,

The CONTAM program is structured so that any one subprogram may be
run independently or any number of the subprograms may be run sequentiaily
and automatically. Only the main program and the required subprogram
reside in computer core during cperation. In the sequential and automatic
mode of operation, upon completion of operation by a particular subprogram,
that subprogram is removed from the computer core and is replaced by the
sequentially required subprogram.

The program runs on the CDC 6500 computer system. It is coded in
FORTRAN IV and requires a field length of 220, 000y. If TCC is not run on a
particular submittal, the field length may be reduced to 135, 000g. The con-
version of the program to another third generation computer should be
straight-forward.

The main program (EXEC) was coded to perform the required selection
of the various subprograms. It initializes certain togical control variables,
accepts control variables through input, and provides overall Togic control
for the program. It also provides overlay communication,

3. PROGRAM OVERLAY STRUCTURE
The program overlay structure is depicted in Figure 2. The program

contains seven second-level overlays, cach corresponding to a particular
subprogram. The overlay structure extends to three tevels.
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4. PROGRAM DATA INTERFACLS

The resultant data from the various subprogratns restde on magnetic
tape or disc file for use by subscquent subpreogrianms.,

The data interface has been designed so that the inpat and output data to
a particular subprogram are prescrved subscquent to the running of that sub-
program, while at the same time, the nummber of logical file units usced are
minimized by reusing logical files. This means that while the user may run
each program independently but scquentiatly, if the data output from a partic-
ular subprogram is not acceptable for some reason, the input data file to
that subprogram has been preserved so that the user has a "restart' capa-
bility without having to restart fron: the initial subprogram of the scquence.

a. TCC Data

Data output from TCC is written onto logical file 12 for usc by the
MULTRAN subprogram as input to TDZ subprogram. In addition, logical
files 1, 16, and 48 are uscd internally by TCC. File I contains the variable
data used by the plotting routine of TCC. Files 16 and 48 are required files
for the system plotting package.

b. TDZ Data

The input logical file number for the TDZ program is 10, The TD2
subprogram provides data output on two logical files; 8 and 12. lLogical file r
8 contains data required to be input to the TDZ2P subprogram. Logical file 12
provides input data for the SLINES subprogram and the deposition and surface
effects subprogram, SURFACE,

C. TD2P Data

Subprogram TD2P receives its input data from logical file 8. TD2P
provides output data on logical files 9 and 12. File 9 contains radiation and
force field data. File 12 contains the contaminant properties data. The sub-
routine which writes on file 12 is common to both TDZ2 and TD2P. [t is
located in the main overlay level so that it is accessible to both subprogram
overlay levels.

d. SLINES Data

The SLINES subprogram rcads data from logical file 12 which has
been generated by subprograms TD2 and TD2P. It gencrates the streamline
data and writes this data on logical file 8 for vse by the KINCON subprogram.

e. KINCON
The KINCON subprogram uses six logical fite anits The file unit

numbers are 1, 4, 8, 10, 11, and 12. Files 1, 10, and 1]l are scratch files
used internally by the subprogram. File I containg the inttial conditions and
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arca ratio table to be uscd in the condensation calculation.  File 10 contains
thermal data, only for the specific species being considered in the run, which
has been packed in a data block.  File 11 contains reaction tables. Files
+and 8 avre input fites.  Fite oFis an optional input which contains a list of
thermal properties in JANAL format. Since logical file -l is an optional
input, if it is not used as such, it will default to an internally used file by the
=ubprogram. If the Togical file 4 input is not exercised, the thermal proper-
tics data must be input by punched cards (see Appendix C). The subprogram
will then write TANAE thermal properties on logical file < from the punched
card input.  Obviously, with the appropriate control cards, file - may then
be saved for subscequent nuse. File 8 contains the streamline properties
required by the KINCON subprogram.  Logical file 12 is the output tape of
the subprogram and contains the multiphase and kinetic results to be used by
the deposition and surface effects subprogram, SURFACE., Since the surface
cifects subprogram has not been completely developed and amalgamated, the
towtcal file L2 output from the KINCON subprogram has not been implemented
i yelt,

b
b 5. PROGRAN USERS MANUAL
1
A, Input to CONT AN
f Punched card input is vequived., Logical file 4 input is optional, but
F the option must be specified in the card input.  The discussion pursued in
i this scection pertains onty to the sequential autoinatic mode of operation.
; The punched card inputs required are of two types; NAMELISTS and
[ other nonztandard format.  Subscction 5.b describes the general nature of the

data tnput through the varions NAMELISTS and indicates the subprograms to

which they apply. For a detaited description of the contents of the various

NAMIELISTS, the user should refer to the appropriate Appendix for each sub-
l provgran as Hsted in subscection of this scction.

RC 7V

A detailed description of the nonstandard inputs will be found in
Appendis C since they apply to the KINCON subprogram. Subsection 5.d
describes the required stacking (organization) of the punched cards.

Sedtion 5 oresents & sample case which includes a data listing, the
re~ulting ontpat. aae o tday file’ from the CDC 6500 computer system. The
day fite is tncluded to itustrate the required system control cards and
thelr proper scquenc e,

[oadddition to the aforementioned inputs, there are the data inter-
facves whibch are requiced by the various subprograms and discussed in sub-
~cvction - ot this scction. Fhese interface data should be considered as
inputs when running the subprograms independently.
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b. Program NAMELISTS

Table | presents a list of the names of cach NAMIETLIST and the sub-
programs to which they correspond.  To determine the details and param-
eters contained in ecach NAMELIST, the user should refer to the appropriate
Appendix as listed in subscction T of this scction. NAMELISTS requived by
CONTAM (the main program) are described i the subscction 5. ¢,

Table I. NAMELIST AND SUBPROGRANM

NAMELIST Name Subpropgram
NCASE CONTAN (EXIC)
IPATH CONTAN (EXEC)
INPUTI TCC
DATA TD2
DATAP ~ TD2ZP
SID SLINES
THERMO KINCON
PROPEL KINCON
IMPING SURFACE

c. CONTAM NAMELISTS

Two NAMELISTS are required by the main program, CONTAM, to
provide control of the overall program. They arc:

(I NAMELIST/NCASE/
(2) NAMELIST/IPATEH/

There is only one parameter in the NAMELIST/NCASE/. 1t is
ICASE. ICASE is an integer variable which tells the program how many
pulse segments are to result from the transient pulsc output of the TCC sub-
program. Each pulse segment is considered a "case. " Each subscquent
subprogram in the sequence must operate on cach pulse sepment (case), one
segment at a time.

NAMELIST/IPATH/ contains ninc vartables. However, only two of
the variables are requircd per run (scquential-automatic mode). The vari-
able list for NAMELIST/IPATH is:

TCC
SSCP
TDZ
TD2P
SLINES
MGKS
DUM?7
KMODE
NSL
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3
Each variable except KMODE and NSL is logical. For example: 1

TCC =T, TD2ZP =T,

' The above example indicates that the first subprogram to be run will 4
] be TCC and the last will be TD2ZP. It is only necessary to input the first and
last subprograms to be run. If only one subprogram is to be run, only that :
! onc variable need be input, unless the KINCON subprogram is to be run; then
- KMODE and NSL may also be required. 7

The variable KMODE is used only when the KINCON subprogram is
run independently. If used, it is input as the integer variable "one.' It indi-
cates that certain options will be exercised in the operation of the KINCON

; subprogram. These options are described in Appendix C. ‘
| . . . . 3
The variable NSL is required only when the KINCON subprogram is i
4 run independently. NSL indicates the number of streamlines that will be :
% analyzced by the KINCON subprogram. If subprogram SLINES is run in con-
3 junction with the KINCON subprogram, any NSL value input here will be over-
§ ridden by the value of NSL input for the SLINES subprogram.
i . Nonstandard Format Inputs ”
; ;
b All of the nonstandard format punched card inputs are used by the :
A KINCON subprogram. The names of these inputs are:
° The rmodynamic Data (Optional) 4
; ° Title Card 3
e Species Cards %
° Reaction Cards ’I’ 4
] 1
‘:.1_. The format for the data on these cards is detailed in Appendix C. ,‘
F:l e. Input Card Stack k
Figure 13 depicts the organization of the punched card deck required f
for automatic sequential operation of the entire program. For independent E

; operation of subprogram(s), only the input data required for cperation of the
desired subprogrami(s), in addition to the CONTAM input data, should be
included in the data cddeck. For example: If only subprograms TD2 and TD2P

e G s

5 are desired to be run, the data required for TCC, SLINES, and KINCON j
1 should be removed from the deck illustrated in Figure 13. E
b ‘:

3
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SECTION V

SAMPLE CASE

This section presents a data listing and printed output for a sample case
run in the automatic sequential mode on the CDC 6500 computer system.

1. DEFINITION OF SAMPLE CASE

i i B

The sample case is chosen to illustrate the application of the successive
subprograms of CONTAM for the prediction of the contamination effects
resulting from a typical firing of a real rocket engine. The engine chosen
for these computations is the Marquardt R-6C., The R-6C is a commer-

; cially available NTO-MMH rocket engine having a nominal thrust of five
pounds and designed for pulse-mode operation, It is an excellent choice for
experimental vacuum-chamber studies of contaminant production because of
its small size, which makes it easier to maintain vacuum in the test
chamber, and its short pulse capability which can be used to aggravate the
production of contaminants., The effect of the small engine size, however,
must be considered in designing the experiment, The R-6C is being used
in an experimental contaminant effects study currently underway at NASA

7 ; Lewis Research Center under the direction of Dr, Herman Mark. It is hoped

b that the computed values for contaminant production, transport, deposition,

‘ and surface effects can be experimentally verified by comparison with

experiments such as those being run at NASA Lewis Research Center.

; A pulse width of 50 miliiseconds was chosen for our computations, This
is short enough to show appreciable transient effects without being so short
as to be unrealistic compared to actual duty cycles used with anengine of
this type. In our calculations, the engine is fired with its walls initially
clean and with its dribble volumes both initially empty, but with the lines
full of propellant behind the valves. This initial condition would be easier

to match experimentally than any prescribed axial accumulation of fuel and
oxidizer on the wall or partially filled dribble volumes. The chamber,
injector, and tankage were initially set to room temperature values, again
for ease of experimental comparison, The line lengths, line diameters,
tank pressures, and other installation and operational variables were chosen
to agree with the NASA Lewis vacuum chamber installation, and the base
case run parameters,

2., CONTAMINANT PRODUCTION-THE TCC PROGRAM

The TCC (transient combustion chamber) prcgram calculates contaminant
production by digital integration of the time-dependent engine processes,
i, e., propellant flow, atomization, and combustion of the injected droplets.
The calculated two-dimensional trajectories for the burning droplets
determine how much propellant is deposited on the wall, and how much

Preceding page blank 35




passes through the throat unburned. The trajectories for the ejected
unburned droplets are calculated up to the throat by the TCC subprogram,
and in the nozzle and plume by the MULTRAN subprogram. The unburned
propellant which is deposited on the combustion chamber wall is subjected
to burnoff and axial flow from the action of the hot, fast-moving chamber
gases. The amount of this wall film material which survives and passes
through the throat is calculated by the TCC subprogram. Experimental
firings of small pulsing engines show that much of this material accumulates
on the nozzle lip during each firing, and is blown off during the succeeding
start transient, The droplet size, initial direction of flight, and subsequent
trajectory of this material may be defined statistically from experimental
firings, but is outside of the present scope of the CONTAM program.

a. TCC Input—Sample Case (R-6C Engine)

Input data for the TCC program is broken down into several large
blocks of related data. The block headings are: Chamber description,
opcrating conditions, valve timing, ignition description, fuel feed system,
oxidizer feed system, atomization parameters, fuel properties, oxidizer
properties, combustion gas properties, contaminant properties, general
instructions, flow rate overrides, and a thrust coefficient table. Obviously
the values typifying each propellant constituent remain fixed for that
constituent; consequently, the sub-decks of data for any given material such
as UDMH or MMH or NTO can be retained for reuse whenever that particular
propellant is to be used. In a similar way, the combustion gas properties
remain constant for each particular propellant combination, such as WFNA
and UDMH or LLOX and RP-1. Again these sub-decks may be retained and
reused whenever that particular propellant combination is called for,

Having sub-decks on hand for the common propellants and propellant
combinations greatly facilitates loading the input for the TCC subprogram.,
The engine hardware is described in the chamber description, fuel feed
system, and oxidizer feed system sub-decks. When sub -decks are created
for particular engines they may be incorporated into the input data with

only such modifications as are required for feed system variables; i.e.,
line lengths and diameters, restrictor areas, etc. Again, retaining such
data sub-decks for reuse greatly facilitates the loading of the program input.

(1) Origin of Engine and Propellant Data

The known physical properties of nitrogen tetroxide and monomethyl-
hydrazine were taken frcm the Battelle ''Liquid Propellant Handbook" (7)
and the Aerojet publication "Performance and Properties of Liquid
Propellants' (8). The burning-rate coefficient for monomethyl hydrazine
was estimated to be halfway between the experimental values given for
hydrazine and UDMH by Dykema and Greene (9). The burning-rate
coefficient for NTO was calculated using Godsaves' equation, The equilibrium
combustion gas properties of chamber temperature, mean molecular weight,
gamma, and vacuum thrust coefficient for an expansion area ratio of 40 were
calculated, using the MDAC thermochemistry program H099 and the
JANNATF (10) values for heats of formation, The chamber dimensions,
injector parameters, and valve ramp durations come from the manufacturer,
while the feed system values were supplied by NASA Lewis Research Center.
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The ignition parameters, activation energy, and frequency factor multiplied
by heat of reaction are the experimental values measured for NTO and UDMH
by Seamans, Vanpee, and Agosta (11). The fuel and oxidizer fan lengths

are unknown and were set equal to zero., These values could be inferred by
operating the engine at low tank pressures to obtain the chugging frequency
and amplitude. The flash cone angle was taken from photographs of flashing
streams in the thesis of Brown. The drop size distribution is from NACA
TN 4222, The decomposition temperature for the MMH nitrate was taken
from the paper of Perlee, Christos, Miron, and James (12), The values used
for the density, vapor specific heat, latent heat and viscosity of the MMH
nitrate and its solutions, and the accommodation coefficients for MMH and
NTO are estimated values sinc: no experimental values have ever been
published. At the time that the first calculations were performed for the
Marquardt R-6C engine, the calculated combustion efficiencies and calculated
steady state chamber pressure were considerably lower than the experimental
values. We felt that this might indicate that the correlations we were using
for initial droplet diameter were in error when applied to the very small
injector orifices of the Marquardt engine, In order to achieve agreement
with experiment, we arbitrarily reduced the computational droplet diameter
by a factor of two, This was done by entering one half the actual injector
hole diameters in the input data, The actual fuel and oxidizer hole diameters
are 0.0158 and 0, 0186 inches, while 0, 0079 and 0. 0093 are the values used
in the input data, Since this time, Rocketdyne has published droplet sizes
obtained from small orifices (13). Below a threshold value for Reynolds
number, laminar flow is obtained in long injector orifices, and the droplet
sizes produced are about one-half the size predicted by the usual correlations
for jets in turbulent flow. The orifices of the R-6C engine operate very
close to the threshold value for Reynolds number quoted by Rocketdyne,
therefore it is quite likely that they are in laminar flow and are actually
producing droplets similar in size to those calculated using our biased

orifice diameters.

(2) Input Data for TCC Subprogram (Marquardt R-6C Engine)

Input data for the Marquardt R-6C Engine are listed in Table II,

37




Table II. INPUT DATA FOR MARQUARDT R-6C ENGINE TCC
Item
Number Variable Value Comments/Source
1 Chamber length 1.07 in. Manufacturer
2 Injector end area (A) 0.1368 in. 2 Manufacturer
3 Linear taper of 0.1427 in, 2/in. Chamber area fitted by
chamber (B) a parabola: Area
= A + BX + CX2
. .2, 2
4 Parabolic taper of -0.2268 in. /in.
chamber (C)
5 Throat area 0. 0298 in, 2 Manufacturer
9 External pressure 1 x107° psia Estimated vacuum
environment
10 Chamber wall 294 °K Approximately room
temperature temperature
13 Fuel tank pressure 180 psia NASA Lewis
14 Fuel Tank 294°K Approximately room
temperature temperature
15 Fuel injector 294°K Approximately room
temperature temperature
18 Fuel valve opening 0. 001 sec Manufacturer
ramp duration
20 Fuel valve closing 0. 001 sec Manufacturer
ramp duration
21 Oxidizer tank 165 psia NASA Lewis
pressure
22 Oxidizer tank 294°K Approximately room
temperature temperature
23 Oxidizer injector 294°K Approximately room
temperature temperature
26 Oxidizer valve 0.001 sec Manufacturer

opening ramp
duration
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i Table II. INPUT DATA FOR MARQUARDT R-6C ENGINE TCC
(Continued)
Item
Number Variable Value Comments/Source

28 Oxidizer valve 0. 001 sec Manufacturer
closing ramp
duration

29 Fuel valve 0.0 sec Time of first motion
opening time opening

30 Oxidizer valve 0.0 sec Time of first motion
opening time opening

31 Fuel valve 0. 050 sec Time of first motion
closing time closing

32 Oxidizer valve 0. 050 sec Time of first motion
closing time closing

33 Assigned ignition 0.0 sec Not used when chemical
delay kinetic values are

I specified

34 Igniter port 0.0 in, from No igniter used
location injector

35 gniter fuel flow 0.0 lb/sec No igniter used
rate

36 Igniter oxidizer 0.0 Ib/sec No igniter used
flow rate

37 Activation energy 5200 cal/mole Seamans, Vanpee, and

Agosta

38 Frequency factor x 3.4 x 1014 Seamans, Vanpee, and

heat of rcaction (cc/mole sec) Agosta
x (cal/mole)
39 Perfect mixing flag 0.0 Use normal ignition
\ calculations
40 No axial mixing 0.0 Use normal ignition
' flag calculations
41 Fuel line length 480 in, NASA Lewis Research

Center
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Table II. INPUT DATA FOR MARQUARDT R-67 ENGINE TCC
(Continued)
Item
Number Variable Value Comments/Source
42 FFuel line area 0.0281 in, 2 NASA Lewis Research
Center
43 Fuel restrictor 0. 00454 in. 2 NASA Lewis Research
area Center
44 Fuel venturi area 0. 0281 in. e No venturi, use line
area
45 Fuel valve port 0. 0281 in. 2 No valve restriction
arca when open
46 Fuel injection area 0.000196 in. 2 Manufacturer
49 [Fuel hole diameter 0.0079 in, One ha.f true diameter
of 0, 0158 in. to bias
droplet size
50 Fuel hole length 0. 0625 in, Estimated from engine
drawing
51 Axial location of 0.0 in, Approximately flush with
fuel hole injector face
52 Radial location of 0. 045 in, Estimated from engine
fuel hole drawing
53 Fuel injection angle -45 deg Manufacturer
57 Fuel initial void 0. 00113 in, 3 Set cqual to dribble
volume volume for initially
empty condition
59 Fuel transition 0.0 in, 3 No hot fuel in injector
volume
60  Fucl dribble 0.00113 in, > Manufacturer
volume
61 Fuel check 0.0 Reverse flow in feed
valve flag system is possible
65 Oxidizer line 480 in, NASA Lewis Research
length Center
40




Table II. INPUT DATA FOR MARQUARDT R-6C ENGINE TCC
(Continued)
Item
Number Variable Value Comments/Source
66 Oxidizer line area 0. 0281 in, 2 NASA Tl.ewis Research
Center
67 Oxidizer restrictor 0, 00636 in. 2 NASA Lewis Research
area Center '
68 Oxidizer venturi 0. 0281 in, 2 No venturi, use line
area area
69 Oxidizer valve 0. 0281 in, 2 No valve restriction
port area when open
70 Oxidizer injection 0.000272 in, 2 Manufacturer
area
73 Oxidizer hole 0. 0093 in, One -half true diameter
diameter of 0,0186 in. to bias
droplet size
74 Oxidizer hole length 0, 0625 in, Estimated from engine
drawing
75 Axial location of 0.0 in, Approximately flush
oxidizer hole with injector face
76 Radial location -0. 045 in. Estimated from engine
of oxidizer hole drawing
77 Oxidizer injection 45 deg Manufacturer
angle
81 Oxidizer initial 0. 000580 in, 3 Set equal to dribble
void volume volume for initially
empty condition
83 Oxidizer transition 0.0 in. 3 No hot oxidizer in
volume injector
84 Oxidizer dribble 0. 000580 in. 3 Manufacturer
volume
85 Oxidizer check 0.0 Reverse flow in oxidizer
valve flag feced system is possible
89 Fuel fan length 0.0 in. Strawman value, no

data available
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Table II. INPUT DATA FOR MARQUARDT R-6C ENGINE TCC
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(Continued)
Item
Number Variable Value Comments/Source
90 Oxidizer fan length 0.0 in. Strawman value, no
data available
91 Single stream break- 10 Estimated from photo-
up distance given in graphs of single-stream
stream diameters breakup. See NACA
TN3825
93 Hold at triple 0.0 Assume flashing
point flag propellant equilibrates
with chamber pressure
even though freezing
occurs
94 No initial dribble 1.0 The quill-type Marquardt
flag injector is not likely to
dribble during start
before the dribble
volume fills completely
95 Flash cone angle 30 deg Apex angle of flashing
liquid spray taken from
photographs of R. Brown
97-101 Drop size distri- 0.198, 0. 759, Taken from experimental
bution table 1.0, 1.23, values of NACA TN 4222
2.3045
102 No wall breakup 0.0 Droplets and streams
flag are assumed to atomize
on wall impact
103 Drop rebound 1.0 Droplets which bounce
velocity ratio off wall are assumed
perfectly elastic
104 Fraction sticking 0.5 One-half the droplets
impacting with the wall
are assumed to bounce
and the remainder stick,
This is a '"'straw man"
value. No data
available
42




s LA M Dbt

L YRR [ gl T

et S G AR T B a0 B b TR A T A il D et

Table II. INPUT DATA FOR MARQUA.RDT R-6C ENGINE TCC

(Continued)
Item
Number Variable Value Comments/Source
105 No fuel flash flag 0.0 The fuel stream is
permitted to flash atom-
ize when the correlations
indicate that it should
106 No oxidizer flash 0.0 The oxidizer stream is
flag permitted to flash atom-
ize when the correlations
indicate that it should
107 No wall flow flag 0.0 The material on the wall
is allowed to flow as the
calculations say it should
108 No wall burnoff 0.0 The material on the wall
flag is allowed to burn off as
the calculations say
it should
109 Fuel normal boiling 360°K Aerojet compilation
point
110 Fuel freezing point 222°K Aerojet compilation
111 Fuel critical 594 °K Aerojet compilation
temperature
112 Fuel critical 1195 psia Aerojet compilation
pressure
113 Fuel vapor specific 0,995 cal/ Value for propylene
heat at film temp- gram °K specific heat at 1500 °K
erature extrapolated from NBS
C461, Structure similar
to MMH, No data for
MMH
114 Fuel liquid specific  0.69 cal/ Aerojet compilation
heat at 300°K gram °K
116 Fuel vapor 46,074 grams/ Aerojet compilation

molecular weight

gram mole

43




T GRS

e

et Uit b e )

Mt i o ik b i

Table II, INPUT DATA FOR MARQUARDT R-6C ENGINE TCC
(Continued)
Item
Number Variable Value Comments/Source

117

118

119

120

121

122

123

124

125

126

127

128

129

Fuel latent heat
of vaporization
(at normal boiling
point)

Fuel latent heat
of fusion

Fuel liquid thermal
conductivity

Fuel accommodation
coefficient

Reference tempera-
ture for fuel
properties

Fuel density at
reference tempera-
ture

Fuel viscosity at
reference tempera-
ture

Fuel surface tension
at reference
temperature

Fuel burning rate
coefficient

Fuel monopropell -
ant intercept (A)
Fuel monopropell-

ant coefficient (B)

Fuel monopropell-
ant exponent (n)

Oxidizer normal
boiling point

210 cal/gram

67.5 cal/gram

0. 000545 cal/
cm °K

1.0

300°K

0. 88 gram/cc

0. 0104 poise

47 dynes/cm

0. 0325 cmz/sec

0.0 cm/sec

0.0 cm/sec psin

294 °K

Aerojet compilation

Battelle handbook
Aerojet compilation
Strawman value, no
data available
Experimental values
available at this

temperature

Aerojet compilation

Aerojet compilation

Battelle handbook

Dykema and Greene

Strand burning tests
fitted r = A + B PR with
r in cm/sec;P in psia

MMH does not burn in
liquid strand tests

Aerojet compilation
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Table II. INPUT DATA FOR MARQUARDT R-6C ENGINE TCC
(Continued)
Item
Number Variable Value Comments/Source
130 Oxidizer freezing 262 °K Aerojet compilation
point
131 Oxidizer critical 431 °K Aerojet compilation
temperature
132 Oxidizer critical 1,470 psia Aerojet compilation
pressure
133 Oxidizer vapor 0.298 cal/gram JANNAF tables for
specific heat at °K NO
. 2
film temperature
134 Oxidizer liquid 0.36 cal/gram Aerojet compilation
specific heat °’K
at 300°K
136 Oxidizer vapor 46,008 gram/ Vapor mostly NO, at
molecular weight gram-mole high temperature or
low pressure
137 Oxidizer latent 99.0 cal/gram Aerojet compilation
heat of vaporiza-
tion (at normal
boiling point)
138 Oxidizer latent 39,2 cal/gram Battelle handbook
heat of fusion
139 Oxidizer liquid 0. 000306 cal/ Aerojet compilation
thermal conductivity cm °K
140 Oxidizer accommo- 1.0 Strawman value, no
dation coefficient data available
141 Reference tempera- 300°K Experimental values
ture for oxidizer availal le at this
properties temperature
142 Oxidizer density at 1.45 gram/cc Aerojet compilation
reference tempera-
ture
143 Oxidizer viscosity 0.00446 poise Aerojet compilation
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Table II,

INPUT DATA FOR MARQUARDT R-6C ENGINE TCC

(Continued)

Item

Number Variable Value Comments/Source

144 Oxidizer surface 28 dyne/cm Battelle handbook
tension

145 Oxidizer burning 0.027 cmz/sec Calculated from
rate coefficient Godsaves equation

146 Oxidizer mono- 0.0 cm/sec Strand burning rate
propellant fitted to: r = A + B pl
intercept (A) with r in cm/sec and

P. in psia |

147 Oxidizer mono- 0.0 cm/sec psia NTO does not burn in
propellant liquid strand tests
coeflficient (B)

148 Oxidizer mono- 0.0 NTO does not burn in
propellant liquid strand tests
exponent (n)

149-159  Equilibrium con‘ﬁ- 300, 2,103, From standard equili-
bustion gas 3,084, 3,397, brium thermochemistry
temperature at 3,061, 2,368, calculations
fuel fractions 0. 0, 1,705, 1,433,

0.1, 0.2, ...1.0 1,344, 1,266,
1,190, in °K

161-171  Equilibrium com- 46.008, 28. 79, From standard equili-
bustion gas mean 26,41, 23,39, brium thermochemistry
molcecular weight at 19,88, 16,75, calculations
fuel fractions 0.0, 14,41, 13,91,

0.1, 0.2, ...1.0 14.00, 14.10,
14,29

173-183  Ikquilibrium combus- 1.120, 1.252, From standard equili-
tion gas gamma at 1,220, 1.217, brium thermochemistry
fuel fractions 0. 0, 1.235, 1.268, calculations
0.1, 0.2, ... 1.0 1.309, 1.299,

1.270, 1.247,
1.228

185 Contaminant l gram/cc Strawman value, no
mixture density experimental data

186 Contaminant vapor 1 cal/gram °K Strawman value, no

specific heat

experimental data

46
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(Continued)

INPUT DATA TOR MARQUARDT R-6C ENGINE TCC

Value

Comments/Source

Table II,
Item
Number Variable

187 Contaminant latent
heat of vaporization

188 Contaminant decom -
position temperature

189-199 Contaminant mixture

viscosity at fuel
fractions 0. 0,
0.1, 0.2 -1.0

201 Model time at
which computations
are finished

202 Integrating time
interval

203 Print one out of

204 Plot one out of

205 Delete graphics flag

206 Delete droplet
means flag

207 Delete summaries

flag

100 cal/gram

500°K

. 00446, 0,024,
. 043, 0.068,

. 081, 0.100,

. 082, 0.064,

. 046, 0,029,

. 0104 poise

OO OO OO

0. 060 sec

0. 0001 sec

10

30

0.0

Strawman value, no
experimental data

Perlee, Christos,
Miron, and James

Experimental values for
purce fuel and pure
oxidizer, Strawman
values for MMH

nitrate mixturces

50 milliscc for pulse
and 10 millisec to drain
oxidizer cdribble volume

Chosen from experience
running the program

A propellant disposition
summary is printed for
every tenth time interval

A wall-film thickness
profile is plotted for
every thirtieth time
interval

The computer graphics
will be produced

The Dy, D31 and D3

will be calculated for the
chamber droplet popula-
tion at cach time interval

The summaries will be
printed for the intervals:
preignition, start tran-
sient, stecady-staie,

and tailoff
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Table II,

INPUT DATA FOR MARQUARDT R-6C ENGINE TCC
(Continued)

Item
Number

Variable

Value

Comments/Source

208

209

210

211

212

Data review only
ftag

Fuel trajectory
group

Oxidizer trajectory
group

Trajectory start
time

Steady-state time

Fuel flow-rate
override

0.006/scc

0.0125

0.0 lb/sec

The program will com-
pute the chamber pro-
cesscs instead of
stopping after printing
out the input data set for
examination '

A trajectory will be
plotted for the third fuel
sivze group

Only one droplet can be
plotted per run., Either
fuel or oxygen depending
upon whether 209 or 210
is given a non-zero value
(1, 2, 3, 4 or 5)

The fuel droplet tra-
jectory will be plotted
for the fuel drouplet
injected when the model
time is 6 milliscconds

The interval summary of
item number 207 will be
written assuming that
steady-state conditions
are attained 12,5 millisec
after start, This is based
upon previous experience
with this motor

If the restrictor or valve
port arca are not known,
but experimental flow
rate vs. Ap curves are
available, the line resis-
tances are calculated
from a consistent set of
values for flow rate, Ap
and injector orifice dis-
charge coefficient. A non-
zero value for discharge
coefficient signals the
program that this sig-
nal is being used
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Table II,

INPUT DATA

FOR MARQUARDT R-6C ENGINIZ TCC

(Continucd)

Item
Number Variable Value Comments/Source
214 Fuel pressure 0.0 psi This option is not
override drop being used
215 Fuel discharge 0.0 This signals the
coefficient program that this
option is not being
uscd
216 No injector 1.0 No frictional pressure
friction flag drop through the
injector ports will be
calculated because the
correlation is for
turbulent flow and thesc
ports arc in laminar
flow, Sct this flag 0.0
for large holes, 1.0 for
small holes., If
undecidecd, use 1,0
217 Oxidizer flow 0.0 Ib/sec Oxidizer flow override
rate override not being usacd
218 Oxidizer pressure 0. 0 psi Oxidizer flow override
override drop not being used
219 Oxidizer discharge 0.0 This signals program
coefficient that oxidizer flow over-
ride is not being used
221-231 Vacuum thrust 1.9240, 1.8028, These values were
coefficients for 1.9082, 1,9617, obtained from thermo-
the correct nozzle 1.8470, 1.8122, chemical calculations
expansion area ratio 11,8680, 1,9331, assuming equilibrium
of the motor, and 1.9294, 1.9224, expansion, Values could
fuel fractions of 1. 8959 be used from kinelics
0.0, 0.1, 0.2,... calculations or from
1.0 steady-state experiments
if they were avaitable
49



Table II. INPUT DATA FOR MARQUARDT R-6C ENGINE TCC

(Continued)
Ttem
Number Variable Value Comments/Source
232 Nozzle expansion 40 Manufacturer
arca ratio
233 Second-pulse, 0.0 scc No second-pulse
fuel-valve calculations
opening time
234 Sccond-pulse, 0.0 scc No second-pulsc
oxidizer-valve calculations
opening time
235 Second-pulse, 0.0 sec No second-pulse
fuel valve calculations
closing time
236 Second-pulse, 0.0 secc No second-pulse
oxidizer-valve calculations
closing time
237-264 Valve timing for Not being used

3rd, -th,
5th, 6th,
7th, Sth,
and 9th
pulses
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b. TCC Output-Sample Case (R-0C Enpgine)

The computer output is in the form of printout and computer
graphics done on a Stromberg SD-4060 microfilm recorder uperating in a
SD-4020 emulation mode. Many of the output values are prescented both in
the form of printout and in the form of plots of variables versus time. It is
generally easier to use the plots to follow the course of events in the
chamber, but is is easier to use the printout to obtain exact numecrical
values, exact timing relationships, ectc.

The computer printout includes a recapitulation of the input values
and the derived fuel and oxidizer properties versus temperature, followed by
the values of the major-system variables computed at cach computing time
interval. At each tenth-time interval, therceis a summary print which gives
the disposition of the total mass of cach propellant constituent injected up till
that time, i.e., how much has been cjected in the gas phase, as droplets, or
as wall film and how much is being retained as gas, as droplets, or as wall
film. Summary prints arc also produced for the four major intervals of
engine operation, i.c., the preignition interval, the start transient, the
steady-state portion, and the tailoff including the pust-firing dribble. Thesce
interval summaries also give mcean values for cjected droplet diameter and
axial velocity.

A more detailed summary is given at the end of the computation
period, including mean values for the entire pulse, In the final summary,
entire pulse values are also given for mixture ratio, C-Star, andspecific
impulse for three possible mass bases: propellant mass out of the tank, pro-
pellant mass through the injector, and propellant mass through the nozzle.
The final summary also gives the propellant droplet size distribution for
injected and ejected fuel and oxidizer.

(1) Computer Printout

The sequence of events in the chamber can be followed from the
printout shown in Table III. ‘The first action which can be detected in the
time-interval printout is the increasc in flow rates for the fucel and oxidizer
after the valves start to open at time = 0, As time progresses, the fuel and
oxidizer void volumes decreasc (i.¢., the dribble volumes fill up), but no
propellant is injected into the chamber until the fuel dribble volume fills
completely at time = 4.2 milliseconds. The first portion of injected fuel
flashes, pressurizing the combustion chamber to 0,21 psia and producing
some {lash-atomized 55-micron fucl droplets. The oxidizer dribble volume
fills in the succeeding time interval, flashing and increasing the chamber
pressure to 0.90 psia. This is high ¢nough to prevent any further flashing
of the fuel, which now goes into a single-stream breakup mode, with a coni-
puted eventual drop size of 395 microns (unless wall Impact occurs first).
The chamber temperaturce is quite low at this time as a result of the low-
pressure flashing, but slowly increasces as the chamber pressurce risces,
Ignition occurs at 4.6 ms, increasing the chamber temperature from 230°K
to 2,803°K and decrcasing mean molccular weight from 46 to 27, The first
fuel droplets impact upon the wall at 4.4 mis. While the first oxidizer
deposit arrives at 4.6 ms, the first ¢jection of unburned fucl and oxidizer
droplets occurs at 4.8 amd 4.9 ms, While the first cxpulsion of fucel and
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oxidizer derived wall film does not oceur until’ 6. 5 ms, the last wall-film to
be cjected during the firing leaves at 16,7 ms., (however, much later, dur-
ing the dribble period, oxidizer wall film hegins to be ejected again at

57.%2 ms.) The chamber walls dry up con., ctely at 34 ms. The other values
tor the various mass accumulations and flow rates can be fillowed from the
time interval prints. The interval summary for the entire ignition transient
interval gives the amounts of fuel and oxidizer which have been ejected in

the forms of unburned droplets and as wall-film in the interval 4.6 to

12.4 ms. Also given are the mean droplet diameters and mean axial
velocity for the material ejected during this interval. Values from the
interval summaries can be usced to derive input values for the succeeding
nozsle and plume programs. '

The final summary print gives mean values for mixture ratio,
C-star, specific impulse and amounts of propcllant flow for the entire pulse.
The mass of propellants out of tank differs from the mass through the
injector by the filling or depletion of the cdribble volumes. The mass of pro-
pellant through the nozzle differs from the mass through the injector by the
amount of accumulation or depletion of propellant held in the chamber in the
forms of gas, streams and droplets, or wall-film. For short pulse-widths,
the accumulations in the dribble volumes and in the chamber can be an
appreciable fraction of the total flow from the tank, and are important in
recucing the apparent C-star and specific impulse, which are usually
reported on a mass out-of-tank basis,

The second page of the final summary print indicates that for
this pulse, 62 percent of injected propellant left the chamber as combus-
tion gas or propellant vapors, 37 percent left as unburned droplets, and
0.2 percent left as wall film. At the 60 ms conclusion of these computations,
1.8 percent of injected oxidizer wason the motor wall, with no fuel being held
on the wall. This is because of the short 10 ms dribble period which empties
the oxidizer dribble volume, but barely starts to empty the fuel dribble
volume. Only a small amount of material is ejected as wall film in this run
because the engine started with clean walls, and because the pulse width was
long enough to burn the walls clean again before cutoff. A subsequent start
of this engine, with much of the material from the first pulse dribble still on
the walls, would ¢ject a larger amount of wall film. Pulse widths shorter
than about 30 ms will not burn the walls clean before cutoff. Thus, the
matcrial will build up continuously over a series of pulses to form a thick
filmy, which flows faster and leads to more wall film ejection.

seemzas

The mean diameter, mcean axial velocity, and droplet size
distribution of cjected droplets are given as input to the nozzle and plume
programs. In this case, the ejected fuel droplets have a D32 of 122 microns
and an axial velocity of 270 ft/scc. The drop size distribution still shows
major influence from the 5-size group approximation, but can show some
real changes from flash atomization and prefercential chamber burnoff of
small droplets.
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Table I TCC OUTPUT
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Table III-Continued
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