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The effect of rocket exhaust plume impingement on sensitive vehicle surfaces is 
an area of continuing concern in the design of spacecraft,   missiles,   and  reentry 
vehicle systems.   Specifically,   the contamination and subsequent degradation of func- 
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-lb thrust MMH/NTO engine,   currently used at NASA/LeRC for their con- 
tamination experiment,  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- 
nant is formed and transported into the plume when the motor is pulsed periodically. 

DD.FN0OR
V

MJ473 525 
UNCLASSIFIED 
Stcuritv Clantification 

■     •■■■ail 



■    ' ■  .- -• f   , .,..,_. _,,.-.,—.^„„^T„,^r. 

FOREWORD 

This report was prepared for the Air Force Rocket Propulsion 
Laboratory (AFRPL),   United States Air Force,   Edwards,   California,  under 
Contract F04611-70-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 
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Propulsion Department,  was principal investigator for the surface effects 
task. 
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to his duties as contract monitor, helped to guide the technical effort by his 
continued keen interest in the study and his constructive criticism. 
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NASA/LeRC contamination experiment.    Mr.   T.   J.   Nelson and 
Mr.   G.   A.   Gaitatzes assisted gneatly 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. 

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. 
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ABSTRACT 

W 

The effect of rocket exhaust plume impingement on sensitive vehicle 
sui'faces 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 from pUime contami- 
nant deposition or mechanical abrasion (sand blasting).    Surface chemical 
reaction with a deposited plume contaminant layer was not treated.     Analyt- 
ical models and computer subprograms have been developed and integrated 
to form the CO NT AM computer program.     Complete User's manuals for 
each of the computer subprograms as well as the CO NT AM program are 
inckided 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-lb 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 coxilcl 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 pkime 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 lenses,   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 plume 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-lb thrust Marquardt MMH-NTO rocket engine was fired horizontally 
so that the exhatist 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 considerable 
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 panel that appeared 
symmetrical but did not agree well (qualitatively) with theoretical 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 panel was 
exposed; the coloration of this material wa? difficult to identify,   but was 
definitely darker than the panel.    Above and below the symmetric impinge- 
ment region liquids were splattered in very large quantities, particularly 
near and below the rocket motor where semisolid formations of brownish 
color were noted; deposition of this variety seemed  randomly distributed 
and was observed fore and aft of the nozzle exit plane.     The amount of liquid 
generated by the rocket motor varied inversely with pulse duration,   with 

fcL  ■..■.....■      L ■.....■,.■    t   ......    . .........■.,...■....,.- 
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a. CONTROL SAMPLE SHIELDED FROM DIRECT IMPINGEMENT 

i 

b. SAMPLE LXPOSED TO NORMAL EXHAUST IMPINGEMENT 

Figure 1. Liquid Bipropellant Plume Impingement Effects (22-lb Thrustor MMH-NTO, 0/F = 1.65) 



maximum amount generated during the  16-mscc "minimum impul.se" pulses. 
Thermal  control coatings  exposed to these exhaust products were visibly 
coated and suffered losses  in reflectance.     Similarly,   transparent samples 
suffered transmittance losses.     After certain periods  of liquid buildup upon 
the panel,   brownish liquids  ran down the panel  surface.     During long-duration 
firings in excess of several 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 impingement  region 
boundaries.    Posttest mic rophotography revealed 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 phase instability at STP con- 
ditions,   changing from solid to liquid to solid when disturbed physically or 
environmentally.    When the chamber was  repressu rized to facility ambient 
conditions,   much of the material deposited upon ihv. panel 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 placed on development of computer 
codes to describe the complex two-phase combustion gas-dynamic processes 
occurring in a bipropellant combustor and the thermodynamic and kinetic 
nonequilibrium processes occurring during a two-phase nozzle and plume 
expansion.    Less attention has been given to the detailed modeling of the 
deposition processes and the subsequent changes in surface properties. 
Verification of the integrated Plume Contamination Effects Prediction 
Computer Program will be attempted by comparison with high-altitude 
bipropellant contaminant tests.    It is anticipated that an independent on-going 
NASA Lewis Research Center experiment,   conducted   by Dr.   Herman Mark 
and Mr,   Jack Cassidy,   will provide the necessary 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 effects prediction has  not been 
included in the sample case run for CONTAM  (main text) but has been dis- 
cussed in Appendix D.     CONTA M consists of four discrete subprogram links, 
each 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 

Appendix B MULTRAN 

Appendix C KIN CON 

Appendix D SURFACE 

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

Multiphase Nozzle and Plume Transport 
Computer Program (a multiphase nozzle 
and plume flow field characterization 
model) 

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

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 operatini; 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    9^647 
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SECTION II 

OBJECTIVES AND SCOPE 

1. 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, 

V^ (2)    Continued development of an analytical model to predict the produc- 
tion of contaminants in bipropellant 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-lb thrust range; the validity of the model for much larger 
engines has not been assessed. 
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SECTION' Ui 

MODEL DESCRIPTION 

Section 4 describes  the  CONTAJvl plume contamination ell'ects  prediction 
computer prog ram developed during this  study.     The analytical models 
associated with each link oi the CON'TAM program are discussed in detail  in 
the appropriate appendix.    In this section,   a summary description ol the 
analytical models employed in the CO N'T AM program is given. 

The general objectives  ol the study were to construct a single analytical 
model capable of predicting the eilects of bipropellant plume impingement 
contamination on optical and thermal spacecraft surfaces  based only on a 
knowledge of available engine operating conditions,   engine/spacec raft con- 
figuration geometries,   and spacetraft orbital parameters.     To this  end,   it 
was necessary to construct a model for the production of contaminants  in a 
bipropellant combustion chamber lunburned propi Hants  ejected through 
nozzle throat); transport of these contaminants by the expanding gases  in the 
nozzle and exhaust plume; chemical nonequilibrium composition of plume 
species; condensation of plume species in the expanding plume; abrasion 
damage and deposition resulting from plume impingement; and,   finally,   the 
changes  in thermal and optical surface properties,   absorptivity,   emissivity, 
transmissivity,   and reflectivity  resulting from contaminant deposition and/or 
abrasion damage.    In addition,   the model considers the effect of engine duty 
cycle and spacecraft radiant energy transfer on the   rate of contaminant 
deposition over an entire mission profile. 

The feasibility of constructing a valid model,   considering all of the 
above aspects,   relied heavily upon the existence' of several models and com- 
puter codes which could be used as a basis for construction of the oveivll 
contamination effects  prediction model.    Several new portions of the model 
and computer subprograms were devi loped,     i'igure   5 schematically illus- 
trates the computation flow logic  and the  related computer codes.    Details 
of each computer code can be found in the appropriate appendix. 

1.      COMBUSTION CHAMBER CONTAMINANT PRODUCTION 
(See Appendix A for further details) 

Unburned propellant and intermediate products of combustion (liquid 
phase)  ejected from the combustion chamber are considered first as a  source 
of contaminants.    Referring to Eigure  5,   the Transient Combustion Chamber 
(TCC) Dynamics  Program,   developed by Webber and Gaubatz (ll and 
extensively modified for prediction of contaminant production (2),   was used 
to generate parametric contaminant production data over a   range of typical 
RCS operating conditions.     Based on this parametric   study,   modifications 
were made to the program to allow its inclusion as  part ol the overall con- 
tamination effects  prediction model. 
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Contaminant material is producer! 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 liquid film,   which 
is moved downstream by chamber gas shear forces.     When the unburned pro- 
pellant or intermediate  reaction products arc ejected from a  rocket engine, 
they may be transported in the plume and deposited on nearby sensitive 
spacecraft surfaces,   changing their thermal or optital 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-l in Appendix A is a drawing 
of the rocket system. 

a. Feed Systems 

The feed systems are approximated with single lumped parameters 
representing the inertial and resistive aspects of the feed system,   the  rate 
of acceleration of flow being proportional to the amount that the instantaneous 
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 ur initial start conditions, 
which result in partially or fully gas-filled feed lines,   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 one   of several modes, 
depending on the chamber pressure.    If the injected propellant is sufficiently 
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. 

I 

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 properties 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 from 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 leases that fill the combustion chamber are derived 
from several  sources:    vapor from flashing   propellant streams; material 
evaporated from propellant droplets; evaporation of material deposited on the 
combustion chamber walls and from the ignitor if one  is used.     Fuel and oxi- 
dize r vapor from these  sources  are axially cumulated  in the chamber at each 
time  interval,   while the amounts calculated to flow through the n07,7.1e 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 velocity distribution in the 
chamber      The simplifying assumption is made that al. 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 of shear forces exerted by the chamber gas and is subject to boiloff 
from heat transferred from the chamber gas. 

The boiloff from each 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 each axial  segment of the chamber. 

e. Comparison with Experimental Results 

The objective of the computer 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 model must be based,   in part,   on other experimental data,   such as 
chamber pressure traces,   which are more generally available.    Two recent 
papers (3 and 4) have been published describing contaminant production from 
pulse-mode firings of the 22-pound Marquardt Rl-E 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  Rl-E engine agree with the trends calculated for the R6-C 
engine,   for example,   see  Figure 6. 

Two modes of contaminant production were found experimentally (3). 
Large drops of MMH-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 ±4 5 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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Figure 6. Comparison of Experimental and Calculated Wall-Film Contaminant 

Production as a Function of Propellant/Hardware Temperature 

calcixlates contaminant production from material which flow flown the chamber 
as wall-film and from propellant droplets which pass through the throat 
incompletely burned.     According to the paper of Stcchman 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  Rl-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  oxidize r dribble volume,   but 
not the fuel dribble volume. 

The "worst down time'1 for the  R6-C engine at 70° F is calculated to 
be 6 milliseconds,   while the value for the larger Rl-F engine at fifTF 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  Rl-F engine show fairly 
good agreement with our calculations  for the  R6-C engine as  shown in 
Figure 6. 
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The alisoluto values for contaminant oxpolled as wall-film were also 
of the same order of magnitude.     The Martinkovic 22-pound Rl-E engine 
experimentally produced 0.772 milligrams of wall-film per 17 millisecond 
pulse .it 7ci0F (about   1/1000 of total injected propellant).    Our calculations 
for the n-pound lUi-C engine  indicated (hat 0. IM milligrams of wall-film 
would be produced per SO-millisecond pulse at 70° F,   excluding post-firing 
dribble (see Appendix A,   Parametric Study). 

Figure 7 compares a suitably documented experimental  chamber 
pressure trace with a  corresponding computed value.     The two curves  show 
surprisingly yood agreement,   especially in the prediction of events. 
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Figure 7. Comparison of Calculated and Experimental High Altitude Start 

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

Having dei'ined the average amount of liquid phase contaminant ejected 
from the i.ombustur  for each pulse segment (see  subsection 111. 1) the two- 
phase  nu/./Ic and phune flow is then computed for transient and steady state 
pulse segments,   using methud-of-cha ractc ristics  computer programs des- 
cribed by  Xickerson and Kliegel in I 5) and modified by Gabbert and Hoffman 
(hi.     In  l-i^ure  5,   these programs are identified as  TD2 and TD2P.     Varia- 
tions  in chamber pressure,   chamber temperature,   droplet velocity,   and 
d roplet-s i/,e distribution produce considerably different two-phase flow fields 
lor each of the pulst' segments (p re ignition,   ignition,   steady state,   and tail- 
offi and therefore   require a  unique analysis  for each pulse segment. 
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Pu'iausr several  conlaininant suuncs oi-i^inalc u psl i-cfi in CJI tin- nu/./.lr 
exit plant' (lur example,   unburnecl prupellant and nunequil ibrium eundensecl 
fuel nitrate  speeies),   it is  necessary t(j obtain a eomplete > ha rat te rization of 
the multiphase flow at the nu/.zle  exit,    nuludin;.' cl roplet / j)a rtiele flistribu- 
tions  (size,   velocity,   temperature,   and speiies) as  well  as an axisymmeti( 
distribution ol the gas-phase  flow.     The extreme   radial  i ompression ol 
droplet/particle lachen  regions  indicates the need tor acturate  inlormation 
concerning the combustor and nozzle transport ol t ondensables as  input to 
the plume analysis. 

Starting at the convergent nozzle sections,   up to   10 droplet groups are 
considered  as an approximation to the flistribution of condenser] phase 
material  produced in the combustion chamber.     The concentrations,   distri- 
bution,   and trajectories of each d roplet/pa rt ii le group are  considered at 
each mesh point  in the axisymmetric method-of-cha racte ristics  flow analysis 
throughout the entire nozzle and plume.     Fully coupled momentum exchange 
(drag)  between the gas and droplet/particle phase is  considered,   including 
rarefication effects.     The  results  (output) of this program set provide the 
initial conditions (input) for the  impingement: model  and subsequently,   the 
surface effects analysis. 

While the transport model  will  provide inlormation 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 COKDENSATiON JX THE 
NOZZLE AND  PLUM FLOW   FIELD (See Appendix C 
fo r fu rt he r deta il s ) 

In addition to unburned propellant droplets,   many  1 iquid-bipropellant 
exhausts  contain condensed phases as an important contaminant source.    The 
primary condensables in bipropellant plumes are thought to be H-,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 K1NCON,   has 
provided the framework for development of this portion of the model.    A pre- 
liminary study,   using the combined chemical kinetics  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,    is  yet to be determined,   although  it is 
thought to be an important factor  in   contamination of surfaces  beyond the 
central core of the plume   where heavy,   unburned propellant droplets seem 
to dominate. 
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'I'he mock'lLn^ ul this phase ul the cuntaminant-prüductiün problem 
requires  (1) the ihemUal kinetic analysis oi' the expanding exhaust gases and 
[2) a  realistic analysis ul the condensation process. 

a. Chemical Kinetics  Model 

The chemical kinetic  processes  in the nozzle and plume are calcu- 
lated along streamlines utilizing the MDAC KINCON computer program.    The 
KliXCUiX program possesses several unique features which make  it well 
suited  tor anlyzing the nozzle/plume chemical kinetics.     These features 
include (1) a  fully  implicit numerical integration scheme that permits the 
rapid integration of the  full set of kinetic equations  (up to 40  species  and 
150   reactions)  with complete numerical stability;  (2) capability to treat the 
addition lor subtraction) of mass,   momentum,   and energy to the streamtube 
by specifying the specific  rate as a function of streamtube distance; 
(3) reaction-rate screening capability,   which identifies  reactions and species 
that are unimportant and need not be considered in the calculation of a 
specific species concentration or fluid property in any particular application. 

Principal assumptions inherent in the use   of the streamtube kinetics 
model include the following:    (1) the flow is one-dimensional,   steady,   and 
inviscid;  12) each component of the gas  mixture is a perfect gas; and 
(3)  internal degrees of freedom of each component are in equilibrium, 

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 equilibrium tem- 
perature  reaches the saturated vapor temperature of the particular species 
in question.     Instead,   condensation is delayed and eventually occurs  as a 
"condensation shuck1' or condensation zone downstream of the equilibrium 
condensation point.     Although this phenomenon is not thoroughly understood, 
it may be caused by a number of factors,   including (1) lack of nuclear 
material on which condensables  may form and (2) inability of the surrounding 
gas phase to  readily  remove heat from the condensing material. 

To treat cundensation effects 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 of two distinct processes:    (1) nuclcation and (2) droplet 
g rowth. 

As  saturated vapor conditions are  reached in a rapid expansion, 
sufficient surface area will not usually exist for the condensation required to 
maintain equilibrium I Pv       Pys''   ancl a -supersaturated condition results 
( Pv > Pvs).     The- nucleation process  (spontaneous  self-nucleation) occurs in 
the expanding supersaturated vapor and involves the clustering of vapor 
molecules to give   rise to very  small nuclei (radius of 10 to  100 A).    Only 
nuclei  reaching the critical drop  radius   r-   can exist and grow.     The critical 
drop size  is determined  from the rrnody namic equilibrium considerations and 
represents the  size at which the drop has an equal probability of either 
evaporating or growing. 
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Figure 8 illustrates the effects ul cundensatiun un the iluw static- 
pressure and temperatu re.     Following the saturation point,   the vapor con- 
tinues to expand along the frozen gas isentrope until a suitable' number of 
nuclei are formed and the droplet growth process  begins.    At this point,   the 
effects of condensation are observed.     Both the static   pressure and tempera- 
ture increase rapdily with the temperature approaching the saturated-vapor 
temperature.     The expansion then continues along a  different isentrope 
corresponding to a new gas mixture. 

4.      DEPOSITION,   ABRAS1CN,   AND SURFACE EFi-ECTS 
(See Appendix D for further details) 

A simplified analytical model for the prediction of plume contaminant 
deposition,   surface abrasion due to liquid and solid particle' impingement, 
and changes in thermal and optical  surface properties  due to deposition or 
abrasion has been completed.    Additional work is  required to couple the 
resulting computer prog rani,   SURFACE (See Figure  5),   to the total contami- 
nation prediction analysis and to extend the model to a general 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 a. and« ,   in the case of thermal  surfaces; and changes 
in transmissivity and reflectivity,   in the case of optical surfaces.    Such data 
are scarce for  realistic plume-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 examine the 
possible interactions of plume material with spacec raft surfaces.    The pre- 
liminary model developed accounts  for plume-induced changes  in n and  e  on 
thermal control surfaces,   such as heat-rejection radiators.    This model will 
be extended to include optical surfaces  in future studies. 

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

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 ^nv^ of the  radiator can be taken as 
the mean of the absorptivity of each type of absorptive surface cij times the 
area of each type A-.     Generally,   a^ is a simple term,   easily determined or 
calculated,   but in some instances,   such as a transparent deposit,   terms 
related to the thickness and internal parameters 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.     For thick layers of 
deposits,   the   impedance to heat flow through the layer is also modeled, 
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c. Surface Abrasion 

Abrasiun 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 ur the emissivity.    If the abrasion proceeds 
far enough,   it will penetrate through the coating and expose an area ol  the 
metal plate substrate.     The abrasion of the metal surface,   both that origi- 
nally present and that exposed by  removal of the coating,   will alter  its  ü« and 
£     significantly.        The abraded area of the metal will consist of two parts, 
the part that was  originally bare and now abraded,   plus all that was  exposed 
when the coating  is abraded away,    it is assumed that in any area  where the 
abrasion is  sufficient to   remove the coating,   the flow field will attack the 
metal 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 transparent 
(crystalline,   glassy,   or liquid),   or it may be opaque due to either its  basic 
nature or to particle sizes. 

Opaque deposits affect the heat flux in a manner 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 T coefficients.    As the energy passes 
through the thickness  of the film,   more 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 passes 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 equal 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  IV 

TUE CUNTAM COMPU I VA<   PUnCUAM 

1.      GENERAL DESC1UPTIUN 

This  tsecliun describes the inU'n rat etl '"nipnif i- program,   CONTAM, 
which has been clevclüpeci l(; provide an rnu,iiiei-rinu design loo!  for the pre- 
diction of plume conlaminaiil effects on sensilive spa» ec raft  suriai.es arising 
from direct  plume  inipini.;ment,.     Figui'e   It) illustrates  the component   subpro- 
grams of the  CUNTAM program.     The CON f AM program is  capable of 
independently  running any of the  subprograms or of running the entire analy- 
sis  sequentially and automatically,   subjeel   to the  restriction below.     When 
run independently,   the capabilities of each of the  subprograms  may be 
extended to  solve  problems associated with:    combustion dynamics,  nozzle 
and plume multiphase flow field cha racte r i/..■-it ion; nonequilib rium  streamtube 
chemical kinetics and condensation;  and impingement,   deposition,   abrasion, 
and surface property changes —not necessarily associated with plume 
contamination. 

During the  study effort,   a bipropella nt  contaminant production  model, 
contaiminant transport model,   nonequi lib rium condensation model,   and sur- 
face effects  model were developed and coded.     The  surface effects  mode/ 
development was deemphasi/.ed due to fuudinu constraints,   and therefore has 
not been completed to the level of sophistication of the other  subprograms. 
At present,   automatic interfacing of the contaminant production subprogram, 
TCC,   with the contaminant transport  subprogram,   M U LTRAN: and the kinet- 
ics and condensation subprogram,   KIN CON,   with the  surface effects  subpro- 
gram,   SURFAC E,   has not been provided.     Provisions have  been made, 
however,   for  easily interfacing these  subproLi,ra m.^ in the  future. 

Each of the  major  subprograms of CuN I'AM are described in detail in 
separate appendixes as follows: 

Appendix A    TCC Transient  Combustion Chamber  Dynamics 
Computer   Program  (a  bipropellanl con- 
ta mi nanl   p rod net ion  mode 1) 

Appendix B  Ml) LTRAN      Multiphase  No/.de and  Plume  Transport 
Computer  Program  (a  multiphase  nozzle 
and plume  How lieid cha ra i te ri zat ion 
mode 1) 

Appendix C    KINCON Nonequi librium ('hemual   Kinetics and 
Condensation Computer  Program (a  multi- 
phase   reactiim  gas   streamtube   model) 

Preceding page blank 23 
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Appendix  D   SURFACK       Dcpusilion ancl Surface   l-.llcits (^juipuler 
Program  (a   plume   i i nui nm11 in-lit,   (lepo.si- 
lion,   abrasion,   and   suri.irr i.onlaiiunalion 
rl Iret .-   niucUd ) 

Tliin  section concenl rate ^  un deseribinj4 Ihe opi1 rat itjii wj  Ihc inli\urated 
program CQNTAM,   and Ihe  iiile rl'aeinu of the vaiioa,-  subp i'cj^rains.     The 
reader  is   referred to the appropriate appendix  for detailed  info r malioii con- 
cerning the operation of the  individual  subprogram. 

The  CQNTAM program  is written in FORTRAN   TV  and   requires 
Z20, OOOo core locations to load and execute in Ihe automatic mode.     The 
program contains  111   subroutines and is currently operational  on the 
CDC 6500 and CDC 6600 computers. 

a.       Coinbustion Chaniber Contaminant  Production 

Unburned propellanl and intermediate products ol  combustion (gas 
and liquid phase) ejected from the combustion chamber are  considered first 
as a source of contaminants.     Referring to Figure   1 I,   the  Transient Combus- 
tion Chamber Dynamics (TCC) subprogram,   is used to generate contaminant 
production data.     The  results of the  TCC subprogram are 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 entire 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 MULTRAN  subprogram.     The 
required output from TCC includes:    chamber pressure,   chamber tempera- 
ture,   droplet size distribution,   droplet velocity,   and  mass flux of y.as and 
droplets. 

I 

b. Contaminant Transport 

Having defined the average amount of gas and liquid phase ejected 
from the combustor for each pulse  segment,   the two-phase  no/.zle and plume 
flow is  then computed for each  steady stale pidse  segment,   using method-of- 
cha racteristics computer subprogram MU LTRAN (subprograms TDZ,   TD2P, 
and SLINES are included in MULTRAN). 

Computer subprogram SLINES was developed to provide the neces- 
sary interface between the  TDZ,   TDZ P and the KINCON subprograms.    Basic- 
ally,   SLINES interpolates between points on each characteristic line to provide 
exhaust gas properties for points on a  streamline.     A   streamline  is defined 
as that line which runs through the throat,   no/./de,   and plume,   bounding a 
given constant percentage of the  mass flow  between  it and the no/.zle axis. 

c. Chemical Kinetics and Condensation 

In addition to unburned propellant droplets,   many 1 iquid-bip ropellant 
exhausts contain Condensed phase products of combustion as an important 
contaminant source.     The formation of condensable s  in liquid propellant 
exhausts has been analytically modeled.      The  KINCC )N  subprouram predicts 
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the  nuzzle and plume condensation effects utilizing a classical  nucleation and 
droplet growth model.     It also provides the gas-phase chemical kinetics 
analysis along streamlines. 

d.      Deposition and Surface Properly Effects 

The flux of contaminants approaching a   surface  submerged  in 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 ni  momentum and energy 
upon impact of liquid and solid particles and to predict the amount and slate 
(thin film,   thick film,   droplets,   crystals,   etc.) of the deposited materials. 
Damage and changes in  surface properties due to mechanical abrasion and/or 
deposition are also treated in this subprogram,   SURFACE.     The  surface- 
property changes considered are absorptivity,   emissivity,    reflectivity,   and 
t ransmi ssivity.     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 sequentially 
and automatically.    Only the main program and the  required subprogram 
reside in computer core during operation.     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, OOOy.     If TCC is not run on a 
particular submittal,   the field length may be  reduced to   I35,000y.    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  logical  control  variables, 
accepts control variables through input,   and provides overall logu  control 
for the program.    It also provides overlay communication. 

3. PROGRAM OVERLAY STRUCTURE 

The program overlay  structure is depicted  in  Figure   12.     The program 
contains  seven second-level overlays,   each corresponding to a particular 
subprogram.    The overlay structure extends to three  levels. 
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4.      PROGRAM  DATA INTERFACES 

The  resultant data from the various  subprograms   reside on magnetic 
tape or dise file for use by subsequent  subprograms. 

The flata interface lias been designed  so thai  the input and oulpul  data to 
a particular subprogram are preserved  subsequent to the  running of that  sub- 
program,   while at the same time,   the  number of logical   file units  used are 
minimized by reusing logical files.     This  means that  while the user  may  run 
each program independently but sequentially,   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 from the initial   subprogram of the  sequence. 

a.      TCC Data 

Data output from TCC is written onto logical file   12 for use by the 
MULTRAN subprogram as input to TD2  subprogram.    In addition,   logical 
files  1,   16,   and 48 are used internally by  TCC.     File   1  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  TD2 program is   10.     The  TD2 
subprogram provides data output on two logical files; 8 and  12.     Logical file 
8 contains data   required to be input to the  TD2 P subprogram.     Logical file   12 
provides input data for the SEINES subprogram and the deposition and surface 
effects subprogram,   SURFACE. 

c.      TD2P Data 

Subprogram TD2 P receives its input data from logical file 8.     TD2P 
provides output data on logical files  9 and   12.     File   j 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 TD2 and TD2P.     It is 
located in the main overlay level so that it is accessible to both  subprogram 
overlay levels. 

d. SEINES Data 

The SEINES subprogram reads data  from logical file   12  which has 
been generated by subprograms TD2 and TD2 P.     It generates the  streamline 
data and writes this data on logical  file 8  for use by the KINCON subprogram. 

e.      KINCON 

The KINCON subprogram uses  si.x  logical  file unit;        The file  unit 
numbers are   1,   4,   8,    10,    11,   and  12.     Files   1,    10,   and   11  are  scratch files 
used internally by the  subprogram.     File   1  contains the initial  conditions and 

29 



_.___  - --j^H^^^^^,,^,^^^ 

area  ratio table lu In' usrd in the condensaliün calculation.     File  10 contains 
thermal data,   only for the  specific  species bein^ considered in the  run,   which 
has been packed in a data  block.     File   11  contains   reaction tables.     Files 
■I and iS are input  tiles.     File -I is an optional input which contains a list of 
thermal  properties  in JAMAF format.    Since  logical file -I is an optional 
input,   if it  is not  used as  such,   it will default to an internally used file  by the 
subprogram.     If the  logical  file -4 input is not exercised,   the thermal proper- 
ties data  must  be  input   by punched cards  (see Appendix C).     The subprogram 
will then write JANAF thermal properties on logical file -1 from the punched 
card input.     Obviously,   with the appropriate control  cards,   file -1 may then 
be  saved for subsequent use.     File 8 contains the streamline properties 
required by the KINCÜN subprogram.     Logical file   11  is  the output tape of 
the  subprogram and contains the multiphase and kinetic  results to be used by 
tin.' deposition and surface effects  subprogram,   SU RFACE.    Since the surface 
effects  subprogram has  not been completely developed and amalgamated,   the 
logical  file   12 output   from the KINCUN subprogram has not been implemented 
yet. 

PROGRAM  USERS MANUAL 

a.       Input to CUNT AM 

Punched card input   is   required.     Logical file 4 input is optional,   but 
the (option must be  specified in the card input.     The discussion pursued in 
this  section pertains only to the  sequential automatic  mode of operation. 

The punched card inputs  required are of two types; NAME LISTS and 
other nonstandard format.     Subsection 5. b describes the general nature of the 
data  input  through the various NAME LISTS and indicates the subprograms to 
v. hu h they apply.     For a  detailed description of the contents of the various 
NA ME 1 ,IS FS,   the user  should  refer to the appropriate Appendix for each sub- 
program as  listed in  subsection ol this  section. 

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

Sei lion ~i presents a   sample case which  includes a data listing,   the 
resulting output,   and .i   May file" from the CDC 6500 computer  system.     The 
"day file" is  included to  illustrate the  required  system control  cards and 
their  p rope r  -equence. 

In ,.tldilion to the aforementioned inputs,   there are the data inter- 
faces whii h are   required  by the various subprograms and discussed  in  sub- 
section   1 ol  this sei lion.      I'hese  interface data  should be considered as 
inputs v-hen  running the  subprograms independently. 
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b.      Program NAME LISTS 

Table   i   prescnls a list uf ihv  names ol  each  NA Ml-! I TS1' and LliP  sub- 
programs Lo which they c:(j r IT spcjiui,     To rlrlr r mi m   i lir clclails and param- 
eters contained  in each NAME L.IST,   the  user  should  refer to the appropriate 
Appendix as  listed in subsection   1  of this  section.     :\'AM K 1 J5TS  required by 
CONTAM (the  main program) are described in the  subsection 5.c. 

Table I.     NAMELIST AND SUBPROGRAM 

NAMELIST Nam Subp rog ram 

NCASE 
IPATH 
INPUT 1 
DATA 
DATAP 
SID 
THERMO 
PROPEL 
IMPING 

CONTAM (EXEC) 
CONTAM (EXEC) 
TCC 
TD2 
T D2 P 
SLIMES 
KIN CON 
KIN CON 
SURFACE 

c.      CONTAM NAME LISTS 

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

(1) NAMELIST/NCASE/ 

(2) NAMELIST/IPATH/ 

There is only one parameter in the NAM E LIST /NCASE /.     It is 
ICASE.     ICASE is an integer variable which tells the program how many 
pulse  segments are to result from the transient pulse output of the  TCC  sub- 
program.     Each pulse segment is considered a  "case."    Each  subsequent 
subprogram in the  sequence must operate on each pulse  segment  (case),   one 
segment at a time. 

NAMELIST/1PATH/  contains  nine variables.     However,   only two of 
the variables are required per  run (sequential-automatic  mode).     The vari- 
able list for NAMELIST/IPATH is: 

TCC 
SSCP 
TD2 
TD2P 
SEINES 
MGKS 
DUM7 
KMODE 
NSL 
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Each variable except KtvIODE and NSL is logical.    For example: 

TCC = T,   TDZP =  T, 

The above example indicates that the first subprogram to be  run will 
be TCC and the last will be TD2P.    It is only necessary to input the first and 
last subprograms to be   run.     If only one  subprogram is to be run,   only that 
one variable need be input,   unless the KINCON subprogram   is to be run; then 
KMODE and NSL may also be  required. 

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. 

The variable NSL is  required only when the KINCON subprogram is 
run independently.     NSL indicates the number of streamlines that will be 
analyzed by the KINCON subprogram.    If subprogram SLINES is  run in con- 
Junction with the KINCON subprogram,   any NSL value input here will be over- 
ridden by the value of NSL input for the SLINES subprogram. 

d. Nonstandard Format Inputs 

All of the  nonstandard format punched card inputs are used by the 
KINCON subprogram.     The names of these inputs are: 

• The rmodynamic Data (Optional) 
• Title Card 
• Species Cards 
• Reaction Cards 

The format for the data on these cards is detailed in Appendix C. 

e. Input Ca rd Stack 

Figure   13 depicts the organization of the punched card deck required 
for automatic  sequential operation of the entire program.    For independent 
operation of subp rogram(s),   only the input data required for operation of the 
desired subprog ra m(s),   in addition to the  CONTAM input data,   should be 
included in the data fleck.     For example:    If only subprograms  TD2 and TDZP 
are desired to be   run,   the data  required for TCC,   SLINES,   and KINCON 
should be  removed  from the deck illustrated in Figure   13. 
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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 

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 
Lewis Research Center under the direction of Dr,   Herman Mark,    It is hoped 
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 milliseconds 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 an engine 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 
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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 clown into several large 
blocks of related data.    The block headings are:   Chamber description, 
operating 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 LOX 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 from the Batteile "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 
JANNAF (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 sinci; 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. 01 86 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. 
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Table II.    INPUT DATA FOR MARQUARDT R-6C ENGINE TCC 

r 

Item 
Number Variable Value Comments/Source 

1 

2 

3 

5 

9 

10 

Chamber length 1 . 07 in. 

Injector end area (A)    0, 1368 in. 

Manufacturer 

Manufacturer 

Linear taper of 
chamber (B) 

Parabolic taper of 
chamber (C) 

Throat area 

External pressure 

Chamber wall 
temperature 

1 8 Fuel valve opening 
ramp duration 

20 Fuel valve closing 
ramp duration 

21 Oxidizer tank 
pressure 

22 Oxidizer tank 
temperature 

23 Oxidizer injector 
temperature 

26 Oxidizer valve 
opening ramp 
duration 

0. 1427 in.    /in. Chamber area fitted by 
a parabola: Area 
= A + BX + CX2 

-0.2268 in. 2/in. 2 

0,0298 in.2 

1x10      psia 

2940K 

13 Fuel tank pressure 180 psia 

14 Fuel Tank 
temperature 

2940K 

15 Fuel injector 
temperature 

2940K 

0.001 sec 

0.001  sec 

1 65 psia 

294 0K 

2 940K 

0.001  sec 

Manufacturer 

Estimated vacuum 
environment 

Approximately room 
temperature 

NASA Lewis 

Approximately room 
temperature 

Approximately room 
temperature 

Manufacturer 

Manufacturer 

NASA Lewis 

Approximately room 
temperature 

Approximately room 
temperature 

Manufacturer 

1 
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Table II.    INPUT DATA FOR MARQUARDT R-6C ENGINE TCC 
(Continued) 

, 

Item 
Number Variable Value Comments /Source 

28 Oxidizer valve 
closing ramp 
duration 

0. 001   sec Manufacturer 

29 Fuel valve 
opening time 

0. 0 sec Time of first motion 
opening 

30 Oxidizer valve 
opening time 

0. 0 sec Time of first motion 
opening 

31 Fuel valve 
closing time 

0. 050 sec Time of first motion 
closing 

32 Oxidizer valve 
closing time 

0. 050 sec Time of first motion 
closing 

33 Assigned ignition 
delay- 

0. 0 sec Not used when chemical 
kinetic values are 
specified 

34 Igniter port 
location 

0. 
in 

0 in.   from 
jector 

No igniter used 

35 gniter fuel flow 
rate 

0, 0 lb/sec No igniter used 

36 Igniter oxidizer 
flow rate 

37 Activation energy 

38 Frequency factor x 
heat of reaction 

40 

41 

No axial mixing 
flag 

0. 0 lb/sec 

5200 cal/mole 

1 4 
3.4   x 10 
(cc/mole sec) 
x (cal /mole) 

39 Perfect mixing flag      0, 0 

0.0 

Fuel line length 480 in. 

No igniter used 

Seamans,   Vanpee,   and 
Agosta 

Seamans,   Vanpee,  and 
Agosta 

Use normal ignition 
calculations 

Use normal ignition 
calculations 

NASA  Lewis Research 
Center 
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Table II.    INPUT DATA FOR MARQUARDT R-6C ENGINE TCC 
(Continued) 

\ 

Item 
Number Variable Value Comments/Source 

42 Fuel line area 

43 Fuel restrictor 
area 

51 

52 

0.0281  in. 

0. 00454 in.2 

44 Fuel venturi area 0.0281  in. 

45 Fuel valve port 
area 

46 Fuel injection area 

49 Fuel hole diameter 

50 Fuel hole length 

Axial location of 
fuel hole 

0. 0281  in. 

0. 000196 in. 

0. 0079 in, 

0. 0625 in. 

0. 0 in. 

Radial location of 0. 045 in. 
fuel hole 

0.00113 in. 

53 Fuel injection ai 

57 Fuel initial void 
volume 

5P Fuel transition 
volume 

60 Fuel dribble 
volume 

61 Fuel check 
valve flag 

65 Oxidi/.er line 
length 

0. 0 in. 

0. 00113 in. 3 

0. 0 

480 in. 

NASA Lewis Research 
Center 

NASA Lewis Research 
Center 

No venturi,   use line 
area 

No valve restriction 
when open 

Manufacturer 

One ha if true diameter 
of 0, 0158 in,   to bias 
droplet size 

Estimated from engine 
drawing 

Approximately flush with 
injector face 

Estimated from engine 
drawing 

Manufacturer 

Set equal to dribble 
volume for initially- 
empty condition 

No hot fuel in injector 

Manufacturer 

Reverse flow in feed 
system is possible 

NASA Lewis Research 
Center 

\* 
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Table II.    INPUT DATA FOR MARQUARDT R-6C ENGINE TCC 
(Continued) 

Item 
Number "Variable Value Comments /Source 

66 Oxidizer line area 0, 0281  in. NASA  Lewis Research 
Center 

67 Oxidizer restrictor 
area 

68 Oxidizer venturi 
area 

0. 00636 in. 

0. 0281  in. 

NASA Lewis Research 
Center 

No venturi,   use line 
area 

69 Oxidizer valve 
port area 

70 Oxidizer injection 
area 

0. 0281 in. 

0. 000272 in. 

No valve restriction 
when open 

Manufacturer 

73 Oxidizer hole 
diameter 

0. 0093 in. 

74 Oxidizer hole length     0. 0625 in. 

75 Axial location of 0. 0 in. 
oxidizer hole 

76 Radial location 
of oxidizer hole 

-0. 045 in. 

77 Oxidizer injection 
angle 

45 deg 

81 Oxidizer initial 0.000580 i 
void volume 

83 Oxidizer transition 
volume 

84 Oxidizer  dribble 
volume 

85 Oxidizer check 
valve flag 

89 Fuel fan length 

0. 0 in, 3 

0. 000580 in. 3 

0. 0 

0. 0 in. 

One-half true diameter 
of 0. 01 86 in.   to bias 
droplet size 

Estimated from engine 
drawing 

Approximately flush 
with injector face 

Estimated from engine 
drawing 

Manufacturer 

Set equal to dribble 
volume for initially 
empty condition 

No hot oxidizer in 
injector 

Manufacturer 

Reverse flow in oxidizer 
feed system is possible 

Strawman value,   no 
data available 
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Table II.     INPUT DATA FOR MARQUARDT R-6C ENGINE TCC 
(Continued) 

Item 
Number Variable Value Comments/Source 

90 Oxidizer fan length       0. 0 in. Strawman value,   no 
data available 

91 Single stream break-   10 
up distance given in 
stream diameters 

Estimated from photo- 
graphs of single-stream 
breakup.    See NACA 
TN3835 

93 Hold at triple 
point flag 

0. 0 Assume flashing 
propellant equilibrates 
with chamber pressure 
even though freezing 
occurs 

94 No initial dribble 1. 0 
flag 

95 Flash cone angle 30 deg 

97-101       Drop size distri- 
bution table 

0. 198,   0. 759, 
1. 0,   1.23, 
2.3045 

The quill-type Marquardt 
injector is not likely to 
dribble during start 
before the dribble 
volume fills completely 

Apex angle of flashing 
liquid spray taken from 
photographs of R.   Brown 

Taken from experimental 
values of NACA TN 4222 

02 No wall breakup 0. 0 
flag 

03 Drop rebound 1.0 
velocity ratio 

104 Fraction sticking 0.5 

Droplets and streams 
are assumed to atomize 
on wall impact 

Droplets which bounce 
off wall are assumed 
perfectly elastic 

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

Item 
Number 

J 

Variable Value 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

116 

No fuel flash fla g 

No wall flow flag 

No wall burnoff 
flag 

Fuel normal boiling 
point 

Fuel freezing point 

Fuel critical 
temperature 

Fuel critical 
pressure 

Fuel vapor specific 
heat at film temp- 
erature 

Fuel liquid specific 
heat at 3000K 

Fuel vapor 
molecular weight 

0. 0 

No oxidizer flash 0. 0 
flag 

0. 0 

0. 0 

360oK 

222 0K 

5940K 

11 95 psia 

0. 995 cal/ 
gram 0K 

0.69 cal/ 
gram 0K 

46. 074 grams/ 
gram mole 

Comments /Source 

The fuel stream is 
permitted to flash atom- 
ize when the correlations 
indicate that it should 

The oxidizer stream is 
permitted to flash atom- 
ize when the correlations 
indicate that it should 

The material on the wall 
is allowed to flow as the 
calculations say it should 

The material on the wall 
is allowed to burn off as 
the calculations say- 
it should 

Aerojet compilation 

Aerojet compilation 

Aerojet compilation 

Aerojet compilation 

Value for propylene 
specific heat at 1500<,K 
extrapolated from NBS 
C461.    Structure similar 
to MMH.    No data for 
MMH 

Aerojet compilation 

Aerojet compilation 
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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 

2 1 0 cal/gram Aerojet compilation 

67. 5 cal/gram Battelle handbook 

0. 000545 cal/ 
cm  "K 

Fuel accommodation    1.0 
coefficient 

Reference tempera- 
ture for fuel 
properties 

Fuel density at 
reference tempera- 
ture 

Fuel viscosity at 
reference tempera- 
ture 

300oK 

0, 88 gram/cc 

0. 0104 poise 

Fuel surface tension    47 dynes/cm 
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 

0. 0325 cm   /sec 

0. 0 cm/sec 

0. 0 cm/sec psi 

0. 0 

2 94 0K 

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 PJ} with 
r in cm/sec;Pc in psia 

MMH does not burn in 
liquid strand tests 

Aeroj et 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 0K 
point 

Aerojet compilation 

131 Oxidizer critical 
temperature 

132 Oxidizer critical 
pressure 

431   0K 

1,470 psia 

Aerojet compilation 

Aerojet compilation 

133 Oxidizer vapor 
specific heat at 
film temperature 

134 Oxidizer liquid 
specific heat 
at 3000K 

0. 298 cal/gram 
0K 

0. 36 cal/gram 
0K 

JANNAF tables for 
NO., 

Aerojet compilation 

136 Oxidizer vapor 
molecular weight 

137 Oxidizer latent 
heat of vaporiza- 
tion (at normal 
boiling point) 

138 Oxidizer latent 
heat of fusion 

46, 008 gram/ 
gram-mole 

Vapor mostly NO? at 
high temperature or 
low pressure 

99. 0 cal/gram Aerojet compilation 

39.2 cal/gram Battelle handbook 

139 Oxidizer liquid 0. 000306 cal/ 
thermal conductivity    cm 0K 

140 Oxidizer accommo- 
dation coefficient 

1.0 

Aerojet compilation 

Strawman value,   no 
data available 

141 Reference tempera- 
ture for oxidizer 
properties 

142 Oxidizer density at 
reference tempera- 
ture 

300 0K Experimental values 
available at this 
temperature 

1.45 gram/cc Aerojet compilation 

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 Oxidize r surface 
tension 

145 Oxidize r burning 
rate coefficient 

146 Oxidizer mono- 
propellant 
intercept (A) 

147 Oxidizer mono- 
propellant 
coefficient (B) 

148 Oxidizer mono- 
propel lant 
exponent (n) 

1 49. 159     Equilibrium com 
bustion gas 
lempe rature at 
fuel  fractions 0 
0. 1 .   0. 2.  ...   1 

161-171       Equilibrium com- 
bustion yas mean 
molecular weight at 
fuel  fractions 0. 0, 
0. 1 ,   0. 2,  ...   1.0 

173-1S:5      Equilibrium combus- 
tion gas gamma at 
fuel  fractions 0. 0, 
0. 1 .   0. 2,   ...   1.0 

85 Contaminant 
mixture density 

28 dyne/cm 

2 
0, 027 cm   /sec 

0. 0 cm/sec 

0, 0 cm/ sec psia 

0. 0 

300,   2, 103, 
3, 084,   3, 397, 
3 061, 2. 368, 

0. 1 705, 1,433, 
0 1 344. 1,266, 

1 190, in  0K 

46. 008,   28. 79, 
26. 41 ,   23. 39, 
19. 88. 
14.41. 
14. 00, 
14. 29 

1 120, 
220, 
235. 
309, 
270. 
228 

16. 75., 
13. 91. 
14. 10. 

252, 
217, 
268, 
299, 
247. 

1  gram/cc 

Battelle handbook 

Calculated from 
Godsaves equation 

Strand burning rate 
fitted to:    r = A + B pn 

with r in cm/sec and 
P    in psia 

NTO does not burn in 
liquid strand tests 

NTO does not burn in 
liquid strand tests 

From standard equili- 
brium thermochemistry 
calculations 

From standard equili- 
brium thermochemistry 
calculations 

From standard equili- 
brium thermochemistry 
calculations 

186 Contaminant vapor 1   cal/gram  0K 
specific heat 

Strawman value,   no 
experimental data 

Strawman value,   no 
experimental data 

46 

.      ...... .- - ;....... ^,,^^t.*-v.:^-^j->-'- ---        . .-. ^■..U.w.J;.;.v.^.iB;Ja.i;iiÜw.^ 



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

Item 
Number Variable Value C omm ents/Source 

187 Contaminant latent 100 cal/gram 
heat of vaporization 

188 Contaminant decom-     500CK 
position temperature 

189-199     Contaminant mixture   0.00446,   0.024, 
viscosity at fuel 0.043,   0,068, 
fractions 0. 0, 0. 081 ,   0, 100, 
0. 1,   0.2  -   1. 0 0.082,   0. 064, 

0. 046,   0, 029, 
0. 0104 poise 

201 Model time at 
which computations 
are finished 

0. 060 sec 

Strawman value,   no 
experimental data 

Perice,   Christos, 
Miron,   and James 

Experimental values  for 
pure  fuel and pure 
oxidizer.    Strawman 
values for MMH 
nitrate mixtures 

50 millisec for pulse 
and  10 millisec to drain 
oxidi/.er dribble volume 

202 Integrating time 
interval 

203 Print one out of 

204 Plot one out of 

0.0001   sec 

10 

30 

Chosen from experience 
running the program 

A propellant disposition 
summary is printed for 
every tenth lime Interval 

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

205 Delete graphics flag     0.0 

206 Delete droplet 
means flag 

0, 0 

The computer graphics 
will be produced 

The  D3Q,   D31  and  D32 
will be calculated for the 
chamber droplet popula- 
tion at each time interval 

207 Delete summaries 0. 0 
flag 

The summaries will be 
printed  for the intervals: 
preignition,   start tran- 
sient,   steady-stai e, 
and tailoff 
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Table II.    INPUT DATA FOR MARQUARDT R-6C ENGINE TCC 
(Continued) 

Item 
Numbe r Variable Value Comments /Source 

2OS Data review only- 
flag 

0, 0 

20^ 

210 

21 1 

Fuel trajectory- 
group 

Oxidix.er trajectory 
group 

3. 0 

0. 0 

Trajectory start 
time 

0. 00b/ sec 

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

A trajectory will be 
plotted for the third fuel 
si/,e group 

Only one droplet can be 
plotted per run.    Either 
fuel or oxygen depending 
upon whether 209 or 210 
is given a non-7,ero value 
(1,   2,   3,   4 or 5) 

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

212 Steady-state time 0. 0125 

2 1 3 Fuel  flow-rate 
ove r ride 

0. 0 lb/sec 

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

If the restrictor or valve 
port area 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 ENGINE 
(Continued) 

TCC 

Item 
Number Variable Value Comments /Source 

214 Fuel pressure 
override drop 

215 Fuel discharge 
coefficient 

216 

217 

218 

219 

221-231 

No injector 
friction flag 

Oxidizer flow 
rate override 

Oxidizer pressure 
override drop 

Oxidizer discharge 
coefficient 

Vacuum thrust 
coefficients  for 
the correct nozzle 
expansion area ratio 
of the motor,   and 
fuel fractions of 
0.0,   0. 1,   0. 2, ... 
1. 0 

0. 0 psi 

0. 0 

1. 0 

0. 0 lb/sec 

0.0 psi 

0. 0 

9240, 8028, 
9082, 9617, 
8470, 8122, 
8680, 9331, 
9294. 9224, 
8959 

This option is not 
being used 

This signals the   • 
program that this 
option is not bcinj^ 
used 

No frictional pressure 
drop through the 
injector ports will ho 
calculated because the 
correlation is f o r 
turbulent flow and these 
ports arc; in laminar 
flow.    Set this  flag 0. 0 
for large holes,    1.0 for 
small holes.    If 
undecided,   use 1 . 0 

Oxidizer flow override 
not being used 

Oxidizer flow override 
not being used 

This signals program 
that oxidizer flow over- 
ride is not being used 

These values were 
obtained from thermo- 
chemical calculations 
assuming equilibrium 
expansion.    Values could 
be used from kinetics 
calculations or from 
steady-state experiments 
if they were available 
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Table II.    INPUT DATA FOR MARQUARDT R-6C ENGINE TCC 
(Continued) 

Item 
N urn be r Variable Value Comments/Source 

2 32 Nozzle expansion 40 
area ratio 

Manufacturer 

2 33 Second-pulse, 
fuel-valve 
opening time 

0.0 sec No second-pulse 
calculations 

2 34 Second-pulse, 
oxidize r-valve 
opening time 

0,0 sec No second-pulse 
calculations 

235 Second-pulse, 
fuel valve 
closing time 

0.0 sec No second-pulse 
calculations 

2 36 Second-pulse, 
oxidize r-vaIve 
closing time 

0.0 sec No second-pulse 
calculations 

2 37-264     Valve timing for 
3rd.   4th, 
5th.   6th, 
7th,   Sth, 
and Qth 
pulses 

Not being used 
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b.      TCC Qulput-Samplu Case (R-uC   liinginc) 

The computer output is in the form of printout and computer 
graphics done on a Stromberg SD-4060 microfilm recorder operating in a 
SD-4020 emulation mode.    Many of the output values are presented 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 numerical 
values,   exact timing relationships,   etc. 

The computer printout includes a recapitulation of the input values 
and the derived fuel and oxidi/.er properties versus temperature,   followed by 
the values of the major-system variables computed at each computing time 
interval.    At each tenth-time interval,   there is a summary  print which gives 
the disposition of the total mass of each propellant constituent injected up till 
that time,   i. e. ,   how much has been ejected in the gas phase,   as droplets,   o r 
as wall film and how much is being retained as gas,   as droplets,   or as wall 
film.    Summary prints are also produced for the four major intervals of 
engine operation,   i.e.,   the preignition interval,   the start transient,   the 
steady-state portion,   and the tailoff including the post-firing dribble.     These 
interval summaries also give mean values for ejected droplet diameter and 
axia.1 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,   and specific 
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 fo r 
injected and ejected fuel and oxidize r. 

(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 increase in flow rates for the fuel and oxidizer 
after the valves  start to open at time -   0.     As time progresses,   the fuel and 
oxidizer void volumes decrease (i. e. ,   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 flash-atomized 55-micron fuel droplets.    The oxidi/.er dribble volume 
fills in the succeeding time interval,   flashing and increasing the chamber 
pressure to 0.90  psia.     This is high enough to prevent any further flashing 
of the fuel,   which now goes into a single-stream breakup mode,   with a com- 
puted eventual drop size of 395 microns (unless wall impact occurs  first). 
The chamber temperature is quite low at this time as .i   result of the low- 
pressure flashing,   but slowly increases as the chamber pressure; rises. 
Ignition occurs at 4.6 ms,   increasing the chamber temperature from 2')()0K 
to 2,803oK and decreasing mean molecular weight from 46 to 27.     The first 
fuel droplets impact upon the wall at 4. 4  ms.     While the first oxidizer 
deposit arrives at 4.6 ms,   the first ejection of unburned fuel and oxidizer 
droplets occurs at 4.8 amd 4.9 ms.     While the first expulsion of fuel and 
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oxidizur derived wail film does not occur until 6. 5 ms,   the last wall-film to 
be ejected during the firing leaves at  16. 7 ms. ,   (however,   much later,   dur- 
ing the dribble  period,   oxidizer wall film begins to be ejected again at 
57. T: ms. )   The chamber walls dry up con.,   etely at 34 ms.    The other values 
for the various mass accumulations and flow rates can be fallowed 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 used to derive input values for the succeeding 
nozzle and plume programs. 

C-st 

e 
s, 

The final summary print gives mean values for mixture  ratio, 
...   ^„ar,   specific impulse and amounts of propellant 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 dribble 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-width" 
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 
reducing 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 was on 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 eject a larger amount of wall film.     Pulse widths  shorter 
than about 30 ms will not burn the walls clean before cutoff.    Thus,   the 
material will build up continuously over a series of pulses to form a thick 
film,   which flows  faster and leads to more wall film ejection. 

The mean diameter,   mean axial velocity,   and droplet size 
distribution of ejected 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/sec.    The drop size distribution still shows 
major influence from the  5-size group approximation,   but can show some 
real changes from flash atomization and preferential chamber burnoff of 
small droplets. 
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Table ill.    TCC OV'VPUT 

RKFERENCE   RUN  "in, u '.-»St   NT, 1 

 fnr   INPUT rnrm r~* TU]I; r-rtt  «»fc  A^ i'^T^y^ 

'Wi-EP   ntc^oipTU' 

CM*HaBR LENGTM 
il07aoijr 

INJETTO«   AOEi 

TWBOAT   »«E* 
,J2«80n a D'O's^ 

tKTg*w«L y*g8sune—»m firPtttrvn* 

-ftift,--Ti-HK »»ess 
180,000(100 

294,000000 

FHgi   T«\K   TB«» 
2i)41n"00n? 

o,o^oocr 

294,000000 

OlOOOOOo 

0:0OD(!00 

fufei VULV; Pfei^ l)T 
.OoinQO 

OKtP T«VK TFMP 
294,000000 

^ufu vttve cwoit OT~ 
0,000000 

-ÖXtB-T»NK- ^»MS 
llSS.OOOOOC 

0,010000 

tNJ6CT"<»   TPiF 
294,0O0"0O 

lO^iroc 

o ooooon 

CKlr VILtF B^BN ST BXIB V»UV6 C^OSt PT 
0,000000 .JiloOO o,oroooo IO'IOOP 

FUEL   V»l.Vg  OPEN       0X13  ViUVE  OPEN     T'JEL   V*LVE   CLOSE     OKjo   VALV^   CL?SF 
0,809900 0,000008 .9?000e 

11.1ITI0'   ^ESC,'I',TIO^ 

■lo^ooon 

o»ir FL1-« RITE 

0   00000' 
ASSIQNED   DfcL*v   I8MTE»  PORT  L^C. 

0,000000 0,000000 
FUfcL rir*   H*TE 

0.000000 

iCTIVATICN ENERQV 
9200,000000 

TREO, FACT, » 1 
3,4000006*14 O.O^OOOO 

■v'O   AVUL   MIXING 
oionooon 
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Table III—Continued 

««O.OftOOOO 

V«LVE   »WE* 

MOLE   DlAMfcTE« 

INJECTION   »'iGLF 

 ^rrfi—reFD   av3Tt:>  

i l'-c  »BEi       sfcSTM[rT-^   »ng» 

1^JFCT10\   «otA 

VE<TJ*|    ARgA 
,07810" 

 DrOftmoB 

u.ocüoon 

 JlOPOflO" 

f*r|»i Lnc»TioN 
.•o^jno" 

C |U"U"t!n u.o^ooon tT-COOO" 

1MT,   VOID   VOLUME 
.«»llJf 

CECK   V»UVES 
 O.OOOPBf 

TRiNSlTlr-N   VOLUME DKIBdLE   VOLUME 
0,0,'0"U'' CCOOOO lOnilSO 

 OiOiOPOn 3.0"00D0 

QMnUE"   TEEij  SVSTE^ 

LINE   »0E«        ^ESTRirT^R   A»E* 
.Qraion ,006360 

U'OOOOOO 

VfvTjRl AREA 
1028100 

LINE   LENGTH 
4?0,0llü0 0 0 

VALVE   ARE* 
,028100 

"OLE   D1A-ETER 
,009300 

fiJECTlPN   ARE* 
.JT0J72 

WQLE   L^N^TM 
,0*250" 

0,000000 OiOOOOOO 

AXUL   LOCATION        <»*riAL   LuC*TION 
J,000000 .iQAJOOO 

INJECTION   *'-GLE 
'5,000000 

PIT,   VQIC   VLUME 
,000580 

ü,3rootj'1 0,000000 OiOOOOOO 

TKiNSlTION   VOLUME DRIRäLB   VOLUME 
o.cooon o,oeuooo :ooo58o 

C^SCK   V«LVES 
0,000000 o.D-onoo 0,000000 

ATOMtZiTIO" PARAMETERS 

o'ooooon r 
^UtL  flf>  LgNflTM 8Xlu  TIN  Li-NtT" 3M9l<e*MP»P   L^P 

10,000000 0.000000 

«OLD AT Tf»rn-e P* 
0 . 0 0 0 0 Ü 0 

O^^QOOO 

NO   tN!T.   DHIBPL1?     'LASM  CON?   ANCLE 
1,000000 30,000000 

OiOOOOOO 

0   OOflOOO 

tne* iiig i- 
,i9Hn00 

BtO»  tUF   f 
^,304?o', 

,759000 

VC WILL RRBJKUP 
0,010000 

nncp inn T 
1,000000 11230000 

)'»OP  «»ESTITUTION  r^ACTtON  3'ICKINQ 
1,300000 iSOOOOO 

NO rutL ''ni'« 
CJ^OOOO 

n  OTTT  t'L»3u 

o,j^ooon 
ID WALL rUJw NO WILL g|jMigp>r 

0,000000 0   000000 
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Table 111—Continued 

   fp»!—BH"pei1'|Pj  

BOILING POINT       r^gc^i.r. co] it       ci'irAi   Tc.'j,      '-:':.•.!. »-'c^s, 
 SMrOoonoo 2?21o

r3ior 551,o'O":'' ii-j'co-c- 

VAPO«   CP,                      LISUI'    "', -..  ,    n^l^HT 
 .»tüftCB .ooo^O* ■ v-rtr*mt—- o-fQUW 

LATENT   WE»T   V4P,     UTENT   ^e»T   pus,   L 1:,   Ti-e^^,   ''J-a, ■Cr,''-.   CETF, 

«ErgPBNCE   TEMP, nE'SITv vl^c'SITV       SuPFtJC   TE-S|0\ 
 ice^OBDooo ,e»oo8'i roii)"3r "> u'D^e"- 

BURN^B RATE K     '-.üNO,   INTE-CFFT "U'.Q, cuKrinEvT       '-'.-,  ^'P-NFN^ 
 rOäi'Of O.^O^OI •J.ODOOO'' liCOPO" 

Oxiri'E0   oBnPtHTlES 

BOILING  POINT rHteZINP>   OCJI'.T CiTlCAL   TfcMP,        CRITICAL   P-EES. 
29"t,0O0OOn 262l(!ra0Jn VU.rsnan HTOiDI'OeOO 

VAPOR   CP, LIUl1!-   CH. M-J,       ^rjr.HT 
• J'Sfon ,3*ocior o.cpiJüoo «i.ocero" 

L*TENT   HEAT   VAP,     LATENT   HEAT   rib,   L I ^,    Tk.ERM.   rOMJ, ACCJ"      OErF 
99,ooooon ^».ziopün .oio.'o« ii'ooono" 

RErgREKCE TEh-P, BE'SITV vlfcnSlTv SOOFA:;: TEKSIO'. 
300.000000 i,4«ooo'- .or^^o ?8 O'OOOO 

BURNING RATE « "O'o, INTE
O
CFPT »OKO,  r3EFri:iE\T Mr^5, E'PINENT 

,027ooc o.i^joon u.orcion 3 010000 

 e8WB»gT|"fN a«9 f 9Pe»TiEa  

TEMP,   1 TE"?.   ? TEMP,   3 ;£Mp,   4 
- aoo.oeoooe no^yonocon soe^.o^oooo 33971000000 

TEHP,    5 TE"P.    ^ TF^P,    7 TE"P,    <> 
ao»i.»aaooe t38e.8ffeoflr i7n5,ofoooe i^nicooe" 

TEMP,   9 tE^-P,   10 TEMP,   U 
-l-a^TÖMfrOO- t2««,6'rOPOn lltU,090000 0'OIOOOO 

HOL.   WT,   1                   MOL.   ■-•T,   7                    MOL>   «T,   3                    MOLl   »T,   4 
 <6,009000 ?B,?9U00ri ?B,410000 ?3   3VUB00 

_MCL^J«T,   5 MOL.   '■■T.   * HOL.   "T,   7 MOLI   UT.   f 
19.890009- l«,7«0P0ft 14.41U000 13,'91000n 

M°L.   WT,   9 MOL,   «♦,   10 «ÖL.   UT,   n 
rrrtnnnnni n.i'iuiiin i«,290'iDt) mmnnni 

GAHMA    1 GA"MA    ? GAMMA    3 ^"M*    4 

171201109                       LZ^ZPOn                       1,220000 1:217000 

GAMMA   S   OAMMA    t f.AMHA   7  GAMM4    q 

GAMMA   9 GAMMA   1o GAMMA   11 

■1,270009- 1.2«7tnjn 1,228000 010^0000 

CONTAMINANT   PROPERTIFS 

DENSITY VAPOP   CP, LATENT   HEAT HECOMP,   TEMP, 
1,000000 1,000000 100,000000 Sno.OOOOOO 

VISCOSITY   I VISCOSITY   ? VISCOSITY   3 VlSC-SITV   4 
,004460 ,074000 ,043000 lO'iJOOO 

VISCOSITY  J VISCOSITY   * VISCOSITY   7 VISC   SITY   x 
• 081000 ,100001 .0fl2000 '.064001 

VISCOSITY   9 VISCOSITY   IP VISCOSITY   n 
,046000 ,079100 ,010400 O'OIOOOi 
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Table III—Continued 

»TOP TIMS 
-  ,940006 

OKLETS QRAPHICS 
 9.980989 

 »PMfOlL l^STH'jCTlfN^   - 

Tlv6 ISTC^VAL "IM 0^b JL'T or  PL"T z-i  0! T ar 
.OIOIO" lO.OOÜPOf lO^'OOO'' 

DELETc U'D» "£»>.■;  ÜELET11 Su-^J^tgs  CiTi Pcvl" OM» 

FUIL   TRiJ,   GHOU» 
         JT099999 

OXID   TRo,   ?ROLP     TP»J,   ST*«T   TME   STp A'-Y-b'»IE   TIMF 
0,3i0C0« ,016006 1012500 

fLOW  =»Tc   OVESHIUES 

FUEL noM  RATE 
0,000000 

OXID ruoM RATE 

0,000000 

fUEL   PRESS,   Doap     BISCHARGE   COEFF,      NO   INJ,   r'lCTIO'i 
0,0 "000'! 0,000000 11)10001 

OXID   PRESS,   U'CP     3lSC"ARGt   C^ETF, 
O^nOlOi1 0,0^0000 c o"ooon 

CP v*e i 
1,924000 

THRUST COEFFICIENT TABLE 

CP V«C 2 CE VAC S 
1,908200 

t-   VAC   « 
i:9MTon 

ep voe 9 
1,1*7000 

CP- v*e > 
1,929400 

CP me t 
l.BtJPOl 

CE VAC t« 

—or »oe T 
i,a«8oon 

CE   VAC   11 
1,695900 

 e' v«e B 
11933100 

EXP, A>»e* PATIO 
<0',000000 

 sers-'D PULSB TIHING  

PUKl, VALVE OPEN   OXID VALVE OPEM EuEL VALVE CLOSE  0X11 
—97009099 9,0'>0000 0,0«9O00 

THlsa PULSE TIMING 

VALV' CLOSE 
OIOOOOOO 

PUIL VALVE OPEN   OXID VALVE OPEN  FUEL VALVE CLOSE  OXIP VALVE CLOSE 
0,000000       0,0*0000       0,000000       0:000000 

FOURTH PULSE TIMING 

PUtL »LVI OPI" B«1'J VALVE OPB'i—PuBL VALVE CLOIB—BXln VALVt CLOSE 
0,000000 Oionooon o,unoooo       0,000000 

rtPTH' PüL«t TJMtNC 

PUSL VALVI OPEN   OXID VALVE OPEN  FUEL VALVE CLOSE  OXID VALV* CLOSE 
9.000009 0,000800 0,099000 

SIXTH PULSE TIMING 

POEL  VALVE   OPEN       OXtO   VALVE   OPEN     FUEL   VALVE   CLOSE     OXID 
0,000000 o.oroooo 0.000000 

OiUODPOO 

VALVfc CLOSE 
■ O.'OnOOOO 

SEVENTH PULSE TIMING 

PUlL VrLVt OPBW  CXtD VALVE OPEN PUEL VALVE CLOSE oxjn 
O.OOOOOC 0.0"000n 0.000000 

VALVt CLOSE 
oiooacoo 

 EiaHTH PULSE TIMING  

FUEL VALVE ÜPEN   OXIO VALVE OPEN  FUEL VALVE CLOSE  0X11 
   97990999 0,010000 0,090099 

NINTH PULSE TIMING 

VALVE CLOSE 
01000099 

FUEL VALVE OPEN   CXlu VALVE OPE«.  FUEL VALVE CLOSE  OXIC VALV' CLOSE 
0,000000 0,030001 Q,000OQO 0-000800 

INPUT LMTS ARE INCHES, SSIA, SECONDS AND PEGREES KELVIN, 
PROPBLLANT POOPERTIES ARE IN GRA-S/CCI POISE, DYNE/CM, 
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PERfONMiNCE   SUMMAOY 

Table ill—Continued 

M*SS OUT OF TANK • P0UN3S 

MASS THROUGH INJECTOR - P0UNÜS 

M*ai THH0U8H Htliii   •   P9UXD3  
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PRESSURE INTEGRAL » PSIA'SEC, 
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rRtetie» gxpeittB AS PILH ,oot'i4o rotrrrt*— —rtmrm- 

raACTlO»   RETAINEC AS   5AS ,000000 ,000699 l0'!0434 

FHACTI0K   RETAINED AS   rsnPS ,0C04Jl ,00057! 1000521 

PRACTIO*   »BTAINtB »8   ^IL" 0,0^0800 ,018828 ^OlUS^ 

MEAN   DROP  DIAMETER INjEfTCD  FUEL     EJECTED  FuEL        IN»E'-TFD   OXID     EJECTED  OXID 

-wir 
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'o.jno 
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89,971,3 

»89,91  MEAM vgLeeiTT—rggvgPcpNri 
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10 
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70 
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,3002 
—«tr 
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11« 
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-t*tr 
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220 
»30 
24t 
250 

 »«- 
270 
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--»to- 
300 
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19n 

1.<031 
1,9542 
2,0000 
2,0414 

2,079? 
2,1139 
1,1461 
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2,2041 
2,2304 

2.2553 
2,2788 
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2,3817 
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■t,«l>0 

3 «««< 
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Table III—Gone lud ud 
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(2)    Computer Graphics 

Only  13 of the G'l computer plots produced for this  run are 
illustrated here for the sake of brevity.     Plots  for fuel hchavior are produced 
which are completely analogous to the oxidize r plots shown here.     The oxi- 
dize r plots have been presented for this particular firing hecause the entire 
oxidizer dribble period was included while the   longer fuel dribble period was 
not.     Figure 14 is the calculated chamber pressure trace for a  SO ms pulse 
on the Marquardt R-6C motor.     It illustrates the broad features of the pulse, 
which is smooth,   with only modest overshoot,   but lias  some  subtle  features 
which will be discussed later. 

Figure   15 shows the ozidi/.er valve trace.     Opening starts at 
T = 0. 0 ms and   is full open at 1. 0 ms.     It starts to close at 50 ms and is full 
closed at 51 ms.      The fuel valve trace is  identical to the oxidi/.er.    Figure 16 
shows the volume of vapor in the oxidizer dribble volume.     Flow starts at 
T = 0. 0 ms accelerates  rapidly and the oxidi/.er side of the injector primes 
at slightly after 4 ms.     Dribbling can be seen to occur between 51. 8 and 
51.9 ms after the conclusion of the firing.     The oxidizer injection  rate is 
illustrated in Figure  17.     The   injection  rate of oxidi/.er shows a slight initial 
overshoot,   a slight depression between T - 7. 0 and T -   30 and then a steady 
value until cutoff.     The dribble injection  rate is illustrated following valve 
closure.     The  fuel is much less dense than the oxidi/.er and consequently the 
fuel flow rate increases much faster than the oxidi/.er flow rale.     This  results 
in a very large Initial overshoot in the fuel flow rate and injection  rate.     For 
this  reason the impinged  stream resultant angle is initially directed in the 
fuel-stream direction as  shown on Figure  IS.    The angle of injection during 
the dribble periods are also illustrated.     Obviously the periods when the  stre 
stream is mal-directed can  result in deposition of propellant nn the chamber 
wall.    The  next two figures illustrate this.    Figure  11 illustrates the mass of 
oxidizer contained in the  chamber in tine  form of streams and droplets,   while 
Figure 20 illustrates the mass uf oxidi/.er deposited on the wall.     The mass 
of propellant deposited on the chamber walls  from the initial mismatch ul 
stream momentum rate can be a significant source ol contaminant production, 
but is not often considered in calculations on engine design or operation. 
The oxidi/.er on the wall is eventually  removed by the  How ol  wall-Ulm 
through the throat and by  burnofl.     The walls are dry within 3 5 ms after 
start.     If the pulse width had been appreciably  shorter than  50  ms,   the wall 
deposit could build up continuously over a   series ol  pulses and the  llow ol 
wall-film would be much larger under these conditions.     The   rate of burnoff 
of fuel and oxidi/.er from the wall is a   significant  1 faction ol the total  com- 
bustion rale for the first  35 ins of the   run and is the  rea.-on for highe r-tlia n- 
steady-state chamber pressure before   1   -   55 ms.     (Figure   11)     This 
elevated chamber pressure is the  reason for the  lower than steady value 
for oxidi/.er flow   rale  seen on Figure   17.       The volume-area  mean diameter 
(D32) of the entire chamber population of oxidi/.er droplets  is   sh iwn  in 
Figure 2 1.     The effect i '  flash atomi/.alion at  the  start  ol the   rim  is obvious. 
The preferential  burning of small drops  immediately after i utoll   is 
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Figure 19. TCC Graphic Output • Oxidizer 
Droplet Mass versus Time 
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Figure 21. TCC Graphic Output - Chamber 
Oxidizer D32 versus Time 
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anulhiT proiiunrnl   ifnluri'.     Thr mran drop sizi- in the dribblf prriud is  more 
cumpK-x,   bume (.umpuscd oia  mixluri   ui small   I'Lash-atumizi'd droplets and 
lar^r  s inuir-st n-a ni-aU)ini/.cd d rupU-ls .     The bimudal distribution ol" drops 
produced during the dribble periods ean have  important consequences   for the 
ultimate droplet t ra i ectu ries  in the my/.yAv and plume lor droplets  which are 
elected at this time.     higure 1Z shows the mass  How  rate lor combustion gas 
and unbu rued propellant vapor having the  motor.     The chamber extinguishes 
at about   ^1 ms,   so the vapor How alter this time is unburned propellant 
sapors.     Figure -3  shows the mass flow  rate  tor incompletely burned oxidi- 
y.vv droplets  ejei-ted through the throat.     The ejection of incompletely  burned 
droplets  is one of the major sources of contaminant.     Figure 24 shows the 
rate ol oulllow of unburned oxidizer-de rived propellant in the  form of wall 
lilm.     It is  instructive to compare this  figure with the two following  figures, 
which  represent the axial distribution of wall-film material on the inside of 
the combustion chamber wall.     When T = 9.9 ms,   the wall-film flow is 
appreciable (Figure 2 3),   and there is a  coating of wall  film about   1.4 
thousandths of an inch thick which extends all the way through the throat. 
At   1        18  ms  (Figure  Z(i),   there is no flow of wall  film out of the engine 
although there  is  still an appreciable amount of unburned propellant on the 
wall.     This  is because the wall burnoff is so fast in the throat region,   that 
no  further flow of wall   film through the throat is possible. 
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Figure 22. TCC Graphic Output - Gas Outflow 
Rate versus Time 
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Outflow versus Time 
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Figure 24. TCC Graphic Output - Oxidizer 

Film Outflow versus Time 
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Versus Percent Chamber Length at 
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3.      CONTAMINANT T RANSPORT-Til E MULT RAN PROGRAM 

The MULT RAN (mulliphase noy.y.le and plume flow transport program) 
computes the  steady-state transonic and supersonic flow field within the 
rocket nozzle  and exhaust plume.     Momentum and convective energy 
exchange between the gas-phase and unburned liquid droplets are completely 
coupled.     Input to the MU LT RAN analysis  is derived from the TCC output 
by dividing the transient pulse into appropriate time "slives" and computing 
average values of contaminant production (droplets exiting the combustion 
chamber),   and gas-phase properties  for each time slice. 

For the sample case (Marquardt R-6C engine used at NASA/LeRC),   the 
^0 ms pulse (start of valves open to start of valves close) was divided into 
the following time slices: 

Ignition transient 4. 6 < t   <   12. 4 ms 

Steady state 12. 5 < t   <   50. 9 ms 

Cutoff t ransient 51. 0 < t   <   60. 0 ms 

Post-pulse 60. 1 < t      100 ms 

To demonstrate the computational procedure and results of the 
MULT RAN analysis,   the ignition transient time segment was analyzed.     The 
same procedure would he used to analyze the  remaining three time segments, 
based or. appropriate data  from the TCC   results. 

a.       Interpretation of TCC  Results 

Average properties during the   ignition transient portion of the engine 
pulse were  interpreted as  follows,   to he used as input to the transport analy- 
sis,   MULTRAN: 

V'a riable Definition Value 

PC 

TOO 

WPWGT 

Cham bo r pressu re 

Chambe r tempe rat u re 

Wright fraction of unburned droplets 
in gas election from combustor 

00 (psia) 

5750 (0R) 

0. 45 

R(I) Radius of the  ith  droplet group (fuel 
and oxirli ze r I 

0. 1,   0. 3, 
0. 5,   1. 0, 
2   1,   (104 ft) 
(3,   9.   15, 
30,   6 3|.J.) 
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Variable Definition Value 

WPWT(I) Weight fraction of ith droplet group 
in total droplet flow 

0. 01, 0. 05, 
0. 10, 0. 45, 
0. 35 

GAMMA 

PR 

RCAP 

Cp/Cv gas 

Prandtl number 

Gas constant 

1. 23 

0. 7 

2, 320 (ft   / 
sec2oR) 

CPG Specific heat of gas at constant 
pressure 

11, 350 (ft   / 
sec2oR) 

The droplet groups are a composite of oxidize r drops  ranging from 3 to 60|i 
radius and fuel drops ranging from  15 to 80|i radius.     These values were 
inferred by examining the D32 droplets for fuel and oxidizer over the 4. 6 to 
12. 4 ms time increment (ignition transient). 

b.      MULTRAN Input-Sample Case (R-6C Engine) 

Values for MULTRAN input are entered via Namelists DATA,   and 
DATAP.    Input data is printed immediately alter being  read in.     The com- 
plete data for this case is shown in Table IV as it appeared as part of the 
program output.    Asterisk (:;:) values indicate nominal data set internally. 
Refer to Appendix B for description of input data. 

c.      MULTRAN Output-Sample Case (R-6C Engine) 

(1)    Computer Output 

A detailed description of the MULTRAN printout may be found 
in Appendix B.     The extent of the printed output (several hundred pages) pre- 
cludes presenting the entire output.    Representative portions of the output 
are shown in Table V for the purpose of program checkout on other computer 
systems.     The output is  summarized in Figure 27. 

The coordinates of the output are nondimensionalized by the 
nozzle throat radius which is 0.0973 inches.     The nozzle has an area  ratio 
of 40:1.     The downstream limit for computations was  set at 40. 
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Table IN'.    SAMPLE MULTRAN OUT PUT-INPUT  DATA 

»DAT* 

CAPN 

CPS 

o,6E*no, 

ö.llbt*(55, 

ü.7E«ro, PR 

DR 

D.lt»ri, 

u,3E*Cl, ♦   OTWI 

TA 0. 
v I 

0i     c, 

ilti*' 

ü.XE*^. 

>.» J. 
11 C ■ 
Cl( '" 
1. c, 

lE^Oli 
rroTETc 
,1995?* 
1319E»: 

74t»Ul. 

276C*ri, 
, 6 31E ♦ ^ ' 

125
I
=*'"1I     ü,1E*'1I     0,1255E»0Xi     O.lE^Ol, 

:(lM3fc*l],     r,?5lE*01i      ?,l224e«Cl, 
^.SSPE^tl»      "tMlZF*"!,      .,5ClE»r.l, 

E*u2i 
2-<64t 
b?*r2 
5^iEt 
£♦33. 

F 

IT;—5.795E^i,—M745E»fli, 
^ .?0?6F*',l(      0,l562E»0?i 

♦ l/J.      •,?5lfe*ü2.      :,2555£«ri, 
.      0.3f*rl",     U.S'llc*;?! 
01,     O,/?»^^.      .,JH25E*C1, 

,79(:*''i,     OilE.M,      O.ZE*^, 

L.lS 
oi,    ■: 
2,     J i 

A,    : 
j.4 1 

FTTEMT;—T77P7rr=7: 

.12«! 

,3 

ic*^, 

c »Ci 
11'. i 

,.2c*-4,—BT1 J.O,    0,3,    OTT! 

J, J, 
'. Ji      1,1,      Oft      0, C ,      0,0, 
..j,    J, i,    o,:»    o.o,    o.o, 
1,3,     0 , C ,      n , J ,      D , [1,      0,0, 

-P. 

 ffR— 

VI 

s       J , 2 C ♦    9 i 

3 iJjT, 

HOT REPRO 
DUClBLt 

XT l. 

* - 
3            W   1  v   | J,.' ..0, U 1 t , 0,0, 0 , w, 0,3, 0,0, 0,3. 0,0, 0,0. 

3,0, J      |       - o , u , J . J , o,0. 0.0, 0,0, 0,0. 0,0. CO. 
0 ,y. C , 0 1/, 0 i 0,0, O.u, 3,0, CO, CO. 0 i J i 0,0, o.c. 
u , J , ^ 1 ^ :,0i o.c. CO, 0,3, 0,0, 0,0, o, :•. CO. 0,0, 
U.., ■J,: o,U, CU, 0,0, 3.3, 0,0, 0,0. o,:. 3,0, D,0, 
«i i - i J,: J.O, 0.0, U.0, 0,0, W . !< 1 0,0, 0 , u , 0,0, 0,3, 
- i • i - 1 -1 0.0, 0.0. 0.0, 0,0, 0,0. 0,0. 3 , - < 0,0, 0,0, 
u , * i 'j, J CO, b , w , 0 . 0 i 0,0, 0.0, 0,0, 0,0, 0,0, 0,0. 
u , 'j , 0,0 J . 0 i 0,0, 0,0, 0,0, CO, 0,0, 0,0. 0,0, 0,0, 
0,o, 0,0 0.0, 0,0, 0,0, o,c, CO, iM» O.u. 0,0, 0,0, 
0 , u , ü/- 0,0, 0 , u ■ !),'), c.o. 0,3, 0,0. 0,0. D.O, 0,0, 
0   (   b   , r   , 3.0, 0,0, 0,0, u ,0, co. 0,0, 0,3» 0.0, 0,0, 
U , ü i 

O.G, 
3 , ü 
3,0 

l; i 0 , 

F.CTi' 
0,u, 0,3, 

0,3, 
0,0, 
r, o, ■ 

CO. 
0,0, 

0,0, 
0,0. 

O,D. 0,0, CO, 
Co, 0,0, "CO, 

Ü 1 j , G.U 0.0, 0,0, 0.0, 0,0, 0.0, 0,0, 0,0, 3.0, 0,0, 
? 3   ,   v  . J  1 w Ü.Ü, 0 ,'.' . c .n. 0,0, 0.0. 0,0, 0,0, 0,0, 0.0, 
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: 

— 
"O^y-o'.'Dv 
o.o.    0,0. 
0,0.     0,0. 
0,8.    U.O. 
O.Q|     0.0. 
0.0.     0.0. 

Ta 

"Co."" 
O.Oi 
O.OI 

ble I\ 

0.0, 
0.0, 

'.-CONTINUED 

"■j.o/ 'orovo.ov" 
0.0;     0.0.     O.Oi 
O.OI     CO.     0.0. 

■ovor 
0.0. 
0.0. 

'T.-fli" 
0,0. 
0,0. 

trrrr- 
0.0. 

"A' 
-0707  
CO; 
co, 

0,0. 
0.0, 
O.Oi 

0.0. 
0.0. 
0.0. 

0,0, 
0.0, 
Ml 

D.O. 
O.w, 
CO. 

0.0. 
0.0. 
D.O. 

Cö. 
0,0, 
0.0. 

0,0. 
0,0. 
0,0. 

0.0. 
0.0. 
0.0. 

«.0, 
O.O. 
0.0. 

0.0.     0.0. 
O.U.     0,0. 
0.0.     0.0. 

ö.fli 
0.0. 
O.Oi 

0,0. 
o.o. 
0.0. 

olo; 
0.0. 
0.0. 

0.0. 
0.0. 
0,0. 

ölö. 
o.o. 
0.0. 

CO, 
0,0, 
0.0. 

0,5, 
0,0, 
CO. 

O;B, 
0.0. 
0.0. 

fllö! 
o.o. 
2*S' 0.0.     0.0. 

O.U.      0,0, 
0,0.     0.0, 

O.OI 
0.0. 
0.0. 

o.o, 
0.0. 
0.0. 

0,0. 
CO. 
o.o. 

0,». 
0.0. 
0,0, 

0.0. 
0.0, 
CO, 

0.0. 
0.0. 
0.0. 

o.e. 
0,0, 
0,0. 

0.0. 
0,0, 
0,0, 

o.o. 
o.o. 
0,0, 

Ö.0,      0.0. 
0.9.     0,0. 

D.O. 
0.0. 

0.0. 0,0, cc 

u.o. 

o.o. 

0,0. 

CO. 

0.0. 

0,0. 

CO. 

0,0, 

O.C 

0,0, 

1 
PC ■ 

■ 0.0.     0,0, 0.0. O.U, CO, 
▼ O.U.      0.0. 

CO.     0.0, 
J,U.       J.O, 

0.9. 
0.0. 
0.0. 

D.D. 
0.0, 
CO. 
CUi 
CO. 
0.3, 

olc 
o.o, 
0.0, 
CTT 
0,0, 
3.0. 

0.0. 
cc, 
0.0. 

TTD". 
0.0, 
Ü,0. 

0.0. 
0,3. 
0.0. 
crc 
0,0, 
CO, 

0.0, 
0.0. 
0.0, 
OTC 
0,0, 
0,0. 

0,0. 
0,0, 
0,C, 
OTC 
O.J, 
0,0, 

0.0, 
0,0, 
0.3, 
cc 
0,0. 
0.0, 

0,0, 
o.o. 
CO. 

CO.      J.3. 
0.0,     0 i 0, 
0,0,     cc 

0,0, 
0.0. 
0.0. 

cc 
CO. 
0,0, 

— 

Oil,    co, 
CJ.      J,C 
CO,      J , 0, 

0.3. 
o.o. 
0,0. 

CO, 
0,0, 
0,0, 
cc 
O.U, 
0,0, 

ö.C 
0,0, 
co, 
C 0". 
0.0, 
CO, 

0,0. 
o.g. 
u.ö. 
trc 
0,0, 
0,0, 

O.o, 
o.o, 
o.o, 
0 .0 . 
0.0, 
0.0. 

o.c 
0,0, 
CO. 
0.0, 
0,0. 
0,0. 

CJ. 
0,0, 
o,:, 
c:, 
J.O, 
u.;, 

o.c, 
0.0. 
0,0. 
0,0. 
:.o. 
o.o, 

cc 
u.o. 
0,0, 

0.0.     c J< 

3,1),      C C > 

CO. 
0.0, 
ü ■ 0. 

o.o, 
cc 
o.c 

n s 

c:,   ', c, 
o.lf-C«,      I 

CD. 

.3F-04 

'j , - < 0 i c 

E-CC 

5,J. 

Clr- 

0.0, 

"3.      * .2lb-( 13, ".    c c    c c 

«CAP I 

Ü I (   ,           L' , G . 

* RHCP' s 0,0. 

  — ""5MF " 

TSt- 

3 

TPM ■ 

__ 

3 I", 

CPG 

NILP 

TMlb 

575^1 ■.    -.] -.*w, C45E *ül, ",a5F »no. 1. o,    r wP»T . 0 .     ü . c, 

RRT 

1 

.1 

o.ölt-C?, 

ü,iE»02, ------ -- 

»- 
UPhQT ■ 0,456-02, 

# 
IFG 

■ 

■ 

D.üb-UH, 

0.   

* TMC ■ 0.1E*n4, 
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Table IV.-CONTINUKD 

jM II !    Ml*0!» 
Wp4 Q,ai»oi, 

41 Bll 
# I0NDBR ■ 3. 

♦ lOHCON  i 0.0. 

» rswi 
C 1SU8 

0. 

•  0. 

# 18^3 ■  0. 

JF  VA» • 0.3E40Ö, 

' 0,0. 

CO.  0.0.  3,16*00.  O.lEtfiO.  0.0. 

,r THJD •  Q,9E»0l. 

# THfD ■ 0,i>E*0li 

■ 0.46.02, 

0,1E*01.  0,16*00.  0,3E*ün, -0,1E*01.  0,0. 

IPS 

• 0,5. 

• 0,Ui 

IWALL • 1, 

THIW 

THyH 

•  0.126*07, 

■ 0,15E»02, 

■ a, ST*PE 

TEWÜ" 

32 



IDAT*P 

Table IV.-CONCLUDFD 

ZMAX    • 0,4E»n2, 
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(2)     Interpretation of MULT RAN Output 

Figure 27 shows the limiting droplet streamlines  luv the live 
droplet groups  (3,   9,    15,   30,   63)i   radius)   representing the unburned fuel and 
oxidizer droplets.     The limiting droplet streamlines  for eaeh group art- 
defined as the furthest  radial  position from the axis at whieh droplets of that 
partiele size are found.     Larger droplets are eloser to the axis  since they 
resist turning during the gas expansion due to their large  mass.     The gas- 
phase streamlines are also shown (dotted lines!   representing the  boundary of 
a streamtube containing a specified percent mass of the flow between the 
streamline and the axis. 

The small size of this engine (5-lb thrust) and  relatively large 
unburned droplets exiting the combustor tested the ability of the MULT RAN 
program in many unexpected ways.     An assumption had to he made as to the 
initial flow angle of unburned droplets exiting the combusto r — that is,   in 
the convergent section of the nozzle throat. 

The current prog rain is  set up to distribute the droplets uni- 
formly across a radial section upstream of the throat and to assign uniformly- 
increasing negative lie  •' angles  between the axis and the convergent wall 
point.     The convergent inlet angle was  set to a minimum value of  12 degrees 
presenting a very shallow inlet.     The implication of this assumption is that 
droplets  cannot turn to a greater angle than  12 degrees in the inlet due to 
their large mass.     The  12-degree value  represents a limitation of the current 
program,   not an engineering judgement. 

I 

The  results of the sample case show the difficulty with this 
assumption.     It has originally been expected that the droplets would quickly 
turn and assume positive flow angles  shortly downstream of the throat.     The 
3,   9,   and  15|j. droplets did turn,   although further downstream than expected, 
The heavier droplets,   30 and 63p,   also turned,   but only slightly,   retaining 
a slightly negative flow angle. 

The effect of this assumption (negative inlet angles  for the drop- 
lets nearest the wall) on the results  is very minor.    Had the droplets been 
parallel to the axis (0 degree) at the throat,   the droplet expansion "cones" 
would have been slightly larger.     Numerical difficulty,   however,   had to be 
overcome,   due to the extremely high droplet/gas weight flow ratios near the 
axis of the plume-sometimes exceeding   100:1 —due to the negative initial 
angle of the heaviest particles.     Future work will eliminate the necessity for 
this assumption. 

(3)     Summary of Results 

The small size of the test engine,   coupled with the  relatively 
large unburned drop sizes and large area ratio of the nozzle,   severely limits 
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the ability of the droplets to  run away from the axial direction and expand 
into the plume.     Residence times during which the droplets experience high 
radial drag forces  in the nozzle and plume are extremely short,   limited to 
approximately 0, 2 ms (based on an average droplet velocity of approximately 
2, 000 ft/sec). 

The droplet density profiles at any axial plane (z = constant) is 
practically uniform between the axis and limiting particle streamline for each 
each particle group.     This is due to the negligible influence that the ambient 
pressure has on the droplets in the plume.     After exiting the nozzle,   the 
droplets travel in almost radial paths. 

Considering the initial droplet loadings and the total weight flow 
ratio of droplets to gas  (So)   /co^ = 0.45) approximately 51 percent of the 
total flow (pas  + particles) is contained within the 3|i limiting particle stream- 
line at the nozzle exit plane.    Of this,   3 1  percent is liquid droplets and 
20 percent is gas-phase.    Further downstream,   the gas expands  radially 
while the particles are contained within a shallow cone.    At 20 inches down- 
stream of the nozzle throat (not shown in Figure 2 7) 42 percent of the flow 
is contained within the Sji limiting droplet streamline,   consisting of 31- 
percent liquid and  11-percent gas-phase. 

Since the 3(J. droplet group comprises only  1 percent of total 
droplet flow,   a more significant result can be seen by examining the  15|J. 

droplet limiting streamline which bounds 96 percent of the droplet flow (15|j., 
30|-i,   and 63)j. groups total).    At the nozzle exit plane,   3 5 percent of the flow 
is  bound by the   1 5[JL limiting droplet streamline of which 30 percent is liquid 
droplets   1 5|J. or greater and 5 percent is gas-phase.    At 20-inches  downstream 
of the nozzle throat,   tht   flow composition bounded by the  1 5fJL streamline is 
30-percent liquid and 2-percent gas. 

The impact of this  result on any analysis or experiment involving 
direct impingement of the plume from this  engine is  obvious.     Impingement of 
the shallow central cone of the plume will involve primarily liquid droplets 
while impingement by other portions of the plume will be practically entirely 
gaseous (aside from possible condensation of plume species). 

4.      KINETICS AND CONDENSATION-THE KIN CON PROGRAM 

The KINCON subprogram performs the chemical-kinetic and 
single-species condensation calculations along gas-phase streamlines as 
defined by the Multiphase Nozzle and Plume Transport program,   MULTRAN. 
When operated in the automatic mode,   KINCON accepts card input data 
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describing the initial gas-phase composition,   chemical  reactions with rate 
coefficients,   and pertinent integration control parameters.     The streamline 
definition including initial streamline conditions (pressure,   temperature, 
and velocity) and the streamline pressure distribution are obtained from the 
MULTRAN program via TAPE 8. 

a. Description of Input 

Six streamlines  (the axis,   25,   50,   HO,   90,   and 99 percent mass flow 
streamlines) were selected for analysis.     The chemical system (12 species 
and 24 reactions) describing the kinetics of MMH/NTO combustion products 
is a commonly used set and was obtained from the ODK (the ICRPG One- 
Dimensional Kinetic Nozzle Analysis  Computer Program) kinetics library 
(Reference  C-l and C-2 in Appendix C).     The rate constants were updated 
whenever possible with the latest values from the literature.     The initial 
gas-phase chemical composition was obtained from thermochemical equilib- 
rium results corresponding to a chamber pressure of 67 psia and an oxidizer- 
to-fuel ratio (O/F) of 1.5.     The chamber conditions  represent averaged 
values over the segment of the engine pulse as calculated by the 
TCC subprogram. 

A listing of the KINCON card input data for this sample case is pre- 
sented in Table VI.    Nothing is entered in the namelist $ THERMO since a 
master tape of thermodynamic data (in JANAF format) was attached to 
TAPE 4.     The 12 chemical species with initial mass fractions follow the title 
card.     The chemical reactions are specified in two groups; the three body 
dissociation and recombination react ons appearing before card END TBR 
REAX,   and the binary exchange reactions following the END TBR REAX card. 
The rate constants for the reverse reaction are input on the same card as 
reaction,   which is input in symbolic form.    Integration control parameters 
and miscellaneous data follow the reaction cards in namelist $PROPEL. 

The normalizing factor for the streamline coordinate was taken as 
the throat radius,   RSTAR = 0. 0972 in.    Initial step size (HI),  minimum step 
size (HMIN),  and maximum step size (HMAX) are input in values of the 
normalized streamline coordinate.    DEL is the relative error criterion and 
represents a measure of the truncation error in the finite difference scheme. 
With JF = 0 all variables arc considered for step size  control.    Every tenth 
integration step is output as specified by ND3.    Inputs  required for the con- 
densation pass include:    ICOND,   the location of water vapor in the species 
list; ARE PS,  the relative convergence criterion for area ratio iteration. 

b. Description of Output 

Chemical kinetics calculation passes were  performed for six strearm 
lines  corresponding to total mass flow percentages  of 0 (axis streamline), 
25. ,   50. ,   80. ,   90. ,   and 99.     Output samples from two of the streamlines 
(axis and 90-percent streamlines) are included here to illustrate the KINCON 
capabilities.     Table VII and VIII present the properties for the two stream- 
lines as computed by the SEINES portion of the MULTRAN subprogram 
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Table  VI.     KINCON SAMPLE CASE-DATA LISTING 

ITH|»H( 

müTir 
ITHIRHO      S 
,>ÖWAf|B KJNCON  TUT CAli nu mmm n 

002 
H20 

H2 
N2 

.0692 

.2T38 

.020 
,42509?61 

OH 
02 

TW2— 
,00967 
,000764 
1,6VE»11- 
,00115 
l,39E-6 

TTnnjFrr- 
REACTIONS 
02 ■ 2«0i 
N2   ■  2*Mi 

A«3,3E17. 
Ai9.6Eirr 
A»712E15I 

A»5,0E18. 

Nal.O. 

N=ü,5, 
IM«1,0, 

BcO.O. 
Q>U.0, 
BiO.Ü. 
BaQ.O, 

REACTION     1 
RfeACTlON—T 
REACTION   3 
REACTION   4 

NO 
H2 

■R7Ü 
OH   ■ 
CC2   ■ 

»    N   ♦   0, 
2»H, 

H  ♦  UW. 
H   ♦   Oi 

CO   ♦   0, 

 A«l,17fci7, 
Ai2,3E16. 
A»5,1E15, 
 A«6,0Ee#' 

Ai3,nEU. 
 AlS,['l:li. 

Atl,0El3. 
0,   Ail,9E13, 

uaQ.Oi 
h = 0 . 0 . 
NBC.O. 

\sG,0. 
NsG.Oi 

u-ü.o.— 
BtO.Oi 
B»3,5fl, 
BT^FTi 

B«7,13, 
m/b,b,— 
Öi79,48^, 
b-54,15, 

MgACTIDM 5 
REACTION 6 
REACTION 7 
REACTION CO * 

END TB 
NC ♦ 

c ♦ n, 
R REAX 
0 • 02 ♦ NI 

T 

ON  9 
ON 10 NO * 

N2 ♦ 
CO ♦ 

02 « 2»N0, 
02 » C02 ♦ 

RgACTI 
RfcACll 
REACTI 
REACTI 

CC * 
CO ♦ 
CC ♦ 

N •■:   C 
0 ii C 
M « C 

♦ NO 

♦ OH 

AI1,3E1U, 
As2l4E13, 
Atl,?E14, 

N a «• D , "I r 
\ 5 0 , 0 , 
NsüiO, 

Bau.5. 
Bai,99, 
Bs25,S3, 

ON 11 
ON 1? 

Rt-AUTI 
REACTI 
REACTI 

ON 13 
ON 14 
ON 15 

-CUT"-* 
QM « 
ON ♦ 

-H~r- 
0 s H 
M2 • 

♦ 02 
rt20 ♦ 

'JH, Alg.fekU, MaJ.iJ. 
,   AB2,24EI4I     NSü.Ü, 
H, Aa8t4lEl3,     MaO.O, 

Bel.OH. 

B=2n,i, 

HgAUTI 
REACTI 
RtACTI 

UN 16 
ON 17 
ON IS 

2"LH 
H2 ♦ 
H2 ♦ 

■ H20 
0 a 0 
02 a 

♦ 0, 
H ♦ hi 
2'ÜH, 

Ag5,75nr, 
Aa7,33El2, 
Aa4,9aE23, 

NSQ.'J, 
N=2.5, 

NU * CD fc ÜÜ7 * IT, A8l,"bl3, 
NO ♦ H a OH ♦ N, AB3,4E13I 

CO ♦ CO a CP2 ♦ C, A>.J.,0E13, 

TäTTTT 
;MaO,0, 

b«lP,1, 
BsU.Q, 
BaB^,?, 

Bai,3B, 
ba9.93» 

RF-ACTI 
RfcACTI 
RtACTI 

ON 19 
OM 20 
ON 21 

REACTI 
R'-ACTI 
RbACTI 

ÜK 22 
0;J  23 
ON  24 

5PROP 
irm— 
El. 

RSTAR«0,09 72,JPFL*GB1,   DEUe.Ql,      MüjalQ,    MjajOOQl.   MHINa,noolt    HMAXal.Q, 
7rTr_ ,  

AREPSa.OOl.   ETA»0,1.   TC0ND(1)aij.r,,    IDrONDaZ, 
SEND 
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Table VII.     KINCON SAMPLE CASF.-O0;, ST RKAM LIX'l 

STtgl^LINBl   !)•     C,000"0   ^»Tt'T   t'   Td    'C'AI   -»«S 

a\K\t 

V1NIT   • 
ZFIUL« 

- »aKSK ■ 

iz-C 1 0,05050'-     C-C'CIfFN^C^'a   • 
'9,663129      IPS!») 

iata,««*?*?—i;eei ")—  - 
17141S'8425     (fT/SK) 

\c1 

 »>1«L 
CIS'i'CP :is'»'ci 

■ftfurt - 

1 •2,079117t.JO '",                              • 1 7, 9 61 31 ? t • w' 
: •1.8712056*01 0,                          < 107VU'6"01 717<'t65Pfc*l,l 
9 0,                           "* 7,57e9-*?C*C1 
4 .l,4553^?E.Ö', 0.                              t ,217151^01 7,3!206rE.i;; 
5 •1,2<747-E.05 0,                            i ,316<68f01 7109S49?E*C1 
e ■1-JOS»>5,!6»0'> 0,                            1 .^^»•iSBc-jr 6,8213ä?t*Cl 
7 •8,31646aE.01 0,                            1 I24747DL*ü0 6,53b26rE«l,l 
8 .6,237sm.:i 0,                            1 14553e2e•C', 612lb61»6*tl 
T e,                  -r 

13 •2,0791176.01 0,                              1 ,c71205t»u0 5,9268076*01 
11 0. 0,                                          « lC79117e«00 b,l7CC37E*Cl 
12 J,«?»iit6.ei 0,                            i l297f,2»t*uft 4,8"t444t*U1 
13 4,1582346.0: 0,                            2 1494Q4t)e*0O 4,44Cf:326*ll 
1« 6,2373916.01 C,                              i ,7n2"5Zc*00 4,0fk9i5E«Cl 
1» 8,                       -8- a, fJrui'SB'Ol  
16 l,039?5CE«00 0,                            3 ,1186756*00 3,3947076*01 
17 1,24747-6*0" 0,                            i ,3?65a7f0n 3,09C"V3EH1 
ie l,«5538?e«00 0, ,534*9VE.0O 2,7855666*01 
19 1,6632946.00 0,                            i ,7424116*00 2,5CC37!6*C1 
80 1,8712056*00 0,                            3 .SHStiic.UO 2,2371136*11 
f\ o,                -* ,9»*ll»S*fr^- 1,97"!i;B.Cl  
22 2,67939?6»Cf 0.                            * ,7Se^C9t*0O l,41tOJC6*C) 
23 2,869-416*00 3.                            4 ,9461666*0" 1,26^6666*01 
«4 i,l)Tf]<>l*i*W 0,                            5 ,l90n«»e*0n l,1209136*l,l 
2S J,2"7si»t.03 0.                                9 ,3669356*00 9,85lll3E*or| 

26 3,S591?«6*0,, 
Dl                                5 ,63*6926*00 8,39'2t96*C- 
o,                 —*■ 

26 4,0609746*0" i),                    e ,1196916*0" 6127J45fE♦l, 

29 4l301^J"fc*0', 0,                              6 ,3H0347c*C0 5,47k44f6*C» 
SO 4.?4eieie»0fl O,                                6 ,6?721B6*08 4177978?6*U* 
31 4,8039346*00 0,                                   6 ,8026916*00 41l'e7l66*C5 
32 S^Tn^O'" 0,                              7 ,1461356*00 3,64[66r6•C, 

(11                    ~* 
34 9,628^936*00 0,                             7 l7n79706.00 ^,brt36P6•l,<, 

3! 5,93960-6*01' 0,                       £ ,ult717b*00 2,397l6'6»C" 
n t.iitWt'if 0,                            i ,4!)59H4e*C3 2,9241066*05 
37 6,69d34<)6*0', 0,                          e ,7774666*00 ll74453r6*(,3 
38 7,0323846*00 0,                           * ,111*016*00 1,5039836*0" 

o,                -♦ 
<c 7,624*376*00 0,                             9 17"3994e*0O 1,57293^6*0" 
<1 71912»746*C'5 0,                              9 199in»le*00 1,2461316*C"   4« tviflt't^E.O') O,                             1 (o?e3e4t»oi i,4scTüje*ci 
43 8,J44fl^b.0l, i),                              1 ,0623936*01 1,22'37,-E'l- 
44 8,8439046*0:: 0,                              1 ,Ü92?626*01 1I65142»6*C" 
4J 9,294n3E*Sr! " 1                                          * ,l371k3t»01 1,0095816*0': 
46 9,8016636*00 0.                              1 ,i"ei7H6*oi l,2?56J46*f" 
47 1,0332246*01 0,                             1 ,2411366*01 9,3247776-01 
4» 1,07734'>6*01 0,                             1 ,2*i?.tUt*U\ 9,e»fti4pfc-ci 
49 l,12l72a6*0l 0,                             1 ,3296406*01 8,1262166*01 
5C 1,142,5996*01 0,                              1 ,39i;47lB*Cl 8162e99e6-0i 
^1 s,                   —t 
52 1,212*626*01 n,                    i ,4199736*01 714"402»6.C". 
!3 1,2562196*01 V  |                                                            1 ,4641316*01 6,2902436-01 

-- ?4 l,277'>4?6*01 O,                             1 ,4»4»S»e*01 6,599«i!e«Cl 
?5 1,35541=6*01 ^                                     1 

- 1                                  A ,5633JOc«0:. 5,0710566-01 
•>t 1,40290^6*01 0,                             1 .SlOnSfc'Ol 5,1478466.01 

U,                     —i ,e911r3L*01 
?e 1,629'-'6 = 6*01 0,                              1 ,7?7779t;.Cl 3,9477»:£-01 
■!9 l,592-4->e*01 0,                            1 l79V;b4i.ci 3,2f9161E-01 
ta 1,609139c.Cl 0.                           1 ,fl7-itilc*Cl 4,1617^46-01 
41 1,6689516*01 Ü ,                                          1 ,r76'C5t.Cl 2,8J62JJE-C< 
62 ll6957e>t♦0,. C                              1 ,r.Oe-79t.01 4114C36?6-C1 
«3— ■ o,    -          —t 7<6J^61e»e1 i;,264c;ft-e',—— 
64 l,773(-7'-fc.Cl 1                                1 

■ ,                                   * 
.«"I'-c 't»Cl i.^ec-jJc-Cl 
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Table VIII.    KINCON SAMPLE CASE-90% STREAMLINE 

STREirHlIKE(   4).   95,00n01   PERTfUT OF THE T0T»U HiSSTtTJW" 
ZIM'   « C.OOiOIC      (NONDIMENSIO»'»L   •     S/RC) 
PIMI   « 79,831810     (PSUI 
TIMT  . 
VlMT 

5419,D^O? 
1724,19386: 

24,40877; 

50 

IDES,  B| 
(FT/SEC) 
(SONOI-EKSIO^AL  •    2/RC) 
(NO.  Of PRESSüBE TiBL'E'PaiMTS) 

MCI' 1 
DIST4SCE ?lSTi,NCE 

(O/BC) 

!ITH!:»MI,INF 

CISTiNCE 
(5/SC) 

PNhSSUHE 
(PSU) 

1 
? 

•2 C7911 /EJ'-O 

B712'-SF.:O 1 
15!289F«00 
118788E»0C 

f., 
?.U63.i7E-nl 

7,9951»1E«01 
7176302SE*01 

4 

7 

-1 
-\ 
-I 
-I 
.a 
-Ö 

»6J294b»?0 
4t>53»,2e»'-: 
?47474F."3 
r395!;BE."D 
7164t8f«'-l 
?i73?lt.Cl 

I 
1 
i 

9 
9 

-i49591F»''0 
12?811E»0(i 
HOlTiEfQ 
Rl*667i:.pi 
672626E-P1 

4,?Z!094?.Pi 
«,327117?."! 
8,4234l0E.ni 

1,?6n2l5E»ro 
l,46l'b?5E«nO 

7,549IJ!I3P*01 
7,29528ee»ill 
7,:ieii76«oi 
6,713574E»0l 
6,401010f»01 
6,:;5i4i!ie«ci 

i" 
11 

1' 
I' 

-? 

? 
4 

lt>bjj4?.ri 
^Qi^f-ri 

'79l,.7E.',l 
!i)6i?4E.ri 
?37js1£.r'1 

5 
9 
9 

9 
9 

■J 

^4B4iSC-ni 
=.1/69^3^.01 
485110^.01 
5?37il3S.ni 
S6lLl3c-''l 
'.62676P.ni 

1,*7479JF»M 
l,»64798E»'>ü 
?,i9?792B*rü 
?,^C"642C«ro 
?,Si,,<6.'aF«',l 
? .7l67«eF«',C 

'i,ABl4S5E.(li 
5,304743^01 
4,vi2345E«Pl 
4,,'15B93e»Pl 
4,1287!3E*fJl 
3,737657F«ni 

IS 
1* 

i 

•IK^HI--") 

,'•.747^.If 
45«3=2F.Pr 

"7i2-bC.' 

5 

I 
4 

"C?BRdr-ni 
9o?7?Jc.ri 
?2'534e.0i, 
'4*7A3C*,'C 
-77:«»P.ri, 
111519e.ri, 

?,l!J^17JP.fli-. 
3,lJ^8*9t:«1i 
?.,4?95aF«-J 

1,76?6'9f»-'l 
!,"7 U76^»''i; 

J,361«W4F»P1 
3,:Cj327lB.f] 
?,679429':.ni 
7,76',464P.''l 
?,   66729C»ni 
l,':Ü''!!37>:»Pl 

^ 
^ 
7 
< 
( 

■i i, 4 4 4 4 F » • .' 
7RS373F."-, 
:.i-;»3F» 'j 
34267;?,', 

t 

i 

i4B399K4.,'0 
I745i7c«1j 

?4i i«6e«Pj 
.3l,)9,i7C»'iri 
,'95578C«',„ 
,466w77c«(lü 

'.'"442ldc«'r. 
' . A2 M39F»",i 
4.9l,il.l9':«M 

St^jiiF«"!, 

) ,ilV5S!Jt,|l'. 
i,4nsio5F»ni 
1, .61695F«l'i 
9,'i87775F»^'.' 
►. |437233F»P'J 

7,b3l8B0F»nü 

£ • 4 

4 

J^ö*4f » ■ 
4 ■. •)« ' 9 F •' ; 
=j'7'3F»-j 
21 '.I'JF»" ) 
'l744^7^.: j ? 

TU .4'jC.1J 

'il>4o76C«\, 
, 749,-4P»V, 
, i5"'"37=*nc 

-7'i^94C.% 

'i.'i'JB^JF»^ 
»•.?2Ucilr»''1 
«•,rW904f-«" I 

7,4,ji!277c»- ' 
7,^9H4411F»,-IJ 

l,^7B;74"•fl■■, 
■■,'.33.129P*nll 

4 , •7tiH9lc,'l 1 
'-,:94l47c♦r,: 
J, •>342J5t:»pt, 
1, .i Jo^7C..10 

7 5 

V 

'.3494|i':.'': 
,744il4F.-. 
,■<&■.773F.',. 
,2129f.5F.-- 
,1 979iaE«,l 

5 

-5 

1 

?3!>o!>lb'-4.'1C 
, J4B6?0C«',V( 
,il"970':«1l, 
,T2?5',2i:.nc 
19<.».9'>2f »lu 
,147l«5F«(,j 

9 , V'p 417 c ♦ ■■ „ 
'i.>S')47.jF«-n 
i .■,3t8i2r»i l 
] .,.4'U'9'"»'-i 
: .2246ii,':«-i 

y, '.V'Ji.'iib»n'.' 
■■',   4l9!i2C,r o 
! ,"3-'974 = «n: 
llP4':539P*Po 

/lv:7ir,(iF.ni 
J. 

<■ 

•> * 
47 
4? 
44 

4 

1 
1 

,16720(1F»-1 

,2696!7E»:i 
,3622',5E.M 
,479c,2F«-l 
,ib5«99C.-i 

1 

1 

4 
4 
4 

.=9«7J1C,'''1. 
,:<567P3F«r! 
.''■9H77F».,'Ü 

,59r:24c.no 

* .'l'.476n»'i 
l,4|."1V<4P»^l 
1 .t142';9F*ri 
< ,«f 97fBF»',l 
l,7oV59F»ri 
l^l'S^F«"! 

'•,•9 = 110^.01 
■il!i>^S24C,i1 

3,'19416F.?1 
?,Jt?633F.Pi 
V,13*7r.7F.01 

J'1; 
.» 
41 

4 = 
4Q 

s: 

1 

7 
3 

? 

,M«3/7U'l 
,«43674?».1 
^eiftf^l 
]i7-42or.M 

.MCd'^lE»'-! 
,U'757F.ni 

s ,!ull46F«'-.[ 
,Jl6246F«ag 
.90??44i:«no 
,93li384P«P(i 
^J'»-?4E»00 

?,10ft210>:»ri 
?.'J1431t;*il 
2,JB$54JF»ÄI 
2.4ii248p»''l 
5,44 1577!:»',1 

J ,"«4"5nz>-.fll 
l,25749ftc.01 
1,   269586.151 
'!,7in254F.',Z 
'*,.n6997F.n2 
l».5474i5£..02 
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Table IX identifies the first streamline (axis) and the calculation pass 
(kinetics).     The pressure distrihution as a function of the streamline coordi- 
nate is presented in Table X.    Several pages listing input variables,   species, 
and reactions have been omitted since all the input data have been presented 
in Tables VI,   VII,   and VIII. 

Initial streamline conditions are shown in Table XL     The chemical 
composition corresponds to the input equilibrium chamber composition.     The 
pressure,   velocity,   and temperature are the values obtained from TAPE 8 
(MULTRAN analysis).    Station output at several downstream positions is 
shown in Tables XII,   XIII,  and XIV.    Output from all other stations has been 
omitted since it is of the same format.    A  summary of the maximum and 
minimum net production rates for each reaction is illustrated in Table XV. 

A similar sampling of output for the 90-percent mass-flow stream- 
line is included in Tables XVI through XXI.    Over the region analyzed in the 
present sample case,   water vapor did not reach saturation conditions and the 
condensation calculation pass was not performed.    The characteristics of 
condensation calculation pass,   including sample output,  are illustrated by a 
sample case in Appendix C,   subsection C. 7. 

c.      Discussion of Results 

Results of the KIN CON analysis are illustrated for the 99-percent 
mass-flow streamline and are typical of the other streamlines.    Figures 28 
through 30 present the static pressure,   velocity,   and mass fractions of sev- 
eral species as a function of the streamline coordinate which is zero at the 
upstream boundary of the transonic zone (nozzle throat).    The streamline 
presented here extends just past the nozzle exit plane.    Figure 29 presents 
the streamline static temperature as computed by the KINCON subprogram 
along with the gas-phase temperature predicted by the MULTRAN analysis 
(constant specific heat ratio).    The error in static temperature,   ignoring 
detailed kinetic effects,   may be sizeable. 

As can be seen by the distribution of species H2O,   H,   and O in 
Figure 30,  the chemistry is essentially frozen downstream of a streamline 
coordinate of 10.    As would be expected,   the constant specific heat ratio, 
which is an equilibrium value,   results in a MULTRAN temperature predic- 
tion that is higher than the values predicted by KINCON which is essentially 
frozen. 

Figure 29 presents the gas velocity along the streamline.    The 
higher velocity predicted by the KINCON analysis is in keeping with the dif- 
ferences noted in the static temperature distributions.    Again,   ignoring the 
details of the streamline expansion could result in a significantly error in 
gas-phase properties.    The analysis procedure utilizes the MULTRAN anal, 
ysis to define only the coordinates and static pressure for the gas-phase 
streamlines. 

Species compositions presented in Figure 30 are shown to indicate 
the region and extent of the chemistry.    Some water vapor is formed from 
H,   O,  and OH; however,   the changes in composition in general were small 
witn the composition essentially frozen downstream of a coordinate of 10. 
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Table X.     KINCON SAM PLK C ASF-PR KSSIMU: TAßLI-:  (0":, S'l R i:A M LI Nl'!) 

DP/Cx 

0. 

!iO»vii*»ce«oi 

7,9«6!lJ95fe«01 

7l7#S«»76«t«01 

7 ,i1t'.iiu2i'üi 

•e,6R903t«8b*00 

.»,«?«179»»t.00 

.l,C*274!e5E.0J 

6,2.P,735-e,;fc.01 

«1J1144»78«fc.(!l 

l1039S)MPi.OO 

7,3!;r5i!5!E«:i 

7|(l*»*9?jCc«01 

6,e2l!317U»;i 

•l1192l7C«Bfc«0l 

• l,E7*Je4Hfc.0l 

.l13J6eO't6t.01 

l12'7<7ri8E«00 

i166329337b.O'! 

*,2l*«l'93e.f)l 

5.677<e<2?b.ci 

.l145666J»«fc.01 

•l,!>»l«62!>*fc«0l 

I'- 

ll 

12 

lie7l2C527E.O: 

iiO'l>U'-9'b»00 

212
o702,,6»E»C'-' 

■ l,7ll3l»m.01 

•li7395»}«8fc«0l 

•l17^364)C0t.0l 

1? 

14 

15 

Z,49494'-3«b«C3 

2,9137637bb»C(; 

4,440^JfJ2t«;1 

4,tf(!!«&5,U6«01 

317;jf2Jr<,f!,l 

•l,7374ljPi3t»01 

.I,7n2«7ni7b«01 

.l,6^495'4ti.oi 

1* 

\1 

ie 

31iie67^4'ib.or 

}, j;t%«7^b*00 

315-<449 = 8<E«C5 2,7e5r6";<b»:i 

•l1S45*7«i«^b«Cl 

■ 1,4663971^*01 

■l,41dl9.'l:ib«01 

19 

2-? 

21 

3,74241-5'E.j-! 

}I9
C.032:23«*CO 

4,579HA9«E«0tl 

S.brcJ??'fib.ul 

2,2J7u;%3i»fl 

l1574eS<t«bMl 

.l,3l77S«15t«01 

■ iliriti44;5t«oi 

•1, C1S99<5ib«lil 

22 4l7
,'85a''57b»CC 

4,94816»7^E«ao 

511,>OR<452£.00 

l14i6i;9<:Mt.C1 

l.Jf J»«?7«fc*'.l 

l,120!l?:5b«Cl 

• e1431*474Ct:*0C 

• 7l5'«*4fi,9b«00 

.t,6^2?l21nb»00 

25 

27 

513'.693,'32b«n 

5,t»9ft9?4«E*öO 

519-4^orl4E♦C,, 

9le»iii3TCc«i;n 

e,3972»f>V2E.eO 

71l'6'24li;c»:5 

•!175432it3b*C0 

•4197834!«fb»00 

.4,23919?t!3b«00 

M 

3r 

6,139»914,E«00 

616?72l75eE.0n 

6,27345754b.:0 

5147244»i»t.on 

4,7797e748b.J0 

• 31S78lse-V7t.OO 

-3,0*i77410b«00 

-2,6lb4ir63b.0D 

^ 
^ 

0ViC\^t 
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Table X.—Concluded 

31 6leB26S07Sb*00 4,i;d/l«38E*00 «2 ,l9b220^7t»00 

3? 7,l46li47lE»00 3l640«»no«6*00 •! i«J4»»Sit6*00 

33 7l4?2141!7t«0P 3,I«flPft«61b»00 -Jl4fl960!J6£«00 

34 7,7-796lSe'E«0O 2, 8r u3675lt »01 •l,29356041t»00 

35 8lfcl8»l70',E»00 21i<716n??fe*0fl •1,1120972J6*00 

36 8,4-5«ä43«t»0!J ^10^410751E•U', »8,61140158t.0i 

il 3,7774659>t«C'; l,744;2!..Ct«on •713779192aE.01 

if ^IHSOlZ-ifctOO l,Sr35»J»n»»on •61i>?0(>23t9B-Ul 

.■■; «I4b6ei70'rt»0n l13i,i?36?3fc«an l,l7G59658t.Cl 

4 Sl7-39544',t.C: l,572!3«,(nE«au •l,0,5377273i:.Cl 

41 «,»9259.-.94fc»on i,2*Hi\fii*Qn -! ,45158*346.01 

*1 l,02ä3636,.E»l!l 1, 4? 07U'36t .30 -2 ,61Ueie5£.0Z 

41 11C''239.<4'£.01 l,2£7?6?71t*on 3143ofi6714c.Ql 

«4 l,UW*iQ->i*Ql I,6»u424',lt.p0 «1,83890 :u7t.Ul 

4? 111,732.-'CIE»31 llSP«5b1;>4e♦■J', .4l3?903837b.01 

«ft l,la3C703?c«31 l,2;5'33»ec*Cn -1,6l33J6C6t.01 

47 l1S4ll}'i7Pt»0l 913?477»f.Jr-01 »2, >Sai0617E-01 

*' l,2"Si26"j7i:»ni 9,876147-,5fc-i;i «1,3i4?3f lifc-C 1 

■>> i,3?964-iit»ü: e,i;6Ji6«4c.-,i -i,91554549t.ci 

»n llJS047u1fe«"jl o1»J69»7-9B.in -1, i».'«4Q9b0(ie.ül 

5". l1394S3';i6c»01 7,i;5414;'a-i.l -1, 6n76 7r SJt-C 1 

Si l14i997744c.Cl 7l4"4r.J7^4i:.3i .1, 2-I5J93-'3B. Jl 

bi 1,4*41^1141:.Jl «,25j;4;70fi'l -1,37»02»/tc-Ul 

54 l14--495':5,;t.Cl 6,559? 13, «cjl "1,2?9n34ett-01 

S1? 1,5^33293^.01 ,-,.T7ir5«7»c.i;i -1,121C6JSrt-01 

56 l,»10Hl764fc.0l 4,147e477Pe.iil -8,4^4194J4t-0^ 

57 l16ni235-E.Jl 3,!»7{6C>,0C-L'1 -9,4,i2l3436t.C2 

5" 1,777775216.01 3 , 94 77e?i-6c-l'1 -6 , 2 S443! Jit-0? 

59 l,79995447b»ül 3,if»161"2i.01 2,71174e»2b-02 

6.1 l,ei703'7'E.Ol 4,162754J5fe,oi -5, 6i>597) !i7t.O^ 

61 l,a769348?E.01 2,83623Ju5E.Cl «2,7424ür37E.03 

»? ll89«»790*fc»0l 4,140J»»!)Oi«ei »titUUeSle-Oi 

63 l,«6326^52E.01 2,26460^J«t.01 »1,e!l8817efc.02 

64 1,9^1)86856.01 3,9»«F33i0fc.01 9,396467ilE.0l 
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SECTION VI 

CONCLUSIONS AND RECOMMENDATIONS 

1. CONCLUSIONS 

A computer program has been developed to predict the sensitivity 
to engine operating parameters and   impingement geometry for the produc- 
tion and transport of bipropellant engine contaminants.     A subprogram to 
analyze the effect of plume impingement on sensitive thermal and optical 
surfaces in terms of changes in surface properties has been initiated but not 
completed.     The contaminant production and contaminant transport models 
and subprograms  have been checked out and seem to be working correctly, 
although verification with experimental data has not been attempted due to a 
lack of detailed experimental data relating engine operation to contaminant 
effects on surfaces. 

Based on the analysis of a single engine,   the Marquardt R-6C 
MMH/NTO 5-lb thrustor,   it appears that significant amounts  of unburned 
fuel and oxidizer will be ejected from the engine during the transient portion 
of the pulse and that this contaminant may cause damage to sensitive thermal 
and optical surfaces if they are impinged upon by the central core of the 
plume. 

2. RECOMMENDATIONS 
The contaminant effects model is  incomplete.    It is recommended 

that the additional effort be undertaken to improve this portion of the analysis 
by:    (1) experimentally determining the rate of deposition of plume material 
on thermal and optical surfaces as a function of surface temperature, 
impingement flux,   and type of material,   and (2) extending the analytical 
model to include a sufficient number of surface materials and contaminant 
species. 

Additional programming work is required to complete the develop- 
ment of the Transient Combustion Chamber Dynamics Program (TCC) as an 
operational program. 

It is further recommended that the CONTAM analysis be extended 
to include contamination resulting from hyclrazine monopropellant thrustors. 
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Appenrüx A 

TCC 

TRANSIENT COMBUSTION CHAMBER DYNAMICS 
COMPUTER PROGRAM 

A  Bipropcllant Contaminant Production Model 

A. 1 INTRODUCTION 

a.      The TCC Prosram 

The computer program described in this appendix is a subprogram 
to the Plume Contamination Effects Prediction Computer Program, 
CONTAM,   and performs the time-varying analysis of the chemical and 
physical processes occurring in the feed system,   injector,   combustion 
chamber,   and nozzle-throat inlet of a bipropcllant rocket-engine system 
operating under unsteady conditions.     As a subprogram to CONTAM,   the TCC 
program is the first link in the analysis of contamination effects,   providing 
information about production of contaminants in the combustion chamber and 
the dynamic and thermodynamic state of combustion gases entering the nozzle 
throat.     Unburned propellant droplet distributions and liquid wall film flow 
are computed for the entire transient pulse as well as gas-phase properties. 
TCC may also be used as an independent computer program on any third- 
generation computer with a core exceeding  135, 000 words and a Fortran IV 
processor. 

Development of the TCC program has been supported by MDAC 
Independent Research and Development over a period of approximately five 
years with additional modification supported by the current Air Force Rocket 
Propulsion Laboratory study.     References A-l through A-3 discuss the 
detailed modeling of the combustion processes included in the basic TCC 
program.     Reference A-4 discusses  extensions of the TCC program to 
predict contaminant production.     As  far as is practical,   this  appendix will 
cover all aspects of the modeling and computer program.     If detailed infor- 
mation is desired,   see References A-l through A-4. 

The  program is based upon a finite-difference computer solution 
for the large set of differential and algebraic equations describing the physi- 
cal and chemical processes which occur during the preignition,   start 
transient,   steady operation,   cutoff transient,   and between-firing intervals 
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of rocket engine operation.    The intent has been to use the simplest 
acceptable mathematical approximation .for each process,   but to model all of 
the processes which are known to be important.    Thus the program is 
sufficiently general to calculate steady and unsteady combustion efficiency; 
vacuum-hypergolic starts,   sea-level ignited starts,   low-frequency combus- 
tion instability, pulse-mode impulse,   and contaminant production,   without 
requiring any special assumptions for any of the special cases. 

b.      Previous Combustion Dynamics  Models 

The earliest calculations of rocket-engine behavior treated the 
rocket engine system as a simple the r modynamic device.    In  1949,   Sutton 
described methods  adequate to calculate steady flow rates (Reference A-5), 
pressures,   and performance,   assuming isenthalpic combustion followed by 
an isentropic  expansion. 

Unfortunately,   the major problems  encountered in the actual opera- 
tion of rocket engines were not described by nor amenable to solution using 
the assumption of steady equilibrium processes.     The most important opera- 
tional problems   included destructive hard starts,   both at sea level and high 
altitude,   and for both hypergolic and  ignited propellants.     Oscillatory cutoffs 
contributed large but ir reproducible impulse increments after the engine 
cutoff command.     Incomplete combustion led to lower than ideal specific 
impulse and the existence of nonequilibrium contaminant products in the 
engine exhaust.    System instabilities were damaging to engine hardware, 
propulsion-system performance,   and vehicle effectiveness.    Transient opera- 
tions,   such as  pulse-mode operation with short pulse widths were not 
described adequately by idealized steady-state assumptions; therefore,   actual 
realized specific  impulse,   mixture  ratio,   response times,   chamber pressure 
peak values,   and   rate of pressure  rise had to be obtained experimentally. 

The analysis  of steady rocket-engine combustion and the analysis of 
rocket system transients were sufficiently complex to require two decades 
of study and contributions  from a large number of investigators in order to 
arrive at the present degree of understanding.    Unfortunately,   the studies of 
the steady processes  and the studies  of transients took quite divergent paths, 
and  it  is only  in the  most  recent work that the droplet evaporation approach 
to combustion and the time-dependent system simulation by digital integra- 
tion have been combined.     The TCC program described here is  based upon 
both of these classic approaches to  rocket-er.gine analysis.    Although the 
digital system  model with droplet combustion has  not yet incorporated nil of 
the  refinements  from either of its antecedent lines,   it has shown a consider- 
able capability to explain  rocket engine phenomena which were previously 
beyond analys is. 

(I)    Steady State  Knuine Analysis 

The  mathematical analysis  of the  rocket combustion chamber 
operatiny under  steady conditions was developed over an extended period of 
time. 
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In  1953  Penncr approxininled the lifetime of droplets  in .1 
rocket combustion chamber assuminp simultaneous   Knudsen-Lanimmi r evap- 
oration and nonconvective heat transfoi' with nu effusion correction 
(Reference A-6). 

In  1954  Meisse calculated one-dimensional trajectories and 
combustion  rates for monodisperse droplets  in a chamber (Reference A-7). 
One case arbitrarily assumed axial  pas velocity to be constant,   while another 
assumed pas  velocity to be proportional to the distance from the injector. 
Stokes  Law was used for drap and Frosslinp's correlation of heat transfer 
rate with droplet Reynolds  number,   but no correction was  made for effusion. 

The droplet approach to combustion chamber analysis was 
greatly advanced between   1957 and   I960 by Priem and his associates 
(Reference A-8 and A-9) who developed methods  for the numerical  integra- 
tion of the equations determining heat transfer,   evaporation rate,   and aero- 
dynamic drag of propellant droplets; and who tied the combustion pas  velocity 
at each axial point to the total droplet evaporation upstream of that point. 
Priem's  method handles  ensembles of droplets havinp arbitrary droplet size 
distributions and uses accurate empirical correlations  for the simultaneous 
transport processes  and for temperature-dependent physical properties. 

The' droplet approach to combustion chamber analysis   received 
detailed experimental confirmation throuph the combined experimental and 
theoretical studies of Lambiris,   Combs,   and  Levine in the period  1961 to 
1962 (Reference A-10).     Experimental droplet and  pas  trajectories were 
obtained from streak photographs usinp a windowed   rocket combustion cham- 
ber.     These experimental trajectories were compared with trajectories 
calculated usinp a wide variety of conflictinp correlations for the transport 
processes,   size distributions,   and physical properties.     The variation study 
determined the correlations  most appropriate for the  rocket-enpine 
environment. 

In  1965 and   1966,   the Dynamic Science Corporation further 
refined the droplet method by simultaneously computing the combustion of 
fuel and oxidizcr droplets,   instead of assuminp —as previously— that oxidizer 
vaporization was  "fast''  (Reference A-ll).     This  leads  to an axial  composition 
and temperature profile  for the combustion pas.     The ovcrlappinp 
bipropellant-monopropdlant behavior of the hydrazine  fuels was also 
considered. 

The most  recent advance in the droplet approach has  been to 
break down the thrust chamber into separate streamtubes or zones to  reflect 
the uneven transverse distribution of fuel  and oxidizer from the injection 
elements.     Flach zone is  separately analyzed,   usinp a droplet malysis 
upstream of the chamber throat and an equilibrium or chemical kinetic 
expansion downstream of the throat.     Overall  specific  impulse is obtained by 
summing the mass  flow  rate and thrust over the  ensemble of zones 
(References A-12 and A-13). 
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(2)     Unsteady System Behavior 

The problems   related to transient behavior of  rocket engine 
systems have been attacked in a very fragmented way.     The approaches to 
low-frequency instability,   vacuum hyperbolic ignition and spiking,   pulse- 
mode operation,   and cutoff impulse have been quite independent of each 
other,   and generally totally unrelated to the analyses of steady combustion. 

(a)    Stability Boundary Analyses 

Low-frequency combustion instability was first analyzed in 
the period   1949 to  1951  by a variety of investigators (References A-14,  A-15, 
and A-16).     dene rally,   however,   they all considered the equations of flow 
through a single feed system having lumped resistance and inertia terms, 
and considered the accumulation and efflux of combustion gas   from the 
chamber.     In all cases,   the coministion process was approximated as a fixed 
time delay.     The equations were not integrated to give the chamber pressure 
history,   but were attacked with control   system theory to give criteria for 
stability or instability of the system as a function of frequency. 

In  1951 Crocco performed a similar analysis in which the 
combustion time delay was elaborated by being  regarded as  a variable 
function of chamber pressure (Reference A-17). 

In 1^56 Barrere and Bernard extended this approach to 
make the combustion time delay a function of both chamber pressure and 
time-varying primary atomization droplet size (dependent upon injection 
pressure drop) (Reference A-IS). 

Calculations  of combustion instability boundaries with a 
combustion time delay dependent upon both chamber pressure and primary 
atomi/.ation droplet size,   were pursued further byHurrell in  1959 
(Reference   A- 10). 

"Klystron effect," or bunching of the injected propellant 
streams   in the preimpingement  region as the  result of injection velocity 
modulation,   was observed in experimental chugging motor firings and was 
described  by   L.iwhe.id,   Lovine,   and  Webber in  1956 (Reference A-20). 
Theoretical   and experimental   investigations of this phenomena were 
reported  bv   McCormack in   1964 (Reference A-21) and Fenwick and Bugler 
in   1^66  (Reference A-ll). 

(b) line Dependent Solutions 

There were several early attempts to integrate the equa- 
tions  describing the system processes,   so as to obtain a calculated transient 
combustion chamber history; however,   close agreement with experiment was 
not obtained. 

In   105b,   Lawhead,    Levinc,   and Webber  (Reference A-20) 
digitally  integrated the system equations  for a square-law  resistive feed 
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system,   .iccumulation anrl i'fflux of >j,is  I rom Ihr rh.nnbc r,   anrl a 
prcssuro-dependont X'icllc'.s  law rombustion   rate a.ssuminti .1  fixcfl  mean 
droplet diamctc r.     'I'hc computed starts  and  Icnv-fri.'Ciucncy i 011 ibuslion  insta- 
bility agreed with experiment only in uenerai  trends. 

In   19^7 Gore .ind Carroll  obi,lined time-dependent   solutions 
for a complicated   rockel-enij i ne system,   esiriL! an analouue tomputei- 

(Reference A-^3).     rJ1he system modi;!   included turbopumps,   eontroliers, 
inertial-re.sisti\'e feed systems,   and a  fixerl time-rlelay approximation fr)r 
combustion.     This  analysis  was  basically  intended to calculate  start  and 
cutoff transients  and throttle control   response,   but one of the published 
calculations  included what  was apparently chutzuiny instability.     Scales were 
omitted from the plotted   results,   and no comparison with experiment  was 
made. 

In  I 958,   Kluger and   Parrell described a  very detailed 
transient system analysis which was  solved on a digital  computer 
(Reference A-Z4).     It  included  resist! ve-inertial-compress ible feed systems 
calculated by the  method of characteristics  anrl the effects  of valve openinu, 
injector priming,   a  bootstrap gas  generator,   and turbopumps.      The combus- 
tion was approximated as  a  pressure-dependent time delay.     The calculated 
and experimental  chamber pressure histories  agreed within   I 0 percent 
during a smooth-start transient and  most: of a cutoff transient.     However, 
the calculations did not model  the low-frequency combustion instability which 
occurred on cutoff. 

(c) Closed  Form  Mathematical Solutions 

There have been a  number of efforts to obtain mathematical 
closed form solutions  to steady and transient combustion-chamber phenom- 
ena.    In several  cases  these have followed after more general  solutions had 
been obtained by numerical  methods.     The approximate solutions to the 
steady combustion chamber by  Mayer  (Reference A-2r)) and Spalding 
(Reference A-26) are  in this category.     Rudean (Reference A-27) has  offerer] 
an analytic solution for the cutoff transient and  Peterson (Reference A-2H) 
for the start transient.     All  of these  methods  an; so over-simplified  for 
mathematical  convenience that the  results  are or very  restricted utility. 

(d) I lype r uoi ic lu nit ion 

The  vacuum hvpereolic   ignition process was  analy/.ed  by 
Seamans,   Vanpec,   and  Agosta  in the period   P)t) I  to   P'h? (Reference A-.'.','). 
Their approach was  a  droplet  analysis  of the chamber transient  durinti the 
preignition  interval.      The propellant droplets  were presumed to vaporize  by 
a Knudsen-Pangmui r evaporation,   with  adiabatic  coolinu of the d ropl et-vapor 
system.     A  portion of the propellant vapor flows through the no/.,de,   with 
the  remainder accumulating  to pressuri/.e the chamber.     Although droplet 
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trajectories were not calculated,   the evaporation from each droplet could 
be terminated after a prescribed droplet residence time.     The walls could 
be presumed to be wetted.     Evaporation from the walls and condensation on 
the walls were both modeled.     The size distribution of the injected droplets 
was simulated by three discrete initial size groups; however,  the mean size 
and distribution used were typical of impingin^-stream atomization rather 
than vacuum-flashing atomization,   which would be the expected mode for the 
earliest propellant injected.     The injection flow rate and initial droplet size 
were not varied with time.    The global chemical kinetics of the vapor phase 
ignition  reactions were experimentally investigated.     They did not calculate 
any of the combustion events  subsequent to ignition. 

Spiking —or explosive hard starts in hypergolic vacuum 
ignition —was examined experimentally and theoretically by Martens  in 
1966 (Reference A-30),     Based upon his experimental studies,   he ascribed 
great importance to the propellant deposited on the chamber walls during 
the preignition interval. 

The posturing vacuum evaporation from the wetted 
chamber walls and the postfiring deposit of new propellant on the walls by 
injector dribble were described by Juran and Stechman in  1968 
(Reference A-3 1).    They emphasized the possibility of continued buildup of 
combustible material on the wall o^er a series  of closely spaced short 
pulses. 

In addition to the above chamber and system studies, 
there has  been a large volume of experimental and theoretical work describ- 
ing the individual processes  occurring in the chamber,   such as flash 
atomization,   impinging stream atomization,   aerodynamic droplet drag, 
droplet combustion  rates,   etc, 

c.      The  MDAC Transient Combustion Chamber Program 

The present transient combustion chamber program,   TCC,   is 
based upon and extended from these previous studies  (Reference A-I 
through A- t).     The TCC program was started at MDAC  in  1967 under IRAD 
funding as  a general method  for solving transient problems in liquid rocket 
engines,   and  in particular as  a basis for aiding in the development of very 
fast  response control  engines.     It very quickly became evident that the 
program had the capability to model low-frequency combustion instability 
with great precision,   that it had a considerable potential for assisting in 
tlie analysis  of harr! starts  in both hypergolic and externally ignited engines, 
and that  it offered a feasible approach to the study of contaminant 
production  in pulse-mode  rocket engines. 
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Sinn'   1970 Hie AFI^Pl, has  supportcc! the cxtrnsiun of the  proiiram 
to model  contaminant prorluction  in  lic)uifi  biprupd lanf   roikd  cnuim'S. 

The T_C( '■  program rliffci's  from  any  earlier rumhusl ion  eh.inil.ier 
analysis   by  ha\'in,u a greater  scope  and  generality.      1 he  analysis  attempts 
to model  all  of the   relevant system processes  starting with the propellant 
in the tank and following it until  it eventually passes through  the throat.     As 
a   result,   the prouram has the capability to calculate a wide  variety of 
engine problems without the introduction of any special  assumptions  for 
particular cases.     To obtain information on chue.L'iii'j  instability)   vacuum 
hyperbolic  starts,   or pulse-modi' performance,   it is only  necess.iry to 
specify lo^' tank pressures,   low ambient pressure,   or short   valve durations. 
It is just as  simple to obtain steady state combustion efficiency  by specifyinu 
a stable operating point. 

This  program is  presently capable of calculatinu all  the  si'r|uential 
events in a  nine-pulse series of vacuum hyperuol ically  it'nited  firings.     This 
is done in one continuous ( alcidation,   with the buildup of wall   material  and 
the extent of injector dribbling  beinu. carried o\'er continuously  I lom one 
pulse to the next. 

The transient  combustion chamber prourarn   resembles  earlier transient 
systems  analysis  programs  in that the time-varyinsj  flows throuuh the lines 
and valves,   the  injector primiim,   accumulation of vapors  or  uas   in the 
chambei*,   and efflux through the no/.zle are solvcnl throuuh di'jit.il  integration. 
In contrast with previous  systems  analyses,   the combustion  process has 
been calculated usini; the droplet   approach.     To adequately  model   wall 
deposition,   two-diment ional  d-oplet   trajectories  are calculated.     The 
primary atomi/.ation calculations  «jiv'e rlroplets which are time varying  in 
initial diametei-,   initial   velocity \-ector aid point  of primary  breakup. 
Vacuum - f 1 a s hi nu: atomi/.alion is  calimlaled    nstead ol   i mpi ntiiny-st ream 
atomi/.ation when the conditions  vv'arr.int  it.      The " f'.l yst ron i'ffecl''  is 
modeled usina  the  normal  droplet   trajectory  calculations.     The times  of 
ignition and  extinuuishment  are  calculated  usmu   global   v-aj^or  phase  kinetics 
and a  quenchinu  distance  ior relation.      1 he  . ombustion   rates   ol   the droplets, 
the combustion   rat.    ol  the material   on lie   walls,   the droplet   ae rorlyiiami( 
drag,   and  viscous  axial   llow of the   material   on the wall   art    all   calculated 
usinp empirical  correlations with the  appropriate time-va rvi nu  local 
Reynolds  number.      The stoichiomel rv-dependent  pi'opi'ri i is   for equilibrium 
combustion product  ijases or foi- unreacted propcdlant   \apors  are user] at 
the approp i" iate times.     Aftei- cutoff,   the "d r ibbl ina" ol   the  inj<'ctor  is  simu- 
lated by  ine rtial - resist! ve flow throuuh  llie  iniecl(;r oi-il'ices,   dri\-en  bv the 
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difference between vapor pressure and chamber pressure. Between pulses, 
the material on the walls simultaneously undergoes vacuum evaporation and 
heat transfer from the chamber wall. 

The present program,   however,   is still incomplete,   in that there are 
some important processes which are not yet represented,   i. e. ,   axial and 
radial variation in gas stoichiometry,   secondary atomix.ation of droplets, 
wave formation and stripping of liquid from the wetted wall,   pressure waves 
in the propellant feed  systems,   heat transfer to and through the walls,   etc. 
It is also obvious that the present experimental correlations for stream 
break\ip distance and primary atomization droplet size which were all 
obtained with large orifice sizes,   are not sufficiently accurate to form a 
good basis for design or prediction when extrapolated to the very small 
injection orifice sizes  found in pulse-mode engines.     The complexities of 
very reactive impingement or stream blow-apart have not been modelled. 
No attempt has been made to model either gas-phase or mixed-phase 
detonations in the combustion chamber. 

Although the current program has not yet been developed to its ultimate 
limit,   it is already of great value in offering theoretical guidance for 
correcting hard starts,   improving inefficient operation,   avoiding contaminant 
production,   improving  response time,   eliminating system instabilities,   etc. 

A. 2    ANALYSIS 

a.      Scope 

The transient combustion chamber program uses numerical integra- 
tion of the detailed system processes to calculate the events in a rockei; 
engine system operating under unsteady conditions.     The system which is 
modeled consists of a pressure-fed bipropellant feed system,   an injector, 
a combustion chamber,   and a nozzle (Figure A-l). 

The initial flow of propellant is calculated as the valves open, the 
fluids accelerate through the resistive-inertial feed lines, and the injector 
primes. 

If the vapor pressure of the first injected propellant is sufficiently 
above the initial chamber pressure,   the atomization will commence by 
vacuum-flashing of the stream.    If one stream is injected before the other 
and does not flash,   it will undergo single stream breakup if there is  sufficient 
distance for it  to do so;  alternatively,   it will impinge upon the chamber wall, 
where part of it will slick as wall film and the rest will be atomized by the 
wall impact.     Later in the firing,   atomization occurs by the impingement of 
the two unlike streams.     The time-varying initial mean droplet size,   the 
droplet size distribution,   the initial droplet velocity vector,   initial velocity 
distribution,   and the distance traveled before the breakup process is 
completed—all  depend upon the details of the atomization  process. 
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Figure A-1.  Rocket System Schematic 

The two-dimensional li-ajec'.orics of the injecled droplets  are 
followed until the droplets either burn completely,   pass through the nozzle 
incompletely burned,   or impact upon the wall. 

The hypergolic vacuum ignition is calculated in the vapor phase, 
based upon global chemical kinetics.     Various locations are examined to 
determine where ignition will occur first; the well-mixed vapo's in the; 
chamber,   the most-recently formed vapor mixture from the flashing 
streams,   the boundary layer around the fuel droplets,   or the boundary layer 
around the oxidizer droplets.     Once ignition occurs anywhere,   the entire 
chamber contents  are presumed to ignite and will continue to burn unlit  the 
criterion for extinguishment is met.     Before ignition,   the values for   the 
temperature,   molecular weight,   and specific heal of the chamber gas are 
calculated assuming well-mixed but unreacted fuel  and oxidizer vapors. 
After ignition,   properties  appropriate for equilibrium combustion products 
are used.     After extinguishment,   a distinction is drawn between quenched 
combustion gas  and newly formed propellant vapors,   so as to properly 
calculate  reignition,   if it occurs. 
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The film of material which builds up on the wall is partially burned 
off by the heat transfer from the hot combustion gases flowing past it and 
undergoes viscous flow under the infhience of the shear forces from the 
combustion gas. 

The axial variation in thickness of the wall-deposited material is 
approximated by dividing the chamber wall into one hundred discrete axial 
slices.     The deposition,   flow,   burnoff,   and vacuum evaporation from each 
slice is treated separately,   so as to give an approximate wall thickness 
profile and to correctly reflect the influence of unevenly distributed propel- 
lant.    If the amount and  rate of flow of the material on the wall are suffi- 
ciently high,   some of the wall film material will be carried through the 
throat  and ejected. 

After the valves have closed,   the pressure in the chamber decays, 
most of the droplets leave the chamber,   and the combustion in the chamber 
is extinguished if the calculated quenching distance exceeds the chamber 
diameter. 

If the chamber pressure falls below the vapor pressure of the pro- 
pellant in the injector dribble volumes,   this material will flow out of the 
injector.     The same technique is used to compute flow rate,   atomization, 
and droplet trajectory as was used during the rest of the firing,   with the 
exception thai injector vapor pressure is now used instead of tank pressure 
to produce flow,   and the flow impedances of the injector orifices  are used 
instead of the whole system flow impedances.     This dribbled material will 
burn,   be expelled through the throat unburned,   or be deposited upon the 
chamber walls,   depending upon the injector and chamber conditions. 

When the chamber pressure falls below the vapor pressure of the 
material on the walls,   it will start to evaporate,   absorbing heat from the 
chamber walls (presently assumed to be isothermal). 

At any time,   the propellant valves may be reopened to initiate a 
second pulse of firing.     The propellant dribbled from the injector following 
the fir?'  pulse will constitute the injector void volume which must be filled 
to prime the injector for the second pulse; the   propellant buildup on the 
walls will continue from the values attained during the vacuum evaporation 
following the first pulse,   etc.     Up to nine sequential pulses of varied interval, 
pulse width,   and propellant lead may be made in a single,   continuous 
calculation. 

The information obtained from the calculation includes a chamber 
pressure history,   flow  rate histories,   the thrust history,   and plots of some 
fifty other variables which could be of value in interpreting operational 
problems or motor performance.    The specific impulse,   C-Star,   total 
impulse,   pressure-time integral,   and eventual disposition of all the propel- 
lant that flowed from the tanks is given to define the engine performance. 
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The amounts  and stoichiometry of the wall film material that was 
ejected unburned is given,   and the amounts,   stoichiometry,   mean axial 
velocity,   mean droplet size,   and droplet size distribution of the droplets 
that were ejected unburned is given to define the contamination-production 
characteristics of the engine. 

Details of the ignition,   start,   and cutoff transients are given,   as 
well as any low-frequency combustion instability which might occur either 
during the run or during the transients. 

The weight,   distribution,   and stoichiometry of the material left on 
the wall are given as  an indication of possible future explosion hazards. 

b.      Limitations  and Assumptions 

The particular processes which have been emphasized in the current 
program have been dependent upon the immediate interests or problems of 
the users.     Thus many aspects of the start transient and contaminant pro- 
duction are well represented,   while pressure wave action in the propellant 
feed lines,  heat transfer in the chamber walls,   and sophistication in the 
dynamics of the combustion gas are conspicuously absent.     There are several 
obvious places where the precision or generality of the present program 
could be extended if there was a sufficient requirement for the added capabil- 
ity to justify the expense of programming and the longer computing time 
which goes with greater sophistication. 

(1) Feed System 

Compressibility of the propellant and the resulting wave action 
in the lines could be modeled using the method of characteristics.     The 
pressure waves in the lines are important in determining the response of 
attitude control engines which have very fast valves and extended lines.     The 
two-phase flow in the injector may be important during injector priming and 
during postrun dribbling under vacuum ambient conditions.    Neither wave 
action nor two-phase flow is modeled at present. 

(2) Chamber Gas Dynamics 

The gas flow in the chamber is presently assumed to be purely 
in the axial direction,   even where this is not reasonable,   as in the converging 
portion of the nozzle.     The gas flow could easily be computed to follow a path 
at a fixed fraction of the local chamber radius.     This would yield a more 
nearly correct value for the number of small droplets impinging upon the 
chamber wall in the vicinity of the converging portion of the nozzle.     This 
modification is already complete in an advanced version of the program. 

The axial and transverse variation in gas stoichiometry could 
be modeled to replace the current assumption of well-mixed gas.     This 
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could be done by following discrete "slugs" of chamber gas along 
streamtubes  and summing the additions of fuel and oxidant vapor from the 
passage of the "slug" of gas through the droplet array.    Doing this would 
permit calculation of performance losses due to composition striations and 
would also permit calculation of system instabilities of the entropy wave 
variety. 

At present the combustion chamber gas state is imperfectly 
modeled.    It is  assumed that the chamber gas pressure,   temperature,   and 
density at the nozzle throat and at the injector end of the chamber are equal. 
No consideration is made of the fall in gas temperature associated with the 
large gas expansions at cutoff or during chugging.     To model the expansion 
or compression of hot thermochemically eqtiilibrated gas with conctirrent 
arbitrary additions of fuel or oxidizer will probably require that equilibrium 
thermochemistry calculations be performed at each time step.     There are 
current thermochemistry programs which possess sufficient speed and 
realiability to make this feasible,   but it is not warranted for the present 
uses of the program. 

(3)     Droplet Evaporation 

There are two conflicting assumptions which are commonly 
made regarding droplet evaporation rate.     The droplet calculations of 
Priem et al,   assume temperature equilibration between the surface and 
interior of the droplet.     The evaporation and heat-transfer equations are 
linked together through the time-varying temperature of the liquid droplet 
interior,   and thus  the warmup transient of the droplet is described. 

The other conflicting assumption which is commonly used is 
that heat from the droplet surface does not penetrate into the interior of the 
droplet,   and that evaporation from the surface proceeds at a rate propor- 
tional to the instantaneous heat transfer into the surface.     This assumption 
was used in the droplet calculations of Lambiris et al.     To physically 
justify the first assumption,   there must be considerable internal circulation 
of the droplet,   since conduction alone is insufficient to heat the interior of 
the droplet appreciably.     Droplet circulation,   in turn,   depends upon exceed- 
ing a threshold value for droplet surface stress sufficient to develop new 
liquid surface while working against the effects of surface tension hysteresis. 
Thus,   circulation is probably present in large droplets with large relative 
velocity and absent in small droplets with small relative velocity.     The 
present program treats  all droplets as noncirculating instead of properly 
treating droplet circulation as a time-varying function for each droplet. 
Since the combustion efficiency of an engine depends markedly upon the 
evaporation of the large droplets,   an extension of the program to handle 
circulating droplets would be advantageous. 

When the temperature of the liquid droplet is such that the 
vapor pressure of the liquid is below the total pressure of the chamber,   then 
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it is correct to use the equations lor molecular diffusion to calculate the 
evaporation rate of the droplet,     When the vapor pressure of the droplet is 
above the total pressure of the chamber,   as would be the case when warm 
propellant is injected into an initially evacuated chamber or when large 
heated droplets  remain in the chamber during the cutoff transient or during 
the pressure-decay phase of a cycle of low-frequency combustion instability, 
then it is appropriate to use the Langmuir-Knudsen evaporation Law.     The 
program at present does not provide for Langmuir-Knudsen evaporation from 
the propellant droplets,   but adding this  capability would give a more accurate 
description of the vacuum hypergolic ignition process,   the cutoff transient, 
and low-frequency combustion instability. 

The present program treats droplet trajectories as being only 
two-dimensional (axisymmetric).     This means that the lateral spreading of 
the propellant fans is not modeled.    Instead,   all the propellant droplets  are 
regarded as being initially directed down the centerlinc of the fan.     This 
leads to predictions of wall deposition more localized than would be the case 
with a correct description of the fan.     Changing the droplet trajectories to 
be fully three-dimensional would require only minor program changes but 
would give more precise results,   at the expense of longer computing time. 

It is well known that when droplets  are subjected to sufficiently 
high relative gas velocities,   they undergo secondary atomization,   and that 
this can have an important effect in increasing the combustion efficiency of 
the chamber.     This phenomenon is not presently modeled,   but it should be 
considered if it ever became desirable to better approximate the actual 
delivered impulse of the engine, 

(4)    Wall Effects 

When droplets of propellant are impinged upon the chamber 
wall,   a layer of liquid is built up which is then subjected to axial flow,   to 
burnoff by heat transferred from the combustion gas,   and to vacuum evapo- 
ration by heat transfer from the wall.    All of these processes are over- 
simplified in the present program. 

Propellant deposited on the wall is presumed to lose its axial 
velocity upon impact,   but the loss of axial momentum of the droplets,  which 
should produce an axial force on the wall film,   is at present not accounted 
for.     The wall film is treated as being in steady motion,   following Poiselle's 
Law,     This is an adequate approximation for very thin layers; however,   there 
are situations where thick layers are formed and where inertial effects 
become important.    In this case,   each axial  element of liquid must be 
treated with an unsteady analysis which conserves  axial momentum.     A mod- 
ification to do this is already complete on an advanced version of the 
program. 
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When gas moves   rapidly over the surface of a sufficiently thick 
layer of fluid,   ripples are formed due to  Rayleigh instability (i, e. ,   the 
diminution of static pressure where the peaks are highest).     This can affect 
the drag and heat transfer rate.     If sufficient  ripple amplitudes are reached 
they can lead to stripping of the crests,   i. e. ,   secondary atomization from 
the liquid wall film.     These phenomena could be modeled if they prove to be 
important. 

The heat transfer to the nonwetted portions of the chamber 
walls is not presently calculated.     This is a very interesting possibility, 
since the axial gas velocity profile,   temperature,   density,   heat capacity, 
Reynolds number,   and even heat transfer coefficients  are already calculated 
for other uses.     A simple two-dimensional mesh for unsteady heat transfer 
into the chamber walls would permit  rather sophisticated calculations to be 
made,   such as internal-regenerative cooling,   and the effects of thermal 
soakback on the evaporation of deposited propellant and on subsequent 
hypergolic starts.     Thermal histories for multiple-pulse firings could be 
calculated,   including effects of quenching from propellant leads,   from 
injector dribbling,   etc. 

The thermochemical effects of the bipropellant impingement 
on the wall could be treated in greater detail.     At present,   the viscosity of 
the wall layer is specified in the program input as a function of stoichi- 
ometry.     The least volatile wall  film constituent is hydrazinium nitrate, 
which is generally found mixed with fuel and water to form a viscous solution. 
The heat of neutralization which is evolved when hydrazinium nitrate is 
formed is well known,   and the associated adiabatic temperature rise for the 
newly formed mixture can be calculated.     This temperature rise,  along with 
dilution effects are used to estimate the viscosity values currently used as 
program input.     Since heat losses to the wall,   or cooling by evaporation of 
excess fuel,   would change the temperature and composition of the wall film, 
these viscosity effects  should be modeled in a time-dependent way. 

During the vacuum evaporation of the wall material,   the 
evaporation is treated as though the propellants were two immiscible phases. 
This is an adequate approximation for small asymetric engines having a 
single injection element,   or for the case where pure fuel or oxidizer is 
deposited on the wall unmixed during a propellant lead.     For situations in 
which the propellants  are actually mixed and  reacted,   it would be preferable 
to calculate vapor pressures based upon a physical system containing 
hydrazinium nitrate and the excess propellant,  whose vapor pressure is 
appropriately depressed by solution effects. 

(5)     Experimental Uncertainties 

In addition to the computational limitations of the program, 
there are some important processes and physical properties which are inade- 
quately known. 

154 



wwmmmmm ^^^^mmmmm^m ^m^^mmm mm mmmmmmmwwm IWHIfiHPg|pgf"WIBWl!lgffw ■  "I 

I   i 

The droplet sizes  resulting from primary atomization ol" 
reactive unlike streams have never been investigated.     There have been no 
experimental determinations of droplet size for the small orifice sizes and 
extremes of momentum imbalance which can be found in pulse-mode engines. 
Comparison of calculated and experimental  firings of small engines indicates 
that the actual droplet sizes must be smaller than the value predicted using 
the current correlations,   that a different drop size distribution must be 
used,   or that the fuel burning rate is in error.     This uncertainty as to 
correct droplet size is one of the greatest   restrictions on thn present use of 
the program.     Very little is known about the droplel sizes produced when 
either an unatomized stream or large droplets impact upon the wall. 

The breakup distances for impinging-stream and single-si ream 
atomization have been determined for only a very limited  range of liquid 
velocities,   gas densities,   and orifice diameters.     Further investigations are 
badly needed for smaller orifice diameters.     Along with the inadeqtiate knowl- 
edge of droplet sizes,   this is one of the most severe  restrictions on the 
utility of the program. 

Very little is known about the impingement of droplets  against 
the chamber wall.     The fraction of impinging droplets which will  stick to 
either a cold chamber wall or to a hot chamber wall is not known. 

The effects of droplet size or velocity of approach is not known. 
The velocity of rebound from the wall and the amount of heat transfer between 
a bouncing droplet and a hot wall are unknown. 

The physical properties of the hydrazinium nitrates and their 
solutions  are completely unknown.     Accommodation coefficients for the 
hydrazines,   for nitrogen tetroxide,   and for the hydrazinium nitrates are 
unknown,   but because of the highly polar,   highly associated nature of the 
molecules,   they are certainly very far from \mity. 

c.      Modeling of System Processes 

(1)     Feed System 

The feed systems are approximated with single lumped 
parameters  representing the inertial and  resistive aspects of the feed 
systems: 

dq 

dt 

PRq| 

pSL/A (A-l) 
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where 

volumetric flow  rate through the line 

Pt 

Pc 

R 

tank pressvire 

chamber pressure 

a coefficient  representing the steady-flow 
pressure drop through the feed system 

EL/ A   -   the summation of segment length divided by cross- 
sectional area for the series of segments which 
make up the feed system 

Opening and closing of the valves  are modeled by varying 
the value of R as a function of time,     Flow reversals or initial start 
conditions which result in partially or fully gas-filled feed lines are simu- 
lated by varying both R and ZL/A as functions of time,   so as to delete the 
resistive and inertial contribution of components which are not liquid 
filled at any particular instant.     Equation A-I does not model the compress 
ibility of the propcllant or the pressure waves  in the lines.    For cases in 
which wave action is important,   a method of characteristics solution for 
a distributed parameter resistive-inertial-compressible feed system 
would be more accurate; however,   the present approximation is quite 
adequate to model flow events which take longer than five or six acoustic 
periods of the feed system (see Reference A-32). 

After the valves  close at the end of a firing,   the chamber 
pressure decays,   approaching the external pressure.     When the chamber 
pressure falls below the vapor pressure of either propellant,   it will start 
to flow from the dribble volume (the liquid-filled volume between the valve 
and the injector face).     The flow  rate out of the dribble volume is calculated 
using Equation A-l,   but with R and ZL/A now restricted to the injector 
orifice values and with P[ replaced with the propellant vapor pressure 
evaluated at the injector temperature.     As soon as the dribble volume is 
emptied,   the dribble flow rate is set to zero. 

There are two optional assumptions which may be used to 
describe the injector priming process (Figure A-2).    If a ring-type injector 
is being filled in a vacuum environment,   some of the orifices will be wetted 
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even before the  ring volume is rilled,   and flow will  be expected through 
these wetted orifices under the influence of the p ro pell ant vapor pressure. 
The initial dribble option is for this situation,   and the initial dribble 
flow rate is calculated the same as a postfiring dribble.     The flow from the 
propellant tank into the dribble volume is calculated according to 
Equation A-I  but with R and  ZL/A restricted to the values for the upstream 
hardware and with Pc replaced with the vapor pressure evaluated at the 
injector temperature.     As soon as the injector is primed,   the flow follows 
Equation A- 1  as written. 

The other injector priming option which may be used is 
appropriate for a smooth unbranched injector passage which would be 
expected to fill progressively from the valve out to the injector orifices 
without any dribbling of propellant before the passages arc completely 
filled. 

If high-amplitude combustion instability or high-amplitude 
pressure spikes temporarily reverse the flow in the propellant feed lines, 
the reverse flow is time - integrated to give the time-varying gas volume 
behind the injector.     So long as there is gas behind the injector,   the 
injection rate is set equal to zero,   and the inertial and resistive contribu- 
tions of the injector orifices are deleted from Equation A-l. 

The static pressure in the throat of the cavitating venturi is 
monitored,   and if it fails below the \ apor pressure of the propellant. 
Equation A-l  is evaluated for the impedance of the upstream hardware only, 
with the venturi throat pressure set to the vapor pressure. 

The heating of the portions of propellant held in the dribble 
volumes by thermal soakback has been modeled.     The propellant injection 
temperature is taken as the prescribed injector temperature until an amount 
has flowed from the tank equal to the dribble volume.    Following this the 
injection temperature varies linearly with flowed volume from the injector 
temperature to the tank temperature,   where it remains for the remainder 
of the firing.     (Figure A-3).     The density,   viscosity,   surface tension, 
vapor pressure,   and liquid enthalpy are evaluated at the injection temper- 
ature,   and are important in determining the dribble flowrates,   the onset 
and extent of stream flashing,   the flashing or impinging stream atomization 
droplet size,   and the ignition delay time.     The propellant in the injector 
is presumed to warm up to injector temperature whenever the valves  are 
closed,   so  repeated firings will all start with propellant initially at 
injector temperature. 
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Ttiere are se\evaL complex modes that flow from the injector 
could take which have not been programmed in the current model.     The 
propeliant in the dribble volume could boil in a vacuum environment, 
with the well-mixed foam flowing through the orifice.     Chugging or popping 
during the dribble periods could force noncondensible combustion gases 
into the dribble volumes to form foam at a pressure higher than the vapor 
pressure.     If these modes of flow were found to be important they could be 
modeled. 

(2)     Physical Properties 

The densities of the liquid propellants are obtained from a 
mathematical approximation to a general correlation of redticed density 
versus  reduced temperature along the  saturation line  (Reference A-33).     The 
critical density is obtained from the propeliant density given at a reference 
tempe rature. 

The viscosity is approximated from a mathematical 
approximation to a generalized correlation of reduced viscosity versus 
reduced temperature.     The critical viscosity is obtained from the propeliant 
viscosity given at a reference temperature, 

The surface tension is  approximated using the parachor and 
a mathematical approximation to a generalized correlation of reduced 
density difference (liquid density-vapor density) versus reduced temperature 
along the saturation line.     The parachor is a parameter which is closely 
related to the critical properties of a fluid.    It is defined as the molecular 
weight multiplied by the surface tension raised to the one-quarter power 
and divided by the difference between liquid density and vapor density. 
The parachor may be  regarded as a measurement of the molar volume of 
the liquid at a standard value for surface tension.     For most materials 
it varies by no more than a few percent o\er the entire liquid range. 
The parachor for each propeliant constituent is calculated from the 
propeliant surface tension given at a reference temperature,   and is 
used to calculate surface tension at other temperatures. 

The vapor pressures of the propellants are obtained from the 
equation of Calingaert and   Davis  (Reference A-34): 

fn P 
B 

T-43 
(A-2) 

where A and B are evaluated for the    fuel and   oxidizer using the pressures 
and temperatures corresponding to the normal boiling point and the critical 
point. 
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Because of the scarcity of thermodynamic data for many pro- 
pellants,   the specific heats of vapor,   liquid,   and the solid form of each 
propellant are assumed to be constants which are neither temperature- nor 
pressure-dependent.     When these values are supplemented by the melting 
point,  heat of fusion,   normal boiling point,   latent heat of vaporization at the 
boiling point,   and critical temperature,   the straight-line relationship of 
FigureA-4 is obtained.    This relationship is used to approximate the enthalpy 
of the vapor or condensed phases as a function of temperature. 

(3)    Atomization 

The atomization process is calculated for one of several modes, 
depending upon the chamber pressure,   the propellant injection temperature, 
and the propellant injection rates.    If the chamber pressure is sufficiently 
below the vapor pressure of the   propellant at its injection temperature,   the 
stream is presumed to flash atomize.    If streams of both propellants are 
being injected and are not flashing,   then impinging stream atomization is 
calculated.    If only one stream is being injected,   and it does not flash,   the 
stream breaks up in a single-stream mode unless it hits the wall first,   in 
which case it is calculated to break up by wall impact.    If both streams are 
being injected,   and only one of them flashes,   the other stream is presumed 
to be unaffected by passing through the spray of small flashed droplets and 
behaves as though the other stream were absent. 
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(a)    Flash Atomization Thi'eshold 

Bushnell and Gooderum (Reference A-35) investigated the 
flashing of streams of water over a range of subatmospheric pressures,   and 
found that the ratio of stream temperature to saturation temperature was 
almost a constant at the onset of flashing (with temperature measured on an 
absolute scale).    Brown (Reference A-36) investigated the flashing of streams 
of superheated water at atmospheric pressure,  varying temperature,   orifice 
diameter,   and stream velocity,   and found that the temperature at the onset 
of flashing was a function of the stream Weber number.    If these findings 
may be combined,   the supersaturation temperature ratio at the onset of 
flashing may be represented as a function of stream Weber number.    The 
following correlation is taken from the experimental data of Brown,   but does 
not disagree with the data of Bushnell and Gooderum. 

0   < N       <  12, 5     Sash   -_    1, 138 - 0. 005 N 
we i      . we sat 

12. 5 < N      <  24     !Llasl-   =    1. 085 - 0. 00353 N we T     . we sat 
(A-3) 

n ,      ^T           flash .    n 24 < N        —^    -     1.0 
we      T sat 

'iP 

• 

Where the Weber Number is u 

N we 

p    V.   D 

 It  

There is a discontinuity in the function at a Weber number of 12, 5 corre- 
sponding to some unknown change in the mechanism.     The supersaturation 
temperature ratio is known to depend upon the surface  roughness of the 
orifice; however,   this effect has not been modeled in the TCC Computer 
Program,   and the above relationship is for ordinary drilled holes. 
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(b)    Flash AtomLzation Droplet Size 

Brown has investigated the mean droplet diameter and 
droplet size distribution obtained when superheated water is flash-atomized 
at atmospheric pressure.    The experimental data obtained for flow through 
ordinary drilled holes shows that the mean drop size depends strongly upon 
nozzle pressure drop (stream velocity) and the degree of superheat of the 
liquid,   but not upon the nozzle orifice diameter.     The correlation for his 
data is: 

18. 9 
D32   ~   7T- 28  /T' r~T    /T (A"4) 

V /     stream sat \ 

sat / 

> 

where 

D,- = Sauter mean diameter in centimeters 

V = stream velocity in cm/sec,   based upon the orifice pressure 
drop and the upstream liquid density 

T = temperature measured on an absolute temperature scale. 

Gooderum and Bushneil (Reference A-37) flashed water 
through drilled holes into a vacuum (~2 mm Hg) under otherwise comparable 
conditions and found mean droplet diameter was proportional to orifice 
diameter,   did not depend upon stream velocity,   but did depend upon the 
temperature of the stream.    Their data can be correlated; 

6.4-0. 0244 T (A-5) 

where 

D      = Sauter mean diameter 

D    = orifice diameter o 

T -- stream temperature in degrees K 
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The large disagreement between the two relationships is 
probably due to the large differences in Weber number.    Until the relation- 
ships are better understood,   we will take 40 microns as a typical mean 
droplet diameter for the flash atomization of water,   with reasonable values 
for orifice diameter,   stream velocity,   and degree of superheat.    Brown 
described the flash atomization process as resembling the gas atomization 
process,   with the gas being supplied by the explosive growth of bubbles in 
the  superheated stream.     For this reason we have applied a physical proper- 
ties  correction which would be suitable for the gas atomization process. 
The equation used in the program to describe flash atomization droplet 
size is: 

D 0. 0065 f _EL_P 

0. 25 

(A-6) 

where 

D = median droplet diameter of propellant P,   in centimeters 

IT = surface tension of propellant,   P 

[JL = viscosity of propellant,   P 

p = density of propellant,   P 

The drop size distribution obtained by flash atomization is 
much narrower than that obtained by impinging stream atomization. 

(c)    Vacuum Vaporization of Propellant 

When a stream of propellant is injected into a combustion 
chamber having a total pressure lower than the vapor pressure  of the pro- 
pellant,   and if the Weber number is sufficiently high,   then flash atomization 
will take place from explosive growth of vapor bubbles at nucleation sites in 
the stream,    A certain amount of evaporation of propellant will occur during 
the flash atomization process.    Following this,   evaporation from the droplets 
will proceed,   initially following the Langmuir-Knudsen Law,    If the chamber 
pressure increases to a value above the vapor pressure of one or both of the 
constituents,   the evaporation can continue by molecular diffusion.    Molecular- 
diffusion-evaporation can continue until the droplets have either equilibrated 
with the chamber vapors,   are expelled through the throat,   or impact upon 
the chamber wall.     There are large areas of uncertainty in this complex 

e 
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process.    One unknown is the amount of evaporation which takes place during 
the atomization process,  before the droplets arc completely formed.    Another 
is the chemical processes which could occur on the surface of a cold droplet 
of nitrogen tetroxide which is cryopumping vapors of hydrazine onto its 
surface. 

Seamans,   Vanpee and Agosta (Reference A-2^) have cal- 
culated the preignition chamber pressure history for the injection of one 
propellant component,   based upon Langmuir-Knudsen evaporation of droplets 
having a mean diameter of 100 microns in a chamber onc-in.   long.     They 
found that the droplets had nearly equilibrated by the end of a time period 
(1. 5 to 5. 5 msec) corresponding to a nominal droplet residence time.    Since 
their droplets were quite large for flash-atomized propellant,   and since their 
chamber was quite small,   it is not unreasonable to assume that phase equi- 
librium is generally attained,   and to use this asymptotic value to describe 
the preignition evaporation. 

The TCC program tests each  portion of injected propellant 
by Equations (A-3) to determine whether flashing occurs.    If it docs,   the 
program calculates the fraction of the propellant which will vaporize to obtain 
local phase equilibrium at the instantaneous chamber pressure.    The vapor 
formed is added to the vapors already in the chamber,   the addition being 
made at the propellant injection point.     The liquid which is unvaporized is 
assigned droplet properties,   and the droplets are entered into the chamber 
droplet array.    No further evaporation from or condensation on the droplets 
is calculated until they either impact upon the wall or until the ignition of 
the chamber contents occurs. 

When liquid propellant is injected at a prescribed injection 
temperature,   the relationships shown in Figure A-4 fix the injection enthalpy. 
The value of the chamber pressure at the time of injection is used in Equa- 
tion (A-2) to determine the equilibrium temperature of the flashing propel- 
lant.    When the enthalpies of the vapor and condensed-phase propellant are 
evaluated at the equilibrium flashing temperature,   the fraction of the pro- 
pellant which evaporates may be obtained: 

H.   .    =   X- H        + (1-X1H        , inj vap cond 
(A-7) 

or 

H. 
X _LilL 

■H 
cond 

H -II        , vap cond 
(A-8) 
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Since internal boiling and convectivc heat transfer inside 
the droplet both cease after freezing,   the program has the option of termin- 
ating the evaporation process once the droplets have frozen. 

(d)    Impinging Stream Atomization 

When the chamber pressure is sufficiently high that the 
injected propellant streams do not flash,   atomization occurs by cither the 
impinging stream or single stream mode of breakup.    The expression  for 
droplet diameter used in our program is based upon the work of Ingebo (Ref- 
erence A-38),   who examined the atomization of two identical streams of 
heptane,   impinging at 90-degree included angle in air streams having veloci- 
ties typical of rocket-engine thrust chambers.    Ingebo correlated his data; 

D 
30 

D. 

0. 30 D. 
-rr- f- 0. 012 5 D. AV 
V. i 

(A-9) 

where 

D      = volume-number-mean droplet diaineter 

D. = injector orifice diameter 
J 

V. = injection velocity 

AV = velocity difference between the injected streams and the gas flow 
at the atomization point. 

Preim et al.   reported (Reference A-5) that for rocket-engine conditions, 
where AV varies with axial distance from the injector,   that 4, 560 cm/sec 
(150 ft/sec) is an appropriate average value to use for AV. 

properties: 
Preim also offers a correction  for liquid physical 

D PB aA^A 
1/4 

DB \ PA^B 
(A-10) 
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where 

D     = mean diameter obtained with fluid A 

p = density 

o"   = surface tension 

fj. = viscosity 

Equations (A-9) and (A-10) are combined,   along with the above value for AV, 
the physical properties of heptane and the multiplier need to convert from 
volume-number-mean diameter to mass median diameter.     This yields a 
more general expression  for initial median droplet diameter expected from a 
symmetrical self-impinging doublet injecting a fluid of specified properties. 

D 
D. 

0. 20-v/D. V. + 39 D. 
>'    J     J J 

1. 725 m 1/4 
(A-ll) 

This expression is still insufficiently general for the 
analysis of unlike impinging streams during transients,  where the momenta 
of the two streams may be very different,   or where one stream may be 
missing completely.    In the absence of experimental data,   a simplifying 
assumption is used to estimate the effects of relative stream momenta.     The 
simplifying assumption is that a small element of liquid in the stream 
approaching the impingement point is not affected by the condition of the 
other stream except through the formation of a quasi-stationary planar 
stagnation surface which acts to redirect the stream into the initial planar 
flow pattern leading to the formation of the fan.     This leads lo the conclusion 
that stream velocity is not the variable controlling fan formation in Equa- 
tion A-ll,   but rather the component of stream velocity relative to the 
resultant direction of the combined stream.    This leads to the generalization: 

D 
D 

0. 24 /D   V    Sin Iß   -ßj 
p p       r p   R| 

39 D 
1. 725 

'er u   \0. 2 5 
P  P\ (A-12; 
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where 

D     = median droplet diameter for propellant p 

D     = orifice diameter of the injector for propellant p 

V     = velocity of the jet of propellant p along its own centerline 

ß     =  angle of the stream of propellant p relative to the engine centerline 

pp  = angle of the resultant stream relative to the engine centerline 

The resultant angle of the combined fuel plus oxidizer stream is calculated 
assuming conservation of momentum in the axial and radial directions. 
When a stream which has not flashed intersects a stream which has flash 
atomized,   it is assumed that there is no momentum interaction; i.e.,   each 
streani continues in its original direction instead of being redirected to the 
"resultant" direction. 

If a single stream impacts against the wall before it has travelled a sufficient 
distance to atomize in the single strearn mode,   then atomization is presumed 
to take place by wall impact.    Atomization by wall impact is based upon 
equation A-12,   however the value used for relative velocity is simply the 
absolute value of the radial velocity of the stream,   I V   I  which is substi- 
tuted for the term V Sin   l.ß    -  R„ I . \     Vl 

P        |    P        R| 

Experimental verification of equation (A-12) is still rather 
sketchy.    It is obviously as correct as Ingebo's expression for the special 
case (symmetrical 90-degree impingement of heptane) from which it was 
derived.     When only one stream is being injected,   the stream angle and 
resultant angle are identical,   and the following special case is obtained: 

D 
39 

1. 725 
/cr |J 

0. 25 

P  P (A-13) 

This is an expression for single-stream breakup (with a,n assumed value for 
ias velocity) and was compared with the findings of Weiss and Worshani nican 

(Reference A-39) for this special case.     The functional relationships appear 
to be in approximate agreement and the values predicted for mean droplet 
diameter under typical rocket conditions were in adequate agreement. 
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Since Equation (A-1Z) should account for stream impinge- 
ment angle,  it was compared with the findings of Hcidmann and Foster (Ref- 
erence A-40),  who measured mean drop size as a function of impingement 
angle for symmetrical impinging streams.     Again the predictions were in 
reasonable accord with the data.    The droplet sizes obtained from the unlike 
impingement of streams of water and molten wax have been reported by 
Rocketdyne.    Unfortunately,   their three published expressions for median 
droplet diameter from an unlike doublet disagree with each other.    It was 
presumed that the latest published value (Reference A-41) is correct.    Eval- 
uated at several points,   the Rocketdyne droplet diameter values differed 
from the values of Equation (A-12) by no more than Li percent. 

This droplet size correlation and the Ingebo experimental 
drop size distribution have been adequate to accurately predict the chugging 
frequencies and amplitudes of a small research motor and the start tran- 
sients of several motors having quite different characteristics; however,   it 
does not give correct predictions for the combustion efficiency of the 
Marquardt 5-pound R-6C rocket engine which was used for the parametric 
studies of this report.     To force the calculations to agree with experiment, 
it was necessary to reduce the computational droplet sizes to one half the 
values given by Equation (A-I 2).    We do not yet know whether the problem 
of droplet size prediction is associated with the extremely small injection 
orifices of the R-6C engine,   with the very reactive nature of the propellants. 
or with some other cause,   such as the drop size distribution.     The 
Rocketdyne experiments with unlike doublets show a significantly narrower 
size distribution than the Ingebo experiments and should give a higher com- 
bustion efficiency,   but calculations have not yet been performed using the 
Rocketdyne distribution (Table A-I).    It is also possible that the droplet size 
prediction is accurate,   but that the combustion rate of NTO-MMH is higher 
in the rocket engine than would be expected from droplet burning rate experi- 
ments.    Further experimental testing will be required to clear up this 
uncertainty.    (Reference A-56,   presented as this report goes to press,   indi- 
cates that the low orifice Reynolds numbers of the Marquardt Engine could 
result in anomalously small droplets. ) 

(e)    Distributed Parameters 

The droplets injected into a real combustion chamber are 
distributed in droplet size,   initial direction,   initial speed,   in point of origin 
as newly formed drops,   and possibly in composition,   if the fuel and oxidizer 
are miscible and not excessively reactive.    It is possible to model these 
distributed parameters by adding more than two droplet groups (one fuel, 
one oxidizer) to the droplet array during each computational time interval; 
however,   the more droplet groups that are added,   the more time-consuming 
the calculations become.    If M values are used to approximate the distribu- 
tion of each parameter and if N properties are treated as distributed,   then 
the number of droplet groups per propellant is M^.    If M and N were each 
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taken equal to five,   then 6, 250 droplet groups would have to be added to the 
computational array during each time interval,   instead of the ten which are 
presently added.    The storage location requirement for the droplet array 
would increase from 15, 000 to 9, 375, 000 and the computing time on a high- 
speed computer would increase from about two minutes to about 20 hours. 
Obviously great restraint must be exercised in "improving" the calculations 
by this particular approach. 

In the present computer program,   the initial droplet 
diameter is the only parameter which is treated as distributed during 
"normal" operation; five values are used to approximate the experimental 
size distribution.    For impinging stream atomization,   the fifth mass quintile 
of the propellant has a droplet diameter approximately nine times that of the 
first quintile.    This distribution is so wide that the distribution must be 
modeled if meaningful results are to be obtained. 

During the periods that flash atomization is occurring,   the 
droplet size distribution is much narrower,   the fifth quintile diameter being 
only about twice the first quintile value (Reference A-36).    However,   at this 
time the initial directions of the droplets from the flashing stream are dis- 
tributed over a cone having an apex angle of about 30 degrees.    This dis- 
tributed initial direction must be modeled in order to adequately describe 
the thickness profile of the propellant which is deposited on the chamber 
wall during the pre-ignition period. 

For these reasons,   only the droplet size distribution is 
modeled for impinging stream atomization,   while only the initial direction 
distribution is modeled for flash atomization, 

(f)     Droplet Size Distribution for Impinging Stream Atomization 

The droplet size distribution about the median value is 
approximated by dividing the injected mass of each propellant into five equal 
portions.    Each of these portions is converted to a group of droplets having 
a diameter which is a prescribed multiple of the mean droplet diameter.    The 
droplet group size ratios corne from a table of coefficients chosen to approx- 
imate the experimental droplet size distribution.     The droplet diameter of 
the nth group is: 

D      =    D Kn (A-14) 

The coefficients used to represent Ingebo's experimental distribution,   a 
Rocketdyne experimental distribution and a widely used analytical approxi- 
mation are iiiven in Table A-I. 
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Table A-I,    DROPLET DIAMETER DISTRIBUTIONS 
MID-QUINTILE DIAMETER/MEDIAN DIAMETER 

K, 

K-, 

K, 

K. 

KP 

Ingebo Experimental 
(like doublets) 

0, 198 

0. 759 

1. 00 

1. 23 

2. 30 

Log -P 
cr 

robab 
= 2.4 

Llity 

0. 333 

0. 645 

1. 00 

1. 55 

3. 00 

Rocketdyne Experimental 
(unlike doublets) 

0. 60 

0. 81 

1. 00 

1, 22 

1, 55 

After the droplet diameters of the fuel or oxidizer size 
groups are calculated,  the mass per droplet and number of droplets in the 
group can be computed.    The mass of each droplet in the nth group is: 

M 
n 6    n (A-15) 

The number of droplets in the nth group is: I 
N 

0. 2pqAt 
n M (A-16) 

n 

(g)    Atomization Distance 

The distance which the impinged streams travel before the 
atomization is complete is calculated based upon investigations performed at 
NASA (References A-40 and A-42).    The calculations used in this study 
presume that the distance to breakup is a prescribed number of orifice 
diameters in the absence of impingement (i, e. , when ßn - pR = 0 degrees), 
is as specified in Reference A-42 for impingement when ß- -  ßR = 45 degrees, 
and is linearly interpolated with sin   |ß    -  ßp\ for intermediate values. 

L     = 
P 

L45P 
+ op 

- L 
Sinlß 'Rl 

Sin 450 (A-17) 

Lp = fan length for complete atomization of propel lant p 

L45p = experimental fan length for symmetrical 90° impingement 

L0p = distance for single stream breakup of propellant p 
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injection angle of propellant p 

JR resultant angle o! the fuel plus oxidizer fan 

When   (3    -   p„  is greater than 45 degrees,   Lp is taken equal to L .r degrees. 
When the injected streams are flash-atomized,   the droplets are presumed to 
be formed immediately at the injection point. 

(h)    Pre-Atomization Trajectory 

The atomization is completed at an axial location in the 
chamber equal to the impingement distance plus the breakup distance multi- 
plied by the cosine of the   resultant angle.    This axial location is a droplet 
group property called S^ in the TCC program. 

To approximate the relatively inert condition of the pro- 
pellants prior to breakup,   we assume that there are no combustion,   aero- 
dynamic drag,   or momentum interaction between particles of injected 
propellant in the interval between the injection point and the point, of droplet 
formation,   i. e. ,   when X, < S[.    Since the injection velocity is time-varying, 
this implies propellant bunching in this region.     This behavior may be 
visualized from a plot of particle location versus time (Figure A-5).    When 
the first propellant is  injected,   it is moving quite slowly due to the restric- 
tion of the partly opened valve and the inertia of the fluid in the lines.     The 
propellant,   which is injected a few milliseconds later,   is moving much faster 
and overtakes the previously injected material. 

03 

Q 

l'i 

R202 

.■•'■ / 

0    1    2 S    9   iO   11 
i^CONDS 

Figure A-5.  Preimpingement Trajectory of Propellant 
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Where the world-lLnes are cluse together,   the bunching is 
most extreme,   and the effects of velocity modulation produce the maximum 
effect in varying the arrival rate of propellant.    In many rocket engines,   this 
point of least-stable propellant flow is close to the location where droplets 
are formed and become available for combustion,   i. e, ,   S^.     The injected 
propellant moves from the injection point to the impingement point along the 
direction of injection.    After impingement,   the stream moves in the direction 
of the resultant angle.    It moves in this new direction until its atomization is 
complete,   after which its two-dimensional trajectory is determined by the 
aerodynamic drag forces exerted by the chamber combustion gases.    At the 
present time,   the spreading of the fan is not modeled.     When droplets are 
formed by flash-atomization,   they are presumed to be formed at the injection 
point,   and they are presumed to be immediately subject to aerodynamic 
forces and available for combustion. 

(i)     Droplet Array Calculations 

The feed system and atomization calculations provide 
values for the mass,   mean droplet diameter,   initial velocity,   etc. ,   for the 
propellant which is injected into the combustion chamber at each time inter- 
val.     The group of droplets injected at each time interval is described by 
fifteen variables,   shown in Table A-II. 

Table A-II.     DROPLET PARAMETERS 

M 

N 

V X 

V 

X 

Y 

F 

P 

Y 

s 
R 

V 

V 

XR 

YR 

M 

Mass per droplet 

Number of droplets in the group 

Axial velocity- 

Radial velocity- 

Axial position of the group 

Radial position of the group 

Fraction of the droplet mass which is fuel 

Droplet liquid density 

Burning rate parameter A 

Burning rate parameter B 

Axial location where atomization is complete 

Axial location where impingement occurs 

Axial velocity immediately after impingement 

Radial velocity immediately after impingement 

Calculated evaporation rate per droplet this time interval 
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This data array has ten new droplet groups added to it each 
integrating time  interval,   and has droplet groups deleted when the mass of 
the droplet falls to zero,   the axial location exceeds the chamber length,   or 
the radial distance exceeds the chamber radius.     This data array grows to 
represent the entire droplet population of the combustion chamber. 

Each droplet group has the mathematical character of a 
vector in that fifteen independent values are required for its description. 
The total droplet population of the chamber is then an array of droplet 
vectors or a matrix.     The droplet population of the chamber can usually be 
adequately described using no more than 1,000 droplet groups or 15,000 com- 
puter storage locations.    (The number is determined by the size of the 
integrating time interval. )   The combustion chamber calculations consist of 
working on the array of droplet groups at each computational time interval 
to obtain the succeeding new vavlue for droplet mass,   droplet axial velocity, 
droplet radial velocity,   droplet axial position,   droplet radial position,   and 
droplet evaporation rate. 

(4)     Droplet Drag and Motion Equations 

The aerodynamic drag,   heat transfer,   and diffusion rates 
associated with the droplets depend upon a number of dimensionless groups 
which characterize the regime of flow; thus,   the Reynolds number.   Mach 
number,   and Knudscn number must be considered.    The Reynolds number 
is of great importance to all of the transport processes.    Drag coefficients 
and heat transfer coefficients are correlated with droplet Reynolds number. 
The Mach number of the flow about the droplets is generally  less than 0, 1 
and its effects are ignored,     The Knudsen numbers associated with the 
chamber processes have been calculated for a Uirge number of conditions. 
The Knudsen numbers may be large for the first computational time interval, 
when the chamber pressure is taken equal to space ambient pressure; how- 
ever,   the Knudscn numbers have always been well into the continuum flow 
regime as soon as the first portion of either propellant is injected.     Thus, 
free molecular flow effects should be negligible and are not considered in the 
correlations for vaporization rate,   aerodynamic drag,   and nozzle flow. 

The velocity of the chamber gas relative to each droplet 
group must be calculated at each time interval in order to obtain the droplet 
aerodynamic drag and droplet combustion rate.     The simplifying assumption 
is made that the chamber gas moves in the axial direction only.     Hence: 

rel (V -   V'    ) o a s X 
Z 

V (A-18) 

Vx and Vy are the axial and radial components of the droplet velocity.     The 
direction cosines  of the  relative wind are  calculated: 

C X 

V -   V 
gas X 

(A-19) 

C 
Y V 

(A-20) 
rel 

174 

■tekffii-*ft.^aiiic5; 
|^^MMMM ^^MMMMH ^^^^^m 



mmmmmmmmmmmi^^mmm^^^^^^^^ ■'■' "    ■' mmmm 

The Reynolds number is calculated for each droplet group at 
each time interval based upon the droplet diameter  (obtained from the drop- 
let mass,   presuming spherical geometry) and the velocity difference between 
the droplet and the gas. 

D 
6M. 
 I 

TT p 

1/3 

(A-2i; 

N Re 

P        DT V      i gas     drop     rel _ 
gas 

(A-22) 

If the Reynolds number is less than 0. 5,   Stokes-law acceleration is 
calculated: 

18|i        V     . 
gas     rel 

drop 

(A-23) 

If the Reynolds number is greater than 0. 5,   the acceleration is calculated 
from the Newtonian drag law: 

A 
0. 75 C ,  p        V     , 
 d    gas      rel 

P, drop 
(A-24) 

li 
The drag coefficient data of Rabin (Reference A-43) is 

approximated by the functions: 

0. 5 < N-    <  70 Re C,    =    27 ND d Re 
•0. 84 

70 < ND    < 59, 200 C,    =   0. 414Nn Re d Re 
0. 1433 

(A-25) 

59, 200 < N Re C,    =    2. 0 d 

After the droplet acceleration has been calculated,   the new 
velocity and location of the droplet group are calculated 

X(t+At) X(t) X (A-26) 

VY(t+At)    =    VY(t) + ACYAt (A-27) 

: 
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X 
(t-fAt) X 

(I) 
Vx(t) ^ 5 A C     At x (A-28) 

Y (t-At) (t) 
V Y(t) At  -  0. 5 A C 

Y At (A-29) 

When thi' axial position of a droplet uroup exceeds thu  length of 
the chamber the droplet uroup is  removed from the array and  its mass is 
added to tho summation of unburnod droplets that escape from the chamber. 
When the radial position of a droplet group exceeds the  radial dimensions of 
the chamber —and certain other conditions are  satisfied—the droplet group is 
removed from the array and its mass is  added to the summation of propellant 
mass which is coating the chamber wall at that particular axial location. 

(5)    Droplet Evaporation Rate Calculations 

The evaporation rate (combustion rate) of a stable fuel or 
oxidizer droplet is determined by the heat transport to the droplet surface 
and diffusional mass transport away from it.    In the regime encountered in 
a rocket combustion chamber,   the vapor effusion from the droplet has a very 
large effect on the heat transport process,   and the effect of the forced convec- 
tive flow about the droplet is also of great importance.    An additional, 
important factor  in determining the droplet life history is the transport of 
heat from the  surface of the droolet to its  interior. 

(a)    Droplet Circulation 

If the droplet has appreciable internal circulation,   the 
convective transport of heat to the interior of the droplet will be large,   and 
there will be a considerable unsteady period when the droplet is warming 
from its initial injection temperature to the final steady temperature at 
which it evaporates.    The unsteady droplet evaporation problem may be 
solved by simultaneous calculation of the heat and mass transport about the 
droplet together with the droplet state (Reference A-44). 

If the droplet lacks internal circulation,   then heat transport 
into the  interior of the droplet is negligible (Reference A-45),   and all the 
heat which reaches the droplet surface is used in vaporizing the outermost 
layer of fluid.     When this it the case,   the droplet state and vapor diffusion 
equations need not be solved. 

AccO''ing to Bond and Newton (Reference A-46) as cited by 
Hughes and Cilliland (Reference A-47),   droplets will only circulate when the 
surface shear forces are sufficient to overcome the surface tension forces. 
An approximate criterion for the onset of circulation is 

AV p p D 
' gas    gas 

(A-30) 
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Where AV is the difference in velocity between droplet and combustion gas 
at which circulation will start.     This threshold is illustrated in Figure A-6. 
According to this figure,   circulation is expected in large droplets even at 
low relative velocity,   but is not expected during most of the lifetime of the; 
smallest droplets found in a rocket combustion chamber.    In order to accu- 
rately model the evaporation of both large and small droplets  in a time- 
varying environment,   the presence or absence of circulation should be 
determined for each droplet group at each integration time interval,  with 
heat transport into the droplet permitted only when circulation is present. 

For the present calculations,   the simplifying assumption 
is made that there is no heat transfer into the interior of any of the droplets, 
This permits accurate calculations for the small droplets  responsible for 
much of rocket transient behavior,   at the expense of accuracy in modeling 
the large droplets which largely determine combustion efficiency. 

(b)    Heat Transfer Calculatioiib 

Heat transfer is correlated in terms of a Nusselt number. 
For a sphere 

q   =   N NU TTK DAT (A-31) 

where q is heat transfer rate and K is thermal conductivity of the vapor film. 
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Figure A-6. Droplet Circulation Criterion 
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From the assumption that all heat rcachinfi the surface of 
the droplet goes to evaporate  liquid 

M AH 

NN.TT   TTK DAT 
NU  

AU 
(A-32) 

Where M is the  rate of evaporation and AH is the sum of the  latent heat of 
the liquid and the sensible heat required to raise it from the  injection 
temperature. 

A noneffusing sphere in a nonconvecting environment has 
a Nusselt number of 2. 0,   but the value for a droplet evaporating into a high- 
temperature environment is much lower.    Godsave (Reference A-48) gives 
a simple but adequate estimate for the heat transfer to a burning droplet, 
assuming that thermal conductivity and specific heat of the vapor film are 
constant.    His equation may be  rearranged 

N 
NU 2. 0 

AH 
C    AT L   P 

In     1 + 
C     AT 

P  
AH (A-33) 

The  rate of fuel consumption from burning fuel-wetted spheres has been 
determined experimentally under forced convective conditions by several 
investigators (References A-49,   A-50,   and A-51).     These experimental 
values are correlated (Figure A-7) by the equation 

. 

M -  M0 

MM 

0. 25 N 
0. 50 

Re 
(A-34) 

R202 
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Figure A-7. Burning Rate vs Reynolds Number 
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where M0 and M are nonconvective and convective consumption rates.     This 
is rearranged and combined with Equations (A-32) and (A-33) to  give 

N 
NU 

2. 0  i- 0. 5 N 
0. 5 

Re 
AM 

C     AT 
L    P 

In     1 
Cp AT 

AH 
(A-35) 

The term containing Reynolds number  represents the effect of forced 
convection on a burning sphere.    It is very similar in value to the correlation 
of Ranz and Marshall (Reference A-52) for the  rate of evaporation from 
wetted spheres,   but is preferred for this application because it was obtained 
in the presence of combustion and with temperature differences up to 
3, 000oK and Reynolds numbers up to 6,000.     The Ranz and Marshall experi- 
ments were limited to temperature differences of 100  K and Reynolds num- 
bers of 200. 

Equations (A-32) and (A-35) may be combined to give 

M 0 -I- 0. 5 N 
0. 5| 

Re x   In 1  + 
AH 

AT (A-36) 

which is the expression used to calculate the burning rate of a single droplet. 
In the computer calculations,  (irK/Cp) and (Cp/AH) are two of the subscripted 
variables characterizing the combustion properties of the material in each 
droplet group.    These values are not treated as time-varying in the analysis 
in order to simplify the calculations.     To obtain agreement with experimental 
burning rate values,   Cp and K are evaluated at the arithmetic mean of the 
expected droplet surface and hot gas temperatures. 

The temperature difference used in the burning-rate equa- 
tion is the difference between the instantaneous droplet boiling temperature 
obtained from equation A-2,  and the flame temperature or gas temperature 
surrounding the droplet. 

The flame or gas temperature used in the burning-rate 
equation is obtained from the curve of chamber temperature vs composition 
(Figure A-8),   the calculated composition of the chamber gas,   and the known 
composition of the droplet which is carried as a subscripted variable.    It is 
presumed that when a droplet of a given stoichiometry is evaporating into 
chamber gas having a different stoichiometry,   every intermediate stoichi- 
ometry will be found in the diffusion zone surrounding the droplet and that 
the local temperature in the diffusion zone will correspond to the local 
stoichiometry.     Thus the flame temperature used in the burning-rate equation 
is the highest temperature found on the temperature vs composition curve in 
the interval between the chamber gas stoichiometry and the droplet 
stoichiometry. 

I 
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Figure A-8. Temperature vs Stoichiometry 

Each time that the burning rate of a droplet is calculated 
from Equation (A-36),   the value is stored temporarily as a subscripted 
variable until it can be used in the summations which give the velocity pro- 
file in the chamber and the total burning rate for the chamber. 

(6)    Use of Experimental Burning Rate Data 

There are many common propellant materials for which the 
vapor thermal conductivity is unknown in the  1, 500 to 2, 000,'K temperature 
range.    Nitric acid and UDMH are good examples.     Experimental droplet 
burning rates have been obtained for these materials,   and these burning 
rates may be used to infer this necessary information.    Normally experi- 
mental burning rate data are given in terms of a burning rate constant,   K' 

dD 
dt 

K1 (A-37) 

in terms of our droplet burning  rate expression 

8K 

P 
LAT ("-AH,  ln    (l +CpAT\- 
,AH    LCp AT    in    \ AH    /. 

(A-38) 
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This expression is  solved for K  using the experimental value 
for K',     When the mean value for thermal conductivity is obtained this way, 
the droplet combustion equations are no longer being used  to fie rive the 
burning rates  from basic principles,   but merely become  functions for extend- 
ing a burning rate measurement to a different flame  temperature. 

Some propellant materials have the capability of burning as a 
monopropellant.     Examples are hydrazine,  propyl nitrate,   and hydrogen 
peroxide.     When the monopropellant burning rate is known as a function of 
chamber pressure from liquid  strand tests,   the burning rate may be entered, 
correlated in the form r - A + RPn,   where r is the burning rate in cm/sec 
and P is pressure in psia.     The corresponding mass burning rate of a droplet 
is M = rrrpD   ,     When propellant droplets can burn as either a bipropellant 
or as a monopropellant,   the computer program calculates  the burning rate 
for each droplet group in both ways at each time interval,   and the larger of 
the two values is used. 

(7)    Ignition and Extinguishment 

Several types of ignition are modeled by the computer program. 
Calculations may be performed for sea-level or high-altitude ambient condi- 
tions,   and for hypergolic or nonhypergolic propellants. 

When a motor is being started at atmospheric pressure,   using 
a liquid propellant igniter,   it is assumed that droplets of the main propel- 
lants ignite instantaneously.    When the fuel and oxidizer flow rates to the 
igniter and the axial location of the igniter port are specified,   the initial 
composition,   temperature,   and axial velocity profile of the chamber gas 
are established.    Although droplet ignition is presumed to be instantaneous, 
it would be erroneous to presume that the calculated start transient will 
necessarily be either smooth or simple,  as experience has frequently 
shown it to be otherwise. 

When nonvolatile hypergols are injected at atmospheric pres- 
sure,   the ignition results from complex liquid and vapor phase processes 
and it is necessary to obtain ignition delay values from the published litera- 
ture based on experimental tests.    When such an ignition delay time is 
prescribed,   the droplet burning rates are set to zero during the preignition 
period.     The delay time is counted as  starting only after both fuel and 
oxidizer streams have reached the impingement point in the chamber. 

When volatile hypergolic pairs are injected under near-vacuum 
conditions,   the ignition depends upon the physical processes which con- 
tribute to the production of reactive vapors in the chamber.     The calculation 
of the ignition delay time in the vapor phase is based on an equation given by 
Seamans,   Vanpee,   and A^osta (Reference A-29): 

RT2 p C gas     p 
ignition EAQ Cf     , C     . ,. fuel     oxidizer 

ExP (Ä) (A-39) 
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where E,   A and Q are the activation energy,   frequency factor,   and heat of 
reaction for the vapor phaso reaction responsible for ignition.     Cp is  the 
specific heat of the vapor mixture in the combustion chamber and Cfuei or 
^oxidizer are t'16 concentrations of fuel and oxidizer vapor in the chamber 
gases. 

This function may bo evaluated in either of three? ways.    One 
option is to assume that there is no axial mixing of vapors.    In this mode, 
the relative concentrations of fuel vapor and oxidizer vapor come from the 
relative amounts flashed at each instant.    A second option is to assume 
that all the vapors in the chamber are well-mixed.    In this mode,   the values 
for fuel and oxidizer vapor concentration used in Equation (A-39) are derived 
from a mass  balance on the chamber considering the entire previous history 
of vapor generation and outflow.    The third option presumes that at any 
instant there will be some location in the chamber which has the optimum 
stoichiometry for the quickest possible ignition.     This optimum stoichi- 
ometry is found by examining the well-mixed vapor composition in the 
chamber,   as well as the niost advantageous composition in the boundary 
layers surrounding fuel droplets and oxidizer droplets (where they are 
present),   the composition having the greatest value for (Cfuel x C0xidizer) 
is ehe one used in the ignition calculations.    Any ignition aelay time longer 
than the gas  residence time is discarded,   as external ignition is ineffective. 
Because of the necessity of calculating repeated ignitions and extinguish- 
ments,   unreacted fuel and oxidizer vapors are distinguished from residual 
quenched combustion product gases in calculating the concentrations used 
in Equation {A-39). 

The vapor-phase ignition delay time is recalculated at each 
time interval,   and the chemical delay time is added to the model time at 
which the calculation is made to obtain a projected time of ignition.     The 
smallest value for the projected time of ignition is retained.    Ignition is 
presumed to occur when the model time exceeds the smallest value for pro- 
jected ignition time. 

Since the droplet population of the chamber declines very 
rapidly after the propcilant valves are closed,   the vacuurn evaporation of 
fuel and oxidizer film on the wall becomes the major source of fuel and 
oxidizer vapors very shortly after valve closure.    For this reason the 
criterion for extinguishment is based upon the combustion chamber gas state 
rather than upon the conditions in the droplet boundary layers.     Extinguish- 
ment in the ^as is predicted from experimental quenching distance values 
taken from data on the combustion of premixed gases (Reference A-53). 
Quenching distance of premixed gases  is a function of the pressure,   and of 
the initial temperature and stoichiometry of the combustible mixture.    For 
the present purposes,   the effects of stoichiometry and initial temperature 
can be lumped together in terms of the corresponding final gas temperature. 
The data on propane-air quenching distance are correlated adequately by: 

3, 6 x lü17l-L 0-4.0 (A-40) 
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WhcM-t; cj is quenching distance  in cm,   P is pressure in dyne/cm2,   and  T is 
equilibrium  final j^as temperature  in  "K.     When the  calculated value of q 
becomes laruer (hau Liu- chamber diameter,   extinguishment is presumed to 
oc cu r. 

(8)    Chamber   Calculations 

The vapors or ^ases which fill the combustion chamber are 
derived from the following f j vi    sources:   vapor from  flashing propellant 
streams;   material  e^ap(;rated from propellant droplets;   burnoff of mate rial 
on the chamber wall;;;   vacuum evaporation of material on the chamber walls; 
and igniter combustion products,   if any.    Fuel and oxidizer vapor:-; from 
these five sources are axially cumulated in the chamber each time interval, 
while the amounts calculated to flow through the nozzle are subtracted.     This 
gives  current values for the t hamber )ias ma.ss and  stoichiomotry and for 
axial addition rate of mass.      I'hese arc' used to calculate the pressure, 
temperature,   molecular weight,   and the velocity distribution in the chamber. 
The  simplifying assumption  is made that at any instant the pressure is  con- 
stant throughout the chamber  and the j^as is well  mixed.    Since the computa- 
tion time interval is typically of the order of 1  to  10 times the longitudinal 
acoustic period of the engine,   the uniform chamber pressure assumption 
seems justified for engines with large contraction  ratios.    If ignition has 
occurred,   the temperature and  molecular weight are interpolated from 
tables of these variables versus stoichiometry.     The table values are calcu- 
lated assuming isenthalphic combustion to jzive  reaction products in thermo- 
chemical equilibrium.    If ignition has not occurred,   the gas properties are 
calculated for the unreacted fuel and oxidizer vapors,   assuming ideal gas 
behavio r. 

(a)    Gas State 

At each integration time interval,   the expressions for 
flashing of the propellant streams,   evaporation of droplets,   burnoff of 
propellant on the walls,   vacuum evaporation of propellant on the walls,   and 
the assigned igniter flows are used to calculate the amounts of fuel-derived 
mass and oxidize r-derived mass which have been added to the chamber. 
Nozzle flow equations are used to calculate the amount of gas leaving the 
chamber,   with the assumption being made that the material flowing through 
the nozzle has the same composition as the well-mixed material in the 
chamber.     The new amounts of fuel-derived gas  mass and oxidizer-derived 
gas mass contained in the chamber are then calculated: 

M F(t+At) M 
f(t) 

fuel evaporated - fuel  exhausted (A-41) 

M,-.,,,,  ^>    -    M^,,,    1    oxidizer evaporated  - oxidizer exhausted        (A-4Z) 
0(t+^t) O(t) ' 

The total mass of «jas in the  chamber is the sum of the fuel-derived and 
oxidizer -derived mass 

Mr fvL ,\! 
CJ 

(A-43) 
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The stoichiometry of the chamber gas is expressed in terms of the fraction 
of the total gas mass which is fuel-derived 

M, 

MF + M0 
(A-44) 

When combustion is taking place in the chamber,   the 
temperature,   molecular weight,  and thermal properties of the chamber gas 
are functions of the elemental compositions and heats of formation of the 
fuel and oxidizer,  the stoichiometry and the chamber pressure.    Since the 
composition and heat of formation of the fuel and oxidizer are fixed for a 
given set of propellants,   and since the product composition is only a weak 
function of pressure,   the temperature,   molecular weight and thermal prop- 
erties of the chamber gas are approximated as a function of F alone with 
only small error.    Temperature,   molecular weight and gamma are stored as 
11-point tables with linear interpolation being used to obtain values for inter- 
mediate values of F.    Figures A-8,  A-9,   and A-10 illustrate the values used 
for the white fuming nitric acid - UDMH propellant combination. 

After chamber temperature and molecular weight are 
estimated as functions of the gas stoichiometry,  the chamber pressure is 
calculated 

pRT 
W 

(A-45) 
m 

' 

The density is obtained from the known total gas mass and total chamber 
volume,   where Uc is chamber volume 

P = 
M. 

U 
(A-46) 

(b)    Nozzle Throat Flow 

Conventional steady flow,   compressible gas,   nozzle flow 
equations are used to calculate the instantaneous mass flow rate through the 
nozzle throat.     The use of these equations together with the assumption of 
constant pressure throughout the chamber restricts the validity of these 
calculations to cases where the rate of change of pressure is  sufficiently 
slow that only a small change in pressure occurs during a single acoustic 
time period of the chamber or nozzle. 
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Figure A-9. Molecular Weight vs Stoichiometry 

R202 

8 9        1.0 

Figure A-10. Gamma vs Stoichiometry 
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The nozzle  is  sonic when 

p / \Y/(Y-1) 

PC -\v+1/ 
(A-47) 

Subsonic mass flow rate is calculated 

MT    "    *T     C y (Y-l) RTc 

\2/Y ,(V+1)/.Y 

(A-48) 

Sonic flow rate is calculated' 

Mr A^ P 
YWm/2, 0 k(Y+l)/(Y-l) 

T     C   V  RTc \Y+1 
(A-49) 

The  rates at which fuel- and oxidizer-derived mass leave the chamber are 

MF    =   MT   x   F 

M0   =    MT   x   (1 - F) 

(A-50) 

(A-51) 

(c)    Axial Gas Velocity 

The axial gas velocity is calculated at 100 equally spaced 
axial locations at each integrating time interval to give the gas velocities 
used in the droplet drag and evaporation rate calculations,   the wall burnoff 
calculations and the wall-film viscous flow calculations during the next 
time interval.     When velocities are required at intermediate locations, 
linear interpolation is used. 

The axial gas velocity at any axial location L may be 
obtained through the continuity equation,   a mass balance on the chamber 
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M 

volume upstream of location L,   and the assumption of uniform density 
throughout the chamber.     The axial velocity at L is 

V 
M 

L 
L p        AT gas      L 

(A-52) 

where Mj^ is the rate at which gas mass is flowing past the section at L 
and AL is the cross-sectional area at L.     The value for M^ is obtained from 
a mass balance on the chamber volume upstream of L. 

0 

M       =    Evaporation rate upstream of L - accumulation rate upstream of L 

M 
L 

VM. N. 

All droplet groups 
upstream of L 

U 
L 

VM. N. Z  l  1 

All droplet groups 
in chamber 

-   IvI T 

(A-53) 

where Mj^ and N^ are the mass evaporation rates per drop in the ith group 
and the number of droplets in the ith group.    UL is the chamber volume 
upstream of L,   and Mx is the mass flow rate through the nozzle.    JJQ is total 
chamber volume. 

(9)    Wall Calculations 

When a droplet group moves radially to the location of the 
combustion chamber wall,   its fuel or oxidizer mass is deleted from the 
droplet array and is added to the appropriate location in a 100-member 
array which represents the axial distribution of fuel or oxidizer deposited 
on the chamber wall.    The material on the wall experiences axial viscous 
flow under the influence of shear forces exerted by the chamber gas and 
is subjected to burnoff from heat transferred from the chamber gas.     When 
the chamber pressure falls below the vapor pressure of the fuel and 
oxidizer deposited on the wall,   they undergo Knudsen-Langmuir evapora- 
tion,  with heat simultaneously being transferred from the chamber wall. 
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is calculated. 

(a)    Viscous Flow Rate 

The viscous flow rate for each axial portion of the wall 

M. 
M.     f.   p V. 

i      i    gas     igas 
V. 

i gas 
(A-54) 

-irr a     .  p       D.AX^ 

o 

Where Mj^ is the mass flow rate at the ith segment of the 
chamber wall; M[ is the mass of deposited propellant on this segment of 
wall;   f is the Fanning friction factor,   a function of chamber Reynolds num- 
ber,   evaluated at the ith segment, [t. m] is the viscosity of the contaminant 
mixture on the ith segment of wall,   interpolated from a table of viscosity 
vs  stoichiometry; p mi is the density of the contaminant mixture; and AX is 
the length of the wall segment.    The Fanning friction factor is calculated 
(Reference A-54): 

ND <16.0        f.    =    1.0 
Re. i 

i 

16 <Nn < 2,000     f.    =    16.  N0 Re. i Re. 
i i 

1.0 
(A-55) 

2, 000   <N 
Re. 

f.    =   0. 06028 Nn i Re. 
•0.2113 

N 
R 

is the Reynolds number,   based on chamber diameter evaluated at the e. ' 
ith wall se gment, 

(b)    Wall Burnoff Rate 

The burnoff from each axial segment of the wall is calcu- 
lated from a heat transfer coefficient calculated from the Colburn Equation 
(Reference A-55) corrected for Counter-Current mass transfer: 

M. 
I-I. A.  C     AT 

i     i     e 
AH (A-56) 
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4 is the rate of burnoff of propellant from the ith wail segment.    H. and 
^ are the heat transfer coefficient evaluated for  the  conditions at i and the A 

chamber wall surface area of the ith segment. 
lated: 

The value for H- is calcu- 

i 
i 0. < N„    < 500, 000 H. = 2.23C p V. N',0, 66(D./L.) 

i P„a„    gas     T- "      '■'■ '      ' 

0. 33 
Re; 

500,000 < N Re: 

gas gas      l<.e. i      r 

0.2 H. = 0. 027 C p V. N^ 
1 pgas   gas     ^'gas     Rei 

(A-57) 

NR      is the Reynolds number based on chamber diameter evaluated at the ith 
i 

segment. 

The correction for simultaneous heat and mass transfer 
is calculated: 

AH 
m 

C        AT 
P, 

in      1.0 + 

m 

C        AT 
Pm (A-58) 
AIT m 

Where    AH      is the heat required to evaporate or pyrolyze unit mass of m. 
the propellant mixture,   C        is the specific heat of the vapor produced and 
AT is the difference between the chamber gas temperature and the surface 
temperature of the evaporating propellant. 

(10) Vacuum Evaporation Rate 

The evaporating wall film is treated as being locally thermally 
quasi-steady (Reference A-27) and the local vacuum evaporation rate from 
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each of the  100 axial segments of wall is  presumed to balance the local heat 
transfer rate from the chamber wall to the evaporating surface.    The expres- 
sion for Knudsen-Langmuir evaporation is: 

M 
P1 

A   .  E 
pi     p 

1/2 

(P (T   .) - \    vap p     si 

M w 

2TTR T (A-59) 
si, 

Where M .^ is the evaporation rate of constituent p from the ith axial seg- 
ment of the chamber wall,   A„^ is the exposed surface area of constituent p on 
the ith segment.     ED is the accommodation coefficient of constituent p. 
Pv. (Tsi) is the vapor pressure of constituent p at the local surface tem- 
perature Ts.     Pc is the chamber pressure.    MWp is the vapor molecular 
weight of constituent p,   and R is the gas constant.    The effects of the neu- 
tralization reaction removing fuel or oxidizer from the mixed layer with the 
consequent formation of hydrazinium nitrate,   and the vapor pressure reduc- 
tion from solution effects are not considered.    This expression is correct 
only when the fuel and oxidizer on the wall are unmixed.    The expression for 
heat transfer through the wall film is: 

M 
P1 

A   .  K    (T   . 
pi     p       wi 
 5. A IT 

T 
si 

(A-60) 

Where K    is thermal conductivity of constituent p,   Twi is the chamber wall 
temperature at segment i,   S; is the thickness of coating on segment i, 
A Hp is the latent heat of evaporation of constituent p. 

Equations (A-59) and (A-60) must be simultaneously solved to 
obtain the values of Mp^ and Tg^.    This is done by Newton iteration.    The 
solutions are obtained separately for the fuel and for oxidizer on each seg- 
ment,   as though they occupied separate patches of the total wall surface area, 
The exposed surface area of each propellant constituent is presumed to be 
proportional to its volume fraction on the particular segment. 
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(11) Thrust Calculation 

The vacuum thi-usl is calculated as the sum of the momentum 
rate of the ejected droplets and the theoretical vacuum thrust of the gas: 

=   P    A   C„+ ~S V. M. c     t     r     At  /,    1      1 (A-61) 

droplets ejected 

When the chamber contents are ignited,   the Cp is interpolated from a table 
of Cp vs stoichiometry of the chamber gas.     When the chamber products are 
not ignited,   Cp is calculated for the mixture of unburned vapors.    In calcu- 
lating the Cp for the vapors,   first the ratio of exit pressure to throat pres- 
sure must be obtained from the exit area ratio: 

i-m V-l ■p 

V- 

(A-62) 

This is solved for the time-varying y using a Newton iteration.    After the 
pressure ratio is obtained,   the thrust coefficient is obtained: 

2\ 
V-l W+ i 

v+ i 
Y- 1 

Y-l 

(A-63) 

d.      Contaminant Production in the Combustion Chamber 

(1)    Definition of Contaminant Production 

In the present context a contaminant is any material ejected 
from the rocket engine which can degrade any part of the vehicle surface. 
Abrasive,   corrosive or otherwise physically damaging materials or persis- 
tent materials which cause significant optical changes to impinged surfaces 
are all included in the class of contaminants.     The theoretical equilibrium 
combustion products,   such as gaseous CO2,   H^O,   N^,   etc.   are not normally 
regarded as contaminants,   although condensed phases are potential contami- 
nants.    The most undesirable materials are raw unreacted fuel or oxidizer, 
or the mixtures of cold-reaction  intermediate   products    containing hydra- 
zinum nitrates,   water,   fuel,   polymeric materials,   etc.    The latter mate- 
rials can be produced whenever local conditions are inadequate to initiate or 
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carry the combustion reactions to completion.    For transport limited 
processes,   such as droplet evaporation,   incompJete combustion arises from 
excessive drop sizes,   inadequate chamber dimensions,   low pressure or low 
temperature (which,  in turn can result from incorrect stoichiometry or lack 
of ignition).    For chemical rate limited processes,   such as in a film of well- 
mixed fuel and oxidizer on the wall,   incomplete combustion arises from 
chilling by the wall or from the vacuum evaporation of excess reactants or by 
quenching in a large excess of one or the other of the reactants. 

(2) Application of the TCC Computer Program to the Prediction of 
Contaminant Production 

The transient combustion chamber program can predict the 
amounts and characteristics (film stoichiometry,   droplet size,   droplet 
velocity) of contaminant produced during an engine firing by mathematically 
modelling the injection rates,   combustion and trajectory of droplets and the 
rates of accretion,   evaporation,   and axial flow of propellant deposited on the 
chamber wall.    These processes depend in very complex ways upon the 
details of chamber geometry,   injector geometry,   tank pressures,  valve tim- 
ing,   propellant properties,   etc. 

The contaminant production from a single pulse of a clean 
engine may be calculated by inputting the necessary data and performing the 
system calculations for the single pulse.    The contamination from one pulse 
in a series of successive firings,   however,  will depend upon the accumula- 
tion of material on the walls from previous firings,   the extent of injector 
dribbling between firings,   the vacuum evaporation of material from the walls 
between firings,   and the cumulative heating or cooling of chamber and 
injector over the series of firings.    Thus it may be necessary to model an 
entire duty cycle to obtain representative values for contaminant production. 
Such calculations may be of value in assisting in the design,   development, 
or modification of an engine,   in optimizing the engine size and duty cycle 
for a particular vehicle mission,   in modifying the duty cycle of an existing 
vehicle,   or in choosing between alternate engine choices for a particular 
vehicle,   where contamination is an important consideration, 

(3) Assumptions,   Limitations and Validity 

The production of contaminants can be in any of several modes 
even for a single firing of a particular engine.    If fuel injection commences 
before oxidizer injection,   and if the trajectory of the streams or droplets 
takes them directly through the engine throat,  very few simplifying  assump- 
tions or approximations are involved.    If the same fuel impinges on the 
chamber wall and later is dragged downstream by shear forces developed by 
the relative velocity of the hot combustion chamber gases,   the fluid flow and 
heat transfer processes are so complex as to defy analysis without the most 
drastic simplification.    In our analysis the liquid flow on the wall is essen- 
tially quasi-steady,   one-dimensional,   and viscous.    Instabilities leading to 
ripple formation or secondary atomization of wave crests are ignored and 
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the effects of such instabilities upon heat transfer and drag are ignored.    The 
gas shear stress  correlations are for fully developed  pipe flow,   and ignore 
the boundary layer growth process in the short combustion chamber.    The 
evolution of gas from the liquid surface by evaporation or pyrolysis is con- 
sidered in the heat transfer calculation,   but ignored in the shear stress cal- 
culation.    The shear stress produced from stagnation of the axial momentum 
of the impinging propellant droplets is ignored.    It is obvious that experimen- 
tal examination of the wall-film flow process is necessary if reliable approx- 
imations to this  process are required.     On the other hand,   the axial mass 
flow rate down the wall increases rapidly with the film thickness,   so the pro- 
cess is strongly self-regulating,   with increased deposition rates leading to 
increased axial flow rates;  hence,   after a certain period of accumulation,   the 
axial flow rates  should be nearly correct even though the value calculated for 
the mass held on the wall is in error. 

The values for the physical properties of wall-film material 
containing both fuel and oxidizer have a high order of uncertainty.     Combus- 
tion intermediate mixtures from motors using NTO-MiVlH propellant have 
been observed by eye and described as honey-like.    This would imply a vis- 
cosity in the range of 1,000 to 100,000 centipoise; however,   the temperature 
and gross  composition (i. e. ,   mass fraction of fuel in the mixture) were not 
reported,   so the uncertainty in the value to use for viscosity must be at least 
a factor of 100.     The viscosity of mixtures of this sort would be expected to 
vary strongly with temperature and with dilution by fuel,   but no measure- 
ments have yet been made.    The axial mass flow rate of wall-film material 
is,   unfortunately,   inversely proportional to viscosity.    The viscosity func- 
tion used for our calculation is a linear interpretation with composition, from 
the viscosities of pure fuel and oxidizer to a value of 10 centipoise at the 
composition of pure monomethyl hydrazinium nitrate.    The low value used 
comes from the assumption that freshly produced MMH nitrate will still 
retain most of its heat of neutralization,   which will heat it about 240° C above 
the reactant temperature. 

The vacuum evaporation rates of NTO,   MMH and monomethyl 
hydrazinium nitrate should be proportional to the accommodation coefficients 
of these materials; however  none of these has even been measured.    Accom- 
modation coefficients for nonassociated materials such as hydrocarbons or 
perhalocarbons are approximately  1.0;  however,   materials which undergo 
dissociation or bonding changes during evaporation generally have values far 
less than  1.0.    The accommodation coefficient for water,   which is hydrogen 
bonded in the liquid phase,   has been reported as low as 0.02,   and the accom- 
modation coefficient for ammonium chloride which dissociates upon evapora- 
tion has been reported as low as 4 x  lO""^.    Liquid monomethyl   hydrazinc is 
certainly hydrogen bonded.    Liquid NTO exists largely as the dimer IsLO., 
which dissociates to the monomer NO,? under evaporation.     Monomethyl 
hydrazinium nitrate probabl/ dissociates into nitric acid and monomethyl 
hydrazine upon evaporation.    Hence the values for the accommodation 
coefficients might be expected to differ from unity by a factor of 50 to 5000; 
however,   the values are not known,   and a value of 1.0 is used in our cal- 
culations.    Because of the absence of experimental values for the physical 
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properties,   there has been no attempt to treat the vacuum evaporation from 
the wall in a sophisticated manner; instead,   the fuel and oxidizer are treated 
as though they were immiscible phases.    The     -.posed area of each phase on 
a particular segment of chamber wall is taken LO be proportional to the 
volume fraction of the material on that segment of wall.    Vacuum evaporation 
rates are then calculated based upon the exposed area of each phase and the 
estimated physical properties of the pure material.    When properties of the 
materials are well known enough to warrant,   it will be feasible to calculate 
reaction stoichiometry in the film,   vapor pressure depression from dilution, 
and a heat balance considering the neutralization reaction,   dilution,   evapora- 
tion of excess  reactants,   and heat transfer to the wall or from the gas. 

The injector hole diameters of the Marquardt R-6C engine are 
0.0158 inch for the fuel and 0,0186 inch for the oxidizer.    These are much 
smaller than have been employed in experimental investigations of primary 
atomization.    In order to force agreement between calculated and experi- 
mental combustion efficiencies and steady-state chamber pressures,   the 
computational initial mean droplet sizes were arbitrarily reduced by a factor 
of two from the value obtained using equation A-12.    This probably indicates 
the inadequacy of the present mean drop size correlation and drop size dis- 
tribution to describe the droplet sizes produced by the impingement of unlike 
hypergolic streams from very small orifices. 

In the absence of any reliable data for breakup distances of fans 
produced by small streams of unlike materials,   the fan lengths were arbi- 
trarily set to zero for the calculations for the Marquardt R-6C engine.    If the 
chugging frequencies and amplitudes had been known for this engine,   the 
correct values for fan breakup distance could have been deduced from, these 
values. 

In the absence of any experimental data on the behavior of drop- 
lets or streams impinging on the chamber wall,   it was assumed that half the 
impinging droplets stuck to the chamber wall and half rebounded back into the 
chamber.     It was assumed that the bouncing drops rebounded from the wall 
with  100 percent of their speed of approach. 

At present,   the inadequate knowledge of propellant and cold- 
reaction-product physical properties must rank in importance with uncer- 
tainty of primary atomization droplet size,   stream or fan breakup distance, 
and the unknown behavior of droplets and streams impacting on the wall,   as 
the major unknowns limiting the confidence in the calculated predictions.    It 
should be obvious that the above values are important to the calculations, 
and that some experimental work would be desirable to eliminate the neces- 
sity for guess-work in these values, 

c.      Contaminant Production Parametric Study 

(1)     Reasons for Parametric Study 

The original reason for doing the parametric study was to 
develop a simplified mathematical correlation to characterize the behavior 

194 

j^^^_^   ■ ■■  ^ ■„;.,.,., , „,- ,,^i4r.lU-ah^i^<nift^tf*^^ .irlamuum ■inii'ilTlJ 



of a rocket engine in terms of its  response to variation of its most important 
variables,   including hardware dimensions,   operating conditions and duty 
cycle.     Preim (Reference A-9) has  correlated droplet combustion efficiency 
as a function of engine parameters for steady operation,   and it was hoped 
that pulse-mode operation could be correlated in a similar manner.    Such a 
mathematical correlation would be desirable in that it would eliminate the 
need for further computer calculations and would permit easy multivariate 
optimizations.    A second reason for the parametric study was to publish 
theoretical predictions for engine behavior in the hope that this might encour- 
age corresponding experimental tests,   which could serve to verify the calcul- 
ations or point out errors in the method.    A third obvious reason for the study 
was to further our general understanding of the processes by identifying the 
most important variables,   by establishing the general shapes of the functional 
relationships,   by obtaining a more detailed understanding of the sequence of 
events which take place during transients,   and by pointing up where necessary 
input values or correlations are inadequate or missing entirely. 

It soon became obvious that no simple,   general mathematical 
correlation of our calculations would be possible,   because of the complex 
time-dependent character of the solutions.    If each pulse of given duration in 
an extended duty cycle were identical to every other similar pulse,   then 
simple correlations would be possible;  however  the accumulation of wall-film 
mass takes  place on a time-scale which can extend over a considerable num- 
ber of short pulses,   making the average rate of wall-film efflux different for 
each otherwise-identical pulse in the series.    The injector temperature and 
chamber wall temperature also show variations which can extend over a con- 
siderable number of pulses.    The postcutoff and preignition behavior turned 
out to be more complex than had been supposed,   with important changes in 
behavior occurring at threshold values of the variables,   as the following 
example will illustrate. 

According to our calculations,   the fuel and oxidizer passages of 
the 5-püund thrust Marquardt engine will dribble sequentially after propellant 
cutoff,   for a 300oK injector temperature.    This is because the chamber pres- 
sure generated by the flash-vaporization of the dribbling oxidizer stream is 
higher than the vapor pressure of the fuel in the injector.    Thus the fuel does 
not begin to dribble until the oxidizer has dribbled to exhaustion.    When the 
dribbling is  sequential,   our calculations show that there are one or two brief 
periods of reignition during the oxidizer dribble period,   which consume any 
fuel in the chamber available for combustion,   and are followed by 
ex tin gui s hm ent. 

When the fuel injector temperature is higher,   however,   the 
higher fuel vapor pressure can result in simultaneous dribbling of the oxi- 
dizer and fuel.    This leads to reignition with enough of each propellant pre- 
sent to produce a rise in chamber pressure to a value above the vapor 
pressure of one or both propellants,   which in turn cuts off the dribbling flow, 
which leads to a decay in chamber pressure.    The decay in chamber pres- 
sure leads to the reestablishment of dribbling flow of the propellants and 
another rise in chamber pressure.     This vapor-pressure driven chugging 
cycle can continue until one of the dribble volumes is drained. 
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The injector temperature follows a slow temperature rise 
extending over a series of pulses; hence,   the early pulses in the series will 
show smooth cutoffs with little postcutoff impulse.    When the injector tem- 
perature gets high enough,   the subsequent pulses will show chugging cutoffs 
with greater postcutoff impulse,   better combustion of the propellant in the 
dribble volumes,   different amounts and axial distributions of the dribbled 
propellant deposited on the chamber wall,   and a higher degree of voiding of 
the dribble volumes before the initiation of the next pulse. 

This is a good example of the complex threshold-sensitive 
behavior which makes a simple mathematical correlation of the calculations 
impractical. 

(2) Scope of the Parametric Study 

, The parametric study was based on the dimensions and operat- 
ing values of the Marquardt 5-pound thrust R-6C rocket engine using NTO 
and MMH as propellants.    The variables were chamber length,   chamber dia- 
meter,   throat area,   leads and lags in opening and closing the propellant 
valves,   fuel and oxidizer tank pressure,   bulk propellant temperature,   cham- 
ber wall temperature,   and pulse length.    Several arbitrary assumptions were 
made for the initial condition of the dribble volumes.    Calculations were 
made with both dribble volumes initially full,   both initially empty,   and with 
the fuel volume full but the oxidizer volume empty.    The temperatures of the 
dribble volume contents were normally set equal to the propellant tank tem- 
perature; but for one series,   they were set to a much higher temperature. 

The postfiring and prefiring dribbling of the injector and the 
between pulse evaporation from the chamber walls were not calculated in 
this  parametric study,   because these portions of the program were not 
completely checked out at the time the parametric series was performed.    A 
further reason for not including these phenomena in the parametric study is 
the great expense of calculating the extended pulse trains necessary to cate- 
gorize the dribble,   wall accumulation,   and wall evaporation behavior,   and 
the almost endless number of possible variations to a duty cycle.    The cal- 
culations of the present parametric study are all terminated very shortly 
after engine cutoff (three milliseconds after the last valve closed),   and do 
not include any postfiring dribble effects. 

(3) Results 

The TCC computer program parametric study yielded a sub- 
stantial amount of information about the motor selected as a basis for the 
investigation. 

The basis for this part of the study is a 5-pound-thrust rocket 
engine using NTO and MMH as propellants.    This engine was developed by 
Marquardt and presently is being used by NASA-Lewis for contamination 
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studies.    The engine has  a chamber 0.-! inches in diameter by 1.07 inches 
long;   i. e. ,   a volume of 1/S cubic inch.    It is operated with fuel and oxidizer 
tank pressures of 180 and  165 psia,   respactively,   producing a chamber pres- 
sure of approximately  100 psia.    The engine can be operated from pulses of 
a few milliseconds to durations of many seconds.    A 50 millisecond pulse 
was  selected as the base for the investigation.    The following sections con- 
tain the results of the parametric study in the form of graphs and tables,   as 
well as discussion of these results. 

(a)    The Effects of Geometry 

Throat area,   chamber diameter,   and chamber length were 
investigated with the TCC program.    The importance of these variables will 
vary greatly with motor size.     With very small thrusters of the type used as 
a basis for these calculations,   the duration that droplets remain in the com- 
bustion chamber is a critical parameter.    This droplet residence time is an 
inverse function of droplet velocity,   a direct function of chamber length and 
droplet trajectory,   as well as a more complex function of the result of pro- 
pellant hitting the inner surface of the chamber.    Droplet velocities are 
dependent upon the mementum of the injected streams of propellant and the 
drag forces of the chamber gases upon individual droplets.    Therefore,   any 
change in geometry which causes a change in gas velocity within the chamber, 
causes a change in the fraction of droplets hitting the wall,   or a change in 
the distance traveled by the average droplet before leaving the chamber and 
thus will affect the amount of contamination produced by the motor.    For the 
thrustor being investigated,   the following results were observed. 

Variation in Throat Area 

When the throat size   is changed with no other changes 
made to the system,   several system variables are affected.     Chamber pres- 
sure and propellant flow rates are two of the major variables that change.    In 
investigating the effect of throat area,   two runs were made with one 
50-percent larger and one 50-percent smaller than the base case.    The his- 
tory of the cumulative propellant ejected is shown in Figure A-ll.    The 
results are somewhat deceptive in that direct comparisons between the cases 
must consider the difference in the amount of propellant injected.    For the 
large throat,   19 percent of the injected propellant is  ejected unburned,   com- 
pared with 18   percent in the base case,   and 15 percent for the small throat 
(Table A-III).    Therefore,   the greater amount of propellant ejected from the 
motor with the larger throat is almost entirely due to the greater amount of 
propellant injected into the chamber.    Two factors contribute to the remain- 
ing differences between throat sizes when compared for the same amount 
injected.    First,  when the throat is enlarged,   the velocity of gas in the cham- 
ber is increased significantly.    This,   in turn,   increases the velocity of the 
droplets traveling toward the throat.    Second,   when the throat area is larger, 
there is a greater area through which droplets may escape.    Third,   the 
momentum of the stream of propellant into the lower pressure chamber is 
greater,   and the droplets have a greater resultant velocity after impingement 
of the propellant streams. 
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Figure A-11. The Effect of Throat Area on Material Ejected from the Motor 
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Table A-III.    DISPOSITIOM OF PROPELLANT INJECTED INTO CHAMBER 

Variation from Base Case 
Fraction Ejected 

Unburned 
Fraction Remaining 

in Motor at 6U ms 

3 

J 

None 0, 182 
Larger throat (1. 5x) 0, 191 
Smaller Throat (0. 5x) 0. 152 
Longer chamber (2x) 0.081 
Larger chamber 0. 168 
(3.6x) 

Smaller chamber 0. 187 
(0, 75x) 

Fuel Valve 

Lag in opening  (4ms) 0. 184 

Lag in opening (9ms) 0.217 

Lag in closing (4ms) 0. 181 

Oxidizer Valve 

Lag in opening (4ms) 0. 180 

Lag in opening (9ms) 0. 181 

Lag in closing (4ms) 0. 181 

Tank Pressure 

Higher fuel (+35 psi) 0. 191 

Lower fuel (-35 psi) 0. 148 

Higher oxidizer 0. 158 
(+30 psi) 

Lower oxidizer 0. 197 
(-30 psi) 

Bulk Propellant Temperature 

Higher (+200K) 0. 15 1 

Lower (-20oK) 0. 191 

Chamber Wall 

Hotter than decom- 0. 187 
position Temperature 

Pulse Length 

20 ms (0. 4x) 0, 177 

100 ms  (2x) 0. 184 

0. 0 
0. 0 
0. 0 
0. 0 
0. u 

0. 0 

0, 0 

0, 009 

0. 044 

0, 004 

0. 023 

0, 050 

0. 0 

0. 001 

0. 002 

0. 001 

0. 0 

0. 0 

0. 0 

0, 001 

0. 0 
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Variation in Chamber Length 

A change in chamber length directly affects the droplet 
residence time,   both in the distance droplets have to travel to leave the 
chamber,   and in the amount of the spray that hits the wall.    One run was 
made with a chamber twice as long as with the base case (Figure A-12). 
Only 8 percent of the propellant was ejected unburned,   which is the lowest 
amount of any of the situations investigated.    Less than 1  percent of the 
total propellant flow is retained by the chamber wall in either case,   with all 
of the deposition occurring in the first 8 milliseconds of the start transient. 
Slightly less was  retained with the longer chamber. 

Variation in Chamber Diameter 

A change in chamber inside diameter affects gas velocity 
in the chamber,   and the x-'esultant Reynolds Numbers and heat transfer 
coefficients along the surface.    The change in gas velocity will influence 
droplet velocity and the resultant droplet residence time.    Two runs were 
made in which chamber diameter was varied,   using values of 0. 3 and 
0.76 inches compared with 0.4 inches for the base case.    Figure A-I3 shows 
that contamination is relatively insensitive to variations in chamber dia- 
meter.    An increase of 75 percent in gas velocity in the chamber causes an 
additional 3  percent of the injected propellant to be ejected unburned.    These 
runs are computed for the conditions of a first pulse.    In Figure A-14,   the 
disposition of material on the chamber wall is shown as a function of chamber 
diameter.    Of particular interest,   this figure shows that the time at which the 
wall is  clear of propellant is a strong function of chamber diameter,   with the 
wall clear of propellant at Z6 milliseconds with the small diameter chamber, 
and 60 milliseconds with the large diameter chamber.    Furthermore,   the 
amount of film expelled is considerably less with the smaller chamber indi- 
cating that propellant on the wail is being removed as it flows towards the 
throat. 

(b) Chamber Wall Temperature 

One effect of chamber wall temperature on material ejected 
from the motor is shown in Figure A-15.    This figure shows the variation 
anticipated from the motor when surface temperature of the chamber walls is 
greater than decomposition temperature of the propellant.    For this condition, 
the program assumes that all droplets hitting the walls of the chamber bounce 
unbroken and unvaporized back into the chamber.    The difference between the 
material ejected for hot wall and cold wall (base case) is not appreciable with 
this  small motor because very small amounts of propellant hit the wall in 
relation to the amounts of propellant injected at base case conditions. 

(c) The Effect of Valve Operation 

Valve operation was examined in more detail than any other 
variable with 4  runs made with variations in opening the valves,   and two 
runs made to investigate variations in closing the valves.    When one propel- 
lant,   but not the other,   is flowing through the injector; the stream of 
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Figure A-13. The Effect of Chamber Diameter on Material Ejected from Motor 
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propellant impinges directly upon the wail.    A fraction of this propellant 
remains on the surface,   with the remainder rebounding.    One of the weak- 
nesses of the present model is in the detailed description of the disposition 
of propellant hitting the chamber wall,   but the results  should be quali- 
tatively correct. 

With one valve is opened in advance of the other,   liquid 
propellant is ejected from the motor at a rate corresponding to the rate into 
the chamber less the amount that flash vaporizes or sticks to the chamber 
walls (Figure A-16).    At ignition,   the amount of droplets expelled from the 
motor changes (approximately) to the amount of propellant unburned during 
the combustion process (Figure A-17).    The rate of expulsion of droplets 
after ignition is approximately the same for all cases;  therefore,   the con- 
tamination before ignition is of prime importance.     Figure A-18 shows the 
amount of contamination before ignition.    The best case is obviously a 
simultaneous operation of the valves.    A fuel lead produces a lower mass 
of contaminant; than the corresponding oxidizer lead because of the lower 
injection rate.    In Figure A-19,   the percentage of droplets in the exhaust is 
shown for different valve operating conditions.    This figure shows that, 
before ignition,   a substantial amount of the propellant vaporizes in the cham- 
ber;  and after ignition,   approximately  18 percent of the propellant is ejected 
unburned. 

The disposition of material on the chamber wall is shown 
in Figure A-20.    With a lead in opening either valve,   a substantial quantity 
of propellant is deposited on the walls of the chamber.     Even with the rela- 
tively long (9 millisecond) lead,   the chamber walls are nearly clear by the 
end of the pulse,   but significant amounts of the propellant sprayed on the 
wall is  reinoved by flowing out the nozzle.    (With the 9 millisecond oxidizer 
lead,   nearly 50 percent of the propellant on the wall at the end of the ignition 
period is ejected through the nozzle. ) 

The effect of valve closing sequence is shown in 
Figure A-21.    The amount of contaminant produced is identical until the first 
valve is closed,   and then an additional amount of propellant is ejected accord- 
ing to the injection rate and lag time. 

(d)    The Effect of Tank Pressure 

A variation in either fuel or oxidizer tank pressure causes 
a shift in the relative injection rates.    This affects, the system in two major 
ways.     First,   the change in the momentum of one of the injected propellant 
streams occurs,   causing a shift in the beta angle.    A change in tank pressure 
can,   therefore,   cause a  significant change in the fraction of propellant hitting 
the chamber walls.    The  second major change is in the oxidizer-fuel ratio 
and the resultant chamber temperature.    Four runs were made in which tank 
pressure was varied. 
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Figure A-19. The Effect of Valve Opening on Exhaust Composition 
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Figure A-20. Disposition of Material on Chamber Wall as a Function of Valve Operation 
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Figure A-Z2. shows the effect of fuel tank pressure.    The 
expulsion mechanism changes at low fuel tank pressure where a substantial 
fraction of the material ejected from the noxzle is material that flows along 
the chamber walls to the throat.    This is shown more clearly in Figure A-23. 
In the low pressure case,   the propellant on the walls of the chamber builds 
up to an equilibrium value after 30 milliseconds.    In both the overpressur- 
ized and under pressurized case,   propellant is  sprayed on the chamber walls 
at the end of the pulse. 

Figure A-24 shows the effect of oxidizer tank pressure on 
material ejected from the motor.     Either a higher or lower pressure causes 
a smaller amount of propellant to be ejected from the motor,   but the reason 
differs.     With the smaller tank pressure,   less propellant is injected into the 
chamber,   and although a higher fraction of the injected propellant is ejected 
unburned,   (Table A-III),   the absolute amount decreases.    With higher oxi- 
dizer tank pressure,   more propellant is injected into the chamber but, 
(1) combustion is improved and (2) less fuel is injected.    These two factors 
apparently produce the observed result.    Inside the motor,   material is 
deposited upon the chamber walls at a greater rate with the higher or lower 
tank pressure as compared to the base case.     Figure A-25 shows that pro- 
pellant is sprayed on the wall at the beginning and end of a pulse for both the 
higher and lower oxidizer tank pressure.    The propellant on the chamber 
wall appears to approach an equilibrium thickness after a period of several 
milliseconds,   with propellant spraying on the wall at the same rate as mate- 
rial burns off and dribbles out the throat. 

The oxidizer-fuel ratio is a strong function of tank pres- 
sure.    Table A-IV shows O/F ratio for the various tank pressure conditions. 
This table also illustrates the variation between the O/F ratio based on 
injected propellant and one based on propellant vaporized in the chamber. 

Table A-IV.     THE EFFECT OF TANK PRESSURE 
ON CHAMBER CONDITIONS 

Mixture Ratio Mixture Ratio 
Fuel          Oxidizer     Maximum   Equilibrium         Based on Based on 
Tank            Tank         Chamber       Chamber             Injected Vaporized 

Pressure    Pressure    Pressure       Pressure           Propellant Propellant 

2. 10 3.02 

1.59 2.45 

1.30 2.00 

1.23 1.88 

1.96 2.87 

145 165 148 96 

180 165 134 103 

215 165 139 107 

180 135 123 94 

180 195 160 111 
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An 0/F ratio determined experimentally is based on injected propellant 
rates,   but the O/F ratio based on the amount of propellant vaporized in the 
chamber is the value of importance in performance calculations.    The vari- 
ation between the two bases is quite substantial in this motor.    For the base 
case,   the experimental O/F ratio is  1.6,   but the O/F ratio of the vapor in 
the chamber is 2. 45,   almost exactly the theoretical O/F ratio for maximum 
ISP.     Peak pressures are also indicated in Table A-IV.    Higher oxidizer 
tank pressure   in relation to fuel tank pressure produces a higher spike at 
ignition.    Tables A-III and A-IV show that the same conditions that produce 
a higher peak pressure,   cause a smaller fraction of injected propellant to 
be ejected unburned. 

(e) The Effect of Propellant Temperature 

The propellant temperature effects the steady 
operation of the engine by changing the propellant density,   viscosity,   and 
surface tension,   which are all important in determining impinging-stream 
atomization droplet size.     Propellant temperature also strongly affects the 
pre-ignition conditions in the chamber.     The flashing-atomization threshold 
of the injected streams,   the amount flashed when stream flashing docs occur, 
and the combustion chamber vapor temperature and pressure are strongly 
sensitive to propellant temperature.     The most important effects illustrated 
in Figure A-26 are those of impinging stream droplet size.     A 20° C increase 
in propellant temperature decreases ejected droplet mass by 2 1 percent, 
while a 20° C decrease in propellant temperature increases the ejected 
droplet mass by 7 percent compared to the base case.     The masses of wall 
film expelled are decreased 33 percent or increased 40 percent,   respec- 
tively,   by the same changes.     Although postfiring dribble calculations are 
not shown here,   propellant temperature is quite important in determining 
dribble rates through the effect on vapor pressure, 

(f) The Effect of Pulsing 

From the single pulse runs made in this study,   some 
information concerning multiple pulses have   been obtained.     Major differ- 
ences of a second pulse following the first include (1) propellant left on the 
chamber wall from the first pulse,   and (2) the condition of dribble volumes. 
The dribble volumes can drain during the time between pulses so that the 
second pulse can start with (1) both dribble volumes full of propellant for 
very short down times,   (2) the fuel dribble volume full and the oxidizer 
dribble volume empty for some longer down time,   or (3) both dribble volumes 
empty at some still longer down time.     Furthermore,   the engine hardware 
may he hot and the propellant in the dribble volumes for the second pulse can 
be at a temperature sulsstantially greater than bulk propellant temperature. 
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Figure A-26. The Effect of Bulk Fuel Temperature on Material Ejected from Motor 
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(g)    The Effect of Dribble Volume 

The effect of propellant in the dribble volume is 
illustrated in Figure A-27.    When both dribble volumes are full,   propellant 
enters the chamber immediately after the valves open and ignition occurs in 
less than one millisecond,  compared with ignition times of 4.4 and 4.6 milli- 
seconds in the other cases.    Comparison of contamination (droplets ejected) 
should be made as a function of time after ignition rather than on the 
absolute time scale used in Figure A-27.    On this basis,   both dribble 
volumes full or both empty produce lower contamination than fuel full and 
oxidizer empty.     The differences,   however,   are not substantial for this 
particular engine,   because of its very small dribble volumes.     In Fig- 
ure A-28,   the effect of heating the propellant in the  dribble volumes has 
been illustrated.    Although previous work has found this parameter to be 
important in motors with substantial dribble volumes,   very little effect is 
found for this engine design. 

The amount of material left on the chamber wall at the 
end of a pulse is a function of many variables,   and  this condition is discussed 
at other locations in this section.    Generally,  the propellant sprayed  on the 
wall during the start transient burns off within 40 milliseconds with this 
motor.    Variations from this norm occur when tank pressures are varied 
from normal (Figures A-23 and A-2 5 or geometry is changed (Figure A-14). 
Furthermore,   a lag in closing either oxidizer or fuel valve leaves propellant 
on the chamber wall at the end of the pulse (Figure A-20).     If the heat trans- 
fer to the chamber wall is sufficient to heat the surface to temperature 
greater than decomposition temperatures of the propellant,   the surface 
remains clear of propellant (Figure A-15). 

(4)     Conclusions 

The conclusions are drawn from the  results discussed in the 
last section which are btised on a relatively small engine.     Careful inter- 
pretation of the  results has been emphasized in the discussion of the results 
presented  in Subsection A. 2e(3).     The following conclusions are noted; 

1.      Geometry —Contamination resulting from propellant ejected 
unburned from an engine is affected by chamber geometry. 
This is particularly true for chamber length where an increase 
significantly reduces the amount of propellant ejected unburned. 
This is attributed to the longer residence time   of droplets 
in the chamber.     An increase in chamber diameter causes 
some reduction in propellant ejected due to lower gas velocities 
in the chamber,   but the velocity of droplets large enough to 
be ejected is apparently a stronger function of initial momentum 
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than gas drag,    A reduction in throat area results in less propellant 
being ejected unburned from the motor,   but not significantly less, 
and in view of the other changes on the system,   a variation of this 
parameter for contamination control is unlikely. 

2. Valve Operations—To expel a minimum mass of droplets during 
delivery of a specified total impulse,   both valves should operate as 
nearly simultaneously as possible.     Less droplet mass is expelled 
when valves open with a fuel lead than with an oxidizer lead of the 
same duration,   mainly due to the lower injection rate.    With an 
oxidizer lead,   significant amounts of the propellant flow out of the 
nozzle.    With a fuel lead less flows out the nozzle and more burns 
off the chamber wall.    The effect of a non-simultaneous valve clos- 
ing is to leave substantial amounts of propellant on the wall at the 
end of the pulse,   as well as ejecting propellant as long as the valve 
is open, 

3. Tank Pressure—A variation in either oxidizer or fuel pressure 
from the norm causes an increased amount of propellant to be 
sprayed on the chamber walls.    If the shift in beta angle is 
sufficiently great,   propellant is sprayed on the chamber walls 
throughout the pulse and the amount on the wall establishes an 
equilibrium value where the amount of propellant sprayed on the 
wall equals the amount vaporizing or burning off plus the amount 
flowing out the nozzle.    Tank pressure variation also causes a shift 
in oxidizer-fuel ratio and the resultant temperature of the gas in the 
chamber which affects the vaporization rate of the propellant.    The 
maximum or peak pressure at ignition is also a function of tank 
pressure.     Propellant is sprayed on the wall at the end of the pulse 
when tank pressure is varied from the norm. 

4. Pulsing —Major differences between the start of a second pulse and 
the start of the first pulse are (1) propellant may be left on the 
chamber walls from the first pulse,   and (2) the dribble volumes 
may be full or partially full of propellant.    Furthermore,   the 
propellant left in the dribble volumes may absorb some of the heat 
from the system between pulses.     For the conditions investigated, 
for this engine,  very little effect was observed for the variation of 
initial conditions of the dribble volumes. 

A. 3   NUMERICAL INTEGRATION METHOD 

The numerical solution of sets of differential equations can be accom- 
plished using a number of different techniques. The simplest technique is 
Euler's method.    In this method,  the next value for each dependent variable 
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is obtained by linear extrapolation of the present value using the first deriva- 
tive calculated at the present value.     For a time-dependent function: 

v( L+Al)   =    V(t) +-^       At (A-64) 
{\) 

where V may be any variable value defined by a differential equation. 

Other methods of numerical integration are available in which higher 
order derivatives are calculated and used: 

V^ + At)   '   vm + ^7 At + I ^7^  + '  '  *   ^T—Atn (A-65) (t + At) (t)       dt 2    ,2 n!   .n v ' 

The use of higher order derivatives often allows larger values for At to 
be used without introducing excessive error or instability,    A penalty must 
be paid for the use of the higher order derivatives.    In the present calcula- 
tions,   any higher order derivatives would have to be estimated numerically 
by taking differences between previous values for the variables.    Since 
15, 000 computer storage locations are required to contain the current values 
for the droplet array,   the requirement that previous values be kept also 
would drastically increase the already large computer storage requirement. 
A further argument against the use of a higher-order integrating scheme is 
that many of the physical processes which are modeled do not have contin- 
uous derivatives.    The feed system flow rates vary discontinuously when the I 
dribble volumes fill up.    The chamber gas properties and droplet burning                                     I 
rates vary dis continuously when the chamber contents ignite.    The propellant 
primary atomization droplet size varies dis continuously when a decrease in 
chamber pressure or an increase in Weber number causes flashing to com- 
mence.    When even the first derivative is not continuous,   it is pointless to 
think of approximating higher order derivatives. 

One way that the Euler method can be improved in the solution of certain 
physical problems is by limiting variables to their physically defined asym- 
totic values.    The time interval chosen for the calculations is based mostly 
upon the response time of the chamber pressure.    If a fuel droplet is injected 
which is so small that it would burn up completely in less than one computing 
time interval,   then Equation A-64 would predict that it would burn to a 
negative diameter in one time interval and contribute more than one hundred 
percent of its mass to the gas phase.    Obviously a real burning droplet has 
an asymtotic value of zero for its diameter and mass.    Hence it is appro- 
priate to limit the derivative to a value which will just consume the droplet 
completely in one computational time interval.    Doing this will obviously 
assign an incorrect value to the droplet burning rate,   but will yield a value 
for chamber pressure at the end of the interval which is correct.    Several 
other derivatives are limited to known asymtotic values.    Droplets being 
accelerated by aerodynamic drag forces will not exceed the local velocity of 
the gas which is accelerating them,   feed system flow rates will not acceler- 
ate past the steady-state flow rate corresponding to the current pressure 
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drop.    The instructions for limiting the value of the derivatives are all 
written so as to properly consider flow rates and velocities approaching 
from either side of the asymtotic value.    It should be emphasized that this 
derivative-limiting procedure is to stabilize the calculations for exceptional 
conditions,   and that most of the calculations are made according to 
Equation A-64. 

a.      Computational Methods for Droplet Arrays 

The methods used for the calculation of droplet combustion and 
trajectories differ according to the generality or restriction of the particular 
case.     Three methods will be described to illustrate the similarities and 
differences.    The first two methods illustrate the historical development of 
droplet analysis of rocket engine combustion chambers, 

(1)    Steady-State Chamber with Monodisperse Droplets 

The simplest case is that of axially directed monodisperse 
droplets in a steady chamber.    All of the droplets injected as a group at any 
particular time will behave alike,   and the droplet group injected at any par- 
ticular time will behave the same as any other group introduced at any other 
time.    Thus,   knowing the mass,   velocity and position history for any one 
droplet yields a general solution for the entire conibustion chamber.    The 
aerodynamic drag force and evaporation rate for a droplet may be computed, 
and the successive values for mass,   velocity and location may be calculated 
for a sequence of time steps in a very straightforward manner: 

M(t + At)   =    M(t) "  M(t) At (A-66) 

V(t + At)    =    V(t)   f   ^1    At (A_67) 

X(t-At)    =   X(t)  +   V(t)At (A-68) 

U(t + At)    =   U(t)  +    p^    NM(t)At (A_69) 

Where M is the mass of a droplet,   M is the evaporation rate of the droplet, 
V is the velocity of the droplet,   F is the aerodynamic drag force acting on 
the droplet,   X is the axial location of the droplet,   U is the combustion gas 
velocity,   N is the number of droplets in the group,  P is the density of the 
combustion gas,   and A is the cross-sectional area of the chamber.    Since U 
and X are both functions of t,   U(X) is defined.    This was the  method used by 
Priem to evaluate chamber conditions with uniform droplets (Reference 8). 
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(2)    Steady-State Chamber with Distributed Droplet Sizes 

When the droplets produced by the injector are distributed in 
initial'diameter,   the calculations are less straightforward.    The small 
droplets are accelerated by aerodynamic forces much more rapidly than the 
large droplets,  hence,   if the droplets are initially together at some partic- 
ular place and time,   they will be separated a short interval of time later. 
For this reason,   the same time interval cannot be used by all the different 
sized droplet groups to progress from one axial location to the next.     In the 
steady-stage chamber,   no generality is lost by summing up combustion gas 
contributions from large,   medium and small droplet groups which originated 
at different times,   but which happen to be at the desired axial location in the 
chamber at the time the gas velocity summation is made.    In marching down 
the chamber to develop the gas velocity profile,   an axial distance interval is 
chosen,   and then the time interval required for each different droplet size 
group to traverse the distance is calculated.    The evaporation and accelera- 
tion effects for each droplet size group must be evaluated using its own 
correct time interval. 

Ati = ^ (A-70) 

Mi(x + Ax) = Mi(x)   " Mi(x)  Ati (A-71) 

Vi(x  + Ax) = Vi(x)   + 4t^j-Ati (A-72) 

U(x + Ax) = U(x)   + -^T SNi Mi(x)   Ati                         (A-7,3) 

The subscript i is used to distinguish between the various groups of different 
sized droplets.    This is the method used by Priem^ and later by Lambiris^ 
to calculate chamber profiles with distributed droplet sizes.    The Dynamic 
Science approachll differed only in having groups of oxidizer droplets as 
well as fuel droplets. 

It is apparent that the previous methods depend veiy strongly 
upon the assumption of steady conditions in the chamber and cannot be used 
to calculate the unsteady state.    There are other more subtle restrictions, 
the methods cannot be used for droplets injected in the reverse direction, 
etc. 

(3)    Unsteady-State Chamber with Distributed Droplets 

The method used in the present program differs from the ear- 
lier methods.    Instead of following one or a few droplet groups progressively 
down the length of the chamber,   the entire chamber population of droplets is 
represented simultaneously and reexamir.ed at each time interval.    When this 
method is used,   a larger computer memory is required in order to store the 
description of the entire droplet population of the chamber,   and more 

225 

 ; ; — ,  



- ■ '  ■   " ■       

computing time is required since all of the droplet groups constituting the 
entire population are examined at each time interval,   however it is now 
possible to calculate time-varying behavior and it is simple to calculate 
droplet motion in one,   two or three dimensions with no arbitrary restrictions. 
The mass,  velocity and   location for each droplet group in the chamber is 
recalculated at each time interval: 

M i(t  + At)   =   Mi(t)    "    Mi(t)   ^t (A-74) 

V i(t   +   At)   =   Vi(t) + ZiitL 
Mi(t) 

At (A-75) 

Xi(t   +   At)   =   Xi(t)   +   Vi(t)   At 
(A-76) 

The forces,   velocities and locations may be treated as being one,   two or 
three dimensional with no difficulty. 

The axial gas velocity may be calculated at any axial chamber 
location,   based upon a mass balance on the upstream region.    In its  present 
form,   this calculation depends upon the assumption that the gas in the cham- 
ber is well mixed and has a constant density (i, e, ,   no gradients in composi- 
tion,   temperature or pressure). 

U x 
Mx 
pA (A-77) 

M r   -    Evapoi-ation rate upstream of X—Accumulation Rate Upstream of x 

M 

All groups upstream of x 

Vx 
-      Vr 

M 

All groups in chamber 

(A-78) 

Where Vx is volume upstream of x and Vc is total chamber volume.      In the 
present program the axial gas velocity is calculated at each of one hundred 
equally spaced intervals and interpolated between these points. 

b.      Integrating Time Interval 

When gas is flowing from a chamber through a sonic throat,   the 
mass flow rate is: 

M Af P 
t     c 

VWm  /     d.      \ 
RT     IY +   I / 

(\+l)/(V-l) 
(A-79) 
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The mass stored in the chamber is; 

M Pc   Vc   Wm 
RT 

(A-80) 

The ratio of M/M is often referred to as "gas residence time" and is a 
rough measure of how fast the chamber pressure can fall by flow through the 
nozzle.     When equations A-79 and A-80 are combined and simplified: 

gas residence time 

Ac 

Lc   At 
(A-81) 

\y + 1/ 

(V+ 1)/(Y -  1) 

When this is evaluated using the values 1.25,   (Ac/At) 
3600 feet/second and Lc   =    1.0 inch,   a value of 0, 17 millisecond is obtained 
for gas residence time.    It is obvious that if normal pressure changes are to 
be modeled with sufficient accuracy,   the integrating time interval must be 
considerably less than the gas residence time of the particular chamber. 

Fuel and oxidizer droplets are introduced at the injector end of the 
chamber and move downstream with a velocity which depends upon the axial 
injection velocity and the subsequent aerodynamic drag.    To maintain 
sufficient accuracy in the calculation of the droplet trajectory and mass 
history,   a sufficient number of calculations must be made during the stay 
time of a droplet in the chamber.     Droplet staytime may be estimated as 
chamber length divided by average droplet axial velocity,    A reasonable 
estimate for axial velocity is  100 feet/second.    Hence,   for a chamber one 
inch long the droplet stay time is on the order of 0. 8 millisecond, 

In addition to the obvious restraints on maximum integrating time 
interval,   there is a more subtle restraint on minimum time interval.    At 
each time interval the axial gas velocity profile in the chamber is calculated 
based upon the mass of newly formed combustion gas which must be moved 
to restore the chamber to a uniform density and pressure.    If an extremely 
short time interval is taken,  it is possible that in some unusual cases,   gas 
velocities will be calculated which are higher than are physically possible. 
This would introduce error in the velocity-sensitive functions such as drop- 
let burning rate,   drag,  wall film flow and wall film burnoff.    If the chamber 
is viewed as a closed-closed organ pipe a pressure relaxation physically 
requires one quarter of an acoustic period,   i. e. , 

At   = Lc 

2 ac 

(A-82) 

" 
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This sets 0, 012 millisecond as a minimum time interval lor a combustion 
chamber one-inch long. 

Since the maximum and minimum permissible time intei'vals often 
differ considerably,   there is leeway to trade off computer expense against 
precision of calculation.     Most of the computations reported here were done 
near the maximum acceptable value for time interval to reduce the computa- 
tion expense. 

A. 4   PROGRAM OVERLAY STRUCTURE 

OVERLAY (BEILE,   1,   0) 

H607 

C0MPUT 
REDRHO 
REDROD 
HC0NDF 
HC0ND0 
RED VIS 
FANFAG 

GRAPH 

A. 5   SUBROUTINES 

There are six subroutines used in COMPUT to calculate physical 
properties of the propellants and to calculate chamber wall shear stresses 
associated with the combustion chamber gas flow. 

a.      Subroutine REDRHO (TRED) 

Approximates the reduced density of a liquid as a function of 
reduced temperature along the saturation line,   based upon the curves of 
Hougen and Watson: 

0.8    > T ru; -   3.97 1.91T 

1.0   >T     >0. 
r r(i) 

1 i      34.7T 25T 9.7 

T      >1.0 
r Pr(^   =   1 

228 

-^ , , t —^ ; : L —— J^JZB 



»?'"':mOTT™^»™»'WFiT^"W>™p>»»»~»«w--~-w—^WT*7^iW!W»^^ 

J 

b.      Subroutine RED ROD (TRED) 

Apprordmates the reduced density difference (reduced density of 
the liquid minus reduced density of the vapor) as a function of reduced 
temperature,   along the saturation line.     Based upon the curves of Hougen 
and Watson,   the law of rectilinear diameters,   and some supplementary 
physical property data: 

0. 8 > Tr Pd   =    3. 97    -    1, 91 Tr 

1. 0 > T    > 0, 8        p,   =    -2. 21   +   2. 21 T      -1-2      / 34. 7 T    - 25. T   2 - 9. 7 
r d r .J r r 

1. 0 > T p,    =    0. 0 
r d 

c.      Subroutine HCONDF (TEMP) 

Approximates the enthalpy of the condensed phase fuel as a function 
['j [ of temperature: 

T, >T H^   =    C^ 
freeze F P F 

T   > Tr H^   =    C^      T   +   AH.     . 
freeze F P^ fusion 

Subroutine HCONDO (TEMP) 

Approximates the enthalpy of the condensed phase oxidizer as a 
function of temperature.    Same as HCONDF except with correct Cp and 
heat of fusion for the oxidizer. 

., 
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e.      Subroutine REDVIS (TRED) 

Approximates the reduced viscosity of the liquid as a function of 
reduced temperature along the saturation line up to the critical temperature, 
and the reduced viscosity of the gas along the P   =   0 line above the critical 
temperature. 

0. 6    > T a     =   0. 55 T rr r 
-5, bi 

1. 0   > T      >0. 6 
r 

Hi     =   2.0 T 
r r 

3. 15 

'      =    1. 0        HL     =    1. 0 
r r 

2. 0   > T       >   1. 0        u     =   0. 45 T 
r r r 

T       >   2. 0 UL     =   0. 572 T 
r nr 

f.      Subroutine FANFAC  (RENCH) 

0. 655 

Approximates the Fanning Friction Factor as a function of Reynolds 
number based upon chamber diameter: 

fl 

; 

16   > Re f  =   1.0 

2, 000  > Re   > 16 f =   16 R( 1.0 

Re   > 2000 f  =   0.06028 Re 
•0.2113 
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A. 6   PROGRAM USERS MANUAL 

The TCC program is the first link of the CONTAM computer program. 
It may be run as a subprogram to CONTAM under control of subroutine 
EXEC  (Link 0,   0) or as an independent program.     The  TCC program requires 
150, 000 words of core and is written in Fortran IV. 

a. Input 

A data set consists of 264 data values.     These are normally punched 
four to a card on 64 cards.     These numbers describe the engine,   propellants, 
operating conditions and a number of general instructions or choices  of 
program options. 

The data is loaded using the INPUT  1 input editor  (included as a 
subroutine in Link 0,   0).     The Input 1 data cards are each punched with the 
values   of four items of data and with the item numbers which identify what 
the particular data entries are,   i.e.,   Data Item number  1 is the chamber 
length,   data item number 2 is the chamber cross-sectional area at the 
injector end,   etc.    In punching cards to be read by INPUT  1,   Card Column  1 
is punched with a 1 to indicate that Input 1 is being used.    Card columns 2 
through 6 are punched with a data item number,   card columns 7 through 15 
and 16 through 17 are punched with a data value in scientific notation,   i, e. , 
a decimal value less than one and the exponent of 10 required to give the 
correct magnitude.    If a minus sign is required for either the decimal frac- 
tion or the exponent it is overpunched over the number in columns 7 or   16. 
The other three data fields on the card are each treated the same way as 
the first,   with 5 columns used for the data item number and  11 columns used 
for the fraction and exponent representing the data value.    The case number 
should be punched in card columns 71 through 73 and card columns 66 through 
70 should be punched with zeros unless the data editor capabilities are to be 
used.    The use of the data editor will not be described here.    The program is 
written to run only one case at a time. 

■xr 

The first step in the program reads the data and then prints it along 
with descriptive headings.    This makes   it easy to review the data to insure 
that all the values have been written,  punched and entered correctly.     The 
first program option is to terminate the run at this point,  to permit a new 
set of data to be examined thoroughly before time is spent on calculations. 
The input data to this program is sufficiently complicated that occasional 
mistakes in entering the data may be expected and careful periodic exami- 
nation of the contents of the data deck is highly recommended. 
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Certain of the data entries are not required for particular calculations 
and may be omitted (set to zero by the data editor).    For a chamber of 
constant cross-section items,   3 and 4 may be omitted.    For a computed 
vacuum hypergolic ignition,   items  3 3,   34,   35,   and 36 are omitted.    When an 
igniter is used,   items 33,   37,   38,   39 and 40 arc omitted.    When sea-level 
hypergolic ignition is being simulated by assigning a value for Ignition delay, 
items 34,   35,   36,   37,   38,   39,   and 40 are omitted.    If injector heating of 
propellant and post-firing dribble are unimportant,   the transition volumes 
(59 and 83) and the dribble volumes  (60 and 84) may be omitted.    The mono 
propellant,   burning-rate constants  (126,   127,   128,   146,   147,   148) are 
omitted for materials which do not burn in a mono propellant mode.    When 
droplet trajectories are not desired,   items 209,   210,  and 211 are omitted, 
When flow r     e overrides are not desired,   213,   214,   215,   217,   218,   and 219 
are omitted.     When multiple pulses are not desired,   233 to 264 are omitted. 
The option flags are all set to zero for "normal" calculations,   so they may 
all be omitted unless an option is specifically desired. 

The data is printed out four numbers to a line,   so that each line printed 
represents one card of input (Table A-29).    Occasional unused data entries 
have been retained so as to separate the data deck into discrete sections 
which can be replaced or exchanged as a unit.    The sections have the 
descriptive headings:   CHAMBER DESCRIPTION,  OPERATING CONDITIONS, 
FIRST BURN VALVE TIMING,   IGNITION DESCRIPTION,   etc. 

The data entries are as follows: 

Item 
Number Description Units 

1. Chamber Length 

2. A 

3. B 

Inches 

Square Inches 

Square Inches/ 
Inch 

4. C Square Inches/ 
Inch Squared 

[The Chamber Cross-Sectional Area is Curve- 
fitted as a polynomial,   S = A + BX + CX2] 
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Item 
Number Description 

5. Throat Area 

6. Blank 

7. Blank 

8. Blank 

9. External Pressure 

10. Chamber Wj,ll Temperature 

(Used for Vacuum Evaporation of Propellant 
deposited on walls) 

11. Blank 

12. Blank 

13. Fuel Tank Pressure 

14. Fuel Tank Temperature 

15. Injector Temperature (Fuel Side) 

16. Blank 

17. Blank 

18. Fuel Valve Opening Time 

(Mechanical Ramp Duration,   not Electrical 
Time) 

19. Blank 

20. Fuel Valve Closing Time 

(Mechanical Ramp Duration,   not Electrical 
Time) 

21. Oxidizer Tank Pressure 

22. Oxidizer Tank Temperature 

23. Injector Temperature (Oxidizer Side) 

Units 

Square Inches 

psia 

0K 

psia 

Degrees K 

Degrees K 

Seconds 

Seconds 

psia 

Degrees K 

Degrees K 
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Item 
Number Description 

24. Blank 

25. Blank 

26. Oxidizer "Valve Opening Time 

Units 

Seconds 

(Mechanical Ramp Duration,   not Electrical 
Time) 

27. Blank 

28. Oxidizer Valve Closing Time 

(Mechanical Ramp Duration,   not ElecU-ical 
Time) 

29. Fuel Valve Opening Time 

(Time First Valve Motion Occurs Opening for 
First Firing) 

30. Oxidizer Valve Opening Time 

(Time First Valve Motion Occurs Opening for 
First Firing) 

31. Fuel Valve Closing Time 

(Time First Valve Motion Occurs Closing for 
First Firing) 

32. Oxidizer Valve Closing Time 

(Time First Valve Motion Occurs Closing for 
First Firing) 

33. Assigned Ignition Delay 

(For Sea-Level Hypergolic Starts an Experi- 
mental Value for Ignition Delay Time is Entered) 

34. Igniter Port Location 

(If an External Igniter is being Used,   the Loca- 
tion,   Downstream of the Injector,   Where the 
Hot Gases enter the Chamber) 

35. Igniter Fuel Flow Rate 

(Flow Rate of Fuel Through the Igniter) 

Seconds 

Seconds 

Seconds 

Seconds 

Seconds 

Seconds 

Inches 

Pounds/Second 
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Item 
Number 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44, 

Description 

Igniter Oxidizer Flow Rate 

(Flow Rate of Oxidizer Through the Igniter) 

Activation Energy 

(Activation Energy of the Global Gas-Phase 
Ignition Reaction) 

Frequency Factor X Q 

(Molar Collision Frequency Multiplied by the 
Heat of Reaction of the Initiating Reaction) 

Perfect Mixing Option 

(If This Flag is Set to  1. 0,   Ignition will Be 
calculated Only for the Weil-mixed Free- 
stream gases,  Ignoring the Possibility of 
Ignition in the Boundary Layers Around Drop- 
lets or on the Wetted Chamber Walls) 

No Axial Mixing Option 

(If This is Marked with a 1. 0,   Ignition will be 
Calculated Only for the New Flashed Fuel and 
Oxidizer Vapors Presuming no Axial Mixing of 
Vapor and Ignoring Ignition in the Boundary 
Layer) 

Fuel Line Length 

(Fuel Feed System Line Length) 

Fuel Line Area 

(Fuel Feed Line Inside Cross-Sectional Area) 

Fuel Restrictor Area 

(Area X Discharge Coefficient) 

Fuel Venturi Area 

(Cavitating Venturi Throat Area) 

Units 

Pounds/Second 

{Calories/Mole) 

(Cubic cm/Mole/ 
Sec) X 
(Calories /Mole) 

(0.0 or 1.0) 

(0.0 or 1. 0) 

Inches 

Square Inches 

Square Inches 

Square Inches 

^ 

235 

■       ■ .    ..     ■ 



■' 

Item 
Number Description Units 

45. Fuel Valve Area Square Inches 

(Port Area X Discharge Coefficient) 

46. Fuel Injection Area Square Inches 

(Summation of (Port Area X Discharge 
Coefficient) of Injector Holes) 

47. Blank 

48. Blank 

49. Fuel Hole Diameter Inches 

(Injector Hole Size) 

50. Fuel Hole Length Inches 

(Injector Hole Length) 

51. Axial Location Inches 

(Axial Location of Fuel Injection Point) 

52. Radial Location Inches 

(Radial Location of Fuel Injection Point) 

53. Injection Angle Degrees 

(Outward Angles Counted as Positive) 

54. Blank 

55. Blank 

56. Blank 

57. Initial Void Volume Cubic Inches 

(Initial Empty Volume in the Fuel Feed System) 

58. Blank 

■ . 

I 

236 



r Wm^m-^mttm"" lJllll»WJipW<M.IIU|lt»W."^Ht'-^'»^^.'lWM»IWMPMW'*""'ii''-^'^ - Wm 

ß 
Item 

Number Description Units 

59. Transition Volume Cubic Inches 

(Volume of fuel that flows while the injection 
temperature decreases from the injector 
temperature to the tank temperature,    (See 
Figure A-3. )) 

60. Dribble Volume Cubic Inches 

(Volume between the closed valve and the 
injector face) 

61. Check Valve Option (0. 0 or 1.0) 

(If this is marked 1. 0 no reverse flow will be 
permitted in the fuel feed line) 

62. Blank 

63. Blank 

64. Blank 

(Entries 65 — 88 are identical to 41 — 64 except 
that they describe the oxidizer feed system 
instead of the fuel feed system. ) 
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Item 
Number 

89. 

Description 

Fuel Fan Length 

Units 

Inches 

92. 

93. 

(Distance between the impingement point and 
the point at which the fuel is atomized when the 
stream turns 45 degrees at impingement) 

90. Oxidizer Fan Length 

91. Showerhead length/orifice diameter ratio 

(The distance,   in orifice diameters,   that an 
unimpinged stream travels from the injection 
point to atomize completely.! 

Blank 

Hold at triple point option 

(When this flag is set to 1.0 a propellant 
stream flashing in a low pressure environ- 
ment will not freeze,   but will stop as triple- 
point liqtiid) 

94. No initial dribble option 

(When this flag is set to 1. 0,   no liquid 
will be injected until the void volume is 
filled,   even when the injector-temperature 
vapor pressure is higher than the chamber 
pressure) 

95. Flash cone angle 

(This is the included apex angle of the cone of 
spray formed by a flashing stream) 

96. Blank 

97-101.      Drop Size 1-Drop Size 5 

(These are the diameter ratios of the droplet 
groups to the mass-median droplet) 

102. No wall breakup option 

(When this flag is set to  1. 0 an unatomized 
stream hitting the wall is not atomized by 
the impact) 

Inches 

(0. 0 or 1. 0) 

(0. 0 or 1. 0) 

Degrees 

(0, 0 or 1. 0) 
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1 Item 
Number Description Units 

103. Drop Restitution Coefficient 

(The normal-velocity ratio for a droplet which 
hits the wall and bounces off) 

104. Fraction sticking 

(The fraction of the droplets hitting the wall which 
stick to the wall instead of bouncing) 

105. No Fuel Flash Option (0. 0 or 1. 0) 

(When this flag is set to 1. the injected fuel 
stream will not flash even when it is highly- 
superheated) 

106. No Oxidizer Flash Option (0. 0 or 1,0) 

(When this flag is set to 1. 0 the injected oxidizer 
stream will not flash even when it is highly- 
superheated) 

107. No Wall Flow Option (0.0 or 1.0) 

(When this flag is set to 1. 0 the propellant film 
on the wall will not flow axially under the influ- 
ence of chamber gas shear forces) 

108. No Wall Burnoff Option (0. 0 or 1.0) 

(When this flag is set to 1. 0 the propellant 
film on the wall will not burn off by heat 
transfer from the hot chamber gas) 

109. Fuel Boiling Point Degrees K 

(The normal boiling point of the fuel) 

110. Fuel Freezing Point Degrees K 

111. Fuel Critical Temperature Degrees K 

112. Fuel Critical Pressure psia 

113. Fuel Vapor specific heat Calories/ 
Gram/0K 

(Fuel vapor specific heat at a temperature 
midway between the combustion gas and the 
droplet surface) 
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Item 
Number 

114. 

Description 

Fuel Liquid Specific Heat 

(Liq\iid Fuel specific heat at the injection 
temperature) 

115. Blank 

116. Fuel Molecular Weight 

(Molecular weight of fuel in the vapor phase) 

117. Fuel Latent Heat of Vaporization 

(Latent heat of vaporization of fuel at the 
normal boiling point) 

118. Fuel Latent Heat of Fusion 

(Latent heat of fusion of the fuel at the 
freezing point) 

119. Fuel Liquid Thermal Conductivity 

120. Fuel Accommodation Coefficient 

(Coefficient for Langmuir-Knudsen vacuum 
evaporation rate) 

121. Fuel Reference Temperature 

(Temperature at which values for density, 
viscosity and surface tension are given) 

122. Fuel  Density 

(Density of liquid fuel at the reference 
temperature) 

12 3. Fuel Viscosity 

(Viscosity of liquid ftiel at the reference 
temperature) 

124 Fuel Surface Tension 

(Surface tension of fuel at the reference 
temperature) 

Units 

Calories / 
Gram/0K 

Grams/Gram 
Mole 

Calories/Gram 

Calories /Gram 

Calories/Sec/ 
Gm/0K 

Degrees K 

Grams /Cm-5 

Poises 

dynes /cm 
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Item 
Number 

125. 2/s c m ^ / s e c 

126. 

127. 

128. 

c m / s e c 

cm/sec /(psia)n 

129-148 

149-159 

160. 

161-171 

172. 

173-183 

184. 

185. 

186. 

187, 

188. 

Description Units 

Fuel  Burning Rate Coefficient from droplet 
burning experiments 

(-flD-/dt for a burning fuel droplet in pure 
oxidi/.er vapor) 

Fuel Monopropellant Burning Rate Intercept 

Fuel Monopropellant Burning Rate Coefficient 

Fuel Monopropellant Burning Rate  Exponent 

(Monopropellant burning rate values from 
liquid-strand experiments correlated by 
r = A + BPn where r is in centimeters per 
second and P is in psia) 

arc identical to  109-128 except that they describe 
the oxidizer instead of the fuel 

Are the thermochemical equilibrium combus- °K 
tion product temperatures corresponding to 
fuel fractions of 0,   0.1,   0.2,   ...    1.0 

Blank 

Are the mean molecular weights of the combus- 
tion products in thermochemical equilibrium at 
fuel fractions 0,   0.1,   0.2,   ...    1.0 

Blank 

Arc the values for frozen Gamma of the 
equilibrium combustion products  at  fuel frac- 
tions 0,   0. 1 ,   0. 2,   ...   1.0 

Blank 

Density of the contaminant material produced gm/cm^ 
on the chamber wall 

Specific  heat of the gases produced by the Cal/gm/°k 
evaporation or pyrolysis of the wall-film 
material 

Latent heat of evaporation or heat of ablation Cal/gm 
of the wall-film material 

Surface temperature of the wall-film material Degrees  K 
during evaporation or pyrolysis 

241 



Item 
Number Description Units 

189-199      Viscosity of the wall-film material at the 
temperature to be expected on the wall at fuel 
fractions 0,   0. 1,   0,2,   ...   1.0 

200. Blank 

Z01, Model time at which the calculations should Seconds 
be terminated 

202. Integrating Time Interval Seconds 

203. Number of time intervals between printing 
of a propellant mass disposition print 

204. Number at time intervals between plotting of 
contaminant thickness profiles 

205. Delete Graphics Option (0. 0 or 1, 0) 

When this flag is set to 1. 0 no graphics will 
be produced 

206 Delete Droplet Means Option (0. 0 or 1. 0) 

(When this flag is set to 1.0 the mean 
diameters (D30,   D31,   D32) of the fuel and 
oxidizer droplets in the chamber are not 
calculated at each time interval. ) 

207. Delete S\immaries Option (0. 0 or 1. 0) 

(When this flag is set to 1. 0 summaries are 
not printed to show the amounts,   drop sizes 
and velocities of contaminant expelled during 
the four time intervals making up the pulse, 
i. e. ,   the pre-ignition interval,   the post- 
ignition start transient,   the steady portion 
of the firing and the cutoff and dribbling after 
the valves close. ) 

208. Data Review Option (0, 0 or 1. 0) 

(When this flag is set to 1. 0 the data is read, 
certain checks and initializing steps are made 
and the raw data and some derived information 
is printed out with headings,  however the 
chamber calculations are not performed.    This 
makes it possible to check a new data deck for 
errors before proceeding with expensive 
calculations. ) 
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Item 
Number 

209. 

210. 

211. 

212. 

213. 

214. 

215, 

Description 

Fuel Trajectory Group 

(The chamber trajectory of one selected fuel 
or droplet group may be plotted each run. 
The chosen fuel size group is entered. ) 

Oxid Trajectory Group 

(If a trajectory plot is wanted for an oxidizer 
droplet instead of a fuel droplet,   the size 
group desired should be entered.) 

Trajectory Start Time 

(The trajectory is plotted for a fuel or oxidizer 
droplet which is injected at some chosen time. 
The time chosen should be entered. ) 

Steady State Time 

(The time points needed to print the interval 
summaries mentioned in item 207 are the 
ignition time,   the time steady operation is 
attained,   and the time the last valve closes. 
It is difficult to define the time steady opera- 
tion is first attained,   so the desired time is 
entered as an input value,   based upon 
previous experience.) 

Flow rate overrides are provided for pro- 
pellant feed systems where the internal 
dimensions are inadequately known,   but where 
experimental values are available for flow 
rate versus pressure drop.    To define the 
feed system resistances,   it is necessary to 
specify a propellant flow rate,   the associated 
pressure drop,   and the discharge coefficient 
of the injector orifices. 

Fuel Flow Rate 

Fuel pressure drop 

Fuel Injector Discharge Coefficient 

Units 

(1. 0 
through 5. 0) 

(1.0 
through 5. 0) 

Seconds 

Seconds 

Pounds/Sec 

psi 

217-219      are corresponding values for the oxidizer 
feed system 
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Item 
Number Description Units 

216. No Injector Friction Option (0, 0 or 1. 0) 

(When this flag is set to 1. 0 no frictional 
losses are calculated for the flow through the 
injector passages.    The frictional loss corre- 
lation is correct only for the turbulent flow 
regime and gives excessively large values 
for small orifices which are in the laminar 
flow regime.    This flag should be set to 1, 0 
for very small injector holes. ) 

221-231      Vacuum thrust coefficients are entered for 
comhustion product gases having fuel fractions 
of 0. ,   0. 1,   0. 2,   ...   1, 0 

232, Nozzle expansion area ratio 

233-264     Valve timing for the second through ninth 
pulses of engine operation 

233 Fuel valve,   time of first motion opening on (seconds) 
second pulse 

234. Oxidizer valve,   time of first motion opening (seconds) 
on second pulse 

235. Fuel Valve,   time of first motion closing on (seconds) 
second pulse 

236. Oxidizer valve,   time of first motion closing (seconds) 
on second pulse 

b.      Program Output 

(1) Input Print 

The first print which is produced by the program is a recapitu- 
lation of the prograni input, 

(2) Propellant Property Print 

The second print produced is a table of calculated propellant 
properties versus temperature.    These values can be compared with known 
experimental values to assure that the program physical properties sub- 
routines are giving an adequate representation of the true values.     The values 
printed are liquid enthalpy,   vapor enthalpy,   vapor pressure,  liquid density, 
liquid viscosity,   and surface tension.    These are given for evenly spaced 

; 
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intervals of reduced temperature,   with the corresponding absolute 
temperature also yiven.    The units are calorics/gram,   psia,   grams/cc, 
poise,   dyne/cm and degrees K. 

(3)    Print of Time-Varying Rocket System Parameters 

At each integrating time interval, values are printed for 48 of 
the more important system variables. This print consists of six lines con- 
taining eight values per line. 

The first line contains the model time in milliseconds,   the 
chamber pressure in psia,   the ignition state of the chamber (1.0 for ignited, 
0. 0 for unignited),   the mass fraction of the gas or vapor in the chamber 
which is fuel-derived,   the chamber temperature in degrees K,   the mean 
molecular weight of the gases or vapors in the chamber,   the specific heat 
ratio for the gases or vapors in the chamber and the vacuum thrust coeffi- 
cient for the gas or vapor phase flowing from the chamber. 

The second line contains the fuel and oxidizer injection rates in 
pounds per second,   and the fuel and oxidizer feed line flow rates in pounds 
per second.    The injection flowrate and feed-line flowrate will differ when 
the injector is dribbling into a vacuum after the propellant valves close,   or 
when a partially empty dribble volume is being filled before the injector 
primes.    The void volumes on fuel and oxidizer sides of the injector are 
given in cubic inches.    The dribble injection rate will decrease to zero when 
the dribble volume is emptied.     The fuel and oxidizer injection temperatures 
are given in degrees Kelvin.     The injection temperatures are equal to the 
injector temperature,   until a volume of propellant has flowed out of the tank 
equal to the dribble volume,   then the temperature linearly decreases to the 
tank temperature,  with the decrease spread out over the prescribed transi- 
tion volume. 

• f 

The third line contains the evaporation rates of the fuel drop 
ensemble and the oxidizer drop ensemble in pounds per second.    The fuel 
flash rate and oxidizer flash rate are given in pounds per second of vapor 
produced by the vacuum flashing of the injected streams.    The rates of pro- 
pellant burnoff from the wall is given for fuel and oxidizer in pounds per 
second.    The heat for wall burnoff comes from heat transferred from the 
chamber gases.    The rates of vacuum evaporation from the wall are given 
for fuel and oxidizer in pounds per second.    The heat for vacuum evaporation 
is transferred from the chamber wall through the propellant film to the 
evaporating surface. 

The fourth line contains the mass of fuel-derived combustion 
gas or vapor in the chamber in pounds.    The mass of oxidizer-derived gas 
or vapor is given similarily.     The masses of fuel droplets and oxidizer drop- 
lets in the chamber are given in pounds.    The masses of injected,  but not yet 
atomized fuel and oxidizer are given under the headings Fuel Streams and 
Oxidizer Streams.    The mass of fuel and oxidizer deposited on the walls are 
the final entries of the fourth line. 

The first and second entries of the fifth line give the mass rate 
of efflux for fuel and oxidizer-derived vapors or combustion-product gases 
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in pounds per second,   the third and fourth entries are the mass rate of 
ejection through the throat for incompletely burned fuel drops and oxidizer 
drops in pounds per second.    The rate at which propellant film on the wall is 
being flowed through the throat is given next in pounds per second,    "Gas 
Fraction" is the instantaneous value for the fraction of the total mass efflux 
which is in the gas phase.    The final entry on this line is thrust,   in pounds 
force.    The thrust includes the axial momentum rate of the expelled droplets, 
and the thrust from the gas phase products. 

The sixth line starts with the mass-median droplet diameter 
for the fuel and oxidizer spray being produced this time interval.    The next 
two entries give fuel and oxidizer stream injection velocities.    The Beta 
angle is the resultant angle after the fuel and oxidizer streams have impinged. 
It is measured in degrees,  with positive values being taken outward from the 
centerline.    The mass out of tank is total mass of propellant flowed from the 
propellant tanks from the start of the run,   in pounds.    The integral PC x DT 
is the area under the curve of chaniber-pressure —versus time,   in psia x sec- 
onds.    Total impulse is the time integral of thrust in pound-force x seconds. 

(4)    Summary Prints and Special Messages 

Other prints which may occur interspersed with the normal 
six line prints are summary prints and special messages.    The most fre- 
quent special messages specify when ignition or extinguishment occurs in 
the combustion chamber.    Other special messages indicate minor errors, 
such as failure to converge to within 2 percent of the correct surface 
temperature during vacuum evaporation,   or catastrophic errors such as 
calculation of a negative chamber pressure. 

The propellant disposition summary,  whose frequency is speci- 
fied in data item 203 consists of seven lines of numbers.    The first four 
lines give a mass balance for all fuel and oxidizer injected up to the present 
time.    The masses,   in grams,   are given for total injected fuel,   oxidizer 
and sum of fuel plus oxidizer,   and the amounts expelled as gas,   as droplets 
and e.s wall-film.    Also given are the masses currently retained as gas,   as 
droplets and as wall film.    The last five lines gives the numbers of fuel 
drops and oxidizer drops injected and ejected up to the present time.    The 
summation of droplet diameters,  diameters squared,   diameters cubed and 
axial momentum is also given,  which makes it possible to calculate the mean 
diameters and mean axial velocities of expelled droplets for the interval 
between any two summary prints. 

Another type of summary which may be printed gives values 
for four time intervals of motor operation,   i. e.,   the pre-ignition interval, 
the ignition transient,   the steady operation interval and the cutoff interval. 
The time and description of the interval is given,   and the masses are given 
in grams of fuel,   oxidizer and sum of fuel plus oxidizer expelled during the 
time interval in the form of droplets and in the form of wall film.    The drop- 
let diameter means,   D30,   D31,  and D32 as well as mean axial velocity are 
given for '.he droplets expelled during the interval.    Droplet diameters are 
given in microns,   axial velocity in feet per second. 
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(5) Final Performance Summary 

After the last of the time-steps is printed,   a performance 
summary is printed.    The mass flowed out of tank is given,   the mass flowed 
through the injector is given and the mass flowed through the nozzle is 
given.    These values are not generally the same,   because of filling or void- 
ing of the injector dribble volumes,   and because of increase or depletion of 
propellant mass stored in the combustion chamber in the forms of gas,   drop- 
lets or streams,   and wall-film.    The mixture ratio,   C-Star and specific 
impulse are calculated on each of these propellant mass bases.    The pres- 
sure time integral for the entire pulse and the total impulse are also printed. 
The final print also gives the disposition of injected propellant for the entire 
firing.    The fractions of injected fuel,   oxidizer and total propellant expelled 
in the form of gas,   droplets and as wall-film are given,   and the fraction 
retained in the chamber as gas,   droplets and wall film are given.    The 
mean diameters for injected and ejected fuel and oxidizer are given,   in 
microns.    The mean axial velocity for injected and ejected fuel and oxidizer 
droplets are given in feet per second.    The calculated size distribution for 
injected and ejected fuel and oxidizer is given.    When this is plotted,   it 
very strongly shows the five-group approximation for injected droplet size, 
which is a computational artifact,  however,   also apparent are the real effects 
of flashing versus impinging stream atomization,   the preferential burning of 
small droplets,  the segregation by drag versus momentum effects,   etc. 

(6) Computer Graphics 

The computer graphics include the trajectory of the specified 
fuel or oxidizer droplet,  forty-four time-varying system parameters plotted 
versus time,   and a specified number of instantaneous profile plots of wall 
deposit thickness versus chamber length.    The wall deposit plots may be 
eliminated by making input item 204 a large number.    All graphics may be 
eliminated by setting input item 205 equal to 1,    The plots are as follows: 
(all variables are plotted versus time in milliseconds except where specifi- 
cally stated otherwise). 

; i 

■i r 

1. Droplet Trajectory —Axial position in inches. 

2. Droplet Trajectory—Radial position in inches. 

3. Droplet Trajectory —Axial position in inches versus radial position 

in inches. 

4. Chamber pressure in psia, 

5. Fuel Valve Trace —Fraction of full-open port area. 

6. Oxidizer Valve Trace —Same as for fuel, 

7. Fuel Flow Rate from the Tank in Pounds per Second. 

8. Oxidizer Flowrate —Same as for fuel. 

9. Flowrate of Fuel Plus Oxidizer —Same as for fuel. 

10, Fuel Injection Rate in Pounds per Second. 

11, Oxidizer Injection Rate —Same as for fuel. 
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12. Fuel Droplet Mass —Pounds (total mass of fuel in-flight in the 

chamber,   sum of streams and droplets). 

13. Oxidizer Droplet Mass —Same as for fuel, 

14. Total Droplet Mass —Fuel plus oxidizer. 

15. Fuel on the Wall-Pounds. 

16. Oxidizer on the Wall—Pounds, 

17. Propellant on the Wall —Fuel Plus Oxidizer,   in pounds. 

18. Gas Mass —Pounds (mass of vapors or gas-phase combustion 

products in the chamber), 

19. Gas Fuel Fraction—Fraction of the chamber gas which is derived 

from fuel. 

20. Chamber Temperature —Degrees Kelvin (temperature of the 

gaseous combustion products), 

21. Fuel Evaporation Rate —Pounds per Second (rate at which fuel 

vapors are entering the chamber from all sources,   vacuum flash- 

ing of streams,   droplet evaporation,  wall film burnoff and wall 

film vacuum evaporation), 

22. Oxidizer Evaporation Rate —Same as for fuel, 

23. Total Evaporation Rate —Fuel plus oxidizer, 

24. Gas Outflow Rate —Pounds per second (sonic or subsonic throat 

flow of gas or vapor). 

25. Fuel Droplet Outflow Rate —Pounds per second,    (Mass of unburned 

droplets ejected each interval divided by length of the time inter- 

val.    To reduce random fluctuation,   this value is time-averaged 

over four time intervals and has some lag. ) 

26. Oxidizer Droplet Outflow Rate —Same as fuel, 

27. Total Droplet Outflow Rate —Fuel plus oxidizer. 

28. Fuel Film Outflow Rate —Pounds per second (rate of flow of fuel- 

de rived wall-film through the throat). 

29. Oxidizer Film Outflow Rate —Same as fuel, 

30. Total Film Outflow —Fuel plus oxidizer. 

31. Fraction Vaporized —The fraction of the total material expelled 

each time interval which is in the gas phase.    The total material 

expelled is gas plus unburned droplets plus wall film.    To reduce 

random fluctuation,   this value is time-averaged over foui time 

intervals,   and has some lag. 
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32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

Stream Beta Angle-Degrees outwerd from the chamber center- 

line.     Angle of the resultant stream from the impingement of fuel 

and oxidizer. 

Fuel Fan length —Inches.     (Axial distance from the Injector face 

where atomization is complete.     Longest when other stream is 

absent or is flash atomized; depends upon momentum ratio when 

both streams are present; zero when the stream is flash 

atomizing. ) 

Oxidizer Fan Length —Same as fuel. 

Fuel Droplet Diameter —Microns (mass-median atomization drop- 

let diameter for fuel being injected this time interval). 

Oxidizer Droplet Diameter —Microns (same as fuel). 

Fuel Flash Quality—Mass fraction of the fuel injected this time 

interval which flashes to vapor. 

Oxidizer Flash Quality —Same as fuel. 

Chamber Fuel D30 (Mass-Number Mean Diameter for Entire 

Chamber Population of Fuel Droplets). 

Chamber Fuel D31 (Mass-Diameter Mean diameter for Entire 

Chamber Population of Fuel Droplets). 

Chamber Fuel D32 (Mass-Surface Mean diameter for Entire 

Chamber Poptilation of Fuel Droplets), 

Chamber Oxidizer D30 (Same as Fuel). 

Chamber Oxidizer D31 (Same as Fuel). 

Chamber Oxidizer D32 (Same as Fuel). 

Fuel Voided —Cubic inches (volume of injector fuel passages 

unfilled with liquid). 

Oxidizer Voided —Cubic inches (same as fuel). 

Thrust-Pounds (Calculated Engine Thrust). 

To End—Thickness on wall versus percent of chamber length. 

The number of prints depends upon the value specified for data 
item 204,    The thickness of the deposit of fuel plus oxidizer on the chamber 
wall is plotted for each of the one hundred axial segments into which the 
chamber is divided.    The thickness profile is plotted for every n"1 computa- 
tional time interval,   where n is input as data item 204. 

- 
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A. 7   SAMPLE CASE 

Table A-V consists of a sample case for the TCC program.    Illustrated 
in the following order are  (1) the load sheets used to punch the data,   (2) a 
listing of the control cards,   (3) the data deck used,   and (4) a representative 
sample of the prints and graphics produced. 

Only 150,000 storage locations are called for (compared to 2Z0, 000 to 
run the complete CONTAM program) because of the overlay structure and 
the LIBLIST system routine which avoids calling subroutines which are not 
required by the particular portion of the program being run. 

The printer output consists of the input data print,   the derived property 
print,   the print of time-varying system parameters (abbreviated),   summary 
prints,   ignition and extinguishment prints,   the performance summary,   and 
the disposition of propellant print. 

A sampling of computer graphics includes a valve trace,   chamber 
pressure,   flow rate of oxidizer in the feedline and injector (illustrating the 
injector priming and the large dribble flowrate of oxidizer).    The droplet 
mass plot shows that there is a large mass of oxidizer droplets in the cham- 
ber during the dribble period.    The wall-mass plot shows accumulation of 
propellant on the wall during the start transient and dribble period,  and its 
removal by burnoff and by vacuum evaporation. 
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,1,^2- l/.'+.r, . . , , ...uj.n.if 

. ...1.7.7 
, AJß 

..x...L7^ 
., JA? 

. ,1.0./ 

„iJ.i^!5.*;..^ i.,i..u. 

-..liÄ1   ill.    L    .     1  ..U. 

1 l.v.g  

-J—li. 

J—LL 

1   .1 

I ,r, 

,',^3 ._l5^^.ff..6...j...i 
.' .^.^ IAP,   I..,. 

. / #S 
J5.^^_...... 

|ö.  
Jtt 
.\M1 ..l.',?,p,l.... 

li.W.'i....... 
ll.V.o, , 

.J...U 

JW 
.1«$ 13,^, , . . , 1    i !    i * 

J.s-p Ix.ipfi, , , , , . 1,^ 11,^,4,7.   , 
,(XJ JL2Ä&-.. ^ .. .... _^uLM _LI^.«,_.. 
J.T.I man.. , , , AM !o. . . . . 1 1° 
AK IV.M. . , , 

  

, ,/.^ 1 ' i    1    <    f.. 1 t    i . 

,Uf 1*3.4.3, .  ,  . , ./.*/ 
./.r.r 11.7.0,?. . , . ,  ,1,^.7 11 .o.a . ,. 1 ,3 
.1.^ 11,4:33,  .  ,  , , ,1,^.8 liLfi0.. U^-J ■    i 1 .3 
J.s:? \\3.**. . . , ^Jl&L Jo.q^,^^,, 1 P 

1 ,0 ,1,5-,* \\XU. . . , , . l.lTl l^.a.f, , , 
,1,^ ll.i.q.a , . , ,  I ^   , :r?\A !0,<f,3,   ,  , 1 i0 

A&P IP  ,     1  ,0 , ,/,4;i 10.6,9,  , , ■    i 1   |0 
i     i  i ., i, 

.... 1  _L__L_ 

KEY PUNCH:     STANDARD   DATA  INPUT   1 
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Table A-V-Continued 
80- f.- •,  'g MI 

7090   DATA    LOAD     SHLtl PROLL EM„itli?.I PAGEJi_OFj±L 
DATA    INPUT    1 Pia [ARtD   hY. tJ.T. U)g.86g^ DATE. 

MUST  Bt  FILLED IN  FOR 
PROPIR  PROCESSING 

»M 7071 im. " mi 70: 

8D      RR   TAS 

^4 

QUAN LOC iT      VAL UE 

l_l     L..J... 1. .1 .o! 
i ,ö 

OUAN LOC l|        VALUE t\ E 
■ 

■ W ^gj.^ 

-  

, .'LXS UMn. . . . . i   .' 
Af^ff llAA t     >     <     > W l/Ai.-i.!. . . , 1   .1 
.i^r 10,8,0. L—l.-L. .1.   .)   .. w !/.8i^. ...i 1   .< 
,1,^^ l^.^. L_i. .1 l_l 

.1 ,0 

.la.0 

1   iÖ 

. X^ß 11.13^./, . i . i i' 
,1,^,7 IW. . M l/il^.f, . . . 1 .' 
.IS.« iQXfl. i  .1,3.0 lii^UVf. . . . ' i' 

.(.^ i^/pff I      1      1      1 . .2.3./ ll.S.f.^. . . i l ( 

.^..^.o !« . , llli ■ .V.1 l*.o  I 2 t 

,^0.1 lo.-Ko. 1   iö 

1. .9. 
...I .^ 

1 ,^ 

. ^ !ö  i ,<■ ) 

.V,1 J2J>£A U-'_J L.J_ 

.. J.. L.-^...!... 

i .Z.3.*f 1ö  i / ) 

.v.* ll.o. . 

  
. .^.^ lö  ! i* ? 

^,<<- J.^.. J-   1    .1  ..J 
2.V lö.  1 .< > 

,^,5- . 1  ..J—l-J ..      'I 

1     ....   .          1     ,0 

.     ...     ,        .       ,1 
L   _,_. ,     1     1     '     1     .O 

1     A 1   i  

,V^ -^.O.-^. i i > i 1   i   i   l    i    P   i    i 

,V7 _jL._i--J . ..a_. 

i 
%p& .iÖ_x..^ 1      1 1    ■   '   1   i    i   1    ' 

,V,rf _]!.... 
1         ( 

l-.J.  ...   I     .          1     1 ' 

. .   ..__..    .          1     I.I 

„^._j i _i . 1   11 '   >    '    iii 

.1./.Ö _[5^ . 
::":: 

,»,,.»,,,.,, J,.. 

,^1,1 1^0,6. . .I....4. .1..  . 

... J.,.J ...I. 

._-l..J...l    .1 

|ii.. 

i .P 
I 1° 
1 ^ 
I ,0 

1 .ö 
...J   .P 

J 1° 

.1.1 
_LJ. 
1,' 

i i i i .,„),  '   j  j    >   i,   i    » J... 11 

,2.,/ ^ lo, , , iiii 

,^3 \o  .   . i 

Ai.f [CP 

^«.s- I0 
i 

^// !l, , . l.-i 1—1—I.. 

lilt 

P 1,111 

,V J IP . . i ■    i    i    i 

,^,3 !P  
,V^ \o i..a..X...l _1 _ i 

iXo _j i i 

1^,' ll.^.Z^ , ,  , .   i i \    \   i   t 

XI1 Il.ft.o.xß, ,  , , „X | » 
i.^.^ II^.GRX , , , 
.2.X«f !/.^./,7. ,  . , i 

i i 

1 i . 
KEY PUNCH:     STANDARD   DATA INPUT I 
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NOT REPRODUCIBLE 

Table A-V-Continuecl 

^612»2.5n0|8nu»e00(1200on,22P0no, 
ID       jJüFF^AM        JUtdSjPBlCATMP,   iQublH      9660''ön0lÜ 
BECUEST,CO^lTAM,hV, '(14640)'  
REUIK'ÜCCONTAM) 
C0PYHF(C0NTA^(«tL> 
REWpüJRRL) 
RETU»N(COiNTAu) 
"FL.IOO. 
''FLi220000l 
SfeTcnHE, 
1,0AU<HEL) 
« 

JNCASE   ICAbpsli 
S1PATH   ICC^TjJ 

100onnü700unijnüiünon2i4'>önooo"ünijnonöi457fünun()^f)'io:'4^2i,
18f1onoci0''' noooi 

lOOOn5029aOÜ'1UOü'50''ün6COnononoi',i),,n'ion70Unni1önijr.UitQ".jn8nonOf)OnonOO 10 0 01 
iooonvooooQirjouno'loio294ü|5ono',ciOTonnü'ioPününunn'iüi2oo'ionütionon n o o o i 
lOnoiilÖOOQÜCU0 030fl014294CiPOri(J',01fiiOl5294ünonori()-»n''t)i.61üCOi'iOCOriOn ociflOl 
lCOOl700000üOijnuOO'iülöOülOnonUr|iJOO'iUl9riünOnüOün(jiür'tj?(jnoinnor,onoo 0 0 n 01 
100021i65000f'00030no?2294üOono''ü7Cnü?3294 0nünon(J^ü''ü?4fionoOQr)ono? oonoi 
1000250ÜOOQUnunüflono26 0 0lOf)Onü',ünrjrnj?70ÜOOOOnurijrO"lC^6f,010'1or)OPOn 10001 
iono2Vpooüoooi)nünooo30uo',ünooüCüntinü3ioinonünononont!.<2^i',o'.,of'onoc itmoi 
I00033oooooüpj0ür'0rio34rürionoronui'iriu^5nünijnur)uruou:iin6nünorincofior nijnoi 
10i3037ö2n()Oünüiio4on038340 00onu,il'500ü39ilonünononuoo*04ononoPOOonoii ion oi 

l0004i4bOQOOOüUü-5uoo42n2Hinüou|iünooo4inü4b4ününunO"iJ44P2PlTOOOion r'üfiOi 
100D45Q2^inunonünüoo460oni96nof'[)n010470onuruPOnij^uiu^anDnunooooon _ OüOOI_ 
10004900790ÜOU00000050062!>0000 0 0 0 0 005100" U 0 ÖÖÖ 0 ü ÖQ 0 Ü 120 4^0 " ÖO o'n 0 0 Ö ü'Ö 01 
lOno93MöOOOOOü002000540onOOünoOü 00'l055nüPunononu 0 0 00=5600001000100 0 0001 
10O057C0U30n00üO0O0560ü0000nQ0ü')0'i05900OU?l/O0nün0!',0<

10O0U 3000(100 füOQl 
"lÖ0 04l00O000OU0UiiüO0620 0n0O0 0 0,lünuil)63nuniiOu00PuOU')Ü'i400n0f,0O0O00 0 0 0 o 1 
1000654 8000Ü0ü0u30POft602ain000O00iJ0ü67nüA360nonuPQ'10'i8n2n00n0O0ri 10001 
10006902^1000000 i-)000700a0272POnünn'1071 (10 OQOüO QruOQno72PO|OQOOnOOOO _[' 0 0 01 
10007300930000000000741)62500lUiU00n075ÖCfiUnUi"Ü0ü00P'Ö76«4S00 00ÖÖ00"' ' ÖQ0Ö'l' 
100077450ü0ü0U00?0OÜ78n0n0O00aOü10P0790ü'10PJOÜnüPÜ^iJ('ÜP0n0f,000'i0O PO 0 01 
^OOOSiooosaüriüoooooo92iiüPonüionüiQPOt53nüooOöoaPüooio:,.4PQP5,Jooo('ofi oonoi 
'lOnoBSOonOOUOüOüOOPOPöOüPOl 00 ÜnüOOPÜ''7000010 OOP 0 00 PO''SOOOOlOOOnO'l PO 001 
10008^P240PüOUOOl000900270ClOOOPOP0009110n01UOOnu20'''ü'>2POnOOOOOPOP 00001 
100093000000100010109410 00 n0PO'10l0P095.10P&0u0 0Pü?ü"1U''6P0POC0O0P0n "00 01 

öl 

100097l9flOOÜPOOOi0009ä7&90lOnOOüPüPü99lüiOloOOO(;iü""'1lntJl23"Öri'oiönür  P()ÖOl 
1001iU23n4500ü0öl0Oin2O000l0P0n0i0ll03l0Pü0üO0n01.0'1l',450fi0i000O0O PQOOl 
100105000000000000111600000010000 i.lP1070GPüf,OO0P0iP',l'-ei0P0 0 010 0 00 0 0 001 

'1001O936O00Ö000O30011022200 000nOJü011159401000Pu SO'113211951010004 PQOOl 
100ll39950000UOü10111469POOOiOiOOO,'ll50000iuOünoflL,''lli.646P7400000? OöOQl 
10Qll72100Q0PUOü30O118675000O01ü?DPll90 0P54i>OüroP0il?üt0O0O000Oül OOOQl    
100l2130000üOü00 3 00122;,80000iOOüPyPl?301',4iüOÖ'PUPO'',17447POOü00002 10001 ' 
100l2503?500OiJ00(.|00126OOO000O0l000Ol?700PüPuO0P0O0'n^8P0P000n000 0 POOOl 

J0012929 400000003001302620001010^ 001:51431 ü1uOÖPO'l;ünn2l4700000i04 "•OOOI 
10CT3329!<0OüPO0OO0Ol3436P0O00 0r,0 00il55Oüru1UODOOPi)nl.'6<6iOfl0O0i0? POOOl 
100137990000000 020Pl3ö39?000000 0?OP13500'30bPOni(i-ün'S 01 OPOOOOOn01 POOOl 
100141300000000030 O142l4!;0P000r0l0014300<46oP0HjP0P l^bPQnOPOOQg 0 0 0 01    
tOOl«5027000000ü0001460000000üOÜ0001470ÜPOOijOOfiüPO ■•l'ieiDPÖ1000000 "0001 
10014V3000000ü00303l502l030000P040'ilS130M40üOOOO'»OPlr 233971010004 00001 
100l53306100000D401l542jfiö00iOi040r.lr>5l7r5iOiOiu4un'"'6l43300P0004 00001 

'1001571344000C004Olll5812660010P04rtni^9iiooOüOOOil'Jon':>UiOOOOOnOPOl lüOOi 
10Ql6146008üOüOtj?001622879C010f,0.?OPl'i32ö'ilOoOÜPu?ij''l'S4?339000onfl2 OüOOl 
100165l9B600000o200l661675000010?On67l441lOOOOu?ürl<'3l39lOOnoJOg 00001  
100169140000000020 017014lOOOOQ'OJOOl71l4?9 0COOOO^O,,17200iüPO0 0000 0 0 001 
100173112000000010017412^20000 ilü1f)0l75l27ü00P0OU1Or 176121 7C0O0''Ol nCOÜl 
100177123500000010017612^8000010100179i3"9lOOOPü1011^012990000001 rOOQl 
100181127000 0üOUluni«212 4 700lQrOlO"1^3l2?ÖiOOOiÜ10ni.4rOnO 0 000000 0 0 0 01 
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Table A-V-Continued 

10018510000 
I00ifl900444 
1001930810(1 
100197046ÜQ 

0 0 Ü n Cl 
oounu 
unüoo 
0 0 u '.10 

lu^lflö 
00^190 
0Ü01<)4 

lünon 

10001 
i.'UOQÜ 

1.0020102000 
10020500000 
10020930000 
10021300000 
10021700000 
1002?119?40 

OOilOü 
0 0 U 0 0 
unono 
OOüOQ 
ü 0 j 0 u 
ü9ÜnU 

1.101212 
100216 
101210 
100214 
001216 
100222 

10022!>18471 
10C22919?94 
10023300000 

0 U u 0 0 
U n J 0 0 
ü 11) 0 0 

1002?6 
lün2.30 
101234 

0 0110 
00.100 
10100 
00100 
00000 
iöo_2a 
1012? 
1VP24 
U0100 

OOQiO 
ü^ülO 
ü n ü 11) 
oppti 0 
016 no 
0 0 ü 10 
0 0 ü 10 
01000 
Oiü'^ü 
OflOJO 
On on u 
oooou 
0 0 0 0 U 

loni^ 
n 0119 
TOn 19 
OOil'' 

10120 
10121 
0'M2i 
10121 
1.112? 
1Ö122 
1.012.1 
1Ü121 

7iüngn 
1 n 4.10 0 
5nö?ü0 
90 in 41 
31Ü1Ö0 
710100 
inoftoo 
snonoi 
900 0 00 
3l9rfl2 
7"l8fcJi 
1189b9 
S>nuioi 

u 1 ü n ij 
1; n ü o ij 
unocü 

U no 0 ü 
oiorj 
ünonü 
UOOPU 
ü n 0 0 o 
ü 0 0 c ü 
ÜPOPU 
OOOOü 
OiOOu 

.^o^i'ta^ 
1i)'ilrJ2n 
noil^öi 
'1012^00 
PO'iä'-MI 
Iül2'iü0 
1012121 
;i0i2i6l 
10,12?00 
10p234^ 
rbi2?8i 
1Q',2324 
0012.^61 

OiQlO 
6 0 0 0 ü 
6 4 0i() 
OOpPO 
0 0 0 f) 0 
Ü r. 0 0 0 
0^000 
ÜOOOO 
urono 
96170 
93310 
onooo 
ononu 

n 0" 0 3 
oonoi 
•10 0 00 
n g ,1 ü n 
1Ö1Ö2 
n 0 n 0 0 
n Q 0 0 0 
OO^Ol 
n oil or 
1 Ci 0 01 
öönör 
00102 
0 010 0 

10001 
10001 
■10001 
10 0 u 1. 
10001 
ojooi 
10 0 01 
noooi 
■10001 
00001 
öonoi 
110001 
n.lOOl 

NOT REPRODUCIBLE 
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Table A-V-Continued 

REFfREKE   -U'-   'ii, 1 TÄSr   Ml),        3C'0 

THE    INPUT   IJATA   FOR   THIS   CASE   A''b   Ab   FOLLÜwä 

PhAh   fh   MESO If-M 10;v 

CHAM^E-   LK' liTH 
l,07r00n 

TwHf'AT   A--F.A 

IWJECTO»   A«EA LINEAR   TiPEr*        PA'A^OLlC   TAPE'' 

-,226B.C.r 

OPFRATlMi   COM IT Kll.S 

EXTERNAL   I HfcSSUF.E      [■.ALL   TEKKERMTUKE 

, r1 (ir.nno. i;9ilo'oriC' 

FUEL   TAI.K   P.TSS Fufii.   TANK   Ttrtf' 

Fi:&L   VALVF   OPtN   L)T 
-t
f|ÜlCOO .Of'lOüO 

,142700 

■o, Ci P fi n w 

-WH1Di'ö'l 

rjJECTO«   TL-MP 
294,0001)00 

»■, c 'J ö a ü ^ 

o, o T n n u ^ 

FüEl   ViLUb   CLOSE   DT 
ih-o o o i o o , o r i o o'' 

OXIU   TA?K'   P.-ESS uXl.    TANK   Ttnf- I\JECTOR   TfMP 
294,0(1 (JO IM & , ü I U 0 0 "• 

ft | II 0 f P 0 0 

FUEL   VALVF   TPfeN' 
^ , C Q ü ü 0 0 

OAI'I.   \/ALVr   OPhh   LIT UxID   ViL^E   CLOSE   ÜT 
^■'JHQftM; , 0 .•' 10 Ü ti .O-'l^Ui 

CilD   VALVE   OPEf«      FIEL   VALVE   CLCbE     OXIf   VALVE   rLOS-': 
n,ÜJOüÜü ,üIOLüü ,01000 1 

lüNlTlO'.   PESOIPTK^ 

ASSIC-NFp   Dr-LAY   IGMTEK   PnRT   LOC, MJk.L   FLOw   PATE 
r, roiuiO'"' n,Ot'ipou" O,U00OOP 

ACTIVATIU.    PNfiGY        FnEC,   FACT,   )>   , PE«FECT   HIX|MG 
öPO'i.noroOD 3,400001 f-*!« 0,000^00 

0Mr) FLOw NATi- 
0 , 0 C Ü 0 0 'i 

•'O AXIAL MIXl-'J- 
0,000000 

HOT 
REPRODU CIBU 

. 
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Table A-V-Continued 

LIN!--   LE' fiTh 
Aii! .nomoO 

'.' A L V F    A - E * 
, "■ 2 -10 U 

HQtE   " U.'IF Tf^ 
, ^ 0 7 W ij fi 

INJECT in:   AKiLL 
-4':, OO'OOÜ 

INIT,    VOIr    VOLUME 
.'lOUJü 

ChCCr'    >'ALvES 
:.IC:UüO 

Ll'vl-   l.Er  !Th 
43 ', f j-'i'on 

V A I, V I-     A '< £ A 
,"2 -100 

HOLP      1 Mit TE» 
, ^ n " :< 0 d 

INJECT I ^u   A-. r.Lh. 
4 'i , r 0 1 iJ 0 Cl 

INIT,   vr;l-   UOI.I."E 

, n c f. -j B 0 

CHFC«.   VALVES 
i, ^ n - n o (; 

fUEL   FA-    LE   (.TU 
', n n r n 0 0 

FUEL   FEED   SVSTfcM 

LIME   A"EA        '-EST'UCTÜM   Af-EA 
.oi'eion 

I-'Ji-'CTlOi"   A^EA 

, 0 f 0.1 9 0 

'-OL'7   L-'-f-fiT*- 
, ü'.aijon 

C , 01.. C 0 0 u 

, Ü J 4 5 4 n 

0 , 0 0 01,10 'J 

AX14L   Lf'CATIO^ 
0 , Ü 0 0 0 0 ü 

0 , C 0 0'.' 0 ü 

TS4\3ITrjlv   VOLi.'f'E 
CC'dCOL O.UOOiiOO 

C , U I" 0 u 0 C 0 , Ü U C 0 Ü I) 

0111175"   ff-.o   SYiTE" 

LINE   A"FA •VEbTKICTrH   A-hA 
,0063611 ,0^810." 

P'J'CTtC^   AHEA 
, 0 ('■ 0 2 7 2 

"OLF.   L'-'v'-T- 
, n62i>Ln 

i-, 0 '000 'i 

0 , 0 0 0 P1 (1 

AXUL   LOCATIOM 
o, J o ü o o n 

0 ,000 C Ü •' 

'■i,n"ooor- u.ooo'ioo 

AT^'IZ'TIQv PA»;AMtTEnS 

r.xin   fti.   Li-filjTri bMüwESMEAU   l/ft 
I , Oi 01'01' 10,0 0ü'/00 

VEMUPl A^-'EA 

, Ü 2 ü 1Ü 0 

0 , 0 C 0 0 0 (. 

RACIAL LOCATIO' 
, 0 4 & c 0 0 

0,000000 

Lu;r-HLE VnLi;y.F 
,001l3n 

0 , Q 0 U (1ÜI 

VF'vTUPI   AQEA 

, 0 •/ o 10 r 

G.OfiÜOO'i 

«A'ilAL   LOCiTIU' 
-,04500" 

0,000 •'.' U c 

TiVAhSITIOW   VOLUME Dyif;!,LE   VOLU'i: 
f. ,tn POO1- 0 , OOOfiOO , Or'O?«1 

0,00000' 

0 , U n o n 01' 

NOT  REPRODUCIBLE 
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Table A-V-Continuoci 

MOLD   AT   T»IPL?   PT      NU    I.vlT.   UMUuLt     FLAbn   CONE   ANGLE 
. o n n n ei o 

.IVf.OOO 

2,304500 

NO  TUP-L   FLiSH 
n, n o n o ü 0 

iiCi'ouor 

iiHOP   SIZE   ? 
l7bV0üi) 

30,U00U00 

JHOP bUt 3 
l.CÜOuüO 

0 , 0 C1 (j 0 0 " 

ORr.p size 4 
1, 2 ■< Ü 0 01 

WU «ALL bhf-AKUP  OKOP KESTITUTIUN FRAGT IOM STirKINr, 
üiC&oooc       I,üüC;)0O 

JC oxin fL*s^ 
0,01000 0 

, 5 " CUT 0 i 

^n   *4LL   FlOw        NO   «ALL   fvJ-NOFF 
^looooati o.opooon 

FUEL PrtOPcKTIEi) 

POILI'G   Pi.MfvT 
36ft,ooonoo 

VAPC-H CP, 
,995000 

LATENT HFAT V'AP, 

2ir,00^000 

REFEhENrE T-'P, 
300,000000 

bURNINC ^AT;- A 

,032500 

f-Olil   r, Pc FT 
29«,n00000 

VAPOR CP, 
,29*000 

LATENT HFAT \i.lp, 
99,000000 

PEFERFNrfc Tt-CP, 
3or..rnntioo 

BURN IN:; »ATC  * 
,r.27u00 

FkFPZING   POINT 
222,0ii0000 

LICUI..-   CP, 
,6V000ii 

LATENT   >,£AT   FU3,   LI1 

67,b!;000ü 

Pk   SITY 
,8ü00üU 

CRITICAL   TE,"P, 
594,000000 

0 , 0 0 01' ü Q 

.   T^Enrt,   CO ■.11, 
,000545 

VISCOSITY 
,010400 

'O'.'O,    I'.TE-CtPT   -lO'-O,   CÜEFFICIfNT 
0,010 00!) 0,000000 

(.XIDUE^ PROPrRTIKS 

FREFiü^G   POINT CKITICAL   TE,-P, 
262,0i|0üÜi 431,000000 

Licuni CP, 
,36000'! 0,000000 

LATPST   HfcAT   FOS,   LK-,    TKESK.   CO'-LI, 
^9,2';000"1 ,000306 

DE'SITY 
1,450001' 

VISCOSITY 
,004460 

''•ONÜ,    IwTtHCEPT   i'lO^O,    COEFFICItNT 
'J.OODOOM 0,000000 

CRITICAL   P'-'tSS, 
1195,000000 

I'OL .   «f IC-HT 
46,074000 

ACCOM.   fJ^EFF, 
1, 0 f. 0 0 011 

bur'F4Cf:   TE^'SID' 
4 7 , Ü 0 ü 0 Q 0 

hi".NO,    EXP^UF-NT 
0, 0 n Q o ü n 

CRITIC/iL   P'-'fcSS, 
14 7 0 , 0 r 0 0 0 0 

^OL,   WFlGnT 
46,rjr-b00(i 

■iCCOf .   CPfcFF, 
i, o '■ u n o f' 

SURFACE TEKSIO- 
2ö,or,oou i 

Mri.vO,    EXPHNfc.VT 
0 , 0 0 0 0 C "i 

m  REPRODUCIBU 
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TEMP, 1 
300.000000 

re KP, 5 
3061,000000 

TFfip,  '; 
13*4,000(100 

HOI.,   WT,   i 
4A,OUPO00 

•'OL,   WT,   5 
19,860ü00 

MOL,   NT,   9 
l-».000000 

C A M v A   1 
1,120000 

GiM^A 5 
1.235000 

GAM". A 9 
1, 2 7 " () 0 0 

Table A-V—Continued 

COMBUSTlOr1  GAS  PwOPEPTIES 

TE^P,   2 
2103,000000 

TE^Pi 6 
2366,00000(1 

TEMP, in 
1266,OC000(l 

^OL, '-T, ? 
20,7^0000 

MOL i -'T, f, 
16j7b000ü 

f'Oi,  UT, ir 
14,100000 

GAHMA   2 
1,232000 

GAMMA    ft 
1,268000 

GAM"A   1C 
1,2<700Ü 

TEMP,   3 
30*4.000000 

TEMP,   7 
1705,000000 

TEMP,   U 
1190,000000 

KOL,   wT,   3 
26,410000 

MOL,   WT,   7 
1-4,410000 

•V0L,   wT,   11 
14,290000 

GAMMA   3 
1.220000 

GAMMA 7 
1,309000 

GAMMA 11 
1,228000 

TEMP, 6 
3397,000000 

TEMP, i) 
1433,000000 

0,000000 

MOL, t-T, s 
23,390000 

MOL. KT, f 
13,910000 

0 , 0 0 0 0 0 '1 

GAMfA 6 
1,21700.1 

GAMMA H 
1,299000 

0,000000 

COMTAMlNA.-rr   PttPPEHTIES 

DENSITY 
1,000000 

VISCOSITY l 
,044000 

VISCOSITY 5 
,r.6«n00 

VISCOSITY 9 
,092000 

VAPO" CP, 
1,000000 

VISCOSITY 2 
.OSOÜOU 

VISCOSITY 6 
,074000 

VISCOSITY 10 
,098000 

LATEM   HEAT 
100,00000(1 

VISCOSITY 3 
,056000 

VISCOSITY 7 
,000000 

VISCOSITY 11 
,104000 

nECOMP, TEMP, 
500,000000 

VISCOSITY 4 
,062000 

VISCOSITY r 
.O^ÖOOO 

O.OOOOOO 
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Table A-V-Continued 

üe\EKiL   I'vSTHOCT IONS 

STOro,Tnnn U'AE    lNUhV^ Pk'N'    ^E   ÜUT   OF PinT   OME   01 T   Or 
•C2'.'P0ß ,0'JOlüü lÜ.OOOCÜO 30,000000 

UfcLETF.   !-RiP^ICb ^ELtTE   Ü«CP   '.FAN;, DtLETt   SUMMARIES i)ATi   HPVIEW   Q-JLV 

^ro""co ...o'-'couu i.oooooo o.ScooSo 

FUEL   T»AJ.   GWilUP OXli:   THAJ,   -PÜUP TftAJ,   STA«T   TIME '•'TEA^Y-STATfc   TIME 
a.ounooo O.OJOüOü .üOöUOU o.ouuooo 

FLOW HATE O^t^HIütS 

FUEL FLO- ►■ATb  FOrL PKEbS, ^0°      DISCHAHGE CüEFF, 
'■.'"Ofu'ioo       ".C'ooo:       o.üout'oo 

0X10 FLU" -ATE  QXir PRESS, r^üP  üISCMAKGE COEFF, 
M.'-icnnoo n,o"000fj ü.Lioooou 

THRUST   COfcFFICIE.MT   TAbLE 

NO   IVJ,    FRIfTIO- 
1, Ü 'J 0 0 0 c 

o, 0 n u 0 o n 

CF   VcC,   1 
l.V^rtllOO 

CF   VAC   3 
.1 ,e4 7(100 

CF   VA"   9 
i ,S2>«ai) 

CF   VAC   ? 
I,8'.2b0(i 

CF VAC fr 
1,61220? 

CF VAC 10 
1 ,¥22^0(1 

CF VAC >5 
I,900^00 

CF VAC 7 
11 b 6 3 U 0 li 

CF VAC 11 
1,095900 

CF    VAC   4 
1,9*1700 

CF   VAC   " 
i.g.^io'i 

EXP,   AfcEA   "ATM 
0 0 , 0110 0 0 0 

^^ 
^ 

^ ̂  
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Table A-V-Continued 

56C0VD   PULSE   TIMING 

FUEL   ''ALVC   iPEN        OXID   vALVF.   OPEN     FlfcL   VALVF   CLOSE      OXIP   VALVE   CLOSE: 
.CZt'^OO jOelOÜOd ,0^0000 ,ÜJ000O 

THI-fD  PULSE   TIDING 

FUEL   VALVf-   'PEN       OXIO   Vil.Vfc   OPEN     FUEL   VALVE   CLOSE     OXJO   VALVE   CLOSE 
r-.nonooo fi.üooüor, o.OOoooo o.oconon 

FOUhiTH P'lLSE TIMING 

FUEL VALVE ;)PEN   OXIÜ VALVE OPEi\  FUEL VALVE CLCSE  OXID VALVE CLOSE 
O.OOPOUÜ OiÜL'Qüüd O.OUOOOO O.OL'QOOO 

FIFTH PULSE TIMING 

FUEL >'ALVF ■"'PEN   OXID VALVE OPEM  FUEL VALVE CLOSE  Oxp VALVE CLOSE 
■'.•.lOCOOO OiüCOUÜO Ü.0Ü0000 O.QüüQOC 

SIXTH PULSE TIMING 

FUEL VALVE ''''EN   OXIO VALVE DPE-  FUEL VALVE CLOSE  OXIS VALVE CLOSF 
f', n o r, ■) o o       c, o T o o o o      o, o u o o o n      o, o is o o o n 

SPVE^T^ PULSE TIMING 

CUEL VALVC CPEN   ÜXI|] VALVE OPEM  FUEL VALVE CLOSE  QXin VALVE CLOSE 
C . 10■■'f!00 n , 0'!0000 0 , 0Ü0n0Ü 0 , 0000ü0 

FI3KTH PULSE TIMING 

FUEL VALVC "PE^'   t-^IO VALVE OPf.''  FUEL VAL.VF. CLCSE  OXIP VALVE CLOlit 
i , n n r r o o       o, n: o u u c       u, o u o c o o       o, o n o o n n 

\IMTH PULSE TIMING 

FUEL VALVE i.PEM   ti*IU VALVE OKE1-  FUEL VALVE CLOSE  OXIP VALVE CLOSE 
r-.rnoüOü O.ünoOüu 0,000000 0,000000 

INPUT U' ITS AttE INCHES, PSU, SECONDS AND DEGREES KELVIN, 
PROPELLi?JT r;(oP£hTies AwF. IN G^A'IS/CCi PUISE, DVME/C', 

NOT REPRODUCIBLE 
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Appendix B 

MULTRAN 

MULTIPHASE NOZZLE AND PLUME TRANSPORT 
COMPUTER PROGRAM 

A Multiphase Nozzle and Plume Flow Field 
Characterization Model 

Program Number H612 
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Appendix  I3) 

MULTRAN 

MULTIPHASE NOZZLE AND PLUME TRANSPORT 
COMPUTER PROGRAM 

A Multiphase Nozzle and Plume Flow Field 
Characterization Model 

B. 1    INTRODUCTION 

The computer program described in this appendix is a subprogram to the 
Plume Contamination Effects  Prediction Computer Program,   CONTAM,   and 
performs   the subsonic,   transonic,   and supersonic, computations required to 
define the steady-state multiphase  flow field within a  rocket nozzle and exhaust 
plume.     The TCC program (Appendix A) provides the input to M ULTRAN in 
terms of quasi-steady values of droplet distributions,   and gas properties, 
averaged over specified portions of a transient engine pulse.     The nozzle and 
plume flow field defined by MULT RAN provides the input data for the kinetics 
and condensation computation,   KINCON (Appendix C),   and subsequently for 
the deposition and surface efforts computations,   SURFACE  (Appendix D). 
MULT RAN may also be used as an independent computer program on any 
third generation computer with a core exceeding 135,000^ words and a 
Fortran IV processor. 

The MULTRAN program combines three previously independent programs; 

a. TD2,   Axisymmetric Two-Phase  Perfect Gas  Performance Computer 
Program (developed by TRW for NASA/MSEC,  reference  B-1) 

b. T D Z P,   Axisymmetric Two-Phase  Perfect Cas  Plume Analysis 
Computer Program (developed by Dynamic Science and MDAC) 

c. SEINES,   Streamline Generation Computer Program (developed by 
MDAC) 

, 

(B-l)   G.   R.   Nickerson and J.   R.   Kliegel.     Axisymmetric Two-Phase  Perfect 
Gas  Performance  Program,   TRW Systems  Report No.  02874-6006-R000, 
Vol.   I and II,   April 1967. 
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B.2    ANALYSIS,   INTEGRATION METHOD,   AND SUBROUTINE STRUCTURE 

The axLsymmetric two-phase analysis,   numerical methods,   and 
subroutine structure used in TD2,  which also forms the basis for TD2P,   is 
discussed in detail in Reference B- 1 and will not be repeated here. 

B.3    PROGRAM OVERLAY STRUCTURE 

OVERLAY 
(DFILE,   3,   0) 

OVERLAY 
(EFILE,   4,   0) 

OVERLAY 
(XMGKS,   5,   0) 

TD2 
FIND 
ZER0 
ABCALC 
CCALC 
DCALC 
FCALC 
JAMES 
LEGS 
NEWT 
0NED 
PARTIE 
PCALC 
PR0P 
TRACE 
W DGI 
NZMAIN 
C0NSTS 
N3MAIN 
WALL 
AC0MP 
ADJK 
AXISPT 
CHECK 
CNTRL 
GRIT 
EFN 
ERR0R 
KPBPT 
PRINT 
PTINT 
SUM PI 
SUMP2 
TAFN 
WLPT 

TD2P 
AC0MP 
ADJK 
AXISPT 
CHECK 
CNTRL3 
GRIT 
EFN 
ERR0R 
FIND 
KPBPTP 
NEXT 
PMEYER 
PRINT 
PTINT 
SUM PI 
SUMP2 
TAFN 

XMGKS 
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B.4   PROGRAM USER'S MANUAL 

This program was developed on the CDC 6500 computer using the 
FORTRAN IV language.    Conversion to another computer system should be 
straight forward provided sufficient core storage (135, 000 words) is available. 
Program overlay extends two levels deep including the executive level,   when 
used as a subprogram to CONTAM: 

The description of the input to and output from the computer program is 
divided into the following four subsections; 

. y 

.., 

B. 4. a TD2. INPUT 
B.4. b TD2P INPUT 
B. 4. c TD2/TD2P OUTPUT DESCRIPTION 
B. 4. d SEINES Subprogram 

A card listing for the complete input for the sample case is given in 
Subsection B. 5. 

a.      TD2 Program Input 

The program input for the Axisymmetric Two-Phase  Perfect Gas 
Performance Subprogram TD2 conforms to the I. B. M.   NAMELIST format. 
All input items are read under control of the name $DATA.     The input items 
are divided into five types  1) Propellant Data,   2) Particle Data,   3) Inlet and 
Throat Parameters,   4) Characteristics mesh control data,   5) Nozzle Wall 
Contour Data. 

For some input Items,  values are assumed by the program.    These items 
need not be input to the program. 

$ DATA 

(1)   Propellant Data 

Item Name Input Quantitv Units 

CAPN r 

CPG = 

CPL = 

CPS = 

GAMMA 

CM GO   - 

HPL : 

HPS = 

Input Quantity 

N,   Viscosity temperature exponent. 

C     ,   specific heat of gas at constant 
gP 

pressure. 

C,-. ,   particle heat capacity (T   > T       ). 
P? P        Pm 

C,-,   ,   particle heat capacity (T   < T       ). P      ' ' '       p        p s ' ' m 
Y,   specific heat ratio,   C     /C 

8p     Sy 
|j.     ,   chamber gas viscosity coefficient. 

On 

h    ,   liquid particle enthalpy (T    = T 
m 

h     ,   solid particle enthalpy (T    -   T       ). 
m 

none 

ft2/sec2oR 

ft2/sec2oR 

ft2/sec2oR 

none 

lb/ft sec 

.2        2 
ft   sec 

ft   /sec 
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Item Name 

PC = 

PR = 

RCAP = 

SMP   r 

TOO  = 

TPM = 

Input Quantity 

P     ,   chamber pressure. 
6o 

P  ,   Prandtl number, r 

R,   gas constant. 

m  ,   particle density. 

T     ,   chamber temperature 
go 

T       ,   particle solidification temperature. 
"m 

Units 

PSIA 

none 

ft2/sec2oR 

Ib/ft" 

0R 

"R 

(2)    Particle Data 

Item Input Quantity Units 

R(l) r    ,   the radius of each of n particles is 
PJ 

to be input so that 
r      < r      . . . . < r 

pl       P2 Pn 
set r =0. 

Pn+1 
n < 10 is  required. 

ft 

WPWGT = 2w      / w  ,   ratio of particle to gas weight 
Pj g 

flow. 

none 

WPWT(l) = w    /-w    ,   particle weight flow fractions 
Pj        Pj 

corresponding to each of the above particle 
radii,   r 

PJ 

none 

(3)    Inlet and Throat Parameters  (Figure B-I) 

Item Name Input Quantity Units 
Assumed 

Value 

DZI = 

DZMIN 

NILP - 

RRT = 

Az,   particle trajectory integration step 
size. 

Az     .   ,   inlet step size parameter, mm ' r 

N.,   number of initial line points. 

R   ,   throat radius of curvature. 
A value R   >1 is  required, c ^ 

none 

none 

none 

none 

0. 002 

0. 002 

15 
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Item Name Input Quantity 

RT = r*,   throat radius. 

SAUR(I) =       First estimates of x ,  \x ,  a,   ß,   and 

"Y for the special throat expansion. 
Required only if 0.> 9f. 

THFD = 0fl   faring angle (0f >0.=>no faring). 

THID = 0.,   inlet angle. 

THIW = 0.    ,   intersection of initial line and wall, 
i w 

THJD = 0.,   angle defining the zone farthest 

downstream 

VAR(l) = First estimates of x  ,   n  ,  a,   ß,   and 

Tfor the zone farthest upstream 

ZAX = z     .   ,   intersection of initial line and axis 
axis. 

ZI = n.,   number of upstream zones. 

ZJ = n.(   number of downstream zones. 
J 

Assumed 
Units Value 

ft 

none -0. 15, 1, 
0.5,0.3. 
-1 

degrees 5.0 

degrees 

degrees 12.0 

degrees 9.0 

none 0.3, 0, 0, 
0. 1, 0. 1 

none 

none 

none 

3.0 

2.0 

(4)    Characteristics Mesh Control Data 

Item Name 

DL = 

DTWI = 

DR = 

EW = 

IMAX = 

Nl = 

N2 = 

Input Quantity 

Ai,   maximum LRC mesh width. 

A0   ,   maximum flow angle change along 
"W 

the wall. 

Ar,   maximum RRC mesh width. 

e   ,   end of nozzle wall criterion, w 

i ,   maximum number of iterations max 
per mesh point. 

th int. n,,   select each n.      LRC for pr 

n7,   print each n?     point on selected 

characteristics. 

Units 

none 

none 

Assumed 
Value 

none 0. 2 

degrees 3. 0 

none 0.2 

none 0.001 

none 5. 0 

1, 000 

1. 0 
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(5)    Nozzle Wall Contour Data 

Item Name Input Quantity 

IWALL = Option flag. 

0   >  tabular input 

l->   cone 

2->   circular arc 

3 = > parabola 

If the wall is to be input in tabular form (IWALL = 0): 

PW(1) = (r.,   z.),   wall coordinates i =   1,2,       n points. 

viz. :    PW(1) =  r 

Note: 

1' 
7. V V. 

V     V     V •     rr1'     Zn>     0'    0- n      n 

(a) always mark the end of the table with 
two zeros. 

(b) n < 79 is required. 

If a cone,   parabola,   or circular arc contour is to be specified then: 

THJW = 

EPS = 

RWMAX 

ZWMAX 

$ 

NOTE: 

0.   ,   attachment angle for the contour; e. g. ,   for a 

cone,   the conical half angle. 

€,   nozzle expansion ratio (cone only). 

r ,   nozzle exit radius (parabola or arc only. max vr ' 

z ,   nozzle length from throat to exit (parabola max .   . " vr 

or arc only). 

END OF CASE. 

Units 

none 

none 

degrees 

none 

none 

none 

A case is defined as the data included or implied between the $DATA 
card and the $ signifying the end of case.    Whenever a value is input 
as data for a case,   that value will remain set for succeeding cases 
until a new value is input.    The values indicated as assumed by the 
program hold only until a different value is input.    If more than one 
value is input for a given quantity within a case,   the last value given 
will be used. 
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b.      TD2P Program Input 

The program input for the Axisymmetric Two-Phase Perfect Gas 
Plume Analysis computer subprogram is an extension of the input to the TDZ 
computer subprogram.    Input to the TD2P computer subprogram consists of 
a binary start tape ((TAPE 8) or an extend disc storage file (TAPE 8) gen- 
erated by the TD2 computer subprogram.     The same NAMELIST data deck 
used for the TD2 calculation must be used for the TD2P calculation and is 
read from TAPE 8 automatically.     The following input items must be inserted 
into the data deck following the TD2 data.    Additional data for the TD2P sub- 
program is   read under control of the name DATAP, 

$ DATAP 

Item Name Input Quantity 

PMA = ^PM'   ^e Prandtl-Meyer expansion 
angle to be used at the nozzle lip. 

Units 

degrees 

NPM The number of Prandtl-Meyer points to 
be generated, 

NPM < 0   The maximum number (98-IP) 
of points will be generated. 

none 

NPM =  0    Points will be generated one 
degree apart unless less 
than 5 points would result. 

ZMAX 

NPM > 0   This number of points will be 
generated unless the maxi- 
mum would be exceeded.    If 
the maximum would be 
exceeded,   points are placed 
one degree apart unless this 
would again exceed the maxi- 
mum or would result in less 
than  5 points. 

This item defines a cutoff plane for the 
calculations.     The run will be termin- 
ated when an axis point is calculated 
located downstream of Z = ZMAX, 

none 

PCUT If a Pressure,   Pg,   is calculated such 
that the  ratio Pg/P„0 drops below this 
value,   no more points will be calculated 
on the characteristic. 

none 
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Item Name 

NPLOT 

AREA 

EMIS 

Cl 

C2 

REMARKS 

Input Quantity 

Flag for auxiliary radiation output on 
tape unit 9,   (see  Description of 
Program Output). 

NPLOT   =    0   deletes this output, 

NPLOT   =    1    requests this output. 

Flag for auxiliary force field output on 
tape unit 9.    This item is also used to 
represent the frontal surface area of a 
body in the plume,   (see Description of 
Program Output). 

AREA   =    0   deletes this  output. 

AREA   >   0    requests this output e, g, , 
AREA =   1. 

Ep,   particle emissivity used for the 
radiation printout. 

C j,   force coefficient used for the 
force printout. 

C2,   force coefficient used for the 
force printout. 

Units 

none 

2 
in. 

none 

none 

none 

If the mesh width control items  DL and DR have been input as part of 
the NAMELIST DATA deck,  these items should be deleted for the plume cal- 
culation.    The TD2P computer program will then assume large values for 
these variables and avoid the generation of many mesh points. 

The last item printed at the end of a complete TD2 calculation is the 
item IP = nm,   where nm is number of points used along the last running 
characteristic.     Reference should be made to this number to determine if 
sufficient space is available (98-IP) for the Prandtl-Meyer expansion. 

The TD2P computer subprogram is not suitable for running consecutive 
cases. 
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c.      TD2/TD2P Output Description 

Program output may be viewed in detail by examining the sample 
case in Section B. 5.    The program output follows the sequence listed below: 

For the one-dimensional inlet and the axisymmetric transonic 
throat calculations 

(1) The values k and m    for gas-particle equilibrium. 

(2) Initial and final conditions for the one-dimensional inlet 
integ ration. 

(3) Converged values for x0,   u0,   a,   ß,   7 and f^,   f2,   f3i   f^   £$ 
for each transonic flow zone. 

(4) The corrected estimate for k,   corrected values for x0,   u0, 
a,   p,   and 7 in the transonic zone containing the initial supersonic data line, 
corrected values for m    and m-n.. 

g PJ 
(5) Items  2,   3,   and 4 are iterated twice. 

(6) The gas-particle flow properties Pg,   Pa,   Ug,   v«,   r,   z,   hp., 
Ppi»   uv anc' ^^ a^ong ^e initial supersonic data line. 

For the supersonic method of characteristics calculations for 
the nozzle and plume, printout may occur after the completion of each mesh 
point   calculation.     Points for print are selected as follows: 

The following points are always printed: 

axis points. 

Kth particle boundary points. 

initial line points. 

wall points. 
f-L| 

Interior points are selected for print only along every n^      left 
running characteristic and only at every n^n- position along these 
cha racte ristics. 

(n, =  n, =   1). 
Inserted points are printed if all points are to be printed 

The items printed are listed below in the order they appear,   left to 
right,   on the output sheet.     A header is printed for identification purposes 
above each characteristic. 
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Bow One: 

> 

) 

Item 

LRC number 

Ident,   number 

M 

T 
g 

V 
g 

T   /T 
g      g. 

P   /P 
g      g. 

Pg/Pg, 

i Pj     ! 

Header 

LRC 

ID 

R 

Z 

MACH 

TG 

VG 

THETA-G 

TG/TGO 

PG/PGO 

DG/DGO 

SDK/DG 

CF CF 

I ISP sp 

interaction no.      IT 

Rows Two through K-t-l 

A row is printed for each 

Item Header 

k 

Re, 

V, 

K 

REK 

VPK 

Meaning 

Left  running characteristic 
number. 

Type of point (see below), 

r position coordinate, 

z position coordinate. 

Mach number. 

Gas temperature. 

Gas velocity (scalar). 

Streamline angle 

Ratio of gas temperature to 
chamber temperature. 

Ratio of gas pressure to 
chamber pressure. 

Ratio of gas density to 
chamber density. 

Patio of total particle density 
to gas density. 

Thrust coefficient. 

Specific impulse. 

Number of interactions  required, 

particle size,   k= 1 K. 

Meaning 

Particle size number. 

Particle Reynolds number 

Particle velocity (scalar). 

Units 

none 

none 

none 

none 

none 

0R 

ft/sec 

degrees 

none 

none 

none 

none 

none 

sec, 

none 

Units 

none 

none 

ft/sec 
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epk 
THETA-K 

Tpk TPK 

ppk
/p

s 
DPK/DG 

PPk/pPo 
DPK/DPO 

rpk 
RPK 

Item Header Meaning Units 

Particle streamline angle. degrees 

Particle temperature. 0R 

Ratio of particle density to none 
gas density. 

Ratio of particle density to none 
chamber particle density. 

Particle  radius ft 

d.      Additional Output 

Table B-l illustrates additional output options as discussed below, 

(1) Force Field Print 

If the force field auxiliary output is  requested (AREA > 0) the 
following items will be computed and written on tape unit 9. 

Item Units 

C . A ? 
F    =    -rij- 4- P  ivr lb, g 144g     2       g f 

lPk   = 144g     Ppk  Vpk 
lbf 

k max 
F

?-Z,   FPk lbf 
k- 1 

F   =    F     +   F lb, 
g P f 

F   /F None 
P      g 

The quantities C^ and C^ (which are nondimensional force 
coefficients) and A (which is surface area in square inches) are input as C 1, 
C2,   and AREA, 

(2) Radiation Print 

If the  radiation auxiliary output is  requested (NPLO T =   1) the 
following items will be computed and written on tape unit 9. 
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Iteni 

Row 1: 

LRC number 

Ident,   number 

Header 

LRC 

ID 

R 

Z 

Meaning Units 

Left characteristic number, none 

Identification code. none 

r,   radial coordinate none 

z,   axial coordinate none 

Rows 1 through k (i, e. ,  for each particle size k = 1,   ...   kvv,^v): max * ' r max' 

N. 
Pk 

^1 

^4 

Pk 
Row k +  1: max 

f4 

P 

whe re: 

NPK 

RAD PK 

RAD BAR PK 

TPK 4 

TEAR 4 

Particle number density 

Effective particle 
temperature 

number of 
particles/ft-^ 

BTU/sec 

BTU-number of 
particles/sec 

4 

N 
rr  TT r       m 
3        Pu       P 

^.4       2 
c     er T        r 

P Pk    Pk 

e     cr T4     r2     N 
P Pk    Pk      I 

CT =    0. 475834 x I0"12 BTU/ft2-sec-0R4 

T4 

max   _4 

E    T 
k= i 

N 
Pk     Pk    Pi 

max 

k=l 
NT 
\     Pi 
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J" 
d.      SLINES Subprogram 

This computer subprogram,   SLINES,   was developed to provide the 
necessary interface between the TD2 and TD2P subprograms and the KIN CON 
subprogram.    Basically,   the program interpolates from data points on the 
characteristic lines (TDZ and TD2P results) to determine points of constant 
percentage of mass flow running through the throat,   nozzle,   and plume. 

Subsection (1) lists the program variables FORTRAN names, 
symbols,   and definitions.    Subsection (2) discusses the program logic inter- 
polation equations and editing technique.    Subsection (3) provides the user 
with the necessary operating information.    Subsection B. 5 provides input 
and output for a sample case of the MULTRAN program,   which includes the 
output from SLINES (last portion). 

(1)    FORTRAN Variables 

The FORTRAN names given are the names used throughout the 
program.    The symbols are used in the text of this document. 

FORTRAN NAME SYMBOL DEFINITION 

The axial distance of a point on a stream- 
line. 

> 

R 

P 

S 

R 

P 

S 

The radial distance of a point on a 
streamline. 

The pressure at a point on a streamline. 

The distance from the initial point on a 
streamline to a given point on a stream- 
line. 

fl 

The temperature at a point on a stream- 
line. 

V 

KD 

The velocity of the gas at a point on a 
streamline. 

The i     point along a streamline. 
(l<i<n) 

JD n The total number of points along a stream- 
line before editing. 

ID The streamline identification number. 
(l£j<m) 

NSL 

K 

m 

k 
■»■r 

The total number of streamlines. 

A given point on a characteristic line. 
(l<k<NPTS) 
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FORTRAN NAME      SYMBOL 

NPTS 

DEFINITION 

Total number of points on a given 
characteristic line. 

N 

PCM 

N The number of points on a stre?.mline 
in the throat only. 

The percentage of normalized integrated 
total mass pertaining to the point on a 
characteristic line. 

PCS The percentage of normalized integrated 
total mass criteria for a streamline. 

Z,R, P, S, T, V 
ZMGKS, 
RMGKS. 
PMGKS, 
TMGKS, 
VMGKS 

DSK 

SX 

X 

SID 

T^TM 

AS 

Qnp 

The class of parameters pertaining to the 
properties of a point on a streamline or 
characteristic line.     Each parameter is 
defined elsewhere in this glossary. 

The streamline distance criteria used in 
editing. 

The distance of the streamline from the 
supersonic start line through the nozzle 
and plume. 

The name of the namelist through 
which the user input data is 
provided. 

The integrated total mass along a 
characteristic line. 

ZMGKS The axial distance at a point on a 
characteristic line. 

RMGKS The radial distance at a point on a 
characteristic line. 

PMGKS The pressure at a point on a characteristic 
line. 

TMGKS The temperature at a point on a 
characteristic line. 

ZINIT 

PINIT 

The distance of the initial point on a 
streamline (ZINIT = S (j,   1) = 0). 

The pressure at the initial point of a 
streamline. 
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FORTRAN NAME      SYMBOL 

TINIT 

VINIT 

MGKSK 

EXIT 

DEFINITION 

The temperature at the initial point of a 
streamline. 

The gas velocity at the initial point of a 
streamline. 

The total number of points on a stream- 
line afte r editing. 

The streamline distance of the last point 
on a streamline  [EXIT = S(j,   MGKSK)]. 

(E)    Program Description 

The program runs on the CDC 6500 computer system.     It is 
written in FORTRAN IV and requires a field length less than 40, OOOg,    A 
nominal case providing ten streamlines will require less than 7 central 
processor seconds and less than 20 peripheral processor seconds to execute. 

The program includes five distinct functions: 

1. Input 

2. Streamline Location 

3. Data Interpolation 

4. Data Editing 

5. Output 

Each function is discussed in the subsequent paragraphs. 

(a)    Data Input 

Two sources are required for data input:   cards via NAME- 
LIST which is user data allowing the program to know how many streamlines 
are desired and the percent mass flowing within a torroid bounded by each 
streamline; and logical file TAPE 12 (tape or disc) which provides the 
program with data from the TD2 and TD2P subprograms on which to 
operate. 

The data from the TD2 and TD2P subprograms consists of 
two records for each characteristic line.     The first record tells how many 
points are on the characteristic line and the total integrated mass associated 
with the characteristic line.    The second record contains the data designating 
the location,   pressure and percentage of the normalized integrated total 
mass for each point on the characteristic line.    The first requirements of 
the program is to provide initial temperature and velocity properties of each 
streamline.    Therefore,   the initial characteristic line has an additional 
record of data associated with it which gives the temperature and velocity 
properties associated with each point on the initial characteristic line.    This 
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record follows the first two records,   in order.    The last record of both 
the TD2 and the TD2P subprograms contain a one word,   negative number, 
record.    This permits the program to know when there are no more char- 
acteristic lines provided by the respective programs. 

(b)    Streamline Location 

The definition of a streamline is that line which runs 
through the throat,   nozzle,   and plume bounding a given constant percentage 
of the mass flow between it and the nozzle axis. 

There are a discrete number of points on a characteristic 
line.    The properties at any point usually will not meet the criteria for a 
point on the desired streamline,   therefore,   interpolation must be performed 
between the two input data points which bound the desired point on the 
streamline in order to obtain the necessary properties (location and 
pressure) on the streamline. 

The initial point,  with regard to distance along a stream- 
line,   is designated as the interpolated point on the initial TD2 subsonic 
start line.    Each subsequent streamline point has a distance corresponding 
to: 

S.    =   S.   , + 
i i-l 

(Z.-Z.^-KR.-R.,/ 
1/2 

where 

S    =   the distance along the streamline 

Z   =   axial distance along the streamline 

R   =    radial distance along the streamline 

i    =   the i     point along the streamline (1 £ i £ n) 

n    =   the total number of points along the streamline 

As previously stated,   S,    r    0, 

(c)    Data Interpolation 

Linear interpolation is used to locate a streamline point 
as follows: 

re.   -   V 
X. 

Ji 
Xk-1 + vxrlh X 

k-1 
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) 

X   =   the required streamline property (Location,   pressure,   mass, 
etc. ) 

€    -   the percentage of normalized integrated total mass criteria for 
the streamline 

■H    =   the percentage of normalized integrated total mass pertaining 
to the points on the characteristic line 

k   =    the point on the characteristic line having the greater value 
and bounding the streamline value 

k-1    =   the point on the characteristic line having the lesser value and 
bounding the streamline value 

i   =   thö i     point along the streamline (l<i<n) 

n   =   the total number of points along the streamline 

j   =   the streamline identification number (l<j<m) 

m   =   the total number of streamlines 

(d)    Data Editing 

There exists two reasons for editing the streamline data 
before output: 

1. Due to the change in the nature of the characteristic lines at the 
supersonic start line in conjunction with the logic used previously 
in the program,  there exists a redundant point along the axis 
streamline at the supersonic start line.    This redundant point 
must be removed. 

2. The KINCON program will accept a maximum of 101 data points 
for each streamline. 

To locate the redundant point along the axial streamline, 
the points along that streamline are searched until two points are found 
which have no separation distance.    The redundant point and its associated 
properties are removed from that streamline.    In addition,   the location of 
that point provides information as to the location of the supersonic start 
line and the number of points in the throat,   along the streamline,   which will. 
be required for use in subsequent editing. 

It is desirable that each point and its relevant properties 
along each streamline in the throat be provided as input to the KINCON 
program.    Therefore these data are not edited.    The remaining points along 
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the streamline,   in the nozzle and plume,   must be edited by some criteria 
which will limit the total number of points along the streamline to  not more 
than 101.    The criteria chosen is such that each point (exclusive of the last 
two points) in the nozzle and plume shall be separated by at least some 
distance determined by: 

snp 

AS. i 100 - N. J J 

where 

AS   =   the distance criteria for editing 

S  ^   =   the distance of the streamline from the supersonic start line 
through the nozzle and plume 

N   =   the number of points along the streamline through the throat to 
the supersonic start line 

j    =   the streamline identification number 

The last point along the streamline is always made available for output 
regardless of its distance from the previous point. 

(e)    Output 

The output of this program is both printed and written 
onto a logical file (TAPE 8).    The printed output is provided for the scrutiny 
of the user.    The TAPE 8 file output is for use as input to the KINCON 
program.    The written data contains only that information which is necessary 
for the operation of the KINCON program.     The printed output provides the 
same data as the TAPE 8 file output but also contains other pertinent data 
which allows the user to determine the validity of the data.    A sample of the 
printed output may be found in Subsection R. 5. 

(3)    Program User's Manual 

Input to the computer program is divided into two subsections: 

(a) NAMELIST/SID 

(b) Logical File 

Written output from the computer program is on logical file 
unit number 8.     The sample case provided in Subsection B. 5 details the 
loadsheet for the NAMELIST card,   and computer output. 
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(a) NAMELIST/SID 

The NAMELIST feature permits the input of parameters 
without a format specification.    The NAMELIST/SID contains two 
parameters: 

1. NSL; the number of streamlines for which the program is to 
provide data. 

2. PCS; an array of up to ten mass % values which provide the 
criteria for the streamline definition.     The variable NSL determines 
the number of values which must be input. 

The two permissible formats for PCS are: 

1. PCS(l)   =   a,   b,   c,    ,  j where a through j are the quantities 
corresponding to the PCS criteria. 

2. PCS(2)   =   b,   PCS(l) = a,   PCS(4)   =   d,   PCS(5)   =   e,   PCS(7)   -   g, 
PCS(3)   =   c,   and so on. 

(b) Logical Files 

The logical file input may be either tape or disc file.     The 
unit number for the logical file is 12.    This means that the logical file name 
used on the REQUEST or ATTACH card must be TAPE 12.    The data on.the 
logical file is provided from the TD2 and TD2P programs.    The data is 
binary (unformatted). 

! B. 5 SAMPLE CASE 

Included in the section are the computer input and output for a sample 
case using the MULTRAN program as an independent program.    The sub- 
programs to MULTRAN.   which are called sequentially are TD2,   TD2P and 
SEINES.    The use of MULTRAN as a subprogram to CONTAM for the 
analysis of contaminant transport is illustrated in Section 4 at the main text. 
To illustrated the use of MULTRAN as an independent program for other 
than bipropellant contaminant transport analysis,   the sample case in this 
section is for a solid rocket motor nozzle and plume. 

(B-2)H.   H.   Radke,   L.   J.   Delaney,   and Lt.   P.   Smith.     Exhaust Particle 
Size Data from Small and Large Solid Rocket Motors. San Bernardino 
Operations,   Aerospace Corporation,   Report Noi   TOR-1001 (S2951-18)-3, 
July,   1967. 
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The calculation is performed for a typical solid propellant engine 
operating at a chamber pressure of 2, Z50 psia whose exhaust contains 
13. 6% AI2O3 by weight.    The particle size distribution was obtained from 
experimental data of Radke,   Delaney and Smith (Reference B-Z).    Six par- 
ticle sizes are assumed with radius yielding weight flows as follows: 

Particle Size (ft x 10  ) Weight Fraction of Total Particles 

4.92 0.0214 
9. 84 0. 1180 

16. 32 0. 2390 
22. 90 0. 3260 
29.40 0, 2344 
36. 20 0. 0612 

1. 0000 

A complete set of Control Cards and Data Cards for the sample case are 
listed proceeding the sample case.    The use of the LIBLIST system routine 
is illustrated in Table B-I.I,   showing the control cards which allows the 
user to select the appropriate overlay structure for a particular case, 
thereby reducing core requirements (in this case from 220, 000 for the 
complete CONTAM program,   to 135, 000 for MULTRAN) 
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i 
Table B-II.     MULTRAN SAMPLE CASE OUTPUT 

CATALOG  OF  . ILE  LG1 

RkCORO NO, LEVEL NO,     LENGTH PACKAGE CHKSUM 

  OCTAL 
IMAGEXOVERLAYUHLE »0,0)  > 1 <CAHD 

2 0 346 534 H612 5203 

3 <CAHD IMAGE><OVERLAY(CriLE .2,0)  > 
4 0 46 56 DUMZ 4404 
9 <CAHn IMAGEXOVE RLAY(DFILE ,3,0)  > 

..6...  D  964 .. _. -170.4 T02 1730 
7 0 1425 2621 5LKDATA 5026 
8 0 1274 2372 PARTIL 7452 

9 C 62 76 N2MA1N 1266 

10 0 52« 1021 ONED 53 
11 0 311 467 JAMES 5165 

12  D   39D. - .606 PROP 4412 

13 0 128 200 FIND 2045 

1« 0 163 243 MDQJ 4423 

15 0 4B5 745 STRMLN 4042 

16 0 326 506 TRACE 5610 

17 0 41 51 NSMA1N 4126 

18  Q .. ...  840 1510 CNTRL 5066 

19 0 292 444 NEWT 6600 

zn 0 424 650 FCALC 1425 

21 0 246 366 CONSTS 2663 

22 0 263 407 WALL 3162 
23 0 448 700 PRINT 3772 

24 .  .Q 1307 2433 PTINT 5115 
25 0 242 362 ERROR 2410 
26 n «40 1200 AXISPT 1063 

27 0 422 646 WLPT 1776 
28 n 1434 2632 KPBPT 4263 
29 0 673 1241 LEGS 3540 

30 0 219 333 ABCALC 1711 
31 0 489 751 CCALC 1305 

32 n 36 44 DCALC 752 
33 0 1292 2*14 PCALC 5746 

3« 0 161 265 ACOMP 1200 
35 0 107 153 SUMP1 4267 

36 .0 59 73 TAFN 1476 
37 n 99 143 EFN 3303 
38 n 79 117 CHECK 6143 

39 n 5* 67 CRIT 6146 
4n p 127 177 ADJK 7316 
41 n 122 172 SUMP? 2423 

42 <CAHD IMAGEXOVfc .RLAYJEFILE ,4,0)  > 
43 n fl29 1476 TD2P 2227 
44 0 624 1160 CNTRL3 7300 

45 n 323 503 PMEYfR 676 
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Table B-II-Continued 

*(< n 448 700 PRINT 4772 
47 n 485 ""9 STRMUN 4042 

46 0 640 1,.0 AXISPT 1063 
49 n 242 362 ERRUR 2410 

5P 0 1388 2554 KPBPTP 2422 

51 c 13Ü7 2<33 PTIMT 51X5 

52 n 3S 46 NEXT 3473 

55 0 55 67 CRJT 6146 
54 0 181 265 ACOMP 120U 
55 0 107 193 SUMP1 4267 

56 n 59 73 TAFN 1476 
57 n 99 143 EFN 3303 

59 n 79 117 CHECK 6143 
59 0 127 177 ADJK 7316 

60 n 122 172 SUMP2 2423 

M 0 128 200 FIND 2045 
62 <CAHD IMAGEXOVtRLAYUMQKS 5,0)  > 
63 Q 697 1271 XMGKS 5713 
64 <CARD IMAGEXOVEHLAYIFFILE 6I0)  > 
65 0 417 641 SCREEN 4305 
66 1 109 155 GTF 7305 

67 0 29J 445 STF 2319 
69 0 129 201 APPROX 647 
69 0 128 200 FIND 2045 

70 0 73 111 STOICC 4367 

71 0 93 135 SPLN 6613 
72 n 119 167 DRIVER 2407 

73 0 7'i no AF073C 2034 
74 <c*Hn IMAGE><OVERL*Y(FFlLE .6,1)  > 
79 0 48 60 LINKlO 3673 

76 0 973 1079 TTAPE 2907 
77 n 142 216 COLOUT 4242 

78 <CAHP IMAGF><OVEHL*Y(FFILE ,6,2!  > 
79 0 48 60 LINK20 4316 
88 n 1322 2*52 INPUT 7270 

81 0 1085 2075 SPRXIN 2949 

82 0 274 422 ECNV 4014 

es n 84 124 NUMBER 6921 
84 <CAHn !MAüE><OVeRLAY(FFlLE ,6,3)  > 

95 p 48 6n LINK30 7777 

86 p 474 T32 STFSET 757 
67 <CiRn tMAGF><ÜVERLAY(FFlLE .6,4)  > 
69 0 48 60 11NK41 4625 
89 o 488 750 PACKIP 6516 
9n <) 299 453 CONVRT 6407 

91 p 455 707 PRES 1313 
92 0 674 1242 ADDFIT 5561 

93 n 597 1125 SUP 2727 

94 0. 50 62 TCAUC 1022 

99 <C*Hn IMAÜEXOVER LAY(FFJL6 .6,5)  > 
96 n 40 60 L1NK42 65U1 
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Table B-II-Continued 

:1 
11 

i 

97 n 599 1127 OERIV 3665 
98 0 1096 2«-n MAIN 5346 

99 0 197 v i fcT 4665 

IPO 0 536 lojn §C«X 1612 

101 n 410 632 FLU 6066 

102 0 9t> 137 UTIL 7731 

103 0 825 1471 OUTPUT 4212 
104 n 424 650 INT 7206 

109 0 5bS 1111 IAUX 7141 
106 n 67 103 PRNTCK 6136 

10T 0 700 1274 SHOCK 4730 

106 0 103 147 TREE 3966 

10« n 717 1315 ADDXXX 2912 

110 0 . .  IB? ?67 PLTSUB 3375 
111 n 43t> 663 IAUX1 6200 

112 n 178 26? VAPOR 2006 

113 0 9S> 137 ITER 6300 

114 0 95» 137 OUTXXX 4157 

115 n 632 1170 CONAD 3070 

116 . .. ... 0 ....  29a . .. ._ 452 LESK 4332 
11T 0 151 227 DROPS 7733 

118 <CAKn IMAQEXOVER .AY(FFILE,6,6)  > 

119 0 140 214 LINKSO 6172 

120 0 169 279 DSCPLT 6736 

121 n 71 107 MAXMIN 4453 

.122   D.-  lie .. 166 .. SCAL 3562 
123 17 0 0 0 

LEVEL i7GR0UP LENGTH IS 41695 121337 

♦ •••• kND K.H.E 

I-       E 

i 

i 
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Table B-II-Continued 

CONTROL CARD AND DATA LISTING 

M612,2,1500,800,601,120001135 000, 
ID HOFFMAN        *03833»BqOmi2   4QM611     9615760010 
BEQUEST,CONTAIN,HV, 
RECUEST,TAPE9,WY, 

.C0PYiF(C0NTAM,RfeL> 
C0PYBF(CnNTAM(TAPE4) 
COPYBF(CONTAMiUCnNT) 

(14640) 
(RESEPVF) 180 

REWIMD(TAPE4) 
«EmMD(UCOWT) 
RETURN.JCQNTAM) 
BFL.iOO, 
«FL,60000, 
UPDATEtP.UCOsn 
RUK<S,,1001,COMPILE) 
PEWlND(LG0> 
-MUIOQ, _ . 
»FL,135000, 
COP7L1B(LG1,LGO,P61> 

^itlMlkfLU  
LISTIT(LGI) 
SETCORE, 

_LQAD(1.G1). 
KiOQO, 
RFL,115000, 
AFILEI 
REWINDITAPE?) 
C0PYCF(TAPE9,OUTPUT) 
Jl61UItli.UP_E.9J.    
EXIT, 
»EUNUtTAPE«) 
eOPYCF(TAPE9.ÜUTPUTl 
RETURN(TAPE9) 
• 
«L|0EMT|SEPT14         
•DELETE,TD2,134 

CALL MAXTP{NPG,NPPSiNCPS,N4,M5) 
«DELETE.TD2.164 

CALL MAXTP(NPG,NPPS|MCPS,N4,M5) 
•DELETE,TD2P191 
  CALL HAXTP{NPG.NPPS.NCPS.N4.N5) 
•DELETE,TD2P,127 

CALL MAXTP(NPG,NPPS|NCPS,N4,N5> 
• QELETEtX^KSitfl 

CALL MAXTP(NPG,NPPS,WCPS,N4,VJ5> 
•DELETE,XMGKS,134 

CALL MAXTP(NPG,^PPS|MCPS,N4,N5) 
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Table B-II—Continued 

•DELETE,SC^EFiNiö? 
CALL   MiXTP(NPQ,NPPS|^CPS.Nl,M5) 

PVERuAYfAFlLP.O.O) 
V612 
PVE«LAY(CFIIF,2,0) 

0VEHLAV(nFlLF,3,n) 

BLKDATA 
0VERLAY(FF1LF,4,0) 
Tp2P 
nvERLAV(yMriK";,5)n) 

»• 

XMGKS 
0VERLAY(FF1LI;,«'(«) 
SCREEN 
JUI  
STF 
APPRTX 
FJKD 
STCICC 
SPL^ 
PVgRLAYIFFlLEifeaJ 
LIKK10 
OVERLAY 

OVERLAY 
LlKK^i 
OVERLAY 

(FF1LF,6,2) 

(FF1LF.6,?) 

LISM1 
0VERLAY(FFILF|6,5) 

OEPIV 
0VERLAY(FFtLF,6,6) 
LIKK^P  

SKCASE ICASF«!» 
11 PATH  MOZZLtsT.PLU^T.SurtS'Ti 
SDATA     CAPNsü,6i   CPGilb76(5, n i   C"LsöSUO,ri     CP? = ft7lü,üi     GAM^A 
QHGO'S.riBF-1?,     HPLst(Ü3606E7|   hPSs2, 7B6n6F7(     PR»n,«22i   RCAPB 

«1,210. 
1917,0, 

PHs417P,0, 
9,8<tE»6,16,3?E-6,2?,9E-6,29,4fc»6,36,?E-6,   0,0» 

SKp.250.0, T 
R(l)«*,92F-6, 
HPHGT»0.136, 
WPwT(I)»0,0214,0,1180»0.2390,0,3260.0,2314,0,0612, 
RRT»2,5, 
JllfiaMIi     ...       -.   . 

- r 
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Table B-II—Continued 

Nl«5, 
l^AtL'ti   THJW«21iO,     EPSi7,44,   THIU»3n,l|   NTAPb«8  * 
SDÄTÄP     PMA«&0,0,   NPM»-li 7MAXi8n,0i      PCllT»0, Olö'jj, 
Nl«5| 
AWEAH.O.   EH1S.0.3,     ClBl.ü.   C2«l.ü.   PI• bx9iM««Sa-^...!.. 

NPLOTili 

SSID  NSL»5iPCS(l)iO,ÜiPCS(2>«rt,?,PC«;(3)«U,4,PCS(4)«n,ft.oCS(5)iO,fl   $ 
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Table B-II—Continutid 

LtUXl- T02  (NOZZLE - NAUEUST/DATA PRINTOUT 

CAFN 

CPL 

-CM 

PR 

Tt 
JR. 

0TW1 

~|W 

TA 

■     0,66*001 

GAMMA 

QMGQ 

HPL 

"HPS 

1MAX 

Nl 

■ 0,856*0«, 

i    D,67E*04i 

■ 0,b22E*00. 

"i~'d,?B*0 0) 

!    0.2E»00( 

■ 0,36*01, 

•'~0,tE.02, 

■ 0,0, OIOI 
0,1266*01, 
0,10636*01, 

.... . B,J166*01, 
0,19176*01, 
0,15*02,     0 
0.11666*01, 
0,3166*02, 
0,32926*01, 
0.11*0,},     0 
0,10016*0«, 
0,0,     0,0, 
OIOI     0,0, 
0,0,     OiO, 
0,0,     0,0, 

0.1E*01,     0 
0.10016*01, 
0,19956*01 

0.13156*01, 
0,6316*01, 

,187*6*01, 
0,19956*02 

0,2766*01, 
0,6916*02, 

,41596*01, 
0,20026*02 

0.0,     0,0, 
0,0,     0,0, 
0.0,     0,0, 
0.0,     0.0, 

.1256*01,     0,16*01,     0.12596*01,     0,16*01, 
0,12656*01,     0,10026*01,     0,15826*01, 

,     0,11416*01,     0,2516*01,     0,12246*01, 
0,3966*01,     0,14126*011     0,5016*01, 
0,16256*01,     0,795E*01,     0,17456*01, 

0,1266*02,     0,20266*01,     0,15626*02, 
,     0.23646*01,     0,2516*02,     0,25956*01. 
0,3966*0*,     0,36*01,     0.9016*02, 

0,39346*01,     0,7956*02,     0,36296*01, 
0.3166*03,     P,79S*01,     0,16*04,     0.26*02, 
,     0,16*06,     0,26*04;     0,0,     0.0,     0,0,     0.0, 
0.0,     0,0,     0,0,     0,0,     0,0,     0,0,     0,0, 
0.0,     0,0,     0,0,     0.0,     0,0,     0,0,     0,0, 
0,0,     0,0,     OiO.     0,0,     0.0,     0,0,     0,0, 
0,0,     0,0, 

fi 

0.1216*01, 

0,50#e.fl4, 

0,4036066*06, 

0,2766066*06, 

5. 

5, 
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Table B-II-Continued 

^C • 0,225E*04, 

_fM  . I b«0i  0t0i 0.0, 0.0. o.o. 0.0, 0.0,  b.O« 0.0,  0.0. 0,0, 
0,0,  O.Oi 0,0, 0.0. o.o. o.o, 0.0,  0,0. 0,0.  0.0. 0,0, 
OIOI  OiOt 0,0, 0.0. o.o. O.Ü. 0,0.  0,0. 0,0.  0.0. 0,0, 
U.Oi  0.0. 0.0, 0.0. 0,0, o.o. 0,0,  0,0. 0.0,  0.0. 0,0, 
0,0i  OIOI 0.0, 0.0. 0,0, o.o. 0.0,  0,0. 0.0,  0.0. 0,0. 
0,0,  0,0, 0.0, o.o. 0,0, o.o, 0.0,  0,0. 0.0,  0.0. o.o. 

  0,0,  0,0, 0.0, 0.0. o.o, o.o. 0.0,  0.0. 0.0,  0.0. o.o. 
0,0,  0.0. 0.0, o.o. o.o. o.o. 0,0,  0,0. 0,0,  0,0. o.o. 
0.0,  0.0. 0,0, C.o, o.o, O.U, 0,0.  0,0. 0,0,  0.0. o.o. 

— O.Oi  0.0. 0.0, 0.0. o.o. 0.0. 0.0.  0.0. 0,0.  0.0. CO. 
0.0,  0.0. 0.0, o.o. o.o, 0.0. 0.0,  0.0. 0,0. o.o. o.o. 
0.0,  0.0. 0.0, o.o. o.o. 0.0. 0.0,  0.0. o.o. o.o. o.o. 

« . .   . —. 0.0,  0.0, 0.0, 0.0. 0.0. 0,0, 0.0, 0.0, 0.0,  0.0, 0.0. 
0.0,  0.0. 0.0; o.o. o.o. o.o. o.o. 

R O.OgE-Ob, 0,9»4E»Ob. 0.1«9?E>04, 0,2296-04, 0.2946-04, 
0.362E-04, 0.0. o.o. o.o, O.U, 

J.CAP 0.19176*04, 

«HOPO 0.0, 

SMP 0.25fc*03, 

-TBO . Q.OZSE*!)«. 

TPM 0.417E*04. 

CPG 0.19796*05, 

-NitP 19i 

TMIO 0,3E»02, 

WPKT Ü.2146-01. 0,U8E*00, 0.259E*00. 0,326F*no. 0,2344£*00. 
0,612E-01, U,0, 0,0. 0,0. 0.0. 

""! 0.6»7E*00. 

RRT 0,25fc*01. 

WPhOT 0,1366*00. 

"DZH'IN 0,^E-02. 

.Ira 0. 

TMD O.IE*04. 
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Table B-II-Continued 

/ 

ZAX 

Zl 

ZJ 

I0"DER 

SOWCON 

""iswi"'' 

TAR 

1.LAB 

THJO 

TAüR 

IPS 

«UMAX 

_ZMBA!L 

IWAtl 

THIN 

NTAPE 

0I96*00I 

.,3E*01, 

0,2E»01, 

O.ZB.OZ, 

9« 

O.Oi 

0. 

Oi 

ÜI 

~0,'3E»00.     OiO.     OIOI'   0,lE*00i     0,lE*no"i     0,0. 

O.Oi 

0,VE*01, 

• 0,i5E*00,     O.lE^Ol»     0,9E*00|     0,3fc»0n,   -fidfc^Oli     o,n, 

0,SE*0li 

0,7«4E*01, 

T.T»' "~ ~''" ~~ "'   ""~      ""  
-O.üi 

Ü,126*02| 

O.glfe*02i 

SEND 
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ITERATION  NUMoEH     t 

ITEHillON   NUMbEH     C 

Table B-II—Continued 

•5 *(95^90<'»E''ni 

5 .5,836ie8lF»ni 

I V*R( 1 ) 

3 «l.dimoiE-Ol 

s •414nbii<jEi>ni 

1 ViR( 1 ) 

2 1, J«>i7b4lE»DU 
3 4,Öll'5b0lf:»01 
4 ■31731l42VF.OJi 
5 .4,400114^^-01 

'll3Öl7'lü6i.06 
•fr,'   ■'3V70E-0B 
ft,o,»012!3E«06 

F(l) 
2,17?2h^E.Ü* 

• 1 |<I953303£.07 
■ l^b-iifrSHErü? 
•2,31<56«9nt.07 
•'il7&?0!'ö3E-07 

MD 
•9,PlB4769t«09 
> 9 , » Q16 217 E • 0 9 
7,(S39«y33E.07 
fi,97"21676-07 
2,29r>66Qie«0ft 

lUGi   3346,20«        WüP ( 1) s     9,73879   53,69988100,7^(10148,35728106,67162   27,85112 

^ 

MP^ 
.zsooo 
,25000 
,25010 
,25ono 
,^5010 
,25onü 
1*5000 
,25000 
,<:5üOO 

,25001) 
,25000 
,25onD 
,i5üPÜ 
,2500« 
,25000 
,25üP0 
,25000 
,25ano 
,«15000 
,25000 
,^5000 
,25000 
,25000 
,25000 
• 2^00 
,25000 
,25000 
,25000 

,00000 
,04603 
,09206 
,13^10 
,18413, 
,?3il6 
,2761'' 
,^2223 
,36fi26 
,41429 
,46032 
,50*36 
.552S9 
,59'»42 
, A4445 
,ft9n4fi 
,73652 
,70256 
,82',58 
,87461 
,92065 
,96668 
,01271 
,05*74 
,10478 
,15001 
,19684 
.24287 

,00000 1992 76431 
,0^137 1992 ^4691 
,0^549 1993 09643 
,01235 1993 51797 
,02194 1994 11993 
,03426 1994 91587 
,04928 1995 91429 
,06699 1997 13937 
,ÜP736 1998 60564 
,11037 2000 33755 
,13599 2002 35708 
,1*417 2004 66fll2 
,19487 2007 35491 
,2?8U3 2010 36133 
,26358 2013 79013 
,30147 2017 60202 
,34159 2021 83473 
,3R365 2026 50188 
,42615 2031 61175 
,47436 2^37 16591 
,52234 2043 15769 
,57192 2049 57048 
,02293 206« 37582 
,67516 2063 53136 
,72840 2070 97952 
,7fi240 2078 64002 
,8T6H7 2086 41717 
,89152 2094 18695 
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Table B-II—Continued 

t 1,208^0 
1,33494 

TOUL  MASS   FLOW   «     3,5i44769E*ü3 

, 

V6U 
1918,29121 
1917,V6691 
iV16,V«702 
191!),330*9 
1912,94349 
1909,iJ3;7b 
190!>,99329 
1901,05012 
1095),£4940 
18BÖ,37457 
J.8HQ,332f8 
i87l,gi|>84 
1860,31110 
1846,10221 
lest,27212 
1818,70S>56 
1801,29^16 
1781,93018 
1760,^3096 
1737,02428 
1711.^6497 
1683,94102 
1653,96369 
162l,>aoi2 
1^87,68906 
1!>52,16054 
1&15,J6Ü1J 
1477,79673 
1440,16790 
1403,380?» 

-1.16151 
"1,16151 
■1,16151 
•Iii6l5l 
•1,16151 
■1,14151 
"Iil6l5l 
•1,16151 
■1,16151 
■1.1*151 
•1,16151 
•1,1*151 
•1.16151 

6128,73483 
6l28l77'583 
6128,89067 
6129,10884 
6129,40749 
6129,80125 
6130,297*4 
6130,90383 
6131.630^2 
6132,48771 
6133,48646 
6134,63823 
6135,9&4!)P 
6137,44651 
6139,12477 
6140,99867 
6143,07997 
6145,36226 
6147,86136 
6150,56970 
6153,4855' 
6156,59838 
6159,89283 
6163,94696 
6166,93121 
6170,60736 
6174,32739 
6178,03231 
6181,65083 
6185,09905 

0,00000 
,04435 
,08870 
,13306 
,17741 
,22176 
.26611 
,3in46 
,35461 
.39917 
,44352 
,48787 
,53222 

,94602 
l.-'OOO 

Nf), POINTS t  30 

2101,79895 
2109,07218 

MPC 
0.00000 
,00133 
,0n532 
,01196 
,02129 
,03318 

_^4773 
.06490 
,08466 
,10698 
,131H6 
,15924 

_.. _*lfl9-lU 

1966 
1968 
1968 
1968 
1969 
1970 
.1971 
1972 
1973 
1974 
1976 
1978 
1900 

,19768 
,27290 
,49977 
,86190 
,42923 
,13792 
,09020 
.11416 
.40390 
.91923 
,69932 
,69831 
.92683 
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Table B-II—Continued 

•1,16151 
•1.16191 
■1,16191 
■1,16191 
■ia61?i 
•1,16191 
■1,16151 
■1,16151 
•1,16151 
•1,16151 
•1,16191 
•1,16191 
■1,16151 
•1,16151 
•1,16151 
•1,16151 

,57607 
,62nV3 

170963 
,75)39« 
,T9B33 
,B4?69 
,Sö7ü« 
,94139 
,9757* 

1,02009 
1,09444 
l.JUflbfl 
l.lbSlS 
11197>0 
1,24165 
l.JBfSZO 

TOTAL "ASS FLOW »  3l5393fl8DE*Cl3 

i 

•i.t^jna 
•1,07302 
•1,U7302 
•1,0730? 
•1,07302 
•1,07302 
• 1,073(12 
•1,07302 
•1,07302 
•1,07302 
■1,07302 
•1,07302 
•1,07302 
•1,07302 
•1,07302 
•1,07302 
•1,07302 
•1,07302 
■1,07302 
■1,07302 
•1,07302 
■1,07302 
•1,07302 
•1,07302 
•1,07302 
•1,07302 
•1,07302 
•1,07302 
•1,07302 
-1,07302 

0,00000 
,n4?o3 
,00565 
,12MP 
,17131 
,21414 
,?S>ftVft 
,?V979 

lS4?62 
,3ÖM4 
,42Pli7 
,47110 
,51^9^ 
,55*75 
,5V9t>8 
,64941 
,68523 
,72?06 
,?7Pb9 
,»1^7? 
,8b6i>4 
,e99)j7 
,94220 
,90502 

1,02785 
1,07068 

lilUS»! 
1,15633 
1,19916 
1,24199 

,22140 1983,48108 
,'"607 1984,33626 
,h 308 1969,50589 
,33235 1993,00110 
,37381 1994,8296? 
4.417.38 .2000,99583 
,46297 2005,49784 
,51048 2010,32831 
,55978 2015,47229 
,61075 2020,90604 
,66324 2026,59563 
,7170? 2032,49532 
,77213 2038,54565 
,82817 2044,67263 
,88498 2050,78379 
,94235 2056,76806 

1,00000 2062,49262 

NO,   pnjNTS   t     30 

MPC 
0,000U0 

,00129 
,00517 
,01163 
,02067 
,03227 
,04644 
,06315 
,08240 
,10416 
,12842 
,15516 
,l«433 
,21592 

,24989 
,28620 
,32479 

,36562 
,40862 
,45374 
,5)0089 
,54999 
,60096 
,65369 
,70807 
,763^7 
,82127 
,67982 
,9;94b 

1.00000 
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SLINES 

Twn.cHASE     HtyMt  HnQfiKA,    HA&  BbEN  COMPLfcTED 

CP   TlMfc   =   tsy.-lZi HP   TIMfc   ■   i)«b,239 

dtGIMNlNfS   0^   STREAMLINE   GtNbRAT 1 OIM   FHO^HAM 

CP   Tint   »   48V,4^1 PP   TIMfc   ■   ^7,752 

bTKEAMLlNfc(   1)«     n.OUOOn PfcRqENT   OF   TWfc   TnT*L   M*Sb   FLOW 

ZIMl   » 0,000000 (^,^NnIMb^•bIü^lAL   •     b/nc) 
PINII   « 1^92,764^06 (PSIA) 
TIMM s 6J2fi,7i4o34 (UFÜ, «) 
VINIT s i«!",291211 (FT/SEC) 
ZflMAL» 11,540129 (NONDIMtNblOVAt. • i/HC) 
MGKSK c 73 (NO, OP PREüSyRt Ublb   POINTS) 

) 
POINT 
NO, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
;2 
13 
14 
15 
16 
17 
If» 

AXIAL 
DISTANCE 
(Z/RC> 

• l^iO 
■1,162 
1-1,073 
',905 
>,89« 
.,808 
.,719 
.,631 
.,542 
-.04 
.,365 
.,277 
.,188 
',100 
lOlt 
,077 
,166 

kAÜIAL, 
OlSTANrfc 
(P/RC) 

0,00" 
0,00" 
OiOÜO 
0,00n 
0,000 
0,000 
0,00" 
0,00" 
0,000 
0,00" 
0,00" 
0,00" 
0,00" 
0,000 
0,00" 
0,00" 
",flon 
0,000 

STHEAMLINP 
njsi äNCE 
{S/RO 

","00 
,088 
il77 
,265 
,35)4 
• 442 
,531 
ifrl9 
1708 
,796 
,8b5 
,973 

1.062 
lilbO 
Ii2i9 
1,327 
1.416 
1|51H 

P^ESSUWE 
(PSIA) 

1992,764 
1968,196 
1939,71« 
1906,875 
1869,199 
1826,204 
1777,41" 
1727,201 
1693,414 
1652,289 
1604,44" 
1550,596 
1460,280 
1430,93" 
1376,494 
1317,779 
1246,34? 
1166,693 
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Table B-II—Continued 

X9 ,343 0,00" 1 ,593 1116,877 
2C ,4il 0,01^ 1,6" 1057,315 

ü i«00 0,00? 2.\. 806.477 
2? ,«03 f|,0(jn 2,J33 770,934 
M ,967 o,oijri 2.217 732,580 
24 l,n59 0,0ur ?,305 693,313 
25 1,145 O.OU" ?,:<95 652,519 
it 1,?41 n,oun 2,491 611,134 
27 1.341 0,000 ?,59l 568,816 
26 1,448 o.oon 2,498 526,072 
29 1,563 r ,non 2."13 482,766 
jn 1,608 0|0Un ?i93P 439,223 

Jl 1,826 0,000 3,07* 395,468 
j? l,9b0 o,Oün 3,?30 351,779 

. ^3 2,?11 o.oon 3,461 295,015 
J4 2,313 0,00^ 3,563 269,00? 
35 2,395 0,000 3,645 254,118 
3A 2.526 0,000 3,776 ?26,334 
37 2,5^6 0,000 3,«4« 214,670 
J8 2,667 0,000 3,917 202,486 

.i9 2.76* 0.000 4,016 107,451 
4n 2,924 0,000 4,174 165,741 

«1 3,nü8 O.OÜO 4i26P 154,696 
4? 3,(195 0,000 4,345 I'IS^ÖO 
43 3,219 0,000 4,469 131,440 
44 3,423 0,000 4,673 112,893 
45 3,532 n,ouo 4,702 103,419 

46 3,643 0,000 4,fl93 96,422 
47 3,958 0,00« 5.200 77,591 

48 4,126 0,000 5.376 69,364 
49 4,301 0,000 5,551 62,617 
i>n 4,679 0,000 5,929 49,984 

 il 4,892 0,000 6.142 43,846 
53 5.113 0,000 6,36? 39,296 
53 5,592 0,00" 6,«42 30,684 

>4 6,124 0,000 7,374 23,949 
55 6,541 0,000 7,791 21,099 
56 6,801 o.oüo 8,051 20,967 

. 57 6.969 o.ouc - ., .9.219 . 20,251 
5S 7,110 0,000 8,360 19,951 
59 7,255 0,000 8,505 19,935 
60 7,404 0,000 8,654 19,982 

61 7,561 0,000 8,811 20,057 

62 7,723 0,000 8,973 20,123 

-.AS .... _...  7,996 . . 3,000  _.  —9+146    50,196 
64 8,079 0,000 9,325 20,171 
69 8,268 o,oon 9,518 19,915 

66 8,4(6 0,000 9,716 19,849 
67 8,676 0,000 9,926 19,856 
68 3,893 0,000 10,143 19,904 

69 . 9U31 
9,396 

0i0üQ.._. 
o|oon 

-UDaüai-  19,?29 

7n 10,646 18,291 
71 9,680 0,000 10.- o 17,336 
7? 9,9'; 0,000 11,<:.4 16,215 
73 10,?90 0,000 11.540 15,39? 
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Table B-II—Continued 

E i 

) 

STHEAMLlNfc( 
2INIT « 
P1N1T I 
TIN1T • 
VIMT i 
ZFJMAL« 
MGKSK ■ 

POJNT 
NO, 

1 
2 

4 
5 
A 
7 
e 
9 

in 
11 
12 
13 
1* 
15 
1« 
17 
18 
19 
20 
Ü1 
22 
23 

2)B 20,00000 
n.nooüoo 

ÜPÜ7,623437 

18&P,4210?J 
in,43432> 
t>6 

PfcRCFNT OF TMfc TOTAL MASb F^OW 

UI 
XIAL 
TANCE 

,?5n 
,l<>2 
,073 
,905 
,P96 
,fioe 

,54? 
,4&4 
,3*5 
.277 
,168 
,100 
,011 
,077 
,166 

,343 
.4^1 
,749 
,907 
,946 

(NONDIHtNblONAL 
(PS1A) 
(OEG, R) 
(KT/StC) 
(NONDjMtNälONAL ■ 
(NO, Or PkESSURt 

b/KD 

i/HC) 
UbLfc   POINTS) 

RADIAL 
njSTANCb 

(R/Rt) 

,56n 
,547 

,524 
,513 
,502 
,49? 
,476 
,*n 
,466 
,461 
,466 
,4&3 
,449 
,44« 
,447 
,447 
,44a 
,419 0 
,45)3 
,449 
,<71 
,519 

STHfAMtlNE 
DiSTANTb 

(S/RC) 

0,000 
i0t>9 
,179 
,268 
,35>7 
,446 

,62? 
in* 
,"0? 
.m 
,900 

l,n6ff 
1,1>7 
1,245 
1,334 
1,422 
1,511 
1,599 
11606 
2,005 
2.067 
2.215 

PHESSURE 
(PSJA) 

2007,823 
1961,769 
1951,099 
1915,353 
1874,112 
1826,909 
1773,265 
1749,073 
1704,692 
1653,410 
1595,816 
1532,585 
1477,028 
1416,022 
1351,434 
1283,990 
1213,068 
1144,993 
1075,117 
1008,22? 
761,204 
751,423 
677,9J7 

. r 
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Table B-II—Continued 

il4 
25 
16 
27 
<S 
29 
3n 
31 
42 
33 
3« 
35 
36 
37 
38 
39 
40 
♦1 
42 
43 
44 
45 
4(S 
47 
4ft 
49 
SO 
&1 
S>2 
>.? 
t>4 
!>5 
&6 

1,082 
1,21» 
1,34« 
1,479 
1,607 
1,736 
I,«72 
z.nu 
2,168 
2,337 
2,510 
2,785 
2,(«82 
3,105 
3,358 
3,648 
4,109 
4,320 
4,488 
4,774 
4,924 
5,031 
5,301 
5,660 
5,856 
6,057 
6,3!>5 
6,^44 
Ml? 
7,374 
3,193 
^,•573 
P,998 

,561 
,6U0 
,635 
,665 
,69^ 
,716 
,74J 
,77? 
,8(15 
,843 
,885 
,933 

,flü? 
,0i>5 
,11^ 
1210 
,2^«; 
,209 
,347 
,377 
,40" 
,45? 
,523 
,56? 
,601 
,6!39 
,753 
,804 
,8>3 
,999 
,117« 
ilt>5 

2,357 
?,'"•' 
2.t    * 
2i76P 
?,f>98 
3,029 
3,168 
3,314 

= .471 
3,639 
3,82? 
4,023 
4,201 
4,429 
4^07 
4,9iM 
5,450 
5,670 
5,841 
6,133 
61?e6 
6,446 
6,670 
7,n}A 
7,?37 
7,441 
7,745 
S,?43 
«.515 

8,702 
9,9/4 

10,002 
10,434 

608 
542 
479 
424 
376 
333 
293 
257 
223 
192 
164 
141 
127 
114 
101 
89 
74 
d.7 
63 
57 
54 
51 
47 
42 
39 
37 
34 
29 
27 
25 
20 
16 
17 

,307 
,034 
,876 
,826 
,329 
,252 
,268 
,000 
,123 
,423 
,404 
,666 
,590 
,027 
,460 
,382 
,033 
,940 
,737 
,292 
,289 
,376 
,649 
.318 
,716 
,301 
,057 
,536 
,408 
,547 
,908 
,877 
,113 
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Table B-II-Continued 

STHEAMLlNE(   i)'   40,00001   PERCENT   OhTHk   TOUL   MASS   FLOW 

. 

ZIN1T   = 0,000000 (NONOlMfcNSlONAL   -'    S/Hn) 
PINIT  K 2028,364264 (PSIA) 
UNIT  « 6146,272736 «DEO,   ") 
VINIT   • 1774,13005b <FT/SUC) 
ZriNAU« 10,421796 (NnNDIMfc^lüf-AL  "     Z/KC) 
MGKSK   n 55 (NO,   OF   PhEsSuRb   TAbLE   PÜI NTS) 

POINT AXIAL HADIAL STHEAMLINF PRESSURE 
NO, DISTANCE niSTANCk DISUNCfc (PSIA) 

U/RC) (R/RC) (S/RC) 

1 -1,?50 (7V9 0,000 2028,364 
2 -1.162 ,701 .090 1999.334 
3 ■1,073 ,76? .181 1965,110 
4 -,9b5 ,745 .2M 1925,349 
5 -.896 ,728 .361 1879,629 
6 -,P08 ,712 .451 1827,471 
7 -,719 ,*97 ,541 1768,371 
8 -.631 .676 .632 1767,895 
9 -,542 ,6e7 ,721 1712,268 

in -,45< ,669 .810 1650,323 

11 -.365 ,6!?1 .eyp 1582.554 

12 -.277 ,644 ,987 1509,524 
13 -,188 ,63fl 1.07» 1464,486 

1< -.130 ,655 .   1.164 1392.639 
15 -.011 ,63? 1.2!>J 1318,565 

16 ,077 ,63? 1,341 1242,894 
17 .166 ,633 1.430 1170,601 
IB .254 ,634 1.518 1094,832 
19 ,343 ,63? 1,607 1023,362 

 .20. .431 .    i643.. ..    . 1*496     - .  949,990 
21 ,696 ,643 1,960 752,080 
22 .'1* ,650 1.981 741,362 
23 l8!»4 ,696 2.127 665,075 
24 ,993 .»«1 2,?73 566,250 
25 1.131 ,786 2,419 508,925 

. ^6  1.271  ,B31 ?4546       ... _.4J5^25 
27 1,413 ,877 2,714 370,151 
2B 1,556 ,923 2.865 314,575 

2« 1,7«? .971 3,019 266,777 
30 1.851 1,020 3,176 228,607 
31 2,003 1,068 3.339 203,830 

32 2.1J9    . .   ._ .     .1.115 ..     .     24-*J.fi.          - lfl7.ilS2 
33 2,325 1,166 S.671 172,308 
34 2,500 1,218 '3.854 157,990 
35 2.687 1.275 4,050 144,262 

*r 

349 

iiinilmiiMiiiiii.iiiitrr.iiiiiiiii^^ ä 



LPWilWIUjmMIF'i"   '   "  ^»^^^W^WL■«.^BIW.I)WP■^IPWTIP■^1B■P«I■P■W•W!^|III^HWI■"«I"I•,I■■I,■  iHJLMiujiiiM^wpiiii|i|iuwi)fipiiu.HKinKp.i!iinp^inmi^mn^w 

Table B-II—Continued 

id 
SI 
.3d 
39 
«0 
41 
42 
43 
.44 
45 
46 
47 
48 
49 
!>0 
51 
52 
53 
5« 
35 

2,«89 1.334 4,260 131,120 
3,108 1,3V9 4,''    ' 118,411 
3,349 .     l|47.n  Ulu.*..'.. .1J36,?51 
3,555 1.4V9 4,947 96,996 
3,827 1,566 9,228 06,339 
4,337 1,643 9,547 76,011 
4,499 1,731 9,919 65,989 
5,061 1,B7? 6,499 53,37? 
5,33? 1,909 ..   «477?.       . 49u430 
5,542 1,991 6,994 45,049 
5,901 2,081 7,365 39,930 
6,090 2,12« 7,559 37,548 
6,287 2,177 7,763 35,258 
6,565 2,246 a,049 32,363 
7,0iB 2,358 8,516 28,300 
7,?67 2,420 8,7/3 26,351 
7,52? 2,403 9,035 2 4,555 
7,899 2,576 9.424 21,913 
8,522 2,7^3 10,066 17,538 
8,P67 2,823 10.422 15,352 

STHE*HtIi\e( 4)i 60,00fl0i1 »tPCENT Of   THb TOTAL MAS5 Fi,üW 
ZINIT s 0(00000ü (NONniHfcN&lONAL ■  b/HC) 
P1NIT * 2G53,317024 {PSU) 
TINIT ■ 615P,4l2ü74 {üEG, B) 
VINIT « 1667,048615 (FT/SfcC) 
ZriNAL" 9,2J6U1« (NONniMfcNSiaNAl. • i/HC) 
MGKSK i 51. (1x0, OF PHEbSURb TABLE POINTS) 

- ^ 

POINT 
NO, 

iXIAL 
DJSTANCfc 
(Z/RC) 

•1,250 
■1,162 
■1,073 
• ,9ö5 
• ,896 
• ,Pü8 
•,7l9 
• .631 

«ADIAL 
niSTANCk 
(B/nt) 

,992 
,966 
,941 
.917 
,895 
,874 
,854 
.831 

STHEAMLINF 
DISTANCE 
(S/ciC) 

o(nüfl 
,392 
,184 
,?76 
,367 
,458 
.549 
,640 

PRESSURE 
(PSJA) 

2053,317 
2019,760 
1980,745 
1935,960 
1834,962 
1^27,235 
1762,205 
1702,140 
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* Table B-II-Continued 

.J 

« r 

9 • ,542 ,81« ,730 1714,942 

10 • ,4t)4 ,8U7 ,P"> 1642,099 

ii ■,3«5 ,7V7 J^ 1563,922 

12 -.277 ,7öfi ,997 1460,801 

13 -.168 ,701 1,086 1442,231 

1« -,ipn ,777 1.174 1340,393 

16 -.nn ,77? 1:263 1277,440 

1* ,n77 ,774 1.351 1193,909 

17 ,166 ,775 1.440 1118,471 

1« ,2i* ,779 1.52« 1035,535 

19 ,343 ,784 1.617 961,009 

l<n ,43t .791 1.706 881,700 

21 ,640 ,795 1.915 717,171 

22 ,683 ,BÜ9 1.960 693,868 
23 ,821 ,85? 2.104 608,907 

24 ,959 ,897 2.250 521,436 

25 1,099 ,945 2,398 436,550 

26 1.242 ,996 2.549 363,736 

27 1,388 i,ns>5 2.7U5 300,922 

2S 1,537 l.iun 2.P65 259,764 

29 1,690 lil67 3.029 238,081 

40 1,846 1,22"; 3,195 219,675 

3.1 2,007 1,203 3,366 202,35? 

32 2,171 1,341 3,540 186,125 

33 2,341 1,599 3,720 170,940 

34 2,518 1,457 3,906 156,551 
35 2,706 1,520 4,104 142,859 

3A 2,9ü6 1,505 4.314 129,878 

37 3,120 1,656 4,540 117,497 

38 3,3bl 1,73? 4,783 105,73? 
39 3,604 1,814 5,049 94,526 
40 3,881 1,905 5,341 83,896 

41 4,111 1,942 5,^75 76,402 
42 4,424 2,030 5.«99 67,350 

43 4,7öl 2,130 6,?7P 58,696 

44 5,195 2,247 6,699 §0,387 
45 5,853 2,433 7,3b4 40,065 
46 6,169 2,524 7.71? 36,114 

47 6,414 2,594 7,967 33,325 
48 6,936 2,716 R,4ü7 26,081 
49 7,059 2,78? fi.639 25,094 

&0 7,294 2,854 8,(505 22,149 

&1 7,629 2,961 9,236 18,321 

351 
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Table B-II-Continued 

STHEAHtlMEC   S)»   SO.nunon  PERCFNT  r)^   THfc   TOTAL  MASS  f|.oa 
2"   IT   • 0,000000 (NONDlMtNl J10NAL   •     ■"/HO 
p. .n = 2061,153171 (PSU) 
UNIT  « 6171,809471 (DFG,   R) 
VINIT  » i&4ii,268632 «FVStC) 
ZFlNAL» 8,644686 (NONDlMfcN JIONAL   •     2/RC) 
MGKSK   » 49 (NO,   Of   PHESSURb   UdLfc   POINTS) 

POJNT AXIAL HADIAL STRFAMLINE- PHhSSURE 
NO, DISTANCE PISTANCE nisuNct (PS1A) 

(Z/'C) (R/RC) '.S/RC) 

1 ■1,250 1,166 0,000 2061,153 
2 •1,162 1.191 .oy? 2041,593 
3 •1,073 1,0»? .JVO 1996,673 
4 • ,985 1,066 ,263 1946,054 
5 • ,896 1,03« :376 1889,211 
6 ■ ,808 1,011 ,469 1825,507 
7 .,719 ,968 ,560 1754,245 
B •,6J1 ,963 .652 1790,229 
9 -,942 ,94* ,742 1711,576 

10 • ,454 ,932 ,832 1627,907 
11 • ,365 ,919 .921 1539,285 
1? -,277 ,909 1.010 1445,863 
13 •,168 ,90? 1.099 1409,973 
14 •,100 ,897 1,106 1318,953 
15 •,011 ,894 1,276 1227,595 
1A ,077 ,894 1,365 1136,380 
17 ,166 ,897 1.453 1056,140 
1« ,25* ,90? 1.54? 966,216 
19 ,343 ,910 ItÄSI 887,173 

_. 20 ,431 ,920 1.720 801,994 
21 ,582 ,930 1,871 675,103 
22 ,634 ,944 l,9iJ5 641,228 
^3 ,673 ,905 1,966 614,662 
2« ,706 ,964 2,000 593,222 
25 ,P.85 1,021 2.1.68 467,783 
2«. 1.026 1,071.  2.3.J7 362,862 
27 1,171 1,126 2,492 313,344 
2fl 1,318 1,185 2,651 286,172 
2? 1,468 1,24« 27812 264,654 
30 1,622 1,303 2,976 244,259 
31 1,779 1,567 3,144 225,057 
,12...    ... 1.940 ...  1,424   .  Z.iZii -. .   .2074084 
33 2,106 1,486 3,494 190,025 
34 2,278 1,949 3,677 174,106 
35 2,<56 1.615 3,867 159,176 
36 2,643 1,68? 4,(166 145,173 
37 2,839 1,752 4,?74 132,022 

_3« . . .    .3.047 ..liP27...  _4^4S5..._ . 119.582 

il 
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Table B-11--Continued 

39 3,?69 1,906 4,7jr 107,882 
/»n 3,507 1,991 4,'--4 96,825 

«1 3,766 2.004 5,...« 66,398 
42 4,049 2,104 9,5!>e 76,594 

43 4,360 2,295 5,869 67,395 
44 4,6X0 2,341 4.143 .-  -  61,512 
45 4,960 2,449 6,509 53,710 
46 5,360 2,57? 6,9*8 46,470 
47 6,P25 2,71« 7,415 37,957 
46 6,591 2,9öfl 8,227 19,963 
49 6,977 3,147 8,645 14,639 

END   OF   STREiMLIN?   RENERATION  PROGRAM 
MGRS   INPUT   TAPt   HAS   BEEN  PKEPAHED 

CP   TIME   a   492,l?2 HP   TIMfc   i   264,634 
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Table B-II-Continued 

09/1^/7 
0V,57 
0V(S7 

0»,57 
0V,57 
0?,>7 
0W,57 
09,57 
0?,!?7 
09,57 
09,6^ 
09,58 
09,5S 
09,5P 
09.56 
09,5R 
09,58 
09,58 
09,58 
OV.S? 
09,5? 
10.01 
10,Ü1 
10.01 
10,01 
10,01 
1U.U1 
10.01 
10,01 
10.01 
10.01 
10,01 

-lfl.0? 
10,02 
10,03 
10,03 
10,03 
10.03 

_1Q4.0? 
10,05 
10,05 
10.05 
10.1« 
10,14 

..VIM« 
10.1« 
10,1« 
10,20 

1 ??) 

• »6. 
.56, 
.56, 
.56. 
.56. 
.56, 
.56. 
.56. 
• 14. 
.21. 
,30. 
.30. 
.30. 
,30. 
.30. 
.30. 
.30. 
.09, 
.09. 
.31, 
,32, 
.«7. 
.«7. 
.«7, 
.«7. 
.53. 
.SJ. 
,53, 
.53. 
,53, 
.51. 
.31. 
.50, 
.50, 
.51. 
.61. 
.01. 
.01. 
.01. 
.51. 
.19. 
.54. 
.5t>. 
.55, 
.55. 
.13, 

1 .CüPk 
U92l9b06 
SEK,b24 
M612,2. 
IDb2492 
REwlitST 

(33 *i> 
REiiUtST 

(21 45 
copvbrc 
copvöri 
COPYbr( 
REHIND( 
HEWIND( 
REWIND« 
RFTUKN( 
RPL.IOO 
DECIMAL 
HrL,6no 
DECIMAL 
UPUATE( 
UPOATl 

HUN(ij, , 

REMNDi 
RfL.lOü 
UFCIMAt 
KFL.135 
DECIMAL 
COHYLlo 

3,2,Ü»MnAC65üO- VERSION N 06/20/71 

92« 
1500,eU0,6PUil?0Q0,135000. 
9   'UKHUFFMA.N       An3833BBön47612   4nHAl?     9^15700010 
,CONTAM,MY. (14640) 
SIGNED, REEL 1464B ) 
,TAKfcV,MY,      (RESEHVfc) 

leO 
SIGNFD, PgEL 53929 ) 
CONTAM.KPL) 
CüNTAM,TAPE4) 
CONTAH.UCO^T) 
HbL) 
TAPf) 
UCONT) 
CUNTAM) 
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Appendix C 

KINCON 

NONEQUILIBRIUM CHEMICAL KINETICS AND 
CONDENSATION COMPUTER PROGRAM 

A Multiphase Reacting Gas Streamtube Model 

C. 1 INTRODUCTION 

The computer program described in this appendix is a subprogram to 
the Plume Contamination Effects Prediction Computer Program,   CONTAM, 
and performs chemical-kinetic and single-species condensation calculations 
along gas-phase streamlines as computed by the Multiphase Nozzle and 
Plume Transport Computer Program,   MULTRAN.     KINCON may also be 
used as an independent computer program on any third-generation computer 
with a core exceeding 135, 000 words and a Fortran IV processor. 

The present computer program is based on the ICRPG One-Dimensional 
Kinetic Nozzle Analysis Computer Program,   ODK (References C-l and C-2), 
and on modifications to the ODK by Dynamic Science Corporation under con- 
tract to McDonnell Douglas Astronautics Company (Reference C-3).    The pur- 
pose of the original program was to provide an automated engineering tool 
for the kinetic analysis of one-dimensional chemically reacting gas systems. 
To this end,   a number of options were included in the program to aid the 
user.    These included a mass,   momentum,   and energy streamtube addition 
option,   generalized oblique shock calculation,   normal shock-stagnation 
streamline calculation,   area-defined streamtube option,   and a reaction 
screening option.    Modifications performed under the present study include 
the addition of a thermodynamic nonequilibrium condensation model and the 
automation of the program to perform successive kinetics and condensation 
calculations for a series of streamlines. 

Species and reactions are input to the program in symbolic form.    The 
user may input arbitrary species (up to 40) and arbitrary gas phase reac- 
tions (up to 150).    Specified third-body reaction rate ratios may be employed. 
A comprehensive library of thermochemical data is available as part of the 
computer program.    This data may be expanded by input of tables punched 
directly from the JANAF format.    Automatic plotting of temperature,   density, 
and species concentration is available.    A unique feature of the program is 
its ability to integrate—with complete numerical stability—the differential 
equations governing the kinetic system. 
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Section C. 2 contains a discussion of physical assumptions.    The equa- 
tions governing the inviscid,   one-dimensional flow of a chemically reacting 
gas mixture are given in the form in which they are integrated in the com- 
puter program. 

Section C, 3 contains a discussion of the integration method used in the 
computer program. 

Section C, 4 contains a description of the program overlay structure. 

Section C, 5 contains a detailed engineering and programming description 
of the logic and the calculations performed in the computer program. 

Section C, 6 contains a program user's manual describing the use of the 
computer program with an explanation of the program input and output. 

Section C. 7 contains input and output for a sample case. 
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C.2 ANALYSIS 

I 

The method of solution consists of integrating the conservation equations 
for the chemical system in such a form that the chemistry is generalized for 
binary exchange and. dissociation-recombination  reactions.     Condensed phase 
products are considered by a single-species nonequilibrium condensation 
option. 

a.      Conservation Equations 

The KINCON computer program integrates a set of simultaneous 
differential equations along a pressure-defined  streamtube (i. e. ,   P(x) and 
dP(x)/dx are known).    These differential equations represent the conserva- 
tion of species,   mass,   momentum,   and energy for the system as expressed 
by Equations (C-5),   (C-6),   (C-7),   and (C-8) below. 

The conservation equations governing the inviscid flow of reacting 
gas mixtures have been given by Hirschfelder,   Curtiss,   and Bird (Refer- 
ence C-4),   Penner (Reference C-5),   and others.    The following basic 
assumptions are made in the derivation of these equations. 

1.      Mass (m,   s^),   momentum (M),   and energy (H) addition rates are 
defined for the system. 

/ 

2. The gas is inviscid. 

3. Each component of the gas is a perfect gas. 

4. The internal degrees of freedom of each component of the gas are in 
equilibrium. 

In one-dimensional flow,   the conservation equations have the form 1 

species d_ 
dx |(1 + m) cj s.+d+m)   — (C-l) 

mass "T- (1 + m)    =   rh dx (C-2) 

momentum 
dx 

[(1 + m) V]   =   M (1 + m)    dP 
p V       dx (C-3) 

1 The independent variable,   x,   is taken as unitless with  r!'! as the conversion 
factor to units.    The quantity 1 + m represents the streamtube mass flux 
normalized by the initial streamtube mass flux; i.e.,   1 + m -  (pVa)/(pVa) 

- 
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energy 
dx 

(1 + m) hr H, 

i n 

1 cihi 
V 

i=l 

(C-4) 

If the expansion process is specified by the pressure distribution as a func- 
tion of distance,   Equations (C-l through C-4) can be written as 

dc.         s . - mc. w. r* 
 i _i i  ,   _i  
dX      =            1    4-  ^ PV 1 + m 

(C-5) 

dV   _   M - mV     _1_ dP 
dx    '      .   , —    ' pV dx 

1 + m 
(C-6) 

dT 
dx C 

H - m h 

1 + m 

T      V (M - mV)     1 dP 
p dx 

1 + m 

n 

1 
i=l 

dc. 

i dx 
(C-7) 

wh ere 

dp 
dx 

1 dP. 
P dx 

1511    li\   R ^i\ 
T dx " R( Z       i dx   i 

(C-8) 

Y   c.C   . 
i=l 

(C-9) 

Y  = 
C 

Tcr^RT 
(C-10) 

h. 
J P1 dT + h 

10 (C-ll) 

368 

.  • , , ; .: , , . i .^  



1 

For each component of the gas,   the equation of state is 

P.    =    P.R.T (C-12) 

Summing over all the components of the mixture,   the overall equation of 
state is obtained 

n 

P   =   PRT   =    pT ^   c.R. (C-13) 
1=1 

calculated from 
The net species production  rate w. for each species  (component) is 

n 

O) .    =   m. p      >      (v'.. - v ..) X. 

j = l 
(C-14) 

\ 

wh ere 

X. 

n        v n         , 

K.   n   c.^ 
M=l     1 -PMI c;^ kj  MJ 

(C-15) 

and \ depends on the order of the reaction and M. is calculated only for 
dissociation-recombination reactions. ^ 

The equilibrium constant,   K.,   is 

K.   =   e 
J 

-AF/^T 

(C-16) 

n 

AF   =    Y   f.v.. -     >     f.v!. 

1=1 1=1 

The computer program considers chemical reactions defined by the 
generalized chemical reaction equation 

n n 

V   v..M.    — y   v'.. M. 
Z-,      ij    i Z_-     ij      i 
1=1      ' 1=1 

(C-17) 
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where VJJ and^vj: are the stoichiometric coefficients to be used in Equation 
(C-15) while Mi represents the symbol for the i^ chemical species. 

The reaction rates,   kj,   for the j      reaction appearing in Equa- 
tion (C-15) are represented in the Arrhenius form 

-n.    (-b /^T) 
k.   =   a.T    J e      J 

J J 
(C-18) 

where 

n. 
J 

J 

is the pre-exponential coefficient 

is temperature dependence of the pre-exponential factor 

is the activation energy 

Since each dissociation-recombination reaction has a distinct 
reaction rate associated with each third body,   the net production rate for 
each dissociation-recombination reaction should be calculated from 

n   r 

k=l 

n n 

K. n c^ - p n c: 'J 
j 1=1 i    1=1 'i 

ci ki • k kj (C-19) 

rather than Equation (C-15),    However,   Benson and Fueno (Reference C-6) 
have shown theoretically that the temperature-dependence of recombination 
rates is approximately independent of the third body.    Assuming that the 
temperature dependence of recombination rates is independent of the third 
body,   the recombination rate associated with the kth species (third body) can 
be represented as 

-n. 
k 

kj 
a. .T 

kj 

b./rfT 
(C-20) 

where only the constants a^j are different for different species (third bodies). 
From Equation (C-19) it can be shown that 

n 

X. K. n v-'-p n c/j 
j 1=1 i    i=i i 

n a., 
y -iic 
1=1    kJ 

-n.    -b.//?T 
a, .T     Je    J (C-21) 

kj 
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Thus,   the  recombination rates associated with each third body can be 
considered as in Equation (C-15) by calculating the general third body term 
Mj as 

n 

M.    =     >    m..c. (C-22) 

i=l 

where m.. is the ratio a../a. . . 

In order to numerically integrate Equations (C-l),   (C-5),   (C-6), 
and (C-7),   it is necessary to input the following type of information concern- 
ing the chemical system: 

Boundary Conditions: 

x     initial axial position o r 

P      initial pressure 

T initial temperature 

V Initial velocity 
o 

x final axial position max r 

P(x) table of pressure versus axial position 

dP(x)/dx table of pressure derivatives versus axial position 

2 
Species Information: 

M. species name 

fn. species molecular weight 

C   .(T) species specific heat 

h.(T) species enthalpy 

- 

f.(T)   species free energy 

'The items Cpi,   hj,   and fi are not available directly in the appropriate units. 
The computer program calculates these items for each species from the 
JANAF data for: Cp vs T 

H0 - H°     8 vs T 
298  ^-vs T 

and 
T 

H, 
298 
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Reaction Information: 

n 

N    v..M.  ^r    y    vl.M.     each reaction must be input in terms of iti 
.   ,      J .   ,      ^ stoichiometric coefficients and constituent 1=1 1=1 

;s 
it 

species 

a.,   n.,   b.    constants defining k. ■  the reaction rates 
J       J       J J 

m..    third body reaction-rate ratios 

Miscellaneous Information: 

r*   normalization factor for x 

Mass,   Momentum,   Energy,   and Species Addition Functions: 

m (x)   mass addition rate,   per unit normalized length,   per unit initial 
streamtube mass flux 

M (x)   Momentum flux,   per unit normalized length,   per unit initial 
streamtube mass flux 

H (x)   energy addition rate,   per unit normalized length,   per unit initial 
streamtube mass flux 

s. (x)   i      species mass addition rate,   per unit normalized length,   per 
unit initial streamtube mass flux 

A considerable amount of data (such as JANAF tables defining Cpi, 
h^,   and fi,   reaction rate parameters and cards defining chemical reactions) 
are available with the computer program.    Details concerning input to the 
computer program are given in Subsection C. 6, 

For the area defined option including mass,   energy,   and momentum 
addition,   the pressure profile is obtained by an iteration to obtain the pres- 
sure profile such that 
convergence criteria. 

A(x) obtained - A(x) input 
A(x) input 

b.      Condensation Equations 

<£ where c is an input 

Dropwise condensation of a single gaseous species is computed from 
classical liquid drop theory.    In addition to the assumptions noted above,   the 
condensation analysis assumes the following: 

1. Condensed phase mass is uniformly distributed. 

2. Droplets are spherical. 

3. Droplets are small and follow gas streamlines, 

4. Volume occupied by condensed phase is small compared to gas 
volume, 
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Two distinct processes are treated,   nucleation and droplet growth.    The 
nucleation process (spontaneous self-nucleation) occurs in the expanding 
supersaturated vapor and involves the clustering of vapor molecules to give 
rise to very small nuclei (radius of 10 to 100 A).     Only nuclei  reaching the 
critical drop radius r** can exist and grow.    Critical drop radius is given 
by Frenkel (Reference C-7) 

Zo- (C-23) 

pT R T In 
L   v \ p vs 

The nucleation rate,   J,   represents the number of critical-sixe nuclei formed 
per unit volume per unit time and is calculated from the expression by 
Stever (Reference C-8) 

'Zam. 

irNa 

1/2 

exp 
4TTa-r:': 

3 kT (C-24) 

Once a suitable number of nuclei are formed in the vapor,   the process of 
droplet growth accounts for the actual condensation.     Droplet growth occurs 
through the collision of vapor molecules and stable liquid droplets. 

The net flux of vapor to the droplet surface is computed from 
kinetic theory considerations where droplets are typically smaller than the 
mean free path of the gas.    The droplet growth equation of Hill (Refer- 
ence C-9) is utilized 

dr 
dx 
dr   _     n 

where 

1 
P    V HLV   (2TrRv) 

1/2 ^-V 
(C-25) 

P  =-^i72- 

'D 
PD 

~T72 
D 

• * 

Droplet temperature is assumed to be that of the saturated vapor. 
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The appropriate mass,   momentum,   and energy addition rates are 
computed internally from the following expressions 

m _d£ 
dx 

M   =    mV    +   gL-^H^ 

Mass 

Momentum 

H    =    (l-2g)mh,    -    (l+m)g^      Energy 

S.    =   m,   i - condensing species Species 

0 for other species 

The rate-of-change of condensed-phase mass fraction,   dg/dx,   is evaluated 
by summing the mass of all droplets formed upstream of a specific location, 
x,   as follows 

dx 

4TTPJ. 
1 r**(x) J(X) Ajx) + fx     f   ri*>VZtiV^*i 

J o (C-26) 

where the integral is replaced by a summation for numerical evaluation. 

C.3   NUMERICAL METHOD 

It has been shown (e.g..   Reference C-10) that explicit methods of 
numerical integration are unstable when applied to relaxation equations   [such 
as Equations (C-l),   (C-5),   (C-6),   and (C-7)], unless the integration step size 
is of the order of the characteristic relaxation distance.    Since in the near 
equilibrium flow regime the characteristic relaxation distance is typically 
many orders of magnitude smaller than characteristic physical dimensions 
of the system of interest,   the use of explicit methods to integrate relaxation 
equations often results in excessively long computation times.    An implicit 
integration niethod which is inherently stable in all flow situations (whether 
near equilibrium or frozen) is therefore used by the computer program. 
With this method,   step sizes which are of the order of the physical dimen- 
sions of the system of interest can be used,   reducing the computation time 
per case by several orders of magnitude when compared with conventional 
explicit integration methods. 

Consider N first-order simultaneous differential equations 

dx VX.  y..   ....  yN) i   =   1,   2, N (C-27) 
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I with known partial derivatives (i. e.   the Jacobian for the system) 

9f 
a.    =    -r— i c)x 

(C-28) 

Ki 
Df. 
 !_ (C-29) 

The following implicit difference equations are used by the computer pro- 
gram to determine the y- ni i. (the subscript n denotes the nth integration 
step) 

v.        ,    =   V.       + k.      . T 'i, n+1 'i, n        i, n+1 
h   =   x   . ,  - x n+1        n 

(C-30) 

where 

k. i, n+1 

N 

f.       + a.      h +   >    ß.   .     k.      , . i, n        i, n Z-,   ri, J, n  j, n+1 
j = l 

•  h (C-31) 

for the initial step and for restart (first order). 

i, n+1 
/ N 

k.       + 2 (f.       + a.     h +   'S    ß.   .     k.      , . 
i, n         V i, n       i, n Zw     i, j, n j, n+1 

V j=l        "        " 

(C-32) 

4' The computer program uses analytic expressions for calculation of the 
partial derivatives,   a.,   R... 
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for equal steps (second order with h = previous h) 

k. i, n+1 
n+1 

(2h x1 +h  )• h n+1      n        n 

k.    + 
i,n 

N 

f.     +a.    h    , . +   >  ß.  .    k.      , . i,n      i,n n+1     Z-ri,j,n j,n+l 
n 

n+1 ^n+l+V 

C-33) 

for unequal steps (2nd order with h i previous h) 

A derivation of these equations is given in Reference C-2. 

If the flow is frozen,   the explicit form of the above equations can be 
used (  i - 0,  ßij = 0); i. e. ,   Equations (C-31),   (C-32),   and (C-33) are each 
reduced from an NXN system of linear simultaneous equations to N explicit 
equations (N = 3 + number of species). 

Control of the integration step size,  h,   is provided by calculating 
estimates for the truncation error and comparing these to an input 
criterion,   5. 

The step size is halved if for any i =  1,   2, N 

^.J 

E. >   5 
i 

The step size is doubled if for all i =  1,   2 N 

5 
Ei<  10 

where 

k.      , .- 2k.      + k. i, n+1 i, n       i, n-1 
3k.     xl  - k. i, n+1        i, n 

The above expression for E. is derived in Reference C-2, 
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C.4 PROGRAM OVERLAY STRUCTURE 

OVERLAY (FFILE,   6,   0) 

SCREEN 
DRIVER 
FIND 
STÖICC 
SPLN 
AF073C 
GTF 
STF 
APPRQiX 

LINK 10 LINK 20 LINK 30 LINK 41 LINK 42 LINK 50 

TTAPE ECNV STFSET ADDFIT DERIV DSCPLT 
CCiL^UT INPUT CQiNVRT EF MAXMIN 

NUMBER PACK1P FLU SCAL 
SPRXIN PRES 

SLP 
TCALC 

ADDXXX 
IAUX 1 
IAUX 
ITER 
INT 
LESK 
MAIN 
OUTPUT 
QiUTXXX 
PLTSUB 
PRNTCK 
UTIL 
SHCiCK 
SCRX 
TREE 
CC5NAD 
VAPQ5R 
DROPS 
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C, 5 PROGRAM SUBROUTINES 

This section contains a description'of the program subroutines.    These 
descriptions are given in the order that the subroutines appear—link 10 
through 50—on the overlay chart of Subsection C. 4.    The order of execution 
of the program links is described below. 

The main program sets up master limits for the chemistry,   initializes 
certain logical control variables,   and calls subroutine DRIVER,    Subroutine 
DRIVER provides the overall logic control for the program. 

After the program is loaded,   LINK 10 is executed either to prepare a 
master tape containing JANAF Thermochemical Data from card input or to 
summarize the current master file used,    LINK 20 is then executed to 
perform program input and species selection functions, 

LINK 30 is then executed to prepare a blocked tape of packed and 
converted thermochemical data to be used by the kinetic calculation links, 
LINK 41 is then executed to prepare species and reaction information, 
pressure table and derivatives,   and mass,  energy,   momentum,   and species 
tables for the kinetic calculation,    LINK 42 is executed to perform the 
kinetic expansion and condensation computation. 

LINK 50 is executed to prepare plot output if requested, 

a.      Main Overlay 

(1) Program SCREEN 

This subroutine provides overlay communication, defines the 
labeled common blocks, sets maximum limits for the chemical tables, and 
initializes certain logical control variables.    It calls subroutine DRIVER. 

(2) Subroutine DRIVER 

This subroutine performs the overall logic for the program, 

(3) Subroutine FIND 

Provides indices of the table entries which bracket the value 
of a current variable.    The subroutine saves its place in the table. 

(4) Subroutine STOICC 

Provides up to ten reactants indices and ten product indices 
from the master stoichiometric coefficient table. 

(5) Subroutine AF073C 

This subroutine provides overlay linkage between the kinetic 
packing link,   LINK 41 and the kinetic expansion computation link,   LINK 42. 

378 

öuuii^,..,„.,,._ ...     —....._  ^-^ ^ «^ ■■,,„    L ,   , . ^  '   -    .        .-■    " -. ■.w..«^-J^—i-,.—.-—^ ^.^..^-^^i^^^m^z: 



(6)    Subroutine GTF 

This subroutine computes the effective gas constant,   gaseous 
heat capacity, V,   dy/dT,   aV/OCj from the following formulae: 

R 

Cp 

NSP 

i=l 

NSP 

i=l 

C. •   R. 

1     Ci •   CPi 

Cp 
Cp-R 

l 

9V 

8T 

By 

dc. 

y- (v-i) 
CP 

(Y-l) 

NSP 

1 
i-1 

C. 
i 

R.      Cp. 

R Cp 

acp. 

9T 

1, NSP 

(7)    Subroutine SPLN 

Performs cubic interpolation for a function and its first two 
derivatives.    Given function values yn and yn+i and first derivative values 
y^ and y'n+l at xn an^ xn+l'   this subroutine evaluates y(x),   y'ix),   and 
yM(x) for x     <x <x   ,, using: 
'   v   ' n n+1 b 

y   =  A(x - xn)3   +    B(x - xn)2   +   C(x - xn) + D 

y'   =    3A(x - x  )      +   2B(x - x  )    + C 7 n n 

y"   =   6A(x - xn)   +   2B 
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" 

where: 

^n+l    ^V^H 

B   =~   •   |(y' +   Zy'   ) h - 3k 
, £ ^ n+1 '  n h 

D    = 

h   = x   . ,   - x n+1        n 

k   = ^n+l  -^n 

(8) Subroutine STF 

Using the SPLN interpolation subroutine,   this subroutine 
computes the heat capacity and its temperature derivatives,   enthalpy,   and 
free energy,   at the current temperature for all gaseous chemical species, 

(9) Subroutine APPROX 

This subroutine provides extension of the thermochemical data 
between the temperatures 9, 000 and 20, OOCR, A message is provided each 
time an approximation is calculated. The approximation formulae are given 
below with X = 9, OOCR: 

Cp       =   C 
T X 

HT    -   HX + CPX
:::AT 

F       =   F ^ T X 

HT ' H298 H0T ' H298 _      1      /l 
T ' X "   CPT

l0g\X/ 
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b.      LINK 10 Subroutines 

(1)    Subroutine TTAPE 

This subroutine generates a master JANAF thermochemical 
tape which is subsequently utilized by Subroutine STFSET,    The tape is 
v/ritten in the binary mode with the thermodynamic functions in caloric 
units.    The thermodynamic functions for each species include: 

Function Units 

C ° 
P 

H0   -H° 298 

- (F0   - H°298) 

cal/mole-0 K 

k-cal/mole 

cal/mole-0 K 

KP 

given at 100 0K temperature increments over the range 100 0K to 5, 000 "K, 
inclusive.    Reference may be made to Subsection C, 6,   the Program Users 
Manual,   for a complete description of thermodynamic input format and 
output options, 

(2)    Subroutine COLOUT 

Provides columnar output of species names for those species 
residing on the master thermo file. 

c.      LINK 20 Subroutine 

(1) Subroutine ECNV 

This subroutine translates a BCD string of characters,   into 
one floating point numeric value.     E,   I,   and F formats are permitted with 
the result always a floating point number.    It is called by subroutine SPRXIN 
to decode numeric fields in the species and reactions cards. 

(2) Subroutine INPUT 

This subroutine performs specific case input for the program. 
It performs the following functions: 

1. Variable initialization to nominal values. 

2. Read title card. 

3. Call subroutine SPRXIN to input the species and reactions cards. 
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4. Read $PROPEL namelist for case input data. 

5. Check input mole or mass fractions for unity (±1, OE-4). 

6. Read initial conditions and pressure table from Tape 8 when 
operated in automatic mode. 

(3) Subroutine NUMBER 

This subroutine converts a one-character BCD number to a 
FORTRAN integer number.    It is called by subroutine ECNV to decode free 
field numeric data. 

(4) Subroutine SPRXIN 

This subroutine processes the species and reactions caris. 
Species symbols,   numeric mass or mole fractions,   symbolic reactions,   and 
rate parameters are processed.    Reference may be made to Subsection C. 6, 
the Program Use^s Manual,   for a complete description of input requirements. 

d.      LINK 30 Subroutines 

(1)    Subroutine STFSET 

This subroutine uses the master JANAF tape written by 
subroutine TTAPE,   to generate a species thermal-function tape (KSTF) in 
blocked form for the kinetic calculations.    The tabulated functions on the 
master tape are: 

Function Units 

Cp' CP0. 

H'.    =    [H°   -H°        1. 

F'.    = 
F0   - H° 298 

cal/mole-0K 

kcal/mole 

cal/mole-0 K 
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For the kinetic calculations the above functions must be 
converted to the ft/sec 0R units system by the following: 

Function Conversion 
Internal 
Units 

Cp4 [Cp.1  •   R.J/l. 98726 ft2/sec2-0R 

H. H'. +   AH0 F    j   R.    •    905.   770 ft   /sec 

F. F'./l. 98726 unities s 

These converted functions are then written in 900 0R temperature blocks. 
The free energy and heat capacity derivatives are computed using the 
formulae below with AT =  180. 0, 

formulae: 
The function derivatives are computed according to the follow! ing i 

^1 (i  T   )   =   ?  
dT y •     l' 2 •   AT 

(i, T,)      -' •   '  (i, T^ '^(i, T3) 

1(1, T. + AT) "^(i.T    - AT) 
ÜH (i   T )    =   i i  
dT [ '   y 2 . AT 

^-(i   T     ) = 
dT y '     SO1 

3-n/: ^    ) - 4.n + (i,T,n)       -   ■'(i.T.J   ' n(i,T48) 

2 •   AT 

where T. may be species heat capacity Cp' or free energy F' 
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e,      LINK 41 Subroutines 

(1) Subroutine ADDFIT 

For mass,   energy,   momentum and species addition functions, 
this subroutine calculates addition function tables and their derivatives from 
the input tables using one of the following options: 

1, Simple differencing. 

2, Spline fit, 

3, Input derivative tables. 

4, Parabolic fit. 

The addition functions are normalized,   modified by the appro- 
priate multiplicative constants if required,   and output in tabular form. 

If single species condensation option is utilized,   addition 
functions are not input but computed internally.    No operations are performed 
by ADDFIT. 

(2) Subroutine CONVRT 

This subroutine converts input data from the externally input 
units to internally used computation units.    In order to conserve computation 
time during the kinetic expansion,   parameters such as molecular weights 
are included in these conversions.    Primed numbers are input quantities. 

(a) Dissociation—Recombination Reaction Rate Ratio 

Input units:    unitless 

Internal units:    (lbs-mass/lb-mole) 

Formula:   XMM.   . = XMM.   ./MW. 
J» i J. i ! 

(b) Pre-exponential Reaction Rate Ratio 

Dissociation- recombination reactions 

Input units:   cm,    0K,   g-mole,   sec 

3 
Internal units:   ft  ,    "R,   lb-mole,   sec 

XN. 
A

1
, . (. oieoiss)11-1. 8     J 

A - J 

n Mw.v,ii 
1=1 

Where  1 depends on the order of the  reaction. 

, ^ 
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and 

0. 0160183 3. 531  •   10"5ft3 

1  cm" 

(c)     Exponential Term 

Input units:   kcal/mole 

Internal units:    0R 

Formula:   B.   =    B1. •   905. 770 
J J 

where 

905. 770 1000 cal 1 

1 ^-mass 
_3 

2.2-   10     lb-mass 

1. 80R 
1 kcal        1. 98726 cal/mole-K    1. 0oK 

(d)    Equilibrium Constant Multiplicative Factor 

Input units:   not input 
•J 

Internal units:   (lb-mass) -   "R/ft 

Formula: 

DATEF(J) 

where 

n 

[I   MW.    ^ 
i=l 

n 

fl   MW.   ^ 0. 73034 

1=1 

0. 73034   =   49, 721. 011 
ft-poundals 

(lb-mole)-0R 

1  atmos 

68, 059. 59 poundals/ft 

' 

(e)    Heats of Reaction 

Input units:    Kcal/mole (via heats of formation' 

Internal units:    "R 

Formula:   DELH(J)   =    DELH(J)' •   905,770 
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(f)     Pressure 

Input units:   PSIA 

2 
Internal units:   poundals/ft 

Formula:   P = P' •   4633.056 

where 

144 in2 .,„   ,„,,      ft 4633.056   =    — "'       •   32,174 
.  f,2 

Jt" "^ 2 
1 ft sec 

(3)    Subroutine PACK1P 

On the basis of those species currently being considered,   this 
subroutine packs species and reaction information from the master tables 
into those control sections utilized by the kinetic calculation links. 

The following is a description of the subroutine functions: 

1. The reaction rate parameters for the reactions to be considered are 
selected from tape unit KREAX, 

2. The symbolic reactions and their input rate parameters are 
printed. 

3. Reaction mass balance is checked for a tolerance of ±1. 0 E-10. 

4. Heats of reaction are computed. 

(4) Subroutine PRES 

This subroutine provides a pressure table and its derivatives 
suitable for processing by the kinetic calculation links.    For a normal shock 
stagnation streamline,   velocity table and its derivatives are provided in a 
form suitable for processing by the kinetic calculation links. 

(5) Subroutine SLP (X,   Y,   N,   MFLAG,   YP,   Wl,   W2,   W3,   IFLAG) 

The purpose of this subroutine is to supply derivatives for a 
tabulated function.    The end point derivatives may be specified or are calcu- 
lated internally by parabolic interpolation.    Interior point derivatives may be 
found by a cubic spline fit procedure. 

Calling Sequence: 

X       is a table of independent variables,   x. 

Y       is a table of the dependent variables,   y. 

N      is the number of entries in each of the tables X,   Y,   and 
YP.    i =  1,   . , ,  N 
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MFLAG this entry is a flag,   m,   such that 

m > 0      implies x is equally spaced 

m < 0      implies x is not equally spaced 

m   =   1 y1 will be continuous 

| m| = 2 y' and y" will be continuous 

YP   is a table of the derivative,   y! 

Wl   working storage of length N 

W2   working storage of length N 

W3   working storage of length N 

IFLAG     this entry is a flag,   i,   such that 

i = o        implies value for YP(1) and YP(N) will be 
calculated internally by parabolic differencing 

i =  1        implies values for YP(1) and YP(N)  will be 
input 

Method: 

The cubic spline fit procedure utilizes the interpolation formula 
given within the description of subroutine SPLN,   i, e. : 

3 2 
y      =    A(x - x   )      +   B(x - x   )      +   C(x -   x   ) + D 7 v o o o 

y'    =    3A(x - x  )2    +   2B(x - x   )   + C ' v o o 

y"   =    6A(x - x   )   +   2B ' o 

The piecewise cubic fit to a tubular function by the above relations will yield 
a discontinuity in the second derivative y",   between adjacent fits of: 

v"       -V"        =   r^/^y-   +4y'   - 6^^ - ^ ( 6 ^ - 4y-   - 2y^) 
I yioi      hz     hoi\   0       l      hoi)   hi2\ hi2       l      7 

where 

hoi  = xi -xo 

j h12   r   X2 -Xl 

k01   =   yl " yo 

kI2   =   y2 ' yl 
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The method consists of setting the left-hand side of the above 
relation equal to zero so that the second derivative is continuous across 
juncture points.    As applied to a tabular function,   the above procedure 
results in a set of linear simultaneous equations (tri-diagonal) to be solved 
for the y',,   provided that values for y' at the end points are known. 

(6)    Subroutine TCALC 

This is a dummy subroutine to permit the user to generate the 
addition function tables using his own supplied subroutine.    It must be 
replaced with the appropriate TCALC routine and used in conjunction with 
the lADDQiP = 2 option. 

f.       LINK 42 Subroutines 

This link contains the one dimensional kinetic expansion 
subroutines. 

The implicit integration method,   used to integrate the fluid dynamic 
and chemical relaxation equations,   requires the values of the partial deriva- 
tives of all total derivatives with respect to every variable.    The program 
will generate a matrix of partial derivatives such that the entry in the n^h 
row and the mth column is the partial derivative of d [nj/dx with respect to 
m.    This matrix is called BETA(I, J).    The velocity,   density,   and temperature- 
fluid dynamic variables considered for every case reside in rows 1,   2,   and 3 
respectively.    The chemical species occupy rows 4 through the number of 
species plus 3.    The following notation will be used to denote partial 
derivatives: 

ß(A. B)   = 

aAi 
8x1 
dB 

To facilitate the identification of program variables with the engi- 
neering notation,   the following format will be used where applicable: 

engineering notation—program variable—equation 

The program will also generate a matrix which will be solved for 
the variable increments for each integration step.    This matrix will expand 
or contract,   depending on the number of chemical species to be considered. 

The total derivatives fj and partial derivatives ßj; have been sep- 
arated into two components:   (1) adiabatic component with no mass,   momen- 
tum,   or species addition,   and (2) addition component due to mass, 
momentum,   energy,   or species addition.    Subroutines DERIV and FLU 
calculate the adiabatic components and subroutine ADDXXX calculates the 
addition component.    When no ma^s,   momentum,   energy,   or species addition 
functions are input,   the addition component calculations are bypassed. 

For the single-species condensation option,   subroutines CC5NAD, 
VAPOR and DROPS compute the mass,   momentum,   and energy addition 
functions used by ADDXXX to calculate addition components. 
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(1)    Subroutine DERIV 

This subroutine computes the adiabatic components of total 
derivatives f| and the partial derivatives p(i, j) for the chemical relaxation 
equations. 

Notation:      i   = Species subscript 

j   = Reaction subscript 

f   = Total number of chemical reactions 

m   = Number of dissociation-recombination reactions 

n   = Total number of gaseous species 

The generalized chemical reaction which is handled by this 
subroutine is defined by: 

>v.. C. A   \V.. c. 
1=1 i=] 

I 

with: 

+i. = ... v .. -  v.. 

The reverse reaction rate constant is defined by the equation: 

-XN. 
k. SK(J)   =   A. •   T        J •   exp (-B./T) 

J J J 

The net production rate for a reaction is given by: 

X. 
J 

X(J) 
n n 

K. •   n   c. ij - px-   n   c.   y 
j    1=1    i i= i    i k. '  M. 

J J 

where: 

X =    1 for a dissociation-recombination reaction 

=    0 for a binary exchange reaction 

389 

IHnn i     iit.irui»W*«.iinir-ii .        .' ■ 11    •,     ., ,. ■ .i.—i-,    „■    ,    :  ,    i   , i, ._  , „   '_^.  _   .. .     ..- ...    ■ , j i . 



■■i..t.WH,i.in,. ,.1,141,1.. vmmmmmimm m '"i ■■.»ii.jwiw.iiiiupiiippwpBifBiiiwijiiPHiw^jiw!^ 

and 

M. 

equation: 

n 

>     XMM.   .    '    C.   for a dissociation-recombination reaction 
^ J. i i 
i--l 

1 for a binary exchange reaction 

The net individual species production rate is given by the 

i dC. 
 i 

dx fN(I)   =   K. '   >     ^.. *  X. 

where; 

K.   =   (MW. • p •   r:::)/V 

The partial derivatives of the net species production rate with 
respect to the chemical species,   the gas velocity,   the gas density,   and the 
gas temperature are: 

Pi^.C.) BT(1, K) K 
dX. 

dc. i   =    1,   ....   NSP 

k =    1,   ....   NSP 

ß(C., V) PHI(I. 1) 
,    dC. 

_1_    i 
'V    dx 

1,   ....   NSP 

ßlC^p) PHI(I, 2) 
i      dC. *—' i. _^. + K. . y 
o      dx i^-i 

9X. 

j=l 
dp 

I,   ....   NSP 

ß(C., T) PHI(I, s; si 
9X. 
 J 
9T 

i=l 

1,   ....   NSP 

The equilibrium constants and their temperature derivatives 
are computed only for dissociation-recombination reactions; those quantities 
for the binary exchange reactions are computed by products and ratios of 
the dissociation-recombination reaction equilibrium constants and 
derivatives. 
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(2)    Subroutine EF 

This subroutine computes the dissociation-recombination 
reaction equilibrium constants and their temperature derivatives from the 
following formulae: 

K. EK(J) 
DATEF(J) . exp 

-AH. n 

1 Ft.' v.. i 

i=l i 
i FV '" ij 

dK. 
_J 
dT 

DKT(J) = 

Ht. 

— i 
K. 

J 

where; 

Ft.    =    species free energy at the current temperature 

Ht.    =    species enthalpy at the current temperature 

AHj   =   heat of reaction for the J      reaction 

DATEF(j)   =   is discussed in Subsection C. 5. e(2) 

(3)    Subroutine FLU 

This subroutine computes the adiabatic component of the total 
derivatives £\ and the partial derivatives Q^ and ßn   j) for the fluid dynamic 
equations.    Pressure defined fluid dynamic equations are used.    The sum- 
mation terms,   energy exchange term B,   the diabatic heat addition term A, 
the Mach number,   and all the partial derivatives of these terms are com- 
puted.    The pressure and its derivatives are obtained from the pressure 
table. 

For a stagnation streamline calculation,   the pressure deriva- 
tives are obtained from the relationship: 

** 

df   =.p.   v^ 
dx H dx 

where V and dV/dx are defined by input tables. 

Notes:   $(i,   f).     f =  1,   2,   3 are defined under Subroutine DERIV 
$(i,   1),   = ß(C.,   V); $(i,   2)   =   p(C.. p);$(i,   3) - ß(C.,   T) 
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The following relationships may be helpful: 

f 
dC. r::: • OJ . •   R •   T     dC. w.r:': 

^ f:   = —      1 

i dx   '   i P •   V        '    dx p.V 

Computation of the Summation Terms and their derivatives; 

First Summation 

SI SI 1 n    dC. 
=   R"   ?,   dx1'  Ri 

1= 1 

3SI 
av DS1V t t    *(i.i)- Ri 

1^1 DSIR0 =   i"   E   *(i.2).   R. asi 
8p R     f- 

asi 
aT DS1T 

n 
^--   E   *(i.3)- R. 

i=l 

9S1 
ac §— DS1C(I) 

R 

n 
2   ß(C ,C ).R..S1 -R. 
1=1 J     1        J 1 

i   =    I, . . ., NSP 

Second Summation 

S2 S2 
i n       dC. 

R-T     p.     dx      hi 
1= 1 

asz 
av DS2V 

n 

RTT •   Aj  *(i'1)'  hi 
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9S2 
dp DS2R0 

n 

R •   T •    E    *(i, 2)  •   h. 
i=l 

9S2 
ax DS2T 

fp- DS2C(I) 

R •   T 

n 

E 
i=i 

dC. 
*(i.3).  h.+^ cp. 

S2 
T 

1 
R' 

i =    1. . ., NSP 

S2 •   R. 

Computation of the Energy Exchange Term B and its Derivatives; 

B 

3B 
av 

9B. 
9P 

§B 
ax 

ac. 

BB 

DBBV 

DBBRO 

DBBT 

DBBC{I) 

V-l S2 

Y-1 . 
Y 

as2 
av 

Y-1 
Y 

as2 
9p 

Y-1 . 
Y 

dS2 
aT Y2 

aY 
ax 

Y-1 
Y 

as2 
ac. 

aY 
ac. i   =    1,   ...,   NSP 

Computation of the Diabatic Heat Addition Term A and its Derivatives; 

aA 
av 

AA 

DAAV 

Sl-B 

asi     aB 
av "  av 
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9A 

dA 
8T 

9A 
ac. 

DAARÜ 

DAAT 

DAAC(l) 

3S1 
dp   ' 

9B 
9p 

dSl 
8T 

aB 
aT 

9S1 aß 
9C. ac. T£- i   =    1,   ...,NSP 

Computation of the Mach Number and its Derivatives; 

M XM2 
V 

\-R- T 

9M 
9V 

DM2V 
2 •   M 

V 

9M 
9T 

DM2 T 
M2      M2       9Y 

T   "   V   *    aT 

aM 
9C, 

DM2C(1) M 
ay 
C.      V      R 

i   =    1, .. ., NSP 

dV 
dx 

FNX(1 1 dP 
p. V      dx 

9IFNX(1)J     A     ! 
9x ' 

ß(V, V) BETA (1, 1) 

ß(V,p) BETA(1, 2) 

1 d  P 
p • V        .   2 

dx 

1 
V 

dV 
dx 

1 
p 

dV 
dx 
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The Gas Density derivatives are Computed: 

d£ 
dx 

FNX(2) 
dP 1 
dx        V P 

- A 

3[FNX(2)J 
9x 

AL(2) P 
V   P 

d2P       /dP\2     J_ 
.  2   "  \dx /     '   P 

dx 

p(p,V) BETA(2, 1) P ' 
9A 
9V 

ß(p,p) BETA(2, Z) 
J_ .  dp 9A 
P      dx 9P 

ß(p, T) BETA(2>3) 
9A 

P*    9T" 
P.Y' 

9Y      dP 
9T *   dx 

i \ 

r 

ßlp.C.) BETA(2>i+3) 
P 9y       dP 

" v2p '    9C. '  dx 
9A 
9C. i -  1, . . .,  NSP 

The Gas Temperature derivatives are computed: 

dT 
dx 

FNX(3) =    T . | III . 1   . ^P . B 1    7 P       dx 

9[FNX(3)] 
9x 

AL(3) 
/-I      T 

y    * P 

2 2 
d  P     /dP ' 

dx 
\ dx /        P 

ß(T, V) BETA(3, 1) 
9B 
9V 

ß(T,p) BETA(3,2) 
9B 
9P 
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ß(T(T) BETA(3, 3) J_ 
T 

dT 
clx 

4- T 
dP 
dx T dB 

9T 

ß(T. C.) BETA(3,   i+3)   =   T 

1, 

1 dP 
dx  " 

9\ 
9C. 

i 

9B 

\2 . p 9C. 
i 

, NSP 

For an adiabatic area defined calculation,   the total deriva- 
tives fj and the partial derivatives aj and |3ij for the fluid dynamic equations 
are computed using the following area defined equations: 

The area ratio and its derivatives are computed from: 

=    Y • 2 

da     _ _      Y _   dY 
dx dx 

dx2 

d2Y        2 

dx 2      I dx / 

2 2 
where Y,   dY/dx,   d  Y/dx    are computed via interpolation in the table of 
derivatives of the input wall table generated in Subroutine SLP. 

The Gas Velocity derivatives are computed: 

dV 
dx 

FNX(l) 

9[FNX(1)J 
9x 

AL(1) 

V 1   da 

M2-i 
a   dx ~ ^ 

V 
a 

fd2a 
M2-l dx2 

1f-) a \dx/ 

P(V, V) BETA(1, 1) V 
dV 
dx M2-l 

dV 
dx 

9M 
9V 

V 

M2-l 

9A 
8V 
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I 

ß(V, p) BETACl.Z) 
V DA 

op' M2-l 

ß(V, T) BETA(1, 3) 
1 dV       dM 

M  - 1 M  - 1 

V 9A 
8T 

ß(V. C.) BETA(1, i+3) 
M2-l 

dV 
dx 

=  1, . . ., NSP 

The Gas Density derivatives are computed: 

dM 
dC" 

V 

M2-l 

dA 
ac. 

jdp 
dx 

FMX(2) 
M 

M2-l 
(T-^-A)+A 

. 

mmzj} AL(2) 
9x . -p • 

M 

M2-l 

1 
a 

2 2 da       1 /da ' 

dx 
-(—) a \dx / 

ß(p,V) BETA(2, 1) 2      2 (MMr 
/l_da      A\._9M 
\ a dx  "      /      av 

M2-l 

aA 
av 

ß(p, p) BETA(2, 2) J_. dp  ,     p     . aA 
2 

M -1 
P     dx   ' „^2   !       ap 

ß(p,T) BETA(2,3) 
da       A \      aM 

.(M -1 

i_   . /!    da     A\ 
,.2     U   dx     A/ ax 

i       aA 
^2 1    9T 
M  - 1 

■ r 

397 

 _.  - , , __^ : - Ä . -- ,   i -_ l. - ; . 



|pp.«-wiw.H»"Bww»"- •   ■   ■      .«^^iHiflwii.iij'^-KiimwiiWMMJUWM^  m 

1 

ß(p,C.) BETA(2, i+3) 
M 

1 da _ A\    9M 
a dx /     9C. 

1 DA 
. ,Z   ,       DC. M  - 1 i 

i =  1, . . ., NSP 

The Gas Temperature derivatives are computed: 

dT 
dx 

FNX(31 T (Y-l) 
M 

, .2   ,      \ a dx M  - 1 
\ a dx / 

jjFNxmi  AL{V 
3x - T M 

M2-l 

Y-l 
a 

da      1    /da 

dx 
l./da) 
a    \dx/ 

ß(T, V) BETA(3, 1) 
(M2-!) 

1_    / 1_ da      . \    dM 
,,2   Va dx " A/ *    9V 

+ V -   1 
M 9A      9B 

. .2   .       9V      9V 
M  - 1 

P(T, p) BETA(3, 2) \ -  1 
M 9A      9B 

M '._l      dp       dp 

ß(T, T) BETA(3,3) J_     Al 
T   *   dx 

+ T 
L(M2_1)2\adx a V -1     (Ida _   A  9M 

9T 

+ Y -  1 
M 9A      9B 

w2   .      9T      9T 
M  - 1 

M 

(M2-l) \ a  dx        / 
9X 
9T 
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> 
(3(T, C.) BETA(3,i+3) 

Y -1 
2       2 

(M -1)'' 
(läa.A).-l^ 
\ a  dx /      oC. 

+ Y - 1 
M BA        9B        M 

M2-l 
9C. "  9C.      ,,2   . 

1 1       M   ~ 1 

/Ida     A\9X. 
\ a dx     A/ 9C. 

i =  1, . . ., NSP 

(4)    Subroutine ADDXXX 

This subroutine calculates the addition component of the total 
derivatives fj and the partial derivatives a^ and (3^ and calculates the total 
and partial derivatives. 

below: 

dV 
dx 

The addition components of the total derivatives are presented 

M - mV 
add 1 + m 

. 

dC. 

dx add 

S. - mC. 
i i 

1 + ni 

dT 
dx add       C 
 T      V(M. - mV) 

1 + m 1 + m 

nsp 

i=l 

S. - m C. 

1 + m 

dP 
dx add 

z£dT 
T dx add 

nsPR.       dC. 
P  l 

dx -lit add 
i=l 

On option the adiabatic and addition components of the total 
derivatives are output from this subroutine. 
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(5)    Subroutine IAUX1 (HL,   H,   QK,   R.K,   JX) 

This subroutine performs implicit integration according to the 
method discussed in Subsection C. 3.    The increments for the chemical 
species concentrations and the fluid dynamic variables at the forward point 
are calculated by solving the appropriate set of nonhomogeneous algebraic 
equations. 

The calling sequence parameters are: 

HL—last integration step size 

H   —current integration step size 

QK—last increments for variables 

RK—computed increments for variables 

JX— 1       initial 3 steps 

2.       general step 

3 special step 

4 restart step 

The total derivatives,   fj  n,   and partial derivatives,   ^  j  r at 
the back point are calculated in subroutines DERIV and FLU. 

The special step calculation is used only in halving the step 
size if required. 

After each integration step,   subroutine IAUX obtains the 
derivatives at the then current axial position. 

For implicit integration the equations used are: 

Initial Step and Restart 

k. 
i, 1 

N 

£        + a.     h +   y   P.   •     k.   ! 
i, o        i, o t-i     i. J» 0 J' 1 

i= 1 

General Step 

k. .n+l ~ 3 

N 

*in + M[i,n+ai,nb + SPi,i,nkj.n+l)-h 

j=l 
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Special Step 

^ i - 

k. 
n+1 

i, n+1   "    r2h  xl+h 
(^ n+1     nj      n 

N 

k.      + 
i, n 

f.       + d'.     h   , . 
i, n        i, n  n+1 

+ Y    ß.   .     k.     xl     • -r-ii- (h   ,,  +h    ) 
Z;    ri,j,nj,n+l        hn+i  \    n+1        n' 
j=1 

(6)    Subroutine IAUX (HL,  H,   QK,   RK,   JX) 

This subroutine performs the iteration for the area defined, 
mass energy,   momentum addition calculation.    If the problem is pressure 
defined or an adiabatic-area-defined calculation,   this subroutine merely 
calls Subroutine IAUX1 and then updates the derivatives at the forward point 
by calling Subroutine DERIV, 

For the area defined,   mass,   energy,   momentum addition 
calculation,   the iteration proceeds as described below. 

Prediction: 

dP 
dx 

R 
dx 

+ R -p- -^T" dT 
dx 

where 

d£ 
dx 

Ida 
a dx 

•   M   • 
M 

(M2-.) 

dT 
dx 

1 da      rj,      ,„   ,* M 

if 

0.99 < M    < 1.01, 
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then 

dP 
dx 0.005 

_P 
H 

da 
dx 3T  -   0.0. 

then dP/dx from the previous step is used as the first estimate. 

Iteration:   Subroutine ITER is called successively to use the secant method 
to provide new estimates for dP/dx such that 

f(A - A.        .) < € calc input 

Convergence:    Convergence is obtained when 

A     .    - A. calc input 
A, input 

<    € 

and the pressure at the forward point is computed from 

p, = P.+^ it-1 i      dx 11 

(7)    ITER (Fl,   XI,   XNEW,   NÖÖ) 

The purpose of this subroutine is to find the  root or zero of the 
algebraic equation 

f(X) 0 

using the method of secant or false position. In particular this subroutine 
is designed to take advantage of the fact that the secant method will always 
find the  root of the above equation if the root has been spanned. 
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Calling Sequence: 

Fl is the value of the dependent variable,   f, 
corresponding to the value of XI.     (Input) 

XI is the value of the independent variable,   X,   which 
corresponds to Fl.     (Input) 

XNEW      is the predicted or new value of the independent vari- 
able,     (Output) 

NOQ) is a flag such that 

N00   =    -1 the first time ITER is called.     (Input) 

N(Z)0   ■     +1 upon subsequent calls.     (Output) 

Restrictions: 

The user is expected to check for convergence as there are no 
internal checks made in ITER,    A literal must not be input to 
this subroutine. 

Method: 

Subroutine ITER utilizes the secant method predictor formula 

X. 
i+1 w (v^-iMwi) 

where the subscript i refers to the current value of X and f 
except for the first iteration in which the value of X is per- 
turbed only slightly.    When the  root has been spanned,   the sub- 
routine saves 2 back values of f and X in order that the root 
may always be straddled and thus found.     The linkage to the 
subroutine is set up so that if bounds on the  root are known, 
then the value of XNEW may be disregarded and bounded values 
may be used for the first two guesses.     This type of linkage 
necessitates that the value of XI must be  set equal to XNEW or 
the bounded value of X.    In order to accelerate convergence,   if 
the error within the bounded domain of the dependent variable 
exceeds a ratio of 10,   then the new value of X is set equal to 
one half of the  range. 

(8)    Subroutine INT 

Provides control for the implicit integration procedure, 
determines the proper set of nonhomogeneous equations to solve,   and,   after 
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each integration step,   computes the next integration step size according to 
the following  relations: 

h   ,9    -    2h       , 
n+Z n+l 

k.       , .   -  2k.        I- k.        , 
i, n+ 1 i, n        i, n- I 

3k.      x,  - k. i, n+ 1        i, n 

6 

MAX 

n+2 2    n+l 

k.      , ,  - 2k.       + k.        , 
i, n I-1 i, n        i, n- 1 

3k.      , ,  - k. i, n+ 1        i, n 
MAX 

■ -    h o 
n+2 n+l' 10 

;.      L1  - 2k.       + k.        , i, n+ 1 i, n        i, n- 1 
3 k. i, n+l  - k. 

i. n 
MAX 

On option,   (JF=1) only the fluid dynamic variables are used in 
determining the next integration step size. 

If the step size is halved for the fourth step,   the integration is 
restarting using one-half the original step size. 

The correspondence between equation number and physical 
property is: 

Equation Number 

1 

2 

3 

4 - NSP+3 

P rope rty 

Velocity of gas 

Density of gas 

Temperature of gas 

Gaseous species mass fraction 
(1   ^NSP) corresponds to (4  ^ NSP + 3) 

(9)    Subroutine LESK(Y) 

This subroutine is a single precision linear equation solver 
which is used to perform the matrix inversions  required by subroutine IAUX. 
Gaussian elimination is used with  row interchange taking place to position 
maximum pivot elements after the  rows are initially scaled. 
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(10) Subroutine MAIN 

Provides overall logic control for the kinetic calculations, 
controls the shock calculation for both generalized oblique shock and the 
normal shock for the stagnation streamline,   and prints the summary for the 
maximum and minimum reaction net production rates. 

The normal shock calculation equations are presented below: 

P2   =    PjV^f P1  -(p^V 

2 2 V V 
h-    -   — — + h , 

^ 2 2 1 

T2   ^    f(h2) 

2 R. T, 

(11) Subroutine OUTPUT 

This subroutine provides conversion from internal computa- 
tional units to output engineering units.     The following output parameters are 
computed by this subroutine: 

The pressure (in PSIA) is computed from: 

P(PSIA)    "   P/^33.056 

The gaseous species mole fractions are computed from: 

R. 

i, m if'   Ci 

The gas molecular weight is computed from: 

MW   =    49721. OU/R 
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The percentage mass fraction change is computed from: 

n 

A(Mass  Fraction)    =    100.0 •  [1.0 - "V    C. 

i=l 

The gas heat capacity is computed from: 

Cp    (BTU/LB-0R)    =    3.9969-   10"5 •   Cp 
8 g 

The gas static enthalpy is computed from: 

n 
5 

H    (BTU/LB)   =   3.9969.10      Y   C. 

i=l 

.   /h. - 905.770 •   R.  •   AH°   \ 
I   1 1 ^i/ 

The percentage enthalpy change is computed from: 

NSP 

y - 2 
100 •     H    -    >     C.  ■  h. - V    /2 !    c       ZJ       1        1 

AH.      - ^1=1 
T HREF 

vvh ere 

NSP 

HREF   =     N     C.  •   fh. - 905.770 •   R. •   AH,, \ -:, l v '    v 
evaluated at the initial    onditions in Subroutine C0NVRT. 
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fi 

The real gas constant and frozen gamma  [Subsection C. 5f(2) 
(EF)]  the enthalpy in internal units,   the kinetic coupling terms A and B 
[Subsection C, 5f(3) (FLU)],   the maximum  relative error  [Subsection C. 5t.(8) 
(INT)],   and the species concenti.-itions in molecules per cc are also output. 

(12) Subroutine OUTXXX 

This subroutine is identical except in name to subroutine UTIL. 
It is used during the iteration for 9,   the shock angle,   during a generalized 
oblique shock calculation. 

(13) Subroutine PLTSUB 

This subroutine saves the current values of the variables 
requested for plotting and generates the proper labels and formatting for 
processing by subroutine DSCPLT.    Plot information is saved on logical 
unit IPTAPE, 

(14) Subroutine PRNTCK 

, For the option to print starting at step ND1,   printing every 
ND3       step up to step ND2,   this subroutine checks whether or not the cur- 
rent step should be printed.    If it is to be printed this subroutine calls 
OUTPUT. 

(15) Subroutine UTIL (Fl,   XI,   XNEW,   NOO) 

The purpose of this subroutine is to find the  root or zero of the 
algebraic equation 

f(X)   =    0 

using the method of secant or false position. In particular this subroutine 
is designed to take advantage of the fact that the secant method will always 
find the root of the above equation if the root has been spanned. 

Calling Sequence: 

Fl is the value of the independent variable,   f,   corre- 
sponding to the value of XI,    (Input) 

XI is the value of the independent variable,   X,   which 
corresponds to Fl.     (Input) 

XNEW      is the predicted or new value of the independent vari- 
able.     (Output) 

NOO is a flag such that 

NOO   =    -1 the first time ITER is called.     (Input) 

NOO   -    +1 upon subsequence calls.     (Output) 
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Lie st fictions: 

The user is expected to check fo.   convergence as there are no 
internal checks made 111 ÜTIL,    A literal must not be input to 
this subroutine. 

Method: 

Subroutine UTIL utilizes the secant method predictor formula 

X. + 1 X.-f. 
i    i 

X.-X.   .    /   f.-f.   , 
l     1-1 11-1 

where the subscript i refers to the current value of X and f 
except for the first iteration in which the value of X is per- 
turbed only slightly.    When the root has been spanned the sub- 
routine saves 2 back values of f and X in order that the root 
may always be straddled and thus found.    The linkage to the 
subroutine is set up so that if bounds on the root a^e known, 
then the value of XNEW may be disregarded and bounded values 
may be used for the first two guesses.     This type of linkage 
necessitates that the value of XI must be set equal to XNEW 
or the bounded value of X.    In order to accelerate convergence, 
if the error within the bounded domain of the dependent variable 
exceeds a ratio of 10,   then the new value of X is set equal to 
one half of the  range, 

(16) Subroutine SHOCK 

This subroutine calculates the downstream oblique shock 
conditions for an arbitrary pressure rise.    The chemistry is assumed frozen 
across the shock.    The method used is an iteration on the shock angle,   0, 
using the following: 

1.      9 arcsm 

Y1 + l   U    V^   1 

2Y1 M^ 

2. :i+i; V.  sin 6 
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3.    v2
(i+1)   =   V^ose^ 

u. 
(i+1) 

pl - p
2 

+ Pi 
(i+1) 

plul 
(i+1) 

H (i+1)    -    Ti    A.1 

H2 -   Hl +2 
(i+1) 

2 
(i+1) 

4'      T2 -    ^ (H2 /'   obtained by iteration using subroutine UTIL. 

5.      p 
(i+1) 
2a 

R T 
(i+1) 

, 

D(i+1) 
2 b 

P1U1 
, (i + D 

6.     if 

p(i+l)      p(i+l) 
H2a H2b 

'2a 
(i+1) < e   go to 9. 

7.      Call OUTXXX to obtain new value for G^1' using secant method 

8.     Go to 2. 

9.      Compute and output downstream conditions; 

'^ 

,      _ CP(T
2) 

2   '    CP(T2)   -R 
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V2    ^>22+V
2
2 

M2 

V2 

yv^ 
If the upstream Mach number is less than one,   no shock 

calculation is possible and the calculation is terminated at this point. 

If the  specifed conditions are inconsistent,   i. e. ,   if 

2  Y,  Mj2 
>1.0 

a normal shock calculation is attempted using 0 = 7r/2 and no iteration.    An 
error message is provided for both of the above error conditions. 

(17) Subroutine SCRX 

This subroutine screens the reaction set at each axial station 
for those reactions which are necessary to assure a relative accuracy for a 
specified chemical species.    Summaries of an ordered set of those reactions 
which produce and those reactions which destroy the specified species,   along 
with total production and destruction rates are provided. 

The subroutine screens those  reactions which produce or 
destroy the  specified species and retains those which produce or destroy the 
species at a rate greater than the input criterion (a percentage of the total 
production or destruction per unit normalized length).    A logical vector is 
generated with the entry TRUE if the reaction is required or FALSE if the 
reaction is not  required. 

(18) Subroutine TREE (L,   LIND,   N) 

The purpose of this subroutine is to reorder an input vector L 
containing N components  so that 

L(l) < L(2) <...,< L(N). 

L may be either real or integer. 

■■> 
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* 
The veclcH' LIND must be input as a vector of integers  1,   2, 

,    .    .   N,     The vector LIND will be output as a vector containing the integer 
numbers which were the original position numbers of the L components. 

The method used by subroutine TREE is described by 
ALGORITHM 245,   TREE SORT 3 by Robert W,   Floyd,   "Communications of 
the ACM, "   December,   1964. 

(19) Subroutine CONAD 

This subroutine calculates the mass,   momentum,   energy,   and 
species addition functions to the gas phase streamtube resulting from the 
condensation of a single gaseous species. 

Subroutine VAPOR is called at each integration step to deter- 
mine location of current thermodynamic state relative to liquid-vapor or 
solid-vapor coexistence line on the pressure,   temperature (P,   T) surface. 

Once condensing vapor becomes saturated,   the critical droplet 
radius and nucleation rate are computed.    The addition function components 
are not calculated until the nucleation rate surpasses a threshold value 
EJMIN (input under $PROPEL).    The addition functions are computed from 
the following: 

m   =   dg/dx 

M   = t^V + g (1+^l) dp/dx 

H    =   (1 - 2g) riih-  " (1 + m)g^  ^J 

S.    =    m  ,   for i   =    condensing species 

o    ,   for remaining species 

The rate of change of the condensed niass fraction is obtained from 

dx 

4TTP 
L 

pV 0J(x)^+^       f       vUi)2Jii) 
o J 

Mi) 
•cie 

The liquid droplet properties are obtained from Subroutine DROPS. 
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(20) Subroutine VAPOR (PV,   PVS,   DPVSDT,   TS,   IP,   JJ,   ISAT) 

This routine computes for a specified species JJ the vapor 
pressure (PV),   saturated vapor properties,   and the location of the current 
state with respect to both the triple point and the liquid-vapor or solid-vapor 
coexistence line.     Vapor pressure is computed from 

P C. iii P v i    R 

For pressures and temperatures above the triple poirit,   the saturated vapor 
pressure (PVS) corresponding to temperature T,   derivative of PVS with 
respect to T,   and saturated vapor temperature  (TS) corresponding to pres- 
sure P are obtained from expressions of the form 

PVS c1 + C2/T + c3/r 

TS ../[c4 1. /jC,  + C5 in (PV) + C6 In    (PV) 

DPVSDT   =    -PVS (C2 - 2.0 C3/T) / T 

At or below the triple point,   the following expressions are used 
> > 

PVS exp (Cg  - C7/T) 

TS =  c7/ C8 - In (PV) 

DPVSDT   =    PVS C   /T2 

where the constants Cj through Cg are determined from data and are input 
under $PR0PEL.    Preliminary values of these constants for water vapor are 
stored internally and need not be entered. 

The additional parameters in the calling statement are 

IP ^    0 Current state corresponds to triple point 

1 Above triple point 

2 Below triple point 

ISAT    -    0 Vapor is unsaturated 

1  Vapor is saturated 
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(21) Subroutine DROPS 

This subroutine computes liquid droplet properties and deriva- 
tives as a function of temperature.    Above the Irip'e point,   latent heat and 
density are computed from 

L   =   A1   -  A2T  -   A3  T2 

p    =    A4  -   A5TD  +  A6TD
L 

^   =    All   "   A12TD 

At or below the triple point,   the following are used 

L   =   A7   -   AgT 

p   =    A9   "   A10TD 

^  =    All   "   A12TD 

First and second derivatives with respect to temperature are obtained by 
differentiating the above expressions.    The coefficients Aj through A 12 ai'e 
input under $PR(#PEL.    Preliminary values of these constants for water 
vapor are stored internally. 

g.      LINK 50 Subroutines 

(1) Subroutine LINK 50 

This subroutine reads the quantities saved for plotting from 
logical unit IPTAPE into the proper buffer areas and calls subroutine 
DSCPLT for the actual plotting, 

(2) Subroutine DSCPLT 

This subroutine is a generalized plotting routine utilizing 
Calcomp software to produce plots. It requires subroutines SCAL and 
MAXMIN. 

(3) Subroutine MAXMIN 

This subroutine finds the maximum and minimum entries in an 
array. 
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(4)    Subroutine SCAL( XMAX,   XMIN,   XI,   DX,   XO,   XE) 

Given the maximum and minimum of a variable and the number 
of units (inches,   cm, ,   etc. ) available for plotting,   this routine: 

1, Determines the most efficient scale per plotting unit of the form 
1. 0- 10a,   2. 0- 10a,   5, 0- 10a where a is an integer, 

2, Adjusts the minimum scale value so that the plot begins at a 
multiple of the scale value. 

Calling Sequence: 

XMAX   =    the maximum value of the variable (input) 

XMIN     =    the minimum value of the variable (input) 

XI =    the number of units (in, ,   cm,   etc, ) available for 
plotting (input) 

DX -    the scale selected for the plot grid (output) 

XO =    the first plot grid value (output) 

XE =    the last plot grid value (output) 

The algorithm used is given below: ■ 

W   = 
XMAN-XMIN 

XI 

Then select s -  1,   2,   or 5 such that 

W   =    DX is a minimum 

whe re 

A 1    +   1 °*(i) 

B   =   [A] ,   [A]   =   the greatest integer strictly less than A, 
e.g.   il. 2]   =    1,  fOj   =    -1 

^ 
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or 

B 

C 

D 

[Al -  1 if A 

s 10B 

XMIN 

=   ( A)' or A < 0 

or 

XMIN 
D=( 

E   =   W/C 

-0 C   if C • D > XMIN 

and 

DX = C 

XO = D 

XE   =   E 

also 

if W=0 then DX=XOnXE=0 

C. 6   PROGRAM USER'S MANUAL 

This   program  was   developed  on  the   CDC   6500  computer  using   the 
FORTRAN IV language.    Conversion to another computer system should be- 
straight forward provided sufficient core storage  (135, 000 words) is avail- 
able.     Program overlay extends three levels deep including the executive 
level,   when used as a subprogram to CONTAM. 

The description of the operation mode and input to the computer program 
is divided into the following six Subsections: 

C. 6. 1      OPERATION MODE-Automatic or manual. 

C. 6. 2      $THERM(?—Namelist input which controls the thcrmo- 
dynamic data input. 

C. 6. 3      THERMODYNAMIC DATA-Optional. 
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C, 6. 4      TITLE CARD-Also serves for plot labels. 

C, 6. 5       SPECIES CARDS —Species to be considered and their 
initial concentrations. 

C. 6. 6       REACTION CARDS-Input of reactions and rate data. 

C. 6. 7       $PR0PEL —Namelist input for   a specific case. 

Card listings for the complete input for several sample cases are given 
in Section C. 7. 

a.      Operation Mode 

Two modes of operation (automatic or manual) are available and 
specified through input variable  KM0DE in the executive program,   CONTAM. 

(1) Manual Mode  (KM0DE =   1) 

In the manual mode of operation the KIN CON subprogram is 
independent of the other subprograms.     The user is free to specify,   via input 
data (cards),   the slreamtube initial conditions,   boundary conditions,   and pro- 
gram options.    A complete sot of data (inputs described in Subsections C. 6b 
through C.6g) is required for each slreamtube calculation.    However,   if a 
specific  nozzle/plume streamtube,   generated by cither the nozzle or plume 
portion of MULTRAN is desired;  subprogram SEINES may be utilized in con- 
junction with MUL IRAN to specify initial conditions and pressure distribution 
while operating in the manual mode.     The variable  NSL,   which specifies the 
number of stroamtubes processed by subprogram SEINES,   is input through 
either the executive program or SEINES and is tested to determine if input 
data from SEINES via  TAPE 8 is to be used in the manual mode of operation. 

If NSL --  0,   TAPE 8 will not be read and all data must be input. 

If NSL /  0,   the initial values  (Z,   PI,   T,   V,   and EXIT),   as well 
as the streamtube pressure distribution (NTB,   ZTB (I),   and PTB (I)) are read 
from TAPE 8.    If successive cases are  run,   TAPE 8 will be read successively 
until   either   the   final   case   is   completed  or  the   number  of  streamtubes   on 
TAPE   8   is   exhausted.      It   should   be   noted  that   any  or  all  data   read   from 
Tape 8 may be overridden by card input, 

(2) Automatic Mode (KMODE = 0) 

The automatic mode of operation is designed to calculate both 
chemical-kinetic and single-species condensation effects  (a two-pass calcu- 
lation performed in that order) for a number of streamtubes calculated by 
MULTRAN and SEINE subprograms.     This mode requires only one set of 
input data and is utilized in conjunction with subprogram SEINES (or a TAPE 8 
previously generated by S LINES). 
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In the automalic mode,   KIN CON will accept input dala describing 

initial gas-phase composition,   chemical reaction and rate coefficients,   and 
pertinent integration control parameters  (described in Subsections C, 6. b 
through C.6.g).     Initial streamtube conditions and pressure distribution arc- 
read from TAPE 8,   and kinetics calculation is then performed along the 
pressure-defined streamline.    During the kinetics calculation pass the vapor 
pressure of the condensible species is compared with the saturated vapor 
surface to determine the vapor state.     Once the saturated vapor state is 
reached,   the streamtube conditions at the saturation point (location,   temper- 
ature,  pressure, velocity, and species composition) are written onto TAPE  1. 
The streamtube area ratio,   referenced to the saturation point,   is then com- 
puted and written on TAPE 1 during the subsequent integration. 

TAPE  1 thus contains,   at the completion of the kinetics  pass, 
the initial conditions and area ratio distribution for the streamtube beginning 
at the saturation point. 

If the saturation point is countered on the kinetics  pass,   a second 
pass is made to compute condensation.     This  pass,   utilizing  TAPli]  1 generated 
during the kinetics pass,   invokes frozen-chemistry and single-species con- 
densation options to compute condensation effects along the area defined 
streamtube.     Following the completion of the condensation calculation,   initial 
conditions for the next streamtube are  read from TAPE H and the calculation 
procedure is  repeated until all streamtubes have been completed.     If the 
saturation point is not reached on a given kinetics pass,   the condensation 
calculation pass is not performed and the program proceeds to the next 
streamtube. 

Inputs in the automatic mode consist of all inputs described in 
Subsections C.6.b through C.6.f and a limited number of inputs in $PROPEL. 
Inputs required in $PROPEL are the following: 

RSTAR 

PRINT VARIABLES 
INTEGRATION VARIABLES 

Axial distance normalizing factor (nozzle 
throat radius) 
(ND1,   ND2,   Nn3) 
(III,   11 MIN,   l'MAX,   DKL,   .IF) 

Inputs that are available but not required include MISCELLANE- 
OUS VARIABLES  (except IFLAST),   INTERMEDIATE OUTPUT VARIABLES, 
and certain CONDENSATION OPTION VARIABLES. 

b.      $TI-IERM0 

Permits the generation of a master thermodynamic file or the use 
of a tape file previously generated master thermodynamic file. 
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Variable 

NUCHEM 

MAXSP 

LIST 

LISTX 

INTAPE 

Value Description 

1 A master thermodynamic file will be generated 
for this case on tape unit 4.    Species and ther- 
modynamic data will be read from unit INTAPE 
(nominaUB,   the input file) and a new thermo- 
dynamic file will be generated on unit 4.     The 
new thermodynamic file will be end-filed and 
rewound after generation, 

0 A previously generated master thermodynamic 
file will be used for this case.    The master 
thermodynamic file must be file TAPE 4.     No 
other input variables are required for this 
option. 

Input If a master thermodynamic file is to be gener- 
ated this variable specifies the number of 
species for the master file. 

1 A list of species named for those species 
master file will be output. 

0 This output will be deleted. 

1 Thermodynamic functions  (CP,   H,   F) will be 
output for each species  (one page per species, 
52 lines per page).    Species names,   molecular 
weights,   and heats of formation will also be 
printed. 

-I Only a table of species names,   molecular 
weights,   and heats of formation will be 
printed. 

0 The above output will be deleted. 

Input Tape file from which thermodynamic data is 
to be read (nominal = 5). 

$END 

c.      Thermodynamic Data 

For  a   NUCHEM  =   1   option  in   $THERM(Z)  the   program  will   read 
MAXSP Master Species cards containing:    species symbolic identifier,   mol- 
ecular weight,   and All0 [."293,   and then  read MAXSP sets of thermodynamic 
data  (CP,   11,   F) checking names and card sequences.     The Master Species 
cards must be sequenced sequentially in columns 41—50 (110 format) and must 
correspond directly to the order in which the thermodynamic data is to be 
read.     Thermodynamic functions consist of 10 cards per function,   5 values 
per card corresponding to temperature values of  100 -• 5, 000oK at  100oK 

■<-*■ 
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intervals.      Table   C-i  lists   the   species   for  which   thermodynamic   data   is 
currently available.    For species which do not appear in Table  C-I,   this input 
may be obtained directly from the JANAF tables.     Table  C-II is a sample 
listing of the thermodynamic function input for the species  No. 

Master Species Cards 

Column 

1  . . 10 
11  . • 16 

17 - - 20 
21 • - 30 
31 ■ ■ 40 
41 ■ - 50 

51 80 

Information 

Mot used. 
Species Symbolic Identifier,   6 alphanumeric 
characters  (left justified). 
Not used. 
Species molecular weight (F) format. 
Species AH0];^^ (F) format,   K cals/mole. 
Right justified sequence number used for suquencu 
checking on input (110 format). 
Not used. 

It should be noted that a species is identified by the name assigned by 
the user.     In general this name is the chemical symbol,   e.g.,   O,   O2,   11,   II9, 
However,   it may be useful to define a dummy species with all the; properties 
of another species but which may be treated in a special manner,   e. £. ,   the 
percentage of the total amount of a species which is designated as an inert 
(possibly to simulate incomplete mixing or combustion).     This may be done by 
defining species O and OX where OX is identical to O except in name,   but does 
not appear in any reaction. 

Master Thermodynamic  Function Cards 

Column Information 

I 
10 

Not used. 
Function value at (100 + 500 (n-1)) 0K,   n     card 
number. 
Not used. 
Function value at (200 + 500 (n-1))  "K. 
Not used. 
Function value at (300 + 5 00 (n-1))  0K, 
Not used. 
Function value at (400 + 500 (n-1))  "K. 
Not used. 
Function value at (500 + 500 (n-1))  01\. 
Not used. 
Species symbolic identifier,   left justified. 
Not used. 
Function Definition CP,   II,   or  F,   left justified. 
The word CARD. 
Card number  1-10 right justified. 
Not us ad. 

Species   symbolic   identifier,    function   definition,    and   card   numbers   are 
checked for consistency on input. 

11 
12 - 20 

21 
22 - 30 

31 
32 - 40 

41 
42 - 50 
51 - 60 
61 - 66 
67 - 68 
69 - 70 
73 - 76 
77 - 78 
79 - 80 
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Table C-I.    SPECIES RESIDING ON MASTER THERMOD YNAMIC TAPE 

1 n?n 19 SF4 37 PCL3 55 C2F2 73 rOF2 90 ALF 

9 H? 2u sr6 3? PF 56 03 74 N03 91 ALF? 

3 flh 21 c 39 PF2 57 H02 71 MH 92 ALF3 

4 n? 22 c::2 40 PF3 58 N02- 76 MH2 93 ALOCL 

K 0 23 CO 41 BOCL 59 NA 77 MM 3 94 ALOF 

6 u 24 C2 42 RQF 60 NA* 78 RH 95 ALCLF 

7 A'JCQ'M 25 c^ 43 RCLF 61 NAO 79 BH? 96 ALCL2F 

? r? 2 6 02 44 PCL2F 62 CF2 8n PH3 97 ALCLF2 

9 Mf' 2 7 CM3 45 PCLF? 63 CF3 81 P2H6 98 OM- 

ID F 2t) cm 4ft P 64 CF4 9? G2C2 99 CH2n 

11 r'/ ?y C2H? 47 CL 65 C2F4 83 P2n3 100 NAQM 

1? Mr' 3': CM 4H CL? 66 \02 6A AL mi NAH 

13 N.''* ?1 HCN 49 K 67 :vi2n 85 ALn 102 HZ2 

14 n?- 32 BM 50 NCI 68 HCÜ 8* ALSO 103 HZ 

15 n« J3 B* 51 CLF 69 HCO* 87 ALCL X04 QWX 

16 F. >U RPiJ 52 CNCL 70 C2H 8« 4LCL2 105 PHOTON 

17 F. '5 BCL 53 CNF 71 H30* 8<J ALrL3 106 OZ 

I? <: 36 BCL? 54 CF 72 H2Ü2 
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Table C-II.    SAMPLE LISTING FOR THERMODYNAMIC 
FUNCTION CARDS FOR N, 

6,9560 
7,1960 
7,9450 
8,3980 
8,6380 
8,7790 
8,8710 
8,9390 
8,9930 
9,0390 

•1,3790 
2,1250 
5,9170' 

10,0150' 
14,2800' 
18,6380 
23,0510 
27,5050 
31,9880 
36,4960 
51,9570 
47tt430 
49,870n 

52.0650 
53,6420 
55,3350 
56,6193 
57,7470 
58,7510 
59,6570 

,   6,9570 r   6, 
7,3500 .   7, 

•   8,0610 3, 
'.   3,4580 >        8, 
.   8,6720 8, 
'.   3,8000 8, 
',   3,8860 At 
',   3,9500 8. 
'.   9,0020 .   9, 
'.   9,0480/ •   9, 
',   -,68.50. '    i 

,   2,3530. 3. 
i   6,7180. 7, 
',  10,8590. Ui 
",  15,1460. 16, 
'.  1?,5170. 20, 
", . 23,9390. a^i 
',  23,3990. .  29, 
.  32,8880. 33, 
,  37,4000. 33, 
',      46,4070. .  45, 
,  47,7310, ,  43, 
",  -50.3570. .  50, 
*.  52,4430. ,  52, 
',  54,1600 .  54, 
•  55,6060 .  55, 
'.  56,8560. -  57, 
'.  57,9570 ,  53, 
'.  38,9400 r  59, 
'.  59,8270. .  59, 

9610, 
5120, 
1620, 
5120, 
7030, 
32Ü0, 
9000, 
9620, 
0120, 
D570, 
0130, 
5960, 
5290, 
7070, 
0150, 
3980, 
9290, 
2950, 
7880,. 
3060, 
7700. 
3030, 
9130, 
3.160, 
4600, 
9700, 
0870, 
1620, 
1240, 
9950, 

6,99110, 
7,67l)0i 
8.2520, 
8,5590, 
8,7310, 
8,8380, 
8,9140, 
8.9720, 
9,0210, 
9.0660, 

,7100, 
4.3550, 
8.3500, 

12,5600, 
16,8860, 
21.2800, 
25.7190, 
30.1910, 
34.6900, 
39,2120, 
46,0430, 
43.8530, 
51,2490, 
53,1710* 
54,7660/ 
56,1270, 
57,3120, 
56,3620, 
59,3050, 
60,1600, 

7 ,0690, N2 CP CAPD 3 
7 ,8150, N2 CP CARD i 
8 ,3300, NI2 CP CAPÜ J 
a ,6010, M2 CP CARD < 
a ,7560, N2 CP CAPD 5 
8 ,8550, N2 CP CARD t 
a ,9270, N2 CP CARD 7 
8 ,98 30, N2 CP CAPD 8 
9 ,0300, ^2 CP CARD 9 
9 ,0740, N2 CP CARD10 
1 ,4130, N2 H CARD 1 
5 1290, • N2 H CARD 2 
9 1790, N2 H CARD 3 

13 4180, N2 H CAPD 4 
17, 7610, M2 H CARD 5 
22, 1650, M2 H CARD 6 
26 6110, N2 H CARD 7 
31 0990, N2 H CARD 8 
35 5930, N2 H CASD 9 
40 ,1190, N2 H CARD10 
46 ,5610, N2 CARD 1 
49, ,5780, N2 CARD 2 
51 ,6650, N2 CARD 3 
53 ,5130, N2 CARD 4 
55 ,0550, K2 CARD 5 
56 ,3760, N2 CARD 6 
57 ,5320, N2 CARD 7 
58 ,55('0, N2 CARD e 
59 ,4820, N2 CARD 9 
60 ,3220, H2 CARO10 
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d. Title Card 

The title card contains free field information which will be written 
as a header label for the program output.    The first 40 characters will be 
written as a label on each plot if plotting is requested. 

e. Species Cards 

This input is prefixed by a single card with SPECIES in columns  1 to 
7 and with the words MASS FRACTIONS or M0LE FRACTIONS in columns 
9—22.    If the identifier for mass or mole fractions is omitted,   mass fractions 
are assumed.     Up to 40 species cards may be input.    Only those species 
specified by input species cards will be considered.     The order of the input 
species cards is independent of the order in which the species appear on the 
master thermodynamic data file.    However,   the order of the input species 
cards does define the species order for the specific calculation,   and other 
input referencing individual species must refer to the order of the input 
species cards.    Species Cards are described below: 

Co lumn 

1 10 
11 _ 16 
17 _, 20 
21 _ 60 

61   -   80 

Function 

Not used. 
Symbol  (left justified). 
Not used. 
Value of initial species concentration (if zero must 
be input as 0. 0) free field F or E format. 
User identification if desired. 

Symbols for Species Identification 

A chemical species is identified symbolically by six alphanumeric 
characters as follows: 

The species symbol must agree with that given on its master species 
card (columns  11—16) used in generating the master thermodynamic 
file.    If the species is ioni/.ed,   the degree of ionization is indicated 
by a + (or -) sign followed by an integer describing the degree of 
ionization (if no integer is given the species will be assumed singly 
ionized).    The species symbol may not contain the characters ■■'• or =. 
The special species symbol PH(#T0N is reserved for specifying 
radiative reactions. 

Examples: 

Symbol lute rpretation 

CL Cf 
NA4 
K+2 

NA+ 
K+ + 

CL2-2 crz- 
H202 H2O2 
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f. Reaction Cards 

This input is prefixed by a single card with REACTIONS in columns 1 
to 9. Up to 15 dissociation reactions and a total 150 reactions may be input 
following this card. Only one card per reaction is pennitted. Cards specify- 
ing dissociation-recombination reactions must precede cards specifying 
exchange reactions. The content and format of the reaction cards are defined 
as follows: 

(1)    Each card is divided into five fields,   separated by commas. 
Each field contains: 

Field 1 the reaction. 
Field 2 A   =   followed by the value of A. 
Field 3 N   =   followed by the value of N. 
Field 4 B   =   followed by the value of B,   the activation energy 

(Kcal/mole). 
Field 5 available for comments. 

Rules for specifying the reaction are given in C. 6, e(2) below.    The values A, 
N,   and B define the reverse reaction rate,   k,   as 

k =  A ■ N (B/RT) 

All three reaction rate parameters must be input. The numeric value of each 
parameter may be specified in either I, F, or E format. If E format is used, 
the E must appear before the exponent. 

There may be no blanks between the characters A and equal sign, 
the N and equal sign,   and the B and equal sign. 

Input rate parameters are in units of cc,   0K,   mole,   sec. 

(2)    The general form of a reaction is: 

N ^-Symbol.  +N   *Symbol + =N  ^Symbol    + N. ^SymboLi. . . . 
1 i       £ L, a ab D 

where the left-hand side represents reactants and the right-hand side repre- 
sents products. 

Each symbol must be as defined on an input species card (see 
the description of SPECIES CARDS). 

The multipliers,   N,   must be integers and represent stoichio- 
metric coefficients.    If no stoichiometric coefficient is given,   the value  1 is 
assumed. 

N1 + N2 + 

It is required that 

. .    < 10 

423 

ba_         ■ -       ■ 

ilvtVji.ti-.ruiH'«''. mädim ■■    ■■■■■-'■    •■■—■ .:.<:.■,  ■   -rJ ,.I. ,..■■-- ,., ■....■..    ■...>., ...VS.--. ^  ...*i*i&*lläiiÜä2tM*iSMMiii 



■■..,:;.■....:.     ■■-'.     ■■M'-.^.. .-.'.■.■■? ..;■     ,..,..-.■-■.■;.........:■.,....•:.-,■.-.    T. ■.  ■.   .:    ................... .^.,,-. .:.,  .,-,...-_....,... .^ .-.v ..        „....,,,...,   ,.r.. ..^ ,.: ,,.. .: . .     ,.-,:    .,,,: r r, .,..  ..,.,.,.   ..,,.,. " 
1 

and 

N    + N.+    <  10 a b 

Examples: 

Reaction Interpretation 

NA++CL- = NACL 
B+2+M-2 = BM 
BE + 2 + 2::=0H- = BE$H0H 

+ NaT + Cf = NaCf 
B++ + M-- = BM 
B^+ + 20H- = Be (0H)2 

(3) The dissociation—recombination reactions specifying third-body 
terms must precede other types of reactions,   and must be followed by the 
directive: 

Column 1 

END TBR REAX 

All reactions prior to the above directive will have a third-body term added 
to each side of the reaction.    For example: 

H2  =  H + H,   .   .   . 

END TBR REAX 

is the same as 

H2 + M = H + H + M,   .   .   . 

where M is a generalized third body.    Specific third-body effects may be 
included by inputting specific third-body reaction rate ratios XMM (J, I). 

(4) Radiative reactions may be considered using the special species 
PH0T0N.    The PH0T0N may only appear on the left-hand side of the equal 
sign for a reaction, 

(5) The reaction set is terminated by a card containing LAST CARD 
in columns   1 to 9. 

g.      $ PROPEL 

Case Variables Units 

*Z Initial normalized axial position None 
:I:PI Initial pressure PSIA 
:::T Initial temperature "R 
:::V Initial velocity ft/sec 
RSTAR Axial distance normalizing factor (normally 

throat radius for nozzle calculations) Inches 
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r :':EXIT Normalized axial distance for run lerminaLion       None 
N0CHEM        =  1 if a frozen chemistry case is desired None 

Plot Variables (plotting not available in automatic mode of operation) 

IFP = 1 
ITP = 1 
IRCÖP = 1 
ICHEMP (1) = 

IXP = 1 
MLP = 1 
MSP = 1 

Print Variables 

Plotting requested 
Plot temperature 
Plot density- 
Species numbers for desired species concen- 
tration plots,   up to 30 species 
Plot functions vs normalized distance 
Plot species M0LE fractions 
Plot species MASS fractions 

ND1 
ND2 
ND3 

Print every ND3       step beginning with the ND1      stop 
until the ND2nd step.     (The initial conditions and the 
EXIT point are always printed. ) 

Integration Variables 

HI Initial normalized step size 
HMIN Minimum normalized step size 
HMAX Maximum normalized step size 
DEL Relative error criterion 
JF = 0 all variables considered for step size control 

=  1 only fluid dynamic variables considered for step 
size control. 

The variable which controls the step size; i, e. ,   has the 
maximum relative error; is printed in the normal output 
under Integration Parameters,   labeled Governing Equa- 
tion.     The number:    variable correspondence is as 
follows;    1 = T;  2-RO;  3 = V,   4=Species   1;  B^Species  2; 
.   .   .   NSP + 3 ^ Species NSP. 

Table Input Variables 

^•'NTB Number of input table entries for pressure table (101). 

JPFLAG Determines the type of differentiation used lo obtain 
derivatives for all input tables.    Reference should be 
made to Mass,   Momentum,   Energy and Species Addi- 
tion Functions for other input tables controlled by 
JPFLAG. 

* 
^Values are read from TAPE 8 and need not be input when operated in auto- 
matic   mode   (KM0DE   =   0)  or  in   a   manual   mode   (KMQiDE        1)   and  using 
streamtube   data  from   TAPE   8   (NSL   /   0).      If  input,    they  will   override 
TAPE 8 values for first streamtube only. 
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=   1 cU-rivativos of input table obtained by simple 
difference formulae with second derivatives defined 
as Ü.    Normally used in automatic mode. 

- 2 derivatives of input tables obtained by SPLINE 
fit (NIB <   20). 

- 3 derivatives input along with tables. 

- 4 derivatives of input tables obtained by parabolic 
differentiation (NTB  <  20). 

-PSCALE =  Multiplicative constant for the input pressure table. 

*ZTB (1) =  Normalized axial positions for input tabular values 
for pressure table (always input), 

-PTB (1) =   Pressure table (PSIA) (always input). 

-DPTB (1)      =  Pressure table derivative (for JPFLAG = 3 option). 

Miscellaneous  Variables 

XMM (J,I)        Reaction rate ratio effect on reaction J of species I. 

TU (1) Temperature above which approximate extension of 
JANAF tables will occur for each species (nominal = 
9, 000oR). 

IFLAST For overlay reasons must be set -  1 on the last case 
of a  run. 

TST0P Time at which a run will arbitrarily be terminated 
(CP time).    Ignore in automatic mode. 

Intermediate Output 

IDQDX =   1 Print total derivatives. 

IDXJDX =   1 Print individual reaction net production rates. 

IEQ0U'[' =   1 Print equilibrium c   nstant and its temperature 
dependence in internal units, 

IRATE =   1 Print reaction forward and reverse rates in 
internal units. 

:Values are read from  TAPE 8 and need not be input when operated in auto- 
matic   mode   (KM0DE   -    0)  or  in  a   manual   mode   (KM0DE   =   1)  and   using 
streamtube   data   from   TAPE   8   (XSL   /   0),      If  input,    they  will  override 
TAPE 8 values for first streamtube only, 
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IMASDX =  1 

I0PXF =  1 

I0PVAR (1) 

For an 1ADDF -  1 option print chemical and 
addition function components of total 
derivatives. 

Print influence coefficient vectors, 

= Set  consecutive entries equal to K for vari- 
ables for which influence coefficient vectors 
are to be outpu ,   where 

K Variable 

1 
2 
3 

V 
R0 
T 

4 Species number  1 

NSP+3 Species number NSP 

For example:    I0PVAR(1) =  4, 3,   will output influence coefficient 
vectors for species number  1 and for temperature. 

Mass,   Momentum, Energy,   and Species Addition Functions 

Variable 

Addition functions will be input. 

Number of entries in addition function 
tables <   40. 

Addition functions input via tables. 

Addition functions defined via multiplicative 
factors.    See  EFACT (I),   XMFACT (I), 
SPFACT (I, J) below.     Note thai IXTB factors 
must be input. 

A  subroutine for addition calculation will be 
supplied by the user. 

Multiplicative scale factor for all addition 
functions.     Note that input of XADSCL as 
1. 0/(p. V. A) will provide automatic nor- 
malization (per unit initial streamtube mass 
flux) for input addition functions. 

Table of normalized axial stations for all 
input addition functions. 

IADDF =   1 

IXTB - 

IADD0P = 0 

=   1 

XADSCL 

ADDX  (I) 
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ADDMAS (I) 

ADDE (I) 

ADDEX (I) 

ADDM0M (I) 

NPOINT (I) 

NSPADD 

ADDSP (I, J) 

KFACT (I) 

XMFACT (I) 

SPFACT (I, ,1 

IIITC/TF 

HT0TX 

Mass addilion rale,   per unit normalized length, 
per unit initial streamtube mass flux (unitless). 

Energy addition rate,   per unit normalized 
length,   per unit initial streamtube mass flux 
(BTU/Ib). 

Auxiliary energy addition rate,   per unit nor- 
malized length,   per unit initial streamtube 
mass flux (BTU/lb) which will be added to the 
energy addition rate ADDE (I).     Note that 
ADDEX  (I) is independent of EFACT (I) for 
IADDCfl>P =   1 option and will be added to ADDE (I) 
before modification by XADSCL, 

Momentum flux,   per unit normalized length, 
per unit initial streamtube mass flux (ft/sec). 

Species number (for current case) to relate 
species addition functions to specific species. 
See example under ADDSP (I, J). 

Number of entries in NP0INT (I) table. 

Species mass addition rate per unit normalized 
length,   per unit initial streamtube mass flux 
(unitless), 

1=1,   .   .   .   IXTB corresponding to number of 
entries 

J-- 1,  .   .   .   NSPADD 

e. g. ,   NSPADD = 2 
NP(ÖINT      3, 5 
ADDSP (I, 1) corresponds to Species 3 
ADDSP (I, 2) corresponds to Species 5 

For IADDOP =   1,   ADDE (1) computed as 
ADDMAS(O) s:-EFACT(I). 

For IADDOP =   1,   ADDM(/)M (I) computed as 
ADDMAS (I.) -XMFACT (I). 

For IADD0P =   1,   ADDSP (I, J) computed as 
ADDMAS (I) -SPFACT (I, J). 

Restart flag indicating that a case is being 
restarted and directing the initial enthalpy to 
be 11 It) TX. 

Initial enthalpy if a case has  been restarted 
(fl-Zsec2). 
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DMASDX (I) 

DEDXT (I) 

DM0MDX (I) 

DSPDX (I, J) 

For JPFLAG = 3 option,   derivative of the 
mass addition rate d(ADDMAS)/dx, 

For JPFLAG = 3 option,   derivative of the 
total energy addition rate d(ADDE+ADDEX)/dx. 

For JPFLAG = 3 option,   derivative of the 
momentum addition rate d(ADDMÖM)/dx, 

For JPFLAG = 3 option,   derivative of the 
species addition rate d(ADDSP)/dx, 

Generalized Oblique Shock Calculation 

A generalized oblique shock calculation is specified by input of a 
pressure table containing a pressure discontinuity, and a pointer 
designating the shock location. 

NSH0CK Pointer designating the last entry 
in the pressure table prior to the 
shock.    For example: 

UNITS 

None 

SHKBUG 

SMAXIT 

SKEPS(i; 

SKEPS(2) 

^2        PTB (NSI10CK-H) 
Pj   =     PTB (NSH0CK) 

Entries NSH0CK and NSH0CK+1 in 
the pressure table must have the 
same axial position. 

1.0 provides intermediate output. None 

0. 0 provides no intermediate output. 

Maximum number of iterations None 
during a generalized oblique shock 
calculation. 

Relative convergence criterion for None 
temperature iteration during a 
generalized oblique shock 
calculation. 

Relative convergence criterion for None 
overall iteration during a general- 
ized oblique shock calculation. 
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Normal Shock Stagnation Streamline Calculation 

The normal shock stagnation streamline calculation option performs 
a normal shock calculation from specified upstream and downstream 
velocities and continues the calculation as a velocity defined 
streamtube. 

NSTAGV 

VEL1 

VTB(l) 

NVTB 

UNITS 

1 specifies a normal shock stagnation None 
streamline calculation. 

Upstream velocity for the normal ft/sec 
shock calculation. 

Array defining the velocity as a ft/sec 
function of normalized axial 
distance,    VTB(l) is defined as 
the downstreani velocity for the 
normal shock calculation. 

Number of entries in the velocity None 
profile NVTB   <101, 

Reaction Screening Input Variables 

If a reaction screening calculation is requested,   the program 
performs a two-pass calculation.    The first pass utilizes the 
complete reaction set and determines those reactions which must 
be  retained to satisfy the input criteria for each species screened. 
The second pass redoes the first calculation with an edited reaction 
set and provides a summary page comparing both calculations. 

ISCRF 

ISCSP(l) 

EPSCR(l) 

ISC BUG 

1,   specifies a reaction screening 
case for ISCSP (I) species. 

Species number for those  species 
to be screened   <40. 

Relative  retention criterion for each 
species to be screened.     Defined as 
the maximum change in mass 
fraction relative to production or 
destruction of the species per unit 
normalized length for all reactions 
involving the corresponding 
species   <40, 

1,   provides intermediate output 
during the reaction screening 
procedure. 

UNITS 

None 

None 

None 

None 

*.* 

i> 
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Area Defined Option Input 

Area Defined Calculation With Mass,   Energy or Momentum Addition; 

ITAREA = Input maximum number of iterations for area 
ratio calculation.    A nonzero value for 
ITAREA triggers ihn area ratio iteration 
logic.    After maximum iterations,   the pro- 
gram outputs an error message,   accepts the 
most recent values,   and continues. 

ABAR(l) 

XARTAB(l) 

DABARX(I) 

NPATAB 

ICALDA 

A REPS 

Area ratio table (A/A0). 

Normalized axial coordinates for the input 
area ratio table. 

Derivative with  respect to normalized axial 
distance of the input area ratio table (if input 
derivative option used). 

Number of entries in area ratio table   <40, 

0 derivative of area ratio table controlled by 
JPFLAG. 

1,   2,   3,   4 replaces JPFLAG control for area 
ratio table ONLY. 

Relative convergence criterion for area ratio 
iteration. 

Single Species Condensation Option 

Condensation calculations require the use of both the mass,   momen- 
tum,   and energy addition option and the area-defined streamtube 
option.    The pertinent parameters for these options are included 
below: 

:;=IADDF 

*IADDOP 

^ITAREA 

:;0CARTAB(1) 

*ABAR(1) 

I        Addition function option will be utilized, 

3       Single species condensation routines will 
provide addition functions. 

Maximum number of iterations for area ratio 
calculation. 

Normalized axial coordinate for input area 
ratio table. 

Area ratio table (A/A   ), 

-Values for these variables are calculated internally when operated in 
automatic mode (KMODE = 0) and need not be input. 
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-NPATAB 

«DABARX (1) 

A REPS 

-N^CHEM 

IC0ND 

Number of entries in area ratio table   <40, 

Derivative with respect to normalized axial 
distance of input area ratio table (if input 
derivative option used). 

Relative convergence criterion for area 
ratio iteration, 

1       Frozen chemistry option is utilized, 

Number signifying the location of condensing 
species with respect to the species input 
order. 

The following inputs describe the vapor/liquid properties,    A pre- 
liminary set of constants for water is stored internally and will be 
used if the following inputs are ignored.    If improved values for 
water are available or if a different condensing species is being 
considered,   some or all of the following may be input: 

TLIM 

EJMIN 

ETA 

PC0NST (I) 

Limiting temperature for saturated vapor 
test.    State of condensible vapor will not be 
tested above TLIM (units =  0R), 

Threshold value for nucleation rate below 
which condensation effects will not be 
computed (units =  l/ft^-sec). 

Condensation (or sticking) coefficient for 
water vapor/liquid. 

Array of constants utilized in describing 
vapor slate (see subroutine VAPOR), 

PC0NST (1) = C 

PCONST (2) = C, 

PCONST (3) C. 

PCÖNST (4) = C^ 

PCÖNST (5) C, 

PCÖNST (6) = C( 

PCÖNST (7) = C. 

PCÖNST (8) = C 

(atm) 

(atm - 'R) 

8 

(atm - (0R)   ) 

(1/0R) 

(1/0R) 

(1/0R) 

(0R) 

(-) 

■ 

-Values for these variables are calculated internally when operated in 
automatic mode (KMÖDE =  0) and need not be input. 
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DC0NST (I) 

PC0NST (9) 

PC0NST (10) 

Triple point pressure 
(poundal/ft2) 

Triple point temperature 
{0R) 

Array of constants utilized in describing 
liquid droplet properties (see Subroutine 
DR0PS) 

1 
DC0NST (1) 

DCQNST (2) = A. 

DC0NST (3) = A. 

DC0NST (4) = A^ 

DC0NST (5) = A, 

DC0NST (6) = A( 

DC0NST (7) = A, 

DC0NST (8) = 

DC0NST (9) = A 

DC0NST (10) = A10 

DC0NST (11) = AJJ 

DC0NST (12) = A12 

DC0NST (13) = Condensed phase heat 
capacity (BTU/lb -   0R) 

^8 

(BTU/lb) 

(BTU/lb)-0R) 

(BTU/lb)-0R2) 

(lb/ft3) 

(lb/ft3) -0R) 

(lb/ft3    -0R2) 

(BTU/lb) 

(BTU/lb -  0R) 

(lb/ft3) 

(lb/ft3-  0R) 

(Poundal/ft) 

(Poundal/ft -   0R) 
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C, 7 SAMPLE CASES 

A sample case illustrating the abilities of the KIN CON program as a 
subprogram to CONTAM has been presented in the program description of 
CONTAM,   Section 7, 0.    In this mode,   the KINCON program analyzes the 
nonequilibrium chemical kinetics and condensation of plume species for 
prediction of contamination effects on bodies submerged in bipropellant 
plumes.    Several additional KINCON program options are available when 
run in the manual niode as an independent program.    Sample cases are 
included in this appendix to illustrate these options. 

a. Reaction-Rate Screening Case 

Computer input card listing and selected output for the rate screen- 
ing of pure-air chemistry system are presented in Tables C-III through C-V, 
The original system consists of a set of 14 species and 37 reactions as pre- 
sented in the card-image listing in Table C-III.    The complete reaction set 
is utilized on the first calculation pass.    Those reactions which must be 
retained to satisfy the input criteria for each species screened are deter- 
mined.    A second pass recomputes the case using the edited reaction set 
and provides a summary page comparing both results. 

Output for a rate-screening case differs from a standard kinetics 
run only by the addition of intermediate reaction-rate printout for each 
screened species at each output station and a summary page comparing the 
results of the original and edited reaction sets.    Table C-IV contains the 
reaction rate output for screened species E-{electron) at axial position 20.0. 
A similar page is output for each remaining screened species.    The sum- 
mary page is included in Table C-V. 

b. Oblique Shock Case 

Card image listing for an oblique shock calculation in air is included 
in Table C-VI.    A discontinuity in the input pressure table identifies the 
shock location as shown in pressure table output,   Table C-VII.    Results of 
the shock calculation are presented in Table C-VIII.    The output for the 
integration to and froni the shock is the same as the standard kinetics output 
and has been omitted. 

c. Normal Shock-Stagnation Streamline Case 

Card-image listing for a normal shock stagnation streamline 
calculation in air is included in Table C-IX.     The streamline downstream of 
the normal shock is defined through an input velocity distribution table. 
Velocity table is output as shown in Table C-X,    The normal shock calcula- 
tion output is included in Table C-XI.     The  remaining output for this case is 
of the same format as the standard kinetics run and has been omitted. 

d. Automated  Kinetics and Condensation Case 

The following sample case was completed to illustrate the operation 
of the KINCON subprogram in the automatic mode including both kinetics and 
water vapor condensation passes in a single case.     The test case corresponds 
to a streamline bounding 90% of the total mass flow for a typical MMH/NTO 
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Table C-EI.    CARD LISTING FOR RATE-SCREENING CASE 
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Table C-V.      FINAL SUMMARY OUTPUT AFTER SCREENING - RESULTS 
OF ORIGINAL AND SCREENED RUNS 

VARIABLE ORIG FINAL COND SCREENED FINAL COND 

VEL 3leO00O0OOE*O3 3.bÜflOO0O0E*03 
DENS 
TEMP 
N2 

1,17993504E^05 
4,70OÜO50XE*Oi 
7.6ün00253E»'Ol 

l,17993504E-05 
4,70O0Oi>0lE*03 
7.6onüO253E-0l 

02 
NO 
N 

2,25934373E-ni 
4,n4339502E-03 
5162376673E-07 

2l25934373E-0l 
4,ü403950lE-03 
5.62376794E-07 

0 
NO* 
Q2- 

l|00229198E-02 
3,9(;949443E-07 
2.80U2BA2P-1U 

1,00229198E-02 
3,9u95D464E-07 
2f8G404462E.lü 

0- 
6- 
N02 

2,134674635-09 
7,05-!l3769E-12 
li0e'509134F.-n6 

2,CI3513961E.09 
7,053i373lE-12 
l(Ü85p9778E-06 

N20 
NCi- 
93 

l,08i6l532E-flb 
1.T2571348F-1CI 
5,7069282^-?? 

l,08l4l73lE-0fl 
1,025>70492E-1Ü 
5.7plö6?69e.09 

N03 9,98f)70Q43E-ll 9I990B1900E-11 

THE  FOLLOWING  REACTION?   ..fcWE   OMITTED  ON  THE  SCHEEIMEQ  CALCULATION 

REACTION 

REACTION 

REACTION 

9 

10 

REACTION   18 

REACTION 

REACTION 

19 

20 

REACTION   2i> 

REACTION 

REACTION 

27 

2? 

REACTION 

REACTION 

29 

IT 

^ 
A ^ 
^X .^ 

^ ̂  
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Table C-VII.     PRESSURE TABLE 

•1.00000000E*00 

•S.OOOOOOOOE-Ol 

0. 

0. 

1.49i9«l00e*00 

».54|85200E*00 

l.l60733aOE*01 

2.17843020E*01 

3.l8374490E*0l 

5.20605730E*01 

SHOCK OCCURS AT TABLE ENTRY 

P 

9.20040000E*00 

9.200400ÜOE*QO 

9.20040000£*00 

J,.809«OOOOE*02 

1.47X80000£*02 

1.07680000E«02 

1.00420000E*02 

1.17280000E*02 

1.44310000£*02 

1,58490000E*02 

PP/DX 

0. 

0. 

0. 

• 2.2<S413429E*01 

•l,lie97479E^01 

■4,62266508E*00 

6.326006aiE.01 

2,16953827E*00 

1,39712132E»00 

6.99199990E.01 
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^ 
Table C-VIII.     SHOCK CALCULATION 

r #♦-•♦• 

BEGIN SHOCK CALCULATION, AXUL POSITION « 0.00000 

CALCULATED SHOCK CONDITIONS 

SHOCK ANGLE (DEQ) 
DEFLECT ANQ (DEC) 
P2/PI 

1,071125S8E*01 
8,47695096E*00 
1,96687101E*01 

PROPERTY UPSTREAM DOWNSTREAM 

PRESSURE (PSIA) 
TEMPERATURE (DEO-R) 
DENSITY (LBM/FT5) 
MACH NUMBgR 
FROZEN GAMMA 

6.3e9l629ÖE»02 
4,314119216*02 
3.9S120379E-04 
2.20478049E*01 
i,40065l48E*00 

1.29666986E+00 
l,75ni782eE*03 
1.93016028E-0J 
1.10i08903f»01 
1,33896013E*00 
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.> 
Table C-X.    INPUT VELOCITY DISTRIBUTION TABLE 

w 

VELOCITY A   a  L  B 

1 

2 

3 1JI14OüO000C-'13 

1,70160000F*03 

iT*i53no?)oe*o3 

l,329ln000C-:*n3 

•3,357976656*M 

'3,^56031131:^^4 

•3,35603il3E*M 

4 

5 

6 

7,7in000'5.'H-n3 

-l-ift-260^0n0fr"'V2 

t,?85OÜ00fjB-ri2 

l,44?flflO(J0E*n3 

1-7-35^-700 00E* 03 

l,27p70000E*n3 

•^,354o8560E*i14 

^-t-^-4-<>-249ll3E'»C4 

•■»,^443l57<J8E*n4 

7 l,54*OOOnoF-n2 

-l-jf^^OiiOOOc-nZ 

^,n5600(;OüE-n2 

1 ,lö^eoof;oc*n3 

l,096»fl0C0E*f>3 

l,ni3l0CC0E*03 

•3,34?41245E*n4 

■-?-t34-n-4ft693E»M 

• .7.,33463035E*^4 

10 ^,31301 Ortit-nS 

-U 2-, 5 7 tt.0 0 0 P 0 ^-^-2 

12 i-:,«27ü(JüroP-',2 

1.6 

1« 

19 

fO- 

21 

9,276.00':iMie*n2 

^l4lVOO>J*0r*n2 

7,56ei0nnr0E*12 

•■f ,33f-739:<0E*^ 

'^T32^46?5E»f4 

•3,3l''066l5E*^4 

13 i,!u"<40ÜÜr0F"n2 

-H—- ^T341Gt'0üi}t—(.'2 

15 ^|K(}(3000C,fjF-n2 

^,7l3U00f'üE*02 

5.0l300000l:*n2 

^,11200000=-n?- 

4 ,.167000002402 

--3l-32l0nr;00E-*n-2 

2.48J Qn000F>D2 

4,62(sOuonnP-n2 

4,«630f*tjr'0f:-fi? 

> , 14 0 0 Ü 0 f. C f. - 0 2 

NOT 

1 ^4'80r.i00OE*n2 

«r4l-950000E*r,i 

REPR0D UCIBU 

'7,3lS229^7E*r.4 

^T^O-7-ä93-f>0-E^4- 

■3,?9766537E*r.4 

'?,?9ibP879E*n4 

'?,2fl',l5564E*?4 

•3126?6459lE*n4 

'l,.lbB8l323E*"4 

•3ll9H44aS8E*'«4 

•^,27'S07ü04E*',.4 
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Table C-XI.    SAMPLE OUTPUT FOR NORMAL SHOCK CALCULATION 

NORMAL   SHOCK  STAQVATION  STREAMLINE   CALCULATION  REQUESTEn 

CALCULATED  SHOCK   CONDITIONS 

PHOPCRTV UPSTHFAM D0^^STREAM 

PRESSURE   (PSIA) 
TEMPERATURE   <DEG-R) 
^NS!TV   (Ljr/FT3)— 

6,3«9?(j00^E'»03 
4,336ü00DnE*ü2 
3|96iq749pEp04 

3,97035365E*0j. 
3,2U30576K*04 
T3/?3*c3tJ8eflO" 

\\^ 
^ 

?^ 
^^ 

^V^- 
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■    i 

engine.    The initial streamtube temperature was purposely reduced from the 
i original combustion chamber value to ensure condensation within the region 
^ of interest, 

A card-image listing of the case is shown in Table C-XII.    The 
streamline conditions (initial pressure,   temperature,   and velocity) including 
the pressure distribution were obtained from the output of the MULTRAN 
subprogram and are presented in Table C-XIII.    Printout of the input data 
and the pressure distribution table were omitted since that information is 
available in Tables C-XII and C-XIII,    The initial streamline conditions for 
the kinetics pass are presented in Table C-XIV, 

The water vapor saturation point is reached at station 24, 988 as 
shown in the station output.   Table C-XV,    Conditions at the saturation point 
are saved as initial conditions for subsequent condensation calculation pass. 
An area ratio table is constructed as the integration continues downstream 
as can be seen by the area ratio printout.    Table C-XVI shows the termin- 
ation of the kinetics pass when the static temperature dropped below 180 "R, 
The condensation calculation pass begins at the saturation point and follows 
the area ratio table computed during the kinetics pass.    Table C-XVII pre- 
sents this area ratio table plus the first derivative as output at the beginning 
of the condensation pass.    Initial conditions for the condensation pass are 
included in Table C-XVIII; intermediate printout of pertinent water vapor 
properties and nucleation rate are also shown.    Variables include 

PV =   vapor pressure (atm) 

PVS =    saturated vapor pressure (atm) 

PRATIO   =   PV/PVS 

RS =   critical droplet radius (cm) 

3 
EJ =   nucleation rate (1/cm    sec) 

TS =    saturated vapor temperature (CR) 

As the flow continues to expand to higher degrees of supersaturation,   the 
nucleation rate increases triggering droplet growth (condensation). 
Tables C-XIX and C-XX present the output at typical locations in the con- 
densing region.    These tables illustrate the additional printout in the con- 
densing region (where nucleation rate is greater than threshold value).    The 
FORTRAN symbols correspond to the symbols used in the analysis in the 
following manner for primary variables of interest; 

• 

RPRIME =    r' 

XMBAR =   m 

X 

HINT =   /™x 
o 
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Table C-X1I.   KINCON SAMPLE CASE-DATA  LISTING 

STH8RM0       S 
AUTOMATED   KINCON   TEST  CASE 

C02 .0652 
M20 .2738 

H2 
N2 

nm  
.020 
,42509761 

OH 
02 

77112  
,00967 
,000764 

H 
l,6VE.ll 
,00115 
l,39E-6 

REAC 
02 

NC 
H2 

IONS 
2«Oi 

-TTWi  
N   ♦   0» 
2«w, 

A«3,3E17, 
A19,6E17, 
A»7,2E15, 
Aa5,0£l8» 

iM = l,Q. 
lväT70T 
N=ü,5, 
N »1, 0 , 

Q«O,0i 
ÖsQ.Ü, 
BsO.Oi 

REACTION     1 
PbACTION—T 
REACTION   3 
REACTION   4 

■R7Ü 
OH 
CC2 

■ H   ♦   LH. 
M   ♦   o» 

■ CO   ♦   0» 

A«l,17bi7, 
AB2,3E16. 

AB5,1E15, 

A»3,C611, 
AB5,liblii 
AH.OEli, 

3,   Aii,9el3i 

i\ = 0 , 0 i 

N a - 0 , 3 , 

Ns0,ui 
NsC.O, 

ü>Ü.O. 
UiCl.Oi 
e»3,5«» 

W5ACT|B!N| b 
REACTION 6 
REACTION 7 
REACTION—ET 

ENC 
NC 

N2 
CO 

c  ♦ 
6W   RE 

C   t 
AX 
02   ♦ 

K   f 
02, » 
02   s 

V2  ♦ 
2 • N C 
erü 

S87.13, 
Üt/b,*,— 
bB79,43^i 
b854,l5, 
idBU,5.  
e«l,99. 
Bs25,8j, 

REACT 

REACT 
REACT 

ION 
TOTT 
ION 
ION 

9 
TTT 

11 
I? 

XV 
cc 
CC 

TÜ7 

Oh 

0   « 
M   a 

s-ü 
c ♦ o 
C   ♦   0 

AH.SEID,' 
äS2,4E13. 

A«1,2K14, 
*   M   » 

0   = 
H2   B 

IP   ♦ 
W    ♦    0 

H20 

'J^, AlS.fcfcll, 
2i   Ai2,24El4( 
t H, As8,4lEl3, 

~, TT?,75^:1?, 
n,   437,33Ei2, 
,    A34,9äE23, 

N9"C rr7 
i\ s 0 , 0, 
N = ü , C i 
14 ■ Ü , U i 

■NsiJ.U. 
NsQ.O, 

0*1,DU, 

Ös20,l, 

RfACT 
RriACT 
RÜACT 

I0\ 13 
ION 14 
ION 15 

W?AUT 
RfcACT 
R^ACT 

m  16 
ION  17 
I CM is 

H2 
H2 

NC 
CC 

0   « 
02   • 

n   *  0 
OH   ♦ 

2*CiH 

H   ■   CM   ♦   .'i,        As3,4Ei3i 
CO   »   Cni   ♦   C,   4si,CE13, 

■^ 3 5 , Ü , 

N s 0 , U , 
^=2.5, 

"30,0, 

B3ü,Q, 
b»05,7, 

Ü8i,3f!i 
b89l93, 

RirACT 
^tACT 

rON  19 
ION 2n 
ION'   21 

Rr ACT 
^bACT 

10 i  23 
I0M  24 

.AST   CARD  
5PHOPEL 
HSTARBQ,0972.JHFLAGsl,   rtUs.oli 'uSsJO,   «13,0001.    HMINS.^ODI.   HMAXsl.f), 

TC0ND(1H 
AREPS=,001 
SEND 

2*0., T=2500., 
,  ETA=0.1, TC0ND(l)=12*O.,  IDCOND=2, 

WO"^ 
^ 

^ 
^ 

^V^- 
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Table  C-XIII.    STREAMLINE GENERATION PROGRAM 

CP TIME ■  33,799 PP TIME « 192,713 

-8WAMWiNE( 
ZINIT ■ 
PIMIT P 
TIMIT ■  

!->■ 90,00000 
0,000000 

67,524369 

PERCENT OF THE TOTAU MASS 
(NONDIMENSIONAL •  S/RC) 
(PSIA) 

5463,270529—(P6G( B) 

FLOW 

VINIT • 
ZFINAL« 
MOK-SK-»- 

2587,734814 
44,969804 
78- 

(FT/SEC) 
(NONDIMENSIONAt • 
(NO, OF PRESSURE- 

Z/RC) 
TABLE-POINTS) 

POIMT 
NO, 

AXIAL 
DISTANCE 
(Z/RC) 

RADIAL 
DISTANCE 

(R/RC> 

STREAMLINF 
DISTANCE 
(S/RC> 

PRESSURE 
(PSIA) 

1 •6,237351E-01  1 
2 »SjöiaölöE-n  9 

■^ ■4l969B8ie«Ql—9- 
4 •4,366l46E»ni  9 
5 •3,74241lE-ni  9 
-6 »a-rUe 6 7-5E «01—9 
7 •2,494940E»01  9 
8 •1,871205E-01  9 

-9 ■l,247470&«0i,—a 
10 •6,23735lE-n2  9 
11 3I552714E»15  9 

_i.2  6,237-15lE«n2—9 
13 1,247470E*01  " 
14 l,a71205E-01  9 

-4« 2,4949406"ni—9. 
16 
17 
-1-8- 
19 
20 

22 
23 
-24- 
25 
26 
-2Z. 

3,116675E-01 9 
3,742411E-01 9 
-4I366146(;«01 9 
4,98988lE-01 9 
5,613616E»01 9 
6,5467906«ni i- 
6,6818535*01 
8,230535E-01 
_8l840405E«ni 
9,959586E-0l 
1I109730E*00 
i.22<S214E*00 

28 1I345742E*00  1 
29 1,468845E*00  1 

-^-30   lt596016E*O0 -I 
31 1,727683^*00  I 
32 11B64462E*00  1 

—33 2,0Q7Q7aE*00 1 

010896^*00 
992Q94E»01 
B84a6SE«0i 1,2675766*01—4,^66842^*01 

0, 
6,345886E*02 

6,752437E*01 
6I550104E*01 

792893E*01 
713276E-01 
6454-9-04*0-1 
569293E*01 
945219E''0l 
S18955&g01 5,D3029aE«01—S,l558616*0t 

l,897968E*ni 
2,526764E-01 
3-t 1542046-01 
3,780439E-01 
4,405729E-01 

6,246165E*01 
6,019785E*ril 
*I839427E*^1 
5,614706E*01 
5,3868465*01 

49?547E»01 
484006t»01 
48717IE«01 
502609E»01 
529274F-01 
S67feP7F«01 8,775046E«ni—3,804044g*0t 

5,654367E«»01 
6,278160E*ni 

. 6,-90 l-903£»Ol- 
7,525830E-ni 
8,l50134E«'ni 

4,951774E*01 
4,715078E*01 
^t478359&*ei- 
4,?74839E*01 
4,038052E*01 

9,400784E*01 
l,002766E*no 
1,0 6557 lE^OO 
1,12B522E*00 
1,191643E*00 

617624E^01 
680336E"0l 
753766£e01 
83a889E"01 
935746F-01 
003425E»00 1,2856786*00 
006635E*00 
047388F*00 
Ü63762E*00- 
095271E*00 
12Ä632E*00 
15e6fl9E»00 

1,299366E*00 
1,459507E*00 
-l-«-522653E*0J 
l,638922E*00 
I,7569376*00 
1.8777526* 

3,5737155*01 
3,374438E*01 
3,152-1306*01 
2,935697E*0l 
?,726202E*01 
9.4485326*04 
2,406621E*01 
1,9B0347E*01 
1»899437E*01 
l,758742F*0l 
1,6676946*01 

2£*^0—^,5726^86*01 
1913246*00 
224672F*0Ü 
258866F*00 
2940236*00 
3303036*00 
3678916*00 

P,001655E*nO 
2,129195E*00 
2t260882E*nO 
2,397162E*Q0 
2,538672E*no 
2,<SBftl58E*0Q 

1,479170E*01 
1,3865886*01 
1,2955066*01 
1,2067446*01 
1,1208406*01 
l,n379(S6E*0t 
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—^^Wl mmm^Km^mmm mmmmmmmmmmm mmmmmmmm  ■■ 

Table C-XIII—Concluded 

34 2. 156435^*00 1. 4070006*00 2,8405506*00  9, 5812166*00 
35 2. 313262E*nO li 4477976*00 3,0025966*00  «, 8163766*00 
36 2. 4787605*00 li 4905606*00 3,173530E*00  fl, 0644366*00 
37 2, 655024E*OO Si 5358836*00 3,3555286*00  7, 3680696*00 
36 2, 0452266*00 1, 5846386*00 3,5518796*00  6, 6524366*00 
19 3 n4fli4iiCAfln 1 *-xAtf.4 op*nn 3i761543C-*-00  «f QJ*779c*no 
4P 3, 269320E*00 1 , 693105E*00 3,9896246*00  5, 3148226*00 
41 3, 50fl983l=*00 j , 7543186*00 4,2369816*00  4, 7025226*00 
42 3, 7731426*00 -!■ 8217246*00 4t509604E*00  4, 1211866*00 
43 4 0650POE*nO 1, 8961436*00 4,8l080lE*n0  3, 5810026*00 
44 4 392306e*00 1. 9795366*00 5,1485646*00  3, 0755816*00 
45 4 ,761856E*00 2 0736396*00 5,5299p7E*.'l0  2, 6102576*00 
46 5 ,1852e8e*00 2, 1814126*00 5,9666366*00 ? 1830156*00 
47 5 6752336*00 ?. 3060876*00 6,4723986*00  I, 7970466*00 

_ -48 6 ,2511826*00 2, ,4526546*00 7,0667046*00  I, 4519366*00 
49 6 ,6250026*00 2 5473896*00 7,4523406*00  I 2723736*00 
50 7 ,0746356*00 2 6606886*00 7,9160296*00  1 0863946*00 
Kl 7 Rl(i3l 3F*00 2, fi49l4RP*no 81*603066*00  8 6672016-01 
52 a 5713966*00 

■ i 

3 0414286*00 9,4604566*00  7 0130926*01 
53 9 ,2653666*00 * 2181576*00 1,0176566*01  5 «824666-01 

.._..-34-.... 9 ,975ao6E>.flÜ 3i ,3997776*00 1,0909866*111  4, 9414696-01 
*5 1 ,0685036*01 3 ,5811626*00 1,1641926*01  4 2496766-01 
56 1 ,0673736*01 3 ,5747726*00 1,1654906*01  4 2643006-01 
^7 1 ■ o76tfiiF*ni 7 16n4«>4iF*nn 1 .iTSSB??*«!  ü 1638-M6-01 
58 1 ,1130666*01 3 ,7028496*00 1,2129516*01  4 ,6389046'Ql 
59 1 ,1255746*01 3 ,7386876*00 1,2259636*01  4 ,6410276-01 
60 1 ,1425166*01 3 ,7876266*00 1,2435976*01  4 ,5894676.01 
61 1 ,1567926*01 3 ,8297476*00 1,2584726*01  4 ,6417666*01 
62 1 ,1803066*01 3 ,8994836*00 1,2830066*01  4 ,4811046-01 
^3 1 2072286*01 _L, 0777A9p*on 1.3110456*^1  4 8025946-01 
64 1 ,2429476*01 4 ,0747036*00 1,3480566*01  ? ,0420206-01 
65 1 ,2856526*01 4 ,1838376*00 1,3921336*01  4 ,8718036*01 

. _66— 1 ,31-42936*01 4 ,2576936*00 1,4217126*01 4 ,8600316-01 
67 i ,3574146*01 4 ,3702286*00 1,4662776*01  4 ,5343706-01 
68 1 ,4112186*01 4 ,5124236*00 1,5219286*01  4 ,2686166-01 
69 1 147flli>4P*Q1 _X, *fe68?2F*00 li^9l0986*01  1 .9899186-01 
70 1 ,6637456*01 ,120941^*00 1,7816996*01  ? ,2435336-01 
71 1 ,8163436*01 5 ,4962046*00 1,9390376*01  1 ,9369016-01 
72 1 ,9066916*01 5 ,6479686*00 2,0304546*01 -i ,4825066-01 
73 2 ,1353?86*01 6 ,248347E*00 ?,2668426*n  1, ,1307856-01 
74 2 ,3792296*01 6 ,9395706*00 2,5203506*01  4 ,0966696-02 
7^ ? I6844^96<01 o <4Ag2AP*n0 ?,«iR<>i3F*Ti  < 1^236^26-02 
76 2 ,9428826*01 y ,1864416*00 3,1271386*01  9 ,9732096-03 
77 3 ,1453596*01 9 ,9735fl9E*00 3,3443766*01  7 ,9588116-03 
78 4 ,1505236*01 1 ,454961E*01 4,4569806*01  2 ,3520456-03 
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Table C-XVII.    AREA RATIO TABLE 

DA/nx CALCCD 

i 

2 

2149B85000E*ni 

2I919J3000E*01 

-at939ai00QE*01 

l,nooonooOE*no 

ll05773674E*nO 

-t-rir^»4 7o4E*no 

lll97liOÄ3fc*no 

1,?7759346E*00 

o, 

SI02360939E«01 

at4og6aE9iC"Oi 

3,75357475E-0l 

4,12S412n5E«0t 

4 

5 

2l56n29000F*ni 

2I58077000E*01 

-^-,601250005*01 

2,62l73üQ0E*ni 

2I64?21000E*01 

1 ,46^09663E*n0 

1 ,56«3e331E*n0 

4,g2Q8Q593C*9i- 

4I93586234E«01 

51344138aiE-0l 

7 

8 

._9_ 

10 

11 

2,683170CIOE*01 

2,70365000E*01 

3,724^38006*01 

ltft9l99BP6C*00 

ilao^6n4i2E*no 

l193P63476E*ri0 

gl06aaB459E*M- 

-^T74gfe9g-Mr&^'t- 

6,11919442E.01 

6,46(1704646-01 

6,754»9Q9t[:-0l 

13 

14 

*5- 

217446l0O0E*Cl 

2,765090QOE*01 

5,78557000^*01 

?,20(?3nil7E*00 

?I35450728E*00 

P,90?31944E*00 

6,98907936E«01 

7,154254646-01 

7la4lOB9^E:-0i 

16 

17 

g.'JOAOJOOOE^Ol 

2,926530006*01 

2,^47010006*01 

?,65ll39l6E*00 

?,79<J13720E*00 

g,944469655*00 

7,24603912E-01 

7l16l3«891g»0l 

7,15688409^-01 

19 

20 

■*4- 

2,fl7?6l0^0£*01 

2,89^2l00OE*ni 

.i,oaa93oooe*ni 

3,12754171E*00 

3,32^145926*00 

B,57636iS8g*nQ 

7,435075506-01 

7,969102796-^1 

8,321999036-01 

22 2,95965000E*01 3,a36449l4E*n0 fl,48n97957E-ül 
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Table C-XVII-ConcLuded 

23 

-34- 

25 

26 

2,99n37000E*01 

aiQaiPoooo6*oi 

4,09743291E*00 

3,05lBiOOOE*01 

3I09?77000E*C1 

3|143g700P6*01 

4,.i?ri99667E*00 

4,S8«540859E*00 

4,fl7?5fl586E*no 

5|lSMl5790g*nQ 

8,37479712E-01 

8|0074l677E»ni 

7,27663481E-0l 

6,171323^-01 

•5,3an4a6n7E.oi 

, 

28 

29 

30 

31 

32 

34 

35 

-U- 

37 

38 

3,19?17OO0E*Ol 

3,25661000E*01 

3,33P53000E*01 

3,44n93000E*ni 

3,60477000E*01 

3,76061OOOE*O1 

3|85053000E*01 

4ICI1437000E*01 

4,CI9629000E*rH 

4tl7(»ai0006*Pl 
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: 
DHPDX r-   dh'/dx 

DGDX =   dg/dx 

DRDX -   dr/dx 

RSTAR =    r=::--:= 

JRATE =   J 

HPRIME =   h1 

DHPDT =   dh'/dT 

XMDOT 
• 

-   m 

XMOM =    M 

E 
• 

=   H 

All values of variables printed out under the above symbols are in the 
internal computing units of poundal,   pound mass,   BTU,   foot,   and second. 

457 



■ ""■ ■■■■-■^' "■ ■' '■   ■ ■! 1H.-IH.WHMUI1II- lmwtwKmum^mlmuMyJ\m^^>^nm^Mn^l^swf^^M'^v\'vm!s•.f^'>'V^lm%m^^»'V••■■'' "f mw mi u iiiiiijjuu»ji)u,ujii. .1 1 i^| 

C, 8   REFERENCES 

C-l.       J. R.   Kliegel,   and H. M.   Frey.    One-Dimensional Reacting Gas 
Nonequilibrium Performance Program.     02874-6003-RO00, 
March,1967,   TRW Systems,   Redondo Beach,   Calif. 

C-2.       J, R,   Kliegel,   H. M.   Frey,   G. R.   Nickerson,   and T. J.   Tyson. 
ICRPG One-Dimensional Kinetic Nozzle Analysis Computer Program. 
Published by Dynamic Science,  under contract NAS7-443,   July 1968. 

C-3.       H. M,   Frey and G. R.   Nickerson.    SCREEN,   A Computer Program 
for the Screening of Chemically Reacting Gas Mixtures.     Published 
by Dynamic Science under Contract to McDonnell Douglas 
Astronautics Company,   TR-141-1-CS,   February, 1970. 

C-4.       J. O.   Hirschfelder,   C. F.   Curtiss,   and R. B.   Bird.    Molecular Theory 
of Gases and Liquids.    Wiley,   (New York),   1954. 

C-5.       S. S,   Penner.     Chemistry Problems in Jet Propulsion.     Pergamon, 
(New York),   1957. 

C-6.       S.W.   Benson and T.   Fueno.    "Mechanism of Atom Recombination by 
Consecutive Vibrational Deactivations. "    Journal of Chemical Physics, 
Vol.   36,   1962,   pp 1597-1607. 

C-7.       J.   Frankel.    Kinetic Theory of Liquids.     Oxford University Press. 
(London),   mTT 

C-8,       H. G.   Stever.     Condensation in High-Speed Flows.    High-Speed 
Aerodynamics and Jet Propulsion.     Vol.   Ill,   Princeton University 
Press.   (Princeton,   N. J. ),   1958. 

C-9.       P. G.   Hill.    "Condensation of Water Vapor During Supersonic 
Expansion in Nozzles. "   Journal of Fluid Mechanics,   Vol 25,   1966. 

C-10.    T. J.   Tyson and J. R.   Kliegel.    "An Implicit Integration Procedure for 
Chemical Kinetics. "   AIAA 6th Aerospace Sciences Meeting,   Paper 
No.   68-180,   January 1968. 

458 

...^....-^    ..,.....!....^u...,, ..^■.—^—.^.Li.   fjh. ■•■I.ir,. 



miiP.f"   •  ■"" i-,p.....■■■       ■    ....     .■■..,. iii..,...!,,.,.......).  ■',    .■   ^..IIIUKTO.VWMI'.VN'UAUJJ'IIIUIIHI^^   ~—■      ■-'  JVHP 

Appendix D 

SURFACE 

DEPOSITION AND SURFACE EFFECTS 
COMPUTER PROGRAM 

1 

A Plunie Inipingement,   Deposition,   Abrasion,   and 
Surface Contamination Effects Model 

Program Number P1942 

459 

^_^_^aB 



 —     ■  ■  ■     ■ ■ 

I 

! 

TABLE OF CONTENTS 

Section 

D. 1 INTRODUCTION 465 

a. The SURFACE Program 465 
b. Scope 465 

D. 2 ANALYSIS 466 

a. Summary 466 
b. Configuration 468 
c. Initial Condition 469 
d. Test Effects 470 
e. Identification of Exposure Type 471 
f. Impingement       ' 471 
g. Transformation of Coordinates 472 
h. Plume Impingement Effects 472 
i. New   Condition of Surface 474 J * 

D. 3 PROGRAM OVERLAY STRUCTURE 474 

D. 4 SUBROUTINES 474 

475 
475 
475 
475 
475 
475 
476 
476 
476 
476 
476 

1.      Subroutine INTRA 477 
477 
477 

a. Subroutine HC0NDF 
b. Subroutine HC<i5ND0 
c. Subroutine REDRH0 
d. Subroutine REDRC^D 
e. Subroutine REDVIS 
f. Subroutine WEBBER 
g Subroutine GETSUR 
h. Subroutine WARD 
1. Subroutine MINSUR 
j. Subroutine INTER 
k. Subroutine MAXSUR 
1. Subroutine INTRA 

m. Subroutine EXT RAP 
n. Subroutine ENTER 
0. Subroutine HC^TPAR 
P- Subroutine FINDR 
q. Subroutine C0RTRN 
r. Subroutine TRNCCJR 

477 
477 
478 
478 

Preceding page blank 461 

 ,    _  _      ■   . ■     .  



. . ,-._.,--. 

D, 5 PROGRAM USER'S MANUAL 478 

a. General 
b. Data Input 

478 
478 

D, 6 OUTPUT DESCRIPTION 491 

462 

^_ ■— , '- ; , ■—.   —  



■"-■  ■   " -         

TABLES 

Table 

D-I Input Data for SURFACE 

D-II Satellite Configuration 

D-III Projections 

D-IV Properties of Structural Materials 

D-V Operating Conditions 

D-VI SURFACE Properties Input 

D-VII Spacecraft Exterior Materials-SEEK 
Values Input for Initial Conditions 

D-VIII Current Condition of Satellite Exterior 

D-IX Effective Heat Transfer Constants-Initial 
Conditions 

D-X Spacecraft Exterior Materials After Plume 
or Space Exposure 

D-XI Current Condition of Satellite Exterior for 
Assigned Post-Plume Conditions 

D-XII Effective Heat Transfer Constants-After 
Assigned Exposure to Plume 

D-XIII Impingement of Plume on Satellite 

D-XIV Coordinate Transformation 

D-XV Physical Properties of Impinged Segment 
Surfaces 

D-XVI Wear Constants of Materials on Surface 

D-XVII Arbitrary Plume Characteristics for 
Testing Program 

Page 

492 

497 

500 

501 

502 

504 

508 

510 

512 

512 

513 

515 

516 

517 

518 

519 

520 

463 

^löiiäa^^,»«;«..»*-«....^..«^,^-.**....,....;.,,......-: ,,1.1,,.   ..       .      J      
, . ^ :;,.;;..:; ^^ ;,^^ :; .-s^v-^ ^ ^ ; ^^-vU-M.i-.^V: > Li.v0.a,^.v:. >i:,t ,J^:^::j^^;.^:. ^i; 



""n 

> 

Appendix D 

SURFACE 

DEPOSITION AND SURFACE EFFECTS 
COMPUTER PROGRAM 

A Plume Impingement,   Deposition,   Abrasion,   and 
Surface Contamination Effects Model 

D. I INTRODUCTION 

a. The SURFACE Program 

The computer program described in this appendix is a subprogram 
to the Plume Contamination Effects Prediction Computer Program, 
CONTAM.   and computes the effect of direct plume impingement on sensitive | 
satellite surfaces in terms of changes in the thermal and optical properties j 
of the surfaces.     Required input to the SURFACE subprogram includes: 

(1) The gasdynamic,   thermodynamic,   and chemical constitution 
description of a plume as computed by the MULTRAN subprogram 
(Appendix B) and KINCON (Appendix C), 

(2) A configurational and material description of the sensitive 
surfaces of the spacecraft. 

b. Scope 

The scope of this portion of the study was initially limited to defini- 
tion of the basic components of a computer model of direct plume impinge- 
ment contamination effects caused by a limited number of species on selected 
sensitive surfaces.    The objective of this initial approach was to demon- 
strate that the determination of surface effects was amenable to modeling by 
a computer program. 

The program development proceeded faster than anticipated,   and 
the program is much more nearly complete than expected.     The program 
currently is a system model consisting of a general configurational descrip- 
tion of a satellite with multiple thrustors,   an extensive list of structural 
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materials which may be included as part of the surface,   and many of the 
expected plume contaminant species.    The model of the plume-surface 
interactions is,   however,   still restricted to a limited set of steady-state 
conditions.    A brief description of the model and computer program will be 
presented along with a sample output of the program. 

Because the simplified program model is now operational,   mxmeri- 
cal values for "surface effects" can be calculated.     Hence,   there is a temp- 
tation to try to use the program to get valid answers to questions about 
plume-surface interactions.    It cannot be too strongly emphasized that the 
current program may not give valid answers except in the simplest cases; 
therefore,   engineering judgment must be exercised. 

D. 2   ANALYSIS 

a.      Summary 

(1) Configuration 

The basic configuration of a model satellite:   location of 
thrustors,   materials of construction at various locations (segments),   and 
properties of the structural materials are input to SURFACE first.     Proper- 
ties of typical deposit materials are then entered.     A segment-by-segment 
mechanical description of the satellite is constructed and printed out. 

(2) Initial Condition 

The optical and thermal properties of the surface materials 
are matched to the segment structure of the satellite,   and a segment-by- 
segment listing of the current optical/thermal condition is printed.    At the 
same time,   the average a,  e ,   and a/e   ratios for the whole satellite are 
calculated and then listed. 

(3) Test Effects 

The next portion,   use of which is optional,   consists of input of 
arbitrary or precalculated data about the current conditions of selected 
segments after plume exposure,   and then determination and listing of the 
current segment-by-segment optical/thermal condition,   plus averaged a, « , 
and the a/c   ratio.     This portion can be used either to checkout the calcula- 
tions of surface condition or to calculate the effects of surface plume inter- 
actions observed in tests or calculated by means other than this program. 

(4) Segments Impinged 

Based on a knowledge of the basic plume structure,   as deter- 
mined by the MULT RAN subprogram (or,   in the manual mode,   from test or 
other computed data),   the SURFACE subprogram then determines and lists 
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> 
the location of all portions of the spacecraft upon which the plume impinges. 
This permits the elimination of those spacecraft surfaces which will not be 
affected by the thrustor impingement,   thereby preventing unncessary 
computations. 

Transformation of coordinates from satellite-based to thrustor- 
based are calculated at this point,   in order to accept data from MULTRAN 
and KINCON.    The data to be transformed may be entered by card or may 
have been calculated earlier. 

(5) Plume Impingement Calculations 

The program then assembles and lists a file of properties of 
the current surfaces of the plume-impinged segments identified earlier. 

Characteristic properties of the plume are then input based on 
the results of KINCON and MULTRAN.    The thrustor pulse is sliced into 
selected increments,   and the program calculates the gross effect of impinge- 
ment on the surface material of each satellite segment during the time slice, 
thus determining whether abrasion or deposition (treated as mutually exclu- 
sive) occurs.    After deciding the type of effect,   the detailed effects on each 
segment are determined.     The process is then repeated for subsequent 
slices,  with the surface condition after each slice used as input for the next. 
When the calculation is completed for the total pulse,   the final conditions 
for the affected segments are listed. 

(6) Final Condition 

The program then returns to calculation of the current optical/ 
thermal surface condition, a ,  t ,   and the a/e   ratio. 

(7) Recycling 

Reentry to calculate the effects of a new pulse can then be 
accomplished. 

(8) Future Work 

Among the parameters of major importance to the calculation 
of surface effects which are not yet embodied in the program are: 

• Effects of exposure to space vacuum between pulses. 

• Effects of transient conditions during pulse (start-up and tail-off). 

• Sticking of droplets to surface. 

• Heat transfer to surface during deposition. 

. -^ 
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Future work on SURFACE will emphasize modification of the 
program to include these effects. 

b.      Configuration 

(1) Satellite Structure 

SURFACE accepts card data input to describe the external 
surface of the satellite.    The surface is divided into a number of segments 
(variable at will),   and each segment location is given in a cylindrical 
coordinate system.    Additional inputs include the locations of all projections 
from the surface,   the height of such projections,   and the angle they present 
to the main axis of the satellite.    The initial surface temperature at each 
location is noted.     The program prints a set of tables showing all configura- 
tion data. 

In the satellite-based cylindrical coordinate system,   the origin 
is placed at the vertex of the satellite nose,   with the satellite axis lying on 
the X-axis.    The coordinates of any point in this system are given in terms 
of (X,   R,   6),   with 9 measured in radians from the horizontal Y-axis, 

For purposes of locating the various conditions and effects on 
the surface of the satellite,   the exterior is divided into segments,   each with 
a specified area.     Each segment is given an identification number,   and its 
location is recorded in the cylindrical coordinates of its midooint.    The 
shapes of the segments are appropriate to the surfaces they lie on —squares 
on the cylindrical surface,   annular segments and circles for the ends.    The 
assignments are completely flexible and can be changed by simply changing 
the data cards.    In general,   there is no need to describe the satellite 
exterior completely.     If the general areas which can interact with the plume 
are already known,   then the input can be limited to these areas. 

(2) Projection Configuration 

Card data are accepted to describe the configuration and 
structure of projections above the satellite surface,   including sensors,   solar 
cells,   and thrustors.    Tables are printed showing the data for each pro- 
jection.    If a projection is in contact with two or more segments only the 
contacted segment with the lowest I. D,   number reports information about 
the location of the projection. 

(3) Structural Materials 

Card data are accepted to describe the structural-mechanical 
properties of typical materials used for exterior structures of satellites. 
Materials include aluminum,   gold plating,   solar-cell-cover glasses,   infra- 
red ports,   windows,   ultraviolet ports,   and white and black thermal-control 
coatings.     Typical or handbook data are currently input.     Definitive data 
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for specific alloys or compositions can be added easily when information on 
their behavior is required.     The input data are listed. 

(4) Optical and Thermal Coefficients for Structural Materials 

Card data are accepted to define properties such as a solar 
absorptivity,  thermal emissivity,   transmittivity at selected wavelengths, 
etc. ,   as functions of surface finish for the structural materials.    Typical or 
handbook data are currently supplied.    Specific data inputs for selected 
compositions of materials can be added as required.     The input data are 
listed. 

(5) Physicochemical Properties of Propellants and Deposits 

Card data are accepted to define the physical and chemical 
properties of plume species and deposits at selected reference temperatures. 
Properties of propellants at other temperatures are then calculated.    However, 
there are not sufficient data for most of the condensed reaction products for 
accurate extrapolation of these properties,   and most of the data for these 
materials are treated as constant with temperature. 

The methods used to calculate the properties are described in 
Appendix A,  Subsection A. 2c(2). 

(6) Optical and Thermal Coefficients for Deposits 

Card data are accepted to define thermal and optical coef- 
ficients—a,  £, T,   and P —as functions of temperature.    Input data are listed. 

c.      Initial Condition 

(1) Initial Assignment of Materials 

Card data are accepted to assign specific structural materials 
to each satellite segment.    As many as three layers of materials may be 
assigned to any segment.     The data are entered into two arrays; one is the 
surface description array,   and the other is a transfer matrix used to search 
for properties corresponding to the materials and their conditions. 

A table is printed showing the materials assigned to each seg- 
ment of the satellite and projections. 

(2) Optical/Thermal Surface Parameters 

This segment takes the transfer matrix and searches the stored 
optical and thermal coefficients for the appropriate data.    Interpolations/ 
extrapolations are conducted if the specific data needed have not been entered 
during input. 
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The optical and thermal properties of structural materials are 
tabulated as functions of surface finish; the properties of the deposits are 
given as functions of surface temperature. 

features: 
The interpolation-extrapolation routines include the following 

• No extrapolation of optical/thermal properties is done below the 
value given for the lowest temperature or surface finish in the 
tables; the minimum value is used. 

• Extrapolation above the highest temperature/surface finish is a 
simple linear ratio from the values for the two greatest tempera- 
tures/surface finishes. 

• Interpolation is by ratio from the nearest adjacent values,  using 
essentially the method given by Wiberg 1. 

• The new description of the surface is printed out. 

(3)    Effective values of Heat Transfer Coefficients 

This segment calculates the values for solar absorptivity and 
thermal emissivity and their ratio,   averaged over the whole satellite exterior 
(excluding projections).    The calculated values are printed out. 

d.      Test Effects 

A flag is set during initialisation to activate or bypass this module. 

(1) Surface State 

Card data are input describing the physical state of selected 
structural segments.    Such data include presence of deposits,   thickness of 
deposit and/or thickness of original surface,   surface finish,   and surface 
temperature.     The data are listed. 

(2) Optical/Thermal Surface Parameters and Heat Transfer 
Coefficients 

The program then returns to the calculation of surface param- 
eters and coefficients described above in D, 2c (2) and (3),   and lists the 
values obtained. 

1K, B.   Wiberg,   "Subroutine L0CATN, " Computer Programming for 
Chemists.   W. A.   Benjamin,   Inc. ,   New York (1965), 
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TW" e.      Identification of Exposure Type 

A flag is used to signify whether plume exposure or space exposure 
has occurred,   or whether all exposures are over and the surface state 
should be recalculated.    This flag can be preset during initialization,   or set 
automatically when the end of a plume exposure computation is reached.    If 
the exposure is to a plume,   a branch is made to a routine which identifies 
the segments which are  directly exposed.     Space exposure involves the whole 
spacecraft,   and no selection of segments is necessary. 

If the flag indicates that the exposure is to a space environment, 
the computation is terminated because routines to determine the effects of 
space exposure have not yet been included in SURFACE. 

f.      Impingement 

The intercept of the plume with the satellite is calculated.     The 
variables used are satellite configuration,   thrustor location,   and plume 
geometry.    The impinged segments are placed in the array named AFFSEG 
(affected segments). 

The areas impinged by the plume are functions of the geometry of 
the plume and the configuration of the satellite.    In the subsequent sub- 
routines,  the border of the impinged area is found by simultaneous solution 
of the equations of plume and surface,   and then the surface description array 
SURDES is searched to find all segments whose coordinates are  on or inside 

E-I the border.    These segment identification numbers are put into the array 
called AFFSEG. 

A paraboloid shape for the plume is assumed.    The latus rectum 
of the plume paraboloid,  which defines the shape of the plume,   is equal to 
four times P.    P is a function of thrustor size,   configuration,   etc. ,   and of 
the time in the cycle (pulse transient). 

The computation is done in two separate segments.    The first is the 
intersection of the plume with the satellite surface.    Currently this segment 
is restricted to satellites of cylindrical cross-section.    The second segment 
determines the intersection with projections.     The computation assumes a 
plane surface on the projection,   but it can lie at any solid angle to the axis 
of the plume.    The configuration of the system used for these calculations is 
the data originally entered in the program (Section D. 2. (b)).    There is no 
provision for recalculating the intersection of movable projections after 
they have changed position. 

, 
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g.      Transformation of Coordinates 

The MULTRAN and KINCg)N subprograms treat the plume in 
thrustor-based cylindrical coordinates.    In order to identify the locations 
of impinged satellite surfaces in the plume,   a transformation to satellite- 
based coordinates is performed on the plume flow field.     These calculations 
require inclusion of a radial angle in the plume coordinates because the 
cylindrical symmetries of the isolated plume are lost in the presence of the 
satellite structure.     The origin for measuring this angle is defined by the 
plane in which the central axis of the thrustor and the central axis of the 
satellite both lie. 

h.      Plume Impingement Effects 

(1) Surface Properties 

The physical and mechanical properties of the surfaces of the 
affected segments are found and entered in the array SEARCH.    These 
properties determine the type of interaction with the plume. 

(2) Surface Effects 

The  results of the  impingement of the plume on the segment 
surfaces  are calculated for brief time increments,   using plume characteris- 
tics  read in at this point.     The only mode used in program checkout has 
assumed uniform plume characteristics over all affected segments,   but this 
is not a program-imposed limit.    Impingement on one location by the plumes 
from two separate thrustors fired simultaneously is not treated; however, 
sequential firing of two or more thrustors may be treated. 

As a first step,   the abrasion wear is calculated.    If the wear 
depth is less than 0. 1 microinch,   deposition from the plume is assumed to 
be the major process,   and the program branches to the calculation of deposit 
formation.     The results of either process are stored temporarily.    The 
effects are then calculated for the   next time interval,   using the results from 
the previous interval as the base.     When the exposure is completed,   the final 
results  are entered into the array EFFECT. 

(3) Abrasion 

All abrasion is assumed to be the  result of impacting particles 
(droplets).     There are no provisions for abrasive wear resulting from gas 
impact or for thermal ablation.    If abrasion occurs,   the   impacting drops are 
assumed to depart along with the abraded surface material.     There are no 
provisions  for deposition of preexisting drops.     The wear relation used is 
the fatigue wear term of Neilson and Gilchrist^.     The  rate of material 

J.   H.   Neilson and A.   Gilchrist,   Wear,   Vol.   11,   pp.   111-122(1968) 
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removed per weight of impinging condensed phase is calculated by means of 
tabulated values for the fatigue wear parameter for several materials, plus 
constants for the equation used to calculate the value at specific velocities. 

The wear rate constant (lbm material  removed per Ibm 
material impinged) for a particular material is a function of the impingement 
velocity up to a lower critical velocity;  it then becomes constant.     The criti- 
cal velocity is  a property of the material undergoing abrasion.     Some data 
available suggest that there are upper critical velocities  at which the form 
of the wear equation changes,   but the data are insufficient for definitive 
application,   therefore the program does not model the changes. 

In the calculation of abrasion effects,   the droplets  are grouped 
into two size categories:   the uncombusted material (large)  and the con- 
densed combustion products (small).    An average diameter is used for each 
size category. 

Two effects are calculated —the wear depth and the surface 
finish.    If the abrasion is sufficient to completely remove the surface layer, 
subsequent calculations  are conducted with the characteristics of the newly 
exposed layer. 

(4)    Deposition 

The model used for the deposition process is a  relatively simple 
one which is an analogy between heat and mass transfer,   based on Trebal's 
modeP.    The model uses heat transfer coefficients,   without data on mass 
transfer or deposition rates.    However,   the model does not include thermal 
effects of the deposition process or of chemical reactions between deposited 
species. 

The determination of deposition requires the di ffusivities of the 
condensing species in the gas stream.     These are calculated from the boil- 
ing point,   molecular radius,   and density.     The assumption is  made that each 
condensable species diffuses independently through a medium consisting 
solely of nitrogen gas.     Next,   using the specific heat,   viscosity,   and molec- 
ular weight of the plume,   the Prandtl number and Schmidt number are cal- 
culated; and then the mass transfer coefficient is determined.     The deposition 
per time slice is then calculated. 

The program then calculates the identity of the species on the 
surface,   considering the species present,   those depositing,   and the likely 
chemical reactions between them. 

The calculations are  repeated for the entire engine pulse.     The 
results of the deposition (species and depth) are then entered in EFFECT. 
The surface finish (roughness) of the deposits is not calculated at the present 
time; a value of 25 microns is arbitrarily applied to each deposit. 

% * 

'R.   E.   Trebal,   Illustration 3. 4,   Mass  Trans fe r Operations,   2nd Ed.   (1968). 
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i New Condition of Surface 

The prog rani returns to the section which calculates the current 
optical/thermal properties as described previously. 

D.3    PROGRAM OVERLAY STRUCTURE 

0VERLAY (HF1LE,   7,   0) 

'■ 

SURFACE (H41i; 

GETSUR 

MINSUR 

MAXSUR 

INTER 

INTRA 

EXTRAP 

ENTER 

HOTPAR 

F1NDR 

CORTRN 

WEBBER 

WARD 

REDRHO 

REDR0D 

HCONDF 

HCQNDQ) 

REDV1S 

TRNCQSR 

D.4    SUBROUTINES 

- 

There are  18 subroutines used in SURFACE.     They are descrived 
briefly,   in order of appearance in the program,   in the following sections, 
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; a.      Subroutine HC0NDF 

Approximates the enthalpy of the condensed phase fuel as a lunction 
of temperature, similar to HCC^NDF in TCC, but with the addition of a term 
for the heat capacity of the solid phase. 

If 

T < M. p. 

then 

HF   =    C   x T 
"solid 

If 

T > M. p. 

then 

H^   =    C  xM. p.    +   AH. +    C    x(T-M.p.) 
F P     i • j fusion p,.      . ,       ' 1 solid liquid 

b. Subroutine HCQiNDC? 

Approximates the enthalpy of the oxidizer by a method analogous 
to the method for fuel in HC0NDF above. 

c. Subroutine REDRHQ) 

Approximates the reduced density of a liquid as  a function of reduced 
temperature along the saturation line.    Identical to REDRH(? in TCC. 

d. Subroutine REDRQ)D 

Approximates the reduced density difference (reduced density of 
liquid minus  reduced density of vapor) as a function of reduced temperature. 
Identical with REDRQlD in TCC. 

e. Subroutine REDV1S 

Approximates the  reduced viscosity of a liquid as  a function of 
reduced temperature.    Identical to REDV1S in TCC. 

f. Subroutine WEBBER 

This  subroutine is used to calculate the reduced properties of fuel 
and oxidizer at selected temperatures; vapor pressure,   density,   O/F density 
ratio,   viscosity,   and surface temperature.     The calculations  are outlined 
in Section A. 2c (2). 
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g.      Subroutine GETSUR 

This subroutine is used to find the   optical and thermal properties 
corresponding to the surface roughness or temperature.    The files  are first 
searched to find if the needed value is entered,   if it is not,   other subroutines 
are used for extrapolation/interpolation. 

GETSUR is also called by subroutine ENTER. 

h.      Subroutine WARD 

This  subroutine,   called only from subroutine GETSUR,   is used to 
transfer all lower layers upward one layer   in the segment description if the 
data indicate a zero or negative thickness for the top layer. 

i.       Subroutine M1NSUR 

Thifs  subroutine,   called from subroutine GETSUR directly,   or by 
subroutines INTER and INTRA in turn called from GETSUR,   is used when 
there is no value of a selected surface thermal/optical property correspond- 
ing to the surface  finish of interest.    It searches through the tablulation until 
the entry corresponding to the least increase in finish is found. 

j.       Subroutine INTER 

This  subroutine,   called from subroutine GETSUR only,   is used to 
interpolate values  for surface optical/thermal properties when no values 
corresponding to the surface finish of interest are available in the tabulation. 
It searches to find the closest lower and higher values,   and the corresponding 
roughnesses.      A factor is calculated from the roughnesses 

• 

Q 
R0 - RL 
RU " RL 

The surface property  required is then calculated. 

S0    -    (SU " SLyUQ + SL 

where S indicates the surface property,   R the  roughness,   C the property of 
interest,   L  the lower value,   and U the upper value. 

k.      Subroutine MAXSUR 

This  subroutine,   called from GETSUR,   INTER,   and INTRA  is the 
mirror image of M1NSUR.    It is used to find the value of a surface property 
corresponding to the least decrease in surface finish. 
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1.       Subroutine 1NTRA 

This subroutine,   called from GETSUR only,   is used to interpolate 
values for surface optical/thermal properties when interpolation is necessary 
on the surface finish entry as well as the desired property entry,    The inter- 
polation routines are the same as in INTER. 

m.     Subroutine EXTRAP 

This subroutine,   called from GETSUR,   is  in part a dummy sub- 
routine.     The routine is to be used to interpolate surface physical and chemi- 
cal properties for plume deposits at various temperatures; however,   for 
most of the   possible deposits,   there are insufficient data entered to deter- 
mine trends accurately enough for interpolation.    Only  for N2O4 and MMH 
can properties be extrapolated,   and then only the physical properties.    Sub- 
routine WEBBER is called for these cases: in all others,   a statement is 
printed saying that the extrapolations cannot be performed. 

n.      Subroutine ENTER 

This subroutine,   called from the program SUR.L' ACE,   is used to 
enter changed surface conditions  and properties of segments  into the files  in 
which the   original input data are stored.    The old file is  searched for the 
segment of interest; then the data for the segment are compared with the 
changed data.    If the layer structure has changed (new or changed compo- 
sition layer from deposition,   or layer removed by abrasion),   the required 
shifts are made in the locations of the filed data,   and then the individual 
items of changed data are entered into the correct locations. 

o.      Subroutine HQlTPAR 

This subroutine is  called by the program SUR1' ACE.    It calculates 
the overall effective values for a, e  ,   and the n/c   ratio corresponding to a 
particular set of surface conditions.    Local values of a, c   ,   and the area of 
each segment are read from the files.    The products of a time area and of 
e times area for each segment are separately summed,   then divided by the 
total area.     Projections  such as solar cells are not included in the 
calculation. 

p.      Subroutine F1NDR 

This subroutine is called by the program SURFACE.     F1NDR deter- 
mines the ID number and   coordinates of all satellite body segments which art- 
wet by the plume.    The subroutine is currently limited to satellites with a 
cylindrical shape and plumes which are paraboloids of revolution. 

When specific values  for thrustor location and the latus  rectum of 
the plume are entered,   the segments which are wetted are determined. 
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q.      Subroutine C^RTRN 

This  subroutine is called from the     rogram SURFACE.    It is used 
to transt'orm coordinates from the satellite based X, R, 0 cylindrical system 
to the cylindrical system based on any thrustor of known position.     The 
transformation is by standard analytical geometry equations. 

r.      Subroutine TRNCOR 

This subroutine,   called from SURFACE,   is the inverse of the pre- 
vious one.    It transforms coordinates from a thrustor-based system to the 
satellite-based system. 

D. 5   PROGRAM USER'S MANUAL 

a. General 

The SURFACE program is the fourth link of the CONTAM computer 
program.    It may be  run as a subprogram to CONTAM under control of sub- 
routine EXEC,   or as  an independent program.    It was developed on a 
CDC 6500 computer  using FORTRAN IV language.    The SURFACE program 
requires   175, 000g words of core storage.    Conversion to another computer 
system should be straightforward,   providing that sufficient core is available. 

b. Data Input 

The following input properties are required for SURFACE: 

Propellant Properties  and Thrustor Characteristics (INPUT 1) 

External Materials 

Satellite Configuration 

Proj ection(s) Configurations) 

Structural Materials 

Propellant Temperature (Test Case) 

Optical/Thermal Properties 

Segment Structure 

Program Option Selection 

Modified   Surface Conditions (Test Case) 

Program Option Selections 

Pulse Characteristics 

478 

Mi ; i ■ i i ■ ■ " — ......— 1 . — ■   ...>..,■-  ..: ,     .^ —. ■■ -.,. .-. i-tMimMMtiit^iuAii in '"-iJi 



Program Option Selection 

Coordinate Transformation 

Thrustor to Satellite 
Satellite to Thrustor 

Molectilar Weight 

Wear Constants 

Plume Characteristics 

Velocity Limits 

Heat Transfer Coefficients 

Plume Physical Properties 

Plume Configuration Change 

DATA statements are not used for numberical data inputs. 

The inputs are described in the following sections.    Table D-l  at 
the end of this subsection is  a listing of the card image for some of the 
inputs. 

(1)    Initialization Data 

These are separate cards in the FORTRAN program.      They 
follow the heading INITIALIZE. 

ITEM NAME 

DELTMA 

DELP 

ICO 

NF1 

NTR 

ZTEST 

INITIAL 
USE VALUE 

Variable time slice 0.0 

Change in P,   controlling plume shape 0.0 

Counter for number of exposure cycles 0.0 

Counter for number of segments wet 0.0 
by plumes 

Thrustor identification number 0.0 

Error flag; if greater than zero, 0.0 
program aborts 
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ITEM NAME 

RUNFLAG 

IA 

EXTYPE 

ITRNCL 

KSTP 

RLOOPN 

USE 

Flag indicating availability of 
exposure data; 0 = no data 

Flag to indicate whether data to be 
processed related to initial conditions 
(IA = 0) or exposure results (IA > 0) 

Flag indicating type of exposure; 
-1 = no exposure; 0 = plume; 
+1 = space. 

Controls plume shape; P = 1/4 latus 
rectum of plume parabaloid 

Flag for coordinate transformation 
calculations 

-1 = satellite to thrustor 

0 = none 

+ 1 = both types 

+2 = thrustor to satellite 

Controls use of DELP to change P 

Counter for number of pulse slices 
processed 

INITIAL 
VALUE 

1.0 

0.0 

1.0 

0.0 

0-0 

(Z)    Propellant Properties and Thrustor Characteristics 

This data input is identical to that described for the TCC pro- 
gram in Appendix A,   Section A. 6,   and it follows the same INPUT 1 
procedure.     When all the links  in the overall program CONTAM have been 
installed,   this  input will be deleted,   and the data will be  read from the 
TCC input. 

(3)     External Materials  - Array NAME 

ITEM NAME INPUT FORMAT MEANING OR USE UNITS 

NAME (n) 6H Names of structural 

n =   I  -  25 Two cards materials and deposits 

Note:    There are many unassigned NAME'S for inclusion of new materials, 

- 

11 
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I (4)    Satelltttt  Configuration - Array SURDES 

ITEM NAME INPUT FORMAT MEANING OR USE 

MIS 

M2S(=11) 

TO TAR 

5X,   15 Number of rows in 
SURDES = number 
of segments 

5X,   15 Number of columns in 
SURDES = number of 
segment descriptors 

The above two items are input on one card. 

10X,   F10.0 Area of satellite 

SURDES(M1S,   1) £8.0 

.   2) F8.0 

.    3) F8.0 

.   4) F8.0 

.    5) F8.0 

,   6) F8.0 

.   7). F8.0 

.   8) F8.0 

,   9) P8.0 

.10) 

.11) 

F8.0 

F8.0 

(if any) from segment 

Lambda direction 
cosine of projection 
surface referred to 
satellite axis 

Mu direction cosine 

Nu direction cosine 

UNITS 

Ft 

Segment ID No, - 

X - coordinate Ft 

R  - coordinate Ft 

Theta coordinate Radian 

Area Ft2 

X distance to nearest Ft 
plume vertex 

Surface temperature Deg R 

Height of projection Ft 

SURDES (n,   1-10) are on one card,   SURDES (n,   11) is on a second card. 
There are hence MIS pairs of cards, 

(5)    Projection Configuration - Includes More Array SURDES 

ITEM NAME INPUT FORMAT MEANING OR USE UNITS 

PRJN (n) 10X,   A6 Name of projection 

n is ID of satellite segment that projection is attached to 
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ITEM NAME INPUT FORMAT 

TRX (m) 5X,   F10. 0 

m is the counter NTR 

TRR (m) 5X,   F5.0 

MEANING OR USE UNIT 

If PRJN = THRUST OR,      Ft 

TRX is the X- 
coordinate.    For any 
other PRJN,   TRX is 
the area of the Ft 
segment and its name 
is changed to AREA 

If PRJN = THRUSTOR       Ft 
TRR is the R- 
coordinate.    For any 
other PRJN,   TRX 
is changed to Ml IS, 
the number of 
segments. 

If PRJN = THRUSTOR,      Radians 
TRTHET is the    - 
coordinate.    For 
other PRJN,   TRTHET 
is changed to M22S, 
the number of data 
points for the 
segments. 

The above 4 items are on one card.    There are as many cards 
as there are projections.     The sequence of cards is interrupted by the 
descriptive cards,   next detailed,   whenever the projection is not a thrustor. 

TRTHET(m) 5X,   F5.Ü 

SURDES (n,   1) 
(n = MIS + 1 to M11S) 

F7.0 ID No.   of segment on 
projection 

SURDES (n,   2) F9.0 

.   3) F8.0 

,   4) F9.0 

,    5) F6.0 

.   6) F9.0 

X-coordinate of Ft 
segment 

R-coordinate of Ft 
segment 

6-coordinate Radians 

Area Ft2 

X-distance to nearest Ft 
plume vertex 

F8.0 Surface temperature Deg R 

The above 7 items are on one card.     There are Ml IS cards. 
M3S is  set equal to MIS,   and MIS increased by Ml IS. 
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(6)    Structural Materials  - Array  MATERAL and File  1,   MAT 

ITEM NAME INPUT FORMAT MEANING OR USE UNITS 

MT IS 10X,   15 Number of rows in 
MATERAL 

MT2S 10X,   15 Number of columns 
in MATERAL 

The above two items are on one card. 

MATERAL( n, 1) F3.0 Material code number - 

■ 2) F7.0 Melting point Dcg R 

> 3) E10.7 Vickers hardness kg/mm 

■ 4) E10.7 Bulk modulus Lb/in.2 

> 5) F6.0 Surface tension Dyne/cm 

i 6) F8.3 Heat capacity BTU/lb- 
deg R 

» 7) F8.3 Thermal 
conductivity 

BTU-in. / 
ft2-sec- 
deg R 

< 8) E10.7 Yield Strength Lb/in.2 

• 9) F5.2 Density Lb/ft3 

The above nine items are entered on one card for each segment. 
There are MT1S cards. 

(7)     Propellant Temperature -  Test Case 

ITEM NAME INPUT FORMAT MEANING OR USE UNITS 

TTANKF 10X,   FIO.O Fuel temperature Deg K 

TTANKO 10X,   FIO.O Oxidizer temperature        Deg K 

The above two items  are entered on one card. 

I 
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(8)    Deposits - Array CHEM1C and File 3,   CHEM 

ITEM NAME INPUT FORMAT MEANING OR USE UNITS 

JC1S 10X,   15 Number of rows in 
CHEMIC 

JC2S 10X,   15 Number  of columns 
in CHEMIC 

The   above two items are on one card. 

-■ 

CHEMIC (n,   1) F8.4 Material code number - 

n =  1,- JC1S 

.    2) F8.4 Freezing point Deg R 

.   3) F8.4 Density (solid) Lb/Ft3 

.   4) F8.4 Critical temperature Deg R 

,    5) F8,4 Boiling point Deg R 

.   6) F8.4 Heat of fusion BTU/lb 

,   7) F8.4 Thermal conductivity 
(solid) 

BTU-in. / 
ft^-sec- 
deg R 

.   8) F8.4 Thermal conductivity 
(liquid) 

BTU-in./ 
ft2-sec- 
deg R 

,   9) F8.4 Heat capacity (solid) BTU/lb- 
deg R 

, 10) F8.4 Heat capacity (liquid) BTU/lb- 
deg R 

The above  10 items are on one card for each material. 

ITEM NAME INPUT FORMAT MEANING OR USE UNITS 

CHEMIC (n,   11) F8.4 Refractive index 
(liquid) 

>    12) F8.4 Molecular radius Angstrom 

The above 2 items are on one card for each material.    There 
are JC1S pairs of cards. 

484 



(9)    Optical Thermal Properties - Array  PRQJPTY and File 2,   PROP 

This input recycles once for each material entry in the array 
NAME.    It reads the control cards (number oi' rows and columns),   then the 
(data cards for NAME (1).     Then it recycles and  reads the control card and 
data cards for NAME (2),   etc.    If NAME (n) is unassigncd,   it proceeds 
directly to NAME (n +  1).     Note that the code number for each material (the 
first column in PR0PTY) is supplied by the FORTRAN program. 

ITEM NAME 

N1S 

N2S 

INPUT FORMAT 

5X,   15 

5X,   15 

MEANING OR USE 

Number of rows in 
PR0PTY 

Number of columns 
in PROPTY 

PRQ5PTY (n,   1) 

N1S 

The above two items are on one card. 

Material code number 

n = 1 

2) 

Assigned by 
program 

F10.4 

3) F10.4 

4) F10.4 

5) F10.4 

6) 

7) 

8) 

9) 

F10.4 

F10.4 

F10.4 

F10.4 

Surface finish for 
structural materials 
or temperature 
for deposits 

Solar absorptivity 

Thermal emissivity 

Diffuse solar 
reflectivity 

Specular solar 
reflectivity 

Thermal reflectivity 

Thermal conductivity 

Infrared transmittance 
(1 5 mic ron) 

UNITS 

Mu-in. 

Deg R 

BTU-in. / 
ft'-sec- 
deg R 

temperature. 
The above 8 items  are on one card per surface finish or 
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ITEM NAME 

PROPTY (n,    10) 

.    ID 

INPUT FORMAT 

F10.4 

F10.4 

MEANING OR USE 

Visible transmittance 
(0. 5 micron) 

Ultraviolet transmit- 
tance (0. 1 micron) 

UNITS 

The above 2 items are on one card per surface finish or 
temperature.    There are N1S pairs of cards. 

(10)     Segment Structure - Array SURDES 

In this deck,   the array is filled column-by-column instead 
of row-by-row. 

ITEM NAME INPUT FORMAT MEANING OR USE UNITS 

SURDES (n, 12) 20F4.0 Code number of materi al 
n =  1,   MIS (7 cards) in top layer,   all seg- 

ments in sequence 

1 13) 8E10.7 
(17 cards) 

Thickness of top layer In. 

• 14) 16F5.0 
(9 cards) 

Surface finish of top 
layer 

Mu-in. 

1 25) 20F4.0 Code number of _ 

n =  1-9 and (5 cards) material for 2nd layer 
41-M3S 

I 26) 8E10.7 
(12 cards) 

Thickness of 2nd layer In. 

» 27) 16F5.0 
(6 cards) 

Surface finish of 2nd 
layer 

Mu-in. 

(11)     Prog ram Option Selection 

ITEM NAME INPUT FORMAT 

RUNFLAG 10X,  13 

USE 

If zero,   go to exposure  routines 
If positive,   go to surface condition 
routines 

/ 
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(12)    Modified Surface Conditions  -  Test Case - Array EFFECT 

ITEM NAME INPUT FORMAT MEANING OR USE UNITS 

IIS 5X,   15 Number of segments 
(one card) with changed conditions  - 

number of rows for 
EFFECT 

GI0.6 X-coordinate of Ft 
segment 

G10.6 Y-coordinate Ft 

G10.6 G-coordinate Rad 

G10. 6 ID number 

G10.6 Surface temperature Deg R 

GI0.6 Top layer material 
code 

G10.6 Thickness In. 

G10.6 Surface finish Mu-in. 

The above eight entries are on one card. 

,   9) G10.6 2nd layer material 
code 

,10) G10.6 Thickness In. 

,11) G10.6 Surface finish Mu-in. 

The above three entries are on one card.     There are IIS 
pairs of cards. 

(13)    Program Option Selection 

ITEM NAME INPUT FORMAT USE 

RUNFLAG 10X,   13 See (11) 
(one card) 

EXTYPE (10X,   F10.0 If:    -1,   no exposure 
(one card) 0,   plume exposure 

+1,   space exposure 

J 

EFFECT (n, 1) 
n =  1-I1S 

2) 

3) 

4) 

5) 

6) 

7) 

8) 
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(14)     Pulse Characteristics  - Impingement Locations 

ITEM NAME INPUT FORMAT MEANING OR USE 

TRSLOC 

TOT1ME 

10X,   F5.0 G-coordinate of active 
thrustor 

UNITS 

Rad 

5X,   F5.0 Pulse duration 

The above two items are on a single data card. 

10X,   FIO.O Pis   1/4 the latus 
rectum of the plume 

The   above item is alone on a card. 

ITEM NAME INPUT FORMAT MEANING OR USE 

Sec 

UNITS 

NTR 

P 

10X,   15 

10X,   FIO.O 

Thrustor number 

1/4th latus rectum 

The above two items are on a single data card.    One card is 
inserted for each impingement case of interest.    The loop is terminated when 
NTR is given a value of 999. 

(15)     Program Option Selection 

ITEM NAME INPUT FORMAT 

ITRNCL 10X,   15 

USE 
v 

Selects which of the coordinate 
transformations should be calcu- 
lated.    (See Initialization. ) 

(16)     Coordinate Transformation (Test Case) 

(a)     Thrustor-Based to Satellite-Based 

ITEM NAME INPUT FORMAT MEANING OR USE UNITS 

NTR 

N 

10X,   15 

10X,   15 

Thrustor number 

Case number for 
thrustor NTR 

The above two items  are  input on a single card. 

. 
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A 

ITEM NAME 

ZZ(NTR, N) 

RR(NTR, N) 

THE(NTR, N) 

INPUT FORMAT 

10X,   FIO.O 

10X,   FIO.O 

10X,   FIO.O 

MEANING OR  USE UNITS 

Axial coordinate in Ft 
thrustor system 

Radial coordinate Ft 

Angular coordinate Rad 

The above three items  are input on a single card.     The 
subroutine CORTRN repeats  the  above   inputs   until   it  finds   a   value   of 
-1 for NTR. 

(b)    Satellite-Based to Thrustor-Based 

The program does not require special input for this 
transformation.    It automatically uses the coordinates of the segments 
identified as being impinged by the plume. 

(17)    Molecular Weight -    Array MQiLWT 

ITEM NAME INPUT FORMAT MEANING OR USE 

MOLWT(n) 7(5X,   F5.0) 
n is the code one card 
number of deposited 
materials,   19-2 5. 

Molecular weight of 
species in gas state 

UNITS 

Lb- 
mole/lb 

(18)     Wear Constants ■• Array SCRPTE 

ITEM NAME 

SCRPTE (n, 1) 
n is code num- 
ber of material 

INPUT FORMAT 

5X,   F5.0 

MEANING OR USE 

Material code number 

UNITS 

.2) 10X,   G10.0 Wear constant Lb mass/ 
lb 
impinging 

.3) 5X,   G10.0 Lower critical 
velocity 

Ft/sec 

.4) 5X,   FIO.O Exponent - 

The above four items  are input on a single data card.    Input 
is one card for each material in numerical order of the material code. 
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(19)     Plume Characteristics (Test Case) 

ITEM NAME 

NTR 

SDRPDM(NTR) 

LDRPDM(NTR) 

SDVEL(NTR) 

LDVEL(NTR) 

INPUT FORMAT 

5X.   15 

5X,   G10.0 

5X,   G10.0 

5X,   G10.0 

5X,   G10.0 

MEANING OR USE 

Thrustor number 

Small drop diameter 

Large drop diameter 

Small drop velocity 

Large drop velocity 

SDAIMP(NTR) 

LDAIMP(NTR) 

SDMAPS(NTR) 

LDMAPS(NTR: 

The above 5 items are input on a single data card 

5X,   G10.0 Small drop 
impingement angle 

The above 4 items are input on a single data card. 

PMCMP(I) 
I = deposite code 
number =19-25 

7(5X>   F5.0) 
one card 

Concentration of con- 
densables in gas phase 
of plume 

|20)    Velocity Limits  - for Material Wear 

ITEM NAME INPUT FORMAT MEANING OR USE 

VUP1 

VUP2 

5X,   F10.0 

5X,   F10.0 

The above 2 items are input on a single data card. 

High velocity lower 
critical limit 

High velocity upper 
c ritical limit 

UNITS 

In. 

In. 

Ft/sec 

Ft/sec 

Rad 

5X, GIO. 0 Large drop 
impingement angle 

Rad 

5X. GIO. 0 Small drop flow 
concentration 

Lb/ft 
sec 

5X. GIO 0 Large drop flow 
concentration 

Lb/ft 
sec 

Lb/ff 

UNITS 

Ft/sec 

Ft/sec 
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(21)    Heat Transfer    Coefficients  (Test Case) 

ITEM NAME 

HTRNH1 

HTRNH2 

Gl 

INPUT FORMAT MEANING OR USE UNITS 

G2 

10X, F10. 0 Heat transfer coeffi- 
cient from plume to 
surface at velocity Gl 

BTU-in./ 
ft2-sec- 
deg R 

10X, F10 0 Heat transfer 
coefficient at G2 

BTU-in./ 
ft2-sec- 
deg R 

10X, F10 0 Superficial velocity Lb/ft2- 
sec 

10X, F10 0 Superficial velocity Lb/ft2- 
sec 

The above 4 items are input using a single data card. 

(22)     Plume Physical Properties (Test Case) 

ITEM NAME INPUT FORMAT MEANING OR USE UNITS 

Temperature   of plume     Deg R 

Pressure 

Vapor density 

Lb/in. 

Lb/ft3 

PMTP 5X,   F10.0 

PMPRS 5X,   F10.0 

PMRHQ) 5X,   F10.0 

The above 3 items are input using a single data card. 

(23)    Plume Configuration Change 

ITEM NAME INPUT FORMAT MEANING OR USE UNITS 

DEEP 5X,   F10.0 Causes change in 
plume shape 

Table D-l is a listing of the card image for some of the inputs. 

D.6   OUTPUT DESCRIPTION 

The output of the SURFACE program consists of a set of tables which 
contain lists of data of interest. Copies of the tables (or portions thereof) 
are presented to illustrate the following discussion. 

The first output (Table D-II) lists the configuration of the basic satellite 
and shows the location of all segments and projections.    The second 
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Table- D-II.    SATELLITE CONFIGURATION 
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l< 1,329 1,600 2,"2743    3 L     •7,?79 
15 1.329 I,600 S,4957S    < [           •'>,?T> 
16 1,329 1,600 4,18407    3 • v,??1? 
17 1,329 1,600 4,71240    3 1    •?,279 
If— 173*9 1,600 9,14nTr   J I    •>,2T9 
1" 1,329 1,600 9,9690?    ! I    "2,279 
2.1 2,325 1,600 ,3141ft L    •1,279 
21 2,329 1,600 ,94>4n    J I    -1,275 
22 2,329 1,600 1,1708"   : I    •1,279 
23 2.325 1,600 2,19911    J I    •1,275 
-*♦•■ iM« 1,699 ?,<'2»43   ) I     •1,275 
25 2,325 1,600 t,*^*      : I    -1,279 
26 2.329 1,600 4,i84ü7 L    -1,279 
27 2,325 1,60" 4,Tl?4n i           ••..275 
28 2,329 1.600 5,3407" L    -1,275 
29 2,329 1,60n 5,?69C' L     -'.,?75 
3f»- 3,3*5 1,690 .'1416 I     -,275 
31 3,329 1,600 ,')424 = L     -.'71 
32 3,325 l,6or 1.97081 i              .,27? 
33 3,329 1,600 2.19911 1     -.275 
34 3,329 1.600 2,«2743 I     -,?75 
39 3,329 1,600 3,4997S I        .,?7I3 

-**-•- 3,829 ■ -i-fHH 4,-«467 I     -,275 
37 3,325 1.600 4.7l24-< L      -,27,5 
38 3,329 1.600 5,34071 I      -,77s 
39 3,3?9 1.60" 9,8690? I      •,?75 
40 4,325 1,600 ,31416 I       ,72-5 
41 4,325 1.600 .94240 I       .72S 
-4«- 4^9-- - Ivfrö« t,W6-  ■ I       ,7?^ 
43 4,329 1.600 2,199H L      ,72s 
44 4,325 1,600 2,"274.3 L       ,72!$ 
45 4,325 1.600 3,15575 1      ,725 
46 4,325 1,600 4,^8407 L       ,725 
47 
Afk          

4,325 1,600 
—l-,*o* 

1,600 

4,7l?4r 

9-r34r'Tf • •' 
9,«6902 

I      .725 
I      .T29 
I      i72E 49 4,329 

50 5,325 1,600 ,.31416 I     1,725 
51 5,325 1,600 ,74!>4B I     1,729 
5? 5,325 1,60" 1,97080 I     1,729 
5^ 5,3?5 1,600 2,19911 I     1,725 
F,U.. *,W> * , t ut Z-f'il^Z      ■■ i      1,725 

SURFACE 
TIMlfBR HBtOHT OF 

ATURE PROJECTION 
(DEU  R) (FT) 

DHICTJ0N     COSINII 
OF     NORMAL     TO 

MOJeCTJON  T»N«fNT 
PLAN! 

LAMBDA       HU NU 

92ü,0 
52-,0 
9?U,0 
92Ü.0 
92U,0 
52Ü.9 
92.1,D 
97J.0 
52J,Ü 
52ü,0 
52^,0 
ti2U,0 
52i.,0 
52J,3 
5?J,0 
57«,0 
52«,0 
92V, O 
57-, 0 
5?-,j 

!>?•.,; 
52 J,: 
»?■••,-j 
37., , 
52J,; 

52v,Ü 
7?-,. 
77. , j 

5?«, 0 
?"-.: 

57..j 
37,., 
3?-, j 
*'>••, 0 
b 7 v , -j 

5?.,: 
5?-J,tj 

52., j 
52'J,'J 
37.,; 
3?,., J 
37V,'. 

5?J,l.i 
5 2 J, J 
5»V,0 
57j, j 
37,;,: 
5?J,J 

92-, 0 
3 7 J, .' 

-1,0 
-1.0 
•1.0 
-1.0 
-1,0 
•1.0 
-1.0 
-1.0 
-1.0 
• 1.Ü 
-1.0 
• 1.0 
-1.0 
• 1,0 
-1.0 
-1.0 
-1,0 
-1.0 
•1.0 
■1.0 
-1.0 
-1.0 
•1,0 
-1.0 
•1.0 
-1.0 
•1.0 
-1.0 
-1 

1 
• 1 

1 
• 1 
•1.0 

1,5 
•1.0 

1.5 
•1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
.1.0 
-1.0 
-1.0 
•1.0 
-1.0 
-1.0 
■1.0 
-1.0 
-1.0 
■i-,0 

•1,0 •1,0 • 1.0 
•1.0 •1,0 ■1,0 
•1.0 •1.0 • 1,0 
•1.0 •1.0 • 1,0 
•1,0 •1.0 • 1.0 
"»trfl- 

wt i 0 ■1,0 
•1,0 •1,0 .1,0 
•1,0 •1,0 •1.0 
•1,0 •1.0 -1,0 
•1,0 •1.0 • 1,0 
-1,0 •1.0 .1,0 
•1,0 -1,0 ■wtvo- 
-1,0 •1,0 • 1.0 
•1,0 •1,0 • 1.0 
•1,0 •1,0 • 1,0 
•1,0 •1,0 • 1,0 
•1,0 •1,0 • 1,0 
•1,0 •1,0 • 1,0 
-1,0 •1,0 • 1,0 
•1,0 •1,0 •1,0 
-1.0 •1,0 • 1.0 
•1,0 •1,0 • 1,0 
•1,0 -1 ,0 • 1,0 
•1.0 •1,9 •1.0 
-1,0 •1,0 • 1.0 
-1,0 •1,0 • 1,0 
-1.0 -1 ,0 •1,0 
•1.0 •1,0 -1,0 
-1.0 -1.0 •1,0 
NPf «p^Lie*0 ue 

-1,0 •1.0 -1.0 
NOT APPLlC*r tF 

-1,0 -1 ,0 •1,0 
•1,0 -1.0 -1,0 
MOT 4PPL1CARLB 

•liO -1 ,0 -1,0 
NOT 4PPLICAP IE 

-1,0 -1,0 •1.0 
•1.0 -i.o •1,0 
•1.0 •1,0 • 1,0 
•1.0 -1,0 •1,0 
•1.0 -1,0 •1,0 
-1.0 -1 ,0 •1,0 
-1,0 •1.0 •1.0 
-l,lj -1,0 •1.0 
-1,0 •1,0 • 1,0 
-1,0 •1,0 •1,0 
•1.Ü -1.0 "1,0 
•1,0 •l.fl •1,0 
-1,0 -1,0 • 1.0 
•1,0 -1,0 • 1,0 
-1.0 •1,0 •1.0 
•1,0 -1,0 • 1,0 
"irO '1,0 •i,s 

' 

N0T REPRODUCIBLE 

497 

- — - ^        ■   



■ 

Table D-II-Concluded 

99 9,399 1,600 S,45IT9         1 1,T29 »?ü,0 ■ 1.0 •1.0 •1.0 •1.0 
96 9,329 1.600 4.08407         1 1.T29 92U,0 • 1,0 •liO •liO •1,0 

-M 9,329 1.60« 4.71840         1 1,729 »2Ü.0 ■1.0 •liO -•liO— •wir» 
SB 9.329 1.6Q0 5.34070         X 1,729 92J.0 -1.0 •liO ■1.0 •1,0 
99 9.329 1,600 5,96902         1 1.T29 92J.0 -1.0 •1.0 •1,0 •1.0 

—o9 1,689 .3141«          1 2. '19 9?^, 0 ■1.0 ■1.Ö • 1,0 ■ 1, 0 
61 6,329 1,600 .9424^          1 2.729 52U.0 -1.0 •1.0 •1,0 •1.0 
62 6.329 1,400 1.97080          1 2,729 92a,3 -1.0 •1.0 •1,0 •1.0 
6S 6l3t9 1,»00 «nmt     1 2,729 92J,0 •1.0 •1.0 •1,0 •1.0 
64 6,329 1,600 2.^2743         1 ?.729 5211.0 -1.0 •1,0 •1,0 •1.0 
69 6,329 1,600 3,45975          1 2.729 

*.729 
92u,3 -1,0 •1.0 •1,0 

_.    n  
•1.0 

*"      DO — 6.329— 1,*0C —4-j i*fr*fl^          1 •t.o ■1.0 •1,0 ■1,0 
67 6,329 1,600 4,71240          1 2.729 92J.0 • 1.0 -1.0 •1.0 • 1.0 
68 6.329 1,400 5,3407"!          1 ?.725 920,J •1.0 -1.0 •1.0 • 1.0 
69 6,329 1,40P 5,96902          1 ?,725 52t). 0 •1.0 -1.0 •l.fl • 1.0 
70 7.329 1,400 ,31414          1 3,729 52«. U • 1.0 •1,0 -1.0 • 1.0 
71 7.329 1,400 ,9424»          1 3,725 »21'. 3 • 1.0 •1.0 -1,0 ■ 1.0 

—ft-- —fiWh- ~1","6W  " tT^tf»9«         1 Sj-9«# 9?w,0 --IT*—  «rl.O -•1,9   ■ -•IT* 
7S 7.329 1,600 2,19911          1 3,725 S2u,0 4.0 ,9920 .1000 .0500 
74 7,329 1,400 ?,«2743          1 \72? SPw'.ü • 1,0 -1,0 • 1,0 • 1,0 
7» 7,329 1,400 3,45975          1 ^,72^ 52«, 0 • 1.0 -1,0 -1.0 •1,0 
74 7,329 1,400 4.O9407          1 .^,725 9?l.,0 • 1.0 •1,0 -1.0 -1.0 
77 7,329 1,600 4.T124''            3 7,725 52-,C •1.0 -III) -1.0 • 1.0 

—-W- -~frtt*~ -l7*«t flfl4Pf<»          1 3.729 990,0 •1.0 -liO "   -1.0 • 1,0 
79 7,329 1,400 9,96902          ] ^,725 »2J,e •1.0 -1.0 -t.n • 1,0 
80 8.329 1,400 ,n«i4      J ',725 5?v,J • 1.0 -1.0 • l,n -1.Ü 
81 9.329 1,600 ,9424^          ] I              ',725 52«,0 •1.0 -1.0 -l.fl ■1,0 
82 9.329 1,400 i^og"       ; ',725 S?.,j •1.0 •1,0 •1,0 -1,0 
63 9.329 1,400 2,19911          ! I              ',725 5'-.3 •1.0 •1.0 •1,0 -1,0 

-- »♦- -»,3P»— -l-t^O* i,*tf43          i I                *,7?5 »?«,'; •1.0 •1.0 1-10 -1.0 
85 9,329 1,400 3,4597^ L              ',725 5?-.,o -1.0 •1,0 •1,0 -1.0 
86 8,329 1,400 4,-6407 I                 ',725 !.?-.,' •1.0 •1,0 -1.0 • 1,3 
87 8,329 1,400 41Tl?4'> I                 ',725 !)?v, J •1,0 •1,0 -1,0 -1,0 
88 9,329 1,600 5,3407- I              ',725 52w, J •1.0 •1,3 -1.0 •1,0 
89 9,329 l,40fl 5,9690? 

,-11*i* 
L              ',725 
I              '•,725 

97., j •1,0 
•1.0 

•1,0 
•l.u 

-1,0 
-1.8 

•1,0 
-1,3 —Ttr- --l,o0ff" 

91 9,329 1,400 ,«424» 1              «,725 &?■ ,ü -1.0 •1,0 •1 ,0 -1,0 
9? 9,3?9 I,400 1,5708.0 I              ",725 52v,u •1,0 •1,0 •1,0 -1,0 
93 9.32» 1,400 2,19911 I               5,725 9?«,^ -1.0 •1,0 •1.0 -1,0 
94 9,329 1,600 2,^2743 I               S725 5?J,U • 1.0 •1,0 •1,0 • 1,0 
9,5 9,329 1,400 3,45975 I              ^,725 s?-.: -1.0 •1,0 •1,0 • 1,0 

--9*- —9rM5— i-r*w 4,094flT I              5,^5 5?-J,!l •1.0 •1,0 •1,0 •1,0 
97 9,329 1,400 4,71241 1                K,725 5?-.. -1,0 -1,0 •1,0 -1,0 
9» 9,329 1,400 9,3407" I                '',725 52v,0 -1,0 •1,0 •1,0 •1,0 
99 9i329 1,400 5,96902 1               5,725 5?i.-,0 •1,0 •1,0 -1,0 -1,0 

100 10,329 1,400 ,3141* 1               '-,725 ipj.J •1.0 •1,3 -1,0 -1,0 
101 10.325 1,400 ,94?4» I               '»,725 *?.,1 -1,0 •1,0 -1,0 -1,0 

- 101869- --176*9- lr*7fte*    •- 1              4,725 5?«,ü 1,0 •1.0 •1,8 •1,0 
103 10.329 1,400 2,19911 I              4,725 5?«,3 -1,0 •1,0 •l.fl -1,0 
104 10.329 1,400 2,«2743 1              '■,'29 9?«, 3 -1.0 "l.U •1.0 -1,0 
10» 10.329 1,400 3,45^75 1              4,725 5?u,0 •1.0 •1.0 •1,0 -1,0 
106 10,329 1,600 4,09407 1              S725 92';, 0 •1.0 -1,0 •l.fl • 1,0 
107 10,329 1,630 «,71240 1              4,72! 52u,J •1.0 •1,0 •1.0 -1,0 

 ,A_,JLAJV— 
—9T 549-7^  

5,96902 
1               4T*** 
1               «,725 

»2*r0 
52J,U 

-1.Ü 
-1.0 

•1.0 
•1,0 

-1,0 
• l.n 

-1,0 
• 1,0 109 

1UI or» 
10,329 1,600 

no 10.829 1,199 ,92360 1             6,729 52J,Ü • 1,0 •1.0 -1.0 •1,0 
111 10,929 1,199 1,9709? 1             6,729 52U,0 •1.0 •1,0 -l.n • 1,0 
U2 10,829 1,199 2,41900 1             6,729 S2ü,0 -1.0 -1,0 -1,0 • 1,0 
113 
114 

10,829 1,195 3,46920 1             ^,729 52ü,0 
9?J,0 

-1.0 
-1.0 

•1,0 
-1)0 

•1.0 
-1.9 

• 1.3 
■ 1,0 19i9P9 l ,l»9 

119 10.825 1,199 9,79960 1             ».725 92«,0 -1.0 -1.0 -1.0 • 1,0 
116 10,825 o.noo 0,00000 2              4,725 520,0 2.5 NOT APPLICABLE 

NOTglVALUES   Cir   ml,0   INDICATE   NO   DATA   EmH^D, 
EXTERNAL   73TAL   «R?A   «117,00   SOUARE   rgfc-T 

NOT  REPRODUCIBLE 
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(Table D-III) provides data on the   projections present,   identifying them as to 
type and location.    Items which themselves  are considered to consist of 
segments have their structures detailed. 

The next few outputs (Tables D-IV to D-Vl) consist of listings of proper- 
ties of materials; structural materials,   propellants,   deposits (not illustra- 
ted),   and thermal/optical properties (only first page of listing included). 

Table D-Vll,   a partial listing,   shows the structure of the segments of 
the spacecraft,   with the materials called out for each segment. 

The first output showing results of program computations   is 
Table D-V1I1.    In this table,   the structure and thermal/optical properties for 
each segment in its initial condition are detailed.    Table D-1X presents the 
effective absorptivity,   emissivity,   and their ratio for the complete satellite. 

The set of changed segment surface conditions which were input as data 
are listed in Table D-X,   and the effect that these changes have on the seg- 
ment properties is printed in Table D-Xl,     Note the changes in segments  51, 
52 and 53  (see Table D-Vlll,   and D-Xl),   and the way the changes correspond 
to the input shown in Table D-X.     The effect on the spacecraft's thermal 
condition may be noted by comparing Tables D-1X and D-Xll. 

The calculated impingement of the plume on the satellite for various 
plume geometries  and nozzle selections is given in Table D-Xlll,   while 
D-XIV shows the  results of coordinate transformation calculations.     The 
inputs to the thrustor-to-satellite table are arbitrary selections,   but those 
for the satellite-to-thrustor transformation are the segments impinged by 
the plume (Table D-Xlll). 

The mechanical properties of impinged segments are presented in 
Table D-XV,   and Table D-XVI lists the wear constants of all materials of 
interest. 

The important characteristics of the plume which  relate to damage to 
the satellite surfaces are given in Table D-XV1J. 

The output after calculating the effects of the plume on the surface has 
the same format as that from the arbitrary changes (Table D-XJ); there- 
fore,   no copy is presented. 
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Table D-I1I,     PROJECTIONS 

AT SfOMENT N08, 
 M— 

(fT) 
-f— 
(FT) 

fHtTA 
(RAD) 

-w- 
32 
39 
3T 

8.688 
3.600 
3.600 
3.600 

g|60B 
2.600 
2,600 
21600 

.316168 
1.971000 
3.142000 
4.712000 

SOLCEL  AT SEOMEK'T NO,   73 

■ ■■•■ 
SEH 

»m*mmmmmmm* 
M     E N     T x   nisT 

SEQMENT SURFACF 
 w— —X  —g  -TH6TA **£*--- - Tfl  PLtfHf- --T€HPf*»-   - 

NO, COORD. ;00R0. VERTEX ATURg 
(FT) (FT) (RAD)»       (SOFT) (FT) (DE« R) 

7301 6,68« 2.982 2.199U         I 3.286 5?C,0 
-mt- 6 § 696 4.161 • - 1.4»9nfr-     -t- ■   -s,-m -5fr0 •,•«"- 

7303 6,603 4.056 2.199U         1 3.003 560,0 
7304 6,998 3.951 2.89900         1 2.998 560,0 
7305 6,420 5.122 1.90100         1 2.8?0 5*0,0 
7306 6.415 5.038 2.19911         1 2.819 560,0 
7307 6,410 4,994 2.89700         I 2,810 560,0 
 T-Jtrd-  67«« 6,100 - 1.5n3no 1"  t-fttt  -W-,-o 

7309 6,020 2.199U         1 2.627 560,0 
7310 5,940 2.89500         1 2.622 560.0 
7311 6,200 •2.89500         1 3.123 510,0 
7312 6,119 "2.19911         1 3.118 510,0 
7313 6,038 •1.50300         1 3,113 510,0 
 «t4-  6TH1  -9.299 -Vt.99700 Jr- —s-.-m- -■«fr-,o- • 

7315 5.137 •2.199U         1 3.306 510,0 
7316 5.039 •1.90100         1 3.301 510,0 
7317 4.275 •2.89900         1 3,499 510,O 
7318 7,094 4,195 •2.19911         1 3.494 510,0 
7319 7,089 4,035 •1.49900         1 3,489 

1   t f n 
510,0 
tl'Jn     n TorO ', 9TT C.OB1 wr.l^Tii        1 9 irrt 9BO , O 

•   NEQATIVE   VALUE FOP   ANGLE  SIflNALS   THAT SEGMENT  IS ON 
SIDE OF  PROJECTION  FACIN9   4WAY  fROH  THE PLUME, 

NOTEl VALUES OF »1,0,,,0 INDICATE NO DATA ENTERED 

AREA OF SOLCEL IS  20.0 SQUARE FEET, 

TH*USTORS LOCATED 
AT SEOMiNT NOS, 

X 
(FT) 

116 11.050 

R 
(FT) 

000 

THETA 
(RAD) 

0,000000 

TOTAL SATBLLITC AREA. INCLUDING PROJECTIONS« IS 137,00 SQUARE FEET. 
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» K-, Ti »r ■« r^ n   o 

ft — ouifra jraviu 
ft 5   r^ u r.- c    tn _j L, K 
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Table D-V.    OPERATING CONDITIONS 

(MIO (DEQ R) 
,000000       929,200000 

FUEL PROPERTIES 

BOILING POINT 
<DEG R» 
648,000000 

TREEZINO POINT 
(DEQ R) 

399,600000 

CRITICAL TEMP,  CRITICAL PRESS, 
(OEG R» (P8IA> 

1069,200000      1199.000000 

 VAPOR CPi 
(BTU/LB-DEG) 

,999000 

LATENT HEAT VAP, 
(BTU/LB) 

 3ye.800000 

 L1QUIP CP, - 
(BTU/LO»DEG) 

,69000n 

LATENT HEAT FUS, 
ISTU/L8) 

 181,500000 - 

REFERENCE TEMP, 
(DEG R) 
9*0,000000 

SPECIFIC 
GRAVITY 
,970000 

 SOLI» ePr- — Hoti—wfttwr- 
(BTU/LB-DBG) 

,922292        46,074000 

LIO, THERM, COMD, ACCO^, COEFF. 
(qTU-IN/S!3FT-pEG-SEC) 

1000494  • •    • ,100000" 

VISCOSITY  SURFACE TEMSIOM 
(POISE)      (PYMg/C^) 
,010400        34.0'10000 

OXIDIZE» PROPFRTIES 

BOILING POINT 
(DEG R) 
929,200000 

VAPOR CP, 
 (gTU/LB"Pe8) 

,299000 

FREEZING POINT 
(DES R) 

47l,6r>0O00 

LlQUlti CP, 
 eBTU/XMBE«} 

,378300 

CRITICAL TEMP, 
(PEG R) 

777,600000 

SOLin CP, 
 (BTU/LB'PEa) 

,299000 

CRITICAL P*ESS, 
(PSIA) 

1441.300000 

MOL, WFir.HT 

46.009000 

LATENT HEAT VAP,  LATENT »EAT PUS,    LIO, THERM, COND, ACCO«, COEFF. 
(BTU/LB) (RTU/LB)    (PTU-IN/SQFT-DEQ-SEC) 
178.200000        68,760000 ,000024 .100000 

REFERENCE TEMP, 
(DEG R) 

-5«fr,amoo 
SPECIFIC 
GRAVITY 
1,434000 

VISCOSITY 
(POISE) 
,003940 

SURFACE TEMSIOM 
(DYN'E/CM) 

28.000000 
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Table D-V-Concluded 

aiNiwoi iNiTwueTtoNt- 

STCP TtME 
(SBC) 
.064000 

(SEC) 
.000100 

CNSTHf 

KNUDSEN-LANGMUl« COETFICIENTS 

CV'STHD CNSTVF CNSTVO 

2,857l42857l6«06  3,on0fl0O0O0nE»07 2.96977575606-05  2,96^55ll683E«05 

CAL1NGEART-DAVIS COEFFICIENTS 

imp)   m   A*(fl/<T-<3,C>) FOR P IN M*4, T IN REG K 

■mtt  OXJOI'ZBP 

24.1Ä54H • 3<JB3.0
,,7?9a. 26,755n9B 

5 
•3244.533651 

VAPQ" ENTHALPY AT THE BOILING POINT 
FÜCL OXIDIZF^ 
(RTii/LÖ) («TH/L3> 

234.843^9?       251,756030 

PARACWQR 

127,88111 73.79014 
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Table D-VII.    SPACECRAFT EXTERIOR MATERIALS-SEEK 
VALUES INPUT FOR INITIAL CONDITIONS • 

SEdMENT TE^ERATLHi   T 0 P 
 fc* . mmMM  . ■  

L A Y EJ 2 • N D  L AJf E » 3 • R 0 L A Y 1 1 « 
 IWT— '•'» ' B" 1 »W urrin f nil»" M*T|»|4l. UBr in r i^un   n« rwnrwfc wer i n r i i¥ i »n 

(DES R) (IN) (MU»IN) (IN)  (1 HU^INI (IN)  (MU*IN) 

_.. - 1 »8o.oe aOLD .0003 1,00 ALUMJN ,1000 J'oo NONi •iioeoo •1,00 
2 920.00 oouo .0003 liOO ALUMIN ,10OU 2.00 NONE •1,0000 •l.OO 
3 920.00 SOLD .0003 1.00 ALUMIN ,1000 2.00 NONE •1,0000 •1.90 

9*0.00 »OLD ".0003 1.00 • UtWV .1000 ■■ 2.00 - NONE ■■ "1,0000 •1,00 
5 910.00 SOLO .0003 1.00 ALUMIN .1000 2,00 NONE ■1,0000 •i.oo 
i 920.00 SOLO .0003 1.00 ALUMIN ,1000 2.00 NONE •1,0000 ■1,00 
7 920.00 SOLO .0003 1,00 ALUMIN ,1000 2,00 NONE •1,0900 •1.00 
8 920.00 WINDOW 1,9000 5,00 NONE •1,0000 ■ 1.00 NONE ■1.0000 •1,00 
9 520.0" SOLD .0003 1,00 ALUMIN .100U 2,00 NONE •1,0000 • 1.00 

 1 St- — 9go.oe-- ALUM(W - rttm- -tftr»«- NBNE  tifrOfto- -troo—NONE ■- - »ItOOOO' »ITOO  
il 520.on ALUMJN .1000 16,00 NONE •1.0000 ■ 1,00 NONE •1,0000 • 1,00 
12 920.0C ALO-I'i .1001 16,00 NONE •1,0000 • 1.00 MONE •1,0000 • 1,00 
13 920.00 «LU-JM .1001 16,00 NON? •i,ooou • 1,00 NONE •1,0000 •1,00 
14 920,00 ALUMJN • .1001 16,00 NCNE •1,0000 • 1.00 NONE •1,0000 ■ 1,00 
15 520,00 *LUM1N .100" 16,00 NCNE •1,0000 • 1.01 NONE •1,0000 • 1,00 

■  1« ~ 920."Jt~ ". 10 Ö f IOTOO"- - Htlf  »irtWt» " ■■l.'Ofl- ■■'■►IONE""' "■••IjilOOO - ••tioo ' ~ 
17 520.00 *LUH1,V .1101 1*,00 Nf^F ■1,0000 •1.00 NONE •1-,0000 •1.00 
1» 520.00 ALUH1N ,1100 16,00 NONE •1,0000 •1.00 SONE •1,0000 ■1.00 
1» 920.00 ALUMIN ,1101 16,00 NUNE • 1, 00Ow •1.00 NONE •1,0900 •1.00 
20 920.0" ALU-IN .1000 16,00 NONE • 1,000^. •1.01 NONE -1,0000 •1.00 
21 920.00 ALUMIN .1001 16,00 NnNE •1,0000 •1.00 •JOK'E -1,0000 •1.00 

—  »f-  9f0,00 -ALU"!*1 "■ vxnoo' «TOO •trtNf- •IfOOO-»- ■»t.Utr «Oft ■ITOOUO -»i.oo 
23 920,00 I»PORT .2101 2,50 NINE •l,00nj •i.on 'ONE -1,0000 • 1,00 
2« 520,00 »LU^I^ .1000 16,00 NONE •1,0000 •1.01 "JONE •1,0000 •1,00 
25 580.00 AL'J^IN .1001 16,00 NONE •1,0000 ■1.00 NONE -1,0000 • 1,00 
26 520.00 ALUMIN' .1000 16,00 NONE •l.OOOü •1.01 "ONE •1,0000 •i.oo 
2? 520.00 4LUH1N .1101 16,00 NONE •i,oono •l.Oi "ONE •1,0000 •1,00 

—  £»_ 
 980.09- -AtttMlf .tooo 16,00 ■ -WNf -i-.-ooni" •1-.-0O - v&ii -1,990«- •1,00 

29 920.00 ALUMIN .1101 16,OJ NONE •l.OOOu •1.01 "ONE -1,0000 • 1,00 
30 520,00 ALUMIN .1001 16,00 NINE • i,oüo.' •1.00 NONE -1,0000 •1,00 
31 »20,00 «LUHIN .inoo 16,00 NONE •i ,OOOJ •1.0" NONE •i.uooo • 1,00 
32 920,00 ALU"IM .100" 16,00 NONE •1,0000 • 1.00 •;ONE -1,0000 •1,00 
33 

 XA 
920,0!! ALUMIN .1000 16,00 NJNE •1,0üOJ •1,00 '.'ONE •1,0000 •1,00 

ALU'^ I* ,1800" " twi 00" ■-»t 1 90ftü •wJVOtl- -»litfOOO •1,91) 
35 920,00 ALUMIN .1001 16,00 NONE •1,001- •1.00 '.ONE •1,0000 •1,00 
36 920,00 ALUHIN .1001 16,00 NINE •1,000- -1.01 VQME •1,0000 •1,00 
3? 920,00 ALUMJN .1000 16,00 NONE •i.nooü •1.0" NONE -1,0000 •1,10 
3fl 920,00 ALUHIN .1001 16,00 NONE •1,0000 •1.01 VO.'IE •1,0000 •1,00 
39 920,00 ALUMIN .1000 16,00 

-t*T9u 
NONE 
NONf 

• 1,0011. • 1.00 >0Nfc 
'MJNE 

•1,0000 • 1,00 
~ .inoi »If^O^U ■I'.OO- •1.0999 •1,00 

41 920.00 »wiTE ,00»n 32.00 ALKMlN ,1000 14.01 •ONE •1,0000 •1,00 
42 920.00 ALU-IN ,100.1 16,00 NOSE •1,000- •1.01 -ONE •1,0000 •1,00 
43 920.00 "HITS .oosi 32,00 »L'IMIN ,1000 16.01 'ONE -1,0000 •1,00 
44 520,00 ALUMIN .1001 16,00 NONE •l,00Ou -1.01 \0NE •1,0000 •1.00 
45 

——  ifl 
920,00 ALUMIN .1101 16,00 

■ 3^,00 
NONE 

*tmN 
•1,000- 
•^lOflw 

•1.01 "ONE 

NONE 

-1,0000 
-1,0909 

•1.00 
— u ?ro,oo 16.9" "1 ,90 
47 920.00 ALUMIN .1001 16,00 NONE •1,OOOD • 1.01 "ONE -1,0000 •1,00 
48 520.00 "HITE ,0091 3?,00 »LUMIN ,1000 16.01 •ONE -1,0000 •1,10 
4« 920.00 ALUMIN .1000 16,00 NONE •1.000J • 1.01 NONE -1,0000 •1,00 
90 520,00 ALUHIN .1101 16,00 NONE •l.OOOJ • 1.00 •'ONE •1,0000 •1,00 

520,00 JUITE .0051 32,00 »L'.'MIN .101- 16,01 "ONE -1,0000 •1,00 
—«vrW- ' "WfO^nn* ""*" —ri«*--i*r»»- —W** — -•«8«-&V-»4TM- 

93 920.00 WWITi ,0090 32,00 ALUHIN itOOO It,00 NONI •1,0000 •liOO 
9* 

 99. 920.00 
»»0.09 

ALUMIN 
ALUMJf* 

,1000 
.1900 

16,00 
16,00 

N0NI 
hiAk.ll 

■1,0000 •1.00 
•1.00 

NONI ■liOOOO •1.00 
NONf •liOOOO HWfl    ^TBWBS  ■» «TTB 

96 »2u.00 WHITS ,0090 32.00 ALUMIN .1000 it.oo NONI •1,0000 •1.00 
91 »20.00 ALUHIN ,1000 16.00 NONE ■1,0000 •1.00 NONI •1,0000 ■ 1.00 
79- »10.00 —*Ht+f  »LUMIN— ,1000 
99 »20.00 ALUMIN ,1000 16.00 NONE ■1,0000 • 1.00 NONI ■1,0000 ■1.00 
to »20.00 ALUMIN ,1000 16.00 NONE ■i,ooou • 1.00 NONE «1,0000 ■1.00 

-  «1 »«0.00 WHtTi ,0090 92.00 ALUMIN ,1000 It.00 NONi —"ITOOO«- •troo 
»2 920.00 ALUMIN .1000 16.00 NONE •1.0000 • 1.00 NONE •1,0000 •1,00 
«3 920,00 -MITE .0091 32.00 ALUMtN 1,0000 16.00 NONE •1,0000 ■1.00 

 W— 9f0.09 ALUMIN ,1000 16.00 NONE ■1,0000 ■1.00 ■ NOWf- —»ItOOOO "■1.00 
65 920.00 ALUMJN .1000 16.00 NONE •1.0000 ■ 1.00 NONE •1,0000 •1,00 
66 920.00 WHITE .0050 32,00 ALUMIN .1000 16,00 NONI ■1,0000 •1,00 
♦» »»0.09 ALUMtN .1000 16,90 NONE ■1.0000 •i.oo NONE ■1,0009 ■1,00 
68 920.00 UVPORT ,9000 .50 NONE ■1.0000 • 1.00 NONE ■1,0000 ■1,00 
6» 920,00 ALUMIN ,1001 16,00 NONE ■1.0000 • 1,00 NONE 

NONE 
■1,0000 
•i,efleo 

• 1,00 
■1,90  ~ »«e.oo 0LA6K  »H'in    ,iuuu  10,uu 

71 920.00 «HITE ,0051 32,00 ALUMIN ,1000 16,00 NONE •1,0000 • 1,00 
72 920,00 9UACK ,0071 4«,00 ALUMIN 1.9000 16,00 NONE ■1,0000 • 1,00 
73 920,00 "HITg ,009« 32,00 ALUMIN l,909u 14,00 NONE ■1,0900 •1,90 
74 920.00 BLACK .0071 48,00 ALUMIN 1,900- 16,00 NONE •1,0000 • 1.00 
75 

— f*- 
920.00 
 928.99 

SLACK 
■ WHITE  

,0071 

—r009« 

48,00 
■ 3ti90- 

ALUMIN 
ALUMIN - 

.1000 
-  .1090 

16.00 
- 16,00 

NONE 
—»0«f€— 

•1,0000 
—■itoeoe 

•1,00 
•1,90  
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77 520,00 BLACK .0071 48,00 ALUMIN .100U 16.0" NONE •1,0000 •1,00 
78 920,00 hHITE ■ on»n 32,00 ALUHIN ,100'J 16,00 NONE •1,0000 •1,00 

79 520,00 BLACK ■ 0',7« 4P,00 AI.UMIN ,1000 16.00 NONE •1,0?00 •1.00 
60 520,00 BLACK .0070 48,00 ALimis ,1010 16.01 NONE •1.0001 • 1,00 
81 520,00 «iMITE .0090 16,00 ALUMIN ,100>J 16.01 NONE •1.0000 •1,00 
 ftp ftgft , Aft rtflTn -Ail tU 1 la  — ii-ew—tt-,-i*—NONE — -t-rtt   VT '*UIuu , OD ro *Vm" 

83 520.00 «*HITE ,0050 16,00 ALUMIN liOOnu 16.01 NONE •1,0001 •1,00 
84 520,00 BLACK .0071 48,00 ALUMIN .1000 16,01 NONE •1,0000 •1,00 
69 »20,00 BL»CK .0071 48,80 ALUMIN ,1011» 16,0" NONE •1,0000 •1.00 
8« 520,00 ^MITE .0090 3?,00 ALUMIN ,ionu 16,00 'ONE •1,0000 •1.00 
87 

 »♦— 
89 

520,00 BLACK .0171 48,00 
38)80 
48,00 

ALUMIN 

■AtWtN- - 
ALUMIN 

,1011- 
- -rtflw 

,101U 

16,01 NONE 
--^O-cE  

'■ONE 

•1,0000 
•1i0060 
•1,0000 

•1.00 
■trio 
■1.10 

9*0,00 
520,00 BLACK .0071 

1 6, OT 
16,01 

Vo S20,00 BLACK .0071 48,00 ALUMJN ,101« 16,0" MONE •1,0000 • 1,10 

91 »80,00 BLACK .0070 48,00 ALUMIN ,100u 16.00 "ONE •1.0000 •1,00 
92 520,00 BLACK .0171 4*,00 ALUMIN ,101« 16.00 NONE •1,0100 •1.10 
93 520.00 BLACK ,0071 

- -virftt* - 
48,00  ALIIMIN ,1011 

,tOP»- 
16.00 
18,-Orr 

NONE •1,0000 

•ivo-m 
•1,10 
•1.10 T41' " 9*0i00 -BLACK 

95 520,00 BLACK , 0071 48,00 ALUMIN ,1011. 16,0" NONE •1,0000 • 1,00 
96 520,on BLACK ,007" 48,00 ALUMIN ,1000 16,0" NONE •1,0000 •1.10 
97 520,00 BLACK .0071 48,00 ALUMIN ,10li. 16.0" "ONE -1,0000 •1,10 

96 920,00 BLACK ,0171 48,00 ALUMIN ,ionu 16,0" NOME ■1,0001 ■1,00 
99 

101 

520,00 
 »80,89-- 

920,00 

SLACK 
11, Tr 

.007" 48,00 
■ 3?i 80" 
32,00 

ALUMIN 
-AV^ttr • 
ALUMIN 

,ion-J 

,100u 

16,0" 
■t*,-o*- 
16,0" 

'■ONE 
~v9<r£- ■ 
'ONE 

•1,0000 

•1,0000 

•1,00 
•1.00 
•1,00 rlHITE 

. 0091 

.0151 
102 920,00 ^HITE .0191 32,00 ALUMIN ,100K 16.01 '.ONE •1,0000 •1,10 
103 »80,00 "MITB .0191 32,00 ALUMIN aoi« 16.0" MOVE •l.UOOO •1,00 
104 920.00 ^HITE ,0091 32,00 ALUMIN ,1000 16,01 NONE •liOCOO • 1,00 

105 »80.00 ^HITE .0050 32,00 ALUMIN ,100u 16.0" NONE •1,0000 •1,10 

—»eoioo "WHITC   .88»8 -SfriM- ALUM1*- - - ll«^- -rt-.-o*- - fd^E ■ -iiooee .1,10 
107 980,00 WHITE .00*1 38,00 ALUMIN ,100w 16,01 NONE •1,0001 •1.10 

108 520,00 «HI'E .0090 32,00 ALUMIN ,1000 16,0" NONE •1,0000 •1,00 

109 580,00 *HITE .0091 38,00 ALUMIN ,100« 16.01 "■ONE •1,0000 •1,00 
110 520,00 HOLD .0003 1,00 ALUMIS .lOOü 2.01 NONE •1,0000 • 1,00 

111 580,00 GOLD .0003 1,00 ALUMIN ilOOC 2.01 NONE •1,0000 • 1,00 
 .0003- --t-rfte- ~*t«Ml* ilOOi) 2.01 NONE •1,0000 •1,10  lie »eo,oo 

113 580,00 SOLD ,0003 1,00 ALUMIN ,101« 8.0" NONE •1,0000 •1.00 
114 980,00 HOLD .0003 1,00 ALUMIN ,1001; 2.00 NONE •1,0000 •1,00 

11» »80,00 SOLD .0003 li80 ALUMIN ,100 0 2.00 NONE •1,0008 •1,00 
116 980,00 00LD .0003 1,00 ALUMIN ,ion; 2.00 NONE •1,0000 •1,00 

,7301 
/ wyr. 

990,00 ALUM1N .9000 16.00 NONE •1,000U • 1.00 NONE •1,0000 ■1,00 
'"0,0j • ■ ävu-ci.- • .0*30" ■if,so- •WU8VD «i,5sr-.' »1-.-Ö3 mtw -a at*.. Ki, «u«t. ■"hW- 

7303 560,00 S0LCEL .0900 lo,00 UNAS^D •1,000« •1.00 UNASNC •1,0000 •1,00 
7304 560,00 SOLCEL .0900 11,00 UNASk'D •1,101« •1.00 UNASND •1,0000 ■1,00 
7305 960,00 SOLCEL .0901 11,00 UNASND •1,8000 •I.00 UNASND •1,0000 ■1,00 
7306 960,00 SOLCEL .0900 11,00 UNASNp •1,0003 •1.00 UNASND •1,0000 •1,00 
7307 960,00 SOLCEL .0901 11,00 UNASND •1,001« •1.05 UNASNP •1,0000 • 1,10 

960,08 SeLSEL . 0951- icr**~ ■1,00011 • 1,00 UNASNP ■ "liOOÜO ■lV9«- 
7309 960,00 SOLCEL ■ 0501 10,00 UNASND •1,0000 • 1.00 UNASND •1,0000 • 1,00 
7311 960,00 SOLCEL ,050i 11,00 UNASND •1,0000 • 1.01 UNASNP •1,0000 •1,00 
7311 910,00 SOLCEL .0500 10,80 UNASND •1,001V • 1.01 UNASNP ■1,0000 •1,00 
7312 910.00 SOLCEL .0901 11,00 UNASND •1,001« • i.or UNASNP •1,0000 • 1,10 
7313 910,00 SOLCEL .0900 11,00 UN»5ND •1,0001. • 1.01 UNASNP •1,0000 •1,10 —m*- H w | 0 '*    ~9v\^VK\, -  i-9»fl* "lir«»- W«A5M^ •l-lflOO'- "•1.-8? OhAStt^- - •llOBfrl) ■t-roe— 
7315 510,00 SOLCEL .0900 IP,00 UNASND •l,000u • 1.00 UNASNO •1,0000 •1,00 
7316 910,00 SOLCEL .0901 11,00 UNASNB •l.OOOU • 1.00 UNASNP •1,0000 •1,00 
7517 »10.00 SOLCEL .O'Oft 11.00 UNASND •1,000« •1,01 UVASND •1,0000 •1,10 
7318 910.00 SOLCEL .0901 11,00 UNASND •1,101^ •1,0" UNASNP •1,0000 •1,00 
7319 510.00 SOLCEL .O'OI 11,00 UNASND il,00Oi. •1.01 UNASNn •1,0000 •1,10 
 7**»- ---»88.0»- ■AtVM«*- »"nOn- ' ■ lofvy - -f«»*»f •l,80"v •1.0" ■ *iO"i - •i-f«8oe • 1,90 

NOTEl VALUES OF ' «l.^.O INTICATE 1 NO CATA E'TERHD 
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Table D-XII.    EFFECTIVE HEAT TRANSFER CONSTANTS- 
AFTER EXPOSURE TO PLUME 

SUM  OF   SEGMENT   AREAS  ■  117.PO 

EFFECTIVE  SOUR  ABSORPTIVITY   ■ 
EFFECTIVE  THERMAL  EMISSIVITY   ■ 

.336 
»445 

AVERAGE VALUEJALPHA/EPSILON RATIO FOR WHOLE SPACECRAFT ■ .7548 

515 
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Table D-XIII.    IMPINGEMENT OF PLUME ON SATELLITE 

no*  TWWUSTOW   NO.—1  KWEN  M T^tT 
ID  N0S| 

42 

62 

B2 

  -   ft   ~  "    ■ - 

102 

P^0JeeT!BN-9t»lttNTg-i,*ftNTtO-ftY-^RUSyeft  MOi 2  -«HfeV  P  =     2,000 

7302 

7303 

7304 

7305 

7306 

7308 

7309 

PROJECTION  SEQKENTS   IMPINGED  SY   THRUSTO*  ^0, 1  *N£"  P  ■       ,200 
wmmwwmmwwwmwwmmmmmwmmmmmmmmmm*mmmmmmmmmmmmmmmmmmmmmmmmmmmmm<***ma 
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Table   D-XIV.     COORDINATE TRANSFORMATION 

TNRUSTOP  SYSTEM TO SATELLITE SYSTEM 

AXIAL COORDINATE , 
21 X  . 

—tfn ttTt- -,- 

RADtAL  COORDINATE , 
RR       R   , 

ANGULAR COOHDIMATE 
THE    THETA 

— -ttATif      ttrt-r~ 

1.73Q0 
4i0700 

SiSiOO 
7|6700 

1,0000 
1,9000 

1.6000 
4,0*86 

3,1416 
2,9670 

«,0000 
•,0972 

'$* 

THRUSTHR^BASED COORDINATES 
OF PLUME IMPINGED SEGMENTS 

SEG AXIAL 
-nsr- - 

Z   (FT) 

RADIAL 
-ötsf-• 

R   (FT) 

ANGULAR 
---frOORD 

THE<RAÜ) 

42 
52 
62 
H 
^2 
92 

102 
7301 
7302 
73*3 
7304 
7305 
7306 
7309 
7309 

,72?00 
li72500 
2,72500 

••3-rf250fl 
4,72500 
5,72(500 
6,72500 
3,28^20 
3,00^20 
3jft0^2ü 
2,99920 
2182010 
2.8l«5j,0 
2#63?00 
2,62700 

00000 
00000 
00000 
ooe^s- 
00000 
ooooo 
oooou 
60.140 
57876 
47949 
17552 
53483 
3^863 
510*0 
20414 

•»1 
-1 
• 1 
-1 
*1 
•1 
«1 

i57079 
,57079 
,57079 
1^-7 f 79 
,57079 
,57079 
.57079 
,32485 
,38058 
,27P39 
,40647 
,42940 
,46236 
,45280 
,57046 

• ANGLP FROM LINE JOINING 
AXES OP SATELLITE AND TH^USTOR 

I 
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Table D-XVI. WEAR CONSTANTS OF MATERIALS 
ON SURFACE 

-f***f—W Wt*^ VELOCITY EXPONENT 
(SLOPE) CONSTANT 

(FT»Lö/L8> 
LOWER 
LIMIT 
(FT/SED 

f 

ALUMIN 1 3,000E*06 460 •3,3125 
'-WINDOW *- - »r0OOE»f>4- m •ST*«^ 

SOLCEL 3 5l0O0Bf04 170 -3,5625 
IRPORT 4 5,OOOE*04 170 •3,5625 
UVfORT 5 9,0^08*04 170 •3,5625 
UKASND 6 •1,0006*00 • 1 •1,0000 
GOLD 7 3,onoE*n6 480 .3,3125 

 -ttAÜK-- 8 liZnof^irt 200 •a-.Sfltro 
WMITE 9 1,200E*04 200 •2,5000 

TFE 18 1,500E*05 1000 •2,5000 
N204 19 1,0006*04 220 •3,0000 
HN03 20 l,0006*Ü4 220 •3,0000 
MMH 21 1,0006*04 220 •3,0000 

  rtKHMeO- « -li0006*04 no ••SjCOPO 
M^HN03 23 l,0O0E*04 220 •3,0000 
MHNM20 24 1,0006*04 220 •3,0000 
WATER 25 l-,OO0E*04 220 •3,0000 

NOTPI VALUES nr •i.o,, ,0 INHICATB Mn DATA 

-HOLECULAR 
^EIQHT 
(VAPOR) 

•i.o 

•1,0 
•i.o 
-1,0 
•i.o 
•i.o 
•1,0 
•i.o 
•1,0 
46,0 
63,0 
46.0 
84.0 

109.0 
154,0 
16.0 

ENTERED 

■HI6W VELOCITY LOWER LfMlTS FOR ALL MATfiPlALS 

HIGH 
VELOCITV 
(FT/SEC) 

HYPER 
VELOCITY 
(TT/SEC) 

3000 900000 

» 
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