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FOREWORD 

This document is Volume I11 of a t h r ee  volume repor t  descr ibing the 

Reacting and Multi-Phase ( R A W 2 1  computer code developed by the  Computa- 

t i o u a l  Mechanics Section of Lockheed's Huntsvi l le  Research 6 Engineering 

Center, ~ t s v i l l e ,  A l a h .  Volume 11 provides a d e t a i l e d  descr ip t ion  of 

a l l  the  elements used i n  the  R A W 2  code. Volume I dea l s  with t h e  theory and 

numerical so lu t ion  f o r  the computer code, and Volume I11 is the  program 

users  and appl ica t ions  manual. 

Dorlmentatj on of the computer code vas preparea iu +!-r i a1  fu l f i l lment  

of Contract NAS9-16256 with the  NASA-Lyndon 0. Johnson Space Center, 

Houston, Texas. The contract ing o f f i c e r ' s  t echnica i  represen ta t ive  f o r  t h i s  

study was Mr. Barney 0. Roberts (ET41). 

The author  acknowledges tne e f f o r t s  of D r .  Terry F. Greenwood of 

NASA-Harshall Space Flight Center and Mr. S.J. Robertson of Lockheed- 

Huntsvi l le ,  both of whom coctr ibuted t o  the  development of t h e  RAMP2 code. 

Companion documents t o  t h i s  repor t  inciude a theory and numerical solu- 

t i o n  docmerit f o r  RLLW2 computer code; a computer program maintenance manual 

f o r  W 2 ;  a repor t  which descr ibes  the modifications made t o  t he  NASA-kwis 

T U N 7 2  computer code; the o r i g i n a l  documentation of tne NASA-Lewis TRAN 72 

computer code; and the o r i g i n a l  documentation of  the  Boundary Layer In tegra l  

Matrix (BLIMPJ) computer code. Thest: documents a r e ,  respect ively:  

"Ugh Alti tude C3emically Reacting Gas-Particle Mixtures - Volune I 
- A Theor-*tical Analysis and Development of t he  Numerical Solution," 
IHSC-HREC TR DBb7400-I. 
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"High Alti tude Chemically Reacting Gas-Pir t ic l r  Hiliturrs - Vt~iuin:* I I 
- Program Manual f o r  RM2," LMSC-HREC TK D867401i-11. 

"User's Guide f o r  TRAN72 Cmputer Code b d i f i e d  f o r  Use v i t h  R A W  
and VOFnOC Flowfield Codes," LHSC-HREC TH D39043Y. 

Svehla, R.A., and B.J. HcBride, "FORTRAN I V  Corsout:r Program f o r  
Calculat ion of Thermodynamics and Transport P r o ~ e r t i e s  of Complex 
a e m i c a l  Systems," NASA TN D-7056, January 1976. 

Evans, R.H., "Boundary Layer In t eg ra l  Matrix Procedure BLIMP-J 
User's Manual," Aerotherm UH-75-64, Ju ly  1975. 
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1. INTRODUCTION AND SUMMARY 

This document, Volme 111, provides the  d e t a i l s  of how t o  input ,  use 

and apply t he  W 2  computer codes t o  accura te ly  descr ibe high a l t i t u d e  

rocket exhaust plumes. The goal  i n  developing RAMP2 was t o  produce computer 

code which would provide an  engineering t o o l  f o r  ca l cu l a t i ng  high a l t i t u d e  

( o r b i t a l )  rocket exhaust plumes. AdditionaIly,  the computer model includes 

the  a b i l i t y  t o  analyze the  major con t ro l l i ng  phenomena (boundary layer ,  

chemistry, two-phase flow, and f r e e  molecular flow) which inf luence the 

s t r u c t u r e  of the plume. 

The contents  of t h i s  volume along with tire o ther  two volumes (Refs. 1 

and 2) are designed t o  enable  the  u se r  t o  e a s i l y ,  e f f i c i e n t l y ,  and accu- 

r a t e l y  apply t he  W 2  codes t o  c a l c u l a t e  rocket exhaust nozzle and plume 

flow f i e l d s  t o  solve p rac t i ca l  engineering design problems. 

RAMP2 cons i s t s  of t h r ee  basic  cmpu ta t i ona l  modules: the  TRAN72 pro- 

gram f o r  generat ing equi l ibr ium thermodynamic and t ranspor t  da t a ,  the  RAMP2F 

code f o r  solving the  flow f i e l d  and the  BLIMPJ code used t o  ca l cu l a t e  the  

nozzle boundary layer .  Because of computer s to rage  l imi t a t i ons  t he  th ree  

programs must be executed separately;  however, communication between the 

programs has  been provided v i a  temporary f i l e s  s o  t h a t  except f o r  separa te  

executions they can be considered a s  one program. 

Detailed descr ip t ions  of the TRAN72 (Ref. 3) and BLIMPJ (Ref. 4 )  have 

not  been included, although Volume 11 conta ins  a br ief  descr ip t ion  of the 

subrout ines  of each of t he  codes. Sect ion 4 of t h i s  volume contains  inform- 

a t i o n  on how t o  use and input  the  TRAN72 code, and Sect ion 5 contains  a 

br ie f  discussion of the BLIMPJ code. Complete descr ip t ions  of the two codes 

a r e  ava i l ab l e  i n  Refs. 3 and 4. 
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Sectlon 2 of t h i s  volume provides a discussion of the  o v e r a l l  operation 

and in t e r ac t i on  of the codes which make up the  W 2  code along with run 

stream se tups  f o r  both the  Univac and CM: 7600 machines. Section 3 gives  

t he  c a p a b i l i t i e s  of t he  programs and a discussion of the p rac t i ca l  applica- 

t i o n  of the  program. Sections 4 and 5 d iscuss  the  use of the TRAN72 and 

BLIMPJ codes. A de t a i l ed  input loutput  guide t o  the B M 2 F  program is given 

i n  Section 6. Section 7 d e a l s  wi th  program u t i l i z a t i o n  including subsec- 

t i ons  on how t o  set up a case ,  a descr ip t ion  of e r r o r  messages and some 

problems t h a t  can be encountered and hov t o  co r r ec t  them. Section 8 d e t a i l s  

severa l  sample cases  including step-by-step desc r ip t i o s  on how each case was 

input.  Appendix A conta ins  a r e p r i n t  of a paper published i n  t he  1983 

Thewophysics Volume of the  AIAA Progress Ser ies .  This paper summarizes the 

RAMPZF code and presents  r e s u l t s  of s eve ra l  appl ica t ions  of t h e  program. 

This repor t  p r ~ v i d e s  a compilation of the author 's  experience with the 

programs both during and following completion of the  programs. It is hoped 

tha t  the  th ree  volumes provide a c l e a r  descr ip t ion  on how t o  use t he  pro- 

grams. It is  an t ic ipa ted  t h a t  through feedback from o ther  u se r s  of the 

programs t h a t  the codes themseLves 2s w e l l  a s  the documentation can be 

fu r the r  improved f o r  c l a r i t y .  



2. GENERAL STRUCTURE AND OPERATION OF RAMP2 

The t h r e e  programs which make up t h e  RAMP2 code  (TRAN72, RAMPZF, and 

BLIMPJ) have been modified s o  a s  t o  i n t e r a c t  a s  i f  t hey  were a s i n g l e  code 

even though they  are executed  s e p a r a t e l y  due t o  computer s t o r a g e  r e s t r i c -  

t i o n s .  T h i s  s e c t i o n  d e s c r i b e s  t h e  o v e r a l l  o p e r a t i o n  of t h e  RAMP2 code, t h e  

i n t e r a c t i o n  r e q u i r e d  by t h e  t h r e e  programs and f i n a l l y  g i v e s  run  s t r eam 

s e t u p s  f o r  u s ing  t h e  programs on e i t h e r  t h e  Unlvac 1100 o r  CDC 7600 systems. 

The o v e r a l l  c o m i c a t i o n  of  t h e  t h r e e  programs a long  w i t h  c o m u n i c a t i o n s  wi th  

o t h e r  a u x i l i a r y  programs is shown i n  Fig.  2-1. 

2.1 OVERALL OPERATION OF W 2 F  CODE 

The purpose of  t h e  RAMP2 code is t o  s o l v e  a r o c k e t  exhaus t  f low f i e l d  

i n  s u f f i c i e n t  d e t a i l  s o  t h a t  t h e  plume may be used t o  adequa te ly  s p e c i f y  

some des ign  environment f o r  sys tems which a r e  i n f luenced  by t h e  plume. For 

h igh  a l t i t u d e  plumes a n  adequate  d e f i n i t i o n  of t h e  plume r e q u i r e s  t h e  in-  

c l u s i o n  of  chemis t ry  and nozz le  boundary l a y e r  e f f e c t s .  The TRAN72 program 

and BLIMPJ codes a r e  inc luded i n  t h e  RAMP2 code a long  wi th  t h e  RAMPZF flow- 

f i e l d  code t o  t r e a t  chemis t ry  and boundary l a y e r  e f f e c t s .  

I n  g e n e r a l .  i n  o r d e r  t o  s o l v e  a h igh  a l t i t u d e  plume t h e  fo l lowing  s t e p s  

a r e  requi red .  F i r s t ,  t h e  TRAN72 program inpu t  d a t a  is prepared  and executed  

t o  g e n e r a t e  a d a t a  t a p e  d e s c r i b i n g  t h e  thermodynamic c h a r a c t e r i s t i c s  of t h e  

@?st-combustion gases .  Next t h e  RAMP2F f l o w f i e l d  d a t a  a r e  prepared  and t h e  

nozz le  f low f i e l d  is solved  us ing  t h e  TRAN72 program d a t a  t a p e  a s  i npu t .  

Then i n  o r d e r  t o  adequa te ly  d e s c r i b e  t h e  nozz le  boundary l a y e r ,  t h e  BLIMPJ 

code is executed  us ing  an  i n p u t  d a t a  f i l e  and f l o w f i e l d  t a p e  gene ra t ed  by 

t h e  RAMP2F nozz le  s o l u t i o n .  F i n a l l y  t h e  exhaus t  plume is  g e n e r a t e d  by us ing  

t h e  nozz le  s o l u t i o n  and boundary l a y e r  s o l u t i o n  t o  g e n e r a t e  a n  e x i t  p lane  
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s t a r t  l i n e  t h a t  is used t o  i n i t i a t e  t h e  plume s o l u t i o n .  Thus t h e  genera t ion 

of a  high a l t i t u d e  plume can r e q u i r e  up t o  f o u r  d i f f e r e n t  execut ions  of 

programs (TRAN72, RAMP2F, BLIMPJ, and RAMP2F) f o r  t h e  s p e c i f i c a t i o n  of the  

most d e t a i l e d  and a c c u r a t e  r e s u l t s .  Physical  input  d a t a  a r e  r equ i red  only 

f o r  t h e  TRAN72 and f i r s t  R W 2 F  execution.  A l l  d a t a  required f o r  t h e  BLIMPJ 

code and second RAMPZF execut ion a r e  genera ted i n t e r n a l  t o  t h e  program 

and/or communicated v i a  d a t a  tapes  o r  temporary f i l e s .  Depending on the  

a p p l i c a t i o n ,  the  problem o r  t h e  l e v e l  of s o p h i s t i c a t i o n  required i n  t h e  

plume r e s u l t s  i t  may not be necessary t o  run t h e  TRAN72 o r  BLIMPJ codes. It 

is poss ib le  t h a t  a s i n g l e  RAMPZF c a l c u l a t i o n  may be adequate. 

A s  mentioned previously ,  the  TRAN72 program genera tes  thermodynamic 

data  f o r  t h e  equi l ibr ium/frozen post-combustion gases  which a r e  used i n  t h e  

f lowf ie ld  c a l c u l a t i o n s  performed by RAMPZF. However, equi l ibr ium/frozen 

thermodynamic d a t a  can be inpu t  v i a  c a r d s  i f  t h e  d a t a  were genera ted us ing 

some o t h e r  method i n  which case  i t  is not necessary t o  execute  t h e  TRAN72 

program. It is a l s o  p o s s i b l e  t h a t  t h e  p rope l l an t  f o r  t h e  motor might be a n  

i d e a l  gas  (e.g., n i t rogen  j e t )  i n  which case  the  g a s  thermodynamic d a t a  can 

be input on a  s i n g l e  ca rd  d i r e c t l y  i n t o  t h e  RAMP2F coae. F i n a l l y ,  the  use r  

may decide  t h a t  a  f i n i t e  r a t e  o r  f rozen  chemistry s o l u t i o n  is required i n  

which cz-se t h e  r e a c t i o n  package and i n d i v i d u a l  s p e c i e s  thermodynamics a r e  

input d i r e c t l y  i n t o  t h e  -HAMP2F code. 

If the  use r  h a s  a n  a p p l i c a t i o n  i n  which nozzle boundary l a y e r  e f f e c t s  

a r e  not important then i t  is not necessary t o  execute t h e  BLIMPJ code. 

I f  the  use r  is not i n t e r e s t e d  i n  bobndary l a y e r  e f f e c t s ,  then a  s i n g l e  

RAMP2F f lowf ie ld  c a l c u l a t i o n  s t a r t i n g  a t  the  t h r o a t  o r  a t  the  e x i t  plane can 

be made t o  genera te  t h e  exhaust  flow f i e l d .  
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Thus numerous combina t ions  of program e x e c u t i o n s  a r e  p o s s i b l e  depending 

on what t h e  u s e r  r e q u i r e s  a s  r e s u l t s .  A d d i t i o n a l l y ,  t h e  TRAN72 program may 

be executed  a l o n e  i f  t h e  r e s u l t s  a r e  r e q u i r e d  f o r  some use  o t h e r  t han  fo r  

RAMP2F. I t  is p o s s i b l e  t o  e x e c u t e  t h e  BLIMPJ a s  a s tand-a lone  program but  

some minor program m o d i f i c a t i o n s  a r e  r e q u i r e d  t o  change t h e  i n p u t  f i l e  

numbers and omit r e f e r e n c e  t o  f l o w f i e l d  d a t a  f i l e s  t h a t  come from t h e  RAMP2F 

nozz ld  s o l u t i o n .  

2.2 INTERACTION OF THE CODES 

The r e l a t i o n s h i p  of t h e  t h r e e  programs (TRAN72, RAMPZF, BLIMPJ) h a s  

been d i s c u s s e d  i n  p rev ious  s e c t i o n s .  The t h r e e  programs communicate w i th  

each  o t h e r  v i a  f i l e s  (magnetic  t a p e ,  FASTRAN, d i s k ,  mass s t o r a g e ,  e t c . ) .  

The f i l e s  t h a t  t h e  programs u s e  a r e  FORTRAN u n i t s  1 ,2 ,3 ,4 ,5  ( c a r d  i n p u t ) ,  6 

( p r i n t e d  o u t p u t ) ,  7 (punched o u t p u t )  8, 9 ,  10 ,  11, 12. and 13. 

The TRAN72 program u s e s  thermodynamic c l l rve  f i t  d a t a  and t r a n s p o r t  d a t a  

a s  i n p u t  from e i t h e r  c a r d s  o r  from FORTRAN Uni t  4. The thermodynamic d a t a  

o f  u n i t  4 which is  inc luded  as a d a t a  set f o r  t h e  RAMP2 program is  a l s o  used 

by t h e  RAMP2F program f o r  s e t t i n g  up t h e  d a t a  f i l e  f o r  a BLIMPJ n o z z l e  

boundary l a y e r  s o l u t i o n .  The e q u i l i b r i u m / f r o z e n  g a s  thermochemistry r e s u l t s  

which a r e  g e n e r a t e d  by t h e  TRAN72 program a r e  o u t p u t  on u n i t  10. These d a t a  

a r e  t hen  used as i n p u t  by t h e  RAMP2F program f o r  per forming t h e  n o z z l e  and 

plume s o l u t i o n s .  

The RAEfP2F program g e n e r a t e s  numerous o u t p u t  f i l e s  f o r  i t s  own use  a s  

w e l l  a s  by t h e  BLIMPJ program. I f  t h e  u s e r  has  s e l e c t e d  t h e  o p t i o n  t o  

g e n e r a t e  a nozz l e  boundery l a y e r ,  t h e  i n p u t  d a t a  file f o r  t h e  BLIMPJ code i s  

gene ra t ed  by t h e  RAMP2F nozz l e  s o l u t i o n  and s t o r e d  on u n i t  1. The RAMP2F 

code a l s o  s t o r e s  d a t a  on FORTARN u n i t  2 f o r  u se  by t h e  BLIMPJ code.  The 

d a t a  on FORTRAN Unit  2 i s  t h e  c o o r d i n a t e s  t h e  n o z z l e  and f l o w  p r o p e r t i e s  of 

t h e  nozz le  w a l l  p o i n t s  which a r e  used a s  s o l u t i o n  s t a t i o n s  by t h e  BLIMPJ 

code. The BLIPlPJ code a l s o  o u t p u t  d a t a  on t h e  same FORTUN u n i t  2 f o r  
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subsequent  u s e  by RAMPZF when a  v i s c o u s  plume is t o  be run a f t e r  t h e  nozz l e  

boundary l a y e r  i s  gene ra t ed .  The f l o w f i e l d  r e s u l t s  of t h e  RAMPZF nozz l e  and 

plume s o l u t i o n  are s t o r e d  i n  Unit  3. 

The f l o w f i e l d  d a t a  s t o r e d  on FORTRAN Uni t  3 is  t h e  f i n a l  r e s u l t s  of  t h e  

RUlP2F nozz l e  and /o r  plume s o l u t i o n .  These d a t a  can be used by o t h e r  a u x i l -  

i a r y  programs f o r  a p p l i c a t i o n  o f  t h e  plume d a t a .  The BLIMPJ program b s e s  

t h e  nozz l e  f l o w f i e l d  d a t a  t o  match t h e  boundary l a y e r  and i n v i s c i d  f low 

p r o p e r t i e s  a t  t h e  boun:ary l a y e r  edge. I f  a  comple te  nozz l e ,  boundary 

l a y e r ,  and plume s o i u t i o n  a r e  performed both  t h e  nozz le  and plume r e s u l t s  

a r e  pu t  on Uni t  3. I f  a  s i n g l e  RAMPZF c a l c u l a t i o n  i s  made w i t h  no sub- 

sequent  e x i t  p l a n e  r e s t a r t  (ITRCE = 0 ,  c a r d  5) t hen  on ly  t h e  r e s u l t s  f o r  t h e  

s i n g l e  execu t ion  w i l l  be on t h e  u n i t .  

FORTRAN Uni t  8 is t h e  f i l e  on which t h e  IMPSF code  s t o r e s  a  s t a r t  l i n e  

which is gene ra t ed  by t h e  v a r i a b l e  O/F o r  two-phase t r a n s o n i c  module. I f  

t h i s  f i l e  is used d u r i n g  t h e  nozz l e  s o l u t i o n  t h e n  i t  is a l s o  r e q u i r e d  f o r  

t h e  subsequent  v i s c o u s  e x i t  plume restart (ITRCE > O ,  pard 1). 

Uni t s  9 and 11 are s c r a t c h  f i l e s .  U n i t  1 0  c o n t a i n s  t h e  thermochemical 

p r o p e r t i e s  of t h e  e q u i l i b r i u m / f r o z e n  TRAN72 r e s u l t s .  T h i s  f i l e  is r equ i r ed  

f o r  t h e  nozz l e  RAMPZF s o l u t i o n  a s  w e l l  as f o r  a  subsequent  v i s c o u s  e x i t  

p l ane  restart. Th ie  f i l e  is r e q u i r e d  o h y  i f  ICON(1)=2, c a r d  5. 

An o p t i o n  of t h e  W 2 F  code is t h e  a b i l i t y  t o  g e n e r a t e  an  e x i t  p l ane  

s t a r t l i n e  f o r  t h e  S tandard  Plume F l c w f i e l d  (SPF) code (Ref.  5). Unit  12 

c o n t a i n s  e x i t  p l ane  d a t a  c a l c u l a t e d  du r ing  t h e  RAMPZF n o z z l e  run  f o r  gene- 

r a t i n g  a n  SPF s t a r t  l i n e  (ISKPY>O). I f  a  v i 6 ; ~ u s  plume r e s t a r t  is t o  be 

performed u n i t  12 a l s o  c o n t a i n s  t h e  e x i t  p l ane  normal s tar t  l i n e .  F i n a l l y ,  

i f  a v i s c o u s  e x i t  p lane  r e s t a r t  i s  t o  be performed u n i t  1 2  a l s o  c o n t a i n s  t h e  

i n v i s c i d  e x i t  p l ane  SPF s t a r t l i n e .  The d a t a  on u n i t  12 i s  used by t h e  

second RAHPZF plume r e s t a r t  t o  g e n e r a t e  t h e  e x i t  p l ane  s t a r t l i n e  f o r  both 

t h e  PAMP2F plutne c a l c u l a t i o n  as w e l l  a s  a  v i s c o u s  SPF start  l i n e .  If a  

s t a n d  a l o n e  RAMP2F c a l c u l a t i o n  is be ing  made t h e  u n i t  12 i s  o n l :  used i f  

ISKPY = 0, c a r d  5. 
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Unit 13  is used only t o  s t o r e  t h e  W ? F  ca rd  input  data .  The purpose 

of t h i s  f i l e  is t o  s t o r e  a l l  t h e  RAMPZF inpu t  d a t a  s o  t h a t  i t  w i l l  not have 

t o  be read i n  again  i f  a subsequent v iscous  e x i t  plane r e s t a r t  is se lec ted .  

An e x i t  plane r e s t a r t  using a v i scous  start l i n e  (ITRCE>O), ca rd  1 )  w i l l  

r equ i re  the  inptit d a t a  on u n i t  13 t h a t  was saved f o r  t h e  RAMP2F nczzle  

so lu t ion .  

I n  summary, 'f a viscous e x i t  p lane  r e s t a r t  of a RAMPZF nozzle  s o l u t i o n  

i s  t o  be performed then t h e  d a t a  on FORTRAN u n i t s  2, 3, 4, 8, 10, 12, and 13  

must be saved from t h e  nozzle s o l u t i c n .  A BLIMPJ c a l c c l a t i o n  o: t h e  nozzle  

boundary l a y e r  r e q u i r e s  t h e  da ta  on u n i t s  1, 2, and 3 from t h e  RAMP2F nozzle 

solut ion.  The communication of d a t a  between t h e  t h r e e  programs is  sum- 

marized i n  Fig. 2-2. 

2.3 PUN STREAM SETUP 

This s e c t i o n  i l l u s t r a t e s  run stream s e t u p s  f o r  t h e  Univac 1108 EXEC 8 

(Sect ion 2.3.1) and CDC 7600 (Sec t ion  2.3.2) computers. Both runstreams 

assume t h a t  a l l  t h r e e  programs a r e  executed t o  genera te  a exhaust  plume 

which cons ide r s  nozzle  boundary l a y e r  e f f e c t s .  The RAPiP2F programs can be 

executed ind iv idua l ly  aepending on t h e  u s e r  s p e c i f i e d  input  da ta .  

2.3.1 Univac 1108 EXEC 8 Runstream 

Fibure 2-3 p resen t s  t h e  run stream se tup  f o r  t h e  Univac 1108. Th i s  run 

stream uses  t h e  programs and d a t a  which a r e  r e t r i e v e d  from magnetic tape.  

These re fe rences  t o  t ape  could be replaced with a p p r o p r i a t e  permanent f i l e s .  

Th i s  run stream a l s o  assumes t h a t  t h e  executable  i n s t r u c t i o n s  f o r  t h e  pro- 

gram have a l ready  been c o l l e c t e d  and s t o r e d  on t h e  t a p e  a s ;  A-TRAN72 pro- 

gram, TWOP-RAMP2F program, BLIMP-BLIMPJ program. The over lays  f o r  t h e  

RAMP2F and BLIMPJ programs can be found i n  Appendix A of Volume 11 of t h i s  

repor t .  
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Fig. 2-2 Communication of Data Betbeen the RAMP2 Programs 
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2.3.2 CW: 7600 Runstream 

Figure 2-4 presents the runstream setup for  the CDC 7600 system. Tile 

run s treae  uses  permanent f i l e s  for  the  programs and data f i l e s  but tapes 

cc*lld be used instead. The segment loader cards f o r  the  W P 2 F  and BLIHPJ 

codes can be found i n  Appendix A of  Volume I1 c f  t h i s  report. 
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Fig. 2-4 CDC 7600 Runstream Setup for RAMP2 
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3. CAPABILITIES AND APFLICATIONS 

The RAHP2 program h a s  a broad r ange  o f  c a p a b i l i t i e s  f o r  t r e a t i n g  t h e  

v a r i o u s  phenome~a which e f f e c t  t h e  c h a r s c t e r i s t i c s  of  nozz le  and exhaus t  

plume f low f i e l d s ,  The a b i l i t y  o f  t h e  RAHPZF code  co treat s i n g l e  and two-  

phase f lows  h a s  l e d  t o  t h e  a p p l i c a t i o n  of t h e  program t o  s o l v e  a wide range 

of problems. T h i s  s e c t i o n  p r e s e n t s  a l is t  of  c a p a b i l i t i e s  o f  t h e  program 

and summarizes sotee of t h e  p rev ious  a p p l i c a t i o n s  of  t h e  program. 

3.1 CAPABILITIES 

The RAMP computer p rog rae  d e s c r i b e d  i n  t h i s  document c a n  be used t o  

s o l v e  a wide v a r i e t y  of  problems a s s o c i a t e d  w i t h  real g a s ,  s u p e r s o n i c ,  

compress ib le  flow. Some of t h e  more impor tant  b a s i c  c a p a b i l i t i e s  of  t h e  

e x i s t i n g  program are o u t  l i n e d  below: 

The g a s  may be i d e a l  o r  real. I f  t h e  g a s  is real, f r o z e n ,  
e q u i l i b r i u m ,  o r  non-equilibrium, chemis t ry  assumpt ions  can  be 
made. The e f f e c t s  of o x i d i z e r / f u e l  g r a d i e n t s  may be con- 
s ide red .  

Two-dimerrsional o r  axisymmetric  f low problem geomet r i e s  c a n  
be used. 

Both upper and lower boundar ies  c a n  be s o l i d  o r  f r e e .  (A 
s o l i d  boundary can  be approximated by e i t h e r  a c o n i c  o r  poly- 
nomial equat ion . )  (Two-phase problems r e q u i r e  t h e  n o z z l e  
c e n t e r l i n e  as a lower boundary.) 

e A nozz le  w a l l  may be c u r v e  f i t  w i t h  d i s c r e t e  p o i n t s .  

Any number of  expans ion  c o r n e r s  can  be cons idered  on e i t h e r  
t h e  upper o r  lower wal l s .  

e Various methods f o r  o b t a i n i n g  an i n i t i a l  s tar t  l i n e  are 
u t i l i z e d .  
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1. The program w i l l  c a l c u l a t e  a one-dimensional s t a r t l i n e  anywhere 
i n  t h e  nozzle. 

2. Oata on a normal su r face  can be input  a t  p o i n t s  a c r o s s  t h e  f low 
f i e l d  wi th in  t h e  nozzle or i n  t h e  plume. 

3. An e x i t  p lane  s t a r t l i n e  c a n  be punched. 

4. The program can be r e s t a r t e d  from t h e  s t a r t l i n e  punched i n  3 
above. 

5. S ing le  phase s t a r t l i n e  can be c a l c u a l t e d  us ing a t r anson ic  
s o l u t i o n  which can handle i d e a l  g a s  o r  equ i l ib r ium chemistry 
f o r  both cons tan t  and v a r i a b l e  o x i d i z e r l f u e l  r a t i o s .  

6. Two-phase s t a r t l i n e  can be set up us ing  a t r a n s o n i c  so lu t ion .  

Hypersonic o r  quiescent  approach flow o p t i o n s  may be used. 

Ex i t  t o  ambient p ressure  r a t i o s  from overexpanded t o  h igh ly  under- 
expanded a r e  poss ible .  

Displacersrnt of t h e  a x i s  of s-try from t h e  c e n t e r  of f low ( i .e . ,  
t h e  plug nozzle  f low f i e l d )  is p o s s i b l e  f o r  g a s  only  cases. 

Tbere is p r e s e n t l y  a maximum of 100 p o i n t s  on a normal and 100 inpu t  
points .  

Reacting g a s  s o l u t i o n s  which a r e  i n  chemical equ i l ib r ium have been 
f a c i l i t a t e d  by modifying t h e  TRAN72 (Refs. 3 and 6) computer program 
a s  descr ibed i n  Sec t ion  4 t o  provide  binary  t ape  and punched output  
of i ts  equ i l ib r ium o r  f rozen  real g a s  c a l c u l a t i o n s  a t  any des i red  
O/F r a t i o ( s )  o r  t o t a l  en tha lpy(s ) .  The RAMP program has  t h e  capa- 
b i l i t y  of s e l e c t i n g  t h e  proper case from a l a r g e  set of r e a l  g a s  
p r o p e r t i e s  c a s e s  s t o r e d  on a master  tape .  Cases s t o r e d  a r e  uniquely 
i d e n t i f i e d  by some c h a r a c t e r i s t i c  of t h e  p a r t i c u l a r  g a s  under con- 
s i d e r a t i o n .  For example, a LOX/LH2 system may be i d e n t i f i e d  by 
t h e  following: 

Gas Type Mixture R a t i o  Chamber Pressure  

New c a s e s  of genera l  i n t e r e s t  may be added t o  t h e  master tape;  
however, ad hoc c a s e s  should be prepared on a s e p a r a t e  tape.  

a Once t h e  g a s - p a r t i c l e  flowf i e l d  s o l u t i o n  has  been obta ined,  t h e  
output t ape  may be used by t h e  RAMP Radial  Lookup Program (descr ibed 
i n  Appendix A of Ref. 7)  which deterwines  t h e  r a d i a l  v a r i a t i o n s  of 
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f l o w f i e l d  p r o p e r t i e s  a c r o s s  t h e  nozzle  and plume f low f i e l d s  at 
constant  a x i a l  s t a t i o n s .  The Plume Impingement Program (PLIMP) 
(Ref, 8) may a l s o  be run t o  determine t h e  e f f e c t s  of t h e  rocket  
exhaust plume on o b j e c t s  iauuersed i n  t h e  plume. 

Two-dimensional o r  axisymmetric s o l u t i o a s  are s e l e c t e d  by simply 
loading a c o n t r o l  word i n  t h e  program inpu t  da ta ,  T h i s  i n t e g e r  ( 0  
o r  1) is then m u l t i p l i e d  by t h e  term conta ining ( l / r )  i n  t h e  
governing d i f f e r e n t i a l  equat ion,  By a p p r o p r i a t e  d e s c r i p t i o n  of t h e  
flow h u n d a r i e s ,  !t is p o s s i b l e  t o  , b n g e  f r m  a s o l i d  t o  f r e e  
boundary on e i t h e r  t h e  upper o r  lower w a l l s .  Conversely, i t  is not 
p o s s i b l e  t o  change from a f r e e  t o  a s o l i d  boundary on e i t h e r  w a l l .  

A real g a s  nozzle  boundary l a y e r  s o l u t i o n  can be performed with no 
i n t e r f a c e  between t h e  u s e r  and t h e  RAMP code r e s u l t s .  Frozen equi- 
l ib r ium chemis t ry  wi th  t u r b u l e n t  o r  laminar s o l u t i o n  is poss ible .  

The e f f e c t  of a nozzle  w a l l  boundary l a y e r  on p a r t i c l e s  which e n t e r  
t h e  boundary l a y e r  is t r e a t e d .  

An e x i t  p lane  s t a r t l i n e  can be genera ted f o r  t h e  SPF code which 
includes  two phase f low and boundary l a y e r  e f f e c t s .  Addi t ional ly  
exi t  plane d a t a  are a v a i l a b l e  f o r  use  i n  o t h e r  codes. 

Mul t ip le  passes  through t h e  i n v i s c i d  nozzle  s o l u t i o n  wi th  t h e  nozzle  
contour modified by t h e  BLIMPJ s o l u t i o n  displacement th ickness  is 
not poss ible .  

High a l t i t u d e  r a r e f i e d  plumes may be t r e a t e d  wi th  e i t h e r  continuum 
o r  sudden f r e e z e  f r e e  molecular f low assumptions. 

Nozzle shocks can be t r e a t e d  us ing a shock cap tu r ing  methodology o r  
can be t r e a t e d  i s e n t r o p i c a l l y  us ing t h e  s t r eaml ine  normal so lu t ion .  

Automatic e x i t  p lane  r e s t a r t s  including boundary l a y e r  e f f e c t s  are 
p o s s i b l e  following a nozzle  and nozzle  boundary l a y e r  so lu t ion .  

When t h e  continuum treatment of r a r e f i e d  plumes is used, t h e  plume 
may be solved on ly  t o  t h e  po in t  where t h e  g a s  v e l o c i t y  reaches  99.9 
percent of i t s  l i m i t i n g  ve loc i ty .  Near t h e  g a s  l i m i t i n g  v e l o c i t y  
numerical problems can l ead  t o  a terminat ion of t h e  s o l u t i o n .  

3.2 APFLICATIONS 

This s e c t i o n  c o n t a i n s  a l ist  of problems f o r  which t h e  RAMPZF o r  RAMP 

codes have been appl ied .  Where p o s s i b l e ,  r e fe rences  have been included 

which con ta in  d e t a i l s  of t h e  a n a l y s i s .  
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LMSC-HREC TR D867400-111 

Analyzed Space Shu t t l e  RCS motor combust ion cbarober, nozzle irnd 
exhaust plume. U t i l i z ed  equilibrium/frozen chemistry, var iab le  O/F 
t ransonic  s o l u t i n  and boundary l a y e r  e f f e c t s  (Ref. 9). 

a Space Shut t le  Solid Rocket Motor 

- Equilibrium/frozen nozzle/plumes at var ious  a l t i t u d e s  and 
operat ion condi t ions f o r  base heat ing sppl fca t ion  (Ref. 10). 

- Sea l eve l  plume f o r  Space Shu t t l e  mobile launcher design 
environment (Ref. 11). 

- High a l t i t u d e  plume ca l cu l a t i on  including f i n i t e  r a t e  
chemistry f o r  app l i ca t i on  t o  range s a f e t y  plume radar 
cross-sect ion determination (Ref. 12). 

Space Shu t t l e  separa t ion  motor nozzle/plume so lu t ions  f o r  determina- 
t i o n  of s t age  separa t ion  impingement environments on Orbiter/ET 
combination (Ref. 13). 

e Applied RAMP code t o  severa l  small so l id  rocket motor nozzle and 
plume predict ions t o  determine how best  t o  apply RAMP code f o r  
making nozzle and pluse ca lcu la t ions .  Compared RAMP r e s u l t s  with 
experimental nozzle and plume d a t a  (Ref. 14). 

Performed high a t t i t u d e  plume ca l cu l a t i ons  f o r  in te r im upper s tage  
motor plumes. Pa r t i cu l a t e  flow f i e l d s  were t o  be used f o r  
determination of poss ib le  o r b i t e r  heat sh i e ld  damage during various 
s a t e l l i t e  deployment senar ios  (Ref. 15). 

Performed de t a i l ed  combustion chamber and nozzle ca l cu l a t i ons  and 
made comparisons with e x i t  plane r ad i a t i on  measurements t o  determine 
the  best  ana ly t i c  models f o r  performing combustion chamber/nozzle 
ca l cu l a t i ons  (Ref. 16). 

e Used RAMP a s  a pa r t  of a code t o  compute the IR i r rad iance  on a 
vehicle-born sensor  a r i s i n g  from a plume emitted by a t h r u s t e r  on 
t he  vehic le  i n  an exoatmospheric environment (Ref. 17). 
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4. USER INPUT/OUTPUT GUIDE FOR THE MODIFIED 
TRAN72 COMPUTER CODE 

One o p t i o n  f o r  t h e  e p e c i f i c a t i o n  o f  t h e  thermodynamic p r o p e r t i e s  o f  t h e  

exhaus t  g a s e s  f o r  t h e  RAMP2F code is t h e  u t i l i z a t i o n  o f  t h e  thermodynamic 

and t r a n s p o r t  d a t a  o i  r o c k e t  combustion g a s e s  which is g e n e r a t e d  by a modi- 

f i e d  v e r s i o n  (Ref. 18 )  v e r s i o n  o f  t h e  NASA-Lewis TRAN72 (Ref. 3) computer 

program. 

The TRAN72 computer program developed by NRSA-Lewis (Ref. 3) was 

s y n t h e s i z e d  by combining a program f o r  t h e  t r a n s p o r t  p r o p e r t i e s  c a l c u l a t i o n  

wi th  t h e  CEC 71 program (Ref. 6) f o r  t h e  thermodynamic p r o p e r t i e s  c a l c u l a -  

t i o n .  The TUN72 program was subsequen t ly  modif ied  t o  meet t h e  r equ i r emen t s  

of  Lockheed's React ing  and Multi-Phase (RAMP) Computer Program. The 

requi rements  s a t i s f i e d  were: (1 )  c a l c u a t i o n  o f  t h e  t h e o r e t i c a l  r o c k e t  per-  

formance ( f o r  bo th  e q u i l i b r i u m  and f r o z e n  composi t ions)  d u r i n g  a "gaseous- 

on ly"  expans ion ,  a f t e r  a two-phase combustion chamber c a l c u l a t i o n ,  and 

(2) automated communication o f  t h e s e  p r o p e r t i e s  t o  t h e  RAMP program. 

The s e c t i o n  d e s c r i b e s  t h e  m o d i f i c a t i o n s  which were made t o  t h e  TRAN72 

code,  t h e  i n p u t  r e q u i r e d  t o  run  t h e  program, s p e c i a l  c o n s i d e r a t i o n s  f o r  

u s ing  t h e  code i n  c o n j u n c t i o n  w i t h  RAMP2F, and sample cases. 

4.1 MODIFICATION OF THE TRAN72 PROGRAM FOR USE WITH THE RAMPZF PROGRAM 

Modi f i ca t ions  were made t o  t h e  TRAN72 chemica l  e q u i l i b r i u m  c a l c u l a -  

t i o n a l  scheme i n  o r d e r  t o  g e n e r a t e  thennochemical  d a t a  c o n s i s t e n t  w i t h  t h e  

assumpt ions  u t i l i z e d  i n  t h e  RAMP program formula t ion .  The assumpt ions  be ing  

addressed  i n  t h e  RAMP program are: 

e The t o t a l  mass o f  t h e  mix tu re  is  c o n s t a n t .  

The t o t a l  energy  of  t h e  mix tu re  i s  c o n s t a n t .  
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The & a s  obeys the  p e r f e c t  g a s  law and is e i t h e r  chemical ly  f rozen,  
i n  chemical non-equilibrium o r  i n  chemical equi l ibr ium.  

There is no mass exchange between t h e  phases. 

The p a r t i c l e s  a r e  i n e r t .  

I n  t h e  modified TRAK72 c a l c u l a t i o n a l  scheme, :he chamber c a l c u l a t i o n s  

a r e  performed i n i t i a l l y  wi th  t h e  condensed s p e c i e s  considered.  The t o t a l  

mass and t o t a l  enthalpy of t h e  mixture  a r e  then ad jus ted  by removing t h e  

mass and en tha lpy  a s s o c i a t e d  w i t h  t h e  condensed s p e c i e s  p red ic ted  t o  e x i s t  

i n  the  chamber a f t e r  combustion. The t o t a l  mass adjustment is made by 

resoving t h e  a p p r o p r i a t e  amount o f  mass o f  each of elements which comprise 

t h e  condensed s p e c i e s  t h a t  e x i s t  i n  t h e  chamber. The t o t a l  en tha lpy  is 

a d j u t e d  by removing t h e  en tha lpy  a s s o c i a t e d  w i t h  t h e  condensed s p e c i e s  t h a t  

e x i s t  i n  t h e  chamber. Next, t h e  a d j u s t e d  e lementa l  mass balance r e l a t i o n -  

s h i p s  and t h e  a d j u s t e d  t o t a l  en tha lpy  are referenced t o  t h e  a d j u s t e d  t o t a l  

mass of  t h e  mixture.  A l l  condensed s p e c i e s  a r e  then removed from t h e  l is t  

o f  p o s s i b l e  products  being considered by t h e  program. The chamber c a l c u l a -  

t i o n s  and subsequent equ i l ib r ium chemis t ry  expansion a r e  then made wi th  a 

gaseous-only composition. When t h e  thermodynamic c a l c u l a t i o n s  a r e  com- 

p l e t e d ,  t h e  t r a n s p o r t  p r o p e r t i e s  a r e  c a l c u l t e d  i n  the  manner desc r ibed  i n  

R e f .  3. The r e s u l t a n t  equ i l ib r ium chemistry expansicn and corresponding 

t r a n s p o r t  p r o p e r t i e s  d a t a  a r e  t h e  c a s e  i n  which t h e r e  is no hea t  t r a n s f e r  

between t h e  condensed and gaseous  s p e c i e s  dur ing  t h e  equ i l ib r ium chemistry 

expansion process.  To account f o r  t h e  e f f e c t s  of the  heat  t r a n s f e r  t h a t  

does  t a k e  p lace  between t h e  condensed and gaseous s p e c i e s  a s  w e l l  a s  between 

t h e  g a s  and the  nozzle  wa l l  f o r  c a s e s  involving a  nozzle  boundary l a y e r ,  

a d d i t i o n a l  thermochemical d a t a  a r e  required.  To g e n e r a t e  t h e  requ i red  d a t a ,  

t h e  t o t a l  en tha lpy  of t h e  gaseous-only mixture i s  per turbed (mass is held  

c o n s t a n t )  and t h e  thermochemical d a t a  c a l c u l a t i o n a l  scheme i s  repeated.  The 

t o t a l  en tha lpy  i s  repea ted ly  pe r tu rbed ,  t h e  r e s u l t  being a n  a r r a y  of equi- 

l i b r i u m  expansion processes and corresponding t r a n s p o r t  p r o p e r t i e s ,  each 

wi th  a d i f f e r e n t  degree  of h e a t  t r a n s f e r  between t h e  two phases. 
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Experjence i n  thermodynamical modeling of  rocke t  exhaust  f lows i n d i -  

c a t e s  t h a t  many chemical systems exper ience  a t r a n s i t i o n  from equ i l ib r ium to  

f rozen  chemis t ry  dur ing  the  expansion process.  The s t andard  TRAN72 program 

has a n  o p t i o n  t o  t r e a t  t h i s  problem. Under t h e  p ressure  f r e e z e  o p t i o n  t h e  

chamber and i n i t i a l  expansion c a l c u l a t i o n s  a r e  made assuming equ i l ib r ium 

chemistry.  A t  a  predetermined p r e s s u r e  r a t i o  (chamber t o  l o c a l  s t a t i c ) ,  the  

chemistry of  t h e  system is frozen and t h e  remainder of the  expansion i s  

completed wi th  f rozen  c h e a i s t r y .  With t h i s  op t ion ,  t h e  t r a n s p o r t  p roper ies  

a r e  c a l c u l a t e d  a s  o u t l i n e d  i n  Ref. 3. 

The thermochemical and t r a n s p o r t  d a t a  a r e  communicated t o  t h e  RAMP 

computer program a u t o m a t i c a l l y  through t h e  use  of a magnetic t ape  ( o r  r ap id  

a c c e s s  s t o r a g e ,  i .e.,  d i s k ,  FASTRAN, e t c . ) .  Crea t ion  of  t h e  d a t a  t a p e  ( o r  

f i l e )  i s  accomplished by means of  a n  a d d i t i o n a l  subrou t ine  (MOCDAT) added t o  

t h e  TRAN72 program. Logic is provided i n  t h i s  r o u t i n e  f o r  c r e a t i o n  of a new 

d a t a  t a p e  ( o r  f i l e )  and adding d a t a  t o  a n  e x i s t i n g  Master d a t a  list. Each 

d a t a  c a s e  must be i d e n t i f i e d  wi th  a unique c a s e  name which i s  subsequent ly  

used by t h e  RAMP (see  ca rd  9 of ' W P  inpu t  gu ide )  program t o  determine i f  

thermodynamic d a t a  a r e  a v a i l a b l e .  An a d d i t i o n a l  namel i s t  has  been added t o  

the  run s t ream t o  c o n t r o l  use  o f  t h e  o p t i o n s  a v a i l a b l e  i n  t h e  MOCDAT 

subrout ine .  

4.2 INPUT OF THE TRAN72 PROGRAM 

The v e r s i o n  of the  TRAN72 program which is p a r t  of t h e  RAMP2 s e t  of 

computer programs c o n t a i n s  a l l  t h e  o p t i o n s  of  t h e  o r i g i n a l  program (Ref. 3 ) ,  

s o  t h a t  t h e  u s e r  has  t h e  a b i l i t y  t o  g e n e r a t e  thermodynamic d a t a  f o r  purposes 

o t h e r  than the  RILe2F code execut ion.  This  subsec t ion  d e s c r i b e s  t h e  b a s i c  

TRAN72 i n p u t  d a t a  a s  we l l  a s  t h e  i n p u t  c o n t r o l  v a r i a b l e s  which were added t o  

enab le  the  modi f i ca t ions  which were desc r ibed  i n  Sec t ion  4.1. 
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4.2.1 T R A N ~ ~ / R A M P ~ F  Inpu t  V a r i a b l e s  

The m o d i f i e d  TRAN72 program is u s e d  t o  g e n e r a t e  t henoodycamic and  

t r a n s p o r t  p r o p e r t i e s  o f  t h e  g a s e o u s  p h a s e  o f  t h e  p r o d u c t s  o f  combus t ion  

beirrg c o n s i d e r e d  i n  a two-phase f l o w  a n a l y s i s .  C o n t r o l  o f  t h e  program 

f u n c t i o n  f o r  t h i s  a p p l i c a t i o n  i s  h a n d l e d  t h r o u g h  t h r e e  i n p u t  g r o u p s :  t h e  

r e a c t a n t  d a t a  c a r d s ,  t h e  $INPTZ n a m e l i s t ,  and  t h e  $PXTINP n a m e l i s t .  A 

d e t a i l e d  d e s c r i p t i o n  o f  t h e  s t a n d a r d  TRAN72 program i n p u t  i s  g i v e n  i n  

Ref. 3. Thermodynamic d a t a  r e q u i r e d  f o r  t h i s  a p p l i c a t i o n  are c a l c u l a t e d  

u s i n g  t h e  RKT o p t i o n  u n d e r  t h e  $ 1 ~ ~ 2  n a m e l i s t .  S e l e c t i o n  o f  t h i s  o p t i o n  

p e r m i t s  c a l c u l a t i o n  o f  t h e o r e t i c a l  r o c k e t  pe r formance  f o r  b o t h  e q u i l i b r i u m  

a n d  f r o z e n  c o m p o s i t i o n s  d u r i n g  e x p a n s i o n s .  The v a r i a b l e s  MOCILP, PARTHT, 

QDOTP, and  N Q I  have been added  t o  t h e  $INPTZ n a m e l i s t .  The MOC2P v a r i a b l e  

c o n t r o l s  t h e  s e l e c t i o n  o f  t h e  two-phase f l o w  a n a l y s i s  o p t i o n  (MOC2P=T). The 

v a r i a b l e s  PARTHT, QDOTP, and  NQI c o n t r o l  t h e  s e l e c t i o n  (PARTHT=T) and  u s e  o f  

t h e  v a r i a b l e  t o t a l  e n t h a l p y  o p t i o n  when t1.e e f f e c t s  o f  h e a t  t r a n s f e r  between 

t h e  condensed  and  g a s e o u s  s p e c i e s  are t o  be d e t e r m i n e d  i n  a two-phase f l o w  

a n a l y s i s .  When PARTHT-T, QDOTP is set  e q u a l  t o  t h e  amount by which  t h e  

t o t a l  e n t h a l p y  of t h e  g a s e o u s  o n l y  m i x t u r e  i s  t o  be p e r t u r b e d .  N Q I  is se t  

e q u a l  t o  t h e  number o f  QDOTP v a l u e s  inp41t .  The s p e c i f i c  v a l u e s  o f  t h e  r a t i o  

o f  chamber t o  l o c a l  s t a t i c  p r e s s u r e s  (Pc/P)  a t  which  thermodynamic a n d  

t r a n s p o r t  d a t a  a r e  t?  be g e n e r a t e d  a r e  i n p u t  t o  t h e  program i a  t h e  QRKTINP 

n a m e l i s t .  The p r e s s u r e  f r e e z e  o p t i o n  i s  a c t i v a t e d  by s e t t i n g  t h e  v a r i a b l e  

NPZ u n d e r  t h e  QRKTINP n a m e l i s t  e q u a l  t o  t h e  number o f  t h e  p r e s s u r e  r a t i o  a t  

which t r a n s i t i o n  f rom e q u i l i b r i u m  t o  f r o z e n  c h e m i s t r y  is  t o  o c c u r .  (The 

chamber is c o n s i d e r e d  t o  b e  number o n e ,  t h e  t h r o a t  number two,  e t c . ) .  

F r e e z e  p r e s s u r e s  may be t h e  chamber v a l u e  o r  a n y  s u p e r s o n i c  p r e s s u r e .  No 

p r o v i s i o n  i s  made f o r  f r e e z e  p r e s s u r e s  between chamber a n d  t h r o a t .  The 

p a r a m e t e r s  which a r e  g e n e r a l l y  u t i l i z e d  by t h e  RAMP program a r e  l o c a l  Mach 

number, s t a t i c  p r e s s u r e  a n d  t e m p e r a t u r e ,  i s e n t r o p i c  c o e f f i c i e n t  (gamma), 

m o l e c u l a r  w e i g h t ,  e n t r o p y ,  P r a n d t l  number, v i s c o s i t y ,  s p e c i f i c  h e a t  a t  

c o n s t a n t  p r e s s u r e  a n d  t h e  t o t a l  e n t h a l p y  ( g a s  o n l y ) .  These  p a r a m e t e r s ,  w i t h  

t h e  e x c e p t i o n  o f  t h e  t o t a l  e n t h a l p y ,  are c a l c u l a t e d  f o r  e a c h  v a l u e  o f  
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(Pc/P) r a t i o  by t h e  program. A d e t a i l e d  d e s c r i p t i o n  of t h e  l o g i c  i nvo led  

i n  t h e  s t anda rd  TRAN72 program c c  t a t i o n  is p resen ted  i n  f low c h a r t  form 

i n  2e i .  3. T h i s  i n f o r m a t i o n  c a n  L,: c o n s u l t e d  f o r  a n  in-depth  unde r s t and ing  

of t h e  c a l c u l a t i o n a l  scheme. 

To a u t o m a t i c a l l y  c r e a t e  a  t a p e  f o r  communication w i t h  t h e  RAMP program 

one of  t h e  two t a p e r r i t e  3 p t i o n s  must be s e l z c t e d  (MOCT-T, o r  MOCTF=T) 

under t h e  $ 1 ~ 2 ~ 2  namel i s t .  The MOCT v a r i a b l e  i s  u t i l i z e d  when the  thermo- 

chemica l  d a t a  are t o  be run  comple t e ly  under  t h e  equ i l i -b r ium assumption.  

The MOCTF v a r i a b l e  i s  u t i l i z e d  when t h e  thermochemical d a t a  a r e  t o  be run  

comple t e ly  o r  p a r t i a l l y  f rozen .  I f  one  o f  t h e s e  o p t i o n s  is  s e l e c t e d  a n  

a d d i t i o n a l  n a m e l i s t ,  $TAPGEN, must be i n p u t  t o  c o n t r o l  t h e  tape-wr i te  func- 

t i o n  and t h e  i n p u t  o f  t h e  case name ca rd .  The $TAPGEN d a t a  a r e  i n p u t  a f t e r  

t h e  $ I N P T ~  d a t a  bu t  p r i o r  t o  t h e  c a s e  name c a r d  and $RKTINP crtmelist i n p u t s .  

Table  4-1 summarizes t h e  program v a r i a b l e s  added t o  t h e  modif ied  TRAN72 

program. 

4.2.2 TRAN72 Inpu t  Requirements 

Table  4-2 p r e s e n t s  c o m p l i l a t i o n  o f  t h e  v a r i o u s  i n p u t  d a t a  u t i l i z e d  by 

t h e  modif ied TRAN72 program. There a r e  t h r e e  b a s i c  t y p e s  o f  i n p u t  informa- 

t i o n :  (1 )  code c a r d s  which s p e c i f y  what a d d i t i o n a l  d a t a  w i l l  f o l low;  ( 2 )  

= i x e d  format  dacn  a s s o c i a t e d  w i t h  code  c a r d s ,  and;  (3) n a m e l i s t  d a t a  a s so -  

c i a t e d  w i t h  t h e  n a m e l i s t ' s  code c a r d  The o r d e r  i n  which t h e  d a t a  a r e  in;,ur 

i s  a s  shown i n  Table  4-2. Fach e x e c u t i o n  cf t h e  TRAN72 progran f o r  use  w i t  

t h e  RAMP2F program r e q u i r e s :  (2 )  thermodynamic d a t a  (from c a r d s  c r  t a p e ) ;  

( 2 )  r e a c t a n t s  code  c a r d  and REACTANTS d a t a  c a r d s ;  (3)  NAMELISTS code c a r d  

and $ I N P T ~ ,  $RKTINP and $TAPGEN n a m e l i s t s  and a c a s e  i d e n t i f ' e r  ca rd .  

Subsec t ions  4.2.2.1 - 4.2.2.4 d i s c u s s  e a c h  of  t h e  code c a r d s  and t h e  

a s s o c i a t e d  d a t a  o r  n a m e l i s t s  which must fo l low.  
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T a b l e  4-1 ADDITIONAL INPUT VARIABLES 

FOR MODL FIED* TRAN72 PROGRAM 

* 
b u t i n e s  modified from t h e  o r i g i n a l  TEAS2 program a r e :  LINK, MAIN1 
REACT, SEARCH. EQLBW, ROCKET. RKTOUT. OU11. TRANSP and OUT. 

f 
L 

** 
The v a l u e s  of QDOTP must always be i n p u t  i n  ascending o r d e r  (from t h e  
most nega t ive  t o  t h e  most p o s i t i v e ) .  *** 
Uhen running m u l t i p l e  cases .  t h e  d a t a  of  t h e  l a s t  c a s e  must always be 
placed on  t a p e  u n i t  10 i f  i t  i s  t o  be communicated a u t o m a t i c a l l y  t o  t h e  
RAm2P. 

f INPTZ NAHELIST 

**** 
~TAPCEN n a a e l i s t  and c a s e  name card  a r e  on ly  requi red  when NOCl o r  
MOCTF a r e  t rue .  
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Value 
Before 
Read 

F 

F 

F 

F 

0.0 

0 

Variable 

YOCT 

~ O C Z P  

~ O C T F  

PARMT 

QW~P* * 

NPI 

Comment 

S e l e c t s  t a p e - u r i t e  o p t i o n  
i f  t r u e  f o r  e q u i l .  run. 

S e l e c t s  two-phase f low 
a n a l y s i s  o p t i o n  i f  t r u e .  

S e l e c t s  t a p e v r i t e  o p t i o n  
i f  t r u e  f o r  f r o z e n  a d  
p r e s s u r e  f r e e z e  o p t i o n s .  

S e l e c t s  v a r i a b l e  t o t a i  
e n t h a l p y  o p t i o n  i f  t r u e  
f o r  two-phase a n a l y s i s  
N O .  

S e t e q u a l t o t h e a m o u n t  
oy v h i c h  t h e  t o t a l  
e n t h a l p y  c f  t h e  gaseous- 
on ly  mix ture  is t o  be 
per turbed .  

S e t  e q u a l  t o  t h e  number 
of QDOTP v a l u e s  input .  

Dimension 

1 

1 

1 

1 

26 

1 

I 
p p e  ; -on 

i Label 

$TAKEN NANELIST (NEU NAMELIST)**** 

1 

L 

L 

. 

L 

B 

I 

HREC 

KREC 

HREC 

TWOPAS 

TWOPAS 

WOPAS 

IREAD 

I3 

IN** 

Case h=e Card (New Input  Card) 
F o n a t :  6Ab 

I 

I 

I 

1 

1 

1 

- 

- 

- 

1 

8 

1 0  

I f  e q u a l  0 ,  new d a t a  
added t o  meter d a t a  t a p e  
list; i f  e q u a l  1 d a t a  
w r i t t e n  on  new d a t a  tape .  

Tape u n i t  of  o l d  mas"er 
t a p e  list. 

Tape u n i t  of new d a t a  
tape.  



T a b l e  4-2 PROGRAM INPUT 

Code Card El 

(::zl Variables: 

( M d l t i o c u l  a u e l t s t  input I s  
g l r e ~  i n  table on the right) 
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P r o b l n  

&ai&nd t.q.rat'in u ~ d  
p n o o u n  (TP) 

U o i g w d  entbt ipy nod 
preoran  (BPI 

U o l g u d  entropy nod 
pre.aar0 (SP) 

A . s l g d  t ~ ~ ~ . ~ o t u r e  
v o l a w  o r  dwfuity (n) 

I 

mmolimt 

INPI2 

UlPR 

UPn 

1*m2 

r u l ~ b l e o  

I 

a'mq. i rod 

fP - .rrOa. 
T ( l  t o  26) 
P I 1  t o  26) 

w - . 
PI1  t o  26) 

SP = . l i tU8. 

eel t o  16) 

N = .IRUK. 
T(1 t o  16) 
V ( 1  t o  26) 
Rim(1 t o  26) 

opt loom1 

Ispn. PsU. or laR: 

~QII ,  mu. or IIIIY; 

IISW. PSIA. o r  BEC 

W - .rsllK. Armisnd Istnmm1 em-. 
mod ro1EM o r  d...ity !W) 

WPIZ 

I 
Amrlsnd entropy nod ml tv  
or  donolty (SV) 

D.ton.tioa (Dm) 

S ~ k ~ ~ ~  

I v(1 ta 16) or 
9110(1 t o  26) 

IltPn 
1 L = t Z ? - m r  

R(0(1 t o  261 I W I I )  

I- I m . .-. i m. =la. o r  - 
P ( l  t o  26, 
( i n l t i m l  COO) 

Irn I SHOCI 2 .TRUE. 
T ( l  t o  :3) 

T(1 t o  26) 
f i n i t i o l  gas) 

IiSQH. PsIA. o r  VmWC 

I ~ * . Q A U Q .  
o r  IYeDPt =.FALSE. 

T ( l t o 2 6 )  
( e b r k r )  
RSJM. PSI*. o r  II(Bt 

1C 8 
In 1 10 
I u & D = l  

epl = .false. o r  
FPOZ . .FALSE. 
PCP(1 t o  22) 
SUPLP(1 t o  13) 
SUSAR(1 t o  13) 

1 i UIK1.P 

.Zocket ( M I  I Irn 

TAPCBY* 

I ~ ~ I I P  

Pnqulno &or k&r cord. TAP- rw l i r t  nod g u  beader card are only 
o a d  if UOCI o r  UOCTQ o m  oat I .TRUR. 

T ( l  t o  13) 
( i n i t i a l  &a#) 

U l ( i t O 1 3 ) O r  
lUCPi (1 t o  13) 

@KT-.=. 
P(1 t o  26) 
( c l r k r  
prwrorrns) 



4.2.2.1 THERMO Ode Card and Thermodynamic/Transport Data 

The t h e m d y n a m i c  and t r a n s p o r t  p r o p e r t y  d a t a  f o r  p o s s i b l e  chemica l  

s p e c i e s  c a n  be read  from c a r d s  o r  from t a p e  ( o r  mass s to rage ) .  I f  t h e  d a t a  

are used from c a r d s ,  t h e  program w i l l  w r i t e  t h e s e  d a t a  on  l o g i c a l  u n i t  4. 

b r i n g  a computer  run, t h e  a p p r o p r i a t e  r z a c t t o n  product  d a t a  c o n s i s t e n t  w i t h  

each  new set o f  REACTANIS c a r d s  w i l l  be au toeaa t i ca l ly  s e l e c t e d  f roe t a p e  4 

and s t o r e d  i n  c o r e .  

THERHO and t r a n s y o r t  d a t a  lnay be read  i n  from c a r d s  f o r  e a c h  run. The 

program w r i t e s  :he THERHO and t r a n s p o r t  d a t a  on  t a p e  ( o r  d i s k ) 4  as t h e  c a r d s  

are read.  The d a t a  are w r i t t e n  o n  t a p e  w i t h  t h e  same f o w a t s  as t h e  c a r d s  

e x c e p t  t h a t  t h e  THERMO code  c a r d  and card numbers i n  column 80 are omit ted .  

When add ing ,  removing. or changing  d a t a  f o r  g a r i o u s  s p e c i e s  on  the 

t a p e ,  t h e  & o l e  set o f  THEW0 and t r a n s p o r t  d a t a  c a r d s  must be inc luded  i n  

t h e  i n p u t  f o r  making a new tape .  

The o r d e r  and format  of  t h e  i n p u t  o f  t h e  TCLEBMO code c a r d  and thermcr  

Jy i iaa ic  and t r a n s p o r t  d a t a  are shown i a  Tab les  4-3 and 4-1. The thermo- 

d y n a e i c  c u r v e  f i t  d a t a  (Table  4-3) is i n p u t ,  f ~ i l b ~ d  bj the t r a n s p o r t  

p r o p e r t y  d a t a .  

The themrodynamic p r o p e r t i e s  ( s p e c i f i c  h e a t s ,  e a t h a i p y  and en t ropy)  o f  

t h e  s p e c i e s  are s p e c i f i e d  on t h e  thermo ca .is a c c o r d l a g  t o  t h e  fo l lowing  

f o u r t h  o r d e r  polynominal f u n c t i o n s  o f  tempera ture :  

4-8 
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Table  4-3 THERHODYNAMIC CARDS 

* 
Gaseous s p e c i e s  and condensed s p e c i e s  w i t h  o n l y  one condensed phase  can  be 
i n  any  o rde r .  However, t h e  sets f o r  two o r  more condensed phases  o f  t h e  
same s p e c i e s  must be a d j a c e n t .  I f  t h e r e  a r e  more than  two condensed phases  
o f  a species, t h e i r  sets must be e i t h e r  i n  i n c r e a s i n g  o r  d e c r e a s i n g  o r d e r  
acco rd ing  t o  t h e i r  tempera ture  i n t e r v a l s  

(LI  rti 
a d e r  

1 

2 

3 

4 

5 

6 

(a 

( F i n a l  
c a r d )  

4-9 

LOCKHEED-HUNTSVILLE RESEARCB & ENGINEERING CENTER 

* 
Conten t s  

THEIWO 

Temperature ranges  f o r  2 sets o f  c o e f f i c i e n t s :  
l owes t  T, c o a o n  T, and h i g h e s t  T 

S p e c i e s  name 
Date 
A t m i c  symbols and formula  
Phase of  s p e c i e s  (S, L, o r  G f o r  s o l i d  
l i q u i d ,  o r  g a s ,  r e s p e c t i v e l y )  
Temperature range 
I n t e g e r  1 

C o e f f i c i e n t  ai (i = 1 t o  5)  i n  e q u a t i o n s  
(1) to (3) ( f o r  upper  t empera tu re  i n t e r v a l )  
I n t e q e r  2 

Coefficients i n  eqs.  (1) t o  (3)  (ah,  a 7  
f o r  upper  tempera ture  i n t e r v a l ,  and a l ,  a 2  
and a 3  f o r  lower)  
I n t e g e r  3 

C o e f f i c i e n t s  i n  eqs .  (1) t o  (3 )  (a4, a5 .  
a 6 ,  a 7  f o r  lower t empera tu re  i n t e r v a l  
I n t e g e r  4 

Repeat c a r d s  numbered 1 to 4 i n  cc 80 f s r  
e a c h  s p e c i e s  

END ( I n d i c a t e s  end o f  thewodynarr lc  d a t a )  

Format 

3A4 

3F10.3 

3A4 
21U 
4(A2.F3.0) 
A l  
2F10.3 
I15 

5(E15.8) 

I 5  

S(E15.8) 

I 5  

4(E15.8) 

120 

3A4 

C.1 rd 
C ~ l u m n  

1 t o  6 

1 t o  30  

1 t o  12 
19 t o  24 
25 t o  44 
4 5  
46 t o  6 5  
80 

1 t o  75  

80 

1 t o  75  

80 

1 t o  60 

8 0  

1 t o  3 
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Table  4-4 TRANSPORT DATA 

a I d e n t i f i c a t i o n  o f  i n t e r a c t i o n  is done by g i v e n  chemica l  formula  o f  
p a r t i c u l a r  s p e c i e s  i nvo lved ,  whe the r  t h e y  are t h e  same o r  d i f f e r e n t  . 
They may be s p e c i f i e d  i n  e i t h e r  o r d e r ,  inasmuch as  t h e  program assumes 
i n t e r a c t i o n  A-B t o  be same as  B-A. The number o f  r o t a t i o n a l  d e g r e e s  o f  
freedom is meaningful  o n l y  f o r  d a t a  of  a pu re  s p e c i e s  i n t e r a c t i o n  of  t h e  
t y p e  A-A). The t empera tu re  s c h e d u l e  is a r b i t r a r y  i f  t h e  number o f  
t empera tu re s  is n o t  more t h a n  t h e  maximum of  20. I n  a d d i t i o n ,  t h e  d a t a  
shou ld  be o rde red  i n  e i t h e r  a n  i n c r e a s i n g  o r  d e c r e a s i n g  f u n c t i o n  o f  
t empera tu re ,  i n  o r d e r  t h a t  i n t e r p o l a t i o n  w i t h i n  t h e  t a b l e  be 
meaningful .  As a matter o f  i n p u t  convenience ,  t h e  Hirschfelder-Eucken 
approximat ion  i s  denoted  by s e t t i n g  t h e  c o l l i s i o n  number e q u a l  t o  0.0. 
I f  t h e  v i b r a t i o n a l  h e a t  c a p a c i t y  is n o t  s p e c i f i e d  (Cvib/R = O ) ,  t h e  
program w i l l  c a l c u l a t e  a  v a l u e  assuming t h a t  t h e  e l e c t r o n i c  h e a t  
c a p a c i t y  is z e r o  and t h a t  t h e  r o t a t i o n a l  h e a t  c a p a c i t y  is c l a s s i c a l .  
For p o l a r  molecules  A* shou ld  be c o r r e c t e d  f o r  r e sonan t  exchange o f  
i n t e r n a l  energy .  

There are NTP c a r d s  o f  t y p e  2; t h e y  a y e  fo l lowed by a c a r d  o f  e i t h e r  
t y p e  1 o r  t y p e  3. 

Card 
Type 

1 

2b 

3 
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con ten ta  

I d e n t i f i c a t i o n  o f  i n t e r a c t i o n :  c t t ~ i c a l  formula 
o f  s p e c i e s  1, chamical  formula  o f  s p e c i e s  2 ,  
n m b e r  o f  t empera tu re s  i n  t a b l e  (NTP), code  t o  
i n d i c a t e  t y p e  o f  d a t a  ( 1  f o r  t r a n s p o r t  acd  2 
f o r  r e l a x a t i o n ) ,  and number o f  r o t a t i o n a l  
d e g r e e s  o f  freedom. 

Tab le s  o f  d a t a :  e i t h e r  t r a n s p o r t  d a t a  ( teap- 
e r a t u r e ,  v i s c o s i t y  c r o s s  section, A*, and * 
B ) o r  r e l a x a t i o n  d a t a  ( t empera tu re ,  ro t a -  
t i o n a l  c o l l i s i o n  number, v i b r a t i o n a l  c o l l i s i o n  
number, and d imens ion le s s  v i  b i r a t i o n a l  h e a t  
z a p a ~ i t y  (CVidR) 

I End c a r d  t o  i n d i c a t e  e n 3  o f  t r a n s p o r t  d a t a ;  
LAST w r i t t e n  i n  c a r d  columns 1 t o  4 

Format 

2(3A4,6X), 
215, F24.1 

4F10.4 

A4 

Column 

1 t o  70 

1 t o  40  

1 t o  4 

- 



By def  i n i t i o n  

where AH" is t h e  h e a t  o f  Eormatioa a t  T = 298.1S0~. 
f 

h e  e q u a t i o n s  used i n  t h e  program f o r  c a l c u l a t i n g  t r a n s p o r t  p r o p e r t i e s  

and s o u r c e s  f o r  t h e  necessa ry  i n t e r a c t i o n  d a t a  are d i s c u s s e d  i n  Ref. 3. 

4.2.2.2 Reac tan t s  Code Card and Data Cards 

T h i s  set o f  c a r d s  is r e q u i r e d  f o r  a l l  problems. The f i r s t  c a r d  i n  t h e  

set c o n t a i n s  t h e  r e a c t a n t s  code  c a r d  w i t h  t h e  word REACTANTS punched i n  c a r d  

columns 1 t o  9. The last  c a r d  i n  t h e  set is  blank. I n  between t h e  f i r s t  

and l a s t  c a r d s  may be any number o f  c a r d s  up t o  a maximum of  15, one  f o r  

each  r e a c t a n t  s p e c i e s  being cons ide red .  The c a r d s  f o r  e a c h  r e a c t a n t  must 

g i v e  t h e  chemica l  f o r n u l a  and t h e  r e l a t i v e  amount o f  t h e  r e a c t a n t .  For some 

p r o b l e m ,  e n t h a l p y  v a l u e s  are requ i r ed .  The format and c o n t e n t s  o f  t h e  

c a r d s  are summarized i n  Table  4-5. A list o f  some sample REACTANTS c a r d s  is 

g i v e n  i n  Tab le  4-6. 

R e l a t i v e  Amou.~ts o f  Reac tan t s :  The r e l a t i v e  amounts o f  r e a c t a n t s  may 

be s p e c i f i e d  i n  se-.era1 ways. They may be s p e c i f i e d  i n  terms of moles,  mole 

f r a c t i o n ,  o r  mole p e r c e n t  (by keypunching M i n  c a r d  column 53). 

For some cases, t h e  r e l a t i v e  amounts o f  t h e  r e a c t a n t s  are comple te ly  

s p e c i f i e d  by t h e  v a l u e s  on  t h e  REACTANTS ca rds .  However, t h e r e  are o p t i o n a l  

v a r i a b l e s  which may be set i n  n a m e l i s t  INPTZ t h a t  i n d i c a t e  r e l a t i v e  amounts 

oE t o t a l  f u e l  t o  t o t a l  ox idan t s .  For t h i s  s i t u a t i o n ,  e a c h  r e a c t a n t  must be 
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T a b l e  4-5 REACTANTS CARDS 

I Any 1 One card for each reachnt  species 

I 1 ( m a x ~ m u n ~  1 9. Each card contains: 1 I 
Format 

3A4 

Card columns 

1 t o 9  

(1) Atom~c svmbols and formula num- 1 bers  (xnaximum 5 sets)' 

a ~ r o g r a r n  will calculate the enthalpy or  internal energv (4) for species in 
the THERMO data at  the temperature (6) rf zeros a r e  punched in card 
columns 37 and 38. (See sectlon Reactant enthalpy for add~tlonal in- 
formation.) 

'~elat ive weqht of fuel In total fuels o r  ox~dant in total oxidants. Ail 
reactants must be given e ~ t h e r  al l  in relatlve weights o r  a l l  in number 
of moles. 

(3) Blank rf (2) IS r e l a t ~ v e  weight o r  A1 1 53 
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S(A2. F7.5) 1 to 45 

I b (2) Relat~ve w e ~ h t  o r  number of I F7.5 

5 4 t o 6 2  

63 

Mtom 

M l f  (2) 1s number of moies 

(4) Enthalpy or  internal enerea. F9.5 

46 to 52 
1 moles I 

I I 

A1 

M.0 

cal mole 

1 (5) State: S. L. or  G for solid. 

I 

Last 

11quid o r  gas. respectrvely 

(6) Temperature associated with 
enthalpv in (4) 

( 6 4  J if (4) is in units of kJ/kg-mole 
and blank if (4) is in units of 
cal;'g - mole 

(7) F I: fuel o r  0 11 oxrdant 
3 (8) Denslty .n g cm (optional) 

Blank 

Al ' 7 1 

A 1 

Fa. 5 

72 

73 to 80 



G r i ~ p r  - ?,. F - .- 

OF P(jL;x G ~ A - \ L ! ;  1. 

Table 4-6 L I S T  OF REACTANTS CARDS FOR SOME OXIDANTS AND FUELS 
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c 2. 5 2 .  

1.%011.' ..1%5* .U.lC.l?*' .CO')LO 

Alorntnun i ICO. 0. 

( Ammmlrfcl 1 b I r 3. 

I A m m w u l l l  I I I. I. 1 A m m a u m ~  ptml~iora t r  1. r. t t l .  c 6 .  

1 Analm C 6. r 1. I. 

I Arc.- .*I. 

C b. * 8 .  

CfI .  

J & l o n e  c .. r 10. 

I I - M e  c 6. r a. 

Cl?. 

C,?. 

I Clwtar trJlmrdr(:l CLI. 8 3. 19 - - - - - - - - - - - 

i Cbl*,rw ~ r ~ n ~ d r l l l  c ~ 1 .  F 3. 

t n n r r w  ' c z .  s z .  ICO. . irara. t t e a - l >  F lg  - - - - - - - - - - - - 
C 2.  2. 100. Olb5'. L 0 i .O .  F .OI)l a, 1s. 1s. z5 

h b o r a n  e 2. 6. 14 Q I 14 (.C~LCL 6 )  

n. n C 2. . b. IOC. -25CCa. L lII.3? 6 .%e. I 

E W l  aicohd c 2. b. C I. are. - 1  L 2 . 1  6 .la01 19 S 

E ~ L ,  l a  

t l b l l r s  mdr 

t ~ m ~ c v  &mrr 

f 1 c r i y r 1  

f lmra(l) 

Crapntu 

l&~tm 

m w a *  

nran- 
*r I. DXM. L. mum. C. tu. 
Llrl. I; o w .  0. 
C ~ m ~ ~ & p r c r u  w ~ . ~ o I ~ I . o ~ = ~ ~ Y I . A ~ = o u z ~ . o D ~ . o ~  
'catmait h d  a pd(a m a r b o a  urm 

< I .  * a .  

C I .  r .. C I. 

c I. • 2. 

r 1. 

2. 

c I. 

-1- 

C 1. I*. 

b a. r b. , 

~ w .  
100. 

lea. 

ICJ. 

800. 

IW. 

1CO. 

IW. 

I-. 

*loo. 

- 1 .  

-LIO'. 

0 .  

-3001. 

0. 

0. 

-53nIC. 

11101. 

L 

1 

I. 

c 

L 

s 
C 

L 

L 

I*Q.*- 

7 

?**.I% 

#*@.IS 

e*. ;I 

I 

ZPl.1, 

?**.I% 

IPa.19 

F 

1 

6 

o 

o 

F 

F 

F 

6 

. a  

.@a?* 

. Q ~ S  

I.s.)~ 

?.rr 

.eT*SI 

l.W>b 

14(- L) 

19. a, 2s 

U) 

n h - r e k m  

I4 (rrk8 D) 

r d r r u ~ r  e l m u  

drrmr &- 

¶a 
I9 

I ~ ( ~ M L C .  EI 

SO 

n 
-. -.-------- 
I 4  IwerIa D) 

10 
-- ------. . -. 

¶a 
I) 
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s p e c i f i e d  as a  f  u c l  o r  a n  o x i d i z e r  by keypunching a n  F  o r  0 ,  r e s p e c t i v e l y ,  

i n  column 72  of t h e  REACTANTS card .  The amounts g iven on t h e  REACTANTS 

c a r d s  a r e  r e l a t i v e  t o  t o t a l  f u e l  o r  t o t a l  ox idan t  r a t h e r  than  t o t a l  r e a c t a n t .  

There a r e  f o u r  o p t i o n s  i n  INPTZ f o r  i n d i c a t i n g  r e l a t i v e  amounts of 

t o t a l  f u e l  t o  t o t a l  oxidant .  They inc lude  

1. Equivalence r a t i o  (E.UTIO is  t r u e )  

2. Oxidan t - to - fue l re igh t  r a t i o  (OF i s  t r u e )  

3. Fuel percent  by weight (FPCT i s  t r u e )  

4. h e l - t  o - s i r  o r  f  uel- to-oxidant-weight r a t i o  (FA i s  t r u e ) .  

For each  optior., tbc. va lues  a r e  g iven i n  t h e  M I X  a r r a y  of INPTZ (descr ibed 

i n  NAMELISTS Input &c t ion) .  For c a s e s  invo lv ing  j u s t  one f u e l  and one 

ox idan t ,  t h e  amoutts  of each ( a s  g iven  i n  columns 46 t o  52) a r e  shown a s  

100. This means t h a t  t h e  o x i d i z e r  is 100 percent  of t h e  t o t a l  o x i d i z e r s  and 

t h e  f u e l  i s  100 percent  of t h e  t o t a l  f u e l s .  For c a s e s  which have more than  

one f u e l ,  t h e  percentage of each by weight r e l s t i v e  t o  t h e  t o t a l  amount of 

f u e l s  a r e  s p e c i f i e d  i n  columns 46 t o  52. 

The purpose of che previous  namel i s t  v a r i a b l e s  is t o  permit  us ing one 

s e t  of r e a c t a n t  c a r d s  wi th  any number of v a l u e s  (up t o  15) ,  of  t h e  v a r i a b l e s  

such a s  ox idan t  t o  f u e l  r a t i o  (OF = T). 

Assigned en tha lpy  va lues  f o r  i n i t i a l  cond i t ions  a r e  required f o r  HP, 

RKT, DETN, and SHOCK problems. An ass igned  i n t e r n a l  energy i s  required f o r  

t h e  UV problem. These ass igned v a l u e s  f o r  t h e  t o t a l  r e a c t a n t  a r e  c a l c u l a t e d  

au tomat ica l ly  by t h e  program from t h e  e n t h a p i e s  o r  i n t e r n a l  e n e r g i e s  of t h e  

i n d i v i d u a l  r e a c t a n t s .  
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The v a l u e s  f o r  t h e  i n d i v i d u a l  r e a c t a n t s  are e i t h e r  keypunched on t h e  

KEACTANTS c a r d s  o r  c a l c u l a t e d  from t h e  THEKMO d a t a .  The c h o i c e  v a r i e s  

a c c o r d i n g  t o  t h e  t y p e  c f  problem as fo l lows :  

(1)  RKT, W, HP problems: E n t h a l p i e s  o r  i n t e r n a l  e n e r g i e s  are t aken  

from t h e  REACTANTS c a r d s  u n l e s s  z e r o s  are punched i n  c a r d  columns 37 and 

38. For each  REACTANTS c a r d  w i t h  t h e  "00" coda,  a n  e n t h a l p y  w i l l  be ca lcu-  

l a t e d  f o r  t h e  s p e c i e s  from t h e  THERMO d a t a  f o r  t h e  t empera tu re  g i v e n  i n  c a r d  

columns 64  t o  71. 

(?j  SHOCK problems: E n t h a l p i e s  f o r  a l l  of  t h e  r e a c t a n t s  are c a l c u l a t e d  - 
from t h e  THERMO d a t a  f o r  t h e  t empera tu re s  i n  t h e  T schedu le  o f  namelist 

IWT2 (see Tab le  4-7). I f  e n t h a l p y  v a l u e s  are punched I n  c a r d  columns 64 t o  

71 (Table  4-6) t hey  w i l l  be ignored .  It is  n o t  n e c e s s a r y  t o  punch z e r o s  i n  

card  columns 37 2nd 38. 

(3) DETN problems: I f  no T s c h e d u l e  is g i v e n  i n  n a m e l i s t  INPT2, t h e  

o p t i o n  f o r  c a l c u l a t i n g  r e a c t a n t  e n t h a l p i e s  is  t h e  same as f o r  RKT, W, and 

HP problems. However, i f  a T s c h e d u l e  i s  g i v e n  i n  INPT2, t h e  e n t h a l p i e s  

w i l l  be c a l c u l a t e d  from t h e  THERMO d a t a  f o r  t h e  t e s y r a t u r e s  i n  t h e  T 

schedule ,  t h e  same as f o r  t h e  SHOCK problem. 

The conven t ion  used  by t h e  program f o r  s p e c i f y i n g  e n t h a l p i e s  i s  t h a t  

where AHf i s  t h e  h e a t  of  format ion .  S ince  t h e  program sums t h e  i n d i -  

v i d u a l  e n t h a l p i e s  ( a s s igned  o r  computed) t o  o b t a i n  t h e  r e s e v o i r  t o t a l  

e n t h a l p y ,  i t  i s  impor t an t  t h a t  t h e s e  v a l u e s  be a t  t h e  same r e f e r e n c e  temper- 

a t u r e  (columns 64-71), however t h e  f u e l  tempera ture  may be d i f f e r e n t  from 

t h e  o x i d a n t  tempera ture .  
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Table 4-7 VARIABLES I N  INPTZ NAMELIST 

~ - * 
I f  v a r i a b l e  is set  t o  be t r u e .  

' ~ ~ u i v a l e n c e d  t o  v a r i a b l e  g iven i n  parentheses .  
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Variable  

KASE 

P 

Dimen- 
s i o n  

1 

2 6 

L 

L 

Type 

1 

R 

MISC 

MISC 

Common 
Label 
Read 

I NDX 

POINTS 

ERATIO 

OF 

L 

L 

L 

R 

R 

R 

R 

--- 

--- 

--- 

POINTS 

POINTS+(P) 

POINTS 

MISC+(OXF) 

1 

1 

I 

NSQM 

PSIA 

MMHG 

V 

RHO 

T 

M I X  

False  

False  

Value 
Before 

0 

0 

1 

1 

1 

2 6 

2 6 

2 6 

1 5  

oxidant-to-f u e l  weight 
r a t i o  i f  OF = T; per- 
c e n t  f u e l  by weight i f  
FPCT = T; and f u e l  t o  a i r  
weight r a t i o  i f  FA = T 

Equivalence r a t i o s  a r e  
g iven i n  MIX* 

Oxidant-to-fuel weight 
r a t i o s  a r e  g iven i n  
M I X  

- 

D e f i n i t i o n  and Comments 

Opt ional  ass igned 
number a s s o c i a t e d  wi th  
c a s e  

Assigned p ressures  ; 
chamber p r e s s u r e s  for 

False  

False  

False  

0 

0 

0 

0 

rocket  problems ; va lues  
i n  atm u n l e s s  PSIA, NSQM 
o r  MMHG = T ( see  below) 

Values i n  P a r r a y  a r e  
i n  ~ / m ~ *  

Values i n  P a r r a y  a r e  
i n  p s i a  u n i t s *  

Values i n  P a r r a y  a r e  
i n  mmHg u n i t s *  

Volume, cm 3 /g  

Density , g/cm3 

R e j s  igned temperature ,  Y 

Values of equivalence  
r a t i o s  i f  ERATIO = T; 



Table 4-7 (Continued) 

* 
I f  v a r i a b l e  is s e t  t o  be t r u e .  
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Va l u e  
Before 

f a l s e  

False  

0 
(5.E-9 
f o r  
SHOCK 
problem) 

Fa l se  

0 

Fa l se  

Fa l se  

Fa l se  

0 

Fa l se  

Fa l se  

Fa l se  

Common 
La be 1 
R e  ad 

MISC 

--- 

MISC 

I N D X  

I N D X  

I N D X  

I N D X  

I N D X  

MISC 

I N D X  

I N D X  

I N D X  

Var iable  

FPCT 

FA 

TRACE 

IONS 

IDEBUG 

TP 

HP 

SP 

SO 

TV 

W 

SV 

D e f i n i t i o n  and Comments 

Percent  f u e l  by weight 
a r e  g iven i n  MIX* 

Fuel t o  a i r  weight r a t i o s  
a r e  g iven  i n  MIX* 

Option t o  p r i n t  inole 
f r a c t i o n s  > TRACE i n  
s p e c i a l  E-Format 

Consider i o n i c  species* 

P r i n t  in te rmedia te  ou tpu t  
f o r  a l l  p o i o t s  indexed - > 
i n t e g e r  v a l u e  

Assigned temperature and 
p ressure  problem* 

Assigned en tha lpy  and 
p ressure  problem* 

Assigned entropy (SO) and * 
pressure  problem 

Assigned en t ropy ,  
c a l / ( g ) ( ~ )  

Assigned temperature and 
volume pr d e n s i t y )  
problem 

Assigned i n t e r n a l  energy 
and volume ( o r  ciensity)  
problem* 

Assigned entropy (SO) an3 
volume pr d e n s i t y )  
problem 

Dimen- 
s i o n  

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Type 

L 

L 

R 

L 

I 

L 

L 

L 

R 

L 

L 

L 
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Table 4-7 (Concluded) 

* 
I f  v a r i a b l e  i s  s e t  t o  be t r u e .  
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D e f i n i t i o n  and Comments 

Rocket problem* 

Detonat ion  problem* 

Shock problem* 

I f  t r u e ,  t h e  o u t p u t  t a b l e s  
b i l l  be i n  S I  u n i t s  

S e l e c t s  t a p e - r i t e  o p t i o n  
i f  t r u e  f o r  e q u i l .  r un  

S e l e c t s  two-phase f l ow 
a n a l y s i s  o p t i o n  i f  c u r e  

S e l e c i s  t a p e - w r i t e  o p t i o n  
i f  t r u e  f o r  f r o z e n  and 
p r e s s u r e  f r e e z e  o p t i o n s  

S e l e c t s  v a r i a b l e  t o t a l  
e n t h a l p y  o p t i o n  i f  t r u e  
f o r  two-phase a n a l y s i s  
run  

S e t  e q u a l  t o  t h e  amount 
by wdich t h e  t o t a l  e n t h a l p y  
o f  t h e  gaseous -on ly  mix- 
t u r e  i s  t o  b e  pe r tu rbed .  

S e t  e q u a l  t o  t h e  number 
o f  QDOTP v a l u e s  i n p u t  

V a r i a b l e  

RKT 

DETN 

SHOCK 

SIUNIT 

MOCT 

MOC2 P 

MOCTF 

PARTHT 

QDOTP 

NQI 

Type 

L 

L 

L 

L 

L 

L 

L 

L 

R 

I 

Dimen- 
s i o n  

1 

1 

1 

1 

1 

1 

1 

1 

2 6 

1 

Common 
I a b e l  
Read 

--- 
I N D X  

--- 

HREC 

HREC 

HREC 

TWOPAS 

TWOPAS 

TWOPAS 

Value 
Before  

F a l s e  

F a l s e  

F a l s e  

F a l s e  

F 

F 

FD 

F 

0.0 

0 



When t h e  program is c a l c u l a t i n g  t h e  i n d i v i d u a l  r e a c t a n t  e n t h a l p y  o r  

i ntern.al energy va lues  from t h e  THERMO d a t a ,  t h e  f o l l o u i n g  two c o n d i t i o n s  

a re requl  red : 

1. The r e a c t a n t  must a l s o  be one o f  t h e  s p e c i e s  i n  t h e  set of  THERMO 

d a t a .  For enamplc, NHj(gj is i n  t h e  set  of  THERMO d a t a  but  NH3(l?) is  

not. I h e r e f o r e ,  i f  NH3(g) is used as a r e a c t a n t  its e n t h a l p y  c o u l d  be 

c a l c u l a t e d  au toma t i ca l ly ,  bu t  t h a t  of NHj(!) cou ld  no t  be. 

2. The tempera ture  T must be i n  t h e  range Tlow/1.2 5 T < T - h i g h  x 1.2 

where T1ow to Thigh is t h e  t empera t r e  range  of  t h e  THERMO d a t a .  

The o n l y  o p t i o n  t h a t  is used t o  produce t h e  d a t a  r e q u i r e d  by t h e  RAHPZF 

code is  t h e  RKT op t ion .  A l l  o t h e r  o p t i o n s  which are d i s c u s s e d  i n  t h i s  

s e c t i o n  ace inc luded t o  assist t h e  u s e r s  i n  p repa r ing  d a t a  f o r  o t h e r  a p p l i -  

c a t i o n s  o r  codes. 

4.2.2.3 h i t  and I n s e r t  Cards 

As i nd ica t ed  i n  Table 4-2, OMIT and /o r  INSERT c a r d s  may f o l l o b  t h e  

REACTANTS c a r d s .  The i r  i n c l u s i o n  i s  o p t i o n a l .  They c o n t a i n  t h e  Lames of  

p a r t i c u l a r  s p e c i e s  i n  t h e  l i b r a r y  o f  thermodyaamic d a t a  f o r  t h e  s p e c i f i c  

purposes t o  be d i scussed .  Each c a r d  c o n t a i n s  t h e  word OMIT ( i n  c a r d  columns 

1 t o  4 )  o r  INSERT ( i n  ca rd  ~ o l u m n s  1 t o  6)  and t h e  names o f  from one t o  f o u r  

s p e c i e s  s t a r t i n g  i n  columns 16,  31, 46, and 61. The names must be e x a c t l y  

t h e  same a s  they  appea r  i n  t h e  THERMO d a t a .  

OMIT Cards: These c a r d s  iist s p e c i e s  t o  be omi t t ed  from t h e  THERMO 

da ta .  If OMIT c a r d s  a r e  not  used ,  t h e  program w i l l  c o n s i d e r  as p o s s i b l e  

s p e c i e s  a l l  t hose  s p e c i e s  i n  t h e  THERMO d a t a  which are c o n s i s t e n t  w i t h  t h e  

chemical system being cons idered .  For some r e a c t a n t  combinat ions ,  no tab ly  

t h e  s o l i d  p r o p e l l a n t s ,  t h e  number o f  p o s s i b l e  r e a c t i o n  p roduc t s  may exceed 

the  a l l o t t e d  s t o r a g e  (1CO s p e c i e s ) .  I n  t h i s  c a s e ,  t h e  o n l y  r e c o u r s e  is t o  
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d i r e c t  t h c  program t o  i g n o r e  some o f  t h e  p o s s i b l e  p roduc t s  by l i s t i n g  t h e i r  

chemical  symbols on  OMIT ca rds .  Some judgment, based p a r t l y  on  t h e  r e l a t i v e  

amounts o f  t h e  e l emen t s  loaded i n t o  t h e  chamber, is necessa ry  i n  fo rmula t ing  

t h e  list o f  omi t t ed  spec ie s .  Occas iona l ly  a t r i a l  run  w i l l  be r equ i r ed .  

& a s s i o n a l l y  i t  may be d e s i r e d  t o  s p e c i f i c a l l y  omit  one  o r  more s p e c i e s  

from c o n s i d e r a t i o n s  a s  p o s s i b l e  spec i e s .  T h i s  may be accomplished by means 

o f  OMIT c a r d s .  

INSERT Cards:  These c a r d s  c o n t a i n  the names of  ccadensed s p e c i e s  

only.  They hav* been inc luded  as o p t i o n s  f o r  two reasons .  

The f i r s t  and more i m p ~ r t a n t  r ea son  f o r  i n c l u d i n g  t k e  INSERT c a r d  

o p t i o n  i s  that, i n  r a r e  i n s t a n c e s ,  i t  is imposs ib l e  t o  o b t a i n  convergence 

f o r  a s s i g n e d  e n t h a l p y  problems (HP o r  BKT) wi thou t  t h e  u s e  o f  INSERT ca rd ,  

This  o c c u r s  when, by c o n s i d e r i n g  g a s e s  o n l y ,  t h e  t empera tu re  becomes ex- 

t r eme ly  low ( s a y  s e v e r a l  d e g r e e s  Kelvin) ,  I n  t h e s e  rare cases, t h e  u s e  o f  

a n  INSERT c a r d  c o n t a i n i n g  t h e  n a m e  o f  t h e  r e q u i r e d  condensed s p e c i e s  w i l l  

eliminate t h i s  k ind  of convergence d i f f i c u l t y .  When t h i s  d i f f i c u l t y  occu r s ,  

t h e  fo l lowing  message is p r i n t e d  by t h e  program: "LOW TEMPERATURE IMPLIES 

CONDENSED SPECIES SHOULD HAVE BEEN INCLUDED ON AN INSERT CARD." 

The second and less  impor t an t  r ea son  is that i f  one  knows that one o r  

s e v e r e l  p a r t i c u l a r  condensed s p e c i e s  w i l l  be p r e s e n t  among t h e  f i n a l  equi -  

l i b r i u m  compos i t i ons  f o r  t h e  f i r s t  a s s i g n e d  p o i n t ,  t h e n  a small amount o f  

computer time c a n  be saved by u s i n g  a n  INSERT c a r d .  Condensed s p e c i e s  whose 

chemical  fo rmulas  are inc luded  on  a n  INSERT c a r d  w i l l  be c o n s i d e r e d  by t h e  

program d u r i n g  t h e  i c i t i a l  i t e r a t i o n s  f a r  the  f l rsr  assigned pctnt. If tile 

INSERT c a r d  were n o t  used ,  o n l y  gaseous  s p e c i e s  w i l l  be cons ide red  d u r i n g  

t h e  i n i  - i a l  i t e r a t i o n s .  However, a f t e r  convergence,  t h e  program w i l l  au to -  

m a t i c a l l y  i n s e r t  t h e  a p p r o p r i a t e  condensed s p e c i e s  and reconverge.  For a l l  

4-21 

- LOCKHEED-HUNTSVZW WEBBCB 6 ENGINEERING CENTM * _ A. - 



o the r  assigned po in t s  the inclusion of condensed spec ies  is handled auto- 

mat ical ly  by the  program. Thcrefore, it usual ly  is islslaterial whether o r  

not INSERT cards  are used f o r  t he  purpose of saving coaputer time. 

4.2.2.4 NAHELISTS Code Card and Namelist Input 

As indicated i n  Table 4-2, the NAMELJCTS code card preceeds the 

Namelist input.  A l l  problems requi re  an IWPTZ input.  Rocket problems which 

a r e  generat ing da ta  f o r  the RlUIP2F code (WOCT = T o r  MOCTF = T) a l s o  requi re  

(inmediately a;tef Lhe IE9T2 traacriist da ta )  the namelist TAPGEN followed by 

a gas  header card. Rocket and shock problems each requi re  an  add i t i ona l  

set, namely, RKTINP and SHKINP. These add i t i ona l  sets simply follow IWPT2 

(or  TAPGElP and header card)  d i r e c t l y  . 

The va r i ab l e s  i n  each namelist a r e  l i s t e d  i n  Table 4-1, 4-2, 4-7, 4-8, 

and 4-9. Table 4-2 i nd i ca t e s  which va r i ab l e s  are required and which are 

opt iona l  f o r  t he  var ious types of problems. Tables 4-1, 4-7, 4-8, and 4-9 

give a b r i e f  d e f i n i t i o n  of each var iab le .  Additional information about some 

of these  var iab les  follows: 

Pressure Units: The program assumes the  pressure i n  the  P schedule t o  

be i n  u n i t s  of atmospheres unless  e i t h e r  PSIA = T, NSQM = T, o r  t4kQiG = T. 

Relat ive Amounts of Fuel(s) and OEidizer(s): These q u a n t i t i e s  may be 

spec i f ied  by assigning 1 t o  15 values  f o r  e i t h e r  O/F, XF, F/A, o r  ER. I f  co 

value is assigned f o r  any of these,  t he  program assumes the  r e l a t i v e  amouts 

of f u e l ( s )  and oxid izer (s )  t o  be those spec i f i ed  on the  REACTANTS cards.  

(See discussion i n  REACTANTS Cards sect ion.)  

Pr in t ing  Hole *actions of Trace Species: The program automatical ly  

p r i n t s  compositions o: spec ies  with mole f r ac t i ons  5 x i n  F-format 

f o r  a l l  problems except SHXE: The TRACE option permits p r in t ing  smaller  

mole f rac t ions .  I f  the var iab le  TMCE is set t o  some pos i t i ve  value, mole 
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f r a c t i o n s  g r e a t e r  t h a n  o r  e q u a l  t o  t h i s  v a l u e  w i l l  be p r i n t e d .  When t h i s  

o p t i o n  is used ,  a s p e c i a l  E - fowa t  f o r  mole f r a c t i o n  o u t p u t  is used auto-  

m a t i c a l l y .  A TRACE v a l u e  o f  1.E-38 is t h e  lowes t  v a l u e  a l lowed by t h e  

program. f o r  c a s e s  i n  which i o n i c  s p e c i e s  are reques t ed  a trace l e v e l  o f  a t  

least 1.E-10 is sugges ted .  

I n t e r m e d i a t e  Output: I n t e r m e d i a t e  o u t p u t  w i l l  be l i s t e d  f o r  whatever  

p o i n t  IDEBUG is set e q u a l  t o  and  a l l  f o l l o w i n g  p o i n t s .  As a n  example, 

settiw IDGBUG = 3 w i l l  r l s u l t  i n  i n t e n a e d i a t e  o u t p u t  f o r  a l l  p o i n t s  excep t  

t h e  f i r s t  two. T h i s  shou ld  be avo ided  u n l e s s  a problem w i t h  a p a r t i c u l a r  

c a s e  is  encountered .  

TP, tip, SP, TV, W, o r  SV Problems: I n  t h e s e  problems, from 1 t o  26  

v a l u e s  o f  T, P, and V ( o r  RHO) may be a s s i g n e d .  However, o n l y  o n e  v a l u e  of 

e n t r o p y  SO r a y  be a s s i g n e d  i n  INPUT2 f o r  t h e  SP o r  SV problem. Only one  

v a l u e  o f  e n t h a l p y  is p e r m i t t e d  f o r  t h e  HP problem and o n l y  one  v a l u e  o f  

i n t e r n a l  ene rgy  is pe rmi t t ed  f o r  t h e  bV problem. However, t h e s e  v a l u e s  o f  

e n t h a l p y  and i n t e r n a l  ene rgy  are n o t  a s s i g n e d  i n  INPT2 b u t  are c a l c u l a t e d  by 

t h e  program. I n  a TP problem, i f  26 v a l u e s  o f  T and 26 v a l u e s  o f  P are 

assig,red i n  1NPUT2, p r o p e r t i e s  w i l l  be c a l c u l t e d  f o r  t h e  676 p o s s i b l e  P and 

T combinations.  S i m i l a r l y ,  up to  676 combinat ions  c a n  be c a l c u l a t e d  f o r  a 

TV problem. 

DETN Problem: Calcul.  t i o n s  w i l l  be made f o r  a l l  combinat i o n s  o f  

i n i t i a l  p r e s s u r e  P and i n i t i a l  t empera tu re  T. I n i t i a l  t empera tu re s  may be 

s p e c i f i e d  i n  INPTZ namel i s t  o r  on  t h e  REACTANTS ca rd .  

RKT Problem: At least o n e  chamber p r e s s u r e  v a l u e  P is r e q u i r e d  i n  - 
IWT2, a l though  as many a s  26 chamber p r e s s u r e s  may be a s s igned .  A maximum 

of two c a n  be used  w i t h  t h e  RAMP2F code. A comple te  set o f  c a l c u l a t i o n s  wi: 

be done f o r  e a c h  chamber p re s su re .  For c a s e s  where d a t a  is being gene ra t ed  

f o r  t h e  RAMPZF code  two chamber p r e s s u r e s  shou ld  be i n p u t .  One a t  t h e  

a c t u a l  chamber p r e s s u r e  and a n o t h e r  t h a t  is two o r d e r s  o f  magnitude l o r e r .  

The second ehaanher p r e s s u r e  co r re sponds  t o  a d i f f e r e n t  e n t r o p y  l e v e l  of t h e  
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f l u i d  which allows t h e  RAW2F program to  accoun t  f o r  thermodynamic chaages  

due  t o  v a r i a t i o n s  i n  t o t a l  p r e s s u r e  (two phase cases o r  boundary l a y e r  

cases). The RKT problem r e q u i r e s  t h e  TAPCEN n a m e l i s t  and gas header  c a r d  i f  

?IOCT=T o r  HOCTF=T. These d a t a  w i l l  f o l l o w  t h e  INPT2 namelist, A l l  RKT 

cases r e q u r i e s  t h e  RKTINP n a m e l i s t  i t m e d i a t e l y  f o l l o w i n g  t h e  INPT2 -list 

o n  TAPGEN napnelis t  and d a t a  c a r d  i f  they are p r e s e n t ,  

TAPGEN Namelist and Gas W a d e r  Card (RKT Problem Only): T h i s  naeelist 

is r e q u i r e d  f o r  RKT probees  i n  whih t h e  d a t a  is t o  be used by the WlP2F 

program (HOCT=T o r  NOCTF=T). A list o f  v a r i a b l e s  and d e f i n i t i o n s  are g i v e n  

i n  Table  4-1. Imnedia te ly  a f t e r  t h e  TAPGEN n ~ m e l i s t  comes t h e  g a s  header  

c a r d  which is w r i t t e n  on  t h e  o u t p u t  tape .  

RKT1.W Namelist (RKT problem o a i y ) :  lhis namelist is r e q u i r e d  f o r  RKT 

problems, It f o l l o w s  t h e  I W T 2  we l i s t .  A list of v a r i a b l e s  and  d e f i n i -  

t i o n s  is g i v e n  i n  Table  4-8. A l l  v a r i a b l e s  are o p t i o n a l ,  a l t h o u g h  u s u s a l l y  

a p r e s s u r e  r a t i o  schedb-e (PCP), a n  area r a t i o  s chedu le  (SUBAR) or (SUPAR), 

o r  some combinat ion  o f  these s h e d u l e s  w i l l  be ass igned.  

P r e s s u r e  r a t i o  and area r a t i o  s c h e d u l e s  o u s t  n o t  i n c l u d e  v a l u e s  f o r  t h e  

chamber and t h r o a t  inasmuch as t h e s e  v a l u e s  are a s s i g n e d  o r  c a l c u l a t e d  auto- 

m a t i c a l l y  by t h e  program. I f  bo th  a p r e s s u r e  r a t i o  s chedu le  and a n  area 

r a t i o  s chedu le  are g i v e n  i n  RKTlNP, the  p r e s s u r e  r a t i o s  w i l l  be c a l c u l t e d  

f i r s t .  I f  b o t h  s c h e d u l e s  are omi t t ed ,  o n l y  chamber and t h r o a t  c o n d i t i o n s  

w i l l  be c a l c u l a t e d .  

The program rill c a l c u l a t e  bo th  e q u i l i b r i u m  and f r o z e n  performance 

u n l e s s  RKTINP c o n t a i n s  FRO2 = F o r  EQL = F. I f  FROZ = F, o n l y  e q u i l i b r i u m  

p e r f o w a n c e  w i l l  be c a l c u l a t e d ,  I f  EQL = F, o n l y  f r o z e n  p e r f o w a n c e  w i l l  be 

c a l c u l a t e d .  

To g e n e r a t e  d a t a  f o r  t h e  RAMP2F code  the p r e s s u r e  r a t i o  o p t i o n  (PCP) 

o p t i o n  must be used. Amaximum of  11 p r e s s u r e  r a t i o s  may be used  on t h e  PCP 

schedu le  s i n c e  t h e  chamber and t h r o a t  c o n d i t i o n s  are c a l c u l a t e d  i n  a d d i t i o n  
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Table 4-8 VARIABLES IN RKTINP NA~ELIST~ 

LWeqaid tor rocket pmblcou oral. 
b ~ c t  .U(~WC fa1.111 u ttmse ~ ~ I - O O I  are oot W I ~ .  

Varublc 

EeL 

F W Z  

PCP 

SL'BAR 

SLPAR 

TCEST 

NFZ 
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to  t h e  PCP s c h e d u l e  and t h e  RANPZF code  h a s  a l i m i t a t i o n  o f  13  p r e s s u r e  

r a t i o s  f o r  e a c h  i n p u t  O/F ( o r  e n t h a l p y )  and t o t a l  p r e s s u r e  ( en t ropy)  t a b l e .  

SHOCK Problem: The program r e q u i r e s  a P and T schedu le  i n  INPT2 and 

e i t h e r  a U 1  o r  MACH1 schedu le  i n  a second n a m e l i s t  SHKINP, which is 

d e s c r i b e d  nex t ,  These v a l u e s  a l l  r e f e r  t o  t h e  unshocked g a s  and must 

cor respond one  t o  one w i t h  e a c h  o t h e r .  The p r e s s u r e  and tempera ture  

s c h e d u l e s  are l i m i t e d  t o  1 3  v a l u e s  f o r  SHOCK problems only .  T h i s  c o r r e -  

sponds t o  t h e  13-value l i m i t  f o r  U 1  o r  MACHl schedules .  For shock problems 

REACTANTS c a r d s  must be o n l y  f o r  g a s e o u s  r e a c t a n t s  that a r e  a l s o  inc luded  as 

r e a c t i o n  s p e c i e s  i n  t h e  THEW0 d a t a .  Thi s p e n n i t s  t h e  program t o  c a l c u l a t e  

e n t h a l p y  and s p e c i f i c  h e a t  v a l u e s  o f  t h e  r e a c t a n t s  from t h e  THEM0 d a t a .  

The SHKINP namelist f o l l o w s  t h e  IWT2 namelist. 

SHKINP Namelist (SHOCK Problem Only): A list o f  v a r i a b l e s  and d e f i n i -  

t i o n s  is g i v e n  i n  Table  4-9. SHKINP must i n c l u d e  from 1 t o  1 3  v a l u e s  of  

e i t h e r  U 1  o r  MACH1 of t h e  unshocked gas .  The program w i l l  c a l c u l a t e  i n c i -  

d e n t  shock pa rame te r s  assuming b o t h  e q u i l i b r i u m  and f r o z e n  composi t ion  

u n l e s s  SHKINP c o n t a i n s  either INCDEQ = F, o r  INCDFZ = F. I f  IMCDK = F, 

o n l y  f rozen  compos i t i on  w i l l  be used.  I f  INCDFZ = F, o n l y  e q u i l i b r i u m  

composi t ion  w i l l  be used. I n  a d d i t i o n  t h e r e  are o p t i o n s  f o r  c a l c u l a t i n g  

r e f l e c t e d  shock parameters .  For e a c h  i n c i d e n t  c o n d i t i o n  c a l l e d  f o r ,  

r e f l e c t e d  shock pa rame te r s  w i l l  be c a l c u l a t e d  assuming e i t h e r  a f r o z e n  

composi t ion  (REFLFZ = T), a n  e q u i l i b r i u m  compos i t i on  (REFLEQ = T), o r  both 

(REFLFZ = T, REFLEQ = T). 
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Table 4-9 VARIABLES I N  S H K I N P  NAMELIST* 

'Required lor ahmk problems o d y  . 
bSa variable fPlr d t h e e  a lcub t iona  a n  nd desucd. 
' ~ v a r ~ e  L. set tobe tm. 
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Variable 

MCDEQ 

INCDFZ 

REP LEQ 

REPLFZ 

U1 

Dimrn- 
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1 

1 

1 

1 

13 

Defiitron a d  comments 

Calculate inrtdent shock parameters assuW.rng 
equilibrrum composr:~ons b 

Calculate lrvldent s h u k  parameters assumrng 
frozen composrtlonsb 

Calculate reflected shcck plrameters assum- 
ire aqculibrlum composrt~onc 

Calculate reflected shack prnmete rs  assum- 
lrrg composition frozen at  rnc~dent composr- 
tronc 

Shock velocity rn m 'ece (not reqmred d values 

I 
MACH1 I I3 I R 

L 

Type 

L 

L 

L 

L 

R 

I 
of MACH1 a n  listed) 

0 Ratioof i h k  .elm*) t o I  veloctty d soud 
:rl tbe IEOIIOCM gas (not rqu i red  11 values 
d Ul are I~stedl  

Value 
W x e  

read 

TRUE 

TRUE 

FAME 

FAISE 

0 



4.3 SPECIAL CONSIDERATIONS FOR USING THE TUN72 PROGRAM WITH RAMP2F 

The u s e r  must s e l e c t  some of the  i n p u t  v a r i a b l e s  f o r  t h e  TRAN72 program 

t o  provide t h e  most appropr ia te  d a t a  t o  t h e  RAMPZF program. Some of t h e s e  

d a t a  a r e :  v a r i a b l e  t o t a l  en tha lpy  l e v e l s  (two-phase and single-phase plumes 

wi th  boundary l a y e r ) ,  v a r i a b l e  en t ropy  l e v e l s  ( d i f f e r e n t  t o t a l  p resures ) ,  

the  schedule  of pressure  r a t i o s  t o  perform t h e  expansion and where t o  

"f reeze"  t h e  chemistry.  There are some i n s t a n c e s  when the  TRAN72 program 

can  c a l c u l a t e  poor thermodynamic d a t a  which w i l l  r e s u l t  i n  i n a c c u r a t e  f low 

f i e l d s  o r  cause  t h e  RAMPZF code t o  e r r o r  o f f .  Each of t h e s e  a r e a s  is d i s -  

cussed i n  t h e  fo l lowing subsect ions .  

4.3.1 Use and S e l e c t i o n  of t h e  Var iab le  T o t a l  Enthalpy Option (PARTHT = T) 

The v a r i a b l e  t o t a l  en tha lpy  o p t i o n  of t h e  TRAN72 program i s  used t o  

produce thermodynamic t a b l e s  that inc lude  v a r i a t i o n s  due t o  d i f f e r e n c e s  i n  

t o t a l  en tha lpy  w i t h i n  t h e  nozzle  o r  plume. Two types  of f low s o l u t i o n s  

requ i re  cc;nsideration of t o t a l  en tha lpy  g rad ien t s .  These c a s e s  a r e :  two- 

phase nozzle  and/or  plume s o l u t i o n s  and s i n g l e  o r  two-phase plume s o l u t i o n s  

which inc lude  nozzle  boundary l a y e r  e f f e c t s .  

The work required t o  a c c e l e r a t e  p a r t i c l e s  i n  two-phase motors combined 

wi th  t h e  h e a t  exchange between t h e  p a r t i c l e  and g a s  phases i s  a non- 

i s e n t r o p i c  expansion (see  Appendix C of Vol. I ) .  A s  a consequence, most 

s o l i d  rocke t  motor expansion processes  r e s u l t  i n  a dec rease  i n  the  g a s  t o t a l  

en tha lpy  a s  t h e  f low expands. A s  a g e n e r a l  r u l e  of thumb, f i v e  t o t a l  

en tha lpy  t a b l e s  can  be used. Typical  v a l u e s  of t o t a l  enthalpy d i f f e r e n c e s  

(QDOTP=) t o  i n p u t  i n t o  t h e  program f o r  a 1 6  pe rcen t  aluminium p r o p e l l a n t  

a r e :  -400, -150, -75, -40, 0.0 cal/gm. For l e s s  aluminized p r o p e l l a n t s  t h e  

en tha lpy  v a r i a t i o n s  need not  be as g r e a t .  Sample c a s e  4 of Sec t ion  4.4 

i l l u s t r a t e s  t h i s  option.  

High a l t i t u d e  plumes f o r  which nozzle  boundary l a y e r s  a r e  considered 

r e q u i r e  t h e  use  of m u l t i p l e  t o t a l  en tha lpy  t a b l e s  due t o  t h e  t o t a l  en tha lpy  
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g r a d i e n t s  which e x i s t  a c r o s s  t h e  boundary l a y e r .  The nozz le  s o l u t i o n  does  

not r equ i re  t o t a l  en tha lpy  t a b l e s  (assuming cons tan t  O/F r a t i o )  but the  

plume s o l u t i o n  does. After  t h e  boundary l a y e r  has  been c a l c u l a t e d  by the  

BLIMPJ program t h e  u s e r  should examine t h e  l a s t  e t a t i o n  p r i n t e d  o u t  by the  

BLIMPJ code. This s t a t i o n  ccrresponds  t o  t h e  e x i t  p lane  of t h e  motor. The 

d i f f e r e r n e  i n  t o t a l  enthalpy between t h e  f i r s t  po in t  (wa l l )  and t h e  l a s t  

po in t  (boundary l a y e r  edge) i s  t h e  maximum QDOTP t o  i n p u t  i n t o  t h e  TRAN72 

program. Eight o r  t e n  d i f f e r e n t  QDOTPs should b e  considered wi th  the  range 

going from the  most nega t ive  (H - 
H ~ w  

) t o  z e r o  i n  even increments.  
T, 

Sample c a s e  4-3 of Sec t ion  4.4 i l l u s t r a t e s  t h i s  opt ion.  

It should be noted t h a t  a l l  e n t r i e s  i n  the  QDOTP a r r a y  must be mono- 

tomica l ly  i n c r e a s i n g  wi th  t h e  l a s t  ( o r  f i r s t  i f  t h e  en tha lpy  a t  t h e  wa l l  i s  

g r e a t e r  than f rees t ream)  e n t r y  being zero.  The zero l e v e l  corresponds  t o  

f rees t ream (boundary l a y e r  edge) c o n d i t i o n s ,  There is  a maximum of 10  t o t a l  

en tha lpy  e n t r i e s  t h a t  can be used i n  t h e  RAMP2F code. 

4.3.2 Thermodynamic Var ia t ions  wi th  To ta l  Pressure  Losses 

Two-phase a o z z l e s  and plumes r e q u i r e  t h e  c o n s i d e r a t i o n  of v a r i a t i o n  i n  

thermodynamics due t o  v a r i a t i o n s  i n  t o t a l  p ressure  (ent ropy)  which occurs  

dur ing the  expansion process.  Th i s  is accomplished by execut ing t h e  TRAN72 

program wi th  two p ressures  i n p u t  i n  t h e  P schedule  of t h e  $INPT~ namel is t .  

The f i r s t  p ressure  should correspond t o  t h e  a c t u a l  motor chamber pressure .  

The second p ressure  should be a f a c t o r  of 1 0  t o  50 lower than t h e  chamber 

pressure .  

Two pressures  can be run f o r  a l l  c a s e s  s i n c e  t h e  program w i l l  use t h e  

second t a b l e  ( t o t a l  p ressure )  f o r  g a s  o n l y  c a s e s  t o  c a l c u l a t e  p i t o t  p ressure  

only.  The RAYPZF program has  a  l i m i t  of two t o t a l  p ressure  (ent ropy)  t a b l e s  

p e r  t o t a l  en tha lpy  t a b l e .  
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4.3.3 Nozzle Freezing Points  

Most rocket motors have a  region i n  the flow where the chemical reac- 

t i o n s  go from f a s t  (equilibrium) t o  slow (near ly  frozen).  I u  t h i s  t rans i -  

t i on  region the  mole f r ac t i ons  of the  cons t i t uen t s  change negl igibly.  If  

t h i s  region is shrunk t o  a  point  t he  f reeze  point  has been reached. 

For every rocket motor t he  l oca t ion  of the  f reeze  point  is a funct ion 

of the  expansion process and propel lant  composition. The only way t o  deter-  

mine the ac tua l  f reeze  point  is t o  ca l cu l a t e  the flow f i e l d  using a  f i n i t e  

r a t e  ana lys i s .  This can be done using a  coupled ana lys i s  a s  i s  ava i lab le  i n  

the  RAMP2F code o r  an uncoupled ana lys i s  whereby the  precalculated va r i a t i on  

of flow proper t ies  along a  given gas  s t reamline is used a s  input  t o  a  one- 

dimensional f i n i t e  r a t e  program. The r e su l t i ng  va r i a t i on  i n  spec ies  mole 

f r ac t i ons  can be p lo t ted  a s  a  funct ion of pressure and the pressure a t  which 

there  a r e  negl ig ib le  changes i n  the  dominating specie  mole f r a c t i o n s  is the 

"freeze" pressure. This pressure r a t i o  can then be input  i n t o  the TRAN72 

program and a  s e t  of t ab l e s  can be generated f o r  the RAMPZF program. 

Previous ca lcu la t ions  g ive  some r u l e s  of chumb i n  determining freeze 

pressures  f o r  c e r t a i n  type motors and propel lants .  Typical l a rge  s o l i d  

rocket motors using standard non-exotic propel lant  (Ai, AP, PBAN, ?BAA) 

chemically f reeze  a t  pressure r a t i o s  (Pc/P = 5) s l i g h t l y  downstream of the  

th roa t .  Calculation of f reeze pressures  f o r  a  3ipropel lant  motor (R4D, Ref. 

19) operat ing a t  a  100 ps ia  using MMH/N204, ind ica te  t h a t  the f reeze  

pressure r a t i o  was 1000 f o r  an O/F r a t i o  of 3.07 and 2.5 f o r  an O/F r a t i o  of 

1.24. For standard propel lant  systems a  f reeze  pressure r a t i o  of 20 is an 

est imate  t h a t  can be used f o r  ca l cu l a t i ng  a nozzle and plume flow f i e l d .  

For motors with exo t i c  propel lants  o r  f o r  cases  i n  which the plume is 

t o  be used f o r  appl ica t ions  which require  an accurate  representat ion of 

chemical species  d i s t r i bu t ions ,  the  flow f i e l d  should be calculated using a  

f i n i t e  r a t e  chemistry ana lys i s .  
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To u s e  t h e  f r e e z e  p r e s s u r e  o p t i o n  of  t h e  TRAN72 program t h e  u s e r  should  

s p e c i f y  MOCTFmT on t h e  $ 1 ~ ~ 2  namel i s t .  A d d i t i o n a l l y ,  t h e  f r e e z e  p r e s s u r e  

r a t i o  should  be e n t e r e d  a s  a v a l u e  i n  t h e  PCP schedu le  of t h e  $RKTINP name- 

list. F i n a l l y  t h e  number (NFZ) o f  t h e  f r e e z e  p r e s s u r e  i n  t h e  PCP schedu le  

( i n c l u d i n g  t h e  chamber and t h r o a t  p r e s s u r e  r a t i o )  must be e n t e r e d  i n  t h e  

RKTINP n a m e l i s t .  An exam,>le o f  t h e  p r e s s u r e  f r e e z e  op ion  i s  g i v e n  i n  sample 

c a s e  3 where t h e  f r e e z e  p r e s s u r e  r a t i o  is 2. 

4.3.4 Care i n  t h e  Use of TRAN72 Data w i t h  RAMP2F 

The r e s u l t s  o f  t h  TRAN72 program which are t o  be used w i t h  t h e  RAMP2F 

program should  be examined t o  see t h e r e  a r e  i n f ~ e c t i o n s  i n  t h e  v a r i a t i o n  of 

gamma w i t h  p re s su re .  For some c a s e s ,  gamma w i l l  s tar t  t o  d e c r e a s e  w i t h  

expanding p r e s s u r e  (and d e c r e a s i n g  tempera ture) .  These v a r i a t i o n s  a r e  

probably n o t  real bu t  due  t o  t h e  a p p l i c a t i o n  o f  t h e  thermodynamic cu rve  f i t s  

a t  low tempera tures .  The u s e  of t h e s e  d a t a  w i l l  r e s u l t  i n  d i f f i c u l t i e s  f o r  

t h e  RAMP2F f l o w f i e l d  program. For cases where t h i s  happens,  and when t h e  

riser i s  going  t o  u s e  e q u i l i b r i u m  d a t a  o n l y ,  t h e  d a t a  should  be r e r u n  w i t h  

t h e  p r e s s u r e  r a t i o s  omi t t ed  from t h e  PCP s c h e d u l e  beyond t h e  p r e s s u r e  r a t i o  

where gamma starts d e c r e a s i n g  s i g n i f i c a n t l y .  For  e q u i l i  brium/f rozen  c a s e s  

t h e  p r e s s u r e  r a t i o  a t  whic" t h e  f l o w  is f r o z e n  shou ld  be dec reased  u n t i l  

t h e r e  i s  no d r o p  i n  gamma. 

4 . 4  TFAN72 SAMPLE CASES 

Th i s  s e c t i o n  p r e s e n t s  s i x  sample cases which i l l u s t r a t e  t h e  u s e  of t h e  

TRAN72 program. Each of  t h e  cases i s  d i s c u s s e d  i n  S e c t i o n s  4.4.1 through 

4 . 4 . 6 .  Tab le  4-10 p r e s e n t s  l i s t i n g s  c f  t h e  i n p u t  d a t a  as w e l l  as some of  

t h e  o u t p u t  r e s u l t s .  
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LMSC-HREC TR D867400-III 

Table 5-10 

EXAMPLE CASES OF REQUIRED INPUT AND OUTPUT OF TRAN72 
PROGRAM FOR GENERATlGN OF THEkMODYNAMIC DATA 

FOR RAMPZP PROGRAM 

Case 1 : Constant O / F ,  Equilibrium Chemistry 

. - .- . -. ----- - - ----- - - -- --- -- 
tit rc i iw is  
0 2.0 - . - .- . - -- ~ ---. 100. .763.3@62L 1Q0. C 
0 2.0 100. -27lO.l@6L 102.7 0 

nz/o2 rc=toso --- ---- -----.. ---.-. - 
SRUf IMP 

PCP=S.,lO..20. ,(IO.Ilo~~,~O~.,soo~*looo.*sOoo.,lOoOO_..~~~ . - -- --- 
SCRO 

STOP 

OR1GPJfl.L Ffs,"Z !Z:  
OF POOR QUAii-17 
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Case 1 Output (Cont 'd )  
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*a o!r 01 o 0.9 

I I 0.0 e lm P.O 
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Case 1 Output (Cont'd) 
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Case 2:  Bipropellant,  Equilibrium Chemistry with a Freeze 
Point Variable O/F Ratio 

l.b*l .8*2*0,2*2 - 
wrlr 
s I'PGL Y . . -. . + - -.-- -. .- -----  - -- - - - - -  - - 
IR~A~=I,IO=S,~N=JO 

S t N D  
~ m w r r 2 0 u  uCzlS3 
SRHJlbP 
PCP=J.J~,~O~S~S.,~J., 3 0 . ~ 5 ~ ~ ~ 1 5 0 ~ ~ 7 0 0 ~ ~ 2 ~ 0 0 ~ e 0 b 0 ~ ~ e 5 0 ~ ~ 0 o e ~ ~ ~ ~ 3  

rrrvu - . . - -  -- - - - - - - -  - -- . - -- 
Slop  
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Case 2 Output (Cont'd) 
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Case 3: Bipropellant,  Equilibrium/Frozen, Constant O / F  with Variable 
Total  Enthalpy Tables 

-ILULcL;LI ---- 
I R E A D = l r I O ~ 8 r I N = 1 O S  

- Y L I ) L O L ; l A b ~ B  PC 10 nnr-- - ---- -.--------- -- - .--- 
SRW I I N P  

- ~ C E Z ~ , ~ A , ~ P I A W & Q &  mNFZ35 ----- -- --- -. .. . . 
STOP 
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C : ~ C C  /,: S o l i d  Propel lant ,  Equilibrium/Frozen with  Variaolc 
Tota l  Enthalpy Tables  
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Case 4 Output (Cont'd) 
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Case 4 Output (~ont'd) 
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Case 5 :  Equilibrium/Frozen Two-Phase Case Including Ions, 
Total Enthalpy and Entropy Variations 
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Case 6:  Equilibrium/Frozen Monopropellant Hydrazine hodel  
wi th  Total  Enthalpy Variat ions  
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4.4.1 TRAN72 Sample Case 1 

Th i s  p a r t i c u l a r  c a s e  produces  a n  e q u i l i b r i u m  o u t p u t  t a p e  f o r  a 

hydrogen/oxygen p r o p e l l a n t  sys tem s u c h  as is used  f o r  t h e  Space S h u t ~ l e  Main 

Engine. Two e q u i l i b r i u m  t a b l e s  are c r e a t e d  f o r  o u t p u t  t o  a t a p e  o r  f i l e  f o r  

u s e  by t h e  R M 2 F  program. Each t a b l e  c o r r e s p o n d s  t o  an  O/F r a t i o  of  6.113. 

One t a b l e  h a s  a t o t a l  p r e s s u r e  of 2950 p s i a  w h i l e  t h e  o t h e r  h a s  a chamber 

p r e s s u r e  o f  30.0 ps i a .  

4.4.2 TUN72 Sample Case 2 

Sample Case 2 produces d a t a  f o r  the Spb-e <t:~ttle Reac t ion  Con t ro l  

System engine .  The p r o p e l l a n t s  are MW/N2O4. .- i i a b l e  O/ F t a b l e s  

r ang ing  from 0.8 t o  2.2 are produced w i t h  :- f r e e z e  p o i n t  i n  e a c h  t a b l e  a t  a 

p r e s s u r e  r a t i o  of  '3.35. Two t o t a l  p r e s s u r e  t a b l e s  f o r  e a c h  O/F are 

gene ra t ed .  

4.4.3 TRAN72 Sample Case 3 

T h i s  sample c a s e  demons t r a t e s  t h e  u s e  of  t h e  TRAN72 program t o  produce 

thennochemical  d a t a  f o r  a s i n g l e  phase case which i n c l u d e s  boundary l a y e r  

e f f e c t s  f o r  a plume restart. The d a t a  f o r  sampie c a s e  3 is f o r  t h e  Space 

S h u t t l e  v e r n i e r  motor which is a motor which u s e s  NMh/K2O4 a s  a pro- 

p e l l a n t  system. The c o n s t a n t  O/F o p t i o n  i s  used  w i t h  n i n e  d i f f e r e n t  t o t a l  

e n t h a l p y  t a b l e s  i n p u t  t o  s i m u l a t e  t h e  h e a t  t r a n s f e r  l o s s e s  t h rough  t h e  

boundary l a y e r .  A f r e e z e  p r e s s u r e  co r re spond ing  t o  a p r e s s u r e  r a t i o  of 2 is 

s e l e c t e d  f o r  e2ch  t a b l e .  

4.4.4 TRAN72 Sample Case 4 

Sample Case 4 produces d a t a  f o r  a e q u i l i b r i u ~ / f - o z e n  two-phase motor. 

The f low is  f r o z e n  a t  a p r e s s u r e  r a t i o  of 10. Five d i f f e r e n t  t o t a l  e n t h a l p y  

t a b l e 7  are cons ide red  t o  account  f o r  h e a t  t r a n s f e r  and d r a g  e f f e c t s  between 
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t h e  p a r t i c l e s  and gas .  The range  of  QDOTPs ( t o t a l  e n t h a l p y  l o s s e s )  was 

s e l e c t e d  f o r  a n  i n v i s c i d  two-phase s o l u t i o n  that d o e s  not  c o n s i d e r  boundary 

l a y e r  e f f e c t s .  Th i s  p a r t i c u l a r  p r o p e l l a n t  sys t em (Space S h u t t l e  s o l i d  

rocke t  motor) would r e s u l t  i n  more t h a n  100 s p e c i e s  f o r  t h e  e q u i l i b r i u m  

c a l c u l a t i o n s .  The OMIT c a r d s  are used  to  d e l e t e  t h e  minor s p e c i e s  s o  t h a t  

t h e  TRAN72 program l i m i t a t i o n  o f  100 s p e c i e s  is n o t  exceeded. 

4.4.5 TRAN72 Sample Case 5 

Sample case 5 is i d e n t i c a l  t o  sample case 4 e x c e p t  t h a t  t h e  IONS 

o p t i o n s  i s  s e l e c t e d  I n  a d d i t i o n  t o  more OMIT c a r d s .  The IONS o p t i o n  is 

s e l e c t e d  when t h e  u s e r  is  5 n t e r e s t e d  i n  e l e c t r o n  and i o n  l e v e l s  i n  t h e  

nozz le  and plume. This  o p t i o n  would be usec? i f  t h e  a p p l i c a t i o n  o f  t h e  plume 

were f o r  r a d a r  c r o s s  s e c t i o n s  o r  p lume/e lec t romagnet ic  p u l s e  (EM.) coup l ing  

c a l c u l a t i o n s ,  The d a t a  f o r  t h i s  case h a s  a f r e e z e  p o i n t  a t  a p r e s s u r e  r a t i o  

of 10, E l e c t r o n  and i o n  c o n c e n t r a t i o n s  are very  s t r o n g l y  a f f e c t e d  by f i n i t e  

rate e f f e c t s  f o r  most motors .  The i o n i c  chemis t ry  d i v e r g e s  from e q u i l i b r i u m  

no t  f a r  from t h e  t h r o a t  s o  t h a t  i f  a c c u r a t e  estimates o f  e l e c t r o n  concent ra-  

t i o n s  are r e q u i r e d  a knowledge or' a n  a p p r o p r i a t e  f r e e z e  p o i n t  o r  a n  a f i n i t e  

r a t e  c a l c u l  t i o n  would be a e c e s s a r y  . 

4.4.6 TRAN72 Sample Case 6 

Monopropellant (hydraz ine )  t h r u s t e r s  are used by =any satelli tes.  The 

thennochemical  c h a r a c t e r i s t i c s  o f  t h e  e x h a u s t  g a s e s  are s t r o n g l y  a f f e c t e d  by 

the  pe rcen tage  ammonia d i s s o c i a t i o n  f o r  t h e  p a r t i c u l a r  p r o p u l s i o n  system. 

I f  hydrazine were i n p u t  t o  t h e  TRAN72 by i t s e l f  t h e n  t h e  p e r c e n t  o f  ammonia 

d i s s o c i a t i o n  probably  would n o t  be c o r r e c t .  A model of t h e  hydraz ine  

p a r t i a l l y  d i s s o c i a t e d  ammonia combustion h a s  been developed.  T h i s  model 

u s e s  d a t a  pub l i shed  i n  Ref. 20. F igure  4-1 shows chamber tempera ture  and 

molecu la r  weight  as a f u n c t i o n  o f  p e r c e n t  ammonia d i s s o c i a t i o n .  F igu re  4-2 

p r e s e n t s  t h e  pos t -conbus t ion  mole f r a c t i o n s  of  H2, N2 and NH3 as a 

f u n c t i o n  o f  p e r c e n t  ammonia d i s s o c i a t i o n .  I n  a d d i t i o n  t o  chamber p r e s s u r e  
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Fig. 4-1 "omperature and Molecular Weight versus Ammonia 
Dissociation-Anhydrous Hydrazine 

Fig. 4-2 Gas composition versus Ammonia-Anhydrous Hydrazine 
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o n e  o f  t h e  o p e r a t i r  i n a t a c t e r i s t i c s  o f  e a c h  h y d r a z i n e  motor  is t h e  s p e c i f  i- 

c a t i o n  o f  t h e  p e r c e n t  lmmonia d i s s o c i a t i o n .  The f i r s t  s t e p  i n  a p p l y i n g  t h e  

h y d r a z i n e  mole! AS t o  d e t e r m i n e  t h e  chamber  t e m p e r a t u r e ,  s p e c i e s  mole  f r a c -  

t i o n s  ( t  N ,NH3) u s i n g  F igs .  4-1, 4-2 a n d  the  known p e r c e n t  ammonia 
2' 2 

d i s s o c i a t i o n .  A s p e c i e s  named UA is i n c l u d e d  o n  t h e  thermodynamic d a t a  t a p e  

f o r  t h e  TRAN72/RAMP2 programs. The thermodynamic p r o p e r t i e s  f o r  UA (unre -  

a c t i n g  ammonia) a r e  t n e  same as ammonia (NH ). By s p e c i f y i n g  t h e  ammonia 3 
as UA t h e  t h e r m o c h e a i c a l  c h a r a c t e r i s t i c s  o f  ammonia a r e  c o n s i d e r e d  f o r  t h e  

p r o p e l l a n t  s y s t e m  w h i l e  t h e  ammonia is n o t  a l l o w e d  t o  d i s s o c i a t e  f u r t h e r  

s i n c e  t h e  TRAN72 w i l l  c a r r y  UA as a n  i n e r t .  The r e a c t a n t s  c a r d s  a r e  p r e -  

p a r e d  f o r  N2, H and UA by i n p u t t i n g  t h e  mole  f r a c t i o n s  f o r  e a c h  o n  t h e  2 
r e a c t a n t ' s  c a r d s .  Tke o p t i o n  whereby t h e  program c a l c u l a t e s  t h e  e n t h a l p i e s  

o f  t h e  r e a c t a n t s  i s  used .  Columns 3 7  a n d  38 a r e  set t o  0, t h e  e n t h a l p i e s  

are set t o  0.0 a n d  ;he c o m b u s i t o n  chamber  t e m p e r a t u r e  ( f rom Fig .  4-1) i s  

i n p u t  f o r  e a c h  o f  t h e  t h r e e  r e a c t a n t s .  The c o m b u s t i o n  chamber  t e m p e r a t u r e  

n u s t  be  i n p u t  i n  d e g r e e s  K e l v i n  s o  t h a t  the  chamber  t e m p e r a t u r e  s p e c i f i e d  o n  

Fig. 4-1 must  b e  c o n v e r t e d  from d e g r e e s  F a h r e n h e i t  t o  i e g r e e s  Kelv in .  The 

o n l y  o t h e r  s p e c i a l  i n p u t  r e q u i r e m e n t  is t o  set FPCT=T and  MIX=100 o n  t h e  

QINPTZ n a m e l i s t .  The r e m a i n i n g  i n p u t  is t h e  same as  a n y  s t a n d a r d  c a s e .  The 

h y d r a z i n e  d e c o m p o s i t i o n  p r o d u c t s  ( N 2 ,  H2 and  UA) are e s s e n t i a l l y  f r o z e n  

d u r i n g  t h e  e x p a n s i o n  s o  t h a t  t h e  f r e e z e  o p t i o n  c a n  be u r e d  w i t h  t h e  f r e e z e  

p o i n t  set t o  e i t h e r  t h e  chamber (NFZ=l) o r  t h r o a t  (NFZ=2) s t a t i o n s .  The 

d a t a  f o r  t h i s  p a r t i c u l a r  c a s e  p r o d u c e  t a b l e s  f o r  a n o z z l e  and  plume s o l u t i o n  

which  d o e s  n o t  i n c l l r d e  boundary l a y e r  e f f e c t s .  The d a t a  c o u l d  b e  changed t o  

i n c l u d e  t h e s e  e f f e c t s  i f  PARTHT was set t o  TRUE and  QDOTPs were s p e c i f i e d  

a l o n g  w i t h  how inany qDOT t a b l e s  (NQI). 
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5. APPLICATION AND USE OF THE BLIMPJ MODULE 

A s  h a s  been p r e v i o u s l y  ment ioned ,  t h e  BLIMPJ module i s  used t o  g e n e r a t e  

a n o z z l e  boundary l a y e r  s o l u t i o n  which can be used by a RAMPZF restart a t  

t h e  e x i t  p l a n e  t o  g e n e r a t e  a v i s c o u s  plume. P r e p a r a t i o n  o f  t h e  i n p u t  da ta  

f o r  t h e  BLIWJ program is  perfcrmed by t h e  RAMPZF n o z z l e  s o l u t i o n  c a l c u l a -  

t i o n ,  and is s t o r e d  o n  FORTRAN u n i t  1. The o p t i o n  i n  t h e  n o z z l e  run  which 

e n a b l e s  t h e  BLIMPJ d a t a  g e n e r a t i o n  r o u t i n e  is IBL (Col. 34,  Card 5) .  

S e c t i o n  5.1 d i s c u s s e s  t h e  BLIMPJ i n p u t  v a r i a b l e s  which t h e  u s e r  h a s  c o n t r o l  

ove r .  S e c t i o n  5.2 d i s c u s s e s  s p e c i a l  c o n s i d e r a t i o n s  f o r  u s i n g  t h e  BLIMPJ 

module a s  well a s  p o s s i b l e  problems and  sugges t ed  f i x e s .  

5.1 USER OPTIONS FOR BLIMPJ MODULE 

The i n p u t  f o r  t h e  BLIMPJ module is  g e n e r a t e d  by t h e  RAMP2F n o z z l e  

s o l u t i o n .  h e  u s e r  h a s  t h r e e  o p t i o n s  i n  d e t e r m i n i n g  how t h e  n o z z l e  boundary 

l a y e r  s o l u t i o n  w i l l  be performed. The u s e r  may s p e c i f y  t y p e  of  boundary 

l a y e r  ( t u r b u l e n ?  o r  l a m i n a r ) ,  t h e  c h e m i s t r y  assumpt t o n  ( e q u i l i b r i u m  o r  

f r o z e n )  and f i n a l l y  t h e  w a l l  boundary c o n d i t i o n  ( s p e c i f i e d  w a l l  t empera tu re ,  

a d i a b a t i c  w a l l  o r  w a l l  s t e a d y  state ene rgy  ba lance) .  The s e l e c t i o n  and u s e  

of  t h e s e  o p t i o n s  a r e  i n p u t  on c a r d s  41-44 f o r  RAMP2F. 

Through t h e  u s e  o f  KR7 (Card 41)  t h e  u s e r  may select whether  t h e  

boundary 1a ;er  i s  l a m i n a r  o r  tu rbu1er . t  ( ~ o l l o w i n g  t r a n s i t i o n  a t  a momentum 

Reynolds number of 250). KR7 a l s o  c o n t r o l s  whether  t h e  zhemis t ry  i s  f r o z e n  

o r  i n  e q u i l i b r i u m .  The d e f a u l t  v a l u e s  f o r  t h e  chemis t ry  and type  o f  

boundary l a y e r  as a f u n c t i o n  o f  n o z z l e  chemis t ry  are g i v e n  i n  T a t l e  5-1. 

These d e f a u l t  a s sumpt ions  were chosen  s u c h  t h a t  f o r  most c a s e s  t h e  proper -  

t ies  a t  t h e  boundary l a y e r  edge  and t h e  i n v i s c i d  f l o u f i e l d  a t  t h e  e x i t  p l a n e  

match ve ry  we l l .  
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Table 5-1 

HI,LMI'J HOUNI)AHY LAYER CHEMISTHY/'rUKBULENCE I)EFAULT 
USERS NOZZLE CHEMISTRY ASSUMPTION 
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Nozzle Chemistry Assumption 

Equilibrium/Frozen (ICON(l)=2) 

Eguil ibrium (ICON(1)=2) 

Gas Data from Cards (ICON(l)=l) 

F i n i t e  Rate (ICON(1)=3) o r  Frozen 
(ICON(1)=4) 

- 

Defaul t  f o r  BLIMPJ 

Turbuient  a f t e r  t r a n s i t i o c .  Frozen 
c h e n i s t r y  i f  t h e  f r e e z e  p ressure  is 
g r e a t e r  than 70 percen t  of t h e  l i p  
pressure .  The s p e c i e s  d i s t r i b u t i o n  
used a r e  l i p  spec ies .  I f  t h e  f r e e z e  
p ressure  is l e s s  than 70 percent  of 
t h e  l i p  p ressure  o r  i f  t h e  chemis t ry  
is equ i l ib r ium then  equ i l ib r ium 
chemis t ry  is used w i t h  t h e  s p e c i e s  i n  
t h e  combustjon cbasber  being used t o  
s tart  s o l u t r o n .  

l b r b u l e n t  a f t e r  t r a n s i t i o n ,  equi-  
l i b r i u m  (combusion chamber s p e c i e s )  

Turbulent  a f t e r  t r a n s i t i o n ,  f rozen 
chemis t ry  wi th  s p e c i e s  inpu t  by u s e r  
v i a  c a r d s  41 of W 2 F  

l b r b u l e n t  a f t e r  t r a n s i t i o n ,  f rozen  
chemistry us ing l i p  s p e c i e s  
d i s t r i b u t i o n  
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h e  nozzle  w a l l  boundary c o n d i t i o n  is s p e c i f i e d  through t h e  use  of 

u.triable KR9 on card 41. The u s e r  can s e l e c t  th2  f o l l o r ~ i n g :  a d i a b a t i c  

w c l l ,  s p e c i f i e d  w a l l  temperature o r  w a l l  s t e a d y  state energy balance. The 

d e f a u l t  va lue  i n  the  program is  t h e  a d i a b a t i c  w a l l  opt ion.  In  g e n e r a l  t h e  

use of t h e  a d i a b a t i c  w a l l  o p t i o n  w i l l  r e s u l t  i n  conse rva t ive ly  high e s t i -  

mates of  nozzle  exhaust  mass f lows i n  t h e  backf low region of t h e  plume. For 

c a s e s  where the  u s e r  has  a c c e s s  t o  e x p e r i m e ~ ~ t s l  wa l l  temperature  d i s t r i b u -  

t i o n s  a long t h e  nozzle  w a l l ,  t h e  a c t u a l  temperature d i s t r i b u t i o n  can  be 

spec i f i ed .  The s t e a d y  s t a t e  energy balance  o p t i o n  can be used For s o l i d  

rocket  motor cases .  B u i l t  i n t o  t h e  program is  a t y p i c a l  w a l l  m a t e r i a l  heat  

of format ion f o r  carbon/phenol ic  nozz le  m a t e r i a l .  Future e f f o r t  w i l l  i n -  

c l u d e  u t i l i z i n g  some of the  o t h e r  w a l l  boundary c o n d i t i o n s  i n  t h e  BLIMPJ 

code, s o  t h a t  such phenomena a s  nozz le  w a l l  a b l f t i o n  can be considered.  

5.2 SPECIAL CONSIDERATIONS ON USING BLIMPJ MODULE 

The BLIMPJ modulz i s  a very  r e l i a b l e  program and the  d a t a  t h a t  have 

genera ted by the  RAMPZF nozz le  s o l u t i o n  have been s t r u c t u r e d  t o  provide 

t rouble- ; ree  execu t ion  of  t h e  BLIMPJ module. To d a t e ,  on ly  t h r e e  a r e a s  have 

r e s u l t e d  i n  problems wi th  t h e  boundary l a y e r  s o l u t i o n .  These a r e :  (1) 

mismatch i n  p r o p e r t i e s  between t h e  boundary l a y e r  edge p r o p e r t i e s  and the  

i n v i s c i d  nozzle  r e s u l t s  when t h e  boundary l a y e r  and e x i t  p lane  s t a r t l i n e  a r e  

merged; ( 2 )  t h e  boundary l a y e r  s o l u t i o n  w i l l  no t  converge a t  t h e  f i r s t  so lu-  

t i o n  s t a t i o n ;  and (3)  f o r  c e r t a i n  c a s e s  t h e  program cannot reach a s o l u t i o n  

a t  a  s p e c i f i e d  p ressure  on t h e  nozzle  wal l .  

The d e f a u l t  c h e n i s t r y  o p t i o n  and t o t a l  cond i t ions  which a r e  used For 

the  nozz le  boundary l a y e r  s o l u t i o n  a r e  s e l e c t e d  t o  provide t h e  b e s t  match of 

inviscid/boundary l a y e r  edge p r o p e r t i e s .  There a r e  i n s t a n c e s  when a n  ade- 

qua te  match does  no t  occur. The p ressure  d i s t r i b u t i o n  and r e s u l t a n t  flow 

p r o p e r t i e s  which a r e  used a s  boundary l a y e r  edge p r o p e r t i e s  s r e  those  which 

e x i s t  on the  i n v i s c i d  nozzle  wal l .  I n  t h e  uncoupled s e n s e  t h e  a c t u a l  

boundary l a y e r  edge p r o p e r t i e s  a r e  a c t u a l l y  somewhat d i sp laced  from the  
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nozzle  wal l .  A s  t he  boundary l a y e r  g e t s  t h i c k e r ,  t h e  a c t u a l  edge p r o p e r t i e s  

d l f  f e r  from nozzle  wa l l  c c n d i t i o n s .  B u i l t  i n t o  the  BLIMPJ program i s  a n  

o p t i o n  which re runs  t h e  boundary l a y e r  s o l u t i o n  us ing  more a p p r o p r i a t e  edge 

cond i t ions  f o r  c e r t a i n  cases .  Af te r  t h e  i n i t i a l  boundary l a y e r  s o l u t i o n  i s  

complete t h e  BLIMPJ code checks to see i f  t h e  nozzle  w a l l  s t a t i c  p ressure  i s  

w i t h i n  10  pe rcen t  of the  static p r e s s u r e  t h a t  e x i s t s  a t  t h e  edge of t h e  

boundary l a y e r  a t  the  e x i t  p lane  on t h e  i n v i s c i d  s t a r t  l i n e .  I f  t h e  match 

i s  s a t i s f a c t o r y  then  the  s o l u t i o n  i s  terminated.  However, i f  t h e  match is 

n o t  adequate  t h e  new edge p r o p e r t i e s  ( p r e s s u r e )  a r e  determined based on t h e  

i n i t i a l  boundary l a y e r  edge l o c a t i o n  w i t h i n  t h e  nozz le  f low f i e l d  and 

ano the r  boundary l a y e r  s o l u t i o n  is performed. For g a s  on ly  cases t h e  same 

t o t a l  c o n d i t i o n s  a r e  used f o r  t h e  second s o l u t i o n .  For two phase c a s e s  new 

t o t a l  c o n d i t i o n s  ( t o t a l  en tha lpy  and t o t a l  p r e s s u r e )  a r e  c a l c u l a t e d  a t  t h e  

boundary l a y e r  edge. Th i s  i s  done due t o  t h e  l a r g e  ent ropy and t o t a l  

en tha lpy  g r a d i e n t s  which c a n  e x i s t  n e a r  t h e  nozz le  l i p  f o r  s o l i d  motors. 

Var iab le  O/F nozz les  i n  g e n e r a l  have l a r g e  O/F g r a d i e n t s  n e a r  t h e  

nozzle  w a l l  due t o  f i l m  cool ing.  In  t h e  p resen t  ve r s ion  of t h e  RAMP2 

program no p rov i s ions  have been made t o  change t o t a l  c o n d i t i o n s  (O/F r a t i o ,  

s p e c i e s ,  t o t a l  en tha lpy)  f o r  t h e  second p a s s  through t h e  boundary l a y e r .  

This  d e f i c i e n c y  w i l l  be c o r r e c t e d  i n  the  n e a r  f u t u r e .  It is  p o s s i b l e  t o  

hardwire changes t o  t h e  BLIMPJ program f o r  t h e s e  type  cases .  U n t i l  t h e  

d e f i c i e n c y  i s  c o r r e c t e d  u s e r s  t h a t  r e q u i r e  t h e  i n c l u s i o n  of v a r i a b l e  O/F 

e f f e c t s  i n  t h e  bounjary l a y e r  t o  b e t t e r  match t h e  edge c o n d i t i o n s  should 

con tac t  the  a u t h o r  f o r  guidance. 

There i s  a n  o p t i o n  (NUNIPP, Card 41) t o  punch t h e  BLIMPJ d a t a  on cards .  

The BLIMPJ d a t a  can  then be modified and a long  wi th  t h e  f l o w f i e l d  d a t a  t ape  

( t a p e  3 ) ,  and t a p e  2 t h e  BLIMPJ code can  be run a l o n e  t o  a l t e r  ~ : l e  boundary 

l a y e r  s o l u t i o n  t o  b e t t e r  match t h e  boundary l a y e r  edge w i t h  t h e  i n v i s c i d  

r e s u l t s .  For 95 percent  of the  c a s e s  no s p e c i a l  t r ea tments  a r e  necessary t o  

a d e q l ~ a t e l y  match the  boundary l a y e r  and i n v i s c i d  r e s u l t s .  
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The s e l e c t i o n  of  t h e  s o l u t i o n  s t a t i o n s  f o r  t h e  n o z z l e  boundary l a y e r  

s o l u t i o n  h a s  been automated w i t h i n  t h e  RAMPZF code  t o  p rov ide  f o r  a  r e l i a b l e  

and t rouble- f  r e e  e x e c u t i o n  c f  t h e  BLIMPJ code.  Subrou t ine  WALPRP o f  t h e  

RAMP2F code  ( s e e  Volume 11, page 5-175) c o n t r o l s  t h e  s e l e c t i o n  o f  t h e  

s o l u t i o n  s t a t i o n .  To d a t e ,  none o f  t h e  cases t h a t  have been r u n  have en- 

coun te red  problems i n  r each ing  a s o l u t i o n  f o r  t h e  f i r s t  s t a t i o n .  However, 

i f  a p a r t i c u l a r  c a s e  d o e s  n o t  converge  f o r  t h e  f i r s t  s o l u t i o n  s t a t i o n ,  

s u b r o u t i n e  WALPRP c a n  be modi f ied  t o  change t h e  d i s t r i b u t i o n  of  s o l u t i o n  

s t a t i o n s  o r  XSTART On Card 4 1  c a n  be i n c r e a s e d  o r  dec reased  u n t i l  a s o l u t i o n  

i s  o b t a i n e d .  Un le s s  t h e  n o z z l e  be ing  c a l c u l a t e d  i s  a ve ry  p e c u l i s r  n o z z l e  

i t  i s  h i g h l y  u n l i k e l y  t h a t  t h i s  problem w i l l  be encountered .  

A h igh  a r e a  r a t i ~  two-phase c a s e  h a s  encountered  probleme i n  performing 

t h e  one-d imens ional  expans ion  from i n p u t  t o t a l  c o n d i t i o n s  t o  t h e  p r e s s u r e  

r a t i o s  a t  t h e  s o l u t i o n  s t a t i o n s  i n p u t  t o  t h e  BLIMPJ code. Symptoms of t h i s  

problem is e i t h e r  t h e  e r r o r  message 'STATE DOES NOT CONVERGE FOR K Q ( 5 ) = '  o r  

t h e  summary o f  f l o w  p r o p e r t i e s  a t  t h e  i n p u t  p r e s s u r e  r a t i o s  shows o s c i l l a - .  

t i o n s  i n  t empera tu re  a t  t empera tv . r e s  n e a r  1000 K. Th l s  problem h a s  been 

t r a c e d  t o  mismatches i n  t h e  thermodynamic cu rve  f i t s  f o r  t h e  two tempera ture  

r anges  f o r  which t h e  thermo d a t a  f o r  e a c h  s p e c i e s  i s  c u r v e  f i t .  Should t h i s  

problem occu r ,  t h e  u s e r  c a n  s e t  L=2 i n  BLIMPJ r o u t i n e s  B14D, B14C, B14E. 

This  problem w i l l  be c o r r e c t e d  i n  t h e  n e x t  v e r s i o n  of t h e  RAMPZF code.  

Small ,  low t h r u s t  n o z z l e s  c a n  have a  boundary l a y e r s  t h a t  compr isc  a  

l a r g e  p e r c e n t a g e  o f  t h e  mass f low o f  t h e  n o z z l e  a t  t h e  e x i t  p l ane .  For 

t h e s e  c a s e s  t h e r e  c a n  be a s t r o n g  c o u p l i n g  between t h e  boundary l a y e r  and 

t h e  i n v i s c i d  f l ow  f i e l d .  To accoun t  f o r  t h i s  i t  is p o s s i b l e  t o  i t e r a t i v e l y  

s o l v e  f o r  t h e  boundary l a y e r  and f l o w  f i e l d  by u s i n g  t h e  boundary l a y e r  

d i sp l acemen t  t hcckness  t o  a l t e r  t h e  n o z z l e  con tou r .  To d a t e  t h i s  h a s  no t  

been i n c o r p o r a t e d  i n t o  t h e  RAMP2 codes  b u t  i t  w i l l  be i nc luded  i n  t u e  nex t  

v e r s i o n  of  t h e  code.  
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6. RAMPZF INPUT/OUTPUT INSTRUCTIONS 

T h i s  s e c t i o n  o u t l i n e s  i n  d e t a i l  t h e  i n p u t  t o  t h e  RAMP2F f l o w f i e l d  code. 

The f i r s t  s u b s e c t i o n  p r e s e n t s  a  card-by-card d e s c r i p t i o n  of t h e  i n p u t  d a t a .  

S e c t i o n  6.2 p r e s e n t s  a d e s c r i p t i o n  o f  t h e  p r i n t e d  o u t p u t .  

6 .1  RAMP2F PROGRAM INPUT INFORMATION 

Th i s  s e c t i o n  p r e s e n t s  a  card-by-card d e s c r i p t i o n  of t h e  i n p u t  d a t a .  

These d a t a  a r e  i n  g e n e r a l  i n p u t  i n  g roups  (i.e., c o n t r o l  c a r d s ,  boundary 

equa t ions ,  gas thermodynamics, p a r t i c l e  i n fo rma t ton ,  e t c . ; .  A s  t h e  u s e r  

u t i l i z e s  t h e  i n p u t  gu ide  each  v a r i a b l e  i s  exp la ined ,  and t h e  u se  of t h e  

v a r i o u s  c a r d s  4 t h  g i v e n  c o n t r o l  v a r i a b l e  o p t i o n s  i s  exp la ined .  By 

r e f e r r i n g  t o  t h e  sample c a s e s  of S e c t i o n  8 t h e  u s e  and i n t e r a c t i o n  of t h e  

v a r i o u s  groups  of  c a r d s  f o r  each  t y p e  o f  2roblem w i l l  become c l e a r e r .  
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CARD 1 

Co 1 umn 

O v e r a l l  Run Con t ro l  Card 

Pararne ter 

5 ITRCE 

I START 

Value - 
Format: 1615 

D e s c r i p t i o n  

0 A l l  i n p u t  d a t a  e r e  coming f r o v  
c a r d s  except  a s  noted  f o r  
ICON( 1 )  alld ICON(2). Input  
c a r d s  w i l l  be w r i t t e n  on u n i t  
1 3  f o r  f u t u r e  use.  

RAMP code has  a l r e a d y  been 
executed  f o r  a nozz l e ,  and a l l  
i n p u t  d a t a  f r o 3  nozz l e  run  is  
on u n i t  13. Nozzle boundary 
l a y e r  has  been completed,  2nd 
~ \ e  cm'e w i l l  g e n e r a t e  an  e x i t  
p l ane  s tar t  l i n e  which in-  
c l u d e s  boundary l a y e r  and par- 
t i c l e s  i n  t h e  boundary l a y e r  
( i f  p r e s e n t ) .  A l l  o t h e r  d a t a  
f i l e s  ( u n i t s  2 ,3 ,4 ,8 ,10 ,12 ,13)  
which were gene ra t ed  du r ing  
t h e  nozz l e  run  must a l s o  have 
been saved  and a r e  used a s  
i n p u t .  

0 Do not  g e n e r a t e  aq  e x i t  p l ane  
s t a r t  i i n i  t h a t  i n c l u d e s  t h e  
boundary l a y e r .  I n v i s c i d  
e x i t  p l a n e  s t a r t  l i n e s  a r c  
c o n t r o l l e d  by Card 5. 
ISTART '9 i m p l i e s  t h c t  a 
nozz l e  boundary l a y e r  so lu -  
t i o n  w i l l  be g e n e r ~ t e d  
fo l lowing  d nozz l e  s o l u t i o n  
o r  has  a l r e a d y  been g s n e r e j .  
i f  a plume r e s t a r t  a t  t h e  
e x i t  plat ie  i s  t o  be performed. 

1 Punch a v i s c o u s  e x i t  p l ane  
( o r  a t  any o t h e r  bound2ry 
p o i n t  based on ICON(6)) SPF 
s t a r t l i n e .  

2 Genera te  a v i s c o u s  normal 
s t a r t  l l n e  a t  e x i t  (s t rcam- 
l i n e  normal s o l u t i o n  o n l y )  
and r e s t a r t  plume s o l u t i o n  a t  
e x i c .  
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CARD 1 (Cont 'd)  

Column Parameter  Value - 
1 0  I START 3 

1 5  I. LSTL 0 
( ' - e  Sec. 
- - . 5 )  

CARDS 2-4 Probiem D e s c r i o t  fon  

Column Parameter  

1-240 HEADER 

CARD 5 Run Contro l  Card 

Column Parameter  Value - 
5 ICON( 1 )  1 

Gaseous t hermo- 
dynamic d a t a  con- 
t r o l  parameter  

D c s c r i p t  i on  

Same as 2 p l u s  punch a 
v i s c o u s  SPF s tar t  l i n e  (see 
ISTART=l). 

Do not  punch any  v i s c o u s  e x i t  
p l ane  s t a r t l i n e s .  

P r i n t  e x i t  p l a n e  ?iOC i d e a l  
g a s  v i s c o u s  start l i n e  (see 
Sec. 7.3) and i d e a l  g a s  
v i s c o u s  e x i t  p l a n e  normal 
s t a r t l i n e  ( i f  ISTART=2 o r  3 ) .  

P r i n t  and punch i d e a l  g a s  
e x i t  p l a n e  ElOC and normal 
s tar t  l i n e .  

Format: 3(2OA4) 

D e s c r i p t i o n  

Problem d e s c r i p t i o n  may be 
put  on t h r e e  ca rds :  however 
only  t h e  f i r s t  120 columns 
w i l l  be p r i n t e d  wh i l e  a l l  240 
c h a r a c t e r s  w i l l  be w r i t t e n  on 
t h e  d a t a  t ape .  A l l  t h r e e  
c a r d s  must be p r e s e n t  even i f  
blank.  

Format: 1615 

D e s c r i o t  ion  

The g a s  composi t ion  is e i t h e r  
chemica l ly  f r o z e n  and/or  i n  
chemica l  equ i l i b r ium.  The gas 
p r o p e r t i e s  are read  d i r e c t l y  
from ~ 3 r d ~  10 ,  11, 12,  and 13. 

Same a s  I C O N ( 1 ) = 1  except  gas 
p r o p e r t i e s  are read  d i r e c t l y  
from a d a t a  t a p e  mounted on 
FORTRAN u n i t  10 (from TRAN72). 



CARD 5 (Cont'd) -- 
Column Parameter Value 

5 ICON(1) 3 

ICON(2) 
S t a r t  l i n e  
c o n t r o l  param- 
e t e r  f o r  g a s  
on ly  s o l u t i o n  

Desc r ip t ion  

The g a s  c m p o s i t i o n  is i n  
c h m i c a l  non-equi1:brium. 
The g a s  p r o p e r t i e s  are d e t e r -  
mined as a f u n c t i o n  of  t e m -  
p e r a t u r e  i n  thermodynamic 
d a t a  t a b l e s  inpu t  on ca rd  15. 

Same as ICON(l)=3 except  g a s  
composit ion is chemically 
frozen.  

I f  ICONi2)=2, t a p e  u n i t  
number f o r  start l i n e  i f  not  
i n p u t  from cards .  The pro- 
gram d e f a u l t s  t o  u n i t  5 (read 
c a r d s )  f o r  ICOK(2)=2. I f  
ICON(2)=2 and a two-phase 
t r a n s o n i c  s o l u t i o n  is being 
p e r f o r ~ e d  NTAPT is t h e  u n i t  
on  which t h e  t r a n s o n i c  s t a r t  
l i n e  w i l l  be w r i t t e n .  I n  
t h i s  c a s e  t h e  program 
d e f a u l t s  t o  u n i t  8. 

Generate s t r a i g h t  s t a r t  l i n e  
w i t h  Mach number given.  

Generate source  s t a r t l i n e  w i t h  
A/A* given.  

S t a r t l i n e  inpu t  from c a r d s  o r  
tape.  

Not p r e s e n t l y  used. 

Gecerate c o n s t a n t  O/F gaseous 
s t a r t l i n e  us ing  gaseous 
t r a n s o n i c  ~ o d u l e .  This 
o p t i o n  r e q u i r e s  c a r d s  
2k.d .e ;  ICON(2)=4 f o r  
c o n s t a n t  O/F c a s e s  only.  

Gene?ate  gaseous  s t a r t  l i n e  
us ing  gaseous t r a n s o n i c  
module f o r  v a r i a b l e  O/F 
nozzle.  This o p t i o n  r e q u i r e s  
c a r d s  20c,d,e. 
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CARD 5 (Coat ' d )  

Column Parameter Value Desc r ip t ion  

10 S t a r t l i n e  c o n t r o l  G Generate s t a r t l i n e  us ing  t r a n -  
parameter f o r  gas- s o n i c  approximation. 
p a r t i c l e  s o l u t i o n  

2 S t a r t  l i n e  inprat f  rm cards .  

13  ION(3) (IFUD) 0 P o i n t s  are evenly  spaced. 
Con t ro l s  spacing Th i s  o p t i o n  should be used 
o f  p o i n t s  o n  g a s  excep t  f o r  s p e c i a l  cases 
s t a r t l i n e  s e t u p  
by program (1-D 
on ly  

1 P o i n t s  are spaced according t o  
a s i n e  d i s t r i b u t i o n .  

N Number o f  s t a r i i i n e  p o i n t s  
(LOO maxiaum). For g a s  
on ly  t r a n s o n i c  c a s e s  t h e  
eaximum number is 1 5  po in t s .  

16-20 ICON(6) N Number o f  upper boundary equa- 
Upper Boundary t i o n s  i f  s p e c i f y i n g  upper 
s p e c i f i c a t i o n  boundary wi th  equat ions .  (100 
i n d i c a t o r  maximum, r i g h t  a d j u s t ) .  

Option f o r  I C O N ( & )  when upper boundary is desc r ibed  by i n d i v i d u a l  p o i n t s  and 
s l o p e s  

IOON(4) lNOOO + Number of d i s c r e t e  p o i n t s  (no boundary equa t ion  
fol lowing l a s t  p o i n t )  

2N00G + Number of d i s c r e t e  p o i n t s  + 1 (an upper boundary 
equa t ion  fo l lows  last p o i n t )  

N n w b e r  of  p o i n t s  t o  use  f o r  Lagrangian i n t e g r a t i o n  ( 5  max). 

I f  N i s  set t o  ze ro ,  a l i n e a r  assumption w i l l  be made. 

NOTE: I f  a  nozzle  is being run t h e  t h r o a t  must a l s o  be s p e c i f i e d  by 
d i s c r e t e  po in t s .  

i*- 
I f  p a r t i c l e s  a r c  p resen t  and superson ic  s t a r t  l i n e  is gznerated by 
t r a n s o n i c  approximatfon then  t o t a l  number of p o i n t s  o n  s t a r t  l i n e  
may be ad jus ted  by t r a n s o a i c  program depending on p a r t i c l e  
d i s t r i b u t i o n s .  
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CARD 5 (Cont'd) 

Colupn Parameter Value - 
21-2 5 ICON(5) N 

N u m b e r  o f  lower 
boundary equa t ions  

Lowr boundary s p e c i f i c a t i o n  
ind ica to r .  Same d e s c r i p t i o n  
and o p t i o n s  as ICON(4). 

2 7-28 ICON(6) (IFD) I N is t h e  boundary equat ion 
n m b e r  a t  which the SKIPPY 
start l i n e  is t o  be punched. 
The code uses  t h e  XMM ( s e e  
card 8) f o r  t h i s  boundary 
equa t ion  as t h e  s t a t i o n  t o  
punch. This  is normally t h e  
l i p  equation.  

Punch SPF start l i n e  

Output SPF start l i n e  on 
u n i t  12. 

Do no t  g e n e r a t e  SPF start l i n e  

Chemical system 1 SPF start 
l i n e  ( see  Table 6-1) 

Chemical system 2 SPF start 
l i n e  (see Table 6-11 

Chemical system 3 SPF s t a r t  
l i n e  ( see  Table 6-1) 

Chemical system 4 SPF start 
l i n e  ( see  Table 6-1) 

Chemical system 5 SPF start 
l i n e  ( see  Table 6-1) 

Chemical system 6 SPF start 
l i n e  ( see  Table 6-1) 

Input chemical system v i a  ca rd  

I d e a l  g a s  SPF start l i n e  

Streamline-normal s o l u t i o n  

Shock cap tur ing  numerical 
opera to r  (Wse only  f o r  
nozzlps)  



Table 6-1 

SPF CHEMICAL SYSTEHS 

r- -- -. 
-- .. - -- - - . - . -. - - 

I System 1 - Hydrogen/~xygen 1 
! 
I 

System 2 - Carbon/~ydrogen/~xygen 

co, coz8 He Hz, H p *  N,*O,CHw L 0, 

System 3 - Carbon/~iydrogen/~xygen/Chlorine 
i 

Afz03(S), CO, COZY Cls CfZ8 H, Hz. H p w  HCf8 NZ8 0. OH, Oz ! 
I 

; System 4 - Carbon/Hydrogen/Oxygen/Chlorine/~luorine ! 

_I 
System 5 - Hydrogen/~xygen/~oron  

! 
I System 6 - Hydroge~/0xygen/~oron/ChlorLrle~~luorine I 

BF, BFL8 BF3. 80, BOCI. BOF. BO2. BZO3. CO. C02. C1, c f 2  [ 
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CARD 'B (Co~t t  'ti) 

Co I u m t ~  P;r ramctrar Value - 
34 I BL 0 

ICON(8) ( INOZ) 

ICON(8) 0 
Dar a o u t  put  con- 
t r o l ,  used i n  con- 1 
junc t ion  wi th  
ICON( 16) 

D e s c r i p t i o n  

Do not  g e n e r a t e  d a t a  f o r  
boundary l a y e r  c a l c u l a t i o n .  

Genera te  d a t a  f o r  boundary 
l a y e r  c a l c u l a t i o n  and s t o r e  
on u n i t  1. 

Two-dimensional f low problem 
geometry. 

Axisymmet ric f low problem 
geometry. 

Perform c a l c u a t i o n s  u n t i l  
problem l i m i t s  s p e c i f i e d  by 
c a r d  22 are reached.  

T e r n i n a t e  s o l u t i o n  when 
d i s c o n t i n u i t y  i n  upper 
boundary e q u a t i o n s  a r e  
reached,  i.e., l i p  is reached. 

Boundary l a y e r  is t o  be 
gene ra t ed  f o r  plunie restart 
a t  e x i t  plane.  Terminate 
nozz le  s o l u t i o n  a t  expansion 
c o r n e r  ( l i p ) .  T h i s  mus: be 
set i f  boundary l a y e r  is t o  
be gene ra t ed .  

F u l l  p r i n t o u t ,  p r i n t  eve ry  
p o i n t  on no rna l  
P r i n t  o n l y  boundary, shock, 
i n p u t ,  Prandtl-Ueyer,  and 
p a r t i c l e  l i m i t i n g  s t r e a m l i n e  
po in t s .  

P r i n t  1 l i n e  (R,X,M, 8,s and 
shock a n g l e )  

P r i n t  above p l u s  Mach a n g l e ,  
P, 0 ,  T, V 

P r i n t  a l l  of above p l u s  MkT, 
Y, TO*, PO*, s*. 
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CARD 5 (Cont'd) 

Column Parameter Value 

43 ICON(9) 0 
Units  i n d i c a t o r  

1 

44-45 ISPECS 

Descr ip t ion  

Use Engl ish  system of  u n i t s .  

Use met r i c  system of u n i t s .  

Th i s  op t ion  c o n t r o l s  t h e  
u n i t s  i n  which t h e  f low f i e l d  
is c a l c u l a t e d .  The program 
assumes t h a t  t h e  boundary 
equa t ions  a r e  input  i n  t h e  
same u n i t s  as t h e  u n i t s  
i n d i c a t o r  (ICON(9)). Th i s  
op t ion  w i l l  not o v e r r i d e  t h e  
u n i t s  s p e c i f i a t i o n  on c a r d s  
10  and 32 but  w i l l  conver t  
t h e  u n i t s  of t h e  g a s  and 
p a r t i c l e  thermodynamics t o  
correspond t o  t h e  u n i t s  of 
t h i s  i n d i c a t o r .  

Number of d i s c r e t e  p a r t i c l e  
sipes used t o  r epresen t  
p a r t i c l e  d i s t r i b u t i o n  (10 
rsax). I f  gaseous only  flow 
set equa l  t o  0. 

Maximum i t e r a t i o n s  a l lowable  
f o r  each point  i n  f low f i e l d .  
I f  set t o  0 program assumes 
value  of 100. 

Case number p r in ted  a t  top  of 
each page. 

Not p r e s e n t l y  used. 

Flowfie ld  d a t a  w i l l  be output  
on FORTRAN u n i t  3. Must be 
set i f  genera t ing  boundary 
l aye r .  

Data w i l l  not  be w r i t t e n  on 
tape.  

Free  molecular c a l c u l t i o n s  
w i l l  not be considered.  
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CARD 5 (Cont'd) 

Column I'ia raneter 

65 ICON( 13) 

Value - Description 

1 Free molecular calculations 
in all portions of flow field 
(including nozzle). 

2 Free molecular calculations 
will be considered in plume 
only following restart at 
exit plane with viscous 
starting line. 

NOTE: ICON(13) > 0 requires 
additional input from Card 24. 

ICON(16) (IPCH) 0 

1 

ICON(16) (IOUT) 0 

N 

No intermediate printout in 
solution iteration. 

Print intermediate results 
for N~~ line. 

No intermediate printout. 

Print intermediate results 
from !ith point on each line 
from the N~~ (ICON(14)) 
line on. Right adjust. 

Note: The use of ICON(14) 
and ICON(15) result in 
massive printout. This 
option is generally used only 
to debug program changes that 
result in errors. 

No punched cards output. 

Punch data line at nozzle 
exit. 

Print every line. 

Print every N~~ line (use 
with ICON(8)). 
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CARD 5 (Cont'd) 

Column Parameter Value Description 

Time (SEC) before end of 
allotted run time when new 
startline is to be punched. 
Put 0 in column 79 if time 
less than 10 sec. The use of 
this option required the use 
of a system routine to 
monitor the CPU clock time. 

* 
Finite Rate Chemistry Format: 815 
Run Control Card 
(Required if ICON(1)>2) 

CARD 6 

Column 

1-5 

Parameter Value - Description 

Kunber of temperature 
points in thermodynamic 
data tables. 

Number of gaseous species 
(excluding 3rd bodies) 

Number of 3rd bodies. 

Number of reactions 
specified. 

NPRINT No intermediate printout in 
chemistry calculations. 

Echo print of input data. 

Print intermediate results of 
chemistry calculations. 

I CTAPE Species concentrations for 
start line read directly froq 
cards. 

Species concent rat ions read 
directly from a TUN72 data 
tape mounted on FORTUK unit 
10. 

A detailed description of the Finite Rate chemistry input requirements can 
be found in Section 7.1.2.3. 
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CARD 6 (Cont'd) 

Column Parameter  Value - D e s c r i p t i o n  

KGUP 

IDIDO 

> 2 - Number of  normals c a l c u l a t e d  
be fo re  f i n i t e  r a t e  chemis t ry  
c o n t r i b u t e s  t o  dS and dH. 

0 Uniform s p e c i e s  concent ra-  
t i o n s  a l o n g  s t a r t  l i n e .  

1 Non-uniform s p e c i e s  concen- 
t r a t i o n s  a long  start  l i n e .  

CARD 7 Nozzle Throat  Radius Format: 2E10.4 

Column Parameter  

1-10 RSTAR 

Value - D e s c r i p t i o n  

Nozzle t h r o a t  r a d i u s  ( f t  o r  H 
depending on ICON(9)). I f  
running  a plume only ,  RSTAR 
can  be l e f t  blank. 

XSHIFT i s  t h e  d i s t a n c e  from 
t h e  nozz le  t h r o a t  t o  t h e  
c e n t e r  (GO) of t h e  coordi -  
n a t e  system f o r  t h e  w a l l  
equa t ions .  T h i s  is on ly  
necessa ry  f o r  two-phase c a s e s  
where a t r a n s o n i c  s o l u t i o n  is 
d e s i r e d  and where X=O a t  t h e  
nozz le  t h r o a t .  T h i s  d i s t a n c e  
is p o s i t i v e  i f  t h e  c e n t e r  of 
t h e  c o o r d i n a t e  s y s t e n  is  
downstream of t h e  t h r o a t  and 
n e g a t i v e  i f  t h e  c e n t e r  of t h e  
c o o r d i n a t e  system is upstream 
of t h e  t h r o a t .  XSHIFT should  
be z e r o  except  f o r  two-phase 
t r a n s o n i c  c a s e s .  XSHIFT is  
i n p u t  i n  f e e t  o r  meters 
depending on ICON(9). 

CARL? 8 Upper Boundary D e s c r i p t i o n  

I f  ICON(4)c 10,000 u s e  fo l lowlng  Format (11,3X,I1,5X,6E10.4). 
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CARD 8 (Cont'dj 

Column Parameter Value -- Description 

1 IWALL(K,Z) .. 7 Conic equation 

2 Polynomial equation 

3 Free boundary equation 

(See page 6-15 for an example 
and description.) 

5 ITRANS(K,2) 0 No discontinuity follows this 
equation. 

1 Expansion corner follows. 

Coefficient A or P,(psfa or 
PJ/rn2). (Units must be 
consistent with R in ft or m.) 

Maximum value of X applicable 
to equation (feet if ICON(9)=0 
meters if ICON(9)=1). 

If ICON(4) > 10,000 use following format (15,5X,3E10.4,15,SX,3E10.4).  

Column Paraneter Value - Description 

5 ITRANS(K,2) Same as bef ore. 

Axial position (X) of point K 
(it or m). 

Radial position (R) of point 
K (ft or m). 
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CARD 8 (Cont'd) 

Column Parameter Value - Descr ip t  ion 

Wall a n g l e  ( 8 )  a t  po in t  K 
(deg) 

4  5 ITPANS(K+l, 2)  Same a s  before.  

51-60 WALLCO(K+l, 3,2) X a t  po in t  K+1 ( f t  o r  m ) .  

61-70 WALLCO(K+l, 1,Z) R a t  p o i n t  K+1 ( f t  o r  m) 

71-80 WALLCO(K+1,2,2) 8  a t  po in t  K +1 (deg) 

NOTE: Card 8, i n  t h e  above format,  is repeated f o r  each equat ion u n t i l  a l l  

necessary equat ions  have been input .  That is, repea t  Card 8 ,  i n  success ion 

i n  o rde r  of i n c r e a s i n g  X, f o r  K=1,2,. . . ,iCON(4). 

Repeat Card 8, i n  above format,  i n  success ion,  and i n  o rde r  of increas-  

ing X ,  u n t i l  a l l  required p o i n t s  have been input .  

I f  ICON(4) > 20,000, t h e  above format is  used p l u s  Card 8a  must be 

input  t o  d e f i n e  t h e  boundary cond i t ions  downstream of t h e  l a s t  d i s c r e t e  

point .  

CARD 8a  (IF(ICON(4) >20,000)) 

Inpu t  boundary equat ion a s  per  Card 8, ICON(14) Clb,000. 

CARD 9 Lower Boundary Descr ip t ion 

The formats and op t ions  f o r  card 9 a r e  c o n t r o l l e d  by ICON(5) and a r e  

the  same a s  f o r  Card 8  (Upper Boundary) wi th  t h e  following exception:  I t  is 

not poss ib le  t o  run a  two-phase case  wi th  t h e  lower boundary s p e c i f i e d  by 

po in t s ,  t h e r e f o r e  t h e r e  is  no Card 8a; ( 2 )  t h e  i n d i c e s  of t h e  parameters a r e  

( - , - , l )  i c s t e a d  of (-,-,2), e .g. ,  WALLCO(K,i,l) ins tead  of WALLCO(K,1,2). A 

nozzle t h r o a t  region showing t h e  c o e f f i c i e n t s  of a  c i r c u l a r  t h r o a t  and f r e e  

boundary a r e  shown i n  t h e  sketch on t h e  fo l lowing page. 
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RC = rad ius  of cu rva tu re  of the 
c i r c u l a r  a r c  of t h e  t h r o a t  

RT = t h r o a t  r a d i u s  
XO = a x i a l  d i s t a n c e  from the  o r i g i n  

of t h e  coord ina te  system t o  ' I 1.. t h e  t h r o a t  
I 

8 = t h r o a t  divergence ang le  corre-  
sponding t o  the  maximum value 

I f o r  which t h e  t h r o a t  conic 

equat ion a p p l i e s  

The conic  equat ion f o r  t h i s  c a s e  would have the  fo l lowing form: 

A = -1 f o r  a n  upper equat ion,  +1 f o r  a  lower equat ion 
-1 f o r  t h i s  case )  

E = -(PC + RT) 

Xmax = RC s i n  + XO 

An example of a free boundary is  shown i n  t h e  sketch below. 

.-- TIIETAINF 
- 0 - -= 15 The f r e e s t r t a m  approach flow is 

inc l ined  a t  15  deg t o  t h e  plume 
= CAMMAINF with  a gamma ( y )  of 1.4, a  Mach y m 

h4. Pw = = 0.1 10 /(<- number s u r e  of of 0.1 10, ps fa .  and a  s t a t i c  pres- 

Plume 
Nozzle Boundary -- - -- 

P I N F  = 0.1 ( p s f a )  
E = 0 (No p ressure  v a r i a t i o n  wit11 a x i a l  r l i s t i ~ n c . c . )  
GAMMAINF = 1.4 
MINF = 10 
THETAINF = -15 deg 
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CARD 10 Gas Prope r ty  Con t ro l  Format: bA4,5X,A3,6X,I2,3X,I2,5X,E10.4 

T h i s  c a r d  is requ i r ed  whether g a s  d a t a  i n p u t  by c a r d s  o r  t ape .  

Column Parameter  

30-32 '.'!.ITS 
(Idependent  
o f  ICON(9)) 

51-60 HTREF 

D e s c r i p t i o n  

Gag name f o r  real g a s  on 
t ape .  I f  i n p u t t i n g  g a s  d a t a  
v i a  c a r d s ,  may be any  name. 

ENG Inpu t  g a s  d a t a  wirh 
E n g l i s h  u n i t s  ( c a r d s  only) .  
MKS metric u n i t s  ( c a r d s  or  
tape) .  

Number of  O/F o r  t o t a l  
e n t h a l p y  t a b l e s  f ~ r  gaseous  
o n l y  s o l u t i o n  o r  number o f  
g a s  t o t a l  e n t h a l p y  t a b l e s  f o r  
two-phase s o l u t i o n  

Number of en t ropy  t a b l e s  p e r  
IOF e n t r y ,  1 f o r  g a s ,  2  
maximum f o r  g a s  chemical  
e q u i l i b r i u m  s o l u t i o n .  

T o t a l  e n t h a l p y  (Btujlbm o r  
cal lgm (ICON(9)) o f  g a s  t a b l e  
cor responding  t o  combustion 
chamber cond i t ion .  HTREF is 
r e q u i r e d  t o  be i n p u t  on ly  f o r  
txo-phase c a s e s  which u s e  
m u l t i p l e  t o t a l  en tha lpy  
t a b l e s  i n p u t  v i a  ca rds .  
Inpu t  z e r o  f o r  a l l  o t h e r  
ca ses .  HTREF cor re sponds  t o  
t h e  t a b l e  gene ra t ed  by t h e  
TRAN72 program a t  QDOTPsO 
( s e e  S e c t i o n  4).  

CARD 11 Mixtuve R a t i o  o r  T o t a l  -- Format: 2E10.4 
h t h a ~ p y  (Th i s  c a r d  is 
Rot Used i f  ICON(1)>2) - 

* 
I t  is  necessa ry  t o  fnput  ALPHA o n l y  f o r  f i n i t e  r a t e  c a s e  (ICON(I)L3). 
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CAPD 11 (Cont 'd)  

Column Parameter  

1-10 OFPAT(!+) 

CARD 12 Ent ropy 
( T h i s  c a r d  is n o t  
used i f  ICON(l)>Z) - 

Coluren Parameter  

CARD 13 Gas P r o p e r t i e s  
(Th i s  c a r d  is used i f  
ICON(1)=1; u n i t s  s p e c i f i e d  
by Card 10) 

Column Parameter  

1-10 XSIDIM( 1 ) 

DescrLpt i on  

Fo r  gaseous  o n l y  f l ow i n p u t  
O;F rat:o, f o r  p a r t i c l e  f l ow  
f n p u t  g a s  t o t a l  e n t h a l p y  
(ca l lgrs  f o r  metric, B t d l b m  
for  S n q l i s h  u n i t s  s p e c i f i e d  
by Card 10). 

For gas a n l y  t r a n s o n i c  case 
and f o r  3L RESTART i n p u t  
t o t a l  e n t h a l p y  (cal /gm f o r  
m e t r i c ,  Btu/lbm f o r  Eng l i sh ) .  
I f  real g a s  g e t  d a t a  from 
NASA-Lewis run. I f  i d e a l  HO 
= CpTO where Cp = y R/ (y - 1 ) 

D e s c r i p t i o n  

Entropy of  g a s  (cal/gmK o r  
Btullbm-R, u n i t s  s p e c i f i e d  by 
Card 10). 

Number of  Pach numbers f o r  
t h i s  e n t r o p y  v a l u e  ( 1 3  max). 

Format: 8E10.4 

E e s c r i ~ t  i o n  

Mach number a s s o c i a t e d  w i t h  
above en t ropy .  

Molecular  weight  of g a s  
(gmlgm-mole o r  l b m / l b m o l e )  . 
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CARD 13 (Cont 'd)  

3 1-40 x s l n l n ( r )  Temperature ( R  or K )  

41-50 XSIDIN(5) P r e s s u r e  ( a t 3 )  

5 1-60 XSIDIu(6) P r a n d t l  number ( d f a e n s i o n l e s s )  

61-70 YSIDLH(7) Absolu te  v i s c o s i t y  (pof st?) 

I d e a l  g a s  ( 1  v e l o c i t y  c u t  p e r  
t a b l e )  - v i s c o s i t y  tempera- 
t u r e  exponent. Real  gas - 
Cp (cal/gm-K o r  ~ t u / l b - R ) .  

To i l l u s t r a t e  t h e  arrangement of  c a r d s  1, 2 and 3, let I O P 2  and IS=2; 
t hen  t h e  proper  arrangement is: 

Card 11 
12 
13;l-13 such  c a r d s )  
12 
13(1-13 such  c a r d s )  
11 
1 2  
13(1-13 such  c a r d s )  
12 
13(1-13 such  c a r d s )  

CARD 14 Gas P r o p e r t i e s  
(Th i s  c a r d  is r e q u i r e d  
i f  ICON(1) > 2)  

Format : 3E10.4 

Colmin Parameter  Defau l t  D e s c r i p t i o n  
Value 

0.7 Prand t 1 number 
(d imens ion le s s ) .  

11-20 VISO 1.OE-04 Absolu te  V i s c o s i t y  ( p o i s e )  

0.6 V i s c o s i t y  tempera ture  
Exponent. 
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CARD 15 Gas Thermodynamic Data 
(The following cards are 
requ i red i L ICON( 1 ) >2) 

The falloving set of cards contain species thermodynamic data. The 

iirst card contains the species rrs-. molecular weight, and he-qt of forma- 

tion. The second and reraining cards contain the remperoture and corre- 

sponding specific heat, entropy and enthalpy for that species, Two teaper- 

atcres and corresponding thermodynaaic data are placed on ea.n card. the 

input table can contain up to a maximum of 30 tmperature points. The data 

are input exactly as presented in the JANM tables (ilef. 21) vith the 

temperature points being the same for all species. Cards 15.1, 15.2, 15.3, 

etc., are repeated for each species. If a SPF start line is to be punched 

(0 ISltPY 7) then the species lust be input in sale order as they appear in 

Table 6-1. Section 7.1.3.2 contains thermodynaeic and reaction data for 

typical propellant systems. 

card - Col umn Description 

15.1 1-8 Kame of first species (left adjusted) 
11-20 Holecclar weight 
2 1- 30 Heat of fomation, h298 (kcal/role) 

First temperature point (K) 
Cp (cal/mole-K) 
Si (cal/aole-K) 
ki-h298 (kcal/mole) 
Second temperature point (Kj 
Cp (cal/mole-K) 
S, (cal/mole-K) 
hi-h298 (kcal/aole) 

15 .3  1-i0 Third temperature point 

etc. 

CARD 16 Catalytic Species Weighting Pactor Data 
(The ~ollowing cards are required if 
ICON( 1) >2 and NHA) 

Format 
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Card 16 (Cont'd) 

The following set of c a r d ;  s p e c i f y  t h e  c a t a l y t i c  s p e c i e s  ( # l , W ,  W... ) 

and t h e i r  r e s p e c t i v e  c o ~ p o s i t i o n  i n  t e w  of t h e  s p e c i e s  p a r t i c i p a t i n g  i n  

the react ions .  Weighting f a c t c r s  rust be read i n  t h e  saee o r d e r  i n  vhich 

t h e  thermodynamic E-ata sets a r e  read. 

Card - Calurn Desc r ip t ion  

16.1.1 1-3 AID(NS+l) - N a m e  of  f i r s t  c a t a l y t i c  s p e c i e s  2A4 
(e.g., Kl) ( l e f t  a d j u s t e d )  

16.1.2 1-5 HF(l.1) - Weighting f a c t o r  of f i r s t  s p e c i e s  16F5.2 
( f o r  f i r s t  c a t a l y t i c  spec ies ) .  S e t  weighting 
f a c t o r  t o  z e r o  f o r  any r e a c t a n t  vhich d ~ e s  
not c o n t r i b u t e  t o  t h e  r e s p e c t i v e  c a t a l y t i c  
species .  

6-10 UF(1.2) - Weighting f a c t o r  of  second s p e c i e s  
c o n t r i b u t i n g  to  f i r s t  c a t a l y t i c  species .  

75-80 WF( 1.16) - Weighting f a c t o r  of 16th  s p e c i e s  
c o n t r i b u t i n g  to  f i r s t  c a t a l y t i c  species .  

16.1.3 1-5 UF(1.17) - Weighting f a c t o r  of 17 th  s p e c i e s  16F5.2 
c o n t r i b u t i n g  to  f i r s t  c a t a l y t i c  s p e c i e s ,  e t c .  

16.2.1 i-8 AID(NS+2) - K a m e  of second c a t a l y t i c  2A4 

16.2.2 1-5 WF(2.1) - Weighting f a c t o r  of f i r s t  s p e c i e s  16F5.2 
c o n t r i b u t i n g  t o  second c a t a l y t i c  s p e c i e s ,  
etc. 

16.NM.l 1-8 AIli(NS+fiH) - Name of l a s t  c a t a l y t i c  s p e c i e s ,  ?A4 
e t c .  

CARD 17 Chemical Resct ion Mechanisms (The fol loui i ig  
c a r d s  a r e  required i f  ICON(1)>2 and NR>O). 

The following s e t  of c a r d s  s p e c i f i e s  t h e  chemical r eac r ion  mechanisms 

f o r  a  p a r t i c u l a r  problem, one ca rd  f o r  each reac t ion .  No p a r t i c u l a r  o rde r  

is required.  Species  namea a r e  l e f t  ad jus ted .  
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CARD 17 (Cont'd) 

Card - Colurn Desc ript t m 

17.1 1-8 Species A 

9 + sign 

10-17 Species B (or N) 

18 + sign 

19-22 Blank (or 3) 

23 = sign 

24-31 Species C 

32 + sign (if needed) 

33-40 Species C (or 9 )  

41 + sign (if needed) 

42-49 Species E (or ?I) 

50-51 Reaction type, 1 to 12 

52 Rate constant type, 1 to 5 

53-59 A, pre-exponential factor (cm- 
part icle-sec units) 

60-64 R, temperature exponent 

65-76 B, activation energy (cal/mole) 

75-80 H, temperature exponent 

17.2 Next reaction 

17.NR Last react ion 

CARD 18 Startline Data Format: 7ElC.3 
(The followfng cards are requied 
if ICON(1)>2 and ICTAPE=O) 

Format 
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CARD 18 (Coot'd) 

The fo l lowing  c a r d s  c o n t a t n  t h e  s p e c i e s  mole f r a c t i o n s  o a  t h e  start- 

l i n e .  Hole f r a c t i o n s  must be r ead  i o  t h e  same o r d e r  i n  which t h e  thermo- 

dynamic sets are read.  

Card - C o l m n  D e s c r i p t i o n  

18.1 1-10 Hole f r a c t i o n  o f  f i r s t  s p e c i e s  a t  t h e  f i r s t  
p o i n t  on t h e  start l i n e .  

61-70 Hole f r a c t i o n  of s e v e n t h  s p e c i e s  a t  t h e  
f i r s t  p o i n t  on  t h e  start l i n e .  

18.2 1-10 Hole f r a c t i o n  o f  e i g h t h  s p e c i e s  a t  t h e  
f i r s t  p o i n t  on  t h e  start l i n e .  

61-70 Mole f r a c t i o n  of  t h e  f o u r t e e n t h  s p e c i e s  
a t  t h e  f i r s t  p o i n t  on t h e  start l i n e .  

e t c .  

Cards 18.1 and 18.2, e t c . ,  are repea ted  f o r  each  p o i n t  on t h e  s t a r t -  

l i n e .  For  a uniform start  l i n e  ( IDIDO=O),  mole f r a c t i o n s  are read  f o r  1 

poin t  only.  

CARD 1 9  Chamber Condi t ion  Data - Format: 2E10.4 
T h i s  is used i f  ICON(1) > 2 
and ICTAPFsO) 

Column Parameter  D e s c r i p t i o n  

1-10 PC Chamber p r e s s u r e  (atm) 

11-20 TC Chamber tempera ture  (K)  
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Fig.  6-1 S t a r t  l i n e  G e o m e t r i c  S e t - U p  
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CARDS 20 (Cont 'd)  

2 Oc 1-10 CORLIP(2) Mass f low of nozz le  ( lbm/sec ,  
gmlsec). I f  set = 0.0 t h e n  
t h e  ave rage  O/F r a t i o  (CORLIP(8)j 
w i l l  be used t o  c a l c u l a t e  t h e  
nozz le  mass f l o g  

11-20 CORLIP(6) I n i t i a l  s t a t  i o n  t o  start  t r a n s o n i c  
s o l u t i o n  ( f t ,m)  c o n s i s t e n t  w i t h  
boundary equa t ions .  T h i s  s t a t i o n  
should  be upstream of t h e  p o i n t  
i n  t h e  nozz le  i n l e t  where i t  
beg ins  t o  c o n t r a c t .  

21-30 CORLIP(4) Ax ia l  p o s i t i o n  of  nozz le  t h r o a t  
( f t ,m)  

31-40 CORLIP(5) Area r a t i o  a t  which t o  s t o p  
t r a n s o n i c  s o l u t i o n  should  be 
2 1.5. The d e f a u l t  v a l u e s  is 
1.5 i f  set t o  0.0. 

41-50 CORLIP(8) Engine mass ave rage  O/F r a t i o  
o r  t o t a l  e n t h a l p y  (Btul lbm o r  
callgut)* 

IOFS Number of  t a b l e s  of  O/F r a t i o  
v e r s u s  rad  l a 1  p o s i t  i on  on t h e  
i n i t i a l  s t a t i o n  (CORLIP(6)) 
(Maximum of 20). I f  IOFS=l 
then  c o n s t a n t  O/F c a s e  w i l l  
be run  u s i n g  CORLIP(8) and 
c a r d  20e is  not  used. 

* 
For c a s e s  where ICON(2) = 5 ,  t h e  eng ine  O/F r a t i o  c o n s i s t e n t  w i t h  t h e  gas 
thermo t a b l e s  should be inpu t .  I f  ICON(2)=4, IBL=1 and m u l t i p l e  t o t a l  
e n t h a l p y  g a s  t a b l e s  a r e  i npu t  from TRAN72 r e s u l t s  o r  from c a r d s  then  t h e  
t o t a l  en tha lpy  corresponding  t o  t h e  a c t u a l  combustion chamber t o t a l  
c o n d i t i o n s  (QDOTPmO, s e e  S e c t i o n  4 )  should  be i n p u t  s o  t h a t  t h e  proper  t a b l e  
is  used. If ICON(2)=4 and IBL=O t h e  code assumes t h e  thermodynamic t a b l e s  
a r e  input  a s  a f u n c t i o n  of O/F s o  t h a t  CORLIP(8) should be set t o  t h e  
a p p r o p r i a t e  O/F r a t i o  c o n s i s t e n t  w i t h  t h e  t a b l e  e n t r i e s .  

NOTE: Use card  20e when IOFS> 1. P o i n t s  should be i n p u t  s t a r t i n g  a t  nozz le  
c e n t e r l i n e  and going  toward wa l l .  T h i s  c a r d  i n p u t s  O/F d i s t r i b u t i o n  on t h e  
t r a n s o n i c  i n i t i a l  s t a t i o n  (CORLIP(6)). 
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- Column Parameter  Card D e s c r i p t i o n  

2 0e  1-10 OFST(1,l) Rad ia l  p o s i t  ion  on t r a n s o n i c  
s ta r t  l i n e  

11-20 OFST(1,Z) O/F ra t io  a t  above r a d i a l  
c o o r d i n a t e  on s tar t  l i n e  

21-30 OFST(I+l,l)  R 

31-40 OFST( I+1,2) O/F 

41-50 OFST(I+2,2) R 

51-60 OFST(I+2,2) O/F 

61-70 OFST(I+3,1) R 

71-80 OFST(I+3,2) O/F 

NOTE: Use a s  many c a r d s  20e as r e q u i r e d  t o  read  i n  IOFS po in t s .  

CARD 21  S t a r t l i n e  Data Format: 6E13.7 

Do no t  u s e  t h i s  c a r d  i f  1 ~ 0 ~ ( 2 ) 4 ( 2  o r  f o r  g a s - p a r t i c l e  f low. Use f e e t  

i f  ICON(S)=O, m e t e r s  i f  ICO!:(9)=l. Use c a r d  21a i f  ICON(1) - <2. Use Card 

21b i f  ICON(1)>2. 

Repeat t h i s  c a r d  i n  s u c c e s s i o n  and i n  o r d e r  of  i n c r e a s i n g  R f o r  

1=1,2, .  . .ICON(3). 

Card - Column Parameter  

21a* 1-13 R 

D e s c r i p t i o n  

R a d i a l  c o o r d i n a t e  (R) of  po in t  
on s t a r t l i n e  ( f t  o r  m) 

* 
Card 21a is used t o  i n p u t  t h e  g a s  s t a r t  l i n e  i n fo rma t ion  when t h e  g a s  
chemica l  e q u i l i b r i u m ,  f r o z e n  o r  i d e a l  g a s  o p t i o n  .is u t i l i z e d  tn 
t h e  s o l u t i o n  (ICON(1) < 2) .  - 
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CARD 21a (Cont'd) 

14-26 X 

40-52 THETA 

53-65 S 

CARD 22 

Column 

1-10 

Axial coordinate (X) of point I 
(ft or m) 

Mach number at point I 
(dimensionless) 

Flow angle at point I (deg) 

Entropy at point I ( f t2isec2/!l 
or m2/sec2/~) 

Mixture ratio at point I (O/F) 
or total enthalpy (ft2/sec2 or 
m2/sec2). o/F or HT should be 
consistent with gas tables 

Radial coordinate (R) of point I 
on startline (ft or m) 

X Axial coordinate (X) of point I 
(ft or m) 

Mach number at point I (dimen- 
sionless) 

THETA Flow angle at point I (deg) 

Temperature ot point I 
(R or K) 

P Pressure at point I (atm) 

Cutoff Limits Data 
(See Fig. 6-2) 

Format : 8E10.4 

Parameter -- Description 

CUTDAT ( 1 ) Radial coordinate defining upper 
limit of calculation regime 
(ft or m) 

This card is used to input the gas startline information when the gas 
chemical non-equilibrium option is utilized in the solution (ICON(1)>2). 
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Normal terminated 
by downstream 
cutoffs. 

R 2 X ~  @ Normal terminated 
by plume boundary . 

NOTE: The normals must terminate on an upper 
boundary. Therefore, R l .  XI, must have 
values such that the cutoff box will always 
be above the plume or solid boundary. The 
code will attempt to fill up the cutoff box 
with normals until fewer than six points 
remain on the normal. 

Fig. 6-2 Cutoff Limits 
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CARD 22 (Cont 'd)  

CARD 23 

11-20 CUTDAT(2) A ~ i a l  c o o r d i n a t e  d e f i n i n g  upstream 
c u t o f f  l i m i t  ( f t  o r  m) 

21-36 CUI'DAT( 3 )  Angle upper  l i m i t  of c a l c u l a t i o n  
regime makes w i th  h o r i z o n t a l  (deg )  

31-40 CUTDAT(4 ) R a d i a l  c o o r d i n a t e  d e f i ~ i n g  downstream 
c u t o f f  l i m i t  ( f  t o r  m )  

41-50 CUTDAT(5) A x i a l  c o o r d i n a t e  d e f i n i n g  downstream 
c u t o f f  l i m i t  ( f t  o r  m )  

5 1-60 CUTDAT(6) Angle downstream c c t o f f  l i n e  makes 
w i th  h o r i z o n t a l  (deg)  

Mesh Conr ro l  
(See  S e c t i o n  7.1.6) 

Column Parameter  

Format: 8E10.4 

D e s c r i p t i o n  

1-10 STEP(3) I n t e r i o r  p o i n t  i n s e r t i o n  c r i t e r i a  
( f t  o r  m) 

11-20 STEP(6) Axis  p o i n t  i n s e r t  i on  c r i t e r i a  
( f t  o r  M) 

21-30 STEP(9) P a r t i c l e  l i m i t i n g  s t r e a m l i n e  
i n s e r t i o n  c r i t e r i a  

31-40 STEP(7) "o in t  d e l e t i o n  c r i t e r i a  

41-50 STEP(1) Prandtl-Meyer i n t e g r a t i o n  s t e p  
s i z e  (deg)  

51-60 STEP(8) I n t e r p o l a t i o n  f a c t o r  f o r  ca l cu -  
l a t i n g  lower w a l l  

CARD 24 Free-Molecular C o n t r o l  V a r i a b l e s  Format : 5E10.4 
( T h i s  c a r d  is  not  used i f  ICON(13)=0). 

Column Parameter  D e s c r i p t i o n  

1-10 V I B N O  R e c i p r o c s l  of t h e  Knudsen number 
a t  which t h e  v i b r a t i o n a l  energy  
aode  t h t r m a l l y  f r e e z e s  

6-29 

LOCKHEED-HIINTSVILLE RESEARCH & ENGINEERING CENTER 



CARD 24 (Cont'd) 

11-20 ROTNO Hcciproca l  of t l ~ c  Kn~rdsen number 
a t  which t h e  r o t a t i o n a l  energy 
mode the rma l ly  f r e e z e s  

21-30 TRANNO Rec ip roca l  of t h e  Knudsen number 
a t  which t h e  t r a n s l a t i o n a l  energy  
mode the rma l ly  f r e e z e s  

31-40 CHARL C h a r a c t e r i s t i c  l e n g t h  used i n  t h e  
Knudsen number c a l c u l a t i o n  (normal ly  
t h e  nozz le  e x i t  r a d i u s )  

41-50 C O W  V i s c o s i t y  r e l a t i o n  tempera ture  
exponent i f  not  i npu t  i n  t hemc  
t a b l e s .  

Cards 2 5  t h t  ~ g h  37 are i n p u t  on ly  f o r  two-phase s o l u t i o n .  

CARD 25 P a r t i c l e  S o l u t i o n  C o n t r o l  Format: 1615 

(Use o n l y  i f  ISPECS>O) 

Column Parameter Value - - Desc r ip t ion  

4 I Z O  0 Nozzle w a l l  e q u a t i o n s  a r e  r e fe renced  
t o  t h e  nozzle  t h r o a t  

1 Nozzle w a l l  e q u a t i o n s  a r e  not  r e f e r -  
enced t o  t h r o a t  

IWRITE 0 1 l i n e  of p r i n t  f o r  each  p a r t i c l e  
( p a r t i c l e  (V,e, An, h,  P ,AT) 
p r i n t  f l a g )  

1 Above p l u s  R e ,  A V ,  AT, v i s c o s i t y ,  
Cp, P r  

2  A l l  of above p l u s  To, Po, CD/CDS, 
NaINus, A,B 

IDRAG 0  Use d rag  t a b l e  coded i n  K l i e g e l  
program (Ref.  22) 

1 Use C.J. Crowe d rag  t a b l e  coded 
i n t e r i l a l  t o  program (Ref. 23) 

2  Henderson Drag Law (Ref. 24 
recommended) 
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CARD 25 (Cont ' d l  

18 IPCHS 

20 IPFTOC 

30 JTEM(M) ,M=2, 0 
ISPECS 

70 N 

CARD 26 ? a r t i c l e  
( i f  ISPECS > 0) 

Column Parameter 

1-10 XMASSP 

S t a r t l i n e  c a l c u l a t e d  by program 
(ICON(2 )=2)  

Number of s t a r t l i n e  p o i n t s  a t  which 
p a r t i c l p s  are p r e s e n t  f o r  g iven  
start l i n e .  Must be i n p u t  i f  
ICON(2)=2. N - < ICON(3). 

No punch. 

Punch start l i n e  from t r a n s o n i c  
prograffi 

Where N is t h e  number o f  d i f f e r e n t  
t empera tu re l en tha lpy  t a b l e s  t o  
i n p u t  which d e s c r i b e  t h e  temper- 
a t u r e / e n t h a l p y  r e l a t i o n s h i p  f o r  t h e  
p a r t i c l e s .  I f  o n l y  one type  
p a r t i c l e  s p e c i e  (i.e., A t 2 0 3 )  
t hen  t h e r e  is u s u a l l y  o n l y  one 
t a b l e  i npu t .  

P a r t i c l e  t empera tu re l en tha lpy  t a b l e  
t o  use f o r  p s r t i c l e  1. The f i r s t  
t a b l e  should  always be f o r  p a r t i c l e  

Use Table  1 f o r  t h e  mth p a r t i c l e  
s i z e .  

The p a r t i c u l a r  p a r t i c l e  tempera- 
t u r e / e n t h a l p y  t a b l e  used t o  
d e s c r i b e  t h i s  p a r t i c u l a r  p a r t i c l e  
s i z e .  

Format : 8E10.4 

D e s c r i p t i o n  

R a t i o  of p a r t i c l e  t o t a l  mass f low 
rate t o  g a s  nass f low rate 
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11-20 ACOMR P a r t i c l e  accommodatioc coe f f i c i en t  f o r  
i m p i n g m n t  on nozzle w a l l .  Ratio of 
p a r t i c l e s  which s t i c k  t o  t he  nozzle wall/ 
t o t a l  p a r t i c l e s  which s t r i k e  the  nozzle 
w a l l .  This  var iab le  is used only i n  the 
p a r t i c l e  t r a j ec to ry  t rac ing  through the  
boundary layer .  I f  t h e  p a r t i c l e s  h i t  t he  
nozzle w a l l  i n  t he  inv isc id  solut ion,  
ACOMWL is assumed t o  be 1.0 

21-30 PWEGtiT The molecular weight of the  pa r t i c l e s .  
This var iab le  is only used t o  set up a SPF 
two-phase s t a r t  l i ne .  The SPF code allows 
only one type of pa r t i c l e .  

CARD 27 P a r t i c l e  #ass Flow 
Rate Fract ions (Use 
only i f  ISPECS>O) 

CARD 28 

C o l m  Parameter 

Format: 8E10.4 

Description 

1-10 PERTG(1) Ratio of p a r t i c l e  No. 1 mass flow r a t e  t o  
t o t a l  p a r t i c l e  mass flow ra t e .  

11-20 PERTG ( 2 ) Ratio of p a r t i c l e  No. 2 mass flow r a t e  t o  
t o t a l  p a r t i c l e  mass flow r a t e  

71-80 PERTG(1SPECS) Ratio of p a r t i c l e  No. ISPECS mass flow 
r a t e  to t o t a l  p a r t i c l e  mass flow ra te .  

P a r t i c l e  Size Format 8E10.4 
(Use only i f  
ISPECS>O) 

Column Parameter Descript ion 

1-10 PSP(2,l) Radius of p a r t i c l e  No. 1 (microns) 

PSP(2,ISPECS) Radius of p a r t i c l e  No. ISPECS (microns) 

6-32 

LOCKHEED-HUNl'SVILLE RESEARCH & ENGINEERING CENTER 



LPSC-HREC TR 0867400-111 

CARD 29 P a r t i c l e  Mass Densi ty  
(Use only  i f ISPECS,O) 

Column Parameter  Desc r ip t ion  

1-10 PSP( 1,l) lhss d e n s i t y  of  particle No. 1 (lbsl/ft3, 
o r  kg/r3) 

PSP(1,ISPECS) Mass d e n s i t y  of r t i c l e  No. ISPECS 3" l k / f t 3 ,  o r  k g / r  ). 

CARD 30 Emiss iv i ty  ~ a t a *  
(Use o n l y  i f  ISPECS>O) 
( ~ i n E q .  3.6 o f  Ref. 1) 

Coluun Parameter  

Format 8E10.4 

D e s c r i p t i o n  

1-10 EWISS(1) E m i s s i v i t y  of  p a r t i c l e  No. 1 

E~ISS(ISPECS) Emiss iv i ty  of  p a r t i c l e  No. ISPECS 

CARD 31 Acc-odat i o n  ~ o e f  f i c i e n t s *  
(Use only  i f  ISPECS >O) 
( a  i n  Eq.(3.6) o f  Ref. 1) 

Column Parameter  

Format 8El0.4 

D e s c r i p t i o n  

Acco~lmodation c o e f f i c i e n t  of 
p a r t i c l e  KO. 1 

ACC( ISPECS) Accommodation c o e f f i c i e n t  of 
p a r t i c l e  No. ISPECS 

* 
The e m i s s i v i t y  and accol.rmodation c o e f f i c i e n t s  are used t o  de termine  t h e  
l o c a l  energy exchange between t h e  g a s  and p a r t i c l e s  v i a  r a d i a t i o n .  They 
normally produce n e g l i g i b l e  e f f e c t s  on s o l u t i o n  and u s u a l l y  a r e  set t o  0 
(zero) .  
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CARD 32 Particle Equation of State 
(Use only if ISPECS>O) 
(see ~eciion 7.1.3.3 fir 
explanat ion) 

Column Parameter 

1-24 ALPHA 

28-30 UNIT 
(Independent of 
IcoN(9)) 

CARD 33 Particle Data 
(Use only if ISPECS > 0) 

Coluen Parameter 

Description 

Particle name (any name) 

ENC Data input in English units 
.S Use metric units 

Format: I3 

Description 

Number of temperature-enthalpy data 
points for Chis particle. If equal 
to 1, input liquid and solid heat 
capacities (see Card 34). Right 
ad just. 

CARD 34 Particle Enthalpy Data Format: 7E10.4 
(Use only if ISPECS > 0; 
units specified by Card 31) 

1-10 m( 1) Nelting point temperature of particle 
No. I (R in English units, K ?n 
MKS units) 

Enthalpy of solid phase of particle No. I 
at melting point temperature (Btullbm 
or cal/gm) 

21-30 m( 1) Enthalpy of liquid phase of particle No. I 
at melting point temperature (Btu/lbm or 
callgut) 

The emissivity and accommodation coefficients are used to determine the 
local energy exchange between the gas and particles via radiation. They 
normally produce negligible affects on solution and usually are set to 0 
(zero). 
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CARD 34 ( Cont ' d ) 

C o l w n  Parameter  D e s c r i p t i o n  

I f  NPRI(I)=l, u s e  fo l lowing  format. 

31-40 APHO(l,l,I) Heat c a p a c i t y  o f  l i q u i d  phase of  p a r t i c l e  
No.1 (Btu/lbm-R o r  cal/gm-K). 

41-50 APHO(l,Z,I) Heat c a p a c i t y  o f  s o l i d  phase o f  p a r t i c l e  
No. I (Btu/ lbarR o r  cal/&m-R). 

If NPTM(1) 1, u s e  fo l lowing  format.  

31-40 APHO(lBlsI) Temperature f o r  T-H t a b l e  f o r  p a r t i c l e  
No. I ( R  o r  K). 

41-51 APHO(l,Z,I) Entha lpy  f o r  T-H t a b l e  f o r  p a r t i c l e  No. I 
( ~ t u / l b m  o r  cal/gm). 

51-60 APHO(2,1,1) Second t empera tu re  i n  T-H t a b l e  f o r  
p a r t i c l e  No. I ( R  o r  K). 

61-70 APH0(2,2,1) Second e n t h a l p y  i n  T-H t a b l e  f o r  p a r t i c l e  
No. I. 

The above format (APHO(J,l,I), APHO(J,2,1)) is cont inued on s u c c e s s i v e  
c a r d s  of format 7E10.4 f o r  J=1,2,.  . . ,NPTM(I) .  

There a r e  a s  many sets of c a r d s  3 3  and 34 as t h e r e  a r e  d i f f e r e n t  
p a r t i c l e  chemical  s p e c i e s  (IPFTOC, Card 25). 

CARD 35*1nput S t a r t l i n e  
(The fo l lowing  c a r d s  a r e  
r e q s i r e d  i f  ICON(2)=2 and 
ISPECS > 0 ) )  

Format : 6E13.7 

Use Card 35a i f  I C O N ( 1 )  < 2. Use Card 35b i f  ICON(1) > 2. Repeat t h i s  
c a r d  f o r  I=1,2, .  .  ICON(^^ s t a r t i n g  a t  p o i n t  on nozz le  a x i s .  

Rad ia l  c o o r d i n a t e  of  s t a r t l i n e  
p o i n t  I ( f t  o r  m).  

Ax ia l  c c ~ r d i n a t e  o f  s t a r t l i n e  p o i n t  
I ( f t  o r  m).  

27-39 EM Mach number a t  po in t  I. 

* 
T h i s  c a r d  is used when g a s  chemica l  e q u i l i b r i u m ,  f r o z e n  o r  i d e a l  g a s  o p t i o n  
is s e l e c t e d .  

6-35 

LOCKHEED-HUNTSVILLE RESEARCH 6 ENGINEERING CENTER 



CARD 35a (Cont'd) 

Column Parameter 

40-52 THETA 

CARD 35b 

27-39 EX 

40-52 THETA 

53-65 T 

66- 7 8 P 

CARD 36 Startline Particulate Data 
(the following cards are 
required if ICON(2)=2 and 
ISPECS > 0) 

Column Parameter 

Description 

Flow angle at point I (deg) 

Entropy at point I (Btullbm-R or 
callgm-K) 

Gas total enthalpy (Btullbm or 
callgm). 

Radial coordinate of startline 
point I (ft or m). 

Axial coordinate of startline point 
I (ft or m). 

Mach number at point I. 

Flow angle at point I (deg). 

Temperature at point I (K) 

Pressure at point I (atm) 

Format: 15,5X,4E13.7 

Description 

Particle number 

Particle enthalpy at point I 
(~tu/lbm or callgm) 

Particle density at point I 
(slugif t3 or kg/m3) 

Particle axial velocity at point I 
(ftlsec or mlsec) 
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CARD 36 (Cont'd) 

Column Parameter  D e s c r i p t i o n  

P a r t i c l e  r a d i a l  v e l o c i t y  a t  p o i n t  I 
( f t / s e c  o r  m/sec) 

Card 36 is  repea ted  f o r  e a c h  d i s c r e t e  p a r t i c l e  s i z e  a t  each  p o i n t  on 

t h e  start  l i n e  where p a r t i c l e s  a r e  p r e s e n t ,  s t a r t i n g  a t  t h e  n o z z l e  w a l l  and 

g o i n g  toward t h e  a x i s  ( r e v e r s e  o r d e r  of  Card 35). A l l  p a r t i c l e  s i z e s  are 

i n p u t  a t  each  p o i n t  s t a r t r n g  w i t h  p a r t i c l e  1 t o  t h e  number o f  p a r t i c l e  s i z e s  

t h a t  e x i s t  a t  t h e  p a r t i c u l a r  p o i n t  (See Table  7-7 f o r  example). 

CARD 37 Transon ic  Flow Data Format: NAMELIST 

(Use o n l y  i f  ISPEC > 0 

and I C O N ( Z ) # ~ )  

Although t h e r e  a r e  many pa rame te r s  t h a t  may be i n p u t  v i a  t h e  name l i s t  

DATA, most o f  t h e s e  have a l r e a d y  been a s s i g n e d  v a l u e s  i n  t h e  p rev ious  36 

I n p u t  c a r d s ;  and some o f  t h e  pa rame te r s  d o  no t  a p p l y  t o  t h e  t r a n s o n i c  

c a l c u l a t i o n .  Only t h o s e  n a m e i i s t  pa rame te r s  t h a t  c o u l d  have a s i g n i f i c a n t  

e f f e c t  on t h e  program a r e  inc luded  below. The n a m e l i s t  d a t a  beg ins  i n  

Column 2 w i t h  $DATA. The las t  c a r d  begins  i n  column 2 and c o n t a i n s  o n l y  

$END. S e c t i o n  7.1.5.1 c o n t a i n s  a d i s c u s s i o n  o f  t h e  u s e  o f  t h e  t r a n s o n i c  

module. F igure  6-3 i l l u s r r a t e s  t h e  v a r i a b l e s  r e q u i r e d  f o r  i n p u t  t o  t h e  

t r a n s o n i c  modu! e. 
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1 \ WALLM 

Fig. 6 - 3  Inlet and Throat Parameters for a Gas-Particle Transonic 
Solution (see Ref. 25) 

6-38 

LOCKHEED-HUNTSVILLE RESEARCH & EPiCfNE8RING CENTER 



Parameter 

THID 

RRT 

THJW 

AX I S N  

WALLN 

Description 

Nozzle throat inlet angle (deg) 

Throat downstream wall radius 
of curvature divided by the 
throat radius 

Throat upstream radius of curvature/ 
throat radius 

Value of the nozzle wall angle 
downst ream of the circular port ion 
of the nozzle throat(RRT) in degrees 

The mach number on the start line on the 
nozzle centerline must be greater than 1 

The Mach number on the start lin- at the 
nozzle wall must be greater r l ~ a n  i.0 

Default Values 

If ISKPY=7, read in cards 38,39 otherwise leave out. 

CARD 38(If ISKPY=7(Card 5 ) )  Format: I5 

Column Parameter Description 

1-5 I NUM Number of chemical species 
to be read in for this chemical 
system (maximum of 25) 

CARD 39 Card 39 reads in the species names for Format: 20A4 
chemical system which does not appear 
in Table 6-1 

Column Parameter Description 

1-12 (SNAME(7,I, Species name (consistent 
(Left J),J=1,3) with JANNAF 
Adjusted) 
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CARD 39 (Cont'd) 

49-60 

Use as many c a r d s  39 a s  r e q u i r e d  t o  read  i n  INUM s p e c i e s .  

I f  1<ISKPY<7 - and ICON(l)=l, c a r d  4 0  is requ i r ed ,  o t h e r w i s e  
l e a v e  o u t .  

CARD 40 Spec ie s  mole f r a c t i o n  c a r d  
f o r  SPF start l i n e  

Format: 8E10.4 

Column Parameter  - D e s c r i p t i o n  

1-10 SIFROZ(1) S p e c i e s  mole f r a c t i o n  

11-21 SIFROZ(I+l) S p e c i e s  mole f r a c t i o n  

71-80 SIFROZ(I+7) Spec ie s  mole f r a c t i o n  

A s  many s p e c i e s  mole f r a c t i o n s  must be read i n  a s  t h e r e  a r e  s p e c i e s  i n  

t h e  p a r t i c u l a r  chsafcai Jystem (see Tab le  6-1). I f  ISKPY=7, t h e r e  should be 

INUM s p e c i e s .  The o r d e r  must be t h e  same as t h e  s p e c i e s  appea r ing  i n  Table  

6-1 o r  were read  i n  under c a r d  39. Use a s  many c a r d s  40 a s  necessa ry  t o  

read  i n  a l l  s p e c i e s  mole f r a c t i o n s  (25  maximum). 

Cards 41, :2, 43, and 44 may be r e q u i r e d  on ly  i f  a boundary l a y e r  c a l -  

c u l a t i o n  is t o  be performed (IBL >O, c a r d  5)  o the rwise  they  must be l e f t  out .  

6-40 

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-IIREC TR D86 7400- I I I 

CARD 41 Boundary Layer  Run Opt ion  Card Format: 515,5X,E10.5 
T h i s  c a r d  must be  i n p u t  i f  IBL>O 

Column Parameter  Value - D e s c r i p t i o n  

1-5 KR7 0 Turbu len t  boundary l a y e r ,  
c a l c u l a t i o n  starts o f f  
l amina r  and w i l l  t r i p  t o  
t u r b u l e n t  when t h e  Reynolds 
number based on momentum 
t h i c k n e s s  exceeds  250. The 
program w i l l  select whether  
t h e  f low is f r o z e n  o r  i n  
e q u i l i b r i u m .  

11-15 ITPTS 

16-20 ISPEC 

Laminar boundary l a y e r ,  
f r o z e n  c h e m i s t r y  

Laminar boundary l a y e r ,  
e q u i l i b r i u m  chemis t ry  

Turbu len t  boundary l a y e r  
i f  momentum t h i c k n e s s  
Reynolds number exceeds  
250. Equ i l i b r ium chemis t ry .  

Same as 3 excep t  f r o z e n  
chemis t ry  

Ad iaba t i c  w a l l  nozz l e  w a l l  

S p e c i f i e d  w a l l  t empera tu re  
d i s t r i b u t i o n .  (Requ j r e s  
c a r d s  44) 

Wall s t e a d y  s tate  energy  
ba l ance  ( u s e  f o r  two-phase 
ca ses ) .  

Where N is t h e  number of w a l l  
p o i n t s  t o  i n p u t  t h c  n o z z l e  w a l l  
t empera ture .  T h i s  is used o n l y  
i f  KR9=2 (25  max) 

N i s  t h e  number of chemical  
s p e c i e s  i n  t h e  boundary l a y e r  
edge gas .  T h i s  i s  r equ i r ed  
o n l y  I f  ICON(1)=1 ( thermo 
d a t a  read  from c a r d s ) .  
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LMSC-HREC TR D867400-11; 

CARD 41  (Cont 'd)  

21-25 NUN1 PP 0 Do not punch t h e  BLIKPJ 
inpu t  d a t a  

1 Punch t h e  BLIMPJ inpu t  
d a t a  

31-40 XSTAKT Dis t ance  from t h e  beginning 
of t h e  boundary l a y e r .  Pro- 
gram d e f a u l t s  t o  1 / 2  a t h r o a t  
r a d i u s .  

CARD 42 Boundary Layer  Edge S p e c i e s  Format: 4(2A4,2X,E10.4) 

Column Parameter  D e s c r i p t i o n  

1-8 SPECN(1) Chemical s p e c i e s  name 
( L e f t  Adjus ted)  

11-20 SPECMF(1) S p e c i e s  mole f r a c t i o n  

21-28 SPECN(2) 2nd chemica l  s p e c i e s  name 

31-40 SPECMF(2) 2nd chemica l  s p e c i e s  mole 
f r a c t i o n  

A s  many c a r d  42 a r e  used a s  a r e  r e q u i r e d  t o  read  i n  ISPEC s p e c i e s ,  4 t o  

a c a  d. 

CARD 43 Transpor t  Prr b!.c.rt y Card - - .  Format : 2E 10.4 

NOTE: T h i s  c a r d  is r e q u i r e d  o n l y  i f  ICON(1)=1 and t h e  c a s e  be ing  run  is not  
a two-phase c a s e  (ICON(9)=0). 

Column Parameter  D e s c r i p t i o n  

1-10 XMU Gas v i s c o s i t y  i n  t h e  cqmbust ion 
chamber ( p o i s e )  

11-20 PRFR Turbu len t  P r a n d t l  number 
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CARlj(S) 44 Nozzle Wall Temperature D i s t r i b u t i o n  Format : 8E10.4 

Note: Card(s)  14 a r e  on ly  requ i red  i f  t h e  wa l l  temperature d i b t r i b u t i o n  
o p t i o n  i s  s e l e c t e d  (KR9m2). Input  p o i n t s  s t a r t i n g  f x m  nozzle  t h r o a t  t o  t h e  
l i p .  

Ioldrnn Parameter - Descr ip t ion 

1-10 TWA(1,l) Axial coord ina te  o f  w a l l  l o c a t i o n  
( f  t ,m) 

11-21 TWA(1,Z) Wall t e m p e r a t ~ r e  a t  a b w e  l o c a t i o n  
(deg R, deg K) 

Input  ITPTS p a i r s  of l o c a t i o n  and temperature.  Four p a i r s  pe r  ca rd .  

6.2 OUTPUT FORMAT 

This  s e c t i o n  d e s c r i b e s  the  p r i n t e d  output  of the  W 2 F  code. The 

program ou tpu t  i s  organized s o  t h a t  t h e  i n i t i a l  psgos c o n t a i n  t h e  inpu t  d a t a  

and the  i n i t i a l  d a t a  su r face .  Each d a t a  s u r f a c e  t h z r e a f t e r  is cons t ruc ted  

a long a "normal" t o  the  s t r e a m l i n e s  which have been chosen t o  r e p r e s e n t  the  

flow expansion of the  nozzle  and exhaust  plume, The couputer code w i l l  

t r e a t  a  chemical equ i l ib r ium and/or f rozen  o r  chemical non-equil ibrium flow 

expansior~ wi th  o r  without t h e  presence of p a r t i c l e s ;  conseq~len t ly  t y p i c a l  

p r i n t o u t s  f o r  each case  a r e  presented t o  demonstrat6 the  o u t p u t  f o r  each 

case .  Numbered f l a g s  on t h e  example p r i n t o u t  s h e e t s  correspond t o  t h e  

numbered comments i n  the  fo l lowing d e s c r i p t i o n  of t h e  p r i n t o u t .  The 

c a l c u l a t i o n s  a r e  performed i n  e i t h e r  t h e  E ~ ~ g l i s h  o r  me t r i c  system of u n i t s ;  

hence u n i t s  f o r  both  a r e  given.  

CROUP 1 - IDENTIFICATION 

1 Computer code I d e n t i f i c a t i o n  

2 I d e n t i f i e s  g a s - p a r t i c l e  flow s o l u t i o n ;  does not  occur f o r  
gaseous only  case .  
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3 Case ------- N ~ r n  .-r - : - Appears on  e a c h  page - may be a maximum o f  f i v e  
dll:i ts.  

4 kioblem T i t l e :  I d e n t i f i e s  p a r t i c u l a r  s o l u t i o n ,  a p p e a r s  o n  each  page 
and may be 120 spaces .  

GROUP 2 - PROGRAH CONTROL 

5 These 16 parameters  c o n t r o l  t h e  e x e c u t i o n  o i  program accord ing  t o  
t h e  o p t i o n s  s e l e c t e d .  (See  Card 5 o f  t h e  Input  Guide f o r  a n  
e x p l a n a t i o n  o f  t h e  i n d i v i d u a l  parameters .  ) 

GROUP 3 - BOUNDARY EQUATIONS (See i n p u t  g u i d e  f o r  a d e t a i l e d  d e s c z i p t i o n )  

6 Type Equation:  I d e n t i f i e s  t h e  t y p e  o f  boundary equaticru s e l e c t e d .  

7 ITRANS: I n d i c a t e s  whether  a d i s c o n t i u u i t y  f o l l o w s  t h i s  equa t ion .  

8 Equation C o e f f i c i e n t s :  Apply t o  upper and lower boundary equa t ions .  

9 IIAX: Maximum va lue  o f  x f o r  which t h i s  e q u a t i o n  a p p l i e s .  - 

GROUP 4 - GAS-PARTICLE MIXTURE IDENTIFICATION 

10 Tota: Enthalpy (appears  f o r  g a s - p a r t i c l e  f low):  Gas t o t a l  e n i h a l p y  
before  i t  is per turbed .  

11 I n d i c a t e s  number o f  d i s c r e t e  p a r t i c l e s  used t o  r e p r e s e n t  t h e  
p a r t i c l e  d i s t r i b u t i o n .  

12 Gas I d e n t i f i c a t i o n :  Name (24 c h a r a c t e r i s t i c s  max.) which i d e n t i -  
f i e s  t h e  gas .  I f  t h e  g a s  d a t a  are s t o r e d  on a magnetic  t a p e ,  t h i s  
is t h e  name which is  used t o  locate t h e  g a s  d a t a  on  t h e  d a t a  t a p e  
(see Card 9 of  t h e  Input  Guide). 

GROUP 5 - GAS PROPERTIES 

13  T o t a l  Enthalpy ( appea r s  f o r  gas-part  i c l e  f low) : Gas t o t a l  e n t h a l p y  
f o r  t h i s  t a b l e .  

13  O/F R a t i o  ( appea r s  f o r  gaseous  o n l y  s o l u t i o n ) :  O/F f o r  t h i s  t a b l e .  

14 Entropy: May be two maximum f o r  each  O/F o r  t o t a l  en tha lpy .  

i 5  Gas Thermodynamics Data Ve loc i ty :  May be 13  maximum f o r  each  
en t ropy  ( f t l s e c  o r  mlsec) .  
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16 Gas Constant: Value a s s o c i a t e d  w i t h  p a r t i c u l a r  v e l o c i t y ,  etc., 

(f t2/sec2/It  or m2/sec2 /~) .  

17 I s e n t r o p i c  Exponent: Value a s s o c i a t e d  wi th  p a r t i c u l a r  v e l o c i t y ,  
etc. 

18 Temperature: Value a s s o c i a t e d  w i t h  p a r t i c u l a r  v e l o c i t y ,  etc., 

(R o r  K). 

19 Pressure:  Value a s s o c i a t e d  w i t h  p a r t i c u l a r  v e l o c i t y ,  e t c . ,  

Gas Transport  Data: (does no t  appear  f o r  gaseous on ly  s o l u t i o n ) .  

20 Erand t l  Number: Value a s s o c i a t e d  wi th  p a r t i c u l a r  value  of 
v e l o c i t y ,  etc. 

21 Viscosi ty :  Value a s s o c i a t e d  wi th  p a r t i c u l a r  va lue  of  v e l o c i t y ,  e t c .  

22 S p e c i f i c  Heat a t  Constant Pressure:  This  parameter appears  f o r  
real g a s  wi th  rau l t ip le  v e l o c i t y  values ,  I f  on ly  one vel -oci ty  is 
used t h e  parameter p r in ted  is t h e  v i s c o s i t y  exponent f o r  t h e  
eqtiat ion = g o   TIT,)^^^. 

GROUP 6 - PROBLEM LIMIT INFORMATION ( s e e  inpti t  gu ide )  

23 - R: Radial  coord ina te  of  upper c u t o f f  ( u n i t s  c o n s i s t e n t  w i t h  
boundary equat ions) .  

24 X: Axial  coord ina te  of  upper c u t o f f  ( u n i t s  c o n s i s t e n t  wi th  - 
boundary equat ions) .  

25 THETA: Angle of  upper c u t o f f  l i n e  (deg). 

26 R: Radia l  coord ina te  o f  lower c u t o f f  ( u n i t s  c o n s i s t e n t  wi th  - 
boundary equat ions) .  

27 X: Axial  coord ina te  of lower c u t o f f  ( u n i t s  c o n s i s t e n t  wi th  - 
boundary equat ions .  

28 Theta: Angle of  lower c u t o f f  l i n e  (deg). -- 

GROUP 7 - PARTICLE DESCRIPTION (does no t  appear  f o r  gaseous on ly  s o l u t i o n )  

29 P a r t i c l e  Number: Neaber ass igned t o  p a r t i c u l a r  p a r t i c l e  (10 max). 
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P a r t i c l e  Radius: Radius of  t h e  p a r t i c l e  i n  microns. 

Mass Density: P a r t i c l e  d e n s i t y  ( l b / f t 3  o r  @/rn?). 

EBLissivity: C o e f f i c i e n t  of  e m i s s i v i t y  f o r  p a r t i c l e  r a d i a t i o n  t o  
t h e  surrounding medium. 

A c c d a t i o n  Coef f i c i en t :  Accoaaodation c o e f f i c i e n t  f o r  r a d i a t i o n  
from t h e  surrounding medim t o  t h e  p a r t i c l e .  

P a c t i c l e  pe rcen t  loading r e l a t i v e  t o  t h e  gas.  

Ind iv idua l  particle percentage r e l a t i v e  t o  t h e  
t o t a l  mass f low rate 

UNITS: W i t s  wi th  which t h e  p a r t i c l e  temperature-enthalpy t a b l e  
w i l l  be inpu t  (see t h e  inpu t  guide) .  

TIYELT: Temperature of t h e  p a r t i c l e  d u r i n g  t h e  phase change from 
l i q u i d  t o  s o l i d  ( R  o r  K). 

HSOLID: Value of en tha lpy  a t  which t h e  p a r t i c l e  becomes a s o l i d  

( f  t2 /sec2 o r  m2/sec2 j. 

HLIQUIP: Value of  en tha lpy  a t  which t h e  a r t i c l e  be i n s  t h e  S f t r a n s i t i o n  from l i q u i d  t o  s o l i d  phase ( f t  /sec2 o r  m / sec2)  
cons tan t  s p e c i f i c  hea t  a n a l y s i s .  

CPMELT: Value of t h e  s p e c i f i c  hea t  a t  c o n s t a n t  p ressure  f o r  the  
p a r t i c l e  i n  t h e  l i q u i d  s t a t e  ( f t 2 / s e c 2 / ~  or m2/sec2 /~) .  

CPSOLID: Value of t h e  s p e c i f i c  hea t  a t  cons tan t  r e s s u r e  f o r  t h e  E p a r t i c l e  i n  t h e  s o l i d  s t a t e  (f t 2 / s e c 2 / ~  o r  m2/sec /K). 

TP: Value of t h e  p a r t i c l e  temperature (R o r  K )  (50 rnax). (Not - 
shown) 

HP: Value of p a r t i c l e  e n t h a l p y  corresponding t o  40 (59 max). - 
(Not shown). 

Re: P a r t i c l e  Reynolds number. - 
DRAG COEF: P a r t i c l e  drag coef f  f c i e n t  parameter,  f  j, c o r r e -  
sponding t o  42 . 
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CROUP 8 - GAS START LINE I#POIUU\TION 

44 R: Radial coord ina te  of t h e  d a t a  point  ( u n i t s  c o n s i s t e n t  wi th  - 
boundary equat ions) .  

45 - X: Axial coord ina te  of t h e  d a t a  point  ( u n i t s  c o n s i s t e n t  wi th  
boundary equa t ions  ) . 

46 H: Local va lue  of t h e  Mach number (must be > 1.0). - 
47 THETA: Local flow d e f l e c t  i o n  ang le  (deg) . 
48 - S: Local va lue  o f  en t ropy  l e v e l  ( f t 2 / s e c 2 / ~  o r  

02/sec2/~). 

49 MACH ANGLE: Local va lue  corresponding t o  N (deg). 

50 Shock Angle: Local va lue  o f  shock aog le  i f  p o i n t  is a dowastream 
shock po in t  (deg). 

51 H-TOTAL (gas -par t i c le  flow): Gas t o t a l  enthalpy l e v e l  

51 O/F (gas on ly  flow): Local value  of O/F. 

CROUP 9 - PARTICLE START LINE INFOGMATION (does not  appear  f o r  gaseous on ly  
s o l u t i o n )  

52 POINT: Data po in t  a t  which t h i s  p a r t i c l e  is presen t .  

53 SPECIE: P a r t i c l e  number f o r  t h i s  d a t a  point .  

54 - U: P a r t i c l e  a x i a l  compcnent of v e l o c i t y  ( f t l s e c  o r  m/sec). 

55 V: P a r t i c l e  r a d i a l  component of v e l o c i t y  ( f t l s e c  o r  o~ l sec ) .  - 
56 - 0: P a r t i c l e  s t reaml ine  d e f l e c t i o n  ang le  ( rad)  

57 h: - P a r t i c l e  en tha lpy  l e v e l  ( f t 2 / s e c 2  o r  m2/sed2) 

58 0 :  Inca1  p a r t i c l e  c o n c e n t r a t i o 3  ( s l u g / f t 3  o r  kgm/m3) - 
GROUP 10 - MESH CONTROL CRITERIA ( s e e  inpu t  guide)  

59 DLI: Point  I n s e r t  c r i t e r i a  f o r  t h e  nozzle-plume i n t e r i o r  s o l l ~ t i o n  - 
( u n i t s  c o n s i s t e n t  wi th  boundary equat ions) .  

60 DXA: Line i n s e r t  c r i t e r i a  a long t h e  a x i s  ( u n i t s  c o n s i s t e n t  with - 
boundary equn t ione)  . 
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6 1  DM: I n s e r t  criteria n e a r  a p a r t i c l e  l i m i t i n g  s t r e a m l i n e  ( u n i t s  - 
c o n s i s t e n t  w i t h  t h e  boundary equa t ions ) .  

62 DLD: Po in t  d e l e t e  criteria ( u n i t s  c o n s i s t e n t  w i t h  t h e  boundary - 
e q w t  ions) .  

63 DEGPU: Inc remen ta l  a n g l e  t o  be used i n  t h e  numer ica l  i n t e g r a t i o n  
t o  d e f i n e  t h e  Prand tl-Meyer expans ion  f a n  (deg ) . 

64 - F: I n t e r p o l a t i o n  f a c t o r  used  i n  t h e  a x i s  p o i n t  s o l u t i o n .  

CRObiP 11 - DATA LINE FLOU PROPERTIES 

NOTE: The o u t p u t  format f o r  a l l  d a t a  s u r f a c e s  are t h e  same w i t h  each  p o i n t  
t y p e  o n  t h e  l i n e  be ing  i d e n t i f i e d .  S e v e r a l  d i f f e r e n t  l i n e s  are shown t o  
i n d i c a t e  t y p i c a l  l i n e  c o n s t r u c t i o n s .  

65 Line: Line number; l i n e s  are numbered i n  a scend ing  o r d e r .  

66 Poin t :  I n d i c a t e s  p o i n t  number o n  t h e  l i n e .  

67 Desc r ip t ion :  I n d i c a t e s  p o i n t  t y p e  and f low regime. These o p t i o n s  
are: 

P o i n t  Type Output  Format Flow Regime Output Format 

a. Inpur INPUT POINT a. Continuum CONTIN 

b. I n t e r i o r  INTER b. F ree  Molecular  FREE 

c. Wall WALL 

d . Free  boundary FRE EB D 

NOTES: The p o i n t  t y p e  and f low regime w i l l  appea r  i n  t h e  a p p r o p r i a t e  com- 
b i n a t i o n  t o  comple t e ly  d e s c r i b e  t h e  d a t a  p o i n t .  

Items 68 through 81 r e f e r  t o  g a s  c o n d i t i o n s .  

68 R: Rad ia l  c o o r d i n a t e  o f  t h e  d a t a  p o i n t  ( u n i t s  c o n a i s i e n t  w i t h  t h e  - 
boundary e q u a t i o n s )  

69 X: Ax ia l  c o o r d i n a t e  o f  t h e  d a t a  p o i n t  ( u n i t s  c o n s i s t e n t  w i t h  t h e  - 
boundary e q u a t i o n s )  

70 - H: Local  v a l u e  o f  t h e  Mach number 
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71 8: Local  f l o w  d e f l e c t i o n  a n g l e  o f  t h e  g a s  s t r e a m l i n e  (deg) - 
72 - S: Local  e n t r o p y  l e v e l  o f  t h e  g a s  ( f t 2 / s e c 2 / ~  o r  

m 2 / s e c 2 / ~ )  

73  - V :  Local  magnitude o f  t h e  v e l o c i t y  ( f t / s e c  o r  m/sec) 

74  H-TOTAL ( g a s - p a r t i c l e  flow): Gas total  e n t h a l p y  l e v e l  

( f t 2 / s e c 2  o r  m2/sec2) 

74 O/F (gas  o n l y  f low):  Local  v a l u e  o f  o/F 

7 5  Mach Angle: Mach a n g l e  co r re spond ing  t o  t h e  Mach nuarber (deg) 

7 6  - P: Local p r e s s u r e  ( l b f / i n 2  or ~ / m * )  

77 - p: Loca l  d e n s i t y  ( s lug/£  t3 o r  kgm/e3) 

78  T :  Local  s ta t ic  t empera tu re  (R o r  K )  - 
79 GAS CONST: Local  v a l u e  o f  t h e  g a s  c o n s t a n t  

8 0  LOCAL GAWHG: Loca l  v a l u e  o f  t h e  i s e n t r o p i c  exponent  

81 -- SEXK ANCLE: Local  v a l u e  o f  t h e  downstream shockwave a n g l e  (deg)  

NCWE: Items 8 2  through 83 r e f e r  t o  t h e  p a r t i c l e  p r o p e r t i e s .  T h i s  
p r i n t o u t  d o e s  n o t  a p p e a r  f o r  g a s  o n l y  flow. 

8 2  - V: Local magnitude o f  p a r t i c l e  v e l o c i t y  ( f t l s e c  o r  mlsec) 

83  - 8: Local  p a r t i c l e  s t r e a m l i n e  d e f l e c t i o n  a n g l e  (deg) 

84 DM: D i f f e r e n c e  i n  Mach number between t h e  h a s  and p a r t i c l e  - 
85 - h: Local  p a r t i c l e  e n t h a l p y  l e v e l  ( t t 2 / s e c 2  o r  m2/sec2) 

86 fi Local p a r t i c l e  c o n c e n t r a t i o n  ( s l u g / f t 3  o r  k g m / 0 3 )  

87 T :  Local  p a r t i c l e  tempera ture  ( R  o r  K )  - 
88 I n d i c a t e s  t h e  d a t a  p o i n t  is on a p a r t i c l e  l i m i t i n g  s t r e a m l i n e  
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NmE: The u n i t s  of  t h e  f low rates depend o n  t h e  u n i t s  o f  t h e  boundary equa- 
t i o n .  For t h e  fo l lowing  u n i t s  perform t h e  i n d i c a t e d  o p e r a t i o n .  

Un i t s  - 
f t  

F a c t o r  

1 

89  Gas mass f low rate 

90  P a r t i c l e  t o t a l  mass f low rate 

91 Sum o f  t h e  g a s  and p a r t i c l e  mass f l o w  rate 

92 P a r t i c l e  pe rcen t  l o a d i n g  r e l a t i v e  t o  t h e  g a s  (numer ica l  i n t e g r a t i o n  
r e s u l t s  ) 

9 3  P a r t i c l e  p e r c e n t  l o a d i n g  r e l a t i v e  t o  mix tu re  

GROUP 13 - MOMENTUM INTEGRATION RESULTS 

94 T h i s  is  a c a l c u l a t i o n  o f  t h e  component of  t h e  n e t  t h r u s t  due  t o  t h e  
g a s  and p a r t i c l e  momentum a c r o s s  t h e  s t a r t i n g  l i n e .  

FORCEX,FORCEY: Net a x i a l  and r a d i a l  component o f  t h e  t h r u s t  v e c t o r  
( l b f  o r  N )  

TORQZ: Net t o r q u e  r e s u l t i n g  from t h e  t h r u s t  ( f t - l b f  o r  m-N) 

ISP: S p e c i f i c  impulse  co r re spond ing  t o  FORCEX ( l b f - s e c l l b , )  - 
95 This  is t h e  i n c r e m e n t a l  g a s  and p a r t i c l e  c o n t r i b u t i o n  t o  t h e  t h r u s t  

and t o r q u e  v e c t o r  

DELFXG,DELFYG: N e t  gaseous  axia l  and r a d i a l  component o f  t h e  
t h r u s t  v e c t o r  ( l b f  o r  N-m) 

TORQZP: Net t o r q u e  r e s u l t i n g  from t h e  gaseous  c o n t r i b u t i o n  to t h e  
t h r u s t  v e c t o r  ( f  t - l b f  o r  N-m) 

DELFXP,DELFYP: P a r t i c l e  momentum c o n t r i b u t i o n  t o  t h e  t h r u s t  v e c t o r  
( l b f  o r  N )  

TORQZP: Net t o r q u e  r e s u l t i n g  from t h e  p a r t i c l e  c o n t r i b u t i o n  t o  t h e  
t h r u s t  v e c t o r  ( f t - l b f  o r  m-N) 

6-50 

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



Probiem S o l u t i o n  I t e r a t i o n  C o n t r o l  

96 ITR: Wumber of i t e r a t i o n s  r e q u i r e d  f o r  t h i s  p o i n t  t o  converge 
w i t h i n  t h e  convergence criteria 

CROUP 14 - PRESSURE INTEGRATION RESULTS 

97 T h i s  c a l c u l a t i o n  i s  t h e  t h r u s t  and t o r q u e  r e s u l t i n g  from t h e  g a s  
p r e s s u r e  a c t i n g  on  t h e  n o z z l e  wall. 

FORCEX,FORCEY: Axial and r a d i a l  component o f  t h e  t h r u s t  ( l b f  o r  
N).  T h i s  t h r u s t  v e c t o r  i n c l u d e s  t h e  momentum and p r e s s u r e  c o n t r i -  
but  i on .  

TORQZ: N e t  t o rque  r e s u l t i n g  from t h e  t h r u s t  ( f t - l b f  o r  m-N) 

DELFX,DELFY: Incrementa l  f o r c e  i n  t h e  a x i a l  and r a d i a l  d i r e c t i o n s  
r e s u l t i n g  from t h e  p r e s s u r e  a c t i n g  on t h e  nozz le  w a l l  ( l b f  o r  N) 

ISP: S p e c i f i c  impulse  co r re spond ing  t o  FORCEX ( lbf -sec / lbm)  - 
GRObl' 1 5  - PERCENT CIIANGE I N  FlASS FLOW RATE ilOfENTUEl ENERGY, AND ISP 

NOTE: Th i s  i s  a comparison o f  t h e  mass f low rate, momentum, ene rgy  and LSP 
r e l ~ t i v e  t o  t h e  mass f low r a t e ,  momentum, ene rgy  and ISP through t h e  i n p u t  
( s t a r t i n g  l i n e )  s u r f a c e .  

98 Pe rcen t  change i n  t h e  mass f l o w  rate of  t h e  g a s  

99 Pe rcen t  change i n  t h e  mass f low rate o f  t h e  p a r t i c l e s  

100 Pe rcen t  change i n  t h e  mass f low r a t e  o f  t h e  mixture  

101 Pe rcen t  change i n  t h e  momentum of t h e  g a s  

102 P e r c e n t  change i n  t h e  momentum o f  t h e  p a r t i c l e s  

103 Pe rcen t  change i n  t h e  momentum o f  t h e  mix tu re  

104 Pe rcen t  change i n  s p e c i f i c  impulse 

105 Pe rcen t  change i n  t h e  energy  o f  t h e  g a s  

106 Pe rcen t  change i n  the  energy of  t h e  p a r t i c l e s  

107 Pe rcen t  change i n  the  energy  o f  t h e  mix tu re  
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CROUP 16 - FREE MOLECULAR CONTROL PARAMETERS 

108 VIBNO: Rec ip roca l  o f  t h e  Knudsen number a t  which t h e  v i b r a t i o n a l  
ene rgy  mode the rma l ly  f r e e z e s  

109 ROTNO: Rec ip roca l  of  t h e  Knudsen number a t  which t h e  r o t a t i o n a l  
ene rgy  mode the rma l ly  f r e e z e s  

110 TRANNO: Rec ip roca l  o f  t h e  Knudsen number a t  whicn t r a n ~ l a t i o n ~ r l  
ene rgy  mode t h e r m a l l y  f r e e z e s  

111 CHARL: C h a r a c t e r i s t i c  l e n g t h  used i n  t h e  mean f r e e  p a t h  c a l c u l a -  
t i o n  used  t o  compute t h e  l o c a l  v a l u e  o f  t h e  Knudsen number ( u n i t s  
c o n s i s t e n t  w i th  t h e  boundary e q u a t i o n s )  

112 GAMV: Value c f  t h e  i s e n t r o p i c  exponent  t o  be used i n  t h e  v i b r a -  - 
t i o n a l l y  f r o z e n  f l o w  c a l c u l a t i o n s  

113 GAMR: Value o f  t h e  i s e n t r o p i c  exponent  t o  be used i n  t h e  r o t a t i o n -  - 
a l l y  f r o z e n  f l o w  c a l c u l a t i o n s .  

113A Locat ion  on t h e  normal where continuum f low assumpt ions  are l i k e l y  
t o  s tar t  breaking down acco rd ing  t o  t h e  Bird criteria (Ref. 26) .  

GROUP 17 - SPECIES THEILYODYNAMIC AND REACTION DATA 

114 These 7 parameters  c o n t r o l  t h e  e x e c u t i o n  of  t h e  f i n i t s  rate 
chemis t ry  c a l c u l a t i o n s  a c c o r d i n g  t o  t h e  o p t i o n s  s e l e c t e d .  (See 
Card 5 of t h e  Input  Guide f o r  a n  e x p l a n a t i o n  of t h e  i n d i v i d u a l  
parameters )  

115 P r a n d t l  number o f  t h e  g a s  (d imens ion le s s )  

116 Absolute * . i s cos i ty  of t h e  g a s  ( p o i s e )  

117 V i s c o s i t y  tempera ture  exponent  

118 React ion  number 

119 Reac t ion  being cons ide red  

i 2 0  - A: Pre-exponent ia l  f a c t o r  (cm-par t ic le -sec)  

121 N: Temperature exponent  - 
122 - B: A c t i v a t i o n  ene rgy  (ca l /mole)  

123  M: Temperature exponent  - 
124 R-Type: React ion  t y p e  
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125 K-Type: Rate cons tan t  type  

126 C a t a l y t i c  s p e c i e s  being coqsidered.  (See Card(s)  14 f o r  a n  
e x p l a n a t i o a )  

CROUP 18 - SPECIES MOLE FRACTIONS ON THE STARTLINE 

127 Point:  I n d i c a t e s  the  p o i n t  number on t h e  s t a r t l i n e  

128 Corresponding s p e c i e s  mole f r a c z i o n s  a t  the  point  

129 Chamber pressure  (atm) 

130 Chamber temperature (K) 

131 Species  mole f r a c t i o n s  a t  a  p o i n t  on t h e  d a t a  s u r f a c e  

GROUP 19 - SINGLE PHASE TRANSONIC OUTPUT 

132 I n i t i a l  S t a t i o n :  S t a r t i n g  l o c a t i o n  f o r  t r anson ic  s o l u t i o n  
( f t  o r  m) 

133 Throat S t a t i o n :  Location of nozzle  t h r o a t  ( f t  o r  m) 

134 F ina l  S t a t i o n :  m c a t i o n  t o  t e rmina te  t r a n s o n i c  s o l u t i o n  ( f t  o r  a) 

135 Mass Flow: Mass flow r a t e  f o r  n \ z z l e  ( s lug / sec  o r  kgmlsec) 

136 Average O/F: Overal l  engine  O/F r a t i o  ( v a r i a b l e  O/F) o r  t o t a l  
enthalpy (cons tan t  O/F) 

137 Throat Area: Area of nozz le  t h r o a t  ( f t 2  o r  m Z )  

138 Time Step:  I n t e g r a t i o n  s t e p  s i z e  f o r  t r a n s o n i c  s o l u t i o n  ( s e c )  

139-140 Table of  O/F (or  t o t a l  en tha lpy)  as a  func t ion  of l o c a l  r a d i u s  a t  
in I tLa1  s t a t i o n  f o r  t r a n s o n i c  s o l u t i o n .  

139 R: Radial  l o c a t i o n  on i n i t i a l  s t a t i o n  - 
140 O/F: O/F r a t i o  o r  t o t a l  en tha lpy  (cons tan t  O/F case )  a t  t h e  r ad i a l  - 

p o s i t i o n  (R on the  i n i t i a l  s t a t i o n )  

141 Line: Data s u r f a c e  number f o r  t r a n s o n i c  s o l u t i o n  - 
142 Point:  Point  number a t  each d a t a  su r face .  Point  1 is on nozzle  

wa l l  and l a s t  po in t  i s  nozzle  a x i s  

143 R: Radia l  coord ina te  of  p o i n t  ( f t  o r  m )  - 
144 X: Axial l o c a t i o n  of d a t a  s u r f a c e  ( f t  o r  m) - 
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145 M: Mach number point - 
146 ANC: Flow angle point (deg) - 
147 - O/F: o/F (o r  t o t a l  enthalpy) ( i f  t o t a l  enthalpy, u n i t s  a re :  

f t 2 / s ec2  o r  m2/sec2) 

148 - V: ve loc i ty  ( f t l s e c  o r  mlsec) 

149 - P: S t a t i c  pressure ( l b f / f t 2  o r  ~ / m )  

150 T: S t a t i c  temperature ( R  o r  K) - 
151 - DENS: Density (slugs/£ t3 o r  kgm/m3) 

152 W T :  Integrated mass flow across  so lu t ion  s t a t i o n  (s lug/sec o r  
-ec) 

153 PXT:  Integrated momentum across  s t a t i o n  ( lbf  o r  N) 

154 ISTEP: Time s t e p  numher 

Note: There are two p r in tou t s  f o r  s t e p  1000. The f i r s t  is f o r  t imestep 
1000 while the  second i s  f o r  t h e  t lmestep d t  which the  bes t  so lu t ion  was 
obtained. 

GROUP 20 - SUMMARY OF SPP STARTLINE DATA 

155 Reader vhich i b  output  following nozzle so lu t ion  summarizing SPF 
data.  I f  no boundary l aye r  so lu t ion  is ro  follow then the  in- 
v i sc id  SPF s t a r t  l i n e  w i l t  be punched out ins tead  of s tored  on 
Unit 12. A s imi l a r  s e t  of output w i l l  be displayed a t  beginning 
of a plume so lu t ion  which includes t he  boundary layer .  

156 SPF c:leaistry evstem - See Table 6-1 f o r  spec ies  which a r e  con- 
ta4  ,led Ln each system 

157-166 Exi t  plane mass flow averaged proper t ies  

157 Mass flow averaged e x i t  plane molecular weight 

158 Mass flow averaged e x i t  plane s p e c i f i c  heat r a t i o  

159 Mass flow averaged e x i t  plane v i s cos i t y  (poise)  

160 Mass flow averaged e x i t  plane Prandt l  number 

161 Nozzle e x i t  radius  ( f t )  
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162 Mass f low averaged e x i t  p lane  s t a t i c  temperature (K) 

lh?  Mass f l o w  i~vrraged e x i t  plane d e n s i t y  (gm/cc) 

164 Mass flow averaged e x i t  p lane  g a s  v e l o c i t y  ( f t l s e c )  

165 Specie name 

166 Mass flow averaged e x i t  p lane  s p e c i e s  mole f r a c t i o n  

167-172 SPF p a r t i c l e  p roper ty  d a t a  ( f o r  two phase c a s e s  o n l y )  

167 P a r t i c l e  s p e c i e s  o r  s i z e  number 

168 Location of p a r t i c l e  l i m i t i n g  ~ t r e a m l i n e  on e x i t  plane SPF s t a r t  
l i n e  

169 P a r t i c l e  r a d i u s  (microns) 

170 P a r t i c l e  s p e c i f i c  h e a t  ( ~ t u / l b m / m o l e / ~ ~ )  

171 P a r t i c l e  mass d e n s i t y  (gm/cc) 

172 P a r t i c l e  molecular weight 

173-183 Summarizes SPF e x i t  p lane  s t a r t l i n e  p r o p e r t i e s  

173 Non-dimensional <R/aozzle e x i t  r a d i u s )  r a d i a l  coord ina te  of 
s t a r t l f n e  po in t  

174 Axial  component of g a s  v e l o c i t y  ( f t / s e c )  

175 Radia l  component of  g a s  v e l o c i t y  ( f t / s e c )  

176 S t a t i c  p ressure  (atm) 

177 S t a t i c  temperature (OK) 

179 P a r t i c l e  s p e c i e s  ( s i z e )  number 

180 Axlal  component of p a r t i c l e  v e l o c i t y  ( f t l s e c )  

181 Radia l  component of p a r t i c l e  velocf  t y  (f t / s e c )  

182 P a r t i c l e  d e n s i t y  (gmlcc) 

183 P a r t i c l e  temy?rature (K)  
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GROUP 21 - SUMMARY OF BLIMPJ DATA FILE 

184 T h i s  is a p r i n t e d  l i s t i n g  o f  t h e  c a r d  images which are prepared  by 
t h e  RAMPZF nozz le  s o l u t i o n  which are s t o r e d  on u n i t  1. These d a t a  
are p r i n t e d  o u t  a t  t h e  end o f  t h e  RAMPZF n o z z l e  s o l u t i o n .  If t h e  
punch o p t i o n  (NUNIPPol, Card 41) is  s e l e c t e d  t h e s e  d a t a  w i l l  n o t  
be p r i n t e d  o u t  

GROUP 22 - PARTICLE TRAJECTORY TRACING RESULTS 

These r e s u l t s  are p r i n t e d  o u t  f o r  two-phase restarts a t  t h e  e x i t  p l ane  
f o r  cases which i n c l u d e  t h e  boundary l a y e r .  I f  any  o f  t h e  p a r t i c l e s  
a r e  found t o  p e n e t r a t e  t h e  boundary l a y e r  t h e n  t h e  program traces t h e  
p a r t i c l e  t r a j e c t o r i e s  t o  t h e  e x i t  p l a n e  s o  t h a t  p a r t i c l e  p r o p e r t y  
v a r i a t i o n s  i n  t h e  boundary l a y e r  may be inc luded  i n  t h e  e x i t  p l a n e  
v i s c o u s  s t a r t  l i n e .  

1 8 5  T h i s  t a b l e  summarizes t h e  p a r t i c l e  p r o p e r t i e s  as  the)  e n t e r  t h e  
boundary l a y e r  

186 P a r t i c l e  s i z e  number 

187 P a r t i c l e  s t r e a m l i n e  number - The program t r a c e s  n i n e  d i f f e r e n t  
s t r e a m l i n e s  o f  a g i v e n  p a r t i c l e  s i z e  which e n t e r  t h e  boundary 
l a y e r  a t  d i f f e r e n t  l o c a t i o n s  down t h e  boundary l a y e r .  The 1 0 t h  
p o i n t  is  t h e  edge o f  t h e  boundary l a y e r  a t  t h e  e x i t  p l a n e  

188 Rad ia l  l o c a t i o n  a t  which t h e  p a r t i c l e  e n t e r s  t h e  boundary l a y e r  
( f t  o r  m) 

189 Ax ia l  l o c a t i o n  a t  which t h e  p a r t i c l e  e n t e r s  t h e  boundary l a y e r  ( f t  
o r  m )  

190  P a r t i c l e  v e l o c i t y  ( f t / s e c  o r  m/sec) 

191 P a r t i c l e  f l o w  a n g l e  (deg)  

192 P a r t i c l e  e n t h a l p y  ( f t 2 / s e c 2  o r  m2/sec2) 

193 P a r t i c l e  d e n s i t y  ( s lug/ f  t3 o r  kgm/m3) 

195 Tbi b t a b l e  summarizes t h e  p a r t l c l e  p r o p e r t i e s  a t  t h e  p a r t i c l e  
s t r e a a l i n e s  o f  Table  180 excep t  t h e s e  r e s u l t s  a r e  a t  t h e  e x i t  
p l a n e  a f t e r  t h e  p a r t i c l e s  were t r a c e d  through t h e  boundary l a y e r .  
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GROUP 23 - IDEAL GAS EXIT START LINES 

One o f  t h e  o p t i o n s  of  t h e  RAI:P?F program is t o  ~ r i n t  a n d l o r  punch an 
i d e a l  g a s  s t a r t  Line f o r  t n e  Lockheed Method of  C h a r a c t e r i s t i c  a s  w e l l  
a s  f o r  a  RAMPZF e x i t  r e s t a r t .  These s ta r t  l i n e s  c a n  o n l y  be punched 
f o r  v i s c o u s  e x i t  p l a n e  r e s t a r t s .  See  Vol. 11, Appendix B f o r  i n s t r u c -  
t i o n s  on  m o d i f i c a t i o n s  t o  t h e  MOC program f o r  u s i n g  t h i s  s t a r t  l i n e .  

196 The e x i t  p l a n e  mass f l o w  ave raged  t o t a l  p r e s s u r e  For MOC i d e a 1  gas 
s t a r t  l i n e  ( p s f a )  

197 The e x i t  p l a n e  mass f low ave raged  ~ o t a l  t empera tu re s  f o r  MOC i d e a l  
g a s  s t a r t  l i n e  (R) 

198  The e x i t  p l a n e  mass f l o w  ave raged  s p e c i f i c  h e a t  r a t i o  f o r  MOC 
i d e a l  g a s  s t a r t l i n e  

199 The e x i t  p l a n e  mass f l o w  ave raged  molecu la r  weight  f o r  MOC i d e a l  
g a s  s t a r t l i n e  

200 Nozzle e x i t  r a d i u s  ( f t )  

201-206 Are e x i t  p l a n e  s t a r t l i n e  p o i n t  f low p r o p e r t i e s  

201 RIRE, non-dimensional r a d i a l  l o c a c i o n  1 n  e x i t  p l a n e  

202 X ,  a x i a l  l o c a t i o n  of  e x i t  p l ane .  The program assumes e x i t  p l a n e  
i s  a  0.0 

203 Mach number 

204 Flow ang :e (deg)  

205 Entropy (f t 2 / s e c 2 / ~ )  

206 T o t a l  e n t h a l p y  ( f  t 2 / s e c 2 )  

207-212 The e x i t  p l a n e  normal i d e a l  g a s  s t a r t l i n e  which c o u l d  be used f o r  
s RAMP2F p l a n e  r e s t a r L  

207 R a d i a l  c o o r d i n a t e  of  s tar t  l i n e  p o i n t  ( f  t o r  m )  

208 Axia l  c o o r d i n a t e  o f  s t a r t l i n e  p o i n t  ( f t  c w  a )  

209 Mach number 

210 Flow a n g l e  (deg )  

211 Entropy ( f  t 2 / s e c 2 / 0 ~  o r  m 2 / s e c 2 / ~ )  

212 T o t a l  e n t h a l p y  (f t 2 / s e c 2  o r  m2/sec2) 
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Sample Printout 
for Two-Phase Chemical Equilibrium Flow 
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Sample Printout for Two-Phase Chemical Equilibrium 
Flow with Free Molecular Considerat ions 
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Sample Printout for Single-Phase 
Finite Rate Chemistry Flow 
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7. PROGRAM UTILIZATION 

T h i s  s e c t i o n  p r e s e n t s  s u g g e s t i o n s  o n  how t o  p r e p a r e ,  a s  w e l l  as where 

t o  o b t a i n ,  i n p u t  d a t a  f o r  t h e  RAMPZF program. Areas covered  f o r  s e t t i n g  up 

t h e  i n p u t  d a t a  are: boundary e q u a t i o n s ,  chemis t ry  d a t a ,  two-phase d a t a ,  

mesh c o n t r o l  v a r i a b l e s  start l i n e  o p t i o n s ,  and f r e e  molecu la r  d a t a .  Also 

ioc luded  i n  t h i s  s e c t i o n  are e x p l a n a t i o n s  o f  t h e  v a r i o u s  error messages, 

problems which may be  encoun te red ,  and sugges t ed  remedies.  

7.1 INPUT DATA PREPARATION 

T h i s  s u b s e c t i o n  a l o n g  w i t h  t h e  i n s t r u c t i o n s  f o r  s e t t i n g  up the sample 

c a s e s  p rov ides  t h e  u s e r  w i t h  g u i d e l i n e s  on how t o  p repa re  and o b t a i n  i n p u t  

d a t a  f o r  t h e  RAMPZF f l o w f i e l d  code. I n p u t  d a t a  a r e a s  covered  a r e :  boundary 

e q u a t i o n s ,  chemis t ry  d a t a ,  two-phase d a t a ,  mesh c o n t r o l  v a r i a b l e s ,  and s tart  

l i n e  o p t i o n s .  

7.1.1 Boundary Equat ions  

Probably  t h e  f i r s t  s t e p  i n  s e t t i n g  2. a problem a l o n g  w i t h  d e t e m i n i n g  

t h e  p r o p e l l a n t  is to de te rmine  what t h e  geomet r i c  p r o p e r t i e s  of  t h e  motor o r  

o t h e r  t y p e  problems are and t h e n  t o  s p e c i f y  t h e  geometry i n  a form which is 

u s a b l e  by t h e  RAMPZF program. I n  g e n e r a l ,  t n e  b e s t  s o u r c e  o f  motor geo- 

metric d a t a  i s  t h e  motor manufac tu re r  o r  t h e  system i n t e g r a t o r  o r  customer.  

Some s t a n d a r d  motor d a t a  can  be found i n  Refs. 27 and 28. There  are two 

b a s i c  t y p e s  o f  boundary c o n d i t i o n s  which are e i t h e r  s o l i d  o r  f r e e  boundary 

equa t ions .  lhese two boundary c o n d i t i o n s  are used t o  s p e c i f y  bo th  a n  upper  

and lower boundary f o r  t h e  problem. 
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So l id  boundaries a r e  used t o  d e s c r i b e  t n e  phvsicak geometr ic  boundaries 

(e.g., nozzle  wa l l )  and c e n t e r l i n e .  The s o l i d  boundcries can be s p e c i f i e d  

by uszng polyaomial o r  c o n i c  curve  f i t s  or by s p e c i f y i n g  c o o r d i n a t e s  (R,x) 

and l o c a l  f low angle .  When s p e c i f y i n g  t h e  upper o r  lower boundaries,  equa- 

t i o n s  cannot  be mixed w i t h  a p o i n t  by p o i n t  r e p r e s e n t a t i o n  o f  t h e  boundary 

except  t h a t  a s i n g l e  equa t ion  can  be inpu t  fo l lowing a p o i n t  by po in t  repre- 

s e n t a t i o n  o f  a f i x e d  s u r f a c e  (i.e., f r e e  boundary equa t ion  fo l lowing  p o i n t  

r e p r e s e n t a t i o n  of  a nozzle  w a l l  o r  s t r a i g h t  l i n e  fo l lowing a point-by-point 

r e p r e s e n t a t i o n  of a d i f f u s e r  wall). 

When us ing equa t ions  t o  s p e c i f y  a n  upper o r  lower boundary t h e  u s e r  

should t a k e  s p e c i a l  c a r e  t o  e n s u r e  t h a t  t h e  e q u a t i o n s  f o r  each consecu t ive  

p o r t i o n  of t h e  boundary match i n  both s l o p e s  (unles,  t h e r e  is  3 a c t u a l  

d i s c o n t i n u i t y  i n  s l o p e )  and l o c a t i o n ,  The f a i l u r e  t o  do s o  may r e s u l t  i n  

e i t h e r  t h e  program "e r ro r ing  o f f "  o r  l a r g e  v a r i a t i o n s  i n  mass i low conserva- 

t i o n .  The example problems g iven  i n  Sec t ion  8 presen t  s p e c i f i c  examples of 

u t i l i z i n g  e q c a t i o n s  t o  s p e c i f y  boundary cond i t ions .  

Figure 7-1 is  a geometry t y p i c a l  of a l i q u i d  rocke t  motor. I n  t h i s  

c a s e  i t  i s  d e s i r e d  t o  run t h e  problem s t a r t i n g  a t  t h e  i n j e c t o r  f a c e  and 

proceeding o u t  i n t o  the  plume. For t h i s  p a r t i c u l a r  problem dimensions o r  

a n g l e s  a through i a r e  known a s  w e l l  a s  ambient cond i t ions .  The upper 

boundary (nozzle  w a l l  and f r e e  boundary) w i l l  be s p e c i f i e d  us ing  seven 

equat ions  t h a t  have end p o i n t s  corresponding t o  p o i n t s  1-7 on  Fig. 7-1. The 

fol lowing seven s t e p s  a r e  used t o  a r r i v e  a t  t h e  seve,k upper boundary equa- 

t i o n s  f o r  t h i s  problem. 

Step 1 (Eauation 1) 

A polynomial equa t ion  w i l l  be used t o  r epresen t  t h e  f i r s t  p o r t i o n  of 

the  nozzle  s i n c e  the  combustion chamber w a l l  is a s t r a i g h t  l i n e .  The 

c o e f f i c i e n t s  of  t h e  polynomial a r e :  
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ITYPE = 2,ITRANS = 0 

A = 0 * 0  

B = 0.0 

C = 0.0 

D = 0.0 ( s l o p e  i s  0 )  

E = a  

XMAX = b 

S t e p  2 (Equat ion  2)  

T h i s  p o r t i o n  of t h e  combustion chamber s t a r t s  a t  p o i n t  1 and can  be 

r e p r e s e n t e d  u s i n g  a c o n i c  e q u a t i o n  ( c f r c l e )  o f  r a d i u s  c whose c e n t e r  is a t  

a n  a x i a l  p o s i t i o n  o f  b and a r a d i a l  p o s i t i o n  of  ( a r ) .  Using t h e  same 

methodology as was shown i n  Fig. 6-1 t h e  c o e f f i c i e n t s  o f  Eq. (2)  are: 

ITYPE = 1 

ITRANS = 0 

XMAX = b + c s i n ( d )  

S t e p  3 (Equat ion  3 )  

Equat ion  ( 3 )  i s  a s t r a i g h t  l i n e  a t  a n  a n g l e  o f  -d d e g r e e s  which passes 

through p o i n t s  @ and 0. The r ad ib -  c o o r d i n a t e  o f  p o i n t  @ is a - c * ( l  

- c o s ( d ) ) .  The a x i a l  c o o r d i n a t e  is e q u a l  t n  WAX f o r  Eq. (2 )  which is b + 
C* s i n ( d ) .  For t h i s  problem i t  is  assumed t h a t  a l l  t h e  poil . ts  1-6 a r e  

p e r f e c t l y  matched as picked o f f  drawings.  U~auallv t h ~  drawings  t h a t  t h e  

u s e r  w i l l  g e t  t o  u s e  t o  set up t h e  problem do nor have a l l  t h e  jnformat ion  
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needed s o  t h a t  some adjus tments  and eng ineer ing  judgments must be made t o  

match a l l  t h e  p a r t s  of t h e  contour. The c o e f f i c i e n t s  f o r  Eq. (3) are: 

ITYPE = 2 

ITRANS = 0 

A = 0.0 

6 = 0.0 

C = 0.0 

D = tan(d)  

E = -tan(d) * x2 + y2 

XMAX = e 

Note: E is c a l c u l a t e d  from t h e  s l o p e  o f  t h e  l i n e  (- tan(d))  and t h e  

coord ina tes  o f  p o i n t  @ , where x2 = b + e s i n ( d )  and y2 = a - ( 1  - 
cos(d))*c . 

Step 4 

Equation (4 )  d e s c r i b e s  t h e  t h r o a t  w i n g  a c i r c l e  wi th  a r a d i u s  of 

curva tu re  of f whose c e n t e r  is a t  t h e  coord ina tes ,  y = f + g,  x = e + f 

s in (d)  . The c o e f f i c i e n t s  f o r  Eq. (4) a re :  

ITYPE = 1 

ITRANS = 0 

A = -1.0 

B - f 2  - (t? + f s i n ( d ) )  2 

C - 2*(e + f s i n ( d ) )  

D = -1.0 

E = -(f + g)  

XMAX = e + f s i n ( d )  + f s i n ( h )  
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S t e p  5 

Equation 5 d e s c r i b e s  t h e  s t r a i g h t  s e c t i o n  of  t h e  nozz le  t h a t  u s u a l l y  

a t t a c h e s  t h e  n o z z l e  th:oat t o  t h e  n o z z l e  contour .  A polynomial  is used t o  

d e s c r i b e  t h e  l i n e  t h a t  c o n n e c t s  p o i n t  @ and @ which is i n c l i n e d  a t  a n  

h-degree a n g l e .  The c o e f f i c i e n t s  are: 

ITYPE = 2 

ITRANS = 0 

A = 0.0 

B = 0.0 

C = 0.0 

D = t z n ( h )  

E = -tan(h)*x4 + y4 

XMAX = i 

Note: E i s  c a l c u l a t e d  from t h e  s l o p e  o f  t h e  l i n e  ( t a n ( h ) )  and t h e  

c o o r d i n a t e s  o f  p o i n t  @ where: 

x 4  = XMAX f o r  S t e p  4 = e + f s i n ( d )  + f s i n ( h )  

"4 = g + f ( 1  - c o s ( h ) )  

Y - Y4 = m(Y - X4) where: m i s  t a n ( h )  

S t e p  6 

Equat ion  ( 6 ) .  which s p e c i f i e ~  t h e  e x i t  s e c t i o n  o f  t h e  nozz le ,  i s  

d e s c r i b e d  by a c o n i c  e q u a t i o n  (circle) ..nowing t h e  r a d i u s  o f  c u r v a t ~ r e  and 

t h e  o r i g i n  (Xk, Yk) c o o r d i n a t e s  o f  t h e  c e n t e r  o f  t h e  c i r c l e .  The coef-  

f i c i e n t s  o f  Eq.(6) a r e :  

ITYPE = 1 

ITRANS = 1 ( an  expans ion  c o r n e r  e x i s t s  a t  t h e  e x i t )  

A = +1.0 
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2 2  B = k  - n  

C = 2n 

D = -1.0 

E = -  m ( r a d i a l  l o c a t i o n  o f  c e n t e r  of  c i r c l e )  

= = j  

S t e p  7  

The last  boundary e q u a t i o n  is a  f r e e  boundary o r  p r e s s u r e  boundary. As 

Fig. 7-1 shows t h e  ambient  p r e s s u r e  is  0.1 x p s f a ,  Mach number is 10,  

t h e  f l o w  i s  p a r a l l e l  t o  t h e  n o z z l e  axis  and f r e e s t r e a m  s p e c i f i c  h e a t  r a t i o  

is  1.4. The c o e f f i c i e n t s  f o r  Eq. (7)  are: 

ITYPE = 3 

ITRANS = 0 

A = .1E - 02 

B = 1.4 

C = 10.0 

D = 0.0 

E  = 0.0 

XMAX = 1000. 

Always s e t  t h e  XMA)  For t h e  las t  upper  o r  lower boundary t o  a number which 

i s  g r e a t e r  t han  t h e  problem c u t o f f  l i m i t s .  

The lower boundary f o r  t h i s  problem is a s t r a i g h t  l i n e  polynomial  w i t h  

ITYPE = 2, ITRANS = 0 ,  c o e f f i c i t n t s  A-E = 0.0 and XMGli = 1000. 

The preceding  example is one way t o  set up a problem. I f  some of t h e  

g i v e n  in fo rma t ion  had been r e p l a c t d  w i t h  o t h e r  d a t a  t h e n  t h e  c o e f f i c i e n t s  

would s t i l l  be t h e  same, bu t  t h e  method o f  a r r i v i n g  a t  them would be 

d i f f e r e n t .  I n  g e n e r ~ l ,  i t  is  b e s t  t o  s ta r t  s e t t i n g  up t h e  geometry a t  t h e  

f a r t h e s t  ups t ream p o i n t  k h e r e  t h e  s o l u t i o n  i s  t o  begin  and proceed t o  t h e  
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downstream c u t o f f s .  The boundary c o n d i t i o n s  shouLd be a s  a c c u r a t e  a s  

p o s s i b l e  wi th  no s p a t i a l  o r  angu la r  ( u n l e s s  they r e a l l y  e x i s t )  d i scon t in -  

u i t i e s  between equat ions .  

Many t imes  t h e  geometric d a t a  f o r  t h e  nozzle  -*-*tour w i l l  be s p e c i f i e d  

by a  t a b l e  of X,R coordinates .  Phese d a t a  could be inpu t  t o  t h e  program by 

curve  f i t t i n g  t h e  d a t a  us ing  one o r  more con ic  o r  polynomial equa t ions  o r  

the  X,R, 8 op t ion .  Sample probl-em 1 i n  Sec t ion  8 is  a n  example of s e t t i n g  

up a  problem i n  which t h e  contour  is  s p e c i f i e d  by p c i n t s .  Unfortunately 

t h e r e  a r e  g e n e r a l l y  no flow a n d l e s  s p e c i f i e d  wi th  t h e  t abu la ted  po in t s .  If 

one were t o  use  a  s p l i n e  f i t  f o r  s e c t i o n s  of t h e  coa tour ,  previous  exper- 

i ence  i n d i c a t e s  t h a t  i n  g e n e r a l  t h e  p o i n t s  s p e c i f i e d  t o  d e f i n e  a  contour  a r e  

not  smooth enough t o  g e n e r a t e  adequate  curve  f i t s  us ing b u i l t  i n  s p l i n e  f i t  

rou t ines .  For t h i s  reason t h e  use  of  i n p u t  X,R,  and flow a n g l e  (8) t a b l e s  

was s e l e c t e d  a s  a n  o p t i o n  f o r  t h e  RAMPPF program. A b r i e f  d e s c r i p t i o n  of 

s e t t i n g  up a  n c z z l e  contour  us ing  t h e  X,R,8 o p t i o n  is presented i n  t h e  

f o l l o w i r ~  paragraphs. Th i s  d i scuss ion ,  a long  w i t h  sample c a s e  1, should 

g i v e  the  u s e r  a n  adequate  unders tanding of one way t o  u t i l i z e  t h i s  op t ion .  

Figure 7-2 shows a  1-ozzle contour  which was s p e c i f i e d  by a  t a b l e  af  X,  R 

coord ina tes .  Normally a  nozzle  w i l l  have a  t h r o a t  r eg ion  which i s  a  c i r -  

c u l a r  a r c .  The f i r s t  s t e p  i.1 determining t h e  f low ang les  t h a t  app ly  a t  each 

poir L is t o  determine f o r  which p o i n t s ,  3 c i r c u l a r  a r c  i s  app l i cab le .  Use 

s imple  geometric r e l a t i o n s h i p s  t o  determine t h e  r a d i u s  of c u r v a t u r e  of t h e  

t h r o a t  region.  From t h i s ,  c a l c u l a t e  t h e  second d e r i v a t i v e  of t h e  c i r c l e .  

The n-vt s t e p  is  t o  use  t h e  remainder of t h e  p o i n t s  a long wi th  the  

second d e t - .  l e  of t h e  t h r o a t  t o  c o n s t r u c t  a  curve  f o r  t h e  r e l a t i o n s h i p  o f  

f low ang le  a s  a  f u n c t i o n  of a x i a l  p o s i t i o n  (x) .  This  i s  accomplished by 

c a l c u l a t i n g  t h e  s l o p e  of a  s t r a i g h t  l i n e  connect ing each two con tour  po in t s .  

Th i s  s i o p e  o r  f low a n g l e  is  then t h e  average f low ang le  between t h e  two 

p o i n t s  and may be app l i ed  a t  t h e  midpoint of  t h e  two contour  p o i n t s .  No4 
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Fig. 7-2 Typical Tabulated Nozzle Contour 

Fig. 7-3 Variation of Flow A q l e  JS a Function of Distance 
f -  om the Throat 
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plo t  each o f  t h e  midpoints a s  a f u n c t i o n  o f  flow ang le  ve rsus  x. Figure 7-3 

shcws t y p i c a l  r e s u l t s .  In  genera i  t h e  p o i n t s  w i l l  not  r e s u l t  i n  a smooth 

curve. To g e t  a good r e p r e s e n t a t i o n  cf t h e  v a r i a t i o n  of f low a n g l e  as a 

func t ion  o f  x ,  f a i r  a curve through t h e  p l o t t e d  p o i n t s  and merge i t  with  t h e  

t h r o a t  r eg ion  which ends  a t  p o i n t  @ (Fig. 7-3). The v a r i a t i o n  of f low 

angle  wi th  x f o r  t h e  t h r o a t  is a s t r a i g h t  l i n e  s i n c e  t h e  second d e r i v a t i v e  

of a c i r c l e  is a c-clstant. Same n o z z l e s  have t h e  flow a n g l e  inc reas ing  

beyowl t h e  t h r o a t  .-egion as is shown i n  Fig. 7-3, whi le  o t h e r s  have s t r a i g h t  

w a l l s  f o r  some d i s ? . ~ n c e  before  t h e  merge i n t o  a contour  (see sample problem 

8-1). Sometimes it 's necessary t o  p l o t  t h e  nozzle contour  s o  t h a t  addi-  

t i o n a l  p o i n t s  may be picked o f f  t o  b e t t e r  d e f i n e  t h e  v a r i a t i o n  of flow ang le  

with x. Now determine from t h e  r e p r e s e n t a t i o n  of f low a n g l e  v e r s u s  x t h e  

flow a n g i e  a t  each of t h e  contour  p o i n t s  and i n p u t  t h e  X, R and 0 ' s  i n t o  t h e  

prtigraca. If t h e  p o i n t s  a r e  no t  c l o s e  enough i n  t h e  t h r o a t  region and t h e  

flow ang le  v a r i e s  more than approximately 5 deg add some m~re  points .  This 

can be done us ing t h e  equat ion of t h e  t h r o a t .  

There a r e  two ways t o  check t o  see how w e l l  t h e  v a r i a t i o n  of f low a n g l e  

is represented.  The f i r s t  is  t o  check t h e  mass flow conservat ion r e s u l t s  

chat  a r e  ou tpu t  dur ing  t h e  nozzle  s o l u t i o n .  I f  t h e  t a b u l a t i o n  of X, R and 

8's a r e  c o n s i s t e n t  you w i l l  see l i t t l e  o s c i l l a t i o n  o r  change i n  mass flow as 

the  s o l u t i o n  progresses  down t h e  nozzle.  Typical  mass flow conservat ion 

should be w i t h i n  2 percent  of t h e  t h r o a t  o r  s t a r t l i n e  mass flow. The o t h e r  

method is t o  r ? c a l c u l a t e  t h e  r a d i a l  coord ina tes  a t  each t a b u l a t e d  point .  

Th i s  is done by s t a r t i n g  a t  t h e  end of t h e  t h r o a t  region,  and us ing t h e  

s lope  a t  t h e  mid p o i n t  of each two contour  p o i n t s  and t h e  assumption t h a t  a 

s t r a i g h t  l i n e  connects  them t o  r e c a l c u l a t e  t h e  r a d i a l  p o s i t i o n  a t  each point  

as you proceed down cue nozzle.  For e-ple, say p o i n t  @ on  Fig. 7-2 is 

t h e  end of t h e  t h r o a t .  We know :he coord ina tes  a t  p o i a t  @ (X3,11j). 

The new coord ina te  f o r  po in t  @ would be: 
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b i n :  @ n e w  r a d i a l  coordinates  would be: 

1 8 

Y5 = Y4 + (X5 - X4) t a n  84-5 

Usfag t h i s  same procedure the  e n t i r e  nozzle can be described out  to the  e x i t  

plane. I f  t h e  8 v s  X va r i a t i on  is a gaod representat ion of the nozzle, tben 

the  ca lcu la ted  cootdinate  of tbe aoze le  l i p  should be very c l o s e  to the  

a c t u a l  noszle  e x i t  radius.  Previous c a l c u l a t i o a s  using this metbod have 

giwen good r e s u l t s  a d  I n  m a y  ins tances  t h e  Y' coordinates  are t h e  oaes 

input  l n t o  t he  program. 

Nozzle geometric d a t a  are usua l ly  obtained from the engine manufacturer 

o r  from the  organizat ion t h a t  is in t eg ra t i ng  the  r o t o r  I n t o  its p a r t i c u l a r  

systea.  A t  times, t h e  i d o m a t i o n  w i l l  be incoaplete  or not s u f f i c i e n t l y  

de t a i l ed  t o  spec i fy  t he  geometry using only t he  i n f o m a t i o n  which is given. 

In these  cases ,  p lo t  the  geometry and dse engineerfog judgment t o  de te rn ine  

the  unknown vatfables .  

7.1.2 Flowfield Chemistry 

There are numerous chemistry assumptions which can be u t i l i z e d  by t h e  

W 2 P  program, The var ious assumptions are: (1) i d e a l  ga s  (constant 

s p e c i f i c  heat  r a t i o  and molecular weight); (2) equilibrium; (3) equlllbrilsp/ 

frozen (equtlibrlum with t h e  spec ies  frozen a t  a spec i f ied  pressure);  

(4) frozen (constant spec i e s  d i s t r i bu t ion ,  varying s p e c i f i c  heat r a t i o  - 
from TE1AH72 program); (5) frozen using input  spec ies  thereodyaamics; and 

(6) f i n i t e  r a t e  chemistry. The a b i l i t y  of t he  program allows t h e  user  a 

g rea t  d e a l  o f  f l e x i b i l i t y  i n  applying t h e  RAMP2 program t o  so lve  flow 

problems, 



7.1.2.1 Idea l  &s 

The idea l  ga s  opt ion assumes constant  s p e c i f i c  heat r a t i o ,  molecular 

weight, t o t a l  teeperature ,  and total pressure. Ibis option can be used f o r  

any flow so lu t ion  whether t h e  gas  is a true i d e a l  g a s  o r  as an  approximation 

4 f a r e a l  gas. 'Lbe use of t he  i d e a l  gas assasp t ion  f o r  real gas  problems 

w i l l  provide a f a s t ,  inexpensive ca l cu l a t i on  but t h e  r e s u l t s  w i l l  not oe a s  

accurate  as a r e a l  ga s  ca lcu la t ion .  Idea l  ga s  so lu t ions  a r e  s u i t a b l e  f o r  

t r ade  s t u d i e s  where t rends  are more important ttran abso lu te  values. 

7.1.2.2 Qui l ib r ium,  Equilibriur/Frozen, o r  Frozen 

The accura te  treatment of t h e  f lowf ie ld  chemistry f o r  most problems can 

be t r ea t ed  with some f o r r  of chemistry woich r e s u l t s  from ca l cu l a t i ons  of 

t he  IRAN72 module of t h e  IIlUlPZF program. Through the  use of appropr ia te  

op t ions  (see Section 4) of t h e  YUN22, therrochemical d a t a  t a b l e s  can be 

generated f o r  t h e  W 2 F  program uhich are either f u l l y  e q u i l i b r i l a ,  equi- 

l ibr ium with a pressure r a t i o  i n  the  t a b l e  beyond which t h e  spec i e s  a r e  

frozen o r  chemically f rozen from t h e  c a b u s t i o n  chamber. Thc se l ec t i on  of 

which opt ion t o  use is a funct ion of t he  user ' s  p a r t i c u l a r  problem although 

f o r  moat problems the  equ i l i b r iu r / f rozen  opt ion is recor~ended  since i n  most 

rocket motors the  dominant spec ies  ( f o r  d e t e r r i a a t i o n  of g loba l  character-  

istics) f reeze  a t  some poin t  i n  t he  nozzle (see Sect ion 4). There are 

appl ica t ions  such as plume s igna tu re s  and radar  c ross  s ec t i on  where equi- 

l ib r iue / f rozen  chemistry is not  adequate. For these  app l i ca t i ons  the  f i n i t e  

rate opt ion  could be used. 

Se t t i ng  up an equi l ibr ium case  requi res  c e r t a i n  d a t a  t o  be input to the  

TRAM2 program. These d a t a  a re :  chainber pressure,  propel lant  s y s t e r ,  pro- 

pe l lan t  f o n u l a t i o n ,  p rope l lan t  temperature, propel lant  i n t e r n a l  energy o r  

enthalpy , f reeze  pa in t  ( i f  appl icab le ,  see Section 4 )  aad r e l a t i v e  weights 

o r  moles of t he  ind iv idua l  reactants .  There a r e  numerous sources  f o r  these  

data .  



Operating char.actcrist  ics (chamlur lrrcssnr~~, prrrltt-l l ;~nt t ylws) IOI 

l i q u i d  motors can  be found i n  Ref.  28. Corresponding daLa f o r  s o l i d  motors 

are a v a i l a b l e  i n  Ref. 27. Once t h e  p r o p e l l a n t  system f o r  a p a r t i c u l a r  motor 

has  been e s t a b l i s h e d ,  t h e  p a r t i c u l a r s  o f  t h e  formulat ion required t o  use t h e  

TRAN72 program can  be ob ta ined  from Ref. 29 f o r  l i q u i d  motors and Bef. 30 

f o r  s o l i d  motors. I n  t h e  even t  t h a t  t h e  motor o p e r a t i n g  and p r o p e l l a n t  

characteristics cannot be found from t h e s e  manuals t h e  engiue manufacturer 

o r  system i n t e g r a t i o n  o rgan iza t ion  is the  b e s t  alternate source.  

7.1.2.3 F i n i t e  Rate Chemistry 

Should t h e  u s e r  r e q u i r e  t h e  use  o f  tlre f i n i t e  rate chemistry op t ion ,  

t h i s  s e c t i o n  provides g u i d e l f n e s  f o r  u s i n g  t h i s  option.  The f i n i t e  rate 

pa-kage can  be used f o r  a f u l l  f i n i t e  rate c a l c u l a t i o o  o r  a f r o z e n  op t ion  

wbereby t he  rates are n o t  i n p u t  and o n l y  the  theraodynarfc  data t a b l e s  are 

used t o  provide the  necessary  g a s  therrochemist ry  data .  

E t n i t e  rate inpu t  i n f o m a t t o n  is i n p u t  on c a r d s  6 ( c o n t r o l  v a r i a b l e s  

f o r  f i n i t e  rate c a l c u l a t i o ~ s ) ;  card 13 (g loba l  g a s  p r o p e r t i e s ) ,  c a r d s  14 

(gas  thermodyaaaic data t a b l e s ) ,  c a r d s  15 ( c a t a l y t i c  s p e c i e s  weighting 

f a c t o r s ) ,  and c a r d s  16 ( r e a c t i o n  mechanisms). Addi t ional  s t a r t l i n e  informa- 

t i o n  is d i scussed  I n  Sect ion 7.1.5, 

The c o n t r o l  v a r i a b l e s  f o r  t h e  f i n i t e  r a t e  package are inpu t  on ca rd  6. 

NT is t h e  number o f  temperature p o i n t s  i n  t h e  thermodynamic d a t a  t a b l e s  

(ca rds  14) f o r  each species .  A l l  t a b l e s  must have the  same number of 

points .  NS is t h e  number o f  gaseous  s p e c i e s  f o r  t h e  p a r t i c u l a r  system, thus  

t h e r e  w i l l  be I S  t a b l e s  of themadynamic d a t a  (ca rds  14) required t o  be 

fnput.  NH is t h e  number o f  t h i r d  bodies  which are included i n  t h e  r e a c t i o n  

mechanism. #R is t h e  number o f  r e a c t i o n s  ( inpu t  on c a r d s  16) which make up 

t h e  r e a c t i o n  package. I n  t h e  event  t h a t  t h e  f rozen  o p t i o n  is u t i l i z e d  Nn 

and NR should be set t o  zero. NPRINT is a n  in te rmedia te  p r i n t  f l a g  that 

should normally n o t  be used. ICTAPE s p e c i f i e s  whether t h e  s p e c i e s  mole 
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fx-rction d i s t r i b u t i o o s  a r e  input  f o r  the s t a r t i n g  l i n e  by the user o r  they 

a r e  obtained from a da t a  t ape  generated by the  TBA#72 program f o r  t h e  par- 

t i c u l a r  propel lant  system. For starting f i n i t e  rate cases i n  or sear the  

t h roa t ,  u t i l i z i n g  t h e  T W 2  r e s u l t s  is recoa~ended  since f o r  most high 

temperature motors the  chemical e q u i l i b r i u e  assumption up t o  the t h roa t  is 

val id .  KGUP s p e c i f i e s  t h e  number of normals t o  c a l c u l a t e  before t h e  c b  

i s t r y  con t r ibu t e s  t o  changes i n  enthalpy and entropy. Normally a value of 5 

to 10 is input.  This  var iab le  w a s  incorporated t o  allow mismatches i n  t h e  

spec ies  d i s t r i b u t i o n s  ca lcu la ted  using a f i n i t e  rate a n a l y s i s  versus t h e  

spec ies  iaput  f o r  the start l i ne .  It is poss ib le  t h a t  bad miseatches could 

r e s u l t  i n  wild o s c i l l a t i o n s  i n  tbe pressure and ve loc i ty  f i e l d  i f  t h e  f i n i t e  

rate terms are included i n  t k  enthalpy and entropy ca l cu l a t i ons  oear the 

starting l ine .  IDIDO s p e c i f l e s  whether a slwle spec ies  d i s t r i b u t i o n  is 

appl ied t o  a l l  po in t s  on t h e  start l i n e  or i f  d i f f e r e n t  d i s t r i b u t i o n s  a t  

each poin t  are t o  be input.  

The treatment of chemfcal non-equilibrium is handled i n  a completely 

general  manner. The numerical model handles any c b i c a l  reac t ion  o r  vibra- 

t i o n a l  energy exchange mechanism a s  loag as thermodynamic d a t a  f o r  each 

pa r t i c ipa t ing  species and r a t e  constant  d a t  . f o r  each reac t ion  are ava i l -  

able.  Twelve types of reac t ion  o r  ene rg j  t r a n s f e r  mechanisms are considered 

a s  possible  con t r ibu to r s  t o  t he  ca l cu l a t i on  of *he ne t  rate of production, 

w of  each chemical species:  I 

Reaction Type 



Reaction types ( 7 )  through (12) correspond t o  reaction types (1) through 

( 6 ) ,  but proceed i n  the forward d i rec t i on  only.  

Ibe net  ra t e  of production for  a l l  reactions is given below i n  the form 

w(') = RP(j) - ~ ( j ) ,  which a n  the symbols used i n  the computer 

program- 
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To reduce muadoff and t r u n c a t i o n  errors. RP(j) and R d J )  f o r  each 

r e a c t i o n  are computed separa te ly .  A l l  c o n t r i b u t i o n s  t o  t h e  molar rate of 

production of a g iven  s p e c i e s  are t h e n  coeputed and added a l g e b r a i c a l l y  t o  

form & Since  r e a c t i o n  t y p e s  (7)  rhrough (12) proceed i n  t h e  forward 3 - 
d i r e c t i o n  only ,  t h e  second term on t h e  right-hand s i d e s  of types  1 through 6 

is disregarded i n  c a l c u l a t i n g  t h e  c o n t r f  but ions  t o  uL. 

I n  r e a c t i o n s  (3, ( 5 ) .  and (6) as w e l l  as i n  (8), ( l l ) ,  and (12). N 

denotes  a t h i r d  body s p e c i e s  which can  be s p e c i f i e d .  For these  r e a c t i o n s  

t h e  s i t u a t i o n  o f t e n  occurs  where f o r  v a r i o u s  t h i r d  bodies t h e  r e s p e c t i v e  

rate c o n s t a n t s  d i f f e r  o n l y  by a cons tan t  m u l t i p l i e r ,  hese m u l t i p l i e r s  can 

be considered as t h i r d  body e f f i c i e n c i e s  or weighting f a c t o r s .  If such a 

c a s e  is encountered,  t h e  t h i r d  body s p e c i e s  mole mass r a t i o  FH becomes 

e f f e c t i v e l y  a f i c t i t i o u s  mole t h i r d  body s p e c i e s ,  c o n s i s t i n g  of the weighted 

sum o v e r  a l l  those  s p e c i e s  having a non-zero weighting f a c t o r ,  i.e., 

where f i  are t h e  weighting f a c t o r s .  

The forvard rate cons tan t  kf is g e n e r a l l y  expressed i n  Arrhenius 

form. The e q u i l i b r i m  cons tan t ,  
K ~ s  

is detenulned f r m  t h e  Gibbs f r e e  

energy d i f f e r e n c e  
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For speed i n  computation t h e  rate c o n s t a n t s  are d iv ided  i n t o  f i v e  types:  

Rate Constant 
S P e  

The thermodynamic p r o p e r t i e s  requ i red  i n  t h e  a n a l y s i s  inc lude  t h e  

s p e c i f i c  h e a t ,  ent ropy,  and en tha lpy  f o r  each chemical species .  Values of 

t h e s e  p r o p e r t i e s  as a f u n c t i o n  o f  temperature are o b t a i n a b l e  from t h e  JANAF 

thennochemical t a b l e s  (Bef. 7) o r  o t h e r  such sources.  The Gibbs f r e e  energy 

used i n  determining t h e  e q u i l i b r i t m  cons tan t  is computed d i r e c t l y  from t h e  

enthalpy,  entropy,  and temperature. The mixture s p e c i f i c  heat  a t  any po in t  

i n  t h e  f low is given by: 

The P r a n d t l  number, v i s c o s i t y  (two phase) and v i s c o s i t y  exponent are 

i n p u t  on  ca rd  13. I n  t h e  even t  t h a t  a TRAN72 d a t a  t a p e  is u t i l i z e d  (ICTAPE 

0) t h e  d a t a  inpu t  on card  1 3  is overr idden by d a t a  obta ined from t h e  tape.  

Tables 7-1 through 7-4 p resen t  some t y p i c a l  f i n i t e  rate thennochemistry 

and r e a c t i o n s  packages f o r  t y p i c a l  rocket  p rope l lan t s .  Table 7-1 r e p r e s e n t s  

a MMH/N204 b ip rope l lan t  system. Table 7-2 shows a H2/02 system. 

Table 7-3 g i v e s  a 02/RP1 system. Table 7-4 is a chemistry package f o r  a 

s o l i d  p rope l lan t  system such as is used f o r  t h e  Space S h u t t l e  SRMs. This 

p a r t i c u l a r  package inc ludes  f o n i c  spec ies .  I f  t h e  u s e r  is  not  i n t e r e s t e d  i n  

r a d a r  c r o s s  s e c t i o n s ,  t h e  i o n i c  s p e c i e s  and a s s o c i a t e d  r e a c t i o n s  can be 

omitted. 
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Table 7-1 MHH/N204 FINITE RATE CHEMISTRY DATA SET 

C 12.001 0.0 -. -. 

0.0 0.0 0.0 -a252 SO* a1975 -a245-- 
a395 

.10s ~ 

loo* oa23@ . - 1 w - -  - - _  -- a7985 -a199 
m2'0 -0140 200 I.202 a 720 250. 1 a42C 1 0 • @7 e--- - - -  *:;:,-----.-..- 

300. 2.054 1.372 a009 'wL.---- 2.851 2-07s 0250 
'500. ---- 7 r 9 9 6  - ~ - ~ 7 e ~ - -  ;bm-m. .'~17- 
700. 9.440 4.126 1.372 800. 9.740 * 0 8  t::;: 1 a831 
1000. 5.199 5.894 2.829 1200. 5.930 6.800 -- 3.813 
1999. Sa40S 7.668 9.988 i&ma 6.721 am917 4.122 
1800. 5.803 -9.096 7.275 P000a 5.845 9.71 1 - -@mqq2 
2300. 5.936 IO.536 10a212 2400. 5.992 L I a267 12.002 
3000. 6.057 b2.129 19aq12 -3300rn 6.103 l2a708 - - -140236 
3600. 6.150 13.291 18a07q 9040. 6.213 13.093 20.544 

-C n 4 - 1 4 5 0 W ; i  9789 5 
0.0 7.949 30-196 -2.306 -60. 7.949 30.196 -1 .99as 
100. 7 0949 35.706 -1.601 860. 7.975 38a92Q -la2004 
200. e.001 91.222 -.eos 2po. a . 2 1 ~  43.01 I.-- -:.9oqoe. 
300. 8.535 44.543 a014 900. 9.480 - -  97. 144 -923- 
503. 11.076 99.953 1.940 404. 12.*83 51 as97 3.138 

7 0 0  I3.813--73Z623--iqs4 r00. 15.0q1 b5 W e  Se8V7 
1000 a 17.160 59.191 l8a842 62a424 9*125 '200. . 21a141 b8.,9.1. ~- 12.732 
Iq00. 20.150 65mq3I 14.437 1-600. I 0 0 7 7 2  
1800. 21 a997 70.730 2Sm084 2gOOm 22rS62 73.074 29.540 
2300. 23.251 76.279 36.918 2400. - 23.758' 79.142 - - 930q79 
3000. 29.233 82.597 51.079 3300. 29.993 89.920 40.389 
3 r o o ~ - - - a s ~ 6 9 s - - e r ; ~ s ~  67 3 66 7 0 0 0 r - 2 ~ ; 9 0 - t a p -  

CO 28.010 -26.92 
0. 6 956 34.791 -2.072 ' 6.951 - 34,791 - "01.7268 - 

100. 6.956 39.613 -1.319 lbom 6.9565 42.939 -1 00308 
200. 6.95; 44.935 -0.683 250. 4.941 45.988 --a33518 
300. 6 965 97.257 0.013 400. 7.013 49.245 0.71 1 
3 0 0  - - - m s o r e ~ r - r . p l ~ a ~ .  7 .x n5zxsz 2.137 
700. 7 a 950 53a287 2.873 800. 7.429 54.291 3.627 
1000. 7.931 56.028 51183 1200. 8.168 '57mclV6 - 6.799 
1*00. 8.396 58.769 8.944 1400. e m w o  59.893 AOm130 
1800. 8.583 6 0 ~ 8 9 8  11.836 2@00r 8.449 T l a 8 m - . -  . 
2300. 8 756 63.029 I 6 . l t S  2400. 8.825 64.102 18.813 
300Qa w + + - - - - a m o  armtin =mf* u a= r o a 2 r ~  6p.V~ 
3600. 8.973 64.999 27.719 4000. 

-- 9aOlq 
. . . -  

67.996 31.316 
CO2 44.0099 -09aOS9 - - - - -. - - - -. --. - . - 

0. 6.981 37.919 -2.238 50. 4.981 37.919 -1.892 
loo* 6.981 92.758 -1.543 1Sgi  7 a358 .- 45mS98.- - - - - - la193 
200 7 8734 47.769 -0.814 250. 8.315 49.668 *a919 

-300 ~ - - ~ a m - ~ ~ - l r r - ~ m ~ l i - q ~ ~ r . 1 r  r 3 a m f 3 ~  
500. 10.666 56.122 1.987 600. l lm310 88.126 3.007 
700. 11m846 59.913 9.215 800. 12.293 61.522----' .%rnq5) 
100Oa I2mQBO 64.399 7.989 12001 13.466 66.756 10.632 
1900. 13a815 68.859 13.362 1600. &9a074 70.722---- 14.152 
1860. 1'4.269 72.391 18.987 2000m 19.929 73.903 21a@S7 
2300. ---- Fl i 4 O U - 7 S i V t 6  atl-.-Zme-- I 7 • t aq 8 t a  a ~ * e a  J 

3000. I9mO73 79.898 36.535 3 3 0 0 ~  19.966 @la270 q l r 0 1 0  
3600. 15.030 8 2 ~ 5 7 q  95.508 qO00. bSel19 89m162- - -  
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LMSC-HREC TR D867400-111 

Table 7-1 (Continued) 

so 
150. 

--zsnr- 
YOO. 
600. 
800 

1200. 
1600. 

-2ijiio:- 
2600. 
3300. 

Y 0001 . - - .  

I l r s 2 l  '-1.a232'l 
23.979 -a7364 
. . . n 9 * - -  
28.852 0.506 
30.867 1.5 
32aa96 2.493 

3Oa3IU Ye481 
3S.739 be'J68 

7- 
.-- 

Om- 
30elS2 110936 

- 3 9 a 3 W - -  14.923 
90.636 18m*lO 

. - .--~ - - - - - - 

norno 7.721 36 • 
i 1 150. 7r496 YSa 
15 2501 - 7.202 49 • 
3 YOOa 7.157 52.9 
18 600. 7.946 SSt3 

14 1606. 8.605 63.3 
2000. - - . 0 . 5  - 65;t 

. .- .. 8m89S 67rS 
10 3300. 6 9-:7 
'4  YOOO* I rO58 71rY 
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LMSC-HREC TR D867400-I11 

Table  7-1 (Continued) 

0 1b.O 59 . 559 
0.0 5.666 28.539 -1.608 

100. 5.666 32.466 ' 1 a 0 8 0 - -  fbl 
200. 5mY39 36.390 0.523 26 
300 5023s 3daS01 ao10. qo 

500. 5.081 9 i * 1 3 1  1 8038 6 
7 0 0  D ~ ~ P ~ I  r.- 
1 OOO* 91999 YYr619 3aSS2 I2 
8 900. 4.984 96.298 5.598 f6 
l80Oa 9.979 97.550 7.590 20 
2300. 4.980 ' 98.77g 10.029 ' 2& 
3000* SrO09__S0r096 13.522 33 
3660. SCOQO SI;OI~ r6.a- 
02 32.0 o*D. - 

0.0 0.958 3b.572 -2.075 
100. 6.958 48.395 - ) *381 k 
200. 6 r 9 6 I  yb.210 - - - r605  - -2 
300. 7 0023 99.047 a013 9 

70'0. r .m 5 m  1 .*S8 6 
7001 7r@83 55.297 2*980 0 

~ O O O .  B 336 5 8 . 1 9 ~  - s . * z t  ' - - n  
1900. 8*079 bL.055 @a635 I 4  
1800. 8.916 63a265- l2a1S4 20 
2300. 9.19'1 65.983 I 6 * @ @ 2  26 
-3000 Z J e 9 4 6  3 
3600. 9.799 69.737 29.154 40 
cn3 - ~ s . o ~ s o ~  ~ Y . B ~ o - - - -  

. . - .  - 
0 -  .,.* 7.962 . - ... . .. 3I-bYS - 2 * t 8 ?  6 

loo* 82 37L178 - - - -1 *692 ' - - -13  

iOa --6i968- --- 36S57P---Ta72B9 
i@. 6 ~ 9 S 9 S  99.216 -1.033 
i o * -  baPP2---A- PIi7bV-- i i3)79 '. 
LO 7atVb 51.091 0721 
SP * r ..to rn**d9a r a w  
Lo 1 0.063 56a361 3.786 
)Oav--- ' (iaS2t--- ---60072t-'-l+iIrq - -  

LO. 8 600 42.222 10.583 
)a. -- - +r020 - -----6q.z2---- 11.rqV 
LO* 9.3SY 66.62 1ve464 
LO r 6 u e b f P  3 0 . r  
!a - .. 

9.932 70.776 33.201 
. . - - . - . . -- - -. - - - - 
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LMSC-HREC TR D867400-111 

Table 7-1 (Concluded) 

cn20 30.027 -27.700 
0.0 7.949 93.986 -2.395 ' 601 7r999 43.984 - . - - - - l i W ? s  

100. 7m999 93.979 I ISo*  7.978 96.697 -1.2036 
200. 8.007 r8.996 - 8 0  - 250; 8 . 2 ~ 1 -  50.789 - - . r o ~ 9 . -  
300 . 8.975 - s o o i L - o ~  q-6- S2m3I3 a016 9001 9 385 S9m869 m906 

6 7 ; 0 7 1 1 m ~ 9 8  boo* I l . s t 4 i f i 3 7 v  2 . 993- 
700. 1 2 r S ~ S  b0.931 . 9.20 . . ~OQ-* .  13.38 62e.6~9- - - - -F*?v~ 
1000 14.017 65.806 8.322 1200. I S  j 6 11.318 
1400. 16.603 71.121 6 1600m 17m291 -73.391 . 18.062 
teoo. 17.796 15.955 2 1 . ~ 6 7  2000. l 8 . o ~ ~  77.343 25.153 

18mUY3 79.9& 30.693 2600. 2 3 0 0 -  -- -- - - -  - -- 18076 82.189 34.232 
3000 19m019 U4.888 93.791 330Om 19.119 86.707 *9.Sl@ 
3600. 19.268 88.379 OS-*283 *QoO> .J9.??9 _ -9O*'!L5 '.&@l? 
cno tv.019 -2.900 

0.0 7m999 93.981 -2.387 50. 7.949 -. 93rYBI -1.99 
100. 7.999 99.93 -1.503 150* 7.979 48. l q 9  -----0i019S3 -~ 

200. 7.999 500997 -*796 250. 8.135 52.238 -m39SlS 
-300. 8 2 - r , $ $ 3 = 9  *01b 400 8 703 56*171 a063 
500 9el8Y * * '00*-.. . . 9.66 .. 59.88) 2.70 
700. 10.108 61 a904 ^ 3i419 - -  --800. 62i70&-- --qo72...- 
1000. 11.216 65.206 6.896 1200. l lm758 67.301 9.196 
1900. 12.172 69.196 9 - 1 6  lfmQ89 ---'toe703 --111mOSV---~ 
1800. 12.732 720279 16.582 2000. 12.921 73.63 19.198 

'2300 l a .  133 P , g q *  1amze6 77 . m i f r m z a  
3000* 13.93 78.983 32.367 3300. 13m508 80.267 36.408 
3600. 13.549 81 e945 90.47 POOQm 13.631 320878----'4SrnV~l 
I 

1.0 1.0 1.0. 2.0 1.0 1.0 6.0 ' 1.3 l i O -  I.O---l~iO--C.O - l i O 7 r Q - T m O  '~--ImO 
n2 

- 7 . 0  1 . f r - r - o T 0 7 8 S V - 9 ~ 3  1.0 1.9 1.0 1.0 i.u 1.8 1.8 i.0 i.Q 
M 3 

1 a0 1.0 ImS 3.0 1 . 0  1.0 10.0 - 1mO--T;O I m0- 1-mO- -1.0 20 i '0 - *760  - 1.0. - 1.0 
n +on +MI on20 +MI 22 6.10-26 2.0 0.0 

. . . . - . - - - - -- . 
0 4 H '.OH-- - 4 1  21 1-.00-32 O.O-- - Q m P -  - -  '- 
0 0 *MI .02 +" I  29 3.00-30 1.0 -39010 -.-- 
n +n +*I * m i  on) r n 2  22 2.80-SO 1.0 0.0 
co +o en3 0co2 - +m3 .. - ~ 23 ..- ~ . o ~ ~ ~ o . o ~ - - - ~ o o o . o  
on +n on2 +O 14 I ; Y O - ~ Q - ~  .O .?ooo,o---- ~- - - 

on +O . +02 . . . . . .- . . I~ - '?OO-~I .  -otg-. O e  0. - -.. . - - - 
on +nn on20 +n 1s 1*00-17-2mO -2900~0  
on *CO --- O C O ~  +n 19 I m l O - l ~ - 2 0 0  1600.0 
on +on onto +o 13 1.00-11 0.0 -810Omo 

7-21 

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 



Table 7-2 HZ/OZ FINITE RATE CHEMISTRY DATA SET 
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Table 7-2 (Concluded) 
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Table 7-3 O,/RPl L FINITE RATE CHEHISTRY DATA SET 

c02 
3. 
130. 
LJ0. 
3.30- 
553.  
79u. 
1 JG0. 
l e 3 0 .  
l aog .  
2350. 
3 100. 
36CP. 
w 

0 I 

l i d .  

2 u 3 e  
303. 
509.  
7u0. 

1303. 
14JO. 
l a o J .  
233;. 
3 3 3 3 0  

3603.  
rc 2 

9 . 
1:9- 
2CO. 
390. 
5GOe 
700. 

1301. 
1400. 
1800. 
2303, 
5503. 
36017- 

n20 
0.3 

100. 
200.  
3 30. 
500. 
733. 

1 J93e 
14GOe 
1100. 
2 100. 
3000.  
3 6 C J e  
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0 
0. b 

133. 
2 Jb. 
3?3. 

53@. 
714. 

1 a t g .  
14OC. 
l6aO1 
zseo. 
300C- 
3600. 
Oh 

0. 3 
1CO. 
209. 
SO@. 
SIO. 
7001 

I *'PO. 
1403. 
190e. 
2330- 
J :CC* 
56800 
32 

0. z 
13C. 
290. 
336. 
560. 
790. 

13OC. 
1480. 
1650. 
2300- 
S i09r  
34060 
Yl 

1.0 
u2 

1. 1 
n3  

1 -5 
k 
0 
0 
n 
t o  
on 
OH 
on 
o r  
OH 

I t .  
b.. 

!-.Cl?f. 
5.454 
5.235 

5. :il 
5. :LQ 
4.=99 
4.964 
r.Qts 
Q.=JPC 
5.; ?a 
5. '50 

17.;oc 
0.; 
7.567 
7.309 
7.13. 
7.3.c 
7. ? P  7 
7.329 
7.764 
@.1?6 
er475 
€0776 
6.355 

32. 
6. :I 

6oC54 
60°61 
7,322 
7.451 
7.+Pf 
6.336 
e . i t e  
Po316 
9.194 
9.551 
0.799 

C ; > .  ' . - 
Table 7-3 (Concluded) OF Pcji;:, <-. .-. i i. 

SO. 
1 5  C 
25 L-0 
rat.  
6PP. 
C C i .  

1ZCC- 
l 6 I I ) .  
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Table 7-4 SOLID PROPELLANT FINITE BATE CHEIIISTRY DATA SET 



table 7-4 ( 

14000 
1@110. 
23 l  8 
%.a. 
%a a. 
8 

@.a 
101. 
2ao . 
310. 
sac. 
788. 

1&0@. 
mat. 
Lbb 0. 
23.0. 
3me. 
na 8. 
0n 

8-8 
l o l a  
28.0 
Ut. 
5.3- 
n o .  
lam. 
14CI. 
l l C Q o  
236 60 
3336. 
!%a60 
0 2  

01; 
l C O r  
2C 0. 
sea. 
wa. 
7aa. 

12800 
14le- 
1BIe. 
23810 
3:kee- 
x e c -  
CL 
a. 
168 
280 
3CO. 
580 
710. 
191)0- 
14860 
1eoc. 
238 8 rn 

Sil060 
3688. 
Q2 
; . 
106. 

50 0 

190. 
2500 
4800 

t C 6 r  
EOl- 

120@. 
1bOl. 
28060 
26Wo 
3 see. 
w~ee. 

SG . 
15Cr 
25L. 
4ec. 
CEO- 
80m. 

12ECr 
160Co 
2tac1 
26CC. 
5580. 
488Co 

500 
15C r 
25C . 
+eco 
61Co 
8Cer 

12ec. 
lCOCr 
26CC. 
26eL. 
J38bo 
4OBCm 

SC. 
158. 
2500 
4880 
688. 
8100 
1 2 0 ~ .  
16060 
2988. 
26 eo . 
sseo. 
4OQCr 



Table 7-4  (Continued) 

210  
308.  
5 C O  
7GB 
1 ,co .  
1400.  
186C. 
230  B 
3JOQ. 
lbOa- 
MCL 
0 1 
ICG. 
IC3 0 

JJ*. 
5 i q  . 
7 c c .  
1-OG. 
14CJ. 
IRQC. 
23b C I  
330 01 
360 8 - 
Y2 
a. 
1iJt. 
238. 
523. 
Zt 
7uli 
110c .  
1400.  
1800. 
236 C 
; ) G O .  
3 6 0 3 -  
CL- 

0.u 
I G G . r ,  
Z O O . C  
360-L 
5CC.9  
7GL.C 

lZCC.3 
l Q i 0 o C  
1800.C 
2360.0 
3GCO.O 
360O.t 
i 

0.3  
1 0 c . e  
2G0.0 
3OG.P 
56C.t 
7UE.t 

1CCO.C 
1QOt.t  
130G.b 
230 C - C  
3,JO.C 
3606.9 
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Table 7-4 (Continued) 

50.C 
150.0 
P50.0 
rCo.0 
600.0 
830.0 
1200.ii 
1600.C 
2OCO.O 
26. CO. 0 
3300.c 
4000.0 
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Table 7- 8 (Concluded) 

ryrc L 
C.0 
1600~i 
2de .c 
SCO of! 
buu .(, 
760 00 
1uac.o 
14CO.G 
1ROe.O 
2SC C 03 
33C 0.0 
3600-0 
Wl 

1.2 

j -30 
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7.1.3 1Lo-Phase Data 

Input  d a t a  required f o r  two phase flow s o l u t i o n s  include: p a r t i c l e  

s i z e s  and weight d i s t r i b u t i o n s ,  thermodynamics ( s p e c i f i c  hea t s ,  melt temper- 

a t u r e ,  and h e a t  o f  fus ion) ,  mass d e n s i t y  and d rag  laws. This  s e c t i o n  d i s -  

c u s s e s  each o f  t h e s e  types  o f  d a t a ,  s u g g e s t s  what va lues  can be used t o  

inpu t  aluminized s o l i d  p r o p e l l a n t  cases, and s u p p l i e s  a d d i t i o n a l  sources  of 

p a r t i c l e  information.  

7.1.3.1 Mean P a r t i c l e  S i  ze  

Unless a mean p a r t i c l e  s i z e  o r  d i s t r i b u t i o n  is  given f o r  a p a r t i c u l a r  

motor t h e  f i r s t  p i e c e  o f  informat ion which i s  required f o r  two-phase c a s e s  

is  a mass mean p a r t i c l e  s i z e .  Numerous methods have been proposed and used 

f o r  determining t h e  mean p a r t i c l e  s i z e  f o r  a given motor /propel lant  combina- 

t ion .  Ekference 25 provides a n  e x c e l l e n t  d i s c u s s i o n  o f  t h e  va r ious  methods 

of determining mean p a r t i c l e  s i z e .  Reference 25 recommends a mean p a r t i c l e  

s i z e  c o r r e l a t i o n  t h a t  can be used. Th is  c o r r e l a t i o n  is: 

where : 

D4 3 = mass-weighted average diameter  (microns) 

Dt = nozzle t h r o a t  d iameter  ( in . )  

€ c  
= A 20j concen t ra t ion  i n  chamber (g-m01/100 g) 

= chamber p ressure  ( p s i a )  

'I = average chamber res idence  time (msec) 
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An a l t e r n a t i v e  and very  s imple  c o r r e l a t i o n  of mean p a r t i c l e  s ize  

c o r r e l a t i o n  of  Delaney (Ref. 31 ) c a n  a l s o  be used: 

whsre D is t h e  mean p a r ~ i c l e  d iamete r  i n  microns and Dt is t h e  t h r o a t  m 
diameter i n  inches ,  Delaney's c o r r e l a t i o n  has  been shown t o  be i n v a l i d  

f o r  t h r o a t  d iamete r s  less than  approximately .083 f t ,  s o  t h a t  t h e  u s e r  can 

u s e  t h e  previous c o r r e l a t i o n  o r  t h e  fo l lowing  c o r r e l a t i o n  obta ined from Ref. 

32 f o r  motors which have d iamete r s  l e s s  than  .083 f t :  

D = mass mean p a r t i c l e  d iamete r  (microns) 
P 

5 = mole f r a c t i o n  of condensed phase 

L = chamber volume parameter ( i n ,  ) 

Dt 
= nozzle  t h r o a t  d iamete r  ( in . )  

= chamber p ressure  ( p s i a )  

7.1.3.2 P a r t i c l e  S i z e  D i s t r i b u t i o n  

For many c a l c u l a t i o n s  i n  which no p a r t i c l e  impingement on t h e  wa l l  is 

a n t i c i p a t e d ,  one p a r t i c l e  s i z e  a t  t h e  mean s i z e  can be used. However, f o r  

plume c a l c u l a t i o n s  a knowledge of  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  is  

necessary  . 

Delaney (Ref. 31) showed t h a t  t h e  d i s t r i b u t i o n  of p a r t i c l e s  f o r  smal le r  

motors (Dt 5 3.5 i n .  ) Followed a l o g  normal d i s t r i b u t i o n  (Fig.  7-4). For 

t h e  l a r g e  motors (Dt 23 .5  in . )  t h e  d a t a  i n d i c a t e  t h a t  t h e  s i z e  d i s t r i b u -  

t i o n  fol lows a normal d i s t r i b u t i o n  (Fig. 7-5). To use  t h e s e  d i s t r i b u t i o n s ,  

move t h e  curves  up o r  down t o  t h e  mean s i z e  a t  t h e  50 pe rcen t  coord ina te ,  

then  d i v i d e  t h e  curve  i n t o  f i v e  o r  s i x  s e c t i o n s  corresponding t o  a 
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Fraction Greater Than D 
P 

99.99 99 90 5 0 10 1 0.01 

Fraction I.css Than D 
P 

Fig. 7-4 Log Normal Particle Size Distribution from HI 5 PC Motor 
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Fraction Grcatcr Than D 
P 

QQ 99 9 9 0 0 50 10 1 0 01 

LO -e-1 

1H - 

I6 - 

1)lstribut ion bv W c-ight 

a 1-1 - - 5 -  l 2 8 p  a 
b 

2 1 2  - 
E 
Id .+ 
C1 . 10 - 
+ 
J 

.A L. 

k 

d 8 -  

5 - 

.L - 

.?a- I I r 1 1 1 1 1 1  I I I 1 1  I I I 
0.01 1 10 50 90 99 99.99 

Fract iol~ Lrss Than I )  
P 

Fig. 7-5 N o r m a l  P a r t i c l e  Size D i s t r i b u t i o n  f r o m  AGC 260-2 M o t o r  

7 - 3 4  
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percentage o f  t h e  t o t a l  p a r t i c l e  mass and determine t h e  mean s i z e  t h a t  goes 

wi th  each of t h e s e  s e c t i o n s .  Table 7-5 g i v e s  a n  example of t h e  s i z e  d i s -  

t r i b u t i o n  ( f o r  s i x  d i s c r e t e  s i z e s )  which was determined from t h e  curve i n  

Fig. 7-4. As was t h e  c a s e  f o r  t h e  mean s i z e ,  i f  a p a r t i c l e  s i z e  d i s t r i b u -  

t i o n  i s  known f o r  a g iven  motor i t  may be i n p u t  d i r e c t l y  i n t o  t h e  program. 

Table 7-5 

LOG NORMAL PARTICLE SIZE DISTRIBUTION 
FOR H I  5 PC MOTOR 
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r 
P a r t i c l e  
Diameter 
(microns) 

1.2 

1.9 

2.65 

3.5 

5.0 

8.0 

Percent  T o t a l  
P a r t i c l e  Mass Flow I 1 0  

20 

20 

20 

20 

1 0  



7.1.3.3 P a r t i c l e  Mass Densfty 

bhss d e n s i t y  f o r  aluminum o x i d e  is  d i f f e r e n t  f o r  s o l i d  an, l i q u i d  

phases.  Reference 33  shows t h e  mass d e n s i t y  o f  l i q u i d  a l w i n u m  o x i d e  
3 (A1  0 t o  oe 188 l h / f t  . The mass d e n s i t y  o f  s o l i d  A1203 i s  250 

33 
1brn;ft . For c a s e s  where t ~ ! ?  p a r t i c l e  t empera tu re s  w i l l  be h i g h e r  thar. 

t h e  m e l t i n g  t empera tu re  f o r  most o f  t h e  f l o w  f i e l d ,  t h e  l i q u i d  mass d e n s i t y  

should  be used.  In c a s e s  where t h e  p a r t i c l e  t empera tu re  w i l l  be below t h e  

m e l t i n g  t empera tu re  (i.e., plumes) t h e  s o l i d  mass d e n s i t y  should  be used.  

Should t h e  p r o p e l l a n t  f o r m a l a t i o n  r e s u l t  i n  s o l i d s  o t h e r  t h a n  aluminum 

ox ide ,  Ref. 34 c a n  be  c o n s u l t e d  f o r  t h e  a p p r o p r i a t e  mass d e n s i t y .  

7.1.3.4 P a r t i c l e  Thermodynamics 

The s o l u t i o n  o f  t h e  governing  e q u a t i o n s  f o r  t h e  g a s - p a r t i c l e  system 

r e q u i r e s  a r e l a t i o n s h i p  between p a r t i c l e  t empera tu re  and e n t h a l p y .  There 

a r e  two methods i n  t h e  RAMPZF whereby t h e  u s e r  may supp ly  t h i s  informat ion .  

The f i r s t  method is a n  " i d e a l "  s i m u l a t i o n  o f  t h e  v a r i a t i o n  o f  t empera tu re  

w i t h  e n t h a l p y  and t h e  second method is t o  i n p u t  t a b l e s  of  t empera tu re  v e r s u s  

e n t h a l p y  d i r e c t l y .  

The i d e a l  approximat ion  o f  t h e  v a r i a t i o n  of  p a r t i c l e  t e a p e r a t u r e  v e r s u s  

e n t h a l p y  assumes t h a t  t h e  L i f i c  h e a t  c a p a c i t y  o f  t h e  p a r t i c u l a t e  i s  a 

c o n s t a n t  f o r  t h e  s o l i d  pha. . .d a n o t h e r  c o n s t a n t  f o r  t h e  l i q u i d  ph?se. 

Another requi rement  of t h i s  method i s  a knowledge o f  t h e  melt t e m p e r a t u r ~ ,  

t h e  e n t h a i p y  of  t h e  s o l i d  a t  t h e  melt t empera tu re  and t h e  e l l t h a l p y  of t h e  

l i q u i d  phase of t h e  p a r t i c l e  a t  t h e  m e l t  tempera ture .  F i g u r e  7-6 i s  a 

g r a p h i c a l  example o f  t h e  i d e a l  approximat ion  f o r  A1203 u s i n g  t h e  v a l u e s  

o f  t h e  n e c e s s a r y  i n p u t  d a t a  ( s e e  Table  7-6) f o r  A.L203. The impor tant  

a s p e c t s  o f  t h i s  v a r i a t i o n  a r e :  (1) t h e  s o l i d  phase e n t h a l p y  a t  t h e  melt 

tempera ture  must be e q u a l  t o  p roduc t  of  t h e  h e a t  c a p a c i t y  o f  t h e  s o l i d  phasz 

and t h e  melt tempera ture ,  and (2)  t h e  d i f f e r e n c e  between t h e  e n t h a l p i e s  o f  

t h e  l i q u i d  and s o l i d  phases  a t  t h e  melt t empera tu re  must be e q u a l  t o  t h e  

h e a t  o f  f u s i o n  o f  t h e  p a r t i c l e .  
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Table 7-6 
A4?2O3 T H ~ D P l l A I I K C  DATA 

Znthalpy (Rtullbm) 

L 

Liquid A 203 Specific Heat (C 1 
P! 

Solid A 203 Specific Meat (Cp 1 
s 

Bathalpy of Sclid Phase of ld203 
at Meltin6 Temperature 

Bnthalpy of Liquid Phase of d203 
nt Melting Temperature 

Melting Temperature 

a 

Fig. 7-6 Ideal Approximation of A1203 Temperature Variation 
as Function of Bntbelpy 

.34 ~tullbmOR1 

-32 ~tu/ibarO~ 

1340.16 Btullh 

1839.96 Btullbm 

4 188'~ 



h good source  o f  d a t a  f o r  t h e  necessary  d a t a  (Tm, C , C and AHl) 

f o r  p a r t i c l e s  o t h e r  than A1203 is Ref. 21. 
p~ Ps 

The o t h e r  o p t i o n  f o r  i n p u t t i n g  t h e  v a r i a t i o n  of p a r t i c l e  temperature 

ve rsus  en tha lpy  is t o  inpu t  a t a b l e  o f  p a r t i c l e  e n t h a l p i e s  and temperatures.  

The advantage o f  t h i s  method is t h a t  v a r i a t i o n s  i n  p a r t i c l e  hea t  c a p a c i t y  

f o r  each o f  t h e  phases may be included i n  t h e  t ab les .  These d a t a  may be 

o b t ~ i n e d  from Ref. 21. The only  c o n s t r a i a t  on us ing t h i s  method is t h a t  two 

e n t r i e s  must be made a t  t h e  meet teapera tu re .  One a t  t h e  s o l i d  phase and 

one a t  t h e  l i q u f d  phase. As with  t h e  i d e a l  approximation, t h e  d i f f e r e n c e  i n  

e n t h a l p i e s  between t h e  two phases must be e q u a l  t o  t h e  hea t  o f  fusion.  I f  

t h e  l i q u i d  and s o l i d  phase t a b l e s  are referenced t o  a d i f f e r e n t  enthalpy 

then a cons tan t  may b2 added o r  s u b t r a c t e d  from t h e  l i q u i d  e n t h a l p i e s  i n  

o r d e r  t o  g e t  t h e  c o r r e c t  hea t  of fus ioa .  The t a b l e s  should be inpu t  wi th  

the  temperature monotomically increas ing.  

7.1.3.5 P a r t i c l e  Drag Law 

There a r e  t h r e e  d r a g  laws p reen t fy  b u i l t  i n t o  t h e  RAMP2F prsgram. The 

drag laws w i l l  be r e f e r r e d  t o  a s  Kl iege l  (Ref. 22), Crowe (kef. 23), and 

Henderson (Ref. 24). l h e  recommended drag  law t o  use  f o r  two-phase calcu- 

l a t i o n s  is the  Henderson d rag  l a w .  Previous s t u d i e s  (Ref. 35) have ghowp 

t h a t  t he  Kle ige l  c o r r e l a t i o n  is s a t i s f a c t o r y  f o r  t h e  f low regimes en- 

countered i n  nozzles  but  o v e r p r e d i c t s  t h e  d rag  on p a r t i c l e s  i n  Mach number/ 

Reynolds number regimes encountered i n  h igh  a l t i t u d e  pltlmes. For nozzles 

the  Kl iegel  method can be used s i n c e  it is more economical i n  computer time 

but i t  should n o t  be used f o r  h igh a l t i t u d e  plumes where p a r t i c l e  t r a j e c t o r y  

l o c a t  i o n s  are important. Reference 25 provides  a d d i t i o n a l  d i s c u s s i o n s  of 

va r ious  d rag  laws. 
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7.1.4 S t a r t l i n e  Options 

There are numerous s t a r t l i n e  opt ions ava i l ab l e  within the W 2 F .  The 

user  s e l ec t ab le  s t a r t l i o e  opt ion  f o r  single phase flow are: iaput  s t a r t  

l i n e ,  program s e t  up one-dimensional start l i ne  based on given area r a t i o  o r  

Mach number, and constant  O/F o r  var iab le  OiF t ransooic start line. From 

two-phase cases the  start l i n e  may be iaput  o r  ca lcu la ted  by the  p r q r a e  

using the two-phase transonic module (Ref. 25). Section 7.1.4.1 discusses  

the ioput f o r  t h e  var ious startlime opt ioas  f o r  s i n g l e  phase cases and 

Section 7.1.4.2 discusses  t he  two-phase s t a r t l i n e  options. 

7.1.4.1 Single  Phase S t a r t  Liaes 

The s t a r t l i n e  opt ioas  f o r  siogle phase cases range i n  c o q l e x f t y  from 

onedimensional t o  the post de ta i l ed  va r i ab l e  O/F t ransonic start l i nes .  

Input requirements f o r  each of the start l i n e  opt ions  are f a i r l y  s t r a igh t -  

forward and w i l l  be discussed i n  the  following paragraphs. 

A s  r e n t  ioned previously, t h e  BAHPZF program uses d a t a  surf  aces  which 

are constructed along normals t o  streamline (regular  c h a r a c t e r i s t i c  d e )  o r  

v e r t i c a l  sur faces  (shock capturing mode). When input t ing  a startline o r  

s e t t i n g  up a onedimensional start l i n e ,  t he  shape of t he  start l i n e  should 

be cons is ten t  with the  method of solnrion. For streamline normal so lu t ions  

of diverging flows the a x i a l  coordi-aate of t h e  cen te r l i ne  po in t s  ( f i r s t  

point on s t a r t  l i ne )  must be ?ownstream of t he  w a l l  point(1ast  point on the  

s t a r t  l i ne ) .  I f  the  da t a  sur face  is too  f a r  from a t rue  normal provis ians 

have been made i n  t he  program t o  alter the  so lu t ion  techniuqe t o  compensate. 

Figure 7-7 shows the construct ion of d a t a  sur faces  i f  the  input  surface is a 

t r u e  normal, and Fig. 7-8 shows the construct ion of da t a  sur faces  i f  the  

s t a r t  l i n e  is f a r  from a normal. For shock capturiag so lu t ions  the  s t a r t  

l i n e  should be a v e r t i c a l  sur face  (x = constant) ,  but i f  t h e  input start 

l i n e  is not a v e r t i c a l  sur face  then the  cons tmc t ion  of d a t a  sur faces  w i l l  

proceed a s  shown i n  Pig. 7-9. 
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'Ihe s t a r t  liks which are input by t h e  use r  are either generated b~ 

previous RAHPZF ca l cua l t i oas  o r  are gemra ted  f roa some o t h e r  source. The 

ioput  tequiniments f o r  each start l ine p o i a t  are s t r a igh t fo tva rd  a d  are 

explained i n  Sect ion 6. The only care ohich  should be taken i n  iuprtttilrg 

t he  start l i n e  is t h a t  t h e  entropy and OIF (or t o t a l  eathalpy)  must be 

coas is ten t  with the  themodynamlc d a t a  tables .  Oae should keep i n  mind t h a t  

the  reference entropy level f o r  each O/F o r  t o t a l  eatbalpp gas  t a b l e  is zero 

which cormspoads t o  t h e  c a b u s t i o n  chamber pressure. I f  a n  entropy level 

f o r  a start l i n e  is input  a t  a value o t h e r  than zero then a head loss 

(decreased t o t a l  pressure) o r  head ga in  (increased total pressure) r u s t  have 

been introduced a t  t h e  start lfne. 

Ond imens iona l  start l i n e s  requi re  t h e  user  t o  input  the a x i a l  coordi- 

na t e s  o f  t he  start l i n e  at the  upper and lower bourrdary, t he  llach a raber  o r  

area r a t i o  of t he  entropy l e v e l ,  and t h e  O/F r a t i o  ( t o t a l  eathalpy) of t he  

start l i ne .  I f  the  start l i n e  is input  a t  the  th roa t  t he  a x i a l  coordinate  

of t he  start l i n e  a t  t h e  w a l l  and c e n t e r l i n e  should be t h e  same (s ince the  

€1- angle a l cag  the  start l i n e  is zero). I f  t he  start l i n e  is a t  the e x i t  

plane of  t he  motor t he  a x i a l  coordioate  of the  startline on the  w a l l  should 

correspond t o  the  l i p  (X ) Using trigonometric r e l a t ionsh ips  and t h e  
l i p  

assuapt ion t h a t  the  f low is sourcel ike st t h e  e x i t  t h e  coordinate  a t  the  

cen te r l i ne  is: 

1 
'CL = 'LIP + %IF' (.in BLIP 

- 
t an  0 

LIP 
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Pig. 7-7 Data Surface Construction for a Iem faput l o u l  
(Streamline lormal Solutioa) 

Pig. 7-8 Data Surface Construction for a Iloa-llorral Startline 
(Streadline #orma1 Solution) 

Pig. 7-9 Data Surface Construction for a 8on-Vertical Startline 
(Shock Capturing Solution) 



The Mach number of the  start l i n e  must be g rea t e r  than 1.0 and should 

be cons is ten t  with t he  geometry of  t he  motor. The a r ea  r a t i o  must be 

grea t e r  than 1.0 and, l i k e  t he  h c h  number, should be cons is ten t  with t he  

geometry. The entropy l e v e l  of  t h e  start  l i n e  should, i n  general ,  be 0.0 

un less  i t  is  des i red  t o  change t h e  t o t a l  condi t ions of  t h e  start l i n e  rela- 

t ive to t h e  input  g a s  thermodyaaaic tab les .  The O/F or t o t a l  enthalpy of 

the  start l i n e  must be input  cons i s t en t  wi th  the thewodynamic t a b l e  O/F o r  

t o t a l  enthalpy. I f  there  is only one O/F o r  t o t a l  enthalpy t a b l e  then the  

value input  does not  e f f e c t  t he  solut ion.  I f  t he re  are more than one t o t a l  

enthalpy o r  O/F r a t i o  thermo t a b l e  then the  input value f o r  t he  start l i n e  

should correspond t o  the  t a b l e  corresponding to the  O/F or t o t a l  enthalpy 

des i red  on t h e  s t a r t  l i ne .  

When l e t t i n g  t h e  program set up a s t a r t l i n e  f o r  a f i n i t e  rate (or  

frozen, Ia)N(1)=4) case,  t h e  user  may input  t he  species  d i s t r i b u t i o n ,  o r  t he  

user  may e l e c t  t o  le t  t h e  program determine t h e  spec ies  on the  start l i n e  

from an  input  TRAN72 d a t a  tape. I n  e i t h e r  case, the  same d i s t r i b u t i o n  w i l l  

be appl ied a t  a l l  s t a r t l i n e  points.  The spec i e s  values  t h a t  a r e  se lec ted  

from the  t h e m o  d a t a  tape  a r e  taken t o  be those a t  t he  t h roa t  f o r  t he  l a s t  

O/F o r  t o t a l  enthalpy on t h e  d a t a  tape. This l i m i t a t i o n  w i l l  be e l imiaated 

on a f u t u r e  vers ion of t he  program. 

The s i n g l e  phase t ransonic  module provides the  f i n a l  opt ion f o r  s i n g l e  

phase s t a r t  liaes. This module u t i l i z e s  a t i m e  dependent f i n i t e  d i f f e r ence  

method t o  so lve  t he  nozzle flow f i e l d  i n  t he  combustion chamber/throat 

region of t he  nozzle. From t h i s  f lowf ie ld  so lu t ion  a  start l i n e  is set up 

f o r  the  nozzle/plume solut ion.  The t ransonic  module can be run f o r  op t ions  

I C D N ( 1 )  = 1 o r  2 only,  no t  f o r  f i n i t e  rate cases (ICON(1) >2). This  limita- 

t i o n  w i l l  be eliminated i n  fu tu re  vers ions  of t h e  code. Results of an  

equi l ibr iumlfrozen t ransonic  so lu t ion  could be used t o  input  a s t a r t  l i n e  

f o r  a f i n i t e  r a t e  case. 

The s i n g l e  phase t ransonic  module can be used f o r  constant  o r  var iab le  

O/F solut ions.  To generate  a  va r i ab l e  O/F so lu t ion  requi res  the  input of 
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r a d i a l  va r i a t i ons  i n  O/P r a t i o  a t  the  i n i t i a l  s t a t i o n  (usual ly the  entrance) 

t o  the convergent sectfon of the  nozzle). The determintion of an O/F d is -  

t r i bu t ion  across  the start l i n e  is not  straightforward. One method is t o  

use the  i n j e c t o r  oxidizer  and f u e l  mass flow rates a t  various d i f f e r e n t  

r ings  of the  i n j e c t o r  t o  determine a s t e p  funct ion O/F d i s t r i bu t ion .  A 

parabolic f i t  of t h i s  s t e p  funct ion could then be input t o  t he  program. 

Another example of determining O/P d i s t r i b u t i o n s  can be found i n  Ref. 19. 

Input requirements f o r  a t ransonic case  are: t he  a x i a l  s t a t i o n  a t  

which t o  start the  so lu t ion ,  t he  a x i a l  l oca t ion  of t h e  th roa t ,  t he  a r ea  

r a t i o  t o  terminate the  solut ion,  t he  mass flow rate of the  nozzle (optional) 

and a n  engine mass averaged O/F r a t i o .  The i n i t i a l  s t a t i o n  f o r  t he  so lu t ion  

is aormally chosen as the  entrance t o  t he  convergent s ec t ion  of the  nozzle, 

although any s t a t i o n  may be chosen. The a r e a  r a t i o  a t  which t o  terminate 

the  so lu t ion  is  used t o  e s t a b l i s h  t h e  a x i a l  s t a t i o n  a t  which t o  terminate 

the solution. I f  the  u se r  inputs  a va lue  of 0.0, t he  program assumes a 

value of 1.5 f o r  the  a r ea  ra t io .  The program s e t s  up a s t a r t  l i n e  from the 

transonic so lu t ion  by loca t ing  Mach 1.15 on the a x i s  and Mach 1.55 on the  

wall. The a rea  r a t i o  a t  which t h e  so lu t ion  is terminated must be g rea t  

enough s o  tha t  the flow a t  the a x i s  of the  nozzle can acce l e ra t e  above b c h  

1.15. The d i s t r i b u t i o n  of s t a t i o n s  upstream and downstream of the throa t  

has been s e t  up f o r  standard type motor geometries. If a non-standard 

nozzle is t o  be run (i.e., long entrance,  sho r t  t h roa t )  o r  shor t  entrance, 

long th roa t  o r  l a r g e  va r i a t i ons  i n  upstream and downstream throa t  rad ius  of 

curvature r a t i o s  then t a e  i n i t i a l  and f i n a l  s t a t i o n s  may have t o  be adjusted 

t o  obta in  an  adequate solut ion.  An adequate so lu t ion  is  obtained when the  
2 2 entropy l e v e l s  on the  s t a r t  l i n e  are within +lo00 f t  /sec /R. - 

The O/F r a t i o  (or t o t a l  enthalpy) t h a t  is input  is used by the  program 

t o  obta in  the  proper thermodynamic d a t a  from the  input tables .  For constant  

O/F r a t i o  cases  which have mult iple  t o t a l  enthalpy t a b l e s  which w i l l  be used 

following the boundary layer  so lu t ion ,  i t  i s  necessary t o  input  the  t o t a l  
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enthalpy of t he  t a b l e  which corresponds t o  combustion chamber condi t ions.  

For constant  O/F and var iab le  O/F cases,  input t h e  mass flow average O/F 

r a t i o  of t he  motor (i.e., o v e r a l l  operat ing O/F r a t i o ) .  The mass flow 

averaged O/F o r  enthalpy w i l l  be used to ca l cu l a t e  t h e  mass flow rate of the  

motor i f  t he  input  mass flow rate is set t o  0.0. The recommended opt ion  is  

t o  set the  mass flow to zero and l e t  t he  program c a l c u l a t e  t h e  mass flow. 

7.1.4.2 -0-Phase S t a r t l i n e  Options 

There a r e  two basic  op t ions  f o r  tvo-phase startlines. They are: input 

t h e  start l i n e  o r  let the  program set it up using the  t ransonic  module. The 

same comments which were made about t h e  construct ion of s i n g l e  phase start 

l i n e s  apply t o  two-phase start l i n e s  except t h a t  i n  genera l  entropy l e v e l s  

on the  start l i n e  are not zero s ince  t h e  heat  t r a n s f e r  and drag  lo s se s  a r e  

associated with acce l e r a t i ng  p a r t i c l e s  from the  combusticn chamber through 

the  th roa t .  When input t ing  t h e  p a r t i c l e  proper t ies  a long t h e  s t a r t  l i n e  t he  

user  must input  t he  number (NSETS, Card 25) of ga s  po in t s  a t  which there  are 

p a r t i c l e s  present.  The p a r t i c l e  p rope r t i e s  a t  each point  must be input  

s t a r t i n g  wi th  the  po in t  neares t  t he  nozzle v a l l  and proceeding t o  t he  

cen te r l ine .  The p a r t i c l e  p rope r t i e s  a t  each point  must be input  f o r  each 

p a r t i c l e  s i z e  group. Table 7-7 presen ts  a n  example of a n  Iaput  two-phase 

s t a r t  l i n e  where there  a r e  s i x  p a r t i c l e  sizes, 29 s t a r t l i n e  po in t s  and 29 

po in t s  a t  which there  are p a r t i c l e s  present.  

Input d a t a  required by t h e  two-phase t ransonic  module is  t h e  i n l e t  

angle  upstream of the  t h roa t ,  the  upstream and downstream r a d i i  of curvature  

and the  nozzle wal l  angle a t  t he  end of t he  t h roa t  conica l  sect ion.  The 

two-phase t ransonic  module is capable of  analyzing only one type of nozzle 

i n l e t  geometry. The nozzle must have a conical  inlet at tached tangent ia l ly  

t o  a c i r c u l a r  a rc .  A t  the  nozzle t h r o a t  plane, t h i s  upstream c i r c u l a r  a r c  

is at tached t angen t i a l l y  t o  a downstream c i r c u l a r  a rc .  E a r l i e r  vers ions of 

the  program required t he  i n l e t  en t rance  angle t o  be less than approximately 

45 deg, only one c i r c u l a r  a r c  was allowed a t  the nozzle t h roa t  and the  
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T a b l e  7-7 EXAMPLE OF TWO-PHASE INPUT STARTLINE (29 POINTS, NSET = 29)  
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Table 7-7 (Continued) 

7-46 
LOCKHE ED - HUNTSV!Ll. 1 RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR Dd67400-I11 

Table 7-7 (Concluded) 
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r a d i u s  of  t h i s  a r c  needed t o  be g r e a t e r  than  approximately twice  t h e  nozzle  

t h r o a t  radius .  The two-phase t r a n s o n i c  module now a l lows  i n l e t  a n g l e s  t o  be 

a s  s t e e p  a s  50 deg. Two c i r c u l a r  a r c s  are now used t o  d e f i n e  t h e  nozzle  

t h r o a t .  The a r c  upstream of t h e  t h r o a t  p lane  can  have a r a d i u s  as smal l  a s  

h a l f  the  va lue  of t h e  t h r o a t  r ad ius .  The a r c  downstream o f  t h e  t h r o a t  p lane  

can have a r a d i u s  a s  smal l  a s  one t e n t h  t h e  va lue  of t h e  t h r o a t  radius .  The 

ATAmodule can  analyze  g a s - p a r t i c l e  f low c o n t a i n i n g  p a r t i c l e  groups of 

a r b i t r a r i l y  small diameter.  E a r l i e r  v e r s i o n s  of  t h e  ~ c d u l e  requ i red  

p a r t i c l e  d iamete r s  t o  be g r e a t e r  than  approximatley one-half micron. Also, 

t h e  upstream va lue  of t h e  w a l l  r a d i u s  r a t i o  can  be d i f f e r e n t  than  t h e  down- 

s t ream value .  Many i n l e t s  are no t  c o n i c a l  ( i . e . ,  submerged nozzle) .  The 

u s e r  should approximate t h e  i n l e t  a n g l e  f o r  t h e s e  type  n o z z l e s  to b e s t  

approximate t h e  a n g l e  t h a t  t h e  bulk  of  t h e  p a r t i c l e s  w i l l  be c o n s t r a i n e d  

wi thin .  

The start l i n e  is a t t a c h e d  t o  t h e  wall and c e n t e r l i n e  us ing  inpu t  ( o r  

d e f a u l t )  v a l u e s  of Mach number. The d e f a u l t  va lues  (1.1 o n  c e n t e r l i n e ,  1.4 

on wa l l )  have been e s t a b l i s h e d  t o  o b t a i n  a good s t a r t l i n e  shape f o r  s tandard 

type motors. I f  a  c a s e  is run i n  which t h e  s t a r t  l i n e  i s  i n c l i u e d  improp- 

e r l y  ( i - e . ,  Xwall > XCL) then  AXISM and WALLM may be a d j u s t e d  t o  al ter  

t h e  s t a r t  l i n e .  

7.1.5 Mesh Control  Var iab les  

This subsec t ion  d i s c u s s e s  each of t h e  mesh c o n t r o l  parameters  which t h e  

program u t i l i z e s .  The f u n c t i o n  of  each  of  t h e s e  parameters is d i scussed  i n  

r e l a t i c n  t o  p o t e n t i a l  mesh c o n t r o l  problems i n  c o n s t r u c t i o n  of  a t y p i c a l  

f low s o l u t i o n .  

Control  of t h e  i n s e r t i o n  of i n t e r i o r  p o i n t s  and t h e  d e l e t i o n  of p o i n t s  

on a known d a t a  s u r f a c e  is  t h e  f u n c t i o n  of  s u b r o u t i n e  CHECK. CHECK i s  

normally c a l l e d  from subrou t ine  PHASE1 a f t e r  a l i n e  has  been completed 
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u n l e s s  a s p e c i a l  circumstance is encountered where a po in t  needs t o  be 

i n s e r t e d  o r  d e l e t e d  due t o  s t reaml ine  c ross ings .  The a x i a l  s t e p  c o n t r o l  is 

performed by PHASE1. 

7.1.5.1 Lower Wall I n t e r p o l a t i o n  Fac to r  (STEP(8)) 

C h a r a c t e r i s t i c  theory governs t h e  c o n s t r u c t i o n  o f  t h e  i n i t i a l  d a t a  

po in t  on a new surface .  The maximum a x i a l  s t e p  a t  t h e  lower boundary is 

determined by the  i n t e r s e c t i o n  o f  t h e  r ight-running c h a r a c t e r i s t i c  (RRC) 

emanatiug from t h e  f i r s t  i n t e r i o r  po in t  on t h e  normal and t h e  lower 

boundary. The RRC is i n c l i n e d  a t  t h e  l o c a l  c h a r a c t e r i s t i c  a n g l e  (8 - p )  

toward t h e  lower boundary. The a x i a l  s t e p  downstream of t h e  known d a t a  

s u r f a c e  is determined by t h e  i n t e r s e c t i o n  o f  t h e  RRC l i n e  (which is  loca ted  

a f a c t c r  of STEP(8) (<  - 1.0) o f  t h e  d i s t a n c e  between t h e  a x i s  po in t  and f i r s t  

i n t e r i o r  p o i n t )  wi th  t h e  lower boundary. D e t a i l s  of t h i s  c o n s t r u c t i o n  a r e  

noted i n  t h e  ske tch  on t h e  following page. 

Consequently, SPEP(8) i s  t h e  primary parameter which c o n t r o l s  t h e  mesh 

c o n s t r u c t i o n  and a l s o  has a s i g n i f i c a n t  impact on program run time. The 

r a d i a l  po in t  spacing on t h e  start o r  previous l i n e  a l s o  he lps  t o  determine 

t h e  i n i t i a l  a x i a l  s t ep .  The c l o s e r  t h e  p o i n t  spacing t h e  smal le r  t h e  a x i a l  

s t e p .  

S t e p  s i z e  a l s o  a f f e c t s  t h e  conservat ion of mass flow, momentum and 

energy. Most c a s e s  w i l l  mainta in  good mass f low conservation.  However, 

t h e r e  can be c a s e s  t.+ere poor mass flow coase rva t ioa  is observed. I n  these  

i n s t a n c e s ,  normally t h e r e  i s  a n  e r r o r  i n  t h e  inpu t  da ta .  I f  no e r r o r  i s  

de tec ted  i t  may be necessary t o  t a k e  smaller s t e p  s i z e s  t o  mainta in  t h e  

p a r t i c l e  mass flow conservation.  Gaseous c a s e s  wi th  l a r g e r  g r a d i e n t s  a c r o s s  

t h e  flow f i e l d  may a l s o  r e q u i r e  smal le r  s t e p s  and more mesh p o i n t s  i n  o r d e r  

t o  conserve mass flow. 
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/Input Startline 

Initial R R C  Line - R R C  Line from 
Int erpolot ed Point 

Lower Boun 

AX1 = Initial Axial Step 

AR = Initial Radial Point Spacing 
0 

AXo = Maximum Initial Axial Step 

p = Local Characteristic Angle 

V = Local Velocity 

The ARRC Step AX is given by: 

AR, = A R ~ [ ~  - STEP(B)] 

AX A3 * STEP:8) * tan(r/2 - p l )  
0 
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i.1.5.2 Axrs a i n t  I n s e r t i o n  Criteria (STEP(6)) 

The a x i s  point  i n s e r t i o n  c o n t r o l  parameter, STEP(6). limits t h e  maximum 

a x i a l  s t e p  between d a t a  su r faces .  I f  t h e  d a t a  s u r f a c e  l o c a t i o n  between a x i s  

s o i n t s  f o r  any reason exceeds STEP(6), t h e  i n t e r p o l a t i o n  f a c t o r  f o r  t h e  

lower wall s o l u t i o n  (STEP(8)) w t l l  be m u l t i p l i e d  by 0.8. This  r e s u l t s  i n  a 

smaller a x i a l  s t ep .  The new a x i s  po in t  w i l l  be recomputed u n t i l  i t  is less 

than a d i s t a n c e  of STEP(6) away from t h e  known a x i s  point .  

Typical  va lues  f o r  STEP(6) are: 0.1 t h r o a t  r a d i i  f o r  two-phase nozzle  

flow problems, 0.1 e x i t  r a d i i  f o r  two-phase plume flow problems and 0.2 

th roa t / rad ius  f o r  g a s  only  nozzle  s o l u t i o n  and 0.2 e x i t  r a d i u s  f o r  g a s  on ly  

plume flows. 

7.1.5.3 I n t e r i o r  Point  I n s e r t i o n  Criteria (STEP(3)) 

The purpose o f  t h e  po in t  i n s e r t i o n  c a p a b i l i t y  is t o  provide c o n t r o l  of 

t h e  s t reaml ine  spacing i n  a r a p i d l y  expanding flow. I n s e r t i o n  of a stream- 

l i n e  is accomplished i n  the  fol lowing manner. The d i s t a n c e  a long a normal 

l i n e  between two g r i d  p o i n t s  is computed i n  subrout ine  CHECK. I f  t h i s  

d i s t a n c e  exceeds STEP(3) a new s t reaml ine  w i l l  be i n s e r t e d  midway between 

t h e  two e x i s t i n g  points.  The new s t reaml ine  po in t  w i l l  be re ta ined  as t h e  

s o l u t i o n  progresses.  

7.1.5.4 P a r t i c l e  Limf t C q  S t reamline  I n s e r t i o n  Criteris (STZP(9)) 

This parameter provides f o r  c o n t r o l  of s t reaml ine  spacing on a d a t a  

su r face  based on t h e  entropy d i f f e r e n c e  between two s t reamlines .  This  

opt ion is  o t l y  used f o r  two-phase flow cases and then on ly  between a 

p a r t i c l e  l i m i t i n g  s t reaml ine  and t h e  ad jo ining g a s  s t reamline .  STEP(9) is 

t h e  maximum al lowable  percentage change i n  entropy near  a p a r t i c l e  l i m i t i c g  

streamline.  The procedure is  t o  f i r s t  c a l c u a a t e  t h e  entropy d i f f e r e n c e  (AS) 

between t h e  p a r t i c l e  l i m i t i n g  s t reaml ine  and t h e  ad jacen t  s t reaml ine ,  above 
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o r  below the  p a r t i c l e  l im i t i ng  streamline. I f  AS is g rea t e r  than STEP(9) 

times the  entropy l e v e l  of t he  l i m i t i a g  s t reaml ine  then a new streamline 

point  w i l l  be i n se r t ed  midway between t h e  two points.  The procedure is 

i d e n t i c a l  t o  t he  i n t e r i o r  point  i n s e r t i o n  scheme once t h e  program has 

determined t h a t  a point  should be added. 

This  mesh con t ro l  parameter is u t i l i z e d  t o  avoid l a rge  entr3py 

grad ien ts  near l im i t i ng  streamlines.  There w i l l  n a tu ra l l y  be an  entropy 

grad ien t ,  from a region ahere p a r t i c l e s  are present t o  a gas-only region, 

ac ros s  a l im i t i ng  streamline. However, use of t he  STEP(9) con t ro l  can 

minimize t he  chance of encountering numerical d i f f i c u l t i e s  near l im i t i ng  

s t reamlines  i n  two-phase flow probleras. 

7.1.5.5 Prandtl-Meyer In tegra t ion  (STEP(1)) 

This parameter con t ro l s  t h e  number of  mesh po in t s  which are d i s t r i b u t e d  

through the  Prandtl-Meyer expansion. STEP(1) is the  s i z e  of t h e  i n t eg ra t i on  

s t e p  i n  degrees t h a t  is used t o  numerically i n t e g r a t e  t he  Prandtl44eper 

function. STEP(1) then becomes t h e  number of degrees between mesh poin ts  i n  

t he  expansion fan. 

7.1.5.6 Point Deletion C r i t e r i a  (STEP(7)) 

The purpose of t h i s  mesh control  parameter is t o  l i m i t  t he  spacing of 

adjacent  s t reamline po in ts  on a normal t o  a minimum value. When streamlnes 

begin t o  converge the so lu t ion  can errcounter numerical d i  f f i c u l  t y  when 

computing loca t ions  of i n t e r sec t ions  of c h a r a c t e r i s t i c  l i n e s  with normals t o  

streamlines.  

The procedure is t o  determine the  r a d i a l  and a x i a l  spacing, t he  Mach 

number d i f fe rence  and flow angle  d i f f e r ences  between two consecutive po in t s  

on a normal (AR,AX,AM, Ae). The average R,X, Mach number and flow angle  f o r  - - -  
the  two poin ts  a r e  ca lcu la ted  (i, X, M, 8 ). R and X are mul t ip l ied  by 
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STEP(7) and and 5 a r e  multLplied by bui l t - in  values. If bR and A X  are  

Less than the average Locations (% and E) t i e s  STEP(7) and AM and A8 are 

less than the average values (B and 8 )  times the bu i l t - i n  values then one of  

t he  two po ta t s  w i l l  be deleted. This procedure is shown i n  t h e  sketch below. 

Ibe program vill Q O ~  d e l e t e  the  following types of points: upper o r  

lower b o d a r y ,  free bouadary, Prandtl-byer,  shock, s l i p l i n e ,  o r  l imi t ing  

s t d f n e s .  8orra l lp ,  the  I point  is deleted. 
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7.1.5.7 F in i t e  Rate h i s t r y  a s h  Controls 

The mesh con t ro l  parameters f o r  a f i n i t e  rate chemistry case are the  

same as i n  the  previous sec t ions  wi th  the folloesiag exception. 

The lower w a l l  in te rpola t ion  f ac to r ,  STEP(8), is overriden by the  "CFL" 

condit ion which q u i r e s  t h a t  the  Mach l i n e s  fram any new poin t  must i n t e r -  

sect the  base l i n e  between the  base poin t  and e i t h e r  of its neighboring 

points. lhis condit ion is assured by the equation 

CFL = A M  4C-l 

where A N  is the normal d i s t aace  between any two adjacent  po in ts  on the  

base l i n e  and M is the Mach number. CFL is the  maximum distance along the  

s t reamline through the  oase poin t  t he  n e w  poin t  may extend and s t i l l  ensure 

t h a t  t he  Mach l i n e s  i n t e r s e c t  t h e  ad j ace t  points. This d i s tance  is  calcu- 

l a t ed  f o r  each point  on the base l i n e  and the minimum dis tance  is used f o r  

the  e n t i r e  new l ine .  

7.1.5.8 Recoumended Mesh Control Variables 

Table 7-8 presents  a set of recommended values f o r  the  mesh con t ro l  

var iables .  This set of mesh con t ro l  values has been fotnd by the  author t o  

be geaera l  f o r  most of t he  ca ses  which have been run. However, there  prob- 

ab ly  w i l l  be cases  where the run t i m e  or coaservation of mass flow, energy 

and momentum w i l l  be unsa t i s fac tory  and adjustments t o  the mesh w i l l  be 

required. As the  user  becomes f ami l t a r  with the code and runs more cases,  

changes in the mesh con t ro l  va r i ab l e s  and the  r e su l t i ng  e f f e c t  on the flow 

so lu t ion  w i l l  become apparent. 

7-54 

LOCWIEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



Tablo 7-8 

RECOMMENDED MESH CONTROL VALUES 

Prandtl-Meyer Control 
Interior Insertion 

A x i s  Insertion 

Delete Criteria 
Axis Point Interpolation 

Limiting St reamline 

RT I Throat Radius 

RE = Exit Radius 

NOTE: If no limiting streamline, axis insertion, or interior insertion control ia de l i red  
input a large number (- 1000). I f  no deletion i n  desired ure an extremely sm8l l  
number (1.E-5) .  



7.1.5.9 Mesh Spacing Effect  on Run T i m e  and Conservation Equations 

Run t i m e  is s i g n i f i c a n t l y  a f f e c t e d  by t h e  point  dens i ty  f o r  two 

masons: (1) the  computer run t i m e  is a d i r e c t  funct ion of t h e  number of 

po in ts  on t h e  normals, i.e., f o r  t h e  same number of normal sur faces  and 

twice t he  number of  po in t s  on each normal there  w i l l  be a f a c t o r  of two 

d i f fe rences  i n  run time, (2) t h e  more poin ts  on a given normal, t h e  smaller 

w i l l  be the  s t e p  s i z e  which w i l l  r e s u l t  i n  more execution t i m e ,  i.e., twice 

a s  many po in t s  on a sur face  w i l l  r e s u l t  i n  t h e  maximum a x i a l  s t e p  having 

one-half the  length. 'Phis coupled wi th  twice the  po in t s  on t h e  normal w i l l  

r e s u l t  i n  four  t i m e s  as much computer time. 

Coupled with conserving run t i m e  is the  necess i ty  t h a t  t h e  s o l u t i o n  be 

numerically va l id ,  i.e., conserve mass, momentum, and energy. The conser- 

va t ion  func t ions  f o r  numerical so lu t ions  of t he  type employed by t h e  RAMP 

program are somewhat cont ro l led  by the  mesh spaciag. For flows which 

conta in  l a rge  grad ien ts  i n  flow proper t ies  it is des i r ab l e  t o  have more mesh 

po in t s  t o  avoid any l a rge  e r r o r s  i n  mass flow, system energy and momentum. 

Thus, there  is some happy medium o r  p a r i t y  between run t i m e  and system 

consert'ation. 

7.1.5.10 Point Spacing 

The type of so lu t ion  which t h e  RAMP code employs lends i t s e l f  t o  

unif o m l y  spaced po in t s  on each d a t a  surface.  ifowever, p a r t i c u l a r  flow 

so lu t ions  which have l a rge  r a d i a l  g rad ien ts  requi re  c lo se  po in t  spacing i n  

the  region of t he  l a rge  gradients .  For these  cases, smaller  a x i a l  s t e p s  a r e  

necessary. 

7.2 EXPLANATION OF ERROR MESSAGES AND OTHER MESSAGES 

This s e c t i o n  lists the messages t h a t  can be output  by the  program and 

descr ibes  what t he  messages mean t o  t he  solut ion.  Comments a r e  a l s o  
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included on how t o  change the  input  d a t a  t o  co r r ec t  problems i n  the  so lu t ion  

which cause improper terminations,  

1. Previously noted e r r o r s  have propagated t o  lower boundary 
o r  problem l i m i t s  have been reached. Case terminated. 

The program has terminated properly, the  problem limits 
set by t he  user  have been reached o r  another e r r o r  which 
has been i d e n t i f i e d  v i a  a message has  been encountered. 

2. Lower boundary so lu t ion  w i l l  not converge. 

The program is unable t o  ob t a in  a so lu t ion  a t  t h e  lower 
boundary within t he  u se r  spec i f i ed  a m b e r  of 
i t e r a t i ons .  The code w i l l  back up the  l i n e  a maximum of 
1 0  times t o  t r y  to ob ta in  a solution. If no so lu t ion  is 
reached then the  execution w i l l  terminate. 

3. I n t e r i o r  so lu t ion  w i l l  not  converge. 

The program i s  unable t o  ob t a in  a so lu t ion  f o r  a n  i n t e r i o r  
point within the  user  spec i f ied  number of i t e r a t i ons .  The 
code w i l l  back up and take  a smaller step.  If t he  point  
still  w i l l  not converge a f t e r  b a c k i q  up 10  times then the 
so lu t ion  w i l l  be terminated. 

Possf ble  causes of t h i s  problem are: 

Input e r r o r  i n  boundary equat ions 

o Numerical d i f f i c u l t i e s  due t o  l a rge  point spacing i n  
regions of s t e e p  gradients.  Use more po in t s  o r  t ake  
smaller s teps .  

e I f  t h i s  occurs  e a r l y  i n  t he  so lu t ion ,  t h e  s t a r t  l i n e  
may not  be physical ly  o r  numerically s u i t e d  t o  the  
problem. Check the  s t a r t  l i n e .  

o Check f o r  obvious e r r o r s  i n  thermodynamic data .  

4. Upper boundary so lu t ion  w i l l  not  converge. 

The program is unable t o  ob t a in  a so lu t ion  a t  the  upper 
boundary. Causes and f i x e s  a r e  same a s  item 3. 
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5. ITSUB w i l l  not converge i n  BGHOFP. 

Real gas  so lu t ion  of Mach number a s  a funczian of pressure 
w i l l  not converge within present number of i t e r a t ions .  Check 
the  thermodynamic t a b l e s  f o r  e r r o r s  and a l s o  the  plume 
boundary conditions.  

6. ITSUB w i l l  not converge i n  RGVOFM. 

Real gas  so lu t ion  of ve loc i ty  as a funct ion of Mach number 
w i l l  not converge within present  number of i t e r a t ions .  Check 
the  thermodynamic t a b l e s  f o r  e r rors .  For two-phase, real gas 
cases  with a s t a r t l i n e  input  from cards,  be su re  a l l  t he  
input  Mach numbers f a l l  wi th in  the  thermodynamic t ab l e  
en t r i e s .  

7. ITSUB WNC i n  WTFM 

Unable t o  balance the  last Prandtl-Meyer point  pressure with 
the back pressure a t  the f r e e  boundary o r  flow angle  a t  a 
s o l i d  boundary, wi th in  the  prese t  number of i t e r a t ions .  This  
can be caused by poor thermodynamic t a b l e  coostruct ion or 
f ncompat i b l e  plume boundary conditions.  

8. ITSUB WNC i n  AOASTR 

Unable t o  balance the  mass flow a t  input A/A* with mass 
flow a t  t h roa t  wi th in  the  prese t  number of i t e r a t ions .  Check 
thermodynamic tables .  

9. ITSUB WNC i n  TURN 

Unable t o  t u r n  the  flow through a specif ied turning angle 
within the prese t  number o f  i t e r a t ions .  Usually caused by 
flow going subsonic. 

10. ITSUB WNC i n  OVEREX 

Unable t o  t u r n  the  flow through a spec i f ied  turning angle t o  
match the plume boundary pressure ui:hin the  prese t  number of 
i t e r a t ions .  Usually caused by the  flow going subsonic. 

11. The following case  cannot be found on the  master tape. 

The program i s  unable t o  f i nd  the  des i red  gas  case among the  
cases  present on the master tape. This is usual ly caused by 
the gas header card not matching any of the  header cards 
which appear on the tape, o r  the  wrong tape  was mounted. 
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12. ITSUB WNC i n  HYPER 

Program is  unable t o  f i nd  a veloci ty  which w i l l  g ive  the  
ambient boundary condit ions within the  number of preset  
i t e ra t ions .  Can be caused by t ry ing  t o  expand the  flow too 
f a r  o r  having bad thermodynamic tab les .  

13. Subsonic Mach number encountered i n  TOW. 

The c h a r a c t e r i s t i c  the0 u t i l i z e s  Mach number i n  the def in i -  
t i o n  of Mach angle ( If- ~2 - 1) and is l imited t o  supersonic 
f low. Possible  causes f o r  t h i s  message a re :  

Flow went subsonic. 

a Error  occurs i n  boundary equations. 

Error occurs i n  o ther  input  data.  

a A s i t u a t i o n  is encountered which the code 
is unable t o  handle. 

14. Negative ve loc i ty  encountered i n  TOFV. 

Something has happened during the so lu t ion  which has resul ted 
i n  a negative ve loc i ty  being calculated.  Probable causes a re :  

o Error occurs i n  boundary equations 

o Error occurs i n  gas  thermodynamic da t a  

o Mesh problem is caused by too  la rge  a s t e p  i n  a 
region of s t eep  gradients .  Try taking smaller  
s teps.  

Program l i m i  t a t ion .  

15. ITSUB does not  converge i n  PERSOL. 

Subroutine PHYSOL is unable t o  determine the  c h a r a c t e r i s t i c  
i n t e r sec t ion  with the  known da ta  surf  ace within the  prese t  
number of i t e r a t ions .  This is usual ly caused by too small  a 
mesh s i z e  o r  a da t a  sur face  t h a t  has been input ,  which is not 
a t rue  normal. 

16. Two s t r a i g h t  l i n e s  i n  INRSCT a r e  p a r a l l e l ,  

Subroutine INRSCT's funct ion is t o  determine the  in t e r sec t ion  
of two s t r a i g h t  l i nes .  I f  two l i n e s  a r e  found t o  be p a r a l l e l  
t h i s  message is printed out.  Usually caused by some incon- 
s i s tency  i n  t he  input  data.  
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17. Charac ter i s t ic  l i n e s  diverge; last P-M point  s e t  f r e e  molecular. 

Subroutine MOCSOL is unable t o  i n t e r s e c t  r i gh t  and l e f t  
running l i n e s  while construct ing the  normal around a Prandtl- 
Meyer expansion. This is usual ly caused by t ry ing  t o  take 
too l a rge  a s t e p  pas t  a n  expansion comer .  

18. MOCSOL w i l l  not converge. 

MOCSOL is unable t o  f i n d  the  in t e r sec t ion  of two character- 
i s t i c  l i n e s  within the prese t  number of i t e r a t ions .  

19. A problem with a RRC in t e r sec t ion  with l i n e  X has been 
encountered. The l i n e  w i l l  be recalculated.  

This i s  the r e s u l t  of e i t h e r  a n  i n t e r i o r  so lu t ion  taking too 
many i t e r a t i o n s  o r  a s i t u a t i o n  where t h e  program is unable t o  
i n t e r s e c t  the  r i gh t - runn iq  c h a r a c t e r i s t i c  from the  new point  
t o  the known da ta  surface. The program w i l l  back up and take 
a smaller  s t e p  f o r  a maximum of 10 i t e r a t ions .  I f  the  same 
problem is sti l l  encountered, t he  case w i l l  be terminated. 
This is  usua l ly  caused by a n  e r r o r  i n  a boundary equation, a 
s t a r t  l i n e  which is  not a normal o r  a poor point  spacing. 

20. P a r t i c l e  l imi t ing  s t reamline i n t e r s e c t s  with the  boundary. 

This  message occur3 whenever a p a r t i c l e  l imi t ing  s t reamline 
i n t e r s e c t s  a bounday (so l id  o r  free).  The so lu t ion  proceeds 
while assuming a l l  mass which i n t e r s e c t s  the boundary passes 
on through. 

21. Point number 6 on l i c e  Y has been deleted. 

This message is  printed whenever a point  is  thrown out 
because i t  did not s a t i s f y  the  mesh cont ro l  c r i t e r i a  o r  
whenever a gas  and p a r t i c l e  streamline cross.  

22. A new streamline has been inser ted  on l i n e  Y between poin ts  X 
and 2 .  

This message w i l l  appear each t i m e  a point is  added on a l i n e  
due t o  mesh con t ro l  c r i t e r i a  being exceeded between two 
point s. 

23. Due t o  gas-part ic le  streamline crossing the  point X has been 
replaced. 

This message occurs f o r  two-phase cases  whenever a gas  and 
p a r t i c l e  l imi t ing  streamline cross.  The gas s t reamline is  
t h r ~ w n  out .  
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24. You are t ry ing  t o  throw o u t  po in t  X, t he  point  is a wal l  
l imi t ing  s t reamline o r  f r e e  boundary point.  You probably have 
a n  error i n  your input.  

This e r r o r  message is usual ly  caused by an  e r r o r  i n  t he  s t a r t  
l i n e  o r  an  e r r o r  i n  the  boundary equations. Check your input 
da ta .  

25. Could not  f i nd  M = point  i n  BL, EDGE Mach No. is . 
When merging the boundary l a y e r  r e s u l t s  with the  inv isc id  
r e s u l t s  a t  the  e x i t  plane t he  program searches f o r  Mach = 
1.05 i n  the  boundary l a y e r  r e su l t s .  I f  the  program cannot 
f i nd  M = 1.05 t h i s  messge is printed out.  Check the  boundary 
l a y e r  r e su l t s .  I f  t h i s  e r r o r  message occurs there  is an 
e r r o r  i n  t h e  RAKP2F code o r  t he  boundary l a y e r  r e s u l t s  a r e  
inv isc id .  

26. Cound not  f ind  boundary l a y e r  edge on s t a r t  l i ne .  

The edge of t he  boundary l a y e r  could not  be matched with 
inv isc id  normal. Error  i n  code o r  boundary l aye r  r e su l t s .  
Contact author .  

27. The inv isc id  por t ion  of start l i n e  was moved (ft lrc) t o  
match edge of boundary layer .  

In  0.-der t o  s a t i s f a c t o r i l y  patch the  boundary l a y e r  r e s u l t s  
with the e x i t  plane i nv i sc id  s t a r t  l i n e  t he  e x i t  plane normal 
i s  moved s l i g h t l y .  This is a normal message and can be 
ignored. 

28. Bound cannot f i n d  pos i t i ve  argument f o r  conic equation. 

There is  a n  e r r o r  i n  your boundary equat ion coe f f i c i en t s  f o r  
conic  equation. Check your input.  

23. Temperature of is out  of rarlge i n  CHEM, the  so lu t ion  i s  
flushed. 

A temperature has been ca lcu la ted  during a f i n i t e  r a t e  solu- 
t i o n  which i s  out  of range of the  thermodynamic tab les .  
Check your thermo da t a  t a b l e s  f o r  e r ro r s ,  check f o r  e r r o r s  i n  
your s t a r t  l i n e  o r ,  take smaller s teps .  

30. Error  (FLXIL-WALL) - XMACH.LE.1.0 

Error i n  two-phase t ransonic  solut ion.  Cennot f i nd  suspen- 
s i o n  Mach number on nozzle wall. Check geometry and t ran-  
son ic  input  da ta  f o r  e r ro r s .  
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31. Error  (FIXIL-AXIS) - XMACH.LE.1.0 

Error  i n  two-phase t r a n s o n i c  s o l s t i o n .  Cannot f i n d  super- 
son ic  Mach number on  nozz le  a x i s .  Check geometry and t ran-  
son ic  inpu t  d a t a  f o r  e r r o r s .  

32. Error*** Species  d a t a  from t a p e  do no t  agree  wi th  ca rd  i n p u t  

The TRAM2 d a t a  t a p e  inpu t  t o  t h e  program does  no t  match t h e  
spec ies  i n p u t  f o r  t h e  f i n i t e  rate c a l c u l a t i o n .  Check TRAN72 
r e s u l t s  and thermo d a t a  i n p u t  t o  RAMP2F. 

33. *****Error***** i n p u t  parameter t o o  l a r g e  

Input parameter f o r  f i n i t e  r a t e  case (Card 6) exceeds 
dimension l i m i t s  of program. Check inpu t .  

34. Cannot f i n d  w a l l  Mach number of 

The g a s  t r anson ic  module looks  f o r  a Mach number of 1.55 t o  
anchor t h e  s t a r t  l i n e  t o  t h e  nozzle wall .  I f  t h e  s o l u t i o n  
does n o t  have a Mach number t h i s  high on t h e  nozzle  w a l l ,  t h e  
wa l l  Mach number (1.55) is decreased u n t i l  t h e  start l i n e  can 
be anchored t o  t h e  wall. If no Mach number on t h e  wall is 
found a f t e r  f o u r  t r i e s  t h e  s o l u t i o n  is  terminated.  Check 
your t r a n s o n i c  i n p u t  d a t a  f o r  e r r o r s  o r  check nozzle  geometry 
f o r  e r r o r s .  I f  no e r r o r s  are found inc reasz  t h e  downstream 
s o l u t i o n  a r e a  r a t i o  inpu t  on Card 20e. 

35. Cannot f i n d  a x i s  Mach n m b e r  of 

Same as above except  f o r  a x i s  Mach number of 1.15. 

36. The point  could n o t  be found on s t a r t  l i n e ;  Couid not 
l o c a t e  l i m i t  s t r eaml ine  on start l i n e  o r ,  PUNEX cannot f ind  I N D X  
l i m i t  s t r eaml ine .  

Routine (RUNEX) which genera tes  e x i t  plane SPF start l i n e  
cannot f i n d  t h e  l i m i t i n g  s t reamline .  Check p a r t i c l e  s i z e  
d i s t r i b u t i o n  f o r  e r r o r s .  Check geometry. I f  no e r r o r s  a r e  
found, c o n t a c t  au thor .  

37. Temperature i s  o u t  of range f o r  s t a r t l i n e  enthalpy.  

When s e t t i n g  up a f i n i t e  r a t e  start l i n e  wi th in  t h e  program 
t h e  program looks  up enthalpy us ing inpu t  thermo t a b l e s  and a 
known temperature  f o r  t h e  start l i n e  ( a s  i n p u t  by use r ) .  I f  
t h e  program i s  unable t o  l o c a t e  a set of p o i n t s  i n  t h e  t a b l e  
which b racke t  t h e  s t a r t l i n e  t e a p e r a t u r e  t h i s  message is  
outout .  Check your inpu t  start i i n e  and thermo t a b l e s  f o r  
e r r o r s .  
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38. The s t a r t i n g  po in t  of p a r t i c l e  s t r eaml ine  t r i ~ c i n g  through 
boundary l a y e r  f o r  p a r t i c l e  is beyond e x i t  o r  p a r t i c l e  - 
is  upstream of t h e  l i m i t i n g  s t r eaml ine  i n t e r s e c t i o n  wi th  B l .  

Program has  encountered d i f f i c u l t i e s  i n  e s t a b l i s h i n g  s t a r t i n g  
p o i n t s  f o r  t r a c i n g  p a r t i c l e  t r a j e c t o r i e s  through t h e  boundary 
l aye r .  Check i n p u t  geometry and s t a r t i n g  l i n e  f o r  e r r o r s .  

39. ITSUB WNC i n  mass 

The gaseous t r a n s o n i c  module uses  t h e  l o c a t i o n  of t h e  nozzle  
t h r o a t  (Mu1.O) and a n  i n p u t  va lue  of mass averaged O/F r a t i o  
o r  t o t a l  en tha lpy  t o  c a l c u l a t e  t h e  engine  mass f lov .  I f  t h i s  
error message o c c u r s  check your thermo d a t a  t a b l e s ,  nozzle  
geometry and ca rd  20C f o r  e r r o r s  o r  incons i s t enc ies .  

40. ITSUB WNC i n  s t a r t  f o r  dokmstream boundary a r e a  r a t i o  

During i n i t i a l i z a t i o n  of  t h e  g a s  t r a ~ s o n i c  s o l r ~ t i o n  t h e  
program e s t a b l i s h e s  t h e  downstream l i m i t  of t h e  t r anson ic  
s o l u t i o n  based on t h e  i n p u t  geometry, l o c a t i o n  of t h r o a t  and 
downstream a r e a  r a t i o .  Th i s  e r r o r  message i n d i c a t e s  a n  e r r o r  
i n  one o r  more of t h e s e  d a t a .  The code a l s o  u s e s  t h e  XMAX 
f o r  t h e  l a s t  upper s o l i d  boundary t o  e s t a b l i s h  a n  increment 
t o  s t a r t  t h e  i t e r a t i o n .  I f  t h e  XMAX f o r  t h e  last boundary is  
t o o  b ig  t h i s  e r r o r  message i s  poss ib le .  Decrease t h e  XMAX o r  
change subrou t ine  STARTV (SAVE(2)eDX) t o  SAVE(2) = 10*DX. 

41. ITSUB WNC i n  s t a r t  

The i n i t i a l i z a t i o n  r o u r i n e  (STARTV) f o r  t h e  g a s  t r a n s o n i c  
r o u t i n e  could n o t  converge f o r  a p a r t i c u l a r  s t a t i o n .  Check 
your inpu t  d a t a  (Card 20c, d o r  geometry) f o r  e r r o r s .  I f  t h e  
s t a t i o n  on which t h i s  occurs  is  no t  t h e  upstream l i m i t  
s t a t i o n  t h e  r e s u l t s  of  t h e  t r a n s o n i c  c a l c u l a t i o n  a r e  v a l i d .  

42. Temperature i s  o u t  o f  range f o r  T-F(H) i t e r a t i o n  i n  THERMl o r  
temperature o u t  of range f o r  T = - o r  ITSUB WNC i n  TOFM, T, 
H2, ABIFF 

I n d i c a t e s  e r r o r  i n  temperature o r  enthalpy lookup f o r  f i n i t e  
r a t e  case .  Check your i n p u t  s t a r t  l i n e  and thermo t a b l e s  f o r  
e r r o r  o r  dec rease  s t e p  s i z e .  
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7.3 PROBLEMS COMMONLY ENCOUNTZRED AND SUGGESTED FIXES 

This  s e c t i o n  i s  in tended t o  a i d  t h e  u s e r  i n  u t i l i z i n g  t h e  program and 

avoiding same common problems. Also included a r e  some g e n e r a l  comments on 

i n p u t t i n g  t h e  code. 

The fol lowing is  a l is t  of h i n t s  t o  t h e  user :  

The numerical  scheme which t h e  program u t i l i z e s  l ends  i t s e l f  t o  
evenly  spaced p3ints .  Therefore ,  when s e t t i n g  up s s t a r t  l i n e  
t r y  t o  ensure  t h a t  t h e  p o i n t s  a r e  a s  evenly  spaced a s  poss ib le .  
The on ly  excep t ion  t o  t h i s  r u l e  i s  i n  the  v i c i n i t y  of l a r g e  
g r a d i e n t s  i n  f low p r o p e r t i e s ,  (e.g., Prandtl-Meyer corners ) .  The 
p o i n t s  i n  t h i s  region should be c l o s e r  toge the r ,  and smal le r  
a x i a l  s t e p s  should be taken. 

Xu t h e  r e g i o n  immediately downstream of  a Prandtl-Meyer expansion 
i t  i s  necessary  f o r  t h e  program t o  patch t o g e t h e r  a cha rac te r -  
i s t i c  mesh wi th  t h e  s t r e a m l i n e  normal mesh (Sec t ion  6.9, Vol. 
I). This mesh c o n s t r u c t i o n  can  r e s u l t  i n  two unique problems. 
F i r s t ,  i f  t h e  f i r s t  normal beyond t h e  c o r n e r  i s  too  f a r  down- 
s t ream of  expansion,  i t  i s  p o s s i b l e  f o r  t h e  code t o  be unable t o  
i n t e r s e c t  c h a r a c t e r i s t i c  l i n e s .  This normally w i l l  on ly  occur  
f o r  high a l t i t u d e  cases .  To f i x  t h i s ,  t ake  a smal l  s t e p .  I f  too  
l a r g e  a s t e p  is taken a t  lower a l t i t u d e s ,  s t r e a m l i n e s  may c r o s s  
which can r e s u l t  i n  a subsonic  Mach number o r  nega t ive  v e l o c i t y  
me;sage. To c o r r e c t ,  t a k e  s m a l l e r  Eteps. On t h e  o t h e r  hand, i f  
t h e  f i r s t  normal downstream of t h e  corner  i s  t o o  c l o s e  t o  the  l i p  
t h e  p o i n t s  i n  t h e  f a n  may be t o o  c l o s e  toge the r .  This  s a y  cause  
p r o b l e m  w i t h  c h a r a c t e r i s t i c  l i n e  i n t e r s e c t i o n s  wi th  previous 
d a t a  s u r f a c e s  end r e s u l t  i n  excess ive  i t e r a t i o n e  o r  no conver- 
gence of p o i n t s  i n  t h i s  region.  It may a l s o  r e s u l t  i n  t h e  
n e c e s s i t y  t o  t ake  t o o  smal l  a  s t e p  i n  o r d e r  t o  proceed w i t h  t h e  
s o l u t i o n .  To c o r r e c t  t h i s  problem, a s l i g h t l y  l a r g e r  s t e p  must 
be taken s o  t h a t  c f i r s t  normal is  f a r t h e r  downstream of the  
corner .  Shown on ti.* fo l lowing  page a r e  ske tches  of normals 
which a r e  t o o  c l o s e  and t o o  f a r  from expansion corners .  
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Corner 

---- - -- 
Nor-a! T o c ~  Far Dt~wnstream 
of Espans~nn Cclrner 

Prandt: -.Meyer 
Corner 

Points f (10 Close 

The two-phase t ransonic  module requires  t he  Uach number a t  the  
i n t e r ac t i on  of the start l i n e  with the a x i s  (AXISM) and the 
nozzle wall (WALIM). Default values of 1.1 f o r  AXISM and 1.4 f o r  
WALIM a r e  used i n  the  program. These values have been chosen t o  
provide the  best  s t a r t  l i n e  f o r  most standard nozzles. In  the  
event t h a t  your p a r t i c u l a r  geometry r e s u l t s  i n  a s t a r t  l i n e  t ha t  
produces r e s u l t s ,  t h a t  go subsonic or produce a s t a r t  l i n e  t h a t  
is  incl ined backwards (i.e., x increasing from cen te r l i ne  t o  
wal l )  d i f f e r e n t  values of AXISM and WALLM may be input  on Card 37. 

Since the program uses  s t reamlines  and normals t o  s t reamlines  
(except fo r  s h ~ c k  captur ing so lu t ions)  t o  cons t ruc t  t he  mesh i t  
i s  always assumed t h a t  each da ta  surface is a t r u e  noraal.  If  a 
s t a r t  l i n e  is input  which is not a normal, i t  is  poss ib le  t o  
encounter d i f f i c u l t i e s  i n  ge t t i ng  the  so lu t io-  s t a r t ed .  Showa on 
the  following page a r e  th ree  sketches of candidate i n i t i a l  da ta  
surface s. 
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WSC-HREC TR D867400-111 

Sketch A - frue Normal 

Sketch B -Normal Inclined Too Much 

Sketch C - Sotma1 Not Inclined Enough 

The program checks t h e  start l i n e  t o  see i f  t h e  start l i n e  is  

i n c l i n e d  t o o  much t o  t h e  f low (see ske tch  B above). I n  t h e  event  

t h a t  t h e  s t a r t l i n e  i s  i n c l i n e d  t o o  much, a d i f f e r e n t  mesh con- 

s t r u c t i o n  technique is used j u s t  downstream of t h e  start l i n e  

( see  ske tch  on fol lowing page). Also, t h e  numbering system is 

changed f o r  t h e  p o i n t s  on each d a t a  su r face .  ?he last po in t  is 

i d e n t i f i e d  as p o i n t  99 and t h e  r e m i n i n g  p o i n t s  numbers decrease  

t o  99-N+l where N is t h e  number of pooints  on t h e  normal. After 

t h e  normals move o f f  t h e  s t a r t l i n e  Point  1 is t h e  a x i s  po in t  and 

t h e  w a l l  po in t  is 1+N-1. 
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Sketch A is  true normal, Sketch B is  incl ined too  much a d  Sketch 
C is not  inc l ined  enough. In t he  case of the  da t a  sur face  which 
is inc l ined  too much the  code w i l l  probably have t rouble f inding 
the  c h a r a c t e r i s t i c  l i n e  in t e r sec t ions  with t h i s  surface during 
the  next l i n e ' s  solut ion.  When the  code is unable t o  obta in  an 
in t e r sec t ion  with the new d a t a  sur face  a f t e r  baclrfng up 10 times, 
t he  case  is terminated. A a o w a l  which is not inc l ined  enough 
w i l l  r e s u l t  i n  normal l i n e s  crossing as shown i n  Sketch C. 'Ihe 
so lu t ion  w i l l  usua l ly  have no t rouble i n  obtaining a so lu t ion  f o r  
t he  new da ta  sur face  although sewral l i n e s  may overlap. To f i x  
both of these cases ,  regenerate the  s t a r t  l i n e  s o  the  n o m l  l i n e  
is a t r u e  normal. 

a A l a rge  percentage of problems encountered is  due t o  e r r o r s  i n  
the  boundary equations. These e r r o r s  can r e s u l t  i n  messages 
being pr inted out  such as subsonic Mach number, aegat ive velo- 
c i t y ,  o r  possible  systems e r r o r  messages due t o  bad i aterpola t ion  
factors .  I f  any anomalies a r e  encountered while the  code is 
solving a n  upper boundary point ,  the  followiag are some of the  
e r r o r s  t o  look for :  

a. A d i scont inui ty  i n  boundary equations where the  equations 
a r e  supposed t o  match. 

b. The boundary equations a r e  not i n  the same u n i t s  as the 
s t a r t  l i n e .  

c. The s t a r t  l i n e  does not f a l l  on the f i r s t  boundary 
equation. 

d. For two-phase cases  the  input th roa t  radius  is not 
cons is ten t  with the throa t  equation. 

e. There is  an  e r r o r  i n  tb* equation i t s e l f .  
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Care should be taken i n  s e l e c t i n g  the p a r t i c l e  s i z e  d i s t r i b u t i o n  
f o r  any p a r t i c u l a r  case. I f  the p a r t i c l e  s i z e s  a r e  too l a r g e  f o r  
t he  motor being analyzed then the  l a g s  a r e  too g rea t ,  thereby 
compromising the r e su l t s .  If t h e  sizes are too small, then the  
p a r t i c l e s  may t r y  t o  thermally and t r a n l a t i o a a l l y  e q u i l i b r a t e  with 
the  gas  which slay r e s u l t  i n  numerical problems. (A discuss ion  en  
how the  au thor  determines mean s i z e s  and d i s t r i b u t i o n s  is con- 
ta ined i n  Sect ion 7.1.3.2 of  tC;s voltme.) 

I f  the  u se r  is i n t e r e s t e d  only i n  such th ings  as nozzle w a l l  
pressure and i n i t i a l  pluee expansion angle  then a s i n g l e  p a r t i c l e  
s i z e  having the  mean s ize f o r  t he  motor is s u f f i c i e n t  f o r  good 
resu l t s .  Nowever, i f  the u se r  is in t e r e s t ed  i n  two-phase impinge- 
ment, then a good d i s t r i b u t i o n  is necessary i n  o rde r  t o  g e t  satis- 
fac tory  impingement r e su l t s .  ,ection 7.1.3.2 conta ins  a discus- 
s i o n  of p a r t i c l e  d i s t r i  bution. 

There a r e  sme s p e c i f i c  do's and don ' ts  associated with input t ing  
a  s t a r t  l i n e  with cards.  The following h i n t s  are what t o  be 
c a r e f u l  of when s e t t i n g  up a case where t h e  s t a r t l i n e  is read from 
cards.  

a. Hake sure  t h a t  t he  number of gaseous s t a r t l i n e  po in ts  
corresponds to  the  va lue  input  on Card 5 (ICON(3)). 

b. The gaseous s t a r t l i n e  po in t s  should be input  s t a r t i n g  from 
the nozzle c e n t e r l i n e  and proceeding t o  the  upper boundary. 
The p a r t i c l e  p rope r t i e s  should be input  s t a r t i n g  with the 
f i r s t  point  neares t  t he  upper boundary which has p a r t i c l e s  
present  a d  inpu t t i ng  t h e  p a r t i c l e  d a t a  down to the nozzle 
cen te r l ine .  For each pof a t  t h e  p a r t i c l e s  should be input  
from the smllest s ize ( p a r t i c l e  1) up t o  the l a r g e s t  s i z e  
( p a r t i c l e  6). The same p a r t i c l e  number must always be used 
f o r  each s p e c i f i c  s ize .  

c. A common mistake u se r s  make !.s to  fo rge t  t o  input  t h e  number 
of g a s  po in t s  (NSETS, Card 25) which have p a r t i c l e s  present.  
This only app l i e s  t o  two-phase cases. 

d. Whenever a r e s t a r t  is used i t  is necessary t h a t  the  l a s t  
po in t  on the  s t a r t  l i n e  (upper boundary po in t )  be a point  on 
the  f i r s t  boundary equation. The f i r s t  boundary equation 
must a l s o  be a type 1 o r  2 boundary (conic o r  polynomial). 
Therefore, a l l  boundary equations p r i o r  t o  t he  one which 
app l i e s  a t  the  boundary s t a r t l i n e  point ,  must be removed and 
ICON(4) adjusted accordingly. Cases which are t ry ing  t o  be 
r e s t a r t ed  i n  the  plume requi re  a f i c t i t i o u s  boundary f o r  t h e  
f i r s t  equation. This equat ion c o n s i s t s  of a  s t r a i g h t  l i n e  
which passes through the  boundary po in t  and has the  same 
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slope. The next boundary equat ion should be the  o r i g i n a l  
f r e e  boundary equation. A ske tch  descr ibing t h i s  requirement 
is shown below. 

Rnundary Point 
(RK XB. eB) 

Fictitious Boundary for Plume Restart 

e. The Hach number which is input  on the  s t a r t l i n e  cards  must be 
within the  t h e d y n a d c  t a b l e  e n t r i e s  f o r  two-phase cases 
which u t i l i z e  equi l ibt ium t a b l e s  with mul t ip le  enthalpy and 
entropy tables .  This is  normally a problem only f o r  high 
a l t i t u d e  plume restarts. I f  t h i s  is eve r  encountered, 
contac t  the author  f o r  a temporary change t o  t he  program s o  
tha t  ga s  ve loc i ty  mzy be read i n  instead of Mach number. 

I f  g a s  thennodynamic d a t a  are coming from tape  be s u r e  t o  set 
ICON(1) = 2 (Card 5) and a l s o  use exac t ly  the same g a s  header card 
(Card 10)  as was used by t h e  TRAM72 program t o  generate  the tape. 

e For gas  d a t a  coming from ca rds  be sure  t h a t  the  u n i t s  of the  gas  
proper t ies  are cons i s t en t  wi th  the  u n i t s  i d e n t i f i e d  on the  gas  
header card ( C a d  11). 

o The entropy and t o t a l  enthalpy l e v e l s  of any s t a r t  l i n e s  input  t o  
the  program must be cons i s t en t  with t he  gas  thermodynamic tables .  
This is general ly  only important i n  two-phase cases.  I f  t h e  s t a r t  
l i n e  was punched by t h e  program on a previous run and the  same gas  
thermodynamic t a b l e s  a r e  used then the  gas  entropy and t o t a l  
enthalpy l e v e l s  a r e  cons is ten t .  However, i f  t he  s t a r t  l i n e  is  
generated by some o the r  code, ca re  should be taken t o  e n t e r  the  
entropy and t o t a l  enthalpy t o  ob ta in  the  co r r ec t  s t a t i c  ga s  
proper t ies  (P,p, T). For i d e a l  gas  two-phase cases the  t o t a l  
eathalpy i s  ca lcu la ted  as follows: 
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where C is the  i d e a l  ga s  Cp def ined as C =lR/(y-1) and 
ToL is !he l o c a l  t o t a l  temperature iDcludPng any two-phase 
losses.  To and Po are the  combustion chamber t o t a l  temper- 
a t u r e  and pressure. The static pressure is ca lcu la ted  v i a  the  
following re la t ionsh ip :  

The l o c a l  static temperature is ca lcu la ted  using the  l o c a l  t o t a l  
temperature. 

For equi l ibr ium chemistry two-phase cases, the  head l o s s  due t o  
the  d i f f e r ence  i n  t o t a l  temperature between l o c a l  and chamber 
condi t ions is accounted f o r  by the  change i n  entropy l e v e l  between 
the  t o t a l  enthalpy tab les .  It is therefore  necessary t o  use two 
entropy t a b l e s  and more than one t o t a l  enthalpy t a b l e  f o r  two- 
phase equi  l lbr ium cases. The user  must also be su re  that t he  gas  
t o t a l  enthalpy a t  any poin t  i n  the  plume w i l l  never exceed that of 
the  highest t o t a l  enthalpy t a b l e  (AH = 0 )  o r  be less than the  
lowest t o t a l  enthalpy t a b l e  ( HT = - AH max). A AHT of -300 
callgm is probably the  l a r g e s t  heat l o s s  that need be used i n  t he  
modified TRAM72 program f o r  two-phase cases. 

o For f i n i t e  rate chemistry cases the  following precaut ions should 
be taken 

1. B e  sure  that t h e  order  i n  which the chemical spec i e s  names 
appear are the  same f o r  t h e  thermodynamic d a t a  t ab l e s ,  t he  
s t a r t l i n e  mole f r a c t i o n s  and the  c a t a l y t i c  species .  

2. Be s u r e  that the  temperatures i n  t he  d a t a  t a b l e s  a r e  t h e  same 
f o r  each spec i e s  and t h a t  the number of temperatures are the  
same. 

3. Be sure  t h a t  t h e  enthalp4.s and en t rop ies  a r e  referenced t o  
t h e  same temperature f o r  each species.  

4. The prograa is set up t o  "freeze" the chemistry on the s t a r t  
l i n e  and w i l l  keep t h e  chemistry frozen u n t i l  a complete 
normal has  been computed. It is recommended that the  s t a r t  
l i n e  should be a s  near  t o  a normal a s  possible .  

5. The run time f o r  a f i n i t e  rate chemistry case  is much l o w e r  
than f o r  an  equi l ibr ium case. 
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8. SAMPLE PROBLEMS 

This  s e c t i o n  c o n t a i n s  seven  sample problems which are designed t o  a i d  

t h e  u s e r  i n  f a m i l i a r i z a t i o n  and p r e p a r a t i o n  of inpu t  d a t a  f o r  t h e  RAMPZF 

code. Each sample c a s e  w i l l  c o n s i s t  of a d e s c r i p t i o n  o f  t h e  problem, a 

l i s t i n g  of  t h e  i n p u t ,  s e l e c t e d  p a r t s  of t h e  o u t p u t ,  and i n  some cases, a 

d e t a i l e d  d e s c r i p t i o n  of t h e  development of t h e  i n p u t  da ta .  ill cases which 

inc lude  a boundary l a y e r  and plume restart c a l c u l a t i o n  r e q u i r e  a n  execu t ion  

of  t h e  BLIHPJ module followed by a RAMP2F execution.  The BLIXPJ execu t ion  

r e q u i r e s  no ca rd  inpu t .  Tne second RAMPZF execu t ion  r e q u i r e s  ca rd  1 wi th  a 

"I" i n  Column 5 ,  

8.1 SAMPLE PROBLEM 1 - SPACE SHUTTLE VERNIER MOTOR 

The Space S h u t t l e  Vernier  Reaction Cont ro l  System (VRCS) motor is  a 25 

l b  t h r u s t  b i p r o p e l l a n t  motor which has  t h e  fo l lowing geometric and o p e r a t i r d  

c h a r a c t e r i s t i c s :  

Throat  Radius 0.01708333 f t 
Area Ra t io  20.7 
Chamber Pressure  110 p s i a  
P rope l i an t  

Fue 1 Monomet hylhydrazine (MMH) 
Oxidizer  *2 O4 

O/F R a t i o  1.648 

Figure 8-1 p r e s e n t s  t h e  d e t a i l  of  t h e  nozzle  and combustion chamber 

geometry. This is t y p i c a l  of what t h e  nozzle/plume modelers can  expect  t o  

have t o  work wi th  t o  set up t h e  inpu t  f o r  c a l c u l a t i n g  a nozzle  plume flow 

f i e l d .  

The f i r s t  s t e p ,  and u s u a l l y  t h e  most d i f f i c u l t ,  is s p e c i f y i n g  t h e  

nozzle  geometry. So l id  boundaries can  be inpu t  i n  two b a s i c  ways: 

(1) a n a l y t i c  f u n c t i o n s  (con ic  o r  polynomial equa t ions ) ,  o r  (2)  point  

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



2 = Chamber Length to Throat = 2.165 to 2.265-s 

I 

(NO- CONMUR - REF. ONLY) 

I 

Fig. 8-1 Vernier Motor Nozzle Contour 
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Y (Coated) in, 

0.205 
0.328 
0.452 
0.568 
0.677 
0.776 
0.867 
0.952 
1.030 
1.097 
1.m 
1.214 
1.264 
1.309 
1.347 
1.385 
1.422 
1.456 
&.a 
1.516 
1.536 



s p e c i f i c a t i o n  (R,X,8). For s imple  geometr ies  a n a l y t i c  f u n c t i o n s  a r e  

e a s i e s t .  Many nozzles  do not lend themselves t o  be e a s i l y  de f ined  by 

equations,and t h e  s p e c i f i c a t i o n  of X, R and 8 is necessary.  

The geometry f o r  t h e  v e r n i e r  nozz le  was genera ted i n  two s t e p s .  F i r s t  

the  geometry downsteam of t h e  t h r o a t  w a s  determined i n  t h e  same manner a s  

the  f i r s t  s a n p l e  problem i n  Sec t ion  7. F i n a l l y , t h e  geometry from t h e  

combustion chamber t o  t h e  t h r o a t  was s p e c i f i e d .  

The f i r s t  s t e p  i n  s p e c i f y i n g  t h e  nozz le  geometry d o n s t r e a m  of t h e  

t h r o a t  was t o  use  t h e  t a b u l a t e d  p o i n t s  g iven  i n  Fig. 8-1 t o  determine t h e  

v a r i a t i o n  of f low a n g l e  v e r s u s  d i s t a n c e  from t h e  timoat. By assuming 

s t r a i g h t  l i n e s  between each two consecu t ive  p o i n t s  and app ly ing  t h e  s l o p e  

of t h e  s t r a i g h t  l i n e  a t  t h e  midpoint of t h e  p o i n t s ,  Fig. 8-2 c a n  be con- 

s t r u c t e d .  The t h r o a t  s e c t i o n  is  a s t r a i g h t  l i n e  determined from t h e  t h r o a t  

r a d i u s  of cu rva tu re .  The area is " f a i r e d  in"  from t h e  end of t h e  t h r o a t  

s e c t i o n  t o  t h e  f i r s t  p l o t t e d  point .  The maximum a n g l e  a t  which t o  apply  t h e  

c i r c u l a r  a r c  p o r t i o n  of t h e  t h r o a t  was es t ima ted  t o  provide  a  smooth t r a n s i -  

t i o n  t o  t h e  contour .  I n  many c a s e s  t h e  l o c a t i o n  of t h i s  p o i n t  is  a  spec- 

i f i e d  contour  point .  I n  some c a s e s  it would be necessary  t o  p l o t  t h e  nozzle  

contour  u s i n g  t h e  p o i n t s  and from t h e  p l o t  p ick  o f f  a d d i t i o n a l  p o i n t s  t o  a i d  

i n  t h e  s p e c i f i c a t i o n  of t h e  v a r i a t i o n  i n  f low ang le  wi th  X. I n  g e n e r a l ,  

more p o i n t s  than were s p e c i f i e d  downstream of t h e  c i r c u l a r  a r c  p o r t i o n  of 

t h e  t h r o a t  a r e  necessary ,  but  s i n c e  t h e  v e r n i e r  engine  con tour  is s o  w e l l  

behaved on ly  t h e  p o i n t s  g iven i n  Fig. 8-1 were used. The l o c a t i o n  of t h e  

contour  from t h e  t h r o a t  t o  t h e  end of t h e  c i r c u l a r  a r c  were determined 

knowing t h e  r a d i u s  of c u r v a t u r e  and t h r o a t  r ad ius .  The p o i n t s  were spec- 

i f i e d  every two degrees  i n  f low angle .  A t a b u l a t i o n  of t h e  p o i n t s  and flow 

a n g l e  is  g iven  i n  Table 8-1. 

The de te rmina t ion  of t h e  geometry of t h e  nozzle  upstream of t h e  t h r o a t  

required some s c a l i n g  from Fig. 8-1. The diameter  of t h e  combustion chamber 
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Table 8-1 TABULATED NOZZLE CONTOUR FOR SPACE SHUTTLE VEKNlLK ENtilNI.: 

Axial Distance Radial Distance Flow Angle 
from Throat ( f t )  from Centerline ( f t 1 (deg) 

x R 8 

-10 .o 
-15 .O 
-20.0 
-25 .O x = xC + r l  sine 
-30.0 R = 4 - r1 (1 - C O S ~ )  
-35.0 
-40.0 
-45 .O 
-50.79658 

-35 .O 
-30.0 
-25 .O 
-20.0 
-15 .O I 
-10 .O 

-6.0 j 
-3 .O 
0 .o 
2 .o 
4.0 

) x =  r s ine 
2 

R = R + r ( 1  - case) T 2 
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Axial Distance from Nozzle Throat ( 1 n . 1  

Fig. 8-2 Nozzle Wall F l o w  Angle vs  Axial  Distance 
for  Space Shutt le  Vernier Engine 
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was determined t o  be 0.8 in.  and the  distance from the throat  a t  the 

beginning of the contraction was approximately 0.41 in .  Next the contour of 

tlie combustion chamber is plot ted on graph paper. A c i rcu la r  a r c  was used 

t o  take the contour from the combustion chamber t o  the throat  c i r cu la r  arc .  

A c i r c l e  with a radius of 0.28 in.  was used. Figure 8-3 shows a layout of 

the combustion chamberlthroat region. The two c i r c l e s  must match exactly. 

A t  the in tersec t ion  of the two c i r c l e s  the flow angle is the same. Using 

t h i s  equali ty,  the angle a t  the in tersec t ion  can be determined from the 

following: 

By subst i tut ion of tne knom 'mensions given on Fig. 8-3 the a t tach  angle 

is found t o  be 50.796586 deg. h e  exact distance from the point of contrac- 

t i ~ n  t o  the throat  i s  determined t o  be .4107006 in. using the following 

relationship. 

s ine  s ine  

Now tha t  a complete description of the combustion chamber throat  region has 

been determined (two c i r c l e s ) ,  the points describing the region =ere deter- 

mined and a r e  tabulated i n  Table 8-1. 

The propellant f o r  the vernier  motor is M M H / N ~ O ~ .  ~qu i l ib r ium/  

frozen chemistry was selected f o r  t h i s  problem. The TRAN72 data  f o r  t h i s  

system a r e  shown i n  sample case  3 of Sect ion 4 of t h i s  r e p o r t .  Since a  

boundary layer  is important f o r  applicat ions of the vernier  plume, the 

variable t o t a l  enthalpy option was selected. The range of t o t a l  enthalpy 

was determined knowing the nozzle wall  temperature and making several  TRAN72 
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OH~GI;<:;L f . ,  , . .. . . , 
OF POOR QUALl'rf 

r = 2 
RT = 0.205 i n .  

I 

r ---------------- 
I \ R = 0 . 4  i n .  

C 

I 
- 

I r = 0 . 2 8  in. 
1 

I 
r = 0 . 2 5  i n .  

I 
I 2 

RT = 0 . 2 0 5  i n .  
I 

I I 
I I 
I I 
I 

-.4 - . 3  -.2 -.l 0 I 
I I-- X, ----I I 
1 - - , - - - - - - - - - - J 
P 

- 

2 . 0  3 . 0  

F i g .  3-3  Vernier Engine Combustion Chamber Geometry 
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c a l c u l a t i o ~ ~ s  u n t i l  the  l i p  wa l l  temperature was obta ined f o r  the bounding 

s e t  of t o t a l  e n t h a l p i e s .  The nozz le  w a l l  temperature boundary c o n d i t i o n s  

f o r  t h e  v e r n i e r  motor were based on t h e  Space S h u t t l e  KCS measured w a l l  

temperature d a t a  d i scussed  i n  sample problem 2. A c o n s t a n t  w a l l  temperature 

of 2300 R was used. The a d i a b a t i c  w a l l  o p t i o n  could  be used but t h e  

r e s u l t i n g  w a l l  temperature would be t o o  high.  Another source  of wall 

temperature d a t a  would be t h e  engine  manufacturer.  The flow was i n i t i a l l y  

e s t ima ted  t o  f r e e z e  a t  a  p ressure  r a t i o  (Pc/P) of  2. Using t h e  r e s u l t s  

from Ref. 19 and t h e  O/F r a t i o  of 1.648 a b e t t e r  f r e e z e  p ressure  r a t i o  would 

be 3.2. However, t h e  e f f e c t  on t h e  nozz le  and plume r e s u l t s  due t o  t h i s  

minor v a r i a t i o n  is i n s i g n i f i c a n t  s o  t h a t  t h e  o r i g i n a l  e s t i m a t e  of  f r e e z e  

p ressure  was used. 

The s i n g l e  phase t r a n s o n i c  module was u t i l i z e i  t o  g e n e r a t e  a  supersonic  

s t a r t  l i n e .  Since  t h e  u s u a l  use  o i  t h e  v e r n i e r  f l o w f i e l d  c a l c u l a t i o n  i s  the  

plume a t  r e l a t i v e l y  l a r g e  d i s t a n c e  from t h e  nozzle,  t h e  t r a n s o n i c  e f f e c t s  

a r e  n e g l i g i b l e .  However, f o r  purposes of demonstra t ion,  t h e  t r anson ic  

c a l c u l a t i o n  i s  included.  Input  d a t a  r equ i red  by t h e  t r a n s o n i c  module a r e :  

the  a x i a l  l o c a t i o n  of t h e  t h r o a t  (0.0), t h e  s t a t i o n  t o  s t a r t  t h e  s o l u t i o n  

(-0.03822505 f t ) ,  t h e  e n t r a n c e  t o  t h e  converging s e c t i o n ,  and t h e  t o t a l  

en tha lpy  (133.344668 Btu/ l tm)  of t h e  combusticn products  a t  t h e  combustion 

chamber t o t a l  temperature.  To ta l  en tha lpy  i s  i n p l ~ t  i n s t e a d  of O/F r a t i o  

s i n c e  m u l t i p l e  t o t a l  en tha lpy  t a b l e s  a r e  inpu t .  The en tha lpy  was obta ined 

from t h e  TRAN72 r e s u l t s  f o r  t h e  QDOTP = 0.0 t a b l e .  The remair ' e r  of  t h e  

d a t a  i n p u t  f o r  t h i s  c a s e  is f a i r l y  s t r a igh t fo rward .  
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I., .. WLL -CO.II- I -  .I~I-I.DC J . * r a f i ? . u~  - . s n n * o ?  .*r*rwn . J S J ~ * * ~ ?  a 
.I.r.m*Wl . BUVJ-U. .I-~.W P 

-- q p x s  A- 

. 
fP.CC. fU.(t. 1wez O L l *  1 o f L v 1  IS. 

-.Zs-XVsL)Z UWU e8mm - . IW*Z -D I  SIdWO.llJ 

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



i . :. . . 
LMSC-HREC TR D 8 6 7 4 0 0 - I 1 1  OF PGL,, \-,,.- . 

SAMPLE PROBLEM 1 OUTPUT (Cont ' d l  
bUPCOSO.1C l L O b  b U L I I l S  U S 1 4  *NC L O C ~ U l O - H W I S I I L b t  W I I C U  bMUCm C O I ) U I ( I  O @ W M  

L.LL I D .  0 -- *_' . . - 
S ~ L  y r t r u  ncw11ca IOZZLC .I~O:ZI ------ - 

L ( r L  * O l * 1  OSCd lV  - Y C L I I C  • 8 l ~ l b .  L *I WPI WfLOC1 I *  O I I  11. 
m r c u  A*UI m o r s ~ t  'Y~LIIV ICUCUIWE bas COISI. LOCO- 

. . .- 
I -  .I u r r L  - I I .I~o~.D(, .IW~.OI .OSL*Z.~I , - . m . o ?  . ~ S O W . ~  -.mrnfi.w - - a  
.. .l..*I.U2 .SOUOI)*LO . .I* .1aa*1*m . ~ ~ ~ Z . l 0 2 . 0 .  .IZ**..UI - -  

- P N S S W C  ' I 1 t U . l I O ~  RLSUL IS  
F h C t a  F b U f l  lmt O I L F *  O e l l ) .  IS. 

-- - -- *-~'SlC.*UZ .WOO0 . W O W  -.'*lSz-OI L O O ~ ~ O  .S Im* *OS  - - -- - - 
b @I* s ~ r c a m 1 u  ws U ~ S  I ~ S ~ ~ I C O  om LIIIC 1st  MI.C~M VOII*~ YI L ~ U  10 -- -. - . .- - - 
1.8 1 aaLL  - C O b l I W  .u-. .Z*O?L.OF ..Zl?**OI .WUDU Z I J  .*lOW).O. . lSSl@.Ol Z 

. I * l ~ l * O Z  .IN@*.& . I l ~ l l - O .  . l l l l a . 0 .  . Z * l U * O I  .11012*OI  

1 A - I . 1 1 * 1 @ 4 1  .2OSb**OC .1*5S1.01 O Z I  - .S1~11*02 . n W l * o l  .TYJT8;87 - 1 
. I *1*1*0? ..b**b*UG - 1 I S U - O .  .IOt.*.m .Z*IOl.q. . aZW**O I  

FQCC. m.1 1w -- -.Z'S)..W .'lu900 _.-- -.1*101-01 .00010 . S I W * O J  - 
I * a r r  - c o m r r m  . a r e  .Z-JU-& .*?ZVI.OI -011~~0 

. l o -  I 7  .11z1o-ob .11Oao.m 

11. -a  UALL - c0.11m .I~.II-OI .I~S-I-LE .S%W).OI .*%(IPu.~I -.sns~.oz .-em . r s a l o n  r 
~ - .I~blo .OZ  .-Olbs-OC .IS.I--OO . Ia l *b*U* - W I O 1 * O .  . I ~ O I I * O 8  

LOCKHEED-HUNTSVILLE RESEARCH 6 ENGINEERING CENTER 



SAMPLE PROBLEM 1 OUTPUT (Cont ' d l  

1 ,f 7 -  . 1 . 1 - u  - - . s w ' 5  1 -  0 
.- .%QbI l1 . i I  .- ..75VJ-.' - - -- - - .- - I - b  . . ..IJIU.JJ . . . - - - - - - .z*I?Z.O* . . - -- .- - . I J l S l . U I  - - - - . 

L a b 1  NU. U - -- PBCC 8 9  -- - - -. -- - . - .- 
S P I C I  > I U I I L L  Vf**LCU I I O i f L f  at..:71 .- - ----- -- - -- .- - 

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



SAMPLE PROBLEM 1 OUTPUT (Cont'd) 

. - . -. - - - --. - 
co ;TIIV.O~ co' . 1-JI 

- - --- - 
M - .. - - -- .I*5v-UI *a . *do 
M 2 0  .1155. 3 M I  .-. w --. - . .- - - . . . 
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LMSC-HREC TR D 8 6 7 4 0 0 - I 1 1  

L.. .':.. 
GF FGu,'i k.-, .-. . 

SAMPLE PROBLEM 1 OUTPUT (Cont 'd )  

- UIL.~ u O U ~ O I Y I  LIIL* I u T L ~ I ~ L  11.1nlI ~ h 0 l l ~ l l P r  

B L I M P - J  I IOU 2 JUL1 .+IS - 
- .LUsl .  COPY. .CYOIYLPtl l l l l . .Ll. l I L . . LbL I f .  -- -- 

l a . ~  V I C C  SMU11LL IL*LILR *0Z;~r  1/6*:11 

. - LWIMOL IUMBLOS 1 1 v * * o i Q IU 11 IZ I* 1. IS 10 11 16 r e  zu 

I I ? , ~ " . I I ? I o 1 * > n U " O o U  

UIU~ l a  M U C ~ L  PI. cI. I ~ L U ~ L  
*I. L 1  a 1  .*,L* 

t l .  *O*II .  
7 - G T  IT u.m.. d.a 'b- . rn b.rcw-01 ~ . x . r - u a  z.VWFUz . . m F +  r . s a .  Ill- --.-- 
-- ------ i . J t + w d n  r . r v . u n  2.snu.w - -- 

L,SL I - -  . - - - - - -  ' - - - -  - - . - - - - - - - - - - - - -  - -  
1 1 S L o S l l l  L a w  .u:I .br'*-Fb.1** .151.'1t11 .1"u.OI.l. .35b.ilJI --- 
P O ~ ~ O I L I U ~ O ~ Y  ~ a :  .JQV.L~. .nun .I* . ~ h n  . .oeu -I.. . d o ~  . 

1 I W P .  I N  UtO.  I )  V l l C O I l t l  I" L R l l l . - f l  

- * l I I U Y t  CUI(I' fll CO*Sl.MlS I D t G  I l  

J:J& . I t J t l a t Q . O I  -.119.*102-LJ~ .12VS>@JV-F5 - 1 1 1 - 0  - 5 0 2 - 1 1  - . l l v 5 S l O S  .IObbln.Z*@l 
.*114.ur .:olbd?tV.O1 .180>QS91-07 - . S V 0 V l ~ - f l 6  oEVOb l#ZZ- I *  -.SlbST6Kl*lQ -.13?6..ll.05 .07mbD8*af- 
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SAMPLE PROBLEM 1 OUTPUT (Cont  ' d )  

irmv t C  -TL"CTW --rmmPImrarr -0. - -- 
IT- . ~ k t  5 l ~ J r r  b t h s l l l  VKIKlW- 

L L S U I . (  r n o t l h  P e t l a u r r  - 
I -* IllLn-L .1* L ~ m - m - a r r l - 9  

1 1 . -  .q.:lr.l 1.019-11 ?.-,I.*C I.115-*I 1 5 0  S.l6O*flJ -5.l11.02 Z.*O~*UO 1.S11*00 
I..,%-12 I 0.-LI-q~ I.M,-.,IU 1 . -  s.xze-ns e r r 1  - s s z  Z.VUI*W ~ . e z t - w  

. -  .- - . ----. - . . ~ -  
I -  Z J  I -  i n  v -  Y . ~ Z J - ~ S  I - o n  i.rot.,ji Y . ~ I I * O ~  ... i -  z . . rz*sr  -..ur-ni 9.-.--uz I 1 .  V . J - . * ~ J  -*.-.**To 2.- -.-rr-vu 

t I .  JbI- 11 I.*bZ.'lJ Z l -  5 .  n b.PbI-*. y.010-05 9.IlI.OJ -1.6lbrnl Z.9OI.llO 1 . 1 1 ~ ~ 0 0  
3 J -  v;--ii w . . . U V ~ e a  a . l -V- -  

b z...1-"1 z.nuw.tll 1 . 7 s ~ - o l  * . .a?-2  b.lla--. z v b  r . r lv .n l  - 1 .  a.vo1.00 3* '11*00 
- 7  - . 6 ~ - 1 8 7 Q b - n l  . . r r ~ s m  u . n l r p 1  r.vbz-ma V . > I R I S W P  7-• R W -  -- 
I 2. 111-.81 I.0.1.11 ..?IZ-PI 1.*.I-n1 1 -  V J  I I S  Z.VOl.00 l.#ll*OU 

7-  7 . 1 , - 7 1  I . V Z U . l J  ..81.-"1 I 9..LI-'W I.- I '  I < s * r W . w  
9 1  ?..I.--I 1 . e r 3 r n l  ..7*15-n1 1.*.1-~2 * . t c b - ~  o n 5  o.bOz*D# -1.lOl.nl z . v O l ~ o 0  I . ~ ~ b * 0 0  
7 -  - I . . ~ ~ . u J  I 1- . . w r e -  r . b l - T * r O J  t..Ua.uU *.tChOO- .- . 

8-20 

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING Cl5NTI.d 



S~WPI,E PROBLEM 1 OllTPUT (Cont'd) ORIGfNAL I' 
OF POOA QLA-, I d 

c n o . .  I ?  .nmlu . b r l w  .III~IIII 
.oqnru . n n m  .tmuqg +it: 
.uauco ,- .. - -.&?111ng . . - .II~J~II! . . -.on~tu_u_ _ .uoonll . .muon _ ---- - - 
.unouo .cnunn .uounn .nnoon .~nnoo .nnono 
.L~?c_p? . -?!Onn . . - - -- -. - - .  -. 

I tun norm. rbn~..t~rsr ? .jm?.i.~'1.j>1~:1!n . ~l?l'.uo U ~ ~ _ ? Y C - - J U . L I &  .-*J:PP- 
.L*o?s-OI I .~IIIV~-OI .S~*I.-OI .u~s~.-oI .e?+*o-nl 
.1?*5?-0l .lOb~ll-U~l~~~-O! - - : J ~ ~ ~ b ~ O ~ - - - ~ $ ~ ? ~ ~ : O !  . . !Z!b*b:Ol 
.;OrS-ul .?OIIU-Ol .1VSUS-01 .11*1@-01 .11$51-0l . lb l la-01 

-. . . = !  .---- - -- - - . - 

.,I& ILIVIU~IUOI ,016-o . t f g ~ ~ . u .  . t ~ ~ n n * n *  .zsunn.oe .?rooo.o* 3 .zroon*n* .- ..~OCU.O. -2  lU0,,.0. . ? I l n n o  .21ouu.o. .?l;Pu. .,lO,".,b 
- - - - 

. - - --<IOLO! "5 -3?!L?9!% - - . - -- . . . . -. . - -- - 
I ~ w v  I~UI. ,81s1? .nnoun OOODU dame- 

.t~nson .unnon .euuoo .ononn 
.omno _ -. ,uo~!~e --- g~cgnn __.~-.ym~o_ . .unnao_ .on000 - . -- .urnno .UI'OD(I .WOOD .nonon . r a n ~ ~  .oooon 

. - . ._ _ -  ,_ -.rYw'J - .'JOO"" . - -. . - - - - .. - - -  - -. 
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LMSC-HREC TR D867400-111 

SAMP1.E PROBLEM 1 OUTPUT (Cant ' d l  

SIAIIO~ I - - - - - - - - - 11111 v n s l l l u %  .n,.~=u ~II I - - :-- -- . 

- - - . - - - - - - - - -- . - - - - . . 

-- - - - - - - - - - - - - - - 
---- mi111 ra(11uS ~ e t s s l r r r  I O U  111. a t l a p  t I t l l v  

----- . - - - -. - - 
Mf11 I L u l l s - - r l s l ~  

1111 alw I 1% o t r r u ~ ~ o r r t  t o r  r n ~ n  r r o r n  o ro ro  
?.rl@*oo I.7rY-1'2 ?.n7o*uo r.Naen1 6.110-01 b.ltO-01 S.?$l.D) 5.251*02 0.000 S.?LZ.C? 

- 
-- - 

l b l l  I ~ S S  IIUIIS 101512 
.--- - .  

18amrn*au mass OI~IUSI~ IIUIIS tots12 r e  
. ..~. - . -- . - 

-- 
tL.*,NllL 

I m I r r U . r r , r r a l L n l L  .-- .. - -.- . . 
Cll. Ion 

cr  ' 2  - 31 no. P.PO( L..S 9 lOI1L 6LS -- 
Q.3.0-01 ..?05-B5 0.000 0.000 0-000 0.000 

- - .- - . - . . . - - . - - - . - 

- - -- -- - - - - - ~- ~- - 

a~ J JNBIINPI nasr  ~WMUUXL 
- ~ f ~ ~ m ~ m m F s s .  u u m r u  -- .. - 

. .. . 

-- IWOA M1*?10 01SPkbCt. tliWtInb PC@ I 0 0 1  
IIII r t t ~  rra I - . - - . -. - . . - - .- . 

l r r l  
%.lb*-0) 3..50-OS J.1SO-05 1.111-0. 1-W.T*0, 0.000 -- 

t o l r r  1 U L ~ U I P ~ ~ + ~ ~ ~ ~ J P L Q L  
u a ~ t  a u a  S q n n r l r r - a  1 s1me.t maw w m t  . .. - - 

11B11 11 28 - - L d!&- - - . - . . . -. - 
*.oen-~z ~ . o n ~  1-603-05 b.IlB-*J 6.111-01 

. . 

-- 
IlOUbl 1.1 OLn.110. 

-. - . .-- -- - --. 
I UI:I~~CI r "IUL - .!?p - 2 r a ~ -  ...6,-_10.!*_~- . . EI -- b l _ ~  -. -111 IIC IIW* . . - - - - - . - - . - - - - - . - - -- 

rho1  b a l l  TIIW~IV* ~NIUILP~ 
1111 . .  . . A  A '  - .  > !  - + "!* Kt-  

U.OUU (1.11rn 0 .00~  0.0~0 6.-07-01 S . l l b *n l  -I.SIS*.I e..r*.s? ~ . ~ l ? r o ? ' ~ l . 5 l l . s ~  ?.lonrol 
- -  . . 

?.en*-nf %.[#s-ni I.-OI-LI a .w?-n l  b.rro-i l l  5.1bl.c1 -I.SW*~J ..*to.rz *.?.-.n? -I.+L~.OI z .pwps  . .- 
..@Ua-OI l.?lb-Pb 1.011-0. 1.?11*-11? 6.111-01 %.lJL*nl -1.5.?%.OI 1.511.02 *.1*1*0? -1.S25.0J 3- 11.0) 
l.%%l-U 7.q*0-m-_e*I:0. L . l l b -n l  b.@!:Ul5Y9.~l_.=hllq~_ZrPJ?:~.-IJYJen- -'..)1)"I! -?-?F?fl . . 
?;fuTn: . . ~ & ~ - o r  1.rrr.o~ r . i u -o?  r . r i h - n ~  ,.r?*.ol -~.so~.ns *.;J-*~? j.*$a.n? I.SO?.OJ 7.1r*.c~ 
*.#I%-0; *.Vt!-nb-S21D_.r"L !.?*?-I! .A.61"-gl L1!2W_DL --lL?lb.~3- ~ ~ S b * ~ < _  l ~ l ! b *O?  s.*l?.pJ -?ll??*O1 

- - X Z i m . % s ~ - ~ s  e-tur-n: ?.*b?-n~ b . tb%-n~  U.OLI**II -I.~J~.PJ ,.*no.a? 1.11s.n~ -I.IID.OJ r.6ne.o? 

I c00 ou 7 '36-r. I SO*. c v son-nt r.rst-0, 5,?0?*00 -!.ssn-~? 0.2. r -?.q!..n? -?..?o~.nz ~..o>.os 
- 1 : > o d l - - l - : 7 i t 3 ~  l : % ~ f o  -*'rir-ai- i.rr,-,? ;.?...ni -:.lis.ii- i:ri..81 -I.J~..O? -6.*6*.~z ..~a+.rl 

z:ruo*or 1.1.05-PI S - W O ~ C O  I .n~o.no__n.r~n ~f,rjt!r .- . &-1~1.9 0.11-00 _ f t i p * y o l  -5.1iv.o~- a . w i r o ~  . - - . . . . - - - -- - - .- . - . - 
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SAMPLE PROBLEM I OUTPUT (Cont'd) 

-- -. . - - -. - - - - - . . . - -- - -- . - - . -  .. 
muqmryr LIWI~CI. ~ r t r c ~ ~ . c  1 m 1 u l t r  c r m m u  MS% r n s c r r r r  roo 
8 * 1 ~ . ~ 1 I ~ ~ I l l c ~ h ~  <ST 8WlC.N 1%. -1- 
IIO. .(lII.. *I%rl.CI. Ian&. P10 10.- 

PA---..- -. 
*~I I  --IY~. -.*fi~-. - -ZU! -. - -. . -.- -~ .. . -- -- - - - 

...a. M 1.11*-:% -.II**S 1 . m - m  I.=OI-O. r.Lon 
--  -~ -- - -~ 

1JI.I 8 c L l m : l  I U I I D  1.1.1 
- 

IOIbl  11.1 1LI)I 
ru ..I! -- U b l &  bClb *..8WIIP-a .S I- CI M I S  I W  W l  . 

1171 
- - - - -- - - - 

#I% It *8 8 ( C I S  * * I S  
I i.1.~-oz I..I ?-a* : rv-n. -~._.-?*A-L r . e m - r $  - -- - - -- - - - . - - . - . - 

"LO'! {;8w'Uvlh _- -. -. . - -- . - - -. -. 
~151amc1 F w q  IW *YI~O C. wmrat 6, 3. - s i . t lc----  11- 
*..I ..&I tm1WI.T lnv".l.'- _ -  - 

8111 IWII~Z anm e n *  or16 a r ~ m  NC-* 
a . O o o ~ _ 3 p ~ : ? j - o  -.4.(i!_llr)un~.mml.nl !-bb*.O? -!.IBl.*Y ?.VaO*n)_- ---g"n+-e""g- - 

t.R.41 a.bcT-n> b . l m o n ~  ..rzr.nl -I.WI*OS *.*.*.a> ..111*0Z -1.10?*01 7.SfIW0.01 

- !  r 1 . 1 1  r c I I I c h n u * * s  t r r - o r b ~  I*- ..(I ma@ .u w.1 t.en. m n a r ~ e  w r r i o t  uf 1-1 * ~ I B  ~mmems D.I)u:. me 
. 1 t n r r r  r r l * - ~ r l ; r z . - -  - k s ~  . .- - -_ ... 7 0 -  % - %  I I w I 7 . n  n r.nea 6.0,~ -- 

>.211-0. ? . . - ,2r f  ) . l a ~ - ~ %  .. *.*?I- - : I  q.re. 1 \ ~.-.*-r I ).**>--I )-<*..r~ *.*.r-n: n.mn r.ann 
1..L-03 2.1r--rz l..ir-ur ..-&.--I t.r.*-r. 1....-&.1 %.r*:-rl 2 . t r ~ c l  ~ ~ - . ~ _ . y o  
I.zlz+ ?.rrfL-Oz 1.5.l-r% .;Tz:-01 m.lF-07 1.W)-ri 1 -7-Wl Y.R7*CI @-a 1 I I ) - o . ~ -  fi?%-- 
i I -  s r l I .  I I I - I  o r  n-ran 

7 l G 1  - 1 -  I - ~ I . ~ ,  - o - T i  o b i  a 1  . S.mO 
*.rw-or 1.11r-rl ?.m;--cy. ?.*u%:*!-.rg?-c%_ 1-*?-8*1 . l.**z-nl I.rp?*ot j . l ? o * a  o.noo o-roo 

-~-Tliw4.- r - - - r z  . 11.-a% r . n m - r ~  s.11~-n' ?..*--?I I.-?-~I ?.rb?.nl ~.vb..a n.ooo r.wo 
I...*-a. a.;z-cr .:ul-rr *.,lo-oy %. .n -c ,  s.lz_r-r1 I.WI-*, ?.r.~& I.wa.m O . q e _ _  p . r y  
r .eo*-~l  I.YI.-C? e .mr-a  .. .,$-a1 *.r.*-ns v..r?-n~ I.-?-01 ?.-2.01 ~.b.?*ao *.om c.nen 
I..I~-m 1.19.-rr r.*el-a% -.v:r.nl ~.pr-o). l-.,?-g!-l.'*?-o~ ? . n ? * m !  1.b1b.a n.mo n.ao 

- - 3 ~ - ~ ~ l . ? K - ~ - ~ 5 3 I T - t ~  -r;Cf:fii ' 6.~1-os  Y . H ~ ; ~ ~  J.wjzoi- -7.O.7.91 I .*??*I20 0.000 n.000 
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SAEIPLE PKOGLEH 1 OUTPUT ( ( :o l~t 'd)  

. - - . - - - .- 
m e ~  1.m m a ~  t a m s  e t a ~ ~ . ~  ~am.(~ I L ~ S  t t r w m t m  6.5% - a m ~ ~ .  c a i r ~ c ~ r ~ w s .  
n .  t ~ l r .  I-. B* ow01.1as11 ta cn. IOI 

Z ,I m. FvOA U S  CI. 101- Cbs 
:.O-I-as t.1.0-ns 0.100 o.aoo n ,- 0.- - - .- -. - . - - . . . 

rres 1111 t r a )  sr i 
a-rsr-ow > - t a i - r s  t x - s  1.iz-0s l . w * - a ~  r.& 

I. I --- -- -- - -. - - -- - 

- -- - . - - - - - - - . - . - 
IOI~I @ a t  tmr)t IOI~I ac r t l l . l i ~w II~I)C~O t w a ~  

10.Ut &'$\ USII  ..La .Mall 11.-. ma's I S  *I MIS 14 LI . 
? 8 S  

-- .-- 
IL* I l r t l  I mts t e n  

l......~ , . .n.-a~ ..COI oz I.->-0. ?.esi-,Q a.msi:f - . - - 
i.r=-ll- --.- --&. .. - - - 

- - - - n r x t n u c t  r 'UL, I* ui - I i t -  

, k U  % ! A *  # I  * *  m u  w s m q p &  !-I.) 
*.(I W L  v i  a c r b .  -rlI % t k l B I  m I I W 1  -1. t . *Qml  COb.BR -0 

r t t l  I~II I 1m81s ~ 8 t h . ~  b~\r-c--~--  m l r *  . - - -- . . - . - -- - - - - - -- - - 
0.0110 - . m a - 1  #.to--0% -.1-r--1 v . ~ ~ I - I ~  l.*e.-.,, ,.->-rr 7.c.7.111 n. rw  r . m o  r.coo 
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SiZ11'LE PROBLEPl 1 C)l~'l!'il'l ( C U I L ~  ' d )  
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SAMPLE PROBLEM 1 OLITPUT (Cont ' d )  

-- - -- - -. . -. - . . -. 
s-SCI~  mmt r w e c t l a  Y C C I  mar r m a c ~ i w  

co 
- -~ - - - -. - -.. .- 

-llC**03 C 02 -419-Wl  
n .1.-.111 I? -*up- 
nzo .rn,.oo -2 . ~ e n . w  

- . -. . - - - - . ow .101*-01 :;'&Z<. - - . - - - -- - ----- -- 

-- I.*N wr X'S-IIU i t* .  1-0 - . - . ~. 
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SAMPLE PROBLEM 1 OUTPUT (Cont'd) 

YO.'!! - - - 
,w.r. I*.... 
.mI.ra 
,*b... 
I.S.C. 

... 

. m m . L  
3%- 
,*?yna 
n7.r. ,. I... - 
,*l.C. 
h9.N 
d o  an. 

-. 
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82-8 
nn.(L(,(' -- .L&itrrl.: - - -- -- - - -- - 

to.zcoi~.~ .o.diit. - io-bio.~. bn;near~. ' 

o II.C)*CI- e~.&tw*b- to.%v?tr..._ - _II.*S~ZKC- _ !O..~M*:_. uo-bta*?' . . _Ln:!l.. - ~llrwL:..+~*!iL-n' I 

#o~.COLI- b0.tuI.t- bD*ebuI- eO.r<b;~- atl.t$brr. zo*IOC-1' - .. b-CT.~~~n'----.a;niW----ni7mV~IVSRIrF..=fib- u3.1*brl.m1?. .llW> - rare1 bt I 

.-. 

10.wroc1- ~O.ZOI.Z* eo.8~~1- bo-but:l- un.b~o#c- to*O*IbI. 
a.~-m~-7vmm toamrrse- lo-urn- nu.zrnbz- to-~~rnb- rllron - Inrur IZ 1 

. . - . - IWbbc - Soma rf-. -b;;Sm -- ,=-- ---- -...(I- OJ..C.LV Z~..II.I- 
0- cl*crac 1- bo.r~otr- - to.ertr_ - -!o~~r_*~b- {O.' .:O~' ..-- o?*-f0az. !~'~*~~.-~!!"?! -@.(L *.L.__I- 

~crceqr_y .o_.zu~er- ZWLI eo-isbt~. oo.outr. ?.*.~1lbl. 
1 l~iSsrrr.-iJ.n-rb~la*3Izbr' :d.~t.sb- IO.MOI~. UD.-LO~Z. nu mll8uJ - 80.~1 O 8 

. - .- .. -- 
i io.cfi6F--- ->cr;iS~T l . i or tO.lbTel* 

o Il.c*atl- ro.rullb: - to.5l-9?1_-~-c_o.***bm- oS on 1'l-tco"- B~~*OY - I W. ( I I . C-  

10.c.Orl- .O.tUIbZ- bI.ObtLl* b0-0rttI~ 04*b..%. ~O**.lbt' 
3 11.F1r -LB.>T-TosWZ- 1 10.- 0u.Wr- 10-VVPC- MI1803 - In&:-- 

Io'e~,l. - . -- --- - .to~bc *o.!orrl- au-twttl. IM.~GF to*rro.~' 
u at.rru I. e0.1.116- . to.r-rry-- _!o~.rr~eL-?o.p~~b. -uu*bWbt- IO-!ntS- m=Un."LI-Y - 1 

IO.W.OCI. ~o.zoI.~. e0.cwd1- bo-wort- oo.trrrr- tmul*l- 
r-7f;zmr- tiEmTzcr' 20-uorb. ~m- nu.v%z1b- W.OW.YZ. IDI.~v-~- SII~UY- ~nru! I! I 

Ik* *' I.- .O.CUIbZ. .o.c2.1 l b0-WbbII. OU.1.rGa zD..Ow.I- 
o ct.c*u~~.-~---~?a.trt!f~ t0.1sbCe' IW.LIUI- Iwblr1~- bo.U&&t- l~-Caluf- m~18~~ - I~UI qt * . 

10.~~0s I- .O.COI.C- eo..wu I- ~O-SI~I 1- bo.bwnr- corrrr I- 
0 II.~.UI- ea.rtrt*. CO.~..Z~- tu.~rvr- ~o.ww~I~- OO.(RIU.~- m-ru.*r- I - I t f 

. . -- -- - -- IO.rsoc~- .O.COI~Z- .O.L~UI- ~O-*CWII- OO.~.I~I- zoos.~~~' 

o ~~~.~LI---~-~o_.I?(I~- WIIII. 10. bll%> I uO*.:n6r- ~n-~suz- m11.0)-: ~nul u. 
O~OCI- .O.ZOIU- ~GOCICLI. I Co*w.er. ZO..~CLI- 

o Il.C..Il. .O.IU.I~. Ote 10.etllr~A IO.rbbIb. OQ-~IlbZ. IO-S*8CI.. 8IlW3- l@Ql 11 1 
. - - 

lO*LbOCl. ..IOIb?.- .~LbLI: 0- b4IWUZ.C. t0*~2d~~ 

~lj.. CMYS rmr ~301 -&-a swr 1- Jmwar lmr a>*# 
611 ##a LIIYoll6 140~11 1 VL An1 a a l~191M - dlnJSa 1-101 1-11 

-. - -- ----- IL..~JS lU.*EB 6dlmdla 7111~~~ 

- ~ -. . 
.". 'T<i, - - -. 

w liid 

- -. - - -- - - drmyohd OII~WO>TO~~T~B~~.I~~II~U(-~~~ in1 ~III \trout- w1d lI~a\.)ms 

1d.b.01 ~i.Soibt- io;.l.c..lI; .n;r.7ii; -. uI,sirIr-.. .- - - .. - - -- - 
t(l.I~b.1- 

1 . --. It-s*..l:_ 01.brerb- - .to*e*e-dz- . - ~a~-~bt----I.n-~~yI~*--. . 2 '-?a!%z-. .-t-y~e.uc- - IUIIWZ- ~1mec.21- .I 
-- 3.0.0s t- ~O.~UI~C.UI.~.SLI- .o-SBF~I- L~..~I&I- zn.ze.~t- 

7XWS;t- I ~LIIOZC- I I~.I.*I.- II,.I.I*:. I-saw:- I - I a I 

. -. - - - . . -. - - - - - -. - . -. - - - lo.tsor I' id;ZZitbT- " - ~iS:bXil'--bniiStl- r.h.r lzcc ZQ.K*.I I- 

a .. ll*pbc~r_ . .O.ac%lb:-_ !*.(-!. IO~~~Z---I.?=.LLI~* I,.I-u+~- tn-m%6.1- BIIM.DY - anal r I I- 

tn.r80r1- eo.tu~.. ~O.OZKII. bo-~.m~~- I- to.Zea I- 
r - - t-, I T. - -  - . - - - - - .- - - - - - .- IO.C.BTI. Lo;~aP;o~a~;-io-wre~ I- oo.w.arr- to.rz.rt- -- - 

3- - I!.?**I~- ._-oo.>m.r.- . -10~8~rmr-- - -In~~brlp* IW**~WI~- ~yr*>z- 16b1t.1- UIIWJ - 8-1 I 

IO-*~CI- ~O-COI~Z- bo-PYII- eo-*zb11- c010.u~. rch.onr- 
ibC7/.~~ll~- I-. WCI. 10.11b1b- 00.b*lb1- Ib&bwm mI8.UJ - 11-1 01 1 
- - . . .. - . - 1~3 GE-SFXziit ~".beezt- ~0.1.1~ I- - - - - - - - . - - - 

0 Il*c..il-. _ .p.*ltLb.. t~*!*:- owu~O~z~._I~'~_O~o~aU- p-up1- *I1103 - 1-1- 'L -. I 

-3-- - 1 I.-=- - $-** -~~ZOlbZ' bO.mWUI- .PU'@'. 06.941Z ' LWILJLI- 
P -TD.SSLTP-~GC~?&- ao.u12- IWII~II- mtlnu> - aou~ l I 

. -- i WO(M I' - , O.F; ,,>. -- - .-• ---. - --- - - . bo-w~tt- -asrat oo.~tqzc- ZICISIII- 
a 81-curl- -0-lertc ... trwru-:- ~la*rlrrl- ._~e.r?ue.'_~,.~m~bz--- ~e?u+-_-ml~y>--..~r+q I 1 

10-I~IXI. eo-zone- -.ZCIL~- -.-mat- eo-mur- ro.zetrt; 
0 b- lo.-' IO-.QF LII.*.I.Z- I- rrIla3- real r 9 

t&tIor ,. -- '-*;~,i~.-*TI~~-~,-~'------ - 
- - - 

0 11 -WU 1. . *m*u*l_.* . --!W-U~IC*- -- . ~*C-W* IO*~ I#** .~b!!.m -. .zo-.;b,---. - r~t-~--rn-m~ . 1 _ 
10-KLOSI- eo.zo~.Z- a. WI- ~O-IGII- m.oous- ZO.~ZI&I- 

u-n- W- - a-.cI~*- oapt.r~. :r-msa WI~WJ- 1-1 . I - 
u.l.ul'-b~.fi~-;J.o~.- -aT.fiI'ir-- ---- - - ta.rti&t. .0.26iG- 

0 tt*c*br 1' eo*m8rr. ra-.re*-- . -**urn.*- #o.u:re- -aaprbtsz- Z~W~*U~--UII~J~ 1-1 -r-- .. i 

10.b10.1- .0.&lbZ. U.UUI. b0-ZlSll' L.SIKZr' Cla.llI&t' 
9 - II-.CIIII- ~iZ~z~- 6o.rr.z. I mtl.o¶ - anal z I 

tb..aO~t? -.O.FOI~----- .O.(YO&l. .o-mlT.-GbjTzrn--. -- - - Z'PIJII 1- 
a Il*r*Ul- W*wr*tb- m*z%ccr:=-- -- ~a.tM!b:- w-~oI~~ DUW~ - - UII-J - anat ! -.A .- 

3-r .1~ *rrt.? 11291 -1~03 swr IPIU,NIII~ III~-Y tmsr1u 1mLO.I 
-11 JT---- ~rcamlda ---ism 11m1 - n m BUI'I*~ - 11r1\4 I~I.J~ w11 

- .- - - -- . . 
- I:: e.8. StrbL~a~rm~T~nsiimi iier- 

L and - - - - -- - . - . ; , - ~ - - -I--------- 

* 
-- - - - *~&-~ib#o3 ~JON~ IldIt*sr J~rlbr~n-o~rn-~or mt mlcn clrrrm -11 ~lmora8m -- 



SAPIPLE PROBLEM 1 ('CP!:'!' :C.). .: ' a )  

I *U IWI - rar tn .s*sr*-UI .zaat..uo . - oo i~ .~ ,  .r*-CP.al .~sana.o? .vessr.o- . n n b r . I L - ~ _  
.~oobs.o> .o-n01.0o I O -  .I.-11.- .2-10a.o- .ISOI~.OI 

",& . - -  - . - 
I I c ..I**o-LI .zrlu..un .J-I~.OI .r>ot?.ml .*b?*b*o- .I)~.S*II o 

- .1..ca.u> ...-l?..r ~.o.rb-o* .II%Ib.DI -2-1w.m fi010.01 

I a I - c m 1 1 u  .. -- .)*.-"I zpl. p a r ~  -t-.ul .rr.r*wtlr . m m ~ n . ~ l  .v 
. I*%II-U? ..UOI-R(r . I *5*e-P .l.\*S.Ol .2-102.00 -8 lE0~.01 

- --. - - - - --  - - 
I .I IUUI -ton1111 . ~ * b o a - ~ ~  .YVPI~.U? -1-rs1.01 .IL*II.-II . ? * o n . ~ ~  ..r~br*o- . ~ n r s * ~ ~  o 

- - - . ~ ~ ~ . ~ ~ ~ * r r ~ ~ ~ ~ - ~ ~ . r * ~ -  -A~Z->.LL'~LQL - -. ~~ZPPI'M- - . . 
1 0 1  I W U I  - C 4 1 1 1  .b*;*i-~.I .Zr.lO.Ol .1.1?1.51 ..7Y*b.01 -.I1011.01 .**l?O.C1 -1J.b5.ll 0 

. l* l l l .O? .o*stb.Og .I.**--00 .1*b@3*01 .Z.IC?.Ol .IIOC..JI 

---- .*.oib;rq-- ...-.-. . 
I s I - I -116)~-UI .2*b5* .u- .I*~~I.GI .a5550.01 -.~OZ-I.OI .I~.~.II a-  

_ _  . ~ e ~ o o - u l  . o i L b z . r ~ .  .I~II?I-U~_-.I~~ILLO- .Z-IDZ.DO . I!~~o~q=-- - 
) U . I . I U . I C o - I ) I 1 1 * v s v i t k r  m c t x s t r  wocw r m w ~ i o  .IO~O*C 

- - - C.%I*U. 0 - - - ?!F-lE -... 

=**=I HUII~L ~cuII.*--~~I *ra*:?~ . . - - .  . . .  

11.1 *01-I 0sc.1r - e IC1nl  P I I*( I. (IIPOC* v110C11v o r r  -= 
ClitUf). arcret 

- - - - - - - -- 
I a* I W * U ) C W I I *  .l!**O-O! .2LbO1*iIll .1*1*@*01 -NM*s*Ol -ll ' l lb.01 1 C 

. I * I n f Y .  .*CjbJ*UO .I*= .1B171.0* - . Z * n S l ~ ~  _-~,l~Ol.Ol _ - -- --- 
I r l  1W.Y' - COelIU 1 - I  -2Lb**.ll~ .llS?b.Ol .a7~os*01 .lO.'I-OJ .*??*1.00 -.8.ll*.ob 0 -  

.I*Ofs.u? .b~I l l .OJ .I-*m-o- .l*-%l*Oo .21**1.@- .1?*5-.01 

- - - - - - - - - - - - - -- - - - - - - - - - -. - - -. - . - - - - 
I r w  IWUI - C-IIU .IOO.I-UI . z c m s * o ~  . J I  .e*roo.ul . ? o o  I - . i b ~ y . o l  o 

-I n * r ' o ~ . _  --.lb*'b' .1I.I?-@. .211ws.,,.l.l. ~ I a l b . 9 . .  . ..l?alZ.Ul - 

I a. IRCUI - c n w )  

- - 
I s~ I**UI - C ~ I I U  . i rz5b-01 .~*%I~*oD .?I~*~.uI .*?II-.oI .***t~*tn .bg7-.00 -.21-11.on . E 

- -- - --~'_r.>*uz -..'L'"U-.~IL?!J-_D! .~sr**o._-,r~z-r.a? - .I?~D*.*oI 

I I 1  I ~ u *  - C m I I U  J U I  .Z*$b).el .IrO79.Ol .*fZ21.01 .*rS%O.IIL .OSSbl*OO --?llS-*OO .- 
.JPLI-.U? .*elcq.nn I .2.-,1.00 .zsisb.ob .I?~SI.OI 

- ~ 

52 ~ * * u p  - C~OIIW . i n i r - U I  . z n 5 ~ s * u i  .I?-IO.UI ..IDVZ.OI . i i~o. ;~*  .)%S,Gaq -.)tj?,.on o 
. .,'LL"UI--2*1:18.-'?-- Il&'JfqZ-_-L'1?.D. -92Cf>.O. .?L~*.'oI . -. . 

.- I 5 1  1 w u 7  - c n n i ~ n  

-- .. - -- . .. 
I 5- IWUI - C C ~ I I ~  - 1 * 2 ? 1 - ~ 1  .Z*%.Z.IIO .IPI~J.II .*CIJ~O*O] .IISO*.~S .ziaoi*n; . -3 isrs.oF . G 

7 ?01*02 0 . l . ) - n l - ) L - ~ A L U t * O *  a?P*q? ~ l - *O l  -. -- . . 
-liii i i S - T k s r  * a t t ~ + ; f , i ~ - o l  

- -- - ----- 
moqm~uw ~ m ~ ~ ~ a a ~ ~ o n  ~ 7 i i i a  

. - - - -. -- 2za_rrr-- , enr -  . 
--?1b7?.01 . 0000 .d8" - -- . lh61.Oi 

. --. 
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LHSC-11RKC TR W)6?400-I I I 
SAMPLE PROBLEM 1 OUTPUT (Cont ' d l  

- )U.(~SOUIC ~LIIU .U~TSIS USI~L IW IOC%I(LIO-MI$~IIL~ 141111*11 S~~OW~CII 

caw -0. 0 . - - - ---*'e. - 1:. 

seacc mu1111 WIL~II~ morn, atr.::~ - -. - - - - -. - . - - - - . - . - - 
LIW *OIL1 oscaa* - mICIIII . I I IrnlWw. 

IIaCLI 1 u f  Pa) S I W l  wbst1W 11 U s  cobS1. 1 
- -- - -- . - -- - 
I 1.11s - CWIII -1zorm-01 . ~ m i t ~ . w  .S*ZIZ.OI .~I~PS.OI .IIZ-.D* .*.mrz.oi- - ; lGi~.or 2 

- l ~ l b U @  ..lal2*00 .IS-)+. .ImbaS*O. . Z ~ o s I ~ o a  1?*%l _ - - 1  ImlrR - CDII111 - l ~ I * b - 0 1  .Zbb*%.llD q.01 a.0 I 1 *a. I *Z l *OI -.B*SS*.Ob 2 
-1~ I I .UZ .*OIIO*Oo s - D b  %1.m Z I  :17:I:.0~ 

d .m INlI. - cw11m 
-. - - -- - . 

. lu rn-an  . z a b i m  I .a+ia*.s~ .rairr.w a 1 z .I nml-02 ..~I?I*W .I ISI.-OI .ZI~*I -0- .zsau.o*-. .1ams3-01 -. - 
2 ** Ib1I.m - COLIIm .lHS7-uI .ZmUOwn3 .a1 

.zroh.oz ..*+I.OD -12 - -- - - -. - - - - - .. . . . 
I SO I*II~ - COIIIW . l b J k 4 1  .zmbes*no .ZI~W.OI .*si*..a~ .i~.io.aa .~OSI~.H -.zi.r;*~ - -  - S  

.---- 1 1 Z  ..ntm.oo - o  .zsszi*or _-~!is.p-.. . ~ z ~ o . o ~  . ., . . 
I I I - I . ~ ~ I Y ~ - o I  ~rbsz.on .r.on*ol I ..sslo.o* ..$sb~.w -.riis..o. I 

I Z  .8mJb**W . t m m l ~  .ZbH.bO* JS1*.0. .lZbS3*01 
--P --- - -- - -- - . - - - - 

2 )I I m l l .  - CUIIm .1092-01 .2mb?S.W .liel..&)l .*BDlZ*aI . Io lm.OI .Js5*.rOl -.ll;j3.0. I 
.$a**-oz .~~rb*.a, -lab.3-0* .zlriz.om . t s i ~ ~ . e  ,IZ~:..JI - . . .  

z SJ IR~LR - Conllm . l R  2. .C nn . al-*OI 111 . s 1 9 i r l . o n  L 
a :urn-+. .;rac*.O. :zss:..dr :t%oi*Ci -- 

- - - - - - -- - - -- - - . . . - - . 
2 so u a t ~  -CQI I~  . i m ? ? ~ - u ~  .z-saz*uo .~ntm-01 . n o m * o ~  a .zrmei.o. - ~ i a  I 

- -- - i z : ~ u ?  .*mm*~uo   nor-o* . z s * ~ z * ~  .LILY*O? --.UZZL._DI - -. - _ 
..I 5wac ImILtsallO. WLIULIS 

rmctm r m .  IYOI mlrw UL rv ISC 
- ---- 

---- -.zu12.uz .om- .omOD ."mno-20-oooooooo- --Blo!!S,.  .- 
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.. ORiGlMAL PAC.:: ..a 

OF POOR QUALiTY 

SAMPLE PROBLEM 1 OUTPUT (Cont ' d )  
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SMlPLE PROBLEM 1 OUTPUT ( C o n t t d )  

1_1Nl P u I N I  D \ l Y I l  I I I b I r n I  c r V1LOC111  
G S k  -w%%r;-r ; -r i i i i i%fi i  s h a t a o i i c l i  

I I. 
m a r s  AXBT HI( SIUOI 

- -  - -- -- - ---. - - - - 
1s 1 n r t G  - cn*11* I - I  .;?,?m.w .a#%be.u~ . r m n . o s  ; i~~*b.oi--  .r~oci.o. - . ~ a s i ~ . o *  

. - -  - .b*!l&4*Ul -Zs.lZ-U. 7 .I.q3b.O¶ ___.-c231W*U_U .ll%Pb.a! - 

2 i b  l b l l D  - C n * l s *  - a  Z 7  .ICj*c.o? .17$@l.,J I .?lbVS.O. - . j ~ j l J . O @  . .Ul  

.- -----.- -- 
2 I* 11111. - tO*11r  t o  .a.s?zeuo .121b**o? .11012.~1 . ~~ j *b .o i -  -.izi*u.o. - -.3a111.01 a 

.-- I Z b  . I l s?O-Oa  . 1 0 5 \ 7 ~ 0 1  .ZI?I**O* . I ? ) r Z f O l  - 
- 1. I~ILP - C ~ ~ I I U  

- - - - - -. ..--. --. 
a 1 9  1b11. - C O N l I Y  -l#l..-UI . 11511* l lD  -?OI1%.07 .1*012.01 .III.~.U; .Ia*tI.O. 1 1 1 0  • 

.zm.o*-o~ a~.o-ur .e,mna-~n . m o ~ ~ v . a ~  .zsI~*-@-. -... I !?OZ!LI --- . --- 
Z b U  I O I l P L  - C0*11* . I *Qa2 -01  .Z.%Ibo03 . I W S l r # G  U I O  . I l J q b * 0 5  -1?Va1*0*  - - ) n s l j * O #  . 

.:1110*OI .b%nI-O? . 1 0 1 l J - 0 1  .al.I1.02 .) Jl1.*0e .I 1bOZ.01 

C(PLIRI r ~ n u  I. pass. m m ~ n t ~ m  uo rn ren  ~ I M ~ I C ~ L  I .ahrrl~or r o o  ~ : n  z n r ~ b t G c  t o  tw s r a m t  L I ~  
I** neC1.I L*..CI I* l 1 S I  f L a b  I S  r *31.?Z?-Ol ---- 

mnctnl C W b U  Ih m L I m l u n  I S  : -.S.Zb*roO I I P  1 -.b28*?.00 
* I O C r r 1  C n 1 e C l  I e  C Y n S T  I s  : -nanoO 

s I VII~ - COYIII .OIIEOG * Z Z 5 1 * 0 1  - . * tsr2*oz-  2!*~-*20.. .I&*+>*u . z 
11?1b-0*  %%*U. -a.l~*m .I s01.*01 

POIWI 10.  8.. om 11- 3 m a r  r c c n  a 1 1  11 o ---- -. - -  
r er r  i ~ n r a m ~ u  srr -- r ~ ~ r - ~ n ~ r e ! ~ . p .  e. _IIII~ _ ?. PI r$~fotu l_r  . .no so_ .. 

L n l m  ? l ~ l > ~ l ~ l  w 1 x _ 4 ! 5  I w ? I O 1 1 0  O n  L Orr 7 P L ~ M J I U  ?0J*I5 q J  I * P  S.. 

. . IP e~ IQ~I*O - CON#:. . O I ~ ~ ~ V - O I  . r r ~ ? m . . ~ l l , ~ ~ * ~ v : u r  .I*ZI!~PII__IUJL~*W .r?snz?v* -..SLIII.L* - r 
.PIZI-UI .LVIIS-UI .IIIILI-n* .-I.*~.oI .ZII~*.D~ . I I ~ O Z ~ I  

-- 4 -  -- - -  
P O I ~ ~  me. 5h -ow s 16 -Iu n n i  nfr5 n~ i t  i t  n 

- 

- . . . - - . - . - - . . . - . - - . - - 
r o l u i  mT. 78 ow  I l i t  l o  nr i  s r tn  o r l r  t rn  - 

II I VLIL - c n r n t l n  .UROU - - - - - -_ - - - -_  
.ZOIIJ*II I ..?**I.IlI . u ~ P @  -.171;0? : P O  - I 2 

. -- . . . ! * .  O *  . . IC~~ ! -U*  .I~.CO.UI .?.ln?*oe . I  JORZ~OI 
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SAMPLE PROBLEM 1 OUTPUT (Concluded) 
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LMSC-HREC TR D807409-iII 

8.2 SAMPLE PROBLEM 2 - SPACE SHUTTLE REACTION CCOETROL SYSTEM (RCS) MOTOR 

The Space S h u ~ t l e  Reac t ion  C o n t r o l  System (RCS) e n g i n e  is a  920 l b  

t h r u s t  motor  used f o r  a t t i t u d e  c o n t r o l  and minor o r b i t  changes.  It may be 

used d u r i n g  r e t r i e v a l  and deployment o f  p a y l n d s  and satel l i tes  s o  t h a t  a  

d e t a i l e d  c h a r a c t e r i z a t i o n  of  t h e  plume is n e c e s s a r y  t o  de t e rmine  RCS plume 

indoced environments .  The RCS motor  is a b i p r o p e l l a n t  motor  and has  t h e  

f o l l o w i n g  c h a r a c t e r i s t i c s :  

Th roa t  Radius 0.06508333 f t  

Area R a t i o  (Unscar fed)  22.1 

Chamber P r e s s u r e  153.0 

P r o p e l l a n t s  

F u e l  Monomethylhydrazine (MMH) 

Oxid ize r  N2°4 
O/F R a t i o  1.63 

The method used t o  de t e rmine  t h e  RCS geometr ic  i n p u t  d a t a  i s  essen-  

t i a l l y  t h e  same as was used  t o  s e t  up t h e  v e r n i e r  eng ine .  A l a y o u t  o f  t h e  

RCS geometry i s  shown i n  F ig .  8-4. A t a b c l a t i o n  of t h e  n o z z l e  con tou r  

p o i n t s  from t h e  t h r o a t  t o  t h e  e x i t  p l a n e  is g i v e n  i n  Tab le  8-2. The o r i g i n  

of t h e  geometry f o r  t h e  RCS motor was t a k e n  t o  be t h e  t h r o a t  s o  t h a t  t h e  

t a b u l a t e d  v a l u e s  i n  Table  8-2 were s h i f t e d  s o  t h e  x  = 0 a t  t h e  t h r o a t .  The 

j a t a  g i v e n  i n  F ig .  8-4 and Table  8-2 were s u b s e q u e n t l y  conve r t ed  from i n c h e s  

t o  f e e t  f o r  ~ n p u t  t o  t h e  program. The chamber / t r anson ic  ( t o  t h r o a t )  

geometry i s  made up of two c i r c u l a r  a r c s  ( a s  s e e n  from F ig .  8-4). Unlike 

t h e  v e r n i e r  e n g i n e ,  enough i n f o r m a t i o n  i s  g i v e n  i n  Fig. 8-4 s o  t h a t  t h e  

l o c a t '  *d a n g l e  a t  which t h e  two c i r c l e s  i n t e r s e c t  c a n  be so lved  a s  i n  

t h e  ver,..,r e n g i n e  w i thou t  a n y  s c a l n g .  The geometry of t h e  RCS motor from 

t h e  t h r o a t  t o  t h e  e x i t  p l a n e  is  c a l c u l a t e d  i n  t h e  same manner a s  t h e  v e r n i e r  

engine .  The r a d i u s  of c u r v a t u r e  downstream of  t h e  t h r o a t  and  t h e  c o n t o u r  

p o i n t s  a r e  g i * ~ e n  and used t o  c o n s t r u c t  a  cur're of f l ow  a n g l e  v e r s u s  

l o c a t i o n  (assuming s t r a i g h t  l i2e s e c t i o n s  between c o n t o u r  p o i n t s ) .  A 
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Table 8-2 SPACE SHUTTLE KEACTION CONTROL NOZZLE CONTOUK 

I 
- - 

Axial Mstance Radius 
from Thro~t ,  ( i n  i (in. 

x Y - 1 
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Fig. 8-4 Shuttle Reaction Control System Rocket Motor 

c - -  Y 
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l i s t i n g  of t h e  r e s u l t a n t  point-bv-point r epresen ta t ion  of t h e  RCS geoeeLry 

is g iven  i n  t h e  l i s t i n g  of t h e  d a t a  f o r  t h e  RCS motor (Case 8-2). The 

development of these  d a t a  are left t o  t h e  u s e r  as an e x e r c i s e  i n  s e t t i n g  up 

geometric d a t a  as was done i n  t h e  Vernier motor (Case 8-1). 

Sow rocke t  eag ine  combustion chamber 6 o c e t r i e s  have a c o n i c a l  s e c ' t o n  

between t h e  t w o  c i r c u l a r  arcs upstream of t h e  aoetle th roa t .  The s o l u t i o n  

procedure f o r  t h e  boundary p o i n t s  must be nod i f fed  t o  inc lude  t h e  c o n i c a l  

portion.  Tbe s l o p e  o f  the l i n e a r  s e c t i o n  is determined by t h e  motor contour 

but as  a n  eltanple of t h e  procedure a n  i n c l i a a t i o a  (Bline ) of -33 deg is 

used (Fig. 8-5). 

From t h e  geometry it can be shown t h a t  el = 62 = cline. I n  

Region (iJ 

X1 = 1.022 s i n e l  = 1.022 s i n  30 

Xl = 0.510 

Rl = 1.865 - 1.022 ( 1  - cosel)  

R1 = 1.865 - 1.022 (1 - cos 30) 

R1 = 1.728078 

From t h e  equa t ion  of a l i n e  through XL and R1, t h e  value  of b 

I n  Region @ f o r  e2 - 30 deg, 

R;! = 1.021 + 1.018 ( 1  - cose2)  

R;! = 1.021 + 1.018 (1 - c o s  30) 

R2 1.1.57386 
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Fig. 8-5 Hor:~r Geome;-v w i t h  Linear Section 
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Reapplying the equation of a l i n e ,  determine X2, 

me R and X values i n  Regions @ and @ for  0 c W deb are calculated 

by incrementing £roo 0 t o  30 deg. 

For the  RCS example shown here there was no l inea r  sect ion i n  the  con- 

tour. Ihe l i nea r  sec t ion  addit ion was shown as an example f o r  s e t t i n g  up 

cases where there is a conical sec t ion  upstream of the throat.  

The thermodynamic properties of the  comburted propellants were deter- 

mined using the TRAN72 program. These data a r e  prepared using sample case 2 

of Section 4. A variable O/F calculat ion was made with O/F r a t i o s  ranging 

from 0.8 on the wall t o  2.2 on the nozzle axis.  The CJ/F d i s t r ibu t ion  used 

a t  the entrance t o  the contraction upstream of the throat  is shown i n  Fig. 

8-6. The r e s u l t s  of Ref. 19 were used t o  infer this O/F d i s t r ibu t ion  f o r  

the RCS motor. The RCS motor is f i k o o l e d  s o  tha t  the O/F r a t i o  near the 

wall a t  the in jec tor  is on the order of 0.1 t o  0.2. The O/F r a t i o  oa tne 

center l ine  is approxieateiy 2.2. Reference 19 shows tha t  the wall f i lm does 

not hold the same O/F r a t i o  through the transonic region. An estimate of 

0.8 w a s  selected. Using 0.8 a t  the wall  and 2.2 on the a x i s  a parabolic 

d is t r ibut ion  of O/F w a s  assumed and then s l i g h t l y  modified so  t h a t  the 

integrated (over the inlet area)  o/F r a t i o  matched the overa l l  O/F r a t i o  

(1.63) f o r  the motor. This O/F d is t r ibut ion  was then imposed on the 

transonic solution. 

A freeze pressure r a t i o  of 3.35 was estimated based on an overa l l  O/F 

r a t i o  of 1.63 and pressure freeze r e s u l t s  of Ref. 19. A pressure r a t i o  of 

3.38 was included i n  the TRAN72 calculat loo t o  give a sharp break frors equi- 

librium t o  frozen thermochemistry. 
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0 .2 - 4  - 6  .8 1.0 1.2 1.4  1.6 1.8 2.0 2 . 2  

O/F Ratio 

Fig. 8-6 Space Shuttle RCS Motor O/F R ~ t i o  Distribution 
a t  End of Combustion C h a ~ b e r  
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The nozzle w a l l  temperature d is t r ibut ion  used as a boundary conditions 

for the  boundary layer  calculat ion is shown i n  Fig. 8-7. Tbio measured data 

points (from the engine manufacturers) are shown on the figure. A l inea r  

var ia t ion  through these two points  was assumed, 

h e  output f o r  the RCS motor cons is ts  of the r e s u l t s  of the nozzle and 

boundary lager  solut ion and the beginning of the p l m  restart which in- 

cludes the  boundary layer. Ibe program w i l l  continue wSth an  equlliorium 

plume calculat ion but tile r e s u l t s  w i l l  not be correc t  because the program 

cannot presently t r e a t  both t o t a l  entkalpy and O/F var ia t ions  f o r  equi- 

librium cheristry. To ca lcula te  a plume, the idea l  gas startliw which is 

geaerated by the  restart can be used initiate another plume calculation, 

This start l i n e  has the  correc t  temperature, .%ch number and pressure 

d is t r ibut ions  but u t i l i z e s  constant gamma, molecular weight, and t o t a l  

coliditions. 

0 '!easured Dat a 

Axla: D i s t a n c e  from ?iozzle Throa t  ( f t )  

Fig. 8-7 Space Shuttie RCS Motor Nozzle Wall Temperature 
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SAMPLE PROBLEM 2 OUTPUT 
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SAMP1.E PROBI.EM 2 OUTPUT (Con1 ' d )  
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SAKP!.E PROBLEM 2 OUTPUT (Cont ' d l  

I # . I S - - S U W O h I M J I L _ _ _ L I U B Y C I - I U Q C l l r  - 011 I I* 
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LMSC-HREC 'i'R DtJ67400-111 

SAMPLE PROBLEM 2 OIITPUT ( ~ o n t  ' d )  

_LBLLUIPUIIL- - ----. 
~ O Y C L I  rorcr r tonat oc~rm U L ~ *  I SP - - - - - -  -.tJbUW - - d U D u a ~ - b O  -.lMua.- - JLVab*DI - 
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- -  - .  - -  - n L ~ I c U I l I ~ s u . l s  -- - - -- - .. - 
INtlI r..c11 l..CZ m c L T *  art* .  I Y 

w . U ~ L L  - CODII. ---. UIOO. -- - 2 a 1 n w a  --- .UIS~-OI . . .m . - . z s w t * s z  . I ~ M J A -  .cmos-ot z 
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SAMPLE PROBLEM 2 OUTPUT (Cont'd) 

8-51 
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SAMPLE PROBLE4 2 OUTPUT ( Conc 1 uded 1 

G a l e  -a -1 .&. J-.% s b 1 f i -w~uu* I. - - - -. - . - .- - .- -- -. - - 

8-5 2 
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SAWPLE PROBLZH 2 OUTPUT (Cont'd) 

t%t -+OCZIW. r rs  .s-at--=s . I-* ).a- 
.?..I..UI 
.a:?mo.~ 
..l%l.am 

8-5 3 
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SAnPLE PROBLEH 2 OUTPUT (Cont'd) 

UN ..OIUS U C S S ~  L.CC wrt. ~ t a w  - w t m *  
. err** - - -- - - 

rcc r • r- 11s OK~CDIIIC 1.7 em- er~y a- 
I - S I S * W  *-*C-:Z 1 -%7-0 .  %-WT.01 l.W.01 I.W-.OC S.2tr-~.o# 0.- S-mi..~ 

-- 

- . . -- - . - A - - - - . - -  
-ae.r,p o r s r r a c c .  EC~CCTIWC t - v u u * .  ~CV-OLIS -ass  r - : c a w s s  r e -  
C c s s . l - I : % .  -0:. . - lumcsS.  U - = C .  

- 

V e r a  J c c s r u  or**acr. ~a-. .c* *--r 
V C C ~  r c c t  r c ~ r  r r g t  r f c  r - - 

. . * l ? 4 S  1.-2:-S :..ZI+i I,Ot?-Vm *.?2*- c.EOo - - - -  -- .--.--- - 

LOCKWEED-HUNTWILLE RESEARCH & ENGINE&RING CENTER 



SAMPLE PROBLEW 2 OUTPUT (Cont 'd) 

ulw m s m  roar WL. r r a e  _. ai ras  @@I RO~CLA~IC 
a m  ~ 8 s  omarwr-rrm- - 

5-sro- s.*.co~ a.em-0~ .e.ur-os z-*m-ol -z-*sc- _~.+rs=ean-a o a  r .en -a  

m u  -ass I k U 4 s  L#8Yt CLCIC.I-W 1.1s O P . ~ I S I ~  *L&S -8-2 v a  
%em s a u a t c a  rt.a u d  r r r a i ' c a r  - - -- 

LY8*2 -I..= Sbl 
a-2a.m %.00 3 o.(D - 0.OBI - 1.008 

- - 
"P1 1.W e a r  loam U W W  ...a- 1C.l - CLCIL.7.L mass ~-.*-rm-cmclc.ls. 

-. 
C I I I .  CIS.. I*. 0. .rQ.J918 VW c*. -*? 
f f8z  SI w. **.a 6.s CJ ?.I& Gas - - . - 

1.zn-o~ *.-)-o. 0 . m  a.ma 0.- u.000 
--P - - - -. - 

rorar e a r  1-mr I.TU acex~cear~em IUVIXIO r r r a  
- ---. - - -  . . -  

e I LOSS m u ~  ama ramalcrcm-m -ass I- ea -ass ~ n - r  . __ - 
e8S mas ' 0 Z #  Lo- La15 

z.~?*.QI ?.11r4a I . - o * -~~  I.:*?-01 S.-I-OI I.-1-08 .- -- _ - . .  

8-55 
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SAMPLE PROBLEM 2 OUTPUT (Cont'd) 

c.irlstB. l?sii;-i --- ---- -- - 

mass r ~ o r  av~mactc ~ . c n c a ? ~ ~ s ~ s ~ ~ c t r s  amt IhllSCD a*cmaccs* - -  - 

8-56 
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8.3 SAMPLE PROBLEM 3 - SPACE SHUTTLE M A I N  ENGINE 

The Space S h u t t l e  main e n g i n e  is a t h r o t t e l a b l e  pump f e d  hydrogen/ 

oxygen sys tem which produces  011 t h e  o r d e r  of  470,000 l b  t h r u s t  and h a s  t h e  

f o l l o w i n g  c h a r a c t e r i s t i c s :  

Throa t  Radius 

Area R a t i o  

Chanber P r e s s u r e  

P r o p e l l a n t  

Fue l  

O x i d i z e r  

O/F R a t i o  

0.429475 f t  

7 7 . 5  

V a r i a b l e  

T h i s  sample problem a n a l y z e s  t h e  n o z z l e  f l o w  f i e l d  s t a r t i n g  from t h e  t h r o a t  

assuming a s o n i c  s tart  l i n e .  The c h e m i s t r y  is  assumed t o  be e q u i l i b r i u m  

throughout  t h e  nozzle.  The TRAN72 i n p u t  d a t a  are shown i n  Sample Case 1 o f  

S e c t i o n  4  o f  t h i s  r e p o r t  e x c e p t  t h a t  t h e  second c o t a l  p r e s s u r e  was 5.4  

i n s t e a d  of  30. T h i s  d i f f e r e n c e  i n  :he TRAN72 d a t a  o n l y  s l i g h t l y  changes t h e  

p i t o t  p r e s s u r e  c a l c u l a t i o n .  For  c o n s t a n t  O/F o r  t o t a l  e n t h a l p y  t h e  second 

t o t a l  p r e s s u r e  t a b l e  is  n o t  used f o r  any  of t h e  o t h e r  c a l c u l a t i o n s .  

The n o z z l e  geometry i s  s p e c i f i e d  u s i n g  t h e  p o i n t  s p e c i f i c a t i o n  o p t i o n  

o f  i n p u t t i n g  t h e  s o l i d  boundaries .  The method o f  d e t e r m i n a t i o n  of t h e  p o i n t  

i n p u t  is  t h e  same as was used  to  set up sample cases 8.1 and 8.2. The 

remainder o f  t h e  i n p u t  d a t a  is  v e r y  s t r a i g h t f o r w a r d  s i n c e  o n l y  t h e  nozz le  is 

c a l c u l a t e d ,  and n e i t h e r  a  boundary l a y e r  n o r  plume restar t  was performed. 

I n  t h e  e v e n t  t h a t  a  boundary l a y e r  s o l u t i o n  is d e s i r e d ,  Ref. 4 c o n t a i n s  

a  sample c a s e  which s p e c i f i e s  t h e  SSME n o z z l e  wall t empera tu re  d i s t r i b u t i o n  

r equ i r ed  f o r  a  boundary l a y e r  c a l c u l a t i o n .  The boundary l a y e r  f o r  t h e  SSME 

is f a i r l y  small compared t o  e x i t  r a d i u s  and probably  would n o t  s i g n i f i c a l l y  

a f f e c t  t h e  plume f o r  t h e  low a l t i t s d e  o p e r a t i n g  regime of  t h e  engine .  
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OH&-' ' 2  - - 
. t  .. .- i . 

OF POGR G ; a - \ L I  I 4 

LMSC-HKEC TK D867400-I11 

SAMFLE PROBLEM 3 OUTPUT 

Rla CO*I.OL *m.ut1r.s 
1CO*lll 1Cn*171 1 C ~ I Y 1  ICQUl.1 1COI15l 1iV.lbl ICOU111 1CUm1IV 

2 0 I 1 - . ---- ZOO** - 10 ?nt 

mu- r*c .,a crX#8KlTts rm vnrv 

rsr1mmbmr~ MILL e r v l l r o ,  --- --- ---- 
- - - - - - - - -. - -- - - - - -- 

wet IV.LL 1 
2 0 wma nowo 
2 0 - .S#1b0-02 ..2*S1*00 . ll.2S-01 
1 - * r n - o c  

2 0 -- .IIS*~-OI . * ~ o m ~ * ~  .eiz31-01 
-B.T~~--I . n n s * ~ .  l m a r a b  

2 0 .2*?1.-Ol .*1203*00 .1Sl01*00 
v ISWZ-YI U)SI=-W IVNC-w 

2 0 - .UOlZe-OI .b1*.#*00 .?2b8b*00 
1 0 ..bW5-OI .6%Wim ~670) -  

-. 

2 0 .520~.-01 .*I*IZ*W . 2 * b 1 2 . ~  
1 0 .mwm .omgm . 3 3 n T r r  -- 
2 o I .~UITI.W .~665**w 
z 0 .bl.IC-oI ...OJ..O .OI.Y.W 
z n -- .- -- .?1.01-01 ... ss1.m .*Sbl*.W r - u -  . m m u ~ - - . n n ~ ~ a a  - -.n m-m--- -- ..- 

2 0 - .n~bzn-oa .*5nse*m .**nr.m 
2 0 . W Y r P o  51.mvrm -- ~- 

2 0 .*bl0*41 ..IlS2*00 .Sl?t**IlO 
+l .Ovzl~-Ol ..55cb.W s*.a.ne 

2 0 .*16*2-01 
:.Sb$5:OO 

.56?1#*00 
0 .V. 1.1-01 a n  w .fGb7 *a0 

- -. 
0 .NSb.-01 ..5**1.w .bOZ1Z.O0 
0 

2 0 .10137.00 .*b111*00 .b110.*00 
? IT .10717*00 .8b?tl*W h*521+0n 
2 0 -- .?l*1*.OO .S*1#2*W .b1*10.00 
7 - s -  . . . - 
1 0 . -- 2 0 2 .Ilb...OO ::::::: 

. m r - 7 m n b . W  
z o .be*z~.oo e m  .,V~J*.W 
z v . I ~ I ~ U * O O  n i r s * w  5wao.w 
2 o .CSI*~.OO .w 1e.w 

7-7- .W&37*00 - I;:;;; ---- -. - - - . - - 
- .10?3?.01 .lI?b@*01 .551W.00 ; m r r . r ; r  i i n z a t  - -.:rim;sa----- - 

S W ~ ~ S O N I C  ~ L O Y  ~ N ~ L V S I S  uSIn6 TIN L O C ~ U ~ C O - M U N ~ ~ V I L L ~  r u t l l P L t  SuQCn Co*DvlCD *eOCI)a* 

-- crrr mo. o P I ~ C  2 - 
ssrr N O I Z L ~  mc:toso ---- . - WCCl eouN0rIIv *01m1s 

,..r 171).ms 1 w TWt,. 

2 0 .12##*.01 .12Sbb*OI .51W5*00 --r .lflrnl 1 nVrSU1 3 Z V T P . W  

2 o .ISOIZ.OI .IYOIZ.OI .szn*3*oo 
z 0 
2 0 

0 
2 0 .- .I*S?b*Ol .tbl51*01 .*@620*00 

0 m.00*01 . 1 m  . S I P  
-- 

2 0 .21*1**01 .1125.*01 ..b*11.00 
o .?25.7*01 n m  . 8 b l l 8 7 7 - -  

I 0 .?IbZI.Ol .18Y1?.01 .U%Y.l*OO 
z n I B U Z ~ . V I  u m r v i . W  
2 0 .--- .2$4#.01 .1*3ZV.01 .*lC3q*OO 

7 - - 3  .?b-vl-.m--- 
-- 

.-- ;-4 -- ./lvlb.Ol .2010b*01 .~1122*00 
7 8 ' W m l l  . 1 I R D t ) 7 T W l Q W T l O - - - -  

- 
z o . ~ o n b f r o t  .Z I?#S~OI  . a o a i ~ * w  
z v . J I I J ~ ~ I T I  Z I  r o T , W  
2 0 . --- .3?21#*01 r??I*O*01 .)08SS*00 

7 ------I . ? ? S s . . m . T r n r n  -. - - -. . . - 
2 0 -- .1*9SC.Ol rZl01b*01 .)OO1.*00 

---?----I--- . O ~ - - . Y Y O I - ~ I ~ W W  - -. . - 
z o .MIOS*OI .ZS~SI*OI  .ssrri.no 

n JI%I..ITl z.z>o.u1 b11V1 .W 
2 0 -.--- .lbbS1*OI .2*b$.*01 .l$l*l*DO . - - - 7 y  mGrO1-. .?ICJ.OT-.YWlTrbS------ -----.-- - 
2 0 .--- . r o w ~ * ~ ~  .25Q2S*Ol . I ~ I V Z * Q O  T---Y . r t m ~ i o ~  . z saaaa r  : m m o  -~ - 

o . r t n l * o ~  .znls?*ot .12w42*00 
1 0 

- -- ..$WS*OI .26#01*01 . l l l l 1*00  .+-* .I7?~2.01 . Z ~ L Q I  . i m m  -- 
2 0 - n *  . z o o  .to*rl*no 

- - - ; s i ~ n s n  . znv im-  , 7 8 3 ~ ~ 0  ---- . 

? 0 .cl6lU*01 .Z**b?*Ol .?1118.00 
I 0 5 5 8 Y n I l  JO051*01 16788 a00 
2 n .5rot**01 . S O ~ I I * O I  .?szie.no 

- -1- n - 1 - 3 1  ~m-- - - ;mo~aa-  - - - 
? 0 .. -- .b?7lU*01 .11bbS*Ot .?111S*00 

- C - - - - - - -  . a r ~ m ~ . r m ~ a r  .--;nirsma---- - --- --- -. 

? 0 .bISb**OI .~?b31*01 .?lU@J*OO 
2 0 . R I I ~ ~ ~ J I  . > ~ m m J l  ? o % v ~ ~ O  
1 .- 0 .?01b!*01 .~ ISIO.OI  . I V ? ? ~ ~ O  7---6-- -;n8rrar--;*n,*tm--. - - .Ir"ra,ns - -- --.- ~. ~ 

2 0 - -. * O  .1*111*01 , ? ----a- - - - - y i j 6 v m - - - ; n ? 8 e ; f i r  - - - - -. - - - . . - - .- 
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LMSC-HREC TR D867400-I11 

SMIPLE PROBLEM 3 OUTPUT (Coct ' d )  

------ crsc NO. 0 - 6 I -- 
ssmc 4 1 1 L t  ec-'zaso -- - ----- 

V e t *  BOWDL@l VOINlS 
rwc TfDlm 1 v rnrra 

2 0 - .*ms*01 .ISOtO*01 .:*..s*OD 
I 0 .rnrpl ml . I . h r  .no 

2 0 - .11boa.01 .SS*I*.01 .ISblZ* 
7 7- .F2nrrP1 1ss1.-~1 1az.a *w 

z o .~J?*~.OI .ISI*O.OI .~**~n*oo 
e ~ ~ U W ~ . ~ I  S ~ V ~ I - O I  I.IVU.W 

2 0 -- .~~w*.oI .I~ZOO-OI .11010*oo 
~ - . - . Y ~ T D I  IlmS6.Oll 
2 0 -- - .0*11b*01 - Ib*@l*OI . l I W * W  

I-.WI~*OI .mm~  in- 
-.-. 

2 0 .*zsIl.Ol .sba~O*OI .1zos0*m 
0 -~ml l .o l  3701S*Ol 11 lZU*OO - -- -- .**ma*.o~ .IIII@.OI .IIHZ*.O 

--A- 
.*l?OI.OI .lT*a.*Ol .101*¶.00 

I s . n - ~ ~ l  
z I .1010Y*02 .ll@O@*01 .**?Ss-OI 
s e 1om0-VJ emu0 o m o  o n W  vuuw rn- 

-- 
LC-- 

ivec are-$ r II c o c nrw 
-- --7-- B , OW0 00000 oomo 00000 00000 zomo*o. 

. --- 

- --. --- ' P . - . - T - - - -  SlLPlINE LINt INTO ----- r - P  o w  
.mow . o w n ~  .IOLOO.OI . m o o ~  .-O .II*)Z*OY .~WOO -.s*so?*O? -_ -- .- - - - --. - 
. l b ~ U ~ ~ ~ ~ - - ~ l I 6 ~ 8 1 - ~ 0 0  . ~ f l l V ~ T - . W D o o  -xmr"m- 
. n r ~ v - 0 1  . o w m  .IOIOD*OI . ~ O O O  .om00 .~IVIZ-OZ .mow - . s m ~ * o i  
.-• I#-01 .ow m u -  

- - - - - - - .S*>J~-OI .omm .IOIW*OI .oeooc .ooow .*I*Iz*~z .wooo - -.stsot*ot . ~ ~ m i = n r -  .nmnu---. ~ u i ~ ~ o I ~ r : ~ - - : u r n z ~ m - ~  -.my-- 
.@#@I1 01 ,00000 .10100*01 .ma00 -00000 2@l*3Z*O? .0b000 -.11101*01 - ----- . IO~T.QI?- ;anUaa--.T6rnOim--.wPou .mono . o m  .owno -.srao~*vv 
.11o*a*w . O W ~  .IOIW.OI . W O O ~  .~moo  .~I*V*OZ .000n0 -.S~M?.OI 
.I13Z*.tJO .OWW 10 lWra l  .oo * 

- .. .--- .Ib@Dl*W -00000 .1')100*01 . ~ 0 0 0  .OW00 .Ol*fZ*O? .WOO0 -.SlSOV*O? 
;nmw .omw .~d lX lFDl  . o o O b b  . R W O V . T X W P U ?  .omoso -.arswv-o. 

- 
---. .II~?I*OO .OWW .IOIOO.OI .monc . m o o  .CI*SZ-OZ . m o w  -.sisnl*o? 

. o ~ - X m Z . o z  .on000 -.svao~-or -- .ZI*vs:w .onom .IOIOO-OI .mono .ooooo -za~*sr*oa .oarno - . r r ~ o r .  o l  
. m ~ b  w ; 1 1 ~ r m  . maam--.want WOW- . n ~ ~ . m m  - . s p 3 u r . ~ ~  

--- 
.ZL~SI.OO .oaom .I~IW*OI . W O O ~  .oooo~ .01*12*02 .ooooo -.sisnr*o? . . -. - - - .Xl S l  is5 7 U n b W  - . ~ ~ r - - . w O n C ~ 7 U O o n o - - - -  ~ ; ~ ~ . m l b U U  -.STSOT*U v 

---A. - 
-- .?*~I**W . O W ~  . .-. .IOIW*OI .OOOOC .OUOOO .01*~2*02 .mono -.s*soi*o- 

I .odO'CC- 7lllB0*01 . ~ o o U ~ . T O O ~ W J  .*1vrz.o7 . o m o  - .s~ani-or 
.USOI*W .owm .IOIW*OI .wooc .ooooa .11*12*02 .ooono -.srsav*o* - - --- 
.860 W-;DCUW - ~ 3 6 1 ( m - l i  --;wou~---;woo~ ; ~ m r ; ~ r - . p m o  -.STSW*OT 

-. -. 

-.---- .lSSmJ*W .00000 .10100+01 .won6 .00000 .11*12*0? . O W O U  -rSlSOl*nl -- 
f U - ; l 6 f m . a i -  -;mafir- ---.onooa -.@ir;?.br-.aab60 -.ST~- 

-- .IOSOS*OO . o w ~  .IOIIIO*OI .ononc .nouoo . e ~ r t z * o ?  .oroio -.svrot*ot 

crsr  no. o ---- --- ---- -- pa@= !----- 
- E * c r o n l r 2 E e L - -  .- A . . --- - - 

S V L R ~ ~ N O  LINC 1ero 
0 r wr, . YWW *OO .G*  no .1nln0*01 .woo0 .ooooo .~IQIZ*OZ .0000~ -.s~M~.ov 

. m r r ~  .a.m . I ~ I W . S ~ F F F  . . .  -. 
1 .*2*-1*01 .Onow .10100*01 .WOO0 .OOOOO .@IV92*02 .00000 -.SrSOtrOl ---- - 

I. - 
.--- n= .*0000*0:~ I: .OOUOO Iwclb: .OOOOC .= .POOOO --- I: .1SOO0.0* luL Ib I  .*0008.0? --.--. 

twf UCSY C O N S ~ ~ U C ~ I O N  u t u  OC C O ~ V R O I ~ O  81 TIN V(CLONII6 v r m ~ r ~ i t s  
TfU?nllr:- 7 m ~ l ~ - 3 W * b O A ~ ~ r - - ~ r K 6 h C T 1 ?  .loo-or otn P.m.: -R .roo- - .- 
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LMSC-HREC TK D867400-111  

SAMPLE PROBLEM 3 OUTPUT (Cont'd) 

I * I W U *  - C O W l l *  1 . 1 - 0  .00000 .101lW.01 .00000 .01000 .Sll*l.OI -.S.5Ol.01 0 . - 0  . - 
. - -- - . - -- - - . -- ::::;::c .:::::-:: '"""*"' 'J5v1"'"' '""' 

.. 
• I c I M ~ I ~  CUIPOPV r t ~ o c ~ t r  OtI It. 

b.5 ronsr .  rocnr  B m r r r m  snocm a r r r r  

- -- 10. PO. I. 
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S.kYPLE PROBLEM 3 OUTPUT (Cont ' d )  
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PAiYPLE PROBLEM 3 OUTPUT (Cont'd) 

: IS t m t t m  - CQII~ .IWT;-00 .~rrw-az .,orle.ol -. ..us-.? .oum -- S t  - . S m 1 - 0 7  I-. 
z-sz .mens.r  . I m - w n  m . r r w m w ~  .IW%--IJI 

. - - - .*.J.O.rn .-5CI.l .we..-w --- ---- -.--- - - 

I I m  ImICm - C a I I m  .1*2S2*00 . I b W m 8 Y  . I e l l p * O I  - . N O I S I T  .WQ .)11ml- -.slScl.9? 1 
- 1 ~ ~ 1  .1WrR- 

-- - 
.*seo.om .msao.cr -m=- -- - -- - 

J t,-~sr~m - c o w ~ m  . m r ¶ a . m  .I.*--@ .IOIQ*OI - s -  .earn - .s11***m -.SMl.O1 I . ~ - . I & T O 1 - 7 . l ~ - O T ; r F T f r - ~  . .I 1-3--01 
-- -- 

.bbl9-0. .PS.O.PI .808*-0Y 

I I. 1.1tm - c a I r 1 m  .YIZlm.m * w  .10I*).OI -.*..Ys*. .- - - .sII*?- - .s isnr .o~ I 
- 6  .rnrn-~ . e ~ r r r r ~  .>r.le-w .I- -- . -  ... Jm.08 .Y.SW.F --In..-w - ------ 

z I? t m r c o  - c a r l m  .1).4*1m . ~ e m - @  .ta~w-rt -.*.~?~-or .nror .~~:*?.en -.IMP.~? I 
01.S1.ln .Ib~.S'u- .I.Tnll :b-- 

. a b s o o * w  . r s m - o b  . . e - m z ?  
~ --- -- 

2 I -J~Ic~. - -Q~I~  ---. ZUI*:W .lb?*m-m? . l ~ l c p . o t  -.NSYS-07 .mom S I  - . S M l - O ~ - J -  - 
. @ 1 . 1 2 . 1 2 . i 1  I Y I  .ml----~- 

- - ..*I.O.om .Z.I"O.0. .*¶.Q-OY -- 
. S l l * ? . C  -.SnOI.OI I . L -YZ-~m~tm-:-c.wt~m--.~~~Qe*w I -  .~otm.o: -.nrn-a+ -7- --3rmar .--.- . I n -  - - I  - - . .n 

- .  - - - - - .-r-*- - -. -. . -- .yv'-*o- . -8"8"-* - -. - - . _ - - - -- -- - -- - -. 
---- S O . C ~ S ~ I C  rtm a m a t v s ~ s  ~ I S  IU L O C ~ C O ~ I S ~ I L L ~  =UL~BLC Y~OCI CWUW* ..(Ic**- 

c.sr mo,. .-a- _ - . -. - -  * ' E L - - - .  ..- 

-5s-q- - - ~ y ~ t r t  =?-el - - - --- - .- -- - - . -- - - .. 
11.c . O l m *  e I C . l * ~ C I m f  m r L 1 ~ 1 1  t m r w w v  r r ~ w l t v  o n  11. -- r a c  -m m c m s l r r  - li=FXm-. I- 

?.. -. .- - ' 2  - -  se-- -- - 
? 2 1  I m l t m  - C m r l m  .37!'1.01 .1b7*8-01 .101m.01 - - W I Y S - O ?  .OQ09 -- --- ---. - ---- I 1  -.SI501.0T I 

a - 1 - - 0 ; C l l l i i P m  .1,.10-w . 1 w v - - -  -- - - 
-- .b*slg.om . ~ W O O - ~  .mm--oy 

z .w I m r c m  . c a l l m  .1.9U.W . l b l *8 -OZ  .101tW.01 - 4  .- 
~ 

S I T  -.snsr-ol- I- _ 
m m - i n  - - . ~ u r ~ ~ l ~ l v ~ - ~ ~ - - -  -' 

..rsoc-a- . y *sw-oa  .me**-OY - ---- ---- - 
? zs l m t p  - C O ~ T I ~  .1:1=1.~ . Ib1*8 -W .IOI~W.OI -.*.0zs41 . o m  .SII-~.P -.5ls*r-07 I 

.#IVV.IJZ . ~ e . r s w m  . m r v w - S I  .~7.7*.8- .S)VIO*W .II-~-.IJI 

- -- -- --- .s.tw.oe . z y 5 u i t w  .-0.r-02 - - .- 
2 n t r r r e  - c o m r l m  .sro?b.w .cb?mm-oZ . Io~oo-ol  - 0 -  .OW00 - - . -- - .- - - - - .Sll.l.* -.S7So~~tl-. 1.- 

.rl*vz.ey . b C ~ I l ~ ~ - m ~  - . o m  .I 1w~e.01 - ..*sno.gm .t.~on.om .w=a-oa 

z Y V  IWCD - C W V I ~  . ~ n s m . m  .~rn*st .IOIW.OI - o r  :mmm. . 
.S11*1.a -.ITSF?.Ol I -- 

.~I*~Z*IJZ .~e r . x *w  .IO~--UI .i-o* ISVIO 0- -II-I..WI 

~ --- -6-• .?*SQO.F -.08*-0Y - .. 
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MSc-HBEC TR D867400-I11 
SAMPLE PROBLEX 3 OUTPUT (contnd) 

-* 8 rrrL :~p-m:m- .- -- .tous.0 .I..C3.01 -mmo -- .snrr.a -.rv50r-o. s - - -. - - - - - .- . 
- . 'nr. l .r-:tU.I+-  - 1 ; n . r r i . .  .- -mm -11-..-8 - .bay..- .m**z9. .CIZ*I*Oo .- I ..LL - cO.11. .--8-88 A-52-81- .Il...Yt .rs#b1..2 .- - --- -- - a - ....n9. 2 1 . n 1  . 
. m r - v z  .YSIW=VY --=am - 1 5 1 ~ ? 0 ~  -II*I--I 
.bU1-- . Z : J ~ * ~  .Olbm*Ol . - . . - -. . . - - - - -- - . -- - - - - - -- - - - - - - - -- - 

- r m  r-I 
--M.UQ. .W .BoQ. --2WlU*¶ -OmW . ) . r l .OS . . - - - -- -- - - - -- - ---- - - .. --A- - -- -. ---- --- -- -. - - - - - - . - . . 

o : matt - C~QII?  -.0989 . tm*aa  .I-S~.OI ..01. ..ra - - . I S ~ V -  -.rnn~.mv s 
: .11.5-m 

- -- -- 
- .bCIW-W .mN-e .114.01 

s o 3  - colrcm.-- .e.rr*-oe I . I T . ~ . O I  .mzur-w em .om*- - . r~vroy- -*.- 
. - e  - - - I . r m r ~ ~ . n l . . . r s m - -  - 
.b*c-m . r m r * c  . a m ~ * o ~  . - . - - - - - - - - .- - -- - - - - - - ----- 

~ S M  ricemmrra s r r r s  
r m r .  6-v ICOI wtr. a ~ r *  IY 

-.m*1-a1 .- - - - e E . -  ------.- - -  . m e 3  -- - 

.-- lee w- I. --- - ~ -  
-I? I UUL -C0811* -0IOB -101?9-.) -5bbCS.01 .- .OIQ .:-n:-m -.S~SOS*O~ 2 - -  

-1-m 5 1 ~ m  -18WS.s. - 3 W . M  -1Z88W.al 
.s5bm-o. . 2 1 a -  .l#8.0*0r 

I-! u u ~ ~ ~ c a ~ - . . ~ w - o 1  .-*a*-01 .*ZWI*OI .sbs??:o~ -OOOOE .1er18-m -.S*SO~:~? . 
;I-VT--.mmT-.WolO~ .I---m .S*.H*WU . I Z ~ T S - O I  
.s-*r-m .11aa1.03 -11b~5.m - -------- ------------- -- 

WCSYC : m v c ~ r ~ ~ w  n s a v r  
m c  1 rm.tr. 

-- -.*mra-oe .- --- .w -.ra~*a*os .*ma - 
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. -- 'I" --1n1-=3l?P_ -. - -- - . . . - - _. - - -- - -- - - - .- - .  - - 
L I ~  w a n t  O U ~ I *  - D C C I ~  m . tarts catmu. .CCOOIV a n  I: 

.l'. 

Ier - z ImttO - coat18 .?$n?.C. .IoIm.O? .Sbft.*Ol -.I)b.)-lal -0- - .--- I -.~-WWO_r-_?_- 
. I ~ a ~ n . 1 = m - . T - ~ ~  

~- .- .SSII..C .zm..-02 .I?*rr.oc -- 

I** B I a n *  - c r t r *  . * e r n . ~  .IOISO.OZ S O  -.ar*ls-a .- .IS?*?..I -.SISnI.*t ? 
1"SW.W .*.).>.W .1.1s.-w. .I.W..-U8 .).HI-w .Ill.V.Vl 

.S?aW.Oa .Z-**a.OZ .08*1*OJ 

1.. . ImIf* - CQlI. .883*).00 .IOIIO.0t .S~D10-01 S I - I  .WOW --- I * .  ..S.SOl.OI ? 
I~*WO.F. .s*w*w .Izrm*om 

.SW-.O. . 2 m ~ . ~ z  .17ru*rn 

I.. s IIIC* - w n t n  .en*i*oe . lo ln*oz  . S - I T V ~ I  . s n t * e  .ano -- .lUO8*09 -.SVSO7*9I ? - 
10&11*91 .7.*U.w -185--9. -1I828.OI .J*bbb.08 -lZl%*.Lll 

--- .582W*Oa .2.0aa-01 . tmn*os  
.-A - -  

18. 8 18no - c a u n  . ~ e t t * * o ~  .IOI?..U .ss..r.o~ . t l r t r -o l  .- .IS~?*.- - . r r sn~-nr  r . . . . 
.- . : ."* a-- - 

I** 0 I.IC0 - CWIlm .?@?b1.01 .DOOOI . I \ O ~ I  .OS -.57IOl*Ot ? 
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S-QIPLE PROBLEM 3 OUTPUT (Cont ' d 
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SAMPLE PROBLE?! 3 OUTPUT (Concluded) 

SWILDV 0: s 1 a m o * e o  ~ m t  v c o w I C L n  cwc ~ m e u r  o a r s  uwtcu was OUIV'J1 om r n ~ r  I. - - - . - - - - -. - - . . - . . - -. . - - . . . - - . . - - - - . - - -~ -- - 

-- 
C W O r r  I -- 

- 
~ ~ r l i l 3 F ~ ~ u r ~  - .r *,n.n7 - - - -  - 
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8.4 SAMPLE PROBLEM 4  - SPACE SHUTTLE HIGH PERFORMANCE MOTOR (HPM) 

The two S p a c e  S h u t t l e  High Per formance  Motors  (HPMs) p r o v i d e  a p p r o x i -  

m a t e l y  3 m i l l i o n  pounds o f  t h r u s t  e a c h  t o  t h e  S p a c e  S h u t t l e  v e h i c l e  d u r i n g  

i t s  i n i t i a l  a s c e n t .  The HPMs a r e  s o l i d  r o c k e t  m o t o r s  which b u r n  a n  alum- 

i n i z e d  s o l i d  p r o p e l l a n t .  The HPM m o t o r  h a s  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

T h r o a t  R a d i u s  2.244167 f t  
Area R a t i o  7.72 
P r o p e l l a n t  S e e  case 4  o f  S e c t i o n  4  
Chamber P r e s s u r e  S e e  F i g .  8-8 
Nozz le  C o n t o u r  S e e  T a b l e  8-3 

The g e o m e t r y  f o r  t h e  n o z z l e  c o n t o u r  was g e n e r a t e d  f rom t h e  t a b u l a t e d  c o n t o u r  

p o i n t s  ( T a b l e  8-3) i n  t h e  same manner a s  t h e  RCS a n d  v e r n i e r  e n g i n e s .  The 

u p s t r e a m  a n d  downstream t h r o a t  r a d i i  o f  c u r v a t u r e  were  d e t e r m i n e d  f rom t h e  

t a b u l a t e d  c o n t o u r  t o  be 1.15 and  0.5 t h r o a t  r a d i i ,  r e s p e c t i v e l y .  The i n l e t  

a n g l e  was c h o s e n  t o  b e  42 d e g  b a s e d  o n  t h e  c o n t o u r  and  t h e  n o z z l e  a t t a c h  

a i l g l e  was 24.6 deg .  These  d a t a  were r e q u i r e d  a s  i n p u t  f o r  t h e  t r a n s o n i c  

module. 

The e q u i l i b r i u d f r o z e n  c h e m i s t r y  u s e d  t o  p e r f o r m  t h e  c a l c u l a t i o n  is  

shown i n  Sample Case 4 of  S e c t i o n  4.  

The two-phase d a t a  f o r  t h i s  c a s e  were  o b t a i n e d  f rom t h e  recommended 

d a t a  o f  S e c t i o n  7 o f  t h i s  r e p o r t ,  The mean p a r t i c l e  s i z e  was based  o n  t h e  

c o r r e l a t i o n  w i t h  t h r o a t  s i z e  a n d  t h e  d i s t r i b u t i o n  o f  s i z e  was based o n  a  s i x  

p a r t i c l e  normal  t y p e  d i s t r i b u t i o n .  The p a r t i c l e  e q u a t i o n  o f  s t a t e  was t h e  

i d e a l  g a s  a p p r o x i m a t i o n  f o r  A1203.  

T h i s  p a r t i c u l a r  c a s e  s o l v e d  t h e  n o z z l e  f l o w  f i e l d  o n l y  and g e n e r a t e d  

e x i t  p l a n e  i n v i s c i d  s t a r t  l i n e s  f o r  t h e  SPF c o d e  and a  RAMP2F r e s t a r t .  T h i s  

c a s e  c o u l d  be r e s t a r t e d  a t  t h e  e x i t  p l a n e  w i t h  t h e  RAMP2F s t a r t  l i n e  s o  t h a t  

a  plume c o u l d  b e  c a l c u l a t e d .  
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0 20 40 60 80 100 120 140 

Time ( s e c )  

Fig. 8-8 S p a c e  S h u t t l e  HPM Chamber P r e s s u r e  Time H i s t o r y  
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Table 8-3 SPACE SHUTTLE HIGH PERFORMANCE MOTOR (HPM) 
NOZZLE COORDINATES 

ln l e  t - 
X (in. Y (in.) 

42.700 
42.000 
41.050 
39.930 
37 .850 
36.750 
35.424 
33.820 
33.036 
32.269 
31.470 
30.955 
30.490 
30.064 
29.670 
29.310 
28.975 
28.625 
28.300 
28.000 
27.700 
27.400 
27.290 
27.145 
27.035 
26.960 
26.930 Throat 

Ex i t  - 
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SAMPLE PROBLEM 4 OUTPUT 
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.- --- 
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SAMPLE PROBLEM 4 OUTPIIT (Cont 'd) 

~UVLY>UNIC #,I,. ANALI$I% u h I 1 . b  L u r b M i f u - ~ i , m r : v I L L r  r u  IPLL s . .ocn c o m v u t t r  r u u b c r n  
* . ' - v . * ' l ~  -'UIYII.* --- 

- &,4 NU. I : ,  V1L.I L 
-. -- 
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. P ~ C I I L L L  I ~ R P L S A I U I L - L ~ I H A I ~ I  t # o i r  -- - . . . 
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- .  
ORIGtNAL PnL- 1 5  

OF POOR Q L ~ A L ~ ~  
USC-HREC TR W67400-111 

SAYPLE PROBLE?I 4 OUTPUT (Cont'd) 
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SAMPLE PROBLEH 4 OUTPUT (Cont'd) 
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SAnPLE PROBLEX 4 OUTPUT (Cont ' d )  
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ORiGrNAL PP.ZE 15 
OF POOR QUALITY 

SAMPLE PROBLEX 4 OUTPUT (Concluded) 
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8.5 SAMPLE PROBLEM 5 - SECOND STAGE IUS MOTOR 

The second s t a g e  I n t e r i m  Upper S tage  (IUS) motor is  used a s  p a r t  of t h e  

v e h i c l e  which p rope l s  payloads from a low e a r t h  o r b i t  t o  a geosynchronous 

o r b i t .  The second s t a g e  motor is  a s o l i d  p r o p e l l a n t  motor producing a n  

average of 17,300 l b f  of t h r u s t .  The nozzle  is contoured w i t h  a n  a r e a  r a t i o  

of  49.3:l without t h e  extendable  s e c t i o n  and 181.1:l wi th  t h e  extension.  

The area r a t i o  of 49.3:l geometry was used f o r  t h i s  demonstra t ion case .  A 

summary of t h e  c h a r a c t e r i s t i c s  of t h e  motor is: 

Tnroat Radius .17529 f t 

Area R a t i o  49.3:l 

P rope l l an t  HTPB:AP:Al 

Chamber Pressure  800 (chosen t o  correspond 
t o  chamber p r e s s u r e  two-thirds 
t h e  way through burn) 

Nozzle Contour 2 C i r c u l a r  Arcs. 

The p o t e n t i a l  uses  of t h e  IUS plume a r e  f o r  payload contamination,  

r a d i a t i o n  hea t ing  environments, and p o t e n t i a l  p a r t i c u l a t e  impingement on the  

Space S h u t t l e  v e h i c l e  dur ing  deployment. For t h e s e  reasons ,  t h e  boundary 

l a y e r  o p t i o n  was s e l e c t e d  s o  t h a t  t h e  plume backf lo r  r eg ion  could be 

c a l c u l a t e d .  

The IUS nozzle  geometry was represented wi th  two c i r c u l a r  a r c s .  The 

t h r o a t  r eg ion  is represen ted  wi th  a c i r c u l a r  a r c  t h a t  had a r a d i u s  o f  

.3505833 f t  and a n  o r i g i n  of x = 0,  r = .525875 f t .  The t h r o a t  region i s  

a p p l i e d  ou t  t o  a f low a n g l e  of 26.25 deg. Attached t o  t h e  t h r o a t  is  ano the r  

c i r c u l a r  a r c  whose r a d i u s  is  17.28712174 f t  and whose o r i g i n  i s  a t  x = 

7.79824555 f t ,  r = -15.2943622 f t .  The nozz le  e x i t  is a t  x = 2.7240833 f t  

a t  a f low ang le  of 17.069 deg. 
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The i n l e t  a n g l e  t o  t h e  t h r o a t  is chosen t o  be 30 deg and t h e  a p s t r t a m  

and downstream r a d i i  o f  c u r v a t u r e  is t a k e n  t o  be 2  t h r o a t  r a d i i .  The 

l i m i t i n g  nozz le  a n g l e  f o r  t h e  t r a n s o n i c  r e g i o n  was t aken  t o  be 20 deg. I t  

shou ld  have been 26.25 deg  b u t  h a s  no  e f f e c t  on t h e  t r a n s o n i c  s o l u t i o n  a s  

long as t h e  t r a n s o n i c  c a l c u l a t i o n  c a n  l o c a t e  t h e  nozz le  w a l l  Mach number f o r  

t h e  s t a r t l i n e  b e f o r e  t h e  f low expands t o  20 deg. 

The e q u i l i b r i u m l f r o z e n  chemis t ry  o p t i o n  was s e l e c t e d  f o r  t h i s  case .  

t h e  chemis t ry  was f r o z e n  a t  a chamber / loca l  p r e s s u r e  r a t i o  o f  5. S o l i d  

motors  o f  t h i s  t ype  t y p i c a l l y  f r e e z e  t h e  dominant s p e c i e s  a t  r e l a t i v e l y  low 

p r e s s u r e  r a t i o s .  A l i s t i n g  o f  t h e  i n p u t  d a t a  f o r  t h e  IUS TRAN72 c a l c u l a t i o n  

f o l l o w s  t h i s  d i s c u s s i o n .  

The i d e a l  approximat ion  of t h e  A 1 2 0 3  e q u a t i o n  of  s t a t e  was t aken  

from S e c t i o n  7.1.3.4. The p a r t i c l e  s i z e  and d i s t r i b u t i o n s  were t a k e n  from 

Ref. 36. 

The nozz le  boundary l a y e r  s o l u t i o n  was g e n e r a t e d  assuming a w a l l  s t e a d y  

state ene rgy  ba l ance  w i t h  t h e  b u i l t  i n  h e a t  o f  f u s i o n  f o r  t y p i c a l  s o l i d  

mat 9r w a l l  materials. 

T h i s  p a r t i c u l a r  c a s e  p r e d i c t s  t h a t  t h e  1.15 micron r a d i u s  p a r t i c l e s  

p e n e t r a t e  t h e  boundary l a y e r .  A summary of  t h e  p a r t i c l e  p r o p e r t i e s  i n  t h e  

boundary l a y e r  is con ta ined  i c  t h e  sample p r i n t o u t  f o r  t h i s  case. Addi- 

t i o n a l l y ,  t h e  f r e e  molecu la r  o p t i o n  was s e l e c t e d  f o r  t h i s  ca se .  The char-  

a c t e r i s t i c  l e n g t h  used i n  de t e rmin ing  t h e  Knudsen number was t h e  e x i t  r a d i u s  

(1.2314 f t )  of  t h e  motor. 
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SAMPLE PROBLEM 5 OUTPUT 
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SAMPLE PROBLEM 5 OUTPUT (Cont ' d 
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-. UPC*)IOIIL I L I m  UUIIII USIDS IY  IOC.wla-*U111111r mu 1 l P l l  YOCL.cUbUILs raeGak- - - - - -  
r.a.-earrr l  I ?IF" t n t u r ~ n n  

C~SI  no. o . PM b t  

L I W O I I I -  -LC---I-- - - P. - .. . -..L - . J . .  1 . e l L C L I I I  .w-IOl& I l C  
Lacu b l . i f  l V r S 1 U r  s t  11wCDa11~m1 bbf (wll. l o r a t  cam-b WPr. anr.lf 

re. PC* 
.*.IlCLl " i t i  - - s- 

~ t c  IL *OIRI KIC*~PI~O~ v . . IWI~  . 4 - 1  C W ~ N L L P V  o r m s ~ t v  1 t a t a . 1 ~ 1  

s w r o s E L c  *LOU mfiv=.l-s u ~ I ~ ~ ~ o ~ ~ ~ ~ o - ~ I ~ v ~ ~ L ~ ~ ~ I ~ . ~ ~ . ~ ~ ~ ~ ~  c o u r u ~ t ~ . ~ ~ o m ~ . .  . 
S~~-*~DIICI I  r r o v  ~ o t u t t n *  

- - .  

- . --. ~. .-- t b p - 0 .  0. r a c r  av 

-. ~ r c o l a ~ t a r ~ . r u ~  w m r r r t r r r . . ~ ~ e - ~ - s ~ a  _ _~ - . .  . . - 
~ l r  p ~ ~ ~ ~ c a r p  - -=~wL--II 2.- IWI. PW. -wL.oc~~:-- p - r ~ ~ a ~  I.P -.. 

wacr a n a t  mrs-wt n t n l t *  r t w o a r ~ f  ~ a s  t on r r .  rocah ra-re wc*r anr.tr 
I".. . - -  - -  w. 

- 3 . x - -  - .. . s * -  

s r r t ~ r  r o l v r  .ot*cej~rjow - I - . .  . 1 ~ ~ 1 . .  o w c n r n a i ~ v  @ t n I ? l v  t r r r c w ~ r ~ o ~  

I--I.--~O ..i-~~--. c w ~ t ~ . .  .. J~*II.L.~IZ_W~P.OI . g s b ~ : o ~  . . _.ILO?.-~_ .SII.OY .. . ~ r : c - : o ~  _ ..zal%*.r- ! 
.I 1Ol I* I?  ..010b.01 .j.1 IS-08 .ITo%t.Ob -2bbI?-O. . l I ~ 5 I - O l  

,.o-,i cLr-6, .- . .%. ll*.O.-- _-.a Ybn7.02 .lslbO.Oa 

-n e a o r l c ~ r ~ - b m r - r o r s c ~  a t  t u t r  e n t - r -  - -  . . -. - - - . - . . . . - - - - . . - - - . . - ---.--------------------------..--.---------------.------------------------------------------------------------------------------ 
- ----- 
I : *I e b I I  - CQ11n .1?111.01 . i??a1-01 .*1lbS.01 .IlCf.*.O? .1*2*1-01 .IO5~brO5 .l*b.I.Oa 1 

.- .. . . . . - . - - . - -- .!l?qO.O<-- -.lV~?*.Ol .5a*tb-O* .IOlll.O* .ZbblZ*o* . I l a * o ~ o l  
.53~n#-oa .r3obe.oz .~bb?b.?a 

n;'::::::i:trisrrTi-IiGi- fi-ii,i\ i G w i  --.--- -------------_-------------.---------------.--------------------------.----------------.-------.--------------------.----- - - - - - -  .-- - . . - . ~ ~. . - - 
1-1 . -2 -9-11- -.L(*II*_ .IZJI.*QI . .ZTZ*~.PI .u*am.o~ .ZID?Z*O~ .1~1-2.01 .tor-*SO< .:-ba~.n. I 

.l>#TI.O? 1 ..n?*-oa .i5O*I.OO .?bbl?.n* .I1Sc*.Ol 

+ & b f 1 c ~ c  n i i e  - - - .5fola*a? . .YI?V~-O: .ns?nt.o* 

.00-9e'11~Z~ * ° C ~ ~ ~ l ! - " - ' I ? I ~ ~ . * " l ~ L  -. - .. .- - -. ~ . -  . . .  . . -  --.-------------------------------.---.--..-------------------------------------------------.-.---.----------------------------.- 
1- i  -I R i i : C T c i m . T i l  o . .ar..5.0~ o .ro?-i.u? .~r*.*-o% .r*r.t.rm v 

. . . . -- -- -~.  - 1  l!?*.02 -b**bI.W .?b@**-O* .I** ia.O* -26bl2.0. .I 150b.01 

r a o l t r i r  para 
.5.31L.Ca .il53b.b? .Obe57.0. 

. 
no c a o r t t r r s  nor v o r ~ u t  a *  r u t s  e n t n t  

- . .. - . - -~ - -  ~ - -  -. . .  . -- . -------------------------------.-----------------------------.--.--.---.----.--------------------------------..-.---------------- . ~. .- 

1.1 **  ' 9 V - C - C  11U .1?3)**01. . .Z12.t*01 .I)i90.01 .SI*?#*O? -1*;*2.01 .11112.05 .?*b...P. 1 

-1P118.01 .lIOmI.OP +1*?5*-0* .IlO*0.0. .?C&l?.O. .1*1.b-nl 

~ ~ * I I C L ~  nara 
--5J37O00* -I!Z~?LI'Q?--..l.0*1b2PS.- .- ---- - - - -- 

-n * r o r t t t t s - r v  ~O~SCIII.BI r w i r  r n t w  - . .. . . .  - .  -----------------------.----------------------------.-------.----------.-..-.--..---.---------------------*-----------.---------- 
I*! - - c I . * l o ~  .$-aio.ol . r r ~ r j . o l  .I.?.?.o) . ~ l l r l . o ,  .:*~.~.on r - .* 1 .. . ~ ~ 1 * b . o 9 0 -  -. .JOOI ~ .o*_._  ..zrr~z.u- . .I ?r- ) .o~_ 

.IPl lCLt *.I* 
.%1-.).*0* .@OC'?.UI . l? I l? .n< 

be ~ ~ o ~ ~ l r ~ ~ ~  a01 r a f s t " l  ,T 1 w . s  F P , . ~  - ~ . - - - - . - - - - - - - - . - -__~- - - - - - - - - - - - - - - - - . - - - - - - - - - - - - . . * . . . . . . .___ .__ .__ .__ ._ .____-~-~ .~  - . . . . . - - . - . . 
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SAMPLE PROBLEH 5 OUTPUT (Cont'd) 

- - - - -- - - - - - - -- - - - - - - . - -- - . . 
~ 0 1 m 1  SPCCIC U S ~ I I S ~ C B  v t v * t s t c ~  ~ % n s i i v ~ i i i c c ~ ~  - + t o t ?  m i  . - -  

-- -- 3 . . - - . t  .21).v - .0000 . .~ .7V.B-C? .Zzl?.D. 
7 7 0  .nom Y - 0  .?J?trM ------ -L-__JL.uLWI..~~~P. -- ---: I~*.-o?- ..rf JMPOL --. . - .- -. --. 

1 . *7Ll .a  .I*b).OY I .?YYl.O* 
Z L - r l l ) l * m  .1*52*01 0 .132?.0. 

1 .*.:*.Pa .1101.01 -1120-om .?JI..C* 
. - - . - . .- 5 - -.-._-I-. - _-r:to+o-_. . * I  l . 7 .zzza.o- 

1 7 . ? l v . w  . ~ * m - o ~  . rr t?-o-  . r t t t . m  
1 3 ......n~ 2bcl.PI .lx11-0. . -,IW a. 

I .CYW*O. .*.C..Ol * I -  .?7!..0. 
. - .- .. - . . : .- -713?*0* . Y O  5 7 %  .?r:r.oo . 9 .e#In*O8 .1*17.01 . t 1 0 0 - ~ .  .#y<%.n- 

-. - . ~ n 1 1 1 3 * - .  _.SO@?*OY .?*3.:05 .7701.0* 
7 +??hZ.O* .**70.03 .***n-OS .:I?r.b. 

1 1 .bns7.0. . % m L - . l o m * - o *  - ~ l J ? P g -  
b I .IY?2.0* b .7*??-O* .7l*S.u0 -- 

. . ..- - - -r z--_ . ~ r : o * .  .. . ? z r r - o l  s - o  .71:1.0* 
C 9 .L@.b.88 .hSIq.L~ .1L-O-0. .73s0.0. 
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SAYPLE PROBLEM 5 OUTPLIT (Cont ' d  1 

- -  - - - -  
11-C r P  ..I1 5 1 1 1 l C  D(.%llV 

~ l m b r *  . - - .- ~ W Z L *  . r q s s m  
f r t v  a c i  m r l m - a  11- t n n ~  

. l . . L *S -n I  2.1.r~c>- _..* i.:CL _ I . U Z ' L  * .so*-02 
1e.I:-f: * .W*- I lJ  ..*::-nl 1 -?08*?1  b.CY1-02 
: - I  .. *...I-$ - ..a* 2 -0 (  *.bt?.O~ s.C.5-7: 
*.I*.-*I ...b~.r~ ..Clm-CI C.*V*.PO .... C-": 
I ..IJ*-U~ a .  . ..~:I.oo ?.n?-n: 
I -.m.~.r~ I r. ..1-*0 ?.-?v-q< 
S,~U-EI .- ~ . M I : O J  ---.~*?-OL. Z.**J-P~ ~.rr:-q: 
..s*r-or o r  L O :  r..r..ro 1 . - -r-n? 
r . a w - n ~  r.:l.-01 e . r o ~ - a r  I I.:OW-rz 
*.*a*-'I l.M*'cll ..!c*-nl l - - ? ? - W  1.0:I-*: 
J :  :.*;J.'IJ 5 - 0 1  1.001.01) 0 . 112 -01  
I.a?-.rm . ~ . ; - C S  ... *'-*I m..e~-$t r. i?.-at 
I . I l @ - m  -L~O:-OL . *.+CL-VI-_ ? . L Z l r O I -  a . e - ~ - y ~  
1.?11." y.bW.01 ... 9-01 ..rm%-@l h.l:l-"l 

I U J .  2 . Z - o J  ...I.- i? r 5.~:.-01 
1.1*..- 2.a5r.Fl . . lOr-Ol  ... UW-p l  ~.L':l-Cl 
I.*@b.W :.18o*OJ * . J C l - 3  l -  r.590-CJ 
1 . 1 1 .  :..L..P' ..1.?-OI I.-:-,-?. ..>:*--3 

_I.bbl'ZM - 2 d b l ' Z J - _  * A i l - P I  - - 1 . U t - D L  1.VIC-CJ I.I.I.')~ ?.mm.c~ ..TO.-CI *.I~.-PI 1. r -a-n)  
I.***-n . . i.15~-OJ . . -.:VZ-OI I -  ~..a,-os I-*.I.~ 7.11~.171 - . ? r b - m ~  Y-*.--FI I.I**-VV 
:.oJ2'PO .Z.O?S-JJ -.:bl-oI. 2.a.e-CA !.UlS-OJ 
I ?.C9*-01 ..?**-*I 7 : - 0  ..95b-*J 

- 1 - i l ~ s 9  - -LD~I)&-&Js-~L- u - P L  -du-'1~ 
? - * O Z . F  I - * I  I 1.**>-n l  >.Sm*-01 
Z . J * I - 30  . 1.9.2.Ol . * . IL I 'C l  I..7b-C1 :.*lb-oJ 
-..*n.~ I.*I.-P% *..-pt-nl I.??-01 :.1?1-9~ 
:.s?D'?U I.C#?.CJ. U.190-31 .. 1 . & 7 ? - ~ 1  2,216-QJ 
-.*I..V I.Pb..P) ..lmI'CI I.%..-Ct 7 .191-11 

U 1 I UJIOL -- -6-flJ 
?.m~r.-c I : I C J  ..~.e-n~ I -  7 . p a - t ~ ~  
2.*2b010 - - - LBO1 .01  . *.IS&-L'J -. 1 . J91 -a l  1.905-3J 

.. . - ~ -  

n c n c l ? .  r m r u a ~ m .  

- i f ,  C I I *  
- q rPB2.S J - Lll:.o+ 

.*JI.C, ... no-n, 
r . - 0 5 - n t  r . b - r - oz  
1.1?1."1 1.VIT.J: 
I . b I I . 01  I. v:o-n1 
..l**.O* -Ir7...C? 
r...r-o)  or.^:. -. ?l*.Cl -1.q*:.r2 
r.*b*.nr -...n 1.c; 
..15*."* -.. *a:.r; 
*.!:*.CJ - ' .S l b rO i  ... lI7.PY -b.OIv.Oi ~- 9 . % * l W J  4.5Ja-2: 
8. L...OJ -C .a*.. C I  
9. '...L'Y -?.ll*.": 
...*..Dl -1 .,..- 01 
e.*SS.OJ -T.*Sl-C: 
I.?O?.-. -m.?n.o? 
1.POC.O. - I . l l l - c z ~  
I.OI..P. -m.b-m.nz 
I . r ' l * ~ O *  -*..W'd 
I.n>a.o. - o . o+8 -~?  
I.02@.0. -*.?rI.O: 
1.n~7.r. -..0:*.?? - I-nlb.C. - -:*-Ir..nZ 
I.OI..?. - q . r ~ ~ . n z  
1.b.l-0. -..lJs-o: 
a .n%.oa - * . v r ~ - n z  
I.L*T*O. -1.00b.cI 
~ . n w - o .  - s . n l r . r r  

- J-cs2.nA-----nJ 
1.P50.o~ -1.mJ.-CJ 
1.rU.O. -1.O.Z.CI 
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SAMPLE PROBLEM 5 OUTPUT (Cont'd) 

-*.I 1.a.s w11 ( m u %  C~CUI-C. C O * @ - L T ~ * S  c1c-t-1.1 - o s r  mam*rrm r * c r r i c t f m r \ .  
. - - . T9Lf L. LOU G ~ M H L & L ~ U U Y L . I L L  JEm- . . . W._ LO(I - - 

r :  I I  eo. rrmm 60% c r u -  rov.1 r a r  
*.)-r-n I,:-1-0. n.c= C.OP c . m  6.000 
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SAMPLE PROBLEM 5 OUTPUT (Cont'd) 
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SAMPLE PROBLEM 5 OUTPUT (Cont'd) 
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SAMPLE PROBLEM 5 OUTPUT (Cont'd) 
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SAHPLE PROBLEM 5 OUTPUT (Cont ' d )  
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SAMPLE PROBLEM 5 OUTPUT (Contnd) 

-------- -.---.---- 
-~I@o 01 CUI~~C~CVIS?IC~ r.11 maw s r a ~ r ~ ~ u c  ersco o r  wars r i o u  r r r 8 r t c o  Immcoovur*1c V-orrDltrS 

. -  _ ._ . - .  . - . .. . 

. - . .- -. .ma. wC.UUaus ta l  .: .~'>cw.os . . . -  
tOlaL ~ I I C C I I ~ ~ M C I D I  .L~W'I.OI 

.- _- - ~ r ~ ~ ~ l c n w - a r l l o  - - ~ m ~ - a r  - .. ..- -- 
WlCr.l i lD 5& ICY1 - .l#bSS*O? 

- ._ . ~ ~ I ~ - ~ ~ o I u s I . D ~ . ~ x ~ I  --. - .I~II+>OI . - .  ~. -. 

. . . . P I - -  .- - 1.-P~CUJIUIIPCP. ~LOY.AULU . -. LUILOI~ . IC~IL c u r n r e r  
lOr01 tVl**?lSCC**ZlDl I1  1**2lIIC*.?l 

--. 
.ooonn .OOWO .zq1ra*01 .wnon .zb5n..om .*?101rnm 

- .  .. ~. -o?~J~oI.... - . O O W O  - .zseva.o~ .VVVIS.OO _ . .?rul  PO. . L ~ Y ? C  .m 
.*5its-01 .ooaoo .7**1~.01 .r*orn.nl .zh~?o-or  .rt!bm.cm 

.. . ~~ .~.r?r.oo . _--. ooooo -. __ .zbpoa.oj.. _. .zoosr-ol .z~a!u*o. . b i a ~ s . ~  
.l*oeb.oO .OonOO .zhtl5.01 .lv*bb.01 .zs5>1~0m .b l@?~.o l  
23n1P+W -QwZb:;:: - - A ~ L - L U U * O L - - U I l l c * L - - -  

.?~s,I*w .OOWO .%v*~v.oI .z*r?v.om .b tbz~ .~b  
. . I ! U s o W  -- ..QOW.-- .Zb$oZ.Ol.~ .bPb%P.OI. _ .>u)IO*Om . .b1101*01. ._ 

.310*5.00 .OOWn .Zbb?I.Ol .?*lJS*Ol .211?0*0. . b l ~ a l - W  
. .- - .>p_z?*oo . . ~. .ooooo - .- .2.11.*~'. .. .8L.O8.@1. .21%?1*0* ... .bln.a*Oa - .  

.5vbl*.@J .COW0 .Zb??1.01 .V1qIS.01 .?VlbO.O* .b11VZ*01 

. s m & n n - d a s a l a .  * Z U ~ ~ s l o I 1 Z l O t ~ ~ O ¶ ~ ~ m . 9 ~ 0 *  - --- 

.s~I-~.w . ~ o m ~  .2s201-01 . ~ ~ n ~ n + a z  .~nz-,.om .*abrr.oa 
- - . 5 0  ,000~) - . . .zvbo.*o1 - . .IZY~S*O? _ .alr**.o. .b*.*m*oa. . 

.bl*O5.CC .OOOOo .lCSm.01 .12Lb%r01 .10*1*-0a .10010.C~ - A - . - - - -.. . . - . . . .bbbb1.00 _ - -.~0000- -3IwS3.0& .- .11b1?.02 1 1 7 0 1  ,?Ob21.01 .. . ?I*?..oo .oon00 .)IO*J.OI .~myon+~z  .S~VO,.OI . ? o o r r * o ~  
. , . r r c l . L . a P m ~ . . l j # L ' P L  - - J I P L O . Q L - . l . Q L l ~ l * * . ' o .  . . - . - - - - - -- . . - 

.?*o-o.FF .noeon .I~*IJ.OI .IS=UI.OZ -.III~Z.O? . 1 2 ? ? ~ . ~ e  
. .  - . -- .-.. a o * ~ r r c o  -.. ..oows . . . .ISPbI.Ol . 1~roo.07 -.020.2.01. .~~o.J!c, - 

.I*ll*.OP .00WO .)Cbb~.Ol .1bll*.07 -.IZ2?1.0. .?)SZ**PI 
. . - . - - - - - . .*.o-16-co .. .ooooo .IWSI.OI .I~:Z~.O? .-.I~~.s.oI .~J*IL*OI. . 

.*521# .CO .00000 .*FJ*V.Ol .IbL%I.C? -.?010Z.0. . lb5.0.CI - . V ~ ~ I . W  .OQpcm_ t*.WoWllL - - . l W % p l _ - : ~ l l a D L . . Q ~ -  - .rllbi'nE .- - 

.*b81*.00 .00000 . 3 ~ ~ 1 1 * 0 1  .Ib*-?*O? -.?qZlb.O. .?S?l?rOl 
. .. w - a - . s o  . . ~ b v i o - q r  -.IIIIY-O-. . ? a l ~ ) - r a  

.en7?0.00 .noone . Z C I ~ ~ L ~ ~  I .L?VOZ.O~ . ~ ~ * s ~ . n a  
. _ ~_ _ - ._ - ._., vo.?r.on- - .oooo~ _ -  _ . .:Y~PSIOI . . .I~o.~.oz . .z*n~i.o.. .~L?*.I-o~ 

.**?VY.OO . O O O O ~  .llSN.01 .11n.1.02 .ebaor.om .~JIz-.o~ 

.VVO?O.UO .OD000 .l?-I. .IlN*.OZ .SSZtI.OU .Sb*lb.Oa 

.*O*SO.cn .00900 .1011b.o1 .110b1.0~ . ~ C O ~ J ~ O *  .s*?bw.va 
- -. - ._.*OwO.Ol. -700 A_-. >OJ?U~UI. _.1100Q:02 - .11001.0.. .@172.*Cs 
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LMSC-HREC TP- D867400-I11 

SAMPLE PROBLEM 5 OUTPUT (Cont'd) 

. . . . - . .  ~ W I J L ~ ~ U L ~ A O L  ~ISII.IL\IBC-IM~ LOCUICIQ-YYNIIIILU PULIIPLC snnu-.ut~..r- - -  
C ~ ~ - ~ I O I I C I C  r i n u  1011~110~ 

_ - . . . .. . .- . . CISL NO. 0 . . -  - . . . . -~PBGL. L1 

5CCOm JIWL I Y I . ~ L I P ~ L  V C Z I O P  P l U  -. . . . ~  ~ . -  - . . - . - . . . - -. - . 
untsnuu . n s c l u e ~ n c r ~ n t - -  s - . .. --A- - C ! a r u  ~ l u a ~ e ~ - -  ~ . . v u o r u ~  . _ a - r o ~ u -  .IL 

macn ~USIE Porssuet n rws r l v  I r -v fna?uo~ G a r   CON:^. LOCII GI-.. srnc* w r t r  
.- - -. - - - - . . 10. .. . PO* s* . - 

r i b r l l l r - n a r a  
~P*c I ;  POI*I o ~ ~ r o ~ + ' ~ ~ o w  .. 1 . .  tuctr o * ~ N I Y ~ L P I  o f * 5 l l v  trne(oarun( 

-J . A L . - U I P U t ~ 1 1 1 l Z J U * a L  .. rLU+I0ilJ - ~.-IOSOB.OL rL1Pb9_.OLU . r l f Z ? L * L -  ..>IJQI'O%- d11.01.0' - -I1 -- 
.I?:aI.OZ . I V I I O ~ U I  . ? * ? I % - O m  .J?V~%.O*  .?hSOZ*U* .I?h(r*.nl 

*ap,Il, , ,  . * J ? U  . .J~.oll.ol . .s??z?'o- 

m0 ~ a u r t c ~ t s  I@[ P D L S C * ~  b l ~ l ~ l ~  001~1.  _ - -. . ----.--.---------.-----------.------------.-----------------------------------.---------------------------------------------.---- 
GI: *ass r~au -o r i t . :  , ~ L ~ ~ J . O L  - ~L~~ICLL~LSI.IIDU-~I~L~:- . ..ZJ-~S.FZ _ ~ IWJRC * ~ s s . r ~ o u  D a r t  : - _  _ .~ IJ *O.~ :  

e b e l t r i r  *re:cw I O ~ E  IYIS 
- - - . -- - .- ..-~an~us- . L O ~ O I * ~ .  

.11500~01 . J 9 b I V . C ?  
. - . . . -- - . - -. - . . - .- - . ... 

.iooaO.o~ .it$n?.o? 
- ---- -- --- .- - -  - .~ - - - . - -- -. . . . -- - . 

.5%OPO.01 .J*l?1.07 

. ; o i i c ~ r ~ ) c e c r i i  T o i t ~ w i - < i r r i ; t \  i i ~ i w i  c i s  r- .-oo.r;o? PIP~ICI~ C~RCIUI L O ~ ~ : N G  ~ r l a ~ i v i  10 iur m : ~ i l * o t  r .f70nl.O: 
~ . .  .- - . ..- - 

~ L r u i u -  r w r ~ i ~ r r i o u  o c s u t i i - -  . 
-- - -- . ~~lrm- - -- .CO~SCJ..- _ . - - n e a ~ _ ~ r e  _ ..--. --. 

-.105s0~01 .OOCOO .UOOCO .?~is- .n3 
. . .. OCLf IC -__  FtLfVG. . .I00926 E C l f I P  O f L f v -  10007P 

.I-TI~.OS .noron .OOOP': .SRIJ*.F~ .onnno .nirnn 
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SAMPLE PROBLEM 5 OUTPUT (Cont ' d 1 

- - -~.. .---- 
n o  P r b l I ~ ~ e ~  b l  t r r s  P o l r f  .--.------__--------------.----------.---------------------------------------------------------------------------.---------.-...- 

-- -- to- on* s- - - - - - - - . - -. - - . - . . . - - - - - 
PavI1CLI  O I I h  

-2 - - L p -  , L p n U Y l h ( L 1 0 8  --AT*--- -3V*fiS*BI.. . 
2 I . f l l b * 1 . O I  .0000n . I 1 1 8 9 0 0 0  .*251-*08 .*bObe-PS .m lLe0.0. 
1 t r r n W * n -  nnnnn ..,s&.na. -an= I....-*. *--.------____--------------------...---.-.-----------------------------------------.---.---------------------.--.--------------- - - --.-- . - -  .- - -. . 

1 1  81 r D I r C 0  - ~ P C I  w .1 :~16*01  .?r211.01 . lem08*02 . 1 8 I l S * 0 1  .OOOW .qb l1* *08  .00300 1 - -- - A S . n l - L  , ~ V - a e - - - 1 S I I 1 L . O Z  AaA.UIO& -- .l&ufu.n- .- . - - 
P I O I I C L f  0.1. 

I 1mt- m n t r t  .-------*__---------------.-...--------------------------------..----*------------------.-.------------------------*---.---.---.. 
_ L P n I l n m a ~ ~ I W ~ r r  -lLUm-r*n%- ~ o * ~ - ~ d Z z J n ~ I ~ .  - .- . . -. . . 

1 s  ' 1  nun .r -- 

- I-. - I - .-.IIJLhlL.OL- -_rOOOOO -- - rZPaLe-OL - - .a1155 I * O L  . S O L I I - O C  - a IV IO?.OI  
? I .fn~bbv.om .nooun . ~ n a n t . n o  . m z $ ~ ~ . n n  ..an7 I -nr ..n#nn.n. 
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- - < n \ I r * P \ n * l l ~ I n r . u . l ~ ~ I n r l v . ~ L K I - P M L B A h ,  - -- - - 
CI<.P~I 1 1 c i r  r ~ o w  < o t u l l n M  

. . . CbLt no. 0 P u t  *I 

\ t r o m o  SI.L.C IUL IO:~LII~IU~I PC-.N) 0 ~ 1 ~  

,A& O O l U  D b C Y I C ~  ->-. 9 -., 1. - -  -- I n b I L -  -- - I M I P W .  .U~III r . t n ( r &  IIY 

4 r FII~II~OP~ PI ~\II. II-PIII~I~~~I I., . C ~ N \ I .  I n r r l  raw-*  \enc. 
10. r n *  s* 

0 * * 1 1 r i i  n r f r  
.PI C ' C  POIMI O~SCRIPIION 1 t w c ~ f i  II 14 CIIIHI~PI nru5111 I~IIPI III~IIFI 

--LC . - L Y U - C - . A O U U & & ~ @ I + P  .&eaz.9( ---d'.'"."L---.-LilZI.OL A W L - -  --21I.UU-- L - -  - 
I 0  . I 1 0 1  .t:OQb-O. ..0l305.08 .:bbll.O* .1301b.01 
.SLI5U.OI .lOVP0:~1 .IOOLJ.OS 

I ' I C I I ' I I  *,I. 
.n I I q z b * O @  -60000 .ZVl lO-01 .JI Iqa.OL . m P n l # - c ~  .loleo.Ce .! : . l .~~or .n*  .oonoo . ~ a r b \ . n o  .a>.~*.nn .o:t.rq-ns . -~ean.n* 

..-A. --I - - d ~ ~ ~ ~ l ~ ~ ~ . n n n n n . r r r * . n l r a b ~  - m W - n a  -~LL~..OI.-- .- ______________-____--------.--~-----.------..-*---------.------------------------------------------------------------------------ 
:C 7. r r r l e n  - I-rr m I :  .I~~I.*OI .I~.LO~.O: .I.IIS.OS .on000 .vei1v.oe . m o n o  I 

.J.lIlQ.UI I b J b  .QV72b-10 . .15110.02 -2b*S8*01 . (bb lO*Ol  - 

e r = I I c i r  0111  
nLcAR- P"1MPnlYl -- -- --- - -- .-____________-------*-.-*-.------------.-.*------.-..------------*-.--------------------------*--------------------------------- 

CONVIWUU~ BCLI*OOUN C R l l L U l A  Or .05 P L l  B L l l t l N  P O l l l l S  5 1  &NO. 51 11 19:..-- . 1 2 1 5 1 ~ 0 1  .21JJ5.nl . 

1 Ucd X I R L W I U  Hf iS PLCL YISCUtCO PY LINI SS PCImr rN POlWLS aO.LN0 -1 - . . - - 

. --- -ollulun..rnullr.'.UIULYLOWILe-- - 

. . .. . 

-- . t n  - . , p o n n n - . . . l r s l - n r d l l b a L  - - 
.?*I~IS.O. .nono0 . ~ a ~ s ~ . n o  .*702*.11e . O Z ? ~ Y - C S  ..I.(IC.OO 

I 1 . . . -. . . S O  .. .00900 - _... l C l i * o n  . . .*b3LI.C8 . C - C  ..218*.0. ~ - - ~ . . - ~ - _ _ _ _ _ - ~ ~ ~ ~ ~ - ~ ~ . ~ ~ - - - - - - - - - - - ~ - - . . . . . . . . . . - - -  --- 
. . . . - . . . . - - - -. . . . . ..- .. . ~ ~ 

; 7 1 1 ~  - r - .I:SLI.OI . : b ~ ~ l . n l  . l b e ~ n . o ?  .1.~75.01 .F?OOO . v ~ ? f v . @ -  enrnnn  I 
on%. t - t n  . l% l ln .n7  7h.\n.n- I ---- 

CIY71:lr I'.). 
LO P I P I l C L I \  191 F P L S l l l l  A1 IWlS POl1.l ----___.__-----.-- 
CDNI1hUUI RPLblOQbh C P l l l f i l A  C l  .O'> I'll P C I Y I I M  POINT5 5 1  I N 0  5P 17 1.P: . I ? * O L * r l  . 2 1 1 ~ 1 * O l  
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8.6 SAMPLE PROBLEM 6 - SPACE SYUTTLE HIGH PERFORMANCE MOTOR WITH FINITE 
RATE CHEMISTRY 

Sample Case 6 u t i l i z e s  t h e  same d a t a  a s  Sample Case 4 f o r  the  HPM 

nozz le  s o l u t i o n  excep t  t h a t  t h e  f i n i t e  r a t e  chemis t ry  o p t i o n  was s e l e c t e d .  

The f i n i t e  r a t e  package used f o r  t h i s  c a s e  was take? from Table 7-4 of 

S e c t i o n  7. This chemis t ry  package was s e l e c t e d  because t h e  plume b3s K O  be 

used i n  range s a f e t y  radar  c ross - sec t ion  c a l c u l a t i o n s  which r e q u i r e  t h e  

t rea tment  of t h e  i o n i c  s p e c i e s  and t h e i r  r e a c t i o n s .  A boundary l a y e r  

c a l c u l a t i o n  was not  s e l e c t e d  s i n c e  i t s  e f f e c t  i s  minimal on plume 

c h a r a c t e r i s t i c s  a t  low a l t i t u d e .  For t h i s  reason,  t h e  nozz le  - 4  plume were 

c a l c u l a t e d  i n  a s i n g l e  run and d fd  not  r e q u i r e  a r e s t a r t  a t  : , ' plane.  

The t r a n s o n i c  module was executed t o  g e n e r a t e  a supersL * s-art :in=. 

Addi t iona l ly ,  t h e  o p t i o n  (ICTAPE=l, Card 6 )  which has  the  program determine 

the  s p e c i e s  d i s t r i b u t i o n  on t h e  s t a r t  l i n e  was s e l e c t e d .  Th i s  o p t i o n  

r e q u i r e s  t h e  TRAN72 program t o  be run f o r  t h e  p a r t i c u l a r  motor p r o p e l l a n t  a s  

i f  a n  equ i l ib r ium o r  equ i l ib r ium/ f rozen  c a l c u l a t i o n  were t o  be pe r fomed .  

The TRAN72 d a t a  used t o  inpu t  t h i s  c a s e  a r e  shown i n  Sample Case 5 of 

Sect  i o n  4 .  

8-105 

LOCKHEED-HUNTSVILLE RESEARCH 6 ENGINEERING CENTE" 



8-106 

LO
C

m
EED

-H
U

N
TSV

ILLE R
E

SE
B

IU
I 6

 EN
G

XN
EER

IN
G

 CENTER 



O
R

lG
N

A
L PAG

E is 
OE W

R
 

QUA LIT^ 





i
 

L
.
 

r; 
<

I 
L

 P
 

FT. 
0
 u. 

C. 
(
L
 U

I 
*

*
I

.
.

 
- 

..... 
s

s
*

e
 

P
C

-
 

...... 
........................ 

.......... 
.

.
.

.
.

 
- - 

- 
3

.
-

.
 . .................. 

.. 
.

.
.

.
 

6
1

 4
3
 
IS

. 
:
 3

 . - 
,,,,p

,,::.r3
.. 

2
O

-
3

0
 

s
-

l
C

.
U

 
C

 
:.C

, 
f
 

L
*
.
 

m
C

J
U

 r
 
r

<
-

.
w

b
C

E
 

'
X

.
L

>
'

 
. 

v
d

-
t
 

u
9

-
I 

- .
-

S
i

 :. c
 

J
 

r
e
 <U

 
W

. 
if 

U
 
-r 

C
- 
O
 
u
 

w
 
.-a 

C
Z

 6
-
 E

:
 J

 



O
R

Z
F

 ;.?
L
 ; - .-. 

-
, 1 

O
F PO

O
R

 Q
U

*LiT
ii 

I-. 
a

.
 

d
i 

u- 
J
 

C
I .* 

J
-
 Q

 
i

J
 

U
-J 

Y
 

u
*

.
~

 
A
C
-
'
.
 
~

. F 
u
 

u
.
u

l
U

.
.
1

.
3

C
)

-
&

1
)

 r. 
.A

!.' 
- * .

t
~

s
1

)
I

)
)

m
u

>
~

u
C

~
~

 
- 

r
-e

 -. -. 
L

 
.
-
p

:
p

.
 

f 
--.-n

r
r
)u

).n
r
-h

 
~

r
~

e
j

 
-
:
 =

a
g

<
y

g
(

y
i

~
(

r
~

v
 

':
 

e
c
r
u
 

I
-

I
-

-
1

 U?
C
J
~
I
 z+

*
a

 
.
.
 

.
.

.
.

.
.

.
.

.
.

.
.

C
J

.
.

.
.

*
.

.
.

.
.

.
.

>
O

.
.

.
.

.
.

.
O

.
.

.
 

A
.

 -.I- 
.
C

;
4

:
 

a
r

S
u

 .
t
l
W

W
r

r
O

4
r

.
>

r
3

J
)
C

I
Z

=
C

b
U

 
L: -.. 

*
M

I
.

.
 

r
r
a

 e
r
i 

-
r

.
-
.
 

j
i

t
U

l
b

.
r

a
u

)
9

d
9

+
C

-
F

-
 

@ 
r

r
)

r
3

U
U

U
9

)
U

3
6

3
~

9
&

Q
-

-
*

,
W

,
j

 
*
,
~

&
L

>
C

A
;
;
~

W
 



8-111 

LOCKHEED-HUNTSVILLE RESEARCH 6 ENG
INEERING

 
CENTER 



8-112 

LOCKHEED-HUNTSVILLE RESEARCH 
&

 ENG
INEERING

 CENTER 



8-113 

LOCKHEED-HUNTSVILLE RESEARCH 
4
 EIG

INREBING
 CENTER 



8-114 

LO
CRfIBED-H

UNTSVILLE RESBdaCH & ENG
INEERING

 CENTER 



SAMPLE PROBLEh 6 OUTPUT 

--- - -- - -. - - . - - - - - . - - -. - - . - . .. 
SW~P:MIC ~ L O I  UILISIS USIS& IOII LUCII~~U-U~LVILI~ ~MIIWLT m r n  COICU~LP CII+.II~II 

6 a r - v r w i W t T u Y  swWlia i i - - -  - -- - --. -.- 
----- CaU. NO. .s ----- . ---- . -  - *el 1 

s * a c ~  SWIIL NW .IO~LL( IICIWL a ~ o m t r r ~ r * * ~  m a t t  -. ---. -.-- - _ - - ---. - -  - - - - - . ------- -- 
ma CC'IDOL ran..( ICOS 

I t o r 8 1 1  I c m a r b  I c n b 1 9 1  i d i i T a T 7 ~ 6 b i 8 b  -- iZWial-. - 
I r I 0  ?u'I?. 1 0 I 9 ---- ----- - - ... 

--- - - - - . . I ~ O ~ I O I  1 ~ 0 0 1 8 1 0 1  ILIYOII c - O ~ I  I C ~ ~ I * ~  . I C O ~ ~ I S ~  ICO~II~I ---- - p- -2r--- - -I --6-- n n 1257s 

r L ~ r  C~LCULII~IS a d r  I- v w  O ~ L  ~ m n T ~  
- 

1Li t ' i 6 T ~ i i  1 ~ 5 ~ - ~ l i l ~ P ~ ~ - - - - -  - -- - --- - - - . -. - . . . - - 
.----.-------- - - . - m w r  ,omur,rturr - -- -- - - - --- - - - .. 

t-pr II.II~ I I) IW 1. 
2 0 .zm.:*01 wom -.--.-- 

. P O ~  
z r) . -- .)*st 9-01 .I~.*I.YI ---.I~*s~-oI 

0 .fil8-2?C6m8l 
.,* .QT- .' - - - . - --. . - - - - . . . - --- - - - . 

n - - 7 l l  .ZhW.JI  .b *L I l -O I  --.--- . - ~ m O 1 . I ( R n . O O  - - - - - - - - - . . - - - - 
4 .ISAI~*OU - I ? S S I . D I  .11*1-00 
u - 1 4 b 5 . N  .~Z.II-OI . ~ v i n - n e  -- -- 

I 0 -- .2SVi*.OO . Zbal.91 -ZO***OD 
0 . Z l l b b * I m  .:p7-1 - .- .ha ,s*r-- .--- ----- . - -  - .- - -  

- -+ --&--??;;,+. . : ;  . 
- -- -- - .. . - -- . - --. - 

1 .1b11C*W .2911*.01 - 1 * . O V * . 0  
n ..z'?~+-w ~rn1~1.w - -- 

Z B Z W * b l  
2 n - .*SCW.W .ZUIPUI -.*~ra~*oo 

4 . rm~wa  . z n ~ . o i  .at.xs,~,,- ---- - - . - - . - . - - . . . . - 
--- .1sl12.01 . w5Fl-m i . 1 ~ e 5 ? - n l  .Z-W.OI - * ~~ ln * rp  . . --- 

.>~.am** 
n .? lh l .R I  .II*U.UI .*13U*OY 

F IJ . ~ a ~ l * n ~  . s n l i z u ~ - - ~ ~ m = a i l -  - -- - . - 

i 
0 ' ~ ; ;  - -- -. - . - . - . - . . 
0 

.*u*...~I .s*.or.ot . t m * o * o u  - I . IMn.bl 
.Y I IU iW- - -  

.. - - 
.I;.*r*Ol 

- - - - - -- +--i-- - . - . . . - . . - - . - . - . .tStIb.CIl J l b o l  . J l b I D * 0 0  
~ ~ 1 Z ~ m - ~ ' ; l T l l ~ i O l ~  -. . lb6W.m - - 

n ----.-. . a o a ~ ~ * n ~  .rrcm*o~ .rs*sr.oo . - * . o  .Yl?lY.W - - 
. - - -. - . . - -A -- .- 

0 
: 7 . b a n s v * o ~  .*I.?I*IJI 

-- -- ---- -- -.------ 
2 I( . .zu**.nl ..?bm.ba .~Z*DI*W 

7 O'----- . T Y T b f i l l r -  . -3S*KGl-- - -.3221*i~u 
.- . - . - - . . . - 

2 r . .--- ..s~J.oI  . a * s l t * u I  -1&*00.00 ,. - ----r.-..-.mu b*91-- 
-' ; .SS%Pii i l  ' . l O h 6 - 0 0  

. -. 

- - - - - . - - -  - - - . - ------ . . - -  - .--- 
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SAMPLE PROBLEN 6 OUTPUT iCon~'J) 

- - - - -- - - - - 

~I.~IIOII t q $ ~  toms~o$",c . U&-*.I.PII#~I..IIII.*D • l r I-IIFI h-I%FI 
UI ---b 7 ? .J 

- - - -. , . - . .- - . - 
: o . w . WI : OW . "1 #.?.O.IS .o -1 .n I 
1 .  I n o • I I.VV-.I~ I.- -I*O.~ .r I b 

7 1 - Y . * 1.wlb.Ia I -u  - .o .D 

> t o  o i i& :i r.nn-16 .a -.ono.a .F r----- - 
D Y C l  . I t  1 ~d . 01 LwB.Ib 1.0 -0 -I' 
t t i  . [I nI : t YI I.Q~I~IT 1.0 I .  .r 

OW W z l i ?  . O  ~..Is.I* -1.0 -10m.0 .C I • 
9 om 0 u 02 * 0 1 s  -0  0 .p I r 

I . I 0  DW . W  : HI0 . W b.R;.*O, -2.0 -7U'M.O - -0 
I 1  on C, CII? . Y 6.. 11.7. -24, Ih"0.0 -r I ---r - -- 
I ;  ow * 0 *  : M2. . 0 b.ors.12 -0 -11m.0 .* 
18 u WL : Y  C . ~ S . M  -1.0 -10uu.o .n 

- -  
1- 0 . ~t : a? : :: ~.m*.ia .O - * ~ n u . ~  .n 1 1 
1% * CI ? m-4 C I  l.?Dw*#m -0 -ZhM-0 ." I V 

-- I b  L I  .w7 : Ill . * -..2..11 -0 -\2.0.0 .r 
s UI m r t  . Y *.LIS.I. .O -5om.0 .n 

-; -- -+ - - 
l a  a. . I L  : mec1 . Y l ? l  .O 'e0m.U .D I t I* -a r 1l1 L HI 1.7b0.n 1.5 o .r r-- C- 
20 ma. . r . 11 : U* . q ..... 2, 2.0 .Y .r 2 • 
Z I  m* C1- L e n  b.-?-.lS .5 D -" I 
7.' 0.. e c t -  z a. . CL I . P ~ I ~ O I ~  -5 -1 .* 

5 CI r .mI :[I- ."I t.na..~r .o I .r 
2- -1 . t  = u . c1- I 1 n.fI?g.lS -0 -2oom.o .P -. - - - - - 

CII.IIIIL S~ICII) BEI~L cnm-I~IPIO 

'1911 7 CCL Oblb - -- - - A . . - - . 
% l I C I l  *.OIU* ..I)Y.))I.lI. accn. cmr*.  

- - - - - - 
I a?* - 7  I .zsnnn*is .nmn 
I .~.%LO*OI .?s?nn*n~ .noonn 
s .~IWJJ.~I .;sim.?1 .noen* 

e- 
.?onon 
.nonou 

- .- - - -- -- - - 
L .OI~C*OI .:%rnp.~l . -ocon 

- 
IWI P r n t l n t  s c o n t t l l u ~ r  .II.IVI ~ r s c r u ~  n i  u r ~ s t ~ t r i l . T , w ~ S K + b r t l ~ l r n t . G i - - - - - -  -' - - -  

IYL tmni.~wa~ PIOC~UILLI* 491 . n -20 -m .?n .lo .in 
IRI r b r t l c ~ ~  i ~ m n e ~ t w ~  - ~ ~ I R ~ I P .  %ah11 CILI 9 .O l a  UIIM 1.h ISM ULII~ 

r.eiS??TTTwetorrvar -I n ~ n i t r r t r  
- - 

- -------- -- -. .- - - - - --. - -. - . . 
PU'lI *I&Ibl M I 6  *+* 1 4 1  1' -*l*b"O.OO IlS"II0: .lLS*I*.OI NIYUIR: .OLj%lP.CD 

r*rt t I - .LSO~I.O* ~CIOI 10: ..omn.n~ - .- 
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SAMPLE PROBLEM 6 OUTPUT (Contld) 

\uwnsu* l r  :LOU 1911,115 USISI 1111 IO~~IIIIL-UUNISVIIL~ ~ULIIPII worm cawuv ta  CIOLUIC 

r I ) - P I r 1 I c l l  11Ob ~ O I U I I O .  

- . . - - - -- - 'IO- -5 - --* -- - "Li 1 -- 

?'?~~~''UIII~!'.-bOlI~ I AC IU* I  r.LOII (I?' f Ill If P ' l l  - _ -- - -  
- -  - u r u r ~ r r .  W L G  IALLI 

1 - .- *l 
I .noon0 ooas C O i i  -- .-.- 

.10000.01 
'1''Ia -_ - - 
' .P. - . . r v r i o m -  - -  - - - - - - - - - - - - . . - -. - . 
! p i  ----,bs 011n* * u *  
r : .&~~t.u. 
t e  ~ ~ - . ~ l ~ ~ l b e l l ~ J C  , .  M .  -- - . .- -.. 
I &  - 
I * .: !'~]L~UII *Oi.  
DIUI : . I ~ L ~ c ~ ~ ~ . o I  

.~ .. - - - . - -- -- - . - - . . - -. - - - - - -- 
- 4  : .IOU~LCOP(-U? 
I : . t r o 0 ~ 0 ~ ~ ~ 0 0 .  .o,uncrunur.m~. .IPO~~O~III.I'I. . ~?wnoanr .n~ .  

. - .I~UPIIJO~~.LI. . ~ i ~ b * ~ n u r . n ~ .  , ~ ~ ~ r ( - b ~ .  .I?&O?O?O~.?I . 1 3 ~ l i ' ~ O ~ . ~ l .  - I : a \ F m l  .Ol. . I ~ O ? U l ~ ~ l r G I .  .I512 (10 77: o a --- - -- 
.,C~.IOU~I .OI. :IVO~-;-;I: ~ I I ~ I ~ ' I I I U ~ ~ ~ ~ ~ ~ I O ~ O O ~ ~ ~ I .  - - - - - - - .lX*CfOP(.BI. Y I t L ~ W O  1 1*15100d . J.nGWIlnr.01. 

. . . - -. - - -. - 
--- .I*I:ICO~I.~I. .~o ioounur  em. .1s1?01nr4 -111. .~JII)CL.~,,I e n ~ .  

s?-r-8UJU~.n~. . ~ ? * - n m  .or. .~o*aoaou;.~l,. 
. ~ O U ~ O R . U I .  -1zwmm01.07. .2n;;+gpu1. .15*7nonor.01. . . - - - . - . ~ I ; G ~ * ~ ~ .  .~**.,nomfro?. . z T  c ~ . i K - Y X 6 6 & F i 7 7 .  

--- - -  
.;5<'i ~ O R  .UI ~ l -unuoor .  . 2 I I .  .wwi:unor+nz. _ -  . - - - - - - - 
. l o c ~ r & % i ~ a c m i  .&. . ~ & * a r r  *"I. . ~ J I o ~ F ~ ~ ~ .  

-- .v. .Se?>rPnrf ,111 .Iur.ooo~ur.n$. 
mnx. . r * rnc>nt~n .o - . . 
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8.7 SAMPLE PROBLEM 7 - MONOPROPELLANT MOI'OR 

Small monopropellant t h r u s t e r s  are t y p i c a l l y  used f o r  satellite a t  ti- 

tude c o n t r o l .  These motors impinge on some of  t h e  s p a c e c r a f t  s u r f a c e s  and 

can cause  l o c a l  hea t ing  and unwanted c a n c e l l a t i o n  of c o n t r o l  moments. Th i s  

? a r t i c u l a r  sample c a s e  c a l c u l a t e s  t h e  nozzle ,  boundary l a y e r ,  and exhaust  

plume ( i n c l u d i n g  t h e  boundary l a y e r  e f f e c t s ) .  The boundary l a y e r  is in- 

cluded s i n c e  most of  t h e  impinged s u r f a c e s  f o r  monopropellant motors are 

t y p i c a l l y  i n  t h e  backflow reg ion  of  t h e  plume where t h e  boundary l a y e r  

dominates. 

The p a r t i c u l a r  motor produces 1 0  lb f  of t h r u s t .  A summary of t h e  motor 

c h a r a c t e r i s t i c s  is as fol lows:  

Throat  .008333 f t 

Area Ra t io  50 

Propel   ant Hyd ra  z i  ne 

Chamber Pressure  180 p s i a  

The geometry f o r  t h i s  motor was s p e c i f i e d  us ing t h e  po in t  s p e c i f i c a -  

t ion .  The t h r o a t  s e c t i o n  is a c i r c u l a r  arc whose r a d i u s  is ,015 f t .  The 

p o i n t s  i n  :he t h r o a t  region were c a l c u l a t e d  from t h e  s p e c i f i e d  c i r c u l a r  a r c  

i n  t h e  same f a s h i o n  as was used t o  set up sample problem 1. The remainder 

of  t h e  nozzle  contour  was genera ted us ing  t h e  same procedure as Sample 

Problem 1. 

The equ i l ib r ium/ f rozen  chemis t ry  o p t i o n  us ing t h e  TRAN72 r e s u l t s  was 

se lec ted .  The monopropellant cnemis t ry  model desc r ibed  -n S e c t i o n  4.4.6  was 

used t o  set up t h e  TRAN72 da ta .  h e  TRA-:'/2 d a t a  shown a r e  Sample Case 6 of 

Sec t ion  4. 

The nozzle  s o l u t i o n  was i n i t i a t e d  a t  t h e  t h r o a t  dssuning Mach = 1.02. 

The nozzle  w a l l  temperature f o r  t h e  BLIMPJ boundary c a l c u l a t i o n  was taken t o  

be cons tan t  a t  1000 R. 
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' -5s p a r t i c u l a r  c a s e  required t h e  boundary l a y e r  t o  be c a l c u l a t e d  

~ r i  e .  This  was performed i n t e r n a l  t o  t h e  BLIHPJ program because a f t e r  t h e  

f i r s t  c a l c u l a t i o n  t h e  boundary l a y e r  was s u f f i c i e n t l y  t h i c k  so t h a t  t h e  

p ressure  a t  t h e  edge of t h e  boundary l a y e r  d i f f e r e d  from t h e  l i p  p ressure  by 

more than  10  percent .  
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SAMPLE PROBLEM 7 INPUT DATA (Concluded) 
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f .a - . ~ l A m ~ 2 s l l ~ 1 : ~ -  *zl:¶>..Q? --.--- . --  -- .- - - .  .- - 
0 .1 I .ll.OO .51OWO-01 .70POb*00 

f c . Aula-. . A u : z - Y L . -  .ZOZIl!PQ - -  - - - -- - 
0 .I2rXIO.FO .511:8-01 .IrPl5.DO 

. n ~ ? x l f . n n  - 5 W - 0 1  W O l ? P U  ---- . 
0 .IZCI~.QO .51115-i l l  l9L12.00 

2 2 . _-.AIJOOO~OP .CIJ:O-01 .. .-. l l l9h.00 - ... . - -..- .... - . .- -. 
2 0 .11111.00 * I - I  .17QV..LO 

. 1  0 - - ..lJbAl?BP.- JUIkAlL- -. .lI591*DO - .. -- . . - .  
2 1 .Irneo.oo 5 7 1 0 - I  .I l:Iq*OO 

1- S l l J l - 0 1  IbObSrOU - - .- - - - - . 
0 llrbb?*OO .S?ZCV-OI .lbbb8*OJ 

. 2 . . 1 - - L U U . ' h W - . P I _ -  ..I&:II?DU -- . .. . - .. . -- .... . -. . -. . .- 
J I . ~ o w n * ~ ~  .oflono ..)~Coo .on000 .coo00 .~OOCU.OI 

- . -. - - . - - - -- - - - - - - - - -- - - - - - - .- - - . . - -.- .. . ~ -- - 
1 cu t0  rounnauv 

I Y P ~  ~rfi.ms A m - L -_I~L--- 
I o . w o o 0  .OOOPO .CJOO'I .O'JOOO .no000 . IOOOO+O~ 

. - - - - - -. - - - -- - -- -. - -. - - - - - - - - - -- - - - -- - . - -. - . . . - - 
i l c n r  LOC n r b o r i c L i  SPICI~I P I - C ~ C N ~  IW 1wr c a s - v a n l l c ~ t  MIIIUQI 

.- . ~ - - - . -  - 
IUI ry t tnw.nc bas veo rc r i ! c *  I* IRGI I'M UMIIS aor r a n  u v o n a z ~ ~ r  80 OISS - RLOL GlS PLO*COlllS - - -- - - . - - 
n r r  
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SAMPLE PROBLEPl 7 OUTPUT (Cont  ' d ) 

---- ~ U P ~ I I S O Y I C  ~ L O U  a w a ~ i % l .  ~ S I N ~  ~ M I  L O ~ L ~ I C I ~ & ~ ~ I L L I  IULIIVLL smock CcmvuItI P1061bn -- 

- - cmrc he. o -. . . -. P ~ G K  J 

r#..:s",mloP*~I*~ motoq C 1 1 . l l ~ l  ~ a ~ l l C u L 1 _ ) r I . . .  - ~ mi- 6 1 s  s a r r i s t t r r  - - 
. - . - . . - -. . - - . - 

- . - - - - or< - - . . - -. -- - - --.-.----- - 
I ! . -- .. 0 .. .. 5'""K - ' - - ' 

- -.Llol'o 
- .*88IZ.J8 I blb.08 .152Y0.01 .18bS0*01 .b0000*02 

. r i ) T j i P  :Ifblb.ob <ilnim-- ; & m q r - ~ n B U a I a l - -  - -  - - - - - -  
. . - .  

. .~. . . -- .a2090.U8 . l lblb.08 .11110~01 .l l*@b*O3 .18000.01 - -  - - 

. - - - - - - - - . I0000 .558- so8 . l I ~ :a *O l  .??010.01 .10000*01 
1 . .  --;nnarag---;mr~m---- - - - - 

- .*ZSbI.UI .18bOb.O. .0599.01 .S@S*O*05 . I l 111*00  
.*bSla*W .lbbOb*Om . lYbl I *Ol  .% l IJ l *OJ  .Z-*OO 

- .. 
- -- .10855*08 . 3 8 b * b * O . + Z G -  :;%*--$A$ -.- - -  - 

. . b i r n T ~  

. - . - - .- - - - - @Cat G!S V@OPtnIlES 
r -- ----- - - 

.. -- . - - ~ l l n v l u . l W - U I I Y l U J l l U l L L ~ - -  - 

.- - -- .- C u t  I 0  I-... 0 . .  . -. . .. PaGC 9 

A ~ A * ~ ~ ~ & ~ C P U I I I L  MOW C*I .LX~I  P m L I l I L U L I  ----- -- . . ~.. . -. . . . 
* fa1 CIS PDOProllt5 

-- .. 

-- dlr ----.- - - 
- . -  .- . .-I - - - Y  2-- --LAnnL - -- 1. - --L - - . . . naoor 

- . .Z~$SL.JI -A~MLI*AB--~LS~~+OI- . a u o l r o l  .IIMP.~~ -- - 
,*598Y.U. .JqY8O.O1 .1Yleb.01 .8Y1?8*01 .5~0(10.01 

tr*... -rsr&,, - .. a.--m - lfinnn*dl --- 
.-os~-.oa . J + Y - O . O ~  . I ~ E * ~ . + o I  . z ~ ~ o o * o ~  .eoono-oo 

. . -. -- ,1922h2E. - - -- - . . - - -- - - - . -. 
.-0000 .51(1**08 .15Y19.01 .IO888*08 .IOOOOIOI 

. - - -- -. 2lllPU1L- r5ZIbUP#--J1510*OI .. .MbZS*Ol- A U l 9 . M -  - . -. ... 
.7110Y*U8 .J71b0.,8 .1YSSS*01 .190*9.05 .5YlYl*OO 
l~*,l.,.b -111- -- ~ ~ ~ ' n a  ---  

.vbDSV.O8 .JlJb0*08 .151:2~01 .$15?2*03 .lOOtlO*OO 
- -  A l U k n . L - A I S O * ~ ' L A l O U l O I  . . . lhllQ~-*2RPPP:PLL - - . - - . -- - 

.*S105.08 .1?560.0a .15V85*Ol .10258*05 .10000-01 
. . . ... - _. - . . S L I L  CIS P90PL#IICS . - - - . . - 

o l r  
I * l%>.PI  - ---- ------ - 

. - -  1- .~ --.- A. .----A LbMIu ---- 2- 3 .-. - 
.00000 

. - - - .. .. - a m 0 3  ..-. J U O I I T O ~ .  JZ9PXYDL. -  . I JUL*P I_ -  .1800D*OX ~.. . . 
8 .1+810*08 .12001*01 .11*18*0. .*885O.O? 
I1 1.2.U. -IA-*ll8 .&nOOO - -- ."I -- -- 

. V ~ ~ I S * M  .1 ra~o*oa  .IY-II-OI . * Y Z Y S * O ~  . ~ b o o ~ * ~ ?  
. - . . . - . ~ . ~ ~ ~ . - . u ~ J ~ * o L  -UUIS-- .IMOLL*L -- - . . 

.'08SOOM .lL8JO.O8 .151<5*01 .SOI91*01 .56OO. *Ol 
- . -- . - - -  a%*-- . I I U O ~ ~ L ~ J I J L * ~ -  .11811*01 .LMkULIII -- - - .  -- . ~ . 

.',QS80*08 .1b#50*01 .lYE'4?*01 . 3 Q I l l * O I  .90000*00 
IpLlata* -- P~ - 

.n?ooa . 1 ? r ~ i r o 8  . I - I ~ I .C I  . I Y ~ O J . O ~  . I O O O O ~ O I  
80- . . . - - . . - - - - - -JUJ51U-- . l IL96tOL.  .11S22101 _-SLOL1*00 .-_ 

.31018.08 .57815*08 .15YS2*01 .lOZnO*O8 .J55Y5.00 
- - - -  . ~ ~ ~ ~ J S ~ O L ~ U ~ O I I P I -  .l9.SIb*Ol-- - -- - - _ 

.81*1*.08 .IV815*08 . I l 5O l *01  . lQl lb 'Ol  .10000~00 
. -.- .0..1.2m --&)s- a s  .-.an ---. 

. '?l?1*01 .518YI.O1 . l l IC8.Ol  .1998Y.01 .10000-01 
. - .. . . - .  1 - 1 Z l  .52l9P*03 .S0000-02 - . . . .. 

ata t  GIS rqoPtnl lcs 
- . . Ol t  . .. .. - . . . . . 

.bOOO8~O1 
- --- ------- 

< I 0 S1N"b 7 P 
- - - .  --- .- 

. . - -- --.lmom ~ . . -. - . . .. - . . .. . 
.loono I 1 .I# zoo.08 .i iono.oi 
. : b Z l b ' & .  .3?2Q1*0( . I1UIZ*PI  .18118*01. .9DOOI.O2 
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LMSC-HREC TK D807400-111  

SAMPLE PROBLEM 7 OUTPUT (Cont ' d 

. --- --- 
S?1PllNG 1 I U C  14f0 

P I " . . -- T M ~  IA I n1c1 AIVGLC WOCL AIIGLC O I ~  
.oruoo .O'JOOO . IOZOO.S~COO~O -;~Efiu-.)o~ll.o~ -;bdUtI0 .3~3nqr - 

- - - 

. ..)!Ic-Ol- sO_DDO .1P2~0!01 .OOOCO . .- @?% - ILL 1*0? .1~072*00 
.boue?-O, .ODOm .boi,0.01 .Doon0 .uouob -+~.h-fE%--- - x T ~ * F w ~ . - -  - -  

- ~ . LIIII~-OZ .ooooo .IOZOO*OI .oooro .OOOOC . l l b l l r O l  .OCOOO .150V2*00 - - 
.11000-01 .LnOOO .llr210.01 .COOrO .UOI'lU b J 0 2  .000OO .IsUV2'0* 
. ! 1 ! + g : c .  -.&ngoo . 1 n 2 o g 0 ~  . 2 ~ p ~ ~  . ... ~ y y o  - .  !br t t -oz .ucooo .c!ooz+og 
.:OOYJ-L? .ooono .IPI~O.OI .o OPU . O ~ O O C  . l ~ b f i G l -  3 K o i i n  - - .ix0@;33 - -~ - - -  

.. - .- .21105-02 . ~ . ) ~ n o  . ~ r z o o * o t  .uooro -+OF~ - -2~511-0?  .WOO- - .~SOVZ.D_* --.-. .- -- _ 
i .on000 .10?00*01 .OOOFO .UCUOIJ . i 0 0  7'00).06 

- . l0200*01 .OOOtt .OOgLL .?Ob11rO? .00000 .1)092.01 

. .. :IA!k&L-- , l Q Q & : K W Q L  .,COOP_D ... . .OI)??L ._ . :??b!!!Qf - ... PBPQQ-.. - t  "0°2*0" 
.utbbs-oz .ononn .~rzr)o.oi .ocorc .coono .lab11.oz . O O O ~ O  . 7 i X z i 6 1 - -  -- 

. .... , _ r % 4 1 ! - ~  ..&w -_-,LT~wJ!.--IJP-~~L -c looo~ _ . .!TL'IrP? _ ~ ! Q P Q - -  ---: ff;;;;~ .- -- . . . .- . 
.~e.ov-oz .onom . ~ n z n o - o ~  . C O O ~ C  .UOOFO 1 0  .OOOOO 
.5:or1-cz .UOO-C .IPZ~O.OI .OOOCC ,OOJ(Ib . TO~YI*OI .ooono . ISOPZ*OS 
.S~SSI-LZ .ooono .~rz!w.ot  .morn  .o@nou .10811*07 .0~1000 . I * o W * u I  
.5?~a-~-.~oo_oo_---lrzxca -tpouro .pol~ofi _ . U ~ ! P ~ Z _ , E Q ~ . .  . t!.r~1.0!. .- . . -~. ... 
.bZIql-b: e010M1 .IrZ*C*OI .OOCPC ,OOOOL .lObYl*J? .OCOOO .I'Oq2.0@ 

2G5LlQ-4Z.- . O ? m -  zIC~?P!QL--_ .CDGtP . .UO"PII :!!b!!!oL - ! ! o ~ * ~  -. ..l!r)?Zfo! - - 
.b*re?-r,? .000n0 .IPZ~IJ.OI .OOOPL .CCJFL . i n b ~ i * n ,  .ooooo .I*O*ZOO@ 
.~?PII-LZ .LOCOO I~?IQ.OI . a m  -- J - C ~ J C ~  - -.MLYL-.=-- . I ~ O P ~  c*-.- -- - 

tur 1 I 1 L . a L L a - a U a I i U U U L I ~ ~ P ~  -- -. -.. 

. - - -- -- _ U I L U O L  . LL . - - . . - - .  - . .  . . PLGL . . I  - .  

IIA*:LLHIMLZIU-ILO~~U~YSLPULULUUILS - - ---__ .- - --- . . . - . . 
. r w u  n r r a  

s I I f u r  11 
--- a - . -  

S I ICH IkGLf SHOT1 INGLC Olf 
. . . ~ ..lblSh-SU .-.OW. dl.CUEOL -.MMIL.- - 9 0 P P b  - r lObJl?O2- ALMM.- -.. .11W2~08. - - 

.'**)0-02 -00000 .ln200.01 .OOOl'O .OOOOU rl@blI.O? .000lrO .IeOP2.01 

.~UU--~OWU.-LOZI~IL~P~--AMIIC~-- -. -~.DUl¶flL--.OOML.- .IUI92*0a .- - 
--- .- mu" --u 

UPPTO ROI~lDAOl 
- - - - -- - - .. 

LOUCO IOUNDIOI 
a:  .JOOOlUM . 1 L - - ~ U 1 0 0 1 t ~ - - l l ( u A : - - - . P M C O - .  - L- . - A m  -XL- AJODPP!OO. JHC 1CZ e YOOPO+Oi 

8-1.'- 
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LMSC-HREC TR D 8 6 7 4 0 0 - I 1 1  

SAMPLE PROBLEP.1 7 OUTPUT ( i o n t ' d !  

.-)I IUPUI - COMI~II . r 6 1 m - o 7  - L L O D P ~  -inm+s,: .nnono .Gnu& m n a  , ~ * L . A  P . 
. l n b J ~ * C ?  .PbJOZ*C? . :Vb*5-U? . l l O e J * O e  .11@21.Cb . I : O I ~ O l  

~ - - - --- - .. - . .- 
I I* I ~ * U V  - COUIIN . l * e % o - o ?  .OOOPO . ~ n z r o . o l  .oqono .oooco I . I I D O ; ; ~ C  o 

. . - - - r l l b L ' 1 P T ~ l k : * L ' P L  -- r l P _ ) @ S . U .  L L P P Q > * L -  IJ3U'PI . t lZL!l!Ol 

.~ L-.-ZUNSUI - ~ 0 ~ 1 1 .  - 1 -  - n o n r n  - ~ C ~ c O ~ O ~  o n m n  - ~ p t L . J C l J ~ - A W l ' P O _ .  -0 
. l L b O . O ?  .ObJ*2.02 . I V b l 5 - 0 :  +I*O*J.U( . 1 1 . 2 1 * 0 1  . 1 7 b l l * u I  

"'C MfiSS.!LVU S L U l X L  ..- L F L h e - Y L -  . . - - -- - - - . - - - - - . - - . - - . . - - 
- .. - -  - . . - .  .-L!trlllllLv. IVIIGlldIa Y C L I Y U I . .  . . - . .. - 

I n n r ~  1 r o c c * ~  1 OQO? I % v  
- - t n 8 , s * u 1  .WML-. .rPI1OCo l k b a ~ . o 1  ---- - 

8-132 
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SUPCPSONIC rcou ~NILV%I% IIIIN~ IMI IOC~MIIU-IIUNISVILLI MULIIPL~ sworn c o r r u t t a  P P O C P ~  .. - - 
. . -  - - ( 1  SK NO. 0 rw.r 10 

o,rr  ',,,IIVOPIZI~I MOIO~I CIIILIII P a n r I r u ~ ~ ! r . s  

L I.~II* I-Q~X - er GILC NIOOPV VILOCIIV 011 IIP 
mIc,l :*GLc s t  ntUsifi-~&f;:nr cows t .  L o c u  s ~ ~ L I - - -  - - 

. . . . - - . . - - - - . - . - , . -- . 
I MILL - C O M ~ I N  .onon* . t b z r o ; i i  -36fl6 . - 1 0 I 

.1#b1?.0: .Oblq2*02 2 ~ ~ b t ~ ~ ~ L -  - - .L lb *1*0*  .111?1*0* I12~!~-~01 . -  - -- -. - - - . -- -- - - . - 
: L I - O N  .I-121-01 .b: t?~-oa .10100 0 1  -.IIQY@-06 .ooooo .10111*0Q .ISOP:.UE I-~ - 

b y 0 2  .*b3V?*02 I S - 0  b @  . I l Q ? l * O b  .1711Y.01 
. - - . - - . - --- - - . . -- - 

; I tN lC0  - CON~IN .bqaaz-01 . ~ ~ - : S W B I - - < ~ ~ Y ~ - O L  -8 .jalmor--mmzm - I - 
. . - - -- . - . - . l s r l l . o z  - .9bl.?.ot b e 2  a . J lU? I *Oa . l ? @ i l * O l  - -- . 

- : IMl6P - CON11N .IO*l*-OZ .b21*9-01 .LCZCO*OI -.ll*'Q'Ob .00000 . IO l I I *O.  .LSOOZ.Ob 1 .- 
. l l b l l . O 2  .*b19?*02 ? .lmlwlrow . 1 1 * ~ 1 * 0 1  . 1 2 ~ 1 1 * 0 1  

T .I 1 8 l n  - a r m r . m l a 6 m - - m a - o b  .oooro .wm?ar- - .nan~a~  - I 
. - . . - . -. - - . l S b J ~ * C 2  .9blO2*02 .19b@S-O? .108*1*0* . 1 1 * 2 1 ~ 0 *  - I ? D l 1 * 0 ~  - -  

: b l N l l P  - COh l lN  ..?lbn-02 .bZl*V-Ol .10200*02 - . l l * f * -Ob .&I0000 --- .10111'01 .1SOV2*0W 1. 
1 6 0 2  6 0 2  . l l b L 5 - 0 7  3 l ?  . I?an"Ol 

: r - i ~ i ~ b - - T i i i w  a - 0 2  e ~ F ~ b i ~ - ~ T ; T m r - o r  . o o o F  -- - .mn;ar . I  I 
- -- . teb l i .02  .ebsqz*oz . I  - a .11a21*01  2!cw~!o!~-.. -A- . . -- 

: B I N ~ L P  - COMllN .2b lO l -C?  b ? - 0  ~10ZTO.Ol - I - b  .000OO - - .10111.0b .lSOP?.O@ 1 - 
. l l b ) l l O ?  .qa10).0? . IobCS-O? .lLIO1.OI .Yl l?;*Ob . l :ml l *o~ 

. . - - . - . - - 
: e l n r t a  - COU~IY I - O F  .b?i*v-O@ .IbKdm-Y5Km . ~ l W T l * o a  .ISUVZ:OV---~T 

_ - _ -  ..)Cbl7*02 .9b102*02 .lqb*-O? a l l # l l * O *  . l ? b ? l + O I  .k211)*08 ___-_----. 

a y  INVCP - CONIIN . J I Z * ~ - O Z  . 1-9- a n 00.0 . n i l  *om . I S O ~ Z . O ~  I 
. i e b v . c z  . s o  3WE - W E * o a  .;zml;*ot 

. - 
: II INICL - CONTIN . ~ . ~ Z I - O Z  . e ~ l * v - o a  .1~?0010L---.11a7i-L* .OOOOO . t n i t l . o a  - V G f # -  -T - -  

- - . - - - - .lCb17.52 . 0 1 9 2 ~ 0 2  .19bPS-02 .1m1*1*O@ .111171-0* .12011*01 

- ; 12 l ~ l l e  - C O M l l N  3 - 0 2  .6?1*9-01 .1CZCO.Ol - . l l * ' * -Ub .000W .10111.O* .ISO92.U8 1 
.labl7.O? .9bYa2.O) b - 0  .YI@bJ*Ub .31@?1*0* .12i l11*01 

-~ - - --- -- 
: 1 1  IUICR - c r n t I n  . ~ ~ b b s - o ?  . r? lqe-ob  .ICZCO.OI - T D = - o C - - 3 b b o o  

- - - - -  
.iBTTi*o. .TsWi:uf -i 

. . - - . - - - - - . - b 0 2  . z l P - 3 2  -lqb*5:U? . ,198a5'9:- .37*2i*.E!.-*1?E!!ul .- .- -. 

. Ir I m l c n  - L O ~ l l w  , - 5 l Y l - 0 2  .b? ICV-0-  ,lGZrO.01 - . & l a * * - U b  .OOOOO .30111*J.  .1S092~?.?e - 
b .9Cf'?.J2 .lOb*S-U2 . ICbo1*UI  .37*21*Ol .1?111*01 

I. , - -  - . . . - . -  - 
.b*b09-02 .bZl?V-Jb .IP200.01 - . l l u * b - U b  .O0000 . ~ c ~ s l * o a  0 I 
.l*bJ'.C2 .Vb lC2 .UL__ -!19b*5_-0? . . lR8*1 tO? -. . ? ! L ? l t E  - 1)!!!1.0) _ - - - - -. -- - - . - . 

. - . . - - . - - - 
. . . . . - . - . LAX NO-- IL . .  . A -  . . . - - - PUL-. I) - 

8111: IU.MIUBAZL~.L I I~I~TUALISL PILLILULAII~. -. - . . . . . .. . . . .. . . - -_ ..-. - - . 

L I Y L . ~ ~  ~LYIP-DL- A_--- - ~ - ~ f ' r  11 INIP~PI w t loc t1 .1  O I f  - - l l R . -  
I I C W  INCLC PRrSIUDt F l l l S l l V  'CMVtI I IURC C I S  CONS1. LOCLL OAIMI JIOC* LNCLC 

~ . .  ~- - -. - -. - -  A .-..A. 
; 16 I ~ I L P  - COWTIN .s?o@I-G? .b? iCo-oa  .IP?OO+OI -.II**~-ob .ooooo . JO~)I.O* .I. I~?.PC I 

. , r n t a z p r - -  _ . 9 u  - 4 1 9 ~ m ~ - . w r l ? ~ ~ - ~ - n c  ,LZUPOL 

.T -.u-ZW - r n " ' u  =.ccl.nl  loo-n. . t r ? r ~ e a l  -.I l a  y - a &  - n n n m  . ~ n l l l . o a  .lu92gL -1- 
. l n b l l * 0 2  .Vb3*:.0? - 3  l 1 0  .1'*21*0* .17811*01 

.. . - - - - . - - -- - .- . - - - - . .- . - - - . - - . -. - - . - . , . . . - . - -. 
18 INIIO - COIITIU . S V O Z ~ - 0 2  .b?1*9-01 .IO:PO.OI -.III~U-06 .OOOOO .IOT~I*OQ . i i o q z . o i  1 

. - - . .  1 0 . 1 b 2  . .  1 . .  . -  A -.. -- ... 

I D  - I - r > i i ~ - d b  .-I - , ~ ~ w * . - n r  -nnnnn  . s a w .  - 1 s n w m - A -  
. l e b 3 7 * 0 ?  . P I 3 * ' O ?  . l o b l 5 - O ?  P U  1 2 0  . I f l l l * O l  - 

: 7 "  h l l 0  - COql lN  .b%91q-0: .b?7'0-0. .IC2OO.O1 - . I I * l Q - U 1  -00000  .J~~J I .o*  . 1 5 ~ 9 ~ . 0 i  i 
. . . .IIILJLIOL- .- .PbluZ*02 . Iqbes-02  ~ l l O q l * 0 1  . L l t Z I * D ~  * I ? &  ' 

,--am - '  "" , u.0 - 2 .  - -L- 
" " ^ - - - " " - - - " " " - - " " p , - o :  ;;;;:; 2 : a  .I.. - ;i 'IU 

~ - - - - -- . . - - - .- . - - - - - - - - . . . -- - - - - - . . - . -- - - - - - - - - - - - -. - . - - . - - - 
2 1  I N l I R  -CONTIN .1?9 l r -O? b - 0  .rO2FO4OI - . I I * q I - U b  .OD000 .1C111.01 .lSO9?.Ufl I 

. . . . - - - ~ l d k l l L P f  .- _ ~ 9 U P L ) l l t  -- - IPL85-02  .IWL?PL --. & q Z I b P L A 1 ~ L  - . - .- -. 
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z.=w.w a.5*!-01 *.w*.m I.ooo.nu o.ooc a.rcn b.o;r.rz 7 . 4 0  -1.nIT-31 -*..sr-sz *.roa- z 

- . .  

i : s ~ a h c c  w.1111 .ISCOXII. I V ~ C I ~ I C  rnfmvat vna.rrt m n p l r r t r  m ~ f c w a m  nbc* m8aso.t-s t w n u t c m t  
L I m-a w w a r  c .  m v w t e  . c m l & r  VICIII - ~ ~ . r m  r l * o t e m d i 6 i d f r . C  

. ~--'L L ~ J ~ J  i o t r s  ~ I L D  -0 m!sr:5. . - - 
'.:ot-r~ t.'za.01 0.00r 

' - -  l.r, I-; I 3'!?* -.~ ..-----A- -- 
-.cua ..eba-oe I.Y~?--s I . - ~ O - ~ I  I.*I*-I~ 
..*?~-c: ..irz-o. #..I:-Ts . - .vcr - i t  I.L~*--% 5 . ' .  ;--I ' ...I-~I 1.~za.91 I.IDZ-DI b.?s?-ns o.000-01 

- A 
L>..-c. %-*?a-ar r.tn*-n% ~ ~ G L ~ J . . ~ I - ~ I  ~.IYL+P~ ~.ID.-c~ Z--OI r . p & - ~  
'.&I*-C. *.'bO-O* I.*bI-'9 I .**@-11 l . 7 *@-05  I . r r I - T I  %.031-rl  1.?2#.01 7.#V*-Fl 1.w.S-02 *.000-01 
I - U S - C L .  I-W-0. W:-C W 1 l - 2 1 l - l V - D L . L C P I - X I  S-OLiL-01 1.l.21-01. l.llS.W.-1.Ul.-Cl 1.m-OL . . 
-.:.e-c. . . a v ~ - a  1.-10-JS I.*ZZ-~I 1.6.'-os s . r r~ -P I  ~ . C O I - C I  1.1za.01 I..~~.IJO 1.051-01 *.OOO-OI 
LZIC-5s s-nn-na 1.m-a-\...r-uu LCU-31 - ~ . s o ~ - c r . -  l.~zr*or I .YL)+~ 1 . s i ~ ~ m  3.m-U- 
I.~~.-PI b.oab-o* 1.15?-05 ~ . T I ~ - T I  1.311-0s s . r u t - 01  S.PUI-*I 1.12e.01 1.b~5.011 L.v*?.~o r.nan-01 

- - - L - u L -  - - 
*.?*1-01 *.Is~-o* r.00~-0. $.*VV-?I a..r*-o* s . n c ~ - o ~  S.OJIQI 1.lze.01 *.ISI.OO I.~**.oI *.r)gn-o~ 
:.LC-DI i.--m~lrLIL-- _LB~L-U Z.A*L-PL L L E I ~ L  s .m-01 .I.JIIIOL.JII~I.M I.UI.OL - S . O ~ ~ - O I  
..sb1-(11 I.OI*-O# b.@#n-ob I.*?(-31 r . r b ? - m  s . r o l - r t  ~.DOI-RI I.)ZO.OI m . r $ j - w  o.000 *.ow-01 
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LMSC-HREC TR D867400-111 

S.QIPLE PROBLE11 7 OUTPUT (Cont ' d )  

.-m. --u~lur.rarlrupr au.~c- l t l . r  1 - _  ~ u - r z  
r # %  o ~ r r u s ~ o m a t  1 0 1  cm11 W.810 ocwo 

- --- 
r a t 1  A 1 I  

_ma- - 0 2  2 . r l e - 0 2  l.z3-.?l l a - 0 1  l . t * I - O l  1.8bV.00 l.lb9.00 0.000 l,@r*.OO - . - - , -. -. - . 

-..LL-r2 *on 
%(A* I fCM.h ICU  P N O L  CU.. I O I b L  r.S 

- 
.Jtf  " L ~ - ~ ~ . Y - - 3 s  -I- - - -  - - . . - . . - 

1.111.00 0.000 0.000 0.000 0.000 0.000 
- - ---- -- - --- 

LO. r c n s  d.1 18-s LLCMI~C CAO.~ICPS CLCW~II~L IASI ~*.msrrrn C~I~I~ICICIIS. 
r m r r f .  LO- taa CM. fan 

c c l i  11 m. r v . ~  GAS r w m  101.i r a s  
. - I.#8.-03 & *OJ -01  'I.000 &OOO O.C&- - . 

. - - . - - - - . - - - - -- - - - - -- - -- . - - - - - - ~. 
r M r I I m m  OISCL~CC. LF*CCIIII C~IMILPV m r v n o ~ o s  1185s ? n ~ c m m c ~ s  100 

01 1-a -- 
MI. O ( L S 1 U  O I Y L h C f .  L&I.M PC* r W 1  

I .ltU - -3LCI . K - -  . .  L - - . - .. . - - . -- .- -- .- 
..1l?-0. 2.218-01 2.2v.-01 6.Z.O-r* I.WY.0. 0-em 

- . - - . - . -. - . - - - - - .- - - - - - -. . -. - - - - . - -. -~ . - - 
1 0 I b L  W.1 1-US1 IO1.L .CCCLC.AIlbI I . ~ I * C I L  

WAtL P b S 1  1 4  VL aA%iJh  BL - . . - -. . - - 
I r a 1  1 8 1 )  1 8 ) s  

: -  z - 3  2 .  . - - . - . - 
i - : ~ r  1 m f o r - r r 8 ~  _ - _ _  .. _.- -. -. . . . ._ . - . . - - - - 

CI* OISIYCI I U M  rw $ u r n  6, TOTAL SP 6.r i i r i i c  r t *  
r.01 ~ U L  . -___- --_-L?IIWP' c m r w ~ r r  

* E L I  LIP rr. D l t ~  L O  8 8 MC-• 
7 . w  _O.QO~ ~ - ~ . ~ p n - .  Q.VOC . r.!i.-~o ~ - I ? ~ - o J  -;..lo~~t j.rrq*ot t t r * J . as  - ~ . ? r o * o z  !:w-oo_rp~ .. . . 
..~*)-OJ ..*n-os o.m~.-0. s.001-12 I.*I*.M f . t s s . v ~  -1.211.na *.?II.o~ I.OS*.OS -I.JOJ*OZ I.O?I*OI 
;.or;-ga t.t)b-o. . . m ~ - a l .  1-192-2~ 1. ,r*:m 1.1 4 5 . ~ 2  -1-oi6.na ?.I.O-O?. ~ . b * t : _ o $ ~ . ~ g * ! g  j . o * * * O ~  
..2.?-02 z..M-o* ~ . l ~ 5 - 0 2  2 . ~ ~ 0 - ~ 1  I .~l-.~ LC:*-CO -1.mrr.al T .~ZS.O~ S . ~ O . W  -I.~T.OZ 1.3.i;os 

-- .I  - ' 15-0. m.1~1-  -71 I.I~*.w r..~r.oo d k 5 . 0 1  I.?*~.oz -e.$or.oz -1.ola.cZ I.OM*OJ 
9..-*I-P 8 . b * O - ~ ~ : - l l  V. Ib*-Ol  Z.PIb.00 5.791.01 b.*?1.02 - 1 - * 1 7 * 0 J  - 1 - ? 1 0 * 0 1  I ~ J ~ ~ - ' - - - - - ~  
1.1,a-ol L.Z--QI ?.QJ~-UI b . r z a - 1 ~  -.SSP-?! z.!;t.rp z.!u..rz 1.r21.0~ -s.!?o*o? :!.L*I*O? ?.55S.O? 
> .% t1 -01  I . * W - O I  $.b01-01 1 - 5 1 1 - 0 1  I.)Ob-01 2.*6*.00 Y.1.*.02 1.15T.02 -*.LII.Ol -2.1***02 8.81.02 
..1rr-c1 t . e j ~ - o j .  L.)Z&.QQ I,?!#-Q~ (.*r'-gt L.?~?.OO ..?br.r? ? . n 1 p 0 1  -1.901.01 - I . tST*O? ).820-0? 
I.r130.00 e . 2 ~ 1 - 0 1  1 . 1 1 0 . ~  ..SOO-~I z . 2 ~ 4 - 0 2  9.214-CI S.SSZ.CZ 1.801.01 - s . i i e * m  4.mf.Q 1.31lioa - . . -  . .. 9 7 9 -  - 0  r o n  .. - 7  -r. -0 r .VJ1 -  

e . s : : - : :  v:::..; I:nto.:: ;::or o:t:o b . o z v . o f  ::n:o -z:m::-Yo - 8 . Z . o :  *.bu-g ------- . 
-- .. . - - - -  - - - - . .- . -... ~ ~ 

- - -  
~ l r r a m t ~  M.;rrv v I s r o ! l r i  SP-C!~IC - _ ~ n r n r a ~  C P I L ~ I ~  L o D l r  ILP .IIOL!CUI~O M.cc.-.. ROSO.IPS 1tqnUtm-l 

i k o n  M ~ L ,  -mno-- - - -  Y Y ~ I  CMC. I.,L~ID SCWILI MCIGMI WWCI r h o t i m i i t  b i r d f ~  we  

- -  --- 
w..11-01 ~ ~ ? b - .  I.*~::QS_I.~O:ll - - 1 . * ~ o - n 5  5.1r~cI -CI  ;.Owl-Cl 1 .12#*01 1 . f 0 7 - 0 1  _br))k05- *:*-Ol-. 
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LMSC-HREC TR W67400-111 

SAMPLE PROBLEM 7 OUTPUT (Conttd) 

--ULILILOIAUKL 4UL ... I* --II LLOL ..... . . - . .  
i t s  11nc  urn r P * u  Cn.00 mo*t.rIU( CWRCV 

- - - L L I l  '.-a '**" LdI-* - *  ".- * - - - B a n '  ----- 
9 .OW I .210  ? - 0 Z * I  .a950 1.-O? I 1  -?.?.W I -1.6*01 
r - . - a a m z . u l ~ - e ~ - -  - 1 - A d u  - .  . -_ - - - -_- -  -- - . 
5 .EUO 2.101 ?.?*..1.00QO l.*I I ?  -S.l-O2 m -1.v.w 
r . .&m l . - ~ - n l  12 I-?-- - - -  - -- .......... - ..... - 

-- - - -- - -- -- . - - - -- -. 
mm Imams nt.1 l o a m 1  P i o n I n C  ? A * a ~ I t D S  ~ L L V I N I L L  NLSS I P I n s C t P  c O t r r l ~ 1 C ~ I S .  

........ . . . .  . .  . I c ~ a ~ l h  L L ~ . U L L I L L ~ O L  -- ca. c o s  - ..... 
Cf 1 2  11 10. *?ROL Gas '"1. 1.1.L r.s 

Z.b.5-05 - 0 - I W - D I  -0.102-Ob l.QU1-0) a .S27*IM 0.000 
. -- ---- A -- 

l o ~ . ~  m i a s  ~ * u s ~  ~ e t a ~  a c c c i c e a ~ ~ n n  IIIVISC~O ~ o r a l  
. -a- I"<. u t t  -)IP.ICILP-I~I.-L mu . . -  - - - - . - - - 

* I  I 1 1 0 t  8 1 r 2 1  LBIS LOIS . .- n r  I 1 .  nat-nr ..n...nr a n r a - o n  

. I J & A U L - ~ l p L C I ( L L  .AerU . .PPIIJJIL WODlT I L D  A O L C U K L P  I U L U . - . ~ ~ ~ ~ - -  .... 

I1P. -aa' .In w la a 1  r 0.0 MIIUIP ~ ~ ~ ( ~ p ~ r r n  11th- 
.'.I I r I,,.-. . l I r - P  IIII*OFL 
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LMSC-HREC TR D867400-111 

SAMPLE PROBLEM 7 OUTPUT (Cont'd) 

UUA ... PAU .PPL\SUPL-LWL.~L. m w - 4 ~ ~ ~  MU . !LIJALS---E~~~Z -- . . -. . - .... .. 
V C L I  a ~ n  r IS r i r i u s ~ ~ m a i  101 cnvm wteac  oconn  

I.ZS.IW L ~ W  .ZSAZ-M. l r L l h t l L - w _ l d m - n 1  L . . c ~ P . ~ ( L  6.1~us.m -. &PLP.M. -. 

. r u r s L I l r l l r . r l U I r l r l r r r . l I ' J 2  TOR --- 
\#AD mlCwaLICaL PIDO1 CUlP l O f l L  r l S  

L 3 I l f Z  PLIIPUL--~. L a %  . _.. .. 
z.-sa.ou 0 . o ~  o - o o n  o.noo i .oon 0 . ~ 0 0  

. -. .- - -- . 
~ 0 1  IPa, l l  1Ua1 l R U f 5  C ~ O l l l l G  PaD&.(11191 LL1ViNI.L Wa.5 <&IMSF~P CO€r l lC IC* IS .  

r r .  C- r n n  CM. r n n  --- 
cr,z SI NO. PVROL E # S  ~ m a n  1 0 1 ~ .  r a s  

1 . R A l - P I  1 . ~ 9 9 P I L - ~ a . l a o  - -- .-.--. - . -- -- - .- 

. - .  --  .. -- . - -- 
mnwrn!~. O l s F ~ a C c .  t r r c c r l v c  CM~HLLPI RCIIIOIOS CIS! I*ICWCSS ~ J O  

mrm - -- 
IN I #  O I L I I a P  OISPLICC. La*801 PCP r O 0 I  
I L L I -  - ~ CLLL. . - .  - _  . I U L  . - 

c . ' b * - C *  2.501-01 Z.501-03 0.1#1-01 1.021.06 O.POO 
. - . - . . -~ -- . - 

IF I~L  MI~I IWPUSI 1011: a c c t ~ t c a ~ ~ r m  INVI.CIO  TOIL^ 
i n < <  I .nr. 1 b  0 1  ma<c &I 1 1  

PI% t ~ e r  I t r 2 1  L ~ I S  LRIS 
l.llZtU2-POl-aL-1.291.CI - LczLnl - 2- - -- - -- . -- . - - . . - -- - 'a 

' ,?LAL LbrnaLUtIuI - -- -- - - - -- - -. - - .- -. . - -. -~ -- .- --. . 
I l a  OISI~IIC~ r IIIUC rPC S)lf an 6 .  10111 6P 6PP S I A l l C  IC*P 

IPOB I & #  I 1 NIHAL P I  LMIYALPI - - --- 
f c ~ l  ~ 8 r 1 r i  D ~ L N  OIL~  O I L ~  BIII n tG-0  

_C.PUO- P.POP .s.zua- mzns~~rn?ru:~u~.oz ~ . ~ W Z . - U P L - I ~ ~ P ? P Z  J CQYP'RI- 
b . l l * - P I  5.187-05 6.010-1. ..5.8-?2 :.l l l.FO 2.150.no -1.10b.nl 8.010.02 3.061.03 -1.3Zl.02 1 . 0 1 ~ * 0 3  

-L321-U-L2%¶- - P ~ - L . A P ~ ~ X L ~ C ~  =I.PPO+P~~.ZZA.~ . . ~ o r ? u u i ~ z . ~ s  :PI.- .- 
'.1.0-02 2 . b l Z ~ ~ Z * 0 - 1 1  1.121.10 7.e5b.O~ -b.00'.01 8.qQa.01 1.3*0.01 - 1 . 1 1 1 ~ 0 2  I.05O.03 - ..s - 0. 1.1nr-n> r . ~ a a - d ~  IU 7 . = 9 r . p l l r l r ~ 1 q - n 1  I ~ . o Z  -5.01I.02 - u 1 * 0 2  1.0*6*01 - -- 
*.--a. 5.1bl-02 ~ . i l # - 0 l  1.216.00 2.*20.01) >.211."1 I.bOb*OZ -2.010.01 -1.2B7.02 I.0Zm.03 
I . 1 > D - P L - l r l l l - 9 1 . 1 ~ - M - L 1 b b - 1 1 1 ~ ~ P ~ ~ .  A+IIIPU L I ! P J ~ ~ L ~ ? ~ U ' _ . U  : L . l ? l ? ~ ~ l t ~ k * ~ - ! . L ' ? I J < ~ .  . 
2.1.2-01 1.62--01 . .Lz*-~I I.-&*-71 1.-ZC-01 z.rno.no ~ . o s ~ . r z  1 .1evo2  -5..22.01 -2.8-I*O~ 2 . s ~ ~ - n Z  
~.UI-OLJ.6X-PL_LLI1~9LdnUI:31 k*kqZ:Q< J * l 9 f ' ? J  !.??$.rZ $.?I$'!U :l*!*Ol r l ~ b Z l ? Q Z  - 6 z l ~ ~ P L  - . 
I.DOO.0" 5.131-01 1.100100 9.500-01 ?.Dbr-32 1.900-pl  5.136.V2 1.156.01 -*.018*00 1?*02 *.* / l *OZ 
1.310.011 1 1 9 - 0 1  ..PIa.on 9.711-Ol :.11*-02 . . t t l - U l  5.592.CZ 1 . 1 0 b * n l  -P.*b8.00 -*.)/I 'D2 * .52* 'oz  - 

-00-02 9.6as.00 I.ooo.)u o.cor o . w o  h.n:*.nz n.000 - I . l r o * o o  -1.553*02 a . * ~ l * o z  
-. -~ - - ~ ~ . - - - - A -  ~ 

u $ r m t L  I I C I L I ~ ~ I ~ . - W ~ T I ~ L I P T L L K ~ I L  -.IIICP:'L_ r e # *  r ;: R O C ~ ~  l l r  ry  r c y L ? a .  !!cr_. -p"OrgoWs rusn_uU*L 
r r o m  b111 OLO mu u r a r  cnur .  h ~ n r n t i  Y C V V I L I  uc I S H ~  MUPIBID IP)IOI*RU? P P A Y O ~ L  YO 

I ~ I I  t n ~ r s  n l r s  S I L ~ - R  8 1 ~ r - 9  - ~ ~ -  
O.OUO a.115-0- ~ . n i - . r s  q . o a e - ? ~  I.~I'-I~ 5 . r r 1 - r i  .~'JI-CI I..~*.OI c . 0 ~ 0  n.wo o.non 
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SAPlP1,E PROBLEM 7 OUTPUT (Cont ' d )  

. .-- . -.-.-- - - - - - -  ~ 

NIM CONTOUP IN< OPMI I l O N  
-- - - ~.. ~ -- - -. - - .- . -- ~. .. 

INPUT INII)CIO CcwInun I N V V ~  MILL ~O.IIOUP 
- ~~~- nr -ru - C I I L I ~ ~ I C U U I ~ I ~ * - ~ .  

1Y9011 PIOIUI: .OJIJP-OZ r r i i  IYDDII O~FIUS:  .o~~ Io -o?  r t r t  
S l I l l U Y  n P L C L 1  - A - A - - - A I L  . . - 1 . . . - . - .. - -- . . .. . 

YC. I Y I C I N t 1 5  T€C1 C O M O I I A l f  CbOU01NIlC r D O ~ C l N ~ l E  COOWOlN111 

! -8. lO lb l -Ob -- O & O O L l .  9 - 9 q l l f h - a l ~ . L U U I U C  .. .- . 1QM91LL10 --. .-. _ ~ _  .- - . -. . 
-8.51lV1-Jb O.ilPQ51-I- I.OL)I21.00 P. lV5Vt-02 L.OOZlP*UO 

- L - 7 - r u u u * n l n - a '  -- 
2.0ObIJ-Jb b 2 1 ? 1  I .L l l 71 'OO ( . 2 l b b l - 0 1  1.1101b*00 

. .-2. lZt1A-i lS --I-LO1001L---I.a&l15~ l . lVJ511OD . I . * U b 5 * M  - ... -. - - - .. 
e 3.b51-5-05 I.:bOvl.ol 1.80165.00 I . lb501-UO l . lo415.00 
1 . . L.13hJJ-K&-.-f ~ U U 6 ~ I - L D 2 1 S l M U I - .  - 2 - 1 l a b I t M  -. L l q l A 5 * 0 0 - - -  - - .- . . 
@ 1.131.5-05 2 . v 0 1 0 1 ~ 0 0  ..IVSOb.OO ?.VlnbL.OO Z.50011.00 

- _ - q  o -  ~-UIUII~II I~USWUI --1.9)1161- --- 
I C 1 .18~51-01  ..oboefl.nr 3.zsz53ro0 a . 0 5 ~ 1 ~ ~ 0 0  3.22lb1*00 
I1 1 5 9 - 0  . . r - I Z 4 L U P e _ l . b ; b J Z * O l l  L W l l l * P L L  - - .. . - 
I: v z -  ~ . t i v ~ i . n -  s . ~ t t r ) . o o  . . IV~Z~.OO I . ~ ~ ~ Z V * D O  
1 1  %.19OI l -Y I  . . 5 JJICI.DU -u rO l l l b . l lO  S.ll lV:*OO . J.99029*00 
I* S.b*000-01 b.10750.00 4 .27Z l l+On C.l511:*00 1.1.5*1.00 

-1~-  &-I-.- ~ . - ~ ~ - ~ ~ * n ~  .-*UUUM 6.- -n .- --- 
I I i.i35=,v-oe ~.OI~II*?O ..~VOII~OO ~.~O:I . .OO r.s)!e?.uo 
I: 1 . 9 1 s s a - ~ *  -.L~I~~J:I~D.-A.~-PI+~~. c o n  . o o  .. . . .. . . . . 
I t  8 . 8 1 -  0 . 5 0 8 9 * F 7  5 .0 r115*00  C.C5IO?.OO 4.88175.00 
1' P . h J I l h - a C ~ - ~ 3 1 1 u I o L ¶ M  -.. 5.2656n.M . _ _ $ . Z I I 4 9 ~ M  . S.O99UI.00.-. -- . .-... 
:c I .~~:I-uI  q.)?~sv.?n s . -~?vz .oo  V . ~ ~ * P . O C  s . 1 9 ~ ~ 8 . u ~  

. _ - ~ - u l - n r  I - n > q w l  =.-aP124-nn w n l  r - r w * n a  
- - . . ,. 1 2 1 2 1 - 0 1  I . @ ~ b .  1.0i 5 . l b l ~ b ~ 0 0  1 . o v ! ~ #  5 .1 ' l l 1 .00  - - l ~ l b W M - . 5 r P 1 I Z L . M ~ ~ . - 1 ~ 1 I 1 1 : ' 0 1 .  .- J . d D L l l % L  - - - . . . - .- . - . . - - - 
?* 1 . ~ 1 0 ~ 1 - 0 1  I.IPV?V.~~ b.0b111.0* 1 . 7 ~ 7 l o . 0 l  5 . 1 1 ~ ~ 1 . 0 0  
; 5  5 -  L 0 9 0  l Z b 2 1  i . I ! t I I I " D -  -~ - .. -- 
; b I.b:Obl-01 1.111b1.01 b.3rb51.00 1 1  6.qbVl!*UO 
1 , - I  .II..-ILLnL-.lntLLDa-nl*"" .-- . -- 

; ?  1.81V11-03 1.12101.01 b.bS1IZ.09 I . * IC I1 .OI  b.llZ11.UO 
5 1 . 9 1 P L l - U  - - - _ ) d I a M 1 0 0  . - 1 . 3 P l l ~ t D I  -. L . > t l t Z ~ Q -  -. - . . - - 
: r  i .uZbl2-03 1.5*1ls.n1 a.85br l .on 1.5scro.nl 6 .379 lq*uo  
2 1  Z r L . I 1 k 0 L _ _  .LAQUtLILL-_ ~ ~ P l h 2 i f O O  . L.bLF3:.Ol_ 6.a69I5.UL . _ .  -- -- ._ - .- . . .. . . . 

2.25951-01 I.bS5bV.01 l.JVlV3.Un I.LPcZ7.01 bm5560I.UO 
-- -LL 7 . 1 . ~ . 4 - ~ 1 1  I-n~ * - Z O A l l t o n U U ' M  - - . - - -. 

J* 1.5C110-Ul 1.16175.01 1.31161.Oll 1.1108:*01 b.12Q1J.bO 
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. - - . . .- - - - _JUPIR$CMIC r i o v  ~ M & i l 5 1 I  b5It1r 1 h I  i O r n * i ~ ~ ~ ! l ~ ~ ~ y l ~  MUI IIPLL SMCC.  C a a ~ u ~ i o  ~ n o t n l m  - 
. ..... - .  F ! i L  l o .  U - . . .~ ...~... .. .. !'I.' _..a 

II~.-*U,HIDPUINL * q I n u  LLI&III TV!LCVLIILS . . -  

LI~A.YL?LLAWP. - - u a w - r - -  - I--- r * ~  I& x " Y " ~  YILOLII. O / I  - LIE . 
M&CW IWCLI PRIS%U*L P I N 5 l l l  I l r P I Q I I U P C  61% COMSI. LOCAL S L U M &  IHOCS &*61! 

lhPUl. ~. 
1 1  - E O M ~ I M  .OWO- - . I  c i  ;ao iao  - - " . o ~ o o o  - - ; ? b f i b . ~ i  ~ ~ . 1 3 0 i 2 . 0 0  a 

. .  - . a m e * . o ~  - .~8*b~b.~l-._ , * I ~ F ~ - u ~ . .  - . Z Z * V ~ . O S  .~~*ZI .UI  .II*~!!III ._ ._ . 

L 2 IN~YI  - COM~IN .2119'-02 . 1 5 * 7 9 . ~  .?UI~L+UI .8ZllO.UO .2098I-U. b l b  .ISO9;.U8&- 
.809q6.01 .28r:8-01 . - n b z l - 0 s  .zZr-@.uf .11*2l*O* .131bz.ul 

- - -  . -- . .  - -  - -- - -- .. -- - . - - ---.-. 
I 3  - ~ 0 ~ 1 1 ~  .*358n-o? . l :u?*tuc . 1 0 ~ 1 l . 0 1  l b z , o  . - ;olbLb -. -Ts,,l-- . .Or . 1 T U S Z + 3 b  0 

- 
.OPPV*.OI .28*.1-~1 - -..C~:SLIS- - . ~ ~ ~ . a * ~ o ~  - . ~ ~ i ~ z ! ! r b - -  --.fiew+o~ - - . -- - -- - - - 

I U INPUI - COUllU + t5>9b-O2 .IC.I@.lr0 .IC9!*.CI b  .20981-0* .lbtJJ.U8 .lSUV2.08 0 - 
. 8 1 0 1 g . ~ ~  . I ~ * O ~ - O I  . 1 8 1 1 ~ - ~ ~  . Z Z ~ ~ U . U I  .11.21.01 .ila8l.ol 

1 
- ihPui - - .  - -  - -- n o  I ?  8 0 - C O ~ ~ I N  8 - 0 :  . l < a ~ b . ~ ~  . 1~~:1 .a - - - ;nsn i%r~- .aama-  -- 

. s l o e a . c ~  . z a ~ e i - 0 1 -  - . l e 1 ! ? - - ~ 5  - -~ t z ~ s z v ~ o l  . . p 2 ~ ~ ~ z ! ~ ~ _  .. . - . J ~ l ~ t f x ~  . ~ ~ ~- .. -- -- ~ 

I a IMPlJI - CCMllM .10897-01 .151a2.0c .10(1~1.01 .*Osrr .  -.r : l o -02  . 1 ( . 1 2 1 ~ 0 ~  . 1 5 ? l v l . u \ - ~ .  - 
.81000*01 .286h8-u I  . 8 L O l l - 0 5  TR-.OI 

~ i b T I T ~ - ~ - ~ ; 7 3 0 i i . u 8  o 
I 1 IMPUI * C O M l l *  .l9Obn-J1 . I5 j )* .U@ .108.0.0' . * * 0 1 0 . a -  .0@306----- -" 

. - - -. - . . - - - .98_1**Ol .El*?% ..U90> - 5  . ? z S F - _ U l  .. r 1 3 2 1 ' 0 2 - _  _ .11882.01 - _ 
; 8 1IIPUI - CONIIb .15220-Cl ,151!U*OO .11-+1 .SbVlI.OI .20981-0. l b l l 5 0  .IS09Z.U8 0  _ 

. 8 1 ? * 0 1  2 8 - I  .8V lF5-05  .ZZbZO.Ul . l l * Z I . O ~  .1.?82.OI 
- - - - - - - --- - - -. - - -. -. . - - . - . .- - 

1 9 IMPUI - C O M ~ I M  .1111.-01 . I%~?Z.OC .10110.01 . ~ * P G i i T - 7 0 0 5 6 0 - -  - - 7 Z R - - T T 5 6 V l  .E6 I 
, s l = - o l  . ~ V Z * V - O I  . b w - u >  _ l ~ ~ ? - . - : ~ ~ o . _  ~ 1 3 r u 1  - .-- . 

-- A. --a I LO. L A P L U  -U'ALD) - ~ V L P l U A . O . -  
.~1111 .02  .2812l.Jfl . 1 5 l C V - 0 *  .*?bVZ.Ul . l l .? l . rP .138*i.UI 

LOCKHEED-HUNTSVILLE RESEAKCH & ENGINEERING CENTJB 



SMPLE PROELEM 7 OUTPUT (Cont'd) 

8-14 7 

LOCKHEEPHUNTSVILLE RESEARCH 6r ENGINEERING CENTER 



-- L l b L  Y .rl.111110 LItlltC -- 
I* C f O C I m l  C n U L C  1 8  m a s s  I1R 1% r .2*t**.-tl _ !~%LaL--!smhta 1s 2 --YILIWM P - -. a u m m  -. -- - - - -- . - 

* l E C C l I  <Ha..( I8  C N I C l  1% Z .WOW 

: :I-fuMfALMu~~~ ~~:$---~~~mI~~. -. <;;:;:::; - :;;;;n:;t.--dFzm:+$ +igi:j;.-2uY*-ol 2 

. . . . . - - -- - - - . . -- - - . -- . - - - 
8 -I. s ~ e r i m ~ i u  n n S - a T T i - 1 i S r G i 6  0;7?;r-? r t r r i r ~  r c i m t r  i m o  - 

.I. slorrtllt~nm w a s  a c c b  J.Sr11CO P t tm 7 I C I Y T C ~  C a r n I s  I% 1.0 1 6  

8-148 

LOCKHEED.HUNTSVILLE KLSEARCH & ENGINEERING CENTER 



MSC-HREC TR iMS67630-I l i  
SAYPLE PRUELEY 7 ,,L'TPCT ( C u r k c  li;ded j 

Ydll.IL).LI.I.-- 

- -. - - - - - - - -  --A .- - .  - -  - -  - - - - ---em A - 
- -  ....*--.yI -----  -- - -~ -- - --  - 
-Um-n - - .L I - I  W .  -. bU- - A I L .  

m u -  m*s..n r - % I * -  I r s  tall. a u a a  SH. u e o  -1 - - - - -- - - - -- - - - - . - - - - -- - -- . - - - - - - -. . - 
A* %. l l a -  - CaalI. . l ~ o ? * - ~  .1sI'.-.t . w m ~ - C l  .Vm~.l-a? .l*:YI-01 .s l *w-L -.B%*w-m* I 

. . ~u.-n- -*-n - -- ..-- - . ~w-a~ - 

- -- - 

- A t  - - A ----a 'a=-- A & . .  A m  . Isa9d:m . 2 
.*.?*-.cI JI*.I-GI .~*:.a-q .I-W-I-~B .B~II-C- .IBD~I-O: 

- --- - - - - - - - - - - 
a. %I r r r n  r m r l m  .~nr.r . ~ a r * m - r  .ra..-n~ I I ; ;  . s r r e * - r  -.nrme-#I r 

u -- ILYY.U -.a=* - 
U . . UU --- - - W U # U A  _d .-.- - A # b l L - m  - -2.- . L - 

. -~w-c I  .¶.I.-I-&- .I-IC~-C- .ISSW-a) .nr.xl.m- .I~~I-OI 
- - -  - - -  
e* I * a  - I . ~ * ~ . w e  .I~SU-U .W~Y.-SL - . a m ~ - J  .~*ICI-C* .~~ *= -em - - . n r r - m r  I - .'--.my -I.--. -....,- .-, .,.--1. m.1.. I 

bS -I ---LC....- 1 - I U  - - -  -t.m 2- 
. a I Y r - l a  - b ~ ~ b - m x  I .Imar - - a1  . l n ? l - C -  .ln#J-ll 

... .- - - - - - - - - - - - - . . - . - - - - . - - 
a* SB . ~ ~ I Y - C C I I ~  .I*TB'-CC I .~s..-cI A*D.S-C; . ~ * i x z - m  s -.n*m..m* J 

-..-I, .....a- ..CLU.I).s.-,... - 

- -- .I--*--- -- 
u -- -- -- n r -  .a. - A X ~  - A - 

.*Y-C-CI ..)I.I-~: I -  .~.c'r-nr I -  . ~ r u - a t  

*I u ~III - C L * : ~  .:T*-.--:t .I~..)-X .s....-KI .UCI.U .I~::I.- .SIM-C- -.nn.-mv I 
. -- .""-*- A- - - -- -.-.am- 
A& -- . - - m - r L  C I L . I l - - _ - . l i y  - . - 1 U - - - 1  

-b:IC-.CI ..0.**-5; - 9  . l W 1 1 - 5 Y  .B..XB.- . I k # 8 - b b  

-I Y r - lac - ram~.  -I~W:-.C .IIJ.\-c .S.~-..CI .*sm.v-cr .I.:?:-m .r:m-:. - .nru -a*  a 
- - - -Irn -4W-g - 2-L-.L ,UL-rl. -* - d l - - -  - -- .- - 
-1: .- 2--- --. ---;IJlAsX . . - c u * . C I  ,.Lit+ Z t L I P - C *  -1 - *I.I*.-I ..v~,I-o; .I-.-Y-.. . ~ w v t - . l  .B- -Y: -~-  . ~ n m r - o :  

* x  s c -IM.-.CL .I?...-.E .%.a,. - -.*~-v..: .l*~:x-n .SIT*.-=. -.n~*.-v I 
- - 1 -  ..I~~L;YI-_J--Y#-O. . U I U L I  .-.. W - R  - -i-U. .- . 

-1- 11.1 .L U i  U I T  CUm- - -  -- - - -- - - I-^ r* r n x u  -. -..-.-I 7.1 - 

3 - _ C . L L I L - % - i L  --\J.L1.;l . 0 1 c C  -- - -It- -- rUO;-W ~ > .  
-.n..-.an ..s...-L. -.A ... .-=. . • .r.Y 1 :  .11aO?- l1  

!: 3. fm~na - c n ' a  a ~ - ~ - - ~ ~ ~ - ~ -  -:I . = ; -  --_- ~ 1 n q - w  -.8Sv0*:9'- 3 
- InC* -e :  . . * . . \ - W * x e o - a I  .1.B*l-a1 .nma-a- . nu * r -ma  

LS-.L.LI ..rL.*- 

..U 1. -..-- 

- _ J I I a . L I Y - p - -  

.#I 11. 
ma:- ~.CII -rs.e( n * $ l l v  1 l r r m . r r r  C a r  c r l v .  tar*& c u r  sI.1- -1 

- - -- - -. 1 I - CC..l. .ma? .m7*-.5 * w c  ..OILS 
r.-.cr -.--A- x p  

..OCtc .?.Blt'C. .I%..:-.* I 
.~ --- - - .  -LL - . . I..:*.- -s.....~I -&.~~..91 .1.+22.r~ -S I IW-~  -.lstra-ur z 

.lmw--w .~ss.s-~I . ~ % ) r a - c a  .I~BZI-CI .a)O.0-* .IW*;-#I 
- - - -  - --- -- - 

.~-IIYII. u l f ~  I - u a l  -1.1 * -L*~YI~o 1m &.I(. ~CLOO*.. w r m o r r -  a l * I r r  un mar. N a r - f a .  c s u  11-1-at lc .  --- 

.' 

- - 
----- - 

- - -- . - - - -----. 
I m u m . z =  

- -- 
, - - , l ~ ~ J . . l . n r . s l 2 m  .--IMIU.OI.. - .- - - - - 

M -- 
.- -..̂1..u..--Zl.Y _ - A ) l U t - A  . -0- . - m u  _ _ - . -- - 

- ..r\4~,.rra1:n~-~~tui: . r ~  -.LP~:I~~-OG. .IYII)O-U. . . --- -- .-. - -. 
p- 

.---- ..l.m . : -LUPUL-CA - . S E G * a l - M  JWU-U~.. - . . - . . . . - . . -. 

-- -rua -~.,"n.lr -,lll;lL-nI ~ a c c a : ~  .JSOWA&SB .- _ .- _ - - -- - -  - 

-- - " I U % ~ ~ . r n  Y.lUAsl - .IJIULV .aL .CYut.:r . l L P ) I I P . L I  -- -- .. - -  - 
8-149 

LOCKHEED-HUNTSVILLE RESEARCH 6 F.NGINEERING CtNTER 



9. CONCLUSIONS AXD R E O A T I O N S  

X c m p u t e r  code  Pas  been d e v e l ~ p e d  u h i c h  c a n  be used t o  model t h e  

dominant phenomena wnich e i f e c t  t h e  p r e d i c t i o n  o f  l i q u i d  and s o l i d  r o c k e t  

n o z z l e  and o r b i t a l  ( a s  w e l l  as low a l t t u d e )  plume f low f i e l d s .  With a 

s i n g l e  computer run  i t  is p o s s i b l e  f o r  t h e  d e s i g n e r  t o  p r e d i c t  a h igh  

a l t i t u d e  plume s t a r t i n g  from t h e  c o ~ b u s t i ~ n  chamber. T h i s  code is in tended 

t o  be a u s e r - o r i e n t e d  d e s i g n  t o o l  t h a t  w i l l  a l l o w  r o c k e t  nozzle/pluere 

c a l c u l a t i o n s  t h a t  c a n  range from t h e  s i m p l e s t  p r e l i m i n a r y  d e s i g n  

c a l c u l a t i o n s  t o  f i n a l  d e s i g n  p r e d i c t i o n s .  

The emphasis  i n  deve lop ing  c h i s  t o o l  w a s  t o  r e q c i r e  ve ry  l i t t l e  u s e r  

interface and d a t a  man ipu la t ion  which h a s  p r e v i o u s l y  been r e q u i r e d  t o  

a d e q u a t e l y  treat such  i n f l u e n c e s  a s  c o z z l e  boundary l a y e r ,  two-phase and 

. - a r i ab l e  O/F t r a n s o n i c  s ta r t  l i n e s ,  boundary l a y e r  e f f e c t s  on  p a r t i c u l a t e s  

e n t e r i n g  t h e  boundary l a y e r ,  and the t r a n s i t i o n  from continuum t o  f r e e  

molecu la r  flow. Development o f  t h e  progran  t o  t h i s  s t a g e  a l s o  a l l o w s  t h e  

RAZF code  t o  g e n e r a t e  an e x i t  p l ane  s t a r t l i n e  f o r  both s i n g l e  and t w o  phase 

motors  which w i l l  i n t e r f a c e  w i t h  t h e  JlWNAF Standa rd ized  Plume Flowfie ld  

(SPF) Code. 

The program is being used t o  g e n e r a t e  nozz le  and plume d a t a  f o r  

n u e r a u s  a p p l i c a t i o n s  such  as: 

Cas/Gas-Part icle Impingement (Heat-Transfer-Loads) 

Rocket Nozzle Performance (Thrus t  , Isp)  

I R  S i g n a t u r e s  (Rad ia t ing  S p e c i e s )  

RF At tenua t ion  ( E l e c t r o n  Dens ic i e s )  

Plume Rad ia t ion  ( R a d i a t i v e  Heat T r a n s f e r  G a s / P a r t i c l e s )  

Veh ic l e  Base P r e s s u r e  

Base Heating (Convect ion-Reci rcula t ion) ,  and 

Flowfie ld  P r o p e r t i e s  f o r  Contamination P r e d i c t i o n s .  

LOCKHEED-HUNTSVILLE RESEPRCH 6 ENGINEERING CENTER 



T h i s  three-volume r e p o r t  d e s c r i b e s  t h e  program and is in t ended  t o  

provide  t h e  u s e r  t h e  necessa ry  i n f o r m a t i o n  t o  use  t h e  code. It is 

a n t i c f p a t e d  t h a t  t h e r e  may be some areas o f  t h e  o p e r a t i o n  o f  t h e  code t h a t  

a r e  n o t  d i s c u s s e d  i n  s u f f i c i e n t  dep th .  Through feedback from t h e  u s e r  t h e  

documentat ion w i l l  be p e r i o d i c a l l y  updated t o  r e f l e c t  t h e  e x p e r i e n c e  o f  t h e  

v a r i o u s  u s e r s .  A d d i t i o n a l l y ,  coding  e r r o r s  which are uncovered w i l l  a i s o  oe 

p e r i o d i c a l l y  des s imina ted  t o  u s e r s .  

The code  h a s  been c h e c ~ e d  o u t  and compared w i t h  a wide range  of  d a t a .  

V a l i d a t i o n  o f  t h e  program i n  t h e  l o 3  d e n s i t y  area o f  t h e  plume h a s  been 

v e r i f i e d  wi th  l i a i t e d  amounts of d z t a .  High a l t i t u d e  (vacuum) plume d h t a  

are s t i l l  r e q u i r e d  t o  f u r t h e r  v e r i f y  t h e  a p p l i c a b i l i t y  and range  o f  u s e  sf 

t h e  RA!!ZF code.  As t h e s e  d a t a  become a v a i l a b l e  t h e  code w i l l  be f u r t h e r  

v e r i f i e d  o r  modif ied  t o  improve i ts  a p p l i c a b i l i t y .  
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Improvements  i n  Rocket  E n g i n e  Nozz le  and  High 
A l t i t u d e  Plume Computa t ions  

L o c k h e e d - H u n t s v i l l e  R e s e a r c h  6 E n g i n e e r i n g  C e n t e r  
H u n t s v i l l e  , Alabama 

Abs tract 

A knowledge o f  t h e  s t r u c t u r e  o f  h i g h  a l t i t u d e  r o c k e t  
e x h a u s t  plumes is n e c e s s h r y  t o  s o l v e  on-orb i  t plume 
i n d u c e d  prob lems  s u c h  a s  plume impingement  h e a t i n g ,  
c o n t a m i n a t i o n ,  plume i n d u c e d  f o r c e s ,  and mcments a n d  b a s e  
h e a t i n g .  Rocket  e x h a u s t  f  lowf i e l d s  a r e  v e r y  c o m p l i c a t e d  
and are g o v e r n e d  by many phenomena. Flany s i m p l i f y i n g  
s s s u m p t i o n s  a r e  made t o  e n a b l e  o n e  t o  compute  e x h a u s t  
f l o w s .  However, many of  t h e s e  s i m p l i f y i n g  a s s u m p t i o n s  c a n  
compromise and i n v a l i d a t e  t h e  r e s u l t s ,  d e p e n d i n g  o n  t l ~ e  
a p p l i c a t i o n  f o r  which  t h e  f l o w f i e l d  is  i n t e n d e d .  Ttie 
p u r p o s e  o f  t h i s  p a p e r  is  t o  d e s c r i b e  a compute r  c o d e  wilicli 
a l l o w s  t h e  u s e r  t o  e l i m i n a t e  many of  t h e  s i m p l i f y i n g  
a s s u m p t i o n s  and  t r e a t  most  o f  t h e  phenomena which g o v e r n  
n o z z l e / p l u m e  s o l u t i o n s .  A d d i t i o n a l l y ,  t h i s  c o d e  r e q u i r e s  
l i t t l e  o r  n o  i n t e r a c t i o n  b e t r e e n  t h e  c o d e  a n d  t h e  u s e r  f o r  
t h e  s o l u t i o n  o f  a n o z z l e  f l o w f i e l d  f rom t h e  c o m b u s t i o n  
chamber t o  t h e  e x l ~ a u s t  plume ( i n c l u d i n g  tile backf low 
r e g i o n ) .  

I n t r o d u c t i o n  

Rocket  e x h a u s t  f l o w f i e l d s  a r e  v e r y  c o m p l i c a t e d  and  a r e  
g o v e r n e d  by many phenomena. Many s i m p l i f y i n g  a s s u m p t i o n s  
are made t o  e n a b l e  o n e  t o  compute  e x h a u s t  f l o w s .  However, 
many o f  t h e s e  s i m p l i f y i n g  a s s u m p t i o n s  c a n  compromise and 
i n v a l i d a t e  t h e  r e s u l t s ,  d e p e n d i n g  o n  t i le  a p p l i c a t i o n  f o r  
which t h e  f l o w f i e l d  is i n t e n d e d .  Numerous c o d e s  a r e  
a v a i l a b l e  t h a t  t r e a t  many o f  t h e  g o v e r n i n g  phenomena, b u t  
n o  s i n g l e  c o d e  i s  a v a i l a b l e  t h a t  t r e a t s  r e a c t i n g  s j n g l e -  
and  m u l t i - p h a s e  f l o w s  i n c l u d i n g  b o u n d a r y - l a y e r  e f f e c t s  a s  
a n  i n t e g r a l  p a r t  o f  t h e  s o l u t i o n .  Thus,  p r e v i o u s l y  i t  was 

P r e s e n t e d  a s  P a p e r  83-1547 a t  t h e  AlkA 1 8 t h  Tbermopllysics  
Canf e r e n c e ,  M o n t r e a l ,  Canada, J u n e  1-3, 1983.  C o p y r i g h t  @ 
American I n s t i t u t e  o f  A e r o n a u t i c s  a n d  A s t r o n a u t i c s ,  I n . ,  1981 ,  
A l l  r i g h t s  r e s e r v e d .  
* 

S t a f f  E n g i n e e r ,  C o m p u t a t i o n a l  Mechanics  S e c t i o n .  



n e c e s s a r y  t o  u s e  a  m u l t i t u d e  of  codes  t o  t r e a t  a 
n o z ~ l e / ~ l u m e  f l o r ;  i n  d e t a i i .  It is  t h e r e f o r e  d e s i r a b l e  
from bo th  compu ta t iona l  and economlc s t a n d p o i n t s  t o  have a 
s i n g l e  code  t h a t  c a n  t r e a t  a l l  t h e  dominant phenomena i n  a  
r o c k e t  nozz le /p lume f l o w f i e l d .  A d d i t i o n a l l y ,  i t  i s  
poss!ble t o  pe r fonn  c a l c u l a t i o n s  wllict~ may r ange  from t h e  
most s i m p l e  ( a s  f o r  p r e l i m i n a r y  d e s i g n  s t u d i e s )  t o  t h e  
most complex a s  r e q u i r e d  f o r  f i n a l  d e s i g n .  

T h i s  pape r  w i l l  d e s c r i b e  a n o z z l e  plume f l o w f i e l d  code  
t h a t  h a s  c a p a b i l i t i e s  which d o  n o t  p r e s e n t 1  e x i s t  i n  a  
s i n g l e  computer  code.  The RAMF' codal*q  which was 
developed  by Lockheed under  government fund ing  was ctlosen 
a ;  t h e  b a s i c  code from which t o  work. The b a s i c  ME' 
employs modular  c o n s t r u c t  i o n  and h a s  t h e  f o l l o w i n g  
c a p a b i l i t i e s :  1 )  Two-phase w i t h  two-phase t r a n s o n i c  
s o l u t i o n ,  2 )  Two-phase, r e a c t i n g  g a s  ( chemica l  
e q u i l i b r i u a ,  r e a c t i o n  k i n e t i c s ) ,  s u p e r s o n i c  i n v i s c i d  
nozzle/plume s o l u t i o n ,  and i s  3 )  O p e r a t i o n a l  f o r  i n v i s c i d  
s o l u t i o n s  a t  bo th  h igh  and low a l t i t u d e s .  

During t h e  c o u r s e  of t h e  s t u d y  t h e  f o l l o w i n g  
c a p a b i l i t i e s  have been added t o  t h e  code:3 1 )  D i r e c t  
i n t e r f a c e  w i t h  J A N N A F  SPF :ode,4 2 )  Shock c a p t u r i n g  
f i n i t e  d i f f e r e n c e  numer i ca l  o p e r a t o r ,  3)  Two-phase, 
e q u i l i b r i u m / f r o z e n ,  boundary-layer  a n a l y s i s ,  4 )  V a r i a b l e  
o x i d i z e r - t o - f u e l  r a t i o  t r a n s o n i c  s o l u t i o n ,  5) Improved 
two-phase t r a n s o n i c  s o l u t i o n ,  6 )  Two-phase r e a l  g a s  
s e m i e m p i r i c a l  n o z z l e  boundary l a y e r  expans l  on, 7 )  
Continuum l i m i t  c r i t e r i a ,  a n d ,  8) Sudden f r e e z e  f r e e  
mo lecu la r  c a l c u l a t i o n  beyond t h e  continuum l i m i t .  

Most of  t h e  above c a p a b i l i t i e s  a l r e a d y  e x i s t  i n  o t h e r  
computer codes .  These codes  were i n c o r p o r a t e d  i n t o  t h e  
RAMP code t o  enhance  i t s  u s e f u l n e s s .  

Fu tu re  e f f o r t s  t o  improve t h e  code w i l l  be d i r e c t e d  
toward t h e  fo l lowing :  1 )  S i m p l i f i e d  i n p u t ,  2)  !lor2 
r i g o r o u s  t r e a t m e n t  o f  t h e  boundary-layerlprandtl-K2yer f a n  
i n t e r a c t i o n ,  3) I n t e r f a c e  w i t h  plume impingement rncdels, 
4 )  Documentation, and 5)  V e r i f i c a t i o n  of  t h e  a p p l i c a b i l i t y  
of  t h e  model i n  t h e  backflow r e g i o n .  

T h i s  pape r  p r e s e n t s  t h e  p r e s e n t  s t a t u s  of  t h e  code  aqd 
p r e s e n t s  some r e s u l t s  of  plume c a l c u l a t i o n s  f o r  
b i p r o p e l l a n t  and s o l i d  p r o p e l l a n t  motors ,  

RAElY Improvements 

J A N N A F  Standa rd  PI ume Fl owf ic;d (SI'F) Code I n t e r 1  a c e  

To per form a  plume c a l c u l a t i ~ n ,  t h e  SPF code4 
r e q u i r e s  n o z z l e  s x i  t  p r o p e r t  ies  a s  i n i  t  i a l  corldi t i o n s .  
T l~e  RAMP code  was modi f ied  t o  punch o r  put  on t a p e  e x i t  
p l a n e  d a t a  i n  t h e  format  t h a t  t h e  SPF code uses .  Tlle code  
w i l l  punch d a t a  f o r  both s i n g l e -  and two-phase c a s e s .  



Stlock-Capturing F i n i t e  D i  f  f e r c n c e  Opcra to r  

It is d e s i r a b l e  t o  have t h e  c a p a b i l i t y  t o  t r e a t  stlocks 
t h a t  c a n  o c c u r  i n  some n o z z l e s .  The o r i ~ i n a l  RAMP code 
h a s  t h e  l o g i c  f o r  computing any  number of r i g h t  o r  
l e f  t - running  shocks  u s i n g  shock  f i t t i n g  t echn iques .  Th i s  
l o g i c  was p a r t i a l l y  v e r i f i e d  under  p r e v i o u s  e f f o r t s .  
Shock c a p t u r i n g  schemes r e q u i r e  no s p e c i a l  e q u a t i o n s  o r  
program l o g i c  and a r e  r e l i a b l e .  For  most n o z z l e  f l ows ,  
e x i s t i n g  shock c a p t u r i n g  t e c h n i q u e s  a r e  s u f f i c i e n t l y  
powerful  t o  trear t h e  shocks .  A d d i t i o n a l l y ,  i n  o r d e r  t o  
d i r e c t l y  i n t e r f a c e  w i t h  t h e  SPF code ,  i t  would be 
d e s i r a b l e  t o  u s e  a  shock  c a p t u r i n g  numer i ca l  o p e r a t o r .  

For  t h e  above  r e a s o n s ,  a shock  c a p t u r i n g  a l g o r i t h m  was 
added t o  t h e  code.  The methodology,  e q u a t i o n s ,  and g r i d  
sys tem w h i c l ~  was j n c o r p o r a t e d  i n t o  t h e  code i s  i d e n t i c a l  
t o  t h e  SPF code. To o b t a i n  more i n f o r m a t i o n  on t h e  
scheme t h e  r e a d e r  shou ld  c o n s u l t  Ref. 4. 

Equ i l i b r ium/Frozen  Boundary-Layer A n a l y s i s  

Nozzle boundary l a y e r s  a r e  known t o  i n f l u e n c e  c e r t a i n  
r e g i o n s  of n o z z l e  f low and h igh  a l t i t u d e  exhaus t  
plumes. 5 * 6 , 7  For n o z z l e  d e s i g n e r s ,  t h e  n o z z l e  boundary 
l a y e r  i s  impor t an t  i n  d e t e r m i n i n g  t h e  thermal  l o a d s  t o  t h e  
n o z z l e ,  performance l o s s e s  due  t o  hea t  t r a n s f e r  and 
e f f e c t s  on t h e  n o z z l e  p r e s s u r e  d i s t r i b u t i o n  due  t o  t h e  
d i sp l acemen t  t h i c k n e s s  e f f e c t  on t h e  i n v i s c i d  f low 
s t r u c t u r e .  For s p a c e c r a f t  d e s i g n e r s  t h e  n o z z l e  boundary 
l a y e r  i s  impor t an t  because  of  i t s  e f f e c t  on t h e  e x h a u s t  
plume, A t  h i g h  a l t i t u d e s  t h e  n o z z l e  boundary l a y e r  c a u s e s  
t h e  plume t o  expand t o  l a r g e  a n g l e s  ( app rox ima te ly  180  
deg) .  I n  t h e s e  backflow r e g i o n s ,  s p a c e c r a f t  and s e n s i t i v e  
s u r f a c e s  a r e  s u b j e c t e d  t o  unwanted con tamina t ion ,  f o r c e s ,  
moments, and h e a t i n g  r a t e s .  For some a p p l i c a t i o n s  t h e  
r a d i a t i v e  p r o p e r t i e s  of  t h e  expanded boundary-layer  f low 
i s  i m p o r t a n t .  Thus, i t  is e a s y  t o  s e e  t h a t  f o r  many 
a p p l i c a t i o n s  t h e  n o z z l e  w a l l  boundary l a y e r  i s  a n  
impor t an t  f a c t o r .  

The BLIMPJ boundary- layer  code8 was c t ~ o s e n  f o r  t h e  
s o l u t i o n  o f  t h e  n o z z l e  w a l l  boundary l a y e r .  BLIMPJ i s  a  
JANNAF s t a n d a r d  boundary-layer  code f o r  d e t e r m i n i n g  
boundary-layer  e f f e c t s  on  t h e  pe r f  onnance of o rocke t  
2ngine .  The BLIPlPJ code c a n  t r e a t  n o z z l e  f l ows  f o r  
e q u i l i b r i u m  o r  f r o z e n  c l ~ e m i s t r y  , u s e s  t h e  JANNAF s t a n d a r d  
thermochernist ry  c u r v e  f i t s  and h a s  numerous ways t o  handle  
t h e  n o z z l e  w a l l  boundar:  c o n d i t i o n s  t h a t  a l l o w  i t  t o  t r e a t  
l i q u i d  e n g i n e s  a s  w e l l  a s  s o l i d  n ~ o t o r s  w i t 1 1  nrld w i t t ~ o u t  
a b l a t i v e  w a l l s .  



For most rocket  motors t h e  boundary l a y e r  i s  f a i r l y  
t h i n  (approximately 5-10% of e x i t  d iamete r )  and the  
r e s u l t a n t  e f f e c t  on i n v i s c i d  flow p r o p e r t i e s  i s  minimal. 
For t h e s e  c a s e s  one pass  through the  i n v l s c i d  nozzle  
s o l u t i o n  and boundary-layer c a l c u l a t i o n  i s  adequate.  The 
boundary-layer r e s u l t s  a r e  then superimposed on the  
i n v i s c i d  nozz le  s o l u t i o n  and a n  e x i t  p lane  s t a r t  l i n e  wi th  
boundary-layer e f f e c t s  i s  genera ted  which can  be used t o  
perform a plume expansion. 

Some low pressure  o r  low t h r u s t  motors have boundary 
l a y e r s  which c o n t a i n  a s i g n i f i c a n t  p o r t i o n  of  the  t o t a l  
mass f low of t h e  system. I n  t h e s e  c a s e s  t h e  e n t i r e  
s o l u t i o n  should be i t e r a t e d  by making tvn  passes  through 
the  i n v i s c i d  nozzle  and boundary-layer c a l c u l a t i o n s .  
After  t h e  i n i t i a l  nozzle  and bounday-layer s o l u t i o n  h a s  
been completed, t h e  nozzle  s o l u t i o n s  w i l l  be c a l c u l a t e d  
with the  a c t u a l  w a l l  con tour  a d j u s t e d  by t h e  l o c a l  
displacement th ickness  which was detennined from t h e  
boundary-layer c a l c u l a t i o n .  The boundary-layer s o l u t i o n  
w i l l  t hen  be re run  us ing t h e  new edge cond i t ion8  from t h e  
second nozz le  c a l c u l a t i o n ,  The r e s u l t s  w i l l  then be 
superimposed on t h e  o r i g i n a l  nozzle  contour  and second 
f  lowf i e l d  s o l u t i o n ,  and a n  e x i t  s t a r t l i n e  w i l l  be output  
o r  saved. 

P a r t i c l e  Tracing Through Boundary Layer 

Any p a r t i c u l a t e  m a t t e r  (A1203-solids o r  unburned 
p rope l l an t  d r o p l e t s  i n  l i q u i d  motors)  which might e n t e r  
the  nozzle  w a l l  boundary l a y e r  could be in f luenced  by t h e  
boundary l a y e r  t o  expand i n t o  the  backflow region.  Thus, 
t h e r e  may be c e r t a i n  motor/nozzle c o n f i g u r a t i o n s  i n  which 
i t  i s  necessary  t o  t r a c k  p a r t i c l e s  througlr t h e  boundary 
l a y e r  i n  o r d e r  t o  o b t a i n  t h e  most a c c u r a t e  r e p r e s e n t a t i o n  
of t h e  nozz le  flow p r o p e r t i e s  a t  the  e x i t  p lane .  

Lockheed-Iluntsville added a p a r t i c l e  s t r e a m l i n e  
t r a c i n g  module i n t o  the  nozz le  code. The code which was 
used a s  t h e  b a s i c  bu i ld ing  block of t h i s  module was used 
i n  p r e d i c t i n g  the  ZUS, SSUS p a r t i c l e  d i s t r i b u t i o n s  
published i n  Ref. 9.   his code uses  i n i t i a l  p a r t i c l e  
p r o p e r t i e s  ( v e l o c i t y  flow a n g l e  temperature and d e n s i t y )  
and t r a c e s  t h e  p a r t i c l e s  through a known f l o w f i e l d .  Th i s  
o p t i o n  is  use r - se lec tab le .  

Boundary Layer Expansion a t  Lip  

Once a f u l l y  supersonic  s t a r t l i n c  113s bcen generated 
a t  t h e  e x i t  p lane ,  the  flow can be expanded around the l i p  
using a Prandtl-Meyer expans ic~ l .  The main problem wit11 
g e n e r a t i n g  the  s t a r t l i n e  i s  the  trcatment of the  subsooic  
p o r t i o n s  of the  boundary l a y e r  and t h e  boundary-layer l i p  
i n t e r a c t i o n .  

A-4 



Tlre p r e s e n t  v e r s i o n  of  t h e  cn4e  u s e s  t h e  rcplacem:>nt 
l a y e r  t r e a t m e n t  of t h e  s u b s o n i *  x r t i on  of t h e  boundary 
l a y e r .  T h i s  method c o n s e r v e s  t - mass of t h e  s u b s o n i c  
f low u s i n g  mass averaged  p r o p e r t i e s  a t  a s l i g h t l y  
s u p e r s o n i c  v a l u e ,  which r e s u l t s  i n  a l a y e r  of  c o n s t a n t  
p r o p e r t i e s  n e a r  t h 2  w a l l .  As e x p e r i e n c e  i s  g a i n e d  u s i n g  
t h e  code ,  f u r t h e r  e f f o r t  w i l l  be s p e n t  on t.he t r e a t m e n t  of  
t h e  l i p  r e g i o n  s o  t h a t  more a c c u r a t e  p r e d i c t i o n s  may be 
made i n  t h e  l i p  d o m i n d t ~ d  backflow r e g i o n  of t h e  plume. 

V a r i a b l e  Oxid izer - to-Fuel  Rat.io T ranson ic  S o l u t i o n  

S o l u t i r m  o f  t h e  s u b s o n i c  t r a n s o n i c  r e g i o n  of  a  
l i qu i c? l0  r o c k e t  e n g i n e  c a n  vary  i n  complex i ty  from a  
s imp le  one-dimensional  v a r i a b l e  O/F s t r eamtube  a n a l y s i s  t o  
t h e  most d e t a i l e d  model such  a s  t h a t  of  t h e  d i s t r i b u t e d  
ene rgy  r e l e a s e  (DEE) model . l l  The s t r eamtube  a n a l y s i s  
per forms a  m u l t i z o n e ,  one-dimensional  c a l c u ! ~ t i o n  t o  t h e  
s o n i c  p o i n t  g i v e n  a  known O/F d i s t r i b u t i o n  j u s t  downstream 
of  t h e  i n j e c t i o n  f a c e .  The DER program i s  a  complex model 
which i s  i n i t i a t e d  ups t ream of t h e  i n j e c t o r  f a c e  and 
c o n t i n u e s  t h e  s o l u t i o n  up through t h e  s o n i c  l i n e .  Tile DER 
code was used t o  i n i t i a t e  n o z z l e  s o l u t i o n s  i n  Ref. 12  b u t  
i s  n o t  p a r t i c u l a r l y  e a s y  t o  u s e  o r  i n p u t  and r e q u i r e s  a  
good b i t  of e x p e r i e n c e  of t h e  u s e r  t o  s u c c e s s f u l l y  
execu te .  For  t h e s e  r e a s o n s  i t  w i l l  n o t  be u t i l i z e d  i n  t h e  
n o z z l e  code .  On t h e  o t h e r  hand ,  a  one-dimensional  
s t r eamtube  a n a l y s i s  d o e s  n o t  account  f o r  two-dimensional  
e f f e c t s .  A t ime-dependent scheme l3 is a  ;ompromise 
between t h e s e  two schemes. Ttre approach  i n c l u d e s  t h e  
r a d i a l  momentum e q u a t i o n  which  r e s u l t s  i n  a  set of mixed 
p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s .  The s o l u t i o n  p rocedure  i s  
a n  uns t eady  time-dependent f i n i t e - d i f f e r e n c e  t echn ique  
wi th  e q u i l i b r i u m  chemjs t ry .  T h i s  t echn ique  h a s  bo th  t h e  
e q u i l i b r i u m  and v a r i a b l e  O/F chemis t ry  o 2 t i o n  and h a s  been 
u t i l i z e d 1 4  *I5 p r e v i o u s l y  w i t h  e x c e l l e n t  r e s u l t s .  T h i s  
code h a s  been i n c o r p o r a t e d  i n t o  t h e  RAMP code a s  a  module 
and h a s  been execu ted  f o r  a l l  combina t ions  of  i d e a l  and 
e q u i l i b r i u m  chemis t ry ,  c o n s t a n t ,  and v a r i a b l e  CJ/F 
d i s t r i b u t i o n s .  

I m ~ r o v e d  Two-Phase Tran801lJ.c S o l u t i o n  

Ttre o r i g i n a l  t r a n s o n i c  module wliich .;as i r  vpordted 
i n t o  tire RAMP code could  hand le  t l ~ r o a t  r a d i i  o f  c z r v a t u r e  
t o  t h r o a t  r a d i u s  r a t i o s  above 1 .5 .  Many s o l i d  mo to r s  have 
r a d i i  o f  c u r v a t u r e  r a t i o s  s m a l l e r  t han  1. 10 a l l e v i q t e  
t h i s  l l m i  t a t  i o n  t h e  in~proved  approximate  t r d n s o n i c  module 
WLIS t aken  from t h e  new s t a n d a r d  performance p r e d i c t i o n  
program  SPY)^^ and put  i n t o  tire M 1 Y  ccdc.  



Continuum Limi t C r i t e r i a  ------ 

There have been numerous s t u d i e s  over t h e  p a s t  s e v e r a l  
yea r s  concerning methods of determining where c o n t i n u ~ l s  
flow breaks  down and f r e e  molecular flow begins.  Examples 
of t h e s e  c r i t e r i a  a r e  t h e  Knudsen number c r i t e r i a ,  
c r i t e r i a  based on Mach and Reynolds number, and t h e  
breakdown parameter a s  proposed by G. A. Iiird.17 

The p r e s e n t  v e r s i o n  c f  t h e  code u s e s  a Knudsen number 
c r i t e r i a  of 10  t o  check f o r  f r e e  molecular f low 
t r a n s i t i o n .  The code does  keep t r a c k  of the  continuum 
breakdown c r i t e r i a  and l o c a t e s  the  s u r f a c e  i n  t h e  plume 
vhere t h e  breakdown c r i t e r i -  r of 0.05 is  l o c a t e d .  I n  t h e  
f u t u r e  t h e  a p p r o p r i a t e  d a t a  a t  t h i s  s u r f a c e  b i l l  be s t o r e d  
s o  t h a t  t h i s  informntion map be passed a long t o  a i d 1  
Monte Car lo  eo lu t ion .  

Free Molecular Flow Option - 
A sudden f r e e z e  f r e e  molecular f low o p t i o n  lias been 

incorporated i n t o  the  code. Once t h e  Knudsen number 
c r i t e r i a  of 10 has  been exceeded t h e  f low i s  f rozen.  
( S p e c i f i c  heat  r a t i o ,  molecular weight,  v e l o c i t y  and 
temperature along a gas  s t r eaml ine  i s  held  c o n s t a n t . )  A t  
t h i s  po in t  the  s t r eaml ine  is  assuned t o  expand a t  a 
cons tan t  f low ang le  and t h e  d e n s i t y  v a r i e s  r?ccording t o  
the  s t reamtube a r e a .  This o p t i o n  a l lows  t h e  c a l c u l a t i o n s  
t o  be performed i n  the  backflow reg ion  ('90 deg)  of the  
plume. Numerous c a s e s  have been run  f o r  s e v e r a l  hundred 
nozzle  e x i t  diameters.  

Future Improvemefits 

Input S i ~ p l i f i c a t i o n  

Much of the  illput t h a t  is  required by tile RAMP code 
r e q u i r e s  t h a t  the  use r  have access  t o  s u c h  tlriogs a s  
p a r t i c l e  s i z e  c o r r e l a t i o n s ,  thermochemical curve f i t s ,  
p a r t i c l e  thermodynamics, r e a c t i o n  r a t e  packages, and a 
s t e p  s i z e  c o n t r o l .  Defaul ts  f o r  ttiis informat ion w i l l  be 
b u i l t  i n t o  the  code o r  s t c  -ed on e x t e r n a l  f i l e s  much a s  is 
done i n  the  SPP code. The user  w i l l  have the  o p t i o n  t o  
over r ide  these  d a t a .  Addi t iona l ly ,  the  NtZSA-Lewis CEC 

w i l l  be put i n t o  ttie W i Y  code a s  a module t o  
f - c i l i  t a t e  genera t ing  the  ttie~modynamic d a t a  necessary  t o  
perform a plume r e s t a r t  from an e x l t  plane s t a r t l i n e  t h a t  
inc ludcs  a nozzle wal l  boundary l a y e r .  I t  i s  a n t i c i p a t e d  
t h a t  input  s i v p l i f i c a t l o n s  w i l l  make the  RN.! code much 
e a s i e r  and more r e l i a b l e  t o  use.  



Boundary-Lqver-Li p  In tc r ' l c  t i o n  Model 

Near t h e  n o z z l e  l i p ,  t h e  s u b s o n i c  and  a  p a r t  o f  t h e  
s u p e r s o n i c  p o r t i o n s  o f  t h e  boundary  l a  er a r e  i n f l u e n c e d  
by t h e  e x p a n s i o n  p r o c e s s .  19~20s1; For  h i g h l y  
underexpanded  f l o w s  t h e  s o n i c  l i n e  h a s  been  found  t o  
a t t a c h  t o  t h e  l ipi4 s o  t h a t  tl:e f l o w  a t  t h c  w a l l  must  
r a p i d l y  a c c e l e r a t e  when i t  g e t s  n e a r  t h e  l i p  a n d  t h e  
s t a t i c  p r e s s u r e  r a p i d l y  d e c r e a s e s .  F o r  overexpanded  f l o w s  
t h e  s u b s o n i c  f l o w  m e r e l y  s t a y s  s u b s o n i c  a s  i t  n e g o t i a t e s  
t h e  l i p  s o  t h a t  downstream f l o w  c o n d i t i o n s  c a n  f e e d  back 
u p  i n t o  t h e  boundary l a y e r .  

T h e s e  a r e  e x a c t  s o l u t i o n s  t o  t h e  c o r n e r  f l o w  problem. 
~ i r d l '  u s e s  a  d i r e c t  s i m u l a t i o n  Monte C a r l o  n e t h o d .  H e  
se t  h i s  model u p  t o  compute  t h e  e n t i r e  n o z z l e  s t a r t i n g  a t  
tlre r e g i o n  n e a r  t h e  t h r o a t .  He p r e d i c t s  t h e  a t t a c h m e n t  o f  
t h e  s o n i c  l i n e  f o r  underexpanded  n c t t l e s .  Baurn21 u s e s  a  
f i n i t e - d i f f e r e n c e  method c l o n g  u i t l ;  bc - lndhry- layer  
e q u a t i 0 r . s  t o  d e s c r i b e  t h e  s u b s o n i c  p o r t i o n  o f  t h e  t o u n d a r y  
l a y e r .  H i s  a p p l i c a t i o n  was f o r  b a s e  f l o w  a b o u t  b l u n t  
b o d i e s  a n d  compares  w e l l  w i t h  d a t s .  F i n a l l y ,  t h e  GIN 
codez2  c a n  b e  u s e d  t o  e x a c t l y  s o l v e  t h e  c o r n e r  problem.  
A l l  t h r e e  o f  t h e s e  methods a r e  v e r y  complex a n d  are 
o u t s i d e  tht. ,c.:ope o f  t h i r  e f f o r t .  

A more p r a c t i c a l  a p p r o a c h  t o  a d e q u a t e l y  h a n d l i n g  t h e  
l i p  p rob lem i s  t o  d e v e l o p  a  acidel  o f  t n i s  r e g i o n  u s i n g  
i n t e g r a l  r e l a t i u n s ,  matched asynp:o t ic  o r  o t h e r  
s e m i e m p i r i c a l  t e c h n i q u e s .  One o t  t h e s e  wethods  w i l l  be 
s e l e c t e d  a n d  w i l l  be i n c l u d e d  i n  t h e  n o z z l e / ? l u o e  code .  
There  a r e  e x i s t i n g  p u b l i s h e d  c a l c u l a t i o n s  o f  t h e  l i p  
r e g i o n  u s i n g  Monte C a r l o  t e c h n i q u e s .  These  r e s u l t s  w i l l  
be  u s e d  t o  v e r i f y  t h e  model. Addi t :onal  c o m p a r i s o n s  w i l l  
be made u s i n g  e x p e r i m e n t a l  d a t a  which  e x i s t  f o r  t h e  l i p  
dnminated p a r t  i o n  of i l r e  e x l r a u s t  piume. The r e s u l t a n t  
model w i l l  p r o v i d e  a  r e l i a b l e ,  a c c u r a t e  r e p r e s e n t a t i o n  of 
t h e  b o u n d a r y - l a y e r - l i p  i n t e r a c t i o n  zone .  

Plume C o n t a m i n a t i o n  Model S u r f a c e  Chemical  S p e c i e s  
D e t e r m i n a t i o n  

S p e c i f i c a t i o n  o f  t h e  amount and t y p e  o f  plume e x h a u s t  
p r o d u c t s  a t  a  s u r f a c e  immersed i n  a  r o - k e t  plume i s  
i m p o r t a n t  f o r  d e t e r c ~ i n a t i o n  o f  s p a c e c r a f t  s u r f a c e  
d e g r a d a t i o n .  A f t e r  a n  a d e q u a t e  r e p r e s e n t a t i o n  o f  t h e  

, c l r a r a c t e r i s t i c s  o f  t h e  ex l raus t  plume has been per formed  i t  
i s  n e c e s s a r y  t o  r e l a t e  t i le  s p a t i a l  c h a r a c t e r i s t i c s  of t h e  
plume t o  a  s u r f a c e  t h a t  i s  i rnncrsed i n  t h e  plume. 

Under p r e v i o u s  s t u d i e s ,  Lockheed-Hunt s v i  l l e  d e v e l o p e d  
t i le  Lockhoed plume impingemrnt  T h i s  program w i l l  
p r o v i d e  f o r c e s ,  momc.nts, and l ~ e a t i n g  r a t e s  t o  b o d i e s  
fn~mersed i n  t h e  e x h a u s t  plume g e n e r a t e d  by t h e  Lo<hliecd 
m e t h o d - o f - c h a r a c t e r i s t i c s  



The plume impingement program (PLIHP) w i l l  be m o d i f i e d  
s o  t h a t  i t  c a n  u s e  t h e  r e s u l t s  o f  t h e  RAhlY2 c o d e  t o  
p r e d i c t  f o r c e s ,  moments, a n d  h e a t i n g  rates d u e  t o  p l u a e  
i m ~ i n n e m e r , t .  A d d i t i o n a l l y .  t h e  P L I W  c o d e  w i l l  be 
m o d i f i e d  t o  d e t e r m i n e  t h e  t y p e s  and  amounts  o f  plume 
s p e c i e s  a t  a n y  g i v e n  l o c a t i o n  o f  a body illunersed i n  t h e  
e x h a u s t  plume. S i n c e  t h e  RAYP2 c o d e  h a s  t h e  c a p a b i l i t y  o f  
p r e d i c t i n g  f r e e  m o l e c u ? d r  f l o w  p r o p e r t i e s ,  t!le PLIHP c o d e  
w i l l  be m o d i f i e d  s o  t h a t  f r e e  m o l e c u l a r  f l o w  d a t a  c a n  be 
used  to  p r e d i c t  plume impingement  s u r f a c e  c h a r a c t e r i s t i c s  
( f o r c e s ,  moments, h e a t i n g  rates, a n d  s p e c i e s  
d i s t r i b u t i o n s ) .  

P r e s e n t  Program C a p a b i l i t i e s  

The p r e s e n t  f o w  o f  t h e  RAMP c o d e  a l l o w s  t h e  u s e r  t o  
p e r f o r m  a  d e t a i l e d  n o z z l e  a n d  plume s ~ l u t i o n  s t a r t i n g  i n  
t h e  c o m b u s t i c n  chamber of t h e  n o z z l e  and  p r o c e e d i n g  
s e v e r a l  hundred  n o z z l e  d i a m e t e r s  i n t o  t h e  p l u a e .  The 
program w i l l  p e r f o r m  a  f i r s t - o r d e r  c h a r a c t e r i z a t i ~ n  o f  t h e  
b a c k f l o u  r e g i o n  o f  t h e  plume. Any a p p r ~ p r i a t e  c o m L i n a t i o n  
of  t h e  f o l l o w i n g  c a p a b i l i t i e s  may be u s e d  t o  p e r f o r m  t h e  
n o z z l e  and  plume s o l u t i o n :  

( 1 )  S i n g l e -  o r  tuc -phase  n o z z l e s  a n d  p l u ~ e s  c a n  be 
t r e a t e d .  

( 2 )  The g a s  may be i d e a l  o r  r e a l .  If t h e  g a s  is 
r e a l ;  f r o z e n ,  e q u i  l i b r i u s ,  o r  n o n - e q u i l i b r i u m  c h e m i s t r y  
3 s s u m p t i o n s  c a n  be made. Tlie e f  f x t s  o f  o x i d i z e r / f  u e l  
g r a d i e n t s  may be c o n s i d e r e d .  

( 3 )  ' h o - d i m e n s i o n a l  o r  a x i s y m m e t r i c  f l o w  problem 
g e o m e t r i e s  c a n  be used .  

(6' ? o t h  u p p e r  and  l o w e r  b o u n d a r i e s  c a n  be s o l i d  o r  
f r e e .  

(5) R e a c t i n g  g a s  s o i u t i c j i ; ~  which are i n  c h e ~ i c a l  
e q u i l i b r i u m  have been f a c i l i t a t e d  by b i ix ! i fy in~  t h e  
T R A N ~ Z ~ ~  compute r  program as  d e s c r i b e d  i n  Sec .  2 o f  Ref.  
2 t o  p r o v i d e  b i n a r y  t a p e  a n d  punched o u t p u t  o f  i t s  
e q u i l i b r i u m  o r  f r o z e n  r e a l  g a s  c a l c u l a t i o n s  a t  a n y  d e s i r e d  
O/F r a t i o ( s )  o r  t o t a l  e n t h a l p y ( s ) .  

(6) H y p e r s o n i c  o r  q u i e s c e n t  a p p r o a c h  f l o w  o p t i o n s  may 
b e  u s e d .  

( 7 )  E x i t  t o  ambien t  p r e s s u r e  r a t i c s  f rom o v e r  expanded 
t o  h i g h l y  u n d e r  expanded a r e  p o s s i b l e .  

(8) A r e a l  gas n o z z l e  boundary 1 6 y e r  s o l u t i o n  c a n  b e  
per formed  w i t h  no  i n t e r f a c e  between t h e  u e e r  and  t h e  RAilP 
c o d e  r e s u l t e .  A f r o z e n ,  e q u i l i b r i u m  chemicr t ry ,  t u r b u l e n t  
o r  l a m i n a r  s o l u t i o n  i s  ? o s s i h l e .  

( 9 )  The e f f e c t  of a n o z z l e  w a l l  boundary l a y e r  o n  
p a r t i c l e s  w l ~ i c l ~  e n t e r  tllc b o ~ ~ n d a r y  l a y e r  i e  t r e a t e d .  



(10)  An e x i t  p l a n e  s t a r t  l i n e  c a n  be g e n e r a t e d  f o r  t h e  
SPF code  which i n c l u d e s  two-phase f l ow and boundary-layer  
e f f e c t e .  A d d i t i o n a l l y  e x i t  p l a n e  d a t a  are a v a i l a b l e  f o r  
u se  i n  o t h e r  codes .  

(11) Fue l  s t r i a t i o n s  ( v a r i a b l e  0 / F )  c a n  be t r e a t e d  
s t a r t i n g  a t  t h e  e n t r a n c e  t o  t h e  n o z z l e  t h r o a t  r eg ion .  

(12)  The code w i l l  h and le  t h e  two-phase t r a n s o n i c  
r e g i o n  f o r  n o z z l e s  w i t h  t h r o a t  r a d i u s  of  c u r v a t u r e  t o  
t h r o a t  r a d i u s  r a t i o s  of  0.5. 

(13)  F r e e  mo lecu la r  f l o w  r e g i o n  is t r e a t e d  u s i n g  a  
s o u r c e  f l o w  approximat  i c n .  

(14) Once t h e  g a s - p a r t i c l e  f l o w f i e l d  s o l u t i o n  h a s  been 
o b t a i n e d ,  t h e  o u t p u t  t a p e  may be used by t h e  RAMP r a d i a l  
lookup program ( d e s c r i b e d  i n  Appendix -4 of  Ref. 2 )  which 
d e t e r m i n e s  t h e  r a d i a l  v a r i a t i o n s  o f  f l o w f i e l d  p r o p e r t i e s  
a c r o s s  t h e  n o z z l e  and plume f l o u f i e l d s  a t  c o n s t a n t  a x i a l  
s t a t i o n s .  The plume impingement program ( P L I N P ) ~ ~  may 
a l s o  be run  t o  de t e rmine  t h e  e f f e c t s  of t h e  r o c k e t  e x h a u s t  
plume o n  o b j e c t s  immersed i n  t h e  plunie. 

Backf low Hodel A p p l l c a b i i i t y  

The emphasis  on t h e  program development h a s  been t o  
p rov ide  a n  e n g i n e e r i n g  t o o l  t h a t  allr.-.-s t h e  d p s i g n e r  t o  
pcrform a  d e t a i l e d  n o z z l e  s o l u t i o n  f o r  most conceivable 
combust ion chamber/n~zzle/~ropellant c o n b i n a t i o s s  fo l lowed 
by a  pluinc s o l u t i o n  i n c l u d i n g  t h e  backflow reg ion .  The 
backflow r e g i o n  i s  c a l c u l a t e d  u s i n g  a s  s t a r t i n g  c o n d i t i o n s  
t h e  nozz le /boundary- layer  s o l u t i o n  a t  t h e  e x i t  p l a n e  and 
proceeding  t o  perform t h e  plume s o l u t i o n  u s i n g  e i t h e r  a 
continuum o r  continuum/sudden f r e e z e  f r e e  mo lecu la r  
approximat ion .  

P r e v i o u s  s t u d i e s '  7 5 9 2 5  have shown t h a t  t h e  continuum 
approximat ion  ( t o  w i t h i n  a  few d e g r e e s  of  t h e  l i m i t i n g  
expans ion  a n g l e )  d o e s  f a i r l y  w e l l  f o r  p r e d i c t i n g  mass f l u x  
d i s t r i b u t i o n s  bu: Mach number and t e m p e r a t u r e  
d i s t r i b u t i o n s  i n  t h e  h igh  Hach number (backf low) r e g i o n s  
are not  w e l l  c h a r a c t e r i z e d .  For a p p l i c a t i o n s  u h e r e  
contaminant  mass f i u x e s  a r e  of i n t e r e s t  t h e  continuum 
approach  i s  probably  adequa te .  The "sudden f r e e z e "  s o u r c e  
f l ow plume model t h a t  I s  p r e s e n t l y  i n  t h e  program is a  
f i r s t  o r d e r  approximat ion  of  a  c o l l i s i o n l e s s  plume. 
Temperature and M a ~ h  number p r e d i c t i o n s  a r e  more 
a p p r o p r i a t e  t han  continuum p r e d i c t  i o n s  f o r  t h e  backf low 
r e g i o n s  beyond t h e  f r e e z e  l i n e  f f  t h e  f r e e z e  l i n e  i s  
a d e q u a t e l y  p r e d i c t e d .  I n  o r d e r  t o  e s t a b l i s t .  }:ow best t o  
u se  t h e  continuum o r  sudden f r e e z e  models d i i i c l ~  a r e  
, ) resent1  y  i n  t h e  code comparl s o n s  o f  program p r e d i c t i o r i s  
wi th  e x p e r i m c n ~ a l  d a t a  ( o t h e r  than  QOl measurements) and 
f l i g h t  d a t a  a r e  neces sa ry .  



Examples of r e s u l t s  of a  continuum and 
cont  inuum/sudden f r e e z e  iree molecu la r  c a l c u l a t i o n  are 
shown i n  F igs .  1 and 2.  Both plume s o l u t i o n s  were 
i n i t i a t e d  from a n  e x i t  p l a n e  s t a r t l i n e  of a d e t a i l e d  
s o l u t i o n  of  t h e  Space S h u t t l e  V e r n i e r  RCS nozz l e .  

F igu re  1 p r e s e n t s  c o n t o u r  p l o t s  o f  s t a t i c  p r e s s u r e  f o r  
t h e  continuum assumpt ion ,  w h i l e  F ig .  2 p r e s e n t s  s t a t i c  
p r e s s u r e  p l o t s  f o r  t h e  c o n t  inuum/sudden f r e e z e  a s sumpt ion  
f o r  t h e  V e r n i e r  motor  plume. A comparison of  t h e  two 
f i g u r e s  shows t h a t  p r e s s u r e  i n  t h e  continuum r e g i o n  o f  
both c a l c u l a t i o n s  a r e  t h e  same w h i l e  p r e s s u r e  i n  t h e  f r e e  
mo lecu la r  r e g i o n  is  h i g h e r  t h a n  t i ra t  p r e d i c t e d  by 
continuum theo ry .  

R e s u l t s  

To d a t e  a n iu i t i t ude  of  problems h a s  been s o l v e d  u s i n g  
t h e  RAMP cod-.  However, t h r e e  p a r t i c u l a r  e x h a u s t  plumes 
have b e e 3  e e l e c t e d  t o  d e m o n s t r a t e  t h e  a p p l i c a b i l i t y  o f  t h e  
new v e r v i c n  o f  t h e  code. These c a s e s  are: a 5-lbf 
b i p r o p e l l a n t  motor ,  t h e  Space  S h u t t l e  r e a c t i c n  c o n t r o l  
sys tem (RCS) motor and a n  e a r l y  c a n d i d a t e  f i r s t  s t a g e  
i n t e r i m  upper  s t a g e  (IUS) s o l i d  mdtor. 

The 5-lbf b i p r o p e l l a n 5  motor  was used i n  a plume 
con tamina t ion  test program-7 performed a t  AEDC. P a r t  o f  
t h e  e x p e r i m e n t a l  d a t a  c o n s i s t e d  of  a su rvey  of  plume mass 
f l u x  as  a  f u n c t i o n  of  a n g l e  o f f  t h e  n o z z l e  c e n t e r l i n e .  A 
comparison was made w i t h  t h e  e x p e r i n e n t a l  d a t a  u s i n g  
r e s u l t s  of  a  RA?IP s o l u t i o n .  F igu re  3 p r e s e n t s  t h e  
a n a l y t i c  and e x p e r i m e n t a l  r e s u l t s  o f  normal ized  mass f l u x  
a s  a f u n c t i o n  of a n g l e  measured from t h e  n o z z l e  
c e n t e r l i n e .  The a n a l y t i c  r e s u l t s  compare v e r y  w e l l  w i t h  
t h e  measurements ou t  t o  1 5 0  deg .  The f l o w f i e l d  s o l u t i o n  
was i n i t i a t e d  a t  t h e  n o z z l e  t h r o a t  assuming e q u i l i b r i u m  
chemis t ry  a t  a c o n s t a n t  o x i d i z e r - t o - f u e l  r a t i o .  The 
t h e m c h e m i s t r y  was f r o z e n  chemica l ly  a t  a loca l / chamber  
p r e s s u r e  r a t i o  o f  0.2. Once t h e  nozz l e  f l o w f i e l d  was 
comple ted ,  t h e  boundary-layer  module was e x e c u t e d  and 
p r e d i c t e d  l a m i n a r  boundary-layer  c o n d i t i o n s  a t  t h e  e x i t  
plume. The boundary-layer  r e s u l t s  were merged w i t h  t h e  
i n v i s c i d  e x i t  p l ane  c m d i  t i o n s  and t h e  plume s o l u t i o n  was 
performed. The plume s c l u t i o n  c o n s i d e r e d  v a r i a t i o n s  i n  
t o t a l  e n t h a l p y  due t o  boundary l a y e r  e f f e c t s .  A Knudsen 
number o f  1 0  was used t o  d e t e r m i n e  where t h e  plume went 
f r e e  molecular .  

An a c c u r a t e  d e s c r i p t i o n  of t h e  Space S h u t t l e  RCS motor  
is  impor t an t  due  t o  t h e  e f f e c t  of  t h e  RCS e x h a u s t  o n  t h e  
l a r g e  number o f  v a r i o u s  pay loads  which w i l l  bc p l a c e d  i n  
o r b i t  by t h e  Space S h u t ~ l e .  The RCS motor  i s  a  
b i p r o p e l l a n t  motor  producing  870  l b f  of t h r u s t  w i t h  a 20:l 
a r e a  r a t i o  contoured  nozz l e .  The i n j e c t o r  p a t t e r n  o f  t h e  
combust ion cl~arnber w 3 s  de s igned  t o  produce an  o v e r a l l  



o x i d i z e r - t o - f u e l  r a t i o  o f  1.6,  w l ~ i l e  p r o v i d i n g  f i l m  
c o o l i n g  of  t h e  combust ion cbarnbcr w a l l s .  The i n j e c t o r  
p a t t e r n  r e s u l t s  i n  a  d i s t r i b u t i o n  of  O/F r a t i o  a c r o s s  t h e  
i n l e t  of t h e  nozz l e .  P r e v i o u s  s t u d i e s 1 4  have  shown t h a t  
O/F d i s t r i b u t i o n s  c a n  have a s i g n i f i c a n t  e f f e c t  o n  t h e  
above c h a r a c t e r i s t i c s .  The RCS OiF d i s t r i b u t i o n  was 
i n f e r r e d  from t h e  i n j e c t o r  f l o w  p a t t e r n  and a p p l i e d  a t  t h e  
i n l e t  t o  t h e  t h r o a t  r eg ion .  The t r a n s o n i c  module was 
u t i l i z e d  t o  g i v e  a  s u p e r s o n i c  s tar t  l i n e  downstream of  t h e  
t h r o a t .  E q u i l i b r i u m  c h e m i s t r y  was used i n  t l ie  s o l u t i o n  
w i t h  c h e m i c a l  f r e e z e  p o i n t s  s p e c i f i e d  a s  a  f u n c t i o n  o f  O/F 
r a t i o  and l o c a l  s t a t i c  p r e s s u r e .  The p r e s s u r e  t o  f r e e z e  
t h e  f l o w  w a s  de te rmined  from p r e v i o u s  s t u d i e s 1 4  which 
u t i l i z e d  f i n i t e  r a t e  c h e m i s t r y  r e s u l t s .  The remainder  of  
t h e  s o l u t i o i ~  was performed i d e n t i c a l l y  t o  t h e  5-1bf 
b i p r o p e l l a n t  motor  e x c e p t  t h a t  a  t u r b u l e n t  boundary l a y e r  
was p r e d i c t e d  and t h e  plume was c a l c u l a t e d  v i a  a n  i d e a l  
g a s  app rox ima t ion  ( i n c l u d i n g  t o t a l  e n t h a l p y  v a r i a t i o n s )  
s i n c e  t h e  code  p r e s e n t l y  canno t  hand le  bo th  v a r i a t i o n s  i n  
O/F r a t i o  and t o t a l  e n t t ~ a l p y .  

F igu re  4  p r e s e n t s  d e n s i t y  c o n t o u r  p l o t s  of t h e  RCS 
e x h a u s t  plume p l o t s  of  t h e  RCS e x h a u s t  plume assuming t h e  
c o n t  inuum f low approximat  i o n  throughout  t h e  plume. 
Reference  28  p r e s e n t s  a  d e t a i l e d  d e f i n i t i o n  of t h e  RCS 
plume. F i g u r e  5  shows a comparison of plume p i t o t  
p r e s s u r e  s u r v e y  d a t a  w i t h  t h e  r e s u l t s  of  t h e  RCS plume 
c a l c u l a t i o n s  assuming both  c o n s t a n t  and v a r i a b l e  O/F 
d i s t r i b u t i o n s .  The c o n s t a n t  O/F a s sumpt ion  r e s u l t s  i n  a n  
o v e r p r e d i c t i o n  of  t h e  p i t o t  p r e s s u r e  w ~ ~ i l e  t h e  v a r i a b l e  
O/F r e s u l t s  coopa re  v e r y  w e l l  w i t h  t h e  d a t a .  Tlie e f f e c t s  
of  v a r i a b l e  O/F r a t i o  w i l l  be even  more pronounced i n  t h e  
backflow r e g i o n  of t h e  plume ( ' 90 d e g j  where t h e  O/F 
r a t i o  i s  c o n s i d e r a b l y  lower  t h a n  t h e  mean v a l u e  o f  t h e  
motor .  

The i n t e r i m  upper  s t a g e  (IUS) is  used  t o  boos t  
payload8 from n e a r  E a r t h  o r b i t  t o  h i g h e r  o r b i t s .  T h i s  
e t a g e  u e e s  s o l i d  r o c k e t  motors  a s  p ropu le ion .  From a  
payload and e t a g e  d e e i g n  s t a n d p o i n t ,  i t  i s  n e c e s s a r y  t o  
d e f i n e  t h e  exhaus t  plume. The RAMP code is e s p e c i a l l y  
s u i t e d  t o  c a l c u l a t i n g  t h e  IUS exhaus t  plume i n c l u d i n g  a l l  
t h e  d r i v i n g  phenomena: e q u i l i b r i u m l f r o z e n  thennochemis t ry  
w i t h  t o t a l  e n t h a l p y  v a r i a t i o n s ,  two-phase f l ow,  n o z z l e  
w a l l  boundary l a y e r ,  and f r e e  mo lecu la r  f low. F igu re  6 
p r e s e n t s  c o n t o u r  p l o t s  f o r  Elach number i n  t h e  exhaus t  
plume. A l so  Knudsen number o f  10 i n c l u d e d  i n  t h i s  f i g u r e  
is t h e  continuum breakdown s u r f a c e  c o r r e s p o n d i n g  t o  t h e  
Bird breakdown c r i t e r i a  of 0.05 and t h e  boundary beyond 
which f r e e  mo lecu la r  f l ow  is t r e a t e d .  A more comple te  
d e f i n i t i o n  o f  t h e  f  i r s : - s tage  IUS plume w i l l  be pub l i shed  
soon.  



Conclusions 

A computer code has  been desc r ibed  which can be used 
t o  model t h e  dominant phenomena wl~ich a £  f e c t  the  
p r e d i c t i o n  of a  rocket  nozzle  and o r b i t a l  plume 
f l o w f i e l d .  With a  s i n g l e  computer run i t  i s  p o s s i b l e  f o r  
the  des igner  t o  p r e d i c t  a  h igh  a l t i t u d e  plume s t a r t i n g  
back i n  t h e  combustion chamber. Fur the r  work is planned 
t o  v e r i f y  t h e  r e s u l t s  of plume c a l c u l a t i o n s  t o  o r b i t a l  and 
high a l t i t u d e  a p p l i c a t i o n s .  The f i n a l  v e r s i o n  of t h e  code 
w i l l  be a  user-or iented d e s i g n  t o o l  t h a t  w i l l  a l low rocket  
nozzle/plume c a l c u l a t i o n s  t h a t  can  range from t h e  most 
simple pre l iminary  des ign  c a l c u a t i o n s  t o  f i n a l  des ign  
p r e d i c t i o n s .  
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Fig. 1 Space Shuttle vernier motor continuum p l u m  static 
pressure contours. 
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Fig. 3 Mass f l u x  normalized by centerl ine mass f l u x  versus angle 
from plume centerl ine for  5 l b f  bipropellal~t nrotor. 
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. 4 Space S h u t t l e  RCS motor  exhaust  plume d e n s i t y  cor l tours .  
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Fig. 5 Comparison of RAMP c a l c u l a t i o n  f o r  Space S h u t t l e  RCS motor 
plume with  p l to:  pressure  survey  taken a t  45 i n .  from n o z z l e  e x i t  
plane.  
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6 Large Boeing motor exnaust plume Mscll number contours. 


