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COMPUTER CODES FOR 

THERMAL ANALYSIS OF A SOLID ROCKET MOTOR NOZZLE 

R a j  i n d e r  S i n g h  Chauhan  

N . C . A . &  T. S t a t e  U n i v e r s i t y  

Greensboro, N o r t h  C a r o l i n a  

ABSTRACT 

A number of compute r  c o d e s  a r e  a v a i l a b l e  f o r  p e r f o r m i n q  t h e r m a l  
a n a l y s i s  of s o l i d  r o c k e t  motor n o z z l e s .  A e r o t h e r m  C h e m i c a l  
E q u i l i b r i u m  ( A C E )  computer  program can  be u s e d  t o  perform 
one -d imens iona l  g a s  e x p a n s i o n  t o  d e t e r m i n e  t h e  s t a t e  o f  t h e  q a s  
a t  e a c h  l o c a t i o n  o f  a n o z z l e .  The  ACE o u t p u t s  can  b e  u s e d  a s  
i n p u t  t o  a computer program c a l l e d  Momentum/Energy I n t e g r a l  
T e c h n i q u e  (MEIT) f o r  p r e d i c t i n q  b o u n d a r y  l a y e r  d e v e l o p m e n t ,  s h e a r  
a n d  h e a t i n g  o n  t h e  s u r f a c e  of t h e  n o z z l e .  The  o u t p u t  f r o m  MEIT 
c a n  b e  u s e d  a s  i n p u t  t o  a n o t h e r  computer p r o q r a m  c a l l e d  A e r o t h e r m  
C h a r r i n g  Mater ia l  T h e r m a l  Response a n d  A b l a t i o n  P r o q r a m  ( C M A ) .  
T h i s  program is u s e d  t o  c a l c u l a t e  o b l a t i o n  o r  d e c o m p o s i t i o n  
response of t i e  n o z l e  m a t e r i a l .  A new c o d e  c a l l e d  F a i l u r e  
A n a l y s i s  Nonl i.near T h e r m a l  a n d  S t r u c t u r a l  I n t eq ra t ed  Code 
(FANTASTIC) i s  a l s o  l i k e l y  t o  be u s e d  f o r  p e r f o r m i n q  t h e r m a l .  
a n a l y s i s  of s J l i d  r o c k e t  motor n o z z l e s  a f t e r  t h e  program h a s  b e e n  
d u l y  v e r i f i e d .  A p a r t  o f  t h e  v e r i f i c a t i o n  work  on  FANTASTIC w a s  
d o n e  b y  t h i s  3 u t h o r  i n  t h e  summer o f  1987 b y  u s i n q  o n e  a n d  
t w o - d i m e n s i o n  h e a t  t r a n s f e r  e x a m p l e s  w i t h  known a n s w e r s .  D u r i n q  
t h i s  summer (L988), a n  a t t e m p t  h a s  b e e n  made t o  prenare i n u t  f o r  
p e r f o r m i n g  t h ? r m a l  a n a l y s i s  o f  CCT n o z z l e  u s i n q  FANTASTIC 
computer  c o d e .  The  CCT n o z z l e  p r b l e m  w i l l  f i r s t  b e  s o l v e d  by 
u s i n g  ACE,  MEtT, a n d  CMA. The  same p r o b l e m  w i l l  t h e n  b e  s o l v e d  
u s i n g  FANTASTtC. T h e s e  results w i l l  t h e n  b e  c o m p a r e d  f o r  
v e r i f i c a t i o n  Iif FANTASTIC. 
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INTRODUCTION 

F a i l u r e  A n a l y s i s  Associates ( F A A ) ,  Palo A l t o ,  C a l i f o r n i a  h a s  
d e v e l o p e d  a n  advanced  computer  c o d e  f o r  MSFC t o  improve t h e  
a c c u r a c y  o f  t h e  sol id  rocket n o z z l e  motor a n a l y s i s .  The compute r  
code  is  c a l l e d  "FANTASTIC",  a n  acronym €or  F a i l u r e  A n a l v s i s  
N o n l i n e a r  Thermal  And S t r u c t u r a l  I n t e g r a t e d  Code. T h i s  code  
i n c o r p o r a t e s  a higher: o r d e r  i n t e g r a t i o n  scheme f o r  model inq  s teep  
t e m p e r a t u r e  and s t r a i n  g r a d i e n t s .  I t  h a s  a m o d u l a r  d e s i q n  and i s  
i n t e n d e d  a s  a m u l t i - p u r p o s e  t h e r m o s t r u c t u r a l  a n a l y s i s  c o d e .  

The f i r s t  v e r s i o n  o f  t h e  above  c o d e  was r e l e a s e d  by FAA i n  t h e  
b e g i n n i n g  o f  1987.  T h i s  a u t h o r  worked a s  NASA/ASEE Summer 
F a c u l t y  F e l l o w  a t  MSFC i n  t h e  summer o f  1987 and go t  a n  
o p p o r t u n i t y  t o  s t u d y  and v e r i f y  t h i s  c o d e .  A number o f  o n e  and 
two-d imens iona l  h e a t  t r a n s f e r  p rob lems  were d e v e l o p e d  and r u n  on  
FANTASTIC f o r  t r i a l .  The p r o b l e m s  f a c e d  d u r i n g  t h e s e  t r i a l  r u n s  
were reported t o  t h e  d e v e l o p e r .  As a r e s u l t ,  t h e  code  was 
improved and a second  r e v i s e d  v e r s i o n  of t h e  proqram w a s  r e l e a s e d  
which c o u l d  s o l v e  s imple p rob lems .  

I n  t h e  summer o f  1988,  t h e  a u t h o r  r e t u r n e d  t o  MSFC a s  a Summer 
F a c u l t y  F e l l o w  and s t a r t e d  workinq  on  FANTASTIC b u t  w i t h  a 
d i f f e r e n t  a p p r o a c h .  The a i m  w a s  t o  v e r i f y  FANTASTIC f o r  t h e  
a n a l y s i s  o f  s o l i d  rocket motor n o z z l e s  (SRM). T h i s  promDted t h e  
a u t h o r  t o  d e s i g n  a problem which c o u l d  be  f i r s t  s o l v e d  u s i n q  
e x i s t i n g  c o d e s  w i t h  MSFC. 

CCT-5 n o z z l e  was s e l e c t e d  a s  a n  example .  The a u t h o r  s t u d i e d  o n e  
e x i s t i n g  c o d e  c a l l e d  Aerotherm Chemical  E q u i l i b r i u m  ( A C E )  
compute r  program.  O t h e r  c o d e s  which w i l l  b e  needed t o  m a k e  a 
complete t h e r m a l  a n a l y s i s  f o r  CCT-5 n o z z l e  a r e  c a l l e d  
Momentum/Energy I n t e g r a l  Techn ique  ( M E I T )  and Aerotherm Char inq  
Mater ia l  T h e r m a l  Response and A b l a t i o n  Program ( C M A ) .  A b r i e f  
r e v i e w  of r u n n i n g  ACE and p e r t i n e n t  i n f o r m a t i o n  a b o u t  t h e s e  codes 
is g i v e n  i n  t h e  n e x t  s e c t i o n .  
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ACE COMPUTER PROGRAM 

ACE program was d e v e l o p e d  by Acurex C o r p o r a t i o n ,  Mountain V i e w ,  
C a l i f o r n i a  f o r  MSFC. I t  is  a n  e x t r e m e l y  v e r s a t i l e  c o d e  €or 
c a l c u l a t i o n s  o f  a number o f  t he rmochemic l  processes t a k i n q  place 
i n  c l o s e d  or open  s y s t e m .  A few t y p e s  o f  c a l c u l a t i o n s  which may 
be per formed by ACE a re :  

1. The t.hermodynamic and c h e m i c a l  s t a t e  i n  t h e  combus t ion  
chamber o f  t h e  SRM may be  c a l c u l a t e d  by  s p e c i f v i n g  t h e  e l e m e n t a l  
c o m p o s i t i o n  of t h e  i n j e c t e d  f u e l .  

2. ACE c a n  p e r f o r m  a n  i s e n t o p i c  e x p a n s i o n  of t h e  combus t ion  
g a s e s  and boundary  l a y e r  edge  s t a t e  t a b l e s  may b e  c a l c u l a t e d  €or 
s u b s e q u e n t  i n p u t  t o  h e a t  c o n d u c t i o n  and a b l a t i o n  e n e r g y  b a l a n c e  
programs.  

3 .  The thermodynamic s t a t e  a t  t h e  s u r f a c e  of a n  a b l a t i o n  
m a t e r i a l  may be  c a l c u l a t e d  as  a f u n c t i o n  of p y r o l y s i s  q a s  and 
c h a r  ra tes  n o r m a l i z e d  w i t h  r e s p e c t  t o  mass t r a n s f e r  c o e f f i c i e n t s .  

Combust ion C h a m b e r  G a s  Expans ion  C a l c u l a t i o n  Using  ACE 

The i n p u t  d a t a  c a r d  d e c k  for r u n n i n g  ACE may c o n s i s t  of t h e  
f o l l o w i n g  s e v e n  c a r d  sets: 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

C o n t r o l  c a r d  

S u r f a c e  f l u x e s  

O b l i q u e  c r  normal  shock  d a t a  

E l e m e n t a l  c o m p o s i t i o n  d a t a  

F a i l  t e m p e r a t u r e  and d i f f u s i o n  f a c t o r  d a t a  

S p e c i e s  the rmochemic l  e q u i l i b r i u m  d a t a  

R e a c t i o n  r a t e  d a t a  

Card se t  1 i s  a c o n t r o l  c a r d  which  c o n t a i n s  a 1 0  e l e m e n t  a r r a y ,  
KR(1). T h i s  a r r a y  c o n t r o l s  most o f  t h e  program o p t i o n s  and t e l l s  
t h e  program b h a t  t o  e x p e c t  f rom t h e  r e m a i n i n g  cad  se t s .  Few 
p rob lems  r e q 1 , i r e  a l l  c a r d  sets. 
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A s  a n  example  t h e  i n p u t  f o r  p e r f o r m i n g  combus t ion  chamber 
c a l c u l a t i o n  and f u r t h e r  g a s  e x p a n s i o n  €or a r a n g e  of p r e s s u r e  
v a l u e s  is g i v e n  b i l o w :  

Card S e t  1 

C o n t r o l  Card (1  C a r d )  

F i e l d  1 

(Column 1-10)  t h i s  is t h e  v a r i a b l e  a r r a y  K R ( 1 )  which i s  used  t o  
c o n t r o l  t h e  v a r i o u s  proqram o p t i o n s  

Column 1: S t a t e  Op t ion  

0 f o r  "Ass igned  t e m p e r a t u r e "  

Column 2: E l e m e n t a l  Compos i t ion  
1 f o r  " I n p u t  new e l e m e n t a l  c o m p o s i t i o n s "  i n  c a r d  s e t  4 .  

Column 3: Species  the rmochemica l  d a t a  
1 f o r  "Read from c a r d s  new s p e c i e s  t h e r m o c h e m i s t r y  d a t a  

( c a r d  se t  6 )  a n d ,  i f  p r o v i d e d ,  d a t a  o n  f a i l  
temperatures and d i f f u s i o n  f a c t o r s  ( c a r d  se t  S )  

Column 4 :  Mass b a l a n c e  o p t i o n s  
0 f o r  "C losed  s y s t e m  mass  b a l a n c e "  

Column 5: Expans ion  Op t ion  
2 f o r  "Save  t h e  cur ren l :  e n t h a l p y  a s  a chamber  e n t h a l p y ,  and  

s a v e  t h e  c u r r e n t  e n t r o p y ,  f o r  s u b s e q u e n t  i s e n t r o i c  
e x p a n s i o n  c a l c u l ( 3 t i o n s .  

Columns 6 t h r o u g h  1 0  " 0 "  

F i e l d  2 

(Columns 11-20)  The thermodynamic s t a t e  v a r i a b l e  Y s i n c e  i n  
column 1 of FAe ld  1, K R ( 1 )  = 0 ,  t h e r e f o r e ,  Y is  a s s i g n e d  t o  
t e m p e r a t u r e  ( k). 
( Y  = 3430.0 f o r  t h i s  example )  
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Field 3 

(Columns 21-30) Pressure variable, PR 
If PR 0, P R  is assigned to the system pressure in atmospheres. 
(PR = 68.0735 for this example). 

Field 4 - Field 6 
(Columns 31-80) 
No inupt needed for this example 

Card Sets 2-3 
No input needed 

Card Set 4 

Card 1 
(Columns 1-3) The number of elements in the system 

Cards 2 ,  3, 4 , .  ... (one such card f o r  each element) 

F i e l d  1 

(Columns 1-3) the atomic number of the element 

Field 2 

(Columns 4-15) the name of the element 

Field 3 

(Columns 16-25) the atomic weiqht of the element 

Field 4 

(Columns 26-55) the relative amounts of the element in comonents 
1, 2, and 3, respectively. 

The input for the current example for Card Set 4 is qiven below: 
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COLUMNS 

Card 1 

Card 2 

CARD 3 

Card 4 

Card 5 

Card 6 

Card 7 

( 1-31 

6 

1 

6 

7 

8 

1 3  

1 7  

( 4 - 1 5 )  

Hyd roq e n 

Carbon 

N i t r o g e n  

Oxygen 

A 1  urn inum 

C h l o r i n e  

( 1 6 - 2 5 )  ( 2 6 - 5 5 )  

1.008 3.7176 

12 .011  0.9407 

1 4 . 0 1 1  0 .6263 

16 .000  2.4396 

26.982 0.59.30 

35 .457 0.5952 
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ORIGINAL PAGE IS 
OF POOR  QUAL^ 

CARD SET 6 

SPECIES THERMOCHEMICAL EQUILIBRIUM DATA ' 
(Number of cards t 1 + 3 x number o f  species) see note 

* I  

If KR(3) = 0,5,6,7,8 o r  9, sk ip  t h i s  card set  

There are three o f  these cards f o r  each molecular, atomic, condensed, 
ionic,  o r  e lect ron species. The end o f  t h i s  card set  i s  signaled by a 
blank card (see Reference 3 f o r  addi t ional  discussion r e l a t i v e  t o  t h i s  
card set )  

CARDS 1,4,7 . . . Describe the elemental composition o f  the species and 
es tab l i sh  i t s  name designation 

FIELDS 1,3,5, ..., 13. (one f o r  each element i n  the species) 

(Columns 1-3, 7-9, 13-15 ...., 37-39, each format F3.0) 

The number o f  atoms ( o f  atomic number given i n  the fo l lowing f i e l d )  i n  a 
molecule o f  t h i s  species 

(If f i e l d  1 i s  zero, t h i s  card i s  presumed t o  represent the  end o f  Card 
Set 6) 

FIELDS 2,4,6, ..., 14 (one f o r  each element i n  the species) - 

(Columns 4-6.10-12,16-18, ..., 40-42, each format 13) 

The atomic numbers o f  t he  elements i n  the molecule ( the  number of atoms of 
which was given i n  the  previous f i e l d )  

( I f  f i e l d  2 i s  zero, t h i s  card i s  presumed t o  be the f i r s t  card o f  Card 
Set 5) 

Ionized species are described by the addition+or subtract ion o f  en 
e lec t ron  (atomic number 99). For example, NO would be described i n  
f i e l d s  1 through 6 as bblbb7bblbb8b-lb99. 

FIELD 15 

(Ck.lumns 43-72, Format 7A4A2) the source and date o f  t he  thermochemical 
data f o r  t h i s  specie. Used f o r  output only 

FIELD 16 

(Colbmns 73-80, Format 2A4) the name designation o f  t h i s  species (e.9.. 
AL203). This va r iab le  i s  used f o r  output and as a means o f  i d e n t i f y i n g  
data entered i n  Card Set 5 
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I .  

I 

I 

0 
i 
' t  

I 
1 .  

, 

ORIGNAL PAGE JS 
QF QUALny 

FIELD 16 (Continued) 

NOTE: The ACE code i s  dimensioned such t h a t  the number of chemical 
species may not exceed 149. Also the number o f  condensed phase 
species may not exceed (14-number o f  elements). 

% 

M 
-> 

. 

CARDS 2.5.8. . .Lower temperature range thermochemical data 

FIELDS 1,2,3,4,5 and 6 

(Columns 1-54, Format 6E9.6) Input the 6 constants (Fl,F2,F3,F4,FS,F6) 
appropriate t o  the lower temperature range of the thermodynamic data f o r  
t h i s  species. These constants are defined as follows, where T i s  i n  OK: 

F1 = the heat o f  formation o f  the species a t  298W from the JANAF base 
s ta te  (elements i n  most natural  form a t  2980K) i n  c a l h o l e  

F2 = the enthalpy change of.  the species from 298% t o  3000W i n  
c a l  h o l e  

F3,F4 and FS are defined by a curve f i t  t o  the heat capaci ty  a t  constant 
pressure o f  the form: 

F3 + F4 T + '' fn cal lmole OK . . 

7 
F6 = the entropy o f  the species a t  3000OK I n  cal /mole OK 

FIELD 7 

(Columns 61-66, Format F6.0) the upper l i m i t  o f  t h e  lower temperature 
range i n  OK 

FIELD 8 

(Column 67, format 11) the phase specif icat ion: 

1 s i g n i f i e s  gaseous species 
2 s ign i f i es  s o l i d  species 
3 s i g n i f i e s  l i q u i d  species 

The only  phase combination allowed i n  one three card set  i s  sol id-1 i q u i d  
in which case a 2 and 3 would appear i n  f i e l d s  8 o f  cards 2 and 3, 
respectively. 

CARDS 3,6,9.. .Upper temperature range thermochemical data 

These cards are the same as cards 2.5.8 ... except use constants for the 
upper temperature range and f i e l d  7 i s  ignored 

LAST CARD OF CARD SET 6 WST 8E BLANK 

. . _. .. 

6 

! 
VII-7 



O'JERALL PROCEDURE OUTLINE AND CONCLUSIONS 

An o u t l i n e  o f ' t h e  p r o c e d u r e  t o  be f o l l o w i n g  f o r  a n a l y s i n q  t h e  SRM 
n o z z l e  problein u s i n g  d i f f e r e n t  compuer codes is a s  follows: 

I 

1. P r e p a r a t i o n  o f  i n p u t  fo r  ACE 

2 .  Run A(IE e x p a n s i o r l  

3 .  To a r i ' a n q e  t h e  o i t p u t  f r o n  ACE i n  a n  acceptable  format 
f o r  r u n n i n g  ME:IT 

4 .  Run ME:IT €or b o u n d a r y  l a y e r  a n a l y s i s  

5. P r e p a r a t i o n  o f  a b l a t i o n  t 3 b l e s  u s i n g  o u t u t  from MEIT. 
The  a b l a t i o n  t a b l e s  a r e  u s e d  a s  i n p u t  fo r  CMA 

6.  Run CMA 

7 .  Work o n  i n p u t  €or FANTASTIC 

8 .  Run FIiNTASTIC 

9.  Compare t h e  r e s u l t s  f r o m  CMA w i t h  t h o s e  f r o m  FANTASTIC 

The  f i r s t  t h r e e  s t eps  h a v e  b e e n  completed. The work  o n  l a s t  t h e  
l a s t  t h r e e  s t e p s  can b e  : ; t a r t e d  a f t e r  FANTASTIC h a s  b e e n  r e v i s e d  
f o r  h a n d l i n q  n o z z l e  p rob l - em.  The  work  o n  s t eps  4-6 c a n  be 
c o n t i n u e d .  
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