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ABSTRACT 

This  paper d i s cus se s  a  modi f ica t ion  of t h e  s o l i d  p rope l l an t  combus- 

t i o n  model p rev ious ly  developed a t  S tanford  Research I n s t i t u t e .  The 

model was modified t o  con ta in  two hea t  r e l e a s e  zones i n  t h e  gas phase,  

one ad jacent  t o  t h e  wa l l  governed by t h e  w a l l  temperature and a  second 

primary flame governed by t h e  f i n a l  flame temperature .  Comparisons a r e  

shown between p r e d i c t i o n s  of t h e  model and data  obtained a t  both Stan- 

fo rd  Research I n s t i t u t e  and United Technology Center.  I t  i s  demonstrated 

t h a t  t h e  c a l c u l a t e d  behavior  of s i x  ammonium pe rch lo ra t e  p r o p e l l a n t s  

u t i l i z i n g  d i f f e r e n t  b inder  systems agreed with t h e  measured t r ends  when 

only t h e  burning r a t e ,  flame temperature ,  and t o t a l  h e a t  r e l e a s e  were 

va r i ed  i n  t h e  model from one p rope l l an t  t o  another .  S imi l a r  r e s u l t s  

were obtained when aluminum was added t o  one of t he  p rope l l an t s .  
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NOMENCLATURE 

k i n e t i c s  p a r a m e t e r  

burn ing  s u r f a c e  a r e a  

n o z z l e  t h r o a t  a r e a  

s p e c i f i c  h e a t  c a p a c i t y  of g a s  a t  c o n s t a n t  p r e s s u r e  

s p e c i f i c  h e a t  c a p a c i t y  of s o l i d  

a c t i v a t i o n  ene rgy  f o r  p y r o l y s i s  a t  i n t e r f a c e  

a c t i v a t i o n  ene rgy  f o r  p r e s s u r e - i n s e n s i t i v e  su r face -coup led  
r e a c t i o n s  i n  Eq. 2. 

a c t i v a t i o n  ene rgy  i n  t h e  o u t e r  r e a c t i o n  zone 

a c t i v a t i o n  ene rgy  i n  t h e  i n n e r  r e a c t i o n  zone 

a c t i v a t i o n  ene rgy  f o r  p r e s s u r e - s e n s i t i v e  su r face -coup led  
r e a c t i o n s  i n  Eq. 1 

p r e e x p o n e n t i a l  f a c t o r  i n  Eq. 2 

p r e e x p o n e n t i a l  f a c t o r  i n  Eq. 1 

the rmal  c o n d u c t i v i t y  of g a s  phase  

the rmal  c o n d u c t i v i t y  of  s o l i d  

h e a t  of v a p o r i z a t i o n  p e r  u n i t  mass of  p r o p e l l a n t  

exponent i n  Eq. 1 

exponent i n  Eq. 22 

r a t e  of  e x t e r n a l  mass a d d i t i o n  

nondimensional  r a t e  of e x t e r n a l  mass a d d i t i o n  by p u l s e r  = hIp r A 
s i b  

o r d e r  of  gas-phase r e a c t i o n  i n  t h e  i n n e r  zone 

o r d e r  of gas-phase  r e a c t i o n  i n  t h e  o u t e r  zone 



P  chamber p r e s s u r e  

q nondimensional  h e a t  of r e a c t i o n  i n  t h e  o u t e r  f lame zone 
g 

s 
nondimensional  h e a t  of r e a c t i o n  i n  t h e  i n n e r  f l ame  zone 

QD p r e s s u r e - i n s e n s i t i v e  su r face -coup led  h e a t  r e l e a s e  i n  Eq.  2 

h e a t  of  combustion i n  t h e  o u t e r  r e a c t i o n  zone 

p r e s s u r e - s e n s i t i v e  su r face -coup led  h e a t  r e l e a s e  i n  Eq .  1 

h e a t  of  combustion i n  t h e  i n n e r  r e a c t i o n  zone 

t o t a l  h e a t  of  combustion 

gas  c o n s t a n t  

burn ing  r a t e  

t empera tu re  

t ime 

chamber volume 

nondimensional  r a t e  of  s p e c i e s  p r o d u c t i o n  i n  t h e  i n n e r  f l ame  zone 

nondimensional  r a t e  of  s p e c i e s  p r o d u c t i o n  i n  t h e  o u t e r  f lame zone 

r a t e  of s p e c i e s  p r o d u c t i o n  i n  t h e  i n n e r  f lame zone 

r a t e  of s p e c i e s  p r o d u c t i o n  i n  t h e  o u t e r  f lame zone 

d i s t a n c e  away f rom p r o p e l l a n t  s u r f a c e  

x f lame s t a n d o f f  d i s t a n c e  (microns)  
f  

y* t r ans fo rmed  d i s t a n c e  

Greek L e t t e r s  

k i n e t i c s  pa ramete r  

@ ~ 1 1 ~ 2  
y s p e c i f i c  h e a t  r a t i o ,  

cp'c" 

6 Dirac  d e l t a  f u n c t i o n  



5 nondimensional l o c a t i o n  of t h e  ou t e r  flame zone 

M thermal d i f f u s i v i t y  of s o l i d  = k I p  c  
s s 

P s  
dens i t y  of p rope l l an t  

v p rope l l an t  burning r a t e  index 

Subsc r ip t s  

c chamber condi t ions  

c r  c r i t i c a l  va lue  

f  gas-phase flame 

g  gas  phase 

i i n i t i a l  value a t  t = 0 

1 l i m i t i n g v a l u e  

condi t ions  a t  x -, m 

w condi t ions  a t  wal l  (gas -so l id  i n t e r f a c e )  

* denotes  nondimensional q u a n t i t y  normalized t o  s teady-s ta te  va lue ;  

e . g . ,  r* = r/r Tg = T /T 
i ' Note one except ion:  T,* = T,/T . 

f  f i '  W i 

Also, t* = r2  t / u  and x* = r . x / ~ .  
i I. 

x i i i  



I INTRODUCTION 

The unders tand ing  of composite s o l i d  p r o p e l l a n t  combustion h a s  

g r a d u a l l y  advanced over  t h e  year  w i t h  major c o n t r i b u t i o n s  coming from 

s e v e r a l  o t h e r  i n  a d d i t i o n  t o  t h e  work a t  S t a n f o r d  Research 

I n s t i t u t e  ( s R I ) . ~  The t h e o r e t i c a l  models t h a t  have been advanced through 

t h e  y e a r s  have d i f f e r e d  o n l y  i n  t h e  t r e a t m e n t  of t h e  h e a t  r e l e a s e  i n  t h e  

g a s  phase and i n  t h e  v i c i n i t y  of t h e  s o l i d  s u r f a c e .  The h e a t  r e l e a s e  

p r o c e s s  h a s  u s u a l l y  been assumed t o  be quas i - s t eady  i n  n a t u r e ;  i . e . ,  

t ime l a g s  a s s o c i a t e d  w i t h  t h e  chemical  r e a c t i o n  p r o c e s s e s  a r e  assumed 

t o  be smal l  i n  comparison w i t h  t h e  thermal  response  t ime  of t h e  s o l i d  

phase .  The h e a t  r e l e a s e  a c t s  a s  a  boundary c o n d i t i o n  on t h e  s o l i d  

phase t h a t  i n  t u r n ,  h a s  been t r e a t e d  i n  a  one-dimensional way i n  s p i t e  

of t h e  heterogeneous  n a t u r e  of t h e  p r o p e l l a n t .  

Thus,  t h e  main q u e s t i o n  i s  how t o  t r e a t  t h e  h e a t  r e l e a s e  p r o c e s s  i n  

a  quas i - s t eady  way and s t i l l  r e t a i n  t h e  impor tan t  a s p e c t s  of t h e  t r a n s i e n t  

combustion p rocess .  I n  g e n e r a l ,  t h e  combustion p r o c e s s  of a  s o l i d  pro- 

p e l l a n t  i s  ex t remely  complex. Chemical r e a c t i o n s  may occur  both  i n  t h e  

s o l i d  phase n e a r  t h e  r e g r e s s i n g  s u r f a c e  and throughout  t h e  gas-phase bound- 

a r y  l a y e r  up t o  t h e  p o i n t  where t h e  f i n a l  f lame tempera tu re  T i s  reached. 
f 

The approach a t  SRI, b o t h  i n  e a r l i e r  work7 and i n  t h e  c u r r e n t  model t o  be 

d i s c u s s e d  i n  d e t a i l  below, has  been t o  c o n s i d e r  t h e  h e a t  r e l e a s e  a s  occur- 

r i n g  i n  two t h i n  zones,  one a s s o c i a t e d  wi th  t h e  s u r f a c e  t empera tu re  and 

one wi th  t h e  f i n a l  f lame tempera tu re .  Th i s  r e p r e s e n t a t i o n  avo ids  t h e  

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

gas-phase thermal  l a y e r  and r e p l a c e s  i t  by t h e  s i m p l e r  cho ice  of t h e  r a t i o  

of h e a t  r e l e a s e  i n  t h e  two zones. 

E a r l y  t h e o r e t i c a l  s t u d i e s 7 ' "  showed t h a t  t h e  p resence  of s u r f a c e -  

coupled hea t  r e l e a s e  would t e n d  t o  make p r o p e l l a n t s  more u n s t a b l e  and more 



d i f f i c u l t  t o  e x t i n g u i s h  by r a p i d  d e p r e s s u r i z a t i o n .  Exper imen ta l  s t u d i e s  

conf i rmed t h e s e  i n i t i a l  q u a l i t a t i v e  p r e d i c t i o n s .  I t  was shown t h a t  a x i a l -  

mode t r a v e l i n g  wave i n s t a b i l i t y  cou ld  be induced w i t h  A P  (ammonium p e r c h l o -  

r a t e )  p r o p e l l a n t s ,  b u t  n o t  K P  ( p o t a s s i u m  p e r c h l o r a t e )  p r o p e l l a n t s .  I t  

was a l s o  demonst ra ted  t h a t  A P  p r o p e l l a n t s  were more d i f f i c u l t  t o  e x t i n g u i s h  

t h a n  KP p r o p e l l a n t s .  ' 9  

The q u a l i t a t i v e  p r e d i c t i o n a l  s u c c e s s  of t h e  i n i t i a l  a n a l y t i c a l  concept  

of s u r f a c e - c o u p l e d  h e a t  r e l e a s e  l e d  t o  an a t t e m p t  t o  develop a  q u a n t i t a t i v e  

t r a n s i e n t  combustion model t h a t  would p r e d i c t  t h e  a c t u a l  b e h a v i o r  of any 

g i v e n  p r o p e l l a n t  f o r m u l a t i o n  w i t h  a  minimum of i n p u t  i n f o r m a t i o n .  Such a  

model was deve loped ,  based upon t h e  s t a b i l i t y  l i m i t  l i n e  i n  t h e  b u r n i n g  

r a t e l p r e s s u r e  c o o r d i n a t e  sys tem which was d e r i v e d  i n  Ref. 12.  

The i n i t i a l  a n a l y s i s  was p a t t e r n e d  a f t e r  t h e  o r i g i n a l  b u r n i n g  r a t e  

b e h a v i o r  i n  terms of two p a r a m e t e r s ,  t h e  pa ramete r  A t h a t  d e s c r i b e d  t h e  

p y r o l y s i s  b e h a v i o r  of t h e  p r o p e l l a n t  s u r f a c e  and t h e  pa ramete r  CY t h a t  

d e s c r i b e d  t h e  k i n e t i c s  of t h e  gas-phase h e a t  r e l e a s e  p r o c e s s .  The SRI 

f o r m u l a t i o n  ex tended  t h e  d e f i n i t i o n  of a t o  i n c l u d e  t h e  k i n e t i c s  of t h e  

su r face -coup led  h e a t  r e l e a s e  p r o c e s s  a s  w e l l .  I t  was assumed t h a t  CY h a s  

a  c o n s t a n t  v a l u e  a long  t h e  s t a b i l i t y  l i m i t  l i n e ,  which w i l l  be  d i s c u s s e d  

i n  more d e t a i l  l a t e r .  Knowing t h e  t r a n s i e n t  r e sponse  of any p r o p e l l a n t  

a t  t h e  p r e s s u r e  where i t s  b u r n i n g  r a t e  cu rve  c r o s s e s  t h e  s t a b i l i t y  l i m i t  

l i n e  a l l o w s  t h e  c a l c u l a t i o n  of t h e  r e sponse  a t  any o t h e r  p r e s s u r e .  

Reasonable  agreement was o b t a i n e d  between t h e  model and a v a i l a b l e  

e x p e r i m e n t a l  s t a b i l i t y  However, c u l i c k 2  l a t e r  p o i n t e d  ou t  

t h a t  t h e  l i n e a r i z e d  v e r s i o n s  of  a l l  t h e o r i e s  c o u l d  be shown t o  be i n h e r -  

e n t l y  of t h e  same mathemat ica l  form; i . e . ,  o n l y  comparison wi th  n o n l i n e a r  

exper imen t s  i n  which t h e  p r e s s u r e  and burn ing  r a t e  changes were n o t  

p e r t u r b a t i o n s  cou ld  be e x p e c t e d  t o  d e l i n e a t e  impor tan t  a s p e c t s  of t h e  

t h e o r e t i c a l  model. 

One n o n l i n e a r  exper iment  of  p r a c t i c a l  impor tance  i s  t h a t  of combustion 

e x t i n c t i o n  by r a p i d  d e p r e s s u r i z a t i o n .  The development of a  combustion 

model t h a t  cou ld  d e s c r i b e  t h i s  phenomenon would be of g r e a t  v a l u e  i n  t h e  

c o r r e l a t i o n  of d a t a  from d i f f e r e n t  motor s i z e s  and,  t h e r e f o r e ,  i n  t h e  



p r e d i c t i o n  of t h e  c r i t i c a l  d e p r e s s u r i z a t i o n  r a t e  f o r  one motor u s i n g  d a t a  

from a n o t h e r  o r  f o r  one p r o p e l l a n t  u s i n g  d a t a  from a n o t h e r .  Up t o  t h e  

p r e s e n t  t i m e ,  d e p r e s s u r i z a t i o n  d a t a  have g e n e r a l l y  been c o r r e l a t e d  by 

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

( d p / d t l c r  v e r s u s  t h e  i n i t i a l  p r e s s u r e  p  . Such a  c o r r e l a t i o n  i s  v e r y  u s e f u l  
i 

f o r  a  g i v e n  c o n f i g u r a t i o n  i n  a n  e n g i n e e r i n g  s e n s e  because  of i t s  s i m p l i c i t y ,  

b u t  i t  canno t  be  e x p e c t e d  t o  be  s u c c e s s f u l  when e i t h e r  t h e  p r o p e l l a n t  t y p e  

o r  t h e  motor s i z e  i s  changed because  i t  a c t u a l l y  r e p r e s e n t s  an  a t t e m p t e d  

l i n e a r i z a t i o n  of a  n o n l i n e a r  problem. Evidence t o  s u p p o r t  t h i s  c o n c l u s i o n  

is  shown by t h e  d a t a  of Uni t ed  Technology C e n t e r  (UTC) , 5  i n  which i t  i s  

shown t h a t  t h e  e x h a u s t  p r e s s u r e ,  t h e  motor s i z e ,  and t h e  p r o p e l l a n t  t y p e  

a l l  have  a  s t r o n g  i n f l u e n c e  on t h e  (dp /d t )c r  v s  pi r e s u l t s .  

S i m i l a r  d e p r e s s u r i z a t i o n  d a t a  have  been o b t a i n e d  a t  SRI,  a s  w e l l  a s  

p r e s s u r i z a t i o n  d a t a  f rom an  exper iment  t h a t  was d e v i s e d  t o  emphasize t h e  

r o l e  of  t h e  b u r n i n g  r a t e  v a r i a t i o n  i n  t h e  measured p r e s s u r e  v a r i a t i o n .  8~ l 1  

Refe rence  9 compared t h e s e  SRI e x p e r i m e n t a l  r e s u l t s  t o  p r e d i c t i o n s  of t h e  

i n i t i a l  SRI model t h a t  was based  upon a  m o d i f i c a t i o n  of t h e  Denison-Baum 

modeli3 t o  accoun t  f o r  h e a t  r e l e a s e  t h a t  i s  t i e d  t o  t h e  s u r f a c e  c o n d i t i o n s .  

I t  was found t h a t  an  unexpected  n o n l i n e a r  damping b e h a v i o r  was p r e s e n t  i n  

t h e  SRI model, l e a d i n g  t o  a n  u n s a t i s f a c t o r y  n o n l i n e a r  p r e d i c t i v e  a b i l i t y  

i n c l u d i n g  t h e  o b s e r v a t i o n  t h a t  t h e  r e q u i r e d  (dp /d t )  c a l c u l a t e d  a t  a  
cr 

g i v e n  v a l u e  of p  was a lways  c o n s i d e r a b l y  less t h a n  t h e  e x p e r i m e n t a l  
i 

v a l u e .  '' Because of t h i s  b e h a v i o r  t h e  c u r r e n t  program h a s  been devoted 

t o  a  r e f o r m u l a t i o n  of t h e  SRI combustion model i n  a  more s e l f - c o n s i s t e n t  

way and t o  a  more comprehensive comparison of t h e  p r e d i c t i o n s  of t h e  

r e v i s e d  model w i t h  e x t i n c t i o n  d a t a  o b t a i n e d  a t  b o t h  SRI and UTC. 



Page intentionally left blank 



I1 MATHEMATICAL FORMULATION OF THE COMBUSTION MODEL 

To emphasize t h e  impor tance  of t h e  su r face -coup led  p o r t i o n  of t h e  

h e a t  r e l e a s e  and,  a t  t h e  same t i m e ,  t o  make t h e  ma themat ica l  a n a l y s i s  

t r a c t a b l e ,  i t  was assumed i n  t h e  o r i g i n a l  SRI model7 t h a t  t h e  h e a t  r e l e a s e  

zone of a  s o l i d  p r o p e l l a n t  can  be  d i v i d e d  i n t o  two r e g i o n s :  one t h i n  zone 

a d j a c e n t  t o  t h e  p r o p e l l a n t  s u r f a c e  i n  which t h e  r a t e  of  chemical  r e a c t i o n  

i s  governed by t h e  w a l l  t e m p e r a t u r e  T  , and a  second t h i n  zone f u r t h e r  
W 

o u t  i n  t h e  g a s  phase  i n  which t h e  r a t e  of chemical  r e a c t i o n  i s  governed 

by t h e  f i n a l  f l ame  t e m p e r a t u r e  T  I t  was assumed t h a t  t h e  s u r f a c e  h e a t  
f '  

r e l e a s e  a c t s  a s  a  boundary c o n d i t i o n  on t h e  s o l i d  phase .  

The new model developed h e r e  i s  based  on t h e  same assumpt ions .  The 

d i f f e r e n c e  from t h e  o r i g i n a l  model comes i n  t h e  mathemat ica l  r e p r e s e n t a -  

t i o n  of t h e  su r face -coup led  h e a t  r e l e a s e .  The o r i g i n a l  f o r m u l a t i o n  

supposed t h e  su r face -coup led  h e a t  r e l e a s e  t o  be composed of two p a r t s ,  a  

p r e s s u r e - s e n s i t i v e  p a r t  

and a  p r e s s u r e - i n s e n s i t i v e  p a r t  

Q u a l i t a t i v e  comparison wi th  t r ave l ing-wave  i n s t a b i l i t y  d a t a  i n d i c a t e d  

t h a t  Q was, i n  g e n e r a l ,  a n  o r d e r  of magnitude l a r g e r  t h a n  Q T h i s  
H D' 

i s  an  i n d i c a t i o n  t h a t  gas-phase r e a c t i o n s  n e a r  t h e  s u r f a c e  t h a t  a r e  

coup led  t o  t h e  w a l l  t e m p e r a t u r e  T  a r e  more impor tan t  t h a n  s o l i d - p h a s e  
W 

r e a c t i o n s  j u s t  below t h e  s u r f a c e .  

I n  t h e  o r i g i n a l  model i t  was a l s o  n e c e s s a r y  t o  assume a  f u n c t i o n  f o r  

t h e  t r a n s i e n t  b e h a v i o r  of t h e  gas-phase  h e a t  r e l e a s e  d u r i n g  t r a n s i t i o n  

from one s t e a d y  s t a t e  t o  a n o t h e r  i n  o r d e r  t o  s a t i s f y  t h e  s t e a d y - s t a t e  



c o n d i t i o n s  a t  b o t h  ends  of t h e  c a l c u l a t i o n .  I n  t h e  new model t h i s  i s  n o t  

n e c e s s a r y  because  t h e  s t e a d y - s t a t e  c o n d i t i o n s  a r e  m e t  by v a r i a t i o n s  i n  t h e  

r e a c t i o n  r a t e s ,  b u t  n o t  t h e  h e a t  r e l e a s e ,  i n  t h e  two f l ame  zones .  

The o r i g i n a l  f o r m u l a t i o n  went on t o  use  t h e  f l ame  speed  e q u a t i o n ,  

which r e l a t e d  t h e  i n s t a n t a n e o u s  f l o w  of r e a c t a n t  i n t o  t h e  gaseous  r e a c t i o n  

zone t o  t h e  i n s t a n t a n e o u s  gas-phase  r e a c t i o n  r a t e ,  o r i g i n a l l y  proposed 

by Denison and Baum.13 Two r e c e n t  r ev iew p a p e r s  by ~ u l i c k ' " ,  have empha- 

s i z e d  t h e  f a c t  t h a t  t h e  o r i g i n a l  gas-phase f lame speed  t r e a t m e n t  by 

Denison and Baum,13 which was u t i l i z e d  i n  t h e  SRI model, i s  a  v a l i d  a n a l -  

y s i s  f o r  t h e  f l ame  speed  of a  d e f l a g r a t i o n  wave p roceed ing  th rough  a  

g a s - f i l l e d  c o n t a i n e r  such  a s  a  t u b e ,  b u t  does  not  accoun t  f o r  h e a t  t r a n s -  

f e r  t o  a  s o l i d  w a l l  n e a r  t h e  f lame.  I n  t h e  s o l i d  p r o p e l l a n t  f o r m u l a t i o n ,  

of c o u r s e ,  t h e  c a l c u l a t e d  f l ame  speed i n  t h e  gas  phase  i s  e q u a t e d  t o  t h e  

b u r n i n g  r a t e  of t h e  s u r f a c e  s o  t h a t  t h e  s u r f a c e  and t h e  f l ame  t r a v e l  

a long  wi th  a  f i x e d  d i s t a n c e  between them ( i n  t h e  s t e a d y  s t a t e ) .  

C u l i c k ' s  a n a l y s e s  app ly  t o  s t e a d y - s t a t e  c o n d i t i o n s ,  b u t  because  t h e  

gas-phase p o r t i o n  of t h e  t r a n s i e n t  p r o p e l l a n t  combustion problem can  be  

c o n s i d e r e d  q u a s i - s t e a d y ,  h i s  r e s u l t s  can  be a p p l i e d  t o  t h a t  problem when 

t h e  boundary c o n d i t i o n s  a r e  modi f i ed  a p p r o p r i a t e l y  t o  account  f o r  t h e  

t r a n s i e n t  b e h a v i o r  of t h e  s o l i d .  

I n  view of t h e  o b s e r v a t i o n  t h a t  most of t h e  s u r f a c e - c o u p l e d  h e a t  

r e l e a s e  a p p e a r s  t o  be p r e s s u r e - s e n s i t i v e  (Q >>Q ) ,  t h e  s t a r t i n g  p o i n t  
H D 

f o r  t h e  new model i s  t h e  assumpt ion t h a t  t h e  t o t a l  h e a t  r e l e a s e  t a k e s  

p l a c e  i n  two i n f i n i t e s i m a l l y  t h i c k  gas-phase zones.  One zone i s  l o c a t e d  

a t  t h e  s u r f a c e  and governed by t h e  w a l l  t empera tu re  T  and one i s  l o c a t e d  
W 

f u r t h e r  o u t  i n  t h e  g a s  phase  and governed by t h e  f i n a l  f lame t e m p e r a t u r e  T  
f '  

The f lame speed  e q u a t i o n  r e l a t e s  t h e  i n s t a n t a n e o u s  mass l e a v i n g  t h e  

w a l l  t o  t h e  i n s t a n t a n e o u s  mass b e i n g  consumed i n  t h e  two f lame zones ,  

based  upon t h e  assumpt ion t h a t  t h e  t h e r m a l  r e l a z a t i o n  t ime i n  t h e  gas  phase 

i s  ve ry  s m a l l  compared t o  t h e  the rmal  r e l a z a t i o n  t ime of t h e  s o l i d .  I n  

t h i s  c a s e  



where W I  i s  t h e  r a t e  of s p e c i e s  p r o d u c t i o n  a t  t h e  s u r f a c e  (x=O), W2 i s  

t h e  r a t e  of p roduc t ion  i n  t h e  o u t e r  f lame zone (x=x ) ,  and 6 r e p r e s e n t s  f  
t h e  Di rac  d e l t a  f u n c t i o n .  Equat ion (3)  s t a t e s  t h a t  a l l  of t h e  m a t e r i a l  

l e a v i n g  t h e  s u r f a c e  h a s  been conver ted  i n t o  combustion p roduc t s  a t  t h e  

end of t h e  o u t e r  flame zone. 

The the rmal  e q u a t i o n  f o r  t h e  g a s  phase is  

QsWl i n  i n n e r  zone 

between zones (4) 

QgW, i n  o u t e r  zone 

I n t e g r a t i o n  of t h i s  e q u a t i o n  a c r o s s  t h e  gas  phase from t h e  o u t e r  edge of 

t h e  i n n e r  f lame zone t o  t h e  o u t e r  edge of t h e  o u t e r  f lame zone g i v e s  

where t h e  x  c o o r d i n a t e  i s  measured outward from t h e  s u r f a c e .  Across 

t h e  i n n e r  f lame zone,  t a k i n g  account  of t h e  changes i n  s p e c i f i c  h e a t  and 

thermal  c o n d u c t i v i t y ,  

Combining Eqs. (5) and (6 )  g i v e s  

where t h e  s u p e r s c r i p t  h a s  now been dropped from w and i t  i s  unders tood 

t h a t  t h i s  i s  t h e  boundary c o n d i t i o n  on t h e  s o l i d - p h a s e  t empera tu re  p r o f i l e .  

I t  is  convenient  t o  add and s u b s t r a c t  c  T o ,  r e a r r a n g e  t e rms ,  and use  Eq. (3 )  
s 

t o  g e t  

Using t h e  s t e a d y - s t a t e  r e l a t i o n  f o r  t h e  d e r i v a t i v e  of Eq. (8 ) ,  



i t  can be s e e n  t h a t  i n  t h e  s t e a d y  s t a t e  it  must a l s o  be t r u e  t h a t  

The s t e a d y - s t a t e  v a r i a t i o n  of T  i s  p r e d i c t e d  from thermochemical  c a l c u -  
f  

l a t i o n s .  Thus,  e i t h e r  Q and Q o r  W,  o r  W, must be made t o  v a r y  through 
S g  

a  t r a n s i e n t  c a l c u l a t i o n  i n  such  a  way t h a t  t h e  p r o p e r  s t e a d y - s t a t e  condi-  

t i o n s  a r e  approached a f t e r  t r a n s i t i o n  th rough  t h e  t r a n s i e n t .  I n  t h e  

p r e s e n t  model, Qs and Q a r e  c o n s i d e r e d  c o n s t a n t ,  and W I  and W2 a r e  f o r c e d  
g  

t o  va ry  i n  t h e  p r o p e r  way t o  s a t i s f y  t h e  known s t e a d y - s t a t e  v a r i a t i o n  of T f '  

The nex t  s t e p  i s  t o  choose  s p e c i f i c  r e l a t i o n s h i p s  f o r  W l  and W2. 

Fol lowing  t h e  work of Denison and Baum,13 i n  v iew of t h e  f a c t  t h a t  a l l  

r e a c t i o n s  a r e  now a s s o c i a t e d  w i t h  t h e  gas  p h a s e ,  l e t  

n ,  n,+2 
W, = K, P  Tw 

exp ( - E ~ / R T  1 w 

and 

n 2  n2+2 
Wz = K 2  P Tf exp  ( - E ~  / R T ~ )  

I n  Eqs. (11)  and ( 1 2 ) ,  n ,  and nz  a r e  c o n s i d e r e d  t o  be c o n s t a n t s  whi l e  E  
h  

and E a r e  assumed t o  be f u n c t i o n s  of p r e s s u r e  a l o n e  s i n c e  t h e  t e m p e r a t u r e  
f  

o c c u r s  e x p l i c i t l y  i n  t h e  argument of t h e  e x p o n e n t i a l .  S i n c e  E  and E  
h  f  

a r e  assumed t o  b e  f u n c t i o n s  of p r e s s u r e  a l o n e ,  t h e i r  i n s t a n t a n e o u s  b e h a v i o r  

can be c a l c u l a t e d  from t h e  s t e a d y - s t a t e  e q u a t i o n s  co r respond ing  t o  t h e  

i n s t a n t a n e o u s  p r e s s u r e ;  t h i s  t e c h n i q u e  of s o l u t i o n  a u t o m a t i c a l l y  a s s u r e s  

t h a t  t h e  thermochemical  p r e d i c t i o n  w i l l  be  s a t i s f i e d  i n  t h e  s t e a d y  s t a t e .  

c u l i c k l  d i s c u s s e s  t h e  f a c t  i t  i s  a n  approx imat ion  t o  c o n s i d e r  a  d e l t a  

f u n c t i o n  f lame zone wi th  a  f i n i t e  r e a c t i o n  r a t e  such a s  t h a t  g i v e n  by 

Eq. (11) o r  Eq.  (12 ) .  De l t a  f u n c t i o n  r e p r e s e n t a t i o n  i s  a n  approx imat ion  

t h a t  w i l l  be v a l i d  i f  t h e  s t a n d o f f  d i s t a n c e  x i s  much l a r g e r  t h a n  t h e  
f  

t h i c k n e s s  of t h e  h e a t  r e l e a s e  zone,  which i s  t r u e  under  most c i r c u m s t a n c e s  

of i n t e r e s t .  

An e x p r e s s i o n  f o r  t h e  o u t e r  f lame zone l o c a t i o n  can  be c o n v e n i e n t l y  



o b t a i n e d  by u s e  of t h e  t r a n s f o r m a t i o n  of c u l i c k a  f o r  t h e  gas-phase the rmal  

e q u a t i o n :  

5 = enp ( p s r c  x/k ) 
P  g  

I f  i t  i s  assumed t h a t  k  i s  c o n s t a n t ,  t h e  t h e r m a l  e q u a t i o n  between t h e  
g  

two f l ame  zones  becomes 

i . e . ,  t h e  t e m p e r a t u r e  p r o f i l e  is l i n e a r  between t h e  two h e a t  r e l e a s e  

zones i n  t h e  5 -coord ina te  system. Using t h e  h e a t  t r a n s f e r  r a t e  a t  t h e  

o u t e r  edge of t h e  i n n e r  h e a t  r e l e a s e  zone and t h e  known f l ame  t e m p e r a t u r e  

a s  t h e  two boundary c o n d i t i o n s ,  one can s o l v e  Eq. (14) t o  o b t a i n  

where @ = W1/W2. Equa t ion  (15)  r educes  t o  C u l i c k ' s  r e s u l t 2  when t h e r e  i s  

no h e a t  r e l e a s e  a s s o c i a t e d  w i t h  t h e  i n n e r  boundary;  i . e . ,  when Q and W 1  
S 

(and t h e r e f o r e  $) a r e  t a k e n  a s  ze ro .  The p h y s i c a l  l o c a t i o n  of t h e  o u t e r  

h e a t  r e l e a s e  zone x i s  t h e n  g i v e n  by 
f  

The remain ing  p o i n t  t o  be c o n s i d e r e d  i s  t h e  c a l c u l a t i o n  of r e f e r e n c e  

v a l u e s  f o r  t h e  a c t i v a t i o n  e n e r g i e s  E  and E According t o  t h e  p r e s e n t  
h  f '  

a n a l y s i s ,  r e f e r e n c e  v a l u e s  a r e  c a l c u l a t e d  by choos ing  a  v a l u e  f o r  t h e  

magnitude of t h e  l i n e a r  r e sponse  a t  t h e  p o i n t  on t h e  burn ing  r a t e  cu rve  

where an  i n t e r s e c t i o n  w i t h  t h e  " s t a b i l i t y  l i m i t  l i n e "  occurs .  T h i s  i s  

i l l u s t r a t e d  i n  F ig .  1 where t h e  burn ing  r a t e  c u r v e s  of  t h e  one SRI p ro -  

p e l l a n t  (PU-269) and t h e  f i v e  UTC p r o p e l l a n t s  s t u d i e d  under  t h i s  program 

a r e  shown w i t h  t h e  s t a b i l i t y  l i m i t  l i n e  from Ref. 10. (See a l s o  Refs .  9  

and 12 f o r  more d e t a i l s . )  The l i m i t  l i n e  shown i n  F i g .  1 can be approx i -  

mated f o r  computa t iona l  purposes  by t h e  e q u a t i o n  

r = 0.00239 p 0'726 
R R 

where r i s  g i v e n  i n  i n . / s e c  and p  i n  p s i a .  a R 
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E q u a t i o n  (17)  i s  a  l e a s t - s q u a r e s  f i t  of a l l  t h e  t r a v e l i n g  wave i n s t a b i l i t y  

d a t a  o b t a i n e d  a t  SRI. 

Two p a r a m e t e r s  govern  t h e  l i n e a r  r e s p o n s e ,  A and Q. The pa ramete r  A 

i s  a  p y r o l y s i s  k i n e t i c s  p a r a m e t e r  g i v e n  by 

The p a r a m e t e r  a ,  f i r s t  i n t r o d u c e d  by Denison and Baum,13 i s  a  k i n e t i c s  

p a r a m e t e r  r e l a t e d  t o  t h e  c h e m i s t r y  of t h e  two r e a c t i o n  zones .  I t  is  

o b t a i n e d  from a  p e r t u r b a t i o n  of t h e  boundary c o n d i t i o n  a t  t h e  w a l l ,  Eq. ( 8 ) ,  

where t h e  p e r t u r b a t i o n  i s  w r i t t e n  i n  t h e  form7'  l3 

For  a  chosen c o n s t a n t  l e v e l  of l i n e a r  r e s p o n s e ,  t h e  r e l a t i o n s h i p  between 

t h e  two govern ing  l i n e a r  p a r a m e t e r s  A and Q can be approximated by an  

e x p r e s s i o n  of t h e  form 

An expans ion  of Eq. (8) c a s t  i n t o  t h e  form of Eq. (19) u s i n g  Eq. (18) 

f o r  A ,  r e s u l t s  i n  two e x p r e s s i o n s  f o r  a which can  be s o l v e d  s i m u l t a n e o u s l y  

t o  o b t a i n  e x p r e s s i o n s  f o r  E  and E  t h e  v a r i a b l e  a c t i v a t i o n  e n e r g i e s ,  
f R  

h '  
R a t  t h e  s t a b i l i t y  l i m i t .  Once v a l u e s  of E  and Eh a r e  e s t a b l i s h e d ,  

R R 
v a l u e s  of E  and E  th rough  any t r a n s i e n t  p r o c e s s  can  be e s t a b l i s h e d  by 

f  h  
s t e a d y - s t a t e  e q u a t i o n s  s i n c e  t h e y  a r e  f u n c t i o n s  of p r e s s u r e  only .  The 

v a l u e  of  a can a l s o  be c a l c u l a t e d  a t  any o t h e r  p r e s s u r e ;  t h e  e q u a t i o n  

used  f o r  t h i s  i n  t h e  numer ica l  a n a l y s i s  i s  



A complete d e r i v a t i o n  of t h e  t e c h n i q u e  f o r  o b t a i n i n g  E and E and t h e  

e x p r e s s i o n  shown i n  Eq. (21)  i s  g i v e n  i n  Appendix A. 
Q 

The c a l c u l a t i o n  of t h e  t r a n s i e n t  b e h a v i o r  of any p r o p e l l a n t  r e q u i r e s  

s t a r t i n g  c a l c u l a t i o n s  a t  b o t h  t h e  l i m i t i n g  p r e s s u r e  and t h e  i n i t i a l  p r e s -  

s u r e  t o  e s t a b l i s h  i n i t i a l  v a l u e s  of t h e  govern ing  p r o p e l l a n t  pa ramete r s .  

The f o l l o w i n g  s t e p s  a r e  i n v o l v e d :  

1. Choose r e f e r e n c e  v a l u e s  of  T a t  a  b u r n i n g  r a t e  of  0 . 1  i n . / s e c  
W 

and of T a t  100 p s i a .  Any r e f e r e n c e  p o i n t s  c o u l d  be chosen a s  
f  

l ong  a s  t h e y  a r e  used  i n  a  c o n s i s t e n t  manner. 

2. Choose v a l u e s  f o r  t h e  p r o p e l l a n t  pa ramete r s  u r  P s ,  c  c ,  kg ,  
s '  P  

and y. 

3.  Choose v a l u e s  f o r  t h e  k i n e t i c  p a r a m e t e r s  Ew, n l ,  n,, and m l .  

The pa ramete r  m l  r e l a t e s  t h e  measured p r o p e l l a n t  b u r n i n g  r a t e  a t  

a  g i v e n  p r e s s u r e  t o  t h e  c a l c u l a t e d  thermochemical  f l ame  tempera- 

t u r e  a t  t h e  same p r e s s u r e  th rough  t h e  s imple  e q u a t i o n  

f o r  t h e  s t e a d y  s t a t e .  

4. Ass ign v a l u e s  t o  t h e  h e a t  r e l e a s e s  Q and Q t h a t  a r e  c o n s i d e r e d  
S g  

t o  be c o n s t a n t .  

5. Ass ign v a l u e s  t o  t h e  c o n s t a n t s  a l  and a, ,  co r respond ing  t o  t h e  

chosen response ;  i . e . ,  t h e  chosen v a l u e  of a a t  t h e  t h r e s h o l d  



P r e s s u r e .  For  t h e  c u r r e n t  c a l c u l a t i o n s ,  a l  = 0.226 and a, = 0.170 

have been used ,  c o r r e s p o n d i n g  t o  a  l i n e a r  r e sponse  l e v e l  of 

a  r e a s o n a b l e  v a l u e  f o r  most composi te  AP  propellant^.^ 

6 .  A t  t h e  t h r e s h o l d  p r e s s u r e  p o i n t :  

a .  C a l c u l a t e  t h e  t h r e s h o l d  p r e s s u r e  p  by s a t i s f y i n g  b o t h  t h e  
R 

known b u r n i n g  r a t e / p r e s s u r e  dependence and Eq. ( 1 7 ) .  

b. Using t h e  p rocedure  o u t l i n e d  i n  Appendix A ,  c a l c u l a t e  
t h e  a c t i v a t i o n  e n e r g i e s  E and E  . 

h~ f R  
7. A t  t h e  chosen i n i t i a l  p r e s s u r e :  

a .  C a l c u l a t e  W, and W, f rom t h e  two s imul taneous  e q u a t i o n s  
i i 

b. U s e  t h e  c a l c u l a t e d  v a l u e s  of W1 and W, w i th  Eqs. (11)  and 
(12) t o  c a l c u l a t e  E and E  . i i 

hi i 

A l i s t i n g  of t h e  numer ica l  program and a  sample p r i n t o u t  f o r  a  t y p i c a l  

c a l c u l a t i o n  a r e  g i v e n  i n  Appendix B. 

A s h o r t  comment s h o u l d  be  made concern ing  t h e  u s e  of t h e  t r a n s f o r -  

mat ion 

where x* = r . x / ~ .  (The d i s t a n c e  x i s  measured p o s i t i v e  i n t o  t h e  p r o p e l l a n t  
1 

away from i t s  s u r f a c e  f o r  t h e  s o l i d  phase  c a l c u l a t i o n . )  T h i s  t ransfornia-  

t i o n  changes t h e  i n f i n i t e  s p a t i a l  domain i n  t h e  s o l i d  0 5 x* 5 i n t o  a  



f i n i t e  domain 0 2 y* < 1 i n  t h e  y* c o o r d i n a t e  system. I t  was f i r s t  used 

by t h e  a u t h o r  i n  Ref. 11. Recen t ly  Merkle e t  a 1 . 4  have p o i n t e d  o u t  t h a t  

g r e a t  c a r e  must be e x e r c i s e d  i n  a p p l y i n g  t h i s  t r a n s f o r m a t i o n  because  t h e  

t e m p e r a t u r e  d e r i v a t i v e  a t  t h e  c o l d  boundary (y* = 1 )  i s  n o n a n a l y t i c .  T h i s  

f a c t o r  can  e a s i l y  be s e e n  i f  we c o n s i d e r  t h e  t e m p e r a t u r e  p r o f i l e  c o r r e -  

sponding t o  t h e  t r a n s f o r m a t i o n  of Eq. ( 2 5 ) :  

Another  advan tage  of t h e  t r a n s f o r m a t i o n  i s  shown by Eq. ( 2 6 ) ;  i . e . ,  i n i -  

t i a l l y  t h e  t e m p e r a t u r e  p r o f i l e  i s  l i n e a r  i n  t h e  t r ans fo rmed  c o o r d i n a t e .  

The t e m p e r a t u r e  d e r i v a t i v e  i s  now g i v e n  by 

F o r  r* < 1 and y* = 1, t h e  d e r i v a t i v e  t h e n  becomes i n f i n i t e  and one 

must t a k e  c a r e  i n  t h e  numer ica l  a n a l y s i s  t o  be s u r e  t h a t  t h i s  s i n g u l a r i t y  

must not  be a l lowed  t o  a f f e c t  t h e  computa t ion  of t h e  t e m p e r a t u r e  p r o f i l e .  

T h i s  computa t ion  i s  accompl ished a s  d e s c r i b e d  i n  d e t a i l  i n  Appendix B of 

Ref.  11 by making use  of t h e  f a c t  t h a t  T* = TE a t  y* = 1 ;  i . e . ,  o n l y  t h e  

d e r i v a t i v e s  a t  t h e  o t h e r  mesh p o i n t s  a r e  needed t o  o b t a i n  t h e  t o t a l  s o l u -  

t i o n  and no  d i f f i c u l t y  h a s  e v e r  been encoun te red  i n  o b t a i n i n g  t h e  c o r r e c t  

s t e a d y - s t a t e  t empera tu re  p r o f i l e  a f t e r  a  d e c r e a s e  i n  b u r n i n g  r a t e .  An 

example of such a  c a l c u l a t i o n  i s  shown i n  d e t a i l  i n  Appendix C. I n  add i -  

t i o n  t o  t h e  advan tages  c i t e d  p r e v i o u s l y ,  u s e  of t h e  t r a n s f o r m a t i o n  g iven  

by Eq.  (25)  a l l o w s  an  i m p o r t a n t  s a v i n g  of numerica l  computa t ion  t ime by 

reduc ing  s u b s t a n t i a l l y  t h e  number of mesh p o i n t s  r e q u i r e d  i n s i d e  t h e  s o l i d .  



I11 PARAIvIETRIC STUDY OF THE MODEL 

Before  p r o c e e d i n g  t o  a  comparison of p r e d i c t e d  and obse rved  e x t i n c -  

t i o n  b e h a v i o r  i t  i s  i n s t r u c t i v e  t o  c a r r y  o u t  a  p a r a m e t r i c  s t u d y  of t h e  

model i n  b o t h  t h e  l i n e a r  and n o n l i n e a r  regimes  t o  de te rmine  which of t h e  

chosen i n p u t  p a r a m e t e r s  have t h e  l a r g e s t  e f f e c t s  on t h e  observed o u t p u t .  

I n  t h i s  c a s e  t h e  e f f e c t s  of v a r y i n g  t h e  p a r a m e t e r s  Q /Q t 1  Q t ,  "1, n21 Ew, 

Tw, and x have been s t u d i e d  under  c o n d i t i o n s  o f  a  s t e p  p r e s s u r e  change of 

1% and 20% ( t h e  20% change was a c t u a l l y  a p p l i e d  a s  a  s t e e p  ramp o v e r  a  

t i m e  p e r i o d  of 0 . 2  msec) a t  1000 p s i a  chamber p r e s s u r e  u s i n g  t y p i c a l  v a l u e s  

f o r  t h e  SRI PU-269 AP p r o p e l l a n t .  The computed thermochemical  f l ame  

t e m p e r a t u r e  of t h i s  p r o p e l l a n t  i s  shown i n  F ig .  2  w i t h  t h e  f lame tempera- 

t u r e s  of  t h e  f i v e  UTC p r o p e l l a n t s  t h a t  w i l l  be  c o n s i d e r e d  i n  t h e  n e x t  

s e c t i o n .  

I n  a d d i t i o n  t o  t h e  pa ramete r s  l i s t e d  above,  a  few o t h e r  i n p u t s  a r e  

needed t o  s t a r t  t h e  program. Values  used  f o r  t h e s e  i n p u t s  a r e :  

I t  c a n  be shown t h a t  v a r i a t i o n s  i n  p which may a t  f i r s t  a p p e a r  t o  be an  
s '  

i m p o r t a n t  p a r a m e t e r ,  do no t  a f f e c t  t h e  r e sponse .  F i g u r e  3 shows t h e  e f f e c t  

of v a r y i n g  Q /Q t h e  r a t i o  of h e a t  r e l e a s e  a s s o c i a t e d  w i t h  t h e  s u r f a c e  
s t '  

r e a c t i o n  zone t o  t h e  t o t a l  h e a t  r e l e a s e .  A t  t h e  chosen chamber p r e s s u r e ,  

which i s  h i g h e r  t h a n  t h e  p r e s s u r e  a t  which t h e  burn ing  r a t e  c u r v e  c r o s s e s  

t h e  s t a b i l i t y  l i m i t  l i n e  ( s e e  F ig .  I ) ,  t h e  r e s p o n s e  i n c r e a s e s  a s  Q / Q ~  
S 

i n c r e a s e s .  Thus,  more s u r f a c e  h e a t  r e l e a s e  i s  d e s t a b i l i z i n g ;  t h e  e f f e c t  
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FIGURE 3 EFFECT OF VARIABLE B,/Q, AT HIGH PRESSURE (PU-269) 



i s  p r o p o r t i o n a t e 1  y  ( b u t  n o t  a b s o l u t e l y )  s m a l l e r  f o r  t h e  l a r g e r  p r e s s u r e  

i n c r e a s e .  Note t h a t  t h e  a s y m p t o t i c  s t e a d y  s t a t e  i s  a l s o  shown. 

An ex t remely  i n t e r e s t i n g  r e s u l t  i s  o b t a i n e d  when t h e  e f f e c t  of v a r i a b l e  

Q S J Q ~  
a t  a  p r e s s u r e  below t h e  s t a b i l i t y  l i m i t  c r o s s i n g  i s  c o n s i d e r e d .  I n  

F i g .  4 ,  where r e s u l t s  a r e  p l o t t e d  f o r  a  chamber p r e s s u r e  of 400 p s i a ,  i t  

can  be s e e n  t h a t  a n  i n c r e a s e  i n  Q /Q r e d u c e s  t h e  r e s p o n s e ;  i n  a d d i t i o n ,  
s t  

t h e  o v e r a l l  r e sponse  l e v e l  a p p e a r s  t o  be l a r g e r  t h a n  t h a t  shown i n  F ig .  3a .  

T h i s  b e h a v i o r  c a n  be unders tood  i f  w e  p l o t  t h e  burn ing  r a t e  r e sponse  

i n  i t s  p r o p e r  nondimensional  form,  shown i n  F i g .  5 f o r  Q /Q = 0.05 and 0 .1 .  
s t  

Note t h a t  t h e  c u r v e s  c r o s s  a t  t h e  p r e s s u r e  (645 p s i a )  where t h e  b u r n i n g  

r a t e  cu rve  c r o s s e s  t h e  s t a b i l i t y  l i m i t  l i n e  i n  F ig .  1 ;  t h i s  is b u i l t  i n t o  

t h e  numer ica l  a n a l y s i s  th rough  t h e  s p e c i f i c a t i o n  of t h e  pa ramete r  a t  t h a t  

p o i n t .  The s a l i e n t  f a c t  i s  t h e  i n c r e a s e  i n  s l o p e  a s  Q /Q i n c r e a s e s ;  t h e  
s t  

a b s o l u t e  v a l u e  of t h e  s l o p e  i s  governed by t h e  chosen v a l u e  of Q . T h i s  
t 

i n c r e a s e  i n  s l o p e  may e x p l a i n  why p r o p e l l a n t s  w i t h  su r face -coup led  h e a t  

r e l e a s e  t e n d  toward i n s t a b i l i t y :  n o t  o n l y  does  t h e i r  r e sponse  r e a c h  a  

c e r t a i n  l e v e l  a t  t h e  s t a b i l i t y  l i m i t ,  b u t  i t  a l s o  t e n d s  t o  i n c r e a s e  more 

r a p i d l y  a s  t h e  p r e s s u r e  i s  i n c r e a s e d  beyond t h a t  l i m i t  p o i n t .  T h i s  r e s u l t  

may h e l p  t o  e x p l a i n  t h e  s m a l l  s c a t t e r  t h a t  i s  obse rved  e x p e r i m e n t a l l y  

abou t  t h e  s t a b i l i t y  l i m i t  l i n e .  ''1 l2  

F i g u r e  6  shows t h e  e f f e c t  of v a r y i n g  t h e  t o t a l  h e a t  r e l e a s e  on t h e  

obse rved  b u r n i n g  r a t e  r e sponse .  I t  can  be  s e e n  t h a t  i n c r e a s i n g  t h e  h e a t  

r e l e a s e  a s  t h e  r a t i o  QS/Qt remains c o n s t a n t  d e c r e a s e s  t h e  r e sponse  some- 

what. Numerical  computa t ions  have shown t h a t  t h e  a l l o w a b l e  r ange  of c h o i c e  

f o r  Q i s  r a t h e r  l i m i t e d  once v a l u e s  have been a s s i g n e d  t o  t h e  o t h e r  param- 
t 

e t e r s .  I n  t h e  p r e s e n t  c a s e  when Q i s  reduced below about  1100 ~ a l / ~ m ,  
t 

t h e  r a t i o  w,/w, becomes n e g a t i v e ,  imply ing  t h a t  t h e  main f lame r e q u i r e s  

more s p e c i e s  f o r  consumption t h a n  a r e  l e a v i n g  t h e  w a l l ,  a  p h y s i c a l l y  

mean ing less  case .  On t h e  o t h e r  hand,  when Q i s  i n c r e a s e d  above about  
t 

1400 ~ a l / ~ m ,  t h e  s l o p e  of t h e  cu rves  shown i n  F i g .  5 becomes n e g a t i v e ,  which 

v i o l a t e s  a  b a s i c  assumpt ion of t h e  t h e o r y ;  namely,  t h a t  t h e  obse rved  burn ing  

r a t e  r e sponse  s h o u l d  i n c r e a s e  wi th  i n c r e a s i n g  p r e s s u r e .  These r e s u l t s  a r e  

i n  agreement w i t h  Eq.  ( l o ) ,  which shows t h a t  f o r  t h e  v a l u e s  of c  and T  
P  f 
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b e i n g  used t h e  t o t a l  h e a t  r e l e a s e  s h o u l d  be i n  t h e  neighborhood of 

1200 c a l I g m ,  l e n d i n g  f u r t h e r  c o n s i s t e n c y  t o  t h e  c a l c u l a t i o n s .  

F i g u r e s  7 and 8 show t h e  e f f e c t s  of v a r y i n g  t h e  r e a c t i o n  r a t e  p r e s s u r e  

e x p o n e n t s  n ,  and n,. I t  can be s e e n  t h a t  a  v a r i a t i o n  i n  n l  a f f e c t s  t h e  

b u r n i n g  r a t e  r e sponse  s l i g h t l y  whereas  a  v a r i a t i o n  i n  n2 h a s  p r a c t i c a l l y  

no e f f e c t .  T h i s  a p p a r e n t l y  o c c u r s  because  changes i n  n, o r  n, a r e  o f f s e t  

by changes i n  t h e  c a l c u l a t e d  b e h a v i o r  of E and E w i t h  p r e s s u r e ,  l e a d i n g  
h  f  

t o  n e a r l y  t h e  same burn ing  r a t e  r e sponse .  

The e f f e c t  of v a r y i n g  t h e  p y r o l y s i s  a c t i v a t i o n  ene rgy  a t  t h e  s u r f a c e  

i s  shown by F ig .  9. I n c r e a s i n g  t h e  a c t i v a t i o n  ene rgy  i n  g e n e r a l  a c t s  t o  

d e c r e a s e  t h e  b u r n i n g  r a t e  r e s p o n s e  t i m e  and t h e r e f o r e  t o  damp t h e  obse rved  

o s c i l l a t i o n .  Decreas ing  t h e  chosen s u r f a c e  t e m p e r a t u r e ,  on t h e  o t h e r  hand,  

a l s o  a c t s  t o  d e c r e a s e  t h e  r e s p o n s e  t ime  b u t  does  no t  d e s t r o y  t h e  o s c i l l a t i o n  

s o  r e a d i l y ,  a s  shown by F i g .  10. 

F i g u r e  11 shows t h e  e f f e c t  of  v a r y i n g  t h e  the rmal  d i f f u s i v i t y  n. A s  

one would e x p e c t ,  t h e  c h a r a c t e r i s t i c  r e s p o n s e  t i m e  of  t h e  b u r n i n g  r a t e  i s  

p r o p o r t i o n a l  t o  n; i . e . ,  t h e  f i r s t  peak f o r  n = 0.0005 i n ? / s e c  o c c u r s  a t  

a  t i m e  t h a t  i s  approx imate ly  a  m u l t i p l e  of  f i v e  times t h e  v a l u e  of t h e  

t i m e  a t  which t h e  cu rve  f o r  n = 0.0001 i n ? / s e c  e x h i b i t s  i t s  peak.  

With t h e  c a l c u l a t i o n s  j u s t  d i s c u s s e d  a s  a  background,  i t  i s  now 

a p p r o p r i a t e  t o  t u r n  t o  a  d i s c u s s i o n  of e x p e r i m e n t a l  d a t a .  
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I V  COMPARISONS WITH EXPERIMENTAL DATA 

P r e s s u r i z a t i o n  Data - 

Some p r e s s u r e  r e sponse  d a t a  were p r e v i o u s l y  o b t a i n e d  a t  SRI by r a p i d l y  

p r e s s u r i z i n g  a  chamber hav ing  a  v e r y  s m a l l  v a l u e  of VIA (-0.05-0.1) w i t h  
b  

e x t e r n a l  mass a d d i t i o n . "  The o b j e c t i v e  was t o  have a  s m a l l  enough f r e e  

volume compared t o  t h e  b u r n i n g  s u r f a c e  a r e a  s o  t h a t  t h e  burn ing  r a t e  r e sponse  

would measurably a f f e c t  t h e  p r e s s u r e  r e s p o n s e ,  and,  i n  f a c t ,  a n  experimen- 

t a l l y  o s c i l l a t i n g  p r e s s u r e  r e s p o n s e  was o b t a i n e d . "  The p r e v i o u s  v e r s i o n  

of t h e  SRI model appea red  t o  respond a s  though t h e  b u r n i n g  r a t e  fo l lowed  

t h e  p r e s s u r e  t o o  c l o s e l y ,  and no o s c i l l a t i o n  was o b t a i n e d . "  

F i g u r e  1 2  shows t h e  p r e v i o u s  d a t a  and t h e  p r e s s u r e  r e sponse  of t h e  

c u r r e n t  model. I n  t h i s  c a s e  t h e  c a l c u l a t e d  p r e s s u r e  i s  c l o s e r  t o  t h e  

obse rved  p r e s s u r e  e a r l y  i n  t h e  exper imen t ,  b u t  c l e a r l y  no  undershoot  is 

o b t a i n e d .  More exper imen t s  of  t h i s  t y p e  w i t h  o t h e r  p r o p e l l a n t s  a r e  obvi-  

o u s l y  needed t o  de te rmine  whether  t h e  e x p e r i m e n t a l  p rocedure  o r  t h e  mathe- 

m a t i c a l  model i s  r e s p o n s i b l e  f o r  t h e  poor  agreement t h a t  i s  observed.  The 

main t h r u s t  of  t h i s  program was t o  compare t h e  model p r e d i c t i o n s  w i t h  t h e  

e x t e n s i v e  d e p r e s s u r i z a t i o n  d a t a  c o l l e c t e d  a t  U T C , ~ , ~  a s  w e l l  a s  t h o s e  of 

SRI. ', '' These compar isons  f o l l o w .  

D e p r e s s u r i z a t i o n  Data 

F a r  more d a t a  a r e  a v a i l a b l e  i n  t h e  c a s e  of d e p r e s s u r i z a t i o n  because  

of i t s  p r a c t i c a l  impor tance  i n  ex t ingu i shment .  To compare t h e  t h e o r e t i c a l  

model and t h e s e  r e s u l t s  w i t h  t h e  l e a s t  amount of numer ica l  computing,  i t  

was dec ided  t o  p roceed  by h o l d i n g  a s  many of t h e  v a r i a b l e s  a s  p o s s i b l e  con-  

s t a n t .  The r e s u l t s  of t h e  p r e c e d i n g  s e c t i o n  show t h a t  t h e  two most i n f l u e n -  

t i a l  v a r i a b l e s  a r e  n ,  which d e t e r m i n e s  t h e  t i m e  c o n s t a n t  of t h e  p r o p e l l a n t  

r e s p o n s e ,  and Q which must l i e  between c e r t a i n  bounds i n  o r d e r  bo th  t o  
t '  

a s s u r e  t h e  p r o p e r  v a r i a t i o n  of ct wi th  p r e s s u r e  and t o  m a i n t a i n  a p o s i t i v e  

v a l u e  f o r  t h e  r a t i o  w,/w,. 
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P r e v i o u s  r e s u l t s  o b t a i n e d  d u r i n g  d e p r e s s u r i z a t i o n  tests  on PU-269 can  

be used t o  e s t a b l i s h  v a l u e s  of t h e  c o n s t a n t s  ( e x c l u d i n g  t h o s e  a l r e a d y  l i s t e d  

on Page 1 5 ) ;  t h e  v a l u e s  a r e  

U s e  of  t h e  above v a l u e s  t o g e t h e r  w i t h  Q = 1200 ca l lgm f o r  PU-269 g i v e s  
t 

good agreement between c a l c u l a t e d  and obse rved  d e p r e s s u r i z a t i o n  r a t e s  

r e q u i r e d  f o r  e x t i n c t i o n .  

F i g u r e  13 shows t h e  c a l c u l a t e d  b e h a v i o r  of t h e  b u r n i n g  r a t e  and p r e s -  

s u r e  of  t h i s  p r o p e l l a n t  a t  two i n i t i a l  d e p r e s s u r i z a t i o n  r a t e s  i n  a s m a l l  

chamber c o n t a i n i n g  an  end-burning g r a i n .  E x t i n c t i o n  d a t a  f o r  t h i s  pro-  

p e l l a n t  i n  t h e  SRI test  a p p a r a t u s  have  p r e v i o u s l y  been r e p o r t e d ;  t h e  c r i t i -  

c a l  i n i t i a l  d e p r e s s u r i z a t i o n  r a t e  r e q u i r e d  t o  r e a c h  e x t i n c t i o n  i s  somewhat 

i n  e x c e s s  of 1 0 0 , 0 0 0  psi/sec. l 1  F i g u r e  1 3  i s  i n t e r e s t i n g  because  of t h e  

o s c i l l a t o r y  b e h a v i o r  e x h i b i t e d  by t h e  burn ing  r a t e  a t  a  d e p r e s s u r i z a t i o n  

r a t e  of  100 ,000  p s i / s e c .  I m p o s i t i o n  of a  h i g h e r  r a t e  merely  l e a d s  t o  

e x t i n c t i o n  s o o n e r  and ,  f u r t h e r m o r e ,  t h e  b u r n i n g  r a t e  o s c i l l a t i o n s  a r e  much 

l e s s  i n t e n s e .  

The p rocedure  f o l l o w e d  d u r i n g  t h e  r emain ing  c a l c u l a t i o n s ,  t h e n ,  was t o  

v a r y  o n l y  t h e  t o t a l  h e a t  r e l e a s e  Q i n  o r d e r  t o  s a t i s f y  t h e  r e s t r i c t i o n s  
t 

mentioned b e f o r e .  Such a n  approach assumes t h a t  t h e  o n l y  p r o p e l l a n t  cha rac -  

ter is t ics  i n  a d d i t i o n  t o  Q t h a t  a f f e c t  t h e  t r a n s i e n t  r e sponse  a r e  t h e  
t 

measured b u r n i n g  r a t e  b e h a v i o r  and t h e  c a l c u l a t e d  thermochemical  f lame 

t empera tu re  b e h a v i o r ,  s i n c e  t h e s e  a r e  t h e  o n l y  a d d i t i o n a l  i n p u t s  ( excep t  

f o r  t h e  motor geometry) t o  t h e  numer ica l  program. 
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FIGURE 13 CALCULATED EXTINCTION BEHAVIOR (PU-269) 



A g r e a t  d e a l  of e x t i n c t i o n  d a t a  h a s  been o b t a i n e d  f o r  NASA a t  UTC; 

a  complete  d e s c r i p t i o n  cf t h e i r  s t u d i e s  i s  g i v e n  i n  Refs .  5 and 6.  The 

UTC s t u d y  was concerned w i t h  t h e  e f f e c t s  of s y s t e m a t i c  v a r i a t i o n s  i n  

p r o p e l l a n t  b i n d e r ,  o x i d i z e r  l o a d i n g  l e v e l ,  b u r n i n g  r a t e  c a t a l y s t ,  m e t a l  

l o a d i n g ,  and e x h a u s t  p r e s s u r e  l e v e l .  From t h e  myriad r e s u l t s  p r e s e n t e d  

i n  Ref.  6 ,  f i v e  p r o p e l l a n t s  and t h r e e  motor g e o m e t r i e s  were chosen f o r  

comparison w i t h  and t h r e e  motor g e o m e t r i e s  were chosen f o r  comparison 

w i t h  t h e  SRI t h e o r y .  A d e s c r i p t i o n  of t h e s e  p r o p e l l a n t s  i s  g i v e n  i n  

T a b l e  I ( t h e  SRI p r o p e l l a n t  i s  i n c l u d e d  f o r  comple teness ) ;  t h e y  w i l l  

h e r e a f t e r  be c i t e d  by t h e i r  numerica l  d e s i g n a t i o n .  

T a b l e  I 

PROPELLANT FORMULATIONS CONSIDERED DURING THIS PROGRAM 
O x i d i z e r  

D e s i g n a t i o n  Binder  ($) (% > Metal  Loading ($) 

UTX-10645 16 .2  CTPIB 8 3 . 6  AP --- 
UTX-1066 1 1 6 . 7  PU 8 3 . 1  AP --- 
UTX-10691 16 .2  CTPB 8 3 . 1  AP --- 
UTX-11325 16 .2  CTPB 67.6 AP 16% A 1  
UTX-11327 20.2 CTPB 79.6 AP --- 
PU -269 20 PU 8 0  AP --- 

The CTPIB (ca rboxy- te rmina ted  p o l y i s o b u t y l e n e ) ,  PU ( p o l y u r e t h a n e ) ,  

and CTPB (ca rboxy- te rmina ted  p o l y b u t a d i e n e )  p r o p e l l a n t s  were s e l e c t e d  f o r  

comparison w i t h  t h e  model because  of t h e i r  d i v e r s e  the rmal  and o x i d a t i v e  

d e g r a d a t i o n  c h a r a c t e r i s t i c s .  I n  a d d i t i o n ,  one p r o p e l l a n t  c o n t a i n i n g  

aluminum was chosen  f o r  comparison.  According t o  J e n s e n J 6  t h e  CTPIB and 

PU f o r m u l a t i o n s  a r e  less s u b j e c t  t o  exo the rmic  o x i d a t i v e  d e g r a d a t i o n  of 

t h e  b i n d e r  t h a n  a r e  t h e  CTPB f o r m u l a t i o n s ,  b u t  a r e  more s u b j e c t  t o  endo- 

t h e r m i c  the rmal  decomposi t ion .  The AP used i n  e a c h  p r o p e l l a n t  c o n s i s t e d  

of a  65:35 c o a r s e - t o - f i n e  r a t i o  w i t h  t h e  mean p a r t i c l e  d i a m e t e r  of t h e  

c o a r s e  AP b e i n g  190 y and t h a t  of t h e  f i n e  approx imate ly  6  y. I n  t h e  c a s e  

of  t h e  a lumin ized  p r o p e l l a n t  (UTX-11325), t h e  aluminum r e p l a c e d  p a r t  of  

t h e  c o a r s e  A P .  Each of t h e  UTC p r o p e l l a n t s  c o n t a i n e d  0 .2% c a r b o n ,  



Three  motor g e o m e t r i e s  were used i n  t h e  UTC work: a  s l a b  motor ,  a  

window motor ,  and a  swing-nozzle motor. The s l a b  motor was a  s m a l l  motor 

c o n t a i n i n g  I - l b  s l a b s  and hav ing  V/A - 9.8.  The window motor a l s o  con- 
b- 

t a i n e d  s l a b s ,  b u t  had a  volume t o  b u r n i n g  s u r f a c e  a r e a  r a t i o  V/A = 4.4. 
b  

F i n a l l y ,  t h e  swing-nozzle motor u t i l i z e d  i n t e r n a l - b u r n i n g  c y l i n d r i c a l  g r a i n s  

and c o n t a i n e d  a  much h i g h e r  p r o p e l l a n t  l o a d i n g  wi th  V/A = 0 . 3 0  f o r  t h e  
b  

5 - in .  l o n g  g r a i n  c o n f i g u r a t i o n  and 0.24 f o r  t h e  15- in .  long  c o n f i g u r a t i o n .  

A more d e t a i l e d  d e s c r i p t i o n  of t h e s e  motors  is  g i v e n  i n  Ref. 6.  

F i g u r e  14  compares c a l c u l a t e d  and obse rved  r e s u l t s  f o r  t h e  s t a n d a r d  

CTPIB p r o p e l l a n t  (UTX-10645) burned i n  t h e  s l a b  motor and t h e  window motor.  

For  t h i s  p r o p e l l a n t ,  a  v a l u e  of  Q =I100 ca l lgm was used.  Note t h a t ,  i n  
t 

g e n e r a l ,  t h e  model s u g g e s t s  t h a t  a  l a r g e r  d e p r e s s u r i z a t i o n  r a t e  s h o u l d  be  

r e q u i r e d  i n  t h e  window motor because  of i t s  s m a l l e r  v a l u e  of V/A however, 
b  ; 

such a  r a t e  i s  n o t  d i s c e r n a b l e  e x p e r i m e n t a l l y .  

The c a l c u l a t e d  t r a n s i e n t  b e h a v i o r  of  t h e  burn ing  r a t e  and p r e s s u r e  i n  

t h e  s l a b  motor a t  a  p r e s s u r e  of  200 p s i a  i s  shown i n  F i g .  15 ;  n o t e  t h a t  

i n  t h i s  c a s e  no o s c i l l a t i o n  is v i s i b l e  i n  t h e  b u r n i n g  r a t e .  A s  w i l l  p re s -  

e n t l y  b e  shown, it o c c u r s  o n l y  under c e r t a i n  d e p r e s s u r i z a t i o n  c o n d i t i o n s .  

S i m i l a r  r e s u l t s  a r e  shown f o r  t h e  UTC p o l y u r e t h a n e  f o r m u l a t i o n  

(UTX-10661) i n  t h e  s l a b  and window motors  i n  F i g s .  16  and 17.  For  t h i s  

p r o p e l l a n t  a  v a l u e  of  Q =I200 ca l Igm was used ,  e q u a l  t o  t h e  v a l u e  used  f o r  
t 

PU-269. Note once a g a i n  t h a t  b e t t e r  agreement i s  o b t a i n e d  w i t h  t h e  s l a b  

motor d a t a  and t h a t  no o s c i l l a t i o n  i s  obse rved  i n  t h e  c a l c u l a t e d  b u r n i n g  

r a t e .  

Ext inguishment  c h a r a c t e r i s t i c s  of t h e  UTX-10645 CTPIB p r o p e l l a n t  

c o n s i d e r e d  p r e v i o u s l y  and of t h e  UTX-10691 CTPB p r o p e l l a n t  ( f o r  which 

1200 cal/gm was u s e d  f o r  Q i n  t h e  c a l c u l a t i o n s )  a r e  shown i n  F ig .  18 f o r  
t 

t h e  swingnozzle  motor i n  which V/A i s  a n  o r d e r  of magnitude lower .  Note 
b  

t h a t  t h e  r e q u i r e d  d e p r e s s u r i z a t i o n  r a t e s  a r e  c o r r e s p o n d i n g l y  an  o r d e r  of  

magnitude h i g h e r  t h a n  t h o s e  shown i n  F ig .  14.  I n  t h i s  c a s e  t h e  c a l c u l a t e d  

v a l u e s  f a l l  somewhat below t h e  e x p e r i m e n t a l  v a l u e s ,  pe rhaps  because  t h e  

numerica l  c a l c u l a t i o n  i s  s t r i c t l y  one-dimensional ,  whereas t h e  a p p a r a t u s  

u s e s  c y l i n d r i c a l  i n t e r n a l - b u r n i n g  g r a i n s *  
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Also of i n t e r e s t  i s  t h e  c a l c u l a t e d  pressure  and burning r a t e  behavior  

of t h e  UTX-10645 p rope l l an t  shown i n  Fig.  19. I n  t h i s  case an o s c i l l a t i o n  

of t h e  burning r a t e  i s  e v i d e n t ,  whereas i t  was prev ious ly  absent  a t  t h e  

lower dep re s su r i za t i on  r a t e  (Fig.  15) .  

Extinguishment c h a r a c t e r i s t i c s  of t h e  o the r  CTPB p rope l l an t  (UTX-11327) 

i n  t h e  window motor, using Q t = l l O O  calIgm, a r e  shown i n  Fig.  20. I n  t h i s  

case  t h e  c a l c u l a t e d  r e s u l t s  f a l l  somewhat below t h e  d a t a ,  perhaps showing 

t h e  s e n s i t i v i t y  t o  t h e  choice of Q (See t h e  d i s cus s ion  i n  connect ion 
t o  

with Fig.  6 ) .  

F i n a l l y ,  r e s u l t s  a r e  shown i n  Fig.  21 f o r  t he  one aluminized p rope l l an t  

(UTX-11325) burned i n  t h e  window motor. I n  t h i s  case  Q was chosen a s  
t 

1400 calIgm f o r  t h e  numerical c a l c u l a t i o n  and t h e  program was modified t o  

account f o r  t h e  mass of gaseous products  t h a t  i s  l o s t  t o  t he  formation of 

aluminum oxide. Considering t h e  s i m p l i f i c a t i o n s  involved i n  t h e  t heo ry ,  

t h e  agreement i s  remarkably good. 
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V CONCLUDING REMARKS 

During t h i s  program an at tempt  was made t o  s imp l i fy  t h e  o r i g i n a l  SRI 

combustion model i n  a  way t h a t  would s t i l l  r e t a i n  t h e  e s s e n t i a l  f e a t u r e s  

of p a s t  obse rva t ions ,  t h e  most s a l i e n t  of which is t h a t  ammonium per- 

c h l o r a t e  composite p r o p e l l a n t s  e x h i b i t  a  " s t a b i l i t y  l i m i t "  i n  t h e  burning 

r a t e /p re s su re  coord ina te  system. The c a l c u l a t i o n s  presented he re  have 

shown t h a t  t h e  u se  of t h i s  l i m i t  l i n e  concept a lone ,  t oge the r  wi th  t h e  

burning r a t e  and flame temperature  behavior  of any given p r o p e l l a n t ,  

can p r e d i c t  t h e  e x t i n c t i o n  behavior  of a  wide v a r i e t y  of p r o p e l l a n t s  

remarkably w e l l  wi thout  regard f o r  changes i n  t h e  o t h e r  parameters of 

t h e  model, once t h e s e  parameters have been s e t  by t he  behavior  of one 

p r o p e l l a n t .  

Of course ,  much more could be l ea rned  through more ex tens ive  compu- 

t a t i o n s .  One can only say t h a t  t h e  l i m i t  l i n e  concept appears  t o  be a s  

u se fu l  a s  any o t h e r  t h a t  i s  a v a i l a b l e  today ,  and t h e  r e s u l t i n g  numerical 

model i s  a  good dea l  s impler  than many o t h e r s  i n  ex is tence .  The u l t i -  

mate u t i l i t y  of t h e  model cannot be demonstrated u n t i l  comparisons with 

l a rge - sca l e  t e s t s  a r e  made. 



Appendix A 

PERTURBAT I ON ANALY S  I S  OF THE MODEL 

The p e r t u r b a t i o n  a n a l y s i s  d e s c r i b e d  h e r e  i s  s i m i l a r  ma themat ica l ly  

t o  t h a t  c a r r i e d  o u t  f o r  t h e  p r e v i o u s  SRI  model.'^^ The t a s k  i s  t o  

p e r t u r b  t h e  s o l i d  phase  boundary c o n d i t i o n  and r e l a t e  t h e  r e s u l t  t o  t h e  

p e r t u r b a t i o n  p a r a m e t e r  a ,  a c c o r d i n g  t o  t h e  p rocedure  of Denison and 

Baum. l 3  

The s o l i d  p h a s e  boundary c o n d i t i o n  i s  Eq. (8). 

- 
Expand e a c h  of t h e  v a r i a b l e s  i n  Eq. (Al l  by l e t t i n g  r = ; 1 ,  Tw = T  

W 

( l + F w ) ,  e t c .  t o  o b t a i n  t h e  p e r t u r b a t i o n  boundary c o n d i t i o n :  

I n s e r t i o n  of t h e  p e r t u r b a t i o n  p y r o l y s i s  e q u a t i o n  

g i v e s  



P e r t u r b a t i o n s  of Eqs. ( 3 ) , ( 1 1 ) ,  and (12) g i v e  

N - F.2 

r = W *  W *  + wa W, 

Combining Eqs. ( A 3 )  and (A5-7 )  g i v e s  an e x p r e s s i o n  f o r  f o r  u s e  i n  f  
Eq. ( A 4 ) :  

I t  h a s  been e x p l i c i t l y  assumed i n  Eq. ( A 8 )  t h a t  t h e  a c t i v a t i o n  e n e r g i e s  E  
h 

and E  a r e  f u n c t i o n s  of p r e s s u r e  on ly .  E x p r e s s i o n s  f o r  t h e  q u a n t i t i e s  
f  

and 

can be o b t a i n e d  f rom t h e  s imul t aneous  s o l u t i o n  of t h e  s t e a d y - s t a t e  equa- 

t i o n s  t h a t  a r e  t h e  e q u i v a l e n t s  of Eqs. ( A 4 )  and ( A 5 ) :  



If Eq. (A41 is now considered to be of the form 

it must be true13 that 

E = 1 + A (1-a) 

The essentials of the task have now been completed; by collecting 

terms in '5: and in Eq. (A4) and using the representation of Eqs. (A141 
W 

and (A15)) two expressions are obtained for Q. From the ?f coefficient, 
W 

the algebraic manipulation gives Eq. (21) of the main body of the report: 

From the 5 coefficient 



S i n c e  t h e  pa ramete r  CY i s  s p e c i f i e d  a t  t h e  l i m i t i n g  p r e s s u r e ,  Eqs. (A16) 

and (A17) a c t u a l l y  r e p r e s e n t  two e q u a t i o n s  f o r  t h e  two unknowns N, and N, , 

and E R Q 

i *  & -  EhQ 
f .  

When t h e y  have been s o l v e d  a s  i n d i c a t e d  i n  t h e  numer ica l  
R a n a l y s i s  (Appendix B ) ,  t h e  s o l u t i o n  i s  complete  i n  t h e  s e n s e  t h a t  t h e  

d e s i r e d  l i n e a r  r e sponse  a t  t h e  s t a b i l i t y  l i m i t  l i n e  h a s  been i n t r o d u c e d  

( t h r o u g h  s p e c i f y i n g  CY ) and t h a t  t h e  p r o p e r  s t e a d y - s t a t e  b e h a v i o r  w i l l  a l -  
R 

ways be ach ieved  a f t e r  passage  th rough  a  t r a n s i e n t .  



Appendix B 

COMPUTER CODE AND REPRESENTATIVE OUTPUT FORMAT 

T h i s  appendix i n c l u d e s  a p r i n t o u t  of t h e  numerical  program and of a  

r e p r e s e n t  a t  i v e  ou tpu t  format .  Comments a r e  inc luded  throughout  t h e  pro- 

gram t o  make i t s  use s e l f - e x p l a n a t o r y .  Four i n p u t  f o r m a t s  a r e  provided 

f o r  t h e  c a l c u l a t i o n  of t h e  burn ing  r a t e  response dur ing :  

1. d e p r e s s u r i z a t i o n  of a  chamber 

2. p r e s s u r i z a t i o n  of a  chamber 

3.  d e p r e s s u r i z a t i o n  w i t h  an e x p o n e n t i a l  p r e s s u r e  decay 

4. a  s i n u s o i d a l  p r e s s u r e  v a r i a t i o n .  

Any o t h e r  d e s i r e d  p ressure - t ime  h i s t o r y  could  e a s i l y  be i n t r o d u c e d  i n t o  

t h e  program. 

Two ou tpu t  fo rmats  a r e  p r o v i d e d ,  one i n c l u d i n g  t h e  t empera tu re  p r o f i l e  

behav ior  i n  t h e  s o l i d  and one e x c l u d i n g  i t .  The ou tpu t  Z* i s  t h e  non- 

dimensional  h e a t  t r a n s f e r  (i. e .  , t empera tu re  d e r i v a t i v e )  a t  t h e  s u r f  ace  

w i t h  t h e  s p a t i a l  c o o r d i n a t e  c o n s i d e r e d  p o s i t i v e  i n t o  t h e  g r a i n .  The p r i n t -  

ou t  exc lud ing  t h e  t empera tu re  p r o f i l e  i s  shown here .  F o r  an example of 

t h e  t empera tu re  p r o f i l e  p r i n t o u t ,  s e e  Appendix C. 



PROGRAM CCMR(INPUToOUTPUToTAPE5=INP(JTsTAPE6~OUTPUT)  
C THIS PROGRAM COMPUTES !HE TRANSIENT FJURNING RATE RESPONSE OF 
E COMPOSITE SOLID PROPELLANTS 

COMYON W9kO~W2eW4r ZeZ19 V ~ I ~ ~ J ~ ~ J ~ ~ K E K ~ V L ~ ~ L Z ~ N ~ N ~ ~ P ~ ~ R ~ V U ~ ~ Y ~ ~  
~ E P S ~ ~ E P S ~ ~ E P S ~ ~ E P S Z ~ D I ~ C ~ V J E R R O R ~ I P L L ~ S ~  J P R I N T * C O 9 C t P O ~ R O e Q ~ L e Q G P t  
~ C ~ ~ C ~ ~ C ~ ~ C ~ ~ U S ~ P O W * N ~ ~ ~ W ~ ~ ~ E ~ ~ C ~ ~ U ~ ~ W ~ ~ M ~ E H ~ ~ E F S * W ~ ~ ~ Z F I ~  
~ C P ~ C S ~ Q Q G ~ O Q S ~ E F I ~ E H I ~ N I J ~ ~ N N ~ ~ W F ~ V Q S ~ Q Q ~ U O ~ W ~ I ~ W ~ I  

REAL K ~ K ~ , K ~ , K ~ ~ K ~ ~ K ~ ~ K ~ , K A P P A ~ I ~ , , M v M ~ ~ M ~ ~ L ~ ~ L ~ ~ K I N  
REAL L Z L ~ B K L ~ J ~ , J ~ ~ K K V N N ~ E N N ~ V N U , N U M  
DIMEkSION A A ( 1 0 0 ) t 8 B ( 1 0 0 ~ ~ C C ( 1 0 0 ) ~ D D ~ 1 O O ~ ~ A V E C ~ 1 O O ~ ~ ~ V E C ~ l O O ~ ~  

1 C ~ E L t 1 0 0 )  tDVfiC(100) 
DIMEhSION W ( 1 0 0 ) 9  V ( 1 0 0 ) t  Z ~ 1 0 0 ~ e D A T E ( 1 2 ) ~ P R O P ( 1 2 ~ ~ Q ~ 1 O O ~ ~ G G ( l O O )  
DIMEhSION A X Z ( ~ ~ ~ ) ~ B X Z ( ~ ) ~ P X Z ( ~ ) V ~ B ~ ( ~ , ~ ) ~ C X Z ( ~  ) @ B X V ( ~ ) P P X Y ( ~ )  
JRRrO 
JEH~~oR=O 
E P S 1 = 0 * 0 0 0 1  
EPS2=0.001 
EPS3sl.OE-07 
EPS4=1 e OE-08 
JPHlNTaO 

C JPRIhT=O EXCLUDES PRINTOUT OF TEMPERATURE PROFILE I N  SOLID 
C JPI?I~T=~ INCLUDES PRIN~OU~ OF TEMPERATURE PROFILE I N  SOLID 

NZ= 0 
THETAs0.50 
Y 1 -  OBO4 

C ~1 I S  NONCIMENSIONAL I~CREMENT OF DISTANCE IN SOLID PHASE 
N22=S 

C VALLE OF h22 ESTABLISHES NUMBER OF P O I N T S  

I: I N  TEMPERPTUWL PROFILE PRINTOUT 
J 3 = 1  a 0 
J5= 1 
~ 6 :  1 
~ 9 - 1  
R E A D ( 5 * 5 0 0 )  ( U A T E ( I )  tP=ltlZ) 

5 0 0  FOUPAT112Ab) 
R E A D ( 5 t 5 5 0 )  ( P R O P ( l ) t I ' l t 1 2 )  

5 5 0  FORHAT(1286)  
2 0 2  R E A D ( ~ ~ ~ O ~ C ~ ~ K A P P A ~ T S T O P ~ G ~ U O ~ C P ~ P O P E ~ ~ N N ~ ~ N N ~ ~ Q ~ T V Q R ~ ~ R H S ~ K K ~  

1 FRtPOWv T S ! E P ~ T C H A N G E V T I M F A C ~ J ~ ~ R D L I W R R  
I F ( E O F ~ 5 ) 1 0 0 2 9 8 8 8 0  

8 8 8 0  W R I T t ( 6 , 8 8 8 8 )  
C C4 I S  RATIO CP/CS 
C KAPPA I S  THERMAL D I F F U S I V I T Y  OF SOLID ( I N * * Z / s E C )  
C TSTCP I S  CUIT TIME (SEC) 
C G I S  GAMMA 
C UO I S  AMBIENT TEMPERATLRE OF SOL10 (DEG K )  
C CP I S  SPECIF IC  HEAT AT CONSTANT PRESSURE (CAL/GM-DEG K )  
c P O  IS INITIAL-PRESSURE ( P S ~ A )  
c e l  I S  A C T I V A T I ~ N  ENERGY OF WALL DECOMPOSITION (CAL/MOLE) 
e NN1 IS G A S  PHASE ORDER AT WALL 
C NNZ 1s GAS PHASE ORDER I N  MAIN FLAME 
c Q O T  i s  T O T A L   EAT RELEASE PER UNIT M A S S  ( C A L / G M )  
C QRL IS RATIO OF SURFACL T O  G A S  PHASE  EAT RELEASE 
C RHS I S  DEhSITY OF PROPELLANT ( L B / f N * * 3 )  
C KK I S  THERMAL CONDUCTIVITY OF THE GAS PHASE (CALICM-SEC-DEG K )  
C FR 15 FLAVE TEMPERATURk AT 1 0 0  P S I A  fDEG K )  
C POW I S  PObEH IN FLAME TEMPERATURE/BbRNING RATE EQUATION 



E TFiP!8E~$LbB!SotiHBVQ6~ft~Tf S " A E ~ ~ F E P  ' f g C k ~ ~ ~ ~ ~ o  
6 J7 GIVES PRINTOUT AT EACH ( J 7 * l )  TIME INCREMENT 
e RDL 1s L O ~ E R  DEFLAGRATION LIMIT 
C WRR I S  WALL TFMPERATURE WHEN THE BURNING RATE I S  e l  IN/SEC (DEG K) 
-8888 FORPAT(lH1) 

WRIYE(6e5011 ( D A T E f I ) t I * l t l 2 )  
5 0 1  F O R F A T ~ ~ H  e50Xe1286) 

WRXTti(6*5511 ( P R O P ( I ) r l m l t l 2 )  
5 5 1  F O R W A T ( ~ ~ H  SOLID PROPELLANT TRANSIENT COMBUSTION BEHAVIOR/ 

l l H - 9 1 2 8 6 )  
R E A D l 5 ~ 1 0 0 ~ ~ 8 X Y ( I ~ ~ I ~ 1 ~ 4 ~ ~ ~ P X Y ~ I ~ ~ I ~ l ~ 4 ~  

C BXY AND PXY ARE FOUR BgRNING RATES (IN/SEC) AND FOUR PRESSURES 
(PSIA)  CHOSEN TO F I T  MEASURED CURVE 

100 FORPAT(BFlOe4) 
DO 5 1.194 
B X Z ( I ) = A L O G ( B X Y ( I ) )  
PXZ(X)=ALOG(PXY( I ) )  
A x Z ~ I * l ) . l , o  
A X Z ~ I I ~ ) = P X Z ( I )  
A X Z ( l r 3 ) 8 ( P X Z ( I l ) * * 2  
A X Z I 1 9 4 ) . ( P X Z ( I J ) * * 3  

5 CONY INUE 

PA.500r 0 
5 6 0  F ~ @ C ~ * E ~ * A L O Q ( P A ) * ~ ~ * ~ A L O Q ( P A ) ) * * ~ ~ C ~ * ( A L O Q ~ P A ~ ) * * ~  

F ~ . I E x P ( F ~ )  
PBmPA 
PA8(F6/Oe00239)**(l00/00726) 
IF(PA.LT.(O.~~~*PB))GO TO 5 6 0  
I F ( P A . G T . ( ~ ~ O O ~ * P B ) ~ ~ ~  TO 560 
PLOPA 

5 PL I S  THRESHOLD PRESSURE FOR TRAVELIbO WAVE INSTABIL ITY 
JEXT=l 
R D L ~ C ~ * C ~ * A L ~ ~ ( ~ ~ O ) ~ C ~ * ~ A L O Q ( ~ ~ O ) ~ * * ~ * C ~ * ~ A L O Q I ~ ~ O ~ ~ * * ~  
R D L ~ E x P  (RDL) 
R O ~ C ~ * C ~ * A L O Q ( P O ) * C ~ * ~ A L O Q ( P O ) ~ * * ~ * C ~ * ( A L O Q ~ P ~ ~ ) * * ~  
R O ~ ~ X P ~ R O )  

c RO I S  THE XNIT IAL BURNINQ RATE ( Ih /SEC)  
U N ~ C ~ ~ ~ ~ O * C ~ * A L ~ Q ( P L ) * ~ ~ O * C ~ * ~ A L O B ~ P L ~ ) * * ~  

C UN THE SLOPE OF THE-BURNING RATE/PRESSURE CURVE AT LXMITINQ 
PRESSURE 
N U ~ C 2 * 2 ~ O * C 3 * A L 0 Q ~ P O ) * 3 ~ O * C 5 * ~ A L O O ~ ~ O ) ) * * 2  

C NU IS TkE SLOPE OF THE DURNXNQ RATE/PRESSURE CURVE AT INXTXAL 
e PRESSURE 

- 
u 1 . b ~ ~  / ( i r0 -WAR * ~ ~ o a c r o , o + R o ) / ~ i )  

!? U l  IS THE-INITIAL WALL T~uCERATURE (DEQ K )  
WO.UO/Ul 
A = E l ~ ( l . o - w o ) / U l  



e A ES A PYROLYSXS FACTOR ASSOCIATED WITH THE LINEAR BEHAVIOR OF THE 
!? PROPELLANT 

KSaRO/KAPPA 
K6rRO*KS 
K r K 6 * T S I E P / l Y l * Y 1 1  
KINoK 
TS!rTOTOP 
TSTOPmK6*TSTQP 
R C = C ~ * C ~ * A L O ~ I P L ) * C ~ * ( A L O Q I P L ~ ) * * ~ + C ~ * ( A L O Q ~ P L ~ I * * ~  

RLSEXPtRL) 
!? RL I S  THE VALUE OF BURNIN5 RATE IINIsEC) AT THE THRESHOLD PRESS 

FLmFR* (RL/RRt**PQW 
5 F L  1 5  ?RE VALUE OF FLAME TEMP, IDEQ K 1  AT THE THRESHOLD PRESSURE 

WLrWRR /ll.o-WRR @ALOOflO.O*RL)/El) 
wL 1 5  THE'VALUE OF WALL TEMPI (DEG K)  AT THE THRESWOLD PRESSURE 
ALsEl*(leO-UO/WL)/WL 
BLP&Arfl122L*AbOO(AL)40e170 

C PHlS IS-ALPHA AT THE T~RESWOLD PRESSURE 
URrYRR / I1.0wWfiR * A L ~ B ~  l b r ~ * R R )  / E l )  

C: WR I S  THE REFERENCE MALL TEMPI AT 106 PSIA 
CS=CP/C4 

C GS 65 SPECIFIC NEAT OF THE SOLID PHASE (CAL/@M-DEG K )  
RHO= ~ ~ ~ * 4 5 4 e 8 / ( 2 ~ ~ 4 ) * * 2  
Q Q Q ~ Q Q T / ( ~ . O + Q R L )  
QGPlQQO/CP 
N U M ~ Q ~ P - F L + U ~ - ~ ~ . O - ~ ~ ~ / C ~ J ~ U ~  
OEN~FL-UO+t1.0~1eO/C41*U0-QRLIBOP 
WRL=NUM/DEN 
ZFL~ieO*lrO/(QOP/lIFL~kL)*I1eO*URL))s1,0~ 
X ~ L ~ ( K K / I R H O * ~ L * C P ~ ~ * A L O O ~ Z F L ) * ~ O ~ ~ ~ ~ ~  

C XFL I S  THE OXSTANCE FROM THE WALL TO THE OAS PHASE FLAME AT THE 
E b x n x r r N a  P R ~ s ~ u R E - ~ M ~ C R O N S )  

OQQsQRL*QQO 
00*BQG/ (CS*WL) 
OS*QQS/(CS*&t) 
WZLeRWO*AL/tlIO+WRL) 
WlL.MBL"U2L 
81L*W1L/(k1L*WPL) 
B22=&2L/ (k lL+WZL)  
gN&rg22*POW*PQ*(QG-QS) 
B N B ~ ~ ~ ~ * F ~ / C L * P O V * ( ~ ~ ~ * D O ~ ~ ~ ~ * Q S ~ ~ Q O * B ~ ~ * ~ ~ ~ ~ Q ~ ~ ~ A L P H A * ~ ~ ~ ~ ~ U O ~ W L ~  

1 * t QO-2. Q*QSI 
BNC=2,0*CI*FL/WL*(QO-QS*POW#BP2*C4*FL/UL) 
BN2s (-BNB* (BNB**2*4 , ~ ~ ~ w A @ B N c I  @*005f  / 120 O*@NA I 
B N I ~ ( ~ ~ ~ ~ * Q S ~ B ~ ~ - ~ . ~ * Q @ * B ~ ~ ~ Q O * B ~ ~ * B N ~ * ~ Q W * Q Q - ~ , O * P O W * C ~ * F L / W L ~ /  

1 ( Q ~ * B ~ ~ * M L / E ~ - ~ ~ ~ * Q S * B ~ ~ @ W L # E ~ )  
EFL.FL'(BhZmNN202rO) 

5 EFL 1% @AS PHASE ACTXVATION ENERaY AT THE THRESHOLD PRESSURE 
E H L r ~ ~ * i B k l r N N 1 ; 2 i b )  

$ EHL 1 5  WALL REACTrdN ACTIVATION LNERQY AT THE THRESHOLD PRESSURE 
SSL~C~*U~/WL-BS;UO/WL 
S%arC4*U2/CL-QO-UO/WL 
S S ~ ~ R O / R L * ( C I L + V ~ L )  
w 2 % r ~ O S l * S S 4 /  (SSZsSSI) 
W ~ ~ P S S Z * S S ~ / ~ S S ~ - S S ~  



XFI  I S  THE DISTANCE FROM THE WALL TO THE GAS PHASE FLAME AT THE 
INITIAL PRESSORE (RICRONSI 

E44=2eO*E4 
READf5*11)  J 
J OETERMIhES CASE TO BE CALCULATED 
FOROAT ( ? F l o e 4 1  
FORMATfZ I l )  
GO TO ( 1 2 ~ 1 3 ~ 1 4 t l S ) r J  
R E A D ( 5 t 1 6 )  DECAY*Vl tM lePF 
~ 4 ~ 1 ~ 0 * ( ~ 1 * ~ 1 ~ 0 E ~ A Y l / ( l 5 4 5 e 0 ~ 1 2 ~ 0 * 1 e 8 * ~ H S * R O * ~ * U 2 * 0 ~ 7 l  
DECAY I S  THE I N I T I A L  DECAY RATE I N  PSI/SEC 
K4 I S  THE RATIO AT/ATI.AT* 
PF I S  THE EXTERNAL PRESSURE 
GO TO 1 7  
READ ( S t  1 6 )  TAUvPF 
TAU I S  TIME CONSTANT OF DEPRESSURIZATION CURVE 
PF I S  THE F INAL PRESSURE 
GO f n  i 7 - -  . -  - .  

1 4  R E A D f S t l 6 1  P 8 t F 3  
C PB IS THE AMPLITUDE CHOSEN FOR P* e F 3  I S  THE FREQUENCY I N  CPS 

GO 1 0  1 7  
1 5  REAOf5r161  TPULSE*Vl*Ml*M2rK4*PF 

TPULSE I S  THE DURATION OF EXTERbAL INJECTION 
V 1  I S  RATIO OF CHAM~ER VOLUME 1 0  BURNING SURFACE AREA 
M1 I S  MOLECULAR WEIGHT OF PRODUCT GASES 
M2 I S  RATIO OF MASS IN$ECTED TO MASS EVOLVED BY PROPELLANT 
K4 I S  THE RATIO AT/ATI*AT. 
PF I S  THE EXTERNAL PRESSURE 

16 FORCAT(7FlOe4) 
1 7  W R I T E ( ~ ~ ~ ~ ) C ~ ~ C ~ ~ C ~ ~ C ~ ~ C ~ ~ C P ~ C S ~ K K ~ ~ N ~ + N N ~ ~ U O ~ F R ~ W R R ~ P O W ~ R H S ~ W R L ~  

1 Q R L ~ K A P P A ~ G * T S T I T ~ H F A C ~ T C H A N G E * T S T E P  
1 8  FORMAT(/16H INPUT CONSTANTS/4H C1=rElSefi/4H C t * r E l S e 8 / 4 H  C3.*E15e8 

1 /4H C S D V E ~ S . ~ / ~ H  C 4 ~ * E l 5 e 8 / 4 H  CP=~E15ef i / *H  CS**E15*8/4H KG=* 
2 E15.8/4H N l * ~ E 1 5 ~ 8 / 4 H  NZ* tE lSe8/4H TO=tE15e8/5M TFR=*ElSe8/  
3 SH l W R ~ t E l S e 8 / 5 H  POW~~l!15e8/5M RHO**E15e8/5H WRL=tElSeB/ 
4 5H QRL8tE15;8/7H KAPPA8tE1Se8/7H GAMMA.*ElSr8/7H TSTOP=c 
5 E15.8/8H TIMFAC=tE15,8/9H T C H A N Q E = ~ E ~ S ~ ~ / ~ ~ H  TIME STEP=+ 
6 E15.81 

EF1=2eO*EFL 
EHl*2eO*EhL 
C R I T E ( 6 r 4 0 ) P L t R L ~  ALtALPHAr E F l * E H l t F L t W L t X F L t U N  

40  FORVAT(/19H L I M I T  POINT VALUES/4H PL=rE lSe8/4H RL**ElSeB/ 
1 4H AL=tElS.t3/8H ALPHALmtElSe8/ 
2 5H EFL=tElSe8/5W E h L ~ ~ E l 5 e 8 / 5 H  T F L ~ t E 1 S e ~ / S H  TWL*pE15e8/ 
3 5H XFLmrE15.8/5N NU ~ v L 1 5 . 8 1  

I l * I N T f 1 ~ O / Y l * O e S )  
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CZll1 9t4J421P3gY?40f788$T AREA RATIO TO ACCOUNT FOR MOZZLE UNCHOKING 

207 X ~ = ( R ~ * W ~ * M ~ - ( K ~ / K ~ Q ) Q P ~ * W ~ * + O ~ ~ ) / K ~  
X6~(K1*X5/W3-~5-MZ*(K4/K44)*P5/(W3**O~5ll*W3*W3/~Kl*P5l 
P5O.PS 
w30=u3 
P5=PSO*XS*K*Yl*Yl 
W3.k3O*X6*~*Yl*Y1 
GO T O  365 

2 0 8  X50~(R5*W2*M2~(K4/K44l~PS~U3**OeSl/K2 
X60~(~l*X50/W3-R5-M2*(K4/K44l*P5/(W3**~~51)*W3*W3/~Kl*P~l 
P 5 = P 5 0 * ( X 5 * X 5 0 ) * ~ * Y 1 * Y 1 / 2 e O  
W3~h30*(X6*X60)~K*Yl*Yl/ZeO 
GO 70 365 

2 3 8  RATES(PO-PF)/?AU 
~ R i t f  ( 6 9 2 4 4 )  TAlI*PO*PF*RATL 

244 F O R F A T ( ~ H  /27H E x P O N E N ~ I A L  DECAY RESPONSE/ 
1 15F TIME CONSTANT=eElSe@/ 
24H Po=eE15.8/-bI PF=9E1Sa8/20n INITIAL DECAY RATE=tE15.8/1 

9 0 0  COMTINUE 
CALL SU8600 

9 0 6  P5*PF/PO*(l-PF/PO)*EXP(-T/~K6+TAUIl 
50 TO 365 

5 1  W R 1 ? ~ ( 6 r 5 0 1  DECAYqK4 
50  FOR PAT(^^^ CHAMBER DEPRESSURIZATION RESPONSE// 

120H I N I T I A L  DECAY RATE.tLlS.0/8H A T / A T t ~ r E 1 5 e 8 / l  
I F  (JPRINT) 9 0 2 v 9 0 3 * 9 0 2  

903  WRITE(6 t28)  
W R I T E ( ~ ~ ~ ~ ) T O O ~ P ~ * G O O * Z ~ ~ R S ~ W ~ V W ~ * W ~ * E P S * E H S  

9 0 2  CONTINUE 
CALL SU8600 
K 2 ~ - P O * R O * R O * ( 1 - K 4 l / ~ K A P P A * O E C A Y l  
KlaGeK2 
GO TO 210 

2 6 8  P81=lrO*P8*TSTEP 
WRITE(6*275)  P819F3 

275  FORPAT(20H SINUSOIDAL RESCONSE/4H P*=*E lSe8/4H F"=*E15e8/1 
I F ( J P R I N T 1  9 0 4 q 9 0 5 r 9 0 4  

905  ~ R I t E ( 6 t 2 8 )  
W R I 7 E ~ 6 ~ 2 9 l T O O ~ P 5 r G O O ~ Z 1 ~ R ~ ~ W 1 ~ C 2 ~ U 3 ~ E F S ~ E H S  

9 0 4  cOM~INUE 
CALL SUB600 
F3=6*2832*F3/K6 

280  IF((T/K6)eGTe(TCHANGE~2O~O*TSTEPllGO TO 3 6 5  
P5al .O+P8*tT/K6) 

3 6 5  CALL SUB500 
I F  (JERROR-11 3 6 6 * 7 4 5 * 3 6 6  

3 6 6  W28k4 
C W2 I S  FLAME TEMPERATURE RATIO TF* 

wF2=RS*DI-WFl 
Z ~ ~ R ~ * ~ C ~ * ( U ~ / U ~ + W ~ - W O ~ * ( C ~ - ~ , O ) * W O - ( W ~ - W O ~ - Q S + W F ~ / ~ ~ F ~ * W F ~ ~ - Q G *  

1 W F 2 / ~ W F l * W ~ ~ l l  
w44ww4 
FNUPaK* ( 1.0-THETA) 
CONS=FNUM*FNUM 



F I = I -  
C Y E R M = ~ . O - ( F I - ~ ~ O ) * Y ~  
CTERMIC~ERM*CTERM*CONS 
A A ( I ) ~ ~ . o * c T E B M  

2 0  BB(ll=l.0-C?ERM 
C O N O I O ~ ~ * ( R ~ - ~ , O I * Y ~  
D O  21 I = l , I l  
FI=I 
CTERM=l.O-(FI -leO)*Yl 
CC(I)aCTERM*(CTERM*CONSl 
D D ( ~ ~ = C T E R M * ( C T E R M - C O N ~ )  

21 BVEC(I)"l.O 
CVEC (lln-(FNUM+FNUMl/AA(l) 
D O  22 In2tIMINUS 

2 2  CVEC ( 11 =-FNUM*CC ( I )  /AA ( 1  I 
00 2 3  l=ltIMINUS 
IPIIt1 

2 3  AVEC(I)=-FNUM*DO(IPl/AA(IP) 
O V E C ( 1 l ~ ~ 2 ~ 0 * K * ~ T H E T A * V ~ 2 l ~ Y 1 * Z 1 * D D ~ 1 ) ) * B R ~ l l * V ~ l ~ l ~ A A ~ l ~  
D O  24 Ia2*1MINUS 

2 4  D V € C ( Y ) ~ ~ T H K * ~ D D ~ I l * V ~ I - l l * C C ~ I ~ @ V ~ I * l ~ l * B B ~ I l * V ~ I ~ ~ / A A ~ I 1  
O V ~ C ( ~ ~ ~ ~ ( F N U M * C C ~ I ~ ) * ~ ~ * B B ~ I ~ ~ * V ~ I ~ ~ + T H K * ~ D D ~ I ~ ~ * V ~ I ~ ~ ~ ~ + C C ~ I ~ ~ *  

1 V(IPLUS1) )/AA(Il) 
CALL Y R I D A G ( I l ~ A V E C v 8 V E C ~ C V E C ~ O V E C ~ I )  
W ( ~ p L U S l = k O  
Wlak(l1 

c W1 IS WALL TEMPERATURE RATIO T W *  
R5-85 
RSIEXP(-El*~lrO~W1)/(U1*Wll) 

c R 5  IS THE BURNING RATE RATIO R* 
RTESlaRB/RS 
IF (RYEST* (lrOoEPS2) ) 465$4039403 

4 0 3  IF(BTE~T-(1eO+EPS211 4 4 1 ~ 4 4 1 * 4 6 5  
441 J 9 r l  

00 YO 6 8 0  
4 4 6  J3aJ3tlsO 
4 4 7  T Y s T + K * Y ~ * Y ~  

l F ( T ~ - K 6 * T C H A N O E ) 4 4 9 q 4 4 8 ~ 4 4 0  
4 4 8  KaKlNrTIMFAC 
4 4 9  T a T + ~ * Y l @ y l  

IFITITSTOPI 4 5 5 9 4 5 5 ~ 8 2 2 2  
8 2 2 2  CALL SECOhD (TMEI 

WRITE (6e82241 T M E  
8224 FORPAT(IH ///14H RUNNING T I M E ~ r E 1 5 e 8 1  

% R 5 0  IS T H E  INSTANTANEOUS BURNING RATE 
IF(R5n-8DL) 756r756t46f 



6000 CONTINUE 
DO 6010 1.1~ 11 
GG(I)~(Q(I*1)*Q(I))/2eO*V1 

6010 CONTINUE 
DO 6020 1.1, I 1  
QO*Go*GG(I) 

6020 CONTINUE 
00.2 O*GO 

C GO I S  THE INTEGRAL OF !HE TCWERATURE PROFILE 
IF(JPRINT)  1 7 5 r 1 7 4 t 1 7 5  

175 WRITE(6r6861 TK6 
686  FORNAT(6H l IME=rE15*8 )  

DO 696  1.1, IPLUS 
L.1-1 
I F I L )  613 *613*622  

613  WRITE(6 t614)  
614  FOWMA1 (8H 1914 V * ~ ~ ~ X I ~ H X  ( I N * ) *  6 X t 1 4 H ( t - 1 0 ) / ( T V ~ T O ) I  
622  I F ( L o N 2 )  6 9 6 ~ 6 9 4 r 6 9 4  
694  FL=L 

PRNl l=FL*Y1 
IF(PRNT1 -1.0) 6 1 6 r 6 1 5 t 6 1 6  

615 ARO.0.001 
PRNT3m00001 
GO TO 617 

616  ARQ.1.O-PRNT1 
P R N T 3 ~ ( W ( I ) - W O ) / ( W ( l ~ - U O )  

617 P R N T ~ U - A L O G ( A R G ) / ( K ~ * R ~ )  
~ R I t E ( 6 t 6 2 0 )  PRNT~*PRN!~*CRNT~ 

620 FOWCAT13E16r8) 
N28Ft2eN22 

696 CONTINUE 
~ R I f E f 6 t 6 2 9 )  

629  FORYAT(1H ) 
475 ~ R f l E ( 6 t 4 7 6 )  P5tGOr Z l tRStWl*UZ*U3*EfStEWE 
476 FORYAT(8H P * # i 3 ~ * a H € * t l l ~ * 2 ~ Z %  

l l 2 X t 2 ~ R * ~ 1 2 X ~ 3 ~ T ~ * ~ l l X ~ 3 ~ t C b ~ 1 ~ ~ ~ 3 ~ T ~ * ~ l l X ~ 3 ~ ~ F * ~ l l X ~ 3 H ~ H * /  
29E14.5) 

WRITEf6r610)  
610 FORNAT ( lHO)  

00 -70  30  
174 W R I ? E ( ~ ~ ~ ~ ) T K ~ ~ P ~ * G O I  Z l *RSrWl rY2rU3rCFStENS 

30  CONTINUE 
J381.0 
QO.O.0 
0 0  TO 447 

716 WRITE(6r717) 
717 F O R $ A T ( ~ ~ ~  F INAL ITERA!ION BOLE NOT CONVERGE) 

~ R t T E ( 6 * 7 0 0 0 ) R 5 9 R B t T K b  
7000 FORCATI4H R$=*E1508/4H R8=rE1508/4H 1 =*E15*8 )  

GO TO 8222 
720 WRITE(69721) 
1 2 1  F O R ~ A T ( ~ ~ H  LINEAR L I M I T  &IN€ EXCEEDED) 

0 0  TO 8222 
745 L2Ll.LZ-L1 

URITE (6 r7461  U4 tL2L1  
746 FOR@AT(31h TF ITERATION DOES NOT CONVERQE/4H w4rtE15,0*8H F(TF)= ,  



003007 
1 

747  GO T O  t3E12e8) 
003010 756 WRITE(6r758)  
663014 758 FORCAT(44k BURNING RATE BELOW LOWER DEFLAGRATION L I M I T )  
003014 1000 0 0  TO 82Z2 
6b3015 1001 CONTINUE 
663015 lboz STOP 
003017 END 



SUBROUTINE SOLVE(AAt Yv Ne NUXc Xc N P l *  A* ISOL) 4698 
C SURROUTINE TO SOLVE AN N BY k SYSTEM OF EQUATIONS OF THE FORM 4700 
C A A  * X . Y --- URITTLN I N  FORTRAN I1  4710 
C 4720 
C A CONTAINS THE 41VIN N BY N COEFICIENT MATRIX 4730 
C Y CONTAINS THE SIVEN N BY 1 RIGHT HAND SIDE 4740 
C h I S  A POSITIVE INVLOCR 4750 
C lhHX I S  THE GIVEN DIt4CNSION OF AAc Xc AND 7 I N  TRE CALLING PROORAM4760 
C X I S  THE N BY 1 SOLUTION VECTOR 4770 
C kP) I S  A'POSITIVE 1Nt tbCR GREATER THAN OR EQUAL TO N*1 4780 
C A I S  AN NP1 BY NC1 SCRATCH ARRAY 4790 
g XSOL I S  RETURNED AS 1 I F  A SOLUTION EXISTS* 0 I F  NO SOLUTION EXIST4800 

DIMENSION AA(NMX9 1 ) s  Y(NUX)c X(NMX)e A(NP1e 1) 4810 
N M = N + l  4820 
DO 1 I = l t N  4830 
A ( I tNM)  = Y f I )  4840 
DO 1 J a l t N  4830 

1 A(1e.J)  = AA(X*J)  4860 
DO 6 1'1th 4870 
1E.O 4880 

2 I F ~ A ( I t I ) ) 3 * 4 0 0 e 3  4890 
3 D I A G S T = A ( I t I )  4900 

DO 4 JmItkM 4910 
4 A ( I ~ J ) ~ A ( X ~ J ) / D I A Q S T  4920 

IX. l+ l  4930 
DO 6 K=IX*N 4940 
ROWHUL=A ( K  t I t 4950 
DO 6 ~ ~ 8 t h ~  4960 

6 A ( K ~ L ~ ~ A ( I ~ L ) * R O U M U L * ~ - ~ ~ ~ * A ( K ~ L )  4970 
MmN 4980 
X(MI8AfMthMI 4990 

7 MmM-1 5000 
DO 8 1A.leM 5010 

8 A(IA~NM).A(IAtNM1-A(IAeM*l)~A(M*1cNM) 5020 
x (MI .A ( M ~ N M )  5030 
I F  (M-1) 5 0 2 * 5 0 2 * 7  5040 

400 I E  = I E + 1  5030 
XZ= I * IE  5060 
I F  ( I * I E - h - 1 )  401 t481e481  5070 

4 0 1  0 0  404 fOmI*NM 5080 
SWITCH . A(1e ID )  5090 
A ( I ~ I D ) = A ( I Z I I D )  5100 

404 A(12tID).SUITCH 5110 
0 0  TO 2 5120 

4 8 1  ISOL = 0 5130 
RETURN 5140 

SO2 ISOL = 1 5150 



SUBROUTINE SUB500 

? SUBROUTINE TO SOLVE FLhWE SPEED EQUATION FOR TF* 
COMCON WckO,W2,W4r ZeZle V ~ I ~ ~ J ~ ~ J ~ ~ K ~ K S ~ L ~ ~ L ~ I N ~ N Z V P ~ ~ R ~ ~ U ~ ~ Y ~ I  
~ E P S ~ ~ E P S ~ I E P S ~ , E P S ~ , D I ~ C ~ ~ J E R R O R ~ I P L U S I  J P R I N T , C O ~ C I P O * R O , Q R L ~ Q G P ~  
Z C I P C ~ ~ C ~ ~ C S ~ U S ~ P O W , N ~ ~ ~ W ~ ~ I E ~ ~ C ~ ~ U ~ ~ W ~ ~ M ~ € H S ~ E F S ~ M R R ~ Z F I ~  
~ ~ Q ~ C S ~ Q Q G * Q Q S ~ E F I ~ E H I V ~ ~ N ~ ~ N ~ ~ ~ * W F ~ ~ Q S I Q G ~ U O ~ W ~ ~ * W Z I  

DIME&SIQ& V ( l O 0 ) r  V ( 1 0 0 ) v  Z ( 1 0 0 1  
REAL K I K ~ ~ L ~ ~ L ~ ~ N ~ M ~ N N ~ ~ N N ~  
REAL LTEST 
W4*kZ 
P6aP%*PO 
RSsCl~C2*AbOG(P6l*C3*~ALOG~P6ll**2~C9*(ALOG~P6ll**3 
RSwEXP ( R S I  
U S = ~ ~ * ( R S / A O ) * * P O W  
WSeWRR / ( i rOwWRR * A L O G ~ 1 0 ~ O * R S l / E 1 1  
s X ~ ~ C ~ * U ~ / U ~ * U S / U ~ - Q S - ~ O / U ~  
SX2sC0*U2/Ul*US/U2-QO-~O/Ul  
S X ~ . R S / R O * ( W ~ X + W Z I ~  
w w 2 * - S X l * S x l / ( $ X 2 - S X i )  
WULs$X2*SX4/(SX2-SXl)  
WWWxWWl/Wk2 
E H S * ~ ~ ~ O - ~ ~ / E H I * ( A L O G ~ ~ ~ ~ / W ~ I ~ ~ N N ~ * A L O G ~ P ~ / ~ O ~ ~ ~ N N ~ * ~ ~ ~ I *  

B ALOG(CS/U1 I l ) *WS/U l  
E F ~ ~ ( 1 ~ 0 - U 2 / E F I * ( A L O G ( b W 2 / W 2 I l - & N 2 * A ~ O ~ ( P 6 / P 0 ) ~ ~ N N 2 ~ 2 ~ O ) *  

1 A ~ O O  (US/UZ) ) 1  aUS/U2 
e EF* IS ASSUWEO TO BE A FUNCTION OF PRESSURE ONLY c AND IS CALCULATED FROM STEADY STATE COvDITIONS 

D%'$rlI*W2I 
W F ~ * W ~ ~ * P S * @ N N ~ * W ~ * * ( N ~ ~ ~ * ~ ~ O ) @ E X P ( E H I / ~ & * ( W ~ - E H S ) / M ~ )  
~ ~ ~ ~ L o O ( R S * D I - W F ~ ) - N N ~ * A L O Q ~ P ~ ~ - ~ L O G ~ W ~ I ~  

510 L ~ ~ ~ N N ~ + ~ ~ O I * A L ~ G ~ W ~ ~ * ~ E F I / U ~ ~ ~ ( ~ ~ O - E F S / W ~ )  

122 d5Wl 
0 0  T O  525 

330 wSQs~4*W4 
F ~ ~ ( N N ~ * ~ D O ) / W ~ + ( E F I / U ~ I * ~ E F S / W S Q ~  

!? F1 15 FIRST DERIVATIVE OF b 2  
F ~ ~ * ( N N ~ + ~ ~ ~ ) ~ W S Q - ~ ~ O * ~ € F I / U ~ I * ( E F S / ( W S Q * M ~ ) ~  

5 FZ I %  SECOND BERIVATIVE OF L 2  
C 4 ~ ~ 4 ~ ~ b 2 - b 1 ~ / ( ~ 1 - ~ 2 * ~ ~ 2 - L 1 1 / ( ~ 1 * ~ 1 ) )  

6 W4 XS FLAME TFMPERATURE RATIO TF* 
513 J$adl i * l  

% F ( d % - 5 0 )  5 1 0 t 5 1 0 9 5 2 4  
524 JEURORII 
$25 COaTINUE 

RETURN 
END 



000045 
obbo48 
000047 
obboss 
bbb063 
000075 
o600?5 
obbb77 
bbblo2 
000104 
bb b l l l  
oQ0112 

SUBROUTINE SUB600 
5 SUBROUTINE TO SOLVE FOR INITIAL TEMPERATURE PROFILE IN SOLID 

COMMON W9kO1W29W49 ZtZl* 
~ E P S ~ ~ E P S ~ , E P S ~ * E P S ~ ~ D I * C ~ * J E R R O R ~ I P L U S *  JPRINT*CO*C9PO*RO9QRL*QGP9 
~ C ~ ~ C Z ~ C ~ ~ C J ~ U S ~ P O W ~ N ~ ~ ~ U ~ ~ ~ ~ ~ ~ C ~ ~ U ~ ~ W ~ ~ M ~ E M S ~ C F S ~ W ~ R ~ Z F I ~  
~ C P ~ C S ~ ~ Q ~ ~ Q P S ~ E F I ~ E H I ~ ~ ~ Z ~ N N ~ ~ W F ~ ~ Q S ~ Q Q ~ U O ~ ~ ~ I ~ W ~ I  
DIMENSION M1iOO)r V f l O O l c  Zf1001 
REAL K I K ~ ~ L ~ , L Z * N * M  
DO 625 X*lrIPLUS 
L.1-1 
FL=L 
Vl 1 ~ . f 1 e O ~ F L * Y 1 l * l 1 e o - Y o ~ * W O  
IFBJPRINT) 61896259618 

618 IFfaJ9-11 61296129625 

623 F L ~ L  
PRNTl.FL*Yl 
IFfPRNTl-1.0) 616$6159616 

615 ARO*OeOOl 
PRNl3~0.001 
50 TO 617 

616 ARO.leO-PRNT1 
PRNT3=fVfIl*WO)/llrO~) 

617 PRN~~=-ALOOIAROI/I~S*R~) 
~RITE16*6201 P R N T ~ ~ P R N I ~ ~ P R N T ~  

620 F O W F A T I ~ E ~ ~ ~ ~ ~  
N2=kZ+N22 

625 CONTINUE 
630 DO 634 1.19 IPLUS 
634 wfI)=vfI) 

RETURN 
ENO 



SUBROUTIh'E T R I O A G ( N * A V E C ~ R V E C * C V E C ~ D V E C v S V E C )  

c SUef+OUTIh'E T O  SOLVE FOH INSTANTANEOUS TEMPERATURE 
c SOLVES TR ID IAGIONAL MA!RIX 

O IMEkS ION A V E C ( l ) ~ B V E C ~ l 1 t C V E C ( l ~ ~ D V E C ( l 1 v S V E C ~ l )  
DVEC ( 1  1 =ovEC ( 1  1 /HvEC ( 1)  
W.L)VEC ( 1 )  
DO 2 J"29h 
JJ.4-1 
B V E C ( J J ) r C V E C ( J J ) / W  
WnBVEC(J ) -AVEC(JJ l *BVEC(JJ )  

2 OVEC ( J )  = (DVEC ( J )  -AVEC ( J J I * D V E C ( J J )  )/Y 
I M l h - 1  
DO 3 J a l r  I M  
J J = ~ - J  

3 D V E C ( J J ) = D V E C ( J J ) - B V E C ( J J ) * D V E C ( J J + l )  
0 0 - 4  J"1.h 

4 SVEC ( J )  .DVEC ( J )  
REI~RN 

6020 
PROFILE  I N  S O L I C  6030 

6040 
6050 
6060 
6070 
6080 
6090 
6100 
6110 
6120 
6130 
6 1 4 0  
6150 
6160 
6170 
6180 
6190 
6200 



SOLID PROPELLANT TRANSIENT COMBUSTION BEHAVIOR 
UTX 11327 

INPUT CONSTANTS 
C1.-3.08174274E*OO 
C2m-2.7094817BE-01 
C3r 1.44544251E-01 
C5*-9.98599071E-03 
C4= 1.00000000E*00 
CP. ~ ~ 0 0 0 0 0 0 0 0 E - 0 1  
CSS 4 ~ 0 0 0 0 0 0 0 0 E ~ O l  
KG= 4.00000000E-04 
N1. 1.00000000E*00 
N2. 2.00000000E*00 
TO. 3.00000000E*02 
TFRR 2.41900000E*33 
TWR* 8~00000000E*02  
POW. 1 ~ 0 5 0 0 0 0 0 0 F ~ 0 2  
RHO* 8 ~ 0 0 0 0 0 0 0 0 E ~ 0 2  
WRL. 1094071918E-01 
QRL* 1 ~ 0 0 0 0 0 0 0 0 ~ ~ 0 1  
KAPPA- 1.00000000E-04 
@AMMA= 1.20000000E*00 
TSTOP* 7~00000OOOE~02 
TlMFACm 1.0000000OE~~O 
TCHANGE. lr00000000E-03 
TIME STEP. lr0000000OE-05 

L IMIT  POINT VALUES 
PL= 4.2?591898E*o2 
RLm 1.94264798E-nl 
ALm 1.93599454Esni 
ALPHAL. R139684615E-~1 
EFL. 5.37787134E*05 
EHLm 1.02230756E*05 
TFLI 2e434300616*03 
TWLm 8.17368812E*02 
XFL* 1.35302233E*Ol 
NU ra 3~8089894 lE-01  

IN IT IAL  POINT VALUES 
PO. 7~OOOOOOOOE*02 
RO* 2.32014316E-01 
EW. 5~00000000E*04  
€Fa 5.42757819€*05 
EM* 1.03395534E*05 
TF- t 0 4 3 8 8 s 1 7 6 ~ + n 3  
TW. 8.22142032E*02 
QG= 1.00000000E*03 
0s. 1.00000000E*02 
A 8 1.93123427E*Ol 
ALPHA= g.3835805lE-01 
NU e 3r37197914E-01 
XFI R 1034515667E*?l 
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Appendix C 

TRANSIENT COMBUSTION BEHAVIOR WITH A DECREASE I N  BURNING RATE 

I n  t h i s  append ix ,  a  tes t  c a l c u l a t i o n  i s  shown t h a t  was r u n  e a r l y  i n  

t h e  program t o  e n s u r e  t h a t  c o r r e c t  b e h a v i o r  of t h e  t e m p e r a t u r e  p r o f i l e  

was b e i n g  a t t a i n e d  a s  t h e  combustion p r o c e s s  moves f rom one s t e a d y  s t a t e  

t o  a n o t h e r  i n  which r* < 1. T h i s  c a l c u l a t i o n  must be c a r e f u l l y  examined 

because  of t h e  n o n a n a l y t i c i t y  of t h e  t e m p e r a t u r e  p r o f i l e  a t  t h e  c o l d  end 

i n  t h e  t r ans fo rmed  c o o r d i n a t e  system. 

I n  t h e  c a s e  c o n s i d e r e d  h e r e ,  t h e  p r e s s u r e  was reduced from 200 t o  

150 p s i a  o v e r  a  p e r i o d  of 1 0  msec and t h e n  t h e n  t h e  computer was a l lowed  

t o  r u n  f o r  a n  a d d i t i o n a l  20 msec. A t  t h a t  t i m e  t h e  b u r n i n g  r a t e  h a s  v e r y  

n e a r l y  a c h i e v e d  i t s  a s y m p t o t i c  v a l u e  and one can  compare t h e  numer ica l  

t e m p e r a t u r e  p r o f i l e  w i t h  t h e  e q u a t i o n  o b t a i n e d  from t h e  t r a n s f o r m a t i o n  

(Eq. (26) of t h e  main body) :  

Note t h a t  y* = 1 c o r r e s p o n d s  t o  x  = m and T  = To;  what h a s  been p r i n t e d  
T-T 0 

o u t  i n s t e a d  o p p o s i t e  y* = 1 is  t h e  v a l u e  of x  f o r  which ------ - - 0.001 i n  
T  -To 

W o r d e r  t o  g i v e  some measure of t h e  t e m p e r a t u r e  p r o f i l e  t h i c k n e s s .  

The c a l c u l a t e d  a s y m p t o t i c  p r o f i l e  from Eq. ( C l )  i s  shown o p p o s i t e  t h e  

l a s t  p r i n t o u t ;  i t  can  be s e e n  t h a t  t h e r e  i s  no d i f f i c u l t y  of  t h e  type  en- 

c o u n t e r e d  by Merk le ,  e t  a1. 



SOLIT: PROPELLANT TRaNSIEhT COMt4IISTION B F H A V I O R  
PU 2h9 

INPUT C O h S T A h T S  
Cl=-5.077764Y?E+OP 
C 2 r  6 .3682458nF-01  
C3= 3.5745HR55E-r2 
C5=-6 .93449490F-n3  
C4- 1.0000000LF 1 0 0  
CP: 4 . 0 c o n 0 0 0 n ~ - r i  
CS= 4.0000000OE-01 
K G =  4 . 0 0 0 0 0 0 0 n ~ - 0 4  
hls 1 . 0 0 0 0 0 0 0 0 ~ r U f l  
h2= 2 , n ~ u 0 0 0 0 ( ~ + 0 3  
10: 3.036G0OOilF a 0 2  
TFRr 2 .82800000E+03  
Tkk= P.0OOOOOOUF 4-12 
POW= 2.50000000C-02 
RHO- 6,0OnOUOflOF-'t;1 
bkL: 6.39611342E- 1.2 

CWLe l sO@OOCOnO~-O1 
KAPPA-  1 s 0 0 J 0 1 ~ 0 0 0 t - ~ ~ 4  
G A C M P Z  i . r ~ o o o o a o t + n n  
T S T O P s  3.0ndOnf ibOt- l+? 
T I P F b C =  l . 0 0 0 0 0 7 0 0 E t O P  
TCPAbGk- 1 . 0 2 Q n 0 0 0 0 t - 0 ?  
T ~ c t  T,TEI.= 1 , o n n n l + 0 1 1 0 ~ - , ~ 5  

L I P I T  POINT VtLUFS 
P L =  6,45228635F 1.1'2 
k t =  2,h2JO7C04E-O1 
A i r :  1 . $ 2 7 9 3 1 h l f -  + o l  
ALFWAI = &I, 3 @ 7 4 1 4 2 3 € - 0 I  
t F L =  Ts5147W2nOf a i l 5  
E h l :  L - 7  1375374F+06  
TI-L: SeR/ '411517 t+ '13  
T W L :  R.754421 35!-+02 
l F L r  5 .0355284 iFaUO 

~ I J =  7.ZHh91@91t- '11 

I h I T I n L  P O l h r  \ / ~ i L l l F ! j  
P O =  7 , 0 0 0 n 0 0 0 0 ~ ~ 0 2  
R ( I =  1 , 7 7 0 0 0 ~ 0 0 ~  -n I 
E N =  5 . ~ ~ O I I ~ U ~ O E  +.o& 
EF: 7.37 1 4 ? 2 ? ~ F + i l ?  
EH= I ,  13'r9097YE+OS 
TF- ? .HSlh lhOnE +ti J 
T H =  H , l b b R 9 1 7 1 ~ + 9 ?  
(+G= 1 ,  0909( l903 f  6 0  3 
CS= 1.090YOSOOE40Z 
4 = l .Y3tJ45??9F+f  1 
PLPHA- 9 . 7 3 1 R 3 1 7 7 t - 0 1  

hL1 = 4.31611 /?HE-01 
L F I  = j , 1 1 1 5 1 7 3 3 ~ 1 0 n  



SINUSCIDAL RESPONSE 
P*= 9.9975000OE-01 
F*= 0. 

JUNE 2 6  1970 

TIMEmO 
Y *  x (IN.) (T-TO)/(TW-TOI 

0. -0. 1,00000000~,00 
2.I700UOOOOE-01 1.26069803E-04 R.OOOOOOOOE-01 
4.00000000E-01 2.8R602047E-04 6 ~ 0 0 0 0 0 0 0 0 E - 0 1  

Y * x (IN.) (T-ToI /~Tw-To)  
0. -0. 1 .00000000~*00 
2.00000000E-01 1.26839058E-04 8.00264957E-01 
4.00OOOOOOE-01 2.90363044E-04 6.00211801E-01 
6.00000000E-01 5.20R37158E-04 4.00189648E-01 
8.00000000E-01 9.14R35258E-04 2.00094979E-01 
1.00000000E+00 3.92650008E-03 1~OOOOOOOOE-03 

P* F* Z*  R* TW* TF* TC* EF* EH* 
9.95000E-01 1.00003E+00 -6.30228E-01 9.93935E-01 9.99802E-01 9.99883E-01 1 .00000E*~0 9.99754E-01 9.9989?E-01 

P * E " Z* R* TW* TF* TC* EF* EH* 
9.90000E-01 1.c0025E*oo -6.28519E-01 9.87358E-171 9.99585E-01 9.99749E-01 l.n00oOF+o0 9.99506E-01 9.99784E-01 

Y *  X (IN.) (T-TO)/(TV-TO) 
0. - 0 .  1.000000OOE+00 
2.00000000E-01 1.28399548E-04 8.00989416E-01 

P* E" Z* R* TWO TF* TC* EF* En* 
9.85000E-01 l.O0O63E+oO -6.26847E-01 9.81856E-01 9.99403E-01 9.99634E-01 1.00000E*00 9.99258E-01 9.99675E-01 



P * E* Z*  R* TW* TF* TC* EF* Eli* 
9.80000E-01 1.00112E*00 -6.25214E-01 9.77189E-01 9.99248E-01 9.99533E-01 1.00000E*00 9.99008E-01 9099566E-d l  

P * F* Z* 7?* TW* TF* TC* EF* EH* 
9.75000E-01 1.001bRE+00 -6.23608E-01 9.73058E-01 9.99111E-01 9 ~ 9 9 4 4 1 E - 0 1  1.00000E*00 9.98756E-01 9.99456E-01 

P* E* Z* R* TW* TF* TC* EF* En* 
9.70000E-01 1.00210E*00 -6.22019E-01 9.69264E-01 9.98983E-01 9.9935%-01 1,0000OE*0n 9.9R504E-01 9.99345E-01 

TIMES 1.40000000E-03 

Y * X (IN.) (T-TOI / (TW-T~I  

P* F" Z* R* TW* TF. TC* EF* En* 
y.65000E-01 1.00297E+00 -6.2043RE-01 9.656866-01 9.9R863Er01 9 . 9 9 2 7 3 ~ - 0 1  1.00000~.00 9 , 9 8 2 5 0 ~ - ~ 1  9 . 9 9 2 3 4 ~ - ~ 1  

v 0 F * Z*  a* TWO TF* TC* EF* En* 
9.6~OOU€-01 1.00366€+00 -6.lRRh3E-nl 9.67258E-01 9.9876RE-01 9.99194F-01 1.00OOOE*OO 9.97995E-01 9,99122E-01 



TF* TC* EF* En* 
9.99116E-01 1.00000E*00 9.97739E-01 9.99009E-01 

TF* TC* EF* En* 
9.99039E-01 1.00000E*OO 9.97481E-01 9.9@896€-01 

TF* TC* EF* EH* 
9.96678E-01 1,00000€*00 9.85892E-01 9.93702E-01 



P* E* Z* R* TU* I F *  TC* EF* FH* 
7.50000E-01 l r 0 5 5 8 2 E + 0 0  -5r50932E-01 9e7429BE-01 9,95640E-01 9e96678F-01 P,00000E*OO 9e85892E-01 9r93702E-01 

PQ E * Z*  R* TU* T f  * T t *  EF* EM* 
7.50000E-01 1.05582E.00 -5.50932E-01 8.74305F-01 9.95641E-01 9.96670E-01 1.00000F*O0 9.85892E-01 9.93702E-01 

T IME*  2.860UOOOOF-02 

X ( I N . )  (7-TO)/fTU-TO) 

Pa E* Z * R* TW* T f *  TC* EF* En* 
7.50000E-01 1*05583E+00 -5.50932E-01 B.74312E-01 9,95641E-01 9,96679E-01 I.O0000F*00 9.05892E-01 Q.93702E-01 

Y *  X ( IN.)  (1-TO)/(TU-TO) 
0. -0. 1+00000000E*00 
2 ~ 0 0 0 0 0 0 0 0 E - 0 1  1.44192174E-04 8.2201684hF-01 
~ . o o o o o o o o ~ - n i  3 ,30oe8217~-04 6 .38290117~-01 
6.00000UOOE-01 5.92093975E-04 4.4654552hF-01 
8.00000000E-(11 1.03999578E-03 2.41763568E-01 
1.00000000E~00 4.46369274E-03 1.00000000E-03 

P * F * Z* R *  TW* TF* TC* EF* En* 
7.50001~E-01 l .o5583E+00 -5.50933k-nl 8.74318E-01 9.95641E-01 9.9h679E-01 1.00000F*00 9.85R92E-01 ' * * 9 3 7 0 ~ E - 0 1  

Y *  X ( IN . )  (T-TOl/(TW-TO) 
0. -0. lrOOOOOOOOE+OU 
2 ~ 0 0 0 0 0 0 0 0 E - 0 1  1.44191187E-04 8.2TOlh960E-01 
4.@0000000E-01 3.30Ob595RE-04 he382906OlF-01 
6.00000000E-01 5.92089923F-04 4.465467075-01 
8,00000000E-01 1.0399R866E-03 2.41765756E-01 
1.00000000E+00 4.46366219E-03 1.00000000E-03 

P E * Z* R* T W *  IF* T C *  EFQ EH* 
7,50000k-01 1.05583Fe00 -5.5FQ37E-01 R.TLJ24E-01 9,95641E-01 9e96679E-01 1.00000E*09 9.85892E-61 qs93702E-01 



V *  X ( IN.)  (1-TOl/(TW-TO) 
0. - 0 .  1.00000000E*00 
2 ~ 0 0 0 0 0 0 0 0 E - 0 1  1.44189366E-04 8.22017168E-01 
4 ~ 0 0 0 0 0 0 0 0 E - 0 1  3.30081790E-04 6.38291494E-01 
6.000000OOE-01 5.92082446E-04 4.46548886F-01 

TF* 
9.96679F-01 

TC*  
9.96679E-01 

T F *  
9.96679E-01 

TC* EF* 
l .b0000F+00 9.85R92E-01 

TC* EF* 
1.00000E+OO 9.85892E-01 

TC* EF* 
1 .oooooE*o0 9.85892E-01 

TC* EF* 
1.OOOOOF*OO 9,858926-01 

EM* 
9.93102E-01 

EM* 
Q.9370tE-01 

EH* 
9.93702E-01 



P * E * Z * R*  TW* TF* T C *  EF* En@ 
7.50000E-01 1.05584E*00 -5.50934E-01 8r74349E-01  9,95642E-01 9.96679E-01 1.00000€*00 9.85892E-01 9093T02L-01 
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