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t h e  a f t e r b u r n i n g  p r o c e s s e s  o c c u r r i n g  i n  s o l i d  r o c k e t  motor  plumes and t o  p r e d i c t  
t h e  q u a n t i t i e s  o f  p o t e n t i a l l y  h a r m f u l  c h e m i c a l  s p e c i e s  which are  c r e a t e d .  The 
c a l c u l a t i o n s  i n c l u d e  t h e  e f f e c t s  o f  f i n i t e - r a t e  c h e m i s t r y  and t u r b u l e n t  m i x i n g .  
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p r e s e n t  i n  t h e  p lume,  t h a t  c h l o r i n e  w i l l  a p p e a r  p r e d o m i n a n t l y  i n  t h e  form o f  H C 1  
a l t h o u g h  some m o l e c u l a r  c h l o r i n e  i s  p r e s e n t ,  and t h a t  combus t ion  i s  c o m p l e t e  as 
is  e v i d e n t  from t h e  predominance  o f  c a r b o n  d i o x i d e  o v e r  c a r b o n  monoxide.  



A COMPUTER SIMULATION OF THE AFTERBURNING PROCESSES OCCURRING W I T f I I N  

S O L I D  ROCKET MOTOR PLUMES I N  THE TROPOSPHERE 

Richard I. Gomberg and Roger B.  S t ewar t  
Langley Research Cen te r  

SUMMARY 

A s  p a r t  o f  a c o n t i n u i n g  s t u d y  o f  t h e  env i ronmen ta l  e f fec ts  o f  s o l i d  r o c k e t  
motor (SRM) o p e r a t i o n s  i n  t he  t r o p o s p h e r e ,  a numer i ca l  model i s  used t o  s i m u l a t e  
t h e  a f t e r b u r n i n g  p r o c e s s e s  o c c u r r i n g  i n  s o l i d  r o c k e t  motor plumes and t o  p r e d i c t  
t h e  q u a n t i t i e s  o f  p o t e n t i a l l y  harmful  chemical s p e c i e s  which are created. The 
c a l c u l a t i o n s  i n c l u d e  t h e  e f fec ts  o f  f i n i t e - r a t e  c h e m i s t r y  and t u r b u l e n t  mixing. 
It is found t h a t  t h e  amount o f  NO produced is  much less t h a n  t h e  amount o f  H C 1  
p r e s e n t  i n  t h e  plume, t h a t  c h l o r i n e  w i l l  a p p e a r  predominant ly  i n  t h e  form o f  H C 1  
a l t h o u g h  some molecu la r  c h l o r i n e  i s  p r e s e n t ,  and t h a t  combustion i s  complete  as 
is  e v i d e n t  from t h e  predominance o f  carbon d i o x i d e  o v e r  carbon monoxide. 

I N T R O D U C T I O N  

T h i s  is  t h e  second i n  a series of p a p e r s  d e a l i n g  w i t h  chemical species 
released i n t o  t h e  t r o p o s p h e r e  as a r e s u l t  o f  s o l i d  r o c k e t  motor o p e r a t i o n s .  
Reference 1 ( N A S A  TN D-8137) d e a l t  p r i m a r i l y  w i t h  NO p r o d u c t i o n  from t h e  space  
s h u t t l e  and T i t a n  1 1 1 - C  s o l i d  motors .  The p r e s e n t  s t u d y  expands t h e  scope o f  
i n v e s t i g a t i o n  t o  i n c l u d e  t h e  p a r t i t i o n i n g  o f  c h l o r i n e  between t h e  compounds H C 1 ,  
C 1 ,  C 1 2 ,  and C 1 0 .  I n  a d d i t i o n ,  t h e  p a r t i t i o n i n g  o f  carbon between CO and C 0 2  is 
c o n s i d e r e d ,  as well as t h e  p r o d u c t i o n  o f  NO and NO2.  

The primary a n a l y t i c a l  t o o l  used i n  t h e  i n v e s t i g a t i o n  was t h e  l o w - a l t i t u d e  
plume program, t h e  LAPP code.  (See r e f .  2. )  T h i s  computer program models t h e  
plume as ax i symmet r i c ,  r e a c t i n g  c o n c e n t r i c  streamtubes w i t h  t u r b u l e n t  mixing 
between t u b e s .  It i s  s u i t a b l e  f o r  r e l a t i v e l y  l o w - a l t i t u d e  computa t iona l  s t u d -  
i e s  o f  a f t e r b u r n i n g  i n  r o c k e t  plumes. Above a n  a l t i t u d e  o f  15 km, t h e  r o c k e t  
nozz le  flow becomes i n c r e a s i n g l y  underexpanded and a shock p a t t e r n  deve lops  i n  
t h e  plume t h a t  is n o t  accounted f o r  by t h e  code.  The s e c t i o n  t h a t  f o l l o w s  
describes how t h e  LAPP program is  used i n  t h e  p r e s e n t  s t u d y  a s  w e l l  a s  a modif i -  
c a t i o n  which can be used  t o  s t r e n g t h e n  weaknesses i n  t h e  model. Subsequent sec- 
t i o n s  g i v e  estimates o f  t h e  n i t r o g e n ,  c h l o r i n e ,  and ca rbon-con ta in ing  s p e c i e s  
which r e s u l t  from a f t e r b u r n i n g  a t  v a r i o u s  a l t i t u d e s .  

SYMBOLS 

A 

B 

area o f  plume, m 2  

a c t i v a t i o n  energy 



M Mach number 

n rea l  number 

P pres  s u r  e 

R gas c o n s t a n t  

r e f f e c t i v e  n o z z l e - e x i t  r a d i u s  ( d e r i v e d  from t r u e  e x i t  r a d i u s  by means 
o f  a n  i s e n t r o p i c  expans ion )  

T t empera tu re  

U v e l o c i t y  o f  par t ic le  w i t h i n  plume 

ave rage  v e l o c i t y  o f  p a r t i c l e s  w i t h i n  plume approaches  " av 

X d i s t a n c e  downstream o f  n o z z l e - e x i t  p l a n e ,  m 

Y d i s t a n c e  measured from c e n t e r  l i n e  o f  plume p e r p e n d i c u l a r  t o  down- 
stream d i r e c t i o n  

P d e n s i t y  o f  plume 

S u b s c r i p t s  : 

e p e r t a i n i n g  t o  e x i t  p l a n e  o f  n o z z l e  

A1203 p e r t a i n i n g  t o  A 1 2 0 3  

X p e r t a i n i n g  t o  a d i s t a n c e  x (meters) downstream o f  e x i t  p l a n e  

A N A L Y T I C A L  TECHNIQUES 

The LAPP Program 

F i g u r e  1 is  a diagram o f  a t y p i c a l  l o w - a l t i t u d e  r o c k e t  plume. The LAPP 
code used  t o  model t h i s  plume i s  a t ime-independent  axisymmetr ic  model t h a t  
d i v i d e s  the  hydrodynamic f low f i e l d  i n t o  s t r e a m t u b e s .  The model i s  fo rmula t ed  
i n  s t r eamtube  c o o r d i n a t e s .  The unpe r tu rbed  atmosphere o r  f r ee - s t r eam f low i s  
t h e  outermost  s t r eamtube ;  t h e  remaining s t r e a m t u b e s  c o n t a i n  t h e  plume. I n  each 
s t r eamtube  t h e  gove rn ing  d i f f e r e n t i a l  e q u a t i o n s  are t h e  r e a c t i n g  boundary-layer 
e q u a t i o n s .  (See r e f .  3 . )  The numer i ca l  scheme used t o  s o l v e  these e q u a t i o n s  
is mixed e x p l i c i t - i m p l i c i t  . 

S e v e r a l  e d d y - v i s c o s i t y  models are p r e s e n t l y  a v a i l a b l e  which descr ibe  t h e  
t u r b u l e n t  en t r a inmen t  o f  a i r  i n t o  t he  plume. The Donaldson-Gray model ( r e f .  4 )  
was used i n  t h i s  i n v e s t i g a t i o n  because o f  i t s  success i n  p r i o r  s t u d i e s  by o t h e r  
i n v e s t i g a t o r s  ( r e f .  5 ) .  



A s  i n p u t s  t o  t h e  code ,  i t  is n e c e s s a r y  t o  s p e c i f y  t h e  c o n d i t i o n s  a t  t h e  
n o z z l e - e x i t  p l ane  ( such  as v e l o c i t y ,  t e m p e r a t u r e ,  and composi t ion of t h e  e x h a u s t  
gases) ,  c o n d i t i o n s  i n  t h e  unpe r tu rbed  a tmosphe re ,  t h e  chemical  r e a c t i o n s  t o  be 
c o n s i d e r e d ,  and a l l  t h e  p e r t i n e n t  thermochemical d a t a .  The n o z z l e - e x i t  p l a n e  
c o n d i t i o n s  f o r  t h e  space  s h u t t l e  s o l i d  r o c k e t  motor (SRM) were f u r n i s h e d  by 
Marsha l l  Space F l i g h t  Center  and t h e  data for  t h e  T i t a n  1 1 1 - C  SRM by Aerospace 
Corpora t ion .  (See t a b l e s  I and 1 1 . )  The unpe r tu rbed  a tmosphe r i c  c o n d i t i o n s  
were taken from U.S. S tanda rd  Atmosphere ( r e f .  6 ) ;  thermochemical d a t a  were 
t aken  from t h e  JANNAF r e p o r t s  ( re f .  7 ) ;  and chemical  r e a c t i o n  ra te  c o e f f i c i e n t s  
were t aken  from r e f e r e n c e s  8 t o  13. 

C a l c u l a t i o n s  were made f o r  t h e  s h u t t l e  SRM a t  a l t i t u d e s  of  0 . 7 ,  6 ,  IO, and 
15 km and f o r  t h e  T i t a n  a t  a l t i t u d e s  o f  0 .9  and 18 km. A t  h igh  a l t i t u d e s  t h e  
p r e s s u r e  of t h e  gases a t  t h e  e x i t  p l a n e  i s  on t h e  o r d e r  of 1 a tmosphere,  whereas 
t h e  ambient p r e s s u r e  is  about  0 .1  a tmosphere.  ( 1  atmosphere = 101.3 kPa.)  For 
t h e s e  high a l t i t u d e s ,  a hand-ca lcu la t ed  i s e n t r o p i c  expansion i s  used t o  g a i n  
e f f ec t ive  n o z z l e - e x i t  p l ane  c o n d i t i o n s .  Th i s  approach was used f o r  t h e  s h u t t l e  
motor a t  6 ,  I O ,  and 15 km and f o r  t h e  T i t a n  a t  18 km. The chemical  composi t ion 
a t  t h e  e f f e c t i v e  n o z z l e - e x i t  p l ane  was assumed t o  be i d e n t i c a l  t o  t h o s e  o f  
t a b l e s  I and 11. By u s i n g  t h e  mass f low r a t e s  t aken  from r e f e r e n c e  14  and t h e  
i s e n t r o p i c  a s sumpt ion ,  t h e  complete s e t  of e f f e c t i v e  n o z z l e - e x i t  p l a n e  condi-  
t i o n s  necessa ry  t o  s tar t  t h e  code a t  these h i g h e r  a l t i t u d e s  are g iven  i n  
t a b l e  111. 

Because t h e  r e a c t i o n  mechanism used i n  t h e  code is  n o t  a p p r o p r i a t e  f o r  tem- 
peratures  below 600 K ,  t h e  code c u t s  o f f  a l l  chemical  k i n e t i c  r e a c t i o n s  below 
t h i s  t e m p e r a t u r e .  A t  a l l  a l t i t u d e s  between sea l e v e l  and 15 km, b o t h  t h e  s h u t t l e  
and T i t a n  motors produce r e g i o n s  e x t e n d i n g  a t  least  0 . 5  km downstream o f  t h e  
n o z z l e - e x i t  p l ane  i n  which t e m p e r a t u r e s  are w e l l  above 600 K .  

The chemical  r e a c t i o n s  and t h e  ra te  c o e f f i c i e n t s  used i n  t h i s  s t u d y  are 
given i n  t a b l e  I V .  These r e a c t i o n s  are d e s c r i p t i v e  o f  p r o c e s s e s  o c c u r r i n g  above 
600 K .  Although they  are c h e m i c a l l y  i n e r t  i n  t h i s  model,  c e r t a i n  s p e c i e s  such 
as A 1 2 0  are c o n s i d e r e d  because o f  t h e i r  importance i n  m a i n t a i n i n g  a h e a t  b a l -  
a n c e .  
plume are taken t o  be i d e a l  gases. 

?hese s p e c i e s  are l i s t e d  a t  t h e  end o f  t a b l e  I V .  A l l  c o n s t i t u e n t s  of t h e  

Mass Conse rva t ion  

A s  was shown i n  r e f e r e n c e  1, t h e  LAPP code does n o t  conse rve  mass. Th i s  
effect  is demonstrated i n  f i g u r e  2 ,  which p l o t s  t h e  mass f low o f  t h e  i n e r t  spe -  
c ies  A 1  0 a g a i n s t  downstream d i s t a n c e  i n  t h e  plume of  a s h u t t l e  s o l i d  r o c k e t  
motor ag Jn  a l t i t u d e  o f  15 km. S i n c e  A 1 2 0  is i n e r t  and t h e  code is  time- 
independen t ,  t h i s  q u a n t i t y  should be conse2ved. If x is  t h e  d i s t a n c e  down- 
stream, t h e  mass f low ra te  of A I  0 is (pUA)Al . This  q u a n t i t y  shou ld  be 2 3  
c o n s t a n t  f o r  a l l  x .  A s  can be s e e n  from f i g u r e  2 ,  t h e  q u a n t i t y  a c t u a l l y  
d e c r e a s e s  wi th  downstream d i s t a n c e .  

2 3  

S e v e r a l  c a l c u l a t i o n s  w i t h  v a r i a t i o n  i n  s t e p  s i z e  demonstrated t h a t  t h e  
problem is no t  a s t r a i g h t f o r w a r d  roundoff  e r r o r  as t h e  mass l o s s  was i n s e n s i -  

3 



t i v e  t o  t h e  s t e p  s ize  used .  The problem a p p e a r s  t o  be connected w i t h  t h e  way 
t h e  model a l l o w s  t h e  plume t o  s p r e a d  o u t .  I n  LAPP, t h e  ou te rmos t  s t r e a m t u b e  is 
t h e  unpe r tu rbed  atmosphere which is t a k e n  t o  be a m i x t u r e  o f  N2 and 0 
t h e  atmospheric boundary t h e  code t r u n c a t e s  any c o n s t i t u e n t s  i n  the pfume such 
as A 1  0 , H C 1 ,  N O ,  e tc .  Thus, i f  the  computa t iona l  mesh i s  n o t  a l lowed t o  
s p r e a a  2s r a p i d l y  as t h e  mass is v i s c o u s l y  mixing ou tward ,  mass w i l l  i n  effect  
be l o s t  by l e a k i n g  o u t  o f  t h e  edges o f  t h e  f l o w  f i e l d .  

o n l y .  A t  

The mechanism f o r  expanding t h e  plume i n  t h e  LAPP code is  t h e  a d d i t i o n  of 
s t r e a m t u b e s .  Thus, it is  i m p o r t a n t  t o  add s t r e a m t u b e s  a t  a p r o p e r  ra te  t o  
accoun t  for t h e  expansion of t h e  plume and t o  s a t i s f y  t h e  nonleakage boundary 
c o n d i t i o n .  I n  t he  unmodified v e r s i o n  o f  t h e  c o d e ,  s t r e a m t u b e s  are added when- 
e v e r  the  ou te rmos t  t ube  ( t h e  unpe r tu rbed  a tmosphe re )  and i t s  a d j a c e n t  t u b e  sat-  
i s f y  e i ther  

I'outer - 'adjacent1 > o.o, 
l'outer I 

o r  

I 'outer - T a d j a c e n t  I 
ITouter I 

> 0.05 

By v a r y i n g  t h e  numbers which t h e  i n e q u a l i t i e s  m u s t  s a t i s f y ,  one can c o n t r o l  
the ra te  of expansion o f  t h e  f l o w  f i e l d .  A t  d i s t a n c e s  c l o s e  t o  t h e  n o z z l e - e x i t  
p l a n e ,  t h e  i n e q u a l i t i e s  as t h e y  are s ta ted seem t o  be  adequa te  t o  s a t i s f y  t h e  
n e c e s s a r y  boundary c o n d i t i o n s .  A t  d i s t a n c e s  fa r  downstream, r o u g h l y  greater t h a n  
250 m ,  t he  i n e q u a l i t i e s  are t o o  s t e e p  t o  a l l o w  t h e  plume t o  expand p r o p e r l y  i n  
t h i s  r e g i o n .  A m o d i f i c a t i o n  t h a t  can be made, t h e n ,  is  t o  lower t he  i n e q u a l i t i e s  
n e c e s s a r y  t o  add s t r e a m t u b e s  f a r  downstream. -The  amount o f  l ower ing  i s  e a s i l y  
determined by keeping c a r e f u l  t r ack  o f  (IpUA[,,203) /(IpUAi,, ) . By 

e 2 3 x  
choosing i n e q u a l i t i e s  so  t h a t  t h e  r e s u l t a n t  e x p a n s i o n ' c a u s e s  t h i s  r a t i o  t o  s t a y  
c l o s e  t o  o n e ,  t h e  modgl w i l l  s a t i s f y  t h e  nonleakage boundary c o n d i t i o n .  

Mass Conse rva t ion  i n  P r e s e n t  S t u d i e s  o f  S o l i d  Boos te r  Motor Plumes 

By making use o f  t he  modif ied c r i t e r i a  s ta ted p r e v i o u s l y ,  t h e  mass l o s s  due 
t o  l1leakagevv can be h e l d  t o  a few p e r c e n t .  Cons ide r ,  f o r  example,  f i g u r e  2 ( a )  
i n  which is p l o t t e d  t h e  mass f low o f  A 1  0 a g a i n s t  downstream d i s t a n c e  f o r  a 2 3  s h u t t l e  SRM a t  an a l t i t u d e  o f  15 km. A s  can be s e e n  i n  c o n t r a s t  t o  t h a t  behav- 
i o r  i n  f i g u r e  2 ( b )  by c a r e f u l l y  c o n t r o l l i n g  t h e  expansion o f  t h e  plume, t he  mass 
f low o s c i l l a t e s  w i t h  small ampl i tude  about  t h e  conserved v a l u e .  I n  f i g u r e  3 ,  
the  mass f low of A 1 2 0 3  f o r  a s h u t t l e  motor a t  an a l t i t u d e  o f  5 km i s  p l o t t e d  as 
a f u n c t i o n  o f  downstream d i s t a n c e .  Again,  t he  mass l o s s  i s  s e e n  t o  be small. 
For each case s t u d i e d ,  a c a r e f u l  a n a l y s i s  o f  t h e  mass f l o w  ra te  o f  i n e r t  s p e c i e s  
us ing  the  t e c h n i q u e s  d e s c r i b e d  here was carried o u t  i n  o r d e r  t o  i n v e s t i g a t e  pos- 
s i b l e  mass l o s s e s .  A l l  c a l c u l a t i o n s  performed i n  t h i s  s t u d y  were t aken  t o  a 
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d i s t a n c e  of 1 km downstream of t h e  e x i t  p l a n e .  A reliable i n d i c a t o r  of how 
c l o s e l y  mass is  be ing  conse rved  is o b t a i n e d  by comparing t h e  mass f low o f  A 1 2 0 3  
a t  a d i s t a n c e  of 1 km downstream of t h e  e x i t  p l a n e  w i t h  t h e  mass f low a t  t h e  
e x i t  p l ane .  I n  t ab le  V such  a comparison is  made f o r  t h e  v a r i o u s  cases a l r e a d y  
d e s c r i b e d .  

A S e n s i t i v i t y  Study 

I n  a d d i t i o n  t o  c a l c u l a t i n g  t h e  behav io r  o f  t h e  a f t e r b u r n i n g  plume f o r  t h e  
cases a l r e a d y  desc r ibed ,  a n  attempt was made t o  de t e rmine  t h e  s e n s i t i v i t y  o f  t h e  
model t o  v a r i a t i o n s  i n  t h e  i n p u t  pa rame te r s .  I n  p a r t i c u l a r ,  chemical r e a c t i o n  
rates are not  known p r e c i s e l y ,  b u t  have a s s o c i a t e d  w i t h  them u n c e r t a i n t i e s  which 
can be as h igh  as a f a c t o r  o f  a thousand .  Eddy d i f f u s i o n  c o e f f i c i e n t s  are a l s o  
q u a n t i t i e s  which are n o t  known w i t h  great p r e c i s i o n .  A v a r i a t i o n  i n  a ra te  
c o e f f i c i e n t  w i l l  c a u s e  v a r i a t i o n  o f  t h e  r e s u l t a n t  chemical composi t ion o f  t h e  
plume. However, i f  t h e  change i n  composi t ion i s  small even when t h e  ra te  coe f -  
f i c i e n t  is v a r i e d  o v e r  i ts f u l l  range o f  expe r imen ta l '  u n c e r t a i n t i e s ,  t h e n  the  
composi t ion is s a i d  t o  be  i n s e n s i t i v e  t o  u n c e r t a i n t i e s  i n  t h e  ra te  c o e f f i c i e n t .  
To unde r s t and  how s e n s i t i v e  t h i s  p a r t i c u l a r  c a l c u l a t i o n  is  t o  e x p e r i m e n t a l  uncer-  
t a i n t i e s  i n  the  rate c o e f f i c i e n t s ,  a series o f  computer s i m u l a t i o n s  w i t h  v a r i e d  
rate c o e f f i c i e n t s  were r u n  of t h e  a f t e r b u r n i n g  from a s h u t t l e  SRM a t  a n  a l t i t u d e  
of 10 km. 

I n  each of  t h e  cases i n  t h i s  s e n s i t i v i t y  s t u d y ,  i d e n t i c a l  n o z z l e - e x i t  p l a n e  
c o n d i t i o n s  a p p r o p r i a t e  t o  t h e  s h u t t l e  SRM a t  10 km were used .  The chemical 
scheme, however, is changed s e v e r a l  times t o  i n v e s t i g a t e  t h e  u n c e r t a i n t i e s  i n  
ra te  c o e f f i c i e n t s  i n  some i m p o r t a n t  r e a c t i o n s .  Cons ide r ,  f o r  example, table  V I .  
O f  t he  36 r e a c t i o n s  used  i n  t h e  chemical scheme, 12 d i r e c t l y  i n c l u d e  t h e  ch lo -  
r i n e  atom. The forward k i n e t i c  ra tes  a s s o c i a t e d  w i t h  these r e a c t i o n s  are made 
t o  va ry  i n  one s i m u l a t i o n  as shown i n  t h e  first column o f  t ab le  V I .  All ra te  
c o e f f i c i e n t s  used  i n  t h i s  model are o f  t h e  form 

B 
Rate c o e f f i c i e n t  = CTn exp - 

RT 

where C is  a c o n s t a n t  and B is  t h e  a c t i v a t i o n  ene rgy .  I n  t h e  first column 
of  t a b l e  V I ,  new v a l u e s  f o r  C are used f o r  t h e  12 r e a c t i o n s  shown. I n  t h e  
s i m u l a t i o n ,  o n l y  these ra te  c o e f f i c i e n t s  are v a r i e d ;  a l l  o t h e r  ra tes  remain as 
shown i n  tab le  I V .  

I n  t h e  n e x t  s i m u l a t i o n ,  t h e  ra te  c o e f f i c i e n t s  shown i n  t h e  second column 
were used. These v a r i a t i o n s  c a u s e  a l l  r e a c t i o n s  producing a tomic  c h l o r i n e  t o  be 
accelerated (first column) i n  t h e  first s i m u l a t i o n  and slowed (second column) i n  
t h e  n e x t  s i m u l a t i o n .  

I n  t ab le  V I 1  a similar s t u d y  is  made f o r  a tomic  oxygen. One set  o f  ra te  
c o e f f i c i e n t s  enhances 0 p r o d u c t i o n ,  a n o t h e r  set  s u p p r e s s e s  0 p r o d u c t i o n .  I n  
t a b l e  V I 1 1  a set  of ra te  c o e f f i c i e n t s  speed ing  t h e  combustion p r o c e s s e s  ( w i t h i n  
expe r imen ta l  u n c e r t a i n t i e s ,  o f  c o u r s e )  are used.  I n  a l l  cases, o n l y  t h e  ra te  
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c o e f f i c i e n t s  shown are v a r i e d .  A s  w i l l  be shown i n  d e t a i l ,  t h e  model i s  f a i r l y  
i n s e n s i t i v e  t o  t h e  u n c e r t a i n t i e s  i n  t h e  chemical r a t e  c o e f f i c i e n t s .  

To s t u d y  the  effect  o f  v a r i a t i o n s  i n  t u r b u l e n t  mix ing ,  a case i s  run  w i t h  
a d i f f e r e n t  mixing model. A good a l t e r n a t e  t o  Donaldson-Gray i s  t h e  Ting-Libby 
model ( r e f .  15)  which is  used i n  t h i s  l a s t  case o f  t h e  s e n s i t i v i t y  s t u d y .  

I n  each of t h e  s e n s i t i v i t y  s t u d y  computer s i m u l a t i o n s ,  t h e  c o n s e r v a t i o n  o f  
mass was c l o s e l y  watched. A s  shown i n  tab le  V ,  mass i s  conserved f a i r l y  accu-  
r a t e l y  i n  these r u n s  a l s o .  

RESULTS A N D  DISCUSSION 

C a l c u l a t i o n s  were made f o r  a T i t a n  s o l i d  p r o p e l l a n t  b o o s t e r  a t  0.9 km and 
18 km, and a s h u t t l e  motor a t  0 . 7 ,  6 ,  10 ,  and 15 km w i t h  s e n s i t i v i t y  c a l c u l a -  
t i o n s  a t  10 km. These s t u d i e s  n e g l e c t  t h e  shock s t r u c t u r e  p r e s e n t  i n  t h e  plume 
and i n t r o d u c e  some u n c e r t a i n t i e s ,  p a r t i c u l a r l y  a t  h i g h  a l t i t u d e s .  With i n c r e a s -  
i n g  x / r ,  t h e  t e m p e r a t u r e s  i n  t h e  plume decrease, t h e  chemical r e a c t i o n s  begin 
t o  s low down, and t h e  v e l o c i t i e s  decrease. A s  x/r approaches  t h e  v a l u e  where 
t he  c e n t e r - l i n e  t e m p e r a t u r e  d r o p s  below 600 K ,  chemical r e a c t i o n s  are  s h u t  o f f  
i n  t h e  model. Although t h e  plume w i l l  c o n t i n u e  t o  d i f f u s e  and t h e r e f o r e  t h e  
a b s o l u t e  c o n c e n t r a t i o n  o f  each s p e c i e  w i l l  decrease w i t h  i n c r e a s i n g  x / r ,  t h e  
t o t a l  mass f low of each s p e c i e  c r o s s i n g  a p l a n e  p e r p e n d i c u l a r  t o  x w i l l  be 
c o n s t a n t  i n  t h i s  r e g i o n  ( w i t h i n  t h e  mass c o n s e r v a t i o n  l i m i t s  p r e v i o u s l y  
d e s c r i b e d ) .  

F a r t h e r  downstream, t h e  ave rage  v e l o c i t y  o f  t h e  p a r t i c l e s  i n  t h e  plume 
approaches  ambient v e l o c i t y .  ( A l l  c a l c u l a t i o n s  are carried o u t  i n  t h e  frame o f  
r e f e r e n c e  of t h e  n o z z l e  e x i t  p l a n e . )  ( P U a V A ) ,  
c o n s t a n t ,  but  a l s o  

Thus,  n o t  o n l y  i s  t h e  mass f low 

The p h y s i c a l  meaning o f  ( P A )  is  t h a t  q u a n t i t y  o f  mass i n  a s l a b ,  t h e  
dimensions o f  which are e q u a l  t o  tge area o f  t h e  plume whose p l a n e  i s  perpendic-  
u l a r  t o  x and whose l e n g t h  i s  1 m i n  t h e  x - d i r e c t i o n .  The v a l u e  o f  ( p A I x  
f o r  a g iven  s p e c i e s  f o r  large 
t h a t  s p e c i e s  t h a t  is d e p o s i t e d  i n  t h e  atmosphere.  The u n i t  o f  ( p A l x  is  g/m. 

x is  a r e a s o n a b l e  i n d i c a t i o n  o f  t h e  q u a n t i t y  of 

NO P roduc t ion  i n  S o l i d  Boos te r  Motor Plumes 

T a b l e  I X  l ists t h e  p r o d u c t i o n  l e v e l s  o f  NO and NO2 f o r  t h e  v a r i o u s  cases 
p r e v i o u s l y  d e s c r i b e d .  There are a number o f  i n t e r e s t i n g  f e a t u r e s  i n  these 
r e s u l t s .  A t  a l t i t u d e s  below 6 km, t h e  s h u t t l e  b o o s t e r  produces r o u g h l y  twice 
t h e  NO o f  t h e  T i t a n  b o o s t e r .  T h i s  i s  q u i t e  r e a s o n a b l e  s i n c e  t h e  two motors  are 
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similar and t h e  mass f low of t h e  s h u t t l e  i s  r o u g h l y  twice t h a t  o f  t h e  T i t a n .  A t  
t h e  high a l t i t u d e  o f  18 km, however, i n  s p i t e  o f  t h e  larger  mass f low o f  t h e  
s h u t t l e ,  t h e  T i t a n  SRM produces rough ly  twice t h e  NO o f  t h e  s h u t t l e  a t  a n  a l t i -  
t u d e  o f  15 km. As d i s c u s s e d  i n  r e f e r e n c e  1 ,  t h i s  d i f f e r e n c e  i s  due t o  t h e  e x i s -  
t e n c e  of a t h r u s t - v e c t o r  c o n t r o l  system p r e s e n t  i n  t h e  T i t a n ,  b u t  n o t  i n  t h e  
s h u t t l e .  The t h r u s t - v e c t o r  c o n t r o l  system c o n s i s t s  o f  a t a n k  o f  N204 which i s  
s t r a p p e d  on to  each b o o s t e r  and which is  b l e d  i n t o  t h e  chamber throuTh a ser ies  
o f  s t e e r i n g  j e t s  i n  o r d e r  t o  make f i n e  c o u r s e  a d j u s t m e n t s .  I n  t h e  h i g h  tempera- 
t u r e s  p r e s e n t  i n  t h e  chamber, much of t h e  N 2 0 4  breaks down i n t o  NO a s  well as 0 
and 02. 

The e f fec ts  o f  u n c e r t a i n t i e s  i n  t h e  r a t e  c o e f f i c i e n t s  on t h e  p r o d u c t i o n  o f  
NO are i n h e r e n t  i n  t h e  r e s u l t s  o f  t he  p a r a m e t r i c  s t u d i e s  o f  t h e  s h u t t l e  a t  10 km. 
The ra te  c o e f f i c i e n t s  t h a t  are be ing  used  as best estimates r e s u l t  i n  a 
o f  NO of  25 g/m a t  large x .  However, when some o f  t h e  u n c e r t a i n t i e s  o f  t h e  
ra te  c o e f f i c i e n t s  are put  i n t o  the  c a l c u l a t i o n s ,  t h e  r e s u l t  i s  t h a t  t h i s  NO pro- 
d u c t i o n  can be as low as  a 

 PA)^ 

( P A ) x  of 21 g/m o r  as  h i g h  as 37 g/m f o r  large x .  

By us ing  t h e  Ting-Libby v i s c o s i t y  model i n s t e a d  o f  t h e  Donaldson-Gray model ,  
t h e  code p r e d i c t s  t h a t  oxygen i s  e n t r a i n e d  i n t o  t h e  plume a t  a more r a p i d  ra te  
than  Donaldson-Gray p r e d i c t s .  T h i s  c o n d i t i o n  c a u s e s  t h e  combination o f  n i t r o g e n  
and oxygen t o  occur  a t  h i g h e r  temperatures and o v e r  a l o n g e r  pe r iod  o f  t ime. Cor- 
r e s p o n d i n g l y ,  t h e  NO l e v e l s  r i se  t o  41 g/m from 25 g / m .  

The NO l e v e l s  can be  seen  i n  some d e t a i l  i n  f i g u r e  4. The q u a n t i t y  o f  NO 
and v a r i o u s  o t h e r  s p e c i e s  i n  t h e  plume i n  u n i t s  o f  g/m i s  p l o t t e d  as  a f u n c t i o n  
o f  downstream d i s t a n c e  f o r  t h e  s h u t t l e  motor a t  10 km. R e s u l t s  f o r  bo th  t h e  
Donaldson-Gray and Ting-Libby models are shown. For bo th  models t h e  q u a n t i t y  o f  
A 1 2 0 3  as a f u n c t i o n  o f  downstream d i s t a n c e  i s  v e r y  c l o s e .  
Gray model t h e  NO p r o d u c t i o n  can be  seen t o  r i s e  t o  a n  a sympto t i c  v a l u e  o f  31 g/m 
whereas it rises t o  a v a l u e  of  41 g/m f o r  t h e  Ting-Libby case. Note t h a t  f o r  t h e  
Ting-Libby case, t h e  NO l e v e l s  r i se  more r a p i d l y  t h a n  f o r  t h e  Donaldson-Gray c a s e  
i n  t h e  e a r l y  p a r t s  o f  t h e  plume where T i s  h i g h e r .  

For t h e  Donaldson- 

Ch lo r ine  P a r t i t i o n i n g  i n  S o l i d  Boos te r  Motor P lumes  

T a b l e  X shows how c h l o r i n e  is  p a r t i t i o n e d  among H C 1 ,  C 1 2 ,  and C10 i n  t h e  
v a r i o u s  s i t u a t i o n s  d i s c u s s e d .  I n  a l l  cases t h e  plume p a r t i t i o n s  c h l o r i n e  i n  
amounts by weight o f  rough ly  89 p e r c e n t  H C 1 ,  9 p e r c e n t  C 1 2 ,  and about  2 p e r c e n t  
is i n  t h e  form o f  C 1  o r  C 1 0 .  By mole f r a c t i o n  H C 1  makes up more than  9 p e r c e n t  
o f  t h e  r e a c t i n g  c h l o r i n e - c o n t a i n i n g  compounds i n  t h e  plume. The s h u t t l e  plume 
w i l l  a l s o  c o n t a i n  some n o n r e a c t i n g  p a r t i c l e s  such as A l C l  and A 1 C 1 2 .  

T h i s  p a r t i t i o n i n g  o f  t he  r e a c t i n g  c h l o r i n e  compounds i s  t r u e  f o r  b o t h  t h e  
T i t a n  and s h u t t l e  motors .  I n  f i g u r e  5, (PA), o f  v a r i o u s  c h l o r i n e - c o n t a i n i n g  
s p e c i e s  are p l o t t e d  a g a i n s t  downstream d i s t a n c e  f o r  a T i t a n  motor a t  0 .9  km. I n  
f igure 6 a similar p l o t  is made f o r  a s h u t t l e  motor a t  an a l t i t u d e  of  5 km. I n  
bo th  cases as is  t h e  case a t  o t h e r  a l t i t u d e s ,  t h e  p a r t i t i o n i n g  o f  c h l o r i n e  f o l -  
lows t h e  p a t t e r n  desc r ibed .  
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Completeness o f  Combustion i n  S o l i d  Boos te r  Motor Plumes 

.r 
The comple t eness  of combustion can  be  d i s c e r n e d  from t h e  r a t i o  o f  C02 t o  

CO. A t  the e x i t  p l a n e  o f  t he  T i t a n ,  there is a 9 t o  1 r a t i o  i n  g/m o f  CO t o  g/m 
of C02.  
p l a n e .  By t h e  time a f t e r b u r n i n g  is  complete  ( a t  a p p r o x i m a t e l y  1 km downstream),  
much o f  t he  CO has combined w i t h  oxygen t o  form CO . The e x t e n t  t o  which C02 
has been c r e a t e d  a t  t h e  expense o f  CO is a good i n g i c a t i o n  as t o  how complete  
t he  combustion i s  i n  t h e  plume. From table X I  it i s  clear t h a t  t h e  combustion 
is  a lmos t  t o t a l .  R a t i o s  of C 0 2  t o  CO o f  a 100 t o  1 are t y p i c a l  o f  t he  after- 
burned p r o d u c t s .  

For  t he  s h u t t l e  motor there i s  a 7 t o  1 r a t i o  o f  CO t o  C02  a t  t h e  e x i t  

The p r o c e s s  o f  c o n v e r t i n g  CO t o  CO f o r  a T i t a n  motor is  shown i n  f i g u r e s  7 
and 8. ( P A ) x  i n  g/m 0% v a r i o u s  s p e c i e s  a g a i n s t  downstream d i s -  
t a n c e  i n  t h e  plume o f  a T i t a n  motor a t  0 . 9  km. A s  c an  be seen  from f i g u r e  7 ,  a t  
t h e  e x i t  p l ane  CO i s  t h e  predominant s p e c i e s ,  b u t  as  a r e s u l t  o f  a f t e r b u r n i n g ,  
C 0 2  becomes by far  t h e  more p r e v a l e n t  q u a n t i t y  by t h e  time t h e  a sympto t i c  r e g i o n  
has been reached. I n  f i g u r e  8 is  p l o t t e d  t h e  mole f r a c t i o n  o f  s e v e r a l  s p e c i e s  
a l o n g  t h e  c e n t e r  l i n e  of t h e  plume a g a i n s t  downstream d i s t a n c e ,  a g a i n  f o r  t he  
T i t a n  a t  0 .9  km. 
cuyve f a l l s  o f f  r a p i d l y  when a f t e r b u r n i n g  sets i n  and t h e  mole f r a c t i o n  o f  C 0 2  
i n c r e a s e s  a t  t h e  expense o f  t h e  amount o f  CO p r e s e n t .  

F i g u r e  7 shows 

Here a g a i n ,  t h e  c o n v e r s i o n  o f  CO t o  C 0 2  can be s e e n  as  t h e  CO 

I n  f i g u r e s  9 and 10 a s imi l a r  set  o f  c u r v e s  is  shown. f o r  t h e  s h u t t l e  a t  
6 km. Both f o r  (PA)x o f  species ( f i g .  9 )  and f o r  t h e  c e n t e r - l i n e  mole frac- 
t i o n  c u r v e s  ( f i g .  l o ) ,  t he  conve r s ion  o f  CO-to C 0 2  is  e a s i l y  s e e n ,  

Composition and P h y s i c a l  Characterist ics 

F i g u r e s  11 t o  20 p r e s e n t  a d e t a i l e d  a n a l y s i s  o f  t h e  composi t ion and physi-  
ca l  charac te r i s t ics  o f  t h e  plume o f  a s h u t t l e  motor a t  0 .7  km and a t  15 km. Fig- 
u r e s  11 t o  13 descr ibe  ( P A )  ( i n  g/m). Notice t h a t  t h e  ( P A ) x  of  "combustionff 
species produced a t  0 .7  km (F ig .  1 1 )  are much grea te r  t h a n  t h o s e  a t  15 km. 
d i f f e r e n c e  is due t o  t h e  fo l lowing  c o n d i t i o n :  ( 1 )  t h e  mass f low a t  t h e  e x i t  
p l a n e  i s  smaller a t  15 km t h a n  t h a t  a t  0.7 km ( r e f .  141, ( 2 )  t h e  free-stream 
v e l o c i t y  a t  15 km is .much greater than  t h a t  a t  0 .7  km, and ( 3 )  t h e  free-stream 
p r e s s u r e  a t  15 km is l e s s  t h a n  t h a t  a t  0.7 km.  

T h i s  

I n  f i g u r e  12,  q u a n t i t i e s  o f  c h l o r i n e - c o n t a i n i n g  s p e c i e s  ( P A )  are p l o t -  
t e d  as a f u n c t i o n  o f  downstream d i s t a n c e  f o r  t h e  0.7- and 1.5-km sffuttle moto r s .  
These f i g u r e s  show t h e  p a r t i t i o n i n g  o f  c h l o r i n e  among t h e  v a r i o u s  s p e c i e s ,  
whereas f i g u r e  13 c o n c e n t r a t e s  on o x i d e s  o f  n i t r o g e n .  

F i g u r e s  14 t o  16 show f o r  t h e  same c o n d i t i o n s  and species as f i g u r e s  11 
t o - 1 3 ,  t h e  behav io r  o f  t h e  mole f r a c t i o n  a l o n g  t h e  c e n t e r  l i n e  p l o t t e d  a g a i n s t  
downstream d i s t a n c e .  I n  these figures i t  is  s e e n  t h a t  t h e  mole f r a c t i o n s  a l o n g  
the  c e n t e r  l i n e  o f  t h e  15-km plume f o l l o w  a p a t t e r n  similar t o  t h o s e  a t  0.7 km. 
However, a t  t h i s  h i g h  a l t i t u d e ,  s i n c e  t h e r e  are fewer c o l l i s i o n s / m e t e r  t h e  pro- 
cesses are s t r e t c h e d  o u t  o v e r  g r e a t e r  downstream d i s t a n c e s .  
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I n  f i g u r e s  17 and 18 are c r o s s - s e c t i o n a l  v e l o c i t y  p r o f i l e s  f o r  t h e  0.7- and 
15-km s h u t t l e  motors  a t  s e v e r a l  downstream s t a t i o n s .  I n  f i g u r e s  19 and 20 t e m -  
p e r a t u r e  p r o f i l e s  f o r  these two cases are p r e s e n t e d .  A t  x / r  = 0 ,  b o t h  tempera- 
t u r e  and v e l o c i t y  a c r o s s  t h e  e x i t  p l a n e  are assumed t o  be c o n s t a n t  and are much 
h igher  t h a n  ambient l e v e l s .  A s  t h e  plume gases e n t r a i n  a i r  and a f t e r b u r n  far ther  
downstream, t h e  t e m p e r a t u r e  p a r t i c u l a r l y  a l o n g  t h e  c e n t e r  l i n e  rises even above 
the  nozz le -ex i t  p l a n e  v a l u e .  Upon complet ion o f  a f t e r b u r n i n g ,  as d i l u t i o n  sets 
i n ,  t he  plume c o o l s  so t h a t  f a r  downstream t h e  t e m p e r a t u r e s  o f  t h e  plume gases 
approach ambient v a l u e s .  The v e l o c i t y  o f  t he  gases is a d e c r e a s i n g  f u n c t i o n  o f  
downstream d i s t a n c e  as the  shear f o r c e s  s low t h e  gas molecu le s  t o  ambient speeds .  

Table  X I 1  c o n t a i n s  a summary o f  t h e  chemical composi t ion o f  a l l  plumes con- 
s i d e r e d  i n  t h i s  s t u d y .  

CONCLUDING REMARKS 

The p h y s i c a l ,  thermodynamic, and chemical p r o p e r t i e s  o f  s o l i d  r o c k e t  motor 
plumes have been s t u d i e d  by u s e  o f  a n  ax i symmet r i c ,  t ime-independent  model which 
i n c l u d e s  t h e  e f f ec t s  o f  t u r b u l e n t  mixing and f i n i t e  r a t e  c h e m i s t r y .  A modifica- 
t i o n  has been in t roduced  i n t o  t h e  model t o  conse rve  mass far  downstream of t h e  
e x i t  p l a n e .  

The s h u t t l e  and T i t a n  1 1 1 - C  b o o s t e r s  are s t u d i e d .  The q u a n t i t y  of NO pro- 
duced seems t o  f a l l  o f f  r a p i d l y  w i t h  i n c r e a s i n g  a l t i t u d e .  Combustion is  s e e n  t o  
be complete as n e a r l y  a l l  the CO a t  t h e  e x i t  p l a n e  h a s  been conve r t ed  t o  C 0 2  far  
downstream. Ch lo r ine  is p a r t i t i o n e d  l a r g e l y  between H C 1  and C 1 2  w i t h  90 p e r c e n t  
of t h e  weight i n  t h e  form o f  H C 1 . .  

Langley Research Cen te r  
Na t iona l  Aeronau t i c s  and Space A d m i n i s t r a t i o n  
Hampton, V A  23665 
October 6 ,  1976 
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TABLE I.- SPACE SHUTTLE S O L I D  ROCKET MOTOR EXIT PLANE C O N D I T I O N S  

[ T h i s  t a b l e  is based on an  e q u i l i b r i u m  model. It is  a p p r o p r i a t e  
for a s h u t t l e  motor a t  0 .7  km a l t i t u d e .  Space s h u t t l e  d a t a  
were o b t a i n e d  from Ben S h a c k l e f o r d ,  M a r s h a l l  Space  F l i g h t  
C e n t e r ,  Mar. 1974. These d a t a  are a p p r o p r i a t e  for a l t i t u d e s  
less  than  1 km. The mass flow o b t a i n e d  from u s i n g  t h e s e  
i n p u t s  is  25 p e r c e n t  lower t h a n  t h a t  p r e d i c t e d  i n  re f .  14.1 

~~. 

S p e c i e s  
- 

A1C12 
A l C l  
A l O C ?  

A1203 co 
c02 c1 
Fe 
FeCl 
FeC12 
H 
HC 1 

H2 

N2 
0 
OH 
c10 

. .. . 
~ 

Mole f r a c t i o n s  

0.00003 
.00008 
. 0000 1 
.00002 
,07975 
.23205 
.02120 
.00225 
.00011 . 0000 1 
.00122 
.00556 
,15442 
,27812 
. I4068 
.00001 
.0840 1 
.00001 
,00046 

_ -  - -  

8.1 10-9 
6 .9  10-7 
1.2 x 10-l0 

2.0 10-7 

5.8 x 
8.6  x IO-’’ 

.oooo 
-~ -- - - 

E x i t  p l ane  c o n d i t i o n s  

p ,  atm . . . . . . . . . . . . . . . . . . . . . 0.8345 
T ,  K . .  . . . . . . . . . . . . . . . . . . . . 2308 
M . . . . . . . . . . . . . . . . . . . . . . . 2.779 
r ,  m . . . . . . . . . . . . . . . . . . . . . . 1.810 
U, m/sec . . . . . . . . . . . . . . . . . . . . 2433.8 
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TABLE 11.- TITAN MOTOR DATA 

[ T h i s  t a b l e  is  based on an e q u i l i b r i u m  model. It is  a p p r o p r i a t e  f o r  
a l t i t u d e s  o f  approx ima te ly  1 km. I n  t h e  t h i r d  column, i t  is  
assumed t h a t  t h e  i n j e c t e d  N 2 0 4  b reaks  down i n t o  NO and 02.]  

I 
With t h r u s t  v e c t o r  

c o n t r o l  system 
(based on 

50 lb/sec-motor)  

---- 

- 

E x i t  p l a n e  
s p e c i e s  

co 
OH 

co2 
H 

H2 

N 6  
H O  

N02 
N 

3 1  
N O  
C Z  

c12 
c10 

A120 3 
0 

Without t h r u s t  v e c t o r  
c o n t r o l  system 

2.468 x 10'' 

1 .811  x 

9.000 10-5 

3.200 10-3 
I .035 10-3 

9.000 10-5 
2.002 x 10-11 

1.090 x 10-8 

5.858 x IO-" 
3 .157 x IO" 
1.058 x 10" 

1.884 x 
8.105 1 0 ' ~  
1.510 x IO" 

1.150 x 
6 3.293 x 

2.392 x 10- 
7.680 1 0 ' ~  
6.959 10-7 

2.452 x IO" 

1.811 x 

1.034 x 

5.585 x I O - ' '  
3.136 x I O - '  
1 .051 x I O - '  

9 . 0 0 ~  10-5 

3.200 10-3 

6.680 10-3 
2.002 x 10-11 
1.884 x 
8.051 x 
1.500 x IO" 8 1.090 x 50- 
1.150 x 10-2 
3.293 x 10- 
2.392 x 
7.170 x 
6.959 10-7 

~___ 

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

Mass f low,  Mg/sec . . . . . . . . . . . . . . . . . . . . . .  1 . 8 4  
T e , K  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1921 
pe,  atm . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.702 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  r e , m  1 - 3 5  



TABLE 111.- I N I T I A L  CONDITIONS 

[By u s i n g  t h e s e  i n p u t s ,  t h e  p r e d i c t e d  mass flows agree w i t h i n  
10 p e r c e n t  w i th  t h o s e  i n  r e f .  1 4  f o r  t h e  s h u t t l e ]  

Ambient 

atm 

T i t a n  0 - 702 
T i t a n  .536 
T i t a n  .0797 
S h u t t l e  .8345 
S h u t t l e  .536 
Shut  t 1 e . I19  

Veh ic l e  p r e s s u r e ,  

I 

[ A l t i t u d e ,  Ambient 
t e m p e r a t u r e ,  

K 

300 
260 
207 
300 
26 0 
216 

km 

A l t i t u d e ,  E f f e c t i v e  e x i t  
km Vehic l e  r a d i u s ,  

m 

0 .7  T i t a n  1.35 
6 T i t a n  1 - 3 5  

18 T i t a n  3 .63  
.7  S h u t t l e  1.81 

6 S h u t t l e  1.81 
15 S h u t t l e  3.56 

L 

( a >  Ambient c o n d i t i o n s  

E f f e c t i v e  e x i t  
t e m p e r a t u r e ,  

K 

1921 
1921 
1375 
2308 
2308 
1726 

( b )  E x i t  p l a n e  c o n d i t i o n s  

Free-s t ream 
v e l o c i t y ,  

m/sec 

30.48 
275.8 
537.6 

259.3 
552.2 

30.48 

E f f e c t i v e  e x i t  
v e l o c i t y ,  

m/sec g 1 
2864 
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TABLE IV .- CHEMICAL SCHEME* 

- 

Reaction 

1. OH + H2 = H20 + H 
2. H + O H  + M = H O + M  
3. H + HC1 = Cf + H2 
4. CO + H02 = CO + OH 
5. H + C 1  + M = H C f + M  
6. 0 + C 1  + M = C l O + M  
7. 0 + c10 = c1 + o2 
8. HC1 + OH = H20 + C1 
9. N + NO = N 2  + O  
IO. NO + H = NO + OH 
11.  C16 + H ’ = HC1 + 0 

13. H + H O ~  = H  + 0 2  
14. NO + 0 = Ng2 + O2 
15. CO + 02 = C02 + H 

18. 0 + H?1 = C1 + OH 
19. H + C12 HC1 + C1 
2 0 .  H2 + H02 = H20 + OH 
21. NO + C10 C1 + NO2 
22. OH + H02 = 02 + H20 
23. o + H O ~  = OH + O2 
24. NO + 0 + M = NO2 + M 
25. 0 + O  + M = O  
26. OH + OH = H20 + 0 
27. 0 + H2 = O H  + H  
28.  H + O2 = O H  + O  
29. 0 + H  + M = O H  + M  
30. CO + 0 + M = C02 + M 
31. H + H  + M = H 2  + M  

33. H + O2 + M = H02 + M 

35. H + H02 = OH + OH 
36. N + O2 = N O  + O  

12. C1 + C1 + M C12 + M 

16. 0 + 0 = 02 + 02  
17. C? + 0 = c10 + o2 

2 + M  

32. C10 + OH = H02 + C1 

34. C1 + H02 = HC1 + 02 

- . ~. 

Rate 

4 X IO-’’ exp(-5500/RT) 

8.8 x 1q;1”:xp(-4622/RT) 
1 x 10- exp(-3968/RT) 

5.25 x IO-’’ exp(-992/RT) 
7.2 x exp(-3250/RT) 
2.7 x IO-’’ 
5.8 x IO-” exp(-1468/RT) 
3.0 x 10-11 
1.6 x exp( 1600/RT) 
1 x IO-” exp(-1984/RT) 
1.5 x exp(-2637/RT) 
5 x exp(-600/RT) 
2 x IO-’’ exp(-4600/RT) 

2.1 x IO-’’ exp(-7100/RT) 
2.09 x 
1.0 x IO-’’ exp(-23 808/RT) 
1.7 x 1s;” 
2 x 10- 
3 x IO-’’ exp(-4960/RT) 
4.17 x 10-33 exp(1860/RT) 

1 x IO-’’ exp(-IOOO/RT) 
3 x IO-’’ exp(-8200/RT) 
3 x exp(-16 500/RT) 

( 2  x I 0-29 ) /T exp ( -4000/RT) 

4 x IO-’’ exp(-2777/RT) 
4 x exp(992/RT) 
1 x IO-” exp(-1984/RT) 
3 x e p(-1984/RT) 
(1.1 x IO-’‘)/T .. exp(-6250/RT) . -. 

( 1 x 10-28 

(3 x IO-~~)/T 
(1 x 10-3~11~ 

3 x 10-11 

(1 x IO-~~)/T 

(1 10-29)/~ 

(1 x IO-~~)/T 

* A1C1, A1 03, and A1C12 are included in the plume as inert species. Reac- 
tion rate coefsicients for reactions 1 ,  2, 5, 15, 26, 27, 2 8 ,  29, 30, and 31 are 
from reference 8; reactions 3, 8 ,  IO, and 25 are from reference 13; reactions 4, 
7, 1 1 ,  13, 2 0 ,  22, 23, 32, 33, 34, and 35 are from reference 9; reactions 9, 14, 
24, and 36 are from reference 11;  reaction 16 is from reference IO; reaction 17 
is from reference 12; reactions 18, 19, and 21 were furnished by H. Hoshizaki of 
Lockheed Aircraft Corporation. Rates for reactions 6 and 12 are within the error 
bounds set by reference 9 but are lower than the forward rate recommended. 
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TABLE V. -  MASS FLOW OF A 1 2 0 3  

[The fol lowing t a b l e  g i v e s  an  i n d i c a t i o n  of how c l o s e l y  t h e  l a w  o f  mass 
is  a c h e m i c a l l y  i n e r t  s p e c i e s  i n  t h i s  c o n s e r v a t i o n  is  obeyed.  

model. 
1 km downstream.] 

A 1 2 0  
The mass flow a t  t h e  Zxi t  p l a n e  shou ld  e q u a l  t h e  mass flow 

. .  . . .  

S h u t t l e  : 
Sea leve l  (0 .7  km) 
6-km a l t i t u d e  
10-km a l t i t u d e  
15-km a l t i t u d e  
C 1  enhanced - 10-km a l t i t u d e  
C l  suppressed  - IO-km a l t i t u d e  
0 enhanced - 10-km a l t i t u d e  
0 suppressed  - 10-km a l t i t u d e  
Combustion enhanced - 10-km a l t i t u d e  
Ting-Libby model - 10-km a l t i t u d e  

T i t a n :  
Sea l e v e l  ( 0 . 7  km) 
18-km a l t i t u d e  

.. - - - - - -. -. -. .- 

Mass flow at  
e x i t  p l a n e ,  

g/sec 

9.938 x l o5  
9.890 

10; 1 . 1 4 1  10 
1.240 lo6  

6 1.141 10 
1.141 X I O 6  
1.141 IO6 
1.141 I O 6  
1 . 1 4 1  l o6  
1 . 1 4 1  I O 6  

5.204 x 105 
4.905 l o 5  

. .  . .- 

Mass f low a t  
1 km downstream, 

g/ sec 

9.699 x io5 
9.209 10: 

1 .164  1.245 lo6 "6 
1.089 10 
1.086 

10; 1.026 10 
1.053 

10; 1.118 10 
1.015 lo6  

4.989 lo5  
4.635 lo5 

- i~ 

TABLE V I . -  REACTION RATE CHANGES I N V O L V I N G  ATOMIC C H L O R I N E  

[Reac t ion  ra te  c o e f f i c i e n t  = CTn exp(B/RT) 1 

. . - ~- . .--._ 

React i o n  
__ .. ~ -. _... . - - -- - 

1 .  0 + H C 1  = C 1  + OH 
2 .  c1 + 0 = 610 + 0 
3. H C 1  + O a  = H O + C ?  
4 .  H + H C 1  = C? + H 2  
5 .  H + C 1  + M = H C l + M  
6.  C 1  + C1 + M = C 1 2  + M 

8. C 1  + H 0 2  = H C 1  + O 2  
9 .  0 + C 1  + M = C 1 0  + M 

10. H + C 1 2  = H C 1  + C 1  
11. C 1 0  + OH = HO2 + C 1  

7 .  NO + C 1 0  = C 1  + NO2 

12. 0 + c10 = c1 + o2 

.. . . .  

C 1  a c c e l e r a t e d  C 
~ -. . 

2 .1  10-l1 
1.59 10-11 

1 . 0  x 10-31 
5.0 x 10-34 
1 .9  x 10-11 
2 .0  10-12 

11 
8.8 1 .o  : ;;:lo 

6 .6  
2.09 lo-:: 
4 .0  10- 
5 . 0  IO-" 
- 

c1 sl 

1 . 7  
3.09 
4 .0  
8 .8  
1 .o  
1 
1 .5  
1 .o 
3.0  
! .28 

5 .0  
1 - 3 3  
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T A B L E  V I 1 . -  R E A C T I O N  R A T E  CHANGES I N V O L V I N G  A T O M I C  OXYGEN 

.- 

R e a c t  i on  

1. + o  = o2 + o2 
2. ,"a + O  + M = N 0 2 + M  
3.  0 + O  + M = 0 2  + M  
4 .  OH + OH = H 2 0  + 0 
5 .  0 + H 2  = O H  + H  
6 .  H + O2 = O H  + O  
7.  0 + H  + M = O H  + M  

9 .  N + O  = N O  + O  
10. 0 + H E 1  = C 1  + OH 
1 1 .  C 1 0  + H = H C 1  + 0 

13. 0 + H 0 2  OH + O2 
14. CO + O  + M = C O  + M  
15. 0 + C 1  + M = C l ' 6  + M 

8 .  N + NO = N 2  + O  

12. 0 + c10 = c1 + o2 

_ _  . .  ~ . - . - - - _. -. - -. - 

C f o r  0 accelerated 

1.0 10'11 
2.0 x 10-33 
3.0 x 10-31 

9 .7  10-12 
1 . 1  x 10-9 
3.0 x 10-29 

1 . 4  x 10-14 

3.0.  x 10-10 

1 .0  10-12 
3 . 0  x 10-31 

5 .0  IO-'' 

5 .07 lo-' '  

1 .7  10-l '  

5 .25 X 

6.66  x 10-3l 

C f o r  0 s l o w e d  

8 .0  x 10-33 
4.0 

3.0 X 

8.7  X 

3.0 
1 .5  10-l '  

2.0 10-12 

1 . 2  10-10 

8.3 x 10-15 
2 . 2  10-11 
3.0 x 10-13 

9.0 10-10 
8.0 x 1 0 - ~ 9  
3 .0  x 10-29 

5 . 0  10-l' 

T A B L E  V I I 1 . -  R E A C T I O N  R A T E  CHANGES I N V O L V I N G  COMBUSTION 

[ A l l  o t h e r  reac t ions  are t h e  s a m e  as i n  t a b l e  I V .  
R a t e  = CT" e x p ( B / R T ) ]  

- . . .  . .  _._._. 

R e a c t i o n  

1 .  OH + H2 = H 2 0  + H 
2 .  OH + OH = H O + O  
3 .  0 + H 2  = 0 6  + H  
4. H + O2 = O H  + O  
5 .  H + H  + M = H  + M  
6 .  E4 + O  + M = O 6  + M  
7 .  H + O H + M = H 2 0 + M  
8 .  0 + O  + M = O  + M  
9 .  CO + OM = d2 + M 

10.  CO + 0 + M = C 0 2  + M 

C f o r  c o m b u s t i o n  
accelerated 

4 .0  
5 . 0  
8 .7  
1 . 1  x 10-9 
1 . 5  x 1 0 - ~ 7  

2.0 x 10-27 

5 .4  x 10-13 
8.0 x 10-29 

3.0 X 

3.0 x 
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TABLE 1X.- NO, PRODUCTION (AT 1 km DOWNSTREAM FROM EXIT) 

. . . ~ . .. . 

Shuttle : 
Sea level (0.7 km) 
6-km altitude 
10-km altitude 
15-km altitude 
C1 enhanced - 10-km altitude 
C1 suppressed - 10-km altitude 
0 enhanced - 10-km altitude 
0 suppressed - 10-km altitude 
Combustion enhanced - 10-km altitude 
Ting-Libby model - 10-km altitude 

Titan : 
Sea level (0.7 km) 
18-km altitude 

. -  ~. ~ 

.. 

NO, g/m 

1052 
116 
25 
6 
29 
37 
30 
20 
32 
41 

489.6 
21.7 

. . ~ _ I _  

12.88 
1.5 
.48 
.I4 
.166 
.82 
.82 

.64 

.20 

6.34 
.12 

__. . .  .- 

TABLE X.- CHLORINE PARTITIONING PERCENT BY WEIGHT OF REACTING COMPOUNDS 

CONTAINING CHLORIDE AT 1 km DOWNSTREAM 

-___ _ _  __I . 

Shuttle : 
Sea level ( 0 . 7  km) 
6-km altitude 
10-km altitude 
15-km altitude 
Cl enhanced* - 10-km altitude 
C1 suppressed* - 10-km altitude 
0 enhanced - 10-km altitude 
0 suppressed* - 10-km altitude 
Combustion enhanced* - 10-km altitude 
Ting-Libby model - 10-km altitude 

Titan : 
Sea level (0.7 km) 
19-km altitude 

-- 

-. .~ . 

HC 1 

89.75 
88.69 
85.54 
78.06 
83.91 
84.67 
86.74 
84.34 
84.55 
92.49 

89.90 
74.56 

. .  

c12 

IO. 10 
10.68 
12.65 
15.13 
11.71 
14.70 
11.22 
13.93 
73-27 
7.11 

9.90 
12.35 

.__. . 

c1 
. .  

0.14 
.62 
1.80 
6.80 
4.37 
.62 

2.02 
2.14 
2.17 
.45 

.20 
13.12 

. -  

c10 
. I .- 

0.01 
.01 
.01 
.11 
.02 
.03 
.01 

.01 
0 

0 

0 
.Ol 

* Plume reactions are still occurring, these numbers will change further 
downstream. 
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TABLE XI.- CARBON PARTITIONING 

S h u t t l e :  
Sea l e v e l  (0.7 km) 
6-km a l t i t u d e  
10-km a l t i t u d e  
15-km a l t i t u d e  
C 1  enhanced - 10-km a l t i t u d e  
C 1  s u p p r e s s e d  - 10-km a l t i t u d e  
0 enhanced - 10-km a l t i t u d e  
0 s u p p r e s s e d  - 10-km a l t i t u d e  
Combustion enhanced - 10-km a l t i t u d e  
Ting-Libby model - 10-km a l t i t u d e  

T i t a n  : 
Sea l e v e l  (0.7 km) 
18-km a l t i t u d e  

CO a t  
e x i t  

p l a n e ,  
g/m 

356 
334 
312 
319 
312 
312 
312 
312 
312 
312 

213 
173 

CO2 a t  
e x i t  

p l a n e ,  
g/m 

51 
48 
45 
45 
45 
45 
45 
45 
45 
45 

25 
21 

50.5 
17 
39 -5 
37 
22 
30 
18 
21 
26 
13 

38 
18 

29 828 
4 371 
3 283 
2 705 
3 285 
3 262 
3 083 
3 176 
3 358 
2 942 

17 698 
1 212 
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N 
0 

H C 1  
c1 

TABLE XI1.- AMOUNT OF COMPOUNDS 

Amount of cer ta in  compounds 1 km downstream of  e x i t  p l a n e ,  g/m 

T i t a n ,  T i t a n ,  S h u t t l e ,  S h u t t l e ,  S h u t t l e ,  S h u t t l e ,  
0 .9  km 18 km 0.7 km 6 km 10 km 15 km 

7 565 466 13 708 1992 1420 1099 
833 77.2 1 543 240 210 213 

.04 i 30 
C d  I .05 .075 .5 

16.7 82 21.6 1 4  
.16 

1 95.8 ii I 489 22 

38.3 18 co 
17 698 1212 

78 1 A 1 2 0 3  11  194 

11  791 838 

6 . 3  .12 N02 

c02 

H2 
H2° 

.006 .0053 

.0003 .097 
I OH .003 .073 

0 

( S t i l l  r e a c t i n g )  
-I I 

5.7 954 I 107 28 1 

37 - 6  
12.9 1 1.5 -13 1 

~ * 4  50 17 25 

2418 
29 828 4372 ' 3274 2705 1 

2018 
.005 1 

21 807 3205 

20 713 3055 j 2320 I 1959 

.0°2 1 
I .006 I .02 .002 

.0002 .0005 1 .005 -12 
1 
1 

.11 
.0°8 , (Still r e a c t i n g )  1 

.004 



TABLE XI1 .- Concluded 

1465 
230 

.18 
37.6 
32 

26.5 
.64 

3358 
2478 

.005 

.007 

.014 

2377 

Amount o f  c e r t a i n  compounds 1 km downstream o f  t h e  e x i t  p l a n e ,  g/m 
f o r  10-km s h u t t l e  with parameter v a r i a t i o n s  

1391 
107 

,002 
6.7 

40.9 

12.8 
* 19 

2942 
2146 

.ooo 

.ooo 

.ooo 

2029 

( S t i l l  reacting) 

C 1  r e a c t i o n s  
faster 

H C 1  
c1 

c1 
NO 

co 

C l 6  

No 2 

c02 

:;0 
0 
OH 

1419 
198 

74 
29 

22 
3285 
2420 

2324 

.04 

.16 

.002 

.01 
- 03 

C 1  r e a c t i o n s  
slower 

1428 
248 

.05 
10.5 
37 

.8 
30 

3262 
2412 

231 4 
.008 

.001 

.003 

0 r e a c t i o n s  
faster 

1376 
178 

32 
30 

17 
3084 
2268 

2167 

.15 

.8 

.ooo 

.005 

.009 

0 r e a c t i o n s  
slower 

1379 
221 

35 
20 

21 
31 76 
2339 

2244 

.04 

. I 7  

.ooo 

.002 

.010 

Ting-Libby Combustion 
faster 



Pluine boundary 7 

hlotor exhaust 

1r.iiizrio11 of 
t1~ri)ul e 11 t mix iiig 

F igure  1 . -  Physical p r o c e s s e s  of a f t e r b u r n i n g .  
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( a )  Unmodified LAPP code. 

( b )  Modified LAPP code. 

F i g u r e  2.- P r e d i c t e d  mass flow of  A1203  as  a f u n c t i o n  of downstream i n  
d i s t a n c e  i n  plume o f  a s h u t t l e  motor a t  a n  a l t i t u d e  o f  15 km f o r  
unmodified and modif ied LAPP code. 
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Figure  3.- Mass f low o f  A 1  0 as a func t ion  of downstream d i s t a n c e  i n  plume 3 o f  a s h u t c l e  motor a t  an  a l t i t u d e  of 5 km. 



- - - - 
- 

F i g u r e  4 . -  P roduc t ion  of NO, as a f u n c t i o n  of  downstream d i s t a n c e  i n  plume 
of a s h u t t l e  motor a t  an  a l t i t u d e  of 10 km by u s i n g  Donaldson-Gray and 
and Ting-Libby eddy-v i scos i ty  models. 
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I I I I I I I 
0 40 80 120 160 200 240 2 80 
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Figure  5.- Q u a n t i t y  of s e v e r a l  c h l o r i n e  c o n t a i n i n g  s p e c i e s  as a f u n c t i o n  of 
downstream d i s t a n c e  i n  plume of a T i t a n  motor a t  an  a l t i t u d e  of 0 .9  km. 
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F i g u r e  6.- Q u a n t i t y  of s e v e r a l  c h l o r i n e  c o n t a i n i n g  species as a f u n c t i o n  of 
downstream d i s t a n c e  i n  plume o f  a s h u t t l e  motor a t  a n  a l t i t u d e  of 5 km. 
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Figure  7.- Q u a n t i t y  of s e v e r a l  s p e c i e s  re la ted t o  combustion p r o c e s s e s  as a 
f u n c t i o n  o f  downstream d i s t a n c e  i n  plume of a T i t a n  motor a t  P . 9  km. 
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F i g u r e  8.- Mole f r a c t i o n s  a long  c e n t e r  l i n e  of s e v e r a l  s p e c i e s  related t o  
combustion p r o c e s s e s  as  a f u n c t i o n  o f  downstream d is tance  i n  plume of 
a T i t a n  motor a t  0.9 km. 
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Figure 9.- Quantity of several species related to combustion processes as a 
function of downstream distance in plume of a shuttle motor at an alti- 
tude of 6 km. 
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F i g u r e  10.- Mole f r a c t i o n s  a long  c e n t e r  l i n e  o f  s e v e r a l  species related t o  
combustion p r o c e s s e s  as a f u n c t i o n  o f  downstream d i s t a n c e  i n  plume o f  a 
s h u t t l e  motor a t  an  a l t i t u d e  of 6 km. 

._ . . 
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Figure  1 1 . -  Q u a n t i t y  of  s e v e r a l  species re la ted  t o  combustion p r o c e s s e s  as a 
f u n c t i o n  of  downstream d i s t a n c e  i n  plume o f  a s h u t t l e  motor at a l t i t u d e s  
of 0.7 km and 15 km. 
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x/r 

F i g u r e  14.- Mole f r a c t i o n s  a long  c e n t e r  l i n e  of s e v e r a l  s p e c i e s  re la ted t o  
combustion p r o c e s s e s  as  a f u n c t i o n  of  downstream d i s t a n c e  i n  plume of a 
s h u t t l e  motor a t  a l t i t u d e s  of 0.7 km and 15 km. 
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Altitude, km - 0.7 - - - 5  

F i g u r e  15.- Mole f r a c t i o n s  a l o n g  c e n t e r  l i n e  of s e v e r a l  s p e c i e s  c o n t a i n i n g  
c h l o r i n e  as a f u n c t i o n  of downstream d i s t a n c e  i n  plume o f  a s h u t t l e  
motor a t  a l t i t u d e s  of 0.7 km and 15 km. 
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F i g u r e  16.- Mole f r a c t i o n s  a long  c e n t e r  l i n e  of s e v e r a l  species related t o  NO 
as a f u n c t i o n  of downstream d i s t a n c e  i n  plume o f  a s h u t t l e  motor a t  a l t i -  
t u d e s  of 0.7 km and 15 km. 
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F i g u r e  17.- V e l o c i t y  p r o f i l e s  a t  s e v e r a l  downstream s t a t i o n s  i n  plume of a 
s h u t t l e  motor a t  a n  a l t i t u d e  of 0.7 km. 
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Figure  18.- V e l o c i t y  p r o f i l e s  a t  s e v e r a l  downstream s t a t i o n s  i n  plume of a 
s h u t t l e  motor a t  an  a l t i t u d e  of 15 km. 
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Figure 19.- Temperature p r o f i l e s  a t  s e v e r a l  downstream s t a t i o n s  i n  plume of 
a s h u t t l e  motor a t  a n  a l t i t u d e  of 0.7 km. 
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F i g u r e  20.- Temperature  p r o f i l e s  a t  s e v e r a l  downstream s t a t i o n s  i n  plume of 
a s h u t t l e  motor a t  an  a l t i t u d e  of  15 km. 
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