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SUMMARY 

A new computational fluid dynamic code has been developed for the study 
of mixing and chemical reactions in the flow fields of ramjets and scramjets. 
The code employs an implicit finite volume, lower-upper symmetric successive 
overrelaxation scheme (LU-SSOR) for solving the complete two-dimensional 
Navier-Stokes equations and species transport equations in a fully-coupled and 
very efficient manner. The combustion processes are modeled by an 8-species, 
14-step finite-rate chemistry model whereas turbulence is simulated by a 
Baldwin-Lomax algebraic model. 
comparing the numerical calculations with both experimental data and previous 
calculations of a cold flow helium injection into a straight channel and pre- 
mixed hydrogen-air reacting flows in a ramped duct. The code is then used to 
calculate the mixing and chemical reactions of a hydrogen jet transversely 
injected into a supersonic air stream. Results are presented that describe 
the flow field, the recirculation regions in front and behind the injector, 
and the chemical reactions. 

In The validity of the code is demonstrated by 
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INTRODUCTION 

The recent interest in hypersonic vehicles has created a need for effi- 
cient numerical methods for the prediction of turbulent mixing and combustion 
in transonic and supersonic flows. In developing such a predictive method, 
numerical stability and efficiency are two important aspects that have to be 
considered. The stability problem arises mainly from the stiffness of the 
chemical source terms in the species concentration equations. The concern 
over the numerical efficiency, on the other hand, is mainly caused by the large 
number of species equations that have to be solved along with the flow equa- 
tions and the close coupling between the flow and the chemistry. 
years a number of numerical methods (refs. 1 to 4 ) ,  have been developed for the 
calculation of steady-state supersonic reacting flows. Most of these methods 
have treated chemical source terms implicitly to remove the stiffness associ- 
ated with the species equations. While this approach (treating chemical source 
terms implicitly) has been successful in circumventing the stiffness limita- 
tion, most existing methods have suffered from numerical inefficiency. The 
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m a j o r i t y  o f  the  r e a c t i n g  f low codes deve loped t o  d a t e  has adopted e x p l i c i t  
i n t e g r a t i o n  methods i n  wh ich  t h e  f low and t h e  spec ies  e q u a t i o n s  a r e  s o l v e d  
s e q u e n t i a l l y  and a r e  n o t  d i r e c t l y  coup led .  S ince  i n  most c h e m i c a l l y  r e a c t i n g  
flows t h e  c o u p l i n g  between spec ies  and f low v a r i a b l e s  i s  s t r o n g ,  e x p l i c i t  meth- 
ods a r e  g e n e r a l l y  n o t  r o b u s t  and v e r y  slow i n  convergence. Most i m p l i c i t  meth- 
ods ,  such as t h e  p o p u l a r  Beam and Warming scheme ( r e f .  5 > ,  on t h e  o t h e r  hand, 
r e q u i r e  t h e  i n v e r s i o n  o f  l a r g e  b l o c k  m a t r i c e s .  T h i s  can be v e r y  c o s t l y  when a 
l a r g e  number o f  spec ies  e q u a t i o n s  a r e  s o l v e d  i n  a coup led  manner w i t h  t h e  f low 
equa t ions .  

I n  t h e  p r e s e n t  paper  a new numer i ca l  method i s  d e s c r i b e d  f o r  t h e  s t u d y  o f  
m i x i n g  and chemical  r e a c t i o n s  i n  t r a n s o n i c  and superson ic  f lows. T h i s  method 
employs an i m p l i c i t  f i n i t e  volume, lower-upper symmetr ic o v e r r e l a x a t i o n  
(LU-SSOR) scheme fo r  s o l v i n g  t h e  complete two-dimensional  Nav ie r -S tokes  equa- 
t i o n s  and spec ies  t r a n s p o r t  e q u a t i o n s  i n  a f u l l y - i m p l i c i t  and f u l l y - c o u p l e d  
manner, w i t h  r e a l  gas p r o p e r t i e s .  D e s p i t e  b e i n g  i m p l i c i t ,  t h e  LU scheme 
r e q u i r e s  o n l y  s c a l a r  d i a g o n a l  i n v e r s i o n s  w h i l e  most o t h e r  i m p l i c i t  schemes 
r e q u i r e  b l o c k  m a t r i x  i n v e r s i o n s .  The use o f  s c a l a r  d iagona l  i n v e r s i o n s  o f f e r s  
l a r g e  sav ings  i n  computer CPU t i m e .  The LU scheme has r e c e n t l y  been developed 
fo r  n o n r e a c t i n g  flows by  t h e  second a u t h o r  ( r e f s .  6 and 7 ) .  E x t e n s i v e  t e s t s  
have shown t h a t  t h i s  scheme i s  very r o b u s t  and e f f i c i e n t  fo r  t r a n s o n i c  and 
superson ic  n o n r e a c t i n g  f lows. The o b j e c t i v e  o f  t h e  p r e s e n t  paper i s  t o  demon- 
s t r a t e  t h e  c a p a b i l i t y  o f  t h e  new LU scheme fo r  c h e m i c a l l y  r e a c t i n g  f lows. 

Severa l  m i x i n g  and /o r  combust ion  problems a r e  cons ide red  i n  t h i s  s t u d y ,  
i n c l u d i n g  a c o l d  f l ow  h e l i u m  i n j e c t i o n ,  premixed hydrogen and a i r  r e a c t i n g  
flows i n  a ramped d u c t ,  and a t r a n s v e r s e  i n j e c t i o n  of hydrogen i n t o  a super-  
s o n i c  a i r s t r e a m  w i t h  combust ion .  The chemical  r e a c t i o n s  a r e  r e p r e s e n t e d  by an 
8-spec ies ,  14-step c h e m i s t r y  model o f  Westbrook ( r e f .  8)  and H i t c h  e t  a l .  
( r e f .  9 ) .  The g o v e r n i n g  e q u a t i o n s  a r e  Reynolds-averaged, and t h e  c l o s u r e  o f  
t h e  equa t ions  i s  p r o v i d e d  by t h e  a l g e b r a i c  eddy v i s c o s i t y  model o f  Ba ldw in  and 
Lomax ( r e f .  10). 

NOMENCLATURE 

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  o f  spec ies  i 

c o n s t a n t  volume s p e c i f i c  h e a t  o f  spec ies  i 

b i n a r y  d i f f u s i o n  c o e f f i c i e n t  

t o t a l  i n t e r n a l  energy  

e n t h a l p y  o f  spec ies  i 

h e a t  o f  f o r m u l a t i o n  o f  spec ies  i 

i d e n t i t y  m a t r i x  
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M i  

NS 

Prt 

P 

q 

RU 

sc t 

T 

t 

U 

- 
U i  

V 

- 
V i  

X i  

m o l e c u l a r  w e i g h t  of spec ies  i 

number of spec ies  

t u r b u l e n t  P r a n d t l  number 

p r e s s u r e  

h e a t  f l u x  

u n i v e r s a l  gas c o n s t a n t  

t u r b u l e n t  Schmidt number 

tempera tu re  

t i m e  

streamwi se v e l o c i t y  

streamwise d i f f u s i o n  v e l o c i t y  o f  spec ies  

t r a n s v e r s e  v e l o c i t y  

t r a n s v e r s e  d i f f u s i o n  v e l o c i t y  o f  spec ies  

mo la r  f r a c t i o n  o f  spec ies  i 

i 

i 

x,y,z C a r t e s i a n  c o o r d i n a t e s  

Y i  mass f r a c t i o n  o f  spec ies  i 

P 

P den i  sty 

T s t r e s s  t e n s o r  

S u b s c r i p t s :  

i ,j x and y g r i d  i n d i c e s  

S u p e r s c r i p t s :  

n t i m e  index  

1 ami n a r  v i  scos i  t y  

ANALY S I S 

Govern ing  e q u a t i o n s  

The two-dimensional  uns teady  Nav ie r -S tokes  and spec ies  t r a n s p o r t  equa- 
t i o n s  for  c h e m i c a l l y  r e a c t i n g  f lows, i n  C a r t e s i a n  c o r d i n a t e s ,  a r e  g i v e n  by  
( r e f s .  1 1  and 12 ) :  
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aT  
i qx = - k - +  p C hi Yi G 

i =1 a x  

aT 

qY aY i=l 
= -k - + p C hi Yi Si 

The d i f f u s i o n  v e l o c i t i e s  a r e  found  by  F i c k ' s  law 

YiGi = - D i m  iji a Y  i a 
YiSi = -D i m  5 'i 

c where 
spec ies  i i n  t h e  gas m i x t u r e  ( r e f .  12).  The tempera tu re  and p r e s s u r e  a r e  
c a l c u l a t e d  i t e r a t i v e l y  from t h e  f o l l o w i n g  e q u a t i o n s  

D i m  = ( 1  - X i ) / j $ i  ( X i / D . . )  i s  t h e  e f f e c t i v e  b i n a r y  d i f f u s i v i t y  o f  
' J  

dT 0 hi = hf + 
i 

Ns Y: 

( 2 )  

(4 )  

Thermodynamics and T r a n s p o r t  Models 

The s p e c i f i c  h e a t ,  thermal  c o n d u c t i v i t y ,  and v i s c o s i t y  f o r  each spec ies  
a r e  de termined by f o u r t h - o r d e r  p o l y n o m i a l s  o f  tempera ture .  The c o e f f i c i e n t s  
o f  these po lynomia l s  a r e  s u p p l i e d  by McBride ( r e f .  13) and a r e  v a l i d  up t o  
tempera ture  o f  6000 K. The s p e c i f i c  hea t  of t h e  gas m i x t u r e  i s  o b t a i n e d  by  
mass c o n c e n t r a t i o n  w e i g h t i n g  o f  each spec ies .  The thermal  c o n d u c t i v i t y  and 
v i s c o s i t y  o f  t h e  m i x t u r e ,  however, a r e  c a l c u l a t e d  u s i n g  W i l k e ' s  m i x i n g  r u l e  
( r e f .  14).  

The b i n a r y  mass d i f f u s i v i t y  D i j  between spec ies  i and j i s  o b t a i n e d  
u s i n g  t h e  Chapman-Enskog t h e o r y  i n  c o n j u n c t i o n  w i t h  t h e  Lennard-Jones in te rmo-  
l e c u l a r  p o t e n t i a l  f u n c t i o n s  ( r e f .  14) .  The d i f f u s i o n  o f  a spec ies  i n  t h e  gas 
m i x t u r e  i s  approx imated by  F i c k ' s  law,  i . e . ,  t r e a t i n g  t h e  spec ies  i and t h e  
su r round ing  gas as a b i n a r y  gas m i x t u r e ,  and t h e  d i f f u s i o n  v e l o c i t i e s  f o r  each 
spec ies  a r e  c a l c u l a t e d  u s i n g  e q u a t i o n  2.  I t  shou ld  be no ted  t h a t  F i c k ' s  l aw  
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i s  a conven ien t  a p p r o x i m a t i o n  o f  t h e  mul t i component  d i f f u s i o n  e q u a t i o n s  
o b t a i n e d  from t h e  k i n e t i c  t h e o r y  o f  gases, and t h e  error i n t r o d u c e d  b y  t h e  
a p p r o x i m a t i o n  may become s i g n i f i c a n t  i f  t h e  p r e s s u r e  g r a d i e n t s  i n  t h e  flow 
f i e l d  a r e  v e r y  l a r g e  or m o l e c u l a r  w e i g h t s  o f  t h e  species a re  very d i f f e r e n t  
( r e f .  12) .  

Chemis t r y  and Turbu lence Models 

I n  t h e  p r e s e n t  s tudy ,  an 8-species,  14-step c h e m i s t r y  model i s  adopted 
for hyd rogen-a i r  r e a c t i o n s .  T h i s  model i s  a reduced H2-a i r  r e a c t i o n  scheme 
developed from a s e n s i t i v i t y  a n a l y s i s  by H i t c h  e t  a l .  ( r e f .  9 )  per formed on a 
more complete model o r i g i n a l l y  proposed by Westbrook ( r e f .  8). T h i s  reduced 
r e a c t i o n  mechanism was shown t o  y i e l d  good agreement w i t h  t h e  more complete 
model f o r  b o t h  t h e  i g n i t i o n  d e l a y  and t h e  r e a c t i o n  t imes  ove r  a wide range o f  
c o n d i t i o n s  ( r e f .  9 ) .  I t  was a l s o  shown i n  r e f e r e n c e  9 t h a t  t h e  2 -s tep  g l o b a l  
model developed by Rogers and C h i n i t z  ( r e f .  15) p r e d i c t e d  much s h o r t e r  i g n i -  
t i o n  t imes  and l o n g e r  r e a c t i o n  t imes  i n  comparison to  t h e  14-step model used 
i n  t h i s  r e p o r t .  

The c l o s u r e  o f  t h e  g o v e r n i n g  e q u a t i o n s  i s  p r o v i d e d  by t h e  Baldwin-Lomax 

I n  t h e  f o r m u l a t i o n  o f  t h e  B-L eddy v i s -  
(6-L) ( r e f .  10) a l g e b r a i c  eddy v i s c o s i t y  model and c o n s t a n t  t u r b u l e n t  P r a n d t l  
and Schmidt numbers ( P r t  = S c t  = 0 .9) .  
c o s i t y  model, t h e  d i s t r i b u t i o n  o f  v o r t i c i t y  i s  used t o  determine t h e  l e n g t h  
sca les .  The p r i m a r y  advantage o f  t h i s  model i s  t h a t  t h e  boundary l a y e r  t h i c k -  
ness which i s  o f t e n  d i f f i c u l t  t o  d e f i n e  i n  complex f lows does n o t  need t o  be 
c a l c u l a t e d .  However, i t  i s  found  i n  t h e  p r e s e n t  s tudy  t h a t  i n  t h e  v i c i n i t y  o f  
t h e  i n j e c t o r  v e r y  l a r g e  v o r t i c i t y  i s  genera ted  by t h e  i n j e c t o r  f low and, as a 
r e s u l t ,  v e r y  l a r g e  t u r b u l e n t  v i s c o s i t i e s  (abou t  t h r e e  o r d e r s  o f  magn i tude 
g r e a t e r  t han  t h e  l a m i n a r  v i s c o s i t y )  a r e  c a l c u l a t e d  i n  t h i s  r e g i o n .  T h i s  l a r g e  
t u r b u l e n t  v i s c o s i t y  m i g h t  n o t  be p h y s i c a l  and m i g h t  a f f e c t  t h e  accu racy  i n  p r e -  
d i c t i o n s  o f  t h e  f low s t r u c t u r e  as w e l l  as t h e  m i x i n g  between t h e  f u e l  and a i r -  
s t ream i n  t h e  immediate v i c i n i t y  o f  t h e  i n j e c t o r .  

Due to  t h e  h i g h l y  n o n l i n e a r  n a t u r e  o f  t h e  chemical  k i n e t i c s ,  e f f e c t s  o f  
t u r b u l e n c e  on r e a c t i o n  r a t e s  can be l a r g e ,  e s p e c i a l l y  i n  r e g i o n s  w i t h  h i g h  t u r -  
bu lence i n t e n s i t y ,  such as t h e  m i x i n g  l a y e r ,  r e c i r c u l a t i o n  zone, and i n  t h e  
v i c i n i t y  o f  t h e  f u e l  i n j e c t o r .  To account  f o r  such i n t e r a c t i o n  e f f e c t s  would 
r e q u i r e  a very s o p h i s t i c a t e d  t u r b u l e n c e  r e a c t i o n  c l o s u r e  o r  a d i r e c t  numer i ca l  
s i m u l a t i o n  ( D N S ) .  S ince  no e f f e c t i v e  t u r b u l e n t  combust ion model i s  c u r r e n t l y  
a v a i l a b l e  which can handle d e t a i l e d  f i n i t e  r a t e  c h e m i s t r y  and t h e  DNS methods 
f o r  complex r e a c t i n g  flows a r e  s t i l l  under development, t h e  i n t e r a c t i o n s  
between t u r b u l e n c e  and c h e m i s t r y  i s  n o t  cons ide red  i n  t h e  p r e s e n t  s tudy .  

NUMERICAL METHOD 

LU-SSOR Scheme 

Var ious  numer ica l  t echn iques  have been used t o  solve t h e  s e t  o f  e q u a t i o n s  
gove rn ing  c h e m i c a l l y  r e a c t i n g  f lows. Among these techniques,  e x p l i c i t  schemes 
a r e  g e n e r a l l y  slow i n  convergence when t h e  f low i n v o l v e s  h i g h  r a t e s  o f  chemi- 
c a l  r e a c t i o n s  and hea t  r e l e a s e  or l a r g e  zones o f  r e c i r c u l a t i o n .  Most i m p l i c i t  
schemes, on t h e  o t h e r  hand, r e q u i r e  t h e  i n v e r s i o n  o f  banded b l o c k  m a t r i c e s  and 
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become e x c e e d i n g l y  expensive when t h e  chemical  s y s t e m  i n v o l v e s  a l a r g e  number 
o f  spec ies .  I n  t h e  p r e s e n t  s t u d y ,  t h e  lower-upper symmetr ic success i ve  o v e r r e -  
l a t i o n  (LU-SSOR) scheme of Yoon and Jameson ( r e f s .  6 and 7 )  i s  adopted t o  s o l v e  
t h e  coupled two-dimensional  Nav ie r -S tokes  and species t r a n s p o r t  e q u a t i o n s .  The 
LU-SSOR scheme employs an i m p l i c i t  Newton i t e r a t i o n  techn ique  t o  s o l v e  t h e  
f i n i t e - v o l u m e  approx ima t ion  of the  s t e a d y - s t a t e  v e r s i o n  o f  t h e  g o v e r n i n g  equa- 
t i o n s .  A l though  the  system of e q u a t i o n s  a r e  f o r m u l a t e d  i n  a f u l l y - i m p l i c i t ,  
f u l l y - c o u p l e d  manner, t h e  LU-SSOR scheme, u n l i k e  o t h e r  i m p l i c i t  schemes, 
r e q u i r e s  o n l y  s c a l a r  d iagona l  i n v e r s i o n  f o r  t h e  flow e q u a t i o n s  and d i a g o n a l  
b l o c k  i n v e r s i o n  fo r  t h e  species e q u a t i o n s .  A s  a r e s u l t ,  t h e  LU-SSOR scheme 
has t h e  advantage o f  a f a s t  convergence r a t e  w h i l e  r e q u i r i n g  a s i m i l a r  opera- 
t i o n a l  count  as t h a t  of an e x p l i c i t  scheme and hence i s  p a r t i c u l a r l y  a t t r a c -  
t i v e  fo r  r e a c t i n g  flows w i t h  l a r g e  chemical  s y s t e m s .  The convergence o f  t h e  
Newton i n t e g r a t i o n  method i s  assured by t h e  d iagona l  dominance o f  t h e  c o e f f i -  
c i e n t  m a t r i c e s  o f  t h e  LU-SSOR scheme. 

I n  t h e  f o l l o w i n g ,  f o r  s i m p l i c i t y ,  t h e  d e r i v a t i o n  of t h e  LU-SSOR scheme 
w i l l  be p resen ted  f o r  t h e  E u l e r  e q u a t i o n s .  The f i n a l  f o r m u l a t i o n  f o r  t h e  
Navier-Stokes equa t ions  w i l l  be g i v e n  a t  t h e  end of t h e  d e r i v a t i o n .  A 
p r o t o t y p e  i m p l i c i t  scheme for a sys tem o f  n o n l i n e a r  h y p e r b o l i c  e q u a t i o n s  such 
as t h e  E u l e r  equa t ions  can be fo rmu la ted  as 

Qn+’ = Qn - fi A t  {DxF (Qn+’) + D G (Qn+’) - S”’} 
Y 

- ( l - f i > A t  { D F  x ( Q n, + D G  y ( Q n, - sn} 

where Dx and D a r e  d i f f e r e n c e  o p e r a t o r s  t h a t  approx imate  a / a x  and a/ay, 
and fi i s  a p o s i f i v e  number between 0 and 1 .  Here n denotes t h e  t i m e  l e v e l .  
I n  t h i s  form, t h e  scheme i s  too expensive s i n c e  i t  c a l l s  for t h e  s o l u t i o n  o f  
coupled n o n l i n e a r  equa t ions  a t  each t i m e  s tep .  L e t  t h e  Jacobian m a t r i c e s  be 

and t h e  c o r r e c t i o n  be 

SQ = On++’ - Qn 

The scheme can be l i n e a r i z e d  by s e t t i n g  

and d ropp ing  t e r m s  o f  t h e  second and h i g h e r  o r d e r .  Th i s  y i e l d s  

{I + fi A t  ( D X A  + DyB - H ) )  SQ + A t  R = 0 (8) 
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where R i s  t h e  r e s i d u a l ,  

I f  p = 1 /2 ,  t h e  scheme remains second-order a c c u r a t e  i n  t i m e ,  w h i l e  f o r  o t h e r  
va lues  o f  6, t h e  t i m e  accuracy  drops t o  f i r s t  o r d e r .  

The u n f a c t o r e d  i m p l i c i t  scheme (Eq. ( 8 ) )  produces a l a r g e  b l o c k  banded 
m a t r i x ,  which i s  v e r y  c o s t l y  t o  i n v e r t  and r e q u i r e s  huge s t o r a g e .  Most r e s e a r -  
chers have adopted t h e  AD1 scheme which r e p l a c e s  t h e  o p e r a t o r  of e q u a t i o n  ( 8 )  
by t h e  p r o d u c t  o f  two one-dimensional  o p e r a t o r s  

LX Ly 6Q = - A t  R (9) 

T h i s  scheme r e q u i r e s  r e l a t i v e l y  expens ive  t r i d i a g o n a l  or pen tad iagona l  b l o c k  
m a t r i x  i n v e r s i o n s .  L i n e a r  s t a b i l i t y  a n a l y s i s  has shown t h a t  AD1 schemes a r e  
u n c o n d i t i o n a l l y  s t a b l e  f o r  two-d imensional  f l o w s .  I n  t h e  th ree -d imens iona l  
case, however, t h e  AD1 scheme i s  u n c o n d i t i o n a l l y  u n s t a b l e .  A l though  a r t i f i -  
c i a l  d i s s i p a t i o n  has some s t a b i l i z i n g  e f f e c t ,  a l a r g e  amount o f  d i s s i p a t i o n  
can i m p a i r  t h e  accuracy.  

Jarneson and T u r k e l  ( r e f .  16) proposed t h e  i d e a  o f  a lower-upper (LU) f a c -  
~ t o r e d  i m p l i c i t  scheme t h a t  i s  u n c o n d i t i o n a l l y  s t a b l e  i n  any number o f  space 

d imensions.  There a r e  many d i f f e r e n t  ways t o  f o r m u l a t e  an LU scheme ( r e f s .  6 
and 71, and h e r e  we b e g i n  w i t h  t h e  f o l l o w i n g  form of e q u a t i o n  (8) 

- +  + -  - +  + -  
{I + p A t  ( D x A  + DxA + D B + D B - H I }  6Q = - A t  R (10)  

Y Y 

where D i  and D- a r e  backward -d i f f e rence  o p e r a t o r s  and 0: and D+ a r e  

f o r w a r d - d i f f e r e n c e  o p e r a t o r s .  Here, t w o - p o i n t  o p e r a t o r s  a r e  used for  s teady 
f low c a l c u l a t i o n s .  A+, A-, B', and B- a r e  c o n s t r u c t e d  so t h a t  t h e  e igen-  
va lues  o f  " + ' I  m a t r i c e s  a r e  nonnega t i ve  and those  o f  ' I -" m a t r i c e s  a r e  nonposi-  
t i v e .  The development o f  these  m a t r i c e s  i s  e x t r e m e l y  i m p o r t a n t  for t h e  suc- 
cess o f  LU-type schemes. One p o s s i b i l i t y ,  which y i e l d e d  good r e s u l t s  i n  t h e  
p a s t  ( r e f s .  6 and 7 )  and i s  used i n  t h i s  work, i s  

Y Y 

1 
2 A- = - ( A  - vA I )  1 A+ = 7 ( A  + v A I ) ,  , 1 
2 B- = - (6 - v61) 1 

2 B+ = - ( B  + v B I ) ,  

, where 

(11)  

(12)  

Here, XA and XB r e p r e s e n t  e igenva lues  o f  Jacobian m a t r i c e s .  A f t e r  manipula- 
t i o n  ( t h e  purpose o f  i t  w i l l  become apparen t  l a t e r ) ,  e q u a t i o n  (10) can be 
w r i t t e n  as 
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I f  we t a k e  "+" and 'I-'' m a t r i c e s  as g i v e n  i n  e q u a t i o n  (ll), then ,  

B+ - B- = VBI 

Equat ion  (13) can then  be f a c t o r i z e d  t o  t h e  f o l l o w i n g  form 

+ [I3 A t  ( D i A -  + D+B- + A- + B- (14) 
Y 

I t  shou ld  be ment ioned t h a t  t h e  f a c t o r i z a t i o n  o f  e q u a t i o n  (14) i s  n o t  un ique,  
and among v a r i o u s  forms we have t r i e d  e q u a t i o n  (14)  g i v e s  t h e  f a s t e s t  conver-  
gence t o  s t e a d y - s t a t e  s o l u t i o n s .  I f  p = 1 ,  t h e  scheme reduces t o  a Newton 
i t e r a t i o n  i n  t h e  l i m i t  A t  + m: 

(D;A+ + D-B+ - A- - B- - HI [(VA + v B ) ~ ] - l  
Y 

( D ~ A -  + D+B- Y t A+ + B+) SQ = - R  

I t  can be w r i t t e n  as 

(15) 

(D;A+ + D-B+ - A- - B- - H) ( D ~ A -  + D+B- + A+ + B+) SQ 
Y Y 

= -(vA + vB) (D,F + 0 G - S)  (16) 
Y 

T h i s  e q u a t i o n  can be f u r t h e r  reduced t o  

[(vA + vB) I  - AT-1 , j  - B+ i , j - 1  - H] [(vA + v B ) I  + A- i+l ,j + ~ f , j + l ]  SQ 

= -(vA + vB) (DxF + D G - S) (17) 
Y 

For  t h e  Nav ie r -S tokes  equa t ions ,  F and G on  t h e  r i g h t - h a n d  s i d e  of equa- 
t i o n  (17) a r e  r e p l a c e d  by  F - F, and G - Gv.  That  i s ,  

9 



- H] [(vA + vB)I + A- + - + 
[ (VA + V B ) I  - A i - 1 , j  'i,j-l i+l * j  

[ D ~ ( F  - F ~ )  + D ( G  - G,) - s] = -(vA + VB) ( 1 8 )  
Y 

F l u x  and Source Jacob ians  

I n  t h e  development o f  f l u x  Jacob ians  A and 8, e v a l u a t i o n  o f  d e r i v a -  
t i v e s  o f  p ressu re  w i t h  r e s p e c t  t o  o t h e r  independent  v a r i a b l e s  i s  r e q u i r e d .  
The e x a c t  f o r m u l a t i o n  o f  these  d e r i v a t i v e s  i s  q u i t e  c o m p l i c a t e d  f o r  f lows 
i n v o l v i n g  r e a l  gases w i t h  n o n e q u i l i b r i u m  c h e m i s t r y  ( r e f .  1 7 ) .  An a l t e r n a t i v e  
which y i e l d s  much s i m p l e r  f o r m u l a t i o n  i s  t o  use t h e  concept  o f  " e q u i v a l e n t  
Gamma." L e t  

v = h  'm l e  'rn = [: 1 =  Yi Cpid%/i" l  i= 

TRef 

and esm a r e  t h e  s e n s i b l e  h s m  Here 7 denotes t h e  e q u i v a l e n t  y ,  and 
e n t h a l p y  and i n t e r n a l  energy  ( e x c l u d i n g  t h e  k i n e t i c  energy  and h e a t  o f  forma- 
t i o n )  f o r  t h e  gas m i x t u r e .  
f o r  p r e s s u r e  can be w r i t t e n  as 

Wi th  t h e  h e l p  o f  e q u a t i o n  ( 1 9 > ,  t h e  r e l a t i o n s h i p  

p = (7  - 1 )  pe 
'm 

= (7  - 1 )  [pe - phf 
m 

where ho i s  t h e  h e a t  o f  f o r m a t i o n  o f  t h e  gas m i x t u r e ,  
fm  

0 
N S  

ho = C Yi hf 
fm i=l i 

Since o n l y  Ns  - 1 spec ies  e q u a t i o n s  a r e  a c t u a l l y  so l ved ,  e q u a t i o n  (20) needs t o  
be rea r ranged  t o  t h e  f o l l o w i n g  form 
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where 

Ah: = hf - ho 

S 
i i f N  

For  r e a l  gases i t  i s  obv ious  t h a t  7 = ;(e,p,yi). However, as d i scussed  by 
G o l e l l a  and Glaz  ( r e f .  18> ,  t h i s  f u n c t i o n  o f  y v a r i e s  v e r y  slowly w i t h  t h e  
change o f  o t h e r  thermodynamic and flow p r o p e r t i e s ,  and hence we have t r e a t e d  
7 as a l o c a l  c o n s t a n t  i n  t h e  e v a l u a t i o n  o f  p r e s s u r e  d e r i v a t i v e s .  T h i s  approx- 
i m a t i o n  w i l l  n o t  a f f e c t  t h e  accuracy  o f  t h e  converged s t e a d y - s t a t e  s o l u t i o n .  
The f i n a l  form of t h e  Jacob ian  A i s  g i v e n  as 

0 1 

-uv 

2 $ ( P e  + p )  + (" - - ho) 
fNS 

A =  

-UY 

-uYz 

-uYN I s-l 

where q2 = u2+v2. 

0 0 0 0 0 . .  
yNS-l 

U 

(22)  

The form o f  B i s  s i m i l a r  to  t h a t  o f  A .  

Equa t ion  (18) can be r e w r i t t e n  i n  t h e  f o l l o w i n g  form, 

= -(vA + vB) [ D x ( F  - F v )  + D (G - G v )  - SI (23) 
Y 

where 
t h e  d iagona l  o f  t h e  m a t r i x  o p e r a t o r .  These d iagona l  b l o c k s  a r e  o f  t h e  fol low- 
i n g  form, 

D I A G i , j  = [ ( V A  + VB)I - H l i , j  a r e  t h e  ( N s  + 3) x ( N s  + 3) b l o c k s  i n  

1 1  



0 . . .  0 

0 . . .  0 

0 . . .  0 

0 . . .  0 

are solved as independent varia- 
taken as zero since they are usually 

small, although they can be evaluated via chain-rule, e.g., 

T 2 2  
= ho + u + v  

2 fm ITRef CvmdT 

= c Y.C The terms of tlSi/tl(pe) in equation (24) are eva 

where T denotes temperature, e = e - 

N S  

1 Vi' m i=1 cV 

a chain-rule formula similar to equation (25). The aSi/a(pY.> terms can be 
easily calculated from the law of mass action (ref. 1 2 ) .  J 

It is interesting to note that for nonreacting flows ( S  = 0 and H = 0 in 
eq. (23)) the present numerical method eliminates the need for banded block 
matrix inversions without using the diagonalization procedure. In fact, with 
forward (for the first operator in eq. (23)) and backward (for the second oper- 
ator) sweeps in the diagonal directions (indices i and j increasing or 
decreasing simultaneously), only scalar diagonal inversions are needed to solve 
equation (23) for nonreacting flow problems. For reacting flows, due to the 
presence of the chemical source Jacobian H ,  the first operator on the left- 
hand side of equation (23) now requires block diagonal inversions. However, 
since in the present formulation the flow equations (continuity, momentum, and 
energy equations) have no source terms, the first four rows of the diagonal 
block (DIAG) of this operator have nonzero terms only in the diagonal. A s  a 
result, the first operator of equation (23) can be inverted in essentially two 
separate steps: the scalar diagonal inversion for the flow equations and the 
block diagonal inversion for the species equations. 

(25) 

and 

uated using 
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Boundary and I n i t i a l  C o n d i t i o n s  

For t h e  problems to  be c o n s i d e r e d  he re  t h e  i n f l o w s  a r e  always superson ic ,  
so t h e  upstream boundary c o n d i t i o n s  a r e  p r o v i d e d  by s p e c i f y i n g  t h e  v e l o c i t i e s ,  
s t a t i c  p r e s s u r e  and tempera tu re ,  and spec ies  mass f r a c t i o n s .  For t h e  super- 
s o n i c  o u t f l o w  t h e  dependent v a r i a b l e s  a r e  e x t r a p o l a t e d  from t h e  i n t e r i o r .  
t h e  o u t f l o w  p lane ,  f o r  g r i d  p o i n t s  i n s i d e  t h e  w a l l  boundary l a y e r s  where t h e  
flow i s  subsonic ,  however, s t a t i c  p r e s s u r e  i s  s p e c i f i e d  (equa l  t o  t h e  i n l e t  
p r e s s u r e ) ,  and d e n s i t y  i s  c a l c u l a t e d  u s i n g  t h e  i d e a l  gas law. A long  t h e  s o l i d  
w a l l ,  n o - s l i p  boundary c o n d i t i o n s  a r e  s p e c i f i e d .  The w a l l  i s  assumed t o  be 
a d i a b a t i c .  The normal d e r i v a t i v e s  o f  p r e s s u r e  and spec ies  c o n c e n t r a t i o n s  a r e  
a l s o  assumed to  be ze ro .  
i n j e c t i o n  p r e s s u r e ) ,  and hence a t  t h e  i n j e c t i o n  s l o t  a l l  t h e  dependent v a r i a -  
b l e s  a r e  f i x e d  a t  t h e i r  i n i t i a l  v a l u e s .  A long  a p l a n e  of symmetry, t h e  normal 
d e r i v a t i v e s  of a l l  t h e  dependent v a r i a b l e s  a r e  ze ro ,  excep t  f o r  t h e  v ve loc -  
i t y ,  where v = 0 i s  s p e c i f i e d .  

A t  

The i n j e c t o r  i s  assumed choked (due t o  t h e  h i g h  

The g o v e r n i n g  e q u a t i o n s  a r e  i n t i a l i z e d  by s e t t i n g  a l l  t h e  dependent v a r i a -  
b l e s  t h r o u g h o u t  t h e  domain t o  t h e  i n f l o w  c o n d i t i o n s .  

RESULTS AND DISCUSSION 

One o f  t h e  main purposes of t h i s  paper i s  to  s t u d y  t h e  m i x i n g  and chemi- 
c a l  r e a c t i o n  of t h e  t r a n s v e r s e l y  i n j e c t e d  hydrogen i n  a superson ic  a i r s t r e a m .  
T h i s  f low c o n f i g u r a t i o n  i s  of p a r t i c u l a r  i n t e r e s t  t o  t h e  d e s i g n  o f  s c r a m j e t  
engines because t h e  t r a n s v e r s e  i n j e c t i o n  i n c r e a s e s  t h e  f u e l  r e s i d e n c e  t i m e  i n  
t h e  combustor and t h e  flow r e c i r c u l a t i o n ,  r e s u l t e d  from t h e  i n j e c t i o n ,  can 
h e l p  to  s t a b i l i z e  t h e  f lame. Since t h e  p r e s e n t  work i s  t h e  f i r s t  a p p l i c a t i o n  
o f  t h e  LU-SSOR scheme t o  combust ion problems, t h e  a b i l i t y  of t h e  method t o  com- 
p u t e  complex r e a c t i n g  f lows i s  assessed by f i r s t  comput ing two s i m p l e r  f lows 
where e i t h e r  exper imen ta l  d a t a  or p r e v i o u s  numer i ca l  r e s u l t s  a r e  a v a i l a b l e  fo r  
comparison. These two flows a r e :  ( 1 )  t h e  t r a n s v e r s e  i n j e c t i o n  o f  h e l i u m  i n t o  
a superson ic  a i r s t r e a m ,  and ( 2 )  t h e  combust ion o f  premixed H2-a i r  superson ic  
flow i n  a ramped d u c t .  

Code Assessment 

An exper iment  was conducted by G.O. Kraemer and R.C. Rogers t o  s tudy  
d e t a i l s  of t h e  flow f i e l d  near  a s l o t  s o n i c a l l y  i n j e c t i n g  h e l i u m  t r a n s v e r s e l y  
i n t o  a ducted supersonic  a i r s t r e a m .  R e s u l t s  o f  t h i s  exper imen t  were r e p o r t e d  
by Weidner and Drummond ( r e f .  19) a l o n g  w i t h  t h e i r  numer i ca l  p r e d i c t i o n s .  The 
exper imen ta l  apparatus i s  shown i n  f i g u r e  1 .  The c o n d i t i o n s  of t h e  i n f l o w  a i r  
a t  t h e  d u c t  en t rance  a r e  M = 2.9,  T = 108 K ,  and p = 0.0663 MPa. The cond i -  
t i o n s  o f  h e l i u m  a t  t h e  i n j e c t i o n  s l o t  a r e  M = 1.0, T = 217 K, and 
p = 1.24 MPa. 

R e s u l t s  a r e  g i v e n  i n  f i g u r e s  2 and 3. F i g u r e  2 (a>  shows t h e  s t a t i c  p res -  

The j e t  a c c e l e r -  
su re  c o n t o u r s .  
bow shock and s t r o n g  p r e s s u r e  g r a d i e n t s  around t h e  i n j e c t o r .  
a t e s  immed ia te l y  a f t e r  i n j e c t i o n  because of t h e  h i g h  i n j e c t o r  p r e s s u r e  and 

The h e l i u m  j e t  p a r t i a l l y  b l o c k s  t h e  c r o s s  flow r e s u l t i n g  i n  a 

13 



t hen  forms severa l  v e r y  s t r o n g  j e t  shocks f u r t h e r  downstream from t h e  i n j e c -  
t i o n  s lo t .  F i g u r e  2 (b )  p r e s e n t s  a comparison of t h e  c a l c u l a t e d  and experimen- 
t a l  r e s u l t s  f o r  l ower  w a l l  p ressu res  upstream and downstream o f  t h e  i n j e c t i o n  
s lo t  wh ich  i s  l o c a t e d  a t  x = 0. The c a l c u l a t i o n s  s l i g h t l y  o v e r e s t i m a t e  t h e  
peak p r e s s u r e  as w e l l  as t h e  d i s t a n c e  upstream from t h e  s lo t  i n j e c t o r  where 
t h e  p r e s s u r e  beg ins  t o  r i s e .  The p r e s s u r e  l e v e l s  immed ia te l y  downstream o f  
t h e  i n j e c t o r  a r e  a l s o  somewhat o v e r p r e d i c t e d .  The c ross -s t ream s t a t i c  p res -  
sures and h e l i u m  mass f r a c t i o n s  a t  3 . 8 1  cm downstream of t h e  i n j e c t o r  s l o t  a r e  
shown i n  f i g u r e  3.  The peak p r e s s u r e  caused by  t h e  bow shock and t h e  j e t  
shocks i s  p r e d i c t e d  to  o c c u r  s l i g h t l y  c l o s e r  to  t h e  lower  w a l l  t han  t h e  e x p e r i -  
ment i n d i c a t e s .  O v e r a l l ,  t h e  agreement between t h e  c a l c u l a t e d  r e s u l t s  and t h e  
d a t a  a r e  q u i t e  good. C o n s i d e r i n g  t h e  v e r y  complex f l o w f i e l d  a s s o c i a t e d  w i t h  
t h e  t r a n s v e r s e  i n j e c t i o n ,  t h e  per fo rmance o f  t h e  p r e s e n t  numer i ca l  method i s  
v e r y  encourag ing .  

Next case cons ide red  f o r  code v a l i d a t i o n  i s  t h e  combust ion o f  t h e  p r e -  
mixed hyd rogen-a i r  superson ic  flow i n  a ramped d u c t .  
computed by a number o f  CFD r e s e a r c h  groups ( r e f s .  3, 4, and 20>, and i n  t h e  

The same flows have been 

I f o l l o w i n g  r e s u l t s  o f  t h e  p r e s e n t  method a r e  compared w i t h  those o f  p r e v i o u s  
I s t u d i e s .  

The geometry and i n f l o w  c o n d i t i o n s  o f  t h e  two t e s t  cases (T, = 900 K and 
1200 K >  a r e  i l l u s t r a t e d  i n  f i g u r e  4. The i n f l o w  i s  a t  tempera tures  below t h e  
i g n i t i o n  t h r e s h o l d .  The v i s c o u s  l a y e r  a l o n g  t h e  w a l l s  and t h e  shock wave 
induced by  t h e  ramp i n c r e a s e  t h e  tempera tu re  t o  a v a l u e  where s i g n i f i c a n t  reac -  
t i o n s  o c c u r .  The p r e s s u r e  c o n t o u r s  f o r  t h e  case o f  To = 1200 K a r e  shown i n  
f i g u r e  5 ( a > .  The l e a d i n g  edge shocks and t h e  ramp shock a r e  c l e a r l y  seen. 
Also observed i s  t h e  c o n t i n u a l  i n c r e a s e  o f  p r e s s u r e  beh ind  t h e  ramp shock due 
to  h e a t  r e l e a s e d  d u r i n g  combust ion .  Comparisons o f  p r e s s u r e  and tempera tu re  
between t h e  p r e s e n t  c a l c u l a t i o n s  and the  r e s u l t s  o f  r e f e r e n c e s  4 and 20 a r e  
g i v e n  i n  f i g u r e s  5 ( b >  and ( c ) .  The r e s u l t s  a r e  o b t a i n e d  a l o n g  t h e  y - s t a t i o n  
l o c a t e d  a p p r o x i m a t e l y  0.13 cm from t h e  lower  w a l l .  I t  can be seen t h a t  t h e  
agreement i s  reasonab ly  good. The p r e s e n t  c a l c u l a t i o n  shows a h i g h e r  l e v e l  o f  
tempera tu re  beh ind  t h e  ramp shock than  i n d i c a t e d  by t h e  r e s u l t  o f  r e f e r e n c e  20. 
T h i s  i s  a t t r i b u t e d  t o  t h e  d i f f e r e n t  chemical  models used i n  t h e  two s t u d i e s .  

used i n  t h i s  s t u d y  i s  s h o r t e r  t han  t h e  2-step g l o b a l  model used i n  r e f e r -  
ence 20, and, as a r e s u l t ,  t h e  p r e s e n t  model p r e d i c t s  more comple te  chemica l  
r e a c t i o n s  and g r e a t e r  t empera tu re  r i s e  beh ind  t h e  shock. Both  t h e  p r e s e n t  
r e s u l t s  and t h e  r e s u l t s  o f  re fe rence  20 show some o s c i l l a t i o n s  i n  p r e s s u r e  
immed ia te l y  beh ind  t h e  ramp shock. T h i s  i s  caused by t h e  d i f f e r e n c i n g  method, 
i . e . ,  c e n t r a l  d i f f e r e n c i n g ,  used i n  b o t h  o f  t h e  two s t u d i e s .  The TVD scheme 
used i n  r e f e r e n c e  4 ( f i g .  5 ( c > >  i s  seen t o  g i v e  a smoother p r e s s u r e  jump 

n e x t  i n  f i g u r e  6.  
t r a t i o n s  beh ind  the  shock than  those of r e f e r e n c e s  4 and 20, i n d i c a t i n g  f a s t e r  
and more complete r e a c t i o n s  p r e d i c t e d  by t h e  p r e s e n t  c h e m i s t r y  model. 
t h i s  phenomenon i s  a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  c h e m i s t r y  models used i n  
these s t u d i e s .  The comparison i l l u s t r a t e d  i n  f i g u r e s  2, 3 ,  5, and 6 i n d i c a t e s  
t h a t  t h e  p r e s e n t  r e s u l t s  agree reasonab ly  w e l l  w i t h  exper imen ta l  d a t a  or p r e v i -  
ous numer ica l  c a l c u l a t i o n s  fo r  flows cons ide red  he re ,  and t h e  LU-SSOR scheme 
has t h e  a b i l i t y  t o  s i m u l a t e  complex f lows found  i n  s c r a m j e t  eng ines .  

I As d i scussed  e a r l i e r ,  t h e  r e a c t i o n  t i m e  o f  t h e  14-step H2-a i r  c h e m i s t r y  model 

I ac ross  t h e  shock. The d i s t r i b u t i o n s  o f  spec ies  mass f r a c t i o n s  a r e  compared 
The p r e s e n t  r e s u l t s  show l a r g e r  H20 and s m a l l e r  OH concen- 

Again,  

I 
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M i x i n g  and Combust 

To f u r t h e r  demonst ra te  t 

on o f  H2 J e t  i n  a Superson ic  A i r s t r e a m  

le c a p a b i l i t y  o f  t h e  p r e s e n t  code, t h e  m i x i n a  and 
combust ion o f  a s o n i c  t r a n s v e r s e  h y d r o g e n - j e t  i n j e c t e d  from a s lo t  i n t o  a-Mach 
4 a i r s t r e a m  i n  a two-dimensional  d u c t  i s  computed. The d u c t  geometry, i n f l o w  
c o n d i t i o n s ,  and t h e  main f e a t u r e s  of t h e  f low s t r u c t u r e  a r e  i l l u s t r a t e d  i n  f i g -  
u r e  7.  The i n f l o w  c o n d i t i o n s  produce a g l o b a l  equ iva lence  r a t i o  o f  0.71 
( h y d r o g e n l a i r  mass, r a t i o  = 0.02). The convergence h i s t o r i e s  o f  t h e  numer i ca l  
c a l c u l a t i o n s  f o r  t h i s  case and t h e  o t h e r  two cases d i scussed  e a r l i e r  a r e  shown 
i n  f i g u r e  8. Also shown i n  t h i s  f i g u r e  a r e  t h e  g r i d  d e n s i t y  and CPU t i m e  (on  
CRAY-XMP computer) f o r  each case. C o n s i d e r i n g  t h e  f a c t  t h a t  r e l a t i v e l y  compl i -  
ca ted  c h e m i s t r y  and thermodynamic and t r a n s p o r t  p r o p e r t y  models a r e  used i n  
these c a l c u l a t i o n s ,  t h e  convergence e f f i c i e n c y  shown i n  f i g u r e  8 i s  c e r t a i n l y  
encourag ing .  

The v e l o c i t y  v e c t o r s  a round t h e  i n j e c t o r  s l o t  a r e  i l l u s t r a t e d  i n  f i g -  
A l a r g e  r e c i r c u l a t i o n  zone ups t ream of t h e  i n j e c t o r  can be c l e a r l y  u r e  9. 

i d e n t i f i e d .  The flow s e p a r a t i o n  i s  caused by  t h e  adverse p r e s s u r e  g r a d i e n t  
produced by t h e  hydrogen j e t  and t h e  shock-boundary l a y e r  i n t e r a c t i o n s .  There 
i s  a l s o  a s m a l l e r  r e g i o n  o f  s e p a r a t i o n  downstream of t h e  i n j e c t o r  caused by 
t h e  b lockage o f  f low by t h e  hydrogen j e t .  I n  s c r a m j e t  eng ines ,  t h e  two r e c i r -  
c u l a t i o n  r e g i o n s  p r o v i d e  l o n g e r  f u e l  r e s i d e n c e  t i m e s ,  b e t t e r  m i x i n g  o f  f u e l ,  
a i r ,  and h o t  combust ion gas, r e s u l t i n g  i n  b e t t e r  f lame h o l d i n g  c a p a b i l i t i e s  
for t h e  combustor. The s t a t i c  p r e s s u r e  c o n t o u r s  a r e  shown i n  f i g u r e  10. Bo th  
t h i s  f i g u r e  and t h e  schematic f l o w f i e l d  shown i n  f i g u r e  7 i n d i c a t e  t h a t  t h e  
t r a n s v e r s e  hydrogen j e t  p a r t i a l l y  b l o c k s  t h e  a x i a l  flow and genera tes  a s t r o n g  
bow shock j u s t  ahead o f  t h e  i n j e c t o r .  The hydrogen j e t  a c c e l e r a t e s  to  super- 
son ic  speed a f t e r  i n j e c t i o n  and then  d e c e l e r a t e s  by j e t  shocks n o t  too f a r  
from the  i n j e c t o r .  The i n c i d e n c e  and r e f l e c t i o n  ( b y  t h e  up- runn ing  bow shock 
from t h e  bo t tom h a l f  o f  t h e  d u c t )  o f  t h e  bow shock t o  and from t h e  symmetr ic 
p l a n e  o f  t h e  d u c t  can a l s o  be seen i n  f i g u r e  10. The c o n t o u r  maps o f  t h e  mass 
f r a c t i o n s  o f  two ma jo r  combust ion p r o d u c t s ,  i . e . ,  H20 and OH, a r e  p resen ted  i n  
f i g u r e  1 1 .  The l a r g e  mass f r a c t i o n s  of H20 and OH found i n  t h e  r e c i r c u l a t i o n  
zone i n  f r o n t  o f  t h e  i n j e c t o r  i n d i c a t e  t h a t  t r a n s v e r s e  i n j e c t i o n  o f  f u e l  p ro -  
v i d e s  good f l a m e h o l d i n g  c a p a b i l i t y  for t h e  s i m u l a t e d  s c r a m j e t  combustor.  F i g -  
u r e  11 a l s o  i n d i c a t e s  t h a t  t h e  i n j e c t e d  f u e l  p e n e t r a t e s  w e l l  i n t o  t h e  main- 
stream, and good m i x i n g  and chemical  r e a c t i o n  o c c u r  i n  t h e  combustor.  

CONCLUDING REMARKS 

A computer code for a n a l y z i n g  two-dimensional  c h e m i c a l l y  r e a c t i n g  f low 
f i e l d s  has been developed. T h i s  code employs t h e  LU-SSOR f i n i t e  volume scheme 
wh ich  so l ves  t h e  Nav ie r -S tokes  equa t ions  and spec ies  t r a n s p o r t  e q u a t i o n s  i n  a 
f u l l y  i m p l i c i t  and coup led  manner. The v a l i d i t y  of t h i s  code i s  demonst ra ted  
by comparisons o f  t h e  p r e s e n t  c a l c u l a t i o n s  w i t h  exper imen ta l  d a t a  and p r e v i o u s  
numer i ca l  r e s u l t s .  The code has been used t o  s i m u l a t e  t h e  f l o w f i e l d  i n  a 
s c r a m j e t  combustor i n  which t h e  hydrogen i s  t r a n s v e r s e l y  i n j e c t e d  i n t o  a super 
s o n i c  a i r s t r e a m .  The p r e s e n t  r e s u l t s  show t h a t  t h e  new code can hand le  t h e  
complex f l o w f i e l d  a s s o c i a t e d  w i t h  t h e  f u e l  i n j e c t i o n ,  m i x i n g ,  and chemica l  
r e a c t i o n  i n  a s c r a m j e t  combustor.  The new code has a l s o  been shown t o  be v e r y  
e f f i c i e n t  and r o b u s t  f o r  t h e  flows cons ide red  i n  t h e  p r e s e n t  s t u d y .  
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I n t e r a c t i o n s  between t h e  t u r b u l e n c e  and chemical  r e a c t i o n s  a r e  n o t  
accounted f o r  i n  t h e  p r e s e n t  s t u d y .  The i n t e r a c t i o n  e f f e c t s  a r e  i m p o r t a n t  i n  
most r a m j e t i s c r a m j e t  combustor flows, e s p e c i a l l y  for s i m u l a t i n g  i g n i t i o n ,  
f l a m e h o l d i n g  s t a b i l i t y ,  and h e a t  r e l e a s e  r a t e ,  and shou ld  be cons ide red  i n  t h e  
f u t u r e  code improvement e f f o r t .  
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FIGURE 1. - GEOMETRY AND INFLOW CONDITIONS FOR THE M I X I N G  OF 
A I R  AND A TRANSVERSE He  JET.  
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FIGURE 2. - STATIC PRESSURE CONTOURS AND STATIC WALL 
PRESSURES OF THE TRANSVERSE He INJECTION CASE. 

17 



0 .5 

.6 '8 c 

. 4 k -  

0 

L 
1.0- 1.5 2.0 2.5 3.0 

P/P, 

( A )  STATIC PRESSURES. 

0 EXP. DATA - CALCULATION 

h = 7.62 cn 
x = 3.81 cn 

I 
A - 

YO 
0 .05 .lo .15 -20 .25 .30 

yHe 
(B) HELIUM MASS FRACTIONS. 

FIGURE 3. - COMPARISON OF EXPERIMENTAL AND COMPUTED STATIC 
PRESSURES AND HELIUM MASS FRACTIONS. 

-I 3 CM I- 

T = 900 K OR 

/ 

I 

FIGURE 4. - GEOMETRY AND INFLOW CONDITIONS FOR THE PREMIXED H2/AIR 
REACTING FLOWS. 



(A) STATIC PRESSURE CONTOURS. 
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FIGURE 9. - VELOCITY VECTORS AROUND THE INXCTOR FOR THE H2-INJECTION 
CASE. 

FIGURE 10. - STATIC PRESSURE CONTOURS FOR THE Hz-INJECTION CASE. 
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l a x a t i o n  scheme (LU-SSOR) f o r  s o l v i n g  t h e  comple te  two-dimensional  Nav ie r -S tokes  
equa t ions  and spec ies  t r a n s p o r t  e q u a t i o n s  i n  a f u l l y - c o u p l e d  and v e r y  e f f i c i e n t  
manner. 
r a t e  c h e m i s t r y  model yhe reas  t u r b u l e n c e  i s  s i m u l a t e d  b y  a Baldwin-Lomax a lge -  
b r a i c  model. The v a l r i d i t y  o f  t h e  code i s  demonst ra ted  by  comparing t h e  numeri-  
c a l  c a l c u l a t i o n s  w i t h  b o t h  exper imen ta l  d a t a  and p r e v i o u s  c a l c u l a t i o n s  of a c o l d  
f low h e l i u m  i n j e c t i o n  i n t o  a s t r a i g h t  channel and premixed hyd rogen-a i r  r e a c t i n g  
flows i n  a ramped d u c t .  The code i s  t hen  used t o  c a l c u l a t e  t h e  m i x i n g  and chemi. 
c a l  r e a c t i o n s  o f  a hydrogen j e t  t r a n s v e r s e l y  i n j e c t e d  i n t o  a superson ic  a i r  
stream. R e s u l t s  a r e  p resen ted  t h a t  d e s c r i b e  t h e  f low f i e l d ,  t h e  r e c i r c u l a t i o n  
r e g i o n s  i n  f r o n t  and beh ind  t h e  i n j e c t o r ,  and t h e  chemical  r e a c t i o n s .  

The 

The combust ion processes a r e  modeled by  an 8-spec ies ,  14-step f i n i t e -  
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