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A DECADE OF COMPUTER SIMULATIONS FOR SPACE SHUTTLE AERODYNAMICS 

Mamoru I n o u y e  

A m e s  R e s e a r c h  C e n t e r  

SUMMARY 

Ten y e a r s  a g o ,  computer  s i m u l a t i o n s  o f  t h e  f l o w  f i e l d  a round  t h e  
Space  S h u t t l e  o r b i t e r  were l i m i t e d  t o  i n v i s c i d  c a l c u l a t i o n s  f o r  
t h e  windward s i d e  o f  t h e  f o r e b o d y  and v i s c o u s  c a l c u l a t i o n s  f o r  
s e l e c t e d  two-d imens iona l  p r o b l e m s .  Advances i n  computer  ha rdware  
and n u m e r i c a l  methods d u r i n g  t h e  p a s t  1 0  y e a r s  have  made it pos -  
s i b l e  t o  c a l c u l a t e  v i s c o u s  f l o w  o v e r  t h e  c o m p l e t e  o r b i t e r  con-  
f i g u r a t i o n  a t  a n g l e  o f  a t t a c k .  The  e q u a t i o n s  s o l v e d  a r e  t h e  
Reynolds-averaged  , Navie r -S tokes  e q u a t i o n s ,  s i m p l i f i e d  by e i t h e r  
t h e  t h i n - l a y e r  o r  p a r a b o l i z e d  a p p r o x i m a t i o n .  An a l g e b r a i c  eddy  
v i s c o s i t y  model is used  f o r  t u r b u l e n t  f l o w .  The f r e e  s t r e a m  is 
assumed t o  b e  a  p e r f e c t  g a s  f o r  wind t u n n e l  c o n d i t i o n s  and a  r e a l  
g a s  i n  thermodynamic e q u i l i b r i u m  f o r  f l i g h t  c o n d i t i o n s .  Four  ex-  
ample s  o f  r e c e n t  computer  s i m u l a t i o n s  w i l l  b e  p r e s e n t e d .  Flow 
f i e l d  r e s u l t s  i n c l u d e  o i l  f l o w  p a t t e r n s  on t h e  s u r f a c e  and Mach 
number c o n t o u r s ,  i s o b a r s ,  and c r o s s - f l o w  v e l o c i t y  v e c t o r s  i n  t h e  
shock  l a y e r .  

INTRODUCTION 

P r e l i m i n a r y  compu te r  si- 
m u l a t i o n s  o f  t h e  f l o w  f i e l d  
a round  t h e  Space  S h u t t l e  o r -  
b i t e r ,  shown i n  F i g .  1, were 
p r e s e n t e d  a t  t h e  1 2 t h  I n t e r n a -  
t i o n a l  S y m p o s i u m  o n  S p a c e  
Technology  and S c i e n c e  h e l d  i n  
Tokyo i n  1 9 7 7  ( R e f .  1). The 
r e s u l t s  were l i m i t e d  t o  i n v i s -  
c i d  c a l c u l a t i o n s  f o r  t h e  wind- 
ward s i d e  o f  t h e  f o r e b o d y  and 
v i s c o u s  c a l c u l a t i o n s  f o r  two- 
d i m e n s i o n a l  p rob l ems .  Advan- 
ces i n  computer hardware and 
n u m e r i c a l  methods have  made it 
p o s s i b l e  t o  c a l c u l a t e  v i s c o u s  
f l o w  o v e r  t h e  c o m p l e t e  o r b i t e r  F i g .  1 Space  S h u t t l e  o r b i t e r  
c o n f i g u r a t i o n  a t  a n g l e  o f  a t -  
t a c k .  

Ten y e a r s  ago  t h e  C o n t r o l  D a t a  C o r p o r a t i o n  7600 w i t h  a  peak 
p r o c e s s i n g  s p e e d  less  t h a n  1 0  m i l l i o n  f l o a t i n g  p o i n t  



o p e r a t i o n s / s e c  and a  main memory o f  h a l f  a  m i l l i o n  words was t h e  
l a r g e s t  computer  g e n e r a l l y  a v a i l a b l e .  The c u r r e n t  g e n e r a t i o n  o f  
s u p e r c o m p u t e r s  was j u s t  b e i n g  i n t r o d u c e d  t o  t h e  s c i e n t i f i c  com- 
m u n i t y ,  and NASA A m e s  R e s e a r c h  C e n t e r  had t h e  u n i q u e  ILLIAC I V .  
Today,  s u p e r c o m p u t e r s  a r e  a v a i l a b l e  w i t h  peak  s p e e d s  exceed  i n g  
one  b i l l i o n  f l o a t i n g  p o i n t  o p e r a t i o n s / s e c  and w i t h  main memories 
o f  2 5 0  m i l l i o n  words .  T h e i r  a v a i l a b i l i t y  e x t e n d s  t o  academia ,  
i n d u s t r y ,  and g o v e r n m e n t a l  o r g a n i z a t i o n s  wor ldwide  a s  shown i n  
F i g .  2 .  Advances  have  a l s o  been  made i n  p e r i p h e r a l  equ ipmen t  f o r  
s t o r i n g  d a t a  and d i s p l a y i n g  resu l t s  o f  c o m p u t a t i o n s .  

F i g .  2 Worldwide D i s t r i b u t i o n  o f  Supe rcompu te r s  

C o n c u r r e n t  w i t h  a d v a n c e s  i n  c o m p u t e r  s p e e d  and memory, 
f a s t e r  n u m e r i c a l  m e t h o d s  h a v e  b e e n  d e v e l o p e d  t o  d r a s t i c a l l y  
r e d u c e  t h e  compu te r  time r e q u i r e d  t o  s o l v e  complex f l o w  f i e l d s .  
Ten y e a r s  a g o ,  e x p l i c i t  f i n i t e  d i f f e r e n c e  me thods ,  which r e q u i r e  
s m a l l  time s t e p s  t o  a c h i e v e  s t a b i l i t y ,  were u s e d ,  and t h e  
MacCormack method was t h e  most  p o p u l a r .  Today,  i m p l i c i t  meth- 
o d s ,  w h i c h  a r e  n o t  s o  r e s t r i c t e d ,  a r e  u s e d  i n  many c o m p u t e r  
c o d e s ,  and t h e  Beam-Warming c l a s s  o f  methods h a s  r e p l a c e d  t h e  
MacCormack method i n  p o p u l a r i t y  . Advances  i n  g r i d  g e n e r a t i o n  
t e c h n i q u e s  a l s o  make it p o s s i b l e  t o  p r o d u c e  p h y s i c a l l y  a p p r o p r i -  
a t e  c o m p u t a t i o n a l  meshes a round  complex a i r c r a f t  c o n f i g u r a t i o n s .  

Four  examples  o f  r e c e n t  cornputer s i m u l a t i o n s  w i l l  be shown 
f o r  v i s c o u s  f l o w  o v e r  t h e  Space  S h u t t l e  o r b i t e r .  The e q u a t i o n s  
s o l v e d  a r e  t h e  Reyno lds -ave raged ,  Nav ie r -S tokes  e q u a t i o n s ,  s i m -  
p l i f  i e d  by  e i t h e r  t h e  t h i n - l a y e r  o r  p a r a b o l i z e d  a p p r o x i m a t i o n  t o  
f a c i l i t a t e  t h e i r  s o l u t i o n .  F o r  t h e  h i g h  Reyno lds  numbers n o r -  



m a l l y  a s s o c i a t e d  w i t h  aerodynamic  c o n £  i g u r a t i o n s ,  t h e  v i s c o u s  e f  - 
f e c t s  a r e  c o n f i n e d  t o  t h e  ne ighborhood  o f  t h e  body ,  which r e s u l t s  
i n  t h e  d e r i v a t i v e s  o f  t h e  v i s c o u s  terms norma l  t o  t h e  s u r f a c e  
b e i n g  much l a r g e r  t h a n  t h e  c o r r e s p o n d i n g  d e r i v a t i v e s  a l o n g  t h e  
s u r f a c e .  When t h e  l a t t e r  a r e  n e g l e c t e d ,  t h e  t h i n - l a y e r  a p p r o x i -  
m a t i o n  r e s u l t s .  I f  t h e  f l o w  is a l s o  s t e a d y  and s u p e r s o n i c ,  t h e  
p a r a b o l i z e d  Nav ie r -S tokes  e q u a t i o n s  c a n  b e  o b t a i n e d  by  s i m p l i -  
f y i n g  t h e  s t r e a m w i s e  p r e s s u r e  g r a d i e n t  w i t h i n  t h e  v i s c o u s  l a y e r .  
I n  t h i s  c a s e  t h e  r e s u l t i n g  e q u a t i o n s  may b e  s o l v e d  by  a  s p a c e -  
m a r c h i n g  m e t h o d ,  p r o c e e d i n g  d o w n s t r e a m  s t e p  by s t e p  f r o m  o n e  
c r o s s - s e c t i o n a l  p l a n e  t o  a n o t h e r .  A v a i l a b l e  compu te r  s t o r a g e  c a n  
b e  u sed  e f f e c t i v e l y  f o r  t h i s  a p p r o a c h  b e c a u s e  j u s t  a  f r a c t i o n  o f  
t h e  f l o w  f i e l d  p r o p e r t i e s  n e e d  b e  s t o r e d  a t  a n y  g i v e n  t i m e .  
The s o l u t i o n  a l g o r i t h m s  used  i n  t h e  f o l l o w i n g  examples  a r e  a l l  
b a s e d  on t h e  i m p l i c  it  Beam-Warming method. 

RESULTS 

Example 1 

The  f i r s t  e x a m p l e  is  a  s o l u t i o n  b y  C h a u s s e e ,  R i z k ,  and  
Buning (Re f .  2 )  f o r  t h e  p a r a b o l i z e d  Nav ie r -S tokes  e q u a t i o n s  w i t h  
a  p e r f e c t  g a s  f r e e  s t r e a m  r e p r e s e n t a t i v e  o f  wind t u n n e l  c o n d i -  

-4 
0 2 4  6 8 

Y 
( a )  C o m p u t a t i o n a l  g r i d  

-7 , 

0 2 4  6 8 
Y 

( b )  Mach c o n t o u r s  

F i g .  3 P e r f e c t  g a s  s o l u t i o n ,  M, = 7.9,  (Y = 25O, x/L = 0.66 
(Re f .  2 )  



t i o n s .  The f r e e - s t r e a m  Mach number,  M, , was 7 .9 ,  t h e  a n g l e  o f  
a t t a c k ,  a ,  was 25O, and t h e  Reynolds  number b a s e d  on v e h i c l e  
l e n g t h  was 1 . 3 7  m i l l i o n .  T u r b u l e n t  f l o w  was assumed o v e r  t h e  
s u r f a c e  w i t h  t h e  eddy  v i s c o s i t y  c a l c u l a t e d  f rom t h e  Baldwin-Lomax 
a l g e b r a i c  model ( R e f .  3 ) .  The c a l c u l a t i o n s  were i n i t i a t e d  a t  t h e  
c r o s s  s e c t i o n  l o c a t e d  a t  x/L = 0.0522, where  x  is t h e  a x i a l  
d i s t a n c e  measured f rom t h e  n o s e  and L is t h e  t o t a l  l e n g t h  o f  t h e  
o r b i t e r .  The a x i a l  f l o w  was s u p e r s o n i c  a t  t h i s  c r o s s  s e c t i o n ,  
and f l o w  p r o p e r t i e s  were o b t a i n e d  f rom a  b l u n t  body c o d e .  The 
f l o w  f i e l d  p r o p e r t i e s  were t h e n  marched downs t ream a s  f a r  a s  t h e  
c r o s s  s e c t i o n ,  x /L  = 0 . 6 6 ,  w h e r e  t h e  i n t e r a c t i o n  o f  t h e  bow 
shock  wave w i t h  t h e  wing shock c a u s e d  a  l o c a l  s u b s o n i c  r e g i o n  
which i n v a l i d a t e d  t h e  s o l u t i o n  p r o c e d u r e .  The c o m p u t a t i o n a l  g r i d  
a t  x/L = 0.66 is shown i n  F i g .  3a. The o u t e r  bounda ry  is t h e  
bow shock  wave, and p o i n t s  a r e  c l u s t e r e d  n e a r  t h e  s u r f a c e  t o  r e -  
s o l v e  t h e  v i s c o u s  l a y e r .  Mach number  c o n t o u r s  a r e  shown i n  
F i g .  3b ,  where  c o a l e s c e n c e  o f  c o n t o u r s  i n d i c a t e s  t h e  l o c a t i o n s  o f  
t h e  wing shock  and c r o s s  f l o w  s h o c k s  on t h e  wing and uppe r  body.  
S i m u l a t e d  o i l  f l o w  p a t t e r n s  o v e r  t h e  u p p e r  o r b i t e r  s u r f a c e  a r e  
shown i n  F i g .  4 .  S e p a r a t e d  f l o w  is i n d i c a t e d  on t h e  s t r a k e - w i n g  
and p a y l o a d  b a y  d o o r  on t h e  uppe r  h a l f  o f  t h e  f u s e l a g e .  

F i g .  4 O i l  f l o w  p a t t e r n ,  M, = 7 . 9 ,  a =  25' ( R e f .  2 )  

Example 2 

The  s e c o n d  e x a m p l e  i s  a  s o l u t i o n  b y  R i z k ,  S t e g e r ,  a n d  
C h a u s s e e  ( R e f .  4 )  f o r  t h e  t h i n - l a y e r  N a v i e r - S t o k e s  e q u a t i o n s  w i t h  
a  p e r f e c t  g a s  f r e e  s t r e a m .  The f l o w  f i e l d  was s u b d i v i d e d  i n t o  
f o u r  r e g i o n s ,  a s  shown i n  F i g .  5 ,  t o  accommodate d i f f e r e n t  g r i d s  
and n u m e r i c a l  methods and t o  make e f f e c t i v e  u s e  o f  t h e  a v a i l a b l e  
compu te r  s t o r a g e .  Region I was s o l v e d  f i r s t ,  and r e s u l t s  a t  a  
downs t ream p l a n e ,  where  t h e  f l o w  was s u p e r s o n i c ,  was u sed  a s  i n -  



p u t  f o r  R e g i o n  I1 c a l c u l a -  
t i o n s .  T h i s  p r o c e d u r e  was re- 
p e a t e d  f o r  Reg ions  I11 and I V .  
Time-dependent  p r o c e d u r e s  were 
used  i n  a l l  f o u r  r e g i o n s ,  a l -  
t hough  a space-march ing  method 
c o u l d  have  b e e n  implemented i n  
R e g i o n  I11 t o  c o n s e r v e  corn- 
pu t e r  time . 

R e s u l t s  a r e  p r e s e n t e d  a t  
t h e  a f t  f u s e l a g e  s t a t i o n ,  
x /L = 0 . 9 1 ,  i n  F i g .  6  f o r  
M, = 1 . 4 ,  CY = o O ,  and t u r b u -  
l e n t  f l o w ,  u s i n g  t h e  Baldwin-  
Lomax model .  D e t a i l s  o f  t h e  
c o m p u t a t i o n a l  g r i d  n e a r  t h e  
body a r e  shown i n  F i g .  6 a ,  i n -  
c l u d i n g  t h e  w i n g ,  o r b i t a l  
rnaneuver i n g  s y s t e m  pod ,  and 
v e r t i c a l  t a i l .  I s o b a r s  a r e  F i g .  5 C o m p u t a t i o n a l  r e g i o n s  
shown i n  F i g .  6b.  (Re f .  4 )  

( a )  C o m p u t a t i o n a l  g r i d  ( b )  I s o b a r s  

F i g .  6  P e r f e c t  g a s  s o l u t i o n ,  M, = 1 . 4 ,  CY = o O ,  x/L = 0.91 
(Re f .  4)  

Example 3 

The  t h i r d  e x a m p l e  is a s o l u t i o n  b y  P r a b h u  and  T a n n e h i l l  



( R e f .  5), which i n c o r p o r a t e s  r e a l - g a s  e f f e c t s  i n  a p a r a b o l i z e d  
Nav ie r -S tokes  c o d e .  The thermodynamic p r o p e r t i e s  were o b t a i n e d  
f rom c u r v e  f i t s  t o  t a b l e s  t h a t  a r e  a p p l i c a b l e  f o r  e q u i l i b r i u m  a i r  
a t  h i g h  t e m p e r a t u r e s ,  i n c l u d i n g  t h e  e f f e c t s  o f  d i s s o c i a t i o n  and 
i o n i z a t i o n .  A m o d i f i e d  o r b i t e r  g e o m e t r y ,  d e l e t i n g  t h e  c a n o p y ,  
v e r t i c a l  t a i l ,  and o r b i t a l  maneuver ing  s y s t e m  p o d s ,  was used  f o r  
t h e  c a l c u l a t i o n s .  

The p a r a b o l i z e d  Nav ie r -S tokes  e q u a t i o n s  were s o l v e d ,  b e g i n -  
n i n g  a t  x/L = 0 . 0 1 5 ,  w i t h  i n i t i a l  c o n d i t i o n s  o b t a i n e d  f r o m  a  
b l u n t - b o d y  c o d e  f o r  t h e  n o s e  r e g i o n .  The f l o w  f i e l d  p r o p e r t i e s  
were marched downs t ream u n t i l  t e r m i n a t e d  a t  x/L = 0.40 by  numer i -  
c a l  d i f f i c u l t i e s  a t t r i b u t e d  t o  t h e  g r i d  g e n e r a t i o n  method.  Mac11 
number c o n t o u r s  a t  x/L = 0.40 are shown i n  F i g .  7  f o r  l a m i n a r  
f l o w  a t  M, = 2 1 ,  a = 40°, and a n  a l t i t u d e  o f  71.3 km. 

Example 4 

The l a s t  example  is a s o l u t i o n  by  B a l a k r i s h n a n  ( R e f .  6 ) ,  
which a l s o  i n c o r p o r a t e s  r e a l - g a s  e f f e c t s  i n  a  p a r a b o l i z e d  N a v i e r -  
S t o k e s  c o d e .  I n  t h i s  case, however ,  t h e  s p e c i e s  c o n c e n t r a t i o n s  
and thermodynamic p r o p e r t i e s  were c a l c u l a t e d  a t  e a c h  g r i d  p o i n t  

F i g .  7 R e  
c o n t o u r s ,  
a l t i t u d e  = 
( R e f .  5 )  

a 1  g a s  s o l u  
M, = 21,  

71.3 km, 

t i o n ,  Mach 
= 40°, 

x/L = 0.4 

-300 U 
0 100 200 300 

Y, in. 
F i g .  8  R e a l  g a s  s o l u t i o n ,  
c r o s s - f l o w  v e l o c i t y  v e c t o r s ,  
M, = 1 3 ,  ci = oO,  a l t i -  
t u d e  = 55.8 km, x/L = 0.53 
(Ref .  6 )  



u s i n g  f o r m u l a t i o n s  o b t a i n e d  f rom t h e  k i n e t i c  t h e o r y  o f  g a s e s .  
A i r  was assumed t o  b e  composed o f  s e v e n  s p e c i e s  i n  thermodynamic 
e y u i l b r i u m ,  i n c l u d i n g  oxygen ,  n i t r o g e n ,  and n i t r i c  o x i d e  mole- 
c u l e s ;  oxygen and n i t r o g e n  atoms;  n i t r i c  o x i d e  i o n s ;  and e l e c -  
t r o n s .  A l t h o u g h  r e q u i r i n g  more  c o m p u t e r  t i m e ,  t h i s  a p p r o a c h  
p r o v i d e s  s p e c i e s  mole f r a c t i o n s  n e c e s s a r y  f o r  c a l c u l a t i n g  r a d i a -  
t i v e  h e a t  t r a n s f e r  and is  r e a d i l y  e x t e n d i b l e  t o  n o n e q u i l i b r i u m  
f l o w  c a l c u l a t i o n s .  The s i m p l i f i e d  geome t ry  o f  t h e  t h i r d  example  
was a l s o  u sed  f o r  t h e s e  c a l c u l a t i o n s .  

I n i t i a l  c o n d i t i o n s  a t  t h e  c r o s s  s e c t i o n ,  x/L = 0.026, which were 
o b t a i n e d  f rom a  b l u n t  body s o l u t i o n ,  were marched downs t ream t o  
x/L = 0.61.  C r o s s - f l o w  v e l o c i t y  v e c t o r s  a t  t h e  c r o s s  s e c t i o n ,  
x /L = 0 . 5 3 ,  a r e  shown i n  F i g .  8  f o r  l a m i n a r  f l o w  a t  M, = 1 3 ,  
a = o O ,  and an  a l t i t u d e  o f  55.8 k m .  Flow r e v e r s a l  is i n d i c a t e d  
a t  t h e  wing-body j u n c t u r e .  

CONCLUDING REMARKS 

Computer s i m u l a t i o n s  c a n  now p r o v i d e  d e t a i l e d  i n f o r m a t i o n  
a b o u t  t h e  v i s c o u s  f l o w  a round  t h e  s p a c e  s h u t t l e  o r b i t e r  f o r  a  
w i d e  r a n g e  o f  f r e e - s t r e a m  Mach and R e y n o l d s  n u m b e r s  and g a s  
p r o p e r t i e s .  Computer c o d e s  v a l i d a t e d  by  wind t u n n e l  tests c a n  b e  
a p p l i e d  a t  f l i g h t  c o n d i t i o n s  which c a n n o t  b e  r e p r o d u c e d  i n  t es t  
f a c i l i t i e s .  The ae rodynamic  d e s i g n  o f  t h e  Space  S h u t t l e  o r b i t e r  
was f i x e d  1 0  y e a r s  a g o ,  b u t  c o m p u t e r  s i m u l a t i o n s  a r e  u s e f u l  
t o d a y ,  f o r  example ,  f o r  s t u d i e s  o f  a  crew e s c a p e  s y s t e m  d u r i n g  
t h e  l a u n c h  p h a s e .  I n  a d d i t i o n ,  t h e  computer  c o d e s  c a n  b e  u sed  
f o r  p r e l i m i n a r y  d e s i g n  s t u d i e s  o f  advanced a e r o s p a c e  v e h i c l e s .  
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