
78-12 

Preliminary Study of the Use of the STAR-100 
Computer for Transonic Flow Calculations 
J.D. Keller, NASA Langley Research Center, 
Hampton, Va.; and A. Jameson, Courant 
Institute of Mathematical Sciences, New York 
University, New York, N .  Y. 

‘d 

AIAA 16TH AEROSPACE 
SCIENCES MEETING 

H untsvi I le, AlabamalJanuary 16-1 8, 1978 

ii 
For permission to copy or republish. contact the Amerlcan lnslltule 0 1  Aeronautics and Astronautlcs, 

1290 Avenue of the Amerlcas. New York. N.Y.  10019. 



PRELIMINARY STUDY OF THE USE OF THE STAR-100 COMPUTER 
FOR TRANSONIC FLOW CALCULATIONS 

James D. K e l l e r *  
NASA Langley Research Center 

Hampton, V i r g i n i a  

and 

Antony Jameson** 
New York U n i v e r s i t y  
New York, New York 

Abst ract  

A new e x p l i c i t  method f o r  s o l v i n g  t h e  t r a n -  Th is  paper describes a new e x p l i c i t  a l g o r i t h m  
sonic  smal l -d is turbance p o t e n t i a l  equat ion i s  
presented. 
t he  new vector-vrocessor  comvuters such as t h e  case and compared t o  SLOR on the  CYBER 175 

which can be vec to r i zed  f o r  use on the  STAR-100. 
The new a lgo r i t hm i s  app l i ed  t o  a s imple t e s t  This a lgor i thm,  which i s  s u i t a b l e  f o r  

CDC STAR-100, i s  compared to '  successive l i n e  over- 
r e l a x a t i o n  (SLOR) on a simple t e s t  problem. 
convergence r a t e  of t h e  e x p l i c i t  scheme i s  slower 
than t h a t  o f  SLOR. However, t he  e f f i c i e n c y  of t h e  
e x p l i c i t  scheme on the  STAR-100 computer i s  su f f i -  
c i e n t  t o  overcome t h e  slower convergence r a t e  and 
a l l o w  an o v e r a l l  speedup compared t o  SLOR on t h e  
CYBER 175 computer. 

Computer. 
The 

Test  Problem 

The t e s t  problem chosen f o r  t h i s  p r e l i m i n a r y  
study i s  t o  so l ve  t h e  t ransonic ,  nonl inear ,  smal l -  
d is turbance p o t e n t i a l  equat ion f o r  a n o n l i f t i n g  
pa rabo l i c -a rc  a i r f o i l  i n  a f i n i t e  box w i t h  uniform 
g r i d ,  as shown i n  t h e  sketch below. 

Y 
I n t r o d u c t i o n  

$ = O  

0 = - 4TX 
Y 

The s t a t e - o f - t h e - a r t  o f  t ranson ic  f l o w  
c a l c u l a t i o n s  has advanced t o  the  p o i n t  where two- 
dimensional f lows, i n c l u d i n g  the  e f f e c t s  o f  
v i s c o s i t y ,  can be computed i n  a r e l a t i v e l y  s h o r t  

many people a r e  us ing a program developed a t  t h e  
Courant I n s t i t u t e  o f  New York U n i v e r s i t y  f o r  t he  
ana lvs i s  of t ranson ic  f l o w  pas t  a i r f o i l s . 1  This  

'd t ime  on modern s e r i a l - t y p e  computers. For example, 

program gives accurate s o l u t i o n s  t o  the  f u l l -  
p o t e n t i a l  equation, i n c l u d i n g  the  e f f e c t s  o f  
boundary-layer displacement, i n  about 2 o r  
3 minutes on a CDC CYBER 175 computer. Three- 2 
dimensional, t ransonic ,  f i n i t e -d i f f e rence  ca lcu-  - 5  - 

L - L _ _  
3 3 

l a t i o n s ,  however, a re  expensive on t h i s  type o f  
computer. The three-dimensional program developed 
a t  New York U n i v e r s i t y 1  takes about h a l f  an hour 
f o r  an i n v i s c i d  c a l c u l a t i o n  on a f a i r l y  crude g r i d .  Although t h i s  i s  a very simple phys i ca l  s i t u a t i o n ,  

i t  s t i l l  has some o f  t h e  most d i f f i c u l t  f ea tu res  o f  
It i s  hoped t h a t  t he  use o f  t he  STAR-100 t ranson ic  f low f i e l d s  as f a r  as programing f o r  t h e  

computer w i l l  a l l o w  accurate, three-dimensional, STAR i s  concerned. The governing p a r t i a l  d i f feren-  
t ranson ic  flow c a l c u l a t i o n s  t o  be done economically. t i a l  equation i s  
One way t o  achieve t h i s  goal i s  through the  devel- 
opment of a lgor i thms which can make f u l l  use of 
t h e  unique a r c h i t e c t u r e  o f  t he  STAR-100. 
STAR computer has a " p i p e l i n e "  type of processor 
which i s  very e f f i c i e n  
t i o n s  on long vectors.$ Unfor tunate ly ,  t he  bes t  
a v a i l a b l e  method f o r  s o l v i n g  t h e  t ranson ic  poten- 
t i a l  equat ion i s  successive l i n e  ove r - re laxa t i on  
(SLOR), which i s  n o t  amenable t o  vec to r  a r i t h m e t i c .  
The reason f o r  t h i s  i s  t h e  s e m i - i m v l i c i t  nature o f  

- (~+l) M_ $x +xx + +yy = 0 ' I  The 

i n  doing a r i t h m e t i c  opera- 
The boundary cond i t i ons  t o  be app l i ed  are 

0 = 0 on t h e  o u t e r  boundary 

t h e  i t e r a t i v e  method; t h a t  i s ,  t h e ' c a l c u l a t i o n s  a t  
a p a r t i c u l a r  g r i d  p o i n t  r e q u i r e  r e s u l t s  from the  
c u r r e n t  i t e r a t i o n  a t  ne ighbor ing g r i d  p o i n t s  and 
thus cannot be done i n  long vec to r  operations. 

and 
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where i s  the thickness of the parabo l ic -a rc  
a i r f o i l  (which has a u n i t  chord). For T = 0.1 I........ ~ 

and M, = 0.9 t h e  f low i s  s u p e r c r i t i c a l .  In 
reg ions where the c o e f f i c i e n t  of +xx , i s  p o s i t i v e ,  
the f l o w  i s  subsonic and the equation 1s e l l i p t i c  
type. I n  reg ions where t h e  c o e f f i c i e n t  of Qxx 
i s  negative, the f l o w  i s  supersonic and the equa- 
t i o n  i s  hyperbo l i c  type. The general procedure 
f o r  so lv ing  t h i s  equation i s  t o  rep lace t h e  
p a r t i a l  d i f f e r e n t i a l  equat ion w i t h  a f i n i t e -  
d i f ference equation a t  each g r i d  p o i n t .  
f i n i t e - d i f f e r e n c e  equations are  then so lved 
i t e r a t i v e l y .  

This t e s t  problem represents a simple phys ica l  
s i t u a t i o n  which i s  o f  l i t t l e  p r a c t i c a l  i n t e r e s t .  
A more usefu l  program should a l l o w  f o r  l i f t i n g  
f lows and should extend t h e  ou ter  boundary f a r t h e r  
away from the a i r f o i l .  Th is  could be done e i t h e r  
by us ing a s t re tched g r i d  o r  by some type of g r l d  
nes t ing  us ing a d d i t i o n a l  coarse g r i d s  around t h e  
small  reg ion  considered here. The t e s t  case 
does, however, i n c l u d e  t h e  major  d i f f i c u l t i e s  t o  
be overcome i n  us ing the STAR-100 computer f o r  
t ranson ic  f lows.  For example, i t  has s u p e r c r i t i c a l  
f low which requ i res  a change from one type of 
d i f fe rence equat ion a t  subsonic ( e l l i p t i c )  p o i n t s  
t o  another type of d i f ference equation a t  super- 
sonic  (hyperbo l i c )  po in ts .  I t  a lso  requ i res  the 
use o f  an e x p l i c i t  i t e r a t i v e  scheme t o  so lve the 
d i f ference equations if t h e  a r i t h m e t i c  operat ions 
are  t o  be done us ing long vector  i n s t r u c t i o n s .  

These 

Semi - Imp l ic i t  S o l u t i o n  Method 

f i n i t e - d i f f e r e n c e  equations i s  successive l i n e  
o v e r - r e l a x a t i o n  (SLOR). 
implemented as fo l lows:  

The most comnon method used t o  so lve t h e  

This  i t e r a t i v e  scheme i s  

using 

n n 
$<+I, j - + i - 1 ,  j 

+x = 2AX 

I f  U > 0 (subsonic p o i n t s ) ,  cen t ra l  d i f f e r -  
ences a r e  used together  w i t h  o v e r - r e l a x a t i o n  
( w  > 1) t o  give: 

n t l  n --0. 2 n+ l  . - 2  I - - ,$. . + + .  ( A) :,j i - 1 , j  + i + l , j  w I . J  

2 U AX 

where the superscr ip t  ind ica tes  the i t e r a t i o n  
number. 

d i f ference i s  used fo r  +xx t o  give:  
If U < 0 (supersonic p o i n t s ) ,  an upwind 

n t l  n t l  n+l 

2 
+. - 2$&,,j + +i.2,j 

u l, 
Ax 

n+ l  n+ l  - 2 6 .  . t +. . n+l 
+ +i, j+l l,J 1,J-1 = 

1 

AY' 

A t  t h e  a i r f o i l  boundary the by, term i s  rep laced 
by 

@YY 4Y2 AY 

which takes i n t o  account the fac t  t h a t  the non- 
l i f t i n g  f low i s  symmetric ( i .e . ,  +. . 1 - $. . 
a t  y = 0). 
column a t  a t ime going from l e f t  t o  r i g h t ,  by 
so lv ing  a t r i d i a g o n a l  system o f  equations a t  each 
column. This nonconservative scheme i s  s im i  a r  t o  
t h a t  o r i g i n a l l y  proposed by Murman and Co1e.I See 
references 4 and 5 f o r  a d iscuss ion of r e l a t e d  
conservat ive schemes. 

Each i t e r a t i o n  i s  gen&dted'onl'J+l 

E x p l i c i t  S o l u t i o n  Method 

The e x p l i c i t  s o l u t i o n  method uses values Of  
the p o t e n t i a l  f u n c t i o n  from the two previous 
i t e r a t i o n s  i n  order  t o  update t h e  p o t e n t i a l  
f u n c t i o n  f o r  the present  i t e r a t i o n  ( thus  termed a 

as f o l l o w s :  
th ree- leve l  scheme). The method i s  implemented d 

Compute u E 1 - M: - ( y + l )  M, 2 bX 

using 

n n 
@itl,j +i-l,j 

+x = 2Ax 

I f  U > 0 (subsonic p o i n t s ) ,  c e n t r a l  d i f f e r -  
ences are  used a t  i t e r a t i o n ,  o r  "t ime," l e v e l  n 
and the p o t e n t i a l  f u n c t i o n  i s  updated us ing:  

+ D l R l  

where 

+ Ax2 (+;,j+l - 2+;,j 7 

\ 

v 

2 
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2 P, P, =-m 2 u t  - 

and P I  and P2 a re  parameters o f  the a lgor i thm.  
I t  i s  i n t e r e s t i n g  t o  rearrange equation ( 1 )  t o  
g ive  

1 (1,J , J )  
n t l  - zg? . t gn-! t ( 2  - P ) g? . - gY-! = 

1,J 1,J 

which shows t h a t  the i t e r a t i o n  process i s  r e l a t e d  
t o  the t ime dependent equation 

Qtt + abt = b(U@xx + +yy) 

If U 0 (supersonic p o i n t s ) ,  t h e  upwind 
@xx d i f ference i s  formed a t  " t ime"  l e v e l  n-1, 
w h i l e  '$ i s  c e n t r a l l y  dif ferenced and averaged 
i n  t ime r e v e l  n. The p o t e n t i a l  f u n c t i o n  i s  up- 
dated us ing 

J where 

- u = (1-u) u t uii 

n-1 n-1 

2Ax 

- 2 2 @i,j - @ i - z , j  
U 1 - M, - ( y t l )  M, 

and 

Again i t  i s  i n t e r e s t i n g  t o  rearrange equat ion ( 2 )  
t o  g ive  

which i s  r e l a t e d  t o  the time-dependent equat ion 

A von Neumann s t a b i l i t y  ana lys is  of t h i s  l a s t  
scheme w i t h  t h e  U rep laced by U shows why the 
Ox d e r i v a t i v e  i s  evaluated a t  the n-1 i t e r a t i o n  
ana why t h e  @yy d e r i v a t i v e  i s  a weighted average 
between gyy a t  t h e  i column and my a t  the 
i -1 column. To do the von Neumann anafys is ,  l e t  
'$ a t  the k t h  i t e r a t i o n  be 

Also l e t  mAx = 5 and nay = 11. P u t t i n g  these 
d e f i n i t i o n s  i n t o  equat ion (3 )  g ives 

Note t h a t  

2 D2U = - a 



Also def ine 

SLOR ON CYBER 175 

G r i d  Cycles t o  Time t o  Average 
s i z e  converge converge sec lcy.  

40x40 42 1.242 .0296 

80x80 98 12.118 ,1237 

160x1 60 244 116.095 ,4758 

vectors  t o  d i s t i n g u i s h  between subsonic and super- 
sonic p o i n t s .  The b i t  c o n t r o l  vectors  prov ide the  
c a o a b i l i t v  of oerformina t h e  comolicated smerson ic  

EXPLICIT METHOD ON STAR-100 

Cycles t o  Time t o  Average 
converge converge seclcy.  

131 ,879 ,0067 

300 6.385 .0213 

655 59.834 .0913 
L 

sa equat ion (4)  becomes 

g2 - 2pg [l - G ( k  - e - i s ) ]  

o r  

Thus, i n  o rde r  t o  have 
and s u f f i c i e n t  t o  have both 1 %  1 and G 1. 

The i n e q u a l i t y  

This  convenient f a c t o r i n g  of t he  expression 

l g  [ 5 1, i t  i s  necessary 

I p  1 I 1 i m p l i e s  t h a t  G~W%-.  
f o r  t h e  a m p l i f i c a t i o n  f a c t o r  was made poss ib le  by 
choosing t h i s  p a r t i c u l a r  rep resen ta t i on  for  t he  
qXx and @yy d e r i v a t i v e s .  - I n  p r a c t i c e  the  
c o e f f i c i e n t  o f  m.... i s  U r a t h e r  than U: t h i s  
averaging nlakes ifig scneme approach second-order 
accuracy as o approaches 1. 

I t  should be noted t h a t  t h i s  e x p l i c i t  scheme 
i s  n o t  o n l y  a d i f f e r e n t  i t e r a t i v e  a l g o r i t h m  from 
the  s e m i - i m p l i c i t  scheme, b u t  i t  a l s o  has a 
d i f f e r e n t  s teady-state so lu t i on .  Th is  dif ference 
occurs because of t he  weighted averaging done on 
both the  @ term and on the  c o e f f i c i e n t  of t he  
$xx term & supersonic pa in ts .  

Convergence and Timing Comparisons 

Shor t  computer programs have been w r i t t e n  t o  
so l ve  t h e  sample problem us ing the  two methods 
described. The s e m i - i m p l i c i t  SLOR method was 
coded i n  standard FORTRAN I V  and r u n  on a COC 
CYBER 175 computer (which i s  about 235 times as 
f a s t  as a COC 6600 f o r  t h i s  type of problem). The 
e x p l i c i t  method was coded i n  STAR FORTRAN6 and r u n  
on a COC STAR-100 computer. The STAR code inc ludes 
the  use of vec to r  i n s t r u c t i o n s  i n  the  i t e r a t i o n  
loop. It a l s o  i nc ludes  t h e  use of b i t  c o n t r o l  

- - , ~ -  - ~~ ~.~ 
~~~~~ 

c a i c u l a t i b n s  o n l y  a t  supersonic po in ts ,  which a re  
c o l l e c t e d  i n t o  a vec to r  through the  "compress" and 
"expand" t ype  of i n s t r u c t i o n s  a v a i l a b l e  on the  STAR. 

d The computations were done on th ree  d i f f e r e n t  
g r i d s .  Each c a l c u l a t i o n  was terminated when the  
va lue of the l a r g e s t  res idua l  i n  t h e  f l o w  f i e l d  was 
less  than k (Ax2 + Ay2). Each c a l c u l a t i o n  was r u n  
w i t h  experimental ly-determined optimum values o f  
t h e  parameters f o r  t h a t  a l g o r i t h m  so t h a t  con- 
vergence was a t t a i n e d  i n  a minimum number of cyc les .  
The r e s u l t s  i n  t h e  t a b l e  below show t h a t  the new 
th ree - leve l  e x p l i c i t  scheme has a slower convergence 
r a t e  than SLOR. However, t he  e f f i c i ency  of  t h i s  new 
scheme on the  STAR computer i s  enough t o  make up f o r  
t he  s lower convergence r a t e  and s t i l l  a l l o w  an over-  
a l l  r educ t i on  i n  computing t ime. Not s u r p r i s i n g l y ,  
t he  speedup i s  g r e a t e r  f o r  t he  cases w i t h  f i n e r  
g r i d s  than f o r  t he  40x40 case. 

Concluding Remarks 

This  p r e l i m i n a r y  s tudy has shown t h a t  a new 
e x p l i c i t  method f o r  s o l v i n g  t h e  t ranson ic  smal l -  
d is turbance p o t e n t i a l  equat ion on the  STAR-100 
computer can almost ha l ve  t h e  computer t ime requ i red  
f o r  t h i s  type of computation when compared t o  suc- 
cess ive l i n e  ove r - re laxa t i on  on the  CDC CYBER 175 
computer. These r e s u l t s  a r e  l i m i t e d  t o  a r e l a t i v e l y  
s imple problem w i t h  a uniform Car tes ian g r i d .  
Although the  speedup i s  n o t  as g r e a t  as des i red,  
i t  i s  enough t o  j u s t i f y  f u r t h e r  s tudy of t h i s  
method. 
on the  convergence r a t e s  of  t he  schemes should be 
i nves t i ga ted .  

The ef fects  of  l i f t  and o f  g r i d  s t r e t c h i n g  

Also, t h e  new e x p l i c i t  scheme should 
be app l i ed  t o  the  f u l l  p o t e n t i a l  equat ion.  .J 

There a re  several  p o s s i b i l i t i e s  fo r  o b t a i n i n g  
f u r t h e r  reduct ions i n  computer t ime. 
the  development of more e f f i c i e n t  a lgor i thms.  
Improvements might  be made i n  the  convergence r a t e  
of e x p l i c i t  a lgor i thms,  o r  o the r  v e c t o r i z a b l e  algo- 
r i t hms  might  be developed. Another p o s s i b i l i t y  i s  
through programing techniques t o  g e t  successive 
l i n e  ove r - re laxa t i on  t o  r u n  as e f f i c i e n t l y  as 
poss ib le  on the  STAR-100 computer. 
method i s  semi - imp l i c i t ,  t he re  a re  p o r t i o n s  o f  i t  
which can be w r i t t e n  i n  vec to r  i n s t r u c t i o n s  o f  s h o r t  
1 ength. 

One i s  through 

Although the 
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