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INTRODUCTION 

Transonic  small-disturbance  theory is at t ract ive i n   p r a c t i c a l   e n g i n e e r i n g  
des ign   and   ana lys i s   p r imar i ly   because   o f   the   f lex ib i l i ty  i t  o f f e r s   i n   t h e  treat- 
ment of  boundary  conditions. The theory  can  provide  an  understanding  of  the 
physics  of  complex,  three-dimensional  transonic  f lows,  without  the 'need  of 
complicat ing  features   such as a i r fo i l   sur face-or ien ted   coord ina te   t ransformat ions ,  
which are genera l ly   used   in  less approximate  theories .  However, as wi th  any 
other  asymptotic  theory,   problems  can arise when the  theory is a p p l i e d   t o   c a s e s  
t h a t   d i f f e r  from  the  assumptions  under  which it is derived. 

Re laxa t ion   so lu t ions   t o  c lass ical  three-dimensional  small-disturbance (CSD) 
theo ry   fo r   t r anson ic   f l ow  abou t   l i f t i ng  swep t  wings were f i r s t   r e p o r t e d   i n  
r e fe rences  1 and 2 .  A def ic iency  in   the  t reatment   of   wings  with  moderate- to-  
l a r g e  sweep angles  soon became apparent.   For  such  wings,   the CSD theory was 
found t o   b e  a poor   app rox ima t ion   t o   t he   fu l l   po ten t i a l   equa t ion   i n   r eg ions   o f  
t h e   f l o w   f i e l d   t h a t  are essent ia l ly   two-dimens iona l   in  a plane  normal   to   the 
sweep d i rec t ion .   This  w a s  po in ted   ou t   in   re fe rence  3 ,  which  emphasized 
de te rmina t ion   o f   t he   e f f ec t   o f   t h i s   de f i c i ency  on the  capture   of  embedded 
shock  waves i n  terms  of (1) the  conditions  under  which  shock  waves  can  exist 
and ( 2 )  t h e   r e l a t i o n s   t h e y  must s a t i s f y  when they do e x i s t .  A modified small- 
dis turbance (MSD) equat ion,   der ived by r e t a i n i n g  two previously  neglected terms, 
was proposed  and shown t o   b e  a c o n s i s t e n t   a p p r o x i m a t i o n   t o   t h e   f u l l   p o t e n t i a l  
equation  over a wider  range  of sweep angles .  The purpose  of  this p a p e r  i s  t o  
demonst ra te   the   impor tan t   e f fec t   o f   these   ex t ra  terms by comparing CSD,  MSD, 
and experimental   wing  surface  pressures .  

THE EXISTENCE OF SHOCK WAVES ON AN INFINITE ASPECT 
RATIO SWEPT WING 

Consider   an  inf ini te   aspect   ra t io   wing  with sweep angle  x. For a v e r t i c a l  
shock wave t o   e x i s t ,   t h e   f l o w  must b e   s u p e r c r i t i c a l   i n  a d i r ec t ion   no rma l   t o  
t h e  sweep.   Since  the  der ivat ives   of  a l l  f l o w   q u a n t i t i e s   w i t h   r e s p e c t   t o   t h e  
span   d i r ec t ion  are zero,  i t  can  be shown t h a t  Qy + Qx t a n  x = 0 ,  where 
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4 and $x are p e r t u r b a t i o n   v e l o c i t i e s   p a r a l l e l   t o   t h e ' w i n g   p l a n e   i n   t h e  free- 
seream-normal  and  free-stream  directions,   respectively.  The condi t ion  f rom  the 
fu l l   po ten t i a l   fo rmula t ion   fo r   son ic   f l ow  no rma l   t o   t he  sweep d i r e c t i o n  is 

4x*(x) = -cos2 x 1 " 1 - - [ {{)- Y + l  1,3 

2 

where   t he   ve loc i ty   i n   t he   f r ee - s t r eam  d i r ec t ion  is given  by  Um(l + $x),  and 
t h e   a s t e r i s k   d e n o t e s  c r i t i c a l  ( s o n i c )   c o n d i t i o n s   i n  a d i r ec t ion   no rma l   t o   t he  
shock. A shock  with sweep A can e x i s t  whenever @ , k ( h )  < $, < (@x)M, where 

(@,)MAX corresponds t o  zero  sound  speed. 

For c lass ica l  sma l l -d i s tu rbance   t heo ry ,   t he   gove rn ing   equa t ion   wr i t t en   i n  
conservation  form is 

and t h e   e q u i v a l e n t   e x p r e s s i o n   f o r   ( 1 )  is  

sec2A - K~ 
@,*(A) = 

(y + 1) Mwn 

The exponent n w i l l  be   specif ied  subsequent ly .   Equat ions (1) and (3) are  
compared i n   f i g u r e  1. Note   t he   i nc reas ing   d i spa r i ty  as t h e  sweep increases .  A t  
o the r   t han  small sweep a n g l e s ,   t h e  CSD equat ion  does  not   permit   the   exis tence  of  
shocks  for   values   of  $x f o r  which   they   can   ex is t   accord ing   to   the   fu l l   po ten-  
t i a l  equat ion.  

This  si tuation  can  be  improved by the  use  of   the  MSD equa t ion   ( r e f .  3 ) ,  
w r i t t e n   h e r e   i n   c o n s e r v a t i o n  form 

The co r re spond ing   son ic   cond i t ion ,   a l so   p lo t t ed   i n   f i gu re  1, i s  

sec2A - M,' 
$,*(A> = 

(y + I)M,~ + (y + I > M , ~  tan' A 

The MSD equat ion   sa t i s f ies   two-dimens iona l  sweep theory;  i . e . ,  i t  is as consis-  
t e n t   w i t h   t h e   f u l l   p o t e n t i a l   e q u a t i o n  as the  two-dimensional  transonic small 
d i s tu rbance   t heo ry   t aken   i n  a plane  normal  to  the  sweep. The approximation 
improves as M = M, cos h approaches  unity.  n 

Values  of  n,p i n   e q u a t i o n  ( 4 )  can   be   s e l ec t ed   t o  improve t h e  approxima- 
t i o n   f o r   v a l u e s   o f  M t h a t  are not   c lose   to   un i ty .   For   example ,   n ,p ,   can   be  
determined, f o r  a giu& J!,, t o   b e t t e r   a p p r o x i m a t e   e i t h e r   t h e   f u l l   p o t e n t i a l  
$,"(X) ( the  shock exis tence c o n d i t i o n )   o r  i t s  shock jump condition.  This i s  
i l l u s t r a t e d   i n   f i g u r e  1, where  equation (5)  is  p l o t t e d   f o r  two sets of n and  p: 
(1) n = 1.75, p = 2 ,  u s e d   f o r   t h e   c a l c u l a t i o n s   p r e s e n t e d   i n   t h i s   p a p e r ,  
( 2 )  n = 1.558, p = -0.162, f o r  which t h e  MSD and f u l l   p o t e n t i a l  @,"(A) agree  
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very  w e l l  f o r  Oo < X < 50". We have   no t   ye t  computed  wing s u r f a c e   p r e s s u r e s   f o r  
t h i s  set of   values .   Other  MSD equa t ions   o f   t he  same form  but   wi th   d i f fe ren t  
coeff ic ients   have  recent ly   been  proposed,   such as t h e  NLR equa t ion   ( r e f .  5 ) ;  
+ * ( X >  f o r   t h i s   e q u a t , i o n  is a l s o   p l o t t e d   i n   f i g u r e  1. 

X 

MODIFICATIONS TO THE CLASSICAZ,  SMALL-DISTURBANCE  PROCEDURE 
AND DIFFERENCING TECHNIQUES FOR THE SUPERSONIC REGION 

Use of  an  improved  form  of  the  governing  equation  does  not, i n  i t s e l f ,  
guarantee   tha t   shock  waves w i l l  be  properly  captured  by  the  computational  method. 
The f i n i t e   d i f f e r e n c e  scheme  used to   so lve   the   equat ion   mus t :  (1) enforce  shock 
c o n d i t i o n s   c o n s i s t e n t   w i t h   t h e   g o v e r n i n g   e q u a t i o n   ( t h i s  is g u a r a n t e e d ,   i n   t h e  
l i m i t  of   vanishing mesh spac ing ,   by   d i f f e renc ing   t he   equa t ion   i n   conse rva t ion  
form), (2)  be   adap tab le   t o  a s t a b l e   r e l a x a t i o n   a l g o r i t h m ,   a n d  ( 3 )  avoid  excessive 
d i spe r s ive   o r   d i s s ipa t ive   d i s to r t ion   o f   t he   shock   p ro f i l e .  

In   t ransonic   f low  re laxa t ion   methods ,   the  mixed subsonic-supersonic  charac- 
ter o f   t he   f l ow  f i e ld  i s  accounted  for  by t h e   u s e   o f   c e n t r a l   d i f f e r e n c i n g   i n   s u b -  
sonic   regions  and upwind d i f f e renc ing   i n   supe r son ic   r eg ions .   Fo r   t he  CSD equa- 
t i on   t he   x -coord ina te  i s  t h e  axis of t h e   c h a r a c t e r i s t i c   c o n e   i n   s u p e r s o n i c  
regions.  .Thus,  upwind d i f f e renc ing  of t h e  x d e r i v a t i v e s   a n d   c e n t r a l   d i f f e r -  
enc ing   of   the  y and z d e r i v a t i v e s   l e a d s   t o  a numerical  domain of  dependence 
t h a t  always  includes  the  mathematical domain of  dependence;  consequently, a 
n e c e s s a r y   c o n d i t i o n   f o r   s t a b i l i t y  i s  maintained. However, t h e   c h a r a c t e r i s t i c  
cone   ax is   for   the  MSD equat ion  l i e s  i n  a d i r e c t i o n   t h a t   c o r r e s p o n d s   t o   t h e  
loca l   f low  d i rec t ion   vec tor ,   which   genera l ly  is no t   co inc iden t   w i th   t he  
x-d i rec t ion .   Di f fe renc ing   the  MSD e q u a t i o n   i n   s u p e r s o n i c   r e g i o n s   i n   t h e  same 
manner a s   t h e  CSD equat ion can v i o l a t e   t h e  domain of   dependence   res t r ic t ion ,  
t he reby   p roduc ing   i n s t ab i l i t i e s .  We have   inves t iga ted  f i v e  supersonic   d i f fe rence  
schemes for   modi f ied   equat ions   in   an   a t tempt   to   f ind   one   wi th   su i tab le   s tab i l -  
i t y  and  shock  capturing  properties.  A s  i n   r e f e r e n c e  3 ,  on ly   add i t iona l  terms 
i n   t h e  x and y d i r e c t i o n s  are re ta ined .  

Scheme 1 

I n   t h i s  scheme t h e  CSD terms i n   t h e  MSD equat ion  are d i f f e r e n c e d   i n   t h e  
same manner as f o r   t h e  CSD equat ion;   the  remaining terms are approximated  by 
c e n t r a l   d i f f e r e n c e s .  Thus,  no  account i s  t a k e n   o f   t h e   l o c a l   o r i e n t a t i o n   o f   t h e  
stream d i rec t ion   vec to r .   Th i s   p rocedure   has   t he   advan tage   t ha t   t he   equa t ion   can  
eas i ly   be   d i f f e renced   i n   conse rva t ion  form.  However, convergence .proper t ies  
o f   t he   r e l axa t ion   p rocess  were found to   be   r e l a t ive ly   poor .   Fu r the rmore ,   l a rge  
overshoots  a t  shock waves were observed  in  some cases. 

Scheme 2 

The p r i n c i p a l   p a r t   o f   e q u a t i o n  ( 4 )  can   be   expres sed   i n   t he   canon ica l  form 
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where q and a are p a r t i c l e  and  sound  speeds,  and s and n are t h e   l o c a l  stream 
and  s t ream-normal   direct ions  in   the x-y plane.  According  to  Jameson's  (noncon- 
serva t ive)   ro ta ted   d i f fe renc ing   procedure   ( re f .  6), t h e  @xx, Cp,, $yy compo- 
nents   of  $ss and $,, should  be upwind a n d   c e n t r a l   d i f f e r e n c e d ,   r e s p e c t i v e l y ,  t o  
maintain  proper  domains  of  dependence. An exact ro t a t ion   o f   t he  MSD equat ion is 
unwieldy, so  only  an  approximate  rotat ion,   such as the   one   i n   r e f e rence  5, i s  
used   for  Scheme 2 .  Neg lec t ing   p roduc t s   o f   pe r tu rba t ion   ve loc i t i e s   g ives   fo r   t he  
terms i n   e q u a t i o n  (6)  (with n = p = 2) 

(a2 - q2) /am2 = 1 - M , ~  - (y + 1 ) ~ , 2 + ,   ( 7 4  

' s s  
- - 'xx + 2'y', 

a2/am2 = 1 - (y - 1 ) ~ ~ ~ ' ~  

'nn = -2'y', + ' y y  

Subs t i tu t ing   equat ions   (7)  i n   e q u a t i o n  (6) and  again  neglecting  products of pe r -  
t u r b a t i o n   v e l o c i t i e s   g i v e s  t h e  MSD e q u a t i o n   i n   t h e   s p l i t   f o r m  

where  the  under1 
approximately by 
(8) i s  

ined terms are upwind d i f f e renced   i n   supe r son ic   r eg ions ,   de f ined  11 - Mm2 - (y + 1)Mm2Qx] < 0. The conservation  form  of  equation 

Equation (9)  i s  e q u i v a l e n t   t o   t h e   s p l i t t i n g   g i v e n   i n   r e f e r e n c e  5. The conver- 
gence   p roper t ies   o f   th i s  scheme were found to  be  even  worse  than  those  of Scheme 
1, and  no  computed r e s u l t s   f r o m   e i t h e r   o f   t h e s e  schemes are p r e s e n t e d   i n   t h i s  
r epor t .  

Scheme 3 

This scheme is a lso   an   approximate   ro ta t ion   o f   the  MSD e q u a t i o n .   I n   t h i s  
case, however, t h e  term -2(y + l ) M m 2 ~ x ~ y ~ x y  is no t   neg lec t ed ,   s ince  1 - Mm2 
and (y + 1>Mm2$, can  be  of   the  same order.   Thus,   the  approximation 
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I 

is used.  Note t h a t   t h i s  t e r m ,  i n   con junc t ion   w i th  

is  n o t   c o n s i s t e n t   w i t h   t h e  MSD equation. However, t h i s  new s p l i t t i n g   c a n   b e  
app l i ed  as follows. By d e f i n i n g   t h e  central d i f fe rence   approximat ion   for   the  
MSD equat ion ( 4 )  as L($) = 0, one  can write t h e   r o t a t e d   e q u a t i o n  

L($) + J(0) - J(Q> = 0 (11) 

where J and J are upwind and   cen t ra l   d i f fe rence   approximat ions   to   equa t ion  
( l o ) ,  respect ively.   Unfortunately,   equat ion (11) cannot   be  expressed i n  conser- 
va t ion  form,  and, fo r   t he   computa t ions   p re sen ted   i n   t he   nex t   s ec t ion ,  J from 
equation  (10) w a s  exp res sed   i n   t he  form 

- 

Hence, the  complete  equation i s  d i f fe renced   conserva t ive ly   except   for   the   under -  
l i n e d  term. The $w p a r t  of t h i s  t e r m  i n  J($) was upwind d i f f e r e n c e d   i n  
both x and y. The o t h e r  term i n   e q u a t i o n  (12)  w a s  upwind d i f f e r e n c e d   o n l y   i n  
x. Scheme 3 improved  convergence  and  reduced  shock  overshoots  relative  to 
Scheme 1. Also,  improved cap tu re  of weak s w e p t  shocks w a s  observed,  although 
overshoots   occur red   for   s t ronger   shocks   in  some cases .  

- 

Scheme 4 

A less approximate   and   cons is ten t   ( in   the   sense  of Scheme 2) r o t a t i o n   c a n  
be  accomplished by consider ing a second  modified  small-disturbance  equation  in 
the   quas i - l i nea r  form 

Note t h a t   t h e   c o e f f i c i e n t   o f  is p r e c i s e l y   t h a t   o f   t h e   f u l l   p o t e n t i a l  equa- 
t ion  and  cannot   be  put   into  conservat ion  form.   In   this  scheme t h e   r o t a t i o n  
ang le  is approximated  by 

9, 

 COS^ e = 1 
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r e su l t i ng   i n   t he   app rox ima t ions  

and 

Thus, t h e   s p l i t   e q u a t i o n  becomes 

The less approximate  tr igonometric  forms  in  equation  (14) are necessary   for  
equation (15) to   be   cons is ten t   wi th   equat ion   (13) .   S ince   the   mathemat ics  
involved  with  equat ion  (15)   begins   to   approach  that   of   the   ful l   potent ia l  
e q u a t i o n   i n   t h e  x-y plane,   th is   procedure w a s  n o t   t e s t e d   b u t   r a t h e r  w a s  
abandoned i n   f a v o r   o f  Scheme 5. 

Scheme 5 

The MSD equat ion w a s  modi f ied   to   inc lude  a l l  x-y d e r i v i t i v e s   i n   t h e   f u l l  
po ten t i a l   equa t ion ;   t he   on ly  z d e r i v a t i v e   r e t a i n e d  w a s  I $ ~ ~ .  The equat ion 
was solved  using  Jameson's  rotated  differencing  procedure,   and  Jameson's  rules 
f o r   c o n s t r u c t i n g  a s t a b l e   r e l a x a t i o n   a l g o r i t h m  were r ig id ly   fo l lowed   ( see  
r e f .  6 and appendices B and C o f   r e f .  7 ) .  The relaxation  process  converged 
more rapidly  than  for   the  other   schemes,   and no shock  overshoots were observed. 
However, t he  scheme i s  nonconservat ive  and  highly  diss ipat ive  and  tended  to  
II smear'' supersonic-to-supersonic  shock waves. 

The d i f f e r e n c i n g   i n  a l l  schemes is complicated  by  the  use  of a transform- 
a t i o n   t h a t  maps the  wing  planform  into a r ec t ang le   i n   t he   computa t iona l  domain 
( r e f s .  1, 2 ,  4 ,  8) .  To "empir ical ly   correct"   the  (supersonic- to-subsonic)  
shock  jumps for  viscosity  and  thus  improve  the  agreement  in  comparisons  with 
experiment   ( refs .   3 ,  4 ,  S ) ,  the   shock   po in t   opera tor  w a s  not  used i n  any  of 
the   computa t ions   in   th i s   repor t .  

CSD AND MSD COMPUTATIONS FOR THE ROCKWELL HiMAT RPRV 

An example that   demonstrates   the  usefulness   of   small -dis turbance  theory 
and i l l u s t r a t e s   t h e   e f f e c t   o f   t h e   e x t r a  terms i n   t h e  MSD equat ion is provided 
by computat ions  for   the HiMAT RPRV (highly  maneuverable  aircraft   technology, 
r emote ly   p i lo t ed   r e sea rch   veh ic l e ) .  A t h r e e  view o f   t h e   o r i g i n a l  HiMAT 
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conf igu ra t ion  is shown i n   f i g u r e  2 .  A t  t h e  maneuver d e s i g n   p o i n t   f o r   t h i s  con- 
f igura t ion ,   the   d rag   exceeded   the   des ign   goa l  by several hundred  counts. It 
w a s  decided  that   the   design  goal   could  not   be   achieved,   within  the  specif ied 
budget  and  calendar time c o n s t r a i n t s ,  by  modifying  the  configurat ion  using  the 
t radi t ional   experimental   ' ' cut   and  f i le"   approach.   Rockwell   therefore   adopted 
and   deve loped   the   fo l lowing   in tegra ted   des ign   procedure :   (1)   es tab l i sh   base-  
l i n e  comparisons  of  experimental  and  computed  surface  pressures  obtained  using 
the  Bailey-Ballhaus  Transonic Wing  Code (CSD) , (2) ' 'cut   and  f i le"  computation- 
a l ly   ( ra ther   than   exper imenta l ly) ,   and  (3)  ver i fy   exper imenta l ly .  

A sample  base-line  comparison  of CSD and  experimental   resul ts  is shown i n  
f i g u r e  3.  (The canard was omi t ted   in   bo th   the   exper iment   and   the   ca lcu la t ions . )  
The agreement a t  mid-semi-span is  s a t i s f a c t o r y .  However, i n   t he   ou tboa rd   r eg ion ,  
'where the  f low is nearly  two-dimensional i n  a p lane   normal   to   the  sweep d i r ec -  
t i o n ,   t h e  CSD code  performed  poorly.  Consequently,  the  inboard 70 percent   of  
the  semi-span,  where  the  flow w a s  highly  three-dimensional,  w a s  redesigned 
using  the  Bailey-Ballhaus  code. The outboard 30 pe rcen t  w a s  analyzed  and 
modified  using  the  Garabedian-Korn  two-dimensional  program  and sweep theory.  
The redesign weakened  and  swept embedded shock waves, reducing   the   ex ten t   o f  
f low  separat ion  and  reducing  the  drag  to   within a few counts   of   the   design  goal .  

The HiMAT example   po in ted   ou t   the   need   for   the   ex t ra  terms i n   t h e  gov- 
e rn ing   equat ion   for  s w e p t  wing conf igu ra t ions .  These terms were  subsequently 
added; computed r e s u l t s   u s i n g  Schemes 3 and 5 are compared wi th   the  CSD and 
expe r imen ta l   r e su l t s   i n   f i gu re  3 .  Resul ts  computed using Scheme 1 were very 
similar to   those   o f  Scheme 3 except  the  shock  overshoot w a s  g r e a t e r .  The 
more d i s s i p a t i v e  Scheme 5 shows  no such  overshoot.  

THE DOUBLE SHOCK CONFIGURATION ON THE ONERA M-6 WING 

Figure 4 shows a planform  view  of  the ONERA M-6 wing  along  with  the  double 
shock   conf igu ra t ion   t ha t   occu r s   fo r  M, = 0 . 8 4 ,  c1 = 3 " .  Within  the  supersonic  
reg ion   there  i s  a s w e p t  (35") ,  supersonic-to-supersonic  shock  wave,  sometimes 
r e f e r r e d   t o  as a "conical  shock."  Further  downstream  there i s  a less h igh ly  
swept  shock wave tha t   t e rmina tes   the   supersonic   reg ion .  The two shocks   in te r -  
s e c t   t o  form a s t r o n g ,  unswept  shock  near  the  t ip.  

Computed CSD and   exper imenta l   wing   sur face   p ressures   for   th i s   condi t ion  
were compared i n   r e f e r e n c e  8. Sa t i s fac tory   agreement  was obtained  except   for  
t h e   f a i l u r e   o f   t h e   c o m p u t a t i o n s   t o   r e s o l v e   t h e   r e l a t i v e l y  weak conical   shock.  
It  w a s  mentioned tha t   t he   u se   o f   t he  MSD equa t ion   shou ld   co r rec t   t h i s   de f i c i ency .  
CSD and MSD so lu t ions   have   been  computed  on a g r i d   w i t h   p o i n t s   c l u s t e r e d   i n   t h e  
v i c i n i t y  of  the  conical   shock.  The r e s u l t s ,  compared wi th  ONERA experimental  
d a t a ,  are shown i n   f i g u r e  5. Sec t ion   p re s su res   fo r   t he  MSD equat ion (Scheme 3) 
i n d i c a t e   t h e   e x i s t e n c e  of  a con ica l   shock ;   t hose   fo r   t he  CSD equat ion do not .  
MSD r e s u l t s  are a l s o  compared ( f i g .  6) wi th   f ine   g r id   computa t ions   run   by  M r .  
Ray Hicks  of NASA Ames Research  Center   using  the new f u l l   p o t e n t i a l   w i n g   c o d e  
w r i t t e n  by  Jameson ( r e f .  6 ) .  The  Jameson  code is  based  on  the  nonconservative 
r o t a t e d   d i f f e r e n c e  scheme; the   con ica l   shock  is  badly  smeared a t  q = 0.75 and 
is t o t a l l y  smeared a t  rl = 0.8. Scheme 5,  which a l s o   u s e s   t h e   f u l l   p o t e n t i a l  
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formula t ion   wi th   the   nonconserva t ive   ro ta ted   d i f fe rence  scheme ( f o r   t h e  x and 
y de r iva t ives ) ,   p roduced   t he  same smearing  of  the  conical  shock. Scheme 1 prop- 
e r ly   cap tured   the   conica l   shock   bu t   p roduced  a la rge   overshoot  a t  the  head  of  
t h e  downstream  shock. 

CONCLUDING REMARKS 

Comparisons  of  computed  and  experimental  surface  pressures  for  the HiMAT 
wing  ( f ig .  3b)  and t h e  ONERA M-6 wing   ( f ig .   5 )   i l l u s t r a t e   t he   impor t ance  of 
r e t a in ing   add i t iona l   t e rms   i n   t he   gove rn ing   equa t ions ,  as sugges t ed   i n   r e f e r -  
ence 3. Inclusion  of   these  terms  permit ted  the  capture   of   shock waves f o r  
bo th   conf igu ra t ions   t ha t  had  been  observed  experimentally,  but were not  resolved 
by t h e  CSD theory.   Five  schemes  for   dif ferencing  the small d i s tu rbance  equa- 
t ion,   modif ied  with  addi t ional   terms,   have  been  discussed.  It w a s  determined 
from  numerical tests t h a t  Scheme 3 pe r fo rmed   bes t   i n   t r ea t ing   ca ses   w i th  mul- 
t i p l e  embedded shock  waves. Scheme 5 demonstrated  the  best   convergence  prop- 
erties and  produced r e su l t s   nea r ly   i nd i s t ingu i shab le   ( excep t  a t  the   l ead ing  
edge)  from  those  obtained  from  Jameson's  code  (ref.  6). However, because  of 
i t s  nonconse rva t ive   and   d i s s ipa t ive   p rope r t i e s ,   t h i s  scheme g i v e s   r e l a t i v e l y  
poor   resolut ion  of   the  conical   shock wave on  the ONERA M-6 wing. 

REFERENCES 

1. Ballhaus,  W. F.;  and  Bailey,  F. R. :  Numerical  Calculation  of  Transonic 
Flow  About  Swept  Wings. A I M  Paper 72-677, June  1972. 

2.  Bailey,  F. R . ;  and Ballhaus,  W. F.:  Relaxation  Methods  for  Transonic Flow 
About  Wing-Cylinder  Combinations  and L i f t i n g  Swept  Wings. Lecture  Notes 
in   Physics ,   vol .   19,   Springer-Verlag,   1972,   pp.  2-9. 

3. Lomax, H . ;  Bai ley,  F. R . ;  and  Ballhaus, W. F.: On the  Numerical  Simulation 
of  Three-Dimensional  Transonic Flow wi th   App l i ca t ion   t o   t he  C-141 Wing. 
NASA TN D-6933, 1973. 

4. Ballhaus,  W. F.: Some Recent  Progress  in  Transonic Flow Computations. 
VKI Lecture   Ser ies ,  "Computational  Fluid  Dynamics," Von Karman I n s t i t u t e  
fo r   F lu id  Dynamics, Rhode-St.-Genese,  Belgium, March 15-19,  1976. 

5. Van de r  Vooren, J.; S l o o f ,  J. W . ;  Huizing, G. H . ;  and  van  Essen, A . :  
Remarks on  the  Sui tabi l i ty   of   Various  Transonic   Small-Perturbat ion 
Equations  to  Describe  Three-Dimensional  Flow;  Examples  of  Computations 
Using a Fully-Conservative  Rotated  Difference Scheme. Presented a t  the  
Symposium Transsonicum.11,  September  1975. 

6 .  Jameson, A , :  Transonic Flow Ca lcu la t ions ,  VKI Lecture  Series,  "Computa- 
t i o n a l   F l u i d  Dynamics," Von Karman I n s t i t u t e   f o r   F l u i d  Dynamics, Rhode- 
St.-Genese,  Belgium, March 15-19,  1976. 

1318 



7. 

8 .  

9. 

South, J. C.; and Keller, J. D.: Axisymmetric Transonic  Flow  Including 
Wind Tunnel Wall Ef fec t s .  NASA SP-347, 1975,  pp. 1233-1267. 

Bai ley,  F. R.;  and  Ballhaus, W. F.:  Comparisons  of Computed and  Experi- 
mental Pressures   for   Transonic  Flows  About I s o l a t e d  Wings and Wing- 
Fuselage  Configurations.  NASA SP-347, 1975,  pp.  1213-1231. 

Monnerie, E.; and  Charpin,  F.: Essais de  Buffeting  d 'une A i l e  en  Fleche 
en Transsonique. 10e Colloque Il'Ai5rodynamique A p p l i q d e ,  November, 1973. 

OLf sweep angle.  
A 

ROCKWELL  EXPERIMENT 
CSD 
MSD [SCHEME 31 
MODIFIED MSD 
(SCHEME 51 

Figure 2.- HiriAT W R V  three-view. 
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Figure 3 . -  Sur face   p re s su re   coe f f i c i en t s   F igu re  4 . -  Planform view of   the  
on t h e  HiMAT RPRV, Mm=0.9, c r = 5 O .  

( a )  55 percent   semi-span  s ta t ion.  

(b) 85 percent   semi-span  s ta t ion.  

ONEM M-6 wing  showing  .double 
shock   conf igura t ion   for  
M, = 0 .84 ,  a = 3". 
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Figure 5.- Computed and   exper imenta l   sur face   p ressures  f o r  t h e  
ONERA M-6 wing, M, = 0 .84  , a = 3'. 
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Figure 6.- Computed and   expe r imen ta l   su r f ace   p re s su res   fo r   t he  
ONERA M-6 wing, M, = 0 .84 ,  a = 3 O .  
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