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INTRODUCTION 

Appl ica t ion  of three-dimensional   design and ana lys i s   codes  to a i r c r a f t   d e s i g n  
problems  has become inc reas ing ly   impor t an t .  Reduced development time and c o s t s  are 
the  most  obvious  benefits .  A l s o ,  these  new computational  methods may  make it poss i -  
b l e   t o   d e s i g n   c o n f i g u r a t i o n s   w i t h  improved   per formance ,   par t icu lar ly   in   the   t ransonic  
speed  range.   Since  three-dimensional   t ransonic   inverse   codes  have  not   been  ful ly  
deve loped ,   the   t r ia l -and-er ror   des ign   process  can still be q u i t e   l e n g t h y  even  with 
good analysis   codes.   Opt imizat ion  can be appl ied  to shor ten   the   des ign   cyc le .  

The purpose   o f   th i s   s tudy  is  t o  u t i l i z e  a th ree -d imens iona l   t r anson ic   ana lys i s .  
method coupled  with a numer ica l   op t imiza t ion   procedure  t o  r educe   t he  wave drag  of  a 
f i g h t e r  wing a t  t r a n s o n i c  maneuver condi t ions .  The code  used i n   t h i s   s t u d y  is c a l l e d  
PANDORA (Pre l iminary  Automated  Numerical  Design  of Realistic A i r c r a f t ) .  Developed  by 
Aida la   ( ryf .  1 )  , t h e   c o d e  combiKes a three-dimensional  transof;ic  analysis method and 
a numerical   opt imizat ion  procedure.  'Ihe a n a l y s i s  method is a modified  version  of 
Boppe's small d i s tu rbance   t r anson ic  wing-body code   ( re f .  2 ) ,  and t h e   o p t i m i z a t i o n  
procedure is t h a t  of Vanderp laa ts   ( re f .  3 ) .  Wave d r a g  i s  eva lua ted   t h rough   t he   u se  
of a formula  based on t h e  loss i n  momentum across   an   i sen t ropic   shock .  The optimiza- 
t ion  procedure  minimizes  wave d r a g  by modifying  the wing s e c t i o n   c o n t o u r s  from r o o t  
t o   t i p   v i a  a wing p r o f i l e   s h a p e   f u n c t i o n .  Wing angle  of a t t a c k  is  a l s o   a l l o w e d   t o  
vary  during  the  opt imizat ion  procedure.  

" 

An e x i s t i n g   f i g h t e r  wing was redesigned  with  the PANDORA code to   p rov ide  a s i g -  
n i f i c a n t   r e d u c t i o n   i n  wave drag a t  t r anson ic  maneuver condi t ions.   This   paper  d i s -  
c u s s e s   t h i s   r e d e s i g n   e f f o r t  and p r e s e n t s   r e s u l t s  from optimization.  Comparisons 
between t h e   t r e n d s   i n   t h e   a i r f o i l   m o d i f i c a t i o n s   p r o d u c e d  by the  opt imizat ion  proce-  
dure  and those   t ha t   r e su l t ed   p rev ious ly  from apply ing   var ious   t ransonic   ana lys i s  
codes   a r e   a l so   p re sen ted .  

SYMBOLS 
AR a s p e c t   r a t i o  

b wing span 

'D, i 

'D,P 

wing  induced  drag  coefficient 

wing p r e s s u r e   d r a g   c o e f f i c i e n t  

t o t a l   c o n f i g u r a t i o n   l i f t   c o e f f i c i e n t  

p r e s s u r e   c o e f f i c i e n t  

CL 

cP 

C loca l   chord  

Cav 

Cd,P 

E Oswald e f f i c i e n c y   f a c t o r  

wing average  chord 

wing s e c t i o n   p r e s s u r e   d r a g   c o e f f i c i e n t  

... . . ., . . 



local p re s su re  

ha l f - th i ckness  r a t io  

local streamwise v e l o c i t y  component 

streamwise d i r e c t i o n  

c h o r d   f r a c t i o n  

spanwise   d i rec t ion  

v e r t i c a l   d i r e c t i o n  

camber l i n e  

change i n  camber l i n e  

wing  span s t a t i o n ,  2y/b 

d e n s i t y  

p e r t u r b a t i o n   v e l o c i t y   p o t e n t i a l  

DISCUSSION 

Transonic   Analysis  Method 

The PANDORA code used i n   t h i s   s t u d y  w a s  developed  by  Aidala (ref. 1 ) and  con- 
sists of a th ree -d imens iona l   t r anson ic   ana lys i s  method coupled  with a numerical   opt i -  
mization  procedure.  The a n a l y s i s  method is e s s e n t i a l l y   B o p p e ' s  wing-body  code 
( r e f .  2 )  modified t o  i n c l u d e   t h e   c a p a b i l i t y  of  modeling a canard.  The governing 
poten t ia l   f low  equat ion   used   in   the   ana lys i s   code  is in   an   ex tended   smal l -d is turbance  
form.  Extra terms have  been  added to  improve  the  resolution  of swept shock waves and 
t o  o b t a i n  a better approximation of t he  c r i t i c a l  ve loc i ty .  The f low  so lu t ion  is  
o b t a i n e d   i n  a m u l t i p l e  embedded gr id   sys tem  us ing   success ive   l ine   over re laxa t ion .  
The g r i d  scheme  and so lu t ion   p rocess  are descr ibed   br ie f ly .   References  1 and 2 pro- 
v ide  more de ta i l ed   i n fo rma t ion .  

The computational  space  used  in  the embedded g r i d  scheme cons i s t s   o f  a crude 
Car t e s i an  mesh and  embedded f i n e   g r i d s   ( f i g .  1 ) . The phys ica l  domain  whose  bound- 
aries correspond to  i n f i n i t y  is t ransformed  to   the   computa t iona l  domain w i t h   f i n i t e  
boundaries.  A t  the   bounding   p lanes ,   the   po ten t ia l  is set  to  ze ro   excep t  a t  the  down- 
stream and  symmetry planes.  The f l o w - f i e l d   p o t e n t i a l  is obta ined  a t  the downstream 
plane  from the   equa t ion  
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A t  t he  symmetry plane,  the cond i t ions  

are appl ied.  

A secondary mesh sys tem  cons is t ing  of i n d i v i d u a l   f i n e   g r i d   a r r a y s   f o r   t h e  wing 
and  canard is embedded i n   t h e   c r u d e   g r i d .  The f ine   g r id   sys t em is sheared  and 
tapered to f i t  the  wing  and canard  planforms. Wing and   cana rd   f i ne   g r id   a r r ays  are 
loca ted  where crude streamwise mesh p lanes   in te rsec t   the   p lanforms.   These   f ine   g r ids  
are e v e n l y   s p a c e d   i n   t h e   v e r t i c a l  and  spanwise  direct ions.  

The c r u d e   a n d   t h e   f i n e   g r i d   s o l u t i o n s   i n t e r a c t  by a l t e rna te ly   upda t ing   t he   so lu -  
t i o n  on t h e   c r u d e   a n d   f i n e   g r i d s .   I n i t i a l l y ,   c a l c u l a t i o n s  are made only on the  crude 
g r i d   i n   o r d e r   t o   d e v e l o p   t h e   g l o b a l   c h a r a c t e r i s t i c s  of t he   f l ow  f i e ld .  The i n t e r a c -  
t i o n  scheme then  proceeds by upda t ing   t he   po ten t i a l s  on the  perimeter of t h e   f i n e  
gr ids   wi th   po ten t ia l s   de te rmined  by the   p rev ious   c rude   gr id   so lu t ion .   S imi la r ly ,   the  
c r u d e   g r i d   p o t e n t i a l s  on t h e   l i f t i n g   s u r f a c e  are determined by the   p rev ious   f ine   g r id  
so lu t ions .   Th i s   i n t e rac t ion   p rocess   con t inues   un t i l   t he   so lu t ion   has   conve rged  
s u f f i c i e n t l y .  

Output  from  the  analysis  code  consists of pressure   coef f ic ien ts ,   convergence  
his tory,   spanwise  load,  moment and d r a g   d i s t r i b u t i o n s ,  and t o t a l   c o n f i g u r a t i o n   f o r c e  
and moment c o e f f i c i e n t s .  

Optimization  Procedure 

Through a series of s u b r o u t i n e s ,   t h e   a n a l y s i s  method is coupled  with  the  optimi- 
zat ion  procedure CONMIN developed  by  Vanderplaats  (ref. 3 ) .  This  procedure is s t r u c -  
t u r e d   t o   s o l v e   l i n e a r  and  nonlinear  constrained  minimization  problems by a modified 
method  of f e a s i b l e   d i r e c t i o n s .  The des ign   task   p resented   in   th i s   paper   se rves  as an 
example  demonstrat ing  the  opt imizat ion  process .   Reference 3 provides more d e t a i l e d  
information.  

The cur ren t   des ign   task   a t tempts   to   min imize  wave drag a t  a s p e c i f i c   l i f t   c o e f -  
f ic ien t .   In   op t imiza t ion   te rminology,  wave drag i s  t h e   o b j e c t i v e   f u n c t i o n ,  and t h e  
l i f t   c o e f f i c i e n t  is the  lower bound c o n s t r a i n t .  A set of  independent  design  vari-  
ables are def ined   such   tha t   they   cont ro l   the   shape  of t he  wing surface  contour  and 
t h e  wing  angle of a t t a c k .  The opt imiza t ion   process  is provided  with  reference  values  
f o r   t h e   o b j e c t i v e   f u n c t i o n   a n d   c o n s t r a i n t  by t h e   a n a l y s i s  method.  These r e fe rence  
values  are used  throughout   the  opt imizat ion  process  as discussed b e l o w .  

The opt imiza t ion   process   begins   wi th   the   sequent ia l   per turba t ion  of  each  design 
v a r i a b l e  by 10 p e r c e n t   t o   d e t e r m i n e   t h e   e f f e c t s  on wave drag   (ob jec t ive   func t ion)   and  
l i f t   ( c o n s t r a i n e d   v a r i a b l e ) .  These e f f e c t s  are based on the   changes   in   the   ob jec t ive  
f u n c t i o n  and c o n s t r a i n e d   v a r i a b l e   r e l a t i v e   t o  their re ference   va lues .  From t h i s  
in format ion ,   the   g rad ien ts   o f   bo th   the   ob jec t ive   func t ion   and   cons t ra ined   var iab le  
are ca l cu la t ed   w i th   r e spec t   t o   t he   des ign  variables. With t h e s e   g r a d i e n t s ,  a sea rch  
d i r e c t i o n  is determined,  based on superposi t ion,   which w i l l  r educe   the   ob jec t ive  
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I n  step 2, the process r e t u r n s  to  the ana lys is   code   wi th  the incremented  design 
v a r i a b l e s  to calculate t h e   r e s u l t i n g   v a l u e s  of t h e  objective funct ion  and  constrained 
variable. A comparison is then  made between  these new values  and the reference   va l -  
ues  ( s tep  3 ) .  If t h e  objective func t ion   increased  or the   cons t r a in t   has   been  vio- 
lated,  the step s i z e   i n  the s e a r c h   d i r e c t i o n  is decreased  and the process r e t u r n s  to  
step 2. If t h e   o b j e c t i v e   f u n c t i o n   d e c r e a s e d   w i t h o u t   v i o l a t i n g   t h e   c o n s t r a i n t ,   t h e  
des ign   va r i ab le s  are incremented,  and steps 2 and 3 are repea ted .  When t h e   o b j e c t i v e  
funct ion  can no longer  be r educed   w i thou t   v io l a t ing   t he   cons t r a in t ,   op t imiza t ion  is 
terminated,  and a local optimum is assumed to  have  been  found.  This  consti tutes  one 
o p t i m i z a t i o n   i t e r a t i o n .  The u s e r  may s p e c i f y  more o p t i m i z a t i o n   i t e r a t i o n s ,   i n   w h i c h  
case t h e   g r a d i e n t s  would be r e c a l c u l a t e d  to  determine a new s e a r c h   d i r e c t i o n .  

For the  wave-drag-minimization problem p r e s e n t e d   i n   t h i s  paper, only  one optimi- 
z a t i o n   i t e r a t i o n  w a s  d e s i r e d ;   t h a t  is, only   one   search   d i rec t ion  w a s  i n v e s t i g a t e d .  

It  is fundamen ta l   t o   t h i s   op t imiza t ion   p rocedure   t ha t  a converged  analysis   solu-  
t i o n  be obtained prior to  i n i t i a t i n g   o p t i m i z a t i o n .   S i n c e   t h e   s o l u t i o n  for t h e   i n i -  
t i a l  geometry  and  freestream  conditions is t h e   s t a r t i n g   s o l u t i o n  for a l l  a n a l y s i s  
computations  performed  during  optimization,  the  comparisons  described  in  steps 1 
and 3 above are v a l i d   i f   t h e   s t a r t i n g   s o l u t i o n  is converged.   Without   this   require-  
ment, the   va lues  of the   ob jec t ive   func t ion   and   cons t ra ined   var iab le   p roduced   wi th  
incremented  design variables could be from a more converged   so lu t ion   than   the i r   re f -  
erence  values .  

During  the  study, a problem of slow convergence  of the a n a l y s i s   s o l u t i o n  arose 
as a r e s u l t  of high  loading a t  t he  wing t ip.  To overcome t h i s  problem, a separate 
ana lys i s   run  w a s  used to determine the r e fe rence   va lues  of the ob jec t ive   func t ion   and  
c o n s t r a i n t .  The number of i t e r a t i o n s   f o r   t h e   r e f e r e n c e   a n a l y s i s   r u n  w a s  determined 
by the  to ta l  number of i t e r a t i o n s   u s e d  to  d e v e l o p   t h e   s o l u t i o n   f o r  the per turbed  
geometry. As a resu l t ,   va l id   compar isons  were made be tween  the   in i t ia l   geometry   and  
the  per turbed  geometry  without   sat isfying  the  convergence  requirement .  I t  should be 
n o t e d   t h a t   i n i t i a l l y  it w a s  be l i eved   t ha t   on ly   t he   r e f e rence   va lue  for  t h e   o b j e c t i v e  
function  needed to  be  determined i n   t h i s  manner. This   procedure also permi t ted  com- 
par isons  between  the  ini t ia l   and  opt imized  wing  contours  a t  t h e  same time step i n   t h e  
convergence  his tory.  

Wave Drag  Computation 

The  wave d r a g   c o e f f i c i e n t  is c a l c u l a t e d   i n   t h e   o r i g i n a l   v e r s i o n  of PANDORA by 
s u b t r a c t i o n  of the induced   d rag   coe f f i c i en t  from t h e  wing d r a g   c o e f f i c i e n t .  The wing 
d r a g   c o e f f i c i e n t  is c a l c u l a t e d  by i n t e g r a t i o n  of t h e   s e c t i o n   d r a g   c o e f f i c i e n t   a l o n g  
the  span 

av 
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and  the  induced  drag  coeff ic ient  is obtained  from  the  equation 

I n  place of t h i s  
w a s  sought   tha t   could  
Baldwin (ref .   4)   have 
r e l a t i n g  wave drag to  
r e l a t i o n  

2 
P2 + P2U2 < 

de te rmina t ion  of wave drag,  a more d i r ec t   computa t iona l  method 
be used as the   ob jec t ive   func t ion   fo r   op t imiza t ion .   S t ege r   and  
shown that a real is t ic  wave drag   quant i ty   can  be computed by 
t h e  loss i n  momentum across   an   i sen t ropic   shock .  From t h e  

p1 + PIUl 
2 

where s u b s c r i p t  2 denotes   condi t ions  behind a normal  shock  and  subscript 1 denotes  
c o n d i t i o n s   i n   f r o n t  of a normal  shock, 
area a t  a g iven   po in t  on the  shock  can 

2 
Adwave = (P,  + P1U1 1 - (P2  + 

an   equat ion   for   the   loca l  wave d rag   pe r   un i t  
be de r ived   i n  terms of the loss i n  momentum as 

2 
p2'2 ) 

Note t h a t  no account is taken of the  shock sweep. I n t e g r a t i o n  of t h i s   equa t ion   g ives  
l o c a l  wave drag a t  each  wing  span  s ta t ion.  The t o t a l  wave d r a g   c o e f f i c i e n t  is then 
ob ta ined   t h rough   i n t eg ra t ion  and  nondimensionalization  of  the  local  values across the  
span. 

Implementation  of  this wave drag  computat ion  requires  a reliable method t o  
determine  the  shock  locat ion a t  each  wing  span s t a t i o n .  Two methods were 
i n v e s t i g a t e d  . 

The f i r s t  method determined  shock  location  based on the   l oca l   f l ow  ve loc i t i e s .  
The l o c a t i o n  of t h e   f i r s t   s u b s o n i c   p o i n t   a f t  of the  supersonic  zone w a s  used as t h e  
shock  locat ion.   This  method has  been shown t o  work f o r  small d is turbance   t rea tment  
of two-dimensional   t ransonic   f low  in   reference 4. However, from f i g u r e  2 (method 1 ) , 
it can be seen   tha t   for   the   p resent   th ree-d imens iona l   p roblem  there  is  a s i g n i f i c a n t  
d i f fe rence   be tween  the   onse t  of the  shock  and  the  shock  location as determined  by 
t h i s  method.  These r e s u l t s   i n d i c a t e  that t h e   f i r s t  method is no t  a r e l i a b l e   i n d i -  
c a t o r  of   shock  locat ion  for   the  present   problem. 

In   the   second  method,   p ressure   coef f ic ien ts  were c a l c u l a t e d  a t  each   span   s ta t ion  
s t a r t i n g  from the  leading  edge  and  proceeding  in   the streamwise d i r e c t i o n   t o   t h e  
f i r s t  subsonic   po in t   a f t   o f   the   supersonic   zone .  The g r a d i e n t s  of t he  local p res su re  
c o e f f i c i e n t s   w i t h  respect to  chord   loca t ion  were then  computed. The chord   loca t ion  
of   the largest p r e s s u r e   g r a d i e n t  w a s  deemed the  shock  locat ion.   Figure 2 (method 2 )  
i l l u s t r a t e s   t h e  computed  shock  location  obtained  with  the  second method f o r   s e v e r a l  
s p a n   s t a t i o n s .  To i n i t i a t e   t h e  wave drag  computation a t  the   onse t  of the shock, it 
w a s  necessary to beg in   ca l cu la t ions   fou r  mesh spaces (0 .04~)   ups t r eam of t h i s   p o i n t .  

5 



This  w a s  a s u f f i c i e n t  amount, s i n c e   t h e  method c o n s i s t e n t l y   s e l e c t e d   t h e   s e c o n d   o r  
t h i r d  mesh p o i n t  on the  shock  regardless  of  shock s t r e n g t h   ( f i g .  2 )  . This method  of 
determining  shock  locat ion was used i n   t h e  wave drag  procedure.  

Wing Geometry/Shape Funct ion 

The i n i t i a l  geometry is an e a r l y   v e r s i o n  of t he   Pa th f inde r  I1 wing-body f i g h t e r  
conf igu ra t ion   ( f ig .   3 )   deve loped  a t  the  Langley  Research  Center  (ref.  5 ) .  The wing 
planform  has a leading-edge  sweep of 45O and a t r a i   l i n g - e d g e  sweep of 1 1 .go. Aspect 
ra t io  is 3.28,  and t a p e r   r a t i o  is 0.214. An axisymmetric model  of t he   fu se l age  is 
used. A second  wing  design  developed  from  the i n i t i a l  geometry  through  the  use of 
var ious   t ransonic   ana lys i s   codes  was used t o   e v a l u a t e   t h e   t r e n d s  of the  opt imized 
wing prof i le   shapes .   F igure  4 g i v e s   t h e   t h i c k n e s s   d i s t r i b u t i o n   f o r   b o t h  wing geome- 
tries. The camber l i n e s   f o r   t h e   i n i t i a l  wing geometry   a re   g iven   in   f igure  5, and t h e  
d i f f e r e n c e s  i n  camber l i n e s  between these  two conf igu ra t ions  are g i v e n   i n   f i g u r e  6. 
It was an t i c ipa t ed   t ha t   t h rough   op t imiza t ion   t he  wing p r o f i l e   s h a p e s  of t h e   i n i t i a l  
geometry would be modified  such that the  t rends  observed i n  f i g u r e  6  would  be 
produced. 

A shape  function was cons t ruc t ed   such   t ha t   t he   en t i r e  wing could be opt imized   in  
one opt imizat ion  run.  To  make t h e   r e s u l t i n g  wing more f e a s i b l e ,   s i x   v a r i a b l e s  which 
allow  emphasis on s p e c i f i c   a r e a s  of the  wing  where modi f ica t ions  are more important  
were inc luded   i n   t h i s   shape   func t ion .  The shape func t ion  is 

where a value of 0.4 was taken   for  xo, and Az represents   the   change   in   the  camber 
l i n e .  N o  changes  were made t o   t h e  wing prof i le   shapes   forward  of 0 . 4 ~ .  The th ick-  
n e s s   d i s t r i b u t i o n  was he ld   f ixed  so it was not   necessary  to   opt imize  the  lower s u r -  
f a c e   s e p a r a t e l y .  The v a r i a b l e s  C2 t o  C7 a re   des ign   va r i ab le s  whose va lues   a r e  
determined by the  opt imizat ion  procedure.  The c o e f f i c i e n t s  AI  and Bl r e p r e s e n t  
wing  changes  which a r e   l a r g e s t   a t   t h e   r o o t  and d e c r e a s e   t o   z e r o   a t   t h e   t i p ; .   t h e   c o e f -  
f i c i e n t s  A and B2 r ep resen t  wing changes  which are   uniform from r o o t   t o   t i p ;  and 
t h e   c o e f f i c i e n t s  A3 and B3 r e p r e s e n t  wing changes  which are l a r g e s t  a t  t h e   t i p  
and d e c r e a s e   t o   z e r o   a t   t h e   r o o t .   ( S e e   t a b l e  I. ) C o e f f i c i e n t s  A1 t o  A3 and 
B1 t o  B3 may be " turned on or   o f f  I' by s p e c i f y i n g   e a c h   c o e f f i c i e n t   a l   t o  a3 
and  bl t o  b3 t o  be e i t h e r  one o r   z e r o ,   t o   c o n t r o l   t h e  type  of  wing  change 
al lowable.  

2 

Two sets of va lues   for   the  a  and  b c o e f f i c i e n t s  w e r e  cons t ruc t ed   fo r   op t imi -  
za t ion .   (See   t ab le  11. ) For v a r i a b l e  set 1 ,  on ly   a2  and  bl were ass igned   va lues  
of  one so t h a t  a uniform  change  would be made ac ross   t he   span   w i th   s l i gh t ly  more 
emphasis on the  root   sect ions.   Because  the  remaining a and b c o e f f i c i e n t s  were 
set  to   ze ro ,   on ly  two des ign   va r i ab le s  were used  in   the  shape  funct ion.  The e f f e c t  
of v a r i a b l e  set 2 was t o   g r a d u a l l y   i n c r e a s e   t h e  wing mod i f i ca t ions  from t h e   r o o t   t o  
t h e  tip. Four   design  var iables  were used i n  t h i s   shape   func t ion .  
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RESULTS 

The s ta r t ing   condi t ions   for   the   op t imiza t ion   procedure  were an  angle   of   a t tack 
of 12.6O and a f r ees t r eam Mach number of  0.85 a t  a l i f t   c o e f f i c i e n t  of  0.562.  The 
lower bound c o n s t r a i n t  on l i f t  w a s  set t o   t h i s   v a l u e .  A s  d iscussed  previously,  a 
r e fe rence   ana lys i s   run  w a s  used to determine the re fe rence   va lue   fo r  wave d r a g   t o  
ensure  that   comparisons were made a t  the  same t i m e  step in   t he   conve rgence   h i s to ry .  
The r e fe rence   va lue   fo r  wave d r a g   c o e f f i c i e n t  w a s  determined  to  be 0.0077. One o p t i -  
m i z a t i o n   i t e r a t i o n  w a s  at tempted  with 60 c rude / f ine   i t e ra t ions   a l lowed  for   each   f low 
so lu t ion   r eques t ed  by the  optimization  procedure.  Variable set 1 ,  g iven   i n  table 11, 
w a s  u sed   fo r   t he  wing  shape  function, so t h a t  two d e s i g n   v a r i a b l e s   f o r  wing  shape 
mod i f i ca t ions  and  one  design  var iable   for   changes  in  wing angle  of a t t a c k  were 
employed.  This  three-design-variable  optimization  produced a l i f t   c o e f f i c i e n t  of 
0.561 and a wave d r a g   c o e f f i c i e n t  of  0.0070.  The  wing angle  of a t t a c k   i n c r e a s e d   t o  
12.7O. The optimized wing did  lower  the wave drag   coef f ic ien t   bu t   no t   wi thout   reduc-  
i n g  the l i f t   c o e f f i c i e n t .   V i r t u a l l y   i d e n t i c a l   m o d i f i c a t i o n s  were made ac ross  the 
span  because  of  design  variable C3, which w a s  more i n f l u e n t i a l   t h a n  C5 i n   t h e  
shape  function. The r e su l t i ng   mod l f i ca t ions  made t o   t h e   i n i t i a l  geometry, shown i n  
f i g u r e  7, d i d   n o t   r e f l e c t   t h e   t r e n d   t h a t  w a s  a n t i c i p a t e d .   T h i s   i n d i c a t e d   t h a t  more 
emphasis  should be placed on modifying the ou tboa rd   s t a t ions .  It also  appeared that  
more than two des ign   var iab les   should  be used   for   the  wing shape  modifications.  
Evaluat ion of t h e   g r a d i e n t s  of t he   ob jec t ive   func t ion  and c o n s t r a i n t  made it apparent  
t h a t  a r e f e r e n c e   v a l u e   f o r   t h e   l i f t   c o e f f i c i e n t   s h o u l d  be determined  and  used  in  the 
same manner as the   re fe rence   va lue   for   the  wave drag.  Because  the l i f t   c o e f f i c i e n t  
had   no t   su f f i c i en t ly   conve rged   p r io r   t o   t h i s   op t imiza t ion   a t t empt ,   t he   e f f i c i ency  of 
t h e   s e a r c h   d i r e c t i o n  may have  been  reduced. 

A second  opt imizat ion w a s  performed  s tar t ing  f rom a d i f f e r e n t  set of i n i t i a l  
condi t ions .   These   condi t ions  were changed to   reduce   the   loading  a t  the wing t i p  
while   maintaining a h i g h e r   l i f t   c o e f f i c i e n t .  These  condi t ions were an  angle of 
a t t a c k  of 16O a t  a f r ees t r eam Mach number  of 0.80. A reference  analysis   run  gave  the 
re ference   va lues  of  0.0077 f o r  wave d r a g   c o e f f i c i e n t  and 0.716 f o r   l i f t   c o e f f i c i e n t .  
Variable set  2,  g iven   i n  table 11, was constructed  such  that   emphasis  would be placed 
on modifying  outboard  wing  stations and i n c r e a s i n g   t h e  number of des ign   var iab les  
in f luenc ing   the   shape   func t ion  from two t o   f o u r .  One o p t i m i z a t i o n   i t e r a t i o n  of the  
conf igura t ion   y ie lded  a wave d r a g   c o e f f i c i e n t  of 0.0081  and a l i f t   c o e f f i c i e n t  of 
0.755. The wing angle  of a t t a c k  w a s  reduced t o  15.6O. Figure 8 i l l u s t r a t e s   t h e  
m o d i f i c a t i o n s   t o   t h e  wing p r o f i l e s  which ref lect  the  desired trend.  Although wave 
d rag   i nc reased ,   t he re  w a s  a l s o  a n   i n c r e a s e   i n   t h e   l i f t   c o e f f i c i e n t .   W i t h o u t   f u r t h e r  
mod i f i ca t ions  t o  the  wing p r o f i l e s ,  wave drag  could be reduced by lowering  the wing 
angle  of a t t a c k   u n t i l   t h e   l i f t   c o e f f i c i e n t   r e a c h e s  its cons t r a in t   va lue .  To accom- 
p l i s h  wing p ro f i l e   mod i f i ca t ions  and a d d i t i o n a l   r e d u c t i o n   i n  wing angle  of a t t a c k  
through  opt imizat ion would  have r equ i r ed  more than one o p t i m i z a t i o n   i t e r a t i o n ;   t h a t  
is, more than   one   search   d i rec t ion  would  have t o  be i n t e r r o g a t e d .  

Through a n a l y s i s   r u n s ,   t h e   l i f t   c o e f f i c i e n t s  of the  optimized .and i n i t i a l  geom- 
e t r y  were matched to   determine  the  opt imized  angle  of a t t a c k .  To ob ta in  more con- 
ve rged   so lu t ions ,   t hese   ana lys i s   runs  were al lowed  to   run  longer   than  those  pre-  
viously  used.   After  a t o t a l  of  560 i t e r a t i o n s  a t  the same cond i t ions  as the  second 
op t imiza t ion  case, t h e   l i f t   c o e f f i c i e n t  of t h e   i n i t i a l  geometry w a s  0.735,  and t h e  
wave d r a g   c o e f f i c i e n t  w a s  0.0100. A l i f t   c o e f f i c i e n t  of  0.738 for   the  opt imized 
geometry w a s  obtained by reducing  the wing angle  of a t t a c k   t o  13O. T h i s   r e s u l t e d   i n  
a wave d r a g   c o e f f i c i e n t  of 0.0040. By matching  the l i f t   c o e f f i c i e n t s ,  a s i g n i f i c a n t  
d e c r e a s e   i n  wave drag w a s  achieved. A comparison of t h e   p r e s s u r e   d i s t r i b u t i o n s   f o r  
t h e   b a s e l i n e  and  optimized  geometries a t  the  above  condi t ions is shown i n   f i g u r e  9. 
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The shock  s t rength  and  leading-edge  pressure  peaks were s ign i f i can t ly   r educed  across 
the   span .   Except   in   the  t i p  r eg ion ,   t he   onse t  of the shock moved a f t  approximately 
0 .08~.  

CONCLUDING REMARKS 

The o r ig ina l   computa t iona l  method for determining wave d r a g   i n  a th ree -  
d imens iona l   t r anson ic   ana lys i s  method w a s  replaced  by a wave drag  formula based on 
t h e  loss i n  momentum across an   i sen t ropic   shock .   This   formula  w a s  used as the  objec- 
t i ve   func t ion   i n   an   op t imiza t ion   p rocedure   coup led   w i th  the a n a l y s i s  method to  reduce 
t h e  wave drag  of a f i g h t e r  wing a t  t r a n s o n i c  maneuver cond i t ions .  The op t imiza t ion  
procedure  minimized wave drag a t  a s p e c i f i c  l i f t  c o e f f i c i e n t  by  modifying  the  wing 
sec t ion   con tour s   de f ined  by a wing p r o f i l e   s h a p e   f u n c t i o n .  Through the   use  of t h e  
three-d imens iona l   t ransonic   ana lys i s   code   and   op t imiza t ion   procedure ,  a f i g h t e r  wing 
w a s  redesigned  with a s i g n i f i c a n t   r e d u c t i o n   i n  wave drag  a t  t r anson ic  maneuver  condi- 
t ions.   Leading-edge  pressure  peaks  and  shock  s t rength were s ign i f i can t ly   r educed  
while   maintaining a h i g h   l i f t   c o e f f i c i e n t .  

Although a success fu l   op t imiza t ion  w a s  performed  with wave drag  as t h e   o b j e c t i v e  
f u n c t i o n ,   t h e   h i g h   s e n s i t i v i t y  to  solut ion  convergence  demonstrated  by  this   computa-  
t i o n  may have  reduced  the  eff ic iency of t he   op t imiza t ion  process. Fur the r   s tudy  is 
needed to  r e d u c e   t h e   e f f e c t s  of convergence on t h e  wave drag  computation.  In  addi- 
t ion,   shock sweep e f f ec t s   shou ld  be i n c l u d e d   i n  the computation. 

The shape  function  used by the   op t imiza t ion   procedure  to  modify  the  wing  section 
contours   enabled   the   op t imiza t ion   procedure  to  modify a l l  wing s e c t i o n   c o n t o u r s   i n  
one   op t imiza t ion   i t e r a t ion .  However, h a v i n g   t h i s   c a p a b i l i t y   d o e s   p u t   s e v e r e  limita- 
t i o n s  on the   op t imiza t ion  process. For   t he   pa r t i cu la r  case presented   here  , the types  
of  wing  contour  modifications  necessary to  reduce wave d rag  were produced  through  the 
use  of   this   shape  funct ion.  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
December 21,  1983 
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TABLE I.- SHAPE  FUNCTION  COEFFICIENTS 

TABLE 11.- SHAPE  FUNCTION CONTROL COEFFICIENT'S 

V a r i a b l e  set 1 V a r i a b l e  s e t  2 

I a, = 0 I a, = 0 
a2 = 1 
a3 = 0 
b, = 1 
b2 = 0 
b3 = 0 

a2 = 1 
a3 = 1 
bl = 0 
b2 = 1 
bj = 1 
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(a)   Global   crude   gr id  and f ine   gr id   boundaries .  

(b)  Embedded f ine   gr id   sys tem.  

Figure 1 . -  Multiple embedded grid  system. 
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Figure 4. - Half - th i ckness   d i s t r ibu t ion .  
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