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SUMMARY 

This  paper reviews a recent   ex tens ion   of   the   suc t ion   ana logy   for   es t ima-  
t ion   o f   vor tex   loads   on  asymmetric conf igura t ions .   This   ex tens ion   inc ludes  
asymnetric augmented v o r t e x   l i f t  and the  forward sweep e f f e c t  on s ide  edge 
suc t ion .   App l i ca t ion   o f   t h i s   ex t ens ion   t o  a series of skewed  wings has  
r e s u l t e d   i n   a n  improved e s t i m a t i n g   c a p a b i l i t y   f o r  a wide  range of asymmetric 
f l o w   s i t u a t i o n s .  Hence, the   suc t ion   ana logy   concept  now has  more  general  
a p p l i c a b i l i t y   f o r   s u b s o n i c   l i f t i n g   s u r f a c e   a n a l y s i s .  

INTRODUCTION 

For l i f t i n g   s u r f a c e s   h a v i n g   r e l a t i v e l y   s h a r p   l e a d i n g  and s ide   edges ,   the  
commensurate s e p a r a t i o n   a s s o c i a t e d   w i t h   t h e   v o r t e x - l i f t  phenomena can  have 
considerable  impact on the  performance  of  high-speed  maneuvering  aircraft .  A 
d e t a i l e d  knowledge  of these   f low phenom-ena, which are r e f e r r e d   t o  as v o r t e x  
flows, i s  necessa ry   fo r   p rope r   des ign   and   ana lys i s   o f   such   a i r c ra f t .  

F o r   e s t i m a t i n g   t h e   l i f t   a s s o c i a t e d   w i t h   t h e s e   v o r t e x   f l o w s ,  Polhamus 
introduced  the  concept  of  the  leading-edge  suction  analogy  (ref.  1). The 
suct ion  analogy states t h a t   f o r   t h e   s e p a r a t e d   f l o w s   s i t u a t i o n ,   t h e   p o t e n t i a l -  
f low  leading-edge  suct ion  force becomes r eo r i en ted  from ac t ing   i n   t he   cho rd  
p lane   to   ac t ing   normal   to   the   chord   p lane   (a   ro ta t ion   o f  90°) by t h e   l o c a l  
vo r t ex   ac t ion   r e su l t i ng   i n   an   add i t iona l   no rma l   fo rce .  (See i n s e r t  on 
f i g .  1.) The reasoning is t h a t   t h e   f o r c e   r e q u i r e d   t o   m a i n t a i n   t h e   r e a t t a c h e d  
flow i s  t h e  same as t h a t  which  had  been  required  to  maintain  the  potential  
flow  around  the  leading  edge. 

An app l i ca t ion   o f   t he   suc t ion   ana logy  is  shown i n   f i g u r e  1 f o r  a 75 
swept  sharp-edge d e l t a  wing a t  a low  subsonic Mach number taken  from  reference 
2. Both l i f t  as a func t ion  of  angle of a t t a c k  and  drag  due to l i f t  are seen 
t o  be w e l l  es t imated by the   ana logy .   S ince   t he   o r ig ina l   app l i ca t ion ,   t he  
suct ion  analogy  concept   has   not   only  been  appl ied  to  more general   p lanforms 
( r e f s .  3 and 4 )  but ,   a lso  has   been  extended as shown i n   f i g u r e  2 t o   accoun t  
for   s ide-edge   vor tex   f lows   ( re f .  5).  

0 

Whereas t h e   t h e o r i e s  of r e fe rences  1 t o  5 have   dea l t   wi th   es t imat ing  
the  effects   of   separat ion-induced  vortex  f lows  on  longi tudinal   aerodynamic 
c h a r a c t e r i s t i c s   f o r  symmetrical conf igura t ions   having  symmetrical loads ,  it is 
d e s i r a b l e   t o   h a v e  a method  which  allows f o r  asymmetric conf igura t ions   such  as 
ob l ique   o r  skewed wings,  for  example,  and asymmetric f l i g h t   c o n d i t i o n s   s u c h  
as t h o s e   a s s o c i a t e d   w i t h   s i d e s l i p   o r  l a te ra l  c o n t r o l .  
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Accordingly, th i s  paper  presents  an  overvi.ew  of a recent   ex tens ion  
of t he   suc t ion   ana logy   concep t   t o   i nc lude  asymmetric f l o w   s i t u a t i o n s   ( r e f .  6 ) .  
Al though  analysis  may be  performed  on many d i f f e r e n t  types of asymmetric f low 
s i t u a t i o n s ,  as shown i n   f i g u r e  3 ,  t h i s   p a p e r  w i l l  focus  on  the  analysis   of  
wings  with  geometric asymmetries and ,   i n   pa r t i cu la r ,   on   un tape red  skewed wings 
having   separa ted   vor tex   f lows   a long   lead ing   and   s ide   edges .  The e f f e c t  of 
forward sweep  on s ide-edge  suct ion i s  reviewed  and  the  concept  of  augmented 
v o r t e x   l i f t  as developed i n   r e f e r e n c e  7 i s  a p p l i e d   t o  skewed wings. 

SYMBOLS 

A 

b 

cD 

C 
D,o 

cL 

AC 
L, v 

C 
‘ 6  

C 
‘P 

r 

‘m 

cN 
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a s p e c t   r a t i o  

wing  span 

d r a g   c o e f f i c i e n t ,  Drag 

qmSref 

experimental   value  of   drag  coeff ic ient  a t  CL = 0 

l i f t   c o e f f i c i e n t ,  L i f t  

qwSref 

CL i nc remen t   a s soc ia t ed   w i th   augmen ted   vo r t ex   l i f t  

rolling-moment coe f f i c i en t   abou t   r e f e rence   po in t ,  Rolling moment 

qwsr ef 

= -  

a E) 

pitching-moment  coefficient  about  reference  point  which i s  loca ted  
C ref a t  - un les s   o the rwise   s t a t ed ,  P i t ch ing  moment 

4 qwSr ef ‘r ef 

normal-force  coeff ic ient  , Normal f o r c e  

‘asref 



‘n 

C 
nB 

‘n 
P 

‘n r 

cS 

‘T 

cy 

‘u, se 

C 

- 
C 

C 
S 

C t 

C 
Y 

f 
Y, i 

K 
P 

%, le  

yawing-moment c o e f f i c i e n t   a b o u t   r e f e r e n c e   p o i n t ,  Yawing  moment 

qmsr ef 

- 3% - q3 
l ead ing -edge   suc t ion - fo rce   coe f f i c i en t ,   l s in  a1 s i n  c1 Kv, l e  

leading-edge   th rus t - force   coef f ic ien t ,  C s  cos  A 

leading-edge  s ide-force  coeff ic ient ,  C s i n  A 
S 

s ide-edge   s ide- f   o rce   coef f ic ien t  

streamwise chord 

c h a r a c t e r i s t i c   l e n g t h   u s e d   i n   d e t e r m i n a t i o n  of K 
- 
v, se 

sec t ion   suc t ion - fo rce   coe f f i c i en t ,  

s e c t i o n   t h r u s t - f o r c e   c o e f f i c i e n t ,  

s e c t i o n   s i d e - f o r c e   c o e f f i c i e n t ,  

Sec t ion   suc t ion   fo rce  
qooc 

S e c t i o n   t h r u s t   f o r c e  
qmc 

S e c t i o n   s i d e   f o r c e  
qmc 

e l emen ta l   s ide   fo rce  

a (CN, P) 
p o t e n t i a l - l i f t   f a c t o r ,  a ( s i n  c1 cos a) 

leading-edge-vortex l i f t   f a c t o r ,  

/Leading-edge  suction  force  from  one  edge\ 
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'v, se side-edge-vortex l i f t   f a c t o r ,  

suc t ion   force   f rom  one   edge  

QwSref 
n I 

- 
K v, se 

a sin '  a 

augmented-vortex l i f t   f a c t o r ,  

/ 

K v , l e  - 
(b) sec A 

M free-stream Mach number 

P r o l l  rate, r a d l s e c  

4, free-stream  dynamic  pressure 

r yaw rate, r a d l s e c  

S s u r f a c e   a r e a  

U f ree-s t ream  ve loc i ty  

U i nduced   ve loc i ty   i n   x -d i r ec t ion  a t  point   (x ,y)  

V i nduced   ve loc i ty   i n   y -d i r ec t ion  a t  poin t   (x ,y)  
- 
X cen t ro id  

a ang le  of a t t a c k  

B a n g l e  of s i d e s l i p  

Y d i s t r i b u t e d  bound v o r t i c i t y  a t  point   (x ,y)  

6 d i s t r i b u t e d   t r a i l i n g   v o r t i c i t y  a t  poin t   (x ,y)  

rl spanwise  locat ion  in   percent   semispan 

A leading-edge sweep a n g l e ,   p o s i t i v e   f o r  sweepback 

Subscr ipts :  

av average 

C cen t ro id  

i p a r t i c u l a r  item of l o c a t i o n  
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l e  

P 

1: 

r e f  

se 

t o t  

v le  

vse 

leading  edge 

p o t e n t i a l   o r   a t t a c h e d  f l o w  

r o o t  

r e f e r e n c e ;   f o r  S, t r u e  wing area; f o r  cy mean geometric  chord 

s ide   edge  

t o t a l  

v o r t e x   e f f e c t  a t  leading  edge 

v o r t e x   e f f e c t  a t  s i d e   e d g e  

RESULTS AND DISCUSSION 

Modified  Vortex-Lattice Method 

In   t he   ana lys i s   o f   s epa ra t ion - induced   vo r t ex   f l ow  e f f ec t s   fo r  symmetric 
conf igu ra t ions  by t h e  method  of r e fe rences  8 and 9 ,  t h e   p o t e n t i a l   f l o w  lift 
i s  computed  from. t h e  symmetric v o r t e x  l a t t i ce  and t h e   v o r t e x   l i f t  is  computed 
from  the symmetric p o t e n t i a l   f l o w   s o l u t i o n  by us ing   the   suc t ion   ana logy .  The 
app l i ca t ion   o f   t h i s   t echn ique  i s  no t   l imi t ed ,  however, to   symmetr ic   condi t ions 
and  should  be  appl icable   to  asymmetric cond i t ions   p rov id ing   t he   appropr i a t e  
values   of  K and K can  be  obtained. 

P V 

Accordingly,   the  asymmetric vortex-lat t ice   computer   program w a s  devel-  
oped  from i ts  symmetric p r o g e n i t o r s  (refs. 8 and 9) t o  compute p o t e n t i a l  
f low  so lu t ions   about   a rb i t ra ry   th in   asymmetr ic   conf igura t ions .  Once t h e  
asymmetric potent ia l - f low  solut ion  (and,   hence,  K ) is  known, t h e   s u c t i o n  

analogy may be  invoked t o  compute  corresponding asymmetric v o r t e x   l i f t  .terms, 

Kv , l e  
us ing   the  K and K q u a n t i t i e s  as computed  from t h e  asymmetric po ten t i a l   f l ow.  

P 

and Kv,se. The method  of r e fe rences  8 and 9 may  now be employed by 

P V 
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I n   a p p l y i n g   t h i s   a n a l y s i s   t o  a series of  sharp-edged skewed wings, some 
additional  aerodynamic effects assoc ia ted   wi th   these   wings   had   to   be   cons ider -  
ed. The fo l lowing   s ec t ions   desc r ibe   t hese  effects and p r e s e n t   t h e   a n a l y s i s .  

Additional  Aerodynamic  Considerations 

The e f f e c t  of forward sweep on  side-edge  suction w a s  in t roduced   in  
r e fe rence  6 .  On the  swept  forward  portion  of a skewed wing, shown i n   t h e  
upper   por t ion   o f   f igure  4 ,  the   leading-edge  and  s ide-edge  s ide  forces  are 
seen   t o   ac t   i n   oppos i t i on   t o   one   ano the r  and r e s u l t   i n   r e g i o n s   o f - p o s i t i v e  
and nega t ive   e l emen ta l   s ide   fo rce .  The change  of  sign of the   e lementa l  
s i d e   f o r c e  would  tend t o  imply   tha t   the   pos i t ive   e lementa l   s ide   forces   ac t  on 
the   s ide   edge   whi le   the   nega t ive   e lementa l   s ide   forces  act  on the   l ead ing  
edge. A comparison  of   the  leading-edge  s ide-force  dis t r ibut ion computed  by 
integrat ing  the  negat ive  e lemental   s ide  forces   on  the  sweptforward  semispan 
wi th   the   s ide- force  component  of t he   l ead ing -edge   t h rus t   fo rce  on the  swept- 
forward  semispan i s  p resen ted   i n   t he   l ower   l e f t   pa r t   o f   f i gu re  4 .  The agree- 
ment t ends   t o   subs t an t i a t e   t he   imp l i ca t ion   t ha t   t he   nega t ive   e l emen ta l   s ide  
f o r c e s  are i n   a c t u a l i t y   t h e - s i d e - f o r c e  component of   the  leading-edge  thrust .  
I n   t h a t   t h i s   f o r c e   h a s   a l r e a d y  been  accounted f o r   i n   t h e   p r e s e n t  method,  only 
the   pos i t i ve   e l emen ta l   s ide . fo rces   i nboa rd   o f   t he   s ide   edge  are i n t e g r a t e d   t o  
compute the  s ide-edge  force on the  sweptforward  semispan. 

In   re fe rence  7 ,  Lamar introduced  the  concept  of  augmented  vortex l i f t   f o r  
e s t i m a t i o n . o f   l o a d s   r i s i n g  from a v o r t e x   p e r s i s t i n g  downstream  and  passing 
o v e r   l i f t i n g   s u r f a c e s   s u c h  as t h e   a f t   p a r t  of a wing o r  a t a i l .  This   pers i s -  
t e n c e   r e s u l t s   i n   a n   a d d i t i o n a l   v o r t e x   l i f t  term unaccounted  for by the   suc t ion  
analogy  which  deals   only  with  the  forces   generated  a long a p a r t i c u l a r  edge. 

Figure 5 i l l u s t r a t e s   t h e   c o n c e p t   o f  augmented v o r t e x   l i f t   a p p l i e d   t o  a 
skewed wing. In   apply ing   the  method  of r e fe rence  7 ,  the   leading-edge  vortex 
l i f t   f a c t o r  developed  a long  the  leading-edge  length  pers is ts   over  a p o r t i o n  
of t he  wing a f t  of   the   leading  edge  taken  to   be  the t i p  chord.  This  condi- 
t i o n   r e s u l t s   i n   a n   a d d i t i o n a l   v o r t e x   l i f t   f a c t o r  which  has  the same angle-of- 
a t tack  dependence as t h e   o t h e r   v o r t e x  terms. Since  the  chordwise  centroid of 
side-edge  vortex l i f t   d i s t r i b u t i o n s  is genera l ly   near   the   midpoin t  of t h e  t i p  
chord ,   the   chordwise   cen t ro id   o f   the   aumented   vor tex   l i f t   fac tor  i s  t aken   t o  
be  the  midpoint of t h e   t i p   c h o r d .  It should  be  noted  that   the augmented  vor- 
t e x   l i f t   o c c u r s   o n l y  on t h e  downwind s i d e  edge.. 

A s  long as the   l ead ing -edge   vo r t ex   r ema ins   i n   t he   v i c in i ty   o f   t he   l ead ing  
edge, i t  w i l l  pass   over  a region  of  the wing a f t  o f   the   l ead ing   edge   tha t   has  
a l eng th   rough ly   equa l   t o   t he   t i p   cho rd .  The choice   o f   the   t ip   chord   for   the  
c h a r a c t e r i s t i c   l e n g t h  i s  consis tent   with  the  assumption employed i n   t h i s  
a n a l y s i s   t h a t   t h e   v o r t e x   l o a d s  act  along  the  edge  from  which  they  originate.  
This  assumption i s  v a l i d  as long as a s u b s t a n t i a l  amount of  vortex  growth 
and subsequent  inboard movement of the   vor tex   core  i s  not  encountered. 
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Skewed  Wing Analysis 

Figure 6 p r e s e n t s  a comparison  between a swept  and a skewed wing  of t h e  
span   load   and   sec t ion   suc t ion   d i s t r ibu t ions .   Al though  in   each  case t h e   t o t a l  
l oads   r ema in   e s sen t i a l ly   t he  same f o r   b o t h   w i n g s ,   t h e   d i s t r i b u t i o n  of the 
load is s e e n   t o   s h i f t   f o r   t h e  skewed wing to  the  sweptback  semispan. A com- 
parison  between  the  separated  f low  theory  and  experiment  for  these two wings 
i s  shown i n   f i g u r e  7.  Data f o r   t h e  swept  wing w a s  obtained  f rom  reference  10.  
Although  the l i f t  i s  w e l l  p r e d i c t e d   i n   b o t h  cases, t h e  augmented p i t c h i n g  
moment f o r   t h e  skewed wing is  s e e n   t o   p r e d i c t   t h e   d a t a  w e l l  up t o   a n   a n g l e  
o f   a t t ack  of approximately 6'; above t h i s   a n g l e  i t  o v e r p r e d i c t s   t h e   d a t a .  
The discrepancy  between  theory  and  data  for  the skewed  wing p i t c h i n g  moment 
may p a r t l y   b e   a t t r i b u t e d   t o   e x c e s s i v e   v o r t e x   g r o w t h  and  subsequent movement 
of   the  vortex  core   inboard as t h e   a n g l e   o f   a t t a c k  is  increased.  This  behavior 
i s  i l l u s t r a t e d   i n   f i g u r e  8. In   t he   app l i ca t ion   o f   t he   suc t ion   ana logy ,   t he  
vo r t ex   l oads  are assumed t o  be  edge  forces  and  no  angle-of-attack  dependence 
of t h e   c e n t r o i d s  is computed.  Moreover, as t h e   v o r t e x  moves inboard ,   the  
amount of t h e  wing  over  which  the  vortex  passes  giving r ise t o   t h e  augmented 
term decreases  and may even become negat ive.  Hence, t h e   p r e s e n t   a p p l i c a t i o n  
of  augmentation  for moment c a l c u l a t i o n  may on ly   be   app l i cab le   fo r  low t o  
moderate  angles  of  at tack  depending on how  much va r i ance  ' ? w i l l  experience as 
a func t ion  of a . 

Figures  9 t o  11 p r e s e n t   l i f t ,  pitching-moment,  and  rolling-moment 
c h a r a c t e r i s t i c s   o f   s e v e r a l  skewed wings  having  an  aspect  ratio  of  one and 
varying  leading-edge  sweep. A configurat ion  having a c y l i n d r i c a l   f u s e l a g e  
0.24b i n  diameter and 1 . 8 5 ~  i n   l e n g t h   w i t h  a midwing i s  a l so   p re sen ted .  r 

In  a l l  c a s e s ,   t h e   l i f t - w a s  w e l l  es t imated by including  the  edge-vortex 
and  augmented-vortex  contributions.  Similarly,  the  nonlinear  pitching-moment 
t r ends  were w e l l  p r ed ic t ed  by the  edge-vortex  contr ibut ion,   the   augmentat ion 
enhancing  the  predict ion a t  low to   modera te   angles   o f   a t tack .  The p o t e n t i a l -  
flow  pitching-moment  curve i s  seen  to   have a s ign   oppos i t e  from t h a t  of t h e  
da ta .   Rol l ing  moments were w e l l  p r ed ic t ed  by the  edge-vortex terms up t o  
approximately 8O where the   inboard   vor tex  movement became s i g n i f i c a n t ;   t h i s  
condition  caused a s i g n  reversal i n   t h e   d a t a   e x c e p t   f o r   t h e   w i n g - f u s e l a g e  
configurat ion.  The pr imary   e f fec t   o f   the   fuse lage  i s  to   b reak   the   l ead ing-edge  
v o r t e x   i n t o  two pieces,  one  emanating  from  the  wing  apex  and  bending down- 
stream a t  the   r i gh t -wing   fu se l age   j unc tu re  and the  other   emanat ing  f rom  the 
l e f t  leading-edge  fuselage  juncture  and  bending  downstream a t  t h e   l e f t  wing 
t ip .   Regenera t ing   the   l ead ing-edge   vor tex   wi th   the   fuse lage   subs tan t ia l ly  
decreases   the  extent   of   inboard movement of t h e   v o r t e x  as exh ib i t ed  by t h e  
agreement  between  theory  and  experiment  for  the  pitching-  and  rolling-moment 
c o e f f i c i e n t s   o f   f i g u r e s  10  and 11. 

Figures  1 2  t o   14   p re sen t   t he   l i f t ,   p i t ch ing -moment ,  and  rolling-moment 
c h a r a c t e r i s t i c s   o f  several skewed wings   o f   vary ing   aspec t   ra t io .  A s  i n   t h e  
previous case, t h e   l i f t  w a s  w e l l  p r ed ic t ed   fo r   t he   t h ree   w ings .  The experi-  
menta l   p i tch ing  moments are w e l l  p r ed ic t ed  by inc lud ing   t he  augmented term, 
bu t   t he   expe r imen ta l   ro l l i ng  moments s t i l l  depar t   f rom  the   theory  a t  

1337 



approximately 6'. Hence, for   these   wings   the   chordwise   d i s t r ibu t ion  of t h e  
load i s  being w e l l  es t imated  whereas   the  spanwise  dis t r ibut ion of t h e ' l o a d  
can  be  estimated  only as long as a subs t an t i a l   i nboa rd  movement of t h e   v o r t e x  
is not  encountered. 

CONCLUDING NMARKS 

This  paper  has  presented a recent   ex tens ion   of   the   suc t ion   ana logy   for  
t h e   e s t i m a t i o n   o f   p o t e n t i a l  and vo r t ex   l oads  on asymmetric configurat ions.  
The analysis  has  been  accomplished by the  development  and  application  of  an 
asymmetric vortex-latt ice  computer  program  which may be  used  to compute t h e  
p o t e n t i a l  and vo r t ex   l oads   on  asymmetric conf igu ra t ions .  Tn a p p l y i n g   t h i s  
t o  a series of  sharp-edge skewed wings,   the   effects   of   forward sweep on s ide-  
edge  suction  and of a skewed  geometry  on  augmented v o r t e x   l i f t  have  been 
accounted  for.  Total  loads  have  been well predicted  whereas   pi tching and 
rolling  moments'have  been w e l l  p red ic ted   on ly  as  long as the  assumption  that  
t he   vo r t ex   l oads  act  a long  the  edge  f rom  which  the  vortex  has   or iginated i s  
n o t   v i o l a t e d .  Hence, the  suct ion  analogy  concept  may  now be app l i ed   t o  a 
wider   range  of   isolated  planforms  resul t ing  in   an  improved  es t imat ing  capa-  
b i l i t y  of separat  ion-induced  vortex  flow. 
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Figure 3 . -  Some r e c e n t   a p p l i c a t i o n s  of suc t ion   ana logy   to  aSpm?tr 
v o r t e x  flow s i t u a t i o n s .  
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Figure 4 . -  Forward  sweep e f f e c t s  on side-edge  suction. 
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Figure 5 . -  Concept of augmented vortex l i f t  a p p l i e d  t o  a skewed wing. 
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Figure 6.-  Span load and section  suction  distributions on a swept and 
skewed wing. A = 4 5 O ;  A = 1; M = 0. 
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Figure 7.- Longitudinal  characteristics of a swept and a skewed  wing. 
A = 45; A = 1. 
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(b)  A = 45'; A = 1; a = 10'. 

(c) A = 45O; A = 1; a = 1 5  . 0 

Figure 8 . -  Vortex flow on a skewed wing. 
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Figure 9 . -  Effect  of  leading-edge sweep  on l i f t   c h a r a c t e r i s t i c s  of 
several skewed wings. A = 1; M 0.10. 
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Figure 10.- Effect  of  leading-edge sweep on pitch  characteristics  of 
several skewed wings. A = 1; M :: 0.10. 
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Figure 12.- Effect of aspect  ratio on l i f t   charac ter i s t i c s  of several 
skewed wings. A = 30°; M =: 0.10. 
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Figure 13.- Effec t  of a s p e c t   r a t i o   o n - p i t c h   c h a r a c t e r i s t i c s  of s e v e r a l  
skewed wings. A = 300; M 2 0.10. 
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Figure  14.-   Effect of a s p e c t   r a t i o   o n   r o l l   c h a r a c t e r i s t i c s  of several 
skewed  wings. A = 30°; M z 0.10. 
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