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THE SUPERCRITICAL PROFILE OF THE SUPERCRITICAL WING

Dr. Otto Wagner* **/105

Over the last few years, the supercritical wing has been dis-

cussed more and more. This is a pqofile shape of a wing, which has

proven itself at high speeds below the speed of sound. Therefore,

we can predict that it will have an interesting future in future

aircraft.

In the last few months, the term "supercritical wing" has often

been mentioned in specialist literature in connection with the new

features to be introduced on aircraft. From the many examples, we

will only mention the fact that for 1981 test flights of the German-

French subsonic aircraft Alpha Jet have been announced and that it has

a new supercritical wing. The firm McDonne_Douglas is carrying out

a test of the supercritical wing within the energy efficient transport

(EET) program supported by NASA.

The reason why the supercritical wing is so interesting will

now be.discussed, that is the properties or advantages which it has

comoared with conventional wings.

INTRODUCTION

The supercritical wing is especially well suited for the trars-

sonic flight range (.the flight speed, therefore, is close to the speed

of sound). This is because, compared with previously used wings, it

has more favorable aerodynamics (especially regarding the aerodynamic

drag). This is achieved by a modified profile shape which then

brings about a more favorable floe around the wing.

,
Technical University, Munich

Numbers in margin indicate foreign text pagination.



For  b e t t e r  unders tand ing ,  we w i l l  d i s c u s s  t h e  most impor tan t  
p o i n t s  df  t h e  f low around a  p r o f i l e .  

. = - ? L A -  - -- 

-7 

chord ' 
/ 

' profi le  

F igu re  1: 1: p r o f i l e  l e n g t h ;  t :  l a r g e s t  p r o f i l e  t h i c k -  
n e s s ;  a: i n c i d e n t  a n g l e  of  a t t a c k ;  V :  i n c i d e n t  speed ( e q u a l s  
f l i g h t  speed) ;  p r o f i l e  chord:  connec ts  t h e  l e a d i n g  edge 
and t h e  t r a i l i n g  edge 

FLOW AROUND A W I N G  P R O F I L E  

If a wing i s  c u t  open pe rpend icu l a r  t o  i t s  l e a d i n g  edge, f o r  

example, one o b t a i n s  a n  i n t e r s e c t i o n  s u r f a c e  which i s  c a l l e d  wing 
p r o f i l e  o r  p r o f i l e  f o r  s h o r t .  

I n  F igu re  1 we show a p r o f i l e  i n  a f low having a speed V 

which i s  coming i n  a t  t h e  ang le  o f  a t t a c k  a .  Due t o  t h e  f low which 

r e s u l t s ,  speeds  occur  a long  t h e  t o p  s i d e  o f  t h e  p r o f i l e  which a r e  

g r e a t e r  t h a n  V .  The p r e s s u r e  t h e r e  i s  t h e n  sma l l e r  t h a n  t h e  p re s s -  
u r e  of t h e  und i s tu rbed  f low ( f a r  away from t h e  a i r c r a f t ) .  On t h e  - 
bottom s i d e  o f  t h e  p r o f i l e ,  one a t t e m p t s  t o  make t h e  speeds  s m a l l e r  

t h a n  V ( a t  l e a s t ,  t h e y  have t o  be s m a l l e r  i n  g e n e r a l  t h a n  t h o s e  

a l o n g  t h e  p r o f i l e  t o p s i d e ) .  Th i s  makes t h e  p r e s s u r e  on t h e  ave rage  

a l o n g  t h e  p r o f i l e  bottom s i d e  l a r g e r  ( f o r  p o s i t i v e  a n g l e s  o f  a t t a c k )  

t h a n  on t h e  p r o f i l e  t o p s i d e .  T h i s  i s  t h e  r e a s o n - f b r  t h e  aerodynamic 

f o r c e  which i s  decomposed i n t o  t h e  components l i f t  and d rag .  The - / l o 6  
v e l o c i t y  i n c r e a s e  a l o n g  t h e  t o p s i d e  u s u a l l y  i n d r e a s e s  a s  t h e  pro- 

& 

f i l e  t h i c k n e s s  i n c r e a s e s  and a s  t h e  a n g l e  of' a t t a c k  i n c r e a s e s .  

Depending on t h e  magnitude of  t h e  i n c i d e n t  f low speed V ,  one 

d i s t i n g u i s h e s  t h r e e  t y p e s  of f low f i e l d s  around t h e  wing p r o f i l e :  



(Since t h e  f l o w  phenomena depend on Mach number, we w i l l  now t r a n s -  

f e r  from t h e  i n c i d e n t  f low speed V t o  t h e  Mach number Ma which i s  

found by d i v i d i n g  V by t h e  cor responding  speed of  sound).  

a )  The i n c i d e n t  Mach number i s  so smal l  t h a t  i n  t h e  p r o f i l e  

f low Ma > 1 does  n o t  occur  anywhere. We t h e n  have pure  subsonic  

f low.  

b )  The i n c i d e n t  Mach number i s  so l a r g e  t h a t  i n  t h e  p r o f i l e  

f low,  we have Ma C 1 nowhere. Then we a r e  t a l k i n g  about  p u r e  super-  

s o n i c  f low.  

c )  When i n  a p u r e l y  subsonic  f low t h e  i n c i d e n t  Mach number 

Ts i n c r e a s e d  con t inuous ly ,  we t h e n  o b t a i n  a c a s e  where on t h e  pro- 

f i l e  t o p s i d e  t h e  speed i n c r e a s e s  s o  much (assuming p o s i t i v e  a n g l e s  

o f  a t t a c k )  t h a t  l o c a l l y  t h e  speed of  sound i s  reached  ( t h a t  i s ,  

Ma = 1) ( u s u a l l y  c l o s e  t o  t i n  F igure '  1 ) .  The cor responding  i n c i -  

d e n t  Mach number i s  c a l l e d  t h e  c r i t i c a l  lower Mach number. It 

forms t h e  boundary t o  t h e  downside f o r  t h e  t r a n s s o n i c  Mach number 

f l i g h t  r ange .  For unswept wings wi th  t h i c k  subsonic  p r o f i l e s ,  t h e  

lowerlower c r i t i c a l  Mach number i s  a t  % 0 . 6 .  When t h e  i n c i d e n t  

Mach number i s  i n c r e a s e d  a b o v e . t h e  c r i t i c a l  Mach number, t h e n  a 
supe r son ic  r e g i o n  s i m i l a r  to  Figure 2 is  created along the topside ( th i s  

i s  t r u e  f o r  conven t iona l  p r o f i l e s ) .  A composite f low f i e l d  i s  t h e n  

c r e a t e d  o u t  o f  t h e  pure  subsonic  f low. I n  t h i s  f low,  a p a r t i c l e  

o f  t h e  f l u i d  i s  f irst  a c c e l e r a t e d  a long  t h e  i n d i c a t e d  s t r e a m l i n e  

u n t i l  it r e a c h e s  Ma = 1 a t  t h e  son i c  l i n e .  Then it e n t e r s  t h e  

s u p e r s o n i c  r e g i o n ,  and it t h e n  emerges wi th  a compression shock 

a g a i n  and e n t e r s  t h e  subsonic  r e g i o n  f o r  convent ioha l  p r o f i l e s .  

There i t  i s  de l ayed  a g a i n .  

I f  t h e  i n c i d e n t  Mach number i s  i nc rea sed  f u r t h e r ,  one o b t a i n s  

t h e  upper c r i t i c a l  Mach number (second boundary of t h e  t r a n s s o n i c  

f l i g h t  r a n g e )  where Ma < 1 occurs  nowhere over  t h e  p r o f i l e ,  assum- 

i n g  a  s h a r p  l e a d i n g  edge of  a  superson ic  p r o f i l e .  I n  t h e  c e s e  o f  



syersonic  region 

- .-. 

F i g u r e  2 .  2 

under pressure along 
prof i le  t o ~ s i d e  

Peakg prof i le  
'rooftop prof i le  

I I 

F i g u r e  3. P r e s s u r e  d i s t r i b u t i o n  o f  d i f f e r e n t  p r o f i l e s  

b l u n t  l e a d i n g  edges  of  s u b s o n i c  p r o f i l e s ,  t h e r e  i s  t h e n  o n l y  a l o c a l  

s u b s o n i c  r e g i o n  around t h e  p r o f i l e  node . 

The p u r e  f l o w  f i e l d s  a )  and b )  a r e  a c c e s s i b l e ,  t o  t h e o r e t i c a l  

a n a l y s i s .  The compos i t e  f i e l d  c )  of  t h e  t r a n s s o n i c  f l i g h t  r a n g e  

r e q u i r e s  a v e r y  d i f f i c u l t  a n a l y t i c a l  t r e a t m e n t !  

FLIGHT NEAR THE TRANSSONIC FLIGHT REGION 

Ear l ie r  experiiiental t e s t s  o f  c o n v e n t i o n a l  s u b s o n i c  p ~ o f i l e s  

showed t h a t  t h e  compress ion  shocks  r e s u l t e d  i n  a  s t r o n g  d r z g  i n c r e a s e ,  



shock-induced f l o w  s e p a r a t i a n s  from t h e  p r o f i l e  and e l a s t i c  

o s c i l l a t i o n s  o f  t h e  a i r c r a f t  ( so -ca l l ed  b u f f e t i n g ) .  For  t h i s  
r e a s o n ,  fo r  commercial  a i r c r a f t  u s i n g  t h e  c o n v e n t i o n a l  s u b s o n i c  pro-  

f i l e s  a t  t h e  t i m e ,  whose c ruLse  speed was i n  t h e  h i g h  s u b s o n i c  

r a n g e ,  it d i d  n o t  make s e n s e  t o  have a f l i g h t  c o n d i t i o n  w i t h  t h e  

t y p i c a l  t r a n s s o n i c  e f f e c t s .  t ow ever, i n  o r d e r  t o  a c h i e v e  t h e  

h i g h e s t  p o s s i b l e  s u b s o n i c  c r u i s e  speed ,  t h e s e  a i r c r a f t  were 

equipped w i t h  swept wings .  I n  t h i s ,  c a s e ,  t h e r e  i s  o n l y  a small 

v e l o c i t y  component p e r p e n d i c u l a r  t o  t h e  l e a d i n g  edge which s p e c i -  

f i e s  t h e  aerodynamic f o r c e s  and e f f e c t s .  I n  a d d i t i o n ,  t h e s e  pro-  

f i l e s  were m o d i f i e d  s o  t h a t  t h e  p r e s s u r e  d i s t r i b u t i o n  a l o n g  t h e i r  

t o p s i d e  between t h e  p r o f i l e  nose  and t h e  l a r g e s t  p o s s i b l e  backward 

p o s i t i o n  was f i l l e d  up ( s e e  F i g u r e  3 ) .  I n  t h i s  way, t h e  under-  

p r e s s u r e  and ,  t h e r e f o r e ,  t h e  l i f t  was i n c r e a s e d .  A s  a consequence  

o f  t h i s ,  f o r  t h e s e  r o o f t o p  p r o f i l e s ,  t h e  a n g l e  of a t t a c k  a t  t h e  

d e s i g n  p o i n t  was reduced  and,  t h e r e f o r e ,  t h e  lower  c r i t i c a l  Mach 

number c o u l d  be  i n c r e a s e d  even more. Low c r i t i c a l  Mach numbers on 

t h e  o r d e r  o f  0.85 were a c h i e v e d  w i t h  t h e s e  swept wings.  

The u n d e r - p r e s s u r e  v a r i a t i o n  of t h e  r o o f t o p  p r o f i l e s  i s  

a c h i e v e d  by a v e r y  f l a t  c o n t o u r  o f  t h e  p r o f i l e  t o p s i d e .  Another  / I 0 8  

p o s s i b i l i t y ,  however,  which i s  o n l y  used c o n d i t i o n a l l y ,  of i n c r e a s e -  

i n g  the c r i t i c a l  Mach number and,  t h e r e f o r e ,  t h e  speed  i n  t h e  sub- 

t r a n s s o n i c  r a n g e ,  i s  t o  r e d u c e  t h e  p r o f i l e  t h i c k n e s s .  However, 

t h i s  i s  a s s o c i a t e d  w i t h  t h e  f o l l o w i n g  d i s a d v a n t a g e s :  1) as a r u l e ,  

a h i g h e r  s t r u c t u r a l  we igh t ;  2 )  a reduced  wing f u e l  t a n k  c a p a c i t y  

and  3 )  a r e d u c t i o n  i n  t h e  d e s i r e d  l aminar  boundary l a y e r  do:mstream 

o f  t h e  p r o f i l e  n o s e .  

With t h e s e  measures ,  t h e  lower  c r i t i c a l  Mach number and  t h e  
c r u i s e  f l i g h t  Mach number s l i g h t l y  below it were i n c r e a s e d .  Because 

o f  t h e  p r o f i l e s  used  a t  t h e  t i m e  and t h e  u n f a v o r a b l e  t r a n s s o n i c  

e f f e c t s ,  t h e  t r a n s s o n i c  f l i g h t  r a n g e  n e v e r t h e l e s s  remained u n u s a b l e  

f o r  most a i r c r a f t .  



I Porn Figs. 1-3, the inciaenc 1vact-1 n m e r  Increases 
Mal < Ma2 < Ma3 - - 

P e w  pror'iie 

F i g u r e  4 .  Ord ina t e :  under-pressure  a long  p r o f i l e  t o p s i d e ;  
a b s c i s s a :  p r o f i l e  l e n g t h :  - . - . - -  - c r i t i c a l  under-  
p r e s s u r e ,  a t  which Ma = 1 occur s  ( f o r  l a r g e  under -pressures  
Ma > 1 )  



F i g u r e  5. C l a s s i c a l  and s u p e r c r i t i c a l  p r o f i l e ,  

THE SUPERCRITICAL PROFILE 

A t  t h e  end o f  t h e  501s ,  H. H .  Pearcey c a r r i e d  o u t  wind t u n n e l  

t e s t s  a t  t h e  Nat iona l  Phys ics  Laboratory  i n  England. He found 

t h a t  i n  h i s  t e s t  f l i g h t s  t h e  b rak ing  on t h e  p r o f i l e  t o p s i d e  i n  

t r a n s s o n i c  f lows  occu r r ed  f o r  t h e  most p a r t  wi thout  a compression 

shock.  T h i s  w a s  i n  a s t r o n g  c o n t r a d i c t i o n  t o  t h e  c l a s s i c a l  thermo- 

dynamics, a cco rd ing  t o  which t h e  t r a n s i t i o n  from supe r son ic  f low 

t o  subsonic  f low was always r e l a t e d  wi th  a compression shock 

which meant d r a g  (which was a l s o  confirmed w i t h  u s i n g  conven t iona l  

p r o f i l e s ) .  

I n  a d d i t i o n ,  he  found t h a t  f o r  p r o f i l e s  w i t h  a  ve ry  pronounced 

peak i n  t h e  subsonic  p r e s s u r e  v a r i a t i o n  i n  t h e  r e g i o n  of t h e .  p r o f i l e  

nose  ( s u c t i o n  peak A )  so-ca l led  Peaky p r o f i l e s ,  it w a s  p o s s i b l e  t o  

a c h i e v e  a lower  c r i t i c a l  Mach number which was about  0 . 0 2  l a r g e r  

t h a n  f o r  r o o f t o p  p r o f i l e s  (under -pressure  va r i a t i 0 .n  of  t h e  t o p s i d e  

of  s Peaky p r o f i l e  i s  shown i n  F igu re  3 ) .  This  under -pressure  

v a r i a t i o n  i s  ach ieved  w i t h  a nose r a d i u s  which: is  i n c r e a s e d  com- 

pared  wi th  t h e  r o o f t o p  p r o f i l e s .  

F i g u r e  4 shows t h e  under-pressure  v a r i a t i o n s  a long  t h e  p r o f i l e  

t o s s i d e s  f o r  a c l a s s i c a l  p r o f i l e  and a  Peaky p r o f i l e .  A s  c an  be 



seen ,  i n  t h e  c l a s s i c a l  p r o f i l e  t h e r e  i s  a s t r o n g  compression shock 

when t h e  f low i s  changed from supersonic  flow t o  subsonic  f low.  

I n  t h e  ca se  o f  t h e  Peaky p r o f i l e ,  th'e l o c a l  supersonic  f low i s  
de layed  f o r  t h e  most p a r t  wi thout  l o s s e s  and i s  f i n a l l y  brought  

down t o  subsonic  speeds  wi th  a weak compression shock. 

S ince  t h e  main b a r r i e r  f o r  a - t r a n s s o n i c  c r u i s e  speed,  t h e  

compression shock a t  t h e  p r o f i l e  t o p s i d e  w i t h  a l l  of i t s  n e g a t i v e  

accompanying phenomena, was found no t  t o  be a necessary  e v i l ,  de s ign  

methods were developed which al lowed one t o  des ign  p r o f i l e s  i n  which 

t h e  t r a n s f e r  from l o c a l  supersonic  f low t o  subsonic  f low o c c u r s  

wi thout  a compression shock. P r o f i l e s  having t h i s  p r o p e r t y  a r e  

c a l l e d  s u p e r c r i t i c a l  p r o f i l e s .  

A t  t h e  p r e s e n t  t ime  it i s  p o s s i b l e  t o  expand t h e  exper imenta l  

in format ion  us ing  t h e o r e t i c a l  methods. It i s  p o s s i b l e  f o r  a spec- 

i f i e d  t r a n s s o n i c  des igned  f l i g h t  s t a t e  t o  determine t h e  correspond-  

i n g  s u p e r c r i t i c a l  p r o f i l e  ( t h e  e x i s t e n c e  of a t r a n s s o n i c  f low with- 

o u t  shocks h a s  a l s o  been demonstra ted) .  

THE SUPERCRITICAL W I N G  

The knowledge ob ta ined  f o r  t h e  s u p e r c r i t i c a l  p r o f i l e  (two- 

dimensional  c a s e )  h a s  been used f o r  t h e  des ign  o f  a s u p e r c r i t i c a l .  

wing (on t h e  wing, t h e r e  i s  a l s o  a t r a n s f e r  from t h e  supe r son ic  

r ange  t o  t h e  subsonic  range  without  a compression shock i n  t h e  t r a n s -  

s o n i c  f l i g h t  r a n g e ) .  This  knowledge was expanded t o  t h e  t h i r d  dimen- 

s i o n .  Over t h e  l a s t  few y e a r s ,  t h i s  problem has been worked on 

expe r imen ta l ly  and t h e o r e t i c a l l y .  I n  t h e  midd le -o f  t h e  T O ' S ,  

R .  T. Whitcomb was g iven  t h e  Wright Bro thers  Memorial Trophy f o r  
h i s  wind t u n n e l  t e s t s  of t h e  s u p e r c r i t i c a l  wing a t  t h e  Langley 

Research Center  a t  NASA. 

COTTIPARISON OF PROFILES 



I n  conc lus ion ,  we w i l l  compare t h e  p r o f i l e  shapes  o f  a c l a s s -  
i c a l  wing s e c t i o n  and a s u p e r c r i t i c a l  wing s e c t i o n  (see F i g u r e  5 ) .  

The impor tan t  d i f f e r e n c e s  i nc lude  t h e  fo l lowing:  

1) t h e  t o p s i d e  o f  t h e  s u p e r c r i t i c a l  p r o f i l e  i s  f l a t t e r ,  
e s p e c i a l l y  t h e  f r o n t  p a r t ;  

2 )  t h e  nose r a d i u s  of t h e  s u c e r c r i t i c a l  p r o f i l e  i s  l a r g e r ,  
which i s  a consequence o f  t h e  under-pressure  peak i n  t h e  r e g i o n  of  
t h e  p r o f i l e  nose; 

3)  t h e  s u p e r c r i t i c a l  p r o f i l e  can be t h i c k e r .  This  means one 
can  ach ieve  a r e d u c t i o n  of t h e  s t r u c t u r a l  weight and a n  i n c r e a s e  i n  

t h e  wing t a n k  c a p a c i t y ;  
4 )  f o r  t h e  unde r s ide  contour  of t h e  s u p e r c r i t i c a l  p r o f i l e  

shown i n  F igu re  5, t h e  r e a r  p a r t  i s  curved more s t r o n g l y  i n  a 
concave manner. I n  t h i s  way, t h e  p r e s s u r e  i n  t h i s  r e g i o n  i n c r e a s e s  
( so-ca l led  r e a r  l o a d i n g )  which l e a d s  t o  a n  i n c r e a s e  i n  t h e  l i f t  f o r  
t h e  same speed and t h e  same a n g l e  o f  a t t a c k .  

The s u p e r c r i t i c a l  p r o f i l e  and t h e  s u p e r c r i t i c a l  wing a l l o w s  

one t o  use  i n c i d e n t  speeds  i n  a t r a n s s o n i c  f l i g h t  range  above t h e  
lower c r i t i c a l  Mach number, wi thout  having compression shocks f o r  
t h e  t r a n s f e r  from t h e  supersonic  speed t o  t h e  subsonic  speed.  I n '  
t h i s  way, t h e  u sua l  d r a g  i n c r e a s e  which occu r s  i n  t h i s  f l i g h t  range  
( inc reased  f u e l  consumption) and b u f f e t i n g  are  f o r  t h e  most p a r t  
avo ided .  A t  t h e  same t ime ,  t h e  c r u i s e  speed i s  inc reased  compared 

wi th  f l i g h t  c l o s e  t o  t h e  lower t r a n s s o n i c  f l i g h t  range.  
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