


WIITD-TUNXEL Ii?VESTIGBTIO?T GF 2XCTB:?GVLAS AIR-DUCT EiTTRA!TCES 

I N  THZ LXAI)ING EDGE. OB AX ?XLCLI. 23018 VIBG 

B y  David Biermann and  C h a r l e s  H. 14cLellan 

SUMMARY 

d p r e l i m i x a r y  i n v e s t t g e t i o n  of a  number of  d u c t  en- 
t r a n c e s  02  r e c t a n g u l a r  s h a p e  i r s t a l l e c l  i n  t h e  l e a d i n g  edge 
of a  wing was c o n d u c t e d  i n  t h e  IJLCA 20-foot  t u a n e l  t o  de- 
t e r x i n e  t h e  e x t e r n a l  d r a g ,  t h e  ~ v a i l a b l e  p r e s s u r e ,  t h e  
c r i t i c a l  Xach numbers ,  a r d  t h e  e f f e c t  oil t h e  maxinun l i f t .  

Thc r e s u l t s  showed t h a t  t h e  most s a t  i s f a c t o r y  en- 
t r a n c e s ,  which  had  p r a c t i c a l l y  no e f f e c t  on t h e  131ing char -  
a c t e r i s t i c s ,  had t h e i r  l i p s  a p p r o x i 3 n t e l g  i n  t h e  v e r t i c a l  
p l n a e  of t h e  l e a d i n g  edgs  of t h e  wing. T h i s  r e q u i r e m e n t  
n e c e s s i t a t e d  e x t e n d i n g  t i c  l i 2 s  o u t s i d e  t h c  w ing  c o n t o u r  
f o r  a11 e x c e p t  t h e  s o c l l  e n t r a n c e s .  F u l l  dynamic p r e s s u r e  
was f o u n d  t o  be a s a i l a b l e  o v e r  a  f a i r l y  wide r a a g e  of an- 
g l e  of a t t a c k .  The c r i t i c z l  Mach n m b e r  f o r  a s m a l l  en- 
t r a i i c e  was c a l c u l a t e d  t o  b e  a b o u t  as h i g h  a s  t h a t  f o r  t h e  
p l a i n  wing b u t  was s l i g h t l y  l ower  f o r  t h e  l a r g e r  e n t r a n c e s  
t e s k e d ,  

I N T S G D U C T I O N  

The X a t i o n a l  Acivisory Committee f o r  A e r o n a u t i c s  con- 
d u c t e d  i n  1338  a p r e l i m i n a r y  i n v e s t i g a t i o n  of a r a d i a l -  
e n g i n e  c o o l i n g  sys tem t h a t  a d o i t t e d  c o o l i n g  a i r  i n t o  a i r  
d u c t s  l o c a t e d  i n  t h e  l o a d i n g  cdge  of ; ~ ~ i @ g  r o o t s  i n  t h e  
~ r o p e l l o r  s l i p s t r e a m .  These t e s t s  showe& c o n s i d e r a b l e  
p romise ,  gror_i_ided. - tha t  s u i t a b l e  an? e f f i c i e n t ;  ent .raGces 
couTXx b e  made. These t e ~ t g - - 5 ~ n ~  a p r e l i m i n a r y  i n v e s  t i -  
g a t i o n  of a c o m p l e t e  c o o l i n g  s y s t e m ,  o n l y  a l i m i t e d  amount 
o f  a t t e n t i 0 3  c o u l d  b e  g f v e n  t o  t h e  v a r i o u s  components of 
t h e  system.  A progrzm tias t h e r e f o r e  s t a r t e d  t o  t e s t  d u c t  
e n t r a n c e s  of v a r i o u s  s L z e  and shapc  t o  p r o v i d e  d e s i g n  in*  
f o r m a t i o n  t h a t  c c ~ ~ l d  bc u s e d  n o t  o n l y  i n  c o n n e c t i o n  w i t h  
a wind-duct  c o o l i n g  sys t em b u t  a l s o  w i t h  any  d u c t .  sy s t em 
r e q u i r i n g  e n t r a n c e s  is t h e  l e a d i n g  edge of t h e  wing.  

Duct e n t r a n c e s  i n  t h e  l e a d i n g  edge of a  wing s h o u l d  



have  t h e  f o l l o w i n g  p r o p e r t i e s :  (a) low e x t e r n a l  d r a g ;  
( b )  no z d v c r s e  e f f e c t  on t h e  s t a l l i n g  c h a r a c t e r i s t i c s  o f  
t h e  wing; ( c )  maximun p r e s s u r e  a v a i l a b l e  t h roughoa t  t h e  
t a k e - o f f ,  c l i m 3 ,  and h i g h - s p e s d  f l i g h t  c o a d i t i o n s ;  and 
( d )  h i g h  c r i t i c a l  Mach nunbor  f o r  h igh-speed  n i r p l a n e s .  

Th i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  o f  p r e l i n i n a r y  t c s t s  
n a d c  t o  s t u d y  t h o s e  features. I n  o r d e r  t o  s i n p l i f y  t h i s  
i n v e s t i g a t i o n ,  most of t h e  t e s t s  wcre nade  w i t h  t h e  l i n i t -  
i c g  c o c d i t i o n  of  no a i r  f l o w  i n  t h e  d u c t .   his c o n d i t i o n  
i s  b c l i e v e d  t o  have  t h e  h i g h e s t  e x t e r n a l  d r a g  t h a t  would 
be  ob ta ined-  w i t h  any  i n t e r n a l  f l o w  c o ; ~ d i t i o n .  

APPARATUS A N 3  P!ETYODS 

Tho t e s t s  v c r c  c o i ~ d u c t e d  i n  t h e  PACA 2 0 - f o o t  wind 
t u n n e l .  B w i l g  of 5 - f o o t  c h o r d  and  15 - foo t  span  of WACA 
23018 s e c t i o n  was u s e d  a s  t h e  b a s i c  n o d e l ;  t o  t h i s  wing 
were  added v a r i o u s  r e c t a n g u l a T  l ead iug -edge  d u c t  e n t r a n c e s .  
( S c e  f i g s .  1 and  2.) The v c r i o u s  e n t r a n c e s  t e s t e d  a r e  
i d c n t i f i 2 6  by s k e t c h e s  i n  t h c  f i g u r c s  which p r e s e n t  t h e  
t e s t s  r e s u l t s .  

The l i f t  niid t h e  < r - g  o f  t h e  wing v i t k  d u c t  e n t r a n c e s  
were  n e z s ~ r e d  on t h e  u s u a l  f o r c e  b a l a n c e  s y s t s n .  P r e s s r i r c s  
w i t h i n  Ckc e i t r a n c a s  wcre  neas7.1red t o  d e f e r n i l e  t h e  t o t a l  
p r c s s u r c  a v a i l a b l e  and  t h c  v e l o c i t y  of f l o w  f o r  t h e s e  
t e s t s  i n  l~ ih i ch  intcrxi3-1 a i r  f l o w  e x i s t e d .  P r e s s u r c -  
d i s t r i b u t i o n  s u r v e r s  were nade  eve? t h e  o u t e r  s u r f a c e s  o f  
s e v e r a l  e ~ t r a n c e  l i p s  t o  & e t c r a i n e  c r i t i c a l  ;"Tach nulxbers. 

Nost of t h e  p o l a r  t e s t s ,  f o r  which o n l y  l i f t ,  d r a g ,  
and  a v a i l a b l e  p r e s s u r e  were  n e a s u r e d ,  were made w i t h  no 
c o o l i n g  s i r  n l l o w c d  t o  f l o w  t h r o u g h  t h e  d u c t .  I n  t h e  
t e s t s  T o r  which t i le e f f e c t  of c o o l i n g - a i r  f l o w  on t h e  cx- 
t e r n a l  d r a g  wns i n v c s t i g n t c d  and i n  a l l  t c s t s  t o  d e t c r -  
a i n e  t h e  c r i t i c a l  Fzc5  r ' unbc r s  of tho  e n t r a n c e  l i p s ,  a i r  
w2s a l l o w e d  t o  f l o w  t h r o n g 5  t h e  d u c t  and  o u t  t h r o u g h  a .  
v n r i a b l e - a r c 2  e x l t  loccsted i n  t h e  l ower  s u r f a c e  of  , t h e  
wing. 

. . A t  t h e  b e g x n r i n g  of the p r o g r n n ,  sone  of t h o  e n t r a n c e s  
were  found  t o  have  no a p p r z c i 3 , b l e  e f f e c t  on t h e  w ing  cha r -  - 
a c  t e r i s t i c s  2.s d e t e r n i n e d  f r o n  t h e  f o r c e  3a . lance  s y s  t en .  , 
S e v e r a l  cilcclc tes-1;s were  t l r ' c r e fo re  na&e w i t h  t h e  wako-survey 
n e t h o d  d e s c r i b e d  i n  r e f e r s n c e  1 t o  d e t e r n i n e  t h c  d r a g  n o r e  



a c c u r a t e l y .  wake-survey comb ( s i m i l a r  t o  t h e  one de- 
s c r i b e d  i n  r e f e r e n c e  1 )  was mounted on a c a r r i a g e  beh ind  
t h e  wing a r d  was c a p a b l e  of t r a v e r s i n g  t h e  c a n t r a l  p a r t  
o f  t h e  span.  (See  f i g .  3 . )  

Tke wake-survcy n e t h o d  was a l s o  u s e d  t o  i s o i a t e  t h e  
e x t e r n n l  d r a g  of t h e  e l t r a n c e  f o r  t h e  few t e s t s  i n  which 
a i r  was a l l o w e d  t o  f l o w  t h r o u g h t t h o  d u c t .  TTile wake from 
L bhc c o o l i n g  a i r ,  which emerged f r o n  t h e  l o w e r  s u r f a c e  of 
t h e  wing,  was r e s t r a i l e d  f r o n  m i x i n g  w i t h  t b e  wake from 
t1:e uppe r  s c r f a c e  of t h c  wing b y  c. t h i n  p l a t e  f a s t e n e d  
t o  t k c  t r z i l i n g  adge of t h e  wing  and e x t e n d i n g  b e h i n d  i t  
t o  t h e  s u r v c g  conb. T5e i n c r e a s a u  d r z g  of t h e  u p p e r  s u r -  
f a c e  o b t a i : ~ c d  i n  t h i s  c a n n e r  was a s s u n c d  t o  be  p ropor -  
t i o n a l  50 t h e  c x t c r n a l  d r a g  of t h e  e n t r a n c e  w i t h  a i r  ffow- 
i r g  t i ~ r o u g ! ~  t h e  d u c t .  

Tke c r i t i c a l  biacli n u n b c r s  of s z v e r a l  e n t r a n c e s  u c r c  
c a l c u r l a t c d  by t h e  method g i v e n  i n  re fa ro : lcc  2 f r o n  mcas- 
u - r c n e l t s  of peak  c e g a t i v e  n r c s s u r e s  o v e r  t h e  u p p e r  and  
t h e  lower  l i p s .  

The r e s u l t s  a r e  p r c s e c t e d  i n  t h c  f o l l o w i n g  nondincn-  
s i o n n i  u n i t s :  

t o t a l  d r a g  
CD = . d r a g  c o e f P i c i $ n t  

qs 

t o t a l  d r a g  - d r a g  of  v i n g  d o l e  
C = 

Dd 
d u c t  en t rc ,nce  

q X e n t r a n c e  a r e a  3 

I i f t , c o c f f i c i o n - t  at p o i n f ,  of l o c a l  s t a l l  

t o t a l  p r e s s u r e  r a t i o  w i t h i n ' e n t r a n c e  

4 l . l z h  nunbcr  ( ~ / a )  

M c r  Mach nunber  a t  which c o n p r e s s F b i l i t y  o c c u r s  



where  q 

S 

P  

V 

ancl a 

dgnnn ic  p r o s  su.re 

wing a r e a  

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

v e l o c i t y  

v e l o c i t y  of sound i n  a i r  

v e l o c i t y  with.im e n t r a n c e  

wing c h s r d  

wiag  t h i c k n e s s  

uncorrected a n g l e  of a t t a c k  

Izz f i g u r e s  4 t o  1 3  tilt? r e s u l t s  a r e  p r e s e n t e d  f o r  t h c  
t e s t s  of t h e  e n t r a n c c c  h a v i n g  no i n t e r n a l  a i r  f low.  F ig -  
u r c  6 a l s o  shows t h z  c f f c c t  of f l o w  on t h e  p r e s s u r e  d i s -  
t r i b u t i o n .  The conpu tcd  c r i t i c a l  Mach n u n b e r s  z r e  g i v e n  
f o r  s e v e r a l  e : i t r aces  i n  f i g u r z s  14  t o  1 8 ,  

Al thouzh  c u r v e s  o f  l i f t ,  d r n c ,  a n d  p r e s s u r e  p l o t t e d  
ag:ii::_st a x g l e  o f  a t t a c k  o r  i n  t h e  f o r n  of po l r t r s  a r c  i d e a l  
n e t h o d s  of p r e s e n t i ~ ~ ;  t h e  r e s u l t s ,  t h s  a ~ o u n t  of d a t a  i n -  
v o l v e d  nnkes  t h e s e  n s t h o d s  t o o  cunbz r sona .  The r e s u l t s  
a r c  t h e r e f o r e  p r e s e n t e d  f o r  t h e  n o s t  p a r t  i n  t h e  f o r n  of 
s u n n a r y  t a b l e s  w i t h  t h e  f i g u r e s  shawiag  t h e  e n l r a a c c  p r o -  
f  i l e s ,  

!?ypi .cal  Curves  Showing R e s u l t s  

111 f i g u r e  4 t h e  p o l a r  c u r v e  f o r  t h e  wi:ig a lo i l e  i s  
g i v e n  t o g e t h e r  w i t h  t h e  p o l a r  c u r v e s  f o r  a t y p i c a l  ngood"  
entrzvnce and a  t y p i c a l  n p o o r R  e n t r ~ ~ ~ c e .  I t  nay  b e  n o t e d  
t h a t  t h e  d r a g  of t h e  w i n g  was s c a r c e l y  a f f e c t e d  by t h e  
p r e s e n c e  of e n t r a n c e  OX a t  a, l i f t  c o e f f i c i a n t  0 .2  b u t  
t h a t  e l t r a n c e  AX i n c r e a s e d  thz  wing d r a g  a b o u t  10  p e r -  
c e n t .  3 n t r a n c e  OX had  l i t t l - e  c f f c c t  on t h s  l i f t  c o e f -  
f i c i e n t  a t  t h e  s t a l l ;  b u t  e n t r a n c e  113 p r e c i p i t a t e d  n 
s t c l l  a t  3. l i f t  c o e f f i c i e n t  of o n l y  0.55. 

F i g u r e  5 shows c u r v e s  of t 5 e  t o t a l  p r e s s u r e s  a v a i l -  
a b l e  i n  t h e  d u c t  e n t r a n c e  i n  t e r n s  of d g n a n i c  p r e s s u r e  
p l o t t e d  a g a i n s t  t h e  a n g l e  of a t t a c k  of t h e  wing. F u l l  



d y n n n i c  p r e s s u r e  i s  avai135l .e  f o ~  b o t h  c n t r m c e s  up  t o  an 
a n g l e  of a t t a c k  of abou t  G o ,  Seyond which t h e  p r e s s u r e  
g r a d u a l l y  d e c r e a s e s .  The p r e s s u r e  c r i t e r i o n  u s e d  i n  t h i s  
a n a l y s i s  i s  t h e  a n g l e - o f - a t t e c k  r ange  a t  which a t  l e a s t  
0.9 dynnn ic  p r e s s u r e  i s  a v a i l a b l e ,  Th i s  a n g l e  r a n g e  i s  
f r o n  -4O t o  11' f o r  d u c t  ON. Of f u r t h e r  i n t e r e s t  i s  t h e  
e f f e c t  of t h e  s t a l l  on t h e  p r e s s u r e s  f o r  e n t r a n c e  AX. 
The p r e s s u r e  w i t h i n  e n t r a n c e s ,  i n  g e n e r a l ,  g r a d u a l l y  de- 
c r e a s e s  a f t e r  a c e r t a i n  a i l g l e  of a t t a c k  i s  r e a c h e d ,  3 u t  
i t  nag  be a o t e d  t h a t  t h e  p r e s s u r e  r e n a i n s  f a i r l y  h i g h  f o r  
h i g h  a n g l e s  of  a t t a c k  a f t e r  t h e  e n t r a n c e  p r e c i p i t a t e s  a 
l o c a l  s t a l l .  

Thc p r e s s u r e - d i s t r i b , u t i o n  p l o t  shown i n  f i g u r e  6  i s  
o n l y  2.2 i n t e r n e d i a t e  s t e p  i n  c a l c u l a t i n g  t h e  c r i t i c a l  Ikiach 
h u a b o r ;  t h c  p r i n c i p a l  p o i n t s  of i n t e r e s t  a r e  t h e  sha-po of 
t h e  c u r v e s  and  t h e  n n g 2 i t u d e  of t h e  peak  n e g a t i v e  p r e s -  
s u r e s ;  t h e  v a l u e s  of t k e  peak  n e g a t i v e  p r e s s u r e s  d e t s r n i n e  
t h e  c r i t i c z l  speeds .  

C h c r s c t e r i s t i c s ,  Fo Coo l i ag -Ai r  Flow 

In f i g u r e s  7 t o  1 3  zxrc t n j u l a t e d  t h e  v a l u e s  of t h e  
l i f t ,  tlis d r a g ,  and t h e  p r e s s u r e  c r i t e r i a  f o r  t 3 e  e n t r o ~ l c e s  
t e s t e d  unde r  t h e  c o n d i t i o n  of z e r o  c o o l i n g - a i r  f l ow.  Th i s  
c o n d i t i o n  of z e r o  f l o w  i s  p r o 5 ~ b l y  n o r e  s e v e r e  t h a n  any  
f l i g h t  c o n d i t i o n  o 5 t n i n a b l e  f r o n  a l l  c o n s i d e r a t i o n s  because  
t h e  f l o w  of c o o l i n g  a i r  L e s s e n s  s p i l l a g e  and  t 5 e  need  f o r  
l a r g e  c u r v a t u r e  l i p s .  I t  s h o u l d  b s  p o i a t e d  o u t  t h a t  en- 
t r a ' n c e s  which a p p s a r  good f r o 2  t h e s e  t e s t s  w i l l  p r o b a b l y  
b e  good n u d e r  a l l  c o z d i t i o n s  aid t h a t  e n t r a n c e s  which ap- 
p e a r  poor  nay  n o t  be n e c e s s a r i l y  poor  u n d c r  n o r e  f a v o r a b l e  
f l o w  c 0 n 2 ~ i t i o n s .  

F i z u r e  7 c i v c s  t k a  r e s u l t s  of t h e  f l u s h - e n t r a n c e  t e s t s .  
A p r c g r c s s i v o  c u t t i n g  i n t o  e i t h e r  t h e  l ower  o r  t h e  u p p e r  
s u r f a c e s  of  t h o  wing a s  i3, nOiZilS of i n c r e a s i n g  t h e  e n t r a n c e  
s i z e  i s  s e e n  t o  i n c r e a s e  t h e  d r a g  c c e f f i c i e n t  of t h e  en- 
t r z n c e  r z p i d l g ,  p a r t  i c u l n s l g  f o r  t h e  uppe r  s u r f a c e .  V i t h  
t h e  up.per s u r f a c e  c ~ t  Back t o  3 o r  A ,  t h e  - l i f t  cCo2.;4i- 
c i e n t  a t  .&m.&n.t_._oz-. Loca l  s t z l l  was g r e a t l y  d e c r e a s e d  - + -* - ern -s v ...- becnuse  ..-- e sp Y e  

.of a n  e a r l y  r e p a r a t i o n  at t h e  'uqper l i p .  
&.a*, -. . * I  

.- r. - 
Fi2;ure 8 shows t h e  e f f e c t  of p r o g r e s s i v e l y  n o v i n g  t h e  

l o w e r  l i p  f o r w a r d .  The e f f e c t  was g e a e r a l l y  bcne f  i c i d  



f r o n  d r a g  c o n s i d e r a t i o n s  b u t  had v e r y  l i t t l e  e f f e c t  on 
t h e  l i f t  c o e f f i c i e n t  a t  t h e  p o i n t  of l o c a l  s t a l l .  

I n  f i g u r e s  9 and 1 0 ,  t h e  r e s u l t s  a r e  g i v e n  f o r  t h e  
s e r i e s  of t e s t s  cover in:  t h e  p r o g r e s s i v e l y  f o r t f a r d  nove- 
m e n t s  of b o t h  t h e  upp2r  and tho  lower  l i p s  f o r  two s i z e s  
of  e n t r a n c e ,  A l though  t h e  l i p  t h i c k n e s s  was v a r i e d  i n  
s o n e  c s s e s ,  t h e  r e s u l t s  shoy~  t h a t  t h e  o p t i n u n  l o c a t i o n  
f o r  t h e  p l a n e  of o p e n i n g  i s  n e a r  t h e  l e a d i n g  e d g e  of t h e  
wing. The f l u s h  e n t r a n c e  BE, which had  a  h i g h  d r a g  a n d  
a low l i f t  c o e f f i c i e n t  a t  l o c a l  s t a l l  C L s ,  was g r e a t l y  

i n p r o v e d  by b e i n g  noved s l i g h t l y  forwar*! and  by i n c r o a s -  
in;  t h e  c u r v a t u r e  of t h e  uppe r  l i p .  Blthouii;:~ t h e  e f f e c t s  
of  e i ~ t r ? ~ n c e  l o c a t i o n  and  ~ f  t h o  l i p  c u r v a t u r e  a r e  n o t  i s 0 0  
l z t e d  i n  f i g u r e  9 ,  t h c y  a r e  i n  f i g u r e  1 0 ,  i r  v h i c h  f i g u r e  
t h e  l o c a t i o n  i s  shown t o  b e  t h e  noF t  i n p o r t a n t  v d r i a b l e .  

I n  f i g u r s  11, t h e  r e s u l t s  a r e  g i v e n  f o r  a s e r i e s  of 
e n t r a n c e s  of d - i f f a r e n t  w i d t h ,  The d r a g  p e r  u n i t  of en- 
t r n n c e  a r e a  s l i g h t l y  d a c r e a s e d  a s  t h e  ~ i d t h  was i n c r e a s e d ,  

/ T h i s  r c s u - l t  s u g g e s t s  t h a t  th;: s i d a s  of t h e  e n t r a n c e  were  
;pfor7.iaei?t s o u r c e s  of d r a g .  The wake-survey r e s u l t s  a l s o  
s h o e  a  h i g h  c o n c e n t r a t i o n  o f  e n e r s y  l o s s  a t  aach  s i d e  of 
t h e  e:i t?znces.  These t e s t s  show t h e  nzed f o r  n o r e  c a r e f u l  
d e s i g n  of t h e  t r a n s i t i o n  f r o n  t h e  e n t r a n c e  t o  t h e  wing a t  

1 e a c h  eLld of t h e  open ing .  E n t r a n c e s  w i t h  more g r a d u a l  \ 
t l - a c s i t i o n  of t h e  end o l  t h e  open ing  i n t o  t h c  wing would 1 p r o b a b l y  have  l e s s  d r a g  t h a n  t h e  s q u a r e  e ~ d s  u s e d  f o r  t h e s e  \ 

\ , t e n t s ,  

Wake-survey d r a g  t e s t s  were  made t o  check  t h e  f o r c e  
t o s t s  f o r  t h r o e  of t h o  e n t r a n c e s .  The r e s u l t s  ( f i g .  11) 
a r e  i n  f a i r  a g r e e l e n t  w i t h  C D d  a t  C 

% i n a  

I11 f i g u r e  1 2 ,  a  c o ~ i l p a r i s o n  i s  made be tween  two l a r g e  
e n t r a n c e s ,  CP and ON, t h a t  d i f f e r  c h i e f l y  i n  t h e i r  
v e r t i c a l  l o c a t i o n ,  E n t r a n c e  OX, t h e  l i p s  of which a r e  
a b o u t  c q u i d i s t a n t  f r o 3  t h e  cho rd  l i n e ,  i s  b e t t e r  t h a n  en- 
t r a x c e  CP, which  h a s  l ower  L i p s ,  Tho s n a l l e r  e n t r a n c e  
C 6  h a s  a l o w e r  d r a g  p e r  u n i t  of a r e a  t h a n  e i t h e r  of t h e  
3 ' ther  two, 

F i g u r e  1 3  shows the e f f e c t  of v a r i a t i o n s  i n  upper -  
s1,rrfaco curvature. L i t t l e  e i ' f ec t  i n  e i t h e r  t h e  d r a g  O X  

t h e  naxinw.1 l i f t  c o c f f  i c i c n t  was found  3y c h a n g i n g  t h e  
c u r v a t u r e  of t h e  n p p c r  l i p  of t h e  l a r g e s t  e n t r a n c e ,  buc 
t h e  dYzg  of t h e  s n a l l c r  e n t r a n c e  was d e f i n i t e l y  i n c r e a s e d  
by a d d i ~ z g  t h i c k n e s s  t o  t h e  u p p e r  l i p , .  Check d r a g  t e s t s  



w i t h  t h e  wake-survey a ~ p a r a t u s  i n d i c a t e  a sonewhat  h i g h e r  
d r a g  t h a n  t h a t  o b t a i n e d  w i t 3  t h e  f a r c e  b a l a ? c e ;  t h e  d r a g  
n e a s u r e d  was s c a l l ,  however ,  when e i t h e r  n e t h o d  was used.  

E f f e c t  of Cool ing-Air  Flow on t h e  E x t e r n a l  Drag 

I n  o r d e r  t o  d e t e r n i n e  t h e  e f f e c t  of f l o w  on t h o  ex- 
t e r n a l  d r a g  o f  one of t h e  S o s t  e n t r a n c e s  t e s t e d ,  a i r  was 
a l l o v c d  t o  f l o w  i n t o  e n t r a l c e  BL' and o u t  t h r o u g h  a b o t -  
t o n  c x i t ,  a s  shown i n  f i g u r e  1. The d r a g  o f  t h e  u p p e r  
p o r t i o n  of t h e  e n t r a n c e ,  v h i c h  i n  a n  unknown f r a c t i o n  of 
t h e  t o t a l  e x t e r i l a l  d r a g  of t h a  e n t  r a n e e ,  was s e p a r a t e d  
f r o n  t h e  d r a g  a s s o c i a t e d  w i t h  t h e  i n t e r n a l  f l o w  5y  n a k i n g  
a wakc s u r v e y  of t h e  f l o w  ove r  o n l y  t h o  u p p z r  s u r f a c e  of 
t h e  wing. Thc r e s u l t s ,  which a r e  o n l y  q u a l i t a t i v e ,  show 
t h a t  t h e  e x t e r n a l  d r a g  of t h i s  e n t r a n c e  r o n a i ~ i s  a b o u t  con- 
s t a n t  f o r  i n t e r a a l - f l o w  velocities Setween  t h e  v a l u e s  of 
0  arrd0.6 f r e e - s t r e a m  v e l o c i t y  b u t  t h a t  i t  r n p i d l y  d e c r e a s e s  
a t  h i g h e r  v a l u e s  of i n t e r n p a l  v e l o c i t i e s .  I n  o t h e r  r e s e a r c h  
a t  t h o  l a b o r a t o r y  on en t r a r?ces  of d i f f e r e n t  s h a p e ,  t l ie  ex- 
t c r i 1 ~ ~ 1  d r a g  h a s  been f o u n d  t o  d e c r e a s e  w i t h  i n c r e a s i n g  i n -  
t e r i a l  f l o w  b u t  i iot  l a c c a s s c . r i l y  i n  t h e  s a n e  n s n n e r  a s  was 
f o u n d  i n  t h i s  i ~ i v e s t i g a t i o n .  

C r i t f c a l - S p e e d  D e t e r m i n a t i o n  

S e v e r a l  s u r f a c e - p r e s s u r e  s u r v e y s  were nade  t o  d e t e r -  
c i n e  t h e  Piach n u n b z r s  a t  which t h e  l o c a l  s p e e d  of sound 
o v e r  t h e  e n t r a n c s  l i p s  would b e  o b t a i n e d ;  t h i s  v a l u e  i s  
known a s  t h e  c r i t i c a l  Mach nunbe r ,  The s u r v e y s  were r a d e  
o v 2 r  t h c  o u t s r  s u r f a c e s  of s e v e r a l  r e p r e s e n t a t i v e  e n t r a n c e s ;  
t h e  r e s u l t s  a r c  g i v e n  i n  f i g u r e s  1 4  t o  18. C r i t i c a l  Mach 
n u n b e r s  conpu ted  w i t h  t h e  u s 2  of f i g a r e  22 of r e f e r e n c e  2 
a r c  p r e s e s t o d  f o r  s e v e r a l  v a l u e s  of c o o l i n g - a i r  v e l o c i t y  
a n d  a n g l e s  of  a t t a c k  of t h e  v i n g  t h a t  a r e  representative 
of  h igh - speed  f l i g h t .  

I n  f i g u r e  1 4 ( a )  t h e  c r i t i c a l  Mach r u n b a r s  a r e  g i v e n  
f o r  t h e  f l u s h  l i p  C of e n t r c n c e  C L ' .  The c r i t i c a l  s p e e d  
i s  s l i g h t l y  h i g h e r  f o r  t h e  l i p  t h a n  f o r  t h e  wing a l o i i e  ex- 

I c e p t  f o r  e s n a l l  r a n s e  o f  f l o w  a:ld a n g l e - o f - a t t a c k  vadluese  
The c r i t i c a l  speeC f o r  t h e  l o w e r  lip L ( f i g .  1 4 ( b ) )  i s  
h i g h e r  t h a ~  f o r  t h e  wing a l o n e  e x c e p t  f o r  a r a n g e  of s m a l l  

d 

f l o w  and low a n g l e - o f - a t t a c k  v a l u e s ,  which a r e  p r o b a b l y  
o u t  of t h o  u s a f u l  r axge .  E n t r a a c e  CL' i s  t h e r e f o r e  s e e a  
t o  have  a c r i t i c a l  speed  t h a t  i s  a l i t t l e ,  i f  any ,  l o w e r  



t h a n  t h a t  of t h e  7 n ~ i n g  w i t h i n  %he  p r o b a b l y  u s e f u l  r a n g e  of 
t h c  f l o w  coefficient am3 t h e  a n g l e  of  a t t a c k .  

B i g n r e s  1 5  t o  1 7  g i v e  t h e  c r i t i c a l  ?<aczi numbers f o r  
a  s e r i e s  o f  e n t r a a c e s  t L a t  have  v s r i a t i o c s  i z  t h e  c u r v e -  
t u r e  and t h e  t h i c k n e s s  of o n l y  t h e  t o p  l i p .  ( s e e  f i g s .  
ll a c d  13 f o r  t h e  shape  of l i p s . )  L i p  I '  h a s  c r i t i c a l  
Mach n u n b e r s  e x c e e d i n g  t h o s e  ~ f  t h e  wing a lo&ie  f o r  n 12~1- 
i t e d  ra-ge of low a n g l e s  of a t t a c k  a a d  h i g h  l l o w  v e l o c i -  
t i e s .  The c r i t i c a l .  s p e e d s  a r e  v e r y  l o x  f o r  low f l o w  ve- 
i 3 c i t i c s  aild r e l a t i v e l y  h i g h  a n g l e s  of a t tac lc .  Thc t h i c k -  
e r  l i p s  R aild Q h a 5 ~ e  s  onewliat h i g h e r  c r i t i c a l  s p e e d s  
t h a n  1'. The c r i t j . c a , l  s p e e d  f o r  l i p  Q, f o r  exan-  
p l e ,  i s  3  t o  11 p e r c e n t  l o w e r ,  i n  t h e  u s e f u l  r a n g e ,  t 3 a n  
f o r  t h e  w ing  a l o n e .  The lower  l i p  L f  i s  s a t i s f a c t o r y  
o v e r  t h e  u s e f u l  r a n g e  i n  t h a t  t h e  c r i t l c a l  Xach number 
i s  h i g h e r  t k a n  f o r  t h e  w ing  a l o n e ,  

Z'iiiure 1 8  g i v e s  t k e  r a s u l t s  f o r  a z t r a n c e  H ' L 1  and 
shows t h a t  t h i s  e n t r a z c e  h a s  a c r i t i c a l  speed  1 3  t o  27 
p e r c e n t  bzlow t h a t  f o r  t h e  w i n g  i n  t h e  u s e f u l  r ange .  

The r c s u . l t  o f  t!iase t a s t s ,  r~rlzic2l were of a  p r e l i n i -  
n a r y  n a t u r e  i a  t h a t  t h e y  c o v e r e d  a  wide r a n g e  of e n t r a n c e  
s i z e s  and s h a p e s  w i t h  a s i n p l i f i e d  t e s t  p r o c e d u r e ,  i n d i -  
c a t e s  t h a t  d u c t  e n t r a n c e s  w i t h  t h e i r  l i p s  a p p r o x i ~ ~ t e l y  
i n  the v c r t i c a l  p l a n s  of t h e  wing l e a d i n c  e C ~ e  had o n l y  a 
s l i g h t  c f f e c t  on t h c  c a x i n u ~  l i f t ,  t h e  a i n i c u n  d r a g ,  and  
t k c  c r i t i c a l  s p e e d  of a n  >?kCA 23018 wing . S a t i s f a c t o r y  
p r e s s u r e s  w i t h i n  t h e  ciucts were n l s o  found  t o  bc a v a i l a b l e .  
M o v i n ~  t h e  upi3cr o r  t h e  l o w e r  l i p  i n  t h e  r e a r w a r d  d l r c c -  
t i o x  ha<, in g e x e r a l ,  a n  a d v c r s e  e f f e c t  on t h e  wing cha r -  
a c t c r i s t l c s .  

-" 
i8urt::er t e s t s  i ~ ~ t e n d c d  t o  p e r f e c t  a. l cw of t h e  b e s t  

e n t r n a c e s  a r c  planncc? i n  which  @ n o r e  r e f i r e d  t s s t  p ro-  
c e d u r c  w i l l  b c  f o l l o w e d .  

Lang ley  I~Icmor in l  A e r o n a u t i c a l  L a b o r a t o r y ,  
B n t i o n s l  A6.visory C o o n i t t e e  f o r  B a r o n a u t i c s ,  

L a a g l e y  Y i e l d ,  Va. 



1. Goett, Harry J.: Ex~eriacntal investigation of the 
Moaentun Method for Defernining Frofile Drag. 
3cp. 370. 660, I?dCR, 1939.  

2. Stack, John, Llndsez, W. F,, and Littcll, Robert E.: 
The Coupressibilit~ Burb3.e 3,nd t h c  Effect of Con- 
pressibility on Pressures and Forces Acting on an 
Airfoi1,~Rey. Xo. 646, XACA, 1938. 



NACA Figs. 1,4,5 

Wake -survey comb ---" 

15' span wing 4 
Fionf  view o f  wing showing 

limit in q duc f en t rance dim en sions 
Figure 1.- Details of wing-duct set-up. 
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b'igure 4.- Typical oolars of wing 
showing the effect of 

the presence of two duct entrances. 

Figure 5.- Typical curves of 
available pressure for 

two duct en!rances. 
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Figure 7.- Results of flush-entrance tests. Zero flow; 
entrance width equal to wing thickness. 

2 
F i g u r e 8 . - E f f e c t o f l o w e r l i p , f o r e - a n d -  

aft locations. Zero flow; 
entrance width equal to wing thickness. 4 " 



Figure 9.- Entrance at various fore-and-aft 
locations. Large entrances;xero flow; 

entrance width equal to winz t,hickness. 

r i g r e  10.- Tntrkncer: at various fore-and- 5 
sf t 1 ocations, Small entrances; u3 

7er0 f l  ow;entranee vridth  eqilal. to wing .a 

w 
thiclrness. 0 



NACA Fig. 11. 

Figure 11.- Effect of entrance proportions. Zero flow. 



Figure 12.- Effect of vertical location of 
upper and lower lips. Zero flow; 

entrance width equal to wing thickness. 

Figure 13.- Effect of variations in upper sur- 
face curvature. Zero flow. w " 
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