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By J o h n  V. B e c k e r  

D e t e r m i n a t i o n s  o f  b o u n d 3 r y - l a y e r  t r s s s i t i o a  ox t h e  
!!T.A.C.B. 0012  a n d  2301% a i r f o i l s  w e r e  ma?.e i n  t h e  8 - f o o t  
h i g h - s y e c d  wilid t u n n e l  o v e r  a. ran,;e 03 I;legnolcis Xumbers 
f r o m  1 , 6 0 0 , 0 0 0  t o  1 6 , 8 0 0 , 0 0 0 .  The r e s u l t s  a r e  of p a r t i c -  
u l a r  si, ; i i if  i c a n c e  as compared  w i t h  f l i g h t  t c s t s  a n d  t e s t s  
i n  wind  t u n n e l s  of  a p p r e c i a b l e  t u r b u l e n c e  b e c a u s e  of t h e  
e ~ t r c ~ n c l y  low turbulence i n  t h e  h i g h - s p e e d  t u n n e l .  

'A sompc!,risoa of tb1a r e s u l t s  o b t a i n c d  o r  3 . A . C . A .  0012  
a i r f o i l s  of  2 - f o o t  %:id 5 - f o o t  c h o r d  a t  t h e  snmc R e y n o l d s  
Number p e r m i t t e d  a n  c v a l u c t i o n  of t h e  e f f e c t  of c o m p r c s s i -  
b i i i t y  oil t r n n s i t i o n .  The l o c a l  s k i n  f r i c t i o n  a l o n g  t h e  
s u r f a c c  o f  t h e  N . z ' . C . X .  0 0 1 2  a i r f o i l  ?pias a e n s u r c d  a t  a 
R e y n o l d s  ljumber of 1 0 , 0 0 0 , 0 0 0 .  

F o r  n l l  t h e  l i f t  c ~ z f f i c i c ~ i t s  a t  which  t c s t s  w e r e  
made ,  t r a n s i t i o n  o c c u r r e d  i n  t h e  r e g i o n  of e s t i m a t e d  l a m -  
i r a r  s e p a r a t i o n  a t  t h e  low R e y n o l d s  Nu.nbers a n d  a p p r o a c h e d  
t h e  ; ~ o i n t  of miiiimun s  t o t i c  p r e s s u r e  as a f  o r v a r t ,  l i m i t  a t  
t h e  h i g h  R e y n o l d s  lSumbers. The e f f e c t  of  c o m p r e s s i b i l i t ~  
on t r a n s i t i o n  was s l i : ; h t ,  Bone of t h e  u s u a l  p e r a m e t e r s  
d e s c r i b i n g  t h o  l o c a l  c o n x i t i o n s  i n  t h e  b o n n d r r a  l a g e r  n e a r  
t h e  t r a n s i t i o n  p o i n t  s e r v e d  a s  a n  i n d e x  f o r  l o c a t i n g  t h e  
t r a i ~ s i t i o n  p o i n t .  As a c o n s e q u e n c e  of  t h e  l o v e r  t u r b u l e n c e  
i n  t 5 e  8 - f o o t  h i g h - s ~ e e d  t u n n e l ,  t h e  t r a n s i t i o n  p o i n t s  
o c c u r r c d  c o n s  i s  t e l l  Lly. f c r t h s r  back  zlon;;  t h e  c h o r d  t h a n  
t h o s c  m e a s u r e d  i n  t h c  7 . B . S  .A. f u l l - s c a l e  t u n n e l .  

An a m p i r i c a l  r c l a t  i o n  f o r  e s t i m a t i n g  t h c  . l o . c a t i o n  o f  
t h e  t r a n s i t i o n  p o i n t  f o r  c o n v e a t i o n a l  r , i r f o i . l s  on t h e  b a s i s  
of s t z t i c - p r e s s u r e  d i s t r i b u t i o n  and X e y n o l 6 s  Bui;ber i s  p r e -  
s c n t e d .  

The s t u d y  of t r ! > , n s i t i o n  f rom 1aming.r t o  t u r b u l e n t  
f l o w  i n  t h e  bouns-arg  l a y e r  of  a i r f o i l s  has recently b e ~ n  



s  t inu-1-ated by t h c  d i s c o v c r g  t h z t  e x t c n s  i v e  l?+minar l a g e r s  
e x i s t  i n  f l i g h t  ove r  t h e  f o r w a r d  p o r t i o n  of v e r y  smooth 
wings  (reference 1 ) .  The d r a g  of an  n i r f o i l .  depends  on 
t h e  l o c a t i o n  of t h e  p o i n t  of t r a n s i t i o n  from t h e  low-drag  
l a n i n a r  t y p e  of f l o w  t o  t h e  h i g h - d r a g  t u r b u l e n t  c o n d i t i o n ;  
and t h e  p r e d i c t i o n  of d r a g  from model t e s t s  t h e r e f o r e  r e -  
q u i r e s  t k a t  t h e  t r a n s f t i o n  p o i n t ,  b o t h  i n  t h e  wind t u n u e l  
and i n  f l i g h t ,  be kno1:~n. 

Kost bound-ary-l2,;rer s t u d i e s  i n  t h e  p a s t  have been  r e -  
s t r i c t e d  t o  f l a t  p l a t e s  o r  t o  s i m p l e  shnycs  s u c h  a s  s p h e r e s  
a n d  c y l i n d e r s .  (See  r e f e r e n c e s  2 ,  3 ,  an2  4.) Tha r e s u l t s  
have  been of v a l u e  ns  a p p l i e d  t o  ~ ~ l r f o i l s  c h i e f l y  i n  i n -  
d i c a t i n g  t h e  p o w e r f u l  e f f e c t s  on t r a n s i t i o n  of w ind - tunne l  
t u r b u l e n c c ,  s u r f a c e  r o u g h n e s s ,  and  Reynolds  27umbcr. On 
a i r f o i l s  o p e r a t i n g  t h r o u g h  n  wide r a c g o  of a : ~ g l c s  of a t -  
t a c k ,  t h e  c o r r e s p o r ? i n ,  1 a r g c  change i n  s t a t i c - p r e s s u r e  
d i s t r i b u t i o n  i s  n l s o  i m p o r t a n t  i n  c o n t r o l l i a g  t h e  e x t c s t  
of t h z  l a m i n a r  l z y z r .  >o r  a l l  n i r f  o i l s ,  t ~ i o  g e r e r ~ ~ l  c h , n g c s  
i n  s t n t t c - p r e s s u r e  d i s t r i b u t i o n  on t h z  u j ~ p c r  s u r f c c c  t2ke  
p l n c e  2s  t h c  a n g l e  of n t t n c k  i s  i nc rcnsec l :  The p o i n t  of 
minimum / s t a t i c  p r e s s u r e  movcs forvrard nnrl- t h e  a d v e r s e  p r c s -  
s u r e  G r h d i c n t  b e h i n c  t h i s  p o i n t  becomes more s e v e r e .  Bc- 
c e n t  t c s t s  ir t h e  B.A.C .A.  f u l l - s c n l e  wind t u n n e l  ( r c f e r -  
e n c e  5) s;~owed t h a t  t:iitso f z c t o r s  c a u s e  t h e  t r a n s i t i o n  
p o i o t  t o  move f o r . ~ n r d  w i t h  i n c r e z s i n g  a n g l e  of z t t n c k .  

, 
I l v e s t i g a t  i o n s  of 1~oundar; r - lzyer  t r z l s i t i o i i  i n  t h e  

N . A . C . A .  8 - foo t  h igh - spccd  win2 t u n n e l  c r e  of p a r t i c u l a r  
~ i g n i f i c ~ a c e  b c c c u s e  of t h o  v e r y  l o w  t u r b u l e n c e  of t h e  a i r  
s t r c ? . n ;  s p h e r e  t a s t s  ( r c f c r c n c c  6 )  showed n p p r o x i m a t c l ~  
t h e  s-mc c r i t i c n l  Regnolds  3umber i n  t h i s  t u n n e l  z s  i n  
f l i g h t .  The main p u r p o s c s  of t h e  p r e s e n t  i n v e s t i g a t i o n  
were :  t o  l o c z t e  p o i n t s  of t r a n s i t i o n  i3 t h i s  wind t u a n e l  
02 c o i ~ v e a t i o n s l ,  v r ide lg  u s e 2  a i r f o i l  s e c t i o n s  a s  a  b a s i s  
of c o n p a r i s o n  w i t h  r e s u l t s  o b t a i n s &  i n  s t r e a m s  of o t h e r  
t u r b u l e n c e ;  t o  o b t a , i i ~  t h e  e f f e c t  of c o m p r e s s i b i l i t y  on 
boundnry - l age r  t r a n s i t i o n ;  aed t o  d e t e r m i n e  t h e  s k i n - f r i c -  
t i o n  d i s t r i b u t i o n  a t  a h i s h  Reynolds  Bumber a s  a b a s i s  
f o r  t h e  p r e d i c t i o n  of a i r f g i l  d r a g .  

I:? o r d e r  t o  p e r m i t  compar i son  w i t h  t h e  t e s t s  made i n  
t h e  27.B.C.A. f u l l - s c a l e  t u n a e l ,  which h a s  a t u r b u l e n c e  
f a c t o r  of 1.1 ( r e f e r e n c e  7 ) ,  2nd t ~ i t h  f u t u r e  f l i g h t  t e s t s ,  9 

t h e  1T.A.C.A. 0012 n i r f o i l  was u s e d  i n  t h e  g r e a t e r  p o r t i o n  
of t11e p r e s s a t  i n v e s t i g a t i o n .  L s s s  e x t e ~ ~ s i v c  t c s t s  of t h e  
W.A.C.B. 23012 n i r f o i l  were n l s o  made. B y  t h e  u s e  of 
3 . A . C . A .  001% a i r f o i l s  of 2 - . f o o t  and 5 - foo t  c h o r d ,  n 



-- 
Regnolds  i ~ u n b e ~  r a n 3 e  of 1 , 6 0 0 , 0 0 0  t o  1 6 , 8 0 0 , 0 0 0  was a t -  
t a i n a b l e  a n d ,  by a c o o p a r i s o n  of t h e  r e s u l t s  o b t a i n e d  on 
t h e  ",:TO z , i r f o i l s  a t  t h e  samo Reynolds  igun'oer, t h e  e f f e c t  
of c o : ~ ~ ; ~ ~ e s s i b i l t  c o u l d  be  evaluated. 

B ~ c ~ u s e  t h e  p r e d i c t i o n  of z i r f o i l  d r a g  demands n 
Bnotrlcdge of t h e  s k i n  f r i c t i o n  f o r  t h e  l a m i n n r  and t h e  
t u r b u l e n t  t y p e s  of f l o w  a s  w e l l  a s  of t h e  l o c a t i o n  of t h e  
t r n a s i t i o n  p o i n t ,  comple t e  d e t e r m i n a t i o n s  were  made of 
b o u n d o r a - l a y e r  v e l o c i t y  p r o f i l e s  5t a Reynolds  Humber of 
1 0 , 2 5 0 , 0 0 0  t o  a l l o w  c o m p u t a t i o n  of t h e  l o c a l  s k i n - f r i c t i o n  
c o e f f i c i e n t s ,  These c o e f f i c i e n t s  n r e  compnrcd w i t h  t h e  
~ ~ p p r o x i m n t i o n s  o b t n i n c d  bg s s u i t a b l e  m o d i P i c c t i o n  of t h e -  
o r e t i c a l  f l a t - p l a t e  s l c i n - f r i c t i o n  c o e f f i c i e n t s .  

Force  ri iersurcments showing  t h e  d r z g  i n c r e m e n t  due t o  
c o n t r o l l e d  f o r w a r d  m o v e ~ ~ n t  of t h e  t r a n s i t i o n  p o i n t  were 
a l s o  made and t h e  r e s u l t s  a r e  c o r r e l a t e d  w i t h  t h o s e  of 
t h e  s k i n - f r i c t i o n  de te r rn in ,a t ions .  

The B.S.C.B. 8 - foo t  high'spocd wind t u n n e l  i n  which  
t h e  i n v c ~ t i g ~ t i o n  was c o n d u c t e d  i s  n s i n g l e - r e t u r n ,  c l o s e d -  
t h r o a t ,  c i r c u l a r - s e c t i o n  t u n n e l .  The a i r  s p e e d  i s  c o n t i n a - -  
o u s l y  c o n t r o l l n h l c  f rom a p p r o x i m a t e l y  7 5  t o  more t h a n  500 
m i l e s  p c r  h o u r .  

The a i r f o i l s  omploged i n  t h e  t e s t s  spanned  t h e  t e s t  
s e c t i o n  of t h e  t u n n e l  ( f i g .  1). Two 5 - foo t - cho rd  a i r f o i l s  
of N..A.C.B. 0012 and 23012 s e c t i o c  were c o n s t r u c t e d  of a  
wooden framework c o v e r e d  w i t h  118- inch  aluminum p l a t e  ex- 
c e p t  f o r  a s h o r t  s e c t i o n  3% t h e  l e a d i n g  e d g e ,  i ~ h i c h  was 
c o v e r e d  w i t h  s t e e l  and l e f t  u n p a i n t e d  t o  p r e v e n t  e r o s i o n  
~t h i g h  s p e e d s .  The alumin~:m-covered p o r t i o n  of t h e  a i r -  
f o i l s  wcs s p r a y - p 9 i n t c d  and f  i n i s b c d  w i t h  f i a e - g r a d e  w a t e r  
sa,ndpr,pzr u n t i l  i t  was acrod .gnanicr~ l l ; i i  smooth. Close  ex- 
, amina t ion  of t h e  s u r f a c e  r c v c a l e d  b a r e l y  p e r c e p t i b l e  s u r -  
f n c e  waves a t  t h e  l i n e s  o f  a t t n c h m t n t  of t l ic  m e t a l  s h e e t  
t o  t ,he woocle~  f o r m e r s ,  wh ich  c o u l d  n o t  be c l i m i i i a t e d  w i t h  
t h i s  t y p e  of c o n s t r u c t i o a .  So t h a t  t h e  e f f e c t  9f t h e s e  
m i n u t e  i r r e g u l a r i t i e s  c o u l d  be eve . lua t ed ,  a : io ther  5-f o o t -  
cborcl BoAeCeAo 0012 a i r f o i l  was b u i l t  of s o l i d  wood; t h e  
su . r face  of t h i s  a i r f o i l  cou-ld thcii  be made a e r o d y n a m i c a l l y  
f a i r  a s  w e l l  n s  nerodyi ig ,mical ly  smooth,  



A 2- foot -chord  1T.A.C.A. 0012 a i r f o i l  was b u i l t  of 
s o l i d  du ra lumin .  The s u r f a c e  of t h i s  a i r f o i l  was i d e a l l y  
smooth and. f a i r  s o  t h a t  t e s t  r e s u l t s  f o r  i t  c o u l d  be  d i -  
r e c t l y  compared w i t 3  t h o s e  f o r  t h e  sol id-wood 5 - foo t - cho rd  
N . A . C . A .  0012 a i r f o i l .  

I n  t h e  t e s t s  of t h o  B.B.C.A. 0012 a i r f o i l s ,  v e l o c i -  
t i e s  wcrc d e t e r m i n e d  a t  f o u r  h e i g h t s  abovc  t h o  a h f o i l  ' . 
s u r f a c e  c h o s o ; ~  t o  p c r m i t a  s t u d y  of t h e  v e l o c i t y  d i s t r i -  
b u t i o n  i n  t h e  boundary  l a y e r .  Four  small t o t a l - p r e s s u r e  
t u b e s  wcre mounted t o g e t h e r  w i t h  s s i n g l e  s t a t i c  t u b e  i n  
an  arrangerfieat  s i n i l a r  t o  t h a t  d e s c r i b e d  i n  r e f e r e n c e  1. 

The t u b c s  u s e d  on t h e  5 - foo t - cho rd  a i r f o i l s  ( f i g .  2 )  
wcrc  of  s t a i n l e s s  s t e c l ,  0 .040- inch  o u t s i d e  d i c n z t e r ,  w i t h  
a 0 .003-inch w a l l  t h i c k n e s s .  Thc ends of t h e  t o t a l - p r e s -  
s u r e  t u b e s  were f l a t t e n e d  t o  an o n t s i d e  d i n e z s i o a  of 0 .012  
i n c h  f o r  a l e n g t h  of o n e - h a l f  i n c h  from t h e  opening .  The 
t u 5 e s  were 2 i n c h e s  l o n g  and were  s o l d e r e d  i n t o  1 / 1 6 - i n c h  
c o p p e r  t u b e s ,  which  e x t e n d c d  back a loa ;  t h e  s u r f a c e  of t h e  
a i r f o i l  t o  r u b b e r  t u b i n g  t h a t  wns l e d  a l o n g  t h e  t r a i l i n g  
edge t o  manometers .  A h e m i s p h e r i c a l  p l u g  was i n s e r t e d  
i n t o  t h e  c r d  of t h c  s t a t i c  t u b e  and f o u r  0 .005- inch  h o l e s ,  
e q u a l l y  s p a c e d  a r o u n d  t h e  c i r c u m f e r e n c c ,  vfcre d r i l l e d  i n  
t h e  plane of t h e  ends of  t h e  t o t c l - p r e s s u r e  t u b c s .  The 
f i v e  t u b e s  were s o l d e r e d  t o g c t h e r  on t o p  of two 1 / 8 - i n c h -  
h i g h  b r i d g e s  t o  f a c j - l i t n t z  h a n d l i n g ,  a d j u s t m e n t  o f  h c i g h t  , 
and z t t c c h m c n t  t o  t h e  a i r f o i l .  

A s i m i l a r  s e t  of s u r v o y  t u b c s  ( f i g .  3 ) ,  a p p r o x i m n t c l y  
t w o - f i f t h s  t h e  s i z e  of t h o s e  u s e d  on t h c  5- foot -chord  a i r -  
f o i l ,  was u s e d  f o r  t h e  t e s t s  on t h e  2 - foo t - cho rd  a i r f o i l .  

The ;nzthoA of i n s t a l l i n g  t h e  t u b c s  on t i l e  W.B.C.B. 
0012 a i r f o i l s  i s  shown i n  f 5 g u r e  1. Measurements were 
aa$-e w i t h  t h e  bank of s u r v e y  tu-bes l o c a t e d  a t  5 - p e r c e n t -  
c h o r d  i n t e r v a l s  between 5 and  80 p e r c e n t  of t h e  cho rd .  
The e n t i r e  i n s t a l l a t i o n  was a t t a c h e d  t o  t h c  a i r f o i l  by 
gummed c e l l u l o s e  t a p e  c o v e r c d  w i t h  n t h i n  c o a t  of dope t o  
p r e v e n t  r a i s i n g  a t  t h e  e d g e s ,  I n  a l l  t h e  t e s t s ,  t h e  low- 
e s t  t u b e  wns f i r m l y  s p r u n g  a g a i n s t  t h e  a i r f o i l  s u r f a c e .  
The h e i g h t s  of t h e  o t h e r  t u b e s  wcrc s e t  a p p r o x i m a t e l y  t o  
t h e  & a s i r e d  v a l u e s  by means of t h i c k n a s s  gages  2nd t h e n  
n ~ : ~ , s u r e d  t o  t h e  n e a r e s t  0 .001  i n c h  w i t h  a micrometer  m i -  
c r o s c o p e .  

The c o m p l e t e  bounZarp - l age r  measurements r e q u i r e d  f o r  
t h a  s k i n - f r i c t i o n  d c t e r m i n n t i o n  of t h e  5 - foo t - cho rd  N.A.C.A. 



a i r f o i l  werc made by pl:l,cing two banks  of s u r v e y  t u b e s  at 
t h e  same c h o r d  s t a t i o n  aad a d j u s t i n g  t h e  e i g h t  t o t a l - p r c s -  
s u r e  t u b c s  t o  i n c l u d e  t h e  f u l l  d e p t h  of %he  boundary  l a y e r .  

Owing t o  t h e  fcict  t h s t  t h e  t u b e s  werc o p e r a t i n g  i n  a 
v e r t i c a l  v e l o c i t y  f;r:;.clierrt, t h e  i n d i c a t e d -  dgncmic p r e s s u r e  
was s l i g h t l y  h i g h e r  t h a n  t h c  t r u e  dynamic p r e s s u r e  at t h e  
g e o n e t r i c  c e n t e r  of t h e  t u b e s .  The s f f ~ c t i v c  h e i g h t ,  c o r -  
r e s p o n d i n g  t o  t h e  i n d i c a t e d  dynamic p r e s s u r e ,  was o b t a i n e d  
f rom t h e  r e s u l t s  of r e f e r e n c e  8 ,  which show t h a t  a b o u t  20 
p e r c e n t  of t h e  over -311  h e i g h t  of t h e  t u b e  s h o u l d  b s  added  
t o  t h e  g e o m e t r i c  h e i g h t .  i 

A c i m p l i f i c d  method of C c t e c t i n g  t r a n s i t i o n  was em- 
p l o y c d  i n  t h e  t e s t s  of t h e  U.A.C.B. 23012 s i r f o i l .  Only 
t h e  t o t ~ l  2 r e s s u r e  n e a r  t h c  s u r f a c e  was measurcd by means 
of s i n g l e  t o t a l - p r c s s u r e  t u ' b ~ s  of t h a  $t!mc d i n e n s i o n s  n s  
t h o s e  i n  % h e  $- tube s u r s c J y  h e a d s  u s e d  on t 3 o  5 - foo t  B.A.C.B. 
0012 a i r f o i l  ( f i g .  2 ) .  .0:11;~ on2 t u b c  b e i n g  r e q u i r e d  ~ t .  
e a c h  s t a t i o n ,  i t  was p o s s i b l e  t o  i j ~ s t a l l  t u b e s  a t  2 .11  1 4  
s t a t i o n s  a t  t h e  same t i m e .  Snro was t a k e n  t o  s p n c e  t h e  
t u b e s  a s u f f i c i e n t  d i s t a n c a  n p n r t  ?bLong t h e  span  s o  t h a t  
t h e  wake of oao t u b c  d i d  n o t  p a s s  ove r  t h e  ? , d j o i n i n g  4ubcs.  
Thc t h c o r c t i c z l  s t a t i c - p r e s s u r o  r l i s t r i b u t i o n  was u s e d  t o  
computo n p p r o x l n a t e l y  t 3 e  v a l o c i < i c s  col*rcsi3onding t o  t h e  
t o t c l - p ~ c s s u r e  r e a d i n g s .  

The o f f e c t  of s m a l l  s u r f a c e  i r r e g u l a r i t i e s  i n  p r c c i p -  
i t a t i n g  t r ? . n s i t i o n  i s  w e l l  Bnovrn. In t h e  measprement of 
t h e  d r a g  i n c r e m e u t  a s s o c i a t e d  w i t 1 1  c o a c r o l l e d  movement of 
t h e  t r a . n s i t i o n  p o i n t  0x1 t i l e  5 - f o o t - c h o r d  W.A.C .A .  0012 
wing ,  t r a n s i t i o n  was f i x e d  a t  t h e  d a s i r e d  cho rd  s t a t i o n  by 
a l i n e n  s t r i n g  doped a c r o s s  t h e  span  on b o t h  s u r f a c e s .  Two 
s i z e s  o f  s t r i n g ,  0 .035 i n c h  and 0 ,017  i n c h  ( o u t s i d e  dimen- 
s i o n s  a f t o r  d o p i n g ) ,  werc found  t o  be e q u a l l y  e f f e c t i v e  i n  
f i x i n g  t h e  t r a n s i t i o n  p o i n t .  The s a n e  r e s u l t  was o b t a i n e d  
bg s p r a y i n g  a l / 2 - i n c h  s t r i p  of 0 ,0037- inch  cnrborundum 
g r n i n s  a c r o s s  t h e  s p a n ,  t r m s i t i o n  b e i n g  assumed t o  s t a r t  
a t  t h e  c e n t e r  of t h e  s t r i p .  

TZSTS 

. D e t a r m i n a t i o n s  of b o u n d a r y - l a y e r  t r a . ~ s i t i o n  on t h e  
B.A.C.A.  0012 a i r f o i l s  were made a t  a i r  s p e e d s  r n n g i n g  from 
t h e  minimum a t t . t t i n a b l e ,  a p p r o x i m a t e l y  76 m i l e s  p e r  h o u r ,  
t o  445 m i l e s  p e r  hour .  The s e c t i o n  l i f t  c o e f f i c i e n t s  a t  



which  t h e  a i r f o i l s  were t e s t e d  were -0.57,  -0 .16,  0 ,  0.16,  
0 . 3 3 ,  2nd. 0.65.' Owing t o  s t r u c t u r a l  l i m i t a t i o n s  of t h e  

. 5-f 00%-chord  a i r f o i l ,  t h e  maximum a l l o w a b l e  l i f t  c o e f f i -  
c i c a t  d e c r e a s e 6  a s  t h e  a i r  s p e e d  i n c r e a s e d .  Thus,  a t  445 
m i l e s  p e r  h o u r ,  o n l y  t h e  z e r o - l i f t  c o n d i t i o n  c o u l d  be  
t c s t e d .  There  were  no r e s t r i c t i o n s  on t h e  a l l o w a b l e  l i f t  
c o e f f i c i e n t  o f  t h e '  2 - foo t - cho rd  a i r f o i l  i n  t h e  s p e e d  r a n g e  
c o v e r e d  i n  t h e s e  t e s t s .  Most of t h e  t e s t s  of t h e  N.A.C.A. 
0012 a i y f  o i l s  were madc w i t h  t h e  m e t a l - c o v e r e d  5-foot-chord 
a i r f o i l  and t h e  a l l - m e t a l  2 - . foo t -chord  a i r f o i l .  The t e s t s  
of t h e  sa l id -wood 5 - f o o t - c h o r d  a i r f o i l  wore made a f t e r  t h e  
main program had  been  c o n p l o t o d  a n d  i n c l u d e d  o n l y  t r a n s i -  
t i o n  d e t e r m i n a t i o n s  a t  c o m p a r a t i v e l y  few t e s t  c o n d i t i o n s .  

The. boundc.ry- layer  t r a n s . i t i o n  t e s t s  of t h e  N.A.  C.A. 
23012 a i r f o i l  wero madc o v e r  a r a n g e  of s p e e d s  of 80 t o  
445  m i l c s  p c r  h o u r .  The s e c t i o n  l i f t  c o e f f i c i e n t s ,  sub-  
j e c t  t o  t h e  same r e s t r i c t i o n s  a s  f o r  t h e  5 - f o o t - c h o r d  
B.A.C.A. 0012 a i r f o i l s ,  wero 0 ,  0.15., 0 .30 ,  and 0.65.  

Tha b o u n d a r y - l a y e r  momentum.-loss d e t e r m i n a t i o n s  u s c d  
i n  comput ing  t h e  l o c a l  s k i n  f r i c t i o n  on t h c  5- foot -chord  

.x.B.C.A. 0012 a i r f o i l  were  made a t  z e r o  l i f t  a t  a n  a i r  
s p e e d  of 230 m i l e s  Te r  h o u r .  

Thc d r a g  of t h e  m e t a l - c o v e r e d  5-foot-chord.  N.A.C.A. 
0012 a i r f o i l  was measured f o r  each  of t h e  f o l l o w i n g  con- 
d i t i o n s  at s p e e d s  v a r y i n g  f rom 75 t o  275  m i l e s  p e r  hour :  
Y i t h  t h e  0 .035-inch s t r i n g  on uppe r  2nd lowcr  s u r f a c e s  a t  
t h e  2- ,  5- ,  l o - ,  15- ,  20 - ,  and  25 -pe rcen t  c h o r d  s t a t i o n s ;  
w i t h  t h e  .0..0037.-inch carborundum g r a i n s  a t  t h e  same s t a -  
t i o n s ;  2nd w i t h  t h e  0 ,017- inch  s t r i n g  on u p p e r  and lowcr  
s u r f . a c c s  a t  t h e  10 -poscen t  c h o r d  s t a t i o n .  

SYI4ROLS 

The symbols  u s e d  i n  t h i s  r . cpo r t  a r c  r i e f incd  a s  f o l -  
lows : 

V, a i r  s p e e d  ( c o r r e c t e d  f o r  t u n n e l - w a i l  c o n s t r i c -  
t i o n  e f f e c t ) .  

U ,  l o c a l  v ? l . o c i t y  j u s t  o u t s i d e  boun3-nry l n y c r .  



c ,  w i n g  c h o r d .  

x, d i s t a n c e  m c a s u r c d  f r o m  l c n d i n g  edge  a l o n g  c h o r d  
1 i i1 C? . 

a ,  a i s t s n c c  m c n s u r c d  n o r m a l  t o  s u r f a c e .  

s ,  d i s t a n c e  rncnsurccl f ro in  f o r w a r d  s t a g n a t i o n  p o i n t  
a l o n g  s u r f n c c .  Thc r e l a t i o n  b e t w e e n  s a n d  
x f o r  t h ~  3 , A . C . A .  0012 a i r f o i l  i s  shoifrn i n  
tn .b lo  I ,  

6 ,  b o u n d a r y - l z y o r  t h i c k n e s s .  

0 

tl 9 B i n e x a t i c  v i s c o s i t y .  

y ,  c o c f f i c i < : n t  of  v i s c o s i t g .  

l o c a l  R o g n o l d s  ilnmber bas.od on b o u n d a r y - l a y e r  
t h i c k n e s s  ( u ~ / u ) .  

l o c ~ . l  S c g n o l d s  Nui~iber b a s e d  on displ:? .cemcnt 
boun:l:xr2~-1z.;ier t h i c k n e s s  ( U S  * / u )  . 

s z c f i o n  l i f t  c o e f f i c i c n t .  

s c c t i o n  p r o f i l c - C r a g  c o e f f i c i e n t .  

a c c k i o n  s k i n - f r i c t i o n  d r a g  c o e f f i c i o n t .  

l o c a l  s k i n - f r i c t i o n  c o c f f i c i c n t .  

coorc ' f i c i c i i t  of  s t a t i c .  p r c s s u r c  P l o c a l  - P s t r c x n \  

q / 

2ynnmic  p r c s s u r c  (1/3 p v2). . . .  

n a s  s d e n s i t y  o f  <*.i r . 
_I /i 

> I ,  nomcntum l o s s  j?er u n i t  s p n n  b e t w e e n  b o u n d a r y -  
la?-yer  flo,w a n d  n c o r r e s p o n d i n g  m8ass f l o w  imme- 



diately outside boundary layer 

2 ,  thickness number (1/3 R~*). 

A, Pohlhausen~s boundary-layer profile-velocity shape 

parameter - .- iJ. (3 
Subscripts : 

T, at transition point. 

m ,  at point of minimum pressure. 

RESULTS BED D I S C U S S I O N  

Reduction of Data 

Velocity calculation.- The method of computing the 
speed of flow i3 the H.A.C.A, 8-foot high-speed wind tunnel 
is describe6 in reference 9. . In the computation of the 
local velocities near the surface of the airfoils, the con- 
pressible-flow form of Bernoulli's oqu-ation w2s used. The 
local air density necessary for the calculations was 03- 
tained by assuming adiabatic expansion from the low-speed 
section of the tunnel where the air tcmpernture is measured. 
The usu~.l.assumption of constant static pressure throughout 
the de2th of the boundary layer was also made. 

Constriction effect.- The use of airfoils of large - 
size in comparison with the diameter of the wind tunnel re- 
sults in an air speed at the airfoil appreciably higher 
than the speed that would cxist if the flow were not re- 
strained by the tunnel walls. The magnitude of this effect 
was determined by comparing the static pressures measured 

' on the 3 i J . d . C ~ A .  0012.airfoil with results obtzined in the 
t b  

full-scale tunnel and with potential-flow theory. For ex- 
ample, at an indicsted tunnel air spccd of 200 niles per 
hour, the effective speed at thc 5-foot-chord airfoil is 
205 miles per hour. The corrcsponcling value for the 2-foot- 
chcrd airfoil is 200.8 niles por hour. Throughout this re- 



p o r t ,  t h e  a i r  s p e e d  V h a s  been  t n k c a  ns  th;: c f f c c t i v c  
s p e e d  o b t a i : l i ~ i g  l ~ r i t h  t h e  a i r f o i l  i n  t h e  t u n n c l ;  t h e  d y n ~ m i c  
p r c s s u - r e  u s o d .  i a  red?rc ing  t h o  f o r c e  mcl t h e  p r e s s u r e  d a t a  
t o  c o e f f i c i e n t  f o r n  w a n  b a s e d  on t h i s  c f f c c t i v c  s p e c c .  

T r a n s i t i o n  

The t r a n s i t i o n  p o i n t s  f o r  t h e  v a r i o u s  l i f t  c o e f f i -  
c i e n t s  were d e t e r m i n e d  from c u r v e s  s i m i l a r  t o  t h o s e  shown 
i n  f i g u r e  4 ,  which ma;r be t a k e n  a s  t y p i c a l  f o r  b o t h  t h e  
X.A.C.4. 0012 and  23012 a i r f o i l  s e c t i o n s .  The t r a n s i t i o n  , *+<, - - *  ..- 
~ o i n t  i s  d e f i n e d  h e r e i n  a s  t h e  p o i n t  a t  whfch t h e  mean ve-  I - ..----. --- . .- -- - -a -.a .. . 
l o c i t y  n e a r  t h e  s u r f a c s  b e g i n s  t o   shot^ zn a,bcormal A .- - i n c r e a s e  
owing t o  t h e  o n s e t  of  t u r ' ou l en t  f lo t r .  The r e g i o n  of i n -  --- 
c r e a s i n g  mean v c l o c i t y  i m m e d i a t e l y  f o i l o w i n g  t h e  t r a n s i t i o n  
p o i n t  i s  c a l l e d  t h e  t r a n s i t i o n  r e g i o n .  

I t  t i i l l  be n o t i c e d  t h a t  t h e  c u r v e  f o r  t h e  v a l u e  of 
l i f t  c o e f f i c i e n t  of -0.57 h n s  no w e l l - d e f i n e d  p o s i t i o n  of 
minimum v e l o c i t y  and t h a t  t h e  b e h a v i o r  of t h e  c u r v e  i n  t h e  
r e g i o n  of i n c r e a s i n g  v z l o c i t r  i s  v e r y  i r r f g u l a r .  The 
t r a n s i t i o n  p o i n t  T o r  t h i s  c o n 5 i t i o n  c o u l d  n o t  be d e t e r m i n e d  
e x c e p t  by a  s t u d y  of t h c  s h n p c s  of t h e  v e l o c i t y - d i s t r i b u t i o n  
p r o f i l e s ,  which shov~ed n  eradual .  t r a v s i t i o n  o v e r  an  a x t e n d e d  
r e g i o n .  

Cpper s u r f a c e s  of X . B . C . A .  001.2 3 i r f o i l s . -  The t r a n s i -  
t i o n - p o i n t  l o c a t i o n s  o b t a i n c d  o r  t h o  5 - foo t - cho rd  me tn l -  
c o v e r e d  and  soli2-1.7ood a i r f o i l s  a r e  shows t oge t l l e r  i n  f i g -  
u r c  5 a s  n f u n c t i o n  of B3gnolds  Sumber f o r  t h e  v a r i o u s  t e s t  
l i f t  coefficients. The s l i z h t  w a v i n e s s  of t h e  s u r f a c e  of 

f 

.. 
t h e  me ta l - cove red  n i r f o i l  c a u s e d  t r n ~ ~ a i t i o n  t o  o c c u r  some- -------.-. -,.-.- .., . .. .. . . . , * ~  7 - , * - .T"7 - . -  - ?. --.. - < - *  

v h s t  n e a r e r  t h e  s t a g n a t i o n  p o i n t  t h a n  f o r  t h e  sol id-wood * - - -- -< -- - * - - -  < - - - -------- 
a i r f o i l  a t  a l l  t e s t  c o a d i - t i o n s ,  A t  f,hc h i c h  l i f t  c o e f f i -  - -. . - 
c i e n t s  where t r a n s i t i o n  was c o n t r o l l e d .  m a i n l y  bg s e v e r e  
a d v e r s e  p r e s s y r e  g r a d i e n t s ,  t h e  e f f e c t  of t h e  waves v a s  
s m : ~ l l ;  a t  c l  = 0.33,  t r a n s i t i o n  o c c u r r e d  o n l y  a b o u t  2  
p e r c a n t  of t h e  c h o r d  n e a r e r  t h e  s t a g n z t i o n  p o i n t  t h a n  on 
t h e  i d e a l l y  f a i r  sol id-wood a i r f o i l .  As t h e  l i f t  d c c r c a s c d ,  
t h e  e f f e c t  of t h e  wnves became more pronounced  a n d ,  a t  n 
v a l u e  of c l  of -0 .16,  c a u s e d  t r a n s i t i o n  t o  occu r  7 p e r -  
c e n t  of t h e  chorO n e a r e r  t h e  s t a g n a t i o n  p o i n t  t h a n  w i t h  t h e  
i d e a l  s u r f a c e  c o n d i t i o n s ,  The e f f e c t  of t h e  wnves v a r i e d  
o n l y  s l i g h t l y  w i t h  changc i n  Reynolds  Number, 

The t r a n s i t i o n - p o i n t  r e s u l t s  o b t n i n c d  on t h e  2- and 
t h e  5 - foo t - cho rd  a i r f o i l s  of s o l i d  c o n s t r u c t i o x  a r c  shown 



together in figure 6. As the surfaces of both of these 
airfoils were ideally fair and smooth, the results at a 
given Bcynol8s Number are strictly comparable. In the 
rangc of ~e$nolds Wumbers of 4,000,000 to '7,000,000, trans- 
ition points were obtained on both sizes of airfoil at 
widely different speeds and the small differences in tran- 
sition-point location shown (about 2 percent of the chord 
on the average) are believed to be due to the effects of 
thz compressibility of the'air, The Mach number (ratio of 
the air speed to the speed of sound in air), upon which 
compressibility effects dopend, varied from 0.29 to 0.59 
for the 2-foot-chord airfoil and from 0.11 to 0.20 for the 
5-foot-chord airfoil in the overlapping Reynolds Number 

rrnnge of the tests. Compressibility appears to have no 

i pronounced effect on the locotion of thc transition point on a conventional airfoil at ,low lift coefficients, at 
@east for Mach numbers below 0.60. It should be pointed 
out that thc compressibility shock, which h a s  been found 
to occur on a body when the maximum local velocity exceeds 
the local velocity of sound and which is accompanied by 
radical changes in prcssurc distribution over the body, 
had not get appeared on the 3J.A.C.A. 0012 airfoil at the 
m~~xirnun spccd of thc tests. 

The static-pressure distribution as obtaincd by means 9 

of thc stctic tube in the boundcry-layer survey head is 
shown in figure 7 for ecch of the test lift coefficients. 
The curvcs represent averages of all the data obtained on 
the 5-foot-chord airfoils at spccds below 275 miles per 
hour. Thc only consistent change in the pressure distri- 
bution for spccds greater than 275 miles per hour iqas a 
greater negative value of the pressure coefficient P at 
nll stations. 

The rcgion in which transition occurred for the 
N.A.C.A. 0012 eirfoils in the present tests is indicetod 
in figure 7 for the four lift coefficients that were tested 
through the widest range of Reynolds Xumbcr. At a given 
lift cocfficiont, transition never occurred ahcad of the 
,point of minimum pressuro and, from the behavior of the 
'curves of figures 5 and 6, the transition point appears to 1 approach the point of minimum pressure, as an approximate 
forwnrd limit, at Reynolds Bumbers of tho order of 
17,000,000. From n consideration of thc probable distance 

k, 1 that the laminar flow mag extend along the chord at very 
low Reynolds Numbers, it scorns likely that the laminar 
separation point is n disturbance of sufficient magnitude 



t o  p r e c i p i t a t e  t . r a n s i t  i o n  u n d e r  any c o n d i  t i o a s .  In  sup-  
p o r t  of t h i s  c o n j e c t u r e ,  t e s t s  on s, f l a t  p l a t e  ( r e f e r e n c e  
1 0 )  showed t h c t  t r a n s i t i o n  i n  an  a d v e r s e  p r c s s u r o  g r a d i c ~ t  
i3,t  l o w  Rcgnolds  Numbers o c c u r r e d  ~ . t  o r  v e r y  n e a r  t h e  sepn-  
r n t i o n  p o i n t  znd  r e s u l t e d  i n  a r e a t t a c h m e n t  of t h e  f l o w  
t o  t h e  s u r f a c e .  The t h e o r e t i c a l  l a m i n a r  s e p a r a t i o n  p o i n t s  
f o r  t h e  s e v e r a l  l i f t  c n s f f i c i e n t s  were  e s t i m a t e d  bg t h e  
a p p r o x i m ~ ~ t a  method of r c f o r e n c e  11 and a r c  shown on f i g u r e  
7 .  A t  t h e  l o w e s t  Reynolds  Numbers, t r a n s i t i o n  o c c u r r e d  
i n  t h e  v i c i n i t y ,  acd  generally somewhnt ahend ,  of t h e  t h e -  
o r e t i c c l  s e p a r a t i o n  p o i n t s .  Thi: f a c t  t h a t  t h e  t r a n s i t i o n  
p o i n t s  f o r  t h c  l i f t  c o e f f i c i e n t  of 0 .33 f e l l  a s  much a s  
5 p e r c e n t  o T  t h e  cho rd  t o  t h e  r e a r  of t h e  e s t i n a t e d  sepa -  
r a t i o n  p o i n t s  i s  p r o b a b l y  due t o  t h e  i n a c c u r a c y  of e s t i m a -  
t i o n  o f  s e p a r a t i o n  b e c a u s e  'no a c t u a l  s c p a r c l t i o n  was ob- 
servccl  i n  ' t he  t e s t s  a t  t h e s e  l i f t  c o e f f i c i e n t s ,  

Upper s u r f a c e  of N,+4.C.f1. 23012 a i ~ f o i 1 . -  F i g u r e  8(a) 
shows t h e  v a r i a t i o n  w i t h  Reynolns  Burnber of t h e  t r a n s i t i o n -  
p o i p t  l o c a t i o n  on t h e  u p p e r  s u r f a c e  of t h o  N.A.C.B. 23012 
a i r f o i l ,  I t  w i l l  be n o t i c e $ -  t h a t  t h e  t r n n s i t i o n  p o i n t s  
a r e  givci l  i n  t e rms  of' x / c ,  cho rdwise  d i ~ t ~ n n c e  from t h e  
l e c d i n g  cage. Uncertc7,inty as  t o  t h e  e x a c t  s t r sgna t ion -  
p o i n t  l o c a t i o n  on t h e  N.A .C .A .  23012 ~ i r f o i l  made i t  i n -  
a d v i s a b l e  t o  employ t h c  p n r z n e t c r  s / c  u s e d  i u  p r e s e n t i n g  
t h e  B.A.C.A, 0012 a i r f o i l  r s s u l t s .  The t h e o r e t i c a l  p r e s -  
s u r e  d i s t r i b u t i o n  co r r c sp 'ond ing  t o  e a c h  of t h e  t e s t  l i f t  
c o e f f i c i e n t s  i s  g i v e n  i n  f i g u r e  9 ( a ) .  The g e n e r a l  s h a p e s  
of t h o  p r e s s u r e - ' d i s t r i b r ~ t i o n  c u r v e s  were s imi l t z r  t o  t h o s e  
f o r  t h e  3.fl.C.h. 0012 a i r f o i l ,  aad a d i r e c t  comi3nrison 
w i t h  t h e  M.A.C.A. 0012 a i r f o i l  r e s u l t s  can  t h e r e f o r e  be 
riade. B l though  t h e  a n a l y s i s  i s  somewhat h a n d i c a p p e d  by a 
s c a r c i t y  of t e s t  p o i a t s  n c n r  t h e  ex t remes '  of t h e  r a n g e  of 
Rcy:iolds Xumbers ( f i g .  8 ( a ) ) ,  f i g u r e  9 ( a )  shows t h a t  t r a n -  
s i t i o n  oc 'cur rad  b e t w e o i ~  t h e  s a n e  l i n i t s  a s  o b t a i n e d  f o r  
t h e  X , A . C , A ,  0012 a i r f o i l , '  c a n c l y ,  t h e  p o i n t  of ninimum 
p r e s s a r c  and  t h e  e s t i m a t e d  l a m i n a r  s e p a r a t i o n  p o i n t .  

Lower s u r f a c e  of 8.A.C.d. 23012 a i r f o i l . -  The v a r i n -  -- 
t i o n  w i t h  Reynolds  Wumber of t h a  t r n . n s i t i o n  p o i n t s  on t h e  
l o v e r  s u r f a c e  of t h e  N.A.C.A. 23012 a i r f o i l  i s  shown i n  
f i g u r e  8 ( b )  and  t h e  c o r r e s p o n d i n g  t h e o r e t i c a l  p r e s s u r e -  
d i s t r i ' o u t i o n  c u r v e s  a r e  shown i n  f i g u r e  9 ( b ) .  The approx-  
i m a t e  method of r e f e r e n c e  11, f o r  e s t i m a t i n g  la rn inar  s cpa -  
r a t i o n  c o u l d  n o t  be s a t i s f : > , c t o r i l y  nppl iccl  t o  t h i s  t y p e  

, . of p r e s s u r e  d i s t r i b u t i o n .  Thc cnonn lous  b e h a v i o r  of t h e  
, t r a n s i t i o n - p o i n t  c u r v c s  c n n ,  howcvcr ,  be s a t i s f a c t o r i l y  

e x p l a i n e d ,  by r c f e r e n c c  t o  t h e  r e s u l t s  f o r  t h e  B.A,C,fi* 



0012 a i r f o i l ,  on t h e  b a s i s  of t h e  p r e s s u r e - d i s t r i b u t i o n  
d-iogrcms. For  a l l  of t h e  l i f  t-coc.ff  i c i e n t  v ~ ~ l u c s  e x c e p t  
0 . 3 0 ,  t r a n s i t i o n  o c c u r r e d ,  a s  on t h e  B.A.C.R. 0012 a i r -  

. f o i l ,  i n  t h e  a d v e r s e  2 r e s s u - r e  g r a d i e n t  back  of t h e  p o i n t  
of mininuin p r e s s u r e  i n  s p i t e  of t h e  f a c t  t h s t  ( e x c e p t  a t  
c l  = 0.65) t h e r e  was a s u b s e q u e n t  f a v o r a b l e  p r e s s u r e  
g r n d i c n t  and  a n o t h e r  peak  i n  ench  of t h e  p r c s s u r c - d i s t r i -  
b u t i o n  c u r v e s .  The p r e s s u r e - d i s t r i b u t i o n  c u r v e  f o r  c l  = 
0.30 i s  i n t e r m e d i a t e  b e t w e e n  t h o  t y p e  of c u r v e  w i t h  two 
w e l l - d e f i n e d  p e a k s  ( f o r  c l  = 0  and  0 .15)  and t h e  t y p e  
w i t h  one peak ( f o r  c.1 = 0.,65).' The c u r v e  of t r a i i s i t i o n -  

p o i n t  l o c a t i o n  a g a i n s t  Rcyiiolds Xumbcr (f ' ig.  8 ( b ) )  f o r  
C Z  = 0.30 was a l s o  i n t e r m e d i a t e  be tween  t h c  c o r r e s p o n d i n g  

c u r v e s  f o r  t h e s e  two t y p e s  o f  p r c s s u r e  d i s t r i b u t i o n .  

Comparison w i t h  r e s u l t s  f o r  n morc t u r b u l e n t  a i r  
stream. - The d i f f e r e n c e  b e t v ~ e e n  * t h e  t r a n s i t  i o n - p o i n t  l o c a -  
t i o n s  o b t a i n e d  i n  t h i s  i n v e s t  i ,o.tion on t h e  5 - foo t - cho rd  
me ta l - eove red  a i r f o i l  arid t h e  f  a i r e d  r e s u l t s  o b t a i n e d  i n  
t h e  f u l l - s c a l e  t u n n o l  on a 6-foot-chord.  a i r f o i l  o f  s i m i l a r  
c o n s t r ~ c t i o n  5 )  i s  ~h07iil  i n  fi;u.rc 10 .  S i n c e  
t h e  t e s t  c o n d i t i o n s  and t h z  models  employcd wcrc made a s  
n o a r l g  a l i l ce  a s  p o s s i b l s ,  tlx.1.c d i - f f e r c n c e  i n  t h e  t r a n s i t i o n  
p o i n t s  i s . i n t c r p r o t e d  t o  b c  m a i n l y  t h c  r c s u l t  of t h c  d i f -  
f e r c ; i cc  iil a i r - s t r e a m  t u - r b u l c n c c .  F i g u r e  11 s h o ~ i s  khc 
d i f f e r e ; c e s  i n  p r e s s u r e  d i s t r i b n t i o n  on t h e  F.A.C.A. 0012 
a i r f o i l  a s  measured  i n  t h e  fu l l - s c : : l e  and t h e  h igh - speed  
t u n n e l s .  Bccause  t h e  h i g h - s p c o d - t u n n e l  d a t n  shown 
were  measured a t  low s y c e d s  .and have  bocn .co.rr.e'cted f o r  
t l ic  c f f c c t  of c o n s t r i c t i o n ,  t h o  d i f f e r c n c ~ e s -  shmrn ttrc due 
e i t h e r  t o  v a r i a t i o n s  i n  s h a p c  and a t t i t u d e  of t h e  modcls 
employcd o r  t o  v a r i a t i o n s  i n  bo th .  The d i s c r e p a n c i e s  a r e  
s l i g h t  and a r c  b e l i c v c d  t o  have  a negligible e f f e c t  on 
t r c x l s i t i o n  s a d  l a m i o a r  s e p a r a t i o n .  The g r e a t e r  t u r b u l c l i c e  
p r e s e ~ t  i n  t11e f u l l - s c a l e  t u n n e l  n i r  s t r e a m  h.2.d .a pro- 
nounced e f f c c t  i n  cansin?: t r a n s i t i o n  t u  occuy  n e a r e r  t h o  
s t a g n a t i o n  p o i n t  t h a n  i n  t h e  p r e s e n t  t e s t s .  Th i s  e f f e c t  
was l a r g e s t  on t h e  p r e s s u r e  s i d e  o.f t h e  c i r f o i l  ni; h i g h  
l i f t s  and s n a l l c s t  on t h e  s u c t i o n  s i d e  a t  h i g h  l i f t s .  The 
l e n g t h  of t h e  t r a n s i t i o n  r e g i o n  l>~.r-n.s c o n s i d - e r a b l g  s h o r t e r  
i n  Ghe ; ~ r e s e ~ l t  t e s t s  and. t h e  t r a n s i t i o n  p o i n t  lnras much morc 
s h a r p l y  d e f i n e d  t h a n  i n  t h o  f u l l - s c : - l e - t u n n e l  t e s t s ,  a s  i s  
shovn i n  f i g u r c  12.  

A p p l i c a t i o n  of r e s u - l t  s  t o  fre-ir c o a d i t  i-ons.  - A l -  
t hough  s g h c r d - d r a g  t e s t s  i n  t h e  17.11.C.i1. 8 - f o o t  h igh - speed  
tun-ne-1 -s!i.owcd a p p r o x i m t ? ~ t e l y  t h e  same c r i t i c i a l  Reynolds  



Nu-mlser a s  i n  f l i g h t ,  i t  ca ; lnot  b c  cssurncd t h n t  t h e  t r r b n s i -  
t i o n  r e s u l t s  p r o s e n t o d  i n  t h i s  r c p o r t  < ; J i l l  k c  ?approx i rn :~ tc -  
l y  -tho s m c  as  t h o s e  o b t a i n e d .  on i d e n t i c a l  a i r f o i l - s  i n  
f l i g h t .  The s n a l l  t u r b u l c a c e  p r c s c n t  i n  t h e  t u n n e l  hcd. 
2.11 i n s i g n i f i c a n t  c f f c c t  on t r n n c i t  i o n  on n a p h c r e  b u t  rfl,a,y 
? lave  23 r : p p r e c i n b l o  i n f  l u e n c c  on z i r f  o i l  t r a n s  i t  i o n .  nl- 

published r e s u l t s  o b t n i n c d  i n  t h e  a o d e l  of -Lhc K . 3 . C . h .  - .  t w ~ - ~ ~ - ~ ! ~ c i l ~ i o n ; > , , l - f l o ~  t u n n c l  , vrhich i s  ' o c l i c v o d  t o  h a v e  a 
t u r b u l > : ~ c c  l e v e l  e v e n  l o v e r  t h a n  t h a t  of ----. t h e  -. 8 - f o o t  h i g h -  
s p e c d - t u n n e ? s h o w C d t h  t t r n ~ i t i o n ~ ~ o i i ~ t s  t o  l i e  f r o m  2 
t o ...- 5..-a~cs-__f :I r t 11 3 r b-ack~~~&;olirl-r.rnnZ n. f r r n i 1 f. 'rF;1;0 -- 

i n  t h e  ~ r e s e n t  %&z-tsk 

L o c n l  c o i ~ ? ~ i t i o n s  a t  t3.e t r a n s i t i o n  p o i n t . -  The bound- - 
a r y - l a y e r  d a t a  o b t a i n e d  by n e a n s  of t h e  f o u r - t u b e  surve27- -- h e a d  L ~ e a s u r e z e i ~ t s  oil t h e  5-f o o t - c h o r d  Li . A .  C . A .  0 0 1 2  x e t a l -  
c o v e r e d  c i r f o i l  - p e r n i t t e d  ail e v a l u a t i o n  of p a r a n e t e r s  de -  
s c r i b i n g  t h e  l o c a l  c o n d i t i o z t s  e x i s t i n g  i l e a r  t r a n s i t i o n .  
F 7 Lac l :2ca l  R e y n o l d s  ~ ? - m b z r  Rs nrd  t h e  b o u n d a r g - l a y e r  
F.e:~nok?~s 3 u n b e r  Rg ! rere  cor::yuted nnd a r c  p l o t t e d .  i n  f i g -  
u r e s  1 3  a:lC 1 4 ,  respocJ: ivol:7,  as f u n c t i o l ~ s  of  t h e  a i r f o i l  
Xcynolcls IT~x!?.bcr. I t  i s  z t  r~rice nj::pnront tht?,t no  s i n g l e  v a l -  
u e s  of Bs t : , :~?~  RE o c c u r r s d  a t  t r a n s i t i o n ,  Rs  v a r y i n g  
fro;: 570,0t30 t b  3 , 5 0 0 , 0 0 0  a 2 d .  Bg f r o n  i1,boiXt 4 , 5 0 0  t o  
11,00Ci : ! i t h  i : ld ic : - . . t ion  of s t i l l  g r a s t c r  ~r:-,,lucs a t  l a r g c r  
n i r f  o i l  B o g n o l d s  B u n k e r s .  V z l u ~ s  of  t h ?  P c y n o l d s  Bunbey 
Bg * b;?.scd on t h c  d i  s p l r t c e n a z ~ t  t h i c l r i i s s s  U6 x /  v ,  r.rhicl? 
c a n  b e  o b t a i n e d  e x p e r i n a n t a l l y  w i t h  n h i g h c r  d e g r e e  of p r e -  
c i s  i o n  A ,  ci lct i i  a g ,  v a r i e d  f r o m  1 , 5 8 C  t o  3 , 0 0 0 .  A w i d e  ra?lge 
of vc?,l-ues of t h d s e  f a c t o r s  a t  t r a i? . i . s i t ion  1:ra.s c l s o .  r e p o r t c d  
i n  r c f e r e i l c e  5 .  

The p a r a m c t c r s  3 a n 3  A r.rere compuC,od f o r  c o m p a r i -  
s o n  ~ v i t h  t h e  flight-test r c s u l t s  of reference 1. Thc tliic!r- 
n e s s  num%er 1 i s  G u f i n e d  a s  

P o h l h a u ~ s c n  Is boundary-1-sp, .>r v c l o c i  t g - p r o f  ? . lc  s h a g 2  :pLran- 
c t c r  A ,  h a v i n g  t h e  c i 1 a r a c t c r i : ; t i c  T?a.Lu.e of -1% a t  t h c  
s ~ p a ~ n t i o n  p o i n t , .  i s  d c f i n e d  a s  

..- Flila v . z l u c s  of p and  A ,  sl10~1il i n  f i g u r o  1 5 ,  h a d  



no c o n s i s t c i ~ t  v a l u e s  st t r n n s i t i o n .  I n  G e n c r a l ,  t h e  v n l -  
uos  of b o t h  p a r a m e t e r s  were  nunc r i ca l l ; :  l e s s  t h a n  t h e  
v n l u c s  o b t a i n e d  i a  f l i g h t  by Jones  ( r e f e r e n c e  1 ) .  The 
v n l u e s  of T l a y  be tween  800 ,000  and 3 ,000 ,000  and t h e  
v n l u e s  of A l a y  be tween  0  nnd -6.0. Tiio c o r r e s p o n d i n g  
f l i g h t  v z l u c s  ( r e f e r e n c e  1 )  f o r  7 were  600,000 t o  
4 , 8 0 0 , 0 0 0  a n d ,  f o r  A ,  were  0  t o  -7'.2. 

* There wns a l s o  conpu tod  t h e  n o n d i m c n s i o n a l  p r c ~ s u - ~ c  
z rzd- ie i i t  a t  t r a n s i t i o n ,  which  i s  d e f i n e d  a s  

where  bri! i s  t h e  v a l u e  of s  a t  t h e  t r a n s i t i o n  p o i n t ,  

p T ,  p r e s s u r c  c o c f f i c i c n t  a t  t h e  t r a n s i t i o n  y o i n t ,  

Thc v:.,lv.cs of t h i s  p a r n n e t c r  1:zg bc twccn  0.05 2nd 0.54 2nd 
shoi,red no c o n s i s  t e n t  v n r i n t i o n  vr i th  Rcyao lds  Nunbor. 

I t  t h u s  z.yp?ars khnt  t h c  f u n d n m c n t ~ . l  c n u s c s  of t r a n -  
s i t i o n  c ~ n n o t  be  r c l n t c d  i n  n simp13 way t o  t h c s c  1 o c : ~ l  
c o n d i t i o n s  a x i s t i n g  a t  t b c  t r n n s i t i o n  p o i n t .  

C o r r e l a t i o n -  of t r ~ ~ n s i t i o n  d z t a  on t h e  b n s i s  of 
Zegnolcls Number and p r e s s u r e  d i s t r i b u ' c i & -  A11 a t t e m p t  
was made t o  c o r r e l a t e  t h e  l o c a t i o n  of tzie t r a n s f t i o n  
p o i n t  w i t h  t h e  p r i n c i p a l  c o n t r o l l i i i ~  f a c t - o r s ,  Zdano lds  ..- t lunbcr and p r e s s u r e  d i s t r i b u t i o n .  An a p p r o x i m a t e  e i n ~ i r i -  
c a l  r c l c t i o n  bc twecn  t k c s c  ~ a r i ? ~ b l c s  b a s e d  oii t h e  r e s u l t s  
f o r  t h e  E.A.C .A. 0012 a i r f o i l  was o b t a i n e d .  I t  was assumed 
t h a t :  

1. The l a m i n a r  l a y e r  e x t e n d s  ba.ck of  t h e  p o i n t  of 
minimum p r e s s - i r e  .a d i s t a i i c e  d e p e n d i n g  on t i le  
l o c a l  v e l o c i t y  at  t h i s  p o i n t  nad t h e  a i r f o i l  
Reynolds  Mwlber. 

2. Tlie v a r i a t i o n  w i t h  Begnolds  iJumber of t k e  t r a n s i -  
t i o n - p o i n t  l o c a t i o n ,  2"s e x p e r i m e n t a l l y  o b t a i n e d  
f o r  t h e  z e r o - l i f t  c o n d i t i o n ,  h o l d s  a p p r o x i m a t e l y  
f o r  t h e  o t h c r  l i f t  c o s f f i c i a n t s .  ( s e e  f i g .  6 . )  

For  t h e  c o n d i t i o n  of z e r o  l i f t  oil t h c  W.A.C.A. 0012 
m e t a l - c o v e r e d  a i r f o i l . ,  t h e  f o l l o v i n g  e q u a t i o r i  was f o u n d  



t o  f i t  t h e  e x p e r i m e n t a l  c u r v e  ( f i g .  6 )  w i t h i n  t h e  s c a t t e r  
of t h e  t e s t  p o i n t s :  

i n  which s T / c  i s  t h e  v e l u e  of s / c  a t  t h e  t r a n s i t i o n  
p o i n t .  I n  t e r m s  of t h e  l o c a t i o n  of t h e  p o i n t  of minimum 
p r e s s u r e ,  S m / c ,  and t h e  a i r f o i l  Reynolds  Number m o d i f i e d  
f o r  t h e  l o c a l  v e l o c i t y  a t  t h i s  p o i n t ,  U,, t h e  e x g r e s s i o n  
i s  

s  
s i n c e ,  f o r  t h e  z e r o - l i f t  c o n d i t i o n ,  2 = 0 .13  and 

C 
urn - - - 1.21. 
V 

In  f i g u r e  1 6 ,  t h e  v a l u e s  of t h i s  e x p r c s s i o n  a r c  p l o t -  
t e d  a g a i n s t  t h e  measu rec  t r n n s i t i o n  p o i n t s  f o r  a l l  t h e  t e s t  
c o n c l i t i o a s  of t h e  N . A . C . A .  0012 a i r f o i l s  and e l l  t h e  uppc r -  
s u r f 2 c e  r c s u l t s  of t h e  B.A.C,A. 23012 a i r f o i l .  On t h e  sane  
f i g u r e  a r e  shown t h e  r e s u l t s  o b t a i n e d  from t h e  B.A.C.A. 
f u l l - s c n l 3  w i n d - t u n n e l  t e s t s  ( r e f  e r e n c z  5 ) ,  1T.h.C . A .  f l i g h t  
t e s t s  ( r e f s r e n c e  1 2 ) ,  a n d  J o n e s '  f l i g h t  t e s t s  ( r e f e r e n c e  1). 
I t  i s  sczn  a t  once t h a t ,  f o r  t r n n s i t i o n  p o i n t s  i n  t h e  r m g c  
of v21ucs of s T / c  from 0  t o  0 .35 ,  which i n c l u d e s  most 
of t!ic t c s t  c o n d i t i o n s ,  t h c  e q u a t i o n  c a n  bc u s e d  t o  o s t i -  
mate  t h e  t r a n s i t i o n  p o i n t s  on t h c  a i r f o i l s  t e s t e d  w i t h  n 
p r o b z b l e  e r r o r  of a b o u t  3 p e r c e n t  of t h c  cho rd .  For  t h e  
c o n d i t i o n s  of v e r y  low Reynolds  Xunbers and t h c  c o n d i t i o n s  
e x i s t i n g  on . t h e  p r e s s u r e  s i d e  of the! 6 3 i r f o i l s  a t  h i g h  
l i f t s ,  f o r  which t r a n s i t i o n  o c c u r s  i n  t h e  r a n g e  of v a l u e s  
of s T / c  f r o n  0 .35  t o  0 . 7 5 ,  t h e  s c 3 , t t e r  of t h e  p o i n t s  

a b o u t  t h e  nenn  c u r v e  i n c r c c s c s  b u t  n d e f i n i t e  c o r r e l z t i o n  
be tween  t h e  mcasxred  t r c t n s i t i o n  p o i n t s  2nd t h e  v n l u c s  of 
t h i s  ex j ? re s s ion  e x i s t s  t h r o u g h o u t  t h e  e n t  i r c  r a n g e .  The 
f a c t  t h n t  t h c  f l i g h t - t e s t  r e s u l t s  f a l l  011 t h 2  same c u r v c  a s  
t h e  r e s u l t s  f rom t h e  8 - f o o t  h igh - spced  t u n n e l  i s  of p a r t i c u -  
l a r  i n t c i - c s t ,  t h c  i m p l i c n t i o n  b e i n g  t h n t  t2ic t u r b u l e n c e  
l e v e l  i n  t h i s  wind t u n n e l  i s  low enough t o  a l l o w  a p p r o x i -  
m a t e l y  f r e e - a i r  t r a i l s i t i o n  p o i n t s  t o  be a t t a i n e d  on conven- 
t i o n a l  z i r f o i l s .  Thc t e s t  r c s ~ ~ . l t s  from t h z  f u l l - s c a l e  t u n -  
n e l ,  ho t icvor ,  f a l l  on a well-c'.sr"ino$. c u r v e  cons i c i e rnb ly  d i s -  



p l a c e d  from t h e  r e s u l t s  f r o x  t h e  8 - f o o t  h igh - spccd  t u n n e l  
and f l i g h t ,  and t h e  i n d i c a t e d  c f f e c t  of t u r b u l e n c e  i s  i n  
g e z c r a l  c-greemcnt w i t h  t h e  i n C i c e t i o n s  of f i g u r e  10 .  

In::bsnuch a s  t h e  f o r e g o i n g  metho? of e s t i m a t i n g  traii- 
s i t i o n  i s  bzscd  on t h e  e x p c r t m e n t a l l y  d e t c r m i a c d  v a r i a t i o n  
w i t 5  Reynolds  iyumbcr of t h c  t r a n s i t i o n  p o i n t  on t h e  
Z.A.C.A. 0013 z i r f o i l ,  i t  i s  o S v i o u s l g  l i m i t e d  i n  a p p l i c a -  
t i o n  t o  a i r f o i l s  of c o i i v c n t i o n a l  s e c t i o n  11~i th  p r e s s u r c  
d i s t r i b u t i o n s  s i m i l a r  t o  t h a t  of t h c  B.A.C.A. 0012 t l , i r f o i l ,  
t h a t  i s ,  : r i t h  one pcnlc i n  t h ?  ; ~ r c s s u r e - d i s  t r i b u t i o n  c u r v e .  
For e x ~ ~ n p l z ,  t h o  r o j - ? t i o n  c o u l d  log ic -a l l ; -  Bc a p p l i e d  t o  
t i le  uplJer ail6 "ciz lo i jo r  s u r f a c e s  of t l i t :  2T.A,C.A. 0 0 ,  24 ,  
4 4 ,  a n 2  65 s e r i e s ,  t o  t h e  C ln rk  Y s e r i s s ,  <tiid t o  t h e  
G8tti : igcn s c r i a s 2  of a i r f o i l s .  I t  was s u c c e s s f u l l y  u s e d  
t o  - ? r c d i c t  t r a n s i t i o n  on tli.: u p p e r  s u r f a c e  of t h e  3T.A.C.h. 
73012 a i r f o i l  ( s c o  f i x .  1 6 ) ,  f o r  which t h e  p r e s s u r c  d i s -  
t r i b u t i o 2  i s  s i m i l c r  t o '  t h a t  f o r  thrs IJ.A,C.A, 0012 a i r -  
f o i l ,  1311% t h e  p r c s s u r o  d i s t r i b u t i o n  011 t h c  lor-for sur:?ccc 
of tZ: Z.A.C.A. 23012 ( s e e  f i s .  9 ( 5 ) )  i s  of r r a & i c h l l y  
d i f f ~ ~ e ~ t  -~g?;e and t h o  anonn2ous Bekav io r  of t h o  c u r v e s  
of L r ~ ~ i ; n ~ i " i , ~ i i - p ~ i i ~ t  l o c ~ t i o l  r .gcii ist  Ra3nolcis Xunber ( s e e  
f  5:;. 6(b)) 1:2s alread.:; $ 6 0 3  d . i s c ~ . s s ~ d ~  T ~ c  e x p r r ? s s i o n  
ob~7iousl;-  c a n n o t  bo enp logod  i n  t k i s  i n s t a n c e .  

. . 
I'c i s  a l s o  ? u p p n r ~ i ~ t  t!lc.t tlxo r a l ; . t i o n  i s  n o t  a p p l i -  

c z b l e ' t b  c o n d i t i o n s  where t r ~ , n s i t i o n  I s  c o ~ t r o l l c d  by l a m -  
i n a r  sbpAr:,5ion; f o i  cxamplc ,  a t  v e r y  lo;! Rcynolds  lTuribers 
o r  oil the v p p c r  s u r f a c o  at h i g h  l i f t s .  I n  o t h e r  words ,  
t h c  c x ; ) r e s s i o n  skorcld n c v c r  'De u s s d  t o  : ? rod ic t  t r z r s i t i o n  - 
b ~ c k  of t k o  1aiilinc.r s e 7 8 r . - t i o n  p o i n t .  i 

Skin  F r i c t i o n  ' 

S 1 : i . a - f ~ i c t i o n  d i s t  r i 3 u t i o i i  on t h e  ?,A. C .A. 0012 a i r -  
f o i l . -  !?kc i:Ozicnt~~n l o s s  y c r  uniL s p a r  i x  t h c  boundary  
l a y e r ,  14, wcs o b t n i i ~ c d  f rom t h e  c o n ; j l ~  ts' bouztdcry- laycr  b 

v e l o c i t y  p r o f i l e s  sho:rn i n  f i s u - c c  17 f o r  t h o  colicti t ioli  of 
z e r o  l i f t  a t  a Reynolds  Xunbcr of 10 ,250 ,000 .  On a body 
such  a s  an a i r f o i l ,  M may be  c o n s i d e r 2 3  r c p r c s c n t a L i v e  
of t h e  d r a g ,  a s  n q u a l i t a t i v e  n ~ ~ p r o x i ~ : , ? ~ t i o n ;  ~ ~ n d ,  f o r  a 
synxet i - ic? . l  : > i r f o i l  fit z c r o  l i f t  , t i l c  c o c f f  i c i c n t  2 ? . 1 / ~ c  
a t  -rp s t a t i o n  of n e e s u r c n ~ : n t  t b c r c f o r c  r c ~ r e s ' e i i t s  r o u g h l y  
t h e  c o 1 : r i b u t i o n  t o  t h e  L > i r f o i l  d r n d  c o z f T i c i e n t  of t h e  
a r c 2  ahs?d of t h a t  s t a t i o n .  

A p l o t  of t h o  r~onzotum c o a f f i c i c n t  2 ~ / ~ c  i s  givci i  



i n  f i g u r e  1 8  t o  show t h e  g e n e r a l  e f f e c t  of t raz : s i t ion  on 
t h e  d r c s  of t h e  a i r f o i l ;  t h e  e s t i n n t e d  momeiltum l o s s ,  had  
t r a n s i t i o n  i lot  o c c u r r e d ,  i s  shown a s  a b r o k e n  l i n e  on t h e  
f i ) ? u r e .  A l though  t h e  v a l u e s  of 4 a r e  somewhat l ower  
the11 t h e  d r z g ,  t h e  c o e f f i c i e n t  dN/dx i s  n e a r l y  equ-a1 t o  
d ~ / d x  ove r  t h e  t u r b u l e n t - f l o w  p o r t i o n  of t h s  a i r f o i l .  
I h c s ,  at c g i v e n  s t s . t i o n ,  t h e  d i f f e r e n c e  b e t w e e l  t h e  ex- 
p c r i m c i i t c l  c u r v e ,  w i t h  t r a n s i t i o n  o c c u r r i n g  a t  20 p e r c e n t  
of t h e  c h o r d ,  and  t h e  c x t e n d c d  1c.minar-floy:r c u r v e  s h o u l d  
g i v e  a c l o s e  e s t i m a t e  of  t h e  i n c r a a s c  i n  drat c o c f f i c i e c t  
r e s u l t i n g  from a change i n  tr?.r ,si . i ; ion p o i n t  f rom t h e  s t n -  
t i o n  u n d e r  c o n s i d e r a t i o n  t o  t he  20 -pe rcen t - cho rd  s t a t i o n .  
For  examgle,  n movzmcnt of t h e  t r a n s i t i o n  p o i n t  of 10 p e r -  
c e n t  of t h c  c h o r d ,  f rom t h e  30- t o  t h e  20 -pc rcen t - cho rd  
s t ? . t i o i ~ s ,  would r c s u l t  i n  a n  i n c r e a s e  i n  t h c  v a l u e  of t h e  
d r a g  c o z f f i c i e n t  of 0 ,00111  - 0.00053 o r  0.0006. The i n -  
c rc2 , scs  computed i n  t h i s  way a r c  compnred l a t e r  w i t h  ex- 
p c r i m c n t ~ ~ l l g  d e t e r m i n e d  i l c r e m c n t s .  

Tke l o c a l  s k i n - f r i c t i o n  c o e f f i c i e n t ,  p l o t t e d  i n  f i g -  
u r e  1 9 ,  w c s  computed from t h e  e x p r e s s i o n  ( d e r i v e d  i n  r e f -  
z r e a c e . 1 3 ,  s e e .  1 7 ,  pp .  106-108) 

where T~ i s  t h e  l o c a l  i n t e n s i t y  of s k i n  f r i c t i o n .  The 
sudden  i n c r e a s e  a t  t r a n s i t i o n  i s  folj-owed b y  a g r a d u a l  de-  
c r e a s e  toward  t h e  r e a r  of t h o  a i r f o i l  owing t o  t h e  t h i c k -  
e n i n g  o f  t h e  t u r b u l e n t  l a y c r  and  t h e  d e c r e a s e  i n  t h e  l o c a l  
v e l o c i t y  o u t s i d e  t h e  bou-ndary l a y e r .  

T o t a l  s k i n - f r i c t i o n  and  form d r a g , -  The t o t n l  s k i n -  
f r i c t i o n  d r a g  c o e f f i c i e n t  f o r  t h e  a i r f o i l ,  c d f ,  i s  e q u i v -  

a l e n t  t o  t w i c e  t h e  a r e a  u-ildcr t h e  cu rve  of f i g u r e  19  and 
I h a s  t h e  v d u  0 .0047 ,  v i t h i ; ~  l i r n i t s  of a c c u r a c j  of 1 0 . 0 0 0 5 .  

A com:t"rison of t h i s  v a l u c  w i t 2  t h c  b e s t  a v a i l a ' a l e  e s t i m a t e  
of t i le  t o t a l  p r o f i l e - d r a g  c o e f f i c i c l ~ t  of t h o  Y . A . C . A .  0012 
a i r f o i l  c d o  = 0.0056 n t  2 Beynolds  Xumhcr of 1 0 , 2 5 0 , 0 0 0  

( b a s e d  on an e x t r a p o l a t i o n  of thi? mccsurerncnts of r c f c r e n c c  
1 4  c o r r e c t c d  f o r  t r a n s i t  i o n - p o i n t  ri~ovement) i n d i c a t a s  a 
p r e s s u r e  o r  form d r a g  be tween  7  s a i  25  p e r c e n t  of t h ~  t o t a l  
d r33 .  

E s t i m a t i o n  of a i r f o i l  s k i n  B r i c t i o n .  - Thc n c n s u r c d  
s k i n - f r i c t i o n  d i s t r i b u t i o n  shown i n  f i gv - ro  1 9  makes p o s s i 3 l c  



a compar i son  of t h c  m e r i t s  of v a r i o u s  methods of e s t i m a t -  
i n g  a i r f o i l  d r a g  when t h a  t r z n s i t i o n  p o i n t  i s  knovfn. The 
r e l a t i v e l y  s m a l l  c o n t r i b u t i o n  t o  t h e  t o t a l  s k i n  f r i c t i o n  
of t h e  f r i c t i o n  of t h e  l a m i n a r  l a y e r  of c o n v e n t i o n a l  a i r -  
f o i l s  a t  h i g h  Reynolds  Ifumbers d o e s  n o t  w a r r a n t  t h e  n ~ p l i -  
c a t i o n  of l a b o r i o u s  methods s u c h  a s  t h a t  of Poh lhausen  i n  
comput ing  t h e  l a m i n a r  s k i n  f r i c t i o n .  I n  t h e  p r e s e n t  c n l -  
c u l a l i o n s ,  t h e  c l a s s i c a l  f l a t - p l a t e  t h e o r e t i c a l  v e l u e s ,  
i u o d i f i e d  t o  a l l o w  f o r  t h e  i n c r e a s e d  l o c a l  v e l o c i t y  due t o  
p o t e n t i a l  f l a w ,  were  cn? loycd ,  For  a f l c t  p l a t e ,  t h e  e x a c t  
l o c a l  s k i n - f r i c t i o n  c o c f f i c i e n t  i s  ( r e f e r e n c e  1 3 ,  s e c ,  1 4 ,  
P. 39)  

whare U = V. T?l i s  r c l z t i o n  was assumed t o  h o l d  a p p r o x i -  
m a t e l y  f o r  an a i r f o i l  where U # V and was applied i n  t h e  
c a n v c n i e n t  form : 

where U/V i s  t h e  3 ~ 3 2  v a l u e  up t o  t h e  s t ; : t ion  s .  

Fhc c 2 , l c u l a t e d  12u1~ ina r  f r i c t i o n  i s  shown i n  f i g u r e  1 9  
and i s  s e e 3  t o  be a good a v o r a g c  a p p r o x i n ? t i o n  f o r  t h e  r e -  
g i o n  of l z m i n n r  f lo t r .  The s k i n  f r i c t i o n  coiaputed from t h o  
s l o p e  of t h c  boundnry - l aye r  v s l o c i t y  p i - o f i l e s ,  which c o n l d  
be o b t a i n d d  w i t h  f a i r  c c c u r a c y  in t h 3  ~ P , ? I ~ ~ : I ~ T - ~ ~ O W  r c g i o i l ,  
i s  a l s o  p l o t t e d  i n  t h e  f i g u r e  and i n d i c a t e s  s a t i s f a c t o r g  
n g r e c n c l t  1,1ith t h o  mo.-ni.nturn measu remcn t ;~ .  The r e l a t i o n  be- 
twecii t h e  s l o p e  2nd t h e  s u r f a c c  f r i c t i o n  i s  t 

i-l d u '  
C f  = - (-) 

9 \ d ~ /  y = O  

As a ma t t  o r  of i n t  c r c s . t  , t h e  l a n i n ~ : ~  boundc ry - l aye r  t h i c k -  
n e s s  was computed by t l ic  same mctliod of r u p p r o s i n a t i o n  m d  
t h c  Pdgroencnt betvreen t h e  c x p c r i m e n t a l  t?,;ld. t h z  t h e o r c t i c ~ . l  
t h i c k n e s s  vrcs good (fig. 2 0 ) .  The ? .pp ros inn te  e q u o t i o n  
f o r  t h c  t h i c k n e s s  i s :  

whcrc U / V  i s  t h e  mean v a l u e  up t o  t h e  s t c t i o n  s .  



A method s u g g e s t e d  by Drydcn \>nd Ku.cthe i n  r c f c r c n c c  
1 5  was u s e d  t o  c o n p u t e  t h e  s k i n  f r i c t i o n  c o r r e s p o n d i n g  t o  
t h e  t u r b u l e a t  f l o w .  The p r i n c i p a l  a s s u m p t i o n s  wero:  

( 1 )  Ths b o u n d c r y - l a y e r  v e l o c i t y  d i s t r i b u t i o n  mag bc 
described by t h e  r e l a t i o n  u / ~  = ( Y / S ) ~ / ~  
a t  a11 s t a t i o n s  i n  t h c  t u r b u l e n t - f l o w  r e g i o n .  

( 2 )  The s k i n  f r i c t i o n  f o r  a g i v e n  l o c a l  v e l o c i t y  dc- 
pcnds  o n l y  on t h e  t h i c k n e s s  Reynolds  Mumbcr, 
a c c o r d i n g  t o  t h e  r e s u l t s  of p ipc - f low t e s t s .  

Assump-tion ( 1 )  i s  s u b s t  i t u t e d  i n t o  t h e  vonGK&rmdn integral 
equ-adtion and P~ s o l u t i o n  f o r  S i s  o b t n i n c d ;  namcly ,  

0 . 2 8 9  v 1 / 4  x  4 / 5  

6 = ( -  *T 11 8 / 2  8 a x )  U 
" ' 0  

Thz v c l o c i t y - d i s t r i b u t i o n  p r o f i l e s  ( f i g ,  1 7 )  showed t h a t  
t h e  ~ i l d  o f  t h e  t r a n s i t i o n  r c g i o n  was a t  abou t  30 p c r c o n t  
of t h e  cliorti; t h a t  i s ,  t h c  p r o f i l e s  beck o f  t h i s  s t a t i o n  
showcd f u l l y  dcvc lopcd  t u r b u l e n t - f l o w  c h a r a c t c r i s t i c s ,  
h c c o r d i n ~ , l $ ,  6 was comyutsd from t h e  foregoing e q u a t i o n  
on t h c  a s s u m p t i o n  th2,t  t h o  d c v c l o p c d  t u r b u l e n t  l a y a r  s t ~ ~ r t -  
cd  a t  2 p o i n t  s l  ( 2 0  p c r c c n t  of t9s choTcb) s u c h  t h a t  t h o  
momcntun l o s s  n t  t h ~  3 0 - ~ ~ e r c c n t - c h o r d  s t z t i o i i  e q u a l e d  t h c  
mc~dsurecl v a l u c  t h i s  s t a t i o n .  !?ha v a r i a t i o n  c l o n g  t h c  
c h o r d  of t h e  l o c a l  v z l o c i t ; ~  U w a s  o b t a i n e d  from t h o  ex -  
p c r i m c n t n l  r e s u l t s .  

a 3:; a s s u m p t i o n  ( 2 ) ,  t h a  s1, : in-fr ic t ion c o e f f i c i e n t s  
w c r ~  t l izn o b t a i n e d  from 

Ths r c s u l t s  of t h o  c : ? - l cu ln t ions  of 6 and c f  e r e  shown 

i n  f i s u r c s  20 P , i ~ d  19 .  I t  i s  s o c n  t h a t  t h i s  method gave a 
f c i r  np;z~roxinr-t i o n  t o  t h e  t h i c k n c s s  of t h c  turbulent l c y c r  
( f i g .  2 0 )  b u t  tlic>t t h c  conpu t  ed s k i n - f r i c t i o n  c o e f f i c i e n t s  
( f i g .  1 9 )  wcrc  c o n s i d c r n b l g  h i ~ h c r  t h a n  t h c  mczsurcd c o c f -  
f  i c i ~ i l t s . .  



Bor s m a l l  v a l u e s  of 6, t h e  p r e c e d i n g  e x p r e s s i o n  i s  
i n v c l i d  s i n c e  i t  g i v e s  t h e  r e s u l t  c f  = when 6 = 0. 
Thc computed t u r b u l e n t - f l o w  f r i c t i o n  c u r v e  was t h e r e f o r e  
o x t e n d e d  o r l g  t o  t h c  c a n t e r  of t h e  t r a n s i t i o n  r e z i o n .  I f  % 
i t  i s  nssumod t h a t  an i n s t a n t a n e o u s  t r a n s i t i o n  t a k e s  pl?.ce 
a t  t h i s  ' p o i n t  ( x / c  = 0 .251 ,  t h c  a r e a  u n d e r  t h e  computed 
c a r v e s  g i v e s  c computcd cdf  = 0.0053,  which i s  a b o u t  I1 
p e r c e n t  ~ re : : t  e r  than  t h e  mcasu-red v a l u e .  

Thc f o r e g o i n g  c a l c u l ? . t  i o n s  emphas i z e  t h e  f  c c  t thL:t, 
even i f  t h c  t r ~ ~ n s i t i o n  p o i n t  i s  known, i t  i s  i n ; ?os s ib l c  
t o  c o m ~ u t c  a i r f o i l  d r a g  w i t h  s u f f i c i c n t  precision. Adc- 
q u z t e  d ~ ~ t n  on form dTaL; 2nd on t h e  s k i n - f r i c t i o n  c o c f f i -  
c i e r ~ t s .  c o r r e s g o n d i n g  t o  t ho  e d d g i n g  f low on ? * i s f o i l s  must 
y e t  3 c  o b t a i a e d .  

Cnlcul~7,t  i o n  of s c z l e  c f f e c t .  - The f o r w a r d  movemont 
of t l ~ c  t r a n s i t i o n  p o i n t  w i t h  i n c r e a s i n g  Reynold-s Number 
( f i 2 ; s .  6 3iid 8 )  i i i d i c a t c s  . t h a t  t h e  v = r i c t i o n  wit11 Reynolds  
Wumb~r of t l i c  d r a g  c o o f f i c i , ? n t  of 3 s n o o t h  a i r f o i l  w i l l  
n o t  f o l l o w  t h e  s k i n - f r i c t i o n  l a w  f o r  100-pe rcen t  t u r b u - l e n t  
f l o w  L:S i s  s o m c t i m . ~ ~  C I . S S V . ~ C ~  f o r  conv?:?ilcnce i n  c x t r a p o -  
l e t i i i ~  : ? , i r f o i l  d a t a .  I a  t h . ~ '  c a l c u l a t i o i i  t h n t  9011ows, t h e  
s k i n - f r i c t i o n  3 r a g  c o c f f  i c i c n t  of t h e  3T.A.C .A. 0012 a i r -  
f o i l  nf  zc:co l i f t  i s  computed.  f o r  Rcynolds  I\Tumbers r a n g i n g  
I'rolr, 1 , 5 0 0 , 0 0 0  t o  1 7 , 0 0 0 , 0 0 0 ,  u s e  bc i i ig  iiindc of t h e  e x p c r i -  
m e n t a l l y  d c t c . r n i n s d  l o c a t i o n  of t h e  t r : . . n s i t i on  p o i n t  ( f i g .  
6)'. 

The .s.pproxincl,te n ~ t h o d .  of computl.nij: s k i n  f r i c t i o n  
p r c r i o u s l : ?  d e s c r i b u d  i s  c o n s i d e r e d  a d e q u a t e  f o r  e s t i m a t i n g  
t h e  v a r i a t i o n  i n  t o t a l  s k i n  f r i c t i o n  1q1ith Rezno lds  BunSer 
a l t h o u g h  t h e  a b s o l u t a  v a l u e s  of t h e  c o e f f i c i e n t s  w i l l  bc! 
soiiiewhat' h i g h .  AS  b ~ f  o r e ,  thi! boundary-l::i;-er f l o w  was con- 
s i d e r e d  la.miil?.r u-p 5 3 0  t h e  c e n t e r  of t h c  t r a n s i t i o n  r e g i o n ,  
which  was assu-mcd t o  l i e  5  p e r c e n t  of t h c  c h o r d  bnck of 
t h o  t r o n s i t i o i ~  p o i n t ,  i . e . ,  a t  s T / c  + 0.05. Beyond t h i s  

p o i n t ,  t h e  f l o w  was c o n s i d e r e d  turbG- len t ,  An i m a g i n a r y  
s t s r t i n g ;  p o i i i t ,  s l ,  f rom 7:~hich t h e  t u r b u l c ~ i t  l a y e r  was 
zssumcd t o  d e v s l o p ,  was s c l c c t e c l  f o r  oath iLwnold.s ?Tun't;er 
s o  .i;hr?t tlzc momcntum l o s s  a t  tiir? end of t r ; ~ , n s i t i o n  !.rou.ld 
h a v ~  t h e  v ~ s l u e  0.00035 a_c + l a , n i n c r  dr?,<;, dctermiilcd f rom 
t h e  mcasu ronen l s  a t  R = 1 0 , 2 5 0 , 0 0 0 ,  The t h i c k n e s s  of t h e  
eddgi i lg  L q c r  was t h e n  comput cd f rom t h e  Dryden-Kuethe 
oc jua t ion ,  r c r v r i t t e n  i r ?  t e r m s  of t h z  Xcyno1iJ.s Xu-mbcr: : 



The a i r f o i l  d r a g  c o e f f  i c f  c n t  was f i n a l l y  o b t a i i i c d  f rom 

w h c r c  q u n i l t i t y  U / V  i n  t h e  tcr in  f o r  l a m i n a r  d ra ;  i s  
a n  nvera;;e v a l u e  t a k e n  b e t w e e n  t h e  l c r . ,d ing  cdgc  a n d  
s m / c  4- 0 . 0 5 ,  2nd t h z  b o u - n d c ~ r g - l a p e r  t h i c k n e s s  6 i s  ob- 
I 

t a i n c d  fr on t h s  ? r ~ v i o x ? s  e q u a t i o n .  

The s c n l e - e f f e c t  c u r v o  t h u s  o b t a i u c d  i s  shown i n  f i g -  
u r e  2 1  whcrc  i t  i s  comynrcd w i t h  t h a  s p c c i ~ ~ l  c z s e  of  1 0 0 -  
p e r c e n t  t u r b u l s n t  f l o w ,  t i ~ ~ t  i s ,  w h e r c  t r a n s i t i o n  o c c u r s  
st t l i c  l e : . d i s g  c c l ~ ; ~ .  It i s  s e e n  t h a t  "cic c u r v e s  l iavc  
g r e a t l y  d i f f e r e n t  s l o p c s  :~t t h e  l o w e r  RognoLds ITumbers ard, 
i n  a d d - i t i o n ,  arc v i d e l ; ~  s c p n r n t c d .  The s s c c s s i t p  of o 
d e t z - i l c d  c o i i s i d c r a t i o n  of t r a n s i t i o n  e f f e c t s  i a  e s t i n n t i n g  
t h e  d r a g  of  a smooth  z i r f o i l  i s  cxph : -~s izcC.  The i n c r e n s e  
i n  d r a g  d a c  t o  f o r w a r d  i f iovcnci~t  of t h z  t r n n s i t i o n  p o i n t  i s  
moro t h a n  o f f s e t  b : ~  t h e  d c c r e a s c  o f  t h e  l o c n l  s k i n - f r i c t i o n  
c o e f f i c i o i l t s  w i t h  a e ~ n o l 2 s  IYumbor throuc;lout tf.e rcnga c o n s i d -  
ercc',. A t  h i g h  R e y n o l d s  iqurnbcrs, t h e  s l o p o s  o f  t b c  two 
c u r v e s  t e n d  t o  become e q u a l  owing t o  t h e  f a c t  t h a t  t h e  mo- 
t i o n  of t r z n s i t i o n  bccomcn s m z l l .  

2 c s n l t s  o f  f o r c e  t e s t s  w i t h  controlled t r a a . s i t i o n . -  
The r e s u l t s  of  t h c  f o r c c  t e s t s  s h o v i n g  t h e  i n c r e z s c  i n  
d r z ~  n s s o c i ~ t c d  v ~ i t h  c o i i t r o l 1 t ; d  movement of  t h e  t r a n s i t i o n  
p o i n t  a r c  13rcscn t  cd  i n  f  i ; u r e  22 ,  The ?+r?.<g-cosff i c i a n t  
i n c r e m e n t  . Acd, c o r r e s p o n c l i n g  t o  a c h a n g e  i n  t r a n s i t i o a -  
p o i n t  l o c n t i o n  A ( x T / c ) ,  was d c f  i i i cd  a s  f o l l o w s :  



Acd = c d ( w i u g  w i t h  s t r i n g )  - cd ( smoo th  wing)  - c d ( s t r i n g )  

The d r a g  of t h e  s t r i n g  a t  a g i v e n  s p e e 6  and s t a t i o n  was 
o b t z i n e d  a s  t h e  d i f f e r e n c e  i n  d r a g  measured w i t h  t h o  s t r i n s  
and t h c  ~ ~ ~ r b o r u n d u m  s t r i p  b e c a u s e  t h e  d r a g  of . t h e  c a r b o r u n -  
durn s t r i p ,  from an e s t i m a t e  b a s e d  on t e s t s  w i t h  t h o  win, 
c o m p l e t e l y  c o v o r c d  w i t h  carborundum wAs negligible. Tho 
f a c t  t h a t  t h c  s t r a i g h t  l i n o  t h r o u g h  t h e  cxpcrimcnt3.1 p o i n t s  
does  n o t  p a s s  t h r o u g h  t h e  o r i g i n  i s  p r o b a b l y  due t o  an d 
e r r o r  i i ~  o b t a i n i n g  t h c  S n s i c  v i n g  drn;, t o  2, p o s s i b l e  e f -  
f ~ c t  of a r t i f i c i a l l y  i n d u c e d  t r a n s i t i o n  39 n s u r f a c e  i r r e g u -  
l a r i t y  on t h o  c h a r a c t e r  of t r n n s i t i o n ,  o r  t o  a c o m b i n a t i o n  
of t h c s e  f z x t o r s .  Of paramount  i n t e r e s t ,  however ,  i s  t h e  
s l o p e  of t h c  c u r v c .  A c o n p a r i s o n  of t h e  s l o p e  o b t a i n e d  
from t h c  momentum-loss diagrcrn ( f i g .  1 8 )  w i t h  t h e  s l o p e  of 
t h e  axpc!ri:riental c u r v c  shows good a g r c e m c n t ,  Thcrc  was 
p r z c t i c 2 i l g  no chnn:;c i n  t h e  s l o p e  of t h o  c u r v e ,  a s  d c t c r -  
mincd c x p o r i m e n t n l l ~  o r  a s  computed,  w i t h  t h o  o r i g i n n l  l o -  
c a t i o n  of t r a n s i t i o n ,  w i t h  t h c  e x t e n t  of t h c  t r a n s i t i o n  
movcncnt ,  o r  w i t h  t h e  Reynolds  Bumbcr, Fhc s l o p e  wzs ap- 
proxinc te1 ; -  c q u n l  t o  t h c  es t imo. ted  p r o f  i l c - d . r a ~  c o c f f i c i c n t  
s o  t h z t ,  a s  a  ~ e n c r a l  r u l s ,  f 3 r  c011ventionn1 a i r f o i l s  t h e  __-- ... -- .-- . 
drag -coc f f  i c - i e a t .  i i ~ c ~ q m c i ? t ,  i n  p c r c c ~ t n g e  , -  . of t h e  p r o f i l e  
d r a g  i s  cqu-a1 n u m e r i c a l l y  t o  t h e  change i n  Tocac ion  0 2  t h e  - 
t r a n s i t i o n  p o i n t  i n  p e r c c n t ~ ~ g c  of t h e  c h o r d ,  F o r  examFI5, - "-----,<- 

a s m a l l  s u r f a c c  i r r c ~ u l n r i t j ;  a t  t h c  5 -pe rcen t - cho rd  s t a t i o n  
on b o t h  s u r f n c o s  of t h c  l J , d . C . A .  0012 a i r f o i l  would c c ~ u s c  , 
t r a n s i t i o n  t o  o c c u r  37 p e r c e n t  of t h c  c h o r d  ahead  of t h e  
t r a n s i t i o n - p o i n t  l o c a t i o n  on a  smooth wing f o r  t h e  cond i -  
t i o n  c l  = 0 and R = 2 , 0 0 0 , 0 0 0  ( s e e  f i g ,  6 )  and  would be  
accompa.nied by  an  i n c r e a s e  i i z  p r o f i l e  d r a g  of a p p r o x i m a t e l y  
37 ~ 3 e r c e n t .  For  B = 1 0 , 0 0 0 , 0 0 0 ,  t h e  i n c r e a s e  would b e  
a b o u t  20 p e r c e n t .  
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N.B.C.A. 0012 Airfoil 



Figure 2.-Stat ic-and total-pree - 
sure tubes used in sur- 

veying the boundary layer o f  %he 
5-foot-chord N.A.C.A. 0012 air-  
f o i l s .  

Figure 3.  -Static-and t o t a l - ~ r e o  - 
sure tube8 used in BUF- 

veying the boundary lager o f  the 
2-foot-chord R.A,C,A, 0012 air- 
f o i l ,  The tubeo are approxbmatelg 
two-f%itha the size of those used 
on the 5-foot-chord airfoiPs, 



S / C  

Figure 4,- Velocity in the boundary layer of the 5-foot-chord N.B,C.A. 0012 metal 
covered airfoil 0.008 inch above the upper sdrface at a Reynolds 

Number of 6,550,000, showing transition at several lift coefficients, 

S / C  
Figure 5.- Transition-point location on the upper surface of the 5-foot-chord 

N,A.C.A, 0012 airfoils as affected by lift coefficient, Reynolds 
Number, and minute surface waviness of the metal-covered airfoil. 



Figs. 6, 7 

Figure 6. - Transition-point location on the upper surface of the 2-f oot-chord 
N.A,C.A.  0012 airfoil, and comparison with the results for the 5-foot- 
chord airfoil to show the effect of compressibility. 

Figure 7.- Static-pressure distribution on the 5-foot-chord N.A,C,A.  0012 airfoil 
for the test lift coefficients. The ticks indicate the location of the 

transition points for the extreme test Reynolds Numbers. Estimated laminar 
separation points are denoted by S. 



Z/C 

(a) Upper surface, ( b )  Lower surface, 
Figure 8,- Variation with Reynolds Number of the transition point on the 

N . A , C . A ,  23012 airfoil for several lift coefficients. 



Fig, 9 

.6k- 
nt s for the 
,e denoted 

(b) 

.2 airfoil . 

0 ./O .20 .30 .40 .50 .60 .70 .80 .90 
x / c  

(a) Upper surface, The ticks indicate the location of the transition poi 
extreme test Reynolds Numbers. Estimated laminar separation points ar 
by S, (b) Lower surface, 

Figure 9,- Theoretical static-pressure distribution on the N , A . C . A ,  2301 
for the test lift coefficients, 



Figure 10.- The difference between the  transition-point locat ions on the  
upper surface of the N . A . C . A .  0012 metal-covered a i r f o i l  a s  
obtained i n  the 8-foot high-speed and ful l-scale wind tunnels. 
R ,  5,000,000. (See reference 5.)  

Figure 11.- The stat ic-pressure d i s t r i b u t i o n  over the  I . A . C . A .  0012 a i r f o i l s  (corrected f o r  
cons t r ic t ion)  compared with the resu l t s  obtained i n  the  ful l-scale wind tunnel. 
c , ,  0. 



Figs, 12. 16 

Figure 12.- Comparison of typical transition curves obtained in the 8-foot high- 
.speed and full-scale wind tunnels, cl, 0 ;  R ,  approximately 5,000,000. 

Figure 16.- Correlation of the transition point with pressure distribution and 
Reynolds Number for the 8-foot high-speed-tunnel test results, and 

comparison with full-seale-tunnel and flight-test results for several airfoils 
over a wide range of Reynolds Eaumbera and lift coefficients, 



N.A.C.A. Figs. 13,14,15 

Figure 13.- The loca l  Reynold8 
Number a t  the  

t r a n s i t i o n  point a s  a function 
of l i f t  coeff icient  and 
Revnolds Number f o r  t h e  5-foot- 
chbrd N.A.C.A. 0012 metal- 
covered a i r f o i l .  

Figure 14 .- The boundary- 
laver  Revnolds 

Number a t  t h e  t r a n s i t i o n  point 
a s  a funct ion of l i f t  
coeff icient  and Revnolds Number 
f o r  the 5-foot-chord H.A.C.A. 
001.3 metal-covered a i r f o i l .  

Figure 15.- Values of Bi 
and A a t  the  

t r a n s i t i o n  point f o r  the  
5-foot-chord N.A.O.A. 
0012 metal-covered 
a i r f o i l .  



N . A . Z . A .  Fig. 17 

Figure 17.- Velocity profiles in the boundary layer of the N.A.C.A. 0012 airfoil. c l ,  0; R, 10,250,000. 



Figure. 
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3/c  - Variation along the chord of the N . A . C . A .  0012 airfoil of the momentum-loss 
el, 0; R, 10,250,000. 

Figs. 18,19,20 
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Figure 19.- Variation along the chord of the N.A.C.A. 0012 airfoil of the local skin-friction 
coefficient and comparison with theoretical approximations. el, 0; R, 10,250,000. 

Figure 20.- 
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The thickness of the boundary layer on the N.A.C.A. 0012 airfoil compared 
theoretical approximations. cl, 0; R, 10,250,000. 

with 



R 
Figure 21.- Variation with Reynolds Number of the akin-friction drag coefficient 

for the N.A.C.A. 0012 airfoil. (From computations baaed on the 8-foot 
high-speed-tunnel transition measurements.) cz, 0. 

Figure 22.- Drag-coefficient increment corresponding to change in location of the 
transition point on both surfaces of the N.A.C.A. 0012 airfoil. cz ,  0. 




