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BOUNDABY-LAYER TRANSITIOK ON TilE N . A . C . A .  0012 AND 23012 

AIRFOILS I N  THE 8--POOT HIGH-SPEED ' & I N 3  TUNEJEL 

By J o h n  V. Beclrer 

SUMMARY 

D e t e r m i n a t i o n s  o f  b o u n d a r y - l a y e r  t r a a s i t i o n  o n  t h e  
M.A.C.A. *Uo(j12 a n d  23012 a i r f o i l s  were  innc'.c i n  t h e  8 - f o o t  
h i g h - s p e e d  wind  t u n n e l  o v e r  a range  o f  R e y n o i d s  Numbers 
f rom 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  o f  p a r t i c -  
u l a r  - s i g n i f i c a n c e  as compared  w i t h  f1i:i;ht t e s t s  an& b & . s  
i n  wind tunnola of rolrtirolf htgh turbalenco becsuao o f  tho 
low turbulence i n  tho high-apoed tunnol. 

A c o m p a r i s o n  o f  t h e  r e s u l t s  o b t a i n e d  oil N .A.C .A.  0012 
a i r f o i l s  of  2 - f o o t  and 5 - f o o t  c h o r d  ct t h e  same Reynolds 
IJumbar p e r m i t t e d  a n  e v z l u a t i o n  of t h e  e f f e c t  o f  c o n p r e s s i -  
b i l i t g  on t r a n s i t i o n .  !!he l o c a l  s!ci:i f r i c t i o n  a l o n g  t h e  
s u r f a c c  of  t h e  N . A . C . A .  0012 a i r f o i l  was measured  a t  a 
R e y n o l d s  Burnber of 1 0 , 0 0 0 , 0 0 0 .  

F o r  all t h e  l i f t  c o e f f i c i e n t s  a t  wh ich  t e 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 n a r  s e p a r a t i o n  a t  t h e  l o w  ReynDlds Numbers a n d  a p p r o a c h e d  
t h e  p o i n t  o f  minimun s t a t i c  p r e s s u r e  as n f o r w a r 6  l i n i i t  a t  
t h e  h i g h  Re2-nolds ITumbers. Ti le  e f f e c t  o f  c o m 7 r e s s i b i l i t y  
o n  t r n n s i t i o n  was s l i g n t .  >Tone o f  t h e  u s u n l  p e r a n e t e r e  
d e s c r i b i n g  t h e  l o c a l  c o n d i t i o n s  i n  t h e  b o u n d a r y  l a y e r  n e a r  
t h e  t r a a s i t i o n  p o i n t  s e r v e 6  as  a n  inc?ex f o r  l o c a t i n g  t h e  
t r a n s i t i o n  p o i n t .  A s  a c o n s e q u e n c e  of  t h e  l o w e r  t u r b u l e n c e  
i n  t h e  8 - f o o t  h i g h - s p 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 e d  c o n s i s t e n t l y  f a r t h e r  back a l o n g  t h e  c h o r d  t h a n  
t h o s e  m e a s u r e d  i n  t h e  N . A . C . A .  f u l l - s c a l e  t u n n e l .  

IITBODUCTIOB 

The study of transition from laminar t o  turbulent 
f l o w  I n  the boundary layer of a i r f o i l #  has recently boon 

. 
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s t i m u l e t e d  by t h e  d i s c o v e r y  t h a t  e x t e n s i v e  l a m i n a r  l a y e r s  
e x i s t  i_n, f l i g h t  o v e r  t h a  f o r w a r d  p o r t i o n  of v e r y  smooth  
w i n g s  ( r e f e r e i i c e  1). The d r a g  of an  a i r f o i l  d e p e n d s  on, 
t h e  * l o c a t i o n  o f  t h e  p o i n t  o f  t r a n s i t i o n  f rom t h o  l o w - d r z g  
l z n i n a r  t y p e  o f  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 ;  
a n d  t h e  p r e d i c t i o n  o f  d r a s  f rom model  t e s t s  t h e r e f o r e  r e -  
q u i r e s  that  t h e  t r a r . s i t i o n  p o i n t ,  b o t h  i n  t h e  wind  t u n n e l  
and  i n  f l i g h t ,  b e  known. 

l l o s i  b o u n d a r y - l a y e r  s t u d i e s  i n  t h e  p a s t  have  b e e n  re- 
s t r i c t 5 6  to f l z t  p l a t z s  o r  t o  s i m p l e  shapss  s u c h  as s p h e r e s  
a n ?  c y l i i z d e r s .  ( S e e  r e f e r e n c e s  2 ,  3 ,  and 4.) The r e s u l t s  
h a v e  been of v a l u o  e s  a p p l i e d  t o  e i r f o i l s  c h i c f l y  i n  i n -  
d i c a t i i i g  t h e  p o w e r f u l  e f f e c t s  on t r a i l s i t i o n  o f  w i n d - t u u n c l  
t u r b u l e n c e ,  s u r f a c e  r o t l g h n e s s ,  a n d  R e y n o l d s  Number. Oa 
a i r f o i l s  o p e r a t i n g  t h r o u g h  a wide  r z c g e  of a n g l e s  of at- 
t a c k ,  t h e  c o r r e s p o z S i n g  l a r g e  c h a n g e  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  e l s o  i m p o r t a n t  i n  c o n t r o l l i n g  t h e  e x t c i i t  
o f  t h e  l a m i n a r  l a y e r .  F o r  a l l  a i r f o i l s ,  t w o  g e n e r a l  c h a n g e s  
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  on t f i d  u p p e r  s u r f a c e  t a k e  
p l a c e  2s t h e  a n g l e  o f  a t t a c k  i s  i n c r e a s e d :  The p o i n t  of 
minimum s t a t i c  p r e s s c r e  m o v a s  f o r w a r d  and t h e  a d v e r s e  p r e s -  
s u r e  g r a d i e n t  b e h i n d  t h i s  p o i n t  bccomes more s e v s r e .  Re- 
ce i l t  t e s t s  i n  t l i a  N.A.C.A. f u l l - s c a . 1 c  wind  t u n n e l  ( r e f e r -  
e n c e  5 )  showed t h a t  t h e s e  f a c t o r s  c e u s e  t h e  t r a n s i t i o n  
p o i n t  t o  move f o r w a r d  w i t h  i . r c r c a s i n g  a c g l e  of e t t a c k .  

I n v e a t i g a t  i o n r  of  boundary-layer  t r a n s i t i o n  i n  the 
I7.A.C.A. & f o o t  high-rpeed wind t u n n e l  are  r i g n i f f c e n t  
becaacle of the  r e l a t i v e l y  low t u r b u l e n c e  of  the a i r  rtream. 
Sbhere t e e t r  ( r e f e r e n c e  6 )  in t h i r  r i n d  t u n n e l  h a r e  rhorn 
a p p r o x i m a t e l y  t he  r a u e  c r i t i c a l  Reynolds number as i n  f r e e  
a i r .  However,  more u e n s l t i v e  measurements made w i t h  hot-wfre 
apparatucl  have i n d i c a t e d  tha t  t he  t u r b u l e n c e  l e v e l  o f  the  
8 - f o o t  h igh - rpeed  wind t u n n e l ,  while l o w ,  ia B t i l l  romewhat 
h i g h e r  t h a n  in f r e e  a l r .  The m a i n  pu rporee  o f  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 a t e  p o i n t s  o f  t r a n e i t i o n  la t h i r  
wind  t u n n e l  on c o n v e n t i o n a l ,  w i d e l y  used a i r f o b l  m e c t l o n r  ar 
a b a s i r  o f  cornpariron w i t h  r e e u l t s  o b t a i n e d  i n  utreamr of  
o ther  t u r b u l e n c e ;  t o  o b t a i n  the  e f f e c t  of c o m p r e r s i b i l l t y  on 
boundary- lager  t r a n r i t i o n ;  a n d  t o  d e t e r m i n e  the  a k i n - f r i c t i o n  
d i s t r i b u t i o n  at  a high Reynolds  Number a e  a b a e i r  for t h e  
p r e d i c t  i o n  o f  a i r f  o i l  d rag .  

t h e  N.A.C.A. f u l l - s c a l e  t u n n e l ,  which ham a t u r b u l e n c e  
f a c t o r  of 1.1 ( reference  7 ) ,  and w i t h  f u t u r e  f l i g h t  t e e t r ,  
t h e  X.A.C.A. 0012 a i r f o i l  w a s  used in t h e  g r e e t e r  p o r t i o n  
o f  the  p r e r e n t  i n v e s t i g a t i o n .  Leee e x t e n r i t e  t e r t r  of the  
N.A.C.A. 23012 a i r f o i l  w e r e  a l r o  made. By t he  UBO of 
N.A.C.A. 0012 a i r f o i l r  of % f o o t  a n d  5 - f O O t  cho rd ,  a 

In order t o  pe rmi t  cornpariron w i t h  the  t e r t r  made in . 
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R e y n o l d s  Number r a n g e  o f  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  and, by a compar i son  of  t h e  r e s u l t s  o b t a i n e d  on 
t h e  t w o  z i r f o i l s  a.t t k c  same R e y n o l d s  NunSer ,  t h s  e f f e c t  
o f  c o m p r e s s i b i l i t y  coulc? 'oc e v a l u a t e d .  

Because t h e  p r e d i c t i o n  o f  a i r f o i l  d r a g  demands a 
ki lotr ledge o f  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 a r  a n d  t h e  
t u r b u l e n t  t y p e s  o f  flow a s  well as  o f  t h e  l o c a t i o n  o f  t h e  
t r a i . s i t i , o n  p o i a t ,  c o m p l e t e  d e t e r m i n a t i o n s  w e r e  made o f  
b o u n d a r y - l a y e r  v e l o c i t y  p r o f i l e s  a t  a R e y n o l d s  Xumbcr o f  
1 0 , 2 5 0 , 0 0 0  t o  allow 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 c a t s .  These  c o e f f i c i e n t s  a r e  compared  w i t h  t h e  
z p p r o x i m a t i o n s  o b t e i n e d  by a s u i t a b l e  m o d i f i c a t i o n  o f  t h e -  
o r e t i c a l  f l a t - p l a t e  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 o r c e  n e a s u r e n e n t s  showing t h e  drag i n c r e m e n t  dui: t o  
c o ~ t r o l l e d  f o r w a r d  movem2ct of t h e  t r a o 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  e o r r e l a t e d  w i t h  those of 
t 11 e s k i n  - f r i c t i on c? e t e r m i na. t i on s . 

This investigation rae conducted daring 1988. 
APPARATUS AN73 METHODS 

I- 

The N.A.C.A. 8 - f o o t  h i g h - s p e e d  wind  t u n n e l  ir .  w h i c h  
t h e  i n v c s t i g a t i o n  was conductec?  i s  a s i n g l s - 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 r , e l .  The a i r  s p e e d  i s  c o n t i n u -  
o u s l y  c o i i t r o l l a b i e  froiii a p n r o x i m a t e l g  7 5  t o  more t h a n  500 
m i l e s  F e r  h o u r .  

The a i r f o i l s  employed i n  t h e  t z s t s  s p z n n e d  t h e  t e s t  
s e c t i o n  o f  t h e  t u n n e l  ( f i g .  1 ) .  Two 5 - f o o t - c h o r d  a i r f o i l s  
o f  N.K.C.A. 0012 e n d  23012 s e c t i o n  were c o : i s t r u c t e d  of  a 
W O O d e i l  f r amework  c o v e r e d  w i t h  1 / 8 - i n c h  aluminum p l a t e  ex -  
c e p t  € o r  a s h o r t  s e c t i o n  a t  t h e  l e a d i n g  ec?;;:e, w h i c h  was 
c o v e r e d  w i t h  s t e e l  a n d  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 i i  
2t h i g h  s p e e d s .  The a luminam-covered  p ~ r t i o n  o f  t h e  a i r -  
f o i l s  wzs s p r z y - p z i n t e d  aiici f i n i s h e d  w i t h  f i n e - g r a d e  w a t e r  
s a n d p z n e r  u n t i l  i t  w i ~ s  a e r o L y n a m i c a l l g  smooth .  C l o s e  e x -  
a m i n a t i o n  o f  t h e  s u r f a c e  r e v e a l e d  b a r e l y  p e r c e p t i b l e  sur -  
f z c e  we-ves a t  t h e  l i n e s  o f  a t t a c h n z n t  o f  t h e  m e t a l  s h e e t  
t o  t h e  wooden f o r m e r s ,  w h i c h  c o x l d  n o t  be  e l i m i n a t e d  w i t h  
t h i s  t q p e  o f  c o n s t r u c t i o n .  So t h a t  t h a  e f f e c t  o f  t h e s e  
n i i n u t e  i r r z g u - l a r i t i e s  c o u l d  be eve.luntec1, nr?o the?  5-f o o t -  
c h o r d  N.A.C.A.  O C 1 2  a i r f o i l  was b u i l t  of  s o l i d  w o o d ;  t h e  
s u - r f a c e  o f  t h i s  a i r f o i l  c o u l d  tbe i i  b e  made a e r o d y n a m i c a l l y  
f a i r  as w e l l  a s  a e r o d y n a m i c a l l y  smooth.  
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A 2 - f o o t - c h o r d  N . A . C . A .  0012 a i r f o i l  was b u i l t  o f  
s o l i d  du ra lumin .  The s u r f a c e  o f  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 o s t  r e s u l t s  f o r  i t  c o u l d  b e  d i -  
r e c t l y  compared w i t h  t h o s e  f o r  t h e  so l id -wood  5 - f o o t - c h o r d  
X.A.C.A. 0012 a i r f o i l .  

Iu t h e  t e s t s  of  t h e  W . d . C . A .  GO12 a i r f o i l s ,  v e l o c i -  
t i e s  w s r e  d e t e r m i n e d  a t  f o u r  h e i g h t s  a b o v e  t h e  a i r f o i l  
s u r f a c e  c h o a e n  t o  p e r n i t  P study of  t h e  v e l o c i t y  ci istrf-  
b u t i o n  i n  t h e  b o u n d a r y  l a y e r .  Four s m i r l i  t o t a l - p r e s s u r e  
t u b e s  were mounted t o g e t h e r  w i t h  a single s t a t i c  t u b e  i n  
a n  a r r a n g e m e n t  s i m 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 c c e  1. 

The t u b e s  u s e d  on t h e  5 - f o o t - c h o r d  a i r f o i l s  ( f i g .  2) 
w e r e  o f  s t a i n l e s s  s t e e l ,  0 .040- inch  o u t s i d a  d f e m z t c r ,  w i s h  
a 0 .003- inch  wall 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  a n  o u t s i d e  d i w e r i s i o n  of 0.012 
i n c h  f o r  a l e n g t h  o f  o n $ - h a l f  i n c h  f r o m  t h e  o p e n i n e .  The 
t u 5 e s  were 2 i n c h e s  l o n g  and w e r e  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 ,  w h i c h  e x t e n d e d  back  a l o n g  t h e  s u r f a c e  o f  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  was l e d  a l o n g  t h e  t r a i l i n g  
e d g e  t o  manometers .  A h e m i s p h e r i c a l  p l u g  was i i i s e r t e d  
i n t o  t h e  erl-2 o f  t h e  s t a t i c  t u b e  2-36 f o u r  0.005.-inch . h o l e s ,  
e q u a l l g  s y a c e d  a r o u n d  t h e  c i r c u n f e r e n c e ,  w e r e  d r i l l e d  i n  
t h e  p l a n e  o f  t h e  e n d s  o f  t h e  t o t z l - p r e s s u r e  t u b e s .  The 
f i v e  t u 3 e s  were s o l d e r e d  t o g e t h e r  on t o p  of  t w o  1 / 8 - i n c h -  
h i g h  b r i d g e s  t o  f 2 , c i l i t a t e  h a n d l i n g ,  a d j u s t m e n t  o f  h o i g h t ,  
and  a t t2 ,chmcnt  t o  t h e  a i r f o i l .  

A s i m i l a r  s e t  o f  s u r v e y  t u b e s  ( f i g .  $ ) ,  a p p r o x i m a t e l y  
t w o - f i f t h s  t h c  s i z e  o f  t h o s e  u s e d  on t h s  5 - f o o t - c h o r d  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 - f o o t - c h o r d  a i r f o i l .  

The methoc? of i n s t a l l i n g  t h a  t u b e s  on  t l i e  ‘N.A.C.A. 
0012 a i r f o i l s  i s  shown i n  f i g u r e  1. Measuremen t s  were  
ma&e w i t h  t h e  bank  of  s u r v e y  t u b e s  l o c a t e ? .  z t  5 - p e r c e n t -  
c h o r d  i n t e r v a l s  be tween  5 anrl  80 p e r c e n t  of t h e  c h o r d .  
The e i i 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 e  a i r f o i l  by 
summed cellulose t a p e  c o v e r e d  w i t h  a 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 .  In a l l  t h a  t e s t s ,  t h e  low- 
est t u b c  W R S  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  were  s e t  a p p r o x i m a t e l y  t o  
t h e  d - a s i r c d  v a l u e s  by means o f  t h i c k n e s s  g a g e s  a n d  t h e n  
mezsurec? t o  t h e  n e a r e s t  0 .001  i n c h  w i t h  a m i c r o m e t e r  m i -  
c r o  s c o p e .  

The c o m p l e t e  boundary-layer messurementr required for 
the  s k i n - f r f c t f o n  determination of the  5-foot-chord bT.A.C.A. 
0012 a i r f o i l  were made b y  p l a c i n g  t w o  bank0 Of rurvoy tuber 
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a t  the same chord r tat lon and adJuntlng tho oight total- 
pressur. tuber t o  inolado thc f u l l  bopth of tho bounaarv 
layer .  

Owing t o  t h e  f a c t  t h a t  t he  t u b e s  w e r e  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  g r a d i e n t ,  t h e  i n d i c a t e d  dynamic  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 e  t r u e  dynamic  p r e s s u r e  a t  t h e  
k e o m e t r i c  c e n t e r  of t h e  t u b e s ,  The e f f a c t i v e  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  o f  r e f e r e i i c e  8 ,  wh ich  show t h a t  a b o u t  20 
p e r c e i i t  of t h e ’  o v e r - a l l  h e i g h t  o f  t h e  t u b e  s h o u l d  b e  a d d e d  
t o  t h e  g o o m e t r i c  h e i g h t .  

A s i m p l i f i e d  method. of C e t e c t i n g  t r a n s i t i o n  w a s  em- 
p l - o ~ e d  i n  t h e  t e s t s  of t h e  X . A . C . A .  23012 a i r f o i l .  Only  
t h e  t o t a l  p r e s s u r e  n e a r  t h a  s u r f a c e  was m e a s u r e d  by means 
o f  s i i i g l e  t o t z . 1 - p r e s s u r e  t u b s s  o f  t h a  s ime  d i n e n s i o n s  as 
t h o s e  i n  the 4 - t u b e  s u r v e y  heads used o n  t h e  5-fOOt X.A.C.A.  
0012 a i r f o i l  ( f i g .  2). Oiily one t u b e  b e i n g  r e q u i r e d  a t  
each s t a t i o n ,  i t  was p o s s i b l e  t o  i i i s t a l l  t u b e s  a t  ell 14 
s . t a t i o n s  a t  t h e  samc t i m e .  Care was t r l r e n  t o  s p a 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 m c e  apart a l o n g  t h e  spen s.0 t h a t  
t h e  wake of  o n 2  t u b e  c l i C  n o t  ? a s s  o v e r  t h e  a d j o i n i n g  t u b e s ,  
The t h e o r e t i c a l  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  was u s e d  t o  
compute  a 2 2 r o x i n a t e l y  t h e  v e l o c i t i e s  c o r r e s 2 o n d i n g  t o  t h e  
t o t a l - p r e s s u r e  r e a d i n g s .  

The e 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 e c i p -  
i t a t i n g  t r e n s i t i o n  i s  w e l l  known. In t h e  measurement  o f  
t h e  d r a g  i n c r e m e n t  a s s o c i a t e d  w i t h  c o n t 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  on  t h e  5 - f o o t - c h o r d  N . A . C . A ,  0012alr- 
f o i l ,  t r a n s i t i o n  was f i x e d  a t  t h e  d e s i r e d  c h o r d  s t a t i o n  by 
a l l i n e n  s t r i n g  d o p e d  a c r o s s  t h e  s p a n  on b o t h  s u r f a c e s .  Two 
s i z e s  of s t r i n g ,  0,035 i n c h  a n d  0 .017  i n c h  ( o u t s i d e  dimeil- 
s i o i l s  a f t e r  d o p i n g ) ,  were  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 same r e s u l t  was o b t a i n e d  
b y  s p r a y i n g :  a 1 / 2 - i n c h  s t r i p  of O.PO37-inch carborundum 
g r a i n s  a c r o s s  t h e  s p a n ,  t r a n s i t i o n  b e i n g  assumzd 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 .  

T E S T S  

D e t e r m i n a t i o n s  o f  b o u s i i a r y - l a y e r  t r a n s i t i o n  on t h e  
1T.A.S.A. 0012 a i r f o i l s  were  made a t  a i r  s y c e d s  rrzngiiig f r o m  
t h e  minimum a t t a i n a b l e ,  a p p r o x i m a t e l y  ‘75 m i l e s  p e r  h o u r ,  
t o  445 m i l e s  p e 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  a t  
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w h i c h  t h e  a i r f o i l s  were  t e s t e d  w e r e  -0 .57 ,  -0-16, 0 ,  0.16,  
0 .33 ,  end 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  o f  t h e  
5 - f o o t - c h o r d  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 c f f i -  
c i e n t  d -ecreased  as t h e  a i r  s p e e d  i n c r e a s e d ,  T h u s ,  a t  4 4 5  
m i l e s ' p e r  h o u r ,  only 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 e 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 - f o o t - c h o r d  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 .  M o s t  of t h e  t e s t s  o f  t h e  N . A . C . A .  
0012 a i r f o i l s  were  made w i t h  t h e  m e t f i l - c o v e r e d  5-foot-chord 
a i r fo i l  and t h d  a l l - m e t a l  2 - f o o t - c h o r d  a i r f o i l .  The t e s t s  
o f  t h e  so l id -wood  5 - f o o t - c h o r d  a i r f o i l  w e r e  made a f t e r  t h e  
ma in  program h a d  b e e n  c o m p l e t e 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 e 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 b o u n d a r y - l a y e r  t r a n s i t i o n  t e s t s  of  t h e  W . A . C , A .  
23012  e i r f o i l  were  made o v e r  it r a n g e  o f  s p e e d s  o f  80 t o  
4 4 5  m i l e s  p e r  h o u r .  Thc s e c t i o n  l i f t  c o e f f i c i e n t s ,  s u b -  
j e c t  t o  t h e  same r e s t r i c t i o n s  as  f o r  t h e  5 - f o o t - c h o r d  
N . B . C . A .  0012  a i r f o i l s ,  w e r e  0 ,  0 . 1 5 ,  0 .30 ,  a n d  0 .65 .  

Tha b o u n d a r y - l a y e r  mogentum-loss  d e t e r m i n a t i o n s  u s e 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 e  5 - f o o t - c h o r d  
F . A . C . A .  0012  a i r f o i l  w e r e  made a t  z e r o  l i f t  a t  a n  a i r  
s p e e d  o f  230 m i l e s  p e r  h o u r .  

The d r a g  of  t h e  m e t a l - c o v e r e d  5 - f o o t - c h o r d  N . A . C . A .  
0012 a i r f o i l  was measured f o r  e a c h  o f  t h e  f o l l o w i n g  con-  
d i t i o a s  zt s p e e d s  v a r y i n g  f r o m  75 t o  275  m i l e s  p e r  h o u r :  
7 i t h  t h e  0 .035- inch  s t r i n ; ;  on u p p e r  and  l o w e r  surfaces a t  
t h e  2 - ,  5 - ,  lo-, 15-,  2 0 - ,  a n d  2 5 - p e r c e n t  c h o r d  s t a t i o n s ;  
w i t h  t h e  0 .0037- inch  ca rborundum 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  a n d  l o w c r  
s u r f a c e s  a t  t h e  1 0 - p z r c e i i t  c h o r d  s t a t i o n .  

S Y M B OL S 

Thc symbols u s e d  i n  t h i s  r e p o r t  a r e  d e f i n e &  as f o l -  
l o w s :  

V, e 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 ~ l  v e l  o c i t g  j u s t  o u t s i d e  b o u n d a r y  I s . j l e r .  
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C ,  a i r f o i l  chW.b. 

X, d i s t a n c e  m e a s u r e d  from l e a d i n g  e d g e  a l o n g  c h o r d  
l i n e .  

7, O i s t a n c e  m e a s u r e d  normal t o  s u r f a c e .  

s ,  6 i s t a i i c e  m e a s u r e d  f r o m  f o r w a r d  s t a g n ' a t i o n  p u i n t  
a l o n g  s u n f a c e .  The 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 e  1J.A.C.B.  0012 airfoil i s  shown i n  
t a b l o  I.  

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

6 *, d i s p l e c e m e n t  b o u n d a r y - l a y e r  t h i c k x e s s  
L 

0 

U 9 k i n e m a t i c  v i s c c s i t j r .  

u ,  c o e f f i c i e n t  of  v i s c o s i t y .  

X ,  R e y n o l d s  Number ( V C / U ) .  

E, I l o c a l  Beyno lds  Nuinber ( V S / U  ) 

& L E ,  7 local Reyno lds  Number b a s e 2  on b o u n d a r y i l a y e r  
t1i  i c k n e  s s ( US / U) . 

E&*, l o c a l  Reynolds Nuinber basscl on d i s p l a c e m e n t  
boundaa-y- layer  t h i c k n e s s  ( U S * / u ) .  

c 1 ,  s e c t i o n  l i f t  c o e f f i c i a n t .  

c r ? o ,  s e c t i o n  p r o f i l e - d r a g  c o e f f i c i e n t .  

" G f '  s e c t 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 c n t .  

c f ,  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 .  

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

ci ,  ?Lyiic.mic p r e s s u r e  (1/2 p v~). 

P l o c a l  - P s t r a a m '  
9 i n  

p, J ~ ~ E . s ;  d c n . s i t y  o f  a i r ,  

M, moiiIe~~tu:n 1 . 0 s ~  p e r  u n i t  span b e t w e e n  boundary -  
l a y e r  f l o w  mcl a c o r r e s p o n d i n g  m a s s  flow imme- 
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c l i a t s l y  o u t s i d e  b o u n d a r y  l a y e r  

8 

N, t h i c k n e s s  number ( 1 / 3  R g * ) .  

h ,  P o h l h a u s e n ' s  b o u n d a r y - l a y e r  p r o f i l e - v e l o c i t y  s h a p e  

S u b s c r i p t s  : 

T ,  a t  t r a n s i t i o n  p o i n t .  

m ,  a t  p o i n t  o f  ininimum p r e s s u r e .  

RESULTS A B D  DISCUSSION 

R e d u c t i o n  of Data 

V e l o c i t y  c z l c u 1 a t i o n . -  The method o f  c o m p u t i n g  t h e  
s p e e d  of f l o w  i n  t h e  N.A.C.R. 8 - f o o t  h i i ; h - speed  wind  t u n n e l  
i s  d e s c r i b e d  i n  r e f e r e n c e  9 .  I n  t h e  c o m p u t a t i o n  of t h e  
l o c a l  v e l o c i t i e s  n e a r  t h e  s u r f a c e  of  t h e  a i r f o i l s ,  t h e  con-  
p r e s s i b l e - f l o w  f o r n  of  B e r n o u l l i ' s  e q u a t i o n  was u s e d .  The 
l o c a l  a i r  d e n s i t y  n e c e s s a r y  f o r  t h e  c a l c u l a t i o n s  was ob- 
t a i n e d  by a s s u m i n g  a d i a b a t i c  e x p a n s i o n  f r o n  t h e  low-speed  
s e c t i o i i  o f  t h e  t u n n e l  w h e r e  t h e  a i r  t e n p e r z t u r e  i s  m e a s u r e d .  
The u s u e l  a s s u m p t i o n  o f  c o n s t a n t  s t a t i c  p r e s s u r e  t h r o u g h o u t  
t h e  d e ? t h  of t h e  b o u n d a r y  l a y e r  W R S  a l s o  n a d e .  

__.- C o n s t r i c t i o n  e f f e c t . -  ?he u s e  o f  a i r f o i l s  o f  l a r g e  
s i z e  i n  c o m p a r i s o n  w i t h  t h e  d i a m e t e r  of  t h e  w i n d  t u n n e l  r e -  
s u l t s  i n  an  a i r  s p e e d  a t  t h e  a i r f o i l  a p p r e c i a b l y  h i g h e r  
t h a n  t h e  s p e e d  t h a t  w o u l d  e x i s t  i f  t h e  f l o w  w e r e  n o t  r e -  
s t r a i n e d  by  t h e  t u n n e l  walls. The n a g n i t u d e  o f  t h i s  e f f e c t  
was d e t e r m i n c d  by c o m p a r i n g  t h e  s t a t i c  p r e s s u r e s  m e a s u r e d  
on t h e  N.A.C.A. 0012 a i r f o i l  w i t h  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 e l  and  w i t h  p o t e n t i a l , - f l o w  t h e o r y .  F o r  ex- 
a m p l e ,  a t  a n  i n d i c a t e d  t u n n o l  a i r  s p z e d  of 200 m i l e s  p e r  
h o u r ,  t ho  e f f e c t i v e  s p e e d  a t  t h e  5 - f o o t - c h o r d  a i r f o i l  i s  
205  m i l e s  p e r  h o u r .  The c o r r c s p o n d i i i g  v a l u e  f o r  t h e  2 - f o o t -  
c h o r d  a i r f o i l  i s  200.8 m i l e s  p e r  h o u r .  T h r o u g h o u t  t h i s  r e -  



9 

a 
00 
3 

I 
4c 

p o r t ,  t h e  a i r  s p o e d  V has bcon take: i  8 s  t h e  e f f e c t i v e  
speed- o b t a i n i n g  w i t h  t h e  a i r f o i l  i n  t h e  t u n n a l ;  t h o  dynamic 
p r e s s u r e  =sed i n  r e d u c i n g  t h c  f o r c e  and 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 c n t  f o r m  vias bzscd on t h i s  e f f c c t i v e  speed.. 

T r a n s  i t  i on  

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  f r o m  c u r v e s  s i m i l a r  t o  t h o s e  shown 
i n  f igur -e  4,  which  may be  t a k e n  as t : q j . c a l  f o r  b o t h  t h e  
X . A . C . A .  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  
p 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  wh ich  t h e  mean Ve- 
l o c i t y  n e a r  t h e  s u r f a c e  begins  t o  show a n  a b n o r m a l  i n c r e a s e  
owing  t o  t h e  o n s e t  o f  t u r b u l e n t  f l o w .  The r e g i o n  of  i n -  
c r e a s ' i n g  mean v e l o c i t y  I m m e d i a t e l y  f o l 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 i l s i t i o n  r e g i o n .  

I t  w i l l  be n o t i c e d  t h a t  t h e  c i r rve  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 a s  n o  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 g  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 c  
r e g i o n  of i n c r e 3 s i n g  v o l o c i t y  i s  v e r y  i r r e g u l a r .  The 
t r a n s i t i o n  p o i n t  f o r  t h i s  c o n d 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 r  of  t h e  s h a p e 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 ,  wh ich  showed A gracluctl t r a i l s i t i o n  o v e r  an e x t e n d e d  
r e g i o n .  

Upper s u r f a c e s  o f  N.A.C.A. 0012 a 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 e d  011 t h a  5 - f o o t - c h o r d  m e t a l -  
Covered- a n d  s o l i d - w o o d  a i r f o i l s  a r e  shown t o g e t h e r  i n  f i g -  
u r e  5 as a f u n c t i o n  ox" R a y n o l d s  Uumbcr f o r  t h e  v a r i o u s  t e s t  
l i f t  c o e f f i c i e n t s .  T h s  s l i g h t  w a v i n o s s  of t h c  s u r f a c e  o f  
t h e  m e t a l - c o v e r e d  a i r f o i l  c a u s e d  t r a n s i t i o n  t o  o c c u r  some- 
w h a t  n e a r e r  t h e  s t a g n a t i o : ~  p o i n t  t h a n  f o r  t h e  so l id -wood  
a i r f o i l  a t  . a l l  t e s t  c o n d i t i o n s .  A t  t h e  h i g 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 i l t r o l l e d  m n i n l y  by s e v e r e  
a d v e r s e  p r e s s u r e  g r a d i e n t s ,  t l i c  e f f e c t  o f  t h e  wav'es. was 
small ;  a t  c1. = 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 c r c e i l t  o f  t h e  c h o r d  n e a r c r  t h e  s t a g n a 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  s o l i d - w o o d .  a i r f o i l .  A s  t h e  l i f t  d e c r c a s e d ,  
t h e  e f 5 e c t  of  t h e  waves became morc p r o n o u n c e d  a n d ,  a t  a 
v a l u e  o f  c l  o f  -0.16, c a u s e d  t r a n s i t i o n  t o  o c c u r  7 per- 
c e n t  o f  t h e  c h o r d  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 , ,  Tho e f f c c t  o f  t h e  waves v a r i e d  
o n l y  s l i g h t l y  wi . th  change  i n  R e y n o l d s  Nunbcr .  

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 a i n e d  on t h e  2- atid 
t h e  5 - f o o t - c h o r d  a i r f o i l s  o f  s o l i d  c o n s t r u c t i o n  a r e  shown 
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t o g e t h e r  i n  f i g u r e  6 .  A s  t h e  s u r f a c e s  o f  b o t h  of t h e s e  
a i r f o i l s  w e r e  i d e a l l y  f a i r  and  smoo th ,  t h e  r e s u l t s  a t  a 
g i v e n  Reyno lds  Number a r e  s t r i c t l y  c o m p a r a b l e .  I n  t h e  
r a n g e '  o f  Regno lds  Numbers o f  4 ,000 ,000  t o  7 , 0 0 0 , 0 0 0 ,  t r a n s -  
i t i o n  p o i n t s  w e r e  o b t a i n e d  on b o t h  s i z e s  of a i r f o i l  a t  
w i d e l y  d i f f e r e n t  s p e e d s  a n d  t h e  s m a l l  d i f f e r e n c e s  i n  t r a n -  
s i t i o n - p o i n t  l o c a t i o n  shown ( a b o u t  2 p c r c c n t  of t h e  c h o r d  
on t h c  a v e r a g e )  a r e  b e l i e v e d -  t o  b e  due  t o  t h e  e f f e c t s  of  
t h c  c o m p r e s s i b i l i t y  o f  t h e  a i r .  The Kach number ( r a t i o  of  
t h e  a i r  s p e e d  t o  t h e  s p e e d  o f  s o u n d  i n  a i r ) ,  upon w h i c h  
c o m p r e s s i b i ' l i t g  c f f e c t s  d o p e n d ,  v a r i e d  f rom 0.29 t o  0 .59  
f o r  t h e  2 - f o o t - c h o r d  a i r f o i l  a n d  f rom 0 .11  t o  0.20 ' f o r  t h e  
5-f oo t - chord  a i r f o i l  i n  t h e  o v e r l a p p i n g  R e y n o l d s  Number 
r a n g e  of t h e  t e s t s .  C o m p r e s s i b i l i t y  a p p e a r s  t o  h a v e  n o  
p ronounced  e T f e c t  on t h e  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  
on a c o n v e n t i o n a l  a i r f o i l  et  ,low l i f t  c o e f f i c i e n t s ,  a t  
l e a s t  f o r  Mach numbers  b e l o w  0.60. I t  s h o u l t :  b e  p o i n t e d  
out  t h a t  t h o  c o m p r c s s i b i l i t a  s h o c k ,  w h i c h  has been  f o u n d  
t o  o c c u r  on a body whsn t h e  maximum l o c a l  v e l o c i t y  e x c e e d s  
t h e  l o c a l  v e l o c i t y  o f  sound  and  w h i c h  i s  accompan ied  by  
r a d i c a l  c h a n g e s  i n  p r e s s u r e  d i s t r i b u t i o n  o v e r  t h e  b o d y ,  
had no t  j e t  a p p e a r e d  on t h e  W.A.C.A.  0012 a i r f o i l  a t  t h e  
rnaximun s p e e d  of  t h e  t e s t s .  

Tlie s t e t i c - p r e s s u r e  d i s t r i b u t i o n  as o b t z - i n e d  by means 
o f  t h e  s t e t i c  t u b e  i n  t h e  b o u n d a r y - l a y e r  survel7 h e a d  ' i s  
shown i n  f i g u r e  7 f o r  e e c h  o f  t h e  t e s t  l i f t  c o e f f i c i e n t s .  
The c u r v a s  r e p r e s e n t  a v e r a g e s  o f  all t h z  d a t a  o b t e i n e d  on 
t h c  5 - f o o t - c h o r d  a i r f o i l s  a t  s p e e d s  be low 2 7 5  m i l c s  p e r  
h o u r .  Tha o n l y  c o n s i s t e n t  c h a n g e  i n  t h e  p r e s s u r e  d i s t r i -  
b u t i o n  f o r  s p e e d s  g r e n t a r  t h a n  2'75 m i l e s  p e r  h o u r  was a 
g r e a t e r  n e g a t i v e  v a l u e  o f  t h e  p r c s s u r c  c o e f f i c i e n t  P a t  
a l l  s t a t i o n s .  

The r k g i o n  i n  wh ich  t r a n s i t i o n  o c c u r r e d  f o r  t h e  
N . A . C . A .  0 0 1 2  a i r f o i l s  i n  t h e  p r e s e n t  t e s t s  i s  i n d i c z t e d  
i n  f i g u r e  7 f o r  h e  f o u r  l i f t  c o e f f i c i e n t s  t h a t  were  t e s t e d  
t h r o u g h  t h e  w i d e s t  r a n g e  of R e y n o l d s  Fumber. A t  a g i v e n  
l i f t  c o e f f i c i c n t ,  t r a n s i t i o n  n e v e r  o c c u r r e d  a h e a d  o f  t h e  
p o i n t  of minimum p r e s s u r e  z n d ,  f rom t h e  b e h a v i o r  o f  t h e  
c u r v e s  o f  f i g u r e s  5 a n d  6 ,  t h e  t r a n s i t i o n  p o i n t  z p p e a r s  t o  
a p p r o a c h  t h e  p o i n t  o f  minimum p r c s s u r e ,  as  an a p p r o x i m a t e  
f o r w a r d  l i m i t ,  n t  R e y n o l d s  Numbers o f  t h e  o r d e r  of  
1 7 , 0 0 0 , 0 0 0 .  From a c o n s i & c r z t i o n  of. t h e  p r o b a b l e  d i s t a n c e  
t h a t  t h e  l a m i n a r  f l o w  may e x t e n d  a l o n g  t h e  c h o r d  a t  v e r y  
l o w  R e y n o l d s  Numbsrs ,  i t  seems l i k e l y  t h a t  t h e  l a m i n a r  
s e p a r a t i o n  p o i n t  i s  d i s t u r b a i i c e  o f  s u f f i c i e n t  rnagnitUClC 
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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 n s .  
p o r t  o f  t h i s  c o n j e c t u r e ,  t e s t s  o n  a f l a t  p l a t e  ( r e f e r e a c e  
1 0 )  showed t h e t  t r a n s i t i o n  i n  a n  a d v e r s e  p r e s s u r e  g r a d i e n t  
a t  l o w  Reyno lds  Numbers o c c u r r e d  at o r  v e r y  E e a r  t h e  sepa -  
r j t i o n  p o i n t  s n d  r e s u l t e d  i n  a r e a t t a c h m e n t  o f  t h e  f l o w  
t o  t h e  s u r f z 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 o e f f i c i e n t s  w e r e  e s t i m a t e $ -  by  t h e  
a p p r o x i m a t e  method of  r e f e r e n c e  11 e n d  a r e  shown o n  f i g u r e  
7. A t  t h e  l o w e s t  Reyno lds  Uumbers,  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 g ,  and- g e n e r a l l y  somewhat a h e a d ,  o f  t h e  t h e -  
o r e t i c e J -  s e p a r a t i o n  p o i n t s .  The 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 e  l i f t  c o e f f i c i e n t  o f  0.33 f e l l  as much as 
5 p e r c e n t  o f  t h e  c h o r d  t o  t h e  r e a r  of t h a  e s t i m a t e d  s e p a -  
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 c  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  n o  a c t u a l  s e p a r a t i o n  was ob- 
s e r v e d  i n  th.2 t e s t s  at, t h e s e  l i f t  c o e f f i c i e n t s .  

I n  sup -  

Upper s i l r f a c e  o f  B.B.C.A. 23012 a i r f o i l . -  F i g u r e  a ( 8 )  
shows t h e  v a r i a t i o n  w i t h  Reynolds  Uumber 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 t h e  u p p e r  s u r f a c e  of t h a  N . A . C . A .  23012 
a i r f o i l .  
a r e  g i v e n  i n  t e r n s  of x / c ,  c h o r d w i s e  d i s t a n c e  f rom t h e  
l e a d i n g  edge .  U n c e r t a i n t y  as t o  t h s  e x a c t  s t a g n a t i o n -  
p o i n t  l o c e t i o n  on t h e  1J.A.C.A. 23012 a i r f o i l  made i t  i n -  
a d v i s a , S l c  t o  employ t h e  p a r a m e t e r  s / c  u s e d  i n  p r e s e n t i n g  
t h e  N.A.C.A. 0012 a i r f o t l  r e 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  c o r r e s p o n d i n g  t o  c n 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 a 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  
o f  t h e  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 s  were  s imi l a r  t o  t h o s e  
f o r  t h e  1 J . B . C . R .  0012 a i r f o i l ,  and  a d - i r c c t  c o m i m r i s o n  
w i t h  t h e  ZS.d.C.A. 0012 a i r f o i l  r e s u l t s  c a n  t h e r e f o r e  be 
n a d e .  A l t h o u g h  t h e  a n a l y s i s  i s  somevhat  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 n t s  n e a r  t h e  e x t r e m e s  of  t h e  r a n g e  of 
R e y n o l d s  Numbers ( f i g .  8 ( a ) ) ,  f i g u r e  9(a) shows t h a t  t r n n -  
s i t i o n  o c c u r r e d  be tween  t h e  samc l i m i t s  as  o b t a i n e d  f o r  
t h e  N . R . C . A .  0012 a i r f o i l ,  l>&iilelY, t h e  p o i n t  of minimum 
p r e s s u r e  and t h e  c s t i n 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 .  

I t  wi l l .  be n o t i c e d  t h a t  t h e  t r a n s i t i o n  p o i n t s  

Lower s u r f a c e  o f  B,n.C.A. 23012 2 i r f o i l . -  The v a r i a -  
t i o n  w i t h  R e y n o l d s  Number of t n e  t r a n s i t i o n  p o i n t s  on t h e  
l o w e r  s u r f a c e  o f  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 )  a n d  t h e  c o r r e s p o n d i n g  t h c o r o t i c n l  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 s  a r e  shown i n  f i g u r e  9 ( b ) .  The a p p r o x -  
i m a t e  method o f  r e f e r e n c e  11 f o r  e s t i m a t i n g  l a m i n a r  sepa- 
r a t i o n  c o u l d  n o t  be s a t i s f a c t o r i l y  a p p l i c d  t o  t h i s  t y p e  
o f  p r e s s u r e  d i s t r i b u t i o n .  The anomalous  b e h a v i o r  o f  t h e  
t r a n s i t i o n - p o i n t  c u r v e s  c a n ,  h o w e v e r ,  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 e f e r e n c e  t o  t h e  r c a u l t s  f o r  t h e  N . A . C . A .  
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0012 a i r f o i l ,  on t h e  b a s i s  o f  t h a  p r e s s u r e - d i s t r i b u t i o n  
d-iagrmns. T o r  all of t h e  1 i Y t - c o e f i ' i c i s n t  v z l u e s  e x c c i i t  
0 . 3 0 ,  t r a n s i t i o n  o c c u r r c d ,  a s  on t h e  N.A.C.L. 0012 a i r -  
f o i l ;  i n  t h e  a d v e r s e  7 $ r e s s u r c  g r a d i e n t  b a c k  of  t h e  -po in t  
o f  minimum p r e s s u r e  i n  s p i t z  o f  t h e  f a c t  t h a t  ( e x c c p t  a t  
c l  = 0.65) t h e r e  vas  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 e d i o i i t  and  a n o t h e r  p e a k  i n  . e a c h  o f  t h e  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 s .  The p r e s s a 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  be tween  t i l e  ty12c o f  c u r v e  w i t h  t w o  
w e l l - d e f i n e d  peaks ( f o r  c t  = 0 a n d  0 .15)  and t h e  t y p c  
w i t h  o n e  peak  ( f o r  C I  = 0 . . 6 5 ) .  T h e  c u r v e  o f  t r z n 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  R c y n o l d s  Number ( f i g .  8 ( b ) )  f o r  
c l  = 0.30 was a l s o  i n t e r m e d i a t e  b e t w e e n  t h z  c o r r e s p o n d i n g  
c u r v c s  f o r  t h e s e  t w o  t y p e s  o f  p r e 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 1 . t ~  f o r  a ;nore t u r b u l e n t  & 
s t r e a m . -  The d i f f c r c n c c  b s 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 z d  i n  t h i s  i n v e s t i g a t i o n  on t h e  5 - f o o t - c h o r d  
m e t r l - c o v e r e d  a i r f o i l  a;id t h e  faircd. results. o b t a i n c d  i n  
t h e  f u l l - s c a l e  t u n n e l  on a 6- foo t - chord .  a i r f o i l  o f  s i n i l z r  
c o i i s t r c c t i o n  ( r e f c r c n c c  5) i s  shor/Ji1 i n  f igu1-e  10. S i n c e  
t h e  t e s t  c o n d i t i o n s  crld. t h e  m o d e l s  amploycd. wei'e made 
n e a r l y  z l i k e  as p o s s i b l i ? ,  t h c  d i f f e r e 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 a t c r p r c t c d  t o  b e  m a i n l y  t h e  r o s u l t  o f  th ;?  d i f -  
f e r e i z c c  i i l  a i r - s t r e a m  t u r b u l c i l c c  . Fig;;urc 11 s h o w s  t h e  
2 - i f f e r c n c e s  i n  p r e s s u r e  d i s t r i b a . t i o n  on  t h e  X.A.C .A.  0012 
i . , i r f o i l  a s  m e a s u r c d  i n  t h e  f u l l - s c ; - . l e  nnd. t h e  h i g h - s p e e d  
t u n n e l s .  Becai.isc t h c  h i g h - s p c c d - t u n n c l  c?cLtn shown 
w e r e  incasurcd a t  l o w  s y e c d s  anti have  b a e n  c o r r e c t e d  f o r  
t h e  ' c f f e c t  o f  c o n s t r i c t i o n , '  thc5 6 - i l f e r e n c e s  shown z r e  due  
e i t h e r  t o  v a r i a t i o n s  i n  s!i:?!.pe a n r l  a t t i t u s e  o f .  t h e  mohels  
e m p l o y e d  o r  t o  v & r i a , t i o n s  i n  both. .  The d i s c r c 2 a n c i c s  a r e  
s l i g h t  P,iid ?.re b e l i e v e d  t o  have  a n a g l i g i b l c  e f f e c t  on 
t r z n s i t i o n  and l x i i  i r iar  n e p a r a t  i o n .  The g ; r co te r  t u r b u l a l l c c  
p r e s e c t  i i l  t h e  f u l l - s c a l e  t u n n e l  air s t r a a m  hnd n pro -  
nouLicc6- e f f e c t  i n  c a v s i n g  t r z i ? 5 i t i o i i  t u  o c c u r  nG.arer t h e  
s t a ; ; i I a t io i1  p o i n t  t h a n  i n  t h e  ? r e s e n t  t e s t s .  T!iis a 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  of  t h c  a i r f o l l  zt h ig l i  
l i f t s  an6 s m a l l e s t  o n  t h e  s u c t i o n  s i d e  at h i g h  l i f t s .  Tllc 
1enC;tii o f  t h e  t r a ; i s i t i o n  r a g i o n  was c o n s j  cizrab1.y s h o r t c r  
i n  t he  p r c s e i i t  t e s t s  and. t h e  t r a i l s i t i o n  p o i n t  was much more 
s h a r p l y  d e f i n e d  t h a n  i n  t h e  f u l l - s c = l c - t u n n e . I  t e s t s ,  as i s  
shovrn i n  f i , ;urc.  12.  

A . p y l i c a t i o n  {of  r r 3 z i i i t  s t o  f r e e - a i r  c o i l d i t  io-- AL- 
t h o u g h  s p h c r e - d r n q  t e s t s  i n  t 110 H . A . C . A .  8 - f o o t  h i g h - s p e e d  
t u n n e l  showed a p p r o x i n a t  e l y  t h e  s;ma c r i t  icsl Reynolds 
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, b h  
3 

1Jumber as i n  f l i g h t ,  i t  c a n n o t  be  assumed t h a ?  t h e  . t r a n s i -  
t i o n  r e s u l t s  p r e s e n t e d  i n  t h i s  r e p o r t  w i l l  b e  a p p r o x i r m t e -  
lg. t h e  same as  t h o s e  o b t a i n e t  on i c l e i i t i c a l  a i r f o i l s  i n  
f l i g h t .  T h s  small t u r b u l e n c e  p r e s e n t  i n  t h e  t u n n e l  h a d  
a n  i n s i g n i f i c a n t  e f f e c t  on t r a n s i t i o n  on a s p h e r e  b u t  may 
have an a p p r a c i a b l e  i n f l u e n c e  on a i r f o i l  t r a n s i t i o n .  Un- 
p u b l i s h c c  r e s u l t s  o 8 t a i n e d  i n  t h o  model of  t h e  N . A . C . A .  
two-d- ixeqskonal - f low t u n n e l ,  which  i s  b e l i e v z d  t o  have a 
t u r b u l e 2 c c  l e v e l  even  l o w e r  t h a n  t h a t  o f  t h e  8 - f o o t  h i g h -  
s p e e d  t u h n c l ,  showed t h e  t r a n s i t i o n  p o i n t s  t o  l i e  f r o m  2 
t o  5 p a r c e n t  f a r t h e r  b a c k  on t h e  so l id -wood  a i r f o i l  t h a n  
i n  t h e  p r e s e n t  t e s t s .  

__c_ L o c e l  c o n d i t i o n s  E i t  t h 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  means of t h e  f o u r - t u b e  s u r v e y -  
h e a d  m e a s u r e n e n t s  on t h e  5 - f o o t - c h o r d  N . A . C . A .  0012 m e t a l -  
c o v e r e d  e i r f o i l  p e r m i t t e 6  e.11 e v a l u a t i o n  o f  p a r a m e t e r s  de- 
s c r i b i n g  t h o  l o c a l  c o c d i t i o n s  e x i s t i n g  nea r  t r a n s i t i o n .  
The l o c a l  R e y n o l d s  Nninber E, ai1d t h e  b o u n d a r y - l a p e r  
F.eyiiolSLs Nunb.er Rg w e r e  computed ar& a r e  ? l o t t e d  i n  f i g -  
u r e s  13 and  1 4 ,  r e s y o c t i v e l y ,  a s  f u n c t i o n s  o f  t h e  a i r f o i l  
R e y n o l d s  Number. I t  i s  a t  once a p p a r e n t  t h a t  I I O  s i n g l e  val -  
ues of  Bs anS Bg o c c u r r e i ?  at  t r a n s i t i o n ,  3, v a r y i n g  
fron? 570,OC)O t o  3 ; 6 0 0 , 0 0 0  and. Rg f r o n  a.boi~.t 4 ,500  t o  
11 ,000  Mi th  i r d i c a t i o n  of s t i l l  g r a a t e r  v e l u e s  a t  l z r g e r  
a i r f o i l  R e y n o l d s  IJum'Ders, Valuas o f  t h a  Reycolds Number 
Bg* b2,sed on t h o  d i sp lacsme1I t  t h i c k i i e s s  U s , * / v ,  wh ich  
c a n  be  o b t a i n e d  e x p e r i m a n t n l l y  with a h i g h e r  i l e g r e e  o f  p r a -  
c i s i o n  thali Z l g ,  v a r i e d  f r o m  1 ,58C t o  3 , 0 0 0 .  4 wide  r a n g e  
of v a l u e s  o f  t h e s e  f a c t o r s  a t  t r a n s i t i o n  was a l s o . r e q o r t k d  
i n  r e f e r e n c e  5. 

The p a r a n e t e r s  N and h were  com:nit&d f o r  cornpal-i- 
son w i t h  t h e  f l i g h t - t e s t  r e s u l t s  of r e f e r e i i c e  1, The t h i c k -  
n e s s  n u n b a r  N i s  d e f i n e d  as 

Po h 1 h a u s  e n  I s b oun d ar y- 1 ay e 1' v e 1'0 c i t y- p r o f i 1 3 s 11 ti11 E pa r a n  - 
a t e r  A, h a v i n g . t h e  c h a r a c t e r i s t i c  valua o f  -12 a t  t h e  
s e p a r a t i o n  p o i n t ,  i s  d e f i n a d  as 

The v a l u e s  o f  N and  h ,  shown ir, f i g u r a  1 5 ,  had 
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no c o n s i s t c n t  v a l u e s  a t  t r a n s i t i o n .  I n  g e ? e r a l ,  t h e  v z l -  
ucs of  b o t h  p a r a m e t e r s  were  n u n z r i c a l l y  l e s s  t h a n  t h e  
v a l u e s  o ' o t z i n e d  ii1 f l i i ; h t  %;r J o n e s  ( r e f a r e n c e  1). The 
values o f  E lay b e t w e e n  800,000 a n d  3 ,000 ,000  and t h e  
v d u e s  o f  h lay b e t w e e n  0 and  -6.0. The c o r r e s p o n d i n g  
f l i g h t  v a l u a s  ( r e f e r e n c c  1) f o r  N were  600 ,000  t o  
4 , 8 0 0 , 0 0 0  aiIC, f o r  h ,  were 0 t o  -7.2.  

There was a l s o  computeci t h e  nond imens ion5 , l  prcss~J.1-e 
g r a d i c i i t  at t r a n s i t i o n ,  w h i c h  i s  d e f i n e d  as 

r rhe rc  sT i s  t h ?  v a l u e  of  s at t h e  t r a n s i t i o n  2 o i n t .  

p r e s s u r e  c o e f f i c i e n t  a t  t h e  t r a n s i t i o n  p o i n t .  PT * 
The v,?lu2s of  t h i s  p a r a r i i e t a r  lay b e t w e e n  0.05 2nd 0.54 2 n d  
s h o w  e iL no c on s i s t 3 i1 t T R T  i a. t i 0 1: w i t h fie yn o lil  c, Bun3 a r . 

I t  t h a s  ~ - p ~ , s a r s  ' ; k i s t  thr?  f u n d a m s n t d  c a i i s e s  o f  t r a n -  
s i t i o n  e m n o t  b e  r o l a t o d .  i n  i? s i n - p l z  W G J  t o  t h o s e  l o c ~ l  
c o n d i t i o n s  z x i s t i n g  et t h e  t r a n s i t i o r i  p o i n t .  

r 

ir - 

9.J 
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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  
o f  t h e  t e s t  p o i n t s :  

lxj 
P 

3 
I 

l'' + 0.05 S T  - = 531(R)- 
C 

i n  w h i c h  S T / C  i s  t h e  v a 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  o f  t h e  l o c a t i o n  o f  t h e  p o i n t  o f  minimum 
pressure,, S m / C ,  and t h e  a i r f o i l  R e y n o l d s  Number m o d i f i e d  
for 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 p r e s s i o n  
i s  

S.T sm RU, i -1'2 - = - +  5a4(-- 
C C v. - 0.08 . 

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 ,  3 = 0 .13  and  

Um 
C 

- -  - 1.21. v 
I n  f i g u r e  1 6 ,  t h e  values o f  t h i s  e x p r e s s i o n  a r e  p l o t -  

t e d  a g a i n s t  t h e  measu red  t r a 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 d i t i o n s  o f  t h e  3 . A . C . A .  0012 a i r f o i l s  mid a l l  t h e  u p p e r -  
s u r f z c e  r e s u l t s  o f  t h e  N;A.C,A. 23012 a i r f o i l .  On t h e  same 
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  f r o m  t h e  N . A . C . A .  . 
f u l l - s c c l e  w i n d - t u n n e l  t e s t s  ( r e f e r e n c e  5 )  , W . A . C . A .  f l i g h t  
t e s t s  ( r e f e r e n c e  12), 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  s e e n  at once  t h a t ,  f o r  t r a n s i t i o n  p o i n t s  i n  t h e  r a n g e  
o f  v a l u e s  of s T / c  f rom 0 t o  0 .35,  wh ich  i n c l u d e s  mos t  
o f  t h e  t e s t  c o n d i t i o n s ,  t h e  e q u a t i o n  c a n  b e  u s e d  t o  e s t i -  
R a t e  t h e  t r a n s i t i o n  p o i n t s  on t h e  a i r f o i l s  t e s t e d  w i t h  ai. 
p r o b a b l e  e r r o r  of a b o u t  3 p e r c e n t  o f  t h e  c h o r d .  F o r  t h e  
c o n d i t i o n s  of' v e r y  low Reyno lds  Numbers and  t h e  c o n d i t i o n s  
e x i s t i n g  o n  t h e  p r e s s u r e  s i d e  of  t h e  a i r f o i l s  a t  h i g h  
l i f t s ,  f o r  wh ich  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  o f  values 
o f  s T / c  f rom 0.35 t o  0.75, t l ic  s c a t t e r  o f  t h e  p o i n t s  
* a b o u t  t h e  mean c u r v e  i n c r e a s e s  but  a d e f i n i t e  c o r r e l a t i o n  
b e t w e e n  t h e  m e a s u r e d  t r a n s i t i o n  p o i n t s  a n d  t h e  v a l u e s  o f  
t h i s  e x p r c s s i o n  e x i s t s  t h r o u g h o u t  t h e  e n t i r e  r a n g e .  The 
f a c t  t h a t  t h e  f l i g h t - t e s t  r e s u l t s  f a l l  on t h e  came c u r v e  as  
t h e  r e s u l t s  f r o m  t h e  8 - f o o t  h i g h - s p e e d  t u n n e l  is o f  p a r t i c u -  
l a r  i n t e r e s t ,  t h e  i m p l i c a t i o n  b e i n g  t h a t  t h e  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  l o w  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 n s i t i o n  p o i n t s  t o  be a t t a i n e d  on coaven-  
t i o i l a l  a i r f o i l s ,  The t e s t  r e s u l t s  f rom t h a  f u l l - s c a l e  t u n -  
n e l ,  h o w e v e r ,  f a l l  on a w e l l - r l e f i n o d  c u r v e  c o n s i d e r a b l y  d i s -  
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p l a c e d  from t h e  r e s u l t s  f r o m  t h e  8 - f o o t  h igh - spcBd  t u n n e l  
an?- f l i g h t ,  and t h e  i ; i i i c a t e d  e f f e c t  o f  t u r b u l z n c e  i s  ir- 
g c s e r a l  a g r e e m e n t  w i t h  t i l e  i n C i c c t i o n s  o f  f i g u r e  10 .  

Inasmuch as  tl ;e f oregoi.;ip; ne th0 . l  of e s  t i n2 . t  i n g -  traii- 
s i t i o n  is b a s e d  O i l  t h e  e x p ~ r ~ . r n e n t a l l y  d e t z r n i z c d  v a r i a t i o i 1  
w i t h  R a y n o l c l s  Nunber o f  t h e . t r 2 n s i t i o a  p o i n t  on tlis 
N.A.C.A. C512 a i r f o i l ,  i t  i s  o b v i o u s l y  l i i n i t e d  i n  a y p l i c a -  
t i o i i  t o  e r r f o i l s  o f  co i ivcnt  i o n a l  s e c t i o n  w i t h  p r e s s u r . e  
d i s t r i b u t i o n s  sirnil.2.r t o  t h e t  o f  t h c  N . A . C . A .  0012 E i r f o i l ,  
t h a t  i s ,  w i t h  one peak  i n  thr j  2 r e s s u r s - d i s t r i b u t i o n  c z r v e .  
F o r  example ,  t h a  r:.Lz-ttion c o u l d  l o g i c a l l y  bz  a p j ? l i e d  t o  
t h e  up;Qer a n d .  t h e  l o v e r  s i l r f t - tces  o f  t h e  N.A.C.A. 0 0 ,  24, 
4 4 ,  a n d  6 5  s e r i e s ,  t o  ';he Clsrk Y s e r i e s ,  arid t o  t h e  
G:iftti::g;en s e r i a s  o f  a i r f o f l s .  i t  w a s  s u c c s s s f u l l y  u s e d -  
t o  p r e d i c t  t r , a n s i f i o n  011 t h e  u p p e r  s u r f a c e  o f  t h e  N.A.C.A. 
23012 e i i - f o i l  (se2 f i g .  16), fo- .  w h i c h  t h e  p r e s s u r e  ?Lis- 
t r i b u t i o n  i s  s i m i l a r  t o  ' t k x t  f o r  t h a  N.A.C .A.  OOI,? a i r -  
f o i l .  B u t  t k e  p r e s s u r e  d i s t r i b u t i o n  Oil. t h a  l o w e r  s u r f ' e c e  
o f  t h e  N . A . c . A .  23012 ( s e e  f i g .  B( 's))  i s  o f  a r a d . i c z 1 l y  
G i f f e r z l i t  'by];? and  t h k  a i i o m a l c u s  b e k a v l o r  O S  ths c u r v z s  
o f  trs.n.sit i o i l - y o i i l t  l o c a t  i o n  acp;a,iast R t 2 j r i l O l d - s  Nunber  ( s e e  
f i g .  a ( 3 ) )  l:&s a l r e a d y  b z e n  d i s c u s s e d .  The  e x p r e s s i o n  
obviou.s ly  c a n n o t  b a  e n p l o y a d  i n  this i l - i s t ancc .  

I t  i s  a l s o  2ppai*ei1? that t h 2  r e l a t i o a  i s  n o t  a T j ? l i -  
c a b l e  ' t o  c o n d i t i o n s  w!iere t r m s i t i . o n  i s  c o n t r o l l e d  by  !-am- 
i n a r  se'i3a'i-ztion; f o r  Iexamplz , at v e r a  l o w  R e y n o l d s '  Mufibers 
o r  011 t h 2  u p p e r  s x f & c z  a t  hish l i f t s .  In o t h e r  w o r d s ,  
t h e  e x p r e s s i o n  shou ld .  n e v e r  ?)e use?- t o  p r e d i c t  t r a n s i t i o i l  
b a c k  of tils Ieini11ar s e p a r a . t ' i o n  p o i n t .  

S k i n  P i - i c t i o n  
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i n  f i g u r e  18 t o  show t h e  g e n e r a l  e f f e c t  o f  t r a n s i t i o n  on 
t h e  d r a g  of  t h e  a i r f o i l ;  t h e  e s t i m a t e d  morneiitum l o s s ,  h a d  
t r ; r r , s i t i o n  i lo t  o c c u r r e d ,  i s  shown as a b r o k e n  l i n e  .o11 t h e  
f i g u r e ,  A l t h o u g h  t h e  v a l u e s  o f  M a r e  s o n e w h a t  l o w e r  
t h a i i  t h e  drag;, t h e  c o e f f i c i e n t  dM/dx i s  i i e a r l y  e q u a l  t o  
dD/dx o v e r  t h e  t u r b u l e n t - f l o w  p o r t i o n  o f  t h e  a i r f o i l .  
T h u s ,  a t  a g i v e =  s t a t i o n ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  ex- 
p c r i n e n t a l  c u r v e ,  w i t h  t r a i l s i t i o n  o c c u r r i n g  at 20 p e r c e i i t  
of t h e  c h o r d ,  a n d  t h e  ex te i ided  l m i n a r - f l o w  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  o f  t h c  i a c r s a s e  i n  d r a g  c o e f f i c i e n t  
r e s u l t i a g  f rom a change  i n  t r a n s i t i o n  p o i n t  from t l i e  s ta-  
t i o i l  u n d e r  c o n s i d e r a t i o n  t o  t h e  2 0 - p e r c a n t - c h o r d  s t a t i o n .  
F o r  example,  a movement o f  t h e  t r a n s i t i o a  p o i n t  o f  10  pe r -  
c e n t  or” t h e  c h o r d ,  f rom t h e  30- t o  t h e  2 0 - p e r c e 2 t - c h o r r l  
e t a t i o n ,  w o u l d  r a s u l t  i n  a n  i n c r c a s e  i n  t h e  v a l u a  o f  t h e  
dr2-3  c o o f f i c i e n t  of 0 .00111 - 0 . 0 0 0 5 3  o r  fl.0006. Tke i r _ -  
c r e a s e s  computed i n  t h i s  way a r e  compsrcd  l a t e r  w i t h  ex- 
p 8 r i n  e n  t 21 1.j d e  t e r m  i n e d i n c  rem eii t s . 

The l o c a l  s k i n - f r i c t i o n  c o e T 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 a s  computed from t h e  expi - t t s s ion  ( d e r i v e d  i n  r e f -  
e r e n c e  IZ, s e c .  17, pp.  106-108) 

w h e r e  -r0 i s  t h e  l o c a l  i n t e n s i t y  J f  s k i n  f r i c t i o n .  The 
suddei1 i n c r e a s e  a t  t r a n s i t i o n  i s  f o l i o w e d  5y a g r a d u a l  de-  
c r e a s e  t o w a r d  t h e  r e a r  of t i e  a i r f o i l  owing  t o  t h e  t h i c k -  
e n i i i g  o f  t h e  t u r b u l e n t  l a y e r  a n d  t h e  d e c r e a s e  i n  t h e  l o c e l  
v e l o c i t y  o u t s i d e  thee bouzlc?ary l a g e r .  

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

a l e n t  t o  t w i c e  t h e  a rea ,  uilc?er t h e  c u r v e  o f  f i g u r e  1 9  a n d  
h a s  t l ie v a l u e  0.00127, w i t h i n  l i r n i t s  of  a c c u r a c y  o f  kO.0005. 
A c o n p a r i s o i i  o f  t h i s  v a l u e  w i t h  t h e  b e s t  a v a i l a ’ a l e  s s t i n a t e  
of t i i c  t o t a l  p r o f i l e - d r a ? y  c o e f f i c i e n t  of t l ie N.A.C.A. 0012 
a i r f o i l  c 

(based .  0’1 a n  e x t r a p o l b t  i o n  o f  t h e  n e z s u r s m + n t s  of r e i e r a n c e  
1 4  c o r r e c t e d  f o r  t r a n s i t i o i - p o i n t  movement) i s d i c a t a s  a 
presr;v.re o r  f o r m  d r a g  between 7 ai12 25 p e r c z c t  o f  t h a  t o t a l  
d r a g .  

= 0 , 0 0 5 6  a t  a R e y n o l d s  Number of 1 0 , 2 5 0 , 0 0 0  
00 

E s t i m a t i o n  o f - e i r l o i l  s k i n  f r i c t i o n . -  The ~ e a s n r e 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 g u r e  1 3  makes p o s s i b l o  



18 

,I, c o m y a ~ i s o n  o f  t h e  m e r i t s  of  v a r i o u s  m e t h o d s  o f  e s t i m a t -  
i n g  a i r f o i l  & r e g  when t h e  t r a n s i t i o n  p o i n t  i s  known. The 
r e l a t i v e l y  small 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  
o f  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  o f  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  R e y n o l d s  Numbers d o c s  n o t  w z r r a n t  t h e  appl - i -  
c a t i o n  o f  l a b o r i o u s  me thods  s u c h  as  t h a t  o f  P o h l h a u s e n  i n  
c o n p u t i n g  t h e  l a n i n z r  s k i n  f r i c t i o n .  I n  t h e  p r e s s n t  c a l -  
c u l e t i o n s ,  t1ie c l a s s i c a l  f :a t ' -p la te  t l i e o r e t  i c e 1  v z l u e s ,  
inodificZL 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  d u e  t o  
p o t e n t i a l  f l o w ,  w e r e  employed-. F o r  a flat p l z t c ,  t h e  e x e c t  
l o c z l  s k j n - f r i c t i o n  c o e l 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. 8 9 )  

1 /2 
c c  = 0.332 (1- pou")  

w h e r a  U = V. T ! i i s  r c l a t i o i i  was assurned t o  hold a .pp rox i -  
m a t e l y  f o r  e n  a i r f o i l  where  U f V a n d  was a p p l i e d  i n  t h e  
c o ; lvan ien t  f o r n  : 

The c a . l c u l a t o d  1e;i:inar f r i c t i o n  i s  shown i n  € i g u r e  1 9  
and i s  see]:  t o  5 s  2- good-  average a y p r o x i i r i a t i o n  f o r  t h e  r e -  
g i o n  cjf l a m i n a r  flow. The s k i n  l r i c t i o n  computed f r o l ; l  the 
s l o p e  of . the  bound.ary- lzdger  v e l o c i t y  l , i ' o f i l e s ,  w h i c h  C O V . ~ ~  
b e  o b t a i n e d  v i t h  f a i r  iZcciii-ac;r ii; t l i a  l a m i n a r - f l o w  r e g i o i i ,  
i s  also p l o t t z d  i n  the. f i g u r e  i n d i c a t e s  s ~ - t i s f ~ c t o r g  
zgree!nent, w i t h  the inomenturn n ~ e s u r c n s n t s .  T h e  r t l l a t i o i l  be-  
tu:+eil t h e  S l O i ~ ~  arid t!ie s u r f a c e  f r i c t i o n  i s  
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A method- s u g k o s t e d  by Dryden a n d  ICuethe i n  r e f e r e n c e  
1 5  was u s a d  t o  compute 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 c  t u r b u l e n 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  w e r e :  

(1) Tha b o u n d a 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  clay b c  
d c s c r i ' b c d  by t he  r e l a t i o n  u/U = ( y / B ) l / 7  
a t  a l l  s t a t i o n s  i n  t h e  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  de-  
p e n d s  o n l y  on t h e  t h i c k n e s s  R e y n o l d s  Number, 
a c c o r d i n g  t o  t h e  r e s u L t s  o f  p i p e - f l o w  t e s t s .  

Assumpt ion  (1) i s  s u b s t i t u t e d  i n t o  t h e  von KdrmAn i n t e g r a l  
equ .a t ion  and R s o l u t i o r  f o r  6 is o b t a i n e d ;  nemely,  

0 . 2 8 9 .  u l l 4  f X U 2 7 / 7  
6 = (  

I 
" 0  

'j lle'as 

Tha v e l o c i t g - 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  end o f  t h e  t r a n s i t i o n  r e g i o n  was a t  a b o u t  30 p e r c a n t  
of  t h e  chor i l ;  t h a t  i s ,  t h c  p r o f i l e s  b?.clc o f  t h i s  s t a t i o n  
s h ovr e d f u l  ly d c v C! 1 o p c d t u r b u l  dn t -f 1 ow c h a r  e c  t c r i s t i c s . 
A c c o r d i n h l g ,  S was computed f rom t h a  f o r e - g o i n g  e q u a t i o n  
on t h e  a s s u m p t i o n  - t h z t  t h c  d e v e l o p a d  t u r b u l e n t  l a y e r  s t a r t -  
ed  zt a p o i n t  s1 (20  p e r c e n t  o f  t h a  c h o r d )  s u c h  t h a t  the.  
momeatum l o s s  a t  t h e  3 0 - p e r c e n t - c h o ~ d  s t ? . t i o n  e q u z l e d  t h e  
m e a s u r e d  v a l u e  a t  t h i s  s t p - t i o n .  Tha v a r i a t i o n  e l o n g  t h e  
c h o r d  o f  t h e  l o c e l  v e l o c i t y  U was o b t a i n e d  from t h e  e x -  
p e r i r n u i i t a l  r e s u l t s .  

By a s s u m p t i o n  ' (2); t h e  s k i n - f r i c t i o n  c o s f f i c i e n t s  
w e r e  t l izn o b t s i n e d  from 

The r e s u l t s  o f  t h e  c z l c u l a t i - o n s  o f  6 m r l  c f  a r e  shown 
i n  f i g u r e s  20 and 1 9 .  IC, i ?  s e e n  that  t h i s  n e t h o d  g a v e  a 
f e i r  a p p i * o x i m @ t i o n  t o  t h e  t h i c k n e s s  o f  t h e  t u r b n l e n t  l a y e r  
( f i g .  20) b u t  tliat t ~ i e  cowputed s k i n - f r i c t i o n  c o a f f i c i a n t s  
( f i g *  1 9 )  w s r a  c o n s i d e r a b l y  h i g h t l r  t h a n  t h e  n o s s u r c d  c o c f -  
f i c i  lilt S. 



20 

For sinall v a l u e s  o f  6 ,  t h e  p r e c e d i n s  e x p r e s s i o n  i s  
i n v a l i d  s i n c e  i t  g i v e s  t h e  r z s u l t  c f  = w 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  cu.rve was t h e r e f o r e  
c x t c n d c d  0111;- t o  t h e  c e n t e r  o f  t h c  t r a n s i t i o n  r e g i o n .  If  
i t  i s  nssulrcd t h a t  a n  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  pia-ce 
a t  t ' l i s  p o i i i t  ( x / c  = 0 , 2 5 ) ,  t h e  a re2  u n d e r  t h e  computed  
c u r v e s  g i v e s  a computed  
p e r c e i t  G r e a t e r  t h a n  t h e  n e a s u r e d  v a l u a .  

Cdf 7 0.0053,  w h i c h  i s  a b o u t  11 

The f o r e g o i n g  c a l c u l ? , t i o n s  e m p h a s i z e  t h e  f a c t  t h a t ,  
e v e n  i f  t h e  ' t r a r i s i t i o n  p o i a t  i s  ,,known, i t  i s  i m p o s s i b l e  
t o  comnute a i r f o i l  d r a g  w i t h  s u f f i c i e n t  p r e c i s i o n .  Ade- 
qu2,te d z t e  on l o r n  drag and  on t h e  s k i n - f r i c t i o n  c o e f f i -  
c i e n t s  correqponding  t o  the t u r b u l e n t  f l o w  on a i r f o l l r  mnrt 
y e t  be  o b t a i n e d .  

C f i l c u l a t i o n  o f  s c a l e  effe&- The f o r w a r r i  movement 
of  t h e  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  RcZTnolds Number 
( f i g s .  6 i*ad 8 )  i n d i c a t e s  t h a t  t h e  v z r i ? v t i o n  w i t h  ReynolCs 
Mumbzr o f  B h e  d r a g  c o t f f i c i e n t  o f  a 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 av  f o r  1 0 0 - p e r c e n t  t u r b u l e n t  
f l o w  2.s i s  sometimes assv-med f o r  c o n v e r i e n c e  i n  e x t r a p o -  
l a t i i i g  a i r f o i l  d a t a .  Iil t h e  c a l c u l a t i o i ;  t h e t  f o l l o w s ,  t h e  
s k i n - f r i c t i o n  drag c o e f f i c i e n t  o f  t h e  N.B.C.A.  0012 a i r -  
f o i l  at z e r o , l i f t  i s  c o n p u t e d  f o r  Rayno lc i s  Numbers r a n g i n g  
f rom 1 , 5 0 0 , 0 0 0  t o  1 ? , 0 0 0 , 0 0 ~ ,  u s e  b e i n g  mads o f  t h a  e x p e r i -  
mental1;T ~ e t e r m i n e d  l o c a t i o n  O P  - the  t r a n s i t i o n  p o i n t  ( f i g .  
6 )  

T h e  z p p r o x i s a t e  n a t h o G  o f  c c m p u t i n s  s k i n  f r i c t i o n  
p r e v i o u s l y  d e s c r i b e d  i c  c o n 3 i d e r e d  adequate f o r  e s t i m a t i n g  
t h e  v t t r i a t ioy i  i n  t o t a ! ,  : ;kin f r i c t i o n  w i t h  2eynoid .s  Bunber  
a l t h o u g h  t h e  a b s c l u t a  v a l u e s  o f  t h e  c o e f f i c i e n t s  w i l l  5 ,  
s o n c w h a t  h i & .  A s  bef  o r a ,  tl;a boundhr;L-lager  f , l o w  was COLI-  

s i d e r e d  laIiiiil-?.r u p  t o  t h e  c e n t e r  o f  tk;!? t r a n s i t i o n  r e g i o n ,  
w h i c n  was assumzd t o  l i e  5 p e r c e n t  o f  t h a  c h o r d  beck o f  
t h a  t r e n s i t i o n  p o i i 1 t ,  i . e . ,  a t  s T / c  + 0.05.  Beyond t h i s  
p o i i i t ,  t h e  f l o w  was c o n s i d e r e d  t u r b u l e u t .  An i n a g i n e r y  
s t a . r t i n g  p o i ; i t ,  s l ,  f r o i n  r.rhich t h c  t . u r l su l en t  l a y e r  wes 
assumod t o  d e v a l o p ,  wc?s s e l z c t e d  f o r  e z c h  3 e y n o l d s  Number 
s o  thz t  t h e  noigentum l o s s  a t  t h e  end  o f  t r e n s i t i o n  v o u l d  
h a v e  t h e  v a l u e  0.00035 qc + l a , .min~, r  d r e g ,  de te rmi i led  f r o m  
t h e  n e a s u r z z e n t s  a t  R = 1 0 , 2 5 0 , 0 0 0 .  The t h i c k n e s s  61 t h e  
eddyiiizg l a y e r  vas t h e n  cornput ed  f r o m  t h e  j I r7den-Kuathe  
cTuntioi1,  r e w r i t t e n  i R  t e r m s  o f  t h s  Re;rnolds  Ilumber: 
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The a i r f o i l  d r a g  ‘ c o e f f i c i z n t  was f i n a l l y  o b t a i n e d  f r o m  

r 3 ( ~ T / C  + 0.05)  -I 1 /2 - i  + 
J 

= 2.66 1 (--) 
C d f  B 

J ( S T / C  4-0.05) 

w h e r e  t h e  q u a n t i t y  ? J / V  i n  t h e  t e r m  f a r  lamj.na,r  d r a g  i s  
a n  a v e r a g e  v a l u e  t a k a n  betweer ,  t h e  l e a d i n g  acige s n d  
s T / c  + 0 . 0 5 ,  aiid t h a  b o u n d a r y - l a y e r  t h i c k n e s s  6 i s  ob- 
t a i n e d  i’i-on t h e  21-evi0u.s e q u a t i o n .  

The s c a l e - e f f e c t  c u r v e  t h u s  o i t a i n e d  i s  shown i n  f i g -  
u r e  2 1  wliEtre i t  i s  compared- v i t h  tlic? s p 5 c i z l  c2-se o f  100- 
p e r c e n t  t c r 3 u l e n t  f l o w ,  t k t  i s ,  wllerc t r a n s i t i o n  o c c 1 . x ~  
A t  t h e  l e a d i a g  edge.  I t  i s :  s a e a  that  t h e  cix..ves he.ve 
g r e a t l y  d i f f e r e n t  s l o p e s  at t h e  l o w c r  R ~ ~ I I O ~ S L S  Mhmbers a n d ,  
i n  a d C i t i o n ,  a r e  w i d e l y  s c ~ a r a t e d .  The n e c e s s i t y  o f  i? 
d e t a i l e d  c o i i s i d e r a t i o n  o f  t r a n s i t i o n  e f f e c t s  iil e s t i n e t i i z g  
t h e  drat: o f  a s i n o o i h  a i i - f o i l .  i s  e r r .pkas lza6 . .  The i n c r c z s e  
i r  drag due t o  f o r w a r d  aovement  o f  thi t r a i l s i t i o n  p o i n t  i s  
m o r a  t iIan o f f s e t  b:i the‘ I l e c r e ~ ~ s e  of  t h e  l o c e l  s k i n - f r i c t i o n  
c o e f f i c i c i i t s  w i t h  XeynolCs Nun3er t ! i rougbut  the  r m g e  cons ic i -  
e r c d .  A t  h i ,zh E c y n o l d s  N u m b e r s ,  t h e  s l o 2 s s  o f  t h e  t w o  
c u r v e s  t e n d  t o  become e q u a l  owin,.; t o  t h c  f a c t  t h a t  t h e  mo- 
tion of the t r a n s i t i o n  p o i n t  becomee 0mall. 

2csl:-i’;s o f  f o i - ce  t e s t : .  w i t h  c o n t r o L l 2 d  t r m s i t i o n . -  
Ths r e s u l t s  o f  t h s  f o r c a  t c s t s  s h c ~ r ~ i ~ z  t h e  i n c r e a s e  i n  
dr2.g a s s 4 c i L t e d  vr i th  c o i 1 t r o l l ~ d  m o v c m z - r t  o f  t h e  t r a n s i t i o n  
F o i : i t  a rs  p r e s e n t e d  i n  f i g u r a  2.2. The c ; r a g - c o ? f f i c i a n t  
increment Acd, c o r r e s p o n d i n g  t o  a ch?i;tn<e i n  t r F - n s i t i o n -  
p o i n t  l o c a t i o n  A ( x T / c ) ,  wes d e f i n e d  a s  f o l l o w s :  
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Acd = cd-(wing w i t h  s t r i n g )  - c d ( s m o o t h  wine) - c d ( s t r i n g )  

The &rag of t h e  s t r i n g  a t  a gi-cen s p e e d  a n d  s t z t i o n  was 
o b t z i n e d  as  t h e  d i f f e r e n c e  i n  d r a g  m e a s u r e d  w i t h  t h e  s t r i n g  
anc? t h e  ca rborundum s t r i p  b a c a u s e  t h e  d r a g  o ?  t h e  c a r b o r u n -  
dum s t r i p ,  f r o m  a n  e s t i m a t e  b a s a d  on t e s t s  w i t h  t h e  win'& 
c o m p l e t e l y  c o v e r e d  w i t h  ca rborundum was n e g l i g i b l e .  The 
f . a c t  t k a t  t h e  s t r a i g h t  l i n e  t h r o u g h  t h e  e x p e r i m e n t a l  p o i n t s  
d o e s  i 1 O t  p z 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  a n  # 

e r r o r  i n  0 3 t z i n i n g  t h e  'sasic wing  d r a g ,  t o  a p o s s i b l s  e f -  6\ 
f z 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  by a s u r f a c o  i r r e g u -  * 
l a r i t g  o n  t h e  c h a r a c t e r  of t r a n s i t i o n ,  o r  t o  a c o m b i n a t i o n  
o f  t h e s e  f a c t o r s .  Of p a r a m o u n t  i n t e r e s t ,  b o w e v e r ,  i s  t h e  
s l o p e  of t h e  c u r v e .  A c o n p e r i s o n  o f  t h e  s l o p e  o b t a i n e d  
f r o m  t h e  momentum-loss d i a s r e n  ( f i g .  1 8 )  w i t h  t h e  s l o p e  o f  
t h e  . z x p e r i : n e c t a l  c 'urvc shows c o o d  agreement . There  w~.s 
prac t ic? . l l : r  no  c h a n g e  i n  t h e  s l o p o  o f  t h e  c u r v e ,  2 s  d e t e r -  
mined c x p c r i m e n t a l l j  o r  as c o m p u t e d ,  w i t h  t h e  o r i g i n e l  l o -  
c a t i o n  o f  t r a n s i t i o n ,  t r i t h  t h e  e x t e n t  of t h e . t r a n s i t i o n  
~ ; ? o ~ e n e i ~ t ,  o r  w i t h  t h e  R e y n o l d s  i?umber. The s l o p e  w c s  ap- 
p r o x i n i s t e l y  c q u a l  t o  t h e  2 s t i m a t e d  p r o f i l e - d r a g  c o c f f i c i a n t  
s o  t h z t ,  a s  a G e n e r a l  r u l a ,  f o r  c o n v s n t i o n a l  a i r f o i l s  t h e  
d r a g - c o a f : i c i e n t  i i i c r ime j i t  i n  pcrcentp 'ge  o f  t h e  p r o f i l e  
d r a g  i s  equ?-l n u m e r i c a l l y  t o  t h e  c l ianee  i n  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  i n  p c r c s n t e < ; e  o f  t h e  chorc?.  F o r  e x a m p l e ,  
a small s u r f a c e  i r r e g u l e r i t y  a t  t h e  5 - p e r c e n t - c h o r d  s t a t i o n  
on b o t h  s u r f a c c s  o f  t h e  X.A.C .A.  0012 n i r f o i l  wou ld  c.zuse 
t r a g s i t i o i ?  t o  o c c u r  37 p e r c e n t  of t h e  chord- a h e a d  o f  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 w i n s  f o r  t h e  c o n d i -  
t i o n  c 1  = 0 and  R = 2,OOO;OOG ( s e e  f i g .  6 )  arid would  b e  
a c c o n $ s n i e d  by a n  i n c r e a s e  i n  p r o f i l e  d r a g  o f  a p p r o x i m a t e l y  
37 p e r c e n t .  F o r  R = ~ O , O O O , O O O ,  t h e  i n c r e a s e  wou ld  b e  
a b o u t  20 p e r c e n t .  

CONCLUSIONS 

1. T1.e t r a n s i t i o n  p o i i i t  o n  smooth  w i n g s  o f  c o n v e n t i o n a l  
s e c t i o n  i n  a n  a i r  s t r e a m  w i t h  t u r b u l e n c e  a p p r o a c h i n g  t h a t  o f  
f r e e  a i r  may be e x p e c t e d  t o  c o v e  p r o g r e s s i v e l y  f o r w a r d  w i t h  
i n c r e a s i n g  R e y n o l d s  ITumber f r o m  t h e  v i c i n i t y  o f  t h c  l a m i n a r  
s e p a r a t i o n  p o i n t  a t  R e y n o l d s  Xumbers o f  t h e  o r d e r  1,000,000 
t o  t h e  v i c i n i t y  of  t h e  p o i n t  o f  ninirnurr, s t a t f c  p r e s s u r e  a t  
Reyi iolds  >Tllnbei*s o f  t h e  o r d e r  o f  1 7 , 0 0 0 , 0 0 0 .  
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t h e  s t a g n a t i o n  p o i n t ,  i n  i n c r e a s i n g  t h e  l e n g t h  o f  t h a  
t ra i ls i t  i o n  r o g i o n ,  aild i n  r e d u c i i i z  t h ?  shar rness  o f  d e f -  
i n i t i o n  o f  t h e  t r a i l s i t i o n  p o i n t .  

3, The e f f e c t  o f  c o m p r e s s i b i l i t y  on tbs l o c a t i o n  o f  
t h e  - t r a E s i t i o n  p o i n t  on a i r f o i l s  a t  l o w  l i f t  c o e f f i c i e n t s  
was s l i g h t  T o r  Mach n x n b e r s  a t  l e a s t  as g r e z t  a s  0.69. 

4. S m a l l  d e p a r t u r s s  f r o m  a f a i r  p r o f i l e  i n  t h e  l c r n  
o f  S a r e l y  9 e r c e p t i b l e  sv.:--face w a v e s  nay calzse t r a n s i t i o n  
t o  o c c u r  n e a r e r  t h a  s t a g n a t i o n  13oint t heen  on zil ae rodynami -  
c a l l y  f a i r  s u r f a c e ,  

5. Noile  of t h e  usu.al  naraiineters d e s c r i b i n g  t h e  l o c a l  
c o n d i t i o n s  i n  t h e  b o u n d a r y  1a.yer  n a a r  t rz i is i t  i o a  s e r v e 6  
as  c-n i i i dex  f o r  l o c a t i n g  t r a n s i t i o n .  

6.  F o r  a g i v e n  s t r e a x  t u r b u l z i c e ,  th,? s t a t i c - p r z s s n r e  
d i s t r i b u t i o n  sild t h e  R a p o l d s  N;irfiber u e r 2  t h e  mzin  f a c t o r s  
i n f l u s i 1 c i n g  t h a  l o c a t  ioi? o f  t h e  t r z : i s i t i o n  p o i a t  02 t h e  
a i r f o i l s .  The t r a n s i t i o a  ? o i l i t  O i l  a11 a i r f o i l  o f  coi iven-  
t i o i l a , l  s a c t i o n  w i t h  t? p r e s s u r e  d i s t r i b u t i o n  s i x i l a r  t o  t h a t  
o f  t h e  1T.A.C.A. 0012 may b e  e x p r e s s e d  a s  a n  e p g r o x i n a t e  
em_ni;- ics l  f u i c t i o n  o f  t h e  l o c z t i o n  of’ t h 5  p o i n t  o f  ininimun 
p r e s s u r e  ail t h e  Bey:-?olds Nunher, 

7. P r e s e n t  k a o t i l e d g c  o f  f o r i n  dr2.g; an& l o c a l .  s k i n -  
f r i c t i o n  c o s f f i c i e n t s  i s  ixac loqua te  f o r  t h e  p r a c i s e  conpu- 
t n t i o n  o f  e i r f ’bi l  d r a g  av,e:i t h o u g h  t h e  l o c a t i o i l  o f  t h e  
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N . A . C . A .  

' : 

Figs .  1,2,3 

Figure a.-Static-and tota l -pres  - 
sure tubee ueed i n  sur 

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

I 
-I 

figure 3.-Static-and total-Dree - 
sure tube6 used i n  sur- 

veying the boundary layer o f  the 
2-foot-chord N . A . C . A .  0012 air- 
f o i l .  The tubes are approximately 
two-fifth8 the s i z e  o f  those used 
on the 5-foot-chord airfoils. 



N . A . C . A .  Figs. 4 ,  5 

s / c  
Figure 4.- Velocity in the boundary layer of the 5-foot-chord N . A . C . A .  0012 metal- 

Number of 6,550,000, showing transition at several lift coefficients. 
covered airfoil 0.008 inch above the upper sdrface at a Reynolds 

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

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



N. A. C. A .  Figs. 6, 7 

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

s/c 
Fisure 7.- Static-pressure distribution on the 5-foot-chord N . A . C . A .  0012 airfoil 

for the test lift coefficients. The ticks indicate the locstion of the 
transition points for the extreme test Reynolds Numbers. Estimated laminar 
separation points are d.enoted by S. 



N . A . C . A .  

(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.  8 



N. A.C. A. Fig. 9 
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(a) Upper surface. The ticks indicqte the location of the transition points for the 
extreme test Reynolds Numbers. Estimated laminar separation points are denoted 

Figure 9.- Theoretical static-pressure distribution on the N . A . C . A .  23012 airfoil 
by S. ( b )  Lower surface. 

for the test lift coefficients. 



I.A.C.A. Fig.. 10,ll 

, I“- foot high-speed 
., tunne/ transition 

. .  
0 .IO .20 .30 .40 .. 

A ( S / C )  

Figure 10.-  The difference between the transition-point locations on the 
upper surface of the N.A.C.A. 0012 metal-covered a i r f o i l  as 
obtained in  the &foot high-epeed and ful l -scale  wind tunnels. 
R ,  5,000,000. (See reference 5 . )  

Fi,-ure 11 - Tne static-pressure distribution over the N . A . C . A .  0012 a i r fo i l6  (corrected for 
constrict ion)  compared with the resu l t s  obtained i n  the fu l l - sca le  wind tunnel. 
Cl, 0. 



N.A.C.A. 
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Figs. 12, 16 

n v- scoie funnel (reference 5) 
o 84- oof  hiqb-speed funnel 
I l i . 1  I I I I I I 

Figure 12.- Comparison of typical transition curves obtained in the 8-foot high- 
speed and full-scale wind tunnels. c z ,  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-scale-tunnel and flight-test results for several airfoils 
Over a wide range of Reynolds Numbers and lift coefficients. 



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

Figure 13.-  The local Reynolds 
Nmoer a t  t h e  

F i g i r e  14 .- Ti.? bounJary- 

i; u . r  a t  %:.e trais:’.;on point 
ee. ( .  function of l i f t  
ccrf? lc lent  and heynolds Nunbor 

0012 metal-covered a i r f o i l .  

l ayer  Rey:ml.ds 

for the 5 - f O O t - O h O r d  R.A.C.A. 



Fie 17 

_ .  . q i r e  17 . -  ‘Yelocity 7 r a f i l e ~  in the boundary laver of the ?!.A.”.A. 0012 airfoil. c l ,  0; R, 10,250,000. 



Figs. 18,19,20 
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Fi;ure 18. 

F i p r e  19.- 

Figure 20.- 

-103s coefficient. 
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'Taristion along the chord of the h'.4..:.4.4. 0012 airfoil of the local Rkin-friction 
coefficient and cornpwison with tbeoretic-1 spproximtions. c l ,  0; 9 ,  10,250,000. 

muared with  



N . A . C . A .  rig.. 21,22 
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F i g a e  21.- Variation r i t n  ReynGlds N-aoer of the a . in- l rAc: im Irag coefficient 

-002, ' 
R 

for the N.A.C.A. 0012 airfoil. (Frcm corputaticns based on the &foot 
high-speed-tunnel transition measurementa.) c z .  0. 
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