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PRELIMINARY INVESTIGATION OF CERTAIN LAblINAR-FLOV AIBF03LS 

FOR APPLICAICION .AT HIGH SPEEDS AND REYNOLDS NUMBERS 

By 3. N. Jacobs ,  Ira H. Abbot t ,  and I. Eo von Doenhoff 

SUMMARY 

I n  o rde r  t o  extend the  u s e f u l  range of Reynolds Num-  
b e r s  of a i r f o i l s  des iqnea t o  t ake  advantage of t h e  exten-  
s i v e  laminar  boundary l a y e r s  p o s s i b l e  i n  an a i r  s t ream of 
low tu rbu lence ,  t e s t s  mere made of the  N.A.C.A. 2412-34 
and 1412-34 s e c t i o n s  i n  the  N.A.C.A. lom-turbulence tunnel .  
Although the  p o s s i b l e  e x t e n t  of the  l a n i n a r  boundary l a y e r  
on t h e s e  a i r f o i l s  i s  not  so g roa t  a s  f o r  s p e c i a l l y  des i sncd  
laminar-flow a i r f o i l s ,  i t  i s  g r e a t o r  than t h a t  f o r  convon- 
t i o n a l  a i r f o i l s ,  and i s  s u f f i c i e n t l y  ex t ens ive  so t h a t  a t  
Reynolds Numbers above 11,000,000 the  laminar  rogion i s  
expec ted  t o  be l i m i t e d  by t h e  permissib16 "Reynolds Number 
runf1 and not  by laminar  s e p a r a t i o n  a s  ifihs=..-ga~iw__i.t&~n~- 
B S ? ~  t si-oo~&aai.rrf,sils.~ .."- 

Drag measurements by t h e  wake-survey method and pres -  
s u r e - d i s t r i b u t  i o n  measurement s were made a t  s e v e r a l  li f t 
c o e f f i c i e n t s  throughout a range of Reynolds Xumbers up t o  
11,400,000. The d rag  s c a l e d e f f e c t  curve f o r  the  N.A.C.A. 
1412-34 i s  e x t r a p o l a t e d  t o  a Reynolds Number of 30,000,000 
on t h e  b a s i s  of t h e o r e t i c a l  c a l c u l a t i o n s  of t he  sk fn  f r i c -  
t ion.  Comparable s k i n - f r i c t i o n  c a l c u l a t i o n s  were made f o r  
t h e  N o A e C o A o  23012. 

The r e s u l t s  i n d i c a t e  t h a t ,  f o r  c e r t a i n  a p p l i c a t i o n s  
a t  moderate va lues  of the  Reynolds Number, t he  N.A.C.A* 
1412-34 and 2412-34 a i r f o i l s  o f f e r  some advantages over  
such convent iona l  a i r f o i l s  as  t h e  N.A.C.A. 23012. The pos- 
s i b i l i t y  of main ta in ing  a more ex t ens ive  laminar  boundary 
l a y e r  on these  a i r f o i l s  should r e s u l t  i n  a small d rag  re-  
d u c t i o n ,  and t h e  absence of p re s su re  peaks  a l lows  higher  
speeds  t o  be reached before  t h e  c o m p r e s s i b i l i t y  bu rb l e  i s  
encountered.  A t  lower Reynolds Numbers, below about  
10,000,000, t h e s e  a i r f o i l s  have h ighe r  'drags than a i r f o i l s  
des igned  t o  ope ra t e  w i t h  very  ex t ens ive  laminar  boundary 
l a y e r s .  

INTRODUCTXON 

Tho r e a l i z a t i o n  of very  low drag c o e f f i c i e n t s  f o r  air-  
f o i l s  designod t o  take  advantage of t he  wnusually ex t ens ive  



l a m i n a r  boundary l a y e r s  t h a t  mar 'be  main ta ined  i n  t h e  
N.A.C,A, l o v - t u r b u l e n c e  t u n n e l  ( r e f e r e n c e  1 )  h a s  opened up 

----a n e a  f i e l d  o f  a j r f o i l  r e sea rch , .  9Bese laminar-f low air-  
q o i l s  h n ~ e  been dos iqned t o  have f a l l i n g  p r e s s u r e s  i n  t h e  
do~vnstroam d i r e c t i o n  over  a c o n s i d e r a b l e  p o r t i o n  of b o t h  
u p p e r  and l o v e r  s u r f a c e s ,  t h u s  p r o v i d i n g  f a v o r a b l e  condi-  
t i o n s  f o r  t h e  maintenance of t h e  l a n i n a r  boundary l a y e r s .  
These a i r f o i l s  havo ve ry  low d r a g  c o e f f i c i e n t s  i n  t h e  low 

i Reynolds Number range  from a b o u t  3 ,000,000 t o  6,000,000. 

) .i -.\ 
A t  h i g h e r  Reynolds Numbers, t h e  d r a g  c o e f f i c i e n t s  i n c r e a s e  
s h a r p l y ,  and t h e  a i r f o i l s  r a p i d l y  l o s e  t h e i r  advan tage  o v e r  
conventional a i r f o i l s .  '8 

< The a t t e m p t  t o  o b t a i n  d r a g  r e d u c t i o n s  a t  h i g h e r  v a l u e s  
o f  t h e  Reynolds Number i s  a n  obvious  e x t e n s i o n  of t h i s  work. 

/I 
A s  t h e  Reynolds Number i s  i n c r e a s e d ,  t h e  a l r e a d y  o b t a i n e d  

/I I v a l u e s  of t h e  "Reynolds  Number runu  f o r  t h e  l a m i n a r  bound- 
a r y  l a y e r  w i l l  p r o v i d e  a l a m i n a r  boundary l a y e r  o v e r  o n l y  
a d e c r e a s i n g  p o r t i o n  of t h e  a i r f o i l  s u r f a c e ,  1% t h u s  ap- 
p e a r s ,  i n  t h e  l i g h t  of p r e s e n t  knowledge, t h a t  t h e  boundary 
l a y e r  m i l l  be l a r g e l y  t u r b u l e n t  a t  h i g h  Reynolds Numbers, 
a n d  t h e  d r a ~  r e d u c t i o n s  o b t a i n a b l e  th rough  use  of a l r e a d y  
r e a l i z e d  v a l u e s  of t h e  Reynolds Number Tun f o r  t h e  l a m i n a r  
boundary l a y e r  w i l l  be c o r r e s p o n d i n g l y  small. N e v e r t h e l e s s ,  
such r e d u c t i o n s  shou ld  be r e a l i z e d  pend ing  a more satis- 
f a c t o r y  s o l u t i o n  of t h i s  problem. 

These c o n s i d e r a t i o n s  i n d i c a t e d  t h e  need f o r  t e s t s .  of 
a i r f o i l s  des igned  t o  work m i t h  e x t e n s i v e  t u r b u l e n t  bound- 
a r y  l a y e r s  and  s t i l l  p e r m i t  g a i n s  t o  be o b t a i n e d  from more 
t h a n  u s u a l l y  e x t e n s i v e  l a m i n a r  boundary l a y e r s .  Conven- 
t i o n a l  a i r f o i l s  meet t h e  r e q u i r e n e n t  a s  t o  t h o  turbulent 
boundary l a y e r s  s i n c e  such a i r f o i l s  have beon des igned  t o  
p r o v i d e  good p r e s s u r e  r e c o v e r y  mi th  e x t e n s i v e  t u r b u l e n t  
boundary ~ & ~ u s s .  Most such a i r f o i l s ,  however, have o n l y  a 
v e r y  s h o r t  l e n g t h  of f a v o r a b l e  p r o s s u r e  g r a d i e n t  n e a r  t h e  
l e a d 5 n g  e d q ,  e s p e c i a l l y  when l i f t i n g ,  a n d  a r e  o b v i o u s l y  
u n s u i t e d  f o r  t h i s  work because  t h e  l a m i n a r  boundary l a y e r  
i s  l i m i t e d  t o  a v e r y  small r e g i o n  by l a m i n a r  s e p a r a t i o n .  

The f o r e q o i n g  r e q u i r e m e n t s  a r e  met by t h e  ??.A .C .A 
2412-34 a i r f o i l  which h a s  a f a v o r a b l e  p r e s s u r e  g r a d i e n t  of 
moderate l e n g t h  when o p e r a t i n g  a t  i t s  i d e a l  l i f t  c o e f f i -  
c i e n t .  P r e v i o u s  t e s t s  of t h i s  a i r f o i l  ( r e f e r e n c e  2 )  were 
l i m i t e d  t o  lorn v a l u e s  of t h e  Reynolds Number. The r e s u l t s  
mere compl ica ted  by t h e  p r e s e n c e  of t h e n  unknown t u n n e l -  
m a l l  a n d  end e f f e c t s  which made t h e  p u b l i s h e d  d r a g  c o e f f i -  
c i e n t s  t o o  h i ~ h .  T h i s  a i r f o i l  w a s ,  t h e r e f o r e ,  s e l e c t e d  



f o r  t e s t  t oqe tho r  wi th  a modi f ica t ion ,  t h e  8.A.C.A. 1412-34 
a i r f o i l ,  having a lower i d e a l  l i f t  c o e f f i c i e n t ,  

. . . .  . 
These a i r f o i l s  were t e s t e d  i n  t he  low-turbulence tun- 

n e l  and,  f o r  comparison, i n  t he  N .A,C.A, va r i ab l e -dens i ty  
tunnel .  Although Reynolds Numbers h ighe r  than about  
l l , 000 ,000  were not  o b t a i n a b l e ,  i t  was hoped . tha t  t he  t e s t  
r e s u l t s  mould i n d i c a t e  the  value of t he  a i r f o i l s  a t  h igha r  
Reynolds Numbers. Tho t e s t  r e s u l t s  and comparable skin- 
f r i c t i o n  computations made f o r  t h e  8,A.C.A. 1412-34 and 
23012 a i r f o i l s  i n d i c a t e  t h a t  i n  a moderate range of 
Reynolds Numbers, say about 20,000,000 t o  30,000,000, t h e  
N , A I C . A .  1412-34 and 2412-34 a i r f o i l s  should have 

c o e f f i c i e n t s  than  a i r f o i l  s e c t i o n s  now 11 

APPARATUS AND TESTS 

The X * A , C . A .  low-turbulence tunne l  has  a h igh ,  narrow 
t e s t  s e c t i o n  ( r e f e r e n c e  I )  and the .models  extend from w a l l  
t o  w a l l  p rov id ing  two-dimensional flow (fig* 1 ) .  The mod- 
e l s  used mere of 3-foot span and 7,5-foot chord, They 
mere made of wood and were c a r e f u l l y  f a i r e d  and f i n i s h e d  
mith  Lacquer which mas f i n a l l y  rubbed wi th  No. 400 water- 
c l o t h  i n  t h e  d i r e c t i o n  of the  a i r  flow a n f i l  the  s u r f a c e  
was smooth. The models were not  cons t ruc t ed  t o  t h e  ord i -  
n a t e s  of t he  a i r f o i l s  they  were t o  r e p r e s e n t ,  but mere 
made mith reduced t h i c k n e s s  and camber t o  compensate ap- 
p rox imate ly  f o r  some of tho tunnel-wal l  e f f e c t s .  

Drag measurements were made by t h e  wake-survey method 
us%nq a survey rake of to ta l -head  tubes  connected t o  an  
i n t e g r a t i n g  manometer as i n  r e f e rence  2 ,  The drag r e s u l t s  
presented d i f f o r  from those  of r e f e rence  1 bccauso they  
have been t e n t a t i v e l y  c o r r e c t e d  by a method t h a t  g i v e s  re-  
s u l t s  n e a r l y  equ iva l en t  t o  t h e  Jones  method ( r e f e rence  3 ) .  
A small c o r r e c t i o n  has  a l s o  been a p p l i e d  t o  c o r r e c t  t h e  
r e s u l t s  f o r  t h e  d i sp l aced  e f f e c t i v e  c e n t e r  of the  t o t a l -  

. head tubes  i n  t h e  make. Although t h e s e  c o r r e c t i o n s  a r e  
p robably  only approximately  a p p l i c a b l e  t o  t he  t e s t  condi- 
t i o n s ,  they  a r e  not  very l a r g e  and t h e i r  a p p l i c a t i o n  prob- 
a b l y  r e s u l t s  i n  improved d a t a ,  I t  i s  thought t h a t  t h e  
data may be d i r e c t l y  a p p l f e d  wi th  normal. eng ineer ing  accu- 
racy .  Boundary-layer measurements and pressure-di  s t r i b u -  

r3 t i o n  p o i n t s  f o r  use  i n  computing the  l i f t  c o e f f f c i e n t s  
were obtafned by means of a'I1mouse" ( r e f e r e n c e  1 )  similar 
t o  t h a t  used by Jonos ( r a f e r e n c e  4). T e s t s  wore made over 



a r a n g e  of l i f t  c o e f f i c i e n t s  from -0.06 t o  +0.89 f o r  t h e  
N.B.C,B. 1412-34 a i r f o i l  and  from 0.03 t o  0.56 f o r  t h e  
N .A.  C .A.  2412-34 a i r f o i l ,  The Reynolds Number range  w a s  
from abou t  4 ,000 ,000 t o  11,000,000. 

The two a i r f o i l s  were a l s o  t e s t e d  i n  t h e  u s u a l  manner 
i n  t h e  N.A.C.A. v a r i a b l e - d e n s i  t y  t u n n e l .  These r e s u l t s  
have been f u l l y  c o r r e c t e d  as d e s c r i b e d  i n  r e f e r e n c e  5. 

RESULTS AND DISCUSS ION 

The l i f t  c o e f f i c i e n t  f o r  each  t e s t  c o n d i t i o n  was comd 
p u t e d  from measured p r e s s u r e s  a t  t h e  15-percen t  chord  p o i n t  
and  known v a l u e s  of t h e  b a s i c  and a d d i t i o n a l  normal f o r c e  
d i s t r i b u t i o n s  ( r e f e r e n c e  6 ) .  For  each l i f t ,  complete p r e s -  
s u r e  d i s t r i b n t i o n s  were computed u s i n g  t h o  methods of r e f -  
e r e n c e s  6  and '7, These 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 s  
a r e  p l o t t e d  i n V f i g u r e s  2  a n d  3 ,  t o g e t h e r  wi th  t h e  e x p e r i -  
men ta l  p o i n t s .  Although t h e r e  i s  some s l i g h t  s y s t e m a t i c  
v a r i a t i o n  between t h e  t h e o r y  and  e x p e r i m e n t a l  d a t a ,  t h e  
agreement  i s  c o n s i d e r e d  s a t i s f a c t o r y .  

Th i s  agreement  j u s t i f i e s  t h e  method used  t o  , c o r r e c t  
a p p r o x i m a t e l y  f o r  some of t h e  tunnel -wal l  e f f e c t s  by con- 
s t r u c t i n g  t h e  models t h i n n e r  and  w i t h  l e s s  camber t h a n  t h e  
a i r f o i l s  t h e y  were t o  r e p r e s e n t .  The o b j e c t  of t h i s  pro-  
c e d u r e  mas t o  o b t a i n  t h e  same p r e s s u r e  d i s t r i b u t i o n s ,  and  
a c c o r d i n g l y  t h e  same f low c o n d i t i o n s ,  i n  t h e  t u n n e l  on t h e  
s u r f a c e s  o f  t h e  modif ied  modol a s  mould be o b t a i n e d  i n  
f r e e  a i r  on t h e  a i r f o i l  s e c t i o n .  The e x t e n t  t o  which t h i s  
o b j e c t  w a s  r e a l i z e d  may be judged from f i g u r e s  2  a n d  3, 
It i s  b e l i e v e d  t h a t  t h e  d i s c r e p a n c i e s  a r e  t o o  small t o  be 
s i g n i f i c a n t  a n d  t h a t  t h e  t e s t  d a t a  may be a p p l i e d  d i r e c t l y  
a t  t h e  t e s t  l i f t  c o e f f i c i e n t .  

Drag 

The d r a g  r e s u l t s  f o r  t h e  two a i r f o i l s  a r e  p r e s e n t e d  
i n  f i g u r e s  4 and  5 where t h e  p r o f i l e - d r a g  c o e f f i c i e n t s  a r e  
p l o t t e d  a g a i n s t  Reynolds Numbgr f o r  s e v e r a l  l i f t  cooff  i- 
c i e n t  s. Minimum d r a g  c o e f f i c i e n t  s a r e  o b t a i n e d  a t  l i f t  
c o e f f i c i e n t s  n e a r  o r  s l i g h t l y  h i g h e r  t h a n  t h e  i d e a l  l i f t  
c o e f f i c i e n t s  which a r e  0.13 and  0 ,26 ,  r e s p e c t i v e l y ,  f o r  t h e  
N.A. C .A. 1412-34 am& 2412-34 a i r f o i l s ,  The v a r i a t i o n  of 
t h e  p r o f i l e - d r a q  c o e f f i c i e n t s  w i t h  l i f t  c o e f f i c i e n t  i s  



shown f o r  two Reynolds Numbers i n  f i g u r e s  6 and 7 vhieh 
a l s o  p r e s e n t  t h e  t e s t  r e s u l t s  from t h e  va r i ab l e -dens i ty  
t u n n e l  f o r  comparison. The drag  r e s u l t s  from t h e  low- 
tu rbu lence  tunne l  a r e  much lower than those  from tho  Par- 
i a b l e - d e n s i t y  t unne l  a t  t h e  lower l i f t  c o e f f i c i e n t s  as 
would be expec ted  from the  much more ex t ens ive  laminar  
boundary l a y e r s  p o s s i b l e  a t  t h e s e  l i f t  c o e f f i c i e n t s  i n  a 
low-turbulence a i r  stream. For each a i r f o i l ,  however, a t  
t he  h i g h e s t  l i f t  c o e f f i c i e n t  a t  whfch drag t e s t s  were made 
i n  t h e  lorn-turbulence tunne l ,  t h e  r e s u l t s  from t h e  two tun- 
n e l s  a r e  i n  f a i r l y  qood agreement, F igu re s  2 and 3 shorn 
t h a t ,  a t  those  l i f t  c o e f f i c i e n t s ,  p r e s su re  peaks have ap- 
pea red  on the  upper su r f sceg  of both a i r f o i l s .  These peaks 

n  t o  occur  very  c l o s e  t o  t h e  ' 

ex tens ive  laminar  boundary 
l a y e r s  from e x i s t i n g  oh t h e s e  su r f aces .  LL 

Figure  8 p rov ides  a comparison between the  d rags  of 
t h e  NcA*C.A.  1412-34 and 2412-34 a i r f o i l s  and s e v e r a l  
laminar-flow a i r f o i l s  s e l e c t e d  from re fe rence  I ,  S i m i l a r  
c o r r e c t i o n s  have been a p p l i e d  t o  a11 t h e  da ta .  The r e s u l t s  
taken from re fe rence  1, however, were ob ta ined  on models 
which were no t  reduced i n  t h i c k n e s s  and camber, and t h e s e  
r e s u l t s ,  a cco rd ing ly ,  a r e  more n e a r l y  a p p l i c a b l e  t o  some- 
what t h i c k e r  and more h i g h l y  cambered a i r f o i l s  than a r e  
i n d i c a t e d  by the  a i r f o i l  numbers. It w i l l  be n o t i c e d  t h a t  
t h e  B.A.C.A. 1412-34 and 2412-34 a i r f o i l s  a r e  much i n f e r i -  8 
o r  t o  the  laminar-flow a i r f o i l s  a t  t he  Reynolds Mumbers a t  
which the  laminar-flow a i r f o i l s  opera te  t o  advantage. This  
r e s u l t  i s  a t  l e a s t  p a r t l y  explainBd by the  l e s s  e x t e n s i v e  
laminar  boundary l a y e r s  on t h e  N,A*C.A. 1412-34 and 2412-34 
a i r f o i l s  as .  shown by a comparison of t h e  t r a n s i t i o n  ' p o i n t s  
of f i g u r e s  9 and 10 wi th  t hose  of  corresponding f i g u r e s  of 
r e f e r e n c e  1. 

Ex t r apo la t ion  t o  Higher Reynolds Numbors 

\ With the  except ion  of t h e  N.A.G.A. 27-215 a i r f o i l  w i th  
a 0 . 5 ~  t a i l  ex t ens ion ,  the  s l o p e s  of t he  drag  curves  f o r  1 
t h e  laminar-flow a i r f o i l s ,  as p l o t t o d  a g a i n s t  Reynolds Num- \ 
b e r  i n  f i g u r o  8, a r e  d e f i n i t e l y  h igher  a t  t he  upper end of i 

t h e  t e s t  range than  f o r  t h e  N.A,C.A. 1412-34 and 2412-34 I 

i i r f o i l s ,  It i s ,  t h e r e f o r e ,  expected t h a t  st h igher  val-  1 
u e s  of  the  Reynolds Number t h e  N.A2C.A. 1412-34 and 2412134 1 
a i r f o i l s  would be supe r io r  t o  the  laminar-flow a i r f o i l s .  I 

The B.A.C.A. 27-215 a i r f o i l  w i th  0 . 5 ~  t a i l  ex tens ion  w a s  \ 
des igned  ( r e fk rence  1 )  f o r  u s e  a t  Reynolds Numbers somowhat ; 

1 



above the  optimum f o r  t he  laminar-flow a i r f o i l s ,  A t  t he se  
Reynolds Numbers t r a n s i t i o n  occurs  i n  a r eg ion  of s t r o n g  
p r e s s u r e  recovery. A t  h i g h e r  Reynolds Numbers t r a n s i t i o n  
i s  expected t o  move forward t o  a region o f  docroasing pres-  
sure .  Under t h e s e  c i rcumstances ,  e x c e s s i v e l y  high sk in  
f r i c t i o n s  f o r  t h e  f r e s h  t u r b u l e n t  boundary l a y e r  a r e  ex- 
p e c t e d  t o  occu r ,  and the  f low cond i t i ons  a r e  similar t o  
t hose  f o r  the  N.A.C.A. 27-215 a i r f o i l  a t  Reynolbs Numbers 
above i t s  optimum ( r e fe rence  I )  where t h e  drag  c o e f f i c i e n t  
i n c r e a s e s  r a p i d l y  wi th  Reynolds Number. similar, but  
l e s s  d r a s t i c  i n c r e a s e ,  i s  expected f o r  t h e  a i r f o i l  wi th  the  
t a i l  ex tens ion ,  Accordingly the  use of the  N.A.C.A. 27-215 
a i r f o i l  wi th  0 . 5 ~  t a i l  ex t ens ion  a t  Reynolds Numbers apprew 
c i a b l y  above t h e  t e s t  range cannot be recommended i n  t h e  
absence of t e s t s ,  

A t  t h e . e n d  of t he  t e s t  range the  s c a l e  e f f e c t  on the  
drag  c o e f f i c i e n t s  of t h e  1412-34 and 2412-34 a i r f o i l s  i s  
unfavorab le .  Convential  a i r f o i l s ,  as u s u a l l y  t e s t e d ,  show 
favorab le  s c a l e  e f f e c t s  i n  t h i s  Reynolds Iqumber range-  f t ,  
acco rd ing ly ,  appea r s  t h a t  any a t tempt  t o  e x t r a p o l a t e  t h e s e  
r e s u l t s  should be guided by c o n s i d e r a t i o n s  of the  d e t a i l s  
of t h e  boundary-layer flow. Accordingly,  the  sk in  f r i c t i o n  
o f  t h e  N.A.C.A. 1412-34 a i r f o i l  w a s  c a l c u l a t e d  t h e o r e t i c -  
a l l y  f o r  a range of Reynolds Mumbers from 12,000,000 t o  
30,000,000, For comparison, the  s k i n  f r i c t i o n  of t he  
N * A . C . A b  23012 mas a l s o  c a l c u l a t e d  from s i m i l a r  a s sumpt50ns~  

The s k i n  f r i c t i o n  was computed as t h e  sum of t he  l a m i -  
n a r  and t u r b u l e n t  sk in  f r i c t i o n  a long  both upper and lower 
s u r f a c e s  of the  a i r f ~ i l s .  The p re s su re  d i s t r i b u t i o n  f o r  
t h e  N.A.C.A. 1412-34 was taken  as t h a t  f o r  c l  = 0.17 ( f i g .  
7 ) .  The c a l c u l a t i o n s  f o r  t h e  N.A.C.A. 23012 were c a r r i e d  
out  w i t h  t h e  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  f o r  f h e  
i d e a l  ang le  of a t t a c k ,  corresponding t o  cl = -0,383. The 
t h i c k n e s s  of the  laminar  boundary l a y e r  and the  correspond- 
i ng  sk in  f r i c t i o n  mere found from equa t ion  1, re fe rence  8, 6 
T r a n s i t i o n  was assumed t o  occur when t h e  value of t he  lam- 
i n a r  boundary-layer Reynolds Number, R 6 ,  reached 5 ,000 ,  

where R6  i s  u ~ / u .  

U, t he  v e l o c i t y  j u s t  o u t s i d e  t h e  b.oundary l a y e r .  

6 ,  t h e  d i s t a n c e  from the  su r f ace  t o  t h e . p o i n t  
where t he  boundary-layer v e l o c i t y  9s  equa l  
t o  0.707 the  o u t s i d e  ve loc i ty .  

v ,  t he  kinemat ic  v i s c o s i t y ,  



The c r i t i c a l  value  of R6 was found,  exper imenta l ly ,  t o  be 
5360 a t  40 pe rcen t  of the  chord a f t  a$ t he  l e a d i n g  edge on 
t h e  upper su r f ace  of t he  N.A.C.A. 1412134. 

Fhs t u r b u l e n t  boundary l a y e r  was assumed t o  s tar t  a t  
t h e  t r a n s i t i o n  p o i n t  wi th  t h e  same momentum de fec t  as t h a t  
of t h e  l amina r  a t  t he  same p o i n t ,  The shape of t h e  turbu-  
l e n t  boundary l a y e r  w a s  assumed t o  fo l low the  one-soventh 
power l a m .  The t u r b u l e n t  s k i n  f r i c t i o n  was than found from 
i n t e g r a t i o n  of t h e  V O ~  K&rm&n momentum r e l a t i o n  ( r e f e r e n c e  
9 ) .  

The r e s u l t s  of t he se  computations a r e  given i n  f i g u r e  
11. A t  a Reynolds Number of 12,000,000, t h e  d i f f e r e n c e  be- 
tween the  computed sk in  f r i c t i o n  and t h e  measured d rag  of 
t h e  N.A.C*A. 1412-34 i s  approximately  0.00135. The i n d i -  
c a t e d  e x t r a p o l a t i o n  of t he  d rag  of t h i s  a i r f o i l  i s  based on 
t h e  a s syap t ion  t h a t  t h i s  d i f f e r e n c e ,  which i s  probably t h e  
p r e s s u r e  drag, remains cons tan t  a t  somewhat h igher  Reynolds 
Numbers, 

Comparison of t h e  c a l c u l a t e d  drags  f o r  t he  N.A.C.A. 
23012 and 1412-34 a i r f o i l s  i n d i c a t e s  t h a t  t h e  drag of t h e  
1412-34 should be about 5 pe rcen t  l e s s  than t h a t  of t h e  
23012 i n  the  Reynolds Number range from 20,000,000 to 
30,000,000. Although d i r e c t  e x t r a p o l a t i o n  of v a r i a b l e -  
dens i ty - tunne l  d rag  r e s u l t s  i n d i c a t e s  t h a t  t he  drag  of t h e  
N.A.C.A. 23012 mag be s l i g h t l y  l o v e r  than t h a t  of t h e  
N.A.C.A. 1412-34 i n  t h i s  range of Reynolds Numbers, i t  i s  
f e l t  t h a t  t he  s k i n - f r i c t i o n  c a l c u l a t i o n s  give  a more r e l i -  
a b l e  e s t ima te  of t he  r e l a t i v e  drag of t h e  two a i r f o i l s .  

A t  any r a t e ,  i t  appears  t h a t  the  draq  d i f f e r e n c e  be- ?z 
tween the  N.A.C.A. 1412-34 and 23012 a i r f o i l s  w f l l  be small 'I 
a t  Reynolds Numbers above about  20,000,000. If t h e  d rag  of 
the  a i r f o i l  s e c t i o n  i s  the  pr imary cons ide ra t ion ,  the  
N.A. C .A ,  1412-34 should probably be s e l e c t e d  s ince  t h i s  
a i r f o i l  does a l low a p o s s i b l e  drag roduc t fon  from t h e  ex- 
i s t e n c e  of a  more ex t ens ive  laminar  boundary l a y e r .  More- 
ove r ,  t h e r e  i s  al~qays the  p o s s i b i l i t y  of more ex t ens ive  
l amina r  boundary l a y e r s  being ob ta ined  i n  f l i g h t  than i n  
t h e  p r e s e n t  t e s t s .  For high-speed a p p l i c a t i o n s ,  t h e  
N.A. C .A. 1412-34 and 2412-34 a i r f o i l s  have the  a d d i t i o n a l  
advantage of h i g h e r  compress ib i l i ty -burb le  speeds t h a n  con- 
v e n t i o n a l  a i r f o i l s  because of t h e  absence of p r e s s u r e  peaks. 
F o r  i n s t a n c e ,  t he  t h e o r e t i c a l  va lues  of  Mc ( t h e  r a t i o  of 
t h e  c r i t i c a l  speed t o  tho  speed of sound, r e f e rence  1 0 )  f o r  
t he  N.A.C,A, 1412-34 and 24J.2-34 a i r f o i l s  aro 0.74 and 0.70, 



r e s p e c t i v e l y ,  a t  t he  i d e a l  l i f t  c a e f f i c i e n t s  a s  compared 
wi th  0.61 f o r  t ho  N.A.C.A. 23012 a i r f o i l .  

The maximun l i f t  c o e f f i c i e n t s  f o r  t h e  N.A.C.A. 1412-34 
and 2412-34 a i r f o i l s  ( = 1.12 and 1.22, r e spec t ive -  

max 
l-y) a r e  much lower than f o r  a i r f o i l s  such as the  N.A.C.A. ' 
23012 (clmax = 1.74).  In c a s e s  where t h e  maximum l i f t  

I 

c o e f f i c i e n t  i s  impor tan t ,  t he  reduced maximum l i f t  coef f i - ,  
I 

c i e n t s  f o r  t h e s e  s e c t i o n s  w i l l  s eve re ly  l i m i t  t h e i r  appli-i 
g a t i o n .  On the  o t h e r  hand, t he  advantage of  the  N.A.C.A. ' 

3012 a i r f o i l  f n  t h i s  r e spec t  i s  not a s  g r e a t  as would ap-', 
e a r  because t h e  1 i f %  curve f o r  t h i s  a i r f o i l  b reaks  sharp-; 
y  from i t s  mgximum t o  a va lue  of about 1.32. The e x t e n t  \ 
o  which va lues  of tho l i f t  c o e f f i c i e n t  f o r  t h i s  a i r f o i l  \ 
i g h e r  than  1.32 can be used wi th  s a f e t y  i s  doubtful .  i 

I 

CONCLUD I N O  REMARKS 

For c e r t a i n  a p p l i c a t i o n s  a t  moderate va lues  of  t h e  
Reynolds Number, t he  M.A. C .A. 1412-34 and 2412-34 a i r f o i l s  
o f f e r  some advantages  over such convent ional  a i r f o i l s  a s  
t he  N e A o C o A .  23012. The p o s s i b i l i t y  of mainta ining a more : 
e x t e n s i v e  laminar  boundary l a y e r  on t h e s e  a i r f o i l s  should ' 

r e s u l t  i n  a small  drag r educ t ion  and t h e  absence of  p res -  
sure  peaks a l l ows  h ighe r  speeds  t o  be reached before  t h e  
c o m p r e s s i b i l i t y  burb le  i s  encountered,  A f  lower Reynolds . 
Numbers below about  10,000,000 these  a i r f o i l s  have h i g h e r  
d rags  than a i r f o i l s  designed t o  ope ra t e  w i th  very ex t ens ive  
laminar  boundary l a g e r s .  I 
Langley Memorial Aeronaut ica l  Laboratory,  

Nat iona l  Advisory Committee f o r  Aeronaut ics ,  
Langley F i e l d ,  Va . ,  J u l y  6 ,  1939. 
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Figure 1.- disffoil set-up in $he 30s-$uroulence t 



N.A.C.A. 



Figure 5.- Drag coefficients of B . A . C . A .  3413-34 a ir fo i l .  
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Figure 6 .  - N . A .  C . A .  1412-34 a i r f o i l .  
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N.A.C.A. Fig, 9 

Bigure 9.- 3,A.C.A. 1412-34 airfoil. cl = 0.17 Arrows 
indicate location of transition corresponding 

to the Reynolds Number in millions. Mc = 0.73, 



Figure 10.- N.A.C.A. 2412-34 airfoil, c~ = 0.31 Arrows 
indicate location of transition corresponding 

to the Reynolds Nurnber in millions. Mc = 0.69, 




