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INTRODUCTION 

Development of a i r f o i l  s e c t i o n s  s u i t a b l e  f o r  high-  
speed  a p p l i c a t i o n s  h a s  g e n e r a l l y  been d i f f i c u l t  because  
l i t t l e  mas kn.o%n of t h e  f low phenomenon t h a t  o c c u r s  a t  
h i g h  spoeds .  A d e f i n i t e  c r i t i c a l  speed had been found a t  
v h i c h  s e r i o u s  d e t r i m e n t a l  f low changes o c c u r  t h a t  l e a d  t o  
s e r i o u s  l o s s o s  i n  l i f t  and l a r g e  increases i n  d r a g ,  T h i s  
fBow phenomenon, c a l l e d  t h o  c ~ m p r e s s i " o ' l i t y  b u r b l e ,  w a s  
o r i g i n a l l y  a p r o p e l l e r  problem, b u t  w i t h  t h e  development 
of  h i g h e r  speed a i r c r a f t  s e r i o u s  c o n s i d e r a t i o n  must be 
g i v e n  o t h e r  p a r t s  of t h e  a i r p l a n e .  I t  i s  i m p a r t a n t  t o  r e -  
a l i z e ,  however, t h a t  t h e  p r b p e l l e r  m i l l  c o n t i n u e  t o  o f f e ~  
t h e  most s e r i o u s  c o m p r e s s i b i l i t y  problems f o r  two r e a s o n s :  
, f i r s t ,  because  i t s  speed i s  h i g h e r  t h a n  t h e  speed of t-he 

; a i r p l a n e ,  and  second,  because  s t r u c t u r a l  requirements l e a d  
t o  t h i c k e r  s e c t i o n s  n e a r  t h e  r o o t .  

Fundamental i n v e s t i g a t i o n s  09 high-speed a iWSlom 
phenomenon r e c e n t l y  completed ( r e f e r e n c e s  1, 2 ,  and 3 )  
have p r o v i d e d  much new i n f o r m a t i o n .  From t h e  p r a c t i c a l  
s t a n d p o i n t  a n  i m p o r t a n t  c o n c l u s i o n  of  t h i s  work has been 
t h e  d e t e r m i n a t i o n  of t h e  c r i t i c a l  speed ,  t h a t  i s ,  t h e  speed  

: a t  which t h e  c o c p . r o s s i b i l i t y  b u r b l e  occure .  The c r i % % - c a l  
spoed was shown t o  be t h e  t r a n s l a t i o n a l  v e l o c i t y  a t  wh%oh 
t h e  sum of  t h e  t r a n s l a t i o n a l  v e l o c i t y  and t h e  maxinuxu l o -  
c a l  induced  v e l o c i t y  a t  t h e  s u r f a c e  of t h e  a i r f o i l  o r  
o t h e r  body e q u a l s  t h e  l o c a l  speed o f  sound. Obvions ly  
then  h i g h e r  c r i t i c a l  speeds  can be a t t a i n e d  th rough  t h e  de- 
velopment of a i r f o i l s  t h a t  have minimum induced v e l o e i t y  
f o r  a n y  g iven  v a l u e  of t h e  l i f t  coefficient. 

Presumably,  t h e  h i g h e s t  c r i t i c a l  speed w i l l  be a t-  
t a i n e d  by a n  a i r f o i l  t h a t  hag uni fo rm chordmise d i s t r i b u -  
t i o n  of induced v e l o c i t y  o r ,  i n  o t h e r  words ,  a flat p r e s s u r e  
d i s t r i b u t i o n  curve .  Normal a i r f o i l s  a l l  t e n d  t o  have h i g h  
n e g a t i v e  p r e s s u r e s  and  c o r r e s p o n d i n g l y  h i g h  induced v e l o c i -  
t i e s  n e a r  t h e  noso ,  g r a d u a l l y  t a p s r i n g  o f f  t o  t h e  a i r -  
s t r e a m  c o n d i t i o n s  a t  t h e  r e a r  of t h e  a i r f o i l .  If t h e  same 
l i f t  c o e f f i c i e n t  can be o b t a i n e d  by d e c r o a s i n g  t h e  inducod 
v e l o c i t y  n e a r  t h e  nose  a n d  i n c r e a s i n g  t h e  induced v e l o c i t y  
o v e r  t h e  a f t e r  p o r t i o n  of t h e  a i r f o i l ,  t h e  c r i t i c a l  speed  
m i l l  be i n c r e a s e d  by an  amount p r o p o r t i o n a l  t o  t h e  d e o r e a s e  



* 
o b t a i n e d  i n  t he  maximum induced v e l o c i t y ,  Tho i d e a l  a i r -  
f o i l  f o r  any given high-speed a p p l i c a t i o n  is ,  t h e n ,  t h a t  

2 

form which a t  i t s  o p e r a t i n g  l i f t  c o e f f i c i e n t  ha s  uniform '? 

chordn i se  d i s t r i b u t i o n  of induced v e l o c i t y ,  Accordingly ,  
a n  a n a l y t i c a l  s e a r c h  f o r  such a i r f o i l  forms h a s  been con- 
duc t ed  by members of t h e  Labora tory  staff and t h e s e  forms % 

6 
a r e  now be ing  i n v e s t i g a t e d  expe r imen ta l l y  i n  t he  24-inch 
high-spesd mind tunne 1, 

The f i r s t  a i r f o i l s  i n v e s t i g a t e d  showed marked i m -  , - 
provement over t h o s e  forms a l r e a d y  a v a i l a b l e ,  not  on ly  as 
t o  c r i t i c a l  speed bu t  a l s o  t h e  d rag  at low speeds i s  de- 
c r e a s e d  cons iderab ly .  Because of t h e  marked improvement 
immediately ach i eved ,  i t  mas cons idered  Bes i r ab l e  t o  ex- . - 
t e n d  t h e  t h i c k n e s s  and  l i f t  c o e f f i c i e n t  ranges  f o r  which 
t ho  o r i g i n a l  forms had been des igned t o  o b t a i n  d a t a  of 
immediate p r a c t i c a l  va lue  before  ex tend ing  f u r t h e r  t h e  in- 
v e s t i g a t i o n  of t h e  fundamental a s p e c t s  of t h e  pro3lem. 

1 
DEVELOPMENT OF AIRFOIL FORMS 

The aerodynamic c h a s a c t e r i s t f c s  of any a i r f o i l  a r e  i n  
g e n e r a l  dependent upon t h e  a i r f o i l  camber l i n e  and t h e  .r * 

t h i c k n e s s  form, Por t h i s  s e r i e s  of a i r f o i l s ,  camber l i n e s  
were de r ived  a n a l y t i c a l l y  t o  o b t a i n  a u n i f o ~ m  chordwise 
d i s t r i b u t i o n  of  induced v e l o c i t y  o r  p r e s s u r e  f o r  c e r t a i n  
d e s i g n a t e d  l i f t  c o e f f i c i e n t s ,  and then  an a n a l y t i  c a l  s ea rch  
f o r  a t h i c k n e s s  form t h a t  l i k e w i s e  h a s  low and uniform 
c h o ~ d w i s e  induced v e l o c i t y  d i s t r i b u t i o n  w a s  under taken.  

Derivati.og-of t h e  c a m b e r l i n e . -  Q l a u e r t  ( r e f e r e n c e  4 )  
h a s  de r ived  exp re s s ions  f o r  t h e  l o c a l  induced v e l o c i t y  a t  
a p o i n t  on a n  a i r f o i l  ( ze ro  t h i c k n e s s  assumed) i n  Oerms of 
t h e  c i r c u l a t i o n  around a n  a i r f o i l ,  corresponding t o  a cer -  1 

t a i n  d i s t r i b u t i o n  of a o r t i c i t y  a long  t h e  a i r f o i l  su r f ace .  
By assuming t h e  d i s t r i b u t i o n  of v o r t i c i t y  t o  be c o n s t a n t ,  
a f f n e  a i r f o i l  i s  determined t h a t  g i v e s  uniform chordwise 
p r e s s u r e  d i s t r i b u f i o n .  The form of t h e  equa t ion  so de r ived  ' 
i s  

1 .  

where Yc i s  t h e  o r d i n a t e  of t h e  camber l i n e ,  x i s  t h e  
a b s c i s s a ,  and t h e  chord l e n g t h  i s  taken  as u a i t y .  Th is  
i d e a l  form l e a d s  t o  d i s c o n t i n u i t i e s  a t  t h e  nose and t a i l  

r 



i n  t h e  t h e o r e t i c a l  example, T h i s  d i f f i c u l t y  i s  circum- 
v e n t e d  by assuming s l i g h t  g r a d i e n t  i n  t h e  chordwise l o a d  
g r a d i n g  immedia te ly  a t  t h e  nose and t a i l .  Th i s  form de- 
r i v e d  by A. E. von Doenhoff of t h e  L a b o r a t o r y  s t a f f ,  u s i n g  
t h e  F o u r i e r  s e r i e s  method, i s  g ivcn  by t h e  e q u a t i o n  

y c  - = CL [0.3833 - 0.3333 c o s  28 -0 0.0333 c o s  48 - 0.0095 C 4n 

c o s  66 - 0.0040 cos  88 - 0,0020 C O S  1 0  8 - - 0.0012 c o s  1 2  0 J 
where = a ( 1  - c o s  6) and c  i s  t h e  a i r f o i l  chord.  

C 

T h i s  l a t t e r  e q u a t i o n  e x p r e s s e s  t h e  camber l i n e  chosen f o r  
a i r f o i l s  of t h i s  s e r i e s .  A c t u a l l y  l o a d  o r  ihduced veloc-  
i t y  g r a d i n g s  d e r i v e d  from b o t h  e q u a t i o n s  a r e  i d e n t i c a l  
f o r  e l l  p r a c t i c a l  purposes .  Camber-line o r d i n a t e s  a r e  
g i v e n  i n  t a b l e  I f o r  t h e  v a l u e  of  CL = 1 , O .  To o b t a i n  
. the camber l i n e ,  g i v i n g  uni form chordwise d i s t r i b u t i o n  of  
induced  v o l a c i t y  f o r  o t h e r  v a l u e s  of t h e  l i f t  c o e f f i c i e n t ,  
t h e  v a l u e s  g i v e n  i n  t a b l e  I a r e  m u l t i p l i e d  by t h e  v a l u e  of 
t h e  d e s i r e d  l i f t  c o e f f i c i e n t .  

D e r i v a t i o n  of t h e  th ic lcness  form.- The d e r i v a t i o n  of 
t h e  t h i c k n e s s  form i s  n o t  a s  s imple  o r  d i r e c t  as t h e  d e r i -  
v a t i o n  of  t h e  camber Line.  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 % u -  
t i o n  w a s  computed by t h e  methods of r e f e r e n c e  5 f o r  e a c h  
of  t h e  s e v e r a l  forms i n v e s t i g a t e d  i n  r e f e r e n c e  6. Some of 
t h e s e  forms approached t h o  d e s i r e d  form bu t  f u r t h e r  modi- 
f i c a t  i o n s  were i n v e s t i g a t e d  a n a l y t i c a l l y  a n d  f i n a l l y  two 
forms were chosen f o r  t e s t s .  These forms and 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  each a r e  shown i n  f i g u r e  1. The complote 
a i r f o i l  p r o f i l e  i s  d.eriaed by f i r s t  c a l c u l a t i n g  t h e  camber 
l i n e  f o r  t h e  d e s i r o d  l i f t  c o e f f i c i e n t  and  t h e n  i n  t h e  usu- 
a l  manner l a y  o u t  t h e  t h i c k n e s s  o r d i n a t e s  g iven  i n  t a b l e  I 

I1 from t h e  camber l i n e ,  

A i r f o i l  des ig2a t i&. -  Because t h e  i d e a l  s e r i e s  of 
a i r f o i l s  r e q u i r e s  an e x t r e m e l y  l a r g e  v a r i a t i o n ,  of s h a p e ,  i t  
becomes p r a c t i c a l l y  i m p o s s i b l e  t o  u s e  p r e v i o u s  numbering 
sys tems  and  f u r t h e r ,  because  t h i s  new s e r i e s  of  a i r f o i l s  
i s  d e s i q n e d  t o  o b t a i n  a s p e c i f i c  p r e s s u r e  diagram, t h e s e  
a i r f o i l s  a r e  d e s i g n a t e d  by a new s e r i e s  of  numbers t h a t  
a r e  r e l a t e d  t o  t h e  f low and  o p e r a t i n g  c h a r a c t e r i s t i c s  of 
t h e  a i r f o i l .  The f i r s t  d i g i t  r e p r e s e n t s  a ' s e r i a l  number 
t h a t  d e s c r i b e s  t h e  c l a s s  of p r e s s u r e  d i s t r i b u t i p n ,  t h e  



second number g i v e s  t he  l o c a t i o n  of t h e  maximum nega t ive  
p r e s s u r e ,  and t h e  numbers fo l loming  the dash give  tho  l i f t  
c o e f f i c i e n t  f o r  which t h e  a i r f o i l  was designed t o  ope ra t e  
and tho  a i r f o i l  t h i ckness ,  Thus the  16-509 has  t h o  shspo 
16-009 dispo-sed about tho uniform chordwise l oad  camber 
l i n e  designed f o r  l i f t  c o e f f i c i e n t  0.5 and i s  9 p e r c e n t  
t h i c k .  

A i r f o i l s  inveg&hg~%.ted.- Two b a s i c  a i r f o i l  forms were 
i n v e s t i g a t e d .  These forms and  the  corresponding 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  diagrams a r e  shomn i n  f i g u r e  1. 
T h e o r e t i c a l l y  t h e  form N.A.C.A. 07-009 should g ive  the  
h i g h e r  c r i t i c a l  speed but  e a r l i e r  i n v e s t  i q a t i o n  ( r e f e r e n c e  1) 

3 )  i n d i c a t e d  t h a t  f o r  p r e s s u r e s  occu r r ing  nea r  t he  l e a d i n g  
edge, t he  i n c r e a s e  i n  t he  p r e s s u r e  c o e f f i c i e n t  a s  a r e s u l t  
of  c o m p r e s s i b i l i t y  e f f e c t s  was g r e a t e r  than t h a t  f o r  p res -  
s u r e s  occu r r ing  f a r t h e r  back on the  a i r f o i l .  Consequently, 
i t  w a s  be l i eved  t h a t  a t  s roeds  a s  high as the  c r i t i c a l  
speed,  t he  shapo des igna ted  07-009 might have as a r e s u l t  
of c o m p r o s s i b i l i t y  e f f e c t s  a p r e s s u r e  peak nea r  t h e  lead- 
i n g  edge. The form N,A.CeA, 16-009 mas t h e r e f o r e  asveloped 
as  an  attempf $0 ach ieve  the  uniform chordmiso l o a d  d i s f ~ i -  'i 

b u t i o n  a t  h3gh speeds. Both forms were t e s t e d  and t h e  ro- 
s u l t s  showed h i g h e r  drag and lower c r i t i c a l  speed f o r  t h e  
N . A .  C . A .  01-009 form, Accordingly,  t h e  form N .A .  C ;A.  16-009 ad 

w a s  chosen a s  t h e  b'a.sic form f o r  a s e r i e s  of a i r f o i l s  de- ? - 
s igned  t o  ope ra t e  a t  v a r i o u s .  l i f t  c o e f f i c i e n t s .  For  one t 

value  of t h e  L i f t  c o e f f i c i e n t  t he  e f f e c t  of t h i c k n e s s  var- 
i a t i o n  w a s  a l s o  i n v e s t i s a t e d .  The a i r f o i l s  t e s t e d  a r e  
gipon i n  t he  fo l lowing  t a b l e  and p r o f i l e s  a r e  shomn i n  
f i g u r e  2. 



APPARATUS AND METHOD 

The t e s t s  a r e  being conducted i n  t h e  K.A.D.A. 24-inch 
high-speed win4 t u n n e l  i n  which v e l o c i t i e s  approaching tine 
speed of sound can be ob ta ined .  A b r i e f  d e s c r i p t i o n  of 
t h i s  tun& i s  s i v e n  i n  r e f e r e n c e  3 .  The balance measures 
l i f t  d rag  and p i t c h i n g  moment and ,  except  f o r  improvements 
t h a t  permi t  a more a c c u r a t o  de te rmina t ion  of t h e  f o r c e s ,  
i s  s imilar  i n  p r i n c i p l e  t o  t h e  one used  i n  t h e  l l - i n c h  
hiqh-speed wind tunne l .  2he methods of ope ra t i on  a r e  l i k e -  
wise s i m i l a r  t o  t hose  employed i n  t h e  o p e r a t i o n  of t h e  11- 
i n c h  t u n n e l  ( r e f e r e n c e  '7). 

The models a r e  of &$&ch-chord and 30-inch spa2 and  
a r e  made of duralumin. A complete d e s c r i p t i o n  of t h e  
method of c o n s t r u c t i n g  tho models i s  given in, r e f e r e n c e  8. 
The model nount ing i s  similar t o  t h s t  used i n  t h e  11-inch 
t u n n e l  ( r e f e r e n c e  7) .  The nodel  ex tends  a c r o s s  t h e  t u n n e l  
and thrqugh h o l e s ,  which a r e  o f  t h e  sane shape as but  
s l i g h t l y  ' l a r g e r  than  t he  model, cu t  i n  f l e x i b l e  b r a s s  end - 
prate-s t h a t  p r e se rve  t he  con tour  of t h e  t unne l  w a l l s .  The 
model ends a r e  secured  i n  t h e  balance which ex tends  h a l f  
a round  t h e  t e s t  s e c t i o n  and i s  enclosed i n  the  a i r t i g h t  
t u n n e l  chamber s i m i l a r  t o  t h e  11-inch tunne l  i n s t a l l a t i o n  
( r e f e r e n c e  7'). 

The speed range over mh2ch'measurements were made ex- 
tended., i n  g e n e r a l ,  from 25 pe rcen t  of t h e  speed of sound 
t o  v a l u e s  i n  exces s  of tho  c r i t i c a l  speed. The corresponlt-  
i n g  Reynolds Number range was from approximate ly  700,000 
t o  n e a r l y  2,000,000. The l i f t  c o e f f i c i e n t  range f o r  which 
t e s t s  were made ex tends  from zero l i f t  f o r  each a i r f o i l  t o  
Values approaching maximun l i f t ,  In naking t e s t s  ove r  
such a  l a r g e  speed range,  t h e  range o f  f o r c e s  becomes ve ry  
l a r g e  and ,  i n  o r d e r  t o  p r e s e r v e  a h igh  o r d e r  of accu racy ,  
t h e  models a r e  f i r s t  testoil .  over  a s  wide a range as pos s i -  
b l e  w i th  t h e  ba lance  s e t  f o r  maxinun s e n s i t i v i t y  and then ,  
by r e s e t t i n g  t h e  balance s e n s i t i v i t y ,  ex tend ing  t h e  range 
of f o r c e s  neasu rab l e  sufgf c i e n t l y  t o  o b t a i n  the  d a t a  cor- 
responding  t o  t h e  l a r g e  f o r c e s  occu r r ing  a t  naxinun l i f t .  
M ~ i n u n  l i f t  d a t a  a r e ,  t h e r e f o r e ,  no t  inc luded  i n  t h i s  
p r e l i m i n a r y  r e p o r t  because t h e  time r e q u i r e d  t o  o b t a i n  t h e  
d a t a  mould n a t e r i a l l y  d e l a y  t h e  p r e s e n t a t i o n  of  t h e  d a t a  
a l r e a d y  a v a i l a b l e .  



PRECISION 

Acc iden ta l  e r r o r s  a r e  i n d i c a t e d  by t he  p a i n t  s c a t t e r  
on t h e  p l o t s  showing the  measured t e s t  data .  These a r e  i n  
g ~ n e r a l  r a t h e r  s n a l l  and a f f o c t  n e i t h e r  t h e  a p p l i c a t i o n  
no r  t h e  comparison of t he  d a t a .  Tunnel e f f e c t s  a r i s i n g  
from end l eakage ,  r e s t r i c t i o n ,  and t h e  u s u a l  type of  tunne l -  
w a l l  e f f e c t  a r e  important .  Exact  knomledge of t h e s e  v a r i -  
ous e f f e c t s  i s  incomplete a t  t hc  p r e s e n t  time. The l a r g -  
e s t  e f f e c t s  appear  t o  a r i s e  from a i r  l eakaee  through t h e  
c l e a r a n c e  between the  model and t h e  b r a s s  ond p l a t e s  i n  
t h e  t u n n e l  wal l  through which t h e  model passos.  Inves ' t iga-  
t i o n s  of tho  leakage e f f e c t s  have been made f o r  t h e  N.A.C*A* 
0012 wi th  a s p e c i a l  type of i n t e r n a l  qap o r  c l ea rance  t h a t  
p e r m i t t e d  wide v a r i a t i o n  of t he  gap. Data ob ta inod  mi th  
. v a r i o u s  gap s e t t r n g s  f r o m  0.01 inch  up e x t r a p o l a t e d  t o  zero 
gap mere used t o  e v a l u a t e  tho leakage  co r r ec t i o r r  f o r  t h e  
s tandard- type mounting. These c o r r e c t e d  d a t a  were then 
checked by means of wake s u r v e y  d rag  measurenent s w i t h  end 
l eakage  e l i m i n a t e d  by rubber  s e a l s .  Because t he  ba lance  
chamber i s  a i r t i g h t ,  t h e  end l e a k  cond i t i on  i s  r e l a t e d  t o  
t h e  p r e s s u r e  d i s t r i b u t i o m  around t h e  model, It was t he re -  
f o r e  cons idered  a d v i s a b l e  t o  check t h e  method 'of cor rec-  
t i o n  f o r  end l e a k  by wake survoy t e s t s  mi th  end leakage  
e l i m i n a t e d  by rubber  s e a l s  f o r  t h e s e  new a i r f o i l s  which 
have r a d i c a l l y  d i f f e r e n t  p r e s s u r e  d i s t r i b u t i o n  than  t h e  
o l d e r  forms l i k e  t h e  N.A.C.A. 0012. Some o f  t h e s e  d a t a  
aro shown i n  f i g u r e  3. In  g e n e r a l ,  tho agreement i s  ex- 

- c e l l e n t .  Accordingly ,  t h o  d a t a  have been c o r r e c t e d  f o r  
end leakage  e f f e c t s ,  

Other t u n n e l  e f f e c t s  have no t  been compl;tely i n v e s t i -  
g a t e d  and thg d a t a  have no t  been c o r r e c t e d  .-__ ------ f o r .  - s u c h - e f f s c t s  
a s  r e  stric<tition a ~ . . . t h e - . i ~ x ~  u s u a l  type of aa1.1 e f f 9 c t .  AS- 
p h s e n t e d ,  t h e  d a t a  a r e  t h e r e f o r 6  cdf iservat ive  inasmuch as 

. i n v e s t i q a t i o n s  s o , f a r  made i n d i c j t e  t h a t  t h e  c o e f f i c i e n t s  
a s  p re son tod  i n  tho f i g u r e s  a r o  h igh  and the  c r i t f  c a l  
speeds  may bo low. S t r i c t l y  comparable d a t a  f o r  two o l d e r  
a i r f o i l s  a r e ,  howover, i nc luded  s o  t h a t  comparisons can be 
made. 

DISCUSSIOPJ 

A i r f o i l  c h a r a c t e r i s t i c s  f o r  s e v e r a l  of t he  2T.A.C.B. 
s e r i o s  16  a i r f o i l s  a r e  g iven i n  f i g u r c s  4 t o  18. Exami- 
n a t i o n  of t h e s e  f i g u r e s  i n d i c a t e s  two important  d i sc repan-  



c i e s  between t h e  t h e o r e t i c a l  design cond i t i ons  and t h e  da t a  
ob ta ined  from t h e  t e s t s .  F i r s t ,  none of t h e  a i r f o i l s  at- 
t a i n  t h e  des ign  l i f t - c o e f f i c i e n t  a t  the  design ang le  (zero  
d e g r e e s )  and second, t h e  depa r tu re  i n c r e a s e s  markedly wi th  
t h e  l i f t  c o e f f i c i e n t .  The d e p a r t u r e s  may be important  i f  
v a r i a t i o n  from the  i d a a l  p r e s s u r e  d i s t r i b u t i o n  i s  r a p i d  
w i t h  change i n  l i f t  c o e f f i c i e n t .  This e f f e c t ,  i f  g r e a t ,  
would tend  t o  cause lower drag  and l a t e r  c r i t i c a l  speed 
f o r  a narrow reg ion  nea r  t h e  design cond i t i on  than i s  shown 
by t h e s e  data .  S i m i l a ~ l y  t h e s e  d e p a r t u r e s  a l s o  i n c r e a s e  
wi th  the  a i r f o i l  th ickness .  

These d i f f e r e n c e s  between the  des ign  cond i t i ons  and 
t h e  a c t u a l  t e s t  r e s u l t s  may be expected because of t h e  
s imp l i fy ing  assumptions of t he  t h i n  a i r f s S 1  theory. Tbe- 
o  re- 

I 

7 
i t  h s s u m e d  t h a t  t he  induced v e l o c i t i e s  a r e  

--L -_-. &<_ XI-.-.-1, I ----* m- .----a -"-- -- *-- --<- 

n e g l m r a l l  %s <-. -'---. comsared .."A "era w i t h  , z c <&+., t he  , s c  ~ t r e e  *-,. , ~vsI.oc&~y. 
For t h i n  a i r f o & l < ~  at,,$pm lifts, thxs  approximation i s  ya l -  

I 
A ,  . .--. ,, .'....* , , >1(141,, 1 1 .  

*"* 

pi.-~~=hhhf~cca.aaas QX l i f t  a r .  $ & f ~ k n e s s ,  However, t h e  
I induced v e l a s i t i e s  approach and sometimes exceed t h e  stream 

v e l o c i t y .  Study of t hese  e f f e c t s  appears  t o  be very i m -  
I) p%fl&xf, i n  o rde r  t o  o b t a i n  t h e  proper  a i r f o i l  shapes f o r  

h igh  l i f t  c o e f f i c i e n t s  and l a r g e  t h i c k n e s s  r a t i o s *  Davia- - 
t i o n s  shown by the  high l i f t  and h igh  t h i c k n e s s  r a t i o  air-  

% f o i l s  i n  t h i s  s e r i e s  appear  t o  i n d i c a t e  t h a t  %he use  of a 
s i n g l e  b a s i c  form i s  unwarranted i f  i t  i s  d e s i r e d  t o  0%- 
t a i n  optimum a i r f o i l s  f o r  a wide range o f  l i f t  c o e f f i c i e n t s  
and t h i c k n e s s  d i s t r i b u t i o n .  

T h e o r e t i c a l  p ressure-d i s t r ibu t ion- -  diagrams f o r  t h e  
t h i c k e r  a i r f o i l s  show much g r e a t e r  s lope  of  t h e  p r e s s u r e  
curve than  i s  shown $2 t he  b a s i c  16-009 form. P re l imina ry  
s tudy  i n d i c a t e s  t h a t  &sc-r%ksing " .- - t h e  - -. -- - - . -- -- leading-edg?-.-.=di>s -- and , ,  
t he  f u l l n e s s  of t he" ' a i r fo i1  between -the l e a d i n g  edge @-n_da.- : ) c l ~  t 3  ----.--..--. -- --. ---- -- 
t h e  maximum o r & i n a ~ ~ l - e & _ t _ o  somg-gonsiderable imgr-0 .~-  ' -- - .. .-<. - . -- .-.- - - --. - - -- 
men* - over .- -. - - - the  - , t h i c k e r  a i r f o i l s  h e r e i n  repor ted ,  F u r t h e r  n " - - -  ---- -- 
i n v e s t  i q a t i o m  i s  now being coaducted, 

Comparison of a i r f o i l s . -  F igu re s  19 and 20  i l l u s t r a t e  
-7 ------------- 

t h e  d i f f e r e n c e s  i n  aerodynamic c h a r a c t e r i s t i c s  %etween 
, , o l d e r  p rope l le r -b lade  s e c t i o n s  and t h e s e  new forms. A t  

lower speeds ( M  = 0.45) the  3C8 a i r f o i l  appea r s  t o  at- 
t a i n  much h ighe r  maximum l i f t  c o e f f i c i e n t  than the  new 
a i r f o i l s .  This  i s  important  i n  t h a t  t he  wider u s e f u l  

u angle -of -a t tack  range may f r e q u e n t l y  be r e q u i r e d  t o  p re -  
ven t  s t a l l i n g  of a  p r o p e l l e r  dur ing  the  t ake -o f f .  Over the  
normal f l i g h t  range ,  however, and i n  most ca ses  where ra-  

a t i o n a l  choice  of s e c t i o n  can be made, the  lower drag  of 



t h e  new s e c t i o n s  o f f e r s  cons ide rab le  oppc r tun i ty  t o  ach ieve  
h i g h e r  e f f i c i e n c i e s .  The low drag  a t t a i n e d  by the  N * A . C . A *  
2409-34 a i r f o i l  developed from e a r l i e r  t e s t s  i n  t h e  11- 
inch  tunne l  may appear  s u r p r i s f n g ,  A c t u a l l y  the  type  of 
f low f o r  t h i s  a i r f o i l  approaches  tho  flow t h a t  might be 
expec ted  f o r  t he  N.A.C.A. 16-309 a i r f o i l .  

The low drag  'common t o  most of t h e  new a i r f o i l s  i s  as- 
s o c i a t e d  wi th  more ex t ens ive  r eg ions  of laminar  f low i n  
t h e  boundary l a y e r  r e s u l t i n g  from the  roarward p o s i t i o n  of 
t he  p o i n t  of maximum nega t ive  p re s su re .  Unfor tuna te ly ,  
however, t h e  Reynolds Number i s  so low t h a t  e f f e c t s  of l a m -  
i n a r  s e p a r a t i o n  mag appear  so t h a t  some p re s su re  d rag  
might occur. The small d i f f e r e n c e s  i n  d r s g  betmeen the  en- 
s e l o p e . p o l a r  f o r  t he  new a E r f o i l s  and t h e  2409-34 a i r f o g 1  
a r c  probably a r e s u l t  of t h i s  phenomenon. Ac tua l ly  t h e  
p o i n t  of maximum nega t ive  p r e s s u r e  f o r  t h e  new a i r f o i l s  i s  
cons ide rab ly  f a r t h e r  a f t  t han  the  corresponding p o i n t  f  02 
the  2409-34.but, i f  laminar  s e p a r a t i o n  occurs  e a r l y ,  near-  
l y  e q u a l  drag c o e f f i c i e n t s  might be expected.  

A d e t a i l e d  d i scuss ion  of t h f  s phenomenon i s  g iven  f n  
an advance c o n f i d e n t i a l  r e p o r t  by E. N o  Jacobs  based on 
boundary-layer measurements f o r  new a i r f o i l s  t e s t e d  i n  t h e  
lorn-turbulence mind tunnal .  

A t  h igh  speeds  (I$. = 0.75) ( f i g .  2 0 ) ,  the  r eg ion  f o r  
which t h e  N.A.C.A. s e r i e s  1 6  was designed,  t he  s u p e r i o r i t y  
of  t h e  new a i r f o i l s  i s  c l e a r .  The e a r l i e r  onset  o f ' t h e  
c o m p r e s s i b i l f t y  e f f e c t s  Tor the  o-lder a i r f o i l s  l e a d s  t o  
e a r l y  drag i n c r e a s e s  and lowered maximum l i f t  c o e f f i c i e n t .  
A t  speeds  above M of 0.75 %he use of tho o lde r  s e c t i o n s  
a p p e a r s  unwarranted,  f o r  any  purpose. 

C r i t i c a l  s ~ e e d . -  The v a r i a t i o n  of  t he  c r i t i c a l  speed -....---- 
with  l i f t  c o e f f i c i e n t  and wi th  t h i c k n e s s  i s  given i n  f i g -  
u r e s  21  and 2 2 ,  ro%ygct ivo ly .  These curves  i n d i c a t e  t h a t  
c r i t i c a l  speeds exceeding t h e  t h a o r e t  i c a l  va lues  were at- 
t a i n e d  i n  t h e  t e s t s ,  Xn p i c k i n g  the  t e s t  c r i t i c a l  9pee.d~ 
t h e  ~ a l u e s  were cbosen on tho  basds  of e a r l i e r  expe r i ence  
t h a t  i n d i c a t e d  some d rag  r i s e  before  shock occurred.  If 
t h e s e  speeds were 'chosen as the  h i g h e s t  va lues  reached be- 
f o r e  any app rec i ab l e  drag increment occur.red, the  agreement 
w i t h  t he  t h e o r e t i c a l  curves  would be very good. , F o r  com- 
p a r i s o n  the  c r i t i c a l  speed of the  3C8 a i r f a i l  i s .  p l o t t e d  n 

on f i g u r e  21. The d i f f e r e n c e  between the  now a i r f o i l s  and 
the  o l d e r  forms 3 s  g r e a t e r  than shown. by the  cu rves ' because  
t h e  3C8 i s  8 p e r c e n t , t h i c k  o r  1 pe rcen t  o f  t he  chord t h i n -  B 

n e r  t han  the  16-009 s e r i e s .  e 



Minimum drag.- Coeff i c i e n t  s  of minimum drag p l o t t e d  
a g a i n s t  Reynolds Number a r e  given i n  f i g u r e s  23 and 24. 
Tho lowest  drag c o e f f i c i e n t  mas ob ta ined  f o r  t he  16-106 
a i r f o i l  and i s  approximately  0.0026 a t  lower speeds incxens- 
i n g  t o  approximately  0.0032 immediately below the  c r i t i c a l  
speed. O f  the  9  percen t  t h i c k  s e r i e s  designed t o  o p e r a t e  
a t  v a r i o u s  l i f t  c o e f f i c i e n t s ,  t h e  16-109 appears  t o  have 
the  lowest  drag. This  i s  c o n t r a r y  t o  expec t a t i on  because 
t h e  symmetrical o r  b a s i c  form of t he  16-009 would normally 
have t h e  lowest  mininun d rag  c o e f f i c i e n t ,  The d a t a  were 
c a r e f u l l y  checked and if appea r s  t h a t  the  lower d rag  of the  
16-109 i s  r e a l  though as  y e t  unexplained.  

Comparison of the  minimum drag c o e f f i c i e n t s , f o r  t h e  
3C8, 2409-34, and the  16-209 a i r f o i l s  i s  shown i n  f i g u r e  
25, The h ighe r  c r i t i c a l  speod f o r  t h e  16-209 i s  appapent.  
The comparison a s  given d i r e c t l y  by the  f i g u r e  i s  a l i t t l e  
mis lead ing  because of t h e  sma l l e r  t h i c k n e s s  . r a t i o  f o r  t h e  
3C8. For equa l  t h i c k n e s s  r a t i o s  the  d i f f e r e n c e s  between 
the  C s e r i e s  a i r f o i l s  and t h e  M.A.C.A. 16 s e r i e s  w i l l  be 
g r e a t e r  than  shown, 

', 
Use of t he  data.- The envelope p o l a r s  t h a t  may be ---------- 

drawn fox  t h o  16 s e r i e s  a i r f o i l s  represent a new and much 
Pi lower drag a s  w e l l  a s  h ighe r  c r i t i c a l  speed a t t a i n a b l e  

f o r  t h e  design of p rope l le r -b lade  sec t ions .  Even though 
tho  angle-of-a t tack range i s  l o s s - t h a n  f o r  the  o l d e r  sec- 
t i o n s ,  t h e r e  w i l l  be numerous d e s i ~ n s  f o r  which s u f f i c i e n t  
ang le -of -a t tack  range i s  g iven  by the  new +se.otAons. For 
high-speed,  h i g h - a l t i t u d e  a i r c r a f t ,  t he  advantages  of  t h e  
low d rag  and h ighe r  c r i t i c a l  speed a r e  of paramount impor- 
t ance  and i n  t h e s e  des igns  r a t i o n a l  choide of s e c t i o n  i s  
of i n c r e a s i n g  importance, In  many des igns  the  d iameter  f s 
f i x e d  by cons idesa t ions  o t h e r  than p r o p e l l e r  e f f i c i e n c y .  
Thus tho induced l o s s e s  a r e  f i x e d  and p r o p e l l e r s  of high- 
e s t  e f f i c i e n c y  can be had o n l y  by o p e r a t i n g  and des ign ing  
t h e  blado s e c t i o n s  t o  work on the  envelope po la rs .  A fu r -  

R 

t h e r  and most important .  ma t t a r  i n  u s ing  new blado s e c t i o n s  
t o  ach ieve  h i g h e s t  e f f i c i e n c y  concerns t h e  a d a p t a t i o n  of 
t h e  s e c t i o n s  t o  o l d e r  p r o p e l l e r  des igns .  Optimum e f f i c i en - .  
cy cannot be achieved by simply s u b s t i t u t i n g  the  new sac* 
t i o n s  f o r  t h e  o l d  on a given design. The uso o f  b e t t o r  
b lade  s e c t i o n s  pe rmi t s  t he  use  of l a r g e r  diameter  and ne- 
c e s s i t a t e s  some pl+n-form changes. A l l  of t he se  should be 
cons ide red  i n  a design aimed a t  bes t  e f f i c i e n c y  u s i n g  t h e  
now blade s e c t i o n s ,  

Langley Memorial Aeronaut ica l  Laboratory,  . 
Nat iona l  Advisory Committee f o r  Aeronaut ics ,  

Lnngley F i e l d ,  V a , ,  June 14, 1939. 
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"Series t. 07 Camber Line Ordinates" should read 

"Series 16 rt 07 Camb e r Line Ordinates" 
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\- / TABLE I ~ 

Series t 07 Oaniber Line Ordinates 

°L = 1.0 

All values measured in percent chord 
from chord line 

Station Ordinate S;LQ-pe 

0 0 1).622~4 

1 . 25 . 535 . 34 771 

2.5 .9 30 .29155 

5 1-.580 . 23432 

7.5 2 .1 20 .19 993 

10 2 . 587 .1748 6 

15 3 . 3 64 .1 3804 

20 3 . 982 . 11032 

25 4 .475 . 08743 
- , 

30 4.861 .06743 

40 5.356 . 03227 

50 5.516 0 

... . 60 5 .356 .0322 7 

70 4 . 86 1 . 06743 
, 

80 3 .982 .11032 

90 2 ,587 . 17486 

95 1.580 .2 3432 

100 a .622 34 

/ 
I 

) I L ~'" . 
i 



TABLE I1 

Thickness  O r d i n a t e s  f o r  Th ickness  
of 9"ercent of Chord 

A l l  v a l u e s  measured i n  p e r c e n t  of  chord  / '  / 

from $' p e r p e n d i c u l a r  t o '  camber l i n e  
1 - 

S t a t  ion 

5 

7.5 

10 

1 5  

20 

25 

40 

50 

60 

70 
R 

80 

i' 

I Slope  of r a d i u s  = 0.62234 GL 
th rough  end of c h o r d  . 

S e r i e s  16 L.E.  r a d i u s  = 8.396 ( t / .0912 

 o or o t h e r  t h i c k n e s s e s  ( t ,  i n  p e r c e n t )  
m u l t i p l y  s e r i e s  1 6  o r d i n a t e s  by t/.09 
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M = 0.30. 

( a )  P o l a r  p l o t s .  
( b )  L i f t  a n d  moment da,ta. 

F i ~ u r s  5,- A i r f o i l  c h a r a c t e r i s t i c s .  N.A.C.A. s e r i e s  16-009. 
Id = 0.45. 

( a )  P o l a r  p l o t s .  
( 3 ) .  L i f t  and  moment da ta .  

F i g u r e  6.d A i r f o i l  c h a r a c t e r i s t i c s ,  N.A.C.A. s e r f  e s  16-009. 
M = 0.60. 

( a )  P o l a r  p l o t s .  
( 3 ) .  L i f t  and  moment d a t a .  

F i g u r e  7.- A i r f o i l  c h a r a c t e r i s t i c s .  N.A. C.A, s e r i e s  16-009, 
M = 0.70. 

( a )  P o l a r  p l o t s .  
( b ) .  L i f t  a n d  moment da ta .  

F i g u r e  8,- A i r f o i l  c h a r a c t e r i s t i c s .  N.A.C.A. s e r i e s  16-009, 
M = 0.75. 

( a )  P o l a r  p l o t s .  9 

(33 L i f t  and  moment da ta .  
F i g u r e  9.- A i r f o i l  c h a r a c t e r i s t i c s .  N , A , C  .A. s e r i e s  16-500. 

M = 0.30. 

( a )  P o l a r  p l o t s .  
( b )  L i f t  and moment d a t a .  

F i g u r e  10.- A i r f o i l  c h a r a c t e r i s t i c s .  B.A*C .A. s e r i e s  16-500. 
M = 0.45. 

( a )  P o l a r  p l o t s .  
( b )  L i f t  and  moment d a t a .  

@ F i g u r e  11.- A i r f o i l  c h a r a c t e r i s t i c s .  N.A.C.A* s e r i e s  1 6 ~ 5 0 0 .  
M = 0.60, 



(a) Po la r  p l o t s .  
(b) L i f t  and moment data. 

F iqu re  12.- A i r f o i l  c h a r a c t e r i s t i c s .  M.A.C.A. s e r i e s  16-500. 
M = 0070. 

(a) Po la r  p l o t s .  
( 5 )  L i f t  and moment data.  ki 

Fiqu re  13.- A l r f o i l  c h a t a c t e r i s t i c o .  N o A * C * A *  , s e r i e s  16-500. 
M = 0.75. 

(a) Po la r  p l o t s .  
1 - 

(b) L i f t  and moment data .  
F igu re  14.- A i r f o i l  c h a r a c t e r i s t i c s .  W.B.C.A. s e r i e s  16-000. 

M = 0.30, 

(a) Po la r  p l o t s .  
(b) L i f t  and moment da ta .  . 

Figu re  15.- A i r f o i l  c h a r a c t e r i s t i c s .  X b R . C . A ~  s s r i e s  16;000* 
M = 0.45. 

(a) Po la r  p l o t s  
(3) L i f t  and moment da t a .  

F igu re  1 6  .- A i r f o i l  c h a r a c t e r i s t i c s .  1T.B.C.A. s e r i e s  16-000, , 
M = 00 ,60 . .  

(a) P o l a r  p l o t s .  < 

(b) L i f t  and moment data .  
L 

Figu re  17,- A i r f o i l  c h a r a c t e r i s t i c s . .  N.A.C.A. s e r i e s  16-000. 
Id = 0.70. 

(a) Po la r  p l o t s ,  
(b) L i f t  a n d  moment da ta .  

F iqu re  18.- A i r f o i l  c h a r a c t e r i s t i c s .  3I.A.C.A. s e r i e s  16-000. 
M = 0.75.. . . 

, .  1) 
Figu re  19.- Comparison of N,A*CmR* a i r f o i l s .  M = 0.45. 

F iqu re  20.-Comparison .of B.B.C.A, a i r f o i l s ,  h! = 0.75, 
. -. 

Fiqu re  21. -Airfoi l  c r i t i c ~ ~ l  speed,  Va r i a t i on  wi th  l i f t .  

F igu re  22.- A i r f o i l  c r i t i c a l  speed. Va r i a t i on  wi th  t h i ck -  
ness .  

5. 

Figu re  23.- lt~inirnum ding f o r  t he  2I.A.C.A. a i r f o i l s ,  s o r i e s  
16-009, 

Figure 24,- Minimum d rag  f o r  t h e  X.A.C.A. a i r f o i l s ,  s e r i e s  
16-500. 

F igu re  25.-Comparison o f  a i r f o i l  drag coefficients* 



N . A . C . A .  

N A. C. A.  /6-009 

Sfondui-d set -up 

4 .5 .6 .7 .8 
Moch /number, M 

.2 .3 .4 .5 .6 .7 .8 
Moch number, M 

Figure 25 



N.A.C.A. 

9 
A/ A. C.A. 07-009 

8 

N A.  C.A. 16-003 

IV. A. C.A. 16-103 

', 

N. A.C.A. 07-509 

c 
N. A.C.A. 0012 - .  

c 
N A.  C.A. 16-506 

N. A. C.A. 16-52/ 

Figure 2 



N . A .  C . A .  "Fig. 4 

Flgure 4 



2 .  A. Fig. 5 

L I ff coefhclen.f, G 

1' 
1 7 

p' 

P 

- 1  0 .I 
Angle of affach, a!, deg.  

ck,4 

Figure 5 



N.A.C. A. Fig. 6 



Fig. 

L i f f  coefficienf, C, 

Figure 7 





N.A.C.A. Fig. 9 



N.A.C.A. Fig. 10 



N.A.C.A. / Fig. 11 



N.A.C.A. Fig. 12 



N.A.C.A. Fig. 13 

1. 2 

I. 0 

, > 
\ f 

.8 A? 
f ,  ', 

0 *> 
J x* c 

.? .6 
U $ 
Q, 
0 
U 

.4 . - 
C . 

4 

.2 

0 

i i I I i i 1 ' { i I I  
-. 2 - 4 -<- , 0 : 4  2 - 0 .I 

Angle o f  offack, a ,  deg. cmc/4 

Figure 13 



N . A . C . A .  F i g .  14 
B 

4 

b 

L i f f  coefficienf, C, 

- 1  0 I & 3 4 3 6 7-.$ "-,I 0 ./ 
Angle of ~ f f o c k ,  d , deg. 

%/4 

Fi gure 14 



N.A.C.A. Fig.  15 
b 

D 

L i f t  coefhcienf, C, 

/. 2 

I. 0 

,4 a 

.8 

L? , I  -+= 
c 

.%.  6 
U $ 
Q ! >  

0 
U 

R .4 
* . 

4 
, 37 

.2 

9 / 

0 

. t 
( i r I i i I I I I I I I I I I I I 1  I 1 1  I I 

-. 2 -4 7 0 0 - 4  -.P - 0 .I 
Angle of uffuch, a,  deg Cnc/4 

Figure 15 



.C.A. Fig.  

L i f f  coefficient CL 

Angle of attack, d, deg. 
Figure 16 





N . A . C . A .  Fig. 18 



N.A.C.A. Figs. 19,20 

L iff coefficient C' 
f l=  a. %35 

0.04 
h' 

c 
. ? 
.$ 
k 
Q .02 
8 

.L. : 
0 I I 

B 
0 .2 .4 .6 

L t f f  coe fflcien f CL 

4 = o.7+3- 

Figure 20 



N.A.C.A. Figs. 21,22 

Figure 21 

Figure 22 






