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CORRECTION OF PROFILE-DRAG RESULTS FROM 

T H 3  VARIABLE-DENSITY TTJNNEL AND THE EFFECT ON 

THE CHOICE OF BIEG-SECTION THICKNESS 

By Eas tnnn  B. J acobs  

P r o f i l e - d r a g  c o e f f i c i e n t s  p u b l i s h e d  f r o n  t e s t s  i n  t h e  
N.A.C.X. v a r i a b l e - d e n s i t y  t u n n e l  (Techn i  ca.1 R e p o r t s  Nos. 
4 6 0 ,  5 3 7 ,  5 8 6 ,  and 610 ,  r e f e r e n c e s  1 t o  4 )  have t e n d e d  t o  
a p p e a r  h i g h  as compared w i t h  r e s u l t s  from t h e  N.A.C.A;  
f u l l : - s c a l c  t u n n e l  ( ~ e c h n i c a l  Repor t  No, 530 ,  r e f e r e n c e  5 
a n d  from f o r e i g n  s o u r c e s  ( r e f e r e n c e s  6  t o  8 ) .  Such d i s -  
c r e p a n c i e s  n e r e  c o n s i d e r e d  i n  T e c h n i c a l  Repor t  No. 5 8 6 ,  
a n d  c o r r e c t i o n s  f o r  t u r b u l e n c e  and  t i p  e f f e c t s  were de- 
r ived .  t h a t  tend-ed t o  r e d u c e  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 ,  
p a r t i c u l a r l y  f o r  t h e  t h i c k e r  a i r f o i l s .  The c o r r e c t e d  
p r o f i l e - d r a g  c o e f f  i c i e r r t s ,  d e s i g n a t e d  by t h e  lower -case  

a s  c o n t r a s t e d  w i t h  t h e  o l d e r  CDo , have bacn 

cmploycg- i n  t h c  a i r f o i l  r e p o r t s  published s i n c e  T e c h n i c a l  
R e p o r t  Bo. 460,  but  even t h e s e  c o r r e c t e d  r e s u l t s  c o n t i n -  
u e d  t o  ?-:>pear h i g h ,  p a r t i c u l a r l y  f o r  t h e  t h i c k e r  s e c t i o n s .  
The i n p o r t a n t  p r a c t i c a l  r e s u l t  i s  t h a t  n s m a l l e r  i n c r e a s e  
of  d r c g  w i t h  a i r f o i l  t h i c k n e s s  i s  i n d i c a t e d ,  which m a $  be 
o f  p r i m u y  impor tance  t o  t h e  a i r p l a n e  d e s i g n e r  i n  choos ing  
t h e  opt inum a i r f o i l  s e c t i o n s  f o r  a c t u a l  a i n g s .  

F u r t h e r  i n v e s t i g a t i o n s  o f  t h i s  s u b j e c t  n e r e ,  of c o u r s e ,  
undertr?!:cn, one of t h e  most i n p o r t a n t  'ocing an i n v e s t i g a -  
t i o n  of t h r e e  s y m n e t r i c z l  s e c t i o n s  N.A.C .A. 0009 ,  0012,  
a n d  0018 u n d e r  c o n d i t i o n s  of l o v  t u r b u l e n c e  i n  t h e  f u l l -  
s c a l e  t u o n e l .  Pre1imin:xry r e s u l t s  from t h i s  i n v e s t i g a t i o n  
a l s o  i n d i c a t e  a s m a l l e r  i n c r e a s e  i n  d r a g  r r i t h  a i r f o i l  
t h i c k n e s s  thnn  t h e  rosu1 t . s  f rom t h e  v a r i a b l e - d e n s i t y  tun-  
n e l .  F u r t h e r m o r e ,  compnrat ive t e s t s  made i n  t h e  two tun-  
n e l s  by e p p l y i c g  s t r i n g s  t o  t h e  s u r f a c e  of t h e  N . A - C . A .  
0012 a i r f o i l  t o  move t h e  t r a n s i t i o n  p o i n t  t o  a p r e d e t e r -  
mined 13os i t ion  i n d i c a , t e d  t h a t  t h e  e f  f  ec- t ive Reynolds  gum- 
b e r  concep t  n o u l d  a c c o u n t  a p p r o x i n x t e l y  f o r  t h e  d r a g  as 
a f f e c t e d  by t h e  p o s i t i o n  of t r a n s i t i o n  from l a m i n a r  t o  
t u r b u l e a t  f l o n  i n  t h e  boundary l a y e r .  

A:IO t h e r  c o r r e c t i o n ,  however ,  nF,s s u r g e s t e d  by t h e  in -  
v e s t i g a t i o n  i n  t h e  f u l l - s c a l e  t u n n e l .  D i f f e r e n c e s  bctwccn 



f o r c e  nozentun n e t h o d s  of ~ e a s u r o n e n t  s u g g e s t e d  t h e  
p r e s e n c e  of s u p p o r t - i n t e r f e r e n c e  d r a g  i n c r e n e n t s  i n c r e a s -  
i n g  n i t h  s e c t i o n  t h i c k n e s s .  A subsequent  i n v e s t i g a t i o n  
i n  t h c  f u l l - s c a l e  t u n n e l  by means of a d d i t i o n a l  dumny sup- 
p o r t s  v e r i f i e d  tho  p r e s e n c e  of t h i s  t y p e  of suppor t -  
i n t e r f e r e n c e  i n c r e n c n t .  T e s t s  mere t h e r e f o r e  s t a r t e d  i n  
t h e  v a r i a b l e - d e n s i t y  t u n n e l  t o  i n v e s t i g a t e  any v a r i a t i o n  
o f  s u p p o r t  i n t e r f e r e n c e  n i t h  g i r f o i l  t h i c k n e s s  i n  s p i t e  of 
t h e  f a c t  t h a t  p r e v i o u s  i n v e s t i s a t i o n s  r e p o r t e d  i n  t h e  ap- 
p e n d i x  of Techn ica l  Repor t  No. 586 had shonn no d e f i n i t e  
c o r r e c t i o n s  f o r  two a i r f o i l s ,  N.A.C.A. 0012 and 4412. 

Some r e s u l t s  from t h i s  i n v e s t i g a t i o n ,  which i s  s t i l l  
i n  p r o g r e s s ,  a r e  non a v a i l a b l e .  'J!h,ese r e s u l t s  i n d i c a t e  
t h a t  mcrked s u p p o r t - i n t e r f e r e n c e  i n c r e m e n t s ,  e a s i l y  meas- 
u r a b l e ,  aTe p r e s e n t  i n  t h e  &rag  r e s u l t s  f o r  t h i c k  symmet- 
r i c a l  a i r f o i l s ,  t h e  i n c r e m e n t s  i n c r e a s i n g  m i t h  a i r f o i l  
t h i c k n e s s .  A f t e r  t h e s e  s u p p o r t - i n t e r f e r e n c e  d r a g  i n c r e -  
ments  a r e  removed and t h e  r e s u l t s  a r e  c o r r e c t e d  t o  t h e  e f -  
f e c t i v e  Reynolds  Number by t h e  method sugges ted  i n  f o o t -  
n o t e  1 on page 21 of  T e c 3 n i c a l  Repor t  No.  586,  a11 t h e  
a v a i l a b l e  l a r g e  Reynolds Number d a t a  g i v e  s u b s t a n t i a l  
agreement  on t h e  v a r i a t i o n  of mininun d rag  mi th  t h i c k n e s s .  

T h i s  p r e l i n i n a r y  memorandun i s  i n t e n d e d  t o  supply  air- 
c r a f t  m a n u f a c t u r e r s  v i t h  t e n t a t i v e  c o r r e c t i o n s  f o r  a p p l i -  
c a t i o n  t o  t h e  p u b l i s h e d  r e s u l t s  from t h e  v a r i a b l e - d e n s i t y  
t u n n e l  t o  g i v e  more r e l i a b l e  v a l u e s  of 

Cdo 
f o r  a i r f o i l s  

of v a r i o u s  t h i c k n e s s e s ' p e n d i n g  t h e  r e s u l t s  of f u r t h e r  in -  
v e s t i g c t i o n .  The p r a c t i c a l  r e s u l t  of t h e  c o r r e c t i o n  on 
t h e  c h o i c e  of t h e  optimum s e c t i o n  i s  a l s o  b r i e f l y  cons id-  
e r e d ,  

DISCUSSION 

The ninimun-drag r e s u l t s  f o r  t h e  s y n n c t r i c a l  s e r i e s  
of  a i r f o i l s ,  t h e  o n l y  oncs  f o r  nlnich t h e  s u p p o r t - i n t e r -  
f e r e n c c  r e s u l t s  a r e  y e t  n v s i l a b l e ,  a r e  p r e s e n t e d  i n  t a b l e  
I. The i n t e r f e r e n c e  v a l u e s  a r e  i n  t h e  f o u r t h  column. 
Only t h r e c  measured v a l u e s  a r e  g i v e n ;  t h e  ones e n c l o s e d  i n  
p a r e n t h e s e s  a r e  taken from a  f a i r e d  curve  a g a i n s t  s e c t i o n  
t h i c k n e s s .  These measured r e s u l t s  were o b t a i n e d  i n  exd 
a c t  ly t h e  same w a y  a s  tlxose d e s c r i b e d  and p r e s e n t e d  i n  t h e  
nppendix  of  Techn ica l  Repor t  No. 586. Consequent ly ,  t h e  
v a l u e  of 0.0010 f o r  t h e  3J.A.C.A. 0012 i s  a t  v a r i a n c e  n f t h  
t h e  e a r l i e r  r e s u l t  n h i c h  i n d i c a t e d  a  v a l u e  l e s s  t h a n  Ce0004. 



The p r e s e n t  r e s u l t  f o r  t h e  1 2 - p e r c e n t  a i r f o i l  i s  u s e d ,  
h o a e v e r ,  because  i t  f a i r s b e t t e r  v i t h  t h e  r e s u l t s  f rom t h e  
t h i c k e r  z i r f o i l s  and because  t h e  t u n n e l  b a l a n c e  and t e s t -  
i n g  t e c h n i q u e  have been improved s i n c e  t h e  e a r l i e r  t e s t s  
were  nade .  

The second  column of t a b l e  I g i v e s  t h e  C D ~  v a l u e s  

o r i g i n a l l y  p u b l i s h e d  i n  T e c h n i c a l  Repor t  No. 460. The 
t h i r d  colamn g i v e s  t h e  

Cdo 
v a l u e s  t a k e n  from T e c h n i c a l  

R e p o r t  N o .  610 e x c e p t  f o r  t h e  N.A.C.A. 0025. Some of 
t h e s e  

Cdo 
v a l u e s  were 0 b t a i n e d . b ~  c o r r e c t i n g  t h e  

DO 
v a l u e s  f o r  t h e  d r a g  inc remen t  (0 .0011)  t o  c o r r e c t  t o  t h e  
e f f e c t i v e  Reynolds  Number and f o r  t h e  t i p d r a g  inc remen t  

0  - 0  00 2 ----"--A ---.----- [ (t - 3 oercent)]. (Seo  T e c h n i c a l  Repor t  No. 5 8 6 .  ) 

The r e n n i n i n g  
Cdo 

v a l u e s  a r e  from t h e  r e s u l t s  of more 

r e c e n t  noasuremen t s  s i m i l a r l y  c o r r e c t e d .  

The f i n a l l y  c o r r e c t e d  
Cdo 

v a l u e s  i n  column 5 were 

o b t a i n e d  from column 3 a f t e r  c o r r e c t i n g  t h e  r e s u l t s  f o r  
s u p p o r t  i n t e r f e r e n c e  and  chang ing  t h e  c o r r e c t i o n  t o  t h e  
e f f e c t i v e  Reynolds  Number t o  conform w i t h  t h e  p r o c e d u r e  
s u g g e s t e d  i n  t h e  f o o t n o t e  on page 21 of T e c h n i c a l  Repor t  
No. 5 8 6 .  Cor respond ing  v a l u e s  o b t a i n e d  d i r e c t l y  f rom t h e  
r e c e n t  s u p p o r t - i n t e r f e r e n c e  t e s t s  a r e  p r e s e n t e d  i n  column 
6 

The p r i n c i p a l  r e s u l t  of t h i s  p r e l i m i n a r y  memorandum 
i s  p r e s e n t e d  i n  t h e  l a s t  column. These i n c r e m e n t s  may be 

.. t e n t a t i v e l y  c o n s i d e r e d  a s  a p p l y i n g  a p p r o x i m a t e l y  t o  a i r -  
f o i l s  of t h e  same t h i c k n e s s  b u t  h a v i n g  sma l l  amounts  of 
camber.  Bence t h e s e  i n c r e m e n t s  may be s u b t r a c t e d  from 
t h e  p r e v i  o u s l y  p u b l i s h e d  c  v a l u e s  from t h e  v a r i a b l e -  

do 
d e n s i t y  t u n n e l  t o  o b t a i n  t h e  b a s i c  d r a g  c o e f f i c i e n t s  t o  
b e  useC f o r  t h e  t ime b e i n g  i n  d e s i g n  problems.  

The r e s u l t i n g  v a r i a t i o n  of minimum p r o f i l e  d r a g  w i t h  
t h i c k n e s s  i s  p r e s e n t e d  i n  f i g u r e  1 f o r  t h e  l 7 . A . C . A .  air-  
f o i l s  most commonly employed. T h i s  f i g u r e  may b e  cons id -  
e r e d  s c o r r e c t i o n  of f i g u r e  53 of T e c h n i c a l  R e s o r t  No. 
610. I t  i s  e v i d e n t  t h a t  t h e  s m a l l e r  i n c r e a s e  i n  d r a g  w i t h  
s e c t i o n  t h i c k n e s s  w i l l  a f f e c t  t h e  c h o i c e  of wing s e c t i o n s ~  

' C o n s i d e r i n g  t h a t  t h e  b e s t  s imple  c r i t e r i o n  f o r  t h e  
s e l e c t i o n  of  wing s e c t i o n s '  i s  t h e  speed-range i n d e x  



c / C  , f i g u r e  2 h a s  been p r e p a r e d  from t h e  co rd  
a 'omin 

r e c t e d  d a t a  of  f i g u r e  1 t o  be u s e d  i n  c o n n e c t i o n  w i t h  f i g -  
u r e  6 1  of  T e c h n i c a l  R e p o r t  No. 610 t o  s t u d y  t h e  e f f e c t  of 
t h e  c o r r e c t i o n  on t h e  t h i c k n e s s  of t h e  optimum s e c t i o n .  
The comgar i son  i n d i c a t e s  t h e  f o l l o w i n g  r e s u l t :  

( T h i c k n e s s  o f  s e c t i o n  f o r  h i g h e s t  

Oi) s e r i e s  
230 s e r i e s  
430  s e r i e s  
230 s e r i e s  w i t h  0 . 2 ~  

s 2 l i t  f l a p  

1% C'ma,~ omin  ( p e r c e n t  c h o r d )  
__-_________-_l--_-_---_------ 

f rom T . R .  610 c o r r e c t e d  r e s u l t s  
( f i g .  1 )  

---_______C__-_ ----_-----I_------ 

11.5 11.5 
9 .5  10  

1 0  10.5 

The change i n  optimum t h i c k n e s s  i s  e v i d e n t l y  s m a l l  f o r  a i r -  
f o i l s  n i t h o u t  f l a p s .  The l o s s e s  a s r o c i a t e d  w i t h  e x c e e d i n g  
t h e  optimum t h i c k n e s s ,  however ,  become l e s s  marked so t h a t  
a conpromise  a i r f o i l  w i l l -  t e n d  t o  be t h i c k e r  by  a g r e a t e r  
amount then t h e  t a b l e  n o u l d  i n d i c a t e .  T h i s  c o n c l u s i o n  i s  
p a r t i c u l a r l y  s i g n i f i g a n t  vhen  f u l l  a d v a n t a g e  c a n  be t a k e n  
of t h e  f a c t  t h a t  t h e  maximum-l i f t  i n c r e m e n t  p r o d u c e d  by a 
h i g h - l i f t  f .evicc may i n c r e a s e  w i t h  s e c t i o n  t h i c k n e s s .  The 
u p p e r  c u r v e  o f  f i g u r e  2  i n d - i c a t e s  t h a t  t h e  optimum t h i c k -  
n e s s  f o r  t h e  230 s e r i e s  may t h e n  i n c y e a s e  t o  1 3  p e r c e n t  
a n d  t h a t  t h e  aerodynamic  l o s s  a s s o c i a t e d  w i t h  t h i c k e r  sec-  
t i o n s  i s  c o n s i d e r a b l y  s m a l l e r  t h a n  t h a t  p r e v i o u s l y  i n d i -  
c a t e d ,  

I n  c o n c l u s i o n ,  t h e  c o r r e c t i o n s  h e r e  p r e s e n t e d  a r c  
recomnend.ed f o r  immed-iate u s e ,  b u t  much r e c e n t  d a t a  have 
s u g g e s t e d  t h a t  t h e s e  o r  o t h e r  c o r r e c t i o n s  n i l 1  n o t  pro-  
duce  u l t i m a t e l y  s a t i s f a c t o r y  r e s u l t s .  I t  i s  p l a n n e d ,  
t h e r e f o r e ,  t o  o b t a i n  f u r t h e r  a i r f o i l - s e c J k i o n  d a t a  u n d e r  
L e s t  c o n d i t i o n s  more f a v o r a b l e  t h a n  t h o s e  i n  t h e  v a r i a b l e -  
d e n s i t y  t u n n e l .  

L a n a e p  !!lenorial A e r o n a u t i c a l  L a b o r a t o r y ,  
R a t i o n a l  Adv i so ry  Committee f o r  A e r o n a u t i c s ,  

L a n g l e ~  F i e l d ,  Vz-. , March 1 8 ,  1938r  
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TABLE I 

DATA OX CORRECTION OF !.CIBIliU!zf DRAG OF SYI54KETRICAL AIRFOILS 

Suppor t  
i n t e r -  

I Cdo 
Scor- 

f e r e n c e  r c c t c d )  

( f rom I Cor- 
s u p p o r t  r e c t i o n  
i n t e r -  i n c r c -  
f e r e n c e  ment 
t e s t s )  



. 
. 

N.A.C.A. 
Fig. 
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ldaximura thickness, fraction of chord 

Tigure 2.- Variation of C I  ,ax/ 
C d ~ a i n  

with thickness. 




