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SUMMARY 

T e s t s  were made i n  t h e  X . A . C . A .  8 - f o o t  h igh - speed  
n i n d  t u n n e l  of  a m e t a l - c o v e r e d ,  r i v e t e d ,  ' l s e r v i c e "  v i n g  
o f  a v e r a g e  -::orkmanship t o  d e t e r m i n e  t h e  aerodynamic  e f -  
f e c t s  of  $he n z n u f a c t u r i n g  i r r e g u l a r i t i e s  i n c i d e n t  t o  
s h o p  f a b r i c a t i o n .  The a i n g  mas of  5 - f o o t  cho rd  a n d  of 
N.A.C .A.  23012 s e c t i o n  and  w a s  t e s t e d  i n  t h e  l o r n - l i f t  
r a n g e  a t  s p e e d s  f rom 9 0  t o  450 m i l e s  p e r  hour  co r r e spond-  
i n g  t o  Reyno lds  Numbers f rom 4 , 0 0 0 , 0 0 0  t o  1 8 , 0 0 0 , 0 0 0 .  

A t  a . c r u i s i n g  c o n d i t i o n  t h e  d r a g  of  t h e  s e r v i c e  wing 
v a s  4 6  3 e r c e n t  h i g h e r  t h a n  t h e  d r a g  of a  smooth a i r f o i l ,  
w h e r e a s  t h e  d r a g  of an a c c u r a t e l y  c o n s t r u c t e d  a i r f o i l  hav- 
i n g  t h e  same a r r angemen t  of 3 / 3 2 - i n c h  b r a z i e r - h e a d  r i v e t s  
a n d  l a p  j o i n t s  showed a 22-percent  i n c r e a s e .  The d i f f e r -  
e n c e ,  o r  1 7  p e r c e n t  of t h e  smooth-wing d r a g ,  i s  a p p a r e n t l y  
t h c  d r a g  caused  by t h e  m a n u f a c t u r i n g  i r r e g u l a r i t i e s :  s h e e t  
w a v i n e s s ,  d e p a , r t u r e s  f rom t r u e  p r o f i l e ,  and  i m p e r f e c t  l a p s .  
The s e r v i c e  wing ,  f o r  one c o n d i t i o n  a t  l e a s t ,  showed a d r a g  
i n c r e a s e  due t o  c o m p r e s s i b i l i t y  a t  a lower  a i r  s p e e d  t h a n  
d i d  t h e  n o r e  a c c u r a t e  a i r f o i l .  

I N T R O D U C T I O N  

T e s t s  of  a n  a i r f o i l  of 5 - f 0 0 t  cho rd  t h r o u g h  a v i d e  
s p e e d  rci lge have  been  made i n  t h e  N . A . C . A .  8 - foo t  h igh-  
s p c e d  wind t u n n e l  t o  d e t c r m i n e  t h e  aerodynamic  e f f e c t s  of 
r i v e t s  a n d  s p o t  melds  ( r e f e r e n c e  l), s i m u l a t e d  l a p  j o i n t s  
a n d  l a p s  combined v i t h  r i v e t s  ( r e f e r e n c e  2 ) ,  a n d  s u r f a c e  
r o u g h n e s s  ( r e f e r e n c e  3 ) .  

I n  o r d e r  t o  de te rmin .e  t h e  combined e f f e c t s  of a c t u a l  
l a p s ,  r i v e t s ,  and  t h e  m a n u f a c t u r i n g  i r r e g u l a r i t i e s  i n c i -  
d e n t a l  t o  c o n v e n t i o n a l  metal-wing c o n s t r u c t i o n ,  t e s t s  mere 



i. 

made of n wing of t h e  same s p e c i f i e d  p r o f i l e ,  r i v e t  s i z e  
and p a t t e r n ,  and l a p  t y p e  and p a t t e r n  as t h e  one u s e d  f o r  
t h e  t e s t s  r e p o r t e d  i n  r e f e r e n c e s  1, 2 ,  and 3  b u t  c o n s t r u c t -  
ed  a c c o r d i n g  t o  p r e s e n t - d a y  shop s t a n d a r d s .  The s e r v i c e  
ming mas f u r n i s h e d  by' t h e  Bureau o f  A e r o n a u t i c s ,  Navy De- 
p a r t m e n t ,  A comparison of t h e  r e s u l t s  f o r  t h e  shop-man- 
u f a c t u r c d  ming v i t h  t h o s e  f o r  t h e  more a c c u r a t e l y  con- 
s t r u c t e d  a i r f o i l  g i v e s  some c o n c e p t i o n  of t h e  aerodynamic 
e f f e c t s  of  t h e  i r r e g u l a r i t i e s  a s s o c i a t e d  n i t h  s e r v i c e  con- 
s t r u c t i o n .  

, . 
APPARATVS ABD METHOD 

The t e s t s  were made i n  t h e  N.A.C.A.  8-foot  h igh-speed  
mind t u n n e l ,  mhich h a s  a closed-  c i r c u l a r  t h r o a t .  A i r  f l o w  
i n  t h e  t e s t  s e c t i o n  i s  un i fo rm and s t e a d y  and t h e  tu rbu-  
l e n c e ,  a s  measured by s p h e r e  t e s t s ,  i s  e q u i v a l e n t  t o  t h a t  
of  f r e e  a i r  ( r e f e r e n c e  4 ) .  The t e s t  wings were mounted 
( s e e  f i g .  1)' so  a s  t o  span t h e  j e t  c o m p l e t e l y  e x c e p t  f o r  
dummy end s h i e l d s  of 10- inch  span a d j a c e n t  t o  each  m a l l .  
The a c t i v e  span of t h e  wings  m a s  6 f e e t .  The end s h i e l d s  
r o t a t e d  w i t h  t h e  n i n g  f o r  s change of  a n g l e  o f  a t t a c k  but  
m a i n t a i n e d  such a c l e a r a n c e  t h a t  al.1 f o r c e s  on t h e  a c t i v e  
span  mere t r a n s m i t t e d  t o  t h e  b a l a n c e  r i n g  and so t o  t h e  
r e c o r d i n g  s c a l e s .  

The s h o p - f a b r i c a t e d ,  o r  s e r v i c e ,  v i n g  mas of  5- foot  
c h o r d  and t h e  s p e c i f i e d  p r o f i l e  m a s  N.A.C.A. 23012. The 
a r rangement  of  r i v e t s  a i ld .  laps mas as shown i n  f i g u r e  2.  
The ming m a s  f a b r i c a t e d  i n  t h e  Waval A i r c r a f t  F a c t o r y  a t  
P h i l a d e l p h i a  under  shop c o n d i t i o n s  b e l i e v e d  t o  be t y p i c a l  
a t  t h e  p r e s e n t  t ime.  I n s t r u c t i o n s  f o r  f a b r i c a t i o n  of t h e  
v i n g  n e r e  a s  f o l l o ~ ~ s :  "Skin  t h i c k n e s s ,  s t i f f e n e r  a r r a n g e -  
ment ,  p r o f i l e  t o l e r a n c e s ,  workmanship, and  f i n i s h  s h a l l  
be a s  n e a r l y  as p o s s i b l e  r e p r e s e n t a t i v e  of c o n v e n t i o n a l  
p r n c t i c e  on s e r v i c e  a i r p l a n e s .  No e x t r a  p r e c a u t i o n s  t o  
o b t a i n  n i n g  s u r f a c e s  of  a q u a l i t y  h i g h e r  t h a n  i s  common t o  
e x i s t i n g  a i r p l a n e s  s h o u l d ' b e  e x e r c i s e d .  I t  i s  d e s i r e d  
t h a t  t h e  wing  be r e p r e s e n t a t i v e  of p r e s e n t - d a y  ming con- 
s t r u c t i o n , "  

C a r e f u l  measurements  of t h e  wing i n d i c a t e d  t h a t  t h e  
d e p a r t u r e  from t h e  t r u e  y r o f i l e  w a s  main ly  a t  t h e  n o s e ,  as 
shown i n  f i g u r e  3. The g e n e r a l  w a v i n e s s  o f '  t h e  s h e e t -  
m e t a l  c o v e r i n g  i s  shown bp t h e  pho tograph  of f i g u r e  4. I n  
a d d i t i o n  t o  t h e s e  i r r e g u l a r i t i e s ,  t h e  l a p  j o i n t s  mere 0%- 

s e r v e d  t o  be n o t  i n  c o n t a c t  a t  a l l  p o i n t s  and some of t h e  



r i v e t s  n c r e  i lot  p e r f e c t l y  formed.  I t  i s  p r o b a b l y  s i g n i f -  
i c a n t  i n  jud-ging n h e t h e r  t h e  s e r v i c e  wing met t h e  r e q u i r e -  
ment o f  "average" norkmansh ip ,  a s  w e l l  a s  i n d i c a t i v e  of 
t h e  v a r g i n g  d e g r e e  of  s o r k n a n s h i p  now r e q u i r e d  by t h e  i n -  
d u s t r y ,  t o  n o t e  t h a t ?  of 8. l a r g e  number of m a n u f a c t u r e r s  
i n s p e c t i s g  t h e  s e r v i c e  n i n g ,  a b o u t  a s  many s t a t e d  t h a t  i t  
n n s  b e t t e r  t h a n  t h e i r  a v e r a g e  as s t a t e d  t h e  o p p o s i t e .  

The n o r e  c c c u r a t e  v i n d - t u n n e l  n ' i r f o i l  mas of  t h e  same 
c h o r d  cad s e c t i o n  and  d e p a r t e d  f rom t h e  t r u e  p r o f i l e  main- 
l y  c s  shonn i n  f i g u r e  3. The a i r f o i l  mas made a i t h  a 1/8- 
i n c h  ~ , l u n i n u n  c o v e r i n g ,  p a i n t e d ,  s n n d p a ~ e r e d ,  p o l i s h e d ,  
a n d  t72xe(t 'I',:I~ 17as knorn  t o  be  a e r o d y n a m i c a l l y  smooth; t h a t  
i s ,  f u r t h e r  ~ o l i s h i ~ ~ g  n o u l d  have b r o u g h t  a b o u t  no r educ -  
t i o ~ i  i n  dr2.g. Lnps n e r e  s i n u l n t e d  by  c u t t i n g  s p n n n i s e  
g r o o v e s ,  of  t h e  p r o p c r  p r o f i l e ,  i n  t h e  c o v e r i n g .  

The n i n g s  n e r e  t e s t e d  a t  t h r e e  a n g l e s  o f  a t t a c k  c o r -  
r e s p o n d i n g  t o  l i f t  c o e f f i c i e n t s  of 0 ,  0.15, a n d .  0.3 st cir  
s p e e d s  f rom 9 0  m i l e s  p e r  h o u r  t o  t h e  speed  t h a t  gave  a 
71ing l o c d i n g  o f  50 ;?ounds p e r  s q u a r e  f o o t  o r  t o  t h e  speed  
c o r r e p n d i n g  t o  t h e  c o n p r e s s i b i l i t y  b u r b l e ,  r rh i cheve r  wns 
l o ~ r e r .  The n e t h o d  of r e d v c i 2 g  d a t a ,  znd t h e  r e a s o n s  f o r  . 
p r e s e n t i ~ ~  t h e  i n c r e c s e  i n  d r n g  c o e f f i c i e n t  r a t h e r  t h z n  
t L e  , - ,%solute  d r c g  c o e f f i c i e n t s  2.re d i s c u s s e d  i n  r e f e r e n c e  1. 

PRECIS I O N  

An < - ,n~ . ly s i s  of t h e  ~ r o b n b l e  e r r o r s  i n  t h e  p r e s e n t  sew 
r i e a  of t c s t s  i n d i c a t e s  t h a t  t h e  i n c r e a s e s  i n  d r a g  coef-  
f i c i e n t s  a r e  n c c u r a t e  t o  n i t h i n  f0 .0001 ,  c o r r e s p o n d i n g  t o  
f1.4 L3ercent of  t h e  d r a g  of t h e  smooth a i r f o i l ,  e x c e p t  a t  
s p e e d s  'uelon l o b  a n d  above  400 m i l e s  p e r  hour   here t h e  
e r r o r s  nzy be t w i c e  t h i s  magni tude .  

RESULTS 

T3e r c s u l t s  o f  t e s t s  of  t h e  t n o  n i n g s  a r e  shown i n  
f i g u r e  5 f o r  t h r e e  l i f t  c o e f f i c i e n t s .  The i n c r e a s e  i n  
drckg c o e f f i c i e n t  CD i s  t h e  anoun t  by which t h c  d r n g  co- 
e f f i c i e n t  f o r  any  c o n d i t i o n  excecded t h e  d r a g  c o e f f i c i e n t  
o f  t h e  s n o o t h  n i n g  at  t h e  s ane  s p e e d .  A o  an  a i d  i n  v i s -  
u ? . l i z i n g  t h e  n c g n i t u d e  of t h e  i n c r c c s c s ,  v a l u e s  a r e  s c o t -  
t e d  on t 5 c  c u r v e s  t o  s h o ~  t h e  i n c r e a s e  c ~ s  a percentage 
o f  t h e  d r z g  of  n snoot11 Y.A.C.A. 23012 z i r f o i l  a s  e x t r a p o -  
l a t e d  f r o n  f u l l - s c a l e  n i a d - t u n n e l  r e s u l t s .  The zir s p e e d s  



n o t e d  a r e  n o t  t h e  a c t u a l  t e s t  v e l o c i t i e s  b u t  a r e  s p e e d s  
t h a t  a t  s e a  l e v e l  u n d e r  s t a n d a r d  z t m o s p h e r i c  c o n d i t i o n s  
nould.  p r o d u c e  v a l u e s  of  Mach number M, ( r a t i o  of a i r  
s p e e d  t o  speed  of sound i n  t h e  c i r )  e q u a l  t o  t h e  t e s t  v z l -  
u e s .  The Reyno lds  Numbers a r e  t h e  a v e r a g e s  of  t h e  a c t u a l  
Reyno lds  Numbers f o r  t h e  v a r i o u s  t e s t  r u n s .  None of t h e  
R e y c o l d s  Numbers d e p a r t s  enough from t h e s e  a v e r a g e s  t o  
a f f e c t  t h e  r e s y l t s  a p p r e c i a b l y .  A d d i t i o n a l  d a t a  f rom r e f -  
e r c n c e  2 2,re i n c l u d e d  t o  shorn t h e  magni tude  of t h e  e f f e c t s  
c a u s e d  by r i v e t s  and  l a p s ,  a l o n e  and  i n  combina t ion .  

DISCUSSION 

The c u r v e s  of f i g u r e  5 shorn t h a t  t h e  d r a g  of t h e  shop- 
f n b r i c ~ ~ t  od s e r v i c e  wing was c o n s i s t e n t l y  g r e a t e r  t h a n  t h a t  
of  t h e  more a c c u r a t e  a i n g  n i t h  t h e  same r i v e t s  a n d  l a p s  by 
1 3  t o  17' g e r c e n t  of t h e  smooth-ving d rag .  There  a p p e a r s  
t o  be  no x a r k e d  s c a l e  e f f e c t  on t h c  d r a g  i n c r e m e n t  c a u s e d  
by  t h e  m n n u f s c t u r i n g  irregularities. 

I n  t h e  s p e c i f i c a t i o n s  f o r  t h e  c o n s t r u c t i o n  of  t h e  
s e r v i c e  v i n g ,  i t  was n e c e s s a r y  t o  p e r m i t  t h e  f a b r i c a t o r  t o  
choose  a s h e e t  t h i c k n e s s  t h a t  mould be most n e a r l y  conven- 
t i o n e l  i n  o r d e r  t h a t  t h e  r e s u l t i n g  workmanship,  s h e e t  wavi- 
n e s s ,  e t c . ,  s h o u l d  be e n t i r e l y  n o r n a l .  The f a c t  t h a t  0.032- 
i n c h  s h e e t  was chosen  p r e v c n t s  an  e x a c t  compar i son  w i t h  t h e  
w ind- tunne l  n o d c l ,  s i m u l a t i n g  0.018-inch s h e e t ,  on accoun t  
of  t h e  r e s u l t i n g  d i f f e r e n t  l a p  h e i g h t ,  The r e s u l t s  of r e f -  
e r e n c e  5 i n d i c a t e  t h a t ,  f o r  l a p s  a l o n e ,  t h e  d i f f e r e n c e  i n  
d r a g  c o e T f i c i e n t  due t o  t h e  d i f f e r e n t  l a p  h e i g h t  mould be 
o f  t h e  okSf.er o f  0.0COX. The ac tu-a1  d i f f e r e n c e ,  however ,  
w a s  p r o b a b l y  of  t h e  o r d e r  of t h e  e x p e r i m e n t a l  e r r o r  b e c a u s e ,  
a s  r ' i scus . scd  i n  t h e  n e x t  p a r a g r a p h ,  t h e  d r a g  o f  l a p p e d  j o i n t s  
i s  d i m i n i s h e d  by t h c  p r e s e n c e  of r i v e t s .  I n  viom of t h e  
magn i tude  o f  t h c  d r a g  i n c r e a s e s  due t o  o t h e r  c a u s e s ,  t h e  
e f f e c t  of  t h e  d i f f e r e n c e  i n  l a p  h e i g h t  may be c o n s i d e r e d  
n e g l i g i b l e .  

The p r e s e n t  t e s t s  i n v e s t i g a t e d  t h e  e f f e c t  of ganufac -  
t u r i n g  i r r e g u l a r i t i e s  i n  t h e  p r e s e n c e  of r i v e t s  a n d  l a p s .  
I t  i s  g e n e r a l l y  c o n s i d e r e d  t h a t  aerodyne~lnic  e f f e c t s ,  s u c h  
a s  t h e s e ,  a r e  n o t  a $ - d i t i v e ;  t h e  r e s u l t s  from p r e v i o u s  
t e s t s  t h a t  a r e  shown f o r  r i v e t s  a ~ < n * e ,  l a p s  a l o n e ,  and r i v -  
e t s  and  l a p s  c o m b i n e d  b e a r  o u t  t h i s  c o n t e n t i o n  i n  t h a t  
t h e  sum of t h e  e f f e c t s  of t h e  two i t e m s  i s  g r e a t e r  t h a n  c .  

t h e  e f f e c t  of  t h e  t v o  i t e r c s  conb ined .  Cons ide red  t h u s ,  



t h e  e f f e c t  of  m a n u f a c t u r i n g  i r r e g u l a r i t i e s  p r o b a b l y  i s  con- 
s e r v a t i v e ,  as measured i n  t h e  p r e s e n c e  o f  r i v e t s  and  l a p s ,  
a n d  t h e  same i r r e g u l a r i t i e s  ( s h e c t  w a v i n e s s  and  d e p a r t u r e s  
f r o m  t r u e  p r o f i l e )  may be  even more i m p o r t a n t  on a wing 
t h a t  i s  o t h e r w i s e  smooth.  

The d r a g  c u r v e  f o r  t h e  s e r v i c e  wing a t  z e r o  l i f t  i s  
i n t e r e s t i n g  a s  i t  r i s e s  q u i t e  r a p i d l y .  i n  t h e  r e g i o n  of 
400 m i l e s  e n  h o u r .  I t  i s  b e l i e v e d  t h a t  a c o m p r e s s i b i l i t y  
b u r b l e  mas p r e c i p i t a t e d  by the b u l g e  i n  t h e  l o w e r  p o r t i o n  
o f  t h e  n o s e  a t  lower  s p e e d s  t h a n  would be n o r m a l l y  p r e -  
d i c t e d  f o r  t h e  t r u e  s e c t i o n  because  % h i s  b u l g e  was i n  a 
c r i t i c a l  r e g i o n  f o r  t h e  a t t i t u d e  of z e r o  l i f t .  

The o v e r - a l l  d r a g  i n c r e a s e s  t h a t  a r e  shown f o r  t h e  
s e r v i c e - n i n e  g i v e  a t r u e  p i c t u r e  of t h e  d e t r i m e n t a l  e f f e c t  
o f  t h e  c o n b i n a t i o n  of r i v e t s ,  l a p s ,  and  m a n u f a c t u r i n g > i r -  
r e g u l a r i t i e s  t h a t  o b t a i n e d  on t h e  s e r v i c e  wing;  t h e  r e s u l t s  
a r e  a :np l icab le  t o  w ings  of o t h e r  s i z e s  if t h e  s c a l e  of a l l  
i r r c g u l a r ' i t i e s  r e m a i n s  t h e  same m i t h  r e s ~ c d ,  t o  t h e  ming 
c h o r d .  As p o i n t e d  o u t  i n  r e f e r e n c e  1 ,  c a r e  must be  cxer -  
c i s e d  i n  a p p l y i n g  t h e  r e s u l t s  i f  t h e  r i v e t  s i z e  and  s h e c t  
t h i c k n e s s  60 n o t  v a r y  d i r e c t l y  w i t h  t h e  c h o r d ,  P r o b a b l y  
t h e  same p r e c a u t i o n s  must bc t a k e n  i n  a p p l y i n g  t h e  r e s u l t s  
f o r  n a n u f a c t u r i n g  i r r c g u l n r i t i e s  b u t  d e f i n i t e  i n f o r m a t i o n  
must  come f rom a  more comple t e  and  s y s t e m a t i c  s t u d y  of 
manuf?.c tur ing i r r e g u l a r i t i e s .  

CO?TCLUS IOMS 

1. Thc d r a g  of  a shop-manufac tured  wing of a v e r a g e  
r-lorkmanship,  m i t h  r i v e t s  and  l a p  j o i n t s ,  mas f o u n d  t o  be 
a s  much as 46 17ercent g r e a t e r  t h a n  t h e  d r a g  of a smooth 
w i n g  of  t h e  same p r o f i l e .  

2 The d r a g  of a shop-manufac tured  n i n g  was g r e a t e r  
t h a n  t h e  $-rag of n more a c c u r a t e  n i n g  m i t h  t h e  same n r -  
r a n g e n e n t  of  r i v e t s  a n 6  Laps ,  by 1 7  p e r c e n t  of t h e  smooth- 
n i n g  drag.  

3.  l ! l ~ ~ n u f a c t u r i n g  i r r  c g u l a r i t  i e s  p roduced  a p r e m a t u r e  
i n c r e c s e  i n  d r a g  due t o  c o m p r e s s i b i l i t y  e f f e c t s .  

. -d 

L a n g l e y  M ~ i ~ ~ o r i n l  A e r o n a u t i c a l  L c z b o r a t o r y ,  
N a t i o n a l  Adv i so ry  Gomni t t e c  f o r  A e r o n a u t i c s ,  

Lm.gley  F i e l d ,  Va., December 7 ,  1937. 
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