


THE EFFECT OF SURFACE IRREGULAZLITIES ON BING DRAG 

I .  RIVETS AND SPOT VELDS 

T e s t s  have  been c o n d u c t e d  i n  t h e  N.A.C.A. 8 - f o o t  
h igh - speed  c i n d  t u n n e l  t o  d e t e r m i n e  t h e  e f f e c t  o f  exposed  
r i v e t  h e a d s  slid s p o t  r.relds on r i n g  d r a g .  Most of  t h e  
t e s t s  mere madc n i ' i b  an a i r f o i l . o f  5 - f o o t  chord .  The a i r  
s p e e d  m a s  v a r i e d  from 80 t o  500 m i l e s  p e r  hour  and  t h e  
l i f t  c o e f f i c i e n t  f rom 0 t o  0.30. 
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The i n c r e a s e s  i n  t h e  d r a g  of  t h e  5 - foo t  a i r f o i l  vas- 
i c d  f r o n  6 p e r c e n t ,  due t o  c o u n t e r s u n k  r i v e t s ,  t o  27 p e r -  
cent, due t o  3 /32- inch  b r a z i o r - h e a d  r i v e t s ,  w i t h  t h e  r i v -  
e t s  i n  a r e p r e s e n t a t i v e  a r r a n g e m e n t .  The d r a g  i n c r e a s e s  
c a u s e d  by p r o t r u d i n g  r i v e t  h e a d s  were  r o u g h l y  p r o p o r t i o n -  
a l  t o  t h e  h e i g h t  of t h e  h e a d s .  V i t h  t h e  f r o n t  row of r i v -  
e t s  r e 1 1  f o r n a r d ,  changes  i n  s p a n v i s e  p i t c h  had n e g l i g i -  
b l e  e f f e c t s  on d r s g  u n l e s s  t h e  p i t c h  n a s  more t h a n  2.5 
p e r c e n t  of t h e  cho rd .  Data a r e  p r e s e n t e d  f o r  e v a l u a t i n g  
t h e  d r a g  r e 6 u c t i o n  a t t a i n e d  by removing  r i v e t s  f rom t h e  
f o r n z r d  p a r t  of  t h e  v i n g  s u r f e c e ;  f o r  exnmpxe, i t  i s  shovn 
t h c t  o v e r  70 p e r c e n t  of t h e  r i v e t  d-rag i s  c a u s e d  by t h e  
r i v e t s  oil t h e  f o r s n r d  30 p e r c e n t  of t h e  a i r f o i l  i n  a t y p i -  
c a l  c a s e .  

The s t r e a m l i n i n g  of a i r p l a n e s  h a s  advanced  t o  such  an 
e x t e n t  t h n t  i n  many c a s c s  s k i n  f r i c t i o n  c o n s t i t u t e s  a major  
p o r t i o n  o f  t h e  t o t a l .  d r ag .  I t  h a s ,  t h e r e f o r e ,  become in -  
c r e a s i n g l y  i m p o r t m t  t h a t  s k i n  f r i c t i o n  be r e d u c e d .  An 
o b v i o u s  n e t h o d  of r c d u c i n g  s k i n  f r i c t i o n  i s  t h e  e l i m i n a - ,  
t i o n  of r i v e t  h e a d s ,  s h e e t - m e t a l  l a p s ,  and  o t h e r  p r o t u b e r -  
a n c c s ,  and  r o u g h n e s s  f rom t h e  s u r f a c e s  exposed  t o  t h e  a i r  
f i o r .  3 e f o r e  t h e  d c s i g u e r  can  make ra -b iona l  d e c i s i o n s  a s  
t o  t h e  e x t e n t  t o  n h i c h  i t  i s  economica l  t o  e l i m i n a t e  p ro -  
t u b e r c n c e s  aEd r o u g h n e s s  f rom t h e  s u r f a c e s  of a i r p l a n e s ,  
i t  i s  e s s e n t i a l  t h n t  he  have d a t a  sh.oning t h e  magni tude  of 
t h e  d r z g  r e d u c t i o n s  t h e r e b y  a t t a i n a b l e .  

P r e v i o u s  t e s t s  have shown t h a t  r i v e t  h e a d s  ( r e f e r e n c e  
l ) ,  c e r t s e n  a r l i t r a r y  9 r o t u b e r a n c e s  ( r e f e r e n c e s  2 and  3 1 ,  
a n d  r o u g h n e s s  ( r e f e r e n c e s  4 and 5 )  g r e a t l y  i n c r e a s e  the 
d r a g  of n i n g s .  



The t e s t s  d e s c r i b e d  i n  t h i s  p a p e r  mere c o n d u c t e d  i n  
t h e  M.A.C.Ab 8-foot  h igh - speed  wind t u n n e l  o v e r  a wide 
r a n g e  of s c a l e  and  s p e e d  t o  p r o v i d e  d a t a  on t h e  e f f e c t  
upon  t h e  n i n g  d r a g  of a v a r i e t y  of  r i v e t  t y p e s ,  s i z e s ,  
a n d  a r r a n g e m e n t s .  The t e s t s  shoved t h e  e f f e c t s  on t h e  
d r a g  of a n  a i r f o i l  of N . A . C . A .  23012 s e c t i o n  n i t h  a  5- 
f o o t  c h o r d  of 3132- a n d  1116- inch  b r a z i e r - h e a d  r i v e t s ,  
3 /32 - inch  t h i n  b r a z i e r - h e a d  r i v e t s ,  3 /32-inch c o u n t e r s u n k  
r i v e t s ,  a n d  s p o t  me lds .  The r i v e t s  and  s p o t  me lds  mere 
a r r a n g e d  i n  spanmise roms a t  p i t c h e s  o f  ? / 4 ,  1 -1 /2 ,  and  3 
i n c h e s .  Drag r e d u c t i o n  a t t a i n e d  by  e l i m i n a t i n g  r i v e t s  on 
o n l y  t h e  f o r v a r d  p o r t i o n s  of v i n g s  was a l s o  de t e rmined .  
The t e s t s  a c r e  made a t  l i f t  c o e f f i c i e n t s  of 0 ,  0 .15 ,  and  
0.30 a n d  a t  speeds  f rom 80 t o  500 m i l e s  p e r  h o u r ,  c o r r e -  
s p o n d i n g  t o  Reyno lds  Numbern R ,  f rom 3 , 0 0 0 , 0 0 0  t o  
1 8 , 5 0 0 , 0 0 0 .  

The Grope r  method of a p p l y i n g  t h e  r e s u l t s  of t h e  
t e s t s  on t h e  a i r f o i l  of 5 - foo t  c h o r d  t o  wings of  v a r i o u s  
c h o r d s  n a s  i n v e s t i g a t e d .  by making t e s t s  of an N - A e C a A *  
23012 a i r f o i l  o f  ? - f o o t  c h o r d ;  t h e  s i z e  and a r r a n g e m e n t  
o f  t h e  r i v e t s  % e r e  i n  t h e  same r e l a t i o n s h i p  t o  t h e  a i r-  
f o i l  c h o r d  a s  t h e y  n e r e  f o r  t h e  3 /32- inch  b r a z i e r - h e a d  
r i v e t s  oil t h e  5 - foo t  a i r f o i l .  

The e f f e c t s  on v i n g  d r a g  of f o u r  t y p e s  of l a p  j o i n t  
a l o n e  and  n i t h  r i v e t s ,  and of f i v e  d e g r e e s  of r o u g h n e s s  
mere  a l s o  i n v e s t i g a t e d .  The r e s u l t s  of t h e  t e s t s  t o  de- 
t e r m i n e  t h e  e f f e c t s  of l a p s  and  r o u g h n e s s  w i l l  be p r e s e n t -  
e d  i n  s u b s e q u e n t  p a p e r s ,  a s  w i l l  a l s o  t h e  r e s u l t s  of t e s t s  
of a n i n g  r c p r c  s e n t  i n g  a v e r a g e  p r e s e n t - d a y  workmanship t o  
shon  t h e  e f f e c t  on d r a g  of d i s c r e p a n c i e s  b e t n e e n  t h i s  a i n g  
and- t h e  z c c u r a t e  model used. f o r  t h e  t e s t s  h e r e i n  r e p o r t e d .  

APPARATUS 

The N.A.C.A. 8-foot  h i g h - s p e e d  mind t u n n e l  was u s e d  
f o r  t h i s  i n v e s t i g a t i o n .  The a i r  f l o n  i n  t h e  c l o s e d  c i r c u -  
l a r  t e s t  s e c t i o n  of t h i s  nFnd t u n n e l  i s  q u i t e  un i fo rm.  
The t u r b u l e n c e  of t h e  a i r  f l o n  i s  so  s m a l l  t h a t  s p h e r e  

c 

t e s t s  have  shovn v i r t u a l l y  t h e  same c r i t i c a l  Beyno lds  Num- 
b e r  i n  t h e  t u n n e l  as i n  f r e e  a i r  ( r e f e r e n c e  6 ) .  

H 

E o t h  a i r f o i l s  u s e d  f o r  t h e  t e s t s  n e r e  of N.A .C .A .  
23012 s e c t i o n  a n d  h a &  a c t i v e  s p a n s  of 6 f c e t .  The a i r f o i l  
o f  5 - foo t  chord. c o i i s ? s t e d  of a wooden frame c o v e r e d  n i t h  



1 / 8 - i n c h  s h e e t  aluminum e x c e p t  t h e  formard  1-5/8 i n c h e s ,  
v h i c h  i ~ a s  c o v e r e d  n i t h  s t e e l  t o  r e d u c e  e r o s i o n .  The a i r -  
f o i l  of ? - foo t  chord  n a s  c o n s t r ~ r c t e d  o f  s o l i d  nood and 
c o m p l e t e l y  cove red  w i t h  s h e e t  s t e e l .  A l l  s c rews  i n  t h e  
c o v e r i n g  o f  b o t h  a i r f o i l s  n e r e  c o u n t e r s u n k  b e l o n  t h e  s u r -  
f a c e  and t h e  c o u n t e r s i n k s  were f i l l e d  f l u s h .  The na r rower  
a i r f o i l  and  t h e  s t e c l  nose  of t h e  n i d e r  a i r f o i l  v e r e  po l -  
i s h o d  and l e f t  b a r e  b u t  t h e  aluminum-covered p a r t  of t h e  
v i d e r  n i r f o i l  was p a i n t e d ,  s andpapered ,  p o l i s h e d ,  and 
waxed. The t e s t s  of t h e  e f f e c t  of roughness  shoved t h a t  
t h e s e  p o l i s h e d  s t e c l  and  p o l i s h e d  p a i n t  s u r f a c e s  were ae ro -  
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  p o l i s h i n g  would b r i n g  
a b o u t  no f u r t h e r  r e d u c t i o n  i n  drag .  

The a i r f o i l s  were mounted h o r i z o n t a l l y  a c r o s s  t h e  cen- 
t e r  of tire t e s t  s e c t i o n  as shown i n  f i g u r e s  1 and 2. The 
t u n n e l - n a 1 1  i n t e r f e r e n c e  was r e d u c e d  by e n c l o s i n g  t h e  ends  
o f  t h e  a i r f o i l s  i n  s h i e l d s  t h a t  d i d  n o t  touch  t h e  a i r f o i l s  
o r  t h e i r  s u ~ p o r t s  b u t  mere s u p p o r t e d  by t h e  t e s t  s e c t i o n .  
The c l e a r a n c e  betwsen t h e  a i r f o i l s  and s h i e l d s  n a s  abou t  
1 / 8  i n c h .  The 2- foot  a i r f o i l  p r o j e c t e d  th rough  t h e  s h i e l d s  
and  o p e n i n g s  i n  t h e  w a l l s  of t h e  t e s t  s e c t i o n  t o  t h e  b a l -  
a n c e  r i l g ,  b u t  t h e  5- foot  a i r f o i l  extended. o n l y  1 i n c h  i n t o  
e a c h  s h i e l d  and mas s u p p o r t e d  at  t h e  ends  by b r a c k e t s  t h a t  
p r o j e c t e d  t h r o u g h  t h e  opon ings  i n  t h e  n a l l s  o f  t h e  t e s t  
s e c t i o n  from t h e  b a l a n c e  r i n g .  The span of e a c h  s h i e l d  was 
1 0  i n c h e s ,  P a r a l l e l  r̂ l:bt s u r f a c e s  t rere  b u i l t  i n t o  t h e  
s i d e s  of t h e  t e s t  s e c t i o n  and  t h e  cnd s h i e l d s  v e r e  x r r a n g c d  
t o  r o t a t e  on an a x i s  c o n c e n t r i c  n i t h  t h a t  of  t h o  a i r f o i l s  
t o  p e r m i t  a n g l e - o f - a t t a c k  changes .  Motor-driven g e a r  r e -  
d u c e r s  on t h e  b a l a a c e  r i n g  s e r v e d  t o  change t h e  a n g l e  of 
a t t a c k .  

Oil t h e  5- foot  n i r f o i l ,  a c t u a l  r i v e t s  were u s e d  f o r  t h e  
/ t e s t s  of n r o t r u d i n g  r i v e t s ,  t h e  shanks  of t h e  r i v e t s  b e i n g  

p r e s s e d  i n t o  h o l e s  d r i l l e d  i n  t h e  a i r f o i l .  Holes  n o t  i n  
u s e  n e r e  p luggod  and f i n i s h e d  f l u s h .  Countersunk r i v e t s  
~ n d  s p o t  n e l d s  r e r e  s i m u l a t e d  by c u t t i n g  t h e  s u r f a c e  of t h e  
a i r f o i l .  The d e t a i l - s  of t h e  . r i v e t s  ' and  t h e  s i m u l a t i o n s  of 
t h e  c o u n t e r s u n k  r i v e t s  and s p o t  v e l d s  u s e d  on t h e  5 - fo0 t  
a i r f o i l  a r e  shown i n  f i g u r e  3.  The s i m u l a t i o n s  of  coun te r -  

e 
sunk r i v e t s  were i n t e n d e d  t o  r e p r e s e n t  t h e  t y p e  of r i v e t -  
i n g  i n  which t h e  c o u n t e r s i n k s  a r e  punched i n  t h e  s h e e t  met- * 

"s a1 r a t h e r  t h a n  b e i n g  c u t ,  t h e r e b y  p r o d u c i n g  s l i g h t  inden-  
t a t i o n s  a round  t h e  r l v e t  h e a d s e  

on t h e  2 - foo t  a i r f o ' i l ,  r i v e t  h e a d s  mere s i m u l a t e d  by 
l e a d  p u n c h i n g s  c e n e n t e d  t o  t h e  s u r f a c e  n i t h  a i r p l a n e  dope. 



T h i s e  p u n c h i n g s  were 2/5 as l a r g e  a s  t h e  h e a d s  of t h e  3/32- 
i n c h  b r a z i e r - l i e a d  r i v e t s  u s e d  on t h e  5 - f o o t  a i r f o i l  ( f i g .  
3 ) .  
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1 
Y O T  e a c h . a r r a n g e m e n t  of  r i v e t s  t e s t e d ,  t h e  l i f t ,  t h e  

d r a g ,  a~lc? t h e  p i t c h i n g  xonen t  w e r e .  d e t e r m i n e d  a t  -1.25O, 
-0.15O, 2nd  0.95' a n g l e  of 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 c n t s  of a p p r o x i n a t c l y  0 ,  0 .15 ,  and  0.30,  r e s p e c -  
t i v e l y .  The t c s t s  a t  l i f t  c o e f f i c i e n t s  of 0.15 a n d  0,30 
n c r e  nnde a t  n i r  s p e e d s  v a r y i n g  f rom 80 t o  370 and  80 t o  
270 m i l e s  p e r  h o u r ,  r e s :2cc t ive ly ,  t h e  upl3er l i m i t  i n  e a c h  
c a s e  ~ ~ r o d u c i n g  a wing l o a d i n g  o f  a p p r o x i m a t e l y  50  pounds 
p e r  s q u z r e  f o o t .  For  t h e  t e s t s  a t  z e r o  l i f t  t h e  speed  w z s  
v a r i e d  f r o =  80 m i l e s  p e r  hour  un t o  t h e  s p e e d  a t  nh ich  com- 
c r e s s i b i l 5 t g  e f f e c t s  c a u s e d  a r a p i d  i n c r e a s e  i n  Crag  coe f -  
f i c i e n t ,  a b o u t  500 n i l e s  p e r  hour  u n d e r  t h e  c o n d i t i o n s  of 
t h e s e  t e s t s .  

R i v e t s  v e r e  aZded t o  t h e  5 - f o o t  a i r f o i l  a t  314- inch  
p i t c h  i n  o l e  o r  more r o v r  a t  a t i m e  s t a r t i n g  m i t h  t h e  r e a r  
rev a n d  x~or l r ing  fo r r r a rd  as t h e  t e s t s  p r o c e e d e d .  The c h o r d  
~ 0 s i t i o ; l s  a t  vrhich 1.017s of r i v e t s  n e r e  p l a c e d  a r e  shovn i n  
f i < ; u r e  4. Tile e f f c c t s  of t h e  3 /32 - lnch  b r a z i e r - h e a d  r i v -  
e t s  or, e i t h e r  t h e  v.p;~er o r  t h e  1or;er s u r f a c e  n e r e  d e t e r -  
mined 3y f i r s t  a d d i n g  one o r  more r o n s  o n l y  t o  t h e  u p p e r  
s u r 2 a c e  a n d ,  a f t e r  t e s t i n g ,  z u d i a g  t h e  same number of r o n s  
o n l y  t o  t h e  l o n e r  n u r f ~ ~ c e .  Thc r i v e t  n i t c h  mas v a r i e d  by 
r e x o v i n g  z l t c r a n t c  r i v e t s  i n  e a c h  r o v ,  a f t e r  t e s t s  w i t h  

a t  3/4.-.linch p i t c h  were  comple t cd ,  a n d  t h e n ,  a f t e r  . 
t c s t i n g ,  a z a i n  removing a l t c r n a t c  rows. Thc r i v c t  h o l e s  
n c r e  :3luggcd and r i n i s h c d  f l u s h  as  t h e  r i v e t s  a e r e  removed, 
A f t e r  t e s t s  oT each  t y p e  of r i v e t  n e r e  complc t cd ,  a l l  t h e  
r i v e t s  v o r e  rer?ovod,  t h e  h o l e s  v e r c  i ~ l u g g c d  and  f i n i s h e d  
f l u s h ,  an6 t h e  d r a y  of t h e  s a o o t h  a r r f o i l  w a s  r e d e t e r m i n e 2 .  

A f t e r  an  i n i t i a l  d e t e r m i n a t i o n  of t h c  d r a g  of  t h e  2- 
f o o t  2 i r f o i l  v i t h  s n o o t h  s u r f c c c ,  t h e  l e a d  p u n c h i n g s ,  sirnu- 
l s t i n g  r i v e t  h e a d s  2 / 5  as  l a r g e  as t h e  k e a d s  of  3 /32- inch  
b r a z i o r - h e a d  r i v e $ s ,  n c r e  cemented t o  t ho  a i r f o i l  i n  1 3  
s p n n n i s e  Y O V G  on e a c h  s u r f n ~ c  fit t:lo szmc r s l a t i v e  c h o r d  
p o s i t i o n s  u s e d  on t h e  5 - f 0 0 t  0,:rCoi.l ( f i g .  4 ) .  The spa=- .# 

v i s e  - ? i t c h  a f  t h e  r i v e t s  v a s  0.3 i n c h ,  t h e  s a n e  p e r c e n t a g e  
of  t11e a i r f o i l  c';oi'?. as  t:le ~ /~ . - j . nc ,h  ? ' i t ch  used  on t h e  5- 
f o o t  ? . i s f o i l .  A f t e r  t c s t l n g ,  t h e  t h r e e  f o r m z r d  r o v s  of 
r i v e t  :lc,?ds vrerc Sci;!orci! and i;hc t o s t s  :rere r cpcn toC .  A l l  



t h c  r c m n i n i n g  r i v e t  hends  c e r e  %Len removed and  t h e  d r a s  of 
t h e  smoot5 a i r f o i l  n,?-s r e d e t e r m i n e d .  

u s e d  
Reyn 

S e c  
f o r  

o l d s  

- .use o f  t h o  h i g ! ~  t e s t  c p e c d s  e a p l o y e d ,  t h e  n e t 5 o d  
d e t e r m i n i n g  d y n a n i c  p r e s s u r e ,  a i r  s p e e d ,  and 
Number i n  t h e  N.A.G.A.  8 - foo t  L igh-speed  wind tun-  

n e l  : ~ u s t  c l l o n  f o r  c o m p r e s s i b i l i t y  e f f e c t  s .  B e r n o u l l i  ' s  
e q u . ~ * t i o n  f o r  n c o m p r e s s i b l e  f l u i d ,  i n  a form g i v e n  i n  r e f -  
e r e n c e  7 ,  i s  - - 

n h e r e  ? i s  t h e  ~ " t n o c p h e r i c  p r e s s u r e  wh ich ,  i n  t h e  c a s e  
3 

d i s c u s s e d  i n  r e f e r e n c e  7 ,  i s  v i r t u a l l y  e q u a l  
t o  t h e  t o t a l  h e a d  i n  t h e  t e s t  s e c t i o n .  

p,,, s t a t i c  p r e s s u r e  i n  t e s t  s e c t i o n .  

P s ,  d e n s i t y  of a i r  i n  t e s t  s e c t i o n .  

V,, a i r  speed  i n  t e s t  s e c t i o n .  

1 ,  Each number ( t h e  r z t i o  of t h e  a i r  s p e e d  t o  t h e  
s p e e d  of sound i n  t h e  a i r ) .  

The q u a n t i t y  n i t h i n  t h e  b r a c k e t s  i s  t h e  f a c t o r  by  nhich  t h e  
i n p a c t  p r e s s u r e  (cJ,) shown %y s p i t o t - s t a t i c  t u b e  can  be 

d i v i d o h  t o  g i v e  t r u e  dynamic p r e s s u r e  ( q  = p v2)* T h i s  
f a c t o r  i s  c a l l e d  t h e  M c o n p r e s s i b i l i t y  f a c t o r "  and  i s  o f t e n  
d e s i g n a t e d  by (1 + 'Q). A c c o r d i n g l y ,  

/ 
S u b s t i t u t i n g  f i r s t  J P s  L.4 -- f o r  t h e  speed of  sound,  t h e n  

2 
Ps  

q c  2 q  f o r  ps Vs , and  f i n a l l y  ------ 
( 1  + 'Q)  

f o r  q  g i v e s  

e 

F r o n  t h i s  r e l . a t i o n  t h e  c o n p r e s s i b i l i t y  f a c t o r  ( 1  + 'Q) i s  
conputoi l  i n  t e r i l s  of qc/?s .  and  p l o t t e d  f o r  u s e  i n  com- 

p u t i n g  t e s t  r e s u l t s .  



Dur ing  t e s t s ,  measurements  a r e  nade  of t h e  p r e s s u r e  
d i f f e r e n c e  P1 - Ts n h e r c  P1 i s  t h e  s t a t i c  p r e s s u r e  i n  

t h e  s loa-cpee i l  p a r t  of t h e  r e t u r n  p a s s a g e .  From t h i s  
p r e s s u r e  d < i f f e r e n c e ,  qc  f o r  t h e  n o d e l  p o s i t i o n  i s  compute 

e d  i n  a c c o r d a n c e  a i t h  a  r e l a t i o n  p r e v i o u s l y  d e t e r m i n e d  by 
p i t o t - s t a t i c  s u r v e y s  of t h e  a i r  f low i n  t h e  t e s t  s e c t i o n .  
The a b s o l u t e  v a l u e  of Ps i s  computed f r o n  t h e  b a r o n e t r i c  
p r e s s u r e ,  EL p r e v i o u s l y  d e t e r n i n e d  v a l u e  of Pa - pl 

and  t h e  n e a s u r e d  p r e s s . a r c  d i f f e r e n c e  P1 - ps .  The r a t i o  

q c / p s  i s  t k e n  computed. a n d ,  f r o n  t h i s  r a t i o  and  t h c  c u r v e  

d c s c r i 3 e d .  i n  t h e  -preceding  !?aragraph ,  ( 1  + TI) i s  d e t e r -  
n i n e d .  Thc t r u e  d y n a l i c  p r e s s u r e  on r h i c h  f o r c e  a n d  no- 
n e n t  c o c f f i c i c n t s  a r e  based  i s  t h c n  conpu ted  f rom t h e  r e -  
L a t i o n  

q c  
q = ------ 

( 1  -I- 7 )  

The a i r  t e n y e r a t u r c  i n  t h e  s l o r - s u e e d  p a r t  of  t h e  r e -  
t u r n  ; J a s sagc  TI , i s  mzasurcd  n i  t h  r e n o t e - i n d i c a t i n g  
t h z r n o _ ? e t e r s .  F ron  T1 , P1 , and  Ps t h e  t e r n p e r a t u r c  end 

d e n s i t y  of the a i y  i n  t h c  t e s t  s e c t i o n  Ts a n d  p s ,  a r e  

conputed- on t h e  a s s u n p t i o n  t h a t  t h e  f l o r ~  i s  a d i a ' o a t i c .  
Thc a i r  speed  i n  t h c  t e s t  s e c t i o n  i s  t h c n  e a s i l y  conpu ted  
f r o n  p s  a n d  q. Thc s g c e d  of sound i n  t h e  a i r  i n  t h e  

t o s t  s c c ' i i o n  i n  n i l e s  p e r  hour  i s  33.5 Jc n h e r e  T s  i s  

t h c  a 3 s o l u t e  t c n p e r a t u r c  i n  F a h r e n h e i t  d o g r e e n .  The v i s -  
c o s i t y  of t h e  a i r  f o l l o r s  f r o n  T s  a n d ,  s i n c e  ps hqs  
a l r e a d y  been  d e t e r n i n e d ,  t h e  Reyno lds  Number can  be  com- 
p u t e d .  

. . 
The a s s u n p t i o n  t h a t  t l ie  f l -on i s  a d i a b a t i c  b c t n e e n  t h e  

sloa-sz3ced p a r t  of t h e  r e t u r n  p a s s a g e  and  t 5 e  t e s t  s e c t i o n  
i s  s u p p o r t e d  by t e s t s  ~ h i c h  have shonn t h a t ,  e x c e ~ t  i n  t h e  
bou-ndwg l a y e r  n e a r  t h e  t u n n e l  n a l l s ,  t h e r e  i s  no appre -  
c i ? , b l e  d i f f e r e n c e  b e t v e e n  t h e  t o t a l  h e a d s  a t  t h e s e  t n o  sec-  
t i o n s .  

BLen t h e  a i r  i n  t h e  n i n d  t u n n e l  i s  c o o l  and  i t s  r e l a -  
t i v e  h u l i d i t y  i s  even nod.era , te ly  h i g h ,  f o g  c o n d e n s e s  i n  
t h e  t e s t  s e c t i o n  a h e n  t h o  t u n n e l  i s  o p e r a t e d  a t  h i g h  M 

s p e e d s .  Such c o n d e n s s t i o n  11nx a p g r e c i a b l e  e f f e c t s  on t h e  
t h c r n o d y n a n i c s  of t h ~  a i r  f l o v .  When t h i s  c o n d i t i o n  i s  
e n c o u n t e r e 6 ,  t h e  t n a r e l  is o l ~ e r a t e d  u n t i l  t h e  a i r  becones  
warn  eaough t o  d.isr.i-oat;r? f o g  5 c f o r z  t e s t  d a t a  c r e  t a k e n ,  



A s i d e  f r o n  t h i s  p r e c a u t i o n ,  no a l l o n a n c e  i s  made f o r  t h e  
e f f e c t s  o f  humid.i ty,  

Ai r - f low measurements  ahead  o f  t h e  c o d e l  have  i n d i -  
c a t e d  t h a t  b l o c k i n g  e f f e c t s  a r e  u n i m p o r t a n t  'under  t h e  con- 
d i t i o n s  of t h e s e  t e s t s .  

RESULTS 

The t u n n e l  e f f e c t s  on t h e  c h a r a c t e r i s t i c s  of a i r f o i l s  
t h a t  a r e  a s  l a r g e  r e l a t i v e  t o  t h e  t u n n e l  d i a m e t e r  a s  t h e  
two t e s t e d  a r e  q u i t e  a p p r e c i a b l e  b u t ,  a s  t h e s e  e f f e c t s  
h a v e  n o t  y e t  been  c o m p l e t e l y  d e t e r m i n e d  f o r  t h i s  wind t u n -  
n e l ,  no c o r r e c t i o n s  have  been a p p l i e d .  The r e s u l t s  a r e  
t h e r e f o r e  n o t  p r e s e n t e d  as a b s o l u t e  d r a g  c o e f f i c i e n t s  b u t  
a r e ,  i n s t e a d ,  p r e s e n t e d  i n  t e r m s  of  i n c r e a s e s  i n  d r a g  co- 
e f f i c i e n t ,  7:rhich s h o u l d  be l i t t l e  a l t e r e d  by t u n n e l  e f ~  
f e c t s .  

Even though  t h e  d r a g  r e s u l t s  s h o u l d  u s u a l l y  be  ap- 
p l i e d  on t h e  b a s i s  of Reyno lds  Number R, t h e y  a r e ,  f o r  
e x p e d i e n c y ,  shonn r e l a t i v e  t o  Mach number M ( t h e  r a t i o  
o f  t h e  a i r  speed  t o  t h e  s p e e d  of sound i n  t h e  a i r )  b e c a u s e ,  
a t  t h e  h i g h e r  s p e e d s  employed i n  t h e s e  t e s t s ,  compres s i -  
b i l i t y  e f f e c t s  c a u s e  t h e  d r a g  c o e f f i c i e n t s  t o  v a r y  so r a p i d -  
l y  t h a t  c o m ~ a r i s o n s  a r e  p r e f e r a b l y  made a t  e q u a l  v a l u e s  of 
t h i s  p a r n n e t e r .  The a i r  s p e e d s  q u o t e d  a r e  n o t  a c t a h 1  t e s t  
a i r  s1)eods a t  t h e  r e d u c e d  d e n s i t i e s  e x i s t i n g  i n  t h e  n i n d  
tunne l .  b u t  a r e  s p e e d s  t h z t  a t  s e a  l e v e l  i n  a s t a n d a r d  at-  
n o s p h e r e  ~ ~ o u l d  ~ r o d u c e  v a l u e s  of $1 . e q u a l  t o  t h e  t e s t  
v a l u e s .  The Reynolds  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  Reyno lds  Numbers d e p a r t  from t h e s e  a v e r a g e s  enough t o  
a f f e c t  t h e  r e s u l t s  a p p r e c i a b l y ,  

I n c r e a s e s  i n  t h e  d r a g  c o e f f i c i e n t  CD, of t h e  5 - f o o t  
a i r f o i l  due t o  t h e  d i f f c r e n t  t y p e s  a n d  s i z e s  of r i v e t s  2nd 
t h e  s p o t  n e l d s  a t  7 /4- inch  p i t c h  i n  1 3  rows on e a c h  s u r -  
f s c e  a re  p l o t t e d  a g a i n s t  M i n  f i g u r e  5.  I n  o r d e r  t o  a i d  
i n  v i s u a l i z i n g  t h e  magni tude  of t h e s e  d r a g  i n c r e a s e s ,  t h e  

C 

n p p r o x i n a t e  p e r c e n t a g e  i n c r e a s e s  a t  one Reynolds  l lunber  
a r e  s p o t t e d  on t h e  c u r v e s  f o r  n f c v  r e p r e s e n t a t i v e  p o i n t s  

'E 

u s i n g  a s  b a s e  v a l u e s  f u l l - s c a l e  wind- tunne l  r e s u l t s  f rom 
-7, 

r e f e r e n c e  8 e x t r a p o l a t e d  a n d  c o r r e c t e d  f o r  t i p  e f f e c t s .  

The v a r i a t i o n  of t h e  d r a g  i n c r e a s e s  c a u s e d  by r i v e t s ,  
h e r e i n a f t e r  c a l l e d  " r i v e t  d r a g , "  n i t h  t h e  h e i g h t  of  t h e  
p r o t r u d i n g  r i v e t  h e a d s  i s  shown i n  f i g u r e  6 .  



The f a c t  t h a t  r i v e t s  on t h e  f o r w a r d  p a r t  of a wing 
i n c r e a s e  t h e  d r a g  n o r e  t h a n  t h o s e  f a r t h e r  back i s  i l l u s -  
t r a t e d  i n  f i g u r e s  7 t o  9 .  F i g u r e  7 shoms t h e  d r a g  in-  
c r e a s e  due t o  t h e  d i f f e r e n t  t y p e s  and  s i z e s  of r i v e t s  2nd 
t h c  s g o t  -1~c1ds on b o t h  s u r f a c e s  of  t h e  a i r f o i l  p l o t t e d  
a g a i n s t  chori l  p o s i t i o n  of t h e  f o r m a r d  roms. F i g u r e  8 i s  
a s i ~ l i l a r  p r e s e c t a t i o n  f o r  t h e  3132-inch b r a z i e r - h e a d  r i v -  
e t s  n i t h  t h c  e f f e c t s  on t h c  u p p e r  and  l o n e r  s u r f a c e s  sep- 
a r a t e d .  F i g u r e s  7 and  8 shol.; t h e  d r a g  i n c r e a s e s  o n l y  a t  
230 m i l e s  g e r  hour  a n d  CL = 0 .15 ,  b u t  t h e  same phenom- 
enon  i s  i l l u s t r a t e d  i n  f i g u r e  9 i n  a  form t h a t  i s  a p p l i c a -  
b l e  ct 3, l l  s p e e d s  nod l i f t  c o e f f i c i e n t s  r i t h i n  t h e  r ange  
o f  t h e  t e s t s  a n d  i s  x o r e  c o n v e n i e n t  f o r  some u s e s .  Thc 
p e r c e n t a g e s  s h o r n  i n  f i g u r e  9 can  b ~  a p p l i e d  t o  t h e  d r a g  
i i i c r e a s e s  shown i n  f i g u r e  5 .  F i g u r e s  7 t o  9 c o r r e s p o n d  t o  
t h e  p r a c t i c a l  c o n d i t i o n  i n  which r i v e t  d r a g  i s  r e d u c e d  by 
removing  r i v e t s  from o n l y  t h e  f o r v a r d  ?ar t  of a s i n g .  

F r o n  t h e  c u r v e s  i n  f i g u r e  9 ,  which  shorn t h e  e f f e c t s  
of r i v e t s  on t h e  u p p e r  and  l o v e r  s u r f a c e s  s e p a r a t e l y ,  i t  
i s  p o s s i b l e  t o  d e r i v e  t h e  optimum r i v e t  a r r a n g e m e n t  t o  
a t t a i n  a  ixaximum r e d u c t i o n  i n  d.rag by e l i m i n a t i n g  a g i v e n  
number o f  r i v e t s .  F i g u r e  L O  i l l u s t r a t e s  s u c h  optimum arm 
r a n g e n e n t  s. 

The v a r i a t i o n  of - i v e t  d r a g  w i t h  the  s n a n u i s e  p i t c h  
o f  t k e  r i v e t s  i s  shonn i n  f i .qure  11. Tliis  f i g u r e  s h o s s  
t h e  v a r i a t i o s  o n l y  a t  230 ~ i l e s  p e r  hour  and a t  a l i f t  co- 
e c f i c i e n t  of 0.15 h e c a u s e  t h c  v a r i a , t i o n  f o r  a l l  s p e e d s  a n d  
l i f t  c o e f f i c i c : n t s  w i t h i n  t h e  r s n g o  of  t h e  t e s t s  was q u i t e  
s i m i l a r  t o  t h a t  shonn. I n  t h i s  f i g u r e  t h e  s cad lc  of ab- 
s c i s s a s  i s  l i n e a r  w i t h  r o s p e c t  t o  t h e  number of r i v e t s  p e r  
u n i t  span ,  o r  t h e  r e c i p r o c a l  of t h c  r i v e t  p i t c h .  T h i s  
s c a l e  v s s  chosen  so t h a t  t h c  c u r v e s  c o u l d  be e x t e n d e d  t o  
t h e  c o n d i t i o n  ~ r h e r e  no r i v e t s  r ema ined  on t h c  wing and so 
tli3,t s t r a i g h t  l i n e s  t h r o u g h  the o r i g i n  would r e s u l t  i f  t h e  
r i v c t  d r a g  7,xere p r o p o r t i o n a l  t o  t h e  number of r i v e t s  on 
t h e  ?7in3. 

Dr<zg i n c r e a s e s  c a u s e d  by g e o m e t r i c z l l y  s i m i l a r  ar- 
r angemen t s  of r i v e t s  on t h e  5 - foo t  and. 2-foot  a i r f o i l s  a r c  
comparcd a t  e q u a l  Reyno lds  Numbers i n  f i g u r e  1 2 .  

As t h e  e f f e c t s  o f  t h e  r i v c t s  r , r ,d  s p o t  vc1d.s on l i f t  r̂. 

and  itching moment a t  t h e  a n s l c s  o f  r L t t a c k  i n c l u d e d  i n  
t h e  t e s t s  n e r e  n o t  l a r g e  cnou1;h t o  b c  o f  any i m p o r t a n c e ,  
t h e  r e s u l t s  a r c  r ~ o t  shona .  No a t t e n p t  T;rpds made t o  d e t e r -  
mine t h e  n a s i ~ ~ u n  l i f t  c o e f f i c i e n t s  b e c a u s e  of t h e  l a r g e  



s i z e  of t h e  a i r f o i l s  i n  r e l a t i - o n  t o  t h e  t u n n e l  d . iameter .  
The t e s t s  r e p o r t e d  i n  r e f e r e n c e  1, honevor ,  showed t h a t  
n i n e  r o n s  of  l / 8 - i n c h  bra.zier-?.lead r i v e t s  on oach  su r -  
f a c e  of  a,. C l a r k  Y a i r f o i l  of 6-foot  chord  r e d u c e d  t h e  max- 

. imun l i f t  c o e f f i c i e n t  o n l y  1 p e r c e n t ,  

Tho p r i n c i p a l  e r r o r s  i n  t h e  d r a g  i n c r e a s e s  h e r e i n  r e -  
p o r t e d  % r e  p r o b a b l y  random e r r o r s  due t o  v a r i a t i o n s  i n  t h e  
coi ld . i t ion of  t h e  a i r f o i l  s u r f a c e ,  f r i c t i o n  i n  t h e  d r a g  
b n l z n c e ,  c a d  similar c a u s e s .  E r r o r s  i n  t h e  r e s u l t s  a r e ,  
t h e r e f o r e ,  g r o b a b l y  no g r e a t e r  t h a n  v a r i a t i o n s  i n  t h e  d r a g  
c o e f f i c i e n t s  de te rmined  a t  v a r i o u s  t i m e s  f o r  t h e  smooth 
a i r f o i l ,  K o s t  of t h e  1 4  ~ e p a r a t e  d e t e r m i n a t i o n s  o f  t h e  
d r a g  c o e f f i c i e n t  of t h e  smooth a i r f o i l  a g r e e d  ~ ~ i t h i n  
f0 .0001 ,  cor respon.d iag  t o  41.4 p e r c e n t  of t h e  slrooth air-  
f o i l  d r a g ,  e x c e p t  a t  s p e e d s  below 1 0 0  and above 400 m i l e s  
p e r  hour  n h e r e  t h e  v a r i a t i o n s  n e r e  a b o u t  tw ice  t h i s  l a r g e .  
S y s t e m a t i c  e r r o r s  a r e  though t  t o  be s n a l l  enough so t h a t  
t h e i r  e f f e c t  on t h e  r e s u l t s  i s  n o t  i n p o r t a n t .  

DISCUSSION 

Me c h a n i  srn of  R i v e t  Drag 

R i v e t  h e a d s  i n c r e a s e  tho  d r a g  of  a v i n g  i n  t n o  nays :  
F i r s t ,  e a c h  r i v e t  h e a d ,  b e i n g  exposed  t o  t h e  a i r  f l o n ,  
h a s  some d r a g  i n  i t s e l f  t h a t  a d d s  t o  t h e  n i n g  d r a g ;  and 
s e c o n d ,  nnd more i m p o r t a n t ,  t h e  r i v e t s  d i s t u r b  t h e  f l o n  i n  
t h e  boundarg l n y e r  and t h e r e b y  i a c r e a s e  t h e  d r a g  of t h e  
a i n g  p u t  a11 p o i n t s  b e h i n d  t 3 e  most fo rward  r i v e t s .  That 
t h i s  second f a c t o r  i s  responsible f o r  n o s t  of t h e  d r a g  in -  
c?e?-se i s  i n d i c a t e d  by d a t a  as y e t  u n p u b l i s h e d ,  n h i c h  s2on 
t h a t  a s n a l l  s p a n v i s e  r i d g e  on t h e  forward  p a r t  of an a i r -  
f o i l  c2"uses d r a g  i n c r e a s e  nany t i n e s  ,ns l a r g e  as tho  d t -  
r e c t  d r c g  of tho  r i d g e .  i t s e l f .  

Fhc f a c t  t h a t  i n c r e a s i n g  t h c  r i v e t  p i t c h  from 3/4 t o  
P 1-1/2 i n c h e s  r educed  t h e  d r a g  o n l y  s l i g h t l y  ( f i g .  111 ,  - 

even though h a l f  o f  t h e  r i v e t s  n c r e  r eaovcd  i n  t h o  p r o c e s s ,  
g i v e s  f u r t h e r  cvic-lcnce t h a t  tl>c d i r e c t  d r a g  of t h e  r i v o t  
h e c d s  n ~ - s  q u i t e  s z n l l ,  d i s t u r b n n c e s  caused  by t h e  i n d i v i d -  
u a l  r i v e t  hends  r t??arex~t ly  s p r e a d i n g  s ~ a n n i s c  SO 2 s  t o  



d i s t u r b  t h e  e n t i r e  boundary  l a y e r  n e a r l y  a s  much when t h e  
r i v e t s  n e r e  a t  1-1/2 i n c h  p i t c h  as  nhen  t h e y  mere a t  314- 
i n c h  pi.tc1.l. 

S e v e r a l  r e a s o n s  e x i s t  f o r  t h e  r e l a t i v e l y  l a r g e  e f f e c t  
o f  r i v e t s  on t h e  f o r w a r d  p a r t  of a  ming. These r i v e t s  a r e .  
i n  a t h i n  boundary  l a y e r  and  i n  a r e g i o n  of h i g h  l o c a l  ve- 
l o c i t y  so t h a t  t h e y  p r o d u c e  l a r g e  d i s t u r b a n c e s  i n  t h e  f l o n .  
These  d i s t u r b a n c e s ,  b e i n g  on t h e  f o r n a r d  p a r t  of  t h e  w ing ,  
a f f e c t  t h e  f l o ~ v  o v e r  most of t l ie n i n g  s u r f a c e .  Any d i s -  
t u r b a n c e  f o r w a r d  of t h e  p o i n t  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 n t  b o u n d a r y - l a y e r  f l o n  v i l l  c a u s e  t h i s  p o i n t  t o  
move f o r w a r d  and  t h e r e b y  f u r t h e r  i n c r e a s e  t h e  d rag .  

A p p l i c a t i o n  of  . R e s u l t s  

I n  o r d e r  t o  a p p l y  t h e  r e s u l t s  r e p o r t e d  h e r e i n  t o  de- 
s i g n  p r o b l e m s ,  i t  i s  n e c e s s a r y  t o  a l l o w  f o r  t h e  d i f f e r -  
e n c e s  b e t r ~ c e n  t h e  a p p l i c a t i o n  and  t h e  t e s t  c o n d i t i o n s  i n  
r e s p e c t  t o  Reynolds  Mumber, r i v e t  s i z e ,  and. t h e  chord.r;rlse 
a n d  s p n n n i s e  a r r a n g e m e n t  of  t h e  r i v e t s .  

The v a r i a t i o n  of  r i v e t  d r a g  w i t h  speed  and  Reyno lds  
Number i s  shown i n  f i g u r e  5  f o r  t h c  5 - foo t  a i r f o i l .  The 
i n t e r p r e t a t i o n  of t h e s e  r e s u l t s  i s  c o m p l i c a t e d  by t h e  f a c t  
t h a t  lIach number and  Reyno lds  17umber v e r c  n o t  v a r i e d  inde -  
p e n d e n t l y  o f  each o t k e r ;  t h e r e f o r e ,  t h e  effects of compresu 
s i b i l i t y  a n d  s c a l e  ? e r e  n o t  s e p a r a t e & .  A t  t h e  1 o : ~ e r  s p e e d s ,  
c o m p r e s s i b i l i t y  e f f e c t s  a r e  n e g l i g i b l e  so t h e  r e s u l t s  shown 
i n  f i g u r e  5 can  be ngpliec?. d i r e c t l y  as a f u n c t i o n  o n l y  of 
Reyno lds  Number as l o n g  a s  speed  2nd Reynolds  Number a r e  
be low,  s z y ,  250 m i l e s  p e r  hour  and  1 2 , 0 0 0 , 0 0 0 ,  r e s p e c t i v e l y .  
A t  s g e e d s  above  a b o u t  250 m i l e s  p e r  h o u r  t h e  c o m p r e s s i b i l -  
i t y  e f f e c t  on t h e  d r a g  of  t h e  a i r f o i l ,  e i t h e r  smooth o r  
v i t h  r i v e t s ,  becomes g r e a t e r  t h a n  t h e  s c a l e  e f f e c t  and ,  
c o n s c q u c n t l y ,  t h e  v a r i a t i o n  of r i v e t  d r a g  a t  t h e  h i g h e r  
s p e c d s  i s  n o t  n e c e s s e r i l y  due e n t i r e l y  t o  s c a l e  e f f e c f .  

F i g u r e  1 2  shows t h n t  r i v e t s  h a v i n g  t h e  same s i z e  and  
a r r a n g e m e n t  r e l a t i v e  t o  n i n g  cho rd  i n c r e a s e d  t h e  drq-g co- 
e f f i c i e n t s  of t h e  2 - foo t  rind 5 - f o o t  a i r f o i l s  by s u b s t a n -  
t i a l l y  c q u a l  amounts  a t  e q u a l  Reyno lds  Numbers. T h i s  a g r e e -  
ment i s ,  o f  c o u r s e ,  i n  c o n c u r r e n c e  a i t h  R e y n o l d s 1  p r i n c i -  
p l e s  of s i n i l i t u d e .  I n  t h e  e s t i n a t i o n  of r i v e t  d r a g  from 
t h e  r e s u l t s  of  t e s t s ,  t h e  s i z e  and  a r r angemen t  of  t h e  r i v -  
e t s  s h o u l d  t h e r e f o r e  be  c o n s i d e r e d  i n  t e rms  of  n i n g  cho rd .  
A t  R e y n o l d s  Numbers abovr   bout 5 , 0 0 0 , 0 0 0 ,  t h e  t e s t  s p e e d s  



f o r  t h e  2-foot a i r f o i l  n e r e  so h i g h  t h a t  c o m p r e s s i b i l i t y  
e f f e c t s  on wing drng n c r e  l a r g o .  The agreement v i t h  t h e  
r e s u l t s  f o r  t h o  5-foot  a i r f o i l  a t  e q u a l  Reynolds Numbers 
and  l o ? - e r  spccds  t h e r e f o r e  i n d i c a t e s  t h a t  c o m p r e s s i b i l i t y  
h a s  no marked e f f e c t  on r i v e t  d rag .  

From f i g u r e  6 i t  i s  seen t h a t  r i v c t  dr2,g i s  rough ly  
p r o ~ o r t i o n z l  t o  t he  h e i g h t  of t h e  r i v e t  hezds  e x c e p t  a t  
t h e  l o v e r  spccds  and h i g h e r  l i f t  c o e i ' f i c i c n t s .  Thc a p p l i -  
c a t i o n  of t h e  d a t a  t o  n i n g s  of d i f f e r e n t  s i z e  i s  f a c i l i -  
t a t e d  by showing t h e  h e i g h t  of t h e  r i v e t  heads  i n  p e r c e n t -  
a g e  chord  as w e l l  a s  i n  i n c h e s .  There i s  no a s s u r a n c e  
t h a t  t h e  d rng  i n c r e a s e s  m i l l  c o n t i n u e  t o  be even r o u g h l y  
p r o p o r t i o n a l  t o  t h e  h e i g h t  o f  t h e  r i v e t  heads f o r  r i v e t  
s i z e s  o u t s i d e  t h e  range  of t h o s e  t e s t e d .  Most a p p l i c a -  
t i o n s  n e c e s s i t a t i n g  e x t r a p o l a t i o n ,  however, m i l l  i n v o l v e  
r i v e t s  s m a l l e r  than  t h o s e  t e s t e d  s o  t h e  d rag  i n c r e a s e s  
w i l l  be s n a l - l e r  and i n a c c u r a c i e s  i n t r o d u c e d  by assuming 
t h i s  p r o p o r t i o n a l i t y  shou ld  n o t  be i m p o r t a n t .  I t  i s  ap- 
p a r e n t  t h a t  r i v e t s  hav ing  t h e  t h i n n e s t  p r a c t i c a b l e  heads  
s h o u l d  be used.  

The v c ~ r i a t i o n  of r i v e t  ' d rag  w i t h  p o s i t i o n  of t h e  f o r -  
ward r o n s  of r i v e t s  can be e s t i m a t e d  d i r e c t l y  from f i g u r e  
7 ,  8 ,  o r  9. These f i g u r e s  show t h a t  removing r i v e t s  from 
t h e  a i r f o i l  s t a r t i n g  v i t h  t h e  fo rward  r o n s  and p r o g r e s s i n g  
r e a r v a r d  r e d u c e s  t h e  d r a g  q n i t c  r a p i d l y  a t  f i r s t  b u t  t h e  
r e d u c t i o n  becomes a p ~ ~ r o x i m n t o l y  l i n c a r  30 p e r c e n t  of t h e  
c h o r d  back of t h e  l e a d i n g  edge. I t  i s  e v i d e n t  from f i g u r e  
9 t h a t  more t h s n  70 p e r c e n t  of t h e  r i v e t  Crag i s  due t o  
t h e  I - i v e t s  on t h e  f o r v a r d  30 p e r c e n t  of the  a i r f o i l .  The 
r e s u l t s  shown on t h e s e  t h r e e  f i g u r e s  nou ld  p r o b a b l y  be 
sonenhat  d i f f e r e n t  f o r  a i r f o i l s  of d i f f e r e n t  p r o f i l e .  

Vhen r i v e t  d rag  i s  t o  be reduced by e l i m i n a t i n g  o n l y  
p a r t  o B  the r i v e t s  from a ~ i n g ,  i t  i s  g e n e r a l l y  more e f -  
f e c t i v e  t o  e l i m i n a t e  more r i v e t s  from one s u r f a c e  than  
fro'm t h e  o t h e r ,  a s  i l l u s t r a t e d  i n  f i g u r e  10. For any pa r -  
t i c u l a r  d e s i g n  t h e  o p t i n u n  ar rangement  can be de te rmined  
a p p r ~ x i m ~ t e l y  from f i g u r e  1 0  b u t  t h e  f i n a l  d e t e r m i n a t i o n  
o f  t h e  d r a g  r e d u c t i o n  a t t a i n e d  by any p a r t i c u l a r  a r range-  

P mcnt cnn b e s t  be made f r o n  t h e  c u r v e s  of f i g u r e  9 .  

The i n v e s t i g a t i o n  r e p o r t e d  h e r e i n  i n c l u d e d  no t e s t s  
t h a t  mould shov t h e  e f f  e c t  of v a r y i n g  t h e  number of span- 
w i s e  r o n s  of r i v e t s  c i t h o u t  chcnging t h e  p o s i t i o n  of t h e  
for:-inrd! rorr. The r e s u l t c  rcLJortcd i n  r e f e r e n c e  1, however,  
show t h a t  t h e  d rag  i n c r e a s e  due t o  a s i n g l e  ron  of r i v e t s  



a t  t h e  5 -pe rcen t - cho rd  p o s i t i o n  i s  a b o u t  90 p e r c e n t  of  t h e  
d r a g  i n c r e a s e  due t o  n i n e  rows when t h e  f o r w a r d  row i s  a t  
t h e  same c h o r d  p o s i t i o n .  

The d f f e c t  of s a r y i n g  t h e  spanmise  p i t c h  of t h e  r i v -  
e t s  i n  t h e  1 3  roms i s  shown i n  f i g u r e  11. I t  i s  n o t a b l e  
t h z t  t h e  r i v e t  d r a g  d e c r e a s e d  o n l y  s l i g h t l y  as t h e  r i v e t  
p i t c h  w a s  i n c r e a s e d  f rom 3 /4  t o  1-1/2 i n c h e s  by r e a o v i n g  
a l t e r i ~ a t e  r i v e t s .  A s  t h e  p i t c h  was f u r t h e r  i n c r e a s e d ,  t h e  
r i v c t  d r a g  d e c r e a s e d  a l m o s t  p r o p o r t i o n z t e l y ,  b u t  t h e  p i t c h  
was n o t  v n r i e d a i n  s n a i l  cnough i n c r e m e n t s  t o  d e t e r m i n e  ac-  
c u r a t e l y  t h e  shape  of t h e  c u r v e .  R i v e t  p i t c h  s h o u l d  b e  
c o n s i d e r e d  i n  t e r m s  of wing cllord i n  a p p l y i n g  t h e  r e s u l t s  
f o r  t h e  s a n e  r e a s o n s  t h a t  r i v o t  s i z e  s h o u l d  be so c o n s i d -  
ere$. .  It a p p e a r s  t h a t  o n l y  EL n e g l i g i b l e  r e d u c t i o n  i n  d r a g  
can  be  a t t a i n e d  by i n c r e a s i n g  p i t c h  u n l e s s  i t  i s  
mcde g r e a t e r  t h z n  2.5 p e r c e n t  of t h e  cho rd .  Changes i n  
p i t c h  :.light, h o ~ v e v e r ,  a f f e c t  t h e  d r a g  d i f f e r e n t l y  i f  t h e  
most f o r m ~ , r d  r o n  n e r e  f a r t h e r  back  on t h e  v i n g  s o  t h a t  t h e  
e f f e c t  of  t h e  r i v e t s  on t h e  t r a n s i t i o n  p o i n t  n o u l d  be r e -  
s ~ o n s i b l e  f o r  a s m a l l e r  p a r t  of t h e  t o t a l  r i v e t  d r a g .  

-. . y, I t  nu-st be remembered t h a t  t h e  d r a g  r e d u c t i o n s  ind-i-  
c a t e d  by  t h e s e  t e s t s  ai l?" n o t  be  c o m p l e t e l y  a t t a i n e d  by 
r e m o ~ i a g  r i v e t s  f rom a n i n g  u n l e s s  t h e  n i n g  i s  e n t i r e l y  
f r e e  o f  o t h e r  p r o t u b e r a n c e s  o r  r o u g h n e s s e s ,  e s p e c i a l l y  on 
t h e  f o r v a r d  p a r t .  

The d a t a  p r e s e n t e d  i n  f i g u r e  5 i n d i c a t e  t h a t ,  e x c e p t  
a t  t h e  l o n e r  Reyno lds  Xunbe r s ,  t h e  c o u n t e r s u n k  r i v e t s  
a n d  s p o t  v e l d s  i n c r e a s e d  t h e  d r a g  r o u g h l y  one -ha l f  as much 
a s  t h e  1 /16 - inch  b r a z i e r - h e a d  r i v e t s .  The s i m u l a t i o n s  of 
s p o t  ve ld-s  may have  been  l a r g e r  t h a n  n i l 1  be f o u n d  n e c e s s a -  
r y  i n  n c t u d  c o n s t r u c t i o n  b u t ,  i n  any  e v e n t ,  t h e  r e s u l t s  
shon  t h e  impo-r tance  of k e e p i n g  c o u n t e r s u n k  r i v e t s  and  s p o t  
v e l d s  as n e a r l y  f l u s h  and  smooth a s  p o s s i b l e .  

Comparison n i t h  O t h e r  T e s t s  

Thc f o l l o n i n g  s h o s s  a compar i son  of  t h e  r e s u l t s  r e -  
p o r t e d  3 e r e i n  n i t h  t h e  f u l l - s c a l e  r i n d - t u n n e l  t e s t s  r e -  
p o r t e d  i n  r e f e r e n c e  1: 



A i r f o i l  s e c t i o n  

A i r f o i l  c h o r d ,  f t .  

R i v e t  s i z e ,  i n .  

Rivet-hez-d h e i g h t ,  
p e r c e n t  c h o r d  

R i v e t  p i t c h ,  i n .  

Number of r o v s  oh 
e a c h  s u r f a c e  

P o s i t i o n  of f o r n a r d .  
r o n s ,  p e r c e n t  c h o r d  

E f f e c t i v e  Reyno lds  
Number 

I n c r e a s e  i n  CD 

N.A.C.A. ------- M,A.C,A.  
f u l l - s c a l e  & f n e t $ & g h ~  
rcl_n_d-tunnel snoed-nind-lnnnal 

P e r c c n t ~ , g e  of t o t a l  
i n c r e a s y  i n  Cb due 
t o  u p g e r  s u r f a c e  6 8 

1 From f i g u r e  5 of r e f e r e n c e  1 a t  C 
Dmin' 

The 8 - i f f e r e n c c s  i n  r i v e t  p i t c h  and  i n  t h e  number of 
r o v s  of  T i v e t s  n o u l d  ~ a k c  l i t t l e  d i f f e r e n c e  i n  d r a g  i n -  
crease. ALlonnnce f o r  the f a c t  t h a t  t h e  f o r ~ a r d  r o v s  n e r e  
r t  d i f f e r e n t  c h o r d  p o s i t i o n s  n o u l d  bc o p ~ o s i t e  o.nd approx-  
i m a t e l y  e q u a l  t o  a l l o n n n c e  f o r  t h e  d i f f e r e n c e  i n  r i v c t  

i s i z o ;  l i enee ,  t h e  t a b u l a t e d  i n c r e a s e s  i n  d r a g  c o e f f i c i e n t  
c a n  be d i r e c t l y  c o n p a r e d .  Th9 p a r t s  of t h e  t o t a l  d r a g  i n -  

si c r e a s e s  due t o  t ho  r i v e t s  ox t h e  u g p e r  s u r f a c e  can  a l s o  be  
e d i r e c t l y  comparz2 as t a b u l a t e d .  Tkc c l o s e  ag reemen t  i n d i -  

c a t e s  tht.lcC. r i v c t s  have  n p p r o x i n n t e l y  e q u a l  e f f e c t s  on t h e  
d r a g  of t h e  C l a r k  Y a n d  t h c  Y.A.G.A.  23012 a i r f o i l s .  



I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  0.0018 i n c r e a s e  i n  
t h e  d r a g  c o e f f i c i e n t  of t h e  N.A .C .A .  23012 a i r f o i l  i s  ap- 
proxim2, te ly  26 p e r c e n t  of t h e  d.rag of  t h e  smooth a i r f o i l ,  
n h e r o a s  t h e  0.0016 i n c r e a s e  i n  t h e  d r a g  c o e f f i c i e n t  of t h e  
C l a r k  Y a i r f o i l  i s  o n l y  18  p e r c e n t  of t h e  d r a g  of  t h a t  
smooth a i r f o i l  bccansc  of  t h e  h i g h e r  d r a g  of t h e  C l a r k  Y 
a i ~ f o i l .  

Example 

The f o l l o w i n g  cxg.mple n i l - 1  i l l u s t r a t e  t h e  a p p l i c a t i o n  
o f  t h e  t e s t  r e s u l t s  t o  d e s i g n  p rob lems  and shon t h e  impor- 
t a n c e  of t h e  d r a g  c,2used by r i v e t s .  

Assume a t r a n s p o r t  a i r p l a n e  h a v i n g  t h e  f o l l o w i n g  cha r -  
a c t e r i s t i c s :  

Gross  we igh t  - - -- - - - - - - 25,000 pounds.  

v i n g  c r e a  - - - - - - - - - 1 , 0 0 0  s q u a r e  f e e t .  

m i n g  span  - - - - - - - - - - 1.00 f e e t .  

C r u i s i n g  speed  - - - - - - - 200 m i l e s  p e r  h o u r .  

C r u i s i n g  a l t i t u d e  - - - - - - 8,000 f e e t .  

C r u i s i n g  power - - - - - - - 1 , 2 0 0  h o r s e p o n e r .  

P r o p e l l e r  efficiency - - - - - 85 p e r c e n t .  

Bing r i v e t s  - - - - - - - - - 118-inch b r a z i e r  head .  

P o s i t i o n  of f o r i r a r d  r o n s  
o f  r i v e t s  - - - - - - - - - 4 p e r c e n t  chord .  

S2anITise p i t c h  - - - - - - - l e s s  than  3 i n c h e s .  

T i n g  o t h e r w i s e  smooth a n d  c l e a n .  

F r o n  t h e s e  assumed c h a r a c t e r i g t i c s  t h e  f o l l o n i n g  v a l u e s  
can be comguted: 

A v e r ~ ~ g c  chord  - - - - - - - - 1 0  f e e t .  

C r u i s i n g  Reynolhs Number - - 14 ,400 ,000 .  

Cru i  s i n s  - - - - - - - -  0.0238. 

C r u i s i n g  CL - - - - - - - - 0.31. 



The 1 / 8 - i n c h  b r a z i e r - h e a d  r i v e t s  should  have t h e  same 
e f f e c t  on t h e  d-rag of t h e  wing of 10- foo t  chord  a s  t h e  
1 / 1 6 - i n c h  b r a z i e r - h e a d  r i v e t s  on t h e  a i r f o i l  of 5- foot  
c h o r d  u s e d  f o r  t h e  t e s t s .  F igure  5 shows t h a t ,  a t  a l i f t  
c o e f f i c i e n t  of 0.30 and. a  Reynolds Number of 1,2,000,000, 
t h e  1/16-inch b raz ie r -head  r ive. ts  i n c r e a s e d  t h e  d r a g  coef-  
f i c i e n t  by 0,0010. The curve  i n d i c a t e s  cons id .e rab le  s c a l e  
e f f e c t  so t h e  i n c r e a s e  mould -oe l e s s  a t  t h e  c r u i s i n g  
.Reynolds Number of t h e  assumed a i r p l a n e  bu t  0,0008 shou ld  

, be a c o n s e r v a t i v e  e s t i m a t e .  

Removing a l l  t h e  r i v e t s  from t h e  wing mould t h e n  r e -  
duce t h e  d r a g  c o e f f i c i e n t  of the  a i r p l a n e  by 0.0008 and 
i t s  c r u i s i n g  speed n i t h  t h e  same poner  a s  b e f o r e  would be 
i n c r e a s e d  t o  202.2 m i l e s  p e r  hour .  The o r i g i n a l  c r u i s i n g  
speed  of 200 n i l e s  p e r  hour  could  be main ta ined  v i t h  a sav- 
i n g  of 40 horsepower.  

I n  t h e  f o r e g o i n g  example o n l y  t h e  g a i n s  due t o  e l i m i -  
n a t i n g  t h e  r i v e t s  from t h e  n i n g  have been e s t i n a t e d .  Ad- 
d i t i o n a l  g a i n s  c o u l d  be  made by e l i m i n a t i n g  t h e  r i v e t s  
from t h e  f u s e l a g e ,  t a i l  s u r f s c e s ,  and n a c e l l e s .  Also ,  t h e  
g a i n s  n o u l d  bc l a r g e r  f o r  a i r > l ~ . n e s  c l e a n e r  than  t h e  one 
assumed i n  t h e  ex~unple .  

A method of c s t i r n a t i n g  t o  what e x t e n t  i t  i s  economi- 
c a l  t o  i n c r e a s c  t h e  c o s t  of an a i r p l a n e  t o  a t t a i n  a g i v e n  
i n c r e c s e  i n  speed h a s  been p r o v i d e d  by Kcndall  P e r k i n s  i n  
r e f o r e n c c  9 .  In  t h i s  r e f e r e n c e  i t  i s  e s t i m a t e d  t h a t  t h e  
s a l e s  v a l u e  of a  t r a n s p o r t  a i r p l a n e  hav ing  a  g r o s s  n e i g h % *  
of 25 ,000 pounds i s  i n c r e a s e d  $1,000 f o r  every  mile-per- 
hour  i n c r e a s e  i n  speed a t t a i n e d  n i t h o u t  i n c r e a s e  i n  power. 
On t h e  b a s i s  of t h i s  e ~ t i m ~ t e  and t h e  example o i t e d ,  ap- 
p r o x i m c t e l y  $2 ,200 p e r  n i r p l a n e  c o u l d  be economica l ly  ex- 
pcndcd i n  e l i m i n a t i n g  t h e  r i v e t s  from t h e  rring. 

On s n n l l  a i r p l a n e s  t h o  r i v e t s  a r e  u s u a l l y  l a r g e r  n i t h  
r e s p e c t  t o  chord than  on l s r g c  a i r p l a n e s  nnd a o u l d  t h e r e -  
f o r e  have a l a r g e r  d e t r i m e n t a l  e f f e c t  on high-speed p e w  
f  ormance. 

i, CONCLUSIONS 

b The n o s t  i m p o r t a n t  concLuoions drw.~n from t h e  t e s t s  
d e s c r i b e d  i n  t h i s  p a p e r  can bc s u ~ m a r i z e d  a s  f o l l o w s :  

1. R i v e t s  i n  a, r e p r e s e n t a t i v e  ar rangement  on an 



a i r f d i l  of 5 - foo t  chord  i n c r e c s e d .  t he  p r o f i l e  d r a g  
from 6 p e r c e n t  f o r  c o u n t e r s u n k  r i v e t s  t o  27 p e r c e n t  
f o r  3 /32- inch  b r a z i e r - h e a d  r i v e t s .  

2 .  The i n c r e a s e s  i n  d r a g  due t o  p r o t r u d i n g  r i v -  
e t  h e a d s  v e r e  r o u g h l y  p r o p o r t i o n a l  t.0 t$e h e i g h t  of 
t h e  h e a d s .  

3. Removing t h e  r i v e t s  from t h e  f o r n a r d  30 p e r -  
c e n t  of  t h e  n i r f o i l  red-uced t h e  r i v e t  d r a g  '70 p e r c e n t .  

4. Changes i n  s p a n n i s e  p i t c h  of t h e  r i v e t s  when 
t h o  f r o n t  r o n  n n s  u e l l  f o r y a r d  had a n e g l i g i b l e  e f -  
f e c t  on t h e  d r a g  a s  l o n g  as t h e  p i t c h  mas n o t  more 
t h a n  2.5 p e r c e n t  of t h e  chord .  

L a n g l e g  Iviemorisl A e r o n a u t i c a l  L a b o r a t o r y ,  
N a t i o n a l  Advisory  Comnit tee f o r  A e r o n a u t i c s ,  

Langley  F i e l d ,  Qa., November 2 2 ,  1937.  
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FIGURE LEGENDS 

l i g i r e  1.- The a i r f o i l  of 5 - f o o t ' c h o r d  n i t h  e i g h t  rows of 
r i v e t s  mounted i n  r ind .  t u n n e l .  The a i r f o i l  
i s  s e t  a t  a l a r g e  n e g a t i v e  a n g l e  mere ly  t o  
shon t h e  r i v e t s .  

F i g u r e  2.- The a i r f o i l  o f  2-foot  chord  w i t h  1 0  r o T s  of r i v e t s  
mounted i n  mind t u n n e l .  i 

F i g u r e  3.- D e t a i l s  of b r a z i e r - h e a d  r i v e t s  and s i m u l a t i o n s  
of c o u n t e r s u n k  r i v e t s  and s p o t  melds t e s t e d  
on a i r f o i l  of 5- foot  chord .  ' A l l  d imens ions  
a r e  i n  i n c h e s .  

F i e u r e  4,-  P o s i t i o n s  of rows of r i v e t s  u s e d  i n  t e s t s .  

F i g u r e  5.- I n c r e a s e  i n  d r a g  caused  by r i v e t s  and s p o t  w e l d s  
a t  3/4- inch p i t c h  i n  13 rows on u p p e r  and Lower 
s u r f a c e s  of a i r f o i l  of 5-foot  chord .  

F i g u r e  6.- V a r i a t i o n  of r i v e t  d r a g  n i t h  h e i g h t  of r i v e t  head. 
-, B i v e t s  a t  3/4- inch p i t c h  i n  1 3  rows on u p p e r  

and  l o n e r  s u r f s c e s  of a i r f o i l  of 5- foot  chord .  

F i g u r e  7.- R i v e t  d r a g  wit11 fo rward  rows of r i v e t s  a t  v a r i -  
o u s  chord  p o s i t i o n s .  . R i v e t s  a t  3 /4 - inch  p i t c h  
i n  e q u a l  number of r o n s  on upper  2nd lower  su r -  
f a c e s  of z i r f o i l .  Chord 5  f t . ;  C L ,  0.15; V ,  
28G 7.p.h.; a v e r a g e  X, 10,200,000.  

F i g u r e  8.- ~ i + e t  d r a g  due t o  r i v e t s  on u p p e r  s u r f a c e  a l o n e ,  
l o v e r  s u r f a c e  a l o n e ,  and on b o t h  s u r f a c e s  nit11 
f o r v a r d  r o n s  a t  v a r i o u s  chord  p o s i t i o n s c  
Chord, 5  f t . ; . 3 / 3 2 - i n c h  b r j z i e r d h e a d  r i v e t s  a t  
3/4- inch p i t c h ;  CL, 0.15; V ,  280 m.p.h.; 
a v e r a g e  R, 10 ,200,000.  

\ 

- - F i g u r e  9 . ~  P e r c e n t a g e  of r i v e t  d r a g  e l i m i n a t e d  by removing 
r i v e t s  t o  v a r i o u s  chord  p o s i t i o n s .  R i v e t s  2.t 
3 /4- inch p i t c h  i n  1 3  rows on upper  ?*nd lo t r e r  
s u r f a c e s  of z i r f o i l  of 5- foot  chord  w i t h  f o r -  
n a r d  r o n s  a t  4  p e r c e n t  chord  b e f o r e  s t a r t i n g  
removzl.  



F i g u r e  10.- Maximum r e d u c t i o n  of  d r a g  by removal  of min i -  
mum number o f  r i v e t s  v i t h  f o r w a r d  r i v e t s  st 
4 p e r c e n t  c h o r d  b e f o r e  s t a r t i n g  r emova l .  
The 3/32-inch b r a z i e r - h e a d  r l v e t  s a t  314- 
inch p i t c h  on a i r f o i l  of 5 - foo t  c h o r d .  

F i g u r e  11.- V a r i a t i o n  of r i v e t , d r a g  w i t h  r i v e t  p i t c h .  
R i v e t s  i n  1 3  r o n s  on u p p e r  and l o w e r  s u r -  
f a c e s  of  a i r f o i l . '  Chord,  5  f t . ;  CL, 0.15; 

V ,  230 m.p.h.; a v e r a g e  R, 1 0 , 2 0 0 , 0 0 0 -  

F i g u r e  12.- V a r i a t i o n  w i t h  Reynolds  Number of  d r a g  i n c r e a s e  
caused  by r i v e t  h e a d s .  



Figure 1.- The a r f o i l  of 5-f00t chord with eight rows of rivets mounted i n  wind tunnel. 
The a r f o i l  i s  set at  a larne negative angle merely to show the rivets .  

pi-@ 8,- The a r i @ i l  €32 ~--fo@t ~hord e t h  10 row@ of rivets  m u t e d  i n  wind tunnel. 



N.A.C.A. Figs. 3,4 
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N.A.C.A. Fig. 5 
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-4.A. C.A. Figs. 6,7 
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N.A.C.A. Figs. 10,lI 
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Figure 10. 
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Figure 11 



N.A.C.A. Fig. 12 
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