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SUMMARY 

F o r c e  t e s t s  were made of a 1 / 8 - s c a l e  model of a  tw in -  
e n s i n e  low-wing t r a n s p o r t  a i q l a n e  i n  t h e  N . A . C . A .  8 - foo t  

. h i g h - s p e e d  wind t u n n e l  t o  i n v e s t i s a t e  c o m p r e s s i b i l i t y  and  
i n t e r f e r e n c e  e f f e c t s  a t  s p e e d s  up t o  450 m i l e s  p e r  h o u r .  
.In a d d i t i o n  t o  t e s t s  of t h e  s t a n d a r d  a r r angemen t  of t h e  
mode l ,  t e s t s  were  made a i t h  s e v e r a l  m o d . i f i c a t i o n s  d e s i g n e d  
t o  r e d u c e  t h e  d r a g  a n d  t o  i n c r e a s e  t h e  c r i t i c a l  s p e e d .  

. T h e  r e s u l t s  show s e r i o u s  i n c r e a s e s  $n d r a g  a t  c r i t i -  
c a l  s p e e d s  below 450  m i l e s  p e r  hour  due t o  t h e  o c c u r r e n c e  
of c o m p r e s s i b i l i t y  b u r b l e s  on t h e  s t a n d a r d  r a d i a l - e n 3 i n e  
c o w l i n g s ,  on s e c t i o n s  of t h e  w ins  a s  a r e s u l t  of wing- 
n a c e l l e  i n t e r f e r e n c e ,  and  on t h e  s e m i r e t r a c t e d  main l a n d i n g  
whee l s .  The c r i t i c a l  s p e e d  a t  which  t h e  shock o c c u r r e d  on 
t h e  s t a n d a r d  c o w l i n g s  w a s  2 0  m i l e s  p e r  hour  l ower  i n  t h e  
p r e s e n c e  of t h e  f u s e l a q e  t h a n  i n  t h e  p r e s e n c e  of t h e  win5  
o n l y ,  The d r a s  of t h e  comple t e  model was r e d u c e d  25 p e r -  
c e n t  a t  300 m i l e s  p e r  hour  by c o m p l e t e l y  r e t r a c t i n g  t h e  
l a n d i n g  y e a r ,  f a i r i n g  t h e  w i n d s h i e l d  i r r e g u l a r i t i e s ,  a n d  
s u b s t i t u t i n ~  s t r e a m l i n e  n a c e l l e s  ( w i t h  a l l o w a n c e  made f o r  
t h e  p r o p e r  amount of  c o o l i n g - a i r  f l o w )  f o r  t h e  s t a n d a r d  
n a c e l l e  a r r angemen t .  The v a l u e s  of t h e  c r i t i c a l  Mach num- 
b e r - w e r e  e x t e n d e d  from 0.47 t o  0.60 a s  a r e s u l t  of t h e  
a f o r e m e n t i o n e d  improvements .  

INTRODUCTION 

The p r i n c i p a l  p u r p o s e  of t h e  r e p o r t e d  t e s t s  was t o  
i n v e s t i g a t e  t h e  e f f e c t  of c o m p r e s s i b i l i t y  on t k e  d r a g  of 
t h e  component p a r t s  of a  r e p r e s e n t a t i v e  l a r g e  a i r p l a n e  
a n d  on t h e  o v e r - a l l  d r a g  of s u c h  a n . a i r p l a n e .  The i n f l u -  
e n c e  of i n t e r f e r e n c e  on c o m p r e s s i b i l i t y  e f f e c t s  was a l s o  
t o  be  s t u d i e d .  1.n a d d i t i o n ,  i t  was p r o p o s e d  t o  t e s t  s ev -  

.o e r a l  m o d i f i c a t i o n s  of t h e  s t a n d a r d  component p a r t s  t h a t  
gave  p romise  of  a n  improvement i n  aerodynamic  c h a r a c t e r -  
i s t i c s ,  

'% 

The s i z e  of t h e  N.A.C.A.  8 - foo t  h igh - speed  mind t u n -  
n e l  made p o s s i b l e  f o r  t h e  f i r s t  t i m e  t h e  t e s t i n g  of a corn- 



p l e t e  l / 8 - s c a l e  model a t  s p e e d s  up  t o  450 m i l e s  pep  h o u r .  
B w i d e l y  u s e d  t r a n s p o r t - t y - p e  a i r p l a n e  was r e p r e s e n t e d . .  
The r e s u l t s  of h igh - speed  t e s t s  of v a r i o u s  w i n d s h i e l d  a r -  
rangercents  on t h e  same model have been p r e s e n t e d  i n  r e f -  
e r e n c e  1. 

P r e v i o u s  h i g h - s p e e d  t e s t s  i n  s m a l l e r  wind t u n n e l s  
have  been  c o n c e r n e d  ma in ly  w i t h  i s o l a t e d  b o d i e s ,  p a r t i c u -  
l a r l y  a i r f o i l s  ( r e f e r e n c e s  2 a n d  3 )  a c d  c y l i n d e r s  of f u n -  
damen ta l  shape  ( r e f e r e n c e  4 ) .  A t y p i c a l  w i n g - n a c e l l e  com- 
b i n a t i o n  w i t h  s e v e r a l  caml inq  s h a p e s  m a s  t e s t e d  a t  h i g h  
s p e e d s  i n  t h e  i n v e s t i g a t i o n  r e p o r t e d  i n  r e f e r e g c a  5 ,  A l l  
t h e s e  t e s t s  showed t h a t ,  when t h e  naximum-loca l  v e l o c i t y  
n e a r  t h e  s u r f a c e  of t h e  body exceeded  t h e  l o c a l  v e l o c i t y  
of s o u n d ,  a compres s ion  shock  fo rmed ,  r e s u l t i n g  i n  a  p r e -  
c i p i t o u s  i n c r e a s e  i n  d r a s  c o e f f i c i e n t  w i t h  f u r t h e r  i n -  
c r e a s e  i n  speed .  The f l i g 5 t  s ~ e e d  a t  which  t h i s  phenome- 
non o c c u r s  may be  a s  low as  300 m i l e s  p e r  hour  f o r  a b l u f f  
body such  as  a sharp-edge  r a d i a l - e n g i n e  cowl ing  ( r e f e r e n c e  
5 )  o r  a s  h i $ h  as  6 5 0  m i l e s  p e r  hour  f o r  t h i n  a i r f o i l s  ( r e f -  
e r e n c e  31,  de2end ing  on w h e t h e r  t h e  peak  l o c a l  v e l o c - i t y  
i s  much h i $ h e r  o r  o n l y  s l i g h t l y  h i g h e r  t h a n  t h e  f l y i n g  9 

speed .  R e f e r e n c e  6 shows t h a t  t h e  c r i t i c e l  speed  a t  which  
t h e  shock  o c c u r s  can  be s a t i s f a c t o r i l y  e s t i m a t e d  f rom t h e  
p e a k - l o c a l  v e l o c i t y  on t h e  body a s  computed from 1o.w-speed 
p r e s s u r e  measurements  o r  f rom g o t e n t i a l - f l o w  t h e o r y .  

The c r i t i c a l  s p e e d s  of t h e  v a r i o u s  a i r p l a n e  component 
p a r t s  Eay be c o n s i d e r a b l y  l o w e r  i n  f l i g h t  t h a n  t h e  c r i t i -  
c a l  s p e e d s  i n d i c a t e d  i n  t e s t s  of any, one of t h e  i s o l c t e d  
p a r t s  because  -of mutua l  i n t e r f e . r e n c e -  between t h e  p a r t s .  
Re fe re i l ce  6 su<?l ;es ts  a meth0.d of e s t i a a t i n q  t h e  e f f e c t  of 
i n t e r f e r e n c e  be tween  two o r  more b o d i e s  f rom t h e  measu red  
o r  t h e  t h e o r e t i c a l  p r e s s u r e  f i e l d s  of t h e  i s o l a t e d  b o d i e s .  
The p r e s e n t  t e s t s  p r o v i d e  a means of c h e c k i n g  t h i s  method,  
s i n c e  c r i t i c a l  s p e e d s  were o b t a i n e d  on s e v e r a l  of t h e  com- 
ponen t  p a r t s  a l o n e  and  i n  c o m b i n a t i o n ,  

The i n t e r f e r e n c e '  e f f e c t  o l  t h e  ? r o p e ] - l e r  s l i p s t r e a m  
on c r i t i c a l  s p e e d s  i s  s m a l l  a t  h i g h  f l i $ h t  s p e e d s .  I n  t h e  
p r e s e n t  t e s t s ,  which  were made v i t h o u t  p r o p e l l e r s ,  t h e  
c r i t i c a l  s p e e d s  of p a r t s  l o c a t e d  i n  t h e  s l i p s t r e a m  nay  %e 
r e d u c e d  by t h e  amount of t h e  p r o p e l l e r  s l i p .  

The u n u s u a l l y  low t u r b u l e n c e  l e v e l  i n  t h e  8 - f o o t  h iqh -  
e 

s p e e d  t u n n e l  ( r e f e r e n c e  7 ) p e r m i t s  e x t e n s i v e  low-dra5 lam- 
i n a r  boundary l a y e r s  t o  be m a i n t a i n e d  on smooth models .  
E q u a l l y  e x t e n s i v e  l a m i n a r  l a g e r s  , q e n e r a l l y  do n o t  e x i s t  f n  

f. 



f l i g h t  on p r e s e n t - d a y  a i r c r a f t  owins t o  t h e  e f f e c t s  of s u r -  
f a c e  i r r e g u l a r i t i e s  and  b i q h  Reynolds  Numbers ( r e f e r e n c e s  
8 ,  9 ,  and  1 0 ) .  Because t h e  c o n d i t i o n  o f  t h e  boundary  
l a y e r  h a s  a  l a r g e  i n f l u e n c e  on t h e  magni tude  of t h e  d r a q  
a n d  t h e  i n t e r f e r e n c e  of t h e  v a r i o u s  a i r p l a n e  components ,  
a  s p e c i a l  t e c h n i q u e  w a s  employed i n  p a r t  of t h e  p r e s e n t  
i n v e s t i q a t i o n  t o  make t h e  boundary  l a y e r s  s i m i l a r  t o  t h o s e  
e x i s t i n g  i n  f l i g h t .  The l o c a t i o n s  of t h e  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  boundary l a y e r s  were f i x e d  n e a r  t h e  
l e a d i n g  edges  of t h e  v a r i o u s  component p a r t s  by means of 
s m a l l - d i a m e t e r  t h r e a d  doped  t o  t h e  s u r f a c e ,  The r e s u l t s  
g i v e n  i n  t h e  t a b l e s  a n d  t h e  f i g u r e s  r e p r o d u c e d  m i t h  t h e  
main body of t h i s  r e p o r t  a n d  l a b e l e d  " w i t h  f i x e d  t r a n s i -  
t i o n "  a r e  t h u s  q u a n t i t a t i v e l y  a p p l i c a b l e  t o  f l i g h t  e o n d i -  
t i o n s ,  i f  t h e  u s u a l  s c a l e - e f f e c t  c o r r e c t i o n s  a r e  made. I n  
many c a s e s ,  t h e  r e s u l t s  o b t a i n e d  on t h e  smooth model and  
l a b e l e d  " w i t h  n a t u r a l  t r a n s i t i o n "  a r e  g i v e n  f o r  compara- 
t i v e  p u r p o s e s .  I t  h a s  been  f o u n d  t h a t ,  f o r  t h i s  i n v e s t i -  
s a t i o n ,  t h e  r e s u l t s  from t h e  smooth models  a r e  s u i t a b l e  
f o r  q u a l i t a t i v e  compar i sons ,  F o r  example ,  t h e  r e l a t i v e  

- m e r i t  of v a r i o u s  n a c e l l e  a r r a n g e m e n t s  would be t h e  same i n  , 
f l i 5 h t  a s  i n  t h e  t e s t s  on t h e  smooth model.  

The c r i t i c a l  s p e e d  a t  which t h e  c o m p r e s s i b i l i t y  shock  
o c c u r s  i s  i n d e p e n d e n t  of t h e  s t a t e  of t h e  boundary  l a y e r  
as  ion,; a s  t h e  b o u n d a r y - l a y e r  changes  do n o t  c a u s e  s e r i o u s  
c h a n g e s  i n  t h e  f l o w  o u t s i d e  t h e  boundary l a y e r .  A 1 1  t h e  
r e s u l t s  g i v e n  i n  t h i s  r e p o r t  a r e  t h e r e f o r e  p e r t i n e n t  a s  
r e g a r d s  t h e  i n d i c a t i o n  o f  c r i t i c a l  speed .  

A d e t a i l e d  d i s c u s s i o n  of t h e  e f f e c t  on d r a g  and  i n -  
t e r f e r e n c e  of t h e  l o c a t i o n  of  b o u n d a r y - l a y e r  t r a n s i t i o n  
i s  g i v e n  i n  a s h o r t  a p p e n d i x  t o  t h e  r e p o r t .  C o r r e c t i o n  
f a c t o r s  a r e  p r e s e n t e d  by which  a11 t h e  n a c e l l e - d r a g  d a t a  
o b t a i n e d  on t h e  smooth model may be r e d u c e d  t o  t h e  " f i x e d  
t r a n s i t i o n n  o r  e s t i m a t e d  f l i g h t  c o n d i t i o n ,  
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APPARATUS 

The X . A . C . A .  8 - foo t  h igh - speed  mind t u n n e l  i n  v h i c h  
t h e  t e s t s  were c a r r i e d  o u t  i s  a s i n g l e - r e t u r n ,  c i r c u l a r -  
s e c t i o n ,  c l o s e d - t h r o a t  wind t u n n e l .  The a i r  speed  i s  con- 
t i n u o u s l y  c o n t r o l l a b l e  f rom a b o u t  75 t o  n o r e  t h e n  500 m i l e s  
p e r  h o u r .  The t u r b u l e n c e  of t h e  a i r  s t r e a m  a s  i n d i c a t e d  
by t r a n s i t i o n  measurements  on a i r f o i l s  i s  u n u s u a l l y  low 
b u t  somewhat g r e a t e r  t h a n  i n  f r e e  a i r .  

The model employed i n  t 3 e  t e s t s  i s  a l / 8 - s c a l e  r e p r o -  
d u c t i o n  of a modern t r a n s p o r t  a i r p l a n e ,  which mas chosen  
f o r  conven ience  a s  b e i a g  r e p r e s e n t a t i v e  of l a r g e  p r e s e n t -  
day a i r p l a n e s .  The g e n e r a l  a r r an3emen t  and  d imens ions  of  
t h e  model a n d  t h e  s e v e r a l  v a r i a t i o n s  t e s t e d  a r e  shown i n  
f i g u r e  1. F i g u r e  2 shoms t h e  s t a n d a r d  node1  f n s t a l l e d  i n  
t h e  wind t u n n e l .  The s e t - u p  was u n u s u a l  i n  t h a t  t h e  o u t e r  
p o r t i o n s  of t h e  win3 e x t e n d e d  t h r o u g h  t h e  t u n n e l  m a l l s  a a d  
s e r v e d  as  t h e  means of s u p p o r t  f o r  t h e  model.  The t i p  
s e c t i o n s  n o t  r e p r o d u c e d  r e p r e s e n t . n b o u t  2 2  p e r c e n t  of t h e  
t o t a l  wing a r e a ,  T h i s  sys t em p e r m i t s  t h e  model s c a l e  t o  



be much l a r g e r  t h a n  f o r  t h e  u s u a l  a r r angemen t  nnd s t i l l  
a l l o w s  a  v a l i d  compar i son  of t h e  e f f e c t s  of t h e  component 
p a r t s .  The r e l a t i v e l y  l a r g e r  f o r c e s  e n a b l e  a more accu -  
r a t e  d e t e r m i n a t i o n  of t h e  e f f e c t s  of t h e  v a r i o u s  p a r t s .  
The method of s u p p o r t  min imizes  t a r e  f o r c e s  and  a l s o  p r e -  
c l u d e s  t h e  p o s s i b i l i t y  of c o m p r e s s i b i l i t y  i n t e r f e r e n c e  
betmeen t h e  s t r u t  s u p p o r t s  and. t h e  model.  

The model was so  c o n s t r u c t e d  as  t o  p e r m i t  removal  of 
a l l  component p a r t s ;  t h e  e f f e c t s  of e a c h  p a r t  c o u l d  t h e r e -  
f o r e  b e  i n d i v i d u a l l y  s t u d i e d .  

Ving.- The c o n s t a n t - c h o r d  c e n t e r  s e c t i o n  of t h e  m o d k ~  
--m 

wins  ( f i g s .  1 a n d  3 )  i s  of N . A , C , A ,  2215 a i r f o i l  s e c t i o n .  
The t a p e r e d  p o r t i o n s  a r e  d e c r e a s e d  i n  t h i c k n e s s  t o  t h e  
N.A.C.A. 2212 s e c t i o n :  a t  a s t a t i o n  50.58 i n c L e s  o u t b o a r d  
of t h e  c e n t e r  l i n e  of t h e  model.  The wing p r o f i l e  was 
f o u n d  t o  conform c l o s e l y  t o  t h e  s p e c i f i e d  o r d i n a t e s ,  a n d  
t h e  s u r f a c e  i s  a e r o d y n a m i c a l l y  smooth. 

F u s e l a g e .  f i l l e t  a n d  t a i l  group!.- The f u s e l a g e  de- 
t a i l s  a r e  shown i n  £ i g u r e s  1, 4 ,  a n d  5. The n o s e  sec-  
t i o n s  and  a s e c t i o n  a t  t h e  r e a r  a r e  removable  so t h a t  a1- 
t e r n a t e  nose  a n d  t a i l  a r r a n g e m e n t s  can  be t e s t e d .  B e f o r e  
e a c h  s e r i e s  of  t e s t s ,  t h e  f u s e l a g e  s u r f a c e  w a s  f i l l e d ,  
s p r a y - p a i n t e d ,  a n d  f i n i s h e d  w i t h  f i n e  s a n d p a p e r  a n d  p o l i  s h e  

The f i l l e t  was of t h e  expand ing  t y p e  w i t h  i n c r e a s i n s  
r a d i u s  of c u r v a t u r e  t oward  t h e  r e a r .  

The t a i l  S r o u p  i s  shown i n  f i g u r e  5 .  U a c l a s s i f i e d  
s y m m e t r i c a l  a i r f o i l  s e c t i o n s  mere u s e d .  The h o r i z o n t a l  
t a i l  t a p e r s  i n  t h i c k n e s s  f rom a b o u t  1 0  t o  6 p e r c e n t  and  
t h e  v e r t i c a l  s u r f a c e  from a b o u t  8 t o  6 p e r c e n t .  The u s u a l  
b r e a k s  i n  t h e  s u r f a c e  a t  c o n t r o l - s u r f a c e  h i n ~ e s  a r e  n o t  
r e p r e s e n t e d .  

N a c e l l e s . -  The n a c e l l e  shown i n  f i g u r e  6 i s  a 1 / 5 -  -------- 
s c a l e  model of t h e  normal  56 - inch  d i a m e t e r  i n s t a l l a t i o n  
e n c l o s i n g  an  850-horsepower s ing le - row r a d i n l  e n s i n e .  
The e x t e r i o r  of t h e  model n a c e l l e s  i s  f r e e  of s c o o p s ,  
v e n t s ,  a n d  i r r e s u l a r i t i e s  due t o  t h e  I n n d i n $  < e a r .  The 
wing h a s  a c h o r d  of 21.25 i n c h e s  a n d  a t h i c k n e s ' s  a t  t h e  
p o i n t  of n a c e l l e  a t t a c h m e n t  of 3.19 i n c h e s .  The f o r e - ~ " n d -  
a f t  l o c a t i o n  of  t h e  n a c e l l e s  mas m a i n t a i n e d  c o n s t a n t  i n  
a l l  t h e  t e s t s ,  t h e  p r o p e l l e r  p l a n e  b e i n s  42  p e r c e n t  of t h e  
c h o r d  a h e a d  of t h e  l e a d i n s  edye .  The n a c e l l e  a x e s  mere 



i n c l i n e d .  -2' w i t h  r e f e r e n c e  t o  t h e  wing-chord l i n e  a n d  
were p a r a l l e l  t o  t h e  f u s e l a s e  r e f e r e n c e  l i n e .  The na-  
c e l l e s  were t e s t e d  i n  hi.gh a n d  low p o s i t i o n s  f o r  which  
t h e  t h r u s t  a x i s  was moved v e r t i c a l l y  9 p e r c e n t  of t h e  
c h o r d  t o  make t h e  n a c e l l e  t a n g e n t  t o  . t h e  l o w e r  and  t h e  up- 
p e r  s u r f a c e s  of  t h e  wing. F o r  t h e s e  p o s i t i o n s ,  i t  w a s  
n e c e s s a r y  t o  modi fy  t h e  f a i r i n g  of  t h e  a f t e r b o d y .  F i g u r e s  
1, 7 ,  8 ,  a n d  9 show t h e  f a i r i n s  d e t a i l s  f o r  t h e  t h r e e  po- 
s i t i o n s ;  t a b l e  I ~ i v e s  t h e  p r i n c i p a l  o r d i n a t e s  fo . r  t h e  
t h r e e  a f t e r b o d i e s  a n d  f o r  t h e  s t a n d a r d  cowl ing .  I n n e r  and  
o u t e r  p o s i t i o n s  of t h e  n a c e l l e s  were a l s o  t e s t e d ,  t h e  na- 
c e l l e s '  i n  t h e i r  normal  v e r t i c a l  p o s i t i o n  b e i n g  moved 21  
p e r c e n t -  of t h o '  n a c e l l e  d i a m e t e r  i n  a spanmise  d i r e c t i o n .  

A b e a v e r - t a i l  a f t e r b o d y  shape  w a s  t e s t e d  w i t h  t h e  na-  
c e l l e s  i n  t h e  normal  p o s i t i o n ,  T h i s  m o d i f i c a t i o n  d i d  n o t  
change  t h e  s ide -v i ew p r o f i l e  b u t  made t h e  n a c e l l e s  r e c -  
t a n g u l a r  i n  p l a n  view. ( S e e  f i g s .  1 a n d  1 0 . )  

M o d i f i c a t i o n s  t o  t h e  s t a n d a r d  cowl ing  c o n s i s t e d  i n  
c o v e r i n q  t h e  e x i t  s l o t  be tween  t h e  cowl ing  s k i r t  a n d  t h e  
i n n e r  c o w l i n s  ( f i g s .  6 ,  9 ,  a n d  1 0 )  and  t h e  s u b s t i t u t i o n  of 
a s t r e a m l i n e  n o s e  f o r  t h e  s t a n d a r d  cowl ing .  The s t r e a m -  
l i n e  n o s e  ( f i g ,  1 and  t a b l e  I )  was d e r i v e d  f rom N , A . C * A .  
s t r e a m l i n e  form 111 ( r e f e r e n c e  1 1 )  f o r  a f i n e n e s s  r a t i o  of  
4 .  The s t r e a m l i n e  n o s e  was t e s t e d  w i t h  t h e  same a f t e r -  
b o d i e s  a s  t h e  , s t a n d a r d  cowl ing .  Combina t ions  employing  
t h e  s t r e a m l i n e  n o s e s  a r e  h e r e i n a f t e r  c a l l e d  s t r e a m l i n e  na-  
c e l l e s ;  and  t h o s e  employing t h e  s t a n d a r d  cowl ing  a r e  
c a l l e d  s t a n d a r d  n a c e l l e s ,  r e g a r d l e s s  of  n a c e l l e  l o c a t i o n .  

The f l o w  of a i r  t h r o u g h  t h e  s ' t a n d a r d  cowl ing  was 
r e g u l a t e d  by a  b a f f l e  p l a t e  s i m u l a t i n g  t h e  r a d i a l  e n g i n e .  
The p l a t e  was p e r f o r a t e d  by one hundred  1 / 4 - i n c h  h o l e s ,  
p r o v i d i n q  a conduc tanco  K of  0.08. The c o r r e s p o n d i n g  
p r e s s u r e  d r o p  npIq a c r o s s  t h e  b a f f l e  p l a t e  was computed 

- by t h e  method of r e f e r e n c e  1 2  t o  be 0.80; a n d  t h e  f l o w  
q u a n t i t y  Q/FV, t o  be 0.072, 

A d d i t i o n a l  t e s t s  w i t h  no a i r  f l o w  mere made w i t h  a 1 1  
t h e  h o l e s  c l o s e d ,  t h a t  i s ,  w i t h  K = 0 ,  a n d  a l s o  w i t h  
a l t e r n a t e  h o l e s  c l o s e d ,  f o r  which K = 0.04, b p / q  = 1 .00 ,  
a n d  Q/FV '= 0.04. 

On t h e  model ,  a s  on t h e  a c t u a l  a l r p l a , n e ,  no p r o v i s i o n  
i s  made f o r  t h e  c o n t r o l  o f  c o o l i n q  a i r  by means of  v a r y i n g  
t h e  w i d t h  of t h e  e x i t - s l o t  opening .  I n  a l l  t h e  t e s t s  w i t h  
c o o l i n g - a i r  f l o w ,  t h e  w i d t h  was 0.25 i n c h .  In  some of  t h e  



t e s t s  w i t h o u t  c o o l i n g  a i r ,  t h e  e x i t  mas cove red ,  a s  h a s  
been d e s c r i b e d .  No p r o v i s i o n  was made f o r  c o o l i n g - a i r  
f l o w  i n  t h e  s t r e a m l i n e  n a c e l l e s .  

Landing-gear . -  D e t a i l s  of t h e  s e m i r e t r a c t e d  l a n d i n g  ----- 
< e a r  a r e  shown i n  f i s u r e s  5 a n d  11. U n l i k e  t h e  f u l l -  
s c a l e  i n s t a l l a t i o n ,  t h e  i n s i d e  of t h e  whee l -wel l  o p e n i n g s  
on t h e  model mas c l o s e d  o f f  f rom t h e  i n t e r i o r  of t h e  na -  
c e l l e s .  

Improved model.- The most e f f e c t i v e  m o d i f i c a t i o n s  
t o  t h e  model 'were  combined i n  what i s  c a l L e d  t h e  improved  
model. The s t a n d a r d  w i n d s h i e l d  and  c o c k p i t  f a i r i n g s  were 
r e p l a c e d  by a  s t r e a m l i n e  n o s e  ( f i g s .  1 a n d  1 2 )  i n  which  
t h e  i r r e q u l a r i t y  due t o  t h e  w i n d s h i e l d  mas c o m p l e t e l y  
f a i r e d  o u t .  The s t r e a m l i n e  n a c e l l e s  were  employed a n d  
t h e  whee l  a n d  t h e  whee l -wel l  i r r e % u l a r i t i e s  mere comple te -  
l y  removed. The improved model i s  shown i n  f i g u r e  1 3 .  

TESTS 

.The t e s t s  c o n s i s t e d  i n  t h e  measurement of l i f t ,  d r a g ,  
a n d  p i t c h i n g  moment a t  s p e e d s  r a n g i n g  f rom 1 4 0  to-  450 
m i l e s  p e r  h o u r .  The t e s t s  c o u l d  be c a r r i e d  beyond maximum 
l i f t  a t  140  m i l e s  p e r  h o u r ;  b u t ,  a t  h i g h e r  s p e e d s ,  s t r e n g t h  
l i m i t a t i o n s  d e t e r m i n e d  t h e  l i f t  c o e f f i c i e n t  t o  which  t h e  
t e s t s  c o u l d  be ex t ended .  Thus ,  a t  450 m i l e s  p e r  h o u r ,  a 
l i f t  c o e f f i c i e n t  of 0.2 mas t h e  g r e a t e s t  t h a t  c o u l d  be 
o b t a i n e d .  

T e s t s  were made of t h e  wing a l o n e  a n d  of t h e  combina- 
t i o n s  n e c e s s a r y  t o  o b t a i n  t h e  f o l l o w i n g  d a t a :  

1; E f f e c t i v e  n a c e l l e  d r a g  ( w i t h o u t  f u s e l a g e )  w i t h  
t h e  v a r i o u s  m o d i f i c a t i o n s  t o  n a c e l l e  s h a p e ,  n a c e l l e  l o c a -  
t i o n ,  and  c o o l i n g - a i r  f l o w .  . ( i l E f f e c t i v e  drag t1  i s  h e r e i n  
d e f i n e d  a s  t h e  d i f f e r e n c e  i n  t o t a l  d r a q  measured w i t h  a n d  
w i t h o u t  t h e  p a r t  i n  q u e s t i o n . )  

, 2. I n t e r f e r e n c e  be tween  n a c e l l e s  a n d  f u s e l a g e  f o r  
a l l  n a c e l l e  p o s i t i o n s ,  w i t h  and  w i t h o u t  . t h e  t a i l  g roup .  

3. E f f e c t i v e  d r a q  of f u s e l a g e  a n d  f i l l e t  w i t h  s t a n d -  
a r d  a n d  f a i r e d  w i n d s h i e l d .  

4 .  E f f e c t i v e  d r a g  of t a i l  g roup .  



5.  I n t e r f e r e n c e  between t a i l  s r o u p  and  n a c e l l e s .  

6 .  E f f e c t i v e  d r a g  of f i l l e t  and  i n t e r f e r e n c e  between 
f i l l e t  and  t a i l  group.  

?. E f f e c t i v e  d r a g  of s e m i r e t r a c t e d  l a n d i n g  < e a r :  

( a )  Main whee l s .  

( 1 )  T a i l  wheel.  

F o r  t h e  m o s t  i m p o r t a n t  c o n f i g u r a t i o n s ,  t e s t s  were 
made b o t h  m i t h  n a t u r a l  t r a n s i t i o n  and  m i t h  t r a n s i t i o n  
f i x e d  a t  1 9  p e r c e n t  of t h e  wing and  t h e  t a i l  c h o r d s  a n d  
n e a r  t h e  n o s e s  of t h e  s t r e a m l i n e  n a c e l l e s .  A number of 
t h e  t e s t s  of t h e  n a c e l l e s  were made o n l y  w i t h  smooth mod- 
e l s .  

RESULTS 

The method of computing t h e  a i r  s p e e d ,  t h e  Mach num- 
b e r ,  and  t h e  Reynolds  Mumber i n  t h e  8- foot  h iqh-speed  

' mind t u n n e l  i s  d e s c r i b e d  i n  r e f e r e n c e  1 3 .  According  t o  
s t a n d a r d  p r a c t i c e ,  t h e  t r u e ,  r a t h e r  t h a n  t h e  i n d i c a t e d ,  
dynamic p r e s s u r e  m a s  u sed  i n  computing c o e f f i c i e n t s  f rom 
t h e  f o r c e  t e s t s ;  t h e  c o e f f i c i e n t s  t h u s  d i r e c t l y  i n d i c a t e  
any  c o m p r e s s i b i l i t y  e f f e c t s .  

The q r e a t e r  p a < t  of t h e  d r a g  r e s u l t s  i s  i n  t h e  form 
of e f f e c t i v e  d r a ~  c o e f f i c i e n t s ,  which a r e  h e r e i n  d e f i n e d  
a s  t h e  d i f f e r e n c e  i n  t h e  t o t a l  d rag  c o e f f i c i e n t s  measured 
w i t h  a n d  w i t h o u t  t h e  part i n  ques t ioan ,  T h i s  d i f f e r e n c e  i n  
d r a 4  c o e f f i c i e n t  was computed a t  f i x e d  a n s l e s  of  a t t a c k ,  
r a t h e r  t h a n  a t  g i v e n  l i f t  c o e f f i c i e n t s  as  i s  u s u a l l y  done 
i n  t h r e e - d i m e n s i o n a l - f l o w  s e t - u p s .  The c h o i c e  of a n % l e  
of a t t a c k  as t h e  i n d e ~ e n d e n t  v a r i a b l e  was d i c t a t e d  by t h e  
f a c t  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  a r e  ~ o v e r n e d  p r i m a r i l y  
by t h e  a t t i t u d e  of a body and  n o t  by t h e  n e t  l i f t  of t h e  
body i n  combina t ion  w i t h  o t h e r  s h a p e s .  Furthermore, t h e  
induced-d rag  changes  due t o  s m a l l  changes  i n  l i f t  a r e  
min imized  i n  a s e t - u p  such  as t h e  one e m p l o ~ e d  i n  t h e s e  
t e s t s ,  which mas a p p r o x i m a t e l y  two-dimens ional ,  A s  a  m a t -  
t e r  of f a c t ,  a t  s u b c r i t i c a l  s p e e d s  t h e  e f f e c t i v e  d r a g  as  
o b t a i n e d  n t  a g i v e n  a t t i t u d e  tias found  t o  be a l m o s t  ex- 
a c t l y  e.qual t o  t h n t  computed a t  a  f i x e d  l i f t  c o e f f i c i e n t .  

V i t h  t h e  model a t t i t u d e  f i x e d ,  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  a f u n c t i o n  of  Mach number ,  which i s  t h e  f l o w - s i m i l a r i t y  
i n d e x  f o r  c o m p r e s s i b l e  f l o w  and  h a s  n s i g n i f i c a n c e  s i m i l a r  
t o  t h a t  of  t h e  Reyno lds  Number i n  v i s c o u s  f l o w .  The r e -  
s u l t s  of t h e s e  t e s t s  a r e  a c c o r d i n s l y  p l o t t e d  e i t h e r  a s  a 
f u n c t i o n  of Mach number f o r  a p a r t i c u l a r  a t t i t u d e  o r  a s  a 
f u n c t i o n  of a n g l e  of a t t a c k  a t  a g i v e n  Maoh number.. 

I f  t h e  a i r  t e m p e r a t u r e  i s  known, t h e  a i r  s p e e d ,  i n  
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  a ~ i v e n  Mach number c a n  
be d i r e c t l y  computed from t h e  r e l a t i o n  

The e f f e c t i v e  d r a g  of t h e  v a r i o u s  component p a r t s  of 
t h e  a i r p l a n e  i s  p r e s e n t e d  i n  f i g u r e s  1 4  t o  2 7 ,  I t  w i l l  be 
n o t i c e d  t h a t  t h e  n a c e l l e - d r a ~  d a t a  g i v e n  i n  f i g u r e s  1 5  t o  
21  were  o b t a i n e d  o n l y  w i t h  n a t u r a l  t r a n s i t i o n  on t h e  smooth 
models .  As p r e v i o u s l y  s t a t e d ,  t h e s e  d a t a  a r e  n o t  q u a n t i -  
t a t i v e l y  a p p l i c a b l e  t o  f l i 9 h t  c o n d i t i o n s  where e x t e n s i v e  

-S 

l a m i n a r  l a y e r s  do n o t  e x i s t ,  u n l e s s  t h e  c o r r e c t i o n  f a c t o r s  
d e v e l o p e d  i n  t h e  a p p e n d i x  a r e  appl ied- .  F i g u r e s  1 5  t o  21  .. 
a s  t h e y  s t a n d  a r e  i n t e n d e d  t o  show c r i t i c a l  speeds  a n d  t o  
p e r m i t  q u a l i t a t i v e  compar i sons  of t h e  v a r i o u s  a r r a n ~ e m e n t s .  

The c o n t r i b u t i o n  of t h e  v a r i o u s  component p a r t s  t o  
t h e  t o t a l  d r a g  o f  t h e  s t a n d a r d  a n d  t h e  improved  models  i s  
shown i n  f i g u r e s  28 and  2 3 ,  The p e r c e n t a g e  d raq  of  t h e  
v a r i o u s  p a r t s  i s  summarized i n  t a b l e  I1 f o r  t h e  c o n d i t i o n s  
of b o t h  n a t u r a l  a n d  f i x e d  t r a n s i t i o n .  The d r a 9  of t h e  
c o m p l e t e  s t a n d a r d  model a n d  t h e  improved model i s  shomn 
i n  f i s u r e  30. 

The e f f e c t  on l ' i f t  of t h e  v a r i o u s  components i s  ~ i v e n  
i n  f i g u r e  3 1  f o r  t h r e e  r e p r e s e n t a t i v e  s p e e d s .  The n a c e l l e s  
i n  t h e  h i g h  and  t h e  low p o s i t i o n s ,  r e s p e c t i v e l y ,  i n c r e a s e d  
and d e c r e a s e d  t h e  l i f t  a t  a  g i v e n  a t t i t u d e .  The a d d i t i o n  
of f u s e l a s e  a h d  t a i l  d e c r e a s e d  t h e  l i f t  a t  a n ~ l e s  below 
2' a n d  i n c r e a s e d  th'e s l o p e  of  t h e  l i f t  c u r v e .  

The p i tch ing-moment  c o e f f i c i e n t s  computed a b o u t  t h e  
q u a r t e r - c h o r d  p o i n t  of t h e  mean ae rodynamic  cho rd  ( app rox-  
i m a t e  c e n t e r - o f - g r a v i t y  l o c a t i o n  of a c t u a l  a i r p l a n e )  a r e  
g i v e n  i n  f i q u r e  3 2  f o r  t h e  comple t e  models .  The re  mere no 
marked c o m p r e s s i b i l i t y  e f f e c t s .  C o r r e c t i o n  f o r  t h e  t i p  
s e c t i o n s  of t h e  w ins  o m i t t e d  on t h e  model would make t h e  
V a l u e s  of dCm/da more n e g a t i v e  t h a n  i n d i c a t e d  f rom t h e  
f i g u r e .  



F i ~ u r e s  33 t o  36 i n  t h e  a p p e n d i x  show t h e  e f f e c t  of 
t h e  l o c a t i o n  of  t h e  b o u n d a r y - l a y e r  t r a n s i t i o n  p o i n t  on 
n a c e l l e  d r a g ;  f i g u r e s  37 a n d  38 s i v e  f a c t o r s  f o r  c o r r e c t -  
i n g  t h e  n a c e l l e - d r a g  d a t a  o b t a i n e d  w i t h  n a t u r a l  t r a n s i -  
t i o n  ( f i g s .  1 5  t o  2 1 )  t o  t h e  f i x e d - t r a n s i t i o n  c o n d i t i o n .  

PRECISION 

The f o r c e - t e s t  r e s u l t s  a r e  u n c o r r e c t e d  f o r  t u n n e l -  
w a l l  e f f e c t s  w i t h  t h e  e x c e p t i o n  of t h e  e f f e c t i v e  f u s e l a g e  
d r a s ,  t o  which a buoyancy c o r r e c t i o n  of a b o u t  5 p e r c e n t  
was a p p l i e d .  The buoyancy e f f e c t  on t h e  ming was c o u n t e r -  
a c t e d  w i t h i n  1 p e r c e n t  of t h e  wing d r a g  by t h e  i n c r e a s e  i n  
e f f e c t i v e  wing d r a g  c o e f f i c i e n t  c h a r g e a b l e  t o  t h e  a b s e n c e  
o f  t h e  t h i n  t i p  s e c t i o n  a n d  by t h e  d r a s  of  t h e  0 .006- inch  
t h r e a d s  u s e d  t o  fix t r a n s i t i o n .  The e f f e c t  of buoyancy 
on t h e  n a c e l l e  d r a g  was n e g l i g i b l e .  The i n t e r f e r e n c e  a t  
t h e  j u n c t u r e  of wing and  t u n n e l  m a l l  c o u l d  n o t  be d e t e r -  
mined b u t  a p p a r e n t l y .  d i d  n o t  s e r i o u s l y  a f f e c t  t h e  wing 
d r a 5 ,  which i s  o f  t h e  r i g h t  o r d e r  of  m a ~ n i t u d a .  The i n -  
f l o w  o v e r  t h e  e n d s  of t h e  ming due t o  l e a k a g e  at h i s h  
l i f t s  made ' the  d e t e r m i n a t i o n  of maximum l i f t  r a t h e r  doubt -  
f u l .  The d a t a  shown i n  t h i s  r e p o r t  t h e r e f o r e  e x t e n d  o n l y  
t o  CL = 0.6. The j e t - b o u n d a r y  e f f e c t  on c r i t i c a l  s p e e d  
i s  c o n s i d e r e d  s e c o n d a r y  b e c a u s e  t h e  f r o n t a l  a r e a  o f  t h e  
model i s  o n l y  6  p e r c e n t  - o f  t h e  j e t  a r e a .  

DISCUSSION 

N a c e l l e  Drag 

I n t e r f e r e n c e  between n a c e l l e s  on wing w i t h o u t  f u s e -  -------.---- ---_ _ ------ ______ - - -_--  ----- --- 
l a g ~ . -  F o r  t h e  s a k a  of a c c u r a c y ,  most of t h e  n a c e l l e - d r a g  -- 
d a t a  were o b t a i n e d  w i t h  two n a c e l l e s ,  n o r m a l l y  s p a c e d  f o u r  
d i a m e t e r s  a p a r t ,  on t h e  wing w i t h o u t  t h e  f u s e l a g e .  T h e r e  
w a s  a  s l i g h t  i n t e r f e r e n c e  e f f e c t  ( f i g .  1 4 )  amount ing t o  
A C D ~  = 0.005 ,  which w a s  a p p r o x i m a t e l y  o o n s t a n t  t h r o u s h o u t  

t h e  s p e e d  and  t h e  a n g l e - o f - a t t a c k  r a n g e s .  The d r a g  d a t a  
o b t a i n e d  w i t h o u t  t h e  f u s e l a g e  s h o u l d  be r e d u c e d  by  t h i s  

n * 
amount i f  compar i sons  w i t h  t e s t s  employing a s i n g l e  n a c e l l e  
a r e  made. A s  p r e v i o u s l y  s t a t e d ,  . t h e  r e s u l t s  shown i n  f i g -  
u r e  1 4 ,  o b t a i n e d  w i t h  f i x e d  t r a n s i t i o n  on t h e  model wing 
( t r a n s i t i o n  on t h e  s t a n d a r d  n a c e l l e s  o c c u r r e d  n a t u r a l l y  a t  
t h e  p o i n t  of s h a r p e s t  c u r v a t u r e  of t h e  n o s e ) ,  a r e  a p p l i -  



c a b l e  t o  f l i g h t  c o n d i t i o n s  a f t e r  s u i t a b l e  Reynolds  Number 
c o r r e c t i o n s  a r e  made. The n a c e l l e  d r a g  shown i n  f i g u r e s  
16 t o  21 was 'much h i g h e r  t h a n  t h a t  shown i n  f i g u r e  1 4 .  
T h i s  i n c r e a s e  i s  due t o  t h e  f a c t  ( s e e  a p p e n d i x )  t h a t  t h e s e  
r e s u l t s  ( f i g s .  1 5  t o  21 )  ware o b t a i n e d  on smooth models  ' 

w i t h  n a t u r a l  t r a n s i t i o n ;  t h e y  a r e  p r e s e n t e d  o n l y  t o  shorn 
c r i t i c a l  s p e e d s  a n d  t o  p e r m i t  q u a l i t a t i v e  compar i sons .  

N a c e l l e  c r i t i c a l  s p e e d s , -  The c r i t i c a l  s p e e d ,  a t  
which  t h e  e f f e c t i v e  n a c e l l e  d r a g  c o e f f i c i e n t  b e g i n s  t o  i n -  
c r e a s e  a b n o r m a l l y ,  i s  a f f e c t e d  by any  f a c t o r  t h a t  changes  
t h e  r a t i o  of maximum l o c a l  v e l o c i t y  t o  s t r e a m  v e l o c i t y .  
The p r i n c i p a l  f a c t o r s  a r e  a n g l e  of  a t t a c k ,  i n t e r f e r e n c e  
e f f e c t s ,  and  c o o l i n g - a i r  f l o w .  F i .%ures  1 5  and  1 6  show 
t h a t  t h e  i n f l u e n c e  of t h e s e  v a r i a b l e s  r e s u l t s  i n  a r a n g e  
of c r i t i c a l  s p e e d s  f o r  t h e '  s t a n d a r d  n a c e l l e s  f rom a b o u t  
M = 0.47 t o  beyond t h e  r a n g e  of t h e  t e s t s .  The r a t e  of 
i n c r e a s e  o f  d r a g  beyond t h e  c r i t i c a l  s p e e d  i s  g e n e r a l l y  
so s e v e r e  t h a t  t h e  t o p . . s p e e d  of t h e  a i r p l a n e  c o u l d  n o t  
e c o n o m i c a l l y  be  much g r e a t e r  t h a n  t h e  c r i t i c a l  s p e e d  of 
t h e  n a c e l l e s .  As p r e v i o u s l y  d i s c u s s e d ,  t h e  c r i t i c a l  f l y -  
i n g  s p e e d  c o r r e s p o n d i n g , t o  t h e  c r i t i c a l  v a l u e  of M de- 
p e n d s  on t h e  a i r  t e m p e r a t u r e ,  Thus ,  a t  h i g h  a l t i t u d e s  
where low t e m p e r a t u r e s '  a r e  e n c o u n t e r e d ,  t h e  f l y i n g  s p e e d  
a t  wh ich  t h e  shock  forms  w i l l  be  l o n e r  t h a n  a t  s e a  l e v e l .  
S i n c e  a i r p l a n e  t o p  s p e e d s  t e n d  t o  i n c r e a s e  w i t h  a l t i t u d e ,  
t h e  d a c g e r  of  e n c o u n t e r i n g  s e r i o u s  c o m p r e s s i b i l i t y  e f f e c t s  
i s  v e r y  r e a l .  A t  1 5 , 0 0 0  f e e t  i n  s t a n d a r d  a t m o s p h e r e ,  f o r  
example ,  t = 5O F a n d  a 5 7 2 3  m i l e s  p e r  hour .  The 
c r i t i c a l  f l y i n g  s p e e d  c o r r e s p o n d i n ~  t o  t h e  l o w e s t  c r i t i c a l  
Mach number f o r  t h e  n a c e l l e s ,  0.47,  mould be 

V c r  = hIcr x a = 340 m i l e s  p e r  h o u r .  

The r e s u l t s  of r e f e r e n c e  1 2  shotv t h a t  t h e  e f f e c t  of 
t h e  s l i p s t r e a m  o f  a c o n v e n t i o n a l  t r a c t o r  p r o p e l l e r  on t h e  
v e l o c i t y  d i s t r f b u t i o n  o v e r  a good cowl ing  i s  s l i g h t  f b r  
t h e  h igh - speed  c o n d i t i o n .  I n  some i n s t a n c e s ,  t h e  e f f e c t  
of t h e  p r o p e l l e r  s l i g h t l y  i n c r e a s e d  t h e  maximum l o c a l  ve- 
l o c i t i e s  b u t  i n  o t h e r s  t h e  c e a k  v e l o c i t y  mas d e c r e a s e d .  
I t  a p p e a r s  c o n s e r v a t i v e  t o  assume t h a t  t h e  peak  v e l o c i t y  
w i l l  be i n c r e a s e d . 1 ~  t h e  amount of  t h e  p r o p e l l e r  s l i p .  
I n  t h e  a b s e n c e  o f  p e r t i n e n t  p r o p e l l e r  t e s t  d a t a ,  t h e  s l i p  
i n  t h e  p r e s e n t  a p p l i c a t i o n  mas e s t i m a t e d  from t h e  power I 

r e q u i r e m e n t s  a t  M = 0.50.  Assuming u n i f o r m  t h r u s t  d i s -  
t r i b u t i o n  a l o n g  t h e  b l a d e ,  t h e  computed s l i p  v e l o c i t y  was 
0.02V,. I n  o r d e r  t o  a l l o w  fez- t h e  f a c t  t h a t  t h e  a c t u a l  + 

t h r u s t  d i s t r i b u t i o n  i s  n o t  u n i f o r m ,  t h i s  v a l u e  w a s  i n -  



c r e a s e d  by 5 0  p e r c e n t ,  q i v i n g  an  e s t i m a t e d  maximum s l i p  
v e l o c l t y  of 0.03V. The c r i t i c a l  Mach numbers shotvn h e r e i n  
f o r  t h e  n a c e l l e s  and  t h e  whee l s  may t h e r e f o r e  be r e d u c e 2  
by A M  = 0.03 oiying t o  t r a c t o r  p r o p e l l e r  i n t e r f e r e n c e .  

C o n s i d e r i n s  n e x t  t h e  e f f e c t  of a n g l e  of a t t a c k  on 
c r i t i c a l  s p e e d s ,  i t  can be s e e n  from f i s u r e  1 5  t h a t  t h e  
c r t t i c a l  speeds  a t  a = -2' ( n a c e l l e  a n g l e  of a t t a c k  
an = -40 t o  f l i g h t  p a t h )  were markedly lower  t h a n  st a = 

OQ ( a n  = -2'). According  t o  r e f e r e n c e  5 ,  t h i s  e f f e c t  i s  
due t o  a n  i n c r e a s e  w i t h  a n g l e  o f  a t t a c k  of  t h e  peak  l o c a l  
v e l o c i t i e s  a t  t h e  cowl ing  n o s e .  The minimum peak v e l o c i t y  
o c c u r s  when t h e  n a c e l l e  a x i s  i s  p a r a l l e l  t o  t h e  f l i g h t  p a t h .  
E x t r a p o l a t i o n  of  t h e  r e s u l t s  of f i g u r e  1 5  shows t h a t ,  by 
p r o p e r l y  a l i n i n g  t h e  n a c e l l e s ,  t h e  c r i t i c a l  speed  would be 
advanced beyond t h e  ranqe  of t h e  t e s t  s p e e d s .  T h i s  r e s u l t  
emphas izes  t h e  f a c t  ( d i s c u s s e d  i n  more d e t a i l  i n  r e f e r e n c e  
5 )  t h a t ,  f o r  h igh-speed  f l i q h t ,  t h e  n a c e l l e  a x e s  must be e 
a l i n e d  w i t h  t h e  r e l a t i v e  wind. 

1 

A seconda.ry e f f e c t  of t h e  p r o p e l l e r  s l i p s t r e a m  moul6 
be t o  a l l e v i a t e  t h e  i n d i c a t e d  e f f e c t s  of a n 3 l e  of  a t t a c k  
on n a c e l l e  c r i t i c a l  speeds .  T h i s  e f f e c t  i s  u n d o u b t e d l y  
small and  can c o n s e r v a t i v e l y  be n e g l e c t e d .  

---I 
The e f f e c t  on c r i t i c a l  speed  of v e r t i c a l  l o c a t i o n  of I 

t h e  s t a n d a r d  n a c e l l e s  ( f i g s .  1 5  and 1 6 )  i s  p r o b a b l y  due 
t o  t h e  change i n  l i f t  w i t h  n a c e l l e  l o c a t i o n .  With t h e  na- I 

I 
c e l l e s  i n  t h e  low p o s i t i o n ,  t h e  l i f t  of t h e  combina t ion  < 

w a s  d e c r e a s e d ,  t h e r e b y  i n c r e a s i n g  t h e  downflon a t  t h e  
cowl ing  nose ,  which a s s  a l r e a d y  o p e r a t i n g  a t  a n e ~ a t i v e  
a n g l e .  The e f f e c t i v e  a n g l e  of a t t a c k  was t h u s  augmented 
a n d  t h e  c r i t i c a l  s p e e d  f o r  t h e  low p o s i t i o n  was made l o w e r  
t h a n  f o r  t h e  normal  p o s i t i o n .  The l i f t  m a s  i n c r e a s e d  w i t h  
t h e  n a c e l l e  i n  t h e  h i q h  p o s i t i o n  and  t h e  accompanying up- 
f l o w  a t  t h e  cowl in5  nose  s l i ~ h t l y  d e c r e a s e d  t $ e  e f f e c t i v e  
n e g a t i v e  a n < l e  of t h e  n a c e l l e ,  t h e r e b y  advanc ing  t h e  c r i t -  
i c a l  speed  beyond t h a t  of t h e  normnl p o s i t i o n .  . .--- 

The e f f e c t  of t h e  f u s e l a g e  ( f i ~ s .  1 5  and  1 6 )  was t o  
l o w e r  t h e  c r i t i c a l  s p e e d s  of t h e  s t a n d a r d  n a c e l l e s  by nn 
a v e r a g e  of  abou t  M = 0.03,  o r  22 m i l e s  p e r  hour  a t  

. 25,000 f e e t .  Presumably ,  t h i s  d e c r e a s e  i s  d.ue t o  t h e  i n -  
c r e a s e  i n  v e l o c i t y  a t  t h e  n a c e l l e  caused  by t h e  f l o w  abou t  
t h e  f u s e l a g e .  m i t h i n  t h e  a c c u r a c y  of measurement ,  t h e r e  
were no c o n s i s t e n t  changes  i n  t h i s  i n t e r f e r e n c e  e f f e c t  
w i t h  e i t h e r  n a c e l l e  1oca . t ion  o r  amount of  c o o l i n g - a i r  f l o w ,  



T h i s  r e s u l t  emphas izes  t h e  n e c e s s i t y  of s u i t a b l y  m o d i f y i n g ,  
f o r  i n t e r f e r e n c e  e f f e c t s ,  t h e  c r i t i c a l  speed.s o b t a i n e d  
from t e s t s  on i s o l a t e d  b o d i e s .  I n  t h e  a b s e n c e  of s p e c i f i c  
h i g h - s p e e d - t e s t  d a t a ,  an  a p p ~ o x i m a t i o n  t o  such  i n t e r f e r -  
ence  e f f e c t s  can u s u a l l y  be made ( r e f e r e n c e  6 )  by s u b s t i -  
t u t i n g  f o r  t h e  s o u r c e  of i n t e r f e r e n c e  a n  i d e a l i z e d  shape  
a b o u t  which t h e  t h e o r e t i c a l  v e l o c i t y  d i s t r i b u t i o n  i s  known, 
P o r  example ,  one of t h e  b o d i e s  of r e v o l u t i o n  of  r e f e r e n c e  
11 o f  comparable  d imens ions  c o u l d  be s u b s t i t u t e d  f o r  t h e  
f u s e l a g e .  The p e a k  l o c a l  v e l o c i t y  o f  t h e  wing-nace l l e  
combina t ion  i s  t h e n  assumed t o  be i n c r e a s e d  by t h e  vel-oc- 
i t y  inc remen t  a t  t h e  n a c e l l e  due t o  p o t e n t i a l  f low abou t  
t h e  f u s e l a s e  a l o n e .  The c r i t i c a l  speed  c o r r e s p o n d i n g  t o  
t h e  r e s u l t i n g  peak  v e l o c i t y  can  be o b t a i n e d  from t h e  r e l a -  
t i o n  q i v e n  i n  r e f e r e n c e  6 .  The i n t e r f e r e n c e  e f f e c t  of t h o  
f u s e l a g e  on M c r  was computed by t h i s  method t o  b e  0.025 
a s  compared w i t h  t h e  t e s t  r e s u l t ,  0.030. 

The c r i t i c a l  speeds  f o r  t h r e e  v a r i a t i o n s  i n  t h e  amount 
of c o o l i n g - a i r  f l o w  a r e  shown i n  f i g u r e  1 7 .  The h i g h e s t  
c r i t i c a l  speed  o c c u r r e d  w i t h  t h e  l a r s e s t  amount of c o o l i n g -  
a i r  f l o w .  A s  shown i n  r e f e r e n c e  5 ,  t h i s  r e s u l t  i s  due t b  
t h e  r e l i e f  a c t i o n  of p a r t  of t h e  a i r  e n c o u n t e r e d  by t h e  
n a c e l l e  a s  t h e  a i r  p a s s e s  t h r o u g h  t h e  cowl ing  i n s t e a d  of 
b e i z g  a c c e l e r a t e d  a round  t h e  cowling n o s e .  I t  w i l l  be sub- 
s e q u e n t l y  shown t h a t  t h e s e  s l i r h t  g a i n s  i n  c r i t i c a l  s g e e d  
a r e  o b t a i n e d  a t  t h e  expense  of  an  e x c e s s i v e  amount of 
c o o l i n g - a i r  f l o w  f o r  h igh-speed  c o n d i t i o n s  and  t h a t  t h e  
r e s u l t i n g  h i g h  n a c e l l e  d rag  i s  a  more s e r i o u s  c o n s i d e r a -  
t i o n  t h a n  t h e  advance  i n  c r i t i c a l  speed .  More e f f e c t i v e  
means of advanc ing  t h e  c r i t i c a l  speed  a r e  p r o p e r  a l i n e -  
ment of t h e  n a c e l l e  and  r e d u c t i o n  i n  t h e  c u r v a t u r e  of t h e  
c o w l i n s  n o s e ,  a s  d i s c u s s e d  i n  r e f e r e n c e  5. The n a c e l l e  
d r a s  th roughou t  t h e  speed  r a n g e  i s  r educed  by t h e s e  modi- 
f i c a t i o n s .  

The c r i t i c a l  speed  of t h e  s t r e a m l i n e  n a c e l l e s  ( f i q .  B 

1 8 )  was beyond t h e  h i g h e s t  t e s t  speed ,  which c o r r e s p o n d e d  
t o  M = 0.58. The t h e o r e t i c a l  v e l o c i t y  d i s t r i b u t i o n  a b o u t  
a s i m i l a r  body i n d i c a t e s  a v a l u e  of M c r  3 r e a t e r  t h a n  
0.80 f o r  t h e  e x t r e m e  a t t i t u d e  t e s t e d  ( n a c e l l e  a n g l e  of a t -  
t a c k ,  -4'). The abnormal  i n c r e a s e  i n  dra-5 i n  t h e  l o r n  go- , 

s i t i o n  f o r  a = - 2 O  i s  p r o b a b l y  due t o  t h e  f o r m a t i o n  of a 
compress ion  shock on t h e  l o w e r  s u r f a c e  of t h e  wing a s  a  
r e s u l t  of i n t e r f e r e n c e  a t  t h e  wing-nace l l e  j u n c t u r e .  The 
t h e o r e t i c a l  e x c e s s  v e l o c i t i c s  on wing and  n a c e l l e  f o r  t h i s  
a t t i t u d e ,  when a d d e d ,  i n d i c a t e  a  c r i t i c a l  M of 0.56,  



which i s  i n  qood aqreement w i t h  t h e  t e s t  r e s u l t s  ( f i g .  
1 8 ( b ) ) .  The a d d i t i o n a l  i n t e r f e r e n c e  e f f e c t  of t h e  f u s e -  
l a g e  lowered t h e  c r i t i c a l  M t o  roughly  0.54. I n  t h e  
h i g h  and t h e  normal p o s i t i o n s ,  t h e  e f f e c t  of i n c r e a s e  i n  
l i f t  o v e r  t h e  l i f t  i n  t h e  low p o s i t i o n  s u f f i c i e n t l y  r e -  
duced t h e  l o c a l  v e l o c i t i e s  on t h e  lower s u r f a c e  of t h e  
wing t o  d e l a y  t h e  shock on. t h e  wing t o  beyond t h e  r a n g e  of 
t e s t  speeds .  

The e f f e c t s  of l a t e r a l  l o c a t i o n :  ( f i g .  1 9 )  on c r i t i -  
c a l  speed were small. I n  g e n e r a l ,  t h e  i n n e r  p o s i t i o m  
had s l i s h t l y  lower  c r i t i c a l  speeds  t h a n  t h e  normal , and  t h e  
o u t e r  l o c a t i o n s  owing t o  t b e  i n c r e a s e d  f u s e l a g e  i n t e r f e r -  
ence e f f e c t ,  

N a c e l l e  drag--at s u b c r i t i c g l  speeds.-  The normal na- 
c e l l e  l o c a t i o n  had t h e  lowes t  d rag  of t h e  t h r e e  v e r t i c a l  
l o c a t i o n s  f o r  b o t h  t h e  s t a n d a r d  and t h e  s t r e a m l i n e  n a c e l l e s  
( f i g ,  20) .  The h i g h  p o s i t i o n  had t h e  h i s h e s t  d r a g .  Of 
t h e  l a t e r a l  l o c a t i o n s  ( f i g .  1 9 ) .  t h e  normal p o s i t i o n  was 
s u p e r i o r  t o  t h e  i n n e r  and e q u a l  t o  o r  b e t t e r  t h a n  t h e  
o u t e r  p o s i t i o n .  The r e l a t i v e  m e r i t  of t h e  p o s i t i o n s  d i d  
n o t  change w i t h  n a c e l l e  a t t i t u d e  o r  w i t h  speed. 

C o n s i d e r a t i o n  shou ld  be < i v e n  t o  t h e  e f f e c t  of  t h e  
p r o p e l l e r  on t h e  e f f i c i e n c y  of t h e  v a r i o u s  n a c e l l e  l o c a -  
t i o n s .  . A s  p r e v i o u s l y  ment ioned,  t h e  e f f e c t  of t h e  p r o 9 e l -  
l e r  s l i p s t r e a m  a t  h i g h  speeds  i s  s m a l l  a n d  of t h e  same 
o r d e r  o f  maqnitude f o r  a l l  p o s i t i o n s .  More i m p o r t a n t  i s  
t h e ,  v a r i a t i o n  of p r o p u l s i v e  e f f i c i e n c y  w i t h  y o s i t i o n .  No 
t e s t  d a t a  a r e  a v a i l a b l e  f o r  s m a l l  v e r t i c a l  d i s p l a c e m e n t s ,  
bu t  t h e  r e s u l t s  of r e f e r e n c e  1 4  f o r  l a r g e  changes i n  na- 
c e l l e  l o c a t i o n  were i n t e r p o l a t e d  t o  e s t i m a t e  t h e  e f f e c t s .  
The i n d i c a t e d  p r o p u l s i v e  e f f i c i e n c y  f o r  t h e  normal p o s i -  
t i o n  i s  1 p e r c e n t  g r e a t e r  t h a n  f o r  t h e  h i g h  p o s i t i o n  b u t  
1 / 2  p e r c e n t  lower  t h a n  f o r  t h e  low p o s i t i o n .  Inasmuch a s  
t h e  low p o s i t i o n  of t h e  n a c e l l e s  would i n c r e a s e  t h e  draG 
of t h i s  a i r p l a n e  by 2 p e r c e n t ,  t h e  1 /2 -pe rcen t  $ a i n  i n  
t h r u s t  a t  a  ~ i v e n  speed would be more t h a n  o f f s e t .  There 
were no a p p r e c i a b l e  d i f f e r e n c e s  i n  maximum l i f t  f o r  t h e  
v a r i o u s  n a c e l l e  l o c a t i o n s .  The r e l a t i v e  m e r i t  of t h e  na- 
c e l l e  p o s i t i o n s  i s  t h e r e f o r e  unchanged by c o n s i d e r a t i o n  
of p r o p e l l e r  e f f e c t s  and maximum l i f t ,  t h e  normal p o s i t i o n  

% b e i n g  s u p e r i o r  t o  a32 o t h e r s  i n v e s t i q a t e d .  

The drag  due t o  c o o l i n g - a i r  f low t h r o u e h  t h e  s t a n d a r d  
n a c e l l e s  amounted t o  more t h a n  one-half  of t h e  t o t a l  na- 
c e l l e  d rag  ( f i g .  21).  The increment  due t o  c o o l i n g  was 



a p p r o x i m a t e l y  c o n s t a n t  f o r  a l l  t e s t  c o n d i t i a n s ;  t h e  a v e r -  
age  v a l u e  was 0 . 0 5 7 ,  which a g r e e s  me11 w i t h  t h e  d a t a  of 
r e f e r e n c e s  1 2  a n d  1 5  f o r  s imi lar  coaducS;alz.ce and  e x i t  
o p e n i n g ,  A s  f i g u r e  2 1  shows,  a par.% o f  t h i s  i n c r e m e n t  i s  
due t o  t h e  s u r f a c e  d i s c o n t i n u i t y  a t  t h e  e x i t  open ing  be- 
c a u s e ,  w i t h  t h e  a i r  s t o p p e d  b u t  w i t h  t h e  e x i t  s l o t  open a s  
i s  u s u a l ,  t h e  d r a q - c o e f f i c i e n t  i n c r e m e n t  due t o  t h e  e x i t  
s l o t  a l o n e  mas 3 .011 .  A s  i s  skown i n  r e f e r e n c e s  1 2  and  1 5 ,  
however ,  tl?e d r a g  v a r i a t i o n s  w i t h  changes  of t h e  e x i t  open- 
i n g  a r e  p r o p e r l y  i n c l u d e d  i n  t h e  c o o l i n g  d r a s  b e c a u s e  t h e  
u s u a l  a n d  t h e  most e f f i c i e n t  ~ e t h o d  of c o n t r o l l i n g  t h e  
c o o l i n g - a i r  f l o w  i s  t o  v a r y  t h e  w i d t h  of  t h e  e x i t - s l o t  
o p e n i n % .  

The l a r g e  s a v i n g  i n  n a c e l l e  d r a g  t h a t  may be e f f e c t -  
ed by  p a s s i n g  e x a - c t l y  t h e  c o r r e c t  amount of c o o l i n q  a i r  
t h r o u q h  t h e  c o w l i n s  a t  e v e r y  speed  by means of a v a r i a b l e  
e x i t - s l o t  open ing  h a s  been S u l l y  d i s c u s s e d  i n  r e f e r e n c e s  
1 2  a n d  1 5 .  On t h e  a i r p l a n e  u n d e r  c o n s i d e r a t i o n ,  t h e . f l x e d  
e x i t  s l o t  p r o v i d e d  s u f f i c i e n t  c o o l i n g  (Ap = 30 l b / s q  f t )  
a t  a b o u t  1 2 0  m i l e s  p e r  h o u r  b u t ,  as  t h e  speed  was f u r t h e r  
i n c r e a s e d ,  t h e  amount of c o o l i n g  a i r  a n d  t h e  c o r r e s p o n d i n s  
d r a 2  became i n c r e a s i n g l y  e x c e s s i v e ,  A t  M = 0 . 3 0 ,  t h e  
d e s i ~ n  h i q h  s p e e d ,  a n d  n i t h  t h e  e x i t  s l o t  p r o p e r l y  r e -  
duced  i n  s i z e ,  t h e  computed i n c r e m e n t  t o  n a c e l l e  d r a g  f o r  
s u f f i c i e n t  c o o l i n g  i s  0.009 ( r e f e r e n c e  1 5 ,  X = 0 . 0 8 ) ,  r e -  
s u l t i n g  i n  a t o t a l  n e c e s s a r y  n a c e l l e  d r a g  of o n l y  0,045 
i n s t e a d  o f  t h e  measured  v a l u e ,  0.093. ( F i x e d  t r a n s i t i o n ,  
a = o O ,  f i g .  22  1 The e x c e s s i v e  c o o l i n g  d r a g  amounted  
t o  a b o u t  7 p e r c e n t  of t h e  t o t a l  a i r p l a n e  d r a <  at M = 0.30 
a n d  emphas i zes  t h e  n e c e s s i t y  of u s i n g  cowl ing  f l a p s  o r  a 
s % m i l a r  means of c o n t r o l l i n g  t h e  f l o w  of  c o o l i n g  a i r  a t  
h i g h  s p e e d s .  

A compar i son  of t h e  n a c e l l e  d r a g s  w i t h  t h e  normal  a n d  
t h e  b e a v e r - t a i l  a f t e r b o d i e s  i s  a l s o  shown i n  f i g u r e  21. 
The d i f f e r e n c e s  were  small. 

I n . f i q u r e  22 i s  shown a compar i son  between t h e  s t a n d -  
a r d  a n d  t h e  s t r e a m l i n e  n a c e l l e s  a p p l i c a b l e  t o  f l i g h t  con- 
d i t i o n s ,  t h a t  i s ,  w i t h  t r a n s i t i o n  f i x e d  on n a c e l l e s  a n d  
wing. Only t h e  e f f e c t s  of n o s e  shape  a r e  compared,  t h e r e  
b e i n g  no c o o l i n g - a i r  fl.ow a n d  no e x i t .  s l o t  f o r  t h e  s t a n d -  
a r d  n a c e l l e s .  The d r a g  of t h e  s t r e a m l i n e  n a c e l l e s  de- 
c r e a s e s  f rom a b o u t  1 0  p e r c e n t  l e s s  t h a n  t h a t  of t h e  s t a n d -  
a r d  n a c e l l e s  a t  R = 1 , 0 0 0 , 0 0 0  t o  a b o u t  30 p e r c e n t  l e s s  
a t  R = 4 , 0 0 0 , 0 0 0 .  R e f e r e n c e  5  shows t h a t  t h e  d r a ?  of 
LA*c.A. cowled n a c e l l e s  can b e  m a t e r i a l l y  r e d u c e d  by  de- 



c r e a s i n g  t h e  c u r v a t u r e  of t h e  cowl ing  n o s e .  I t  t h e r e f o r e  
a p p e a r s  t h a t ,  i f  t h e  s t a n d a r d  cowl ing  n o s e  i n  t h e  p r e s e n t  
t e s t s  were r e p l a c e d  by a b e t t e r  nose  s h a p e ,  such  a s  G of 
r e f e r e n c e  5 ,  t h e  s t r e a m l i n e  n a c e l l e s  would have l i t t l e  
a d v a n t a g e  o v e r  t h e  s t a n d h r d  n a c e l l e s  i n  t h e  low Beyno1d.s 
Number r a n q e  of t h e s e  t e s t s .  A p p a r e n t l y ,  a t  low Reyno1d.s 
Numbers,  t h e  i n c r e a s e  i n  w e t t e d  a r e a  of  t h e  s t r e a m l i n e  na- 
c e l l e s  n e a r l y  o f f s e t s  t h e  r e d u c t i o n  i n  form d r a g .  A t  h i g h  
Reyno lds  Numbers, t h e  r e d u c t i o n  i n  form d r a g  v i t h  t h e  
s t r e a m l i n e  n o s e  would p r o b a b l y  be  g r e a t e r  t h n n  t h e  d i f f e r -  
e n c e s  i n  sk in - f  r i c t i o n  d r a s ,  g i v i n g  t h e  s t r e a m l i n e  na-  
c e l l e s  s r e a t e r  a d v a n t a g e  o v e r  t h e  b e s t  p o s s i b l e  N . A . C . A .  
cowl ing  shape .  

The p r e s e n c e  of t h e  f u s e l a s e  e x e r t e d  a c o n s i s t e n t l y  
u n f a v o r a b l e  i n t e r f e r e n c e  e f f e c t  on n a c e l l e  d r a g  ( f i g s .  1 5 ,  
1 6 ,  a n d  1 8 ) .  

An u n e x p e c t e d  small i n c r e a s e  i n  e f f e c t i v e  n a c e l l e  
d r a s  o c c u r r e d  as a r e s u l t  o f  i n t e r f e r e n c e  between t h e  na- 
c e l l e s  a n d  t h e  t a i l  g r o u p  ( f i g .  2 3 ) .  The d r a g  of t h e  t a i l  
g r o u p ,  w i t h  a n d  w i t h o u t  n a c e l l e s ,  i s  a l s o  shown i n  t h e  Ti%- 
u r e  t o  v e r i f y  t h e  n a c e l l e - d r a g  r e s u l t s .  T 3 i s  e f f e c t  n a y  
be  due t o  d i s t u r b a n c e  of t h e  e x t e n s i v e  l a m i n a r  boupdary  
l a y e r  of t h e  t a i l  by s p r e a d i n s  t u r b u l e n c e  from t h e  n a c e l l e s  
a n d ,  i f  s o ,  would n o t  e x i s t  i n  f l i g h t .  O b s e r v a t i o n s  of a 
v e r y  t h i n  d u s t  p a t t e r n  r e m a i n i n g  on t h e  t a i l  s u r f a c e s  s f -  
t e r  l e n c t h y  h i g h - s p e e d  r u n s  i n d i c a t e d  t h a t  t h e  l a m i n a r  
f l o w  e x t e n d e d  i n  some i n s t a n c e s  as  f a r  back  a s  70 p e r c e n t  
of t h e  t a i l  c h o r d  e x c e p t  i n  t h e  i n m e d i a t e  p r o x i m i t y  o f  t h e  
f u s e l a g e .  

I n  t h e  c o n c l u s i o n  of t h e  d i s c u s s i o n  of n a c e l l e  d r a 5 ,  
i t  s h o u l d  be p o i n t e d  o u t  t h a t  t h e  optimum c o n d i t i o n s  f o r  
h i g h  c r i t i c a l  s p e e d ,  a l i n e m e n t  w i t h  t h e  r e l a t i v e  wind  a n d  
small c u r v a t u r e  of t h e  cowl ing  n o s e ,  a l s o  p e r m i t  t h e  low- 
e s t  n a c e l l e  d r a g s  a t  s p e e d s  below t h e  c r i t i c a l .  L i k e w i s e ,  
i n t e r f e r e n c e  e f f e c t s  t h a t  i n c r e a s e  t h e  l o c a l  v e l o c i t y  a t  
t h e  n a c e l l e s  n o t  o n l y  l o w e r  t h e  c r i t i c a l  s p e e d  b u t  a l s o  
i n c r e a s e  t h e  d r a g  a t  s p e e d s  below t h e  c r i t i c a l .  

Dras of F u s e l a s e  and F i l l e t  

T i e  d r a q  of t h e  f u s e l a g e  a n d  f i l l e t  w i t h  t h e  s t a n d a r d  
n o s e  a n d  w i n d s h i e l d  a r r angemen t  ( f i g s .  1 a n d  4 )  a n d  w i t h  
t h e  s t r e a m l i n e  n o s e  c o m p l e t e l y  f a i r e d  o v e r  t h e  w i n d s h i e l d  
i r r e g u l a r i t y  ( f i g s .  1 .ar,d 1 2 )  i s  p r e s e n t e d  i n  f i $ u r e  24 as  



a f u n c t i o n  of b o t h  Mach number a n d  a n g l e  of a t t a c l r .  The 
c r i t i c a l .  s p e e d  w a s  beyond t h e  l i m i t  of  t h e  t e s t s .  A s e r i -  
ous  e f f e c t  of t h e  f u s e l a g e ,  however ,  i s  t h e  l o w e r i n g  of 
t h e  c r i t i c a l  s p e e d  of t h e  wing due t o  i n t e r f e r e n c e  a t  t h e  
w i n g - f u s e l a g e  j u n c t i o n .  An e s t i m a t e  b a s e d  on t h e  t h e o r e t -  
i c a l  v e l o c i t i e s  a b o u t  t h e  N.A,C.A. 2215 winq and  a.bout a  
body of  r e v o l u t i o n  o f  g e n e r a l  d i n e n s i o n s  s i m i l a r  t o  t h o s e  
of  thae f u s e l a g e  i n d i c a t e s  a c r i t i c a l  14 of 0.60, I f  t h e  
a d d i t i o n a l  v e l o c i t y  i n c r e m e n t  due t o  a n a c e l E e  i s  a l s o  
c o n s i d e r e d ,  t h e  c r i t i c a l  Id i s  r e d u c e d  t o  0.58. 

+ The c o n v e n t i o n a l  w i n d s h i e l d  f a i r i n g  added  21  p e r c e n t  
t o  t h e  d r a g  of  t h e  f u s e l a g e  w i t h  s t r e a m l i n e  nose  ( f i g .  
2 4 ,  o: = o O ,  M = 0.35). The e f f e c t  o f  d e t a i l e d  i n t e r m e -  
d i a t e  m o d i f i c a t i o n s  i s  g i v e n  i n  r e f e r e n c e  1, where i t  mas 
f o u n d  t h a t  t h e  w i n d s h i e l d  d r a g  can be  r e d u c e d  t o  2  p e r -  
c e n t  w i t h o u t  c o m p l e t e l y  f a i r i n g  o v e r  t 3 e  c o c k p i t  e n c l o -  
s u r e ;  t h a t  r e c e s s e d  windows a d d  7 p e r c e n t  n o r e  d r a %  t h a n  
f l u s h  windows; a n d  t h a t  s h a r p  e a s e s  a d d  from 2  t o  1 4  p e r -  
c e n t  more d r a g  t h a n  rounded  e d g e s .  

The e f f e c t i v e  d r a g  of t h e  f i l l e t  was n e q a t i v e  a t  a l l  
a t t i t u d e s  t e s t e d  ( f i g .  2 5 ) .  The re  w a s  a c o n s i s t e n t  un- 
f a v o r a b l e  i n t e r f e r e n c e  between t h e  f i l l e t  a n d  t h e  t a i l  
g r o u p ,  b rob ably due t o  i n c r e a s e d  v e l o c i t i e s  f n  t h e  r e g i o n  
of t h e  t a i l  r e s u l t i n g  from t h e  improvement i n  f l o w  n e a r  
t h e  f u s e l a g e .  No c o m p r e s s i b i l i t y  e f f e c t s  a p p e a r e d  t o  be  
a s s o c i a t e d  w i t h  t h e  f i l l e t .  

Dras of T a i l  Group 

The e f f e c t i v e  d r a ~ ;  of t h e  t a i l  g r o u p  ( f i g .  2 6 )  i s  
composed of t h e  minimum p r o f i l e  d r a g  o f  t h e  v e r t i c a l  s u r -  
f a c e s  p l u s  t h e  p r o f i l e  and  t h e  i n d u c e d  d r a g  of t h e  h o r i -  
z o n t a l  s u r f a c e s  a n d  t h e  i n t e r f e r e n c e  e f f e c t s .  Because  of 
t h e  s m a l l . R e y n o l d s  NumSer a n d  t h e  t h i n  s e c t i o n s  of  t h e  
t a i l ,  e x t e n s i v e  l a m i n a r  boundary  l a y e r s  a r e  t o  be  e x p e c t e d .  
The low minimum d r a g  c o e f f i c i e n t  w i t h  n a t u r a l  t r a n s i t i o n  
i s  p r o b a b l y  m a i n l y  due t o  t h e s e  low-drag l a m i n a r  l a y e r s .  
The f a c t  t h a t  t h e  a d d i t i o n  o f  a 0.003-inch t h r e a d  a t  1 0  
p e r c e n t  of t h e  t a i l  c h o r d  i n c r e a s e d  t h e  minimum t a i l  d r a g  
o n l y  9 p e r c e n t  i n d i c a t e s  t h a t  t h e s e  t h r e a d s  were n o t  s u f f i -  
c i e n t l y  t h i c k  t o  c a u s e  a  comple t e  t r a n s i t i o n .  T h i s  r e s u l t  
i s  i n  w r e e m e n t  w i t h  t h e  i n d i c a t i o n  o f  t h e  d u s t - p a t t e r n  
o b s e r v a t i o n s  p r e v i o u s l y  men t ioned .  

An i n c r e a s e  o f  Mach number made no a p p r e c i a b l e  change  



i n  t h e  e f f e c t i v e  t a i l  d rag .  The a i r f o i l  s e c t i o n s  employed 
were somewhat similar t o  t h e  N.A.C.A.  0 0 0 9 6 4  which ,  a t  - 
low a n g l e s  of a t t a c k ,  h a s  a c r i t i c a l  s p e e d  q r e a t e r  t h a n  
Bf = 0 . 8 0 '  ( r e f e r e n c e  3 ) .  No marked i n t e r f e r e n c e  e f f e c t s  
on c r i t i c a l  speed  s h o u l d  o c c u r ,  owing t o  t h e  low l o c a l -  
v e l o c i t y  inc remen t  s on t h e  f u s e l a g e  a t  t h e  t a i l  l o c a t i o n .  

Drag of  Wheels and ,  Wheel Openinqs 

The h i g h  d r a g  ( f i s .  2 7 )  of t h e  main wheels  i n  t h e  r e -  
t r a c t e d  p o s i t i o n  (fig. 1 1 )  was l a r ~ e l y  due t o  d i s t u r b -  
a n c e  of t h e  f l o w  abou t  t h e  a f t e r b o d y  of t h e  n a c e l l e .  The 
e f f e c t i v e  d r a g  r a p i d l y  d e c r e a s e d  as t h e  a n g l e  of a t t a c k  
w a s  i n c r e a s e d  because  t h e  p r e s s u r e  g r a d i e n t  became more 
f a v o r a b l ' e  on t h e  lower  s u r f a c e  of t h e  n a c e l l e ,  t h e r e b y  
c o u n t e r a c t i n g  t h e  t endency  of  t h e  wheels  t o  c a u s e  s e p a r a -  
t i o n .  The wheel open ings  a l o n e  had  t h e  same $ e n e r a 1  e f -  
f e c t  a s  t h e '  whee l s .  I n  t h e  a c t u a l  a i r p l a n e ,  t h e  e f f e c t  
o f  t h e  open ings  mould p r o b a b l y  be more s e r i o u s  s i n c e  t h e  
i n s i d e  of t h e  open ing  i s  n o t  c l o s e d  o f f  f rom t h e  i n t e r i o r  
of t h e  n a c e l l e .  

The v a l u e  o f  M c r  f o r  t h e  main whee l s  i n  t h e  r e -  
t r a c t e d  p o s i t i o n  w a s  abou t  0.54. From a c o n s i d e r a t i o n  of 
t h e  t h e o r e t i c a l  f l o w  o v e r  a  s p h e r e ,  t h e  M of  a n  i s o -  
l a t e d  wheel mould be e x p e c t e d  t o  be abou t  0.57 a n d ,  i n  
c o n j u n c t i o n  w i t h  t h e  n a c e l l e  ,' t o  be abou t  0.53. T h i s  r e -  
s u l t  i s  a n o t h e r  i l l u s t r a t i o n  of t h e  p o s s i b i l i t p  of s a t i s -  
f a c t o r i l y  e s t i m a t i n g  t h e  i n t e r f e r e n c e  e f f e c t s  on c r i t i c a l  
s p e e d  by t h e  method of r e f e r e n c e  6. 

The drag of t h e  u n r e t r a c t e d  t a i l  wheel was a b o u t  one- 
f o u r t h  t h e  d r a g  of t h e  r e t r a c t e d  main wheels .  The c r i t -  
i c a l  speed  f o r  t h e  t a i l  wheel would be e x p e c t e d  t o  be 
a b o u t  M = 0.57,  which was beyond t h e  r a n s e  of t h e  wheel- 
d r a g  t e s t s .  

Dras of Complete Model 

A comparison of t h e  e f f e c t i v e  d r a g s  of t h e  v a r i o u s  
p a r t s  of t h e  . s t a n d a r d  model i s  q i v e n  i n  f i g u r e  28  and  
t a b l e  11. There  were no a p p r e c i a b l e  changes  m i t h  s p e e d  i n  
t h e  d r a g  of any  of t h e  component p a r t s  e x c e p t  f o r  t h e  
whee l s  and  t h e  n a c e l l e s ,  on which c o m p r e s s i b i l i t y  shocks  
o c c u r r e d ,  As p r e v i o u s l y  d i s c u s s e d ,  t h e  d r a g  of t h e  na-  

r )  c e l l e s  m i t h  a p r o p e r l y  r e g u l a t e d  f l o w  of c o o l i n g  a i r  ~ v o u l d  



be c o n s i d e r a b l y  r e d u c e d  from t h e  v a l u e s  shown i n  f i g u r e  
2 8 ,  a n d  t h e  c r i t i c a l .  speed, would be s l i g h t l y  l omered .  The 
l a r g e  d r a 5  c o s t  o f  t h e  s e m i r e t r a c t e d  Z a a d i n s  g e a r ,  1 0  t o  
1 4  p e r c e n t  of t h e  t o t a l  d r a g ,  i s  emphas ized  i n  t h e  com- 
p a r i s o n  shown i n  f i g u r e  28. The g e a r  s h o u l d  be  f u l l y  r e -  
t r a c t e d  a n d  t h e  o p e n i n g s  c l o s e d ,  

F i g u r e  29 shows t h a t  no shock  o c c u r r e d  on any  p a r t  of  
t h e  improved  model i n  t h e  r a n s e  of  t h e  t e s t s .  The 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  o v e r  t h e  r o o t  s e c t i o n  o f  t h e  
w ing ,  m o d i f i e d  f o r  t h e  i n t e r f e r e n c e  e f f e c t s  p r e v i o u s l y  d f s -  
c u s s e d ,  i n d i c a t e s ,  h o v e v e r ,  t h a t  compres s ion  s h o c k s  v i l l  
o c c u r  a t  t h e  w i n g - f u s e l a g e  a n d  t h e  w i n g - n a c e l l e  j u n c t u r e s  
at  Mach numbers l ower  t h a n  0.60. The c r i t i c a l  Ma,ch nun- 
b e r . o f  t h e  wing a l o n e  i s  t h e o r e t i c a l l y  M c r  = 0.63. I t  
i s  t h e r e f o r e  e v i d e n t  t h a t  t h e  a i r p l a n e y  even w i t h  t h e  i n -  
d i c a t e d  improvements ,  c o u l d  n o t  .much exceed. a v a l u e  of M 
of 0.60 w i t h o u t  s u f f e r i n g  s e v e r e  d r a g  i n c r e a s e s .  A f u r -  
t h e r  advance  i n  c r i t i c a l  s p e e d  would i n v o l v e  t h e  u s e  of  a 
t h i n n e r  wing,  a wing o f  modi f ied .  s e c t i o n ,  o r ,  p r e f e r a b l y ,  
b o t h .  

The d ra s -co  e f  f i c i e n t  i n c r e m e n t  c o r r e s p o n d i n g  t o  a n  
a d e q u a t e  f l o w  of  c o o l i n s  a i r  f o r  maximum ? o v e r  o p e r a t i o n  
( p r e s s u r e  d r o p  of  30 1% p e r  s q  f t  a c r o s s  t h e  e n g i n e )  i s  
a l s o  shonn i n  f i g u r e  29. Thj.s d r a g  was computed by  t h e  
method of r e f e r e n c e  1 5  f o r  f l i g h t  s p e e d s  up t o  t h e  h igh -  
e s t  o b t a i n a b l e  w i t h  t h e  850-%orsepower  e n g i n e  i n s t a l l a -  
t i o n  (M = 0 . 3 0 ) .  A t  h i g h e r  f l i g h t  s p e e d s ,  t h e  maximum 
power o u t p u t  mould have  t o  b e  i n c r e a s e d  a n d ,  a s  shonn 
i n  f i ~ u r e  2 9 ,  t h e  c o o l i n g  d r a g  c o e f f i c i e n t  mould be  con- 
s t a n t  w i t h  s p e e d  a t  abou t  2 p e r c e n t  of t h e  a i r p l a n e  d r a s .  

F i g u r e  30 shows t h e  t o t a l  a i r r p l a n e  d r a g  f o r  t h e  
s t a n d a r d  a n d  t h e  improved models  o b t a i n e d  by a d d i n g  t h e  
e f f e c t i v e  d r a g  of a l l  t h e  p a r t s ,  as shown i n  f i g u r e s  28 
a n d  29. The d i f f e r e n c e  i n  d r a g  be tween  t h e  s t a n d a r d  a n d  
t h e  improved  models  i n c l u d e s  o n l y  t h e  d r a g  due t o  e x c e s -  
s i v e  c o o l i n s  a i r  f l o w  i n  t h e  s t a n d a r d  n a c e l l - e s  p l u s  t h e  
d i f f e r e n c e  i n  d r a $  between t h e  s t a n d a r d  and  t h e  s t r eam-  
l i n e  n a c e l l e s  w i t h  z e r o  c o o l i n g  a i r ,  t h e  d r a g  of t h e  l a n d -  
i n g  g e a r ,  and  t h e  d r a g  of  t h e  w i n d s h i e l d .  A t  a Ma,ch num- 
b e r  of 0 .40,  t h e  improved model w i t h  f i x e d  t r a n s i t i o n  had  
25 p e r c e n t  l e s s  d r a g ,  The i n c r e a s e s  i n  d r a g  be tween  a = 
O 0  a n d  a = - 2 0 .  o c c u r r e d  a s  a r e s u l t  of  t h e  i n c r e a s e  i n  
p r o f i l e  d r a g  of  a l l  components  due t o  i n c r e a s e  i n  mis- 
a l i n e m e n t  w i t h  t h e  r e l a t i v e  mind, 



A t  a Mach number of a.bout 0 .40,  t h e  e f f e c t  of com- 
p r e s s i b i l i t y  on  b o t h  models  became s u f f i c i e n t l y  l a r g e  tc? 
o v e r b a l a n c e  t h e  r e d u c t i o n  i n  d r a s  w i t h  s p e e d  due t o  s c a l e  
e f f e c t ,  t h e  d r a 4  c o e f f i c i e n t s  s t a r t i n g  t o  i n c r e a s e  s l o w l y  
a t  t h i s  v a l u e  of  M .  The r e s u l t s  showa i n  f i g u r e  30 f o r  
t h e  f i x e d - t r a n s i t i o n  c o n d i t i o n  'can be c o r r e c t e d  f o r  s c a l e  
e f f e c t  i n  t h e  u s u a l  manner w i t h o u t  a c c o u n t i n g  f o r  changes  
i n  t r a n s i t i o n  l o c a t i o n .  

CONCLUSIONS 

1. The d r a g  of a t y p i c a l  p r e s e n t - d a y  t r a n s p o r t  a i r -  
p l a n e  may- be s e r i o u s l y  i n c r e a s e d  a t  h i g h  s p e e d s  awing t o  
t h e  f o r m a t i o n  of compres s ion  s h o c k s  on t h e  r a d i a l - e n g i n e  
c o w l i n g s  a t  Mach numbers a s  low a s  0.47 a n d  on p a r t s  of 
t h e  wing a n d  p a r t l y  p r o t r u d i n g  l a n d i n q  w h e e l s  a t  a Mach 

b number of  0.54. The c o r r e s p o n d i n g  f l i g h t  s p e e d s  a t  1 5 , 0 0 0  
f e e t  (5' F )  a.re 340 m i l e s  p e r  hour  a n d  390  m i l e s  p e r  h o u r .  
The e s t i m a t e d  i n t e r f e r e n c e  e f f e c t  of t h e  s l i 2 s t r e a m  of a 

. c o n v e n t i o n a l  t r a c t o r  p r o p e l l e r  miqht r educe  t h e s e  v a l u e s  
by a Mach number of 0.03 o r  a b o u t  2 2  m i l e s  p e r  h o u r .  

2. The c r i t i c a l  s p e e d s  .o .bta ined on t h e  comple t e  model 
were  a p p r e c i a b l y  l o w e r  t h a n  t h e  c r i t i c a l  s p e e d s  of t h e  i s o -  
l a t e d  p a r t s ,  owing t o  mu tua l  i n t e r . f e r e n c e  e f f e c t s  among 
t h e  v a r i o u s  p a r t s .  

3. Components such  a s  t h e  n a c e l l e s  a n d  t h e  f u s e l a s e  
s h o u l d  be  a l i n e d  w i t h  t h e  r e l a t i v e  wind i n  t h e  h i g h - s p e e d  
c o n d i t i o n  so t h a t  t h e  l o c a l  v e l o c i t i e s  w i l l  exceed  t h e  
g e n e r a l  s t r e a m  v e l o c i t y  by a minimum amoant . R e e l i n i n g  
t h e  n a c e l l e s  on t h e  node1  t e s t e d  would advance  t h e  c r i t i -  
c a l  Mach number beyond 0.58. 

4. The c r i t i c a l  s p e e d  of t h e  a i r p l a n e  can be advanced  
from a BIach number of  0.47 t o  a  Mach number of a b o u t  0.60 
by t h e  a l t e r a t i o n s  s u g g e s t e d .  A f u r t h e r  advance  wou ld ,  . 

- however ,  r e q u i r e  f u n d a m e n t a l  c h a n g e s ,  p a r t i c u l a r l y  t h e  en- 
p logment  of a t h i n n e r  wing o r  a wing of m o d i f i e d  s e c t i o n .  

5. The no rma l  midwing l o c a t i o n  of t h e  n a c e l l e s  was 
s u p e r i o r  t o  t h e  h i g h  p o s i t i o n  ( w i t h  n a c e l l e  t a n g e n t  t o  
t h e  l o v e r  wins  s u r f a c e ) ,  t o  t h e  low p o s i t i o n  ( w i t h  n a c e l l e  
t a n g e n t  t o  t h e  u p p e r  s u r f a c e ) ,  and  t o  b o t h  t h e  i n n e r  and. 

a t h e  o u t e r  g o s i t i o n s .  Not o n l y  was t h e  d r a g  l o w e s t  f o r  t h o  
normal  p o s i t i o n ,  b u t  t h e  c r i t i c a l  speed  was h i g h e r  t h a n  



f o r  t h e  low a n d  t h e  i n n e r  p o s i t i o n s  a n d  v i r t u a l l y  e q u a l  
t'o t h e  c r i t i c a l  s p e e d s  i n  t h e  h i g h  and  t h e  o u t e r  p o s i t i o n s .  

6 ,  The a d v a n t a g e  of s t r e a m l i n e  n a c e l l e s  o v e r  s t a n d -  
a r d  N.A.C.A. cowled n a c e l l e s  i s  small a t  low Reynolds  
Numbers b u t  i n c r e a s e s  w i t h  Reynolds  Number b e c a u s e  a l a r g e r  
f a v o r a b l e  s c a l e  e f f e c t  o c c u r s  on t h e  s t r e a m l i n e  n a c e l l e s  
t h a n  on t h e  s t a n d a r d  n a c e l l e s .  

'7. Because of t h e  l a c k  of p r o v i s i o n  f o r  r e g u l a t i o n  
of t h e  c o o l i n g  a i r  w i t h  s p e e d ,  t h e  d r a c  of t h e  s t a n d a r d  
n a c e l l e s  was more t h a n  t w i c e  a s  g r e a t  as  n e c e s s a r y  a t  h i q h  
s p e e d s  below t h e  c r i t i c a l  speed .  

8. The s e m i r e t r a c t e d  l a n d i n g  g e a r  c o n t r i b u t e d  1 2  p e r -  
c e n t  t o  t h e  d r a g  of t h e  comple t e  model a t  s u b c r i t i c a l  
s p e e d s .  

9. The f u s e l d g e  w i t h  s t a n d a r d  w i n d s h i e l d  a c c o u n t e d  
f o r  25  p e r c e n t  of  t h e  t o t a l  d rag .  F a i r i n g  t h e  w i n d s h i e l d  
r e s u l t e d  i n  a  d e c r e a s e  of  2 1  p e r c e n t  i n  f u s e l a g e  d r a g ,  o r  
a b o u t  5 p e r c e n t  of  t h e  t o t a l  d r a g  a t  a Mach number of 0.35. 

10 .  The d r a g  of t h e  s t a n d a r d  model was r e d u c e d  25 p e r -  
c e n t  a t  a Mach number of 0.40 by removing t h e  w h e e l s  a n d  
t h e  o p e n i n g s  o f  t h e  s e m i r e t r a c t e d  l a n d i n g  g e a r  a n d  by en-  
p l o y i n g  t h e  s t r e a m l i n e  n a c e l l e s  ( w i t h  t h e  e s t i m a t e d  d r a q  
due t o  a d e q u a t e  c o o l i n g - a i r  f l o w )  a n d  t h e  f u s e l a g e  w i t h  
s t r e a m l i n e  nose .  

L a n s l e y  Memorial  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  A d v i s o r y  Committee f o r  A e r o n a u t i c s ,  

Lang ley  F i e l d ,  V a .  , F e b r u a r y  1 4 ,  1940. 



APPENDIX 

The E f f e c t  on N a c e l l e  Draq of  t h e  L o c a t i o n  

of Boundary-Layer  T r a n s i t i o n  

I n  r ~ i n d  t u n n e l s  of  v e r y  low t u r b u l e n c e ,  such  a s  t h a  
8 - foo t  h igh - speed  t u n n e l ,  t h e  d r a g  r e s u l t s  o b t a i n e d  on 
smooth models  w i l l  p r o b a b l y  be  m i s i n t e r p r e t e d  u n l e s s  de- 
t a i l e d  c o n s i d e r a t i o n  i s  g i v e n  t o  t h e  c o n d i t i o n  o f ' t h e  
bounda ry  l a y e r ,  The e x i s t e n c e  of e x t e n s i v e  l a m i n a r  bound- 
a r y  l a y e r s  on smooth models  makes t h e  r e l a t i v e  d r a g  of t h e  
v a r i o u s  p a r t s  g r e a t l y  d i f f e r e n t  t h a n  i n  f l i g h t  and  a l s o  
makes i m p o s s i b l e  t h e  employment of t h e  u s u a l  methods of 
s c a l e - e f f e c t  c o r r e c t i o n  b a s e d  on t h e  ~ s s u m p t i o n  t h a t  no 
a p p r e c i a b l e  l a m i n a r  l a y e r s  e x i s t .  The problem of o b t a i n -  
i n g  wind- tunne l  r e s u l t s  a p p l i c a b l e  t o  f l i g h t  c o n d i t i o n s  
i s  somewhat s i m p l i f i e d  by t h e  f a c t  t h a t  t h e  s u r f a c e s  of 
p r e s e n t - d a y  a i r c r a f t  n r e  n o t  smooth n o r  f a i r  enough t o  
s u s t a i n  e x t e n s i v e  l a m i n a r  f l o w  ( r e f e r e n c e s  8 and 9 ). The 
v e r y  l a r g e  Reyno lds  Numbers a t t a i n e d  i n  f l i g h t  would p rob -  
a b l y  p r e v e n t  e x t e n s i v e  l a m i n a r  l a y e r s  on c o n v e n t i o n a l  n i r -  
f o i l s  even i f  t h e  s u r f a c e s  were  i d e a l l y  smooth ( r e f e r e n c e  
10). The d i s t u r b a n c e s  c r e a t e d  by t h e  p r o p e l l e r  would a l s o  
t e n d  t o  c a u s e  e a r l y  t r a n s i t i o n  on b o d i e s  l o c a t e d  i n  t h e  
s l i p s t r e a m .  I t  seems s a f e  t o  assume,  t h e r e f o r e ,  t h a t  t h e  
f l i q h t  boundary  l a g e r s  a r e  a l m o s t  w h o l l y  t u r b u l e n t  e x c e p t  
f o r  v e r y  l i m i t e d  l a m i n a r - f l o w  r e s i o n s  a t  t h e  l e n d i n g  ad-qes 
of t h e  v a r i o u s  p a r t s .  

F i % u r e  33 shows t h e  e f f e c t  on t h e  win$ boundary  l a y e r  
of a d d i n g  a c o n v e n t i o n a l  n a c e l l e ,  b o t h  f o r  t h e  f u l l - s c a l e  
a n d  t h e  wind- tunne l  c o n d i t i o n s .  The flovr o v e r  t h e  a r e a  
c o v e r e d  bp t h e  a f t e r b o d y  of  t h e  n a c e l l e ,  A x ,  i s  t u r b u -  
l e n t  i n  f l i g h t  b u t  l a k i n a r  i n  t h e  wind t u n n e l ,  so t h a t  t h e  
r e d u c t i o n  i n  wing s k i n  f r i c t i o n  due t o  c o v e r i n g  a  pa, r t  of 
t h e  wing w i t h  t h e  n a c e l l e  i s  l e s s  i n  t h e  t u n n e l  b s  t h e  
amount - 

Cf t u r b u l e n t  
. I n  t h e  8 - foo t  h i g h -  

Cf l a m i n a r  
s p e e d  wind t u n n e l ,  t h e  i n t e r f e r e n c e  be tween  wing and  nn- 
c e l l e  h a s  been f o u n d  t o  c a u s e  t r a n s i t i o n  t o  t a k e  p l a c e  on 
t h e  v i n q  s t a r t i n g  a t  t h e  l e a d i n $  edge a n d  s p r e n d i n q  a t  zn 
i n c l u d e d  a n g l e  of  a b o u t  15O t o w a r d  t h e  t r a i l i n g  edge ( f i g .  
3 3 ) .  T h i s  phenomenon c a u s e s  a n  un favc r r ab le  i n t e r f e r e n c e  
d r a g  of mnSnf t u d e  qAa(Cf - C 1, which  

t u r b u l e n t  f l a m i n a r  
d o e s  n o t  e x i s t  i n  f l i q h t  b e c a u s e  t k e r e  t h e  f l o w  o v e r  8 ,  
i s  s l r e n a y  t u r b u l e n t .  The t o t a l  i n c r e m e n t  of t h e  e f f e c -  



t i v e  n e c e l l e  d r a g  i n  t h e  wind t u n n e l  a s  compared w i t h  
f l i s h t  i s  t h e r e f o r e :  

AD = q ( A l  + A2)(Cf 
t u r b u l e n t  - Cf l a m i n a r  

) 

I f  t h e  p o i n t s  of  t r a n s i t i o n  a r e  d e f i n i t e l y  known f o r  t h e  
t u n n e l  ads w e l l  a s  f o r  t h e  f l i g h t  c o n d i t i o n s ,  t h e  c o r r e c -  
t i o n  t o  t h e  t u n n e l  r e s u l t f s  c a n  be e s t i m a t e d  from t h e  p r e -  
c e d i n g  e q u a t i o n  w i t h  s u f f i c i e n t  a c c u r a c y  f o r  p r a c t i c a l  
purpo .ses  . 

I n  t h e  p r e s e n t  t e s t s ,  t h e  c o r r e c t i o n  was exper imen-  
t a l l y  o b t a i n e d  by comparing t h e  r e s u l t s  of t e s t s  o n  t h e  
smooth models  w i t h  t e s t s  on t h e  same models  w i t h  t r a n s i t i o n  
f i x e d  a t  t h e  assumed f l i q h t  l o c a t i o n s .  I n  t h e  s econd  t e s t s ,  
t r a n s i t i o n  was f i x e d  by means of 0 .009-inch t h r e a d  doped 
on t h e  wing a t  t h e  1 0 - p e r c e n t - c h o r d  l o c a t i o n ,  on t h e  s t a n d -  
a r d  n a c e l l e s  at  t h e  p o i n t  of maximum c u r v a t u r e  of t h e  cowl- 
i n g  n o s e ,  and  on t h e  s t r e a m l i n e  n a c e l l e s  a t  t h e  p r o b a b l e  
l o c a t i o n  of t h e  p l a n e  of i n t e r s e c t i o n  of a  s p i n n e r  a n d  t h e  
n a c e l l e  p r o p e r .  F i g u r e  34 shows t h e  d r a g  of t h e  s t a n d a r d  
n a c e l l e s  w i t h  f i x e d  t r a n s i t i o n  on t h e  wing t o  be f rom 1 0  
t o  35 p e r c e n t  l e s s  t h a n  w i t h  n a t u r a l  t r a n s i t i o n ,  depend- 
i n s  O M  t h e  a n g l e  of a t t a c k .  The i n c r e a s e  i n  t h i s  e f f e c t  
w i t h  a n g l e  of  a t t a c k  i s  due t o  a  c o r r e s p o n d i n g  i n c r e a s e  
i n  t h e  e x t e n t  of  t h e  l a m i n a r  l a g e r  on t h e  l o w e r .  s u r f a c e  of 
t h e  wing .  F i g u r e  35 shows s i m i l a r  r e s u l t s  o b t a i n e d  w i t h  
t h e  s t r e a m l i n e  n a c e l l e s .  

T r a n s i t i o n  w a s  f ound  t o  o c c u r  f o r  t h e  s t a n d a r d  na- 
c e l l e s  a t  t h e  p o i n t  of maximum c u r v a t u r e  of  t h e  cowl in4  
n o s e  on t h e  smooth model so t h a t  t h e  a d d i t i o n  af t h e  t h r e a d  
t o  t h e  cowl ing  n o s e  had  no e f f e c t  on t h e  drag .  But w i t h  
t h e  s t r e a m l i n e  n a c e l l e s ,  t h e  a d d i t i o n  o f  t h e  s t r i n g  t o  t h e  
n a c e l l e s  n e a r l y  doub led  t h e  d r a g  ( f i g .  3 5 ) ,  i n d i c a t i n ~  
e x t e n s i v e  l a m i n a r  l a y e r s  on t h e  s t r e a m l i n e  n a c e l l e s .  Wi th  
t r a n s i t i o n  f i x e d  on t h e  s t r e a m l i n e  n a c e l l e s ,  t h e  d e c r e a s e  
i n  d r a g  due t o  f i x i n g  t r a n s i t i o n  on t h e  v i n q  i s  shown t o  
be a l m o s t  e q u i v a l e n t  t o  t h a t  of t h e  s t a n d a r d  n a c e l l e s  
t h r o u g h o u t  b o t h  t h e  a n g l e - o f - a t t a c k  a n d  t h e  s p e e d  r a n g e s  
f .  3 .  T h i s  r e s u l t  i s  t o  be e x p e c t e d  b e c a u s e ,  a s  
p r e v i o u s l y  shown ( f i g .  3 3 ) ,  t h e  e f f e c t  i s  e n t i r e l y  d.ue t o  
t h e  i n t e r f e r e n c e  between t h e  wing and  t h e  a f t e r b o d y ,  which  
was t h e  same f o r  b o t h  n a c e l l e - n o s e  a r r a n s e m e n t s .  

The d a t a  of  f i g u r e s  34, 5 5 ,  and  36 a r e  condensed  i n  
f i w r e s  87 and  38 a s  c o r r e c t i o n  f a c t o r s  t o  be added  t o  t h e  



n a c e l l e - d r a g  d a t a  o b t a i n e d  w i t h  n a t u r a l  t r a n s i t i o n  on wing 
a n d  n a c e l l e s  ( f i g s .  1 5  t o  2 1  a n d  233. The i n c r e m e n t  t o  be  
added  t o  t h e  d r a g  of t h e  s t a n d a r d  n a c e l l e s  ( f i g .  3 7 )  i s  
due o n l y  t o  t h e  c h a n g e s  i n  w i n s  t r a n s i t i o n ;  i t  i s  n e g a t i v e  
i n  s i s n .  The i n c r e m e n t  f o r  t h e  s t r e a m l i n e  n a c e l l e s  i s .  pos -  
i t i v e  ( f i g .  3 8 )  b e c a u s e  t h e  i n c r e a s e  i n  s k i n  f r i c t i o n  c n  
t h e  n a c e l l e  more t h a n  o f f s e t s  t h e  e f f e c t s  o f  c h a n g e s  i n  
wing t r a n s i t i o n .  The c o r r e c t i o n  f a c t o r s  mere d e t e r m i n e d  
f o r  t h e  normal  n a c e l l e  p o s i t i o n ,  b u t  t h e y  can p r o b a j l y  be 
a p p l i e d  t o  t h e  o t h e r  p o s i t i o n s  w i t h  small e r r o r .  
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TABLE I 

EBB f i g .  

Nscelle &ablates (Inches) 

Standard oowllz~  Streamline nose 

TABLE. I1 

Drag of component pwts  of airplane model 
{Percentage of total  drag coefficient a t  la = 0.20) 

Main wheels 
Fail nheel 

lage and f i l l e t  
Tail group 
Nacelle8 
Cooling drag 

(estimated) 



Fig. 1.6 

Wing-ttp fo rm of 
actual crliplone 

I I 
W~nd- funnel wall-., : I - - - - - - - - - -- 

Improved model 

Figwe 1 . -  hneral  arrangement and dimensions (inches) of the atmdard model and the modificationa teatsd. 

Standard cowling 
4 f ferbody 

z-$r3.75+$2.~6_;, 

Figure 6.- Nacelle detaila. Standard cowling, normal position. Dimensions in inches. 



Figs. 2,3 

Figure 2.- Front view of the standard model mounted in the N.A.C.A.  
&foot high-speed wind tunnel. 

Figure 3.- Wing of transport model, 



M.A.C.A, Figs,  4 , 5  

Figure 4.- Deta i l s  of fuselage with standard windshield and f i l l e t .  
Standard nacel les  i n  low pos i t ion .  

Figure 5.- Deta i l s  of t a i l  group, t a i l  wheel, and f i l l e t .  



N.A.C.A. Fige.  "i,8 

Figure 7.- Standard nace l le  i n  normal pos i t ion .  

Figure 8.- Standard nace l le  i n  low pos i t ion ,  



Figure 9.- Standard nacelle in high poeition. Exit slot covered. 

Figure 10.- Nacelles with beaver-tail afterbodiea. Normal position. 
Exit slot covered. 



M.A,D,A. Figs. 11, 12 

Figure 11.- Deta i l s  of main wheels i n  r e t r ac t ed  posit ion.  
Nacelle i n  normal posit ion.  

Figure 12.- Deta i l s  of streamline nose replacing standard windshield, 



N.A.C.A. Fig .  13 

( b )  
F ig  13a,b.- Improved model. 



transition. 

L .a 

(a)~=3.3lxlo~;?d=0.35 (b)a,OQ Figure 16.- Effect on criticdl speed of 
Figure 14a,b.- Interference between nacellels vertical location of nacelles 

on wing without fuselage; aad cf preaence of fuselage, Standard na- 
Standerd nacelles in normal position* Wing celles without cooliftg air. Wing with nat 
with tmsition fined at 10 percent ehord. tt.anaition,a=-20.(&cenTle angle of 

~$ttedb, - 4 O .  



N . A . C . A .  Figs.17,18 



N. 4 , C . A .  
.20 

./6 

. l2 
CD, 

.08 

.04 

0 

(a ) a=Oo M (b)a=-2O 
Figure 19a,b.- Effect on nacelle drag and critical speed of lateral poaition of 

naeelles. Standard nacelles with cooling air. Wing with natural 
transition. (In presence of fuselage.) 

Wing with *tun1 tmnsitim.R, 2,550,000: a , deg 
M, 0-26. Without cooling eir. Figure 21.- Comparison of nacelle drag 

for several modifications. 
Nacelles in normal positionawing with 
natural transition. R, 2,550,000; 
M, 0.26. 



fa)hg=0.35;~=3,310,000~ ( b)a=Oo 
Fiem 24a,b. - Drag of fuselage withr 

f i l l e t .  . 

Figure 22a,b,-Comparison of nacelle drag with standard cow- 
ling(exit slot covered,r(=O )and with stream- 

line nose.Fixed transition on nacelles and mi%, 
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Figvre 258,b.- Drrg of Filled;. Figure 26e,b,- Drag of tail group. Ffcppm 27a, b. - &sg c l  rhssl r  rrnd 
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Fig. 28 

(a)a=OO (b)a=-2' 
Figure 28a,b.- Comparison of drag aoefficiente of principal parts of the stmd- 

ard model. 



(a) a=OO (b)a=-2' 
F i g w e  =,b.- Camprison o f  drag coefficients of principal parte of the i m -  

prored model with faired windshield and atreamline nacelles. 



( a a=O0 (b) a=-2O 
Figure Bh,b.-C~l%rparieon of total drag of standard and improved models, 

(a)Y=O.9(3 (b)Y=0.35 ( c )M=O. 53 
F i p r e  31a t a  0 . -  EiPL euaves for wing and several combinations. 



.08 

.04 

c-.,< 

0 

-. 04 
0 .I0 .20 .30 .40 .50 .60 

M 
Figure 32.- Pitching-moment coefficients. 

* 1 5 " 4  
Full-scale 

Turbulen f 
flow 

*-Transition 
Turbulent ' 

flow 

r Laminar' 
Transition.: flow 

iorninor I I 
flow 

Transition a t  nose Spread of  turbulence 
of  cowling - same on from disturbonce a t  
smooth model as on -_-- wing -naceNe ~ u n c t ~ o n  
full-scale oirp~ane----- tb ; 

Figure 33.- Diagram s+ow,ing differences in 
boundary-laser flow on model 

and full-scale wings,apd area over which 
flow becomes turbulent !/in model owing to 
addition of nacelle. 4 

, deg 
Figure 34.- Comparison of nacelle drag of 

s Landard nacelles( wi thout cool- 
ing air)with natural transition on the wing 
and with transition fixed at 10 percent chor 

(a) R= 1,780,000; M= 0.18 
(b) R =  2,550,000; M= 0.26 
(c) R =  3,310,000; M= 0.35 

. 12 

. l o .  Wi th  fixed transition 
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With fixed transihon 

(a) R= 
M = 

(b) R= 
M = 

( c )  R= 
M= 

- &;. . . a',deg Q 

Figure 35.- Comparison of nacelle drag if 
streamline nacelles with nat- 

ural transition on the wing and the nacelle, 
with fixed transition, and with fixed transi- 
tion an the nacelles only, 

. ine 
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Figure 36.- Comparison of naaelle drag with standard nacelles and with atreaml 
nacelles with natural and fixed transition. Nacelles in normal 

position without cooling air. (a) a = 00 (Nacelle angle of attack, -2O.) 
(b) CL = -2O (Nacelle angle of attack, -40.) 



Figs .37,38 

Figure 37.- Increment of drag coefficient 
of standard nacelles resulting 

from a change in the location of transition 
from the natural location on the smooth 
wing in the N.A.C.A. 8-foot high-speed tunnel 
to 10 percent of the chord. No change in 
location of transition on nacelle. 

M 
Figure 38.- Increment of drag coefficient 

of streamline nacelles resulting 
from a change in the location of transition 
on both wing and nacelles from the natural 
location in the N.A.C.A. 8-foot high-speed 
tunnel to the fixed ~ositions, 

CIixed natural 
A C ~ ~  = transiti0r-J- 'DF {t ransition 1 




