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NATIO3TAL ACVISORY COIEJITTEE FOR AERONAUT1 CS 

BIITG-NACELLE-PROPELLER TESTS - C0:fiPdUT XVE TESTS OF 

L I Q U I D -  COOLED AND A I R -  COOLED ENGIBE XBCELLES 

By Donald H .  Wood 

T h i s  r e p o r t  g i v e s  t h e  r e s n l t s  of measu.reaents of t h e  
l i f t ,  d r a g ,  and p r o p e l l e r  c h a r a c t e r i s t i c s  of s e v e r a l  w i r g  
2nd n a c e l l e  combinat ions  w i t h  a  t r a c t o r  p r o p e l l e r ,  The 
n a c e l l e s  mere s o  l o c a t e d  t h a t  t h e  p r o p e l l e r  was about  31 
p e r c e n t  of  t h e  ming chord  d i r e c t l y  ahead of t h e  l e a d i n g  
edge  of t h e  wiug, a p o s i t i o n  which e a r l i e r  t e s t s  ( iY.A.C.A.  
Repor t  i fo .  415) had shown t o  be e f f i c i e n t .  The n a c e l l e s  
were  s c a l e  models of a n  N . A . C . A .  c o a l e d  n a c e l l e  f o r  a  r a -  
d i a l  a i r - c o o l e d  e n g i n e ,  a  n a c e l l e  m i t h  e x t e r n a l  r a d i a t o r s  
f o r  a V-type l i q u i d - c o o l e d  enc;ine, a  c i r c u l a r  n a c e l l e  w i t h  
t n e  V-type eng ine  l o c a t e d  i n s i d e  and t h e  r a d i a t o r  f o r  t h e  
c o o l i n g  l i q . u i d  l o c a t e d  i n  a  c o a l i n g  hood of t h e  N.A.C.B. 
t y p e ,  and a  n a c e l l e  shape  s i r a u l a t i n g  t h e  hous ing  which 
~ o u l d  be u s e d  f o r  a n  e x t e n s i o n  s h a f t  i f  t h e  e n g i n e  v e r e  
l o c a t e d  e n t i r e l y  m i t h i n  t h e  ming. The p r o p e l l e r  used  i n  
a l l  c a s e s  was a 4- foot  rilod.el oT Bavy No.  4412 a d j u s t a b l e  
m e t a l  p r o p e l l e r .  

The r e s u l t s  of t h e  t e s t s  i a d i c a t e  t h a t ,  a t  t h e  angles 
of  a t t a c k  cor respond ing  t o  h i g h  speeds  of f l i g h t ,  t h e r e  i s  
ilo marked advan tage  of one t y p e  of n a c e l l e  over  t h e  o t h e r s  
a s  f a r  a s  low drag  i s  concerned,  s i s c e  t h e  d rag  added by 
any  o f  t h e  ~ a c e l l e s  i n  t h e  p a r t i c u l a r  l o c a t i o n  ahead of 

I t h e  ming 9s v e r y  smal l .  The conlple te ly  cowled n a c e l l e  f o r  
a  r a d i a l  a i r - c o o l e d  eng ine  a p p e a r s  t o  have t h e  h i g h e s t  
d r a g ,  t h e  l i q u i d - c o o l e d  eng ine  n a c e l l e  w i t h  e x t e r n a l  r a d i -  
a t o r  s l i g h t l y  l e s s  d rag .  The l i q u i d - c o o l e d  eng ine  n a c e l l e  
w i t h  r a d i a t o r  i n  t h e  cowling hood h a s  about  h a l f  t h e  drag 
o f  t h e  cowled r a d i a l  a i r - c o o i e d  eng ine  n a c e l l e .  The ex- 
t e n s i o n - s h a f t  hous ing  sboms p r a c t  i c a l l p  no i n c r e a s e  i n  

9 
)I d r a g  over  t h a t  of t h e  wing a l o n e .  A l a r g e  p a r t  of t h e  

d r a g  of t h e  l i q u i d - c o o l e d  eng ine  n a c e l l e  a p p e a r s  t o  be due 
t o  t h e  e x t e r n a l  r a d i a t o x .  The maximum $ r o p u l a i v e  e f f i c i e n -  

s % cy f o r  n g i v e n  p r o p e l l e r  p i t c h  s e t t i n g  i s  about  2 p e r c e n t  



h i g h e r  f o r  t h e  l i q u i d - c o o l e d  eng ine  a a c e l l e  mi th  t h e  r a d i -  
a t o r  i n  t h e  cowling hood t h a n  t h a t  f o r  t h e  o t h e r  c o w l i ~ ~ g  
a ~ r a ~ g e r a e x t  s. 

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

A r a t h e r  e x t e n s i v e  r e s e a r c h  program f o r  t h e  purpose  
of determining t h e  r e l a t i v e  m e r i t  of wing-nacel le-propel -  
l e r  combixa t ions  h a s  i n c l u d e d  a l a r g e  number of t e s t s  
w i t h  d i f f e r e n t  l o c a t i o n s  and  d i f f e r e n t  cowl ings  f o r  r a d i -  
a l  a i r - c o o l e d  eng ive  n a c e l l e s .  Numerous l o c a t i o n s  and 
t y p c s  of ~ a c e l l e s  on nonoplane  and b i p l a u e  wings ,  a s  me11 
a s  :;ace110 a r rangemea t s  m i t h  p u s h e r ,  tandem, and t r a c t o r  
p r o p c l l e r s ,  have  been s t u d i e d ,  The r e p o r t s  so  f a r  pub- 
l i s h e d  have d e a l t  w i t h  t r a c t o r  p r o p e l l e r s  i n  combina t ioa  
w i t h  nlonoplane wings ( r e f e r e ~ l c e s  1, 2 ,  arid 3). Repor t s  
g i v i n g  t h e  r e s u l t s  of t h e  r e m a i n i ~ ~ g  t e s t s  a r e  now be ing  
p r e p a r e d ,  

There  i s ,  of course ,  no r e a s o n  why t e s t s  of eng ine  
n a c e l l e s  a n d  cowl ings  s h o u l d  be c o n f i n e d  t o  t h o s e  f o r  
a i r - c o o l e d  eng ines .  There i s  a  we l l - suppor ted  o p i n i o n  
t h a t  l i q u i d - c o o l e d  e n g i n e s  may be  j u s t  a s  s u c c e s s f u l l y  
u s e d  i n  m n l t i - e n g i n e  a i r p l a n e s  and i t  h a s  be'en r e a l i z e d  
f rom t h e  s t a r t  of t h e  i n v e s t i g a t i o n  t h a t  some a t t e n t i o n  
s h o u l d  be g i v e n  t o  t h e  l i q u i d - c o o l e d  eng ine  and i t s  pos- 
s i b l e  a p p l i c a t i o n  i n  n a c e l l e s ,  The f a c t  t h a t  many a i r -  
p l a n e s  have  been c o n s t r u c t e d  ixsing l i q u i d - c o o l e d  eng ines  
i n  n a c e l l e s  makes i t  a d v i s a b l e  t o  de te rmine  more accu- 
r a t e l y  t h e  p o s s i b l e  a d v a n t a g e s  of t h i s  a r rangement ,  par-  
t i c u l a r l s -  because  some a i r p l a n e s  so  equipped have  appar-  
e n t l y  had p o o r e r  performance  t h a n  o t h e r w i s e  s i m i l a r  a i r -  
p l a n e s  equipped w i t h  r a d i a l  a i r - c o o l e d  engines .  

The shape  of t h e  e n g i n e  n a c e l l e  t h a t  can  be a p p l i e d  
t o  a l i q u i d - c o o l e d  eng ine  i s  s u b j e c t  t o  wide v a r i a t i o n s  
because  of t h e  i r r e g u l a r  c o n t o u r s  of t h e s e  eng ines .  With 
t h e  a i r - c o o l e d  r a d i a l  e n g i n e ,  on t h e  o t h e r  hand,  t h e r e  
does  no t  seem t o  be any v a l i d  r e a s o n  f o r  d .epar t ing  from 
c i r c u l a r  c r o s s  s e c t i o n s  i n  t h e  n a c e l l e .  The n a c e l l e  shape 
s e l e c t e d  f o r  t h e  l i q u i d - c o o l e d  eng ine  i n  t h e s e  t e s t s  was 
de te rmined  a f t e r  a  s t u d s  of s e v e r a l  l a g o u t s  of n a c e l l e s  
f u r n i s h e d  by t h e  d r m ~  A i r  Zorps  arld an  examina t ion  of pho- z 

t o g r a p h s  and drawings  p r e v i o - l s l y  p u b l i s h e d  i.n a e r o n a u t i -  
c a l  l i t e r a t u r e ,  

P e 



The n a c e l l e  f o r  t h e  r a d i a l  a i r - c o o l e d  e n g i n e ,  which 
i s  shown i n  f i g u r e  1, was of normal t r p e  f o r  a 5-5 o r  
Wasp J u n i o r  eng ine  of 45-inch o v e r - a l l  d i a m e t e r ,  t h e  model 
r e p r e s e n t i n g  t h e  eng ine  and n a c e l l e  t o  4/9 (1/2,28) f u l l  
s c a l e .  The shape  a z d  arrangement  of t h e  l i q u i d - c o o l e d  en- 
g i a e  n a c e l l e  w i t h  all e x t e r u a l  r a d i a t o r  a r e  shown i n  f i g u r e  
2 ,  which r e p r e s e n t s  a n a c e l l e  f o r  a  g e a r e d  Conqueror en- 
g i n e  t o  a s c a l e  of 4 /11 ,5  (1 /3 .48) .  

/ 

A s t u d y  of t h e  d imensions  of t h e  Conqueror eng ine  
showed t h a t  i t  could be e n c l o s e d  i n  a  c i r c u l a r  n a c e l l e  of 
t h e  same shape  and s i z e  a s  t h a t  r e q u i r e d  f o r  a 45-inch 
r a d i a l  a i r - c o o l e d  eng ine  by s l i g h t l y  i n c r e a s i n g  t h e  diam- 
e t  or  a t  t h e  forward  end ( i n s i d e  t h e  cowling hood) and plat- 
i n g  t h e  r e q u i r e d  r a d i a t o r s  withPn t h e  hood. The a r range-  
ment f o r  t h i s  cowliilg i s  shown i n  f i g u r e  3 ,  which repre -  
s e n t s  t h e  n a c e l l e  f o r  a g e a r e d  Conqueror eng ine  t o  419 
s c a l e .  The d e c i s i o n  t o  t r y  a n  eng ine  cowling of t h i s  t y p e  
mas based on t h e  f a c t  t h a t  t h e  comple te ly  cowled r a d i a l  
a i r - c o o l e d  eng ine  h a s  a v e r y  low d r a g  and i n t e r f e r e n c e ,  
a n d  on t h e  f a c t  t h a t  t h e  e x t e r n a l  r a d i a t o r  of t h e  t y p e  
normal lg  a p ~ l i e d  t o  l i q u i d - c o o l e d  e n g i n e s  h a s  a  h i g h  d r a g .  
The ar rangement  of t h e  r a d i a t o r  i n s i d e  t h e  hood gave  some 
promise  of improvi-ng t h e  &rag  c i l a r a c t e r i s t i c s  of l i q u i d -  , 
c o o l e d  eng ine  n a c e l l e s ,  and i t  was t h e r e f o r e  i n c l u d e d  i n  
t h i s  i n v e s t i g a t i o n .  

There h a s  heea c o n s i d e r a b l e  d i s c u s s i o n  of t h e  p o s s i -  
b i l i t  i e s  of  mounting a i r p l a n e  eng ines  e n t i r e l y  w i t h i n  t b e  
wing and d r i v i n g  t h e  p r o p e l l e r  t h r o u g h  a n  e x t e n s i o n  s h a f t  
c a r r i e d .  fo rward  of t h e  l e a d i n g  edge of t h e  wing. The 
e l e c t r i c  motors  a v a i l a b l e  f o r  t h e  t e s t s  were so des igned  
t h a t  they  c o u l d  s i m u l a t e  t h i s  a r rangement  w i t h  some de- 
g r e e  of a c c u r a c y  and t h e  o p p o r t u n i t y  was used  t o  mount 
one  of t h e s e  motors  ahead of t h e  wing, t h e  r e s u l t i n g  
shape  (shown i n  f i g .  4)  r e p r e s e n t i n g  a  p o s s i b l e  a r r a n g e -  
ment o f  t h e  e x t e n s i o n  s h a f t .  

The l o c a t i o n  of t h e  engine  n a c e l l e  a t  31 p e r c e n t  of 
t h e  chord of t h e  wing from t h e  p r o p e l - l e r  t o  t h e  l e a d i n g  
edge was based  or? t h e  t e s t s  of r e f e r e n c e  1 ,  which had  

b 

i 
shown t h i s  l o c a t i o n  t o  be more e f f i c i e n t  t h a n  o t h e r s .  I n  
a l l  t h e  t e s t s  d i s c u s s e d  h e r e i n ,  t i le  n a c e l l e  was p l a c e d  il l  

Z t h i s  one l o c a t i o n ,  I t  sho'tlld be u n d e r s t o o d ,  however,  
t 

t h ? t  t h e  l o c a t i o n  i s  no t  v e r y  c r i t i c a l  and any l o c a t i o n  
f r o n  25 t o  35 p e r c e n t  of t 'he chord i s  q u i t e  s a t i s f a c t o r y .  

a Y 



ADPARATUS BIU'D METHODS 

The t e s t i n g  f a c i l i t i e s  of t h e  20-foot  p r o p e l l e r -  
r e s e a r c h  t u n n e l  a r e  f u l l y  d e s c r i b e d  i n  r e f>erence  4 ,  an& 
t h e  p a r t i c u l a r  a l t e r a t i o n s  f o r  t h e  n a c e l l e  t e s t s  a r e  d i s -  
c u s s e d  i n  r e f e r e n c e  1. The wing i s  t h e  same a s  used  i n  
p r e v i o u s  t e s t s  (5 - foo t  chord ,  15-foot  span ,  and 20 p e r c e n t  
maxiinurn t h i c k n e s s )  ( r e f e r e n c e  1).  The p r o p e l l e r  i s  d r i v e n  
by a n  e l e c t r i c  motor s u p p l i e d  w i t h  c u r r e n t  from c o n t r o l  
equiprzeiit l o c a t e d  on t h e  f l o o r  of t h e  t e s t  cliamber. The 
motor  i s  a s p e c i a l l y  b u i l t  a l t e r n a t i n g - c u r r e n t  i n d u c t i o n  
rcotor ,  of s m a l l  dirilensions so t h a t  i t s  l i n e s  do n o t  i n t e r -  
f e r e  w i t h  t h e  p r o p e r  s i m u l a t i o n  of t l ie  n a c e l l e  shapas  ex- 
posed  t o  t h e  a i r  s t ream.  The l i f t  of t h e  wing-nace l l e  
combina t ion ,  t h e  t h r u s t  ( o r  d r a g ) ,  and t h e  power consumed 
can be ~ e a s u r e d  s i m u l t a n e o u s l y .  

F i g u r e  5  shows t h e  ar rangement  of t h e  n a c e l l e  t y p e s  
ju ' s t  d i s c u s s e d  a s  t h e y  were mounted i n  t h e  wind tunneil 
d u r i n g  t h e  t e s t s .  No photograph of t h e  cowling a r range-  
ment of l i q u f  d-cooled e r g i n e  w i t h  r a d i a t o r  i n .  t h e  cowling 
hood i s  shown, s i n c e  i n  outward appearance  i t  i s  t h e  same 
a s  t h e  K . A .  C . B .  cowling. The r a d i a t o r s  used  were p i e c e s  
c u t  from f u l l - s i z e  honeycomb r a d i a t o r s  r a t h e r  t h a n  s c a l e d -  
down c o r e  s e c t i o n s ,  I t  mas d e c i d e d  t h a t  this arrangement  
mould g i v e  t h e  most comparable r e s u l t s ,  c o n s i d e r i n g  t h e  
l a r g e  s c a l e  e f f e c t  on r a d i a t o r s  w i t h  s m a l l  a i r  p a s s a g e s  
t h a t  would r e s u l t  from scaled-down c o r e  s e c t i o n s .  The 
s i z e s  of t h e  c o r e s  were based on t k e  assumpt ion  of  cthy- 
l e i ~ c - g l y c o l  a s  t h e  c o o l i n g  l i q u i d .  

The f i r s t  t e s t  w i t h  each na .ce l le  a'rrangement c o n s i s t e d  
of  r ~ ~ e a s u r e m e n t s  of t h e  l i f t  and d r a g  a t  s e v e r a l  a n g l e s  of  
a t t a c k  aad a i r  speeds  between 50 and 100 m i l e s  p e r  hour 
m i t h  t h e  p r o p e l l e r  removed. A second t e s t  was t h e n  made 
v i t h  t l ie p r o p e l l e r  i n  p l a c e  and o p e r a t e d  a t  v a r i o u s  v a l ~ ~ e s  
of  V / ~ D  by a l t e r i n g  t h e  p r o p e l l e r  r e v o l u t i o n  speed  and 
tzle wind- tunnel  a i r  speed ,  so t&,a t  a t  each angle of a t t a c k  
a  s o t  of cu rves  of p r o p e l l e r  c h a r a c t e r i s t i c s  c o u l d  be p l o t -  
t c d .  T c s t s  were nade a t  - 5' ,  o", 5O, and 10' a n g l e  of 
at t a c k .  



The r e s n l t s  of t h e  t e s t s  mere r educed  t o  t h e  u s u a l  
nondimensi.ona1 c o e f f i c i e ~ l t s ,  l i f t  c o e f f  i c i e l i t  CL, d r a g  
c o e f f i c i e n t  CD, t h r u s t  c o e f f i c i e n t  C T ,  r o v e r  c o e f f i -  
c i e n t  C p ,  a ~ ~ d  p r o p u l s i v e  e f f i c i e n c y  , m i i c h  a r e  de- 
f i n e d  by t h e  f o l l o w i n g  e q u a t i o n s :  

d r a g  
CD = ----- 9 s 

e f f e c t i v e  t h r u s t  X v e l 3 c j t . t  o f  advance  q -.---,-..--..,--.-_-_------.-..--,..-.-......-..-..... 2-2- 

i n p u t  power 

where  

q ,  dynamic p r e s s u r e  (1/2 p T ~ ) .  

p ,  mass d e a s i t y  of t k e  a i r .  

V ,  v e l o c i t y .  

T, t h r u s t  of t h e  p r o p e l l e r  ( t e n s i o n  i n  t h e  c r a n k l l a f t )  . 
A D ,  i n c r e a s e  i n  d r a g  of  t h e  body due t o  t h e  p r e s e n c e  

of t h e  s l i p s t r e a n .  

I?, rower  i n p u t  t o  t h e  p r o p e l l e r .  

n ,  r e v o l u t i o n s  p e r  u n i t  of t ime .  

0 ,  t h e  d i a n e t e r  of t h e  p r o p e l l e r .  

S ,  wing a r e a  ( 7 5  s q . f t .  i c  t h e s e  t e s t s ) ,  



As i t  i s  d e s i r a b l e  t o  compare d i f f e r e n t  n a c e l l e s  f o r  
e n g i n e s  of t h e  same hor sepower ,  i t  i s  n e c e s s a r y  t o  c o r r e c t  
t h e  o b s e r v e d  d a t a  f o r  t h e  d i f f e r e n c e  i n  t h e  s c a l e  of t h e  
v a F i o u s  models.  The s t a n d a r d  f o r  comparison i s  t a k o n  a s  
a n  e a g i n e  of 600 horsepower ( c o n q u e r o r ) .  The c o r r e c t e d  
c o e f f i c i e n t s  have  been p l o t t e d  i n  f i g u r e  6. The wing- 
a l o i l e  coef f i c i e n t s  CL a g a i n s t  CD, have  been p l o t t e d  a s  
coxputed .  For  t h e  l i q u i d ~ c o o l e d  e n g i n e  n a c e l l e  w i t h  ex- 
t e r n a l  r a d i a t o r  t h e  o b s e r v e d  i n c r e a s e s  i n  d r a g  coef  f  i- 
c i e n t s  have  been m u l t i p l i e d  by t h e  s q u a r e  of t h e  r a t i o  of 
t h e  s c a l e  of t h e  model of t h i s  e n g i n e  t o  t h e  s c a l e  f o r  
t h e  a i r - c o o l e d  eng ine ;  t h a t  i s ,  (11.5/9)" . S i m i l a r l y ,  
s i c c e  t h e  rcodel i s  4/9 t h e  s c a l e  of a 300-horsepower en- 
g i & ~ e ,  45 i n c h e s  i n  d i a m e t e r ,  and s i n c e  a 600-horsepower 
s ing le - row r a d i a l  e u g i n e  would be a b o u t  56 i n c h e s  i n  d i -  
a m e t e r ,  t h e  obse rved  i n c r e a s e s  i n  d r a g  f o r  t h e  cowled 
a i r - c o o l e d  e a g i n e  n a c e l l e  have  been m u l t i p l i e d  by ( 5 6 / 4 ~ ) ~ .  
:To c o r r e c t i o n  i s  made t o  t h e  r e s u l t s  of t h e  l iqu id -coo led .  
e n c i n e  w i t h  r a d i a t o r  i n  t h e  cowl ing ,  s i n c e  t h i s  model i s  
4 / 9  t h e  s i z e  o f  a  600-horsepower e u g i n e  n a c e l l e .  n e i t h e r  
h a s  a c o r r e c t i o n  been 11lade t o  t h e  11lodeP r e p r e s e n t i n g  t h e  
e x t e n s i o n  s h a f t ,  s i n c e  i t  i s  presumed t h a t  a h o u s i n g  of  
t h i s  s i z e  s c a l e d  up i n  t h e  r a t i o  of  9 :4  would house  t h e  
s h a f t  s u p p o r t s  f o r  a 630-horsepower eng ine .  The d r a g  v a l -  
u e s   lotted i n  f i g u r e  6 ,  t h e r e f o r e ,  r e p r e s e n t  r e l a t i v e l y  
t h e  d rag  of  t h e  wing w i t h  t i le  ~ r a r i o ~ ? . s  t x p e s  of n a c e l l e s  
f o r  eii;*ines o f  600-horaextower t o  4/9 s c a l e .  The d i T f e r -  
e ~ c c  between t h e  dr2.g c o e f f i c i e n t  of t h e  wing and t 3 e  
d r a g  c o s f f  i c i e n t  of any  m i a g - n a c e l l e  combina t ion  a t  a 
,:;iven l i f t  c o e f f i c i e n t  represents t h e  d r a g  and  i n t  e r f e r -  
c:lce of t h e  e n g i n e  n a c e l l e .  

1;1 f i g u r e  7  e r e  sliowa t h e  c u r v e s  f o r  t h e  wing; a l o n e ,  
t h e  l i q u i d - c o o l e d  e n g i a e  na .ce l le  w i t h  e x t e r n a l  r a d i a . t o r  
aud  n i n e  combina t ion ,  and t h e  same combina t ion  w i t h  t h e  
r a d i a t o r  removed. The same c o r r e c t i o n s  t o  t i l e  measured 
i n c r e a s e  i n  d r a g  have  been made a s  i n  t h e  p r e v i o u s  f i g u r e .  

r-.. 
, L L ~  l a r g e  amount of p r o p e l l e r  d a t a  o b t a i n e d  f o r  t 5 e s e  

v i n g - n a c e i l e  combina t ions  a t  t h e  s e v e r a l  a n g l e s  of a t t a c k  
vonld. consu-me c o n s i d e r a b l e  s p a c e  aad, s i n c e  t h e  most i n t e r -  
e s  t i;.:g c o c ~ p a r f  soils a r e  a t  h igh-speed  c0i3d.it i o a ,  t h e  cur.ves 
of  f i g u r e  8 g i v e  o z l g  t h e  t h r u s t ,  g o v c r ,  ax4  e f f i c i e n c y  

0 
c h a r a c t e r i s t i c s  f o r  a n  anc;le o f  a t t a c k  of 0  and  w i t h  t h e  
p r o p e l l e r  s e t  17' a t  0 . 7 5  E, ~.~:<~i.c;? s e t t i n g  was u s e d  

il 

, *, . 47 ; --. . t h r o u g h o u t  t h e s e  t e s t s .  ,",,, ., ,.i,+:7.re 9 z r e  -s:lovn t h e  v a r i a -  
t i o n s  i n  t i l e s e  same c ; i a r ~ c ' ; e r l s t i c s  w i t n  a n g l e  of a t t a c k  - 



f o r  two v a l u e s  of  v / ~ D .  The v a l u e  of  V / ~ D  = 0.65 cor- 
r e sponds  t o  t h e  h.igh-speed c o n Z i t i o n  and t h e  v a l u e  V / ~ D  = 
0.42 t o  t h e  c l imbing  c o n d i t i o n .  These v a l u e s  of Y / ~ D  
h a v e  been u s e d  i n  compariso;rs of r e s u l t s  i n  t h e  p r o v i o a s  
r e p o r t s  of reference. 

DISCUSSIOW 

Examinat ion  of t h e  c u r v e s  i n  f i g u r e s  6 and 7 i n d i c a t e s  
t h a t  f o r  a g i v e n  n a c e l l e  ar rangement  t h e  d rag  a n d  i n t e r -  
f e r e n c e  of t h e  n a c e l l e  i s  n e a r l y  c o n s t a n t  f o r  a l l  a n g l e s  
of  a t t a c k .  S i n c e  t h e  p r i n c i p a l  per formance  c h a r a c t e r i s -  
t i c  of i n t e r e s t  i s  n s u a l l y  t i le  h i g h  speed  and a l s o  becanse  
t h e  d rag  of t h e  n a c e l l e  i s  but  a  s m a l l  p a r t  of t h e  t o t a l  
a i r p l a n e  a r a g  a t  h i g h e r  a n g l e s  of a t t a c k ,  i t  i s  u s i l a l l y  
s u f f i c i e n t  t o  compare t h e  r e s u l t s  a t  a n  a n g l e  of h t t a c k  
c o r r e s p o n d i n g  t o  t h e  high-speed c o n d i t i o n .  I t  h a s  been 
f o u a d  i n  a n o t h e r  s e r i e s  of u : ipubl is ied  t e s t s  r e c e n t l y  made 
i-1 t h e  f u l l - s c a l e  w i n d  tun-e l  t h a t  t h e  drag  added by t h e  
~ i a c e l l e  i s  p r a c t i c a l l y  t h e  same f o r  wings of d i f f e r e n t  as-  
p e c t  r a t i o s .  I t  may t l i e r e f o r e  be s a i d  t h a t  t h e  d rag  added 
a t  a g i v e n  l i f t  c o e f f i c i e n t  a s  shown b ~  t h e  p r e s e n t  t e s t s  
c a n  be a r p l i e d  t o  tvings of  o t h e r  a s p e c t  r a t i o s  a t  t h e  same 
l i f t  c o e f f i c i e n t .  S i n c e  t h e  wins  used  i n  t h e s e  t e s t s  was 

0 o f  a s p e c t  r a t i o  3,  a n  a n g l e  of a t t a c k  of 0 f o r  t h e  p r e s -  
e n t  wing cor responds  t o  one or abou t  -2' f o r  a wi:lg of as-  
p e c t  r a t i o  6. I f  t h e  c?rag and  i n t e r f e r e n c e  of t h e  nace1.le 
i s  t aken  a t  0' from t h e  p r e s e n t  r e s u l t s  and a p p l i e d  t o  
mings of normal a s p e c t  r a t i o  t h e  a n g l e  of a t t a c k  m i l l  bt; 

0 a b o u t  -2 . T h i s  a n g l e  i s  c o n s i d e r e d  s u f f i c i e n t l y  cl.oso t o  
t h e  LigL-speed c o n d i t i o n ,  p a r t i c u l a r l y  i n  view of t h e  f a c t  
t h t  a c t u a l  wings n i l 1  p r o b a b l y  be t a p e r e d  aud t h e  mholo 
a i r f o i l  v i l l  have a somewhat s rca l l e r  a v e r a g e  t h i c k n e s s ,  
c o n s e q u e n t l y  n h i g h e r  a n g l e  of a t t a c k  a t  t h e  h igh-speed 

0 c o n d i t i o n .  The a n g l e  0  h a s  bstn used  ia  p r e v i o u s  coapar-  
i s o n s  f o r  t h i s  r eason .  

For  t h e  p r e s e a t  p u r p o s e s ,  a  l i f t  c o e f f i c i e x t  of 0.4, 
whic3  i s  v e r y  c l o s e  t o  t h a t  a t  o0  a n g l e  of a t t a c k ,  h a s  
been used  f o r  comparing t h e  d rugs  and i n t e r f e r e u c e s  of  
t h e  v a r i o u s  r t a c e l l e s .  In  t h e  t a b l e  ( p a g e  12) a r e  l i s t e d  
t h e  d r a g  c o e f f  i c i e n t  s  ~ o ~ r e s ~ o c d i n g  t o  t h e  n a c e l l e  d rag  
and i n t e r f e r e n c e  of t h e  v a r i o u s  z iace l l e  a r rangements  a s  
o b t a i n e d  by dcduct i i ig  t h e  drag of t h e  wing a l o n e  a t  a  l i f t  
c o e f f i c i e n t  of 0.4 from t h e  d r a g  of t h e .  wing-nace l l e  c o w  
b i n a t i o n  a t  t h e  same l i f t  c o e f f i c i e n t .  I t  i s  t o  be n o t e d  



t h a t  t h e s e  c o e f f i c i e n t s  a r e  based  on t h e  wing a r e a  r a t h e r  
t h a n  on t h e  n a c e l l e  c r o s s - s e c t i o o a l  a r e a ,  I f  t h e  coe f f2 -  
c i e n t  i s  m u l t i p l i e d  by t h e  model wing a r e a  and  by t h e  dy- 
namic  p r e s s u r e ,  t h e  d r a g  a t  any  cew speed  i s  ab ta ined ,  I f  
t h i s  v a l u e  i s  t-hen m u l t i p l i e d  by t h e  s q u a r e  s f  t h e  s c a l e  
t h e  d r a g  o f  t h e  f u l l - s i z e d  n a c e l l e  w i l l ~ b e  o b t a i o 2 d ;  t h a t  
i s ,  t h e ' n a c e l l e  d r a g  e q u a l s  Cg, X 75 X q X ( 9 / 4 )  . The 
r e s u l t  o f  t h i s  o p e r a t i o n  f o r  t h e  v a r i o u s  n a c e l l e s  a t  a n  
assumed s p e e d  of 200 m i l e s  an  hour  i s  i n d i c a t e d  i n  t h e  sec-  
ond colamn of t h e  t a b l e ,  The t h i r d  column S n d i c a t e s  t h e  
horsepower  c o r r e s p o n d i n g  t o  t h i s  d r a g ,  o b t a i n e d  by m u l t i -  
p l y i i i g  t h e  d r a g  by v e l o c i t y  i n  m i l e s  p e r  hour  and. d i v i d i n g  
by 375. The f o u r t h  column, t h e  power u s e d  by t h i s  n a c e l l e  
d r a g  alld i n t e r f e r e n c e ,  i s  column 3 d i v i d e d  by 600, t h e  a s -  
sumed power of t h c  v a r i o u s  e n g i n e s ,  i n  o r d e r  t o  o b t a i n  t h e  
f r a c t i o n  o r  t h e  p e r c e n t a g e  of t h e  e n g i n e  power that  i s  u s e d  
i n  a a c e l l e  d r a g  and  i n t e r f e r e n c e  a t  200 m i l e s  an hour .  

Tile t a b l e  i n c l u d e s  v a l u e s  f o r  a 2-row r a d i a l  e n g i n e  
o f  t h e  same hor sepower ,  based  on t h e  a s sumpt ion  t h a t  t h e  
2-row r a d i a l  i s  45 i n c h e s  i n  d i a m e t e r  and  w i l l  h ave  pro-  
p o r t i o n a l l y  t h e  same d r a g  ( 4 5 / 5 6 ) 2 ,  a s  t h e  s i a g l e - r o w  
r a d i a l  e n g i n e  w i t h  cowling.  These  v a l u e s  a r e  of  i n t e r e s t  
b e c a u s e  of t h e  r e c e n t  development of  such  e n g i n e s  i n  t h i s  
c o u n t r y ;  t h e  f i g u r e s  a r e  i n c l u d e d  t o  show t h e  p o s s i b : i l i -  
t i e s  of d$ag r e d u c t i o n  i n  t h e  f a c t  t h a t  t h e  f r o n t a l  a r e a  
of a 600-horsepomer e n g i n e ,  2-row r a d i a l  t y p e ,  w i l l  b e  on- 
l y  a b o u t  6 5  p e r c e n t  of t h a t  of a s ing le - row of t h e  satne 
p o ~ e r .  I t  may be ment ioned  i n  p a s s i n g  t h a t  t h i s  c o n d i t i o n  
i s  n o t  l i k e l y  t o  be  r e a l i z e d  a t  t h e  p r e s e n t  t i m e ,  owing t o  
t h e  f a c t  t h a t  cowl ing  m o d i f i c a t i o n  h a s  been r e q u i r e d  t o  
i n s u r e  p r o p e r  c o o l i n g  of 2-row r a d i a l  e n g i n e s ,  w i t h  t h e  
r e s u l t  t h a t  t h e  d r a g  of t h e  n a c e l l e  i s  l i k e l y  t o  b e  some- 
what g r e a t e r  t h a n  t h a t  i n d i c a t e d  h e r e ,  

T w o  otlzer  f a c t o r s  i i i r i u e , l c ~  t h e  <.A - .p lo ts  c o ~ p a r i . s o r ,  
o f  t h e  r e l a t i v e  m e r i t s  of n a c e l l e - w i n g  ~ o n - ~ l : ~ a t i o n s ,  
The p r o p u l s i v e  c f f i c i c n c y  as  i a d i c a t e d  i n  f i g u r e  8 f o r  
t h e  v a r i o u s  combina t ions  does  no t  a p p l y  a t  t h e  speed  as- 
suned  i~ t h e  t a b l e ,  s i a c e  p r o r e l l e r  p i t c h  a t  a s ~ e e d  of 
200 n i l e s  a n  hour  would be abou t  28" ics t ;en#  of t h e  %7O 
used.. O the r  t e s t s  have  shown t h a t  a t  t h e  h i g h  p i t c h ~ s  
t h e r e  i s  no g r e a t  v a r i a t i o n  of p r o p ~ l s i v c  e f S i c i ~ x l c y  be- 

r s  

t ~ e - 1 1  one n a c e l l e  l o c a t i o l i  a14 anot!zcr, so t h a t  t h e  v a r i -  
a t i o n  of p r o p u l s i v e  c f f ' i c i ~ ~ c y  a t  h i g h  speed  aan  be neg- 
l e c t e d  i n  t h e  f i r s t  a p p r o x i p a t i o n  of t h e  n g r i t s  of t h e  va- @ - 
r i o u s  n a c e l l e  c o n b i n a t  i o n s ,  A l s o ,  a l t h o u g h  t h e  a d d i t i o n a l  



l i f t  produced by t h e  a c t i o n  of t h e  p r o p e l l e r  becomee q u i t e  
l a r g e  a t  h i g h  a n g l e s  of a t t a c k ,  a t  a n g l e s  of a t t a c k  oar- 
r e s p o n d i n g  t o  hegk speed  i t  i s  v e r y  small and c a n  be nag- 
l e c t e d .  Por  t h i s  r e a s o n  t h e  v a l u e s  s f  t h e  l i f t  w i t h  prac 
p e l l e r  o p e r a t i n g  a r e  no t  g i v e n  h e r e ,  a n d  a r e  n o t  u s e d  i n  * 
comparing t h e  n a c e l l e  ar rangement  a. 

The o r d e r  of m e r i t  of t h e  n a c e l l e  a r rangements ,  as 
shown i n  t h e  f o u r t h  column of t h e  t a b l e ,  i n d i c a t e s  t h a t  
t h e  e x t e n s i o u - s h a f t  a r rangement  w i t h  eng ine  i n  t h e  wing i s  
t h e  b e s t ,  f o l l o w e d  i n  o r d e r  by t h o  l i q u i d - c o o l e d  eng ine  
w i t h  r a d i a t o r  i n  t h e  comling,  t h e  l i q u i d - c o o l e d  eng ine  
w i t h  e x t e r n a l  r a d i a t o r ,  t h e  2-row r a d i a l  eng ine  w i t h  corn- 
pLeCe cowl ing,  and t h e  s ingle- row r a d i a l  eng ine  w i t h  com- 
p l e t e  cowling. D i r e c t  comparison of t h e  f i g u r e s  g i v e n  
would i n d i c a t e  t h a t  t h e  d r a g  of t h e  e x t s n s i o n - s h a f t  a r r a n g e -  
ment consumes l e s s  t h a n  h a l f  a s  much power as t h e  l i q u i d -  
c o o l e d  eng ine  w i t h  r a d i a t o r  i n  t h e  cowling and l e s s  t h a n  
one  f i f t h  a s  much as t h e  s ingle- row r a d i a l  eng ine  w i t h  com- 
p l e t e  cowling. I t  must be  remembered, however,  t h a t  t h e  
p o n e r  r e q u i r e d  i n  t h e  high-speed r a n g e  v a r i e s  a lmos t  a s  
t h e  cube o f  t h e  s p e e d ,  so  t h a t  t h e  t o t a l  advan tage  g a i n e d  
f rom i n s t a l l i n g  an  e n g i n e  i n  t h e  wing w i t h  e x t e n s i o n  s h a f t  
o v e r  t i le a r rangement  of a s ingle- row r a d i a l  eng ine  i n  a 
cowl ing ahead  of t h e  wing would a c t u a l 1 2  be o n l y  abou t  8 
m i l e s  p e r  hour  a t  a  speed of 200 m i l e s  p e r  h o u r ,  and t h e  
u s e  of t h e  e x t e n s i o n  s h a f t  i n  p r e f e r e n c e  to a l i q u i d -  
c o o l e d  eng ine  w i t h  t h e  r a d i a t o r  i n  t h e  cowling would re- 
s u l t  i n  o n l y  about  2-1/2 m i l e s  p e r  hour  g a i n  i n  speed a t  
200 m i l e s  p e r  hour ,  The f i g u r e s  i n d i c a t e  a l s o  t h a t  e v e n -  
if t h e  d r a g  of t h e  e x t e n s i o n  s h a f t  c o u l d  be e n t i r e l y  elim- 
i n a t e d  t h e  speed  would be i n c r e a s e d  on ly  about  1-1/2 m i l e s  
p e r  h o u r ,  so that a s  f a r  as  n a c e l l e  l o c a t i o a s  and t y p e s  
a r e  concerned t h e  p r e s e n t  a r rangements  a r e  v e r y  n e a r  t h e  
l i m i t  o f  p o s s i b i l i t y .  

I n  c o n n e c t i o n  w i t h  t h e  e x t e n s i o n - s h a f t  scheme i t  may 
a l s o  be mentioned t h a t  a s  i l l u s t r a t e d  h e r e  no p r o v i s i o n  
i s  made f o r  c o o l i n g  t h e  e n g i n e ,  t h e  assumpt ion  b e i a g  t h a t  
a  s k i n - t y p e  r a d i a t o r  i s  used .  The g e n e r a l  d i s s a t  i s f a c t  t o n  
w i t h  t h e  sk in - type  r a d i a t o r  would p r o b a b l y  mean t h a t  i n  a n  
a c t a a l  application some o t h e r  t y p e  of r a d - i a t o r  would be 
employed, so  t h a t  t h e  e x t e n s i o n - s h a f t  a r rangement  i n  prac- 
t i c e  would no t  be a s  e f f i c i e n t  a s  i n d i c a t e d .  

I t  may be w e l l  t o  ment ion ,  in c a s e ' c o m p a r i s o n s  a re  
made between t h e  r e s u l t s  here given  and  t h o s e  o f  r e f  e r e r c e  



1, t h a t  a n  a p p a r e n t  d i s c r e p a n c y  a r i s e s  between t h e * p e r c e n t -  
a g e  of 7 shown h e r e  f o r  t h e  pomer u s e d  i n  n a c e l l e  d rag  ( f o r  
45- inch-diameter  eng ine )  and t h e  1 p e r c e n t  g i v e n  i n  t h e  
o t h e r  r e p o r t .  Th i s  d i f f e r e n c e  i s  due t o  t h e  f a c t  t h a t  an  
e n g i n e  of d i f f e r e n t  pomer was assumed i n  r e f e r e n c e  1 and 
t h e  speed cor responds  t o  a b o u t  120 m i l e s  p e r  hour  i n s t e a d  
of  t h e  200 m i l e s  p e r  hour  assumed h e r e .  I n  f a c t ,  t h e  pe r -  
c e n t a g e  of t h e  power used  i n  t h e  n a c e l l e  d rag  v a r i e s  w i t h  
changes  i n  power, s i z e  of n a c e l l e ,  and speed,  and i s ;  n o t  
by any means a  s i n g l e - v a l u e d  f a c t o r .  

The s u r p r i s i n g  f a c t  t h a t  o v e r  h a l f  t h e  d r a g  of  t h e  
1 i q u i d - c o o l e d  eng ine  n a c e l l e  w i t h  e x t e r n a l  r a d i a t o r  i s  due 
t o  t h e  r a d i a t o r  i s  worth n o t i n g  i n  f i g u r e  7.  The scheme 
j u s t  d i s c u s s e d ,  of p l a c i n g  t h e  r a d i a t o r  i n  t h e  cowling 
hood,  i s  one way of p a r t l y  e l i m i n a t i n g  t h i s  h i g h  r a d i a t o r  
d rag .  I t  a l s o  a p p e a r s  from f i g u r e  8 t h a t  t h e  ar rangement  
o f  t h e  r a d i a t o r  i n  t h e  hood would i n c r e a s e  t h e  p r o p u l s i v e  
e f f i c i e n c y  s l i g h t l y  so  t h a t  t h i s  n a c e l l e  arrangement  prom- 
i s e s  t o  be somewhat b e t t e r  t h a n  i n d i c a t e d  i n  t h e  compara- 
t i v e  t a b l e ,  Of c o u r s e ,  t h e r e  may be some d i f f i c u l t i e s  i n  
making t h e  ar rangement  a  p r a c t i c a l  s u c c e s s  bu t  t h e s e  do 
n o t  appear  t o  be  insurmoan tab le .  

The g e n e r a l  c o n c l u s i o n  t o  be drawn from t h e s e  r e s u l t s  
i s  t h a t  t h e r e  i s  no i n h e r e n t  i n f e r i o r i t y  of t h e  l i q u i d -  
c o o l e d  e n g i n e  w i t h  r e s p e c t  t o  t h e  a i r - c o o l e d  eng ine  so f a r  
a s  n a c e l l e  a p p l i c a t i o n s  a r e  concerned;  i n  f a c t ,  t h e r e  ap- 
p e a r s  t o  be  an advan tage  i n  f a v o r  of t h e  l i q u i d - c o o l e d  en- 
g i n e ,  e s p e c i a l l y  when improved means of cowling t h e  r a d i a -  
t o r  a r e  adop ted .  

CONCLUSIONS 

1. The l i q u i d - c o o l e d  eng ine  i n s t a l l e d  i n  t h e  n a c e l l e  
a p p e a r s  t o  be more e f f i c i e n t  ae rodynamica l ly  t h a n  a  ca re -  
f u l l y  cowled r a d i a l  a i r - c o o l e d  engine .  I f  s p e c i a l  methods 
o f  cowling t h e  r a d i a t o r  a r e  adop ted  t h e  Ij .quid-cooled- 
e n g i n e  ar rangement  can be s t i l l  f u r t h e r  improved. 

2. Xore t h a n  h a l f  of t h e  d r a g  of l iqu id -eoo led-  
e n g i n e  n a c e l l e s  of o r d i r a r y  type  i s  d.ue t o  t h e  e x t e r n a l  
c o o l i n g  r a d i a t o r .  

3.  F u r t h e r  i r i ~ ~ r c v e r n e a t  i n  t h e  aerodynamic e f  f ic i .ency 
of a r rangements  of pomer p l a n t s  l i e s  i n  t h e  d i r e c t i o n  of 



p l a c i n g  t h e  e n g i n e  i n  t h e  wing and d r i v i n g  t h e  p r o p e l l e r  
t h r o u g h  an  e x t e n s i o n  s h a f t ,  p r o v i d e d  t h a t  t h e  c o o l i n g  of 
t h e  e n g i n e  c a n  be s e c u r e d  w i t h o u t  a d d i t i o n a l  d r a g ,  

Lang ley  Kemorial  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  Committee f o r  Aeronaut  f c s ,  

Laugley  F i e l d ,  V a . ,  December 1 9 ,  1933. 
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Section A-A Section B-B Section C-O 
Figure 1.- Wing and air-oooled engine naoelle with N.A.O.A. 

cowling, 

Section C-C 
Figure 2.- Ving and liquid-cooled engine nacelle d f h  external 

radiator. 



Fige. 3,4 

Seotfon A-A Sect1 on B-B Section 0 4  

Figure 3.- Wing and liquid-cooled engine nacelxe with radiator 
in M.A.C.A. oowling. 

See%ion A-A section B-B 
Figure 4.- Engine enclosed in wing with extension propeller ehaf't, 



Eiqtofd-cooled engine nacelle 

EQine in w b g ,  extension shaft 

Figure 5. - W U - m e e l l e  comb%mtions mounted for tests 



Figure 6.- Cornpariaon of l i f t  and drag characteriatios Of ning.alOm and Figure 7.- Effeot Of external rtldiator on l i f t  and drag of dng  and 
i n  combination d t h  various nacelles. licpid-oooled englue-nacelle cotubinationm. 



%,A*C"PAe Figs. 8,9 

Propeller 4412, 
diameter 4 ft., 
set 170 at 0.75R, 
angle of .attack 
e 00. 

Figure 8 .- Propel- 
ler 

characteristics 
of various 
nacelle-wing 
combinations. 

------- 
Liquid-coo led 
engine, external 
radiator. 

Air-cooled engine 
with N.A.CeA, 
cowling. 
-------------- 
Liquid-coo led 
engine, radiator 
in N.A.C.A, 
oowling . ---- 
Engine in wing, 
extension shaft, 

Angle of attack, degrees Angle of attick, degrees 

Propeller No, 4412, 4 ft. dimeter, set 17' at 0.75R. 
F i p e  9.- Effect of angle of attack on propeller charaeteristios of 

varioue wacisalle-wing combinations. 




