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XHVESTIGATION I N  THE 7 -  BY 10-FOOT W I N D  TUNXEL OF DUCTS 

FOR COOLING RADIATORS W I T H I N  AE AIRPLANE WING 

By Thomas A. H a r r i s  and I s i d o r e  G .  Recant  

An i n v e s t i g a t i o n  w a s  made i n  t h e  N.A.C.A. 7- by 10- 
f o o t  v i n d  t u n n e l  of a l a r g e - c h o r d  n i n g  model m i t h  a d u c t  
t o  house  a s i a u l a t e d  r a d i a t o r  s u i t a b l e  f o r  a l i q u i d - c o o l e d  
e n g i n e .  The duct n a s  expanded t o  reduce t h e  r a d i a t o r  
l o s s e s ,  and t h e  i n s t a l l a t i o n  of t h e  duc t  and r a d i a t o r  was 
made e n t i r e l y  w i t h i n  t h e  wing t o  reduce  f o r 3  and. i n t e r f e r -  
e n c e  drag ,  The t e s t s  v e r e  made u s i n g  a tno-dimensional-  
f l o a  se t -up  m i t h  a f u l l - s p a n  d u c t  and r a d i a t o r .  

SectLon aerodynamic c h a r a c t e r i s t i c s  of t h e  b a s i c  air-  
f o i l  a r e  g i v e n  and' a l s o  curves  showing t h e  charac t  e r i s t i c s  
of  t h e  v a r i o u s  d u c t - r a d i a t o r  c o n b i n a t i o n s ,  An e x p r e s s i o n  
f o r  e f f i c i e n c y ,  t h e  p r imary  c r i t e r i o n  of m e r i t  of any d u c t ,  
a n d  t h e  e f f e c t  of  t h e  s e v e r a l  design- p a r a m e t e r s  of t h e  
d u c t - r a d i a t o r  arrangement  a r e  d i s c u s s e d .  The problem of 
t h r o t t l i n g  i s  c o n s i d e r e d  and n discussion o f  t h e  power re-  
q u i r e d  f o r  c o o l i n g  i s  i n c l u d e d .  

I t  n a s  found t h a t  r a d i a t o r s  c o u l d  be mounted i n  t h o  
wing a a d  e f f i c i e n t l y  p a s s  enough a i r  f o r  c o o l i n g  w i t h  duc t  
o u t l e t s  l o c a t e d  at  any p o i n t  f r o n  0 . 2 5 ~  t o  0 . 7 0 ~  f r o n  t h e  
n i n g  l e a d i n g  edge on t h e  upper  s u r f a c e .  The d u c t - i n l e t  
p o s i t i o n  n a s  found t o  be c r i t i c e - 1  a n d ,  f o r  naxinum e f f i -  
c i e n c y ,  ha& t o  be a t  t h e  s t a g n a t i o n  p o i n t  of t h e  a i r f o i l  
a n d  t o  change w i t h  f l i g h t  a t t i t u d e .  The f low c o u l d  bo of- 
f i c i e n t l y  t h r o t t l e d  on ly  by a s i n u l t n n e o u s  v a r i a t i o n  of 
d u c t  i n l e t  and o u t l e t  s i z e s  acd  of i n l e t  p o s i t i o n .  1% mas 
d e s i r a b l e  t o  round b o t h  i n l o t  and o u t l c t  l i p s ,  V i t h  c c r -  
t n i a  c r r a n g e n e n t s  of d u c t ,  t h e  p m e r  r e q u i r e d  f o r  c o o l i n g  
a t  h i g h  speed n a s  a ve ry  l o n  p e r c e n t a g e  of t h e  eng ine  Gover.  

IBTRODUCTIOX 

%," 

Cool ing  and i n t e r f e r e n c e  d r a g  of  t h e  power-plant  i n -  
s t a l l a t i o n  on many p resen t -day  a i r p l a n e s  n i t 3  e x t e r n a l l y  

4- 
mounted r a d i a t o r s  absorbsf rom 1 4  t o  20 p e r c e n t  of t h e  
a v a i l a b l e  gover  a t  h i g h  speed.  The c o o l i n g  d r a g  of r a d i -  
a t o r s  can be m a t e r i a l l y  reduced by noun t ing  them i n  prop- 
e r l y  des igned  d u c t s  ( r e f e r e n c e  1 ) .  T e s t s  i n d i c a t e  t h a t  



i n t e r f e r e n c e  d r a g  i s  s u b s t a n t i a l l y  d e c r e a s e d  and a cons ide r*  * 

a b l e  s a v i n g  i n  t o t a l  c o o l i n g  poner  i s  r e a l i z e d  by b u i l d i n g  
t h e s e  d u c t s  i n t o  t h e  wing. 

The energy l o s s  i n  a d u c t e d - r a d i a t o r  system b u i l t  i n t o  
a v i n g  i s  comprised of t h e  f o l l o w i n g  components: 

1, An e x t k r n a l  l o s s  due t o  b r e a k s  i n  t h e  wing su r -  
f a c e  a t  t h e  i n l e t  and t h e  o u t l e t  of t h e  duc t .  

2 .  An i n t e r n a l  l o s s  due t o  f r i c t i o n  on t h e  d u c t  w a l l s ,  
/ 

r a t e  of d u c t  expans ion ,  and obstructions. 

3 ,  An i n t e r n a l  l o s s  due t o  t h e  r a d i a t o r  c o r e .  

4. A l o s s  caused by t h e  a e i g h t  of t h e  r a d i a t o r  and 
t h o  d u c t .  

The p r e s e n t  i n v e s t i g a t i o n ,  mhich i s  p a r t  of a compre- 
h e n s i v e  s t u d y  of  r a d i a t o r s  i n  n i n g  d u c t s ,  i s  p r i m a r i l y  
concerned n i t h  t h e  d e t e r m i n a t i o n  of t h e  o p t i n u n  i n l e t  and 
o u t l e t  p o s i t i o n s  and s i z e s  f o r  mininun t o t a l  c o o l i n g  poner ;  
no a t t e n p t  i s  nade t o  s e p a r a t e  and n e a s u r e  t h e  i n d i v i d u a l  
l o s s e s .  The i n v e s t i g a t i o n  h a s  a l s o  been conf ined  t o  t e s t s  
o f  a model r e p r e s e n t i n g  a  c o l d  s t a n d a r d  Arny 9-inch-core 
P r e s t o n e  r a d i a t o r .  The e f f e c t s  of d u c t  i n l e t  and o u t l e t  
p o s i t i o n ,  s i z e ,  and shape v e r e  i n v e s t i g a t e d  w i t h  r a d i a t o r s  
of  s e v e r a l  h e i g h t s  l o c a t e d  a t  two d i f f e r e n t  p o s i t i o n s  
w i t h i n  t h e  n ing .  The d a t a  a r e  s u f f i c i e n t l y  complete t o  
p e r n i t  t h e  r a t i o n a l  d e s i g n  of e f f i c i e n t  duct  and r a d i a t o r  
c o n b i n a t i o n s  n i t h i n  t h e  n i n g ,  a l t h o u g h  due c o n s i d e r a t i o n  
must be g i v e n  t o  t h e  f a c t  t h a t  t h e y  were o b t a i n e d  f r o n  %no- 
d i h e n s i o n a l - f l o w  t e s t s  and a i l o n a n c e  n u s t  be made when 
t h e y  n r e  a p p l i e d  t o  d u c t s  o f  f i n i t e  span.  

APPARATUS AND TESTS 

A i r f o i l  

The b a s i c  model, o r  p l a i n  a i r f o i l ,  t e s t e d  h a s  a chord  
o f  3 f e e t  and a span of 7 f e e t .  The N . A . C . A .  23017 sec- 
t i o n  n a s  u s e d  because  i t  i s  r e p r e s e n t a t i v e  i n  t h i c k n e s s  of 
wings  ~ Y L  which r a d i a t o r s  are l i k e l y  to  be i n s t a l l e d  and 
a l s o  beca.use t h e  r e s u l t s  cou ld  be compared n i t h  r e s u l t s  
f r o n  t e s t s  of a ming of t h i n  s e c t i o n  i n  t h e  f u l l - s c a l e  tun- 
n e l .  The r2odel ( f i g .  1)' was b u i l t  n i t h  s o l i d  nose  and 



t r a i l i n g - e d g e  p i e c e s  and h a s  f i v e  so l . id  r i b s .  The r i n g  
n a s  covcref-  a i t h  pressed-mood board  t o  t h e  r e q u i r e d  p r o f i l e  
n i t h  an a c c u r a c y  of f0.015 i n c h .  Openings c o u l d  be made 
a t  p r n c t i c c l l y  any p o i n t  on tho  u p p e r  o r  l o n e r  s u r f a c e  of 
t h e  r i n g  f o r  t a k i n g  i n  and  d i s c h a r g i n g  a i r  and t h e r e  n a s  
no i n t c r a a l  structure t o  i n t e r f e r e  n i t h  i n s t a l l a t i o n  of 
t h e  d u c t s .  

Ducts  

The d u c t s  were b u i l t  i n t o  t h e  f o u r  compartments of 
t h e  n i n g  and n e r e  f u l l  span excep t  f o r  t h e  r i b s  ( f i g .  1 )  
The i n l e t  and o u t l e t  of each  d u c t  were made of s o l i d  wood 
o r  u e t a l ;  t h e  t o p  and t h c  b o t t o n  of t h e  duc t  t o  t h e  r a d i a -  
t o r  n e r e  of plywood o r  f l a t  n o t a l ,  t ho  wing r i b s  f o r n i n g  
t h e  ends.  Tho i n l e t  and o u t l e t  p o s i t i o n s  of t h e  d u c t s  
were  s e l c c t e d  f r o n  c o n s i d o r a t i o n s  of p r e s s u r e  d i s t r i b u -  
t i o n  and l o c a t i o n  of t h e  s t a g n a t i o n  p o i n t  a t  v a r i o u s  an- 
g l e s  of a t t a c k .  

Duct d e s i g n a t i o n . -  The v a r i o u s  d u c t s  t e s t e d  a r e  des- 
i g n a t e d  by g roups  of  f o u r  numbers t o  shon t h e  p o s i t i o n  and 
s i z e  of t h e  i n l e t  and o u t l e t  open ings  a t  t h e  s u r f a c e  of t h e  
n i n g  ( f i g s .  2 t o  7 ) .  The d e s i g n a t i o n s  g i v e  approx ina te l -y  
t h e  17osi t ion  and s i z e  of t h e  open ings  a t  t h e  s u r f a c e  i n  
p e r c e n t a g e  of n i n g  chord .  The e x a c t  p o s i t i o n s  and s i z e s  
of t h e  v a r i o u s  s u r f a c e  open ings  a r e  shown i n  t h e  s k e t c h e s  
a n d  t a b l e s ,  

The key t o  t h e  d e s i g n a t i o n s  i s  as f o l l o n s :  

i n l e t  s i z e  - i n l e t  p o s i t i o n  - o u t l e t  s i z e  - o u t l e t  p o s i t i o n .  

1. The f i r s t  nunber  i n  t h e  group r e f e r s  t o  t h e  mini- 
nun s i z e  of  i n l e t  opening and i s  shomn by t h e  l e t t e r  g 
i n  t h e  s k e t c h e s .  

2 .  The second nunbor r e f e r s  t o  tho  p o s i t i o n  f r o n  t h e  
l e a d i n g  adze on tlge n i n g  s u r f a c e  o f  t h o  f i r s t  b r e a k  i n  t h e  
s u r f a c e  at t h e  i n l e t .  T h i s  d i s t a n c e  i s  shown by t h e  l e t -  
t e r  s f o r  d i s t a n c e s  on t h e  l o n e r  s u r f a c e  of t h e  n i n g  
p a r a l l e l  t o  tho  chord  l i n e  back of t h e  l e a d i n g  edge,  and 
by t h o  l e t t e r  xa f o r  d - i s t a n c e s  p e r p e n d i c u l a r  t o  and above 
t h e  chorg! l i n e ;  f o r  t h i s  c a s e  t h c  socond nunber i s  f o l l o n c d  
by an pgpended a ,  a s  l a ,  2a, e t c .  

3, The t h i r d  nunbor g i v e s  t h e  s i z e  of t h e  o u t l e t  and 
i s  shonn by t h e  l e t t c r  p  on t h o  s k e t c h e s .  



4. The f o u r t h  nunber  r e f e r s  t o  t h e  f i r s t  b r e a k  i n  
t h e  upper  s u r f a c e  of t h e  n i n g  a t  t h e  duc t  o u t l e t  and i s  
shown by t h e  l e t t e r  o  on t h e  s k e t c h e s .  Thus, a  duct  des- 
i g n a t e d  5-1-8-70 h a s  an  i n l e t  opening 6  p e r c e n t  of t h e  n i n g  ' 

c h o r d  n i t h  t h e  f i r s t  b r e a k  i n  t h e  s u r f a c e  1 p e r c e n t  of t h e  
wing chord  k e h i ~ d  t h e  l e a d i n g  edge. The o u t l e t  opening i s  
8 p e r c e n t  o f  t h e  wing chord  and i s  l o c a t e d  70 p e r c e n t  of 
t h e  ming chord  beh ind  t h e  l e a d i n g  edge. 

Duct comkinat ions  t e ~ t g d , . ~ . .  I n  f i g u r e s  2 t o  7  t h e  up- 
p e r  a b t c h  shows t h e  v a r i o u s  i n l e t  shapes  t e s t e d  and t h e  
lower s k e t c h  i s  a  s e c t i o n a l  view of t h e  d u c t >  showing t h e  
g e n e r a l  a r rangement ;  t h e  t a b l e  shows t h e  p r o p o r t i o n s  of 
t h e  v a r i o u s  duct combinat ions  and a r rangements  t e s t e d .  Thc 
p o s i t i o n s  and s i z e s  of  t h e  i n l e t  and t h e  o u t l e t  openings  
a r e  a c c u r a t e  t o  w i t h i n  f 0 . 0 0 1 ~ .  

R a d i a t o r s  

I n  t h e  t e s t s ,  t h e  r a d i a t o r  ( a s  h a s  o f t e n  been done 
h e r e t o f o r e )  i s  s i m u l a t e d  by a s c r e e n .  The r a d i a t o r  choncn 
f o r  r e p r e s e n t a t i o n  m a s  a  s t a n d a r d  Army 9-inch-core type  
made of  0 .23- inch-diaxetor  t u b e s  n i t - h  a 64.5-percent  f r e e -  
a r e a  r s t i o ,  f .  

The s c r e e n  used  t o  r e p r e s e n t  t h e  r a d i a t o r  i s  made i n  . j  

f o u r  s e c t i o n s  of b r a s s  p l a t e  1 /4- inch t h i c k  w i t h  a s u i t a e  
b l e  nunber  of 1 /4 - inch  h o l e s  so t h a t  t h e  p r e s s u r e  drop f o r  
a g i v e n  f low i s  t h e  same as f o r  t h e  a c t u a l  r a d i a t o r .  
T e s t s  of v a r i o u s  s c r e e n s  shoved t h a t ,  f o r  an  apprqximate  
r e p r e s e n t a t i o n  of t h e  r a d i a t o r ,  t h e  s c r e e n  shou ld  have a 
f r e e - a r c a  r a t i o  of abou t  42 p e r c e n t .  

A comparison of t h e  c h a r a c t e r i s t i c s  of t h e  r a d i a t o r  
and  of t h e  s c r e e n  i s  shown i n  f i g u r e  8. In t h i s  f i g u r e  
t h e  p r e s s u r e  d rop  AP th rough  t h e  r a d i a t o r  o r  s c r e e n  i n  
t e r m s  of t h e  dynamic p r e s s u r e  qB a t  t h e  f a c e  of the  r a d i -  
a t o r  o s  s c r e e n  i s  p l o t t e d  a g a i n s t  t h e  a i r  v e l o c i t y  i n  t h e  
d u c t  VR. The r a d i a t o r  cannot  be e x a c t l y  r e p r e s e n t e d  a t  
a l l  v e Z o c i t i e s  by t h i s  s c r e e n  bemuse  of s n l e  e f f e c t  on 
t h e  r a d i a t o r ;  n e v e r t h e l e s s  f i g u r e  8 shows t h a t ,  f o r  t h e  I - 
duc t  velocities encoun te red  i n  t h e  t e s t s  (30 t o a 4 0  m i l e s  
p e r  h o u r ) ,  t h e  d e v i a t i o n  of t h c  s c r e e n  from t h e  r a d i a t o r  
i s  smal l .  Th i s  method of r e p r e s e n t a t i o n  i s  t h e r e f o r e  be- " ), 

l i e v c d  t o  be s a t i s f a c t o r y ;  and,  f u r t h e r n o r e ,  t h e r e  i s . c l o s e  
agrccmcnt  between the  amounts of a i r  p a s s i n g  th rough  t h e  



s c s c c n  and. t h e  r a d i a t o r  nhen thoy a r o  i n s t a l l e d .  i n  d u c t s  
o u t s i d e  t h e  wing, t h e  s c r e e n  p e r m i t t i n g  46 p e r c e n t  t o  p a s s  
and  t h e  r a d i a t o r ,  44 p e r c e n t .  

I n  o r d e r  t o  measure t h e  q u a n t i t y  of a i r  p a s s i n g  t h r o u g h  
t h e  duc t  w i t h o u t  making d e t a i l e d  s u r v e y s  f o r  e a c h  a r range-  
ment, s t a t i c - p r e s s u r e  and t o t a l - h e a d  t u b e s  were b u i l t  i n t o  
one s e c t i o n  of t h e  r a d i a t o r  ( t h e  s c r e e n  w i l l  be  r o f e r r e a  
t o  h e r e i n a f t e r  as a " r a d i a t o r " )  as shown i n  f i g u r e  9. Gal- 
i b r a t i o n  showed t h a t  such an arrangement  mas n o t  v e r y  scn- 
s i t i v e  t o  a i r  d i r e c t i o n  and t h a t  t h e  q u a n t i t y  of a i r  c o u l d  
be  measured $0 w i t h f n  & 2  p e r c e n t  w i t h  duct  a r rangements  
s imilar  t o  t h o s e  u s e d  i n  t h e  t e s t s .  The c a l i b r a t i o n  a l s o  
showed t h n t  t h e  d i f f e r e n c e  i n  p r e s s u r e  between t h e  t o t a l -  
h e a d  and t h e  s t a t i c - p r e s s u r e  tubes m a s  d i r e c t  l y  p r o p o r t i o n -  
a l  t o  t h e  dynamic p r e s s u r e  ahead o f  t h e  r a d i a t o r .  The 24 
p a i r s  of t h e  t o t a l - h e a d  and t h e  s t z t i s p r e s s u r e  t u b e s  n e r o  
connec ted  t o  a s p e c i a l  n u l t i p l e  manonetor f o r  neasuromenC 
durj-ng t h e  t e s t s  of t h e  dynan ic  p r e s s u r e  i n  t h r e e  v e r t i c a l  
and  i n  eight h o r i z o n t a l  p l a n e s  i n  t h e  h o l e s  of t h e  r a d i s -  
t o r ,  The dynanic  p r e n s u r o  ahead of tho r a d i a t o r  w a s  d o t e r -  
n i n e d  f r o n  t h e  crrzlibration c o n s t a n t s .  The r a d i a t o r  so- 
t i o n  w i t h  the n e a s u r i n g  u n i t  w a s  nounted  i n  one of t 3 e  in-  
b o a r d  n i n g  compartment s. 

R a d i a t o r s  of d i f f e r e a t  h e i g h t s  mere o b t a i n e d  by a l t e r -  
i n g  t h e  d u c t  i n  such a, way a s  t o  b l o c k  o f f  equa l  amounts 
on t h e  t o p  and t h e  bot tom of t h e  r a d i a t o r .  (See Pig .  3.) 

Wind Tunnel and Balance  

The U.A.C.A. 7 -  by 10-foot  c l a s e d - t h r o a t  wind t u n n e l  
and  'oalance d e s c r i b e d  i n  r e f e r e n c e s  2 and 3 mere used. f o r  
making t h e  t e s t s .  

The tvo-dinens ional - f low i n s t a l l a t i o n  d e s c r i b e d  i n  
r e f e r e n c e  2 w a s  u s e d  f o r  t h e  t e s t s .  The node1 comple te ly  
s p a n s  t h e  j e t  v e r t i c a l l y  i n  t h i s  i n s t a l l a t i o n  and tho  re-  
s u l t s  o b t a i n e d  a r e  p r a c t i c a l l y  s e c t i o n  c h a r a c t e r i s t i c s .  

A dynamic p r e s s u r e  of 16.37 pounds p e r  s q u a r e  f o o t  
mas n a i n t a i n e d  f o r  a l l  t h o  t e s t s  and cor responds  t o  ?A a i r  
v e l o c i t y  of  about  80 m i l e s  p e r  hour under  s t a n d a r d  sca- 
l e v e l  a t n o s p h e r i c  c o n d i t i o n s  and t o  an average  t e s t  
Reynolds  ITunber of 2 ,190,000.  



T e s t s  were f i r s t  made t o  o b t a i n  t h e  c h a r a c t e r i s t i c s  
o f  t h e  p l a i n  n i n g  f o r  comparison n i t h  t h e  v a r i o u s  a ing-  
d u c t  combina t ions  t o  be t e s t e d ,  The p l a i n  n i n g  and t h e  
r i n g  n i t h  t h e  v a r i o u s  duct a r rangements  were t e s t e d  o v e r  
t h e  complete a n g l e - o f - a t t a c k  range  from zero t o  maximum 
l i f t .  Data were o b t a i n e d  a t  2' i n c r e m e n t s  i n  a n g l e  o f  at- 
t a c k  f o r  a11 ar rangements .  L i f t ,  d r a g ,  and p i t c h i n g  no- 
n e n t  nc re  n e a s u r e d  f o r  a l l  combinat ions  and,  i n  a d d i t i o n ,  
t h e  q u a n t i t y  of a i r  f l o n i n g  th rough  the  r a d i a t o r  n a s  meas- 
u r e d  f o r  a l l  a r rangements  n i t h  d u c t s .  

RESULTS AND D I S C U S S I O N  

A l l  aerodynamic c h a r a c t e r i s t i c s  of t h e  n i n g  n i t h  o r  
w i t h o u t  d u ~ t s  a r e  gzvea i n  s t a n d a r d  s e c t i o n  n o n d i n e n s i o n a l  
c o e f f i c i e n t  f o r m ,  c o r r e c t e d  a s  e x p l a i n e d  i n  r e f e r e n c e  2 .  

a,. s e c t i o n  a n g l e  of a t t a c k .  

c l  , sect ion:  l i f t  c o e f f i c i e n t  (Z /qc ) .  

C 
"' 

s e c t i o n  p r o f i l e - d r a g  c o e f f i c i e n t  ( d o / q c )  

c , s e c t i o n  pi tching-monent  c o e f f i c i e n t  abou t  aero-  
Cia. c.  dynamic c e n t e r  of p l a i n  wing (ma.  , / q c 2  ). 

where 

Z i s  t h e  s e c t i o n  l i f t .  

d o ,  s e c t i o n  d rag .  

m a .c . '  s e c t i o n  p i t c h i n g  noment about  aerodynamic c e n t e r .  

g ,  dynamic p r e s s u r e  (% p v2). 

c ,  . chord  of wing. 

In  a d d i t i o n ,  tho  s e c t i o n  c h a r a c t  e r i s t i  c s  of tho  duct a r e  
g i v e n  i n  t h e  f o l l o w i n g  n o n d i n e n s i o n a l  f o r n .  

v ~ / v ,  d u c t  s e c t i o n  f low ra t io .  

, o v e r - a l l  duc t  s e c t i o n  e f f i c i e n c y  ( Q ~ A P / A ~ ~ v )  



mhere VR i s  t h e  a i r  v e l o c i t y  i n  duc t  a t  f a c e  of r a d i a t o r .  

Y, a i r  v e l o c i t y  i n  f r e e  s t r e a m ,  o r  f l i g h t  speed.  

Q o ,  q u a n t i t y  of  a i r  p a s s i n g  through duc t  p e r  u n i t  
f r o n t a l  a r e a .  

AP, p r e s s u r e  d rop  through r a d i a t o r  p e r  u n i t  f r o n t a l  
a r e a .  

A ,  i n c r e a s e  i n  s e c t i o n  p r o f i l e  d rag  caused  by t h o  
duc t  a t  any g iven l i f t  c o e f f i c i e n t .  

The f low r a t i o  vR/?? i s  a measure of t h o  q u a n t i t y  of 
a i r  f l o a i n g  th rough  t h e  r a d i a t o r  p e r  u n i t  f r o n t a l  a r e a .  
A t  a g i v e n  f low r a t l o ,  t h e  s i z e  of r a d i a t o r  r e q u i r e d  f o r  2 

g i v e n  i n s t a l l a t i o n  may be de te rmined ,  nhen t h e  f l i g h t  spocd 
V and q u a n t i t y  of a i r  Q a r e  known., f r o n  t h e  r e l a t i o n s h i p  
$ = AVR, o r  

where A i s  t h e  a r e a  of t h e  r a d i a t o r .  

The e f f i c i e n c y  of a  g iven  i n s t a l l a t i o n  i s  a c r i t e -  
r i o n  of t h e  r e l a t i v e  m e r i t  of t h e  a r rangement .  The ex- 
p r e s s i o n  f o r  e f f i c i e n c y  was d e r i v e d  as f o l l o m s :  

u s e f u l  a o r k  PC = ---------- = -- 
t o t a l w o r k  PT 

n h i c h  i s  a b a s i c  e f f i c i e n c y  formula .  In t h i s  e x p r e s s i o n  
t h e  u s e f u l  nork  i s  c o n s i d e r e d  t o  be t h e  power expended i n  
f o r c i n g  t h e  a i r  th rough  t h e  r a d i a t o r  and t h e  t o t a l  nork  i s  
t h e  s d t i i t i o n a l  power r e q u i r e d  t o  p u l l  t h e  duc ted  wing 
t h r o u g h  t h e  a i r .  Then 

a n d  PT = ado V = Ac q  s v 
do 

where K - - =  3.7 
qx 

( s e e  fig. 8 )  and o t h e r  symbols hnve been p r e v i o u s l y  d e f i n e d ,  



T h e r e f o r e ,  

v h e r e  S i s  t h e  a r e a  o f  t h e  wing ,  The t o t a l  power re-  
q u i r c d  f o r  a g iven  i n s t a l l a t i o n  may then  be o b t a i n e d  from 
t h e  e x p r e s s i o n  

mhere p i s  t h e  mass d e n s i t y  of t h e  a i r .  

S u b s t i t u t i n g  t h e  oxprossiGn g i v e n  by e q u a t i o n  ( 1 )  f o r  
A ,  ecuatSon ( 3 )  becomes 

nrhere li i s  t h e  wing l o o d i n g  of  t h e  a i r p l a n e  
S 

For  u n i t  q u a n t i t y  and u n i t  wing l o a d i n g  

s o  t h a t  a t  any eed  t h e  power n i l 1  be a minimum 

nhon t h e  r a t i o  ------- 'n i s  a ntnimum. 

The e::pression f o r  duct  e f f i c i e n c y  i s  n o t  an a b s o l u t e  
c r i t e r i o n  of x o r i t  f o r  t h e  complete c o o l i n g  i n s t a l l a t i o n .  
I t  i s  n c r e l y  "pump e f f i c i e n c y "  and i s  a measure of t h e  duc t  
l o s s  i n  t e r n s  of t h e  r a d i a t o r  l o s s .  An e f f i c i e n c y  of 1.0 
(LOO p e r c e n t )  i n d i c a t e s  .(;hat t h e  duct i t s e l f  i s  n o t  con- 
t r i b u t i n g  t o  t h e  i n c r e a s e  i n  d r a g  as measured o r  t h a t  f avor -  
a b l e  i n t c r f c r e n c e  e f f e c t s  compensate f o r  a l l  l o s s e s  excep t  
t h e  l o s s  th rough  t h e  r a d i a t o r .  T h e r e f o r e ,  tno  d u c t - r a d i a t o r  



i n s t a l l a t i o n s , . e a c h  haviztg t h e  sane e f f i c i e n c y ,  nay n o t  
have t h e  same n e r i t ;  t h a t  i s ,  one may absorb  nore  poner  
t h z n  t h e  o t h e r ,  The d e t r r n i n i n g  f a c t o r  mould t h e n  be t h e  
f l o n  r a t i o ,  t h e  one n i t h  t h e  s m a l l e r  f l o n  r a t i o  r e q u i r i n g  
l e s s  poner .  The t o t a l - p o w e r  e q u a t i o n  shovs t h a t  t h e  poner  
i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  e f f i c i e n c y  and. d i r o c t l y  
p r o p o r t i o n a l  t o . t h e  s q u a r e  of v ~ / v ,  nh ich  i n d i c a t e s  ve ry  

l a r g e  r a d i a t o r s .  The f i n a l  s e l e c t i o n  of r a d i a t o r  s i z e  
m i l l  t h e r e f o r e  be a conpromise a r r i v e d  a t  f r o n  cons ide ra -  
t i o n s  of t h e  weight  of  t h e  r a d i a t o r  i n s t a l l a t i o n .  

E f f i c i e n c i e s  g r e a t e r  than  1.0 can be e x p l a i n e d  by 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 s  t h a t  more than c o u n t e r b a l a n c e  
t h e  duc t  l o s s e s .  

P r e c i s i o n  

T3c a c c u r a c y  of t h e  v a r i o u s  conponents  measured i n  t h e  
f o r c e  t e s t s  i s :  

Although t h e  e r r o r  i n  t h e  d e t e r m i n a t i o n  of t h e  dynamic 
p r e s s u r e  i n  t h e  duct  q~ i s  no g r e a t e r  than  2 p e r c e n t ,  t h e  
e r r o r  i n  t h e  f low r a t i o  V ~ / V  may be nuch l a r g e r ,  a s  VR 
h a s  beerf de termined f r o n  t h e  average  qg o b t a i n e d  by a 
mechanica l  i n t e g r a t i o n  of t h e  dynamic-pressure su rveys  a t  
t h e  r a d i a t o r ,  This  e r r o r  i s  a l s o  p r e s e n t  i n  t 5 e  conputa-  
t i o n  of  e f f i c i e n c y .  The nagn i tune  of the  e r r o r  i n  t h e  
f l o w  r a t i o ,  however, i s  an i n v e r s e  f u n c t i o n  of t h e  u n i f o r n -  
i t y  of t h e  dynamic-pressure d i s t r i b u t i o n  a c r o s s  t h e  f a c e  
of t h e  r a d i a t o r .  A l l  duc t  a r r a ~ g s r a o n t s  w i t h  efficiencies 
above a'oout 0.6 have a v e r y  n e a r l y  u n i f o r m  dynamic-pressure  
d i s t r i b u t i o n  over  t h e  r a d i a t o r ,  and t h e  e r r o r  i n  VR 
c a u s e d  by t h i s  method of c o n p u t a t i o n  i s  l e s s  t h a n  2 p e r c e n t  
f o r  c a s e s  checked by i ~ t e g r a t i o a z  o f J 5  d i s t r i b u t i o n s .  

For  I o n  e f f i c i e n c i e s ,  VR nay be i n  e r r o r  as nuch as 25 
p e r c e n t ;  t h e  lower t h e  e f f i c i e n c y ,  t h e  g r e a t e r  t h e  e r r o r .  
The l o n  e f f i c i e n c i e s  a r e ,  i n  g e n e r a l ,  a r e s u l t  of b u r b l e d  
a i r  f l o n  on e i t h e r  t h e  upper  o r  t h e  l o v e r  e n t r a n c e  l i p ,  



nhFch c ~ , u s e s  a l a r g e  i n c r e a s e  i n  d r a g  and a nonun i fo rn  rn 

d y n a n i c - p r e s s u r e  d i s t r i b u t i o n  a t  t h e  r a d i a t o r ,  Such a r r a n g e -  
n e n t s  a r e  of no p r a c t i c a l  i n t e r e s t  and i t  m a s  c o n s i d e r e d  
t h a t  t h e  a d d i t i o n a l  n o r k  r e q u i r e d  t o  o b t a i n  VR more accu- 
r a t e l y  n x s  n o t  j u s t i f i e d .  The r a t i o s  of VR/V and q 
( a s  a f f e c t e d  by VR) a r e  b e l i e v e d  t o  be a c c u r a t e  t o  w i t h i n  
*4 p e r c e n t  f o r  a l l  c a s e s  n h e r e  i s  g r e a t e r  t h a n  about  
0.6.  T h i s  g rocedure  a l s o  assumed t h e  f l o n  t o  be s y n n e t r i -  
c a l  i n  tho  c o n p a r t n e n t  i n  which i t  w a s  n e a s u r e d ' a n d  t o  be 
of  t h e  scnc v a l u e  i n  t h e  o t h e r  t h r e e  n i n g  c o n p a r t n e n t s .  
An aS.d i t iona1 e r r o r  nay be i n t r o d u c e d  i n t o  t h e  e f f i c i e n c y  
by  i n a c c u r a c y  i n  d rag  n c a s u r e n e n t  and t h e  consequent  e r r o r  
i n  t l lc d o t o r n i n a t i o n  of  Ac 

do ' 

P l a i n  A i r f o i l  

The s e c t i o n  ae rodynan ic  c h a r a c t e r i s t i c s  of  t h e  p l a i n  
iT.A.C.A. 23017 a i r f o i l ,  a s  de te rmined  from t h e  two-dinen- 
s i o n a l - f l o w  t e s t s ,  a r e  g i v e n  i n  f i g u r e  LO. There i s  sone 
v a r i a t i o n  between t h e s e  c h a r a c t e r i s t i c s  and t h o s e  o b t a i n e d  
from f i n i t e - s p a n - n o d e l  t e s t s  c o r r e c t e d  t o  i n f i n i t e  a s p e c t  
r a t i o .  The s lopo  of t h e  l i f t  c u r v e ,  and t h e  minimum pro-  
f i l e - d r a g  c o e f f i c i e n t  a r c  s l i g h t l y  h i g h e r  f o r  ths two- 
d i n e n s i o n a l - f l o w  se t -up ;  t h e  p i t ch ing-nonon l  c o o f f f c i o n t s  
a b o u t  t h e  a c r o d y n a n i c  c e n t e r  a r e  a p p r o x i n a t c l y  equa l .  The 
chordmise l o c a t i o n  of t h e  aerodynamic c e n t e r  i s  abou t  t h e  
same i n  b o t h  c a s e s ,  3ut i t s  v e r t i c a l  d i s t a n c e  above t h e  
c h o r d  i s  g r e a t e r  f o r  t h o  f i n i t e - s p a n  nodel .  The degree  of 
v a r i a t j o u  of  t h e  B.A.C.A. 2301'7 a i r f o i l  c h a r a c t o r i s t i c s  a s  
o b t a i n e d  by each of  t h e  p r e v i o u s l y  n e n t i o n c d  n e t h o d s  i s  
a b o u t  t h e  sane  as t h e  v a r i a t i o n s  of t h e  IJaA.C*A. 23012 air-  
f o i l  c h a r c c t e r i s t i c s  when o b t a i n e d  by f i n i t e u s p a n  and two- 
d i n e n s i o n a l - f l o w  t e s t  s. (See r e f e r e n c e  2. ) 

A i r f o i l  w i t h  Ducts  

D y n a m i ~ = ~ s g s a ~ x e  d t s t r i b u t i o n  a & - r a a d i .  F.igure 11 - 
g i v e s  s a n p l e  v e r t i c a l  and h o r i z o n t a l  dynanicGpressure  d i s -  
t r i b u t i o n s  a t  t h e  f a c e  o f ,  t h e  r a d i a t o r  a t  low and h i g h  aa- 
g l e s  of ~ t t c c k  f o r  tno d u c t s ,  each hav ing  i n l e t  r a d i i  of 
Om005c,  o u t l e t  r a d i i  of  0.08c, r a d i a t o r  h e i g h t s  of  Oa14c,  
and r a d i a t o r  l o c a t i o n  of 0 . 2 0 ~  behind t h e  l e a d i n g  edge. 
Duct 8-10-8-25 ( f i S .  ? ( a ) ) ,  n h f c h  i s  used  f o r  i l l u s t P s t i o n  
of h i g h  2,ngle-of-at tack C i i s t r i b u t i o n ,  shows a f a i r l y  un i -  
f o r n  v e r t i c z l  d i s t r i b u t i o n  ( f i g .  l l ( a ) ) ,  c l t b o u g h  t h e  dynan- 



i c  p r e s s u r e  f a l l s  o f f  n e a r  t h e  bot tom of t h e  d u c t ,  p r o b a b l y  
owing t o  f l o n  s e p a r a t i o n  over  t h e  l o n e r  l i p ,  I n  t h e  c a s e  
of  d u c t  5-4a-3-32 a t  2O a n g l e  of a t t a c k ,  i t  can be seen 
f rom f i g u r e  7 ( b )  t h a t  t h e  i n l e t  a n g l e  i s  n o t  e x c e s s i v e  and 
t h a t  t h e  duc t  i s  f a i r l y  symmetr ica l  about  t h e  cen$er  l i n e  
of t h e  t u b e  of a i r  e n t e r i n g  i t ,  so  t h a t  t h e  v e r t i c a l  d i s -  
t r i b u t i o n  ( f i g .  l l ( a ) )  i s  t h e r e f o r e  q u i t e  uni form,  The 
h o r i z o n t a l  d i s t r i b u t i o n  (fig. l l ( b ) )  f o r  b o t h  d u c t s  i s  
v e r y  r e g u l a r .  I t  i s  t o  be remarkcd t h a t  d u c t s  n h i c h  g i v e  
f a i r l y  un i fo rm d i s t r i b u t i o n  have r e a s o n a b l y  h i g h  e f f i -  
c i e n c i e s ,  Converse ly ,  poor  d i s t r i b u t i o n s  a r e  a s s o c i a t e d  
n i t h  low e f f i c i e n c i e s  .- 

E f f e c t  of d u c t s  ~ n . ~ ~ & ~ i ~ = n _ & n g ~ g & a ~ & g e y i L t f c s . -  I n  
g e n o r a l ,  t h e  duc-ts i n c r e a s e  t h e  d r a g ,  a e c r e a s e  t h e  maxinum 
l i f t ,  and s h i f t  t h e  l i f t  curve  s o  as t o  g i v e  n l o n e r  l i f t  
a t  t h e  same a n g l e  of a t t a c k  t h a n  t h e  p l a i n  u i n g .  The d r a g  
i n c r e a s e  i s ,  of c o u r s e ,  due t o  t h e  b r e a k s  i n  t h e  wing su r -  
face, t o  t h e  r a d i a t o r ,  t o  the  f r i c t i o n  of t h e  duc t  n n l l s ,  
e t c .  The d e c r e a s e  i n  l i f t  and t h e  s h i f t  of t h e  l i f t  cu rve  
a r e  p r o b a b l y  due t o  t h e  energy l o s s e s  i n  t h e  d u c t ,  n h i c h  
r e s u l t  i n  a d e c r e a s e  i n  c i r c u l a t i o n  around t h e  n i n g .  In  
s e v e r a l  i n s t a n c e s  a h e r e  t h e  o u t l e t  openings  a r c  small, 
c s u s i n g  h i g h  o u t l e t  s p e e d s ,  t h e  maxinun l i f t  does  n o t  drop 
o f f  and s o n e t i n e s  s u r p a s s e s  t h e  maxinun l i f t  of t h e  p l a i n  
n i n g ,  

E f f e c t  of i n l e t  r a d i i . -  F i g u r e  1 2  shows t h e  e f f e c t  
of (a) l o n e r  i i p  and (I) upper  l i p  i n l e t  r a d i i .  The 

t i n c r e a s e s  n i t h  sa i n c r e a s e  i n  t h c  r a d i u s  of e i t h e r  
Clcx 

l i p  u n t i l  2" r a d i u s  of 0 , 0 0 5 ~  i s  reacl ied.  For t h i s  va lue  
of u p p e r - l i p  r a d i u s ,  t h o  i s  n e a r l y  t h e  sane  as 

max 
t h a t  of t h e  p l a i n  n i n g .  F u r t h e r  i n c r e a s e  i n  t h e  ' r a d i u s  
h a s  e i t h e r  no e f f e c t  o r  an  u n f a v o r a b l e  one. 

Tho f l o n  r a t i o ,  v ~ / v ,  i s  p r a c t i c a l l y  u n a f f e c t e d  by 
t h e  r a d i u s  of e i t h e r  l i p  a t  h i g h  spced ( I o n  l i f t  c o e f f i -  
c i e n t s )  u n t i l  a va luc  of 0 , 0 0 5 ~  i s  roached.  L a r g e r  r a d i i  
a r e  u n f a v o r a b l e .  A t  lov-spzecl l i f t  c o e f f i c i e n t s ,  v R / V  
i n c r e a s e s  n i t h  an i n c r e z s e  ir ,  l onor -1  i p ,  r a d i u s  b u t  i s  un- 
a f f e c t e a  by t h e  u p p e r - l i p  r a d i u s .  

A t  l o n  speed ( h i g h  l i f t  c o e f f i c i e n t s )  t h c  e f f i c i e n c y  
i n c r e a s e s  n i t h  an i n c r e a s e  i n  t h o  l o n e r - l i p  r a d i u s ,  

a n d  i s  p r c c t i c a l l y -  u n a f f e c t e d  by u ~ p c r - l i p  r r ? d i i  of 0 . 0 0 5 ~  
o r  be lon .  A t  h i g h  speed ( low l i f t  c o e f f i c i e n t s )  n r a d i u s  



o f  p i t h e r  l i p  g r e a t e r  than  0 . 0 0 5 ~  h a s  an  u n f a v o r a b l e  ef -  - 
f e c t  on t h e  e f f i c i e n c y .  A 1 1  subsequent  t e s t s  were t h e r e f o r e  
made n i t h  b o t h  i n l e t  r a d i i  o f . 0 . 0 0 5 ~ .  . 

E f f e c t  of  o u t l e t  r a d i u s . -  F i g u r e  1 3  shoms t h e  e f f e c t  
of o u t l e t  r a d i u s  (a) w i t h  t h e  o u t l e t  a t  O.7Oc, (3) n i t h  
o u t l e t  at 0.45c, and ( c )  w i t h  o u t l e t  a t  0 . 2 5 ~ .  I t  i s  i n -  
t e r e s t i n g  t o  n o t e  t h a t  t h e  0 . 0 8 ~  r a d i u s  g i v e s  t h e  h i g h e s t  

Ct,,,. no m a t t e r  n h i c h  o u t l e t  p o s i t i o n  i s  chosen,  b u t  i t .  

i s  p o s s i b l e  t h a t  t h i s  v a l u e  h o l d s  o n l y  f o r  t h o  1TsA.C.A. 
23017 a l r f o i l  s e c t i o n .  In a l l  c a s e s  t h e  f l o v  r a t io  V ~ / V  
d c c r c ~ s c s  w i t h  a d c c r e a s c  i n  o u t l e t  r a d i u s .  . T h i s  e f f e c t  
i s  t o  bc c z p o c t c d  s i n c e  t h e  s m a l l e r  t h e  r a d i u s ,  t h e  s n a l l e r  
t h o  opening on t h e  u p p e r  s u r f a c o  of t h c  wing. 

Thc cf f ic icvlcy  a t  high-specd l i f t  c o c f f i c i c n t s  do- 
c r c a s o s  n i t h  a docroase  i n  t h e  o u t l e t  r a d i u s  f o r  a l l  out- 
l e t  p o s i t i o n s ,  a l t h o u g h  t h e  degree  of dccroaso  v a r i e s  n i t h  
t h c  o u t l e t  posi t iorn.  A t  low-specd l i f t  coefficients t h e  
e f f i c i e n c y  i n c r e a s e s  v i t h  a, d e c r e a s e  i n  o u t l e t  r a d i u s  n i t h -  
i n  l f n i t s ,  T h i s  r e s u l t  i s  c l e a r l y  shonn a t  t h e  0 . 2 5 ~  out- 
l e t  g o s i t i o n  ( f i g .  1 3 ( c ) ) ,  where a t  h i g h  l i f t  c o e f f i c i e n t s  
t h e  e f f i c i e n c y  i n c r e a s e s  as t h e  r a d i u s  d e c r e a s e s  from 0 . 2 0 ~  
t o  0 . 0 8 ~ .  B3on t h e  r a d i u s  i s  d e c r e a s e d  t o  z e r o ,  honever ,  
t h e  e f f i c i e n c y  i s  s h a r p l y  reduced.  

It i s  e v i d e n t  from f i g u r e  1 3 ( c )  t h a t  a rounded o u t l e t  
i s  d e s i r a b i e  because of i t s  f a v o r a b l e  o f f e c t s  on q, v ~ / v ,  
and  . The b e s t  r a d i u s  s i z e  i s  a r r i v e d  a t  by conpro- 

c2,,, 
mise  and v a r i e s  n i t h  t h e  o u t l e t  p o s i t i o n .  a i t h  o u t l e t  po- 
s i t i o n s  between 0 . 4 5 ~  and Oa'70c, a Oa25c r a d i u s  g i v e s  t h o  
b e s t  r e s u l t s .  A s  t h e  o u t l e t  p o s i t i o n  moves f o r w a r d  from 
t h e  0 . 4 5 ~  p o i n t ,  t h e  r a d i u s  shou ld  become s m a l l e r  and,  a t  
t h c  0 . 2 5 ~  p o s i t i o n ,  a n  0 . 0 8 ~  r a d i u s  i s  b e s t .  

E f f e c t  of r a d i a t o r  DO s i  t ion . -  Tno r a d i j t o r  P O  s i t i o n s  
n e r e  i n v e s t i g a t e d  w i t h  t h e  d u c t  o u t l e t  a t  0.70~; t h e  r c s u l t s  
a r c  shonn i n .  f i g u r e  1 4 .  Thc f l o n  r a t i o  and t h c  e f f i c i e n c y  
a r e  b o t h  d e c r e a s e d  nhen the' r a d i a t o r  p o s i t i o n  i s  mokod 
ahecd  f r o n  0 . 5 0 ~  t o  0 . 2 0 ~ .  Th i s  r e s u l t ,  v h i c h  n a s  a n t i c i -  
p a t e d ,  i s  cnused by t h e  e x c e s s i v e  cluct i n l e t  a n g l e  and 
consequent  l a r g e  ciuct l o s s e s  n%en t h e  r a d i a t o r  i s  i n  t h e  
f  o r n a r d  p o s i t i o n .  I t  was n e c e s s a r y ,  !lonever, t o  l o c n t e  
t h e  r z d i a t o r  i n  t h e  fo rward  p o s i t i o n  i n  o r d e r  t o  i n v e s t i -  
g a t e  o u t l e t  openings  n e a r  t h c  l e n d i n g  edge of  t h c  wing 
n h e r e  iar:.;er p r e s s u r e  d i f f e r e n c e s  a r e  a v a i l a b l e  f o r  f o r c i l ~ g  



a i r  th rough  t h e  r a d i a t o r .  I t  v i l l  be shonn l a t e r  %hat  high 
e f f i c i e n c i e s  and flow r a t i o s  nay be o b t a i n e d  n i t h  tha r a d i -  
a t o r  i n  t k e  f o r n a r d  p o s i t i o r ~  and. n i t h  t h e  o u t l e t  n e a r  t b e  
l e a d i n g  edge. 

E f f e c t  of i n l e t  p o s i t i o n . -  F i g u r e s  15  t o  17' show t h e  
e f f e c t  of  i n l e t  p o s i t i o n .  I t  can be seen from t h e  f i g u r e s  
t h a t ,  n h e r e a s  t h e  i s  on ly  s l i g h t l y  a f f e c t e d  by va- 

c~... 
r i a t i o n  of  p o s i t i o n  from t h e  l e a d i n g  edge t o  0 . 0 2 ~  behind 
t h e  l e a d i n g  edge; movement of t h e  p o s i t i o n  above t h e  chord  
c a u s e s  t h e  c, t o  f a l l  o f f ,  t h e  magnitude of t h e  l o s s  

" nax 
v a r y i n g  n i t h  t h o  d i s t a n c e  above t h e  chord.  P o s i t i o n s  0 . 0 1 ~  
t o  0 . 0 2 ~  back of t h e  l e a d i n g  edge n a r k e d l y  d e c r e a s c  t3o  
s l o p e  of t h e  l i f t  curve  i n  tho  high-speed range .  

The f low r a t i o  i n c r e a s e s  as t h e  i n l e t  p o s i t i o n  noves 
f o r w a r d  and above t h e  chord.  T h i s  i n c r e a s e  i s  n o s t  na rked  
a t  t h e  high-speed l i f t  c o e f f i c i e n t s ,  p robab ly  owing t o  t h e  
f a c t  t h a t ,  f o r  p o s i t i o n s  behind t h c  l e a d i n g  edge and  b e l o v  
t h e  chord ,  t 3 e  upper  l i p  makes a l a r g e  a n g l c  w i t h  tho  a i r  
f l o n  and c a u s e s  c o n s i d e r a b l e  b u r b l i n g .  

The e f f i c i e n c y  i n c r e a s e s  c o n s i d e r a b l y ' a s  t h e  i n l e t  
p o s i t i o n  i s  moved fo rward  and above t h e  chord ,  p a r t i c u l a r d  
1~ a t  low l i f t  c o c f f i c i e n @ s .  This  i n c r c a s o  i s  p r o b a b l y  
due t o  t h e  i n c r e a s e  i n  t h e  f l o n  r a t i o ,  because t h e  d rzg  i s  
increz-scg- a s  t h e  p o s i t i o n  moves f o r n a r d .  A p p a r e n t l y ,  t h e  
f lom i n c r e a s e s  much f a s t e r  then  does  t h e  drag.  Thus, i t  
i s  n o c s i b l e  t o  o b t a i n  c f f i c i c n c i e s  from 0.85 t o  1.0 f o r  a 
l i f t  coefficient range  of 0.2 t o  0.8 f o r  nny o u t l e t  pos i -  
t i o n .  

The r e s u l t s  p r e s e n t e d ,  i n  f i g u r e s  15 t o  IT shon q u i t e  
c l c a r l y  t h z t  i t  i s  impons ib le  c f f i c i c n t l y  t o  t h r o t t l e  t h e  
f l o n  by v a , r i a t i o n  of i n l e t  p o s i t i o n  a l o n e .  For examplo, 
f i g u r e  1 5 ( n )  shons t h a t  zpprox imatc ly  $ roper  t h r o t t l i n g  
f rom lon-s>3eod.f lon r a t i o  t o  high-spccd flom r a t i o  mag be 
o b t a i n e d  by v a r y i n g  t h e  i n l e t  p o s i t i o n  from 0 . 0 2 ~  nbovc 
t h o  chord  t o  0 . 0 2 ~  beh ind  t h c  l e n d i n g  cdgo as f l i g h t  speed 
i s  increased. Under such  c o n d i t i o n s ,  t h c  e f f i c i e n c y  of 
t h e  a r r a n g c n c n t  w i l l  d rop  from about  1.0 a t  I-ov speods  t o  
nbout  0.2 a t  h i g h  s p e e d s  n i t h  t h e  consequent  i n c r c a s o  i n  
power r e q u i r e d .  

E f f e c t  o f  ooi l t lg&-gosi t ion.-  F i g u r e  1 8  shows t h e  e f f e c t  
o f  o u t l e t  p o s i t i o n  ( a )  w i t h  t h e  r a d i a t o r  a t  t h e  0 . 5 0 ~  



p o i n t  and ( b )  n i t h  t h e  r a d i a t o r  at  t h e  0 . 2 0 ~  p o i n t .  The 
c d - e c r e s s e ~  s l i g h t l y  as t h e  o u t l e t  p o s i t i o n  i s  moved 

%ma,  
f o r n a r d  from t h e  0 . 7 0 ~  p o i n t  t o  t h e  0 . 4 5 ~  p o i n t .  Addi t ion-  
a l  movement f o r n a r d  of t h e  o u t l e t  c a u s e s  a  sha rp  d e c r e a s e  
i n  c  . The shape of t h e  l i f t  cu rve  i s  markedly changed 

,ax 
as  t h c  o u t l e t . p o s i t i o n  i s  moved f o r n a r d .  A l s o ,  t h e r e  i s  a  
small u n f a v o r a b l e  s h i f t  of t h e  l i f t  curve  as t h e  o u t l e t  i s  
moved f  ornard .  

The flom r a t i o  s l i g h t l y  i n c r e a s e s  a s  t h e  o u t l e t  moves 
f o r n a r d  feom 0 . 7 0 ~  t o  0 ,45c ,  bu t  a d d i t i o n a l  f o r w a r d  move- 
ment c a u s e s  i t  t o  i n c r e a s e  r a p i d l y  u n t i l ,  a t  t h e  0 . 2 5 ~  
p o i n t ,  i t  approaches  0.44 f o r  a l i f t  c o e f f i c i e n t  co r re -  
sponding t o  cl imb.  T h i s  v a l u e  i s  abou t  equa l  t o  t h e  f low 
r a t i o  of t h e  r a d i a t o r  exposed i n  a f r e e  a i r  s t r e a m  so 
t h a t ,  n i t h  t h e  0 . 2 5 ~  o u t l e t ,  i t  would be p o s s i b l e  t o  u s e  
a  r a d i a t o r  t h a t  nould be no l a r g e r  than  those  u s e d  i n  ex- 
t e r n a l l y  exposed i n s t a l l a t i o n s .  

The e f f i c i e n c y  a t  1017-speed l i f t  c o e f f i c i e n t s  i s .  sub- 
s t a n t i a l l y  reduced as t h e  o u t l e t  p o s i t i o n  i s  moved f o r a a r d ,  
v a r y i n g  from 1.0 a t  t h e  0 . 7 0 ~  o u t l e t  t o  0.65 a t  t h e  0 . 2 5 ~  
o u t l e t ,  A t  high-spoed l i f t  c o o f f i c i c n t s ,  honover ,  t h e  ef- 
f i c i e n c y  i s  p r a c t i c a l l y  u n a f f e c t e d  as t h e  o u t l o t  p o s i t i o n  
i s  rno~ed  f o r n a r d ,  p r o v i d e d  t h a t  t h e  p r o p e r  i n l e t  p o s i t i o n  
i s  usod.  

g f f c c t  of i n l e t , .  siq9.w The e f f e c t s  o f  d u c t  i n l e t  s i z e  
n i t h  t h r e e  h e i g h t s  of r a d i a t o r  a r e  shonn i n  f i g u r e  19 w i t h  
t h e  d u c t  o u t l e t  at  0.70c. The d e c r e a s e s  w i t h  de- 

max 
c r e a s i n g  i n l e t  s i z e  b u t ,  w i t h  i n l e t  and o u t l e t  s i z e  t h e  
same, t h e  i s  about  t h e  same as f o r  t h e  p l a i n  wing 

c ~ m a x  
n i t h  any of t h e  r a d i a t o r  h e i g h t s .  Some boundary- layer  
c o n t r o l  i s  o b t a i n e d  w i t h  t h e  i n l e t  opening s l i g h t l y  l a r g e r  
t h a n  t h e  o u t l e t  ( f i g .  1 9 ( c ) )  and a s l i g h t  g a i n  i n  maximum 
l i f t  i s  o b t a i n e d  over  t h a t  of t h e  p l a i n  n ing .  The s h i f t  
i n  l i f t  a t  a g i v e n  a n g l e  i s  about  t h e  samq i n  a11 cases .  

The f low r a t i o  d e c r e ~ , s c s ,  as might bc e x p e c t e d ,  w i t h  
d e c r e a s e  i n  i n l c t  s i z e  f o r  a l l  r a d i a t o r  h e i g h t s .  I t  i s  
of i n t e r e s t  t o  n o t o  t h a t  t h e  nnxinum flom r a t i o  o b t a i n e d  
w i t h  any of t h o s e  a r rangements  i s  about  t h e  sane i n  s p i t e  
of t h e  f a c t  t h a t  t h c  r e l a t i v e  s i z e  of  s u r f a c e  openings  t o  
r a d i a t o r  h e i g h t  i s  much g r c a t e r  f o r  t h e  s p a l l e s t  r a d i a t o r .  



The e f f i c i e n c y ,  i n  g e n e r a l ,  d e c r e a s e s  s s  t h e  i n l e t  
s i z e  d e c r e c s e s  if t h e  i n l e t  s i z o  i s  never  l a r g c r  t h a n  t h o  
o u t l e t .  s i z o ,  V i t h  t h e  r a d i a t o r  h o i g h t  of  0 . 1 4 ~  ( f i g .  1 9 ( a ) ) ,  
t h e  e f f i c i e n c y  decroc,ses nhen t h e  i n l e t  s i z e  i s  i n c r e a s e d  
f rom 0 . 0 6 ~  t o  0 . 0 8 ~  o v e r  t h e  f l i g h t  range from c l i m b  t o  
h i g h  speed.  I t  i s  b o l i e v c d ,  honover ,  t h a t  t h i s  d e c r e a s e  
i s  n r e s u l t  o f  t h e  poor  e n t r y  shape  of tho  upper  l i p  n i t h  
t h e  0 . 0 8 ~  i n l e t  s i z o .  The e f f i c i e n c y  a l s o  d e c r e a s e s  n i t h " :  1 ,  d e c r e a s i n g  h e i g h t  of r a d i a t o r ,  n h i c h  i n d i c a t e s  t h a t ,  f o r  
b e s t  r e s u l t s ,  t h e  d u c t  span at t h e  n i n g  s u r f a c e  shou ld  be ! 
as small as p o s s i b l e .  

Tho ~ e s u l t s  p l o t t e d  i n  f i g u r e  1 9  shon t h a t  t h e  i n l e t  
open ing  s h o u l d  be abou t  t h e  same s i z e  as t h o  o u t l o t  open- 
i n g  f o r  b e s t  r o s u l t s  and t h a t  t h o  i n l o t  nrca s h o u l d  be  
a b o u t  '70 p e r c e n t  of t h e  f r e e  a r e a  of t h e  r a d i a t o r  nhcn t h e  
r a d i a t o r  h o i g h t  i s  n  maximum. Thc r e s u l t ;  a l s o  shon t h a t  
i t  i s  i m p o s s i b l e  t o  t h r o t t l e  t h e  fLon e f f i c i e n t l y  by v a r i -  
n t i o i x  of i n l e t  s i z o  a l o n e  i n  a chordwise d i r e c t i o n .  I t  
mag be p o s s i b l e  t o  t h r o t t l e  tho  f low e f f i c i e n t l y  by a v s r i -  
a t i o n  of t h e  i n l e t  s i z e  i n  a s p a n v i s e  d i r e c t i o n ,  b u t  t h i s  
method of  t h r o t t l i n g  c o u l d  no t  bc enployod i n  t h e s e  t e s t s .  

The e f f e c t  of i n l e t  s i z e  nit11 t h e  duc t  o u t l o t  a t  0 . 4 5 ~  
i s  olionn i11 f i g u r e  20. The e f f e c t s  of v a r y i n g  t h e  i n l e t  
s i z e  n f t h  t h i s  o u t l e t  p o s i t i o n  a r e  about  t h e  game a s  f o r  
t h e  o u t l e t  at  0 . 7 0 ~ .  The f low r a t i o  i s  s l i g h t l y  g r e a t e r  
f o r  t h i s  o u t l e t  p o s i t i o n  m i t i . ,  t h e  optimum s i z e s  of i n l e t  
a n d  o u t l e t .  The h i g h e s t  e f f i c i e n c y  i s  o b t a i n e d  n i t h  t h e  
i n l e t  an$- o u t l e t  opening about  t h e  same s i z e  b u t  i t  i s  
s l i g h t l y  less than  n i t h  t h e  o u t l e t  a t  0.70c, . 

The e f f e c t  of v a r i a t i o n  of i n l e t  s i z e  w i t h  t h e  o u t l e t  
at  O,S2c i s  shomn i n  f i g u r e  21 f o r  two o u t l e t  s i z e s  and 
t n o  i n l e t  p o s i t i o n s .  If  a flow r a t i o  of 0.44 i s  a v a i l a b l e  
a t  c l imb ,  t h e  d u c t s  shown i n  f i g u r e  2 1 ( b )  g i v e  abou t  t h e  
r e q u i r e &  amount of f l o n  f o r  h i g h  speed and,  a t  t h e  sane 
t i m e ,  t h e  l L f t  c u r v e s  a r e  s h i f t e d  o n l y  a s n a l l  amount. 
e f f i c i e n c y  of about  0.90 w i t h  t h e  p r o p e r  f l o n  r a t i o  can be 
o b t a i n e d  n i t h  tho  duc t  i n l e t  0 . 0 4 ~  abovo t h e  chord  b u t ,  
w i t h  t h i s  i n l e t  p o s i t i o n ,  t h e r e  i s  a l a r g o  l o s s  i n  mnxinum 
l i f t  c o e f f i c i e n t .  Both t h e  e f f i c i e n c y  and t h e  f l o n  r c t i o  

- e i n c r e a s e  n i t h  i n c r e a s e  i n  in ] -e t  s i z e  a t  c l imb  o r  low speed.  
The l a r g o  l o s s  i n  e f f i c i e n c y  w i t h  t h e  s n a l l e s t  i n l e t  open-,  

. i n g s  ncy bc a t t r i b u t e d  t o  b u r b l e d  a i r  f low i n  t h o  duc t  be- 
c a u s e  of  t h o  a n g l e  at  mhi& t h e  a i r  e n t e r s  t h o  d u c t  ,md 
t h e  l a r g o  expansion a n g l e  i n  t h e  d u c t .  



The e f f e c t  a f  i n l e t  s i z e  on t h e  v a r i o u s  p a r a m e t e r s  i s  
a b o u t  the  sane  mi th  t h e  o u t l e t  a t  0 . 2 8 ~  ( f i g .  22)  a s  w i t h  
t h o  o u t l e t  st 0 . 3 2 ~ .  The flom r a t i o  i s  h i g h e r  because  of 
t h e  l a r g e r  o u t l e t  s i z o .  This  o u t l e t  p o s i t i o n  i s  an  i n t e r -  
mediate p o s i t i o n  of an arrangement  t h a t  was d e s i g n e d  f o r  
t h r o t t l i n g  by novement o f  t h o  upper  o u t l e t  l i p .  

T i t h  t h e  o u t l e t  a t  0,25c ( f i g ,  2 3 ) ,  t h e  v a r i a t i o n  of 
i n l e *  s i z c  had about  t h e  sane  e f f e c t  as f o r  t h e  o t h e r  out-  
l e t  p o s i t i o n s .  Then t h e  i n l e t  i s  0 . 0 1 ~  above t h e  chord  
( f i g .  2 3 ( a ) )  and t h e  o u t l e t  and i n l e t  a r e  tho  same s i z e ,  
t h e  h i g h e s t  e f f i c i e n c i e s  a r e  o b t a i n e d  a t  c l i n b  w i t h  a f low 
r a t i o  of abou t  0,45. Tho l a r g e  l o s s  i n  maxinun l i f t  nay 
be  r e c o v e r e d  by r c d u c i n g  t h e  o u t l e t  s i z e  t o  t h a t  o f  t h o  
n r rangcnen t . shown i n  f i g u r e  2 1 ( s ) ,  A f a r t h e r  d i s c u s s i o n -  
o f  t h r o t t l i n g  t h i s  arrangement  w i l l  bc g iven l a t e r .  V i t h  
t h e  i n l e t  0 . 0 4 ~  abovc t h e  chord  ( f i g ,  23(b)), t h e  r e s u l t s  
a r c  n o t  of nuc!i i n t e r e s t  becc,use o f  t h e  l a r g e  f l o n  
a t  I:igh syced,  t h e  6.rop i n  e f f i c i e n c y  a t  c l i n b ,  and. tlzc 
l a r g e  l o s s  i n  nnxinun l i f t  c o e f f i c i e n t .  

E f f e c t  of o u t l e t - - s i ~ e . -  The e f f e c t  o f  a v a r i a t i o n  i n  
t h e  o u t l e t  s i z e  wi,th t h e  o u t l e t  a t  0 . 7 0 ~  ( f i g .  2 4 )  i s  typ* 
i c a l  of t h e  e f f e c t  w i t h  t h e  o u t l e t  a t  t h e  o t h e r  l o c a t i o n s .  
From t h e s e  r e . s u l t s  i t  nay be seen t h a t ,  r e g a r d l e s s  of r a d i -  
a t o r  h e i g h t ,  t h e  l i f t  curve  i s  s h i f t e d  f a v o r a b l y  as t h e  
o u t l e t  s i z c  i s  "decreased.  f i r t h e r n o r e ,  nhen t h e  o u t l e t  
s i z e  i s  smal l  conpgred m i t h  t h e  i n l e t  s i z e ,  boundary- layer  
c o n t r o l  i s  o b t a i n e d  and t h e  naxinun l i f t  c o e f f i c i c n *  i s  
markcdly inc reased .  over  t h a t  of t h e  p l a i n  a i r f o i l .  The 
f low r a t i o ,  a s  n i g h t  be e x p e c t e d ,  d e c r e a s e s  n i t h  d e c r e a s -  
i n g  o u t l e t  s i z e .  i n  e v e r y  . c a s e ,  honever ,  nl-;en t h e  o u t l e t  
s i z e  i s  d e c r e a s e d  t o  t h r o t t l e  t h e  flom a t  h i g h  speed ,  t h o  
e f f i c i  oncy i s  g r e a , t l y  r educed  a l t h o u g h  t h e  p o a e r  r e q u i r e d  
f o r  c o o l i n g  nay be d e c r e a s e d .  The arrangement  n i t h  t h e  
e n t r a n c e  0 . 0 2 ~  above t S e  chord l i n e  ( f i g .  2 4 ( c ) )  does ,  
h o n e v c r ,  g i v e  'an e f f i c i e n c y  of o v e r  0.80 nhen approximate-  
l y  throttled f o r  h i g h  spoed by a v a r i a t i o n  of o n l y  o u t l e t  
s i z e .  T h i s  r e s u l t  i s  n o t  o b t a i n e d  i n  c l imb,  n h o r e  sono 
boundary- layer  c o n t r o l  i s  o b t a i n e d  and t h e  e f f i c i e n c y  i s  
i n c r o n s e d  as t h e  o u t l e t  s i z o  i s  d e c r e a s e d  f o r  t h e  0 . 1 4 ~  
r a d i a t o r .  (See f i g .  2 4 ( a ) ,  ( b ) ,  and ( c ) . )  A conpar i son  
of f i g u r e s  21 t o  23  shops  t h e  sane  r e s u l t s  n i t h  t h e  o u t l e t  
l o c c t e d  bc tneen  0 . 2 5 ~  and 0 . 3 2 ~  ( a r r a n g e n e n t s  t h a t  n e r e  
d e s i g n e d  f o r  t h r o t t l i n g )  as m i t h  t h p  0 . 7 0 ~  o u t l e t  p o s i t i o n ,  



A p p l i c a t i o n  of D a t a .  

Selection of duct-gor t h r o t t l i n g . -  For a u t o n a t i c  t h r o t -  
t l i n g  of a g iven  duct  a r r a n g e n e n t ,  i t  i s  n e c e s s a r y  t h a t  
Vg be t h e  sane  f o r  a l l  speeds  o r  t h a t  t b e '  f l o n  r a t i o  be 
p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of  c t  , . i . e . ,  

P r a c t i c a l l y  none of t h e  a r r a n g e n e n t s  s a t i s f y  t h i s  condi-  
t i o n ,  t5o  f low u s u a l l y  b e i n s  too  h i g h  a t  Lon l i f t  ~ 0 e f f i ~  
c i e n t s .  Thenever a p a r t i c u l a r  duct gl"res  a f l o n  r a t i o  
a p p r o x i n a t e l y  f o l l o n i n g  t h i s  l a n ,  t h e  o f f i c i c n c y  is v e r y  
s n a l l  a t  h i @  npeod. I t  i s  t h e r e f o r e  n e c e s s a r y  t o  u s e  
s a n e  n e c h s n i c a l  neans o f  t h r o t t l i n g  t h e  f l o n  n h i l e  nain-  
t a i n i n g  n h i g h  o f f i c i c n c y  a t  high speed.  It  h a s  a l r e a d y  
bccn shonn t h a t  c f f i c i c n t  t h r o t t l i n g  a t  t h i s  speed  proba- 
b l y  cannot  be o b t a i n e d  by d e c r e a s i n g  chordv i se  i n l e t  o r  
o u t l e t  s i z e  a l o n e .  An a n a l y s i s  of t h e  t e n t  r e s u l t s  shons 
t h a t  i t  i s  p o s s i b l e  e f f i c i e n t l y  t o  t h r o t t l e  t h e  f l o t ~  by 3. 

s i rnu l t sneous  v a r i a t i o n  of t 3 e  i n l e t  and o u t l e t  s i z e s  and  
a l s o  By c v a r i a t i o n  of t h e  i n l e t  ~ ~ o s i t i o n .  The f l o n  rat io 
a t  cl i i3b p r o b a b l y  d .e te rn ines  t h e  s i z e  of  r a d i a t o r  n e c e s s c r y  
f o r  c o o l i n g  , a d ,  if i t  i s  d o s i r o d  t h a t  t h e  r a d i a t o r  . i n  t h e  
d u c t  be no l a r g e r  than  one f u l l y  cxposec  t o  t h e . a i r ,  t h i s  
r a t i o  shou ld  be about  0.44. Duct 8-la-8-25 ( f i g .  2 3 ( c ) )  
has s f l o n  r a t i o  of 0.45 and an e f f i c i e n c y  o f  0.84 a t  
cz = 0.7,  ail a s suned  l i f t  c o e f f i c i e n t  f o r  c l i n b .  Th i s  
d u c t  a r rangement  s h i f t s  t h e  a n g l e  of a t t a c k  f o r  t 3 e  g i v e n  
l i f t  abou t  4' b u t ,  s i n c e  t h e  duc t  n i d t h  n i l 1  p r o b a b l y  3e  
s n a l l ,  i t  i s  b e l i e v e d  t h a t  t h e  chango i n  tho  induced  d r a g  
t - l i l l  a o t  bc l a r g e .  Th i s  ctilclitionzl d rag  nay be  computed. 

I t  h a s  been nssunod,  f o r  i l l u s t r a t i o n ,  t h a t  h i g h  speed 
w i l l  occu-r a t  c l  = 0.25. Now f r o n  e q u a t i o n  ( 7 )  t h e  f l o a  
r a t i o  a t  h i g h  speed f o r  s a t i s f a c t o r y  c o o l i n g  shou ld  be 0.27. 
Duct 5-4a-3-32 ( f i g .  2 1 ( b ) )  g i v e s  n e a r l y  t h e  c o r r e c t  f low 
r a t i o  7;:ith an e f f i c i e n c y  of 0.92 a t  h i g h  speed,  The s h i f t  
i n  t h e  a n g l e  of a t t a c k  f o r  cz = 0.25  i s  o n l y  abou t  1/2O 

and ,  t h e r e f o r e ,  t h e  a d d i t i o n a l  f n . t e r f e r e n c e  d r a g  s h o u l d  be - 
n e g l i g i b l e .  In o r d e r  t o  o b t a i n  an a r r a a g e n e n t  w i t h  exac t -  
l y  t!le c o r r e c t  flow r a t i o  and t h e  h i g h e s t  e f f i c i e n c y ,  i t '  
i s  n e c e s s a r y  t o  c r o s s - p l o t  ( f r o n  f i ~ s .  21(b), 2 2 ( b ) ,  and 
2 3 ( b ) )  t 5 e  f low r a t i o  and t h e  e f f i c i e n c y  a g a i n s t  o u t l e t  
s i z e .  (The s c t u n l  o u t l e t  s i z e  shou ld  be used  i n  t h i s  p l o t . )  
T h i s  ne thod h a s  been u s e d  f o r  cz = 0.25 and  t h e  r e s u l t  



i s  shown i n  f i g u r e  25 ( a ) .  Fron f i g u r e  2 5 ( a )  t h e  e f f i c i e n -  
cy f o r  a f l o n  r a t i o  of 0.2'7 h a s  been p l o t t e d  a g a i n s t  i n l e t  
s i z e  nit11 t h e  o u t l e t  s i z e  i n d i c a t e d  on t h e  p l o t ,  a s  shown 
i n  f i g u - e  2 5 ( b ) .  The o p t i n u n  ar rangement  w i t h  t h e  f l o g  
r a t i o  of 0.27 h a s  an i n l e t  opening of 0 . 0 5 2 ~  and a n  o u t l e t  
open ing  of 0.040c,  which g i v e s  an e f f i c i e n c y  of abou t  0.93. 
The c o o l i n g  poner  r e q u i r e d  f o r  t h i s  duct  n i t h  t h e  f l o n  
t h r o t t l e d  n i l l  t h e r e f o r e  be about  1 0  p e r c e n t  l e s s  a t  h i g h  
speed  than at  cl imb s i n c e ,  f o r  a g i v e n  i n s t a l l a t i o n  prop- 
e r l y  t : i r o t t l e d  f o r  a l l  s p e e d s ,  t h e  c o o l i n g  power v a r i e s  
i n v e r s e l y  as  t h e  e f f i c i e n c y .  Such a  ne thod of  t h r o t t l i n g  
17ould. be p r a c t i c a b l e  i n  a  d e s i g n  h a v i n g  t h e  upper  and t h e  
l o n e r  i n l e t  l i p s  and t h e  upper  o u t l e t  l i p  a d j u s t a b l e .  I n  
o r d e r  t o  r e c o v e r  t h e  s e c t i o n  l i f t  f o r  l a n d i n g ,  t h e  i n l e t  
open ing  shou ld  be s e t  f o r  c l i n b  and t h e  o u t l e t  opening f o r  
hig21 speed.  

None o f  t h e  d a t a  p r e s e n t e d  5 e r e i n  show n h e t h e r  i t  
n i l l  be p o s s i b l e  t o  o b t a i n  c o o l i n g  on t h e  ground b u t  i t  i s  
p r o b a b l e  t h a t ,  w i t h  an arrangement  hav ing  a d j u s t a b l e  s i z e s  
of  i n l e t  a n d  o u t l e t  and v a r i a b l e  i n l e t  p o s i t i o n ,  c o o l i n g  
nay be o b t a i n e d  on t h e  ground i f  t h e  duc t  i s  l o c a t e d  i n  
t h e  p r o p e l l e r  s l i p s t r e a m .  

Power r e a u i r e d  for -cool ing . -  The ?over  r eq 'u i red  f o r  
c o o l i n g  h a s  been g i v e n  by e q u a t i o n  ( 3 )  

T h i s  e q u a t i o n  may be r e v r i t t e n  i n  t e r n s  of horseponer  and 
g i v e s ,  nhen t h e  va lue  of H = 3.7 i s  s u b s t i t u t e d - ,  

r h e r e  V i s  i n  f e e t  p e r  second and A i s  i n  s q u a r e  f e e t .  
I f ,  f o r  d u c t  arrangement  8-la-8-25 ( f i g .  2 3 ( a )  ) ,  i t  , i s  as- 
sumed tb*t  t h e  f l i g h t  speed i s  170 f e e t  p e r  second at  c l i n b  
and t h a t  t 5 e  q u a n t i t y  of a i r  r e q u i r e d  t o  coo l  a  1,000- 
horseponer  eng ine  n i t h  P r e s t o n e  c o o l i n g  i s  2 8 3  cu-bic f e e t  
p e r  second ,  then  from e q u a t i o n  ( 1 )  

4, 283 s = - -- = -----I-- = 3.7 square  f e e t  
0.45 x 170 



V ~ V  = 0.45 a t  c ~  = 0.7 f r o n  f i g u r e  2 3 ( a ) .  Also f r o n  
t h i s  f i ~ u r e ,  Tj i s  e q u a l  t o  0.84 a t  ct = 0.70. The to-  

t a l  horsepower r e q u i r e d  f o r  c o o l i n g ,  n e g l e c t i n g  s e c o n d a r y  
i n t c r f e r e n c e  e f f e c t s  and r a d i a t o r  w e i g h t ,  n i l 1  be:  

T h i s  arrangenori t  h a s  a r a d 9 a t o r  of about  t h e  sene  s i z e  a s  
a conventional a r rangenon t  and i s  b e l i e v e d  t o  u s e  about  
1.5 p e r c e n t  of  t h e  eng ine  power f o r  c o o l i n g  a t  climb. A t  
h i g h  sl)ced, i f  t h r o t t l e d  as i n d i c a t e d  i n  t h e  prevEous 
s e c t i o n ,  t h e  t o t a l  horsepower r e q u i r e d  n i l 1  k 

hpp = 02-84 1 5 . 8  = 14 .3  horsepoacr  
0.93 

o r  o n l y  1.5 p e r c e n t  of t h e  eng ine  poner  a s  compared n i t h  
p r e s e n t  l i q u i d - c o o l e d  i n s t a l l a t i o n s  t h a t  u s e  from 1 4  t o  20 
p e r c e n t  of t h e  eng ine  Toner f o r  c o o l i n g .  

E c ~ u ~ t i o n  ( 6 )  shons t h a t  t h e  t o t a l  c o o l i n g  poner  i s  
( v,/ v 1" 

p r o p o r t i o n a l  t o  t h e  r a t i o  ------ 
17 

, Ecnce, i t  i s  p o s s i b l e  

f o r  t h e  e f f i c i e n c y  t o  be q u i t e  I o n  n i t h o u t  any i n c r e a s e  
i n  c o o l i n g  Toner i f  t h e r e  i s  a corresponding d e c r e a s e  i n  
t h e  f l o n  r a t i o  V R / v .  The f o l l o w i n g  t a b l e  compares some 
of t 5 e  b e t t e r  d u c t - r a d i a t o r  combinat ions  on a pover  b a s i s  
a t  c l imb and a t  h i g h  sl2eed f o r  u n i t  q u a n t i t y  of a i r  and 
n i n g  locd ing .  

Then t h e  t a b l e  (P.  2 0 )  i s  used  i t  must be k e p t  i n  
mind thz. t ,  a l t h o u g h  sono c o n b i n a t i o n s  v i t h  small e f f i c i e n -  
c i e s  r e q u i r e  low power f o r  c o o l i n g ,  t h e  small f l o n  r a t i o s  
mhf ch  nake such a  c o n d i t i o n  po s s i b l c  nece s s i t a t e  l a r g e r  
r ~ ~ d i ~ , t o r  f r o n t a l  a r e a s  and ,  c o n s e q u e n t l y ,  g r e a t o r  r a d i a t o r  
w e i g h t s .  I t  niI.1 p r o b a b l y  be n e c e s s a r y  t o  compute t h c  e f -  
f e c t  of added n o i g h t  f o r  each i n d i v i d u a l  i n s t a l l a t i o n ,  and 
a con:~lote  n n a l y s i s  of t h e  problem i s  d e s i r a b l e .  Trea t -  
ments  of t h e  e f f e c t  of r a d i a t o r  n c i s h t  nay be found i n  
r e f e r e n c e s  1 and 4 .  



TABLE I 

POWER COEFFI CIEBTS OF DUCT-RADIATOR COMB1 NATIONS 

Cambinati on 

I I I power ooef- 1 Efficiency Flow ratio ficient 

i T 

Designation cl= 0.7 

i -  
ator 
posi- 
tion 
(per- 
cent c) 

Radi- iOutlst 
a,tor radius 

6-2a-E3-70 
6-2a- 6- 70 
6-2a-4-70 
6-2a-2 -70 
6-0- 8-70 
6-0- 6-70 
6-0- 4- 70 
6-0-6-70 
6-0-4-70 
6-0-2- 70 
8-la-8-25 
8-la- 6-32 
8-la- 4-32 
8-2a- 8-2 5 
6-4a-3-32 
5-4a-3 -32 
4-4a-3-32 

9 ~ 0 . 7  
height 

(per- 
cent c) 

ct=0.25 c1=0.25 

( p r -  
cent c) 

0-79 f 1,04 1 0.357 

c -0.7 1- 

2 5 
25 
25 
25 
25 
25 
25 
25 
25 
2 5 
8 

20 
20 
8 
8 
8 
8 

50 
50 
50 
50 
50 
50 
50 
50 
20 
20 
20 
20 
20 
20 
20 

ct=0.25 

1.76 
1-38 
1.03 
1.32 
2-29 
2.06 
2.05 

0.352 
-305 
-245 
,140 
-315 
,250 
.207 

.325 
-264 
.150 
,374 
,329 
.260 

14 
14 
14 
14 
14 
10 
10 
10 
14 
14 
14 
14 
14 
14 
14 

-961 1.00 
-86 
-22 

1 00 .&4 

2-63 

0.85 
.58 
-32 
-28 
-74 
.52 
*31 

1.11' 
1.16 

078 

-45 
-31 

-90 .48 1 ,292 
.85 
-58 
84 
-91 
-94 
89 
81 
-46 
.15 

.56 j 2-45 . 2.95 
1.27 1 3.67 

::,"o I .a30 

090 
.51 
1.08 
-49 
-85 
1.93 

3.17 
2-71 
2.74 
1.10 

-94 
1-27 

-134 
,345 
,307 
.233 
-380 
,235 
342 
,250 

.I90 
..t8 
-44 
-29 
,78 
.74 
092 
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FIGURE LEGENDS 

F i g u r e  1.- Diagram o f  p l a i n  wing. 

F i g u r e  2 .- Duct a r rangements  wi th  v a r i o u s  i n l e t  r a d i i .  

F i g u r e  3.- Duct a r rangements  w i t h  v a r i o u s  r a d i a t o r  h e i g h t s .  

F i g u r e  4.- Duct a r rangements  w i t h  v a r i o u s  o u t l e t  s i z e s .  

F i g u r e  5.- Duct a r rangements  w i t h  o u t l e t  a t  0 . 7 0 ~  and r a d i a -  
t o r  .at 0 . 2 0 ~ .  

F i g u r e  6.- Duct a r rangements  w i t h  o u t l e t  a t  0 . 4 5 ~ .  

F i g u r e  7.- Duct a r rangements  w i t h  o u t l e t s  f rom 0 . 2 5 ~  t o  
0 . 3 2 ~ .  

F i g u r e  8.- Comparison of s c r e e n  and r a d i a t o r  p r e s s u r e  d rop .  

F i g u r e  9,- F r e s s u r e -  t u b e  l o c a t  i o n s  oa  s c r e e n .  

F i g u r e  10.- S e c t i o n  aerodynamic c h a r a c t e r i s t i c s  of N.A.C.A. 
23017 a i r f o i l .  

F i g u r e  11.- Dynamic-pressure d i s t r i b u t i o n  a t  r a d - i a t o r  f o r  
d u c t s  8-la-8-25 and 5-4a-3-32. E n t r a n c e  r a d i i ,  0 . 0 0 5 ~ ;  
e x i t  r a d i u s ,  0 . 0 8 ~ ;  r a d i a t o r  h e i g h t ,  0 . 1 4 ~ ;  r a d i a t o r  
l o c a t i o n ,  0 . 2 0 ~ .  
( a )  VertPcal.  d i s t r i b u t i o n .  
(b) H o r i z o n t a l  d i s t r i b u t i o n .  

F i g u r e  12.- E f f e c t  of i n l e t  r a d i i .  
( a )  Lower l i p .  
(b) Upper l i p .  

F i g u r e  13.- g f f e c t  of o u t l e t  r a d i u s .  
(a) O u t l e t  a t  0 . 7 0 ~ .  
(b) O u t l e t  a t  0 . 4 5 ~ .  
( c )  O u t l e t  a t  0 . 2 5 ~ .  

F i g u r e  14.- X f f e c t  of  r a d i a t o r  p o s i t i o n .  

F i g u r e  15.- E f f e c t  of i n l e t  p o s i t i o n  w i t h  o u t l e t  a t  0 . 7 0 ~ .  
( a )  I n l e t  s i z e ,  0'.06c. 
(b) I n l e t  s i z e ,  0 . 0 8 ~ .  



F i g u r e  16.-  E f f e c t  of i n l e t  p o s i t i o n  w i t h  o u t l e t  a t  0 . 4 5 ~ .  

F i g u r e ,  17.- E f f e c t  of i n l e t  p o s i t i o n .  
(a) O u t l e t  a t  0 . 2 5 ~ .  
( b )  O u t l e t  a t  0 . 2 8 ~ .  
( c )  O u t l e t  a t  0 . 3 2 ~ .  

F i g u r e  18.- E f f e c t  of o u t l e t  p o s i t i o n .  
( a )  B a d i a t o r  a t  0 . 5 0 ~ .  
( b )  R a d i a t o r  a t  0 . 2 0 ~ .  

F i g u r e  19.- E f f e c t  of i n l e t  s i z e  w i t h  o u t l e t  a t  0 . 7 0 ~ .  
( a )  R a d i a t o r  0 . 1 4 ~  h i g h .  
( b )  R a d i a t o r  0 . 1 0 ~  h igh .  
( c )  R a d i a t o r  0 . 0 6 ~  high.  

F i g u r e  20.- E f f e c t  of i n l e t  s i z e  w i t h  o u t l e t  a t  0 . 4 5 ~ .  

F i g u r e  21.- E f f e c t  of i n l e t  s i z e  w i t h  o u t l e t  a t  0 . 3 2 ~ .  
( a )  I n l e t  p o s i t i o n  0 . 0 1 ~  above chord .  
( b )  I n l e t  p o s i t i o n  0 . 0 4 ~  a3ove chord.  

F i g u r e  22.- E f f e c t  of i n l e t  s i z e  w i t h  o u t l e t  3.t 0 . 2 8 ~ .  
(a) I n l e t  p o s i t i o n  0 . 0 1 ~  above chord .  
(b) I r l e t  p o s i t i o n  0 . 0 4 ~  above chord .  

F i g u r e  23.- E f f e c t  of i n l e t  s i z e  w i t h  o u t l e t  a t  0 . 2 5 ~ .  
( a )  I n l e t  p o s i t i o n  0 . 0 1 ~  above chord .  
(b) I n l e t  p o s i t i o n  0 . 0 4 ~  above chord.  

Figure 24.- E f f e c t  of o u t l e t  s i z e  w i t h  o u t l e t  a t  0 . 7 0 ~ .  
( a )  R a d i a t o r  0 . 1 4 ~  high.  
(b) I n l e t  p o s i t i o n  Q.Glc above chord.  
( c )  I n l e t  p o s i t  i o n  0 . 0 2 ~  above chord .  
( d )  R a d i a t o r  0.01~ higli. 

F i g u r e  25.- Duct i n l e t  and  o u t l e t  s i z e s  f o r  t h r o t t l i n g .  
( a )  S e l e c t i o n  of q f o r  v ~ / T .  c l ,  0.25. 

(b) Optimum s i z e  of openings  c l ,  0.25; v R / v ,  0.27. 



[ A l l  dfmenslcns are in percent 0.1 

Table to accompany figure 4. 

CAU dlmensione are i n  percent 0.1 

Table to scocmpanp figure 5. ?able to accompany figure 3. 



- . 
Table to a o o o m ~  figure 7s. Table to aooampany figure 8. "2 

d 



N.A.C.A. Figs. 1.2 

Figure  1 

Figure 2 
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Figure 7a,b. 



N.A.C.A. Figs. 8,9 

Figure 8 

I< 2 0 . 0 " M  

Figure 9 

Stufic fube 

i 4.a+ 
5ronf of screen 



F
ig

s. 
10.11 a

,
b
 

Figure 
11 a

,
b
.
 



N
. A

. C
 .A

. 
Figs. 

12 



t * i  I Section / i f f  coefficient, c, 

Figure 13a Figure 13b 



N.A. C .A
. 

F
ig

s. 13c, 14 



Figure 15 a. Figure 15 b. 



Figure 16 

I 'I I Sec fion /iff coefficient, cz 

Figure 17a 



Figure 17b Figure 17c 



'.A.C.A. 
F

igs. 1
8

a
.b

 



I 'I I Secfion / i f f  coe fficien f, c, 

~ i & e  19 a. Figure 19 b. 



Sec f ion /iff coe fficien f,' c, 

Figure 19 c .  Figure 20 



Figure 21 a. Figure 21 b . 



N
.A

.C
.A

. 
F

ig
s. 

22 a,b 



N
.A

.C
.A

. 
F

ig
s. 

23 a
,b

 



N.A.C.A. 
F

ig
s. 2

4
a

,b
 



m- .2 .4 .6 .8 10 LP 1.4 16" 
Section /iff coefficient, c, 

Figure 24c Figure 24d 






