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The s y s t e m a t i c  i n v e s t i g a , t i o n  o f  wing c o o l i n g  d u c t s  a t  
t h e  B.A.C.A. l a b o r a t o r y  h a s  been c o n t i n n e d  w i t h  t e s t s  i n  
t h e  fu.11-scaTe wind tunnel .  o n  d u c t s  of f i - n i t e  span.  These  
r e s u l t s  e x t e n d  t h e  p r e v i o u s  i n v e s t i g a t i o n  on s e c t i o n  c h a r -  
a c t e r i s t i c s  of d u c t s  t o  h i g h e r  Reynolds  3Tumbers and  i n d i -  
c a t e  t h e  l o s s e s  due t o  t h e  d u c t  ends .  The d a t a  i n c l u d e  
c o m p a r i s o n s  between d u c t s  c o n p l e t  e l y  w i t h i n  t h o  wing and  
t h e  c o n v e n t i o n a l  u n d e r s l u n g  d u c t s .  ldethods of f l o w  regu-  
l a t i o n  were  s t u d i e d  and  d a t a  T e r e  o b t a i n e d  f o r  a v i d e  
r a n g e  of  i n t e r n a l  d u c t  resistance. 

The r e s u l t s  shorn s a t i s f a c t o r y  c o r r e l a t i o n  be t n c e n  t h e  
f i n i t e  s p a n  a n d  t h e  p r e v i o u s l y  2Aeasured s e c t  i o n  c h a r a c t  c r -  
i s t i c s  o b t a i n e d  w i t h  f u l l - s p a n  d u c t s .  The e f f e c t s  o f  t h e  
v a r i o u s  d e s i g n  p a r a m e t e r s  on t h e  d u c t  c h a r a c t e r i s t i c s  a r e  
d i s c u s s e d .  The c o o l i n g  power r e q u i r e d  f o r  t h e  i n t e r n a l  
d u c t  i n s t a l l a t i o n  i s  shown t o  b e  o n l y  a s n a l l  p e r c e n t a g e  
of  t l i e  e n g i n e  power.  

INTRODUCT ION 

The ae rodynamic  a d v a n t a g e s  r e s u l t i n g  f rom t h e  r e l a -  
t i v e l y  s m a l l  f r o n t a l  a r e a s  of l i q u i d - c o o l e d  e n g i n e s  h a v e  
been  l a r g e l y  o f f s e t  b y  t h e  e x c e s s i v e  h igh - speed  d r a g  o f  
c o n v e a t  i o n a l  r a d i a t o r  i n s t a l l a t i o n s .  i l Ieredi th  ( r e f  e r p n c e  
1 )  and  ITorth ( r e f e r e n c e  2 )  3 a v e  shown t h a t  t 2 e  i n t e r n a l  o r  
c o o l i n g  d r a g  i s  m a t e r i a l l y  recluced by p l a c i n g  t h e  r a d i a t o r  
a t  t h e  low v e l o c i t y  s e c t i o n  of a 2  expand ing  d u c t .  E x t e r -  
n a l  d r a g ,  a t t r i b u t e d  r i a i n i y  t o  i n t e r f e r e n c e  and  exposed 
f r o n t a l  a r e a ,  can b e  r e d l ~ c e d  by l o c a t i n g  s u c h  a r a d i a t o r  
d u c t  a s s e m b l y  miiolly w i t h i n  ax e s s e n t i a l  p a r t  of  t h e  a i r -  
p l a n e  s u c h  a s  t h e  wing. Tke n e t  g a i n  r e a l i z e d  f rom t 3 i s  
c o o l i n g  i n s t a l l a t i o n  depends  o n  t h e  e x t e l t  t o  which t i l e  
f o l l o w i n g  l o s s e s  may be r educed :  

1. I n t e r f e r e n c e  l o s s e s  caused  by b r e a k s  i n  t h e  
~ i n g  s u r f a c e  a t  t i l e  i n l e t  and . o u t l e t  of t h e  d u c t .  

2 .  Energy  l o s s e s  i n  t h e  a i r  p a s s i i l g  t h r o u g h  t h e  
d u c t ,  clue t o  She e x p a n s i o n  ancl t o  t h e  f r i c t i o n  a l o n g  
t 3 e  d u c t  i ~ a l l s .  



3. Induced d r a g  l o s s  due .  t o  t h e  i n c r e a s e d  
weight  of t h e  r a d i a t o r s  r e q u i r e d  f o r  t h e  lorn veloc-  
i t y  c o o l i n g .  

S y s t e m a t i c  i n v e s t i g a t i o n s  of wing-duct c o o l i n g  a r e  aom 
i n  p r o g r e s s  a t  t h i s  l a b o r a t o r y .  Recent t e s t s  made i n  t h e  
N.A.C,A.  f u l l - s c a l e  wind t u n n e l  ( r e f e r e n c e  3 )  and i n  t h e  
7- by 10- foo t  c losed . - th roa t  wind t u n n e l  ( r e f e r e n c e  4) i n -  
d i c a t  e  that d u c t - r a d i a t o r  cornbinat i o n s  may be  mounted i n  a 
wing so t h a t  i n t e r f e r e n c e  and duct  l o s s e s  a r e  smal l .  Tho 
t o t a l  l o s s  i n  such a c o o l i n g  sys tem,  n e g l e c t i n g  w e i g h t ,  i s  
o n l y  s l i g h t l y  g r e a t e r  t h a n  t h e  power r e q u i r e d  t o  f o r c e  t h e  
a i r  t h r o u g h  t h e  r a d i a t o r  c o r e ,  The t e s t s  r e f e r r e d  t o  i n  
r e f e r e n c e  4 mere mhde w i t h  a f u l l - s p a n  d u c t  and s i m u l a t e d  
r a d i a t o r ,  under  two-dimensional-f  low c o n d i t i o n s ,  and  t h e  
r e s u l t s  a r e  p r e s e n t e d  as s e c t i o n   characteristic^. 

The purposo of t h e  p r e s e n t  f u l l - s c a l e  i n v e s t i g a t i o n  
i s  t o  c o r r e l a t e  t h e  duc t  s e c t i o n  c h a r a c t e r i s t i c s  found i n  
r e f e r e n c e  4 ~ i t h  t h e  performance  of  i n s t a l l a t i o n s  of f i -  
n i t e  span and t o  ex tend  t h e  t e s t  d a t a  t o  h i g h e r  Reynolds 
Numbers. The r e s u l t s  of t h e  f u l l - s c a l e - t u n n e l  t e s t s  i n -  
c l u d e  d a t a  on t h e  c h a r a c t e r i s t i c s  of s e v e r a l  of t h e  th rough  
duct  a r rangements  d e s c r i b e d  i n  r e f e r e n c e  4 ,  unders lung  ra-  
d i a t o r  d u c t s ,  and ,cross-wing r a d i a t o r - d n c t  combinat ions  
w i t h  i n l e t  on  t h e  l o n e r  and o u t l e t  on t h e  upper  v i n g  s u r -  
f a c e ,  The e f f e c t $  of  v a r i a t i o n s  i n  r a d i a t o r  p r e s s u r e  d r o p  
and methods f o r  e f f i c i e n t l y  c o n t r o l l i n g  t h e  a i r  f low 
t h r o u g h  t h e  d u c t s  mere a l s o  i n v e s t i g a t e d .  

Design p a r a m e t e r s ,  such a s  s i z e ,  shape ,  and  l o c a t i o n  
of  duc t  i n l e t s  and o u t l e t s ,  were v a r i e d  s y s t e m a t i c a l l y .  
L s t  i m a t  e s  of  t h e  power absorbed  by 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 ,  n e g l e c t i n g  t h e  e f f e c t  of weight  and h e a t ,  
a r e  g iven ,  The e f f e c t s  of p r o p e l l e r  s l i p s t r e a m ,  recovery  
of h e a t  energy,  and ground c o o l i n g  ch& c t e r i s t i c s  of d u c t  % r a d i a t o r s  a r e  i n c l u d e d  i n  a  f u r t h e r  i n v e  t i g a t  ion .  

APPARATUS AND TESTS 

Wing 

,' 
The f a b r i c - c o v e r e d  2 : l  t a p e r e d  airyo'il d e s c r i b e d  i n  a 

r e f e r e n c e  5 and modif ied  a,s o u t l i n e d  Zn t h e  f o l l o w i n g  p a r -  
a g r a p h  was used f o r  t h i s  i & v e s t i g a + d o n .  The span was 



45 .75  f c e t ,  c e n t e r - s e c t i o n  cho rd  9 .57 f e e t ,  a r e a  337.5 
s q u a r e  f e e t ,  axd  a s p e c t  r a t i o  6.20. A i l e r o n s  were  loclzed 
i n  t 3 e  neu . t ra1  p o s i t i o n  and. a l l  g a p s  were s e a l e d .  

The co n s t a n t - c h o r d  c e n t e r  s e c t  i o n ,  e x t e n d i n g  o v e r  
10.7 p e r c e n t  of t h e  ~ i n g  spa.%, was a l t e r e d  t o  ail N.A. C.B, 
23017 s e c t i o n  which  i s  r e p r e s e n t a t i v e  of  modern d e s i g n  
aild a f f o r d s  a d i r e c t  corapar ison m i t h  t h e  r e s u l t s  of r e f -  
e r e n c e  4. T i e  t r a n s i t i o n  f r o m  t h e  U,S.d. 4 5  t o  t h e  
N.X.C.A.  33017 s e c t i o n  w a s  e x t e n d e d  ovGr a p p r o x i m a t e l y  
o n e - h a l f  t h c  s e n i s p a n .  F o r  c o n v e n i e n  co i n  chang ing  d u c t  
i n l e t s ,  t h c  p o r t i o n  of t h e  c e n t e r  s e c t i o n  e x t e n d i n g  f r o m  
t h e  l e a d i n g  e d c e  t o  t h e  2 0 - p e r c e n t - c h o r d  p o i n t  mas made 
r e a d i l y  d e t a c i l a b l e .  The tiv-ct span  ex tended  o v e r  8.38 p e r -  
c e - i t  of m - i : ; ~  span .  The n i n g ,  i i ~ c l u d i n g  a t y p i c a l  d u c t  
i n s t a l l a t i o n ,  i s  shown i n  f i g u r e  1. The c e n t e r  s e c t i o n  
was c o v e r e d  m i t h  s 3 e e t  a lu~ i : i u ra  aild t h e  i n t e r n a l  s t r u c t u r e  
w a s  a r r a n g e d  so t h a t  t h e r e  mere no o b s t r u c t i o n s  oxcept  t 3 e  
r a d i a t o r  t o  t h e  a i r  f l o w  t h r o u g h  t h e  duc t  p a s s a g e s .  A 20- 
p e r c e n t  c h o r d ,  s p l i t  t r a i l i n g - e d g e  f l a p ,  w i t h  a span  e q a a l  
t o  t h e  s t a n d a r d  d u c t  w i d t h ,  w a s  i a s t a l l e d  a t  t h e  c e n t e r  
s e c t  i o n .  

A. p e r f o r a t e d  f l a t  7312.te was nsed  i n  t h e s e  t e s t s  t o  
s i m u l a t e  a r a d i a t o r .  T 3 i s  p l a t e ,  h e r e a f t e r  r e f e r r e d  t o  
a s  t h e  " r a d i a t o r " ,  had  314- inch  h o l e s  spaced  on 1 - i n c h  
c e n t e r s ,  and x e a s > ~ . r e d  15  by 45  by 1 i n c h e s .  S i n c e  l a r g e  
e x y a n s i o n  r a % i o s  were  d e s i r e d ,  t h e  r a d i a t o r  h e i g h t  u s e d  
was d e t e r n i n o d  by t h e  m a x i ~ u m  whici: c o ~ x l d  %a i n s t a l l e d  i n  
t h e  g i v e 2  t h i c k n e s s  of  t h e  ming. C a l i S r a t i o n  t e s t s  shoirc2 
t 5 ~ l t  t h i s  r a d i a t o r  gave  a s t a t i c - ? r e s s u r c  d r o p  of a p p r o x i -  
n n t e l y  f o u r  t i m e s  t h e  f a c e  d y n a ~ i c  p r e s s u r e ,  v h i c h  i s  in 
c l o s e  ~ ~ { , r c c r i c n t  w i t h  t h e  17 r s s su re  d r o p  a c r o s s  a  s t a n d a r d  
A r m ~  A i r  Corps  0.250- by 0.26C- by 9- inch  r a d i a t o r  c o r e .  

Al.thou:l~ t h e  b a s i c  r a d i z t o r  a a s  u sed  f o r  a l l  t h e  t c s t s ,  
ot11er c o o l i n g  i n s t z l l a t i o n s ,  i n c l u d i n g  a b a f f l e d  a i r - c o o l e d  
e i l ~ i n e ,  s e r o  s i m u l a t e d  by i n c r e a s i n g  t i l e  r a d f a t o r  p r e s s u r e  
d r o p .  T h i s  mas a c c o r r p l i s h e d  by p l a c i n g  w i r e  s c r e e n s  of 1 6  
and 40 meshes p e r  i n c i ~  bohixd  t h e  r a d i a t o r  and p l u g g i n g  a 
number o f  t h o  r a d i a t o r  h o l e s .  B e l a t i v e  p r e s s u r e  d r o p s  f o r  
e a c h  a r r a n g e n e n t ,  a s  d e t e r m i n e d  by p r e l i m i n a r y  t e s t s  o f  t h e  
r a d i z t o r  i n s t a l l e d  i n  n d u c t ,  a r e  p l o t t e d  i n  f i g u r e  2  8.s 
f v - n c t i o n s  or;' t h e  v e l o c i t y  a t  t h e  r a d i a t o r  f 3 c e .  Some s c o l e  
e f f e c t  i s  e v i d e n t  . e s p e c i a l l y  f o r  t h e  h i g h e r  p re s su re -? - rop  
n r r a n z e n e n t  s. 



Twenty-f ive p a i r s .  of 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  t h e  r a d i a t o r  f o r  t h e  purpose  of de- 
t ermining t h e  q u a n t i t y  of a i r  p a s s i n g  th rough  t h e  d u c t s .  
The method of i n s t a l l a t t o n  was s i n i l a r  t o  t h a t  d e s c r i b e d  
i n  r e f e r e n c e  4. C a l i b r a t i o n s  showed t h a t  t h e  dynanic  
p r e s s u r e  measured by t h e  t u b e s  was d i r o c t l y  p ropor - l iona l  
t o  t h e  dgnan ic  p r e s s u r e  inmeEiat e l y  ahead of t h e  r a E i a t o r  
aild t h a t  t h e  a r r a n g e x c n t  was riot s e n s i t i v e  t o  changcs i x  
a i r  d i r e c t  i o n .  To s i m p l i f y  t h e  measuring eq-tlipnei~t , t h e  
t-ubcs n c r e  conf ined  t o  one-half  t h e  r a d i a t o r  mid th ,  sgm- 
n c t r i c a l  f low 3 e i n g  assuncd about  t h e  v e r t i c a l  c e n t e r  lilt 
o f  t h e  r a d i a t o r .  A p h o t o g r a p h i c a l l y  r e c o r d i : ~ g ,  n u l t i p l c -  
t u b e  E ~ a c o n c t c r  mas c n p l o ~ c d  t o  r e c o r d  t h e  t u b e  p r e s s u r e s .  

Duct s  

TLe v a r i o u s  rad . ia tor -duct  combinat ions  t e s t e d  a r e  
c l a s s i f i e d  under t h r e e  g e n e r a l  head ings :  

1, Through d u c t .  

2 .  U:~derslung d u c t .  

3 .  Cross-wing d u c t .  

T 3 o  r a d i a t o r  mas located.  a t  t t le  n a x i E ~ u n  s e c t i o n  of eac'2 
cluct, A 1 1  d u c t s  were r ~ o u n t e d  a t  t h e  c e n t e r  s e c t i o n  of t??e  
wing arid were r e c t a n g u l a r  i n  c r o s s  s e c t l o n .  A standard.  
d a c t  midth  of 4 6  i n c h e s  (8.38 p e r c e n t  of  t h e  wing s p a l )  
was n a i n t a t a e d  f o r  a l l  conbinat  i o n s  except  t h o s e  t e r n e d  
":iarrom .r'.*.%:t." With t h e  e x c e p t i o n  of t 3 e  r e s t r i c t e d  i ~ l l c t  
coz1:zbiilat i o a s ,  expansioil  o c c u r r e d  0213: i n  t h o  v e r t i c a l  
p l a n e .  Duct d i n e n s i o ; ~ ~  a r c  ~ i v e : ~  i n  p e r c e n t a c e s  of t i c  
N . A . C . B .  23017 c e n t e r - s e c t i o n  chord ,  u n l e s s  o t h e r w i s e  iIotcd. 
I x l e t  and o u t l e t  s i z e s  a r e  s p e c i f i e d  a s  nininum d i s t a n c e s  
be tvecn  upper and l o n e r  duct  s u r f a c e s .  

T21roug&-d~_~t-.- The th rough  duc t  mas mounted c n t i r  e l g  
n i t h i n  t h e  -zing, t h e  r a d i a t o r  be ing  l o c a t e d  0 . 5 ~  bebin& 
t h e  l e a d i n g  edge. Tlle r a t i o  of t h e  a r e a  a t  t h e  i n l e t  t o  
t h e  r a d i a t o r  a r e a  v a r i e d  n i t h  i n l e t  s i z e  from 1/1.7 t o  
1 /3 .9 .  Ad j u s t a b l e  Qpper and l o v e r  duc t  s-,:rfaces p r o v i d e d  
u n i f o r n  expansion f o r  each  i n s t a l l a t i o x .  

I n l e t  o p e n i i ~ g s  were formed b r  r e p l a c i z g  t h e  p l a i n  
v i n g  nosepfece  a i t l i  c o n b i ~ a t i o n s  of upper  and l o n e r  :-iosos. 
I? L ~ l e s e  i s  noses  Lac1 a  l ead ing-edge  r a d i u s  of 0 . 0 0 5 ~  a s  reco!n- 



men6ed i : ~  r e f e r e n c e  4. T Y c  s i x  upper  x o s e s  u s e d  a r e  shonn 
i n  c o n b i i l a t i o n  v i t h  a t y p i c a l  lomer z o s e  i n  f i g u r e  3. The 
p o s i t i o n  of t h e  f i r s t  b r e a k  i n  t h e  wing s u r f a c e  caused  by 
e a c h  u p - ~ c r  nose  i s  : ~ o t e d  and becomes t h e  d e s i g n a t i o n  f o r  
t h a t  n o s e .  F i g u r e  4 shows t h e  f i v e  lomer n o s e s  used .  
C o a S i n a t i o ~  of t l i e s e  u p p e r  and lomor n o s e s  gave  a r ange  
o f  i n l e t  s i z e s   fro:.^ 0.03<% t o  0 . 0 8 ~ .  A t y p i c a l  throt lgh 
d u c t  i n l e t  i s  shown i n  f t g u r e  5. 

As p r e v i o u s  t e s t s  ( r e f e r e c c e  4) i n d i c a t e d  t h a t  v a r i n -  
t i o n s  i i l  o a t l e t  p o s i t i o n  o s  t h c  u p y e r  s u r f a c e  of wing from 
0 . 6 0 ~  t o  0 . 7 5 ~  had n e g l i g i b l e  e f f e c t s  on d u c t  c h a r a c t e r -  
i s t i c s ,  t h e  o x t l e t  posit io:;  mas h e l d  n i 5 h i n  t h e s e  l i m i t s  
i n  p r o v i d i n g  o u t l e t  o p e n i n g s  va ry i l ig  i n  s i z e  f r o a  0 . 0 2 ~  t o  
0 . 0 8 ~  ( f i g .  Ga). F i g u r e  7 shows a n  0 . 0 8 ~  o a t l e t  i n s t a l l a -  
t i o n .  An a l t e r n a t e  t y p e  of  o u t l e t  ( f i g .  6c)  w a s  p r o v i d e d  
by tl?.e d e f l e c t i o n  of t h e  0 . 2 0 ~  t r a i l i n g - e d . g c  s p l i t  f l a p ,  
mZiich i s  shonn d e f l e c t e d  1Ei3 i n  f i g u r e  8. 

D e v i c e s  f o r  r e g u l a t i n g  t h e  a i r  f l o w  by v a r y i n g  t? te  I ,  

du-ct o p e n i n g s  i n  f l i g h t  n e r e  i n s t a l l e d  on s e v e r a l  t h r o u g h  
d u c t  c o a ~ b i n a t i o n s .  The i n l e t  f l a p  shonn i n  f i g u r e s  6b and 
9 resembled  an  a i r f o i l  i~ c r o s s  s e c t i o n  a n d  m a s  h inged  a t  
i t s  l e a d i n g  edge. D e f l e c t i o n  of t h i s  f l a p  had a n  e f f e c t  
a q u i v a l e n t  t o  moving t h e  i n l e t  p o s i t i o n  r e a r n a r d  and  gave  
a v a r i a t i o n  o f  i . n l e t  s i z e  frorr. 0 . 0 3 3 ~  t o  0 . 0 ' 7 4 ~ .  Tmo 
t y p e s  o f  o u t l e t  f l a p s  mere t e s t e d .  T y ~ e  A ,  shorn11 i n  f i g -  
u r e  6 b ,  mas used  w i t h  a normal  0 . 0 5 ~  o u t l e t  and v a r i e d  t h e  
o u t l e t  s i z e  from 0 . 0 2 ~  t o  0 . 0 6 ~ .  Type B ( f i g .  Gf) r e s e n -  
b l e d  a  o y o m e t r i c a l  a i r f o i l  i n  c r o s s  s e c t i o n  and v a s  h i n g e d  
a b o u t  i t s  t r a i l i n g  edge. I n  t h e  c l o s e d  p o s i t i o n  t h i s  f l a p  
conformed t o  t h e  cont,our o f  the upper  7,ving s n r f a c e  and  r e -  
s t r i c t e d  t h e  o u t l e t  s i z e  t o  0 . 0 4 ~ ;  w i t h  t h e  f l a ?  d e f l e c t e d  
t h e  ou t  l e t  s i z e  v a s  0 . 0 8 ~ .  

Yarror; d u c t s  were  forriled by b l o c k i n g  o f f  a p p r o x i m a t e l y  
o n e - h a l f  t h e  s t a n d a r d  d u c t  wi.dt9 a s  shown i n  f i g u r e  10 .  
The spanwiso  s i d t h  of t h e  narrow duc t  mas 2 4  i n c k e s .  

R e s t r i c t e d  i n l e t s  were f o r a e d  by b l o c k i n g  o f f  one- 
t h i r d  o r  t w o - t h i r d s  of  t h e  w i d t h  of i n l e t  of t h e  s t a n d a r d  
Cuct .  The s i d e  w a l l s  behind  t h e  i n l e t  expanded t o  t h e  
s t a n d a r d  d u c t  w i d t h  a t  t h e  r a d i a t o r .  T h i s  n o d i f  i c a t i o n  
m a s  a ~ p p l i e d  t o  one of t h e  a r r a n g e m e n t s  hav ing  a 0 . 0 6 ~  in-  

* ,  l e t  s i z e ;  t h e  r e s u l t i n g  e x p a n s i o ~  r a t i o s  were 113.2 and 
1 /6 .5 .  



lJqd_Jrciu.g+ duct-.- D e t a i l s  of t h e  unders lung  duct  a r -  
r a n g c r ~ e n t  a p p e a r  i n  f i g u r e  6d. The r a d i a t o r  was l o c a t e d  
0 . 4 6 ~  behind t h e  l e a d i n g  edge and extended %elow t h e  n ing .  
The l o n e r  c o v l i n g  and t h e  s t r a i g h t  duct  s i d e  n a l l s  were 
a t t a c h e d  t o  t h e  r a d i a t o r  and t h e  e n t i r e  assembly m a s  r e -  
t r a c t a b l e .  Tke upper  duct  s u r f a c e  was formed n i t h i n  t h e  
r ~ i n g  aild n a s  s l o t t e d  t o  a i lom v e r t i c a l  movement of t h e  
r a d i a t o r .  I n l e t  s i z e ,  o u t l e t  s i z e ,  and exposed r a d i a t o r  
a r e a  v a r i e d  ~ i t h  t h e  anount  of r a d i a t o r  e x t e n s i o n .  The 
expans ion  r a t i o  f o r  2. g i v e s  i 3 l e t  s i z e  m a s  v a r i e d  by a l t e r -  
i n g  t h e  u>yer  duc t  s u r f a c e .  F i g u r c  1-1 s h o r s  n t y p i c a l  
u n d e r s l u n g  duct  i n s t a l l a t i o n .  

C r o s s Y : ~ - i . n _ e , - - ~ u _ ~ ~ . -  The cross-wing duct  ( f i g .  60) had 
a n  u rde r s luxg-duc t  i n l e t  and  a n o r n n l  throu.gh-duct o u t l s t .  
The r a d i a t o r  mas i n c l i n e d  t o  t h e  chord l i n e ,  i t s  c e n t e r  
b e i n g  l o c a t o d  approx imate ly  0..50c behind t h e  l e a d i n g  edge. 
3lovor;;ents o f  t h e  h inged  i n l e t  l i p  v a r i e d  t h e  i n l o t  s i z e  
from 0 . 0 4 ~  t o  0 . 0 8 ~ .  O u t l e t  v a r i a t i o n s  mere i d e n t i c a l  t o  
t h o s c  shovn f o r  t h e  t l ~ r o u g h  duc t  i n  f i g - a r e  6a. 

Duct d.esignation_.- T b i s  r e p o r t  employs t h e  s a n e  sgs-  
tern o f  duc t  d e s i g n a t i o n  d e s c r i b e ?  i n  r e f e r e n c e  4. Each 
duc t  a r r a n g o ~ e n t  i s  r e p r e s e n t  cd by f o u r  t e r m s ,  grouped. a s  
f  0 llovrs: 

Ilnlet 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  ion .  

I n l e t  a:~d o u t l e t  s i z e s  mere p r e v i o u s l y  d e f i n e d ;  tile 
method f o r  speci fa- ing  i n l e t  a n d  o u t l e t  p o s i t i o n s  i s  i n d i -  
ca.ted i : ~  f i g u r e  6. For t h e  t h r o u g h  d u c t ,  t h e  i n l e t  p o s i -  
t i o n  i s  s p e c i f i e d  by g i v i n z  t h e  u>Fer  nose d e s i g n a t i o n .  
( s e e  f i g .  3.) The meaning of symbols ,  c o n s i s t i n g  of  l e t -  
t e r s  a-nd num-Ders, t h a t  cor~ipr ise  t h e  f o u r  t e r n s  of t h e  v a r i -  
o u s  'uct d e s i g n a t i o n s  a r e  t a b u l a t e d  below. The i a t e r ~ r c -  
t a t i o n s  of f i v e  sample duc t  ? . e s igna t ions  f o l l o w  t h e  t a b l e .  



TERI.: AXD TYFI CA', 
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F i r s t :  3.5, 5.0 L i n e a r  d i m e r ~ s i o : ~  of i.-nlet s i z c  
13 5  3 i y : ~ ~ l  (f ig.  6 )  
s i z e  ~ f  

i n l e t  F l ,  3'4 One of f i v e  i a l e t  f l a p  p o s i t i o n s  
ope:1j.zg ( f i g .  6b) 

____I______~____..__________.___II_________~.__I_____________.__________ 

1 , 5  Di . s tazce  of i n l e t  p o s i t t o i l  behind  
l e a d i n g  edge o f  wing 

Second: ( f i g s .  3  an? 6) 

I n l e t  2 a ,  4a D i s t a c c e  of  i n l e t  p o s i t i o n  above  
p o s i t  i o n  chord  l i n e  

( f i g .  3) 

531 I ~ l e t  o p e n i r g  l o c a t e d  belorn wing 
( f i g s ,  6d azd 6c )  

2 ,  4 L i c e a r  d . i m e ~ s i o n  of o u t l e t  s i z e  
( f i g .  6 )  

T k i r d :  A2 One of t m o  type-A o u e l e t  f l a p  
y o s i t  i o n s  
( f i g .  6%) 

.. 
5.12 i E I I ~  

s i z e  o f  733 011s of t h r e e  type -3  o u t l e t  fla:; 
o u t l e t  p o s i t  S O L S  
ope-nicg ( f i g .  6 f )  

3'5, B10 Trntlfr:g-adge o n t l e t  f l a p  d e f l e c t e d  
5 " ,  l o 0 ,  e t c .  
( f i g .  6c) 

- --- -- - - .- - -- - - -- - - - -- -- ---- - -- - - - -- _ ---- ---- - -- -- - - - .- - - 
Z'ourtli: J l ,  '75 D i s t a n c e  o f  ou-:let  p o s i 7 t i o n  Se- 

hind l e a d i n g  edge of wing 
( f i g .  5) 

O u t l e t  T'Z T r a i l i n g - e d g e  s p l i t  f l a p  u s e d  a s  
? o  s i t  i o z  , 0-it  l e t  

L 5 7  O u t l e t  o p e z i n g  l o c a t e d  b e i o s  n i a g  
( f i g .  6d)  



4.6 - 2a - 2 - 75 r e p r e s e n t s  a  th rough  duc t  (no l e t -  
t e r  " L f f  a ppea .ys ) ,  minimum i n l e t  opening 4.6 p e r c e n t  of 
c e n t e r - s e c t i o n  chord ( f i r s t  t e r m ) ,  i n l e t  p o s i t i o n  2 p e r -  
celit above chord l i n e  ( second  t e r m ) ,  rnininum o u t l e t  open- 
i n g  2 p e r c e n t  of chord ( t h i r d  t e r n ) ,  o u t l e t  p o s i t i o n  7 5  
pe.rcent  of cbord behind l e a d i n g  edge ( f o u r t h  t e r m ) .  

6.0 - 0  - 3'15 - TE i n d i c a t e s  a  th rough  d u c t ,  G p e r -  
c e n t  i n l e t ,  i n l e t  p o s i t i o n  at  i n t e r s e c t i o n  of  chord l i n e  
a2d ming s u r f a c e ,  t r a i l i n g - e d g e  o u t l e t  f l a p  d e f l e c t e d  l s O ,  
o u t l e t  a t  t r a i l i n g  edge of wing. 

F1 - 2 a  - B 3  - 61 i n d i c a t e s  a th rough  d u c t ,  i n l e t  
f l a p  iil p o s i t i o n  1, i n l e t  p o s i t i o n  2 p e r c e n t  above chord  
l i n e ,  o u t l e t  f l a p  E i n  p o s i t i o n  3 ,  6 1  p e r c e n t  o u t l e t  p o s i -  
t ion .  

4.0 - L31 - 5 - 65 i n d i c a t e s  a  cross-wing d ~ c t ( ~ ~ ~ "  
i n  second term but not  i n  f o u r t h ) ,  4 p e r c e n t  i n l e t ,  31 
percc l l t  i n l e t  p o s i t  i o n  w i t h  opening bel-om wing,  G percen t  
o u t l e t ,  65 p e r c e n t  o u t l e t  p o s i t  ion.  

3.5 - L31 - 3.5 - L57 i n d i c a t e s  a n  u n d e r s l u n g  d u c t  x;' - 
( " L "  i a  second and f o u r t h  t e r m s ) ,  3.5 p c r c e n t  i n l c t ,  3 1  
perce:?.l; i n l e t  p o s i t i o n  w i t h  opening bolow wing,  3.5 p e r -  
cent o u t l e t ,  57 p e r c e n t  o u t l e t  p o s i t i o n  w i t h  o p e n i ~ g  bolow 
wing. 

The t e s t s  were i n  t h e  N.A.C.A. f u l l - s c a l e  mind 
t u n n e l  ( r e f e r e n c e  6 ) .  F i g u r e  12 shows t h e  p l a i n  ming 
(vri thont  d u c t )  mounted i n  t h e  mind t u n n e l .  L i f t  and d rag  
o f  t h e  p l a i n  ming n e r e  measured over  t h e  complete ang le -  
o f - a t t a c k  range  f rom below ze ro  l i f t  t o  maxinum l i f t .  
S i rn i l a r  t e s t s  merc made w i t h  e a c h  duc t  a r r a n g e n e n t  in- 
s t a l l e d  i n  t h e  v i n g .  f ! e a s u ~ c n o n t s  o f  t i le  a i r  v e l o c i t y  i;? 
t h e  duc t  a t  t h e  r a d i a t o r  f a c e  mere taken a t  l i f t  c o e f f i -  
c i e n t  s of approximat  o l y  0 ,  0 . 2 ,  0 . 6 ,  and 1.0. 

A 1 1  combinat ions  were t e s t e d  a t  a t u n n e l  v e l o c i t y  of 
a p p r o x i m a t e l y  60 m i l e s  p e r  h o u r ,  A number of combinat ions  
n e r e  t e s t e d  a t  var ' ious a i r  speed-s f r o m ' 2 5  t o  100 m i l e s  
p e r  hour  t o  d e t e r m i n e  p o s s i b l e  s c a l e  e f f e c t s .  



CL, n i x ~ g  l i f t  c o e f f i c i e n t .  

c e n t e r - s o c t i o n  l i f t  c o e f f i c i e n t  . 
c ,  v i n g  cho rd  a t  c e n t e r  s cc t io -n .  ., 

S ,  a r e a  o f  wing.  

9 1 ,  min inun  a r e a  of d u c t  i n l e t  o p e n i n g .  

*R ' r a d i a t o r  f r o n t a l  a r e a .  

Q, 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  r a d i a t o r  ( i l B V B ) .  

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

a i r  v e l o c i t y  i n  d u c t  a t  r a d i a t o r  f a c e .  

f r e e  s t r e a m  dynainic p r e s s u r e  ($ p V2). 

r a d i a t o r  f a c e  dynamic p r e s s u r e  ($ p y R a ) .  

p r e s s u r e  d r o p  a c r o s s  t h a  r a d i a t o r .  

r e l a t i v e  p r e s s u r e  d r o p  ( A P / ~ ~ ) .  

d r a g  inc remen t  of r a d i a t  o r - d u c t  combi na t  i o n s .  

d u c t  e f G i c i e n c y .  

F T ,  p o w e r  r e q u i r e d  f o r  c o o l s n g .  
2 

- ( V , b )  
C~ , c o o l i n g  power c o e f f i c i e n t  Cp - --- ---- 

"rl 

SESULTS' ABD DISC@SSIOY 

The i m p o r t a n t  r a d i a t o r - d u c t  c h a r a c t e r i s t i c s  a r e  g i v e n  
by nears of t h r o e  p a r a m e t e r s ,  T,, and  Cp.  The 

a i r - f l o ~  r a t i o ,  
'R/ v ' i s  tBe r a t i o  of t h e  a i r  - ~ e l o c i t r  



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

The d u c t  e f f i c i e n c y ,  q, i s  t h e  r a t i o  of  t h e  u .seful  
power expended i n  f o r c i n g  a i r  t h r o u g h  t h e  r a d i a t o r  c o r e  t o  
t h e  t o t a l  power r e q u i r e d  t o  overcome t h o  added  d r a g  due  
t o  t h e  r a d i a t o r - d u c t  i n s t a l l a t i o n .  (power due  t o  c h a n g e s  
i n  r a d i a t o r  we igh t  i s  o m i t t e d  t h r o u g h o u t  t h e  d i s c u s s i o n . )  

u s e f u l  ~ o r k  - QAP' ,  q = - --- 
t o t a l  work PDV 

I t  i s  i m p o r t a n t  t o  n o t e  t h a t  q i s  a measure  o f  tlze 
" d u c t  e f f i c i e n c y "  and  d o e s  n o t  i n d i c a t e  t h e  optimur,  
t l r a d i a t o r - d . u c t f '  c o n b i n a t t o n .  

The power c o e f f i c i e n t  CF i s  g i v e n  a s  a f i g u r e  of  
m e r i t  f o r  c o n p a r i n g  t h e  v n r i o u s  r a d i a t o r - d u c t  c o m b i n a t i o n s ,  
t h e  op t inum r a d i a t o r - d u c t  a r r a n g e m e n t  h a v i n g  t h e  l o v e s t  
v a l u e  of  Cp. 

The t o t a l  power r equ - i r ed  f o r  c o o l i x g  i s :  

FT = ADV - ACDqSV 
' 

S u b s t i t u t i n g  

a n d  



The t o t a l  power r e q u i r e d  f o r  a g i v e n  r z d i a t o r - d u c t  
combina t  i o n  d q e n d s  t h e r e f o r e  on t h e  p o n e r  c o c ~ f  i c i & n t ,  
a i r  q u a n t i t y ,  r e l a t i v e  p r e s s u r e  d r o p  t h r o u g h  r a d i a t o r s ,  
a n d  t h e  f r e e - s t r e a m  dynamic l-J;.cssure. 

The d u c t  p a r a a e t e r s  V R / V ,  a n d  r( a r e  p l o t t e d  

a , - a i ~ s t  CL i n  f i g u r e s  1 3  t o  28  f o r  a l l  t h e  t e s t  a r r a n g e -  
me-,its, a n d  a sumnary of t h e  i n p o r t a n t  d u c t  c h a r a c t e r i s t i c s  
f o r  t h e  r e p r e s e n t a t i v e  h igh  s p e e d  and. c l i r ? b  CL v a l u e s  of 
0.2 and  0 .7  i.s g i v e n  i n  % a b l e  I .  Wo i n p o r t a n t  s c a l e  e f -  
f e c t  on V R / y  o r  w a s  f o ~ i n d  ( f i g . .  1 9 ) ,  s o  t h a t  t h e  

d a t a  f o r  t e s t  s p e e d s  o t h e r  t h a n  60 m i l e s  p e r  h o u r  a r e  n o t  
s  ho tvn . 

I n  g e n e r a l ,  t h e  rnaximum l i f t  w a s  n o t  a f f e c t e d  a p p r e -  
c i a b l y  by t 'ne b e t t e r  d u c t  a r r a n g e m e n t s .  S e r i o u s  a d v e r s e  
e f f e c t s  were  n o t e d  f o r  o n l y  one a r r a n g e m e n t ,  t h e  t h r o u g h  
d u c t  w i t h  t h e  4a i n l e t  p o s i t i o n .  S l i g 3 t  i n c r e a s e s  o c c u r r e d  
i n  s e v e r a l  c a s e s .  Typi ' ca l  l i f t  c u r v e s  f o r  ~ r a r i o u s  d u c t  
a r r a n g e ~ r i e n t s  a r e  shown i n  f i g u r e  30. The angle-of ' -zero 
l i f t  was a f f e c t e d  bu t  s l i g h t l y  by t h e  p r e s e n c e  o f  t h e  Cu-ct. 

Through-Duct Cha rac t  e r i s t  5 c s  

I n l e t  s i z e . -  The v a r i a t i o z s i n  Va/V a n d  w i t h  i n -  - - - - - - -. - - - 
l e t  s i z e  f o r  t h e  %igl i -speed a t t i C u . d e  ( c L  = 0 . 2 )  a r e  
skomn i n  f i g u r e  31. F o r  e a c h  c u r v e ,  t h e  i n l e t  p o s i t i o n ,  
o v ~ t l e t  s i z e ,  alzd o u t l e t  p 3 s i t i o n  a r e  c o f i s t a n t .  R e s u l t s  
f o r  t h e  2 a  n o s e  w i t h  6- and 8 - p e r c e n t  o u t l e t s  i n d i c a t e  
t h a t  b e s t  duc t  e f f i c i e n c y  i s  o ' b t a i n e d  w i t h  a n  i n l e t  sor;,c- 
n h s t  s m a l l e r  t h a n  t h e  o u t l e t .  The f i o w  r a t i o ,  Vg/y ,  i s  

n o t .  a f f e c t e d  by c h a n e e s  i n  i n l e t  s i z e ,  e x c c g t  f o r  i a l o t  



s i z e s  c o n s i d e r a b l y  s m a l l e r  t h a n  t h o s e  f o r  b e s t  e f f i c i e n c y .  
The pomer c o e f f i c i e n t  , Cp , i s  t h e r e f o r e  l o n e s t  f o r  t h e  
d u c t s  of h i g h e s t  e f f i c i e n c i e s .  These t r e n d s  a r e  s i m i l a r  
f o r  t h e  0 nose  except  t h a t  i n l e t  s i z e  v a r i a t i o n s  have 
l i t t l e  e f f e c t  on e f f i c i e n c y .  

A t  t i le  c l imb c o n d i t i o n  ( c ~  = 0 .7 ,  t a b l e  I ) ,  e f f i -  
c i e n c y  t e n d s  t o  i n c r e a s e  a s  t h e  S.nlet s i z e  i n c r e a s e s .  Re- 
s u l t s  f o r  t h e  2 a  a l d  0 noses  a r e  somewhat e r r a t i c ,  espe-  
c i a l l y  f o r  t h e  2- and 4-percent  o u t l e t s .  The e f f e c t s  of 
i n l e t  s i z e  on i i ~ / v  and Cp a r e  s i m i l a r  t o  t h o s e  n o t e d  

f o r  t h e  high-speed c o n d i t i o n .  

I t  mas no ted  from t h e  v e l o c i t y  d i s t r i b u t i o n  measure- 
ments  a t  t h e  r a d i a t o r  t h a t  when t h e  i n l e t  s i z e  became so 
smal l  t h a t  t h e  i n c l u d e d  expansion a n g l e  i n  t h e  duct  ex- 
ceeded about  9' t o  l o 0 ,  f low s e p a r a t i o n  occur red  a t  t h e  
d u c t  w a l l s ,  and t h e  f low measurenents  became e r r a t i c .  The 
r e s u l t s  o b t a i n e d  w i t h  duct  i n l e t  s i z e s  s m a l l e r  t h a n  4 pe r -  
cen t  a r e  t h e r e f o r e  somewhat l e s s  c o n s i s t e n t  t h a n  t h o s e  
f o r  t h e  l a r g e r  i n l e t s .  

1 n l e t j o s i t i o n . -  -- The c u r v e s  of f i g u r e  32a ,  p l o t t e d  
f o r  t h e  h igh-speed c o n d i t i o n ,  i n d i c a t e  t h a t  i n l e t  p o s i t i o n  
i s  t h e  m o s t  c r i t i c a l  f a c t o r  i n  duct des ign .  As t h e  i n l e t  
p o s i t i o n  moves f o r c a r d  and above t h e  chord l i n e  both t h e  
f low r a t i o  and e f f i c i e n c y  i n c r e a s e .  As t h e  i n l e t  p o s i -  
t i o n  i s  moved below t h e  chord and toward t h e  t r a i l i n g  
edge ,  t h e  f low d e c r e a s e s  u n t i l  a p o i n t  i s  reached where 
t h e r e  i s  no f low.  A t  t h e  c l i z ib  c o n d i t i o n  ( f i g .  32b) ,  due 
t o  t h e  changed p r e s s u r e  d i s t r i b u t i o n  over  t h e  wing,  t h e  
0  o r  1 nose  g i v e s  t h e  g r e a t e s t  f l o w  r a t i o  and e f f i c i e n c y ;  
and i n  c o n t r a s t  t o  t h e  h igh-speed c o n d i t i o n .  V R I V  v a r i e s  
but  s l i g h t l y  w i t h  i n l e t  p o s i t  ion .  

These r e s u l t s  i n d i c a t e  f o r  a n  optimum duc t  a r range-  
ment t h a t  t h e  i n l e t  p o s i t i o n  should  va ry  w i t h  t h e  l i f t  co- 
e f f i c i e n t  and t h e  i n l e t  f l a p  a r r a n g e c e n t  i s  sugges ted  f o r  
t 3 i s  purpose  i n  a l a t e r  c h a p t e r .  

.z 
O u t l e t  s i ze . -  F i g u r e  33 shows t h e  e f f e c t  of o u t l e t  

s i z e  on and V E l V  f o r  t h e  h igh-speed c o n d i t i o n .  These 
c u r v e s  a r e  shown f o r  a  6-percent  i n l e t  w i t h  t h r e e  d i f f e r -  
e n t  nose  p o s i t i o n s ,  2a, 0 ,  and 3. I n  ea,ch c a s e  t h e  f l o n  
r a t i o  i n c r e a s e s  a lmost  d i r e c t l y  w i t h  t h e  o u t l e t  s i z e .  Be- 
s u l t s  f o r  tLe c l imb  c o n d i t i o n  a r c  s i m i l a r .  T h i s  t r e n d  i s  



c o n s i s t e c t  rrith. p r e v i o u s  t e s t s  ( r e f  e ren  ce 4 ) ,  i n d i c a t i a g  
t h a t  t h e  a i r  f low can be r e a d i l y  c o n t r o l l e d  a t  t h o  o u t l e t  a 

For t h e  2a n o s e ,  a n  o u t l e t  s i z e  equa l  t o  o r  s l i g h t l y  
g r e a t e r  t h a n  t h e  i n l e t  s i z e  g i v e s  b e s t  e f f i c i e n c y  a t  3 i g h  
speed.  The power c o e f f i c i e n t  i s  approxirnat e l y  c o n s t a n t  
f o r  o u t l e t  s i z e s  of 6 p e r c e n t  o r  s m a l l e r  but  i n c r e a s e s  f o r  
t h e  8 -ye rcen t  o u t l e t .  For  t h e  0 nose w i t h  & p e r c e n t  i n l e t  
( c ~  = 0 . 2 )  t h e  e f f i c i e n c y  docs  not  p e ~ k  w i t h i n  t h e  l i m i t s  
o f  t h e  t e s t ,  increasing d i r e c t l y  w i t h  o u t l e t  s i z e .  Thc 
o u t l e t  s i z e  f o r  maximum e f f i c i e n c y  w i l l  p r o b a b l y  be o n l y  
s l i g h t l y  l a r g e r  t h a n  8  p e r c c n t .  The power c o e f f i c i e n t  
t0nd.s t o  be inininurn f o r  t h e  + p e r c e n t  o u t l e t ,  but v a r i a -  
t i o n s  c i t h  o u t l e t  s i z e  a r e  s z m l l c  

For  t h e  c l imb c o n d i t i o n ,  a l l  i n l e t  s i z e s  and p o s i -  
t i o n s  t e s t e d  shorn b e s t  duc t  efficiencies a i t h  t h e  6-perccnt  
o u t l e t .  The power coef f i c i c n t  , however, increases n i t h  
o u t l e t  s i z e  w i t h  t h e  r a t e  of i n c r e a s e  becoming markedly 
g r e a t e r  f o r  o u t l e t  s i z e s  g r e a t e r  t h a n  6 p e r c e n t .  

U t l e t  posi t ion_.-  The e f f e c t  of v a r y i n g  t h e  o u t l e t  
p o s i t i o c  h a s  n o t  been s t u d i e d  i n  t h i s  i n v e s t i g a t i o n ,  To 
a i d  i n  t h e  d e s i g n  of t h e  v a r i o u s  d.ucts ,  t h e  o u t l e t  p o s i -  
t i o n  was alloored t o  va ry  from t h e  61- t o  75-percent -chord  
p o s i t i o n ;  however,  t h e  r e s u l t s  of r e f  e r e n c e  4  have shonn 
t h a t  t h e s e  v a r i a t i o n s  do not  a p p r e c i a b l y  chaage t h e  du.ct 
c l i a rac t  c r i s t i c s .  

lTT--y~v_-du-ct .- The r e s u l t s  of r e f e r e n c e  4 i n d i  c a t e  
t h a t  b e s t  s o c t i o i l  c f f i c i e n c i . c s  a r e  o b t a i n e a  w i t h  maximum . 
r a d i a t o r  h e i g h t s ,  which might i n p l y  t h e  u s e  of t h e  narrow- 
e s t  p o s s i b l e  duc t  f o r  any g i v e n  c o o l i n g  i n s t a l l a t i o n .  The 
d u c t  e f f i c i e n c i e s  f o r  f i n i t c  spa11 d u c t s ,  lzomevor, d e c r e a s e  
a s  t h e  duc t  spans  become s m a l l e r  o n i z g  t o  t h e  end l o s s e s .  
To s t u d y  t h e  e f f e c t s  of t h e  duc t  ends on t h e  e f f i c i e n c y ,  
t e s t s  of a d u c t  hav ing  a p p r o x i m a t e l g  one-hal f  t h e  s t a n d a r d  
d u c t  w i d t h  were made u s i n g  a 6.0-0 i n l o t  w i t h  f o x r  d i f f e r -  

. . e n t  o u t l e t s .  TCe r e s u l t s  a r e  p l o t a t o 2  i n  f i g u r e  25  and  
compared t o  c h a r a c t  c r i s t  i c s  f o r  s i m i l a r  d u c t s  of s t a n d a r d  

3 n i d t h  i n  f i g u r e  34. 

The narrow-duct c h a r a c t e r 5 s t i c s  show t h e  same t r e ~ l d  
a s  t h o s e  f o r  t h e  s t a ~ d a r d  duct  f o r  l i f t  c o e f f i c i e n t s  Selom 
0.7. A t  t h e  h i g h e r  l i f t  c o e f f i c i e n t s ,  e f f i c i e n c i e s  f o r  
t h e  narrovr duct  d e c r e a s e ,  n:iereas t h i s  i s  t r u e  f o r  t h e  
s t a n d a r d  duc t  o n l y  nhen tilt? 8- -percent  o u t l e t  i s  used., I t  



should- be noted  t h a t  t h e  d u c t  en& e f f e c t s  a r e  p a r t i c u l a r l y  
l a r g e  when t h e  dac t  i s  t h r o t t l e d  by t h e  s m a l l  o u t l e t s ,  
n 3 e r e a s  v?%en t h e  duc t  o u t l e t  i s  opened and a l a r g e  flom 
o c c u r s  t h e  end e f f e c t s  become r e l a t i v e l y  u n i a p o r t a n t .  
T h i s  may be due t o  t h e  d i s t u r b e d  f low over  t h e  sha rp  edges  
of t h e  duc t  a t  t h e  l e a d i n g  edge ,  and i n d i c a t e s  t h e  d e s i r -  
a b i l i t y  of rounding t h e  s i d e  e n t r i e s  of t h e  duc t  t o  o b t a i n  
h i g h  e f f  i c i e n c i e s  i n  t h e  h i g h - s ~ e e d  c o n d i t i o n s .  

Restricted7-tgl.t duct4.- T h r o t t l i n g  t h e  a i r  f l o n  by 
v a r y i n g  t h e  span of t h e  i n l e t  h a s  been s u g g e s t e d ,  and t h e  
r e s u l t s  of s e v e r a l  t e s t s  n i t h  a n  arrangement  i n  which t h e  
i n l e t  mas r e s t r i c t e d  t o  t w o - t h i r d s  and o n e - t h i r d  t h e  f u l l  
r a d i a t o r  span ,  a r e  silonn i n  f i g u r e  24. The t e s t  d a t a  f o r  
t h e  o n e - t h i r d  open iag  sfere e r r a t i c  and u n r e l i a b l e  on ing  t o  
t h e  e x c e s s i v e  r a t e  of expans ion of t h e  a i r  a l o n g  t h e  s i d e  
w ~ l l s  of t h e  d u c t .  The f low r a t i o s  f o r  t h e  t w o - t h i r d s  
opening and f o r  an  i n l e t  n i t h  no r e s t r i c t i o n s  a r e  essen-  
t i a l l y  t h e  same. These r e s u l t s  i n d i c a t e  t h a t  t h r o t t l i n g  
by spaamise  r e s t r i c t i o n  of t h e  i n l e t  opening may be u n s a t -  
i s f a c t o r y  s i n c e  i f  t h e  i n l e t  i s  c l o s e d  s u f f i c i e n t l y  t o  
t h r o t t l e  t h e  a i r  f l o w ,  breakdown i n  f l o n  o c c u r s  on t h e  
duc t  s i d e  w a l l s  w i t h  r e s ~ x l t a n t  l o s s  i n  e f f i c i e n c y .  

Cj~ange i.n3_-en-~es_~uUre dro2.- The d a t a  i r ,  t a b l e  I a r e  d i -  
r e c t l y  a ~ p l i c a b l e  t o  t h e  d e s i g n  of r a d i a t o r - d u c t  i n s t a l l a -  
t i o n s  on ly  when t h e  d e s i g n  r a d i a t o r  h a s  a p p r o x i m t e l y  t h e  
same r e l a t i v e  p r e s s u r e  drop a s  t h e  t e s t  r a d i a t o r .  A l i m -  
i t e d  number of t e s t s  were made t o  A c t e r m i ~ e  t h e  e f f e c t  of 
v a r i a t i o n s  i n  r a d i a t o r  p r e s s u r e  d rop  on t h e  duct  c h a r a c t e r -  
i s t i c s .  These t e s t s  vrere c o n f i n e d  t o  t h e  6.0-2a i n l e t  w i t h  
f o u r  d i f f e r e n t  o u t l e t s .  The r e s i s t a n c e  i n  t h o  duct  was 
v a r i e d  f r o n  t h e  c o n d i t i o n  of f u l l  c l o s e d  ( K  = m) t o  f u l l  
open (K = 0 )  , and  t h e  r e s u l t s  a r c  shown i n  f i g u r e  26. 
The h i g h e s t  e f f i c i e n c y  was o b t a i n e d  f o r  a l l  a r r a n g e n c n t  s 
w i t h  a  r e l a t i v e  p r e s s u r e  d rop  K = 13.2.  

V-3ri.ations of VRIV, q ,  and A C D  w i t h  r e l a t i v e  

p r e s s u r e  d r o p  a r e  shown i n  f i g u r e  35 f o r  CL = 0 . 2 .  The 
1 

f un c t i o 11 i s  used  mainly f o r  convenience  i n  t h e  
J-i -I? 

p l o t t i n g .  Dot ted  p o r t i o n s  of t h e  c f f  i c i e n c y  curves  have  
been e x t r a p o l a t e d .  

F i g u r e s  36 and 37 p r e s e n t e d  a s  a i d s  i n  c o n v e r t i n g  
t h e  VR/V and C p  v a l n c s  g i v e n  i n  t a b l e  I t o  approxi -  



mate ly  comparable v a l u e s  f o r  a g i v e n  d e s i g n  p r e s s u r e  d r o p  
o t h e r  t h a n  t h a t  f o r  t h e  s t a n d a r b  r a d i a t o r  used  f o r  t h e  
t e s t s .  

Lgl_.et f l a p . -  Inasmuch a s  t h e  d a t a  on i n l e t  p o s i t i o n s  
( f i g ,  32) i n d i c a t e d  t h a t  t h e  optimum p o s i t i o n  f o r  t h e  i n -  
l e t  o c c u r r e d  w i t h  nose  2 a  o r  4a i n  t h e  high-speed c0nd.i- 
t i o n  and w i t h  nose  0 o r  1 i n  t h e  c l imb  c o % d i t i a n ,  an i n l e t  
f l a p  was des igned  ( f i g .  6b) by neans  of which i t  was possil- 
b l e  t o  change from a  smal l  i n l e t  i n  p o s i t i o n  2 a  i n  t h e  
h igh-speed c o n d i t i o n  t o  a l a r g e r  i n l e t  e x t e n d i n g  w e l l  be- 
low t h e  chord l i n e  f o r  cl imb.  Best  o f f i c i e n c i e s  could  
t h e n  be o b t a i n e d  i n  bo th  t h e  high-speed and c l imb  c o n d i t i o n s .  
I t  mas Pound t h a t  d u c t s  hav ing  a n  i n l e t  f l a p  i n  t h e s e  two 
p o s i t i o a s  show c h a r a c t e r i s t i c s  ( f i g .  17 and t a b l e  I)  ve ry  
s i m i l a r  t o  t h o s e  f o r  p l a i n  t h r o u g h  duct  m i t h  i n l e t  and ou t -  
l e t s  i n  s i m i l a r  p o s i t i o n s .  

The i n l e t  opening f o r  t h e  c l o s e d  f l a p  p o s i t i o n  ( ~ 1 )  
mas 3.3 p e r c e n t  of t h e  chord;  a n d ,  as  p r e v i o u s l y  mentioned,  
t h e  r e s u l t s  t e n d  t o  be i n c o n s i s t e n t  owing t o  t h e  too  r a p i d  
expans ion  i n  t h e  i n l e t ,  and a n  opening of 4.6 p e r c e n t  
mould p r o b a b l y  be p r e f e r a b l e .  

O u t l e t  flapPPg.- The Turpose  of t h e  o u t l e t  f l a p s  i s  t o  
c o n t r o l  t h e  amount of a i r  f low th rough  t h e  duc t  by va ry -  
i n g  t h e  o u t l e t  s i z e  so t h a t  t h e  r e q u i r e d  V B I V  v a l u e  may 
b e  o b t a i n e d  f o r  a l l  f l i g h t  c o n d i t i o n s .  

The type-A o u t l e t  f l a p ,  used  i n  combinat ion  w i t h  t h e  
p l a i n  6-percent  o u t l e t ,  e f f e c t i v e l y  t h r o t t l e s  t h e  f low. 
The A4 p o s i t i o n  g i v e s  approx imate ly  t h e  same f low r a t i o  
o b t a i n e d  p r e v i o u s l y  w i t h  t h e  p l a i n  4-perccnt  o u t l e t ;  s i m i -  
l a r l y ,  t h e  8 2  p o s i t i o n  may be c o a p r c d  t o  t h e  p l a i n  2- 
p e r c e n t  o u t l e t  ( f i g .  18  and t a b l e  I ) .  The e f f i c i e n c i e s  
a n d  power c o e f f i c i e n t s ,  a l t h o u g h  somewhat e r r a t i c ,  t e n d  t o  
be  h i g h e r  f o r  t h e s e  f l a p p e d  o u t l e t s  t h a n  f o r  t h e  s t r a i g h t  
o u t l e t s  p r o v i d i n g  t h e  same V R / V  r a t i o .  

F i g u r e s  1 9  t o  2 1  show t e s t  r e s u l t s  f o r  t h e  type-B 
o u t l e t  f l a p ,  The B 1  p o s i t i o n  cor responds  t o  a  4 -pe rcen t  
p l a i n  o u t l e t ;  t h e  B3 p o s i t i o n  c o r r e s p o n d s  t o  a n  8 -pe rcec t  
p l a i n  o u t l e t .  Approximately t h e  same f low r a t i o s  a r e  
shown f o r  co r respond ing  p l a i n  and  f l a p p e d  o u t l e t s  ( t a b l e  
I ) ,  and t h e  power c o e f f i c i e n t s  a r e  e s s e n t i a l l y  t h e  same. 
The c h a r a c t e r i s t i c s  of t h e  type-B f l a g  nay t h e r e f o r e  be 
p r e d i c t e d  mi th  c o n s i d e r a b l e  accura.cy f r o n  t h e  d a t a  on t11e 
c o r r e s p o n d i n g  t h r o u g h  d u c t s .  



Tn c o n p a r i n g  t h e  r e l 2 t i v e  v e r i t s  of f l a p s  A and  B 
i t  m i l l  bc n o t c d  ( t a b l e  I )  t h a t  i n  c a s e s  t h c  f l a p s  
a r e  of e q u a l  m a r i t ;  h o n e v e r ,  i n  s e v e r a l  c a s e s  f l a p  B ap- 
p e a r s  t o  be  s u p e r i o r .  

Combined i n l e t  and  o u t l e t  f l a ~ s _ . -  The f o r e g o i n g  d i s -  - -- -. - - - 
c u s  s i o n  i n d i c a t e s  t h a t  a  d u c t  a r r angemen t  combining t h e  
a d v a n t a g e s  of  i n l e t  and  o u t l e t  f l a p s  w i l l  be s u p e r i o r  t o  
a n y  o t h e r  t h rough-duc t  a r r a n g e m e n t .  A l i m i t e d  number o f  
t e s t s  v e r e  r.ade w i t h  a tnrou-gh-duct  a r r angemen t  h a v i n g  a 
2 s  n o s e ,  i n l e t  f l a p ,  a n d  t y p e - 3  o u t l e t  f l a p .  The r e s u l t s  
a r e  shonn i n  f i g u r e  22 an& t a b l e  I. I n  g e n e r a l ,  t h e  f l a p  
c o m b i n a t i o n s  d u p l i c a t e d  t h c  p e r f o r m a a c e  of s imi lar  p l a i n  
d u c t s .  

Theso  r e s u l t s  a r e  shonn m a i n l y  t o  i n d i c a t e  t h e  p o s s i -  
b i l i t i e s  o f  f l a p  c o m b i c a t i o n s .  A t  t h e  t i m e  t h o  t e s t s  v e r e  
made,  s u f f i c i e n t  i n f o r m a t  i o n  v n s  n o t  a v a i l a b l e  f o r  s e l e c t -  
i n g  a n  optimum a r r a n g e m e s t .  F o r  e x a z p l e ,  t h e  i n l e t  o ~ e n -  
i n g  o f  3.3 p e r c e n t  of  t h e  cho rd  s e l e c t e d  f o r  h i g h  speed  i s  
n o t  t h e  b e s t  ( s e e  s e c t i o n  o a  " I n l e t  F l a p " ) ,  and. f u . r t h e r  
t h e  p l a f s - d u c t  r e s u l t s  shorn t h a t  a  2 - ~ e r c e n t  o u t l e t  would 
g i v e  b e t t e r  e f f i c i e n c y  a t  h i g h  speed  t h a n  t h e  4 - p e r c e n t  
o u t l e t  t e s t e d  ( f l a F  i n  ~ o s i t i o n  ~ 1 ) .  A s t u d y  of t a b l e  I 
i n d i c a t e s  t h a t  a f I a n  which v a r i e s  t h e  i n l e t  f rom 4.6-2a 
t o  '7.4-28. 11.seri f n  c o k b i n a t i o n  w i t h  a n  o u t l e t  f l a p  h a v i n g  
a r a n g e  f r o m  2 p e r c e n t  Lo 6 p e r c e n t  w i l l  p r o v i d e  a n  a r r a n g e -  
me l t  s u p e r i o r  t o  t??e one  t e s t e d .  

The u s e  of t h e  o u t l e t  f l a p  m i l l  be n e c e s s a r y  i n  a 
p r a c t i c a l  d e s i g n  b o t h  t o  p r o n e r l g  c o n t r o l  t h e  a i r  q u a n t i t y  
a n d  t o  r e d u c e  t h e  c o o l i n g  -power r e q u i r e d  i n  h igh-speed  
f l i g h t .  The l n l e t  f l a p  may i n  I31zny c a s e s  n o t  be n e e d e d ,  
and  by r e f e r e n c e  t o  t a b l e  I i t  may be n o t e d  t h a t  d u c t s  m i t h  
e x c e l l e n t  e f f i c i e l c g  may bo d e s i g n e d  w i t h o u t  t h e  i n l e t  
f l a p .  Yor t h e  b e s t  p o s s i b l c  a r r a n g e m e n t ,  however ,  b o t h  
f l a p s  a r e  r e q n i r e d .  

T r a t l i n g - e d g e  f l a p -  out1_ee4.- T g s t  r e s v - l t s  f o r  t h e  t r a i l -  
ing -edge  s p l i t - f l a p  o u t l e t  a r e  shown i n  f i g u r e  2 3  and  t a b l e  
I .  I n  g e n e r a l ,  t h i s  o u t l e t  i s  i n f e r i o f  t o  t h e  normal  
throu-gh-duct  o u t l e t .  The f l o w  r a t i o  i n c r e a s e s  w i t h  f l a p  
d e f l e c t i o n  f o r  b o t h  h i g h  speed  and  c l i m b ,  b u t  power c o e f f i -  
c i e n t s  a r e  e x c e s s i v e l y  h i g h  f o r  t h e  l a r g e r  d e f l - e c t i o n s .  
A t  CL = 0 . 2 ,  t h e  5' f l a p  ~ o s i t i o n  shows e r r a t i c  r e s u l t s ,  
i n d i c a t i n g  a n  i r r e g u l a r  v e l o c i t y  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 .  I n  one  c a s e  ( 6 . 0  - x - 5 - T , n c g a t i v e  f l o n s  



mere i n d i c a t e d  and t h e  r e s u l t s  mere t h e r e f o r e  omi t t ed  from 
t a b l e  I .  

Under s l u n g  Duct 

The r e s u l t s  of t h e  t e s t s  on t h e  unders lung  d u c t s  a r e  
shomn i n  f i g u r e  27 .  Both t h e  f low r a t i o  and power c o e f f i -  
c i e ~ t  f o r  any g i v e n  i n l e t  s i z e  a r e  h i g h e r  t h a n  f o r  t h e  
cor respond i3g  through-duct  a r r a n g e n e n t  . The f low r a t i o  

( v ~ , ~ )  does  not  change a p p r e c i a b l y  w i t h  t h e  l i f t  c o e t f i -  

c i e n t  ; however,  t h e  e f f i c i e n c y  and power c o e f f  i c i o n t  a r e  
n o r e  f a v o r a b l e  a t  c l imb.  

The e f f e c t  of t h e  expansion between t h e  i n l e t  and t h e  
r a d i a t o r  on t h e  power c o e f f i c i e n t ,  Cp, i s  shown i n  f i g -  
u r e  38. These d a t a  i n d . i c a t e  t h a t  f o r  t h e  same a i r  q u a n t i -  
t y  t h e  minimum power consumption i s  o b t a i n e d  m i t h  a  l a r g e  
eJrpansion r a t i o .  Flow s e p a r a t i o n  i n  t h e  i n l e t  w i l l  no 
doubt  1-imit t h e  g a i n  p o s s i b l e  from l a r g e r  expans ion r a t i o s .  

By r e t r a c t i n g  t h e  r a d i a t o r  and c o s l i n g  f o r  t h e  high- 
speed c o n d i t i o n ,  a minimum v a l u e  of Cp = 0.18 mas ob- 

t a i n e d  f o r  t h e  high-speed c o n d i t i o n .  Comparison v i t h  t h e  
b e s t  Cp v a l u e s  of about  0.10 obtained- m i t h  t h e  th rough  

d c c t  s i n d i c a t e s  t h e  r e l a t i v e  m e r i t s  of t h e  i n s t a l l a t  i o n s  
t e s t e d .  More e x t e n s i v e  t e s t s  w i t h  und-erslung cowl ings  a r e  
recommended, p a r t i c u l a r l y  w i t h  d u c t s  hav ing  n e l l - r o u n d e d  
e n t r i e s  on t h e  s i d e  m a l l s  and g r e a t e r  l e n g t h s  of expan- 
s i s n  p a s s a g e s  t o  r e d u c e  t h e  expansion a n g l e .  

R e s u l t s  on t h e  cross-wing d u c t ,  which i s  e s s e n t i a l l y  
a h y b r i d  arfangement  between t h e  u n d e r s l u n g  and th rough  
d u c t ,  a r e  g i v e n  i n  f i g u r e  28. The f ? o a  r a t i o  i s  s a t i s f a c -  
t o r y  f o r  a l l  ' c a s e s  m i t h  l i t t l e  v a r i a t i o n  between t h e  h igh-  
m e e d  and c l imb  c o n d i t i o n s  ( a  c h n r a c t e r i s t i c  of a l l  scoop- 
t y s e  i n l e t s ) .  The duc t  e f f i c i e n c i e s  a r e  c o n s i s t e n t l y  lorn, 

' r ,onever,  and t h e  power c o e f f i c i e n t s  co r respond ing ly  h igh .  
The p o o r  performance  of t h i s  a r r a n g e n e n t  i s  a t t r i b u t e d  t o  
t h e  r a p i d  expans ion  i n  t h e  i n l e t  a a d  t o  t h e  exposed i n l e t  
scoope 

Conparison S e c t i o n  C h a r a c t e r i s t i c s  

A comparison of t h e  r e s u l t s  of t h i s  r e p o r t  w i t h  t h o s e  



o f  r e f e r c n c e  4 a p p e a r s  i n  t a b l e  11. The " f u l l 1 ' - s p a n  d a t a  
( t a k e n  d i r e c t l y  f r o 2  r e f e r e n c e  4) a r e  compared w i t h  t h e  
f i n i t e - s p a n  r e s u l t s  oil a  b a s i s  of e q u a l  s e c t i o n  l i f t  coe f -  
f i c i e n t s .  The t e s t s  o f  r e f e r e n c e  4 ,  a s  n o t e d  e l s e w h e r e ,  
n e r e  nade  so a s  t o  g i v e  s e c t i o n  c h a r a c t e r i s t i c s  d i r e c t l y ,  
w h i l e  i n  t h e  f i n i t e - s p a n  t e s t s  o f  t h i s  r e p o r t  t h e  s e c t i o n  
l i f t  was d e t e r m i n e d  by c a l c u l a t i o n  f  r o n  p r e s s u r e - d i s t  r i b u -  
t i o n  measurements  a t  t h e  c e n t e r  s e c t i o n .  

I n  g e n e r a l ,  t h e  f i n i t e  a r r a n g e n e n t s  g i v e  s l i g $ t l y  
l o w e r  f l o w  . r a t i o s ,  1-ower e f f i  c i e n c i e s ,  and r e q u i r e  n o r e  
p o n e r .  T h i s  i n f e r i o r  p e r f o r n a n c e  i s  caused  by t h o  end 
l o s s e s  of  t h e  f i n i t e  d u c t  and  t h e  induced  d r a g  e f f e c t s  n o t  
i n c l u d e d  i n  t h e  s e c t i o n  c h a r a c t e r i s t i c s .  

A l t h o u g h  i n  c e r t a i a  c a s e s  t h e  power c o n s u n p t i o n  of  
t h e  f i n i t e - s p a n  d u c t  i s  as ~ u c h  a s  50 p e r c e n t 3 g r e a t e r  t h a n  
t h a t  of  t h e  i n f i n i t e - s p a n  d u c t ,  t h e  t o t a l  p o v e r  n i l 1  i n  
n o s t  c a s e s  be s u f f i c i e n t l y  s m a l l  so t h a t  t h i s  a p p a r e n t l y  
l a r g e  d i s c r e p a n c y  nay  anoun t  t o  o s l y  1 o r  2 p e r c e n t  of t o -  
t a l  e n g i n e  horsepomer .  

APPLICATION TO DESIGX 

A s d t i s f a c t o r y  d u c t - c o o l i n g  i n s t a l l a t i o n  s h o u l d  Ful -  
f i l l  t h e  follow in^ req 'u i remei l t s :  

1. P r o v i d e  s u f f i c i e n t  ' c o o l i n g  a i r  f o r  a l l  f l i g h t  
c o n d i t i o n s .  

2 .  Expend a n i r ~ i n u n  power ,  p a r t i c u l a r l y  i n  t h e  
h igh -  speed  c o n d i t i o n .  

I n  t k e  l a t t e r  r e q u i r e n e r t  t 3 e  t o t a l  p o n e r  shou ld  ix- 
e l u d e  b o t h  t h e  c o o l i n g  power and  t h a t  r e q u i r e d  t o  ove r -  
corm t k e  i n d u c e d  drag due  t o  t h e  r a d i a t o r  w e i g h t .  

The f o  l l o n i n g  p r o c e d u r e  f o r  d e s i g a i n g  r a d i a t o r - d u c t  
c o n b i n a t i o n s  f rom t h e  d a t a  g i v e n  i n  t h i s  r e p o r t  i s  t e n t a -  
t i v e l y  s u g g e s t e d .  Knowing vnZues o f  K and  Q f o r  aily 
g i v e n  d e s i g n ,  a r a d i a t o r  a r e a  i s  nssuned. f o r  a t r i a l  c a l -  
c u l a t i o n ,  a n d  t h e  VR n e c e s s a r y  t o  p r o v i d e  t h e  r e q u i r e d  
a i r  q i ~ n c t i t y  i s  conpu ted .  V a l u e s  o f  Vg/V a r e  t h e n  de- 

t e s n i a e d  f r o n  t h e  knonn o r  e s t i n a t e d  k i g h  speed  and c l i c b -  
i n g  s?eed ,  Duct and  f l a p  a r r a n g e n e l t s  g i v i n g  t h e  r e q u i r e d  



V ~ / ~  f o r  h i g h  speed  and c l i n b  a r e  no ted  ( t a b l e  I and f i g -  

u r e s ) .  A c o r ~ p a r i s o n  of t h e  h igh-speed  and c l i n b  Cp vn l -  
u e s  m i l l  t h e n  i n d i c a t e  t h e  b e s t  a r r a n g e t l e ~ ~ t  s f o r  t h e  a r e a  
chosen  and  t h e  c o o l i n g  horsepower r e q u i r e d  nay be conpu ted  
f rom t h e  power e q u a t i o n .  

A t y p i c a l  example o f  r a d i a t o r - d u c t  computa t ion  f o r  an 
a i r p l a n e  o p e r a t i n g  a t  s e a  l e v e l  w i l l  be used  t o  i l l u s t r a t e  
t h e  s u g g e s t e d  d e s i g n  p r o c e d u r e .  The sane  t y p e  r a d i a t o r  
c o r e ,  f l i g h t  c o n d i t i o n s ,  and c o o l i n g  r e q u i r e m e n t s  assumed 
i n  p r e s e n t i n g  a s i n i l a r  example i n  r e f e r e n c e  4 a r e  n s e d  
h e r e c  

Bated  'I lorsepoaer a t  h i g h  speed  and c l i n b  = 1 , 0 0 0  h o r s e -  
power.  

Zaxinun speed  ( c L  = 0.25)  = 284  f e e t  p e r  second 
( 1 9 4  m i l e s  p e r  hour )  

Best  speed  f o r  c l i m b  ( c L  - 0.7)  = 170 f e e t  p e r  second 
(116 m i l e s  p e r  hour )  

R a d i a t o r  - Army A i r  Corps 0.230- by 0.250- by 9 - inch  
c o r e ,  K = 3.7. 

Coo l ing  a i r  q u a n t i t y  r e q u i r e d ,  e n g i n e  r a d i g t o r  and 051  
c o o l e r ,  Q = 283 c1lbi.c f z e t  p e r  second.  

F o r  a n  assunei i  r a d i a t o r  a r e a  o f  5.25 s q u a r e .  f e e t ,  t h e  
r e q u i r e d  VR, i s  45.3 f e e t  p e r  second.  

T h e r e f o r e  

The d i f f e r e n c e  i n  p r e s s u r e  d r o p  between t h e  d e s i g n  
r a d i a t o r  (K = 3.7) and t h e  t e s t  r a d i a t o r  ( K  - 4.1) i s  
s x a l l ;  however ,  f o r  i l l u s t r a t i v e  p u r p o s e  a l l o w a n c e  m i l l  
b e  nade f o r  t h e  d i f f e r e n c e .  



( %/v) = 0.98 (vg/V) 
t e s t  d e s i g n  

T h e r e f o r e  

- F r o n  f i g u r e  1 3  ( t a b l e  I I s  a p ~ l i c a b l e  o n l y  f o r  C L  - 
0.2)  a t  C L Z 0 . 2 5 .  

ITT / ~ r  7: P ( coziput ed) Qe_sL&?i-%L LC%- ---LL -- - C -- 
4.6 - 2a - 2 - 75 0.16 2 6 0.10 

I t  i s  e v i d e n t  f r o n  t a b l e  I t 3 a t  e i t h e r  of t h e s e  a r r a n g e -  
ments can be c o n v e r t e d  t o  a  7 .4  - 2 a  - 8 - 61 a r r a n g e -  
n e n t  f o r  c l i m b  by t h e  u s e  of i n l e t  and o u t l e t  f l a p s .  T h i s  
d u c t  combina t ion  h a s  a V E l y  o f  0 .28  and a CF of 0.10 

a t  C L  = 0 .7 .  S i n c e  d u c t  a r r a - c g e a e n t  4 .6  - 2 a  - 2 - 7 5  

h a s  t h e  l o n e r  v a l u e  of Cp a t  C T  = 0.25,  i t  i s  chosen  
Lt 

f o r  t h e  h igh-speed  c o n d i t i o n *  

TLe CF v a l u e s  of t a b l e  I a r e  now co i lve r t ed  t o  t h e  

e q u i v a l e n t  d e s i g n  v a l u e s  by t h e  u s e  of  f i g u r e  37. 

C = 0.10 X 1.03 - 0.103 
P high speed  

C P c l imb  = 0.10 X 1 . 0 3  = 0.103 

The higl i -speed and c l i : l b  g o v e r  r e q i l i r e x e n t s  may :lov~ 
5e o b t a i n e d  by s u b s t i t u t i o n  i n  t h e  Fomcr e q u a t i o n  



( h i g h  speed)  

o r  1.88-percent  eng ine  power 

0.103X3.7X283X34.4 - __-__--____-I----- - ( c l i n b )  HPT - - 6.7 horsepower 
5 50 

o r  0 .67-percent  eng ine  poner  

A f t e r  s i m i l a r  c o n p u t a t i o n s  have been nade f o r  s c v e r a l  
d i f f e r e n t  assumed r a d i a t o r  a r e a s  and t h e  weight  horsepower 
f o r  each a r rangenen t  d e t e r n i n c d ,  t3.e b e s t  r a d i a t o r  duc t  a r -  
rai lgcncnt  can be s c l e  ct  cd. 

I n  t h e  event t h a t  t h e  r a d i a t o r  duc t  i s  t o  be p l a c e d  
i n  a  v i n g  s e c t i o n  o t h e r  t h a n  t h e  Y.A.C.A. 23017 used f o r  
t h i s  i n v e s t i g a t i o n ,  duct  s hav ing  t h e  sane  c h a r a c t e r i s t i c s  
a s  t h o s e  r e p o r t e d  h e r e i n  c o u l d  undoubtedly  be des igned  by 
t h e  a i d  of a  c o n p a r i s o n  of t h e  p r e s s u r e  d i s t r i b u t i o n s  f o r  
t h e  3T.A.C.-4. 23017 and  t h e  d e s i g n  s e c t i o n .  I t  i s  p a r t i c u -  
l a i - l p  i q o r t a n t  t h a t  t h e  i n l e t  occupy t h e  sane  r e l a t i v e  
p o s i t i o n  t o  t h e  s t a g n a t i o n  p o i n t  on t h e  d e s i g n  s e c t i o n  a s  
o c c u r s  O E  t h e  N.B. C.A. 23017 s e c t i o n .  

C O N C L U D I N G  BEMARKS 

The c h a r a c t e r i s t i c s  of f i n i t e - s p a n  c o o l i n g  d u c t s  a r e  
i i l  s i l b s t a n t i a l  agree;?e::t n i t h  s e c t i o n  c h a r a c t e r i s t i c s  p r e -  
v i o u s l y  o b t a i n e d  f o r  Pu l l - span  d u c t s  i n  two-dinens ional  
f lorn ( r e f e r e n c e  4 ) .  T h o  quaxt  itg of a i r  t h a t  n i l l  f l o v  
t h r o u g h  t 3 e  duc t  cay 5e p r e d i c t e d  m i t h  c o n s i d e r a b l e  accu- 
r a c y  f r o n  t h e  s e c t i o n  d a t a ;  however,  t h e  Foner  absorbed  
by t h e  d u c t  n i l l  38 u n d c r e s t i n a t e d  u n l e s s  c o n s i d e r a t i o n  i s  
g i v e n  t o  t h e  l o s s  a t  t h e  duct ends .  The r e s u l t s  shorr t h a t  
f o r  t l ie  u s u a l  c a s e s  t h e s e  duct -end l o s s e s  n i l l  n o t  exceed 
1 p e r c e n t  t o  2 p e r c e n t  of t h e  eng ine  rower .  T e s t s  of +.ucts  
of s e v e r a l  n i d t h s  shoved t h a t  t h e  l o s s e s  due t o  t h e  d u c t  
ends  a r e  g r e a t e s t  when t h o  f l o w  th rough  t 3 c  duc t  i s  r c -  
s t r i c t e d .  Rounding of t h e  e n t r g  of t L e  d u c t  a t  t h e  s i d e  
m a l l s  i s  sugges ted .  

For  s a t i s f a c t o r y  a i r - f l o w  c o n t r o l  and  low poner  con- 
s u n p t i o n  a t  h i g h  s p e e d ,  a f l a p  s h o u l d  be y r o v i d e d  a t  t h e  



Cuct o u t l e t .  Tor  optir-ium d u c t  ~ c r f o r r n a n c e  a t  b o t h  t h e  
hIg?i-syeed and c l imb  c o n d i t i o n s ,  bo th  a n  i n l e t  and o u t l e t  
f lal, a r e  r e q u i r e d .  The r e s u l t s  showed t h n t  a n  o u t l e t  
t h r o u g h  t h e  q p e r  s u r f a c e  was s - a r e r i o r  t o  a f l a ~ p e d  o u t l e t  
t h r o u g h  t i le  t r a i l i n g  edge. 

The u n d e r s h l n g  duc t  a r r a n g e m e n t s  t e s t e d  mere l e s s  e f -  
f i c i e n t  t h a n  tl ie d u c t s  w i t h i n  t h e  wing; h o ~ e v e r ,  t h e y  rrere 
e f f i  ci.ent enough t o  m e r i t  desig:i c o n s i d e r a t i o n  f o r  c a s e s  
i n  which t h r o u g h  duct  s arc, s t r u c t u r n l l g  ii;1po s s i b l e .  

The duc t  c h a r a c t e r i s t i c s  shoved no im1,ortant s c a l e  
e f f e c t s  w i t h i n  t h e  t e s t  Reynolds Number r a n g e  o f  4 ,000,000 
t o  1 0 , 0 0 0 , 0 0 0 .  

L m g l e y  Menor ia l  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  Adv i so ry  C o a n i t t e s  f o r  A e r o n a u t i c s ,  

Langley F i e l d ,  V n . ,  August 2 6 ,  1938. 
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LEGEBDS 

( a )  N.B.C.A.  23017 c e n t e r  ( b )  N . A . C . A .  23017 c e n t e r  sec- 
s e c t i o n ,  no d u c t .  t i o n  showing t y p i c a l  duc t  

i n s t a l l a t i o n .  

F i g u r e  1.- Cooling wing and duc t  a r rangement .  

F i g u r e  2a.-  R e l a t i v e  p r e s s u r e  drop of r a d i a t o r  a s s e m b l i e s .  

F i g u r e  23.-  E e l a t i v e  p r e s s u r e  drop of r a d i a t o r  a s s e m b l i e s  

F i g u r e  3.- Upper n o s e s  used  t o  form duc t  i n l e t s ,  showing 
i n l e t  g o s i t i o n s  i n  p e r c e n t  of B.A,G.A.  23017 
s e c t i o n  chord  ( t h r o u g h  d.uct ). 

F i g u r e  4.- Lower n o s e s  used  t o  form duc t  i n l e t s  ( t h r o u g h  
duc t  ). 

F i g u r e  5.- Typ ica l  through d u c t  i n s t a l l a t i o n .  

( a )  Through duct  i n s t a l l a -  ( d )  Underslung r a d i a t o r  ar- 
t i o n ,  showing e x i t  rangement .  
s i z e s  and l o c a t i o n .  

( b )  Through duc t  shoving ( e  ) C r o  ss-ming duc t  a r r a n g e -  
nose  f l a p  tmd e x i t  ment. 
- f lap ' A r  f o r  c o u t r o l -  
l i n g  s i r  f low.  

( c  ) Through duct  s5oming (f) Through &uc t  showing e x i t  
e x i t  through t r a i l i n g  f l a p  ' 3 '  f o r  conJcrol l ing  
edge s p l i t  f l a p .  a i r  flolv. 

F i g u r e  6 . -Radia tor  duc t  a r r a n g e n e n t s .  

F i g u r e  7.-Typical th rough  duct  o u t l e t  i n s t a l - l a t i o n .  

F i g u r e  8.- Typ ica l  t r a i l i n g  edge s p l i t  f l a p  o u t l e t  i n s t a l l a -  
t i o n .  

F i g u r e  9 . -  I n l e t  f l a p  i n s t a l l a t i o n ,  F lap  i n  p o s i t i o n  3'3. 

( a )  I n l e t .  ( 3 )  O u t l e t .  

F i g u r e  10.- Narrow duc t  i n s t a l l a t i o a .  



F i g u r e  11.: T y p i c a l  u n d e r s l u n g  duc t  i n s t a l l a t i o n *  

F i g u r e  12.- P l a i n  wink mounted i n  f u l l - s c a l e  wind t u n n e l  

( a )  Nose p o s i t i o n  2a .  ( b )  Nose p o s i t i o n  0.  

F i g u r e  13.- V a r i a t i o n  of duc t  e f f i c i e n c y  and  f low r a t i o  m i t h  
l i f t  c o e f f  i c i e n t .  Through d u c t ,  2  p e r c e n t  
o u t l e t .  

( a )  Nose p o s i t i o n  2a .  ( b )  Nose p o s i t i o n  0 .  

F i g u r e  14.- V a r i a t i o n  of duc t  e f f i c i e n c y  and  f low r a t i o  w i t h  
l i f t  c o e f f i c i e n t .  Through d u c t ,  4 p e r c e n t  out -  
l e t .  

( a )  Xose p o s i t i o n  2a .  (3)  Nose p o s i t i o n  0. 

( c )  Mose p o s i t i o n  3. 

F i q u r e  15.- V a r i a t i o n  of duc t  e f f i c i e n c y  and f l o n  r a t i o  m i t h  
L i f t  c o e f f i c i e n t .  Through d u c t ,  6 p e r c e n t  
o u t l e t .  

( a )  Nose p o s i t i o n  4a. ( a )  Nose p o s i t i o l  1. 

(3) Bose p o s i t i o n  2a .  ( e )  Nose p o s i t i o n  3. 

( c )  No'se p o s i t i o n  0. ( f )  Nose p o s i t i o n  5.  

F i g u r e  16.-  V a r i a t i o n  of duc t  e f f i c i e n c y  and f l o n  r a t i o  w i t h  
l i f t  c o e f f i c i e n t .  Through d u c t ,  8 p e r c e n t  
o u t l e t .  

( a )  2 p e r c e n t  o u t l e t ,  ( c )  6  p e r c e n t  o u t l e t .  

( 3 )  4 p e r c e n t  o u t l e t .  ( d )  8  p e r c e n t  o u t l e t .  

F i g u r e  17.- V a r i a t i o n  of d u c t  e f f i c i e n c y  and  f l a ~  r a t i o  w i t h  
l i f t  c o e f f i c i e n t .  Through duc t  m i t h  i n l e t  
f l a p ,  

( a )  N o s e  p o s i t i o n  2a, ' ( 5 )  Nose p o s i t i o n  2 a ,  6 p e r -  
4 .6  p e r c e n t  i n l e t .  c e n t  i n l e t .  

( c )  Nose p o s i t i o n  0 ,  
6 p e r c e n t  i n l e t .  

F i g u r e  18.- V a r i a t i o n  of duc t  e f f i c f o n c y  and f low r a t f o  w i t h  
l i f t  c o e f f i c i e n t .  Through duc t  n i t h  t y p e  A 
o u t l e t  f l a p .  



( a )  Nose p o s i t i o n  2a.  (b) nose  p o s i t i o n  0. 

F i g u r e  19.- V a r i a t i o n  of  d v c t  e f f i c i e n c y  and f l o r ~  r a t i o  w i t h  
l i f t  c o e f f i c i e n t .  Throngh d u c t  w i t h  t y p e  3 
o u t l e t  f l a p  iii :'I p o s i t  ion. 

( a )  Nose ~ o s i t i o n  2 s .  ( b )  Nose p o s i t i o n  0. 

F i g u r e  20.- V a r i a t i o n  of d u c t  e f f i c i e n c y  and f l o n  r a t i o  w i t h  
l i f t  c o e f f i c i e n t .  Through. duc t  v i t h  t y p e  B 
o u t l e t  f l a p  i n  32 p o s i t i a n .  

( a )  Xose $ o s i t i o n  2 a .  ( 3 )  Nose p o s 2 t i o n  0. 

F i g u r e  21.- Var ia t ion .  of duc t  e Z f i c i c n c y  and  f low r a t i o  n i t h  
l i f t  c o e f f i c i e n t .  Through d u c t  n i t h  t y p e  B 
o u t l s t  f l a p  i n  33 p o s 2 t i o n .  

2 i g u r e  22.- V a r i a t i o n  of d u c t  e f f i c i e n c y  and f l o n  r a t i o  n i t h  
l i f t  c o e f f i c i e n t .  Through d u c t  n i t h  b o t h  i n -  

. l e t  agd type  B c ju t l e t  Tlap.  

( a )  Kose p o s i t i o n  2a.  ( 1 )  Nose p o s i t f o a  0 .  

( c )  Xose p o s i t i o n  1. 

T i g u r e  23. -  V a r i a t i o n  of d u c t  e f f i c i e n c y  and f l o n  r a t i o  n i t h  
l i f t  c o u f f i c i o n t .  Through d u c t  w i t h  T.E. 
s p l i t  f l a p  o u t l e t .  

( a )  I n l e t  ~ / 3  open. (3) I n l e t  2 /3  open. 

F i g u r e  24,- V a r i a t i o n  i n  d u c t  e f f i c i e n c y  and f low r a t i o  w i t h  
l i f t  c o e f f i c i e n t .  .Through d u c t  n i t h  r e s t r i c t e d  
i n l e t .  

F i g u r e  25.- V a r i a t i o n  i n  d u c t  e f f i c i e n c y  and f l o n  r a t i o  w i t h  
l i f t  c o c f f  i c i o n t .  Narrov through-duct  a r r a n g e -  
jnent . 

( a )  Arrangement 6. O - 2a - ( c )  Arrangement 6.0 - 2a - 6 - 
2 - 75, 65. 

( b )  Arrangement 6.0 - 2a - ( d )  Arrangement 6.0 - 2a - 8 - 
4 - 7'0. 61 ,  

F i q u r e  26,- V a r i a t i o n  i n  d u c t  e f f i c i c n ~ y ~ a n d  f l o n  rc2tio n i t h  
l i f t  c o e f f i c i e n t .  Through duc t  viCh r a d i a t o r s  
of v a r i o u s  p r e s s u r e  d r o p s .  



(a) R a d i a t o r  h e i g h t  1 5  ( c )  R a d i a t o r  h e i g h t  12 
i n c h e s  (same a s  i n  i n c h e s  . 
t h r o u g h  du'ct s ) . 

( b )  R a d i a t o r  h e i g h t  1 3  ( d )  R a d i a t o r  h e i g h t  9 
i n c h e s .  i n c h e s  , 

F i g u r e  27.- V a r i a t i o n  of  duc t  e f f i c i e n c y  and fLom r a t i o  w i t h  
l i f t  c o e f f i c i e n t .  Underslung d u c t .  

( a )  6  p e r c e n t  o u t l e t .  ( 3 )  8 p e r c e n t  o u t l e t .  

F i g u r e  28.- V a r i a t i o n  of duc t  e f f i c i e n c y  and f low r a t i o  w i t h  
L i f t  c o e f f i c i e n t .  Cross-wing duc t .  

F i g u r e  29.-  S c a l e  e f f e c t  on f low r a t i o  and pover  c o e f f i c i e n t .  

F i g u r e  30.- T y p i c a l  l i f t  c u r v e s  f o r  t h e  p l a i n  wing a n d  v a r -  
i o u s  duct  a r rangements .  

( a )  2-75 o u t l e t .  ( c )  6-65 o u t l e t .  

( b )  4-70 o u t l e t .  ( d )  6-61 o u t l e t .  

F i g u r e  31.- E f f e c t  o f  i n l e t  opening s i z e  on duc t  e f f i c i e n c y  
and f low r a t io .  GI, = 0.2. 

(a) CL = 0.2.  (3)  CL = 0.7. 

F i g u r e  3 2 , -  E f f e c t  of i n l e t  p o s i t i o n  on d u c t  e f f i c i e n c y  and 
f l o n  r a t i o .  6 p e r c e n t  i n l e t .  

F i g u r e  33.- E f f e c t  o f  o u t l e t  opening s i z e  on duct  e f f i c i e n c y  
and f l o n  r a t i o .  6  p e r c e n t  i n l e t s ,  C L  = 0.2.  

( a )  Arrangement 6 .0  - 0 - ( c )  Arrangement 6.0 - 0 - 6 - 
2 - 7 5 ,  65. 

(b) Arrangement 6.0 - 0 - ( d )  Arrangement 6.0 - 0 - 8 - 
LL - '70. 61, 

F i g u r e  34.- Comparison of narrow and f u l l  wid th  d u c t s  of  
s i m i l a r  a r rangement ,  

F i g u r e  3 5 . -  V a r i a t i o n  of d r a g ,  f low r a t i o ,  and duc t  e f f i c i e n c y  
w i t h  t h e  c o n d u c t i v i t y  f a c t o r ,  I/ +ffTzT 
C L  = 0.2 .  



Figure 36. -  Flon ratio multiplying factors for radiators 
of various pressure drops. 

Figure 37.- Poner coefficient multiplying factors for radia- 
tors of various pressure drops, 

Figure 38.- Effect of expansion ratio on radiator-duct power 
coefficient. Underslung duct. 
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N.'A. C.A. Figs. 3,4 
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R , A , @ , A ,  Figs. 8 , Q  

Figure 8. 





Figure 11. 

Figure 12. 



N.A.C.A.  Flgs. 13a,13b 
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Figure 13b 



N.A. C.A. Figs. 14a, 14 b 

L i f t  coefficienf, C, 
Figure 14a 

L iff coe fficien f, C'' 
Figure 14b 



N.A.C.A. Figs. 15a, 15b 

0 .2 .4 .6 .8 /. 0 /. 2 
L iff coefficienf, 6, 

Figure 15a 



N.A.C.A. Figs. 15c, 16a 

Figure 15c 

Figure 16a 



N.A.C.A. Figs. 16 b ,16 c 

Figure 16 b 



N.A.C.A. Figs. 16d,16e 



N.A.C.A. Figs. 16f ,17a 

Figure 16f 

-2 .4 .6 .8 /. 0 
L . i f f  coefficient, G, 

Figure 17a 



N.A.C.A. 

L~/\ 2 

0 .2 .4 .6 .8 /. 0 /.2 
L i f f  coefficienf, C, 

Figure 17b 

0 .2 .4 .6 .8 /. 0 /.2 
L if?' coefficienf, 

Figure 17c 



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

L i f f  caefficienf, C, 
Figure 17d 

Figure lea 
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N.A. C.A. Figs. 1 8 b ,  18c 

.2 .4 .6 .8 LO 
Liff coefficient, CL 

Figure 18b  

- 0 .2 .4 .6 .8 LO /. 2 
Li f f  coefficient CL 

Figure 18c 



N.A.C.A. Figs. 19a, 19 b 

0 .2 .4 .6 .8 LO 
L i f f  coefficient C', 

Figure 19a 

Liff coefficien f, 6, 
Figure 19b 



N.A.C.A. Figs .  20 a ,20 b 

0 .2 .4 .6 .8 LO 
Liff coefficien f, C' 

Figure 2Oa 

0 .2 .4 .6 .8 LO /.2 
L i f t  coefficienf, C' 

Figure 2 0 b  



N.A.C.A. Figs. 21 a,21b 

L i f f  coefficie~7f, eL 
Figure 21b 



N.A.C.A. Figs. 22,23a 
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N.A.  C.A. Figs. 23b,23 c 
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Figure 23b 
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Figure 23c 



N.A.C.A. F i g s .  24a,24b 



N.A.C.A. Figs. 25,26 a 

L if f coefficien f ,  
Figure 25 

L iff coefficienf, Cz 
Figure 26a 



N.A.C.A. Figs. 26 b ,Z6 c 

L i f f  coefficienf, C, 
Figure 26c 
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N.A.C.A. Figs. 26d,27a 

L iff coefficienf, C, 
Figure 26d 

Li f t  coefficient C' 
Figure 27a 



N.A.C.A. Figs. 27b , 27c  

0 .2 .4 .6 .8 LO 
L iff coefficie17 f, C, 

Figure E7b 

0 .2 .4 .6 .8 LO 
L i f t  coeff icient C, 

Figure 27c 



N.A.C.A. Figs. 27d,28  a 

Li f f  coefficienf, CL 
Figure 28a 



N.A.C.A. Figs. 28b,29 

Figure 28b 
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Reynolds Number 

Figure 29 
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N.A.C.A. Figs. 31a,31b 
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N.A. C . A .  Figs. 31c,31d 
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X.A.  C .A. Figs. 32a,32b 

/n/e f position 

'igure 32a 



N.A.C.A. Figs.  33,34a 

2 4 6 8 
Ouf le f  opening size, percent of chord. 

Figure 33 

Figure 34a 



N.A. C . A .  Figs. 34b,34c 
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L i f f  coefficient, CL 

Fig. 34b 

Fig. 34c 
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L i f t  coefficienf, CL 



N.A. C .A.  Figs .  34d.36 



N.A.C.A. 

I Comb ;nu fion 
0 6.0-2a-2-75 
0 6.0-2a -4-70 
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Fig.  35 

Figure 35. 
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N.A.C.A. Figs. 37,B 

Figure 37 
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