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NAT1 ONAL ADVISORY COMMITTEE FOR AXRONAUTICS 

PRELIMINARY FULL-SCALE WIND-TUNNBL IWQESTIGATION 

OF T I N G  DUCTS ?OR RADIATORS 

By Abe S i l v e r s t e i n  a n d  F .  R .  N i c k l e  

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

-. rlilng d u c t s  f o r  l i q u i d - c o o l e d  e n g i n e  r a d i a t o r s  have  
been  i n v e s t i g a t e d  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  
on a l a r g e  model a i r p l a n e .  The t e s t s  were made t o  d e t e r -  
n i : i e  t h c  r e l a t i v e  m e r i t s  of s e v e r a l  t y p c s  of d u c t  and  
r a d i a t o r  i n s t a l l a t i o n s  f o r  a n  a i r p l a n e  of  a p a r t i c u l a r  
d ~ 2 s i g n .  D c f i n i t c  s p e c i f i c s t i o n s  were g i v e n  r e g a r d i n g  t h e  
q u a n t i t y  of a i r  r e q u i r e d  t o  f l o w  t h r o u g h  t h e  P r c s t o n e  a.nd 
o i l  r a & i & t o r  a t  t h e  d i f f e r e n t  f l i g h t  c o n d i t i o n s  a n d  t h e  
program of t e s t s  was p r i n c i p a l l y  a r r a n g e d  t o  s a t i s f y  t h e s e  
p a r t i c u l a r  a i r - f l o w  r e q u i r e m e n t s  w i t h  a  minimum of a d v e r s e  
e f f e c t s  on t h e  ae rodynamic  c h a r a c t e r i s t i c s  of t h e  a i r p l a n e ,  
I n  t h e  t e s t  p rogram t h e  p r i n c i p a l  d u c t  d i m e n s i o n s  were 
s y s t e m a t i c a l l y  v a r i e d ,  and  t h e  r e s u l t s  a r e  t h e r e f o r e  some- 
what a p p l i c a b l e  t o  t h e  g e n e r a l  p r o b l c s  of wing d u c t  d e s i g n ,  
a l t h o u g h  t h e y  shou ld  b e  c o n s i d e r o d  as p r e l i m i n a r y  a.nd o n l y  
i n d i c a t i v e  of t h c  i n h e r e n t  possibilities. 

C o n v e n t i o n a l  a i r p l a n e s  n i t h  l i q u i d - c o o l e d  e n g i n e s  a r e  
o r d i n a r i l y  equ ipped  w i t h  c o n l e d  u n d e r s l u n g  r a d i a t o r s .  The 
n igh - speed  d r a g  of t h e s e  i n s t a l l a t i o n s  h a s  been  shown t o  
b e  as much a s  1 5  t o  20 p e r c e n t  of t h a t  of the e n t i r e  air-  
p l a n e .  R e c e n t  s t u d i e s  have  i n d i c a t e d  a d v a n t a g e s  i n  u s i n g  
expand ing  d u c t s  w i t h  l a r g e  r a d i a t o r s  l o c a t e d  a t  t h e  low 
v e l o c i t y  s e c t i o n s  of t h e  d u c t s .  The power a b s o r b e d  by t h e  
r e d i a t o r  i s  a f u n c t i o n  o f  t h e  v e l o c i t y  t h r o u g h  t h e  c o r e ,  
a n d  r e d u c t i o n  of t h e  c o r e  v e l o c i t y  markedly  d e c r e a s e s  t h e  
r a d i a t o r  l o s s e s .  The n e t  g a i n  f r o m  u s i n g  a n  e x p a n d i n g  
d u c t  on e x t e r n a l  r a d i a t o r s ,  however ,  i s  l e s s  t h a n  i n d i c a t -  
ed f rom c o n s i d e r a t i o n  of t h e  c o r e  l o s s e s  a l o n e  s i n c e  a 
h e a v i e r  r a d i a t o r  w i t h  a l a r g e r  f r o n t a l  a r e a  i s  r e q u i r e d  
which  i n c r e a s e s  b o t h  t h e  i n d u c e d  and i n t e r f  o r e n c e  d r a g .  
I n  t h e  p r e s e n t  t e s t s  t h e  expand ing  d u c t s  have b e e n  l o c a t -  
ed e i t h e r  w h o l l y  o r  p a r t i a l l y  w i t h i n  t h c  wing i n  a n  a t -  
tempt  t o  r e d u c e  t h e  i n t e r f e r e n c e  d r a g  between t h e  d u c t  
a n d  t h e  r e m a i n d e r  of t h o  a i r p l a n e  a n d  t o  r educo  t h o  ex- 
p o s e d  f r o n t a l  a r e a .  The p a s s a g e  of a i r  throu-gh expand ing  
d u c t s  i n e v i t a b l y  i n t r o d u c e s  ene rgy  l o s s e s  a t  t h e  i n l e t ,  
i n  t h e  e x p a n s i o n  a l o n g  t h e  d u c t ,  a t  t h e  d u c t  w a l l s ,  and  a 



further loss at the outlet. The magnitude of the advan- 
tage to be realized by the use of the expanding ducts de- 
pends therefore on the extect to which these losses may 
be reduced. 

The important requirements for satisfactory wing 
cooling ducts are summarized as follows: 

1. Sufficient cooling air provided to the radiators 
for all flight conditions. t 

2. Low cooling drag at high speed. 

3. Small adverse effects on the maximum wing lift. 

This report presents the results of over 100 tests 
conducted with numeyous duct-radiator combinations on a 
two-engine pusher-type model airplane arranged as a mid- 
wing monoplane. Test data include measurements of the 
quantity of air flowing through the ducts and the effect 
of the ducts on tlie aerodynamic characteristics of the 
airplane. The tests include Prestone radiator installa- 
tions entirely within the wins and in external cowlings 
along the lower wing surface; combinations of Prestone 
and oil radiators in ducts entirely within the wing; and 
Prestone radiators in wing ducts with covled oil radia- 
tors partly exposed at several positions along the lower 
wing surface. The various design parameters such as duct 
size and location were varied in a systematic manner. 
The effect of the pressure drop through the radiator on 
the duct performance was investigated for several of the 
combinations. 

Owing to the structural arrangements in the full- 
size airplane which were simulated in the model, it was 
not possible to design the model ducts in an optimum man- 
ner to minimize the internal losses. The web members of 
both the front and rear spars passed through the duct, . 
and it was necessary in some cases to bend the duct rath- 
er sharply to avoid the spar flange members. An ideal 
design could largely eliminate these structural diffi- 
culties, and it is therefore believed that the prelim- 
inary results of this investigation are of greater inter- 
est as an indication of the possibilities inharent in the 
internal wing duct system rather than as exact quantita- , -Y 
tive data for an optimum design. A systematic test pro- 
gram is now in progress at the N.A.C.A. laboratory on im- 
proved wing arrangements to obtain data more applicable b i  

for general design purposes. 



DESCRIPTION OF DUCTS AND RADIATORS 

The model t e s t e d  was a r r a n g e d  as a two-engine  mid- 
wing  monoplane h a v i n g  a wing s p a n  of 35 f e e t  and  a wing 
a r e a  of 1 7 2  s q u a r e  f e e t .  The wing w a s  t a p e r e d  i n  p l a n  
f o r m  a n d  s e c t i o n ,  and  t n e  wing p r o f i l e s  a r e  of t h e  
N . A .  C.A. 230 f a m i l y  w i t h  t h e  midd le  of t h e  r a d i a t o r  d u c t  
a p p r o x i m a t e l y  at  a n  8 , A . C . A .  23011 s e c t i c n .  The d u c t  
d i m e n s i o n s  a r e  g i v e n  as  a p e r c e n t a g e  of t h e  r e f e r e n c e  
wing c h o r d  of 6 6 . 6 5  i n c h e s .  To e x p e d i t e  t h e  t e s t ,  t h e  
d u c t s  a n d  r a d i a t o r s  were  i n s t a l l e d  o n l y  i n  one s i d e  of 
t h e  model. The e f f e c t s  of  t h e  r a d i a t o r  and d u c t s  f o r  
b o t h  e n z i n e s  were c o n s i d e r e d  t o  be d o u b l e  t h o s e  o b t a i n e d  
f o r  t h e  one .  

For  a l l  t h e  t e s t s  w i t h  t h e  P r e s t o n e  r a d i a t o r . w i t h i n  
t h e  wiilg t h e  l o c a t i o n  of t h e  r a d i a t o r ,  t h e  1 5 - i n c h  d u c t  
w i d t h ,  and  t h e  most f o r w a r d  l o c a t i o n  o f  t h e  d u c t  o u t l e t  
were  s a i n t a i n e d  c o n s t a n t .  These d i m e n s i o n s  were  d i c t a t e d  
by t h e -  s p a c e  a v a i l a b l e  i n  t h e  model.  The v a r i a b l e s  con- 
s i s t e d  i n  t h e  s i z e  of t h e  d u c t  i n l e t  a n d  o u t l e t  a n d  t h e i r  
cho rdwise  l o c a t i o n .  

The p r i n c i g a f  d i m e n s i o n s  of  a l l  t h e  t e s t  a r r a n g e -  
ments  a r e  g i v e n  i n  t a b l e  I .  The t e s t s  have b e e n  grouped  
t o g e t h e r  u n d e r  a r r a n g e m e n t s  d e s i g n a t e d  A ,  B ,  C, e t c .  
T e s t s  g rouped  u n d e r  e a c h  a r r angemen t  have  t h e  same gen- 
e r a l  f a m i l y  c h a r a c t e r i s t i c s  m i  t h  t h e  v a r i a t i o n s  w i t h i n  
e a c h  g roup  l a r g e l y  c o n s i s t i n g  of c h a n g e s  i n  t h e  d e t a i l  
d i m e n s i o n s .  The v a r i o u s  n o s e  i n l e t s  f o r  t h e  d u c t s a r e  d i -  
msns ionad  i n  f i g u r e  1. To f a c i l i t a t e  t h e  d e s c r i p t i o n  o f  
t i l e  v a r i o u s  d u c t s  two numbers a r e  u s e d  t o  d e s i g n a t e  e a c h  
of t h e  d u c t  i n l e t s  a n d  o u t l e t s .  Tor  example ,  a sample  
d e s i g n a t i o n  f o r  t h e  P r e s t o n e  d u c t  may be  i n l e t  45 ,  o u t l e t  
36  i o  which :  

P 

1, The f i r s t  number 4 of t h e  i n l e t  p a i r  g i v e s  t h e  
app rox i rna to  p e r c e n t a g e  of t h e  i n l e t  open ing  d i m e n s i o n  t o  
t h o  wing c h o r d .  

2 .  The secon4  number 5 gj .ves t h e  a p p r o x i m a t e  p e r c e n t -  
a g e  l o c a t i o n  of t h e  c e n t e r  of t h e  i n l e t  beh ind  t h e  n o s e  
r e f e r e n c e  i n  t e rms  of  t h e  wing c h o r d .  

9 3.  The number 3 a t  t h e  b e g i n n i n g  of t h e  o u t l e t  g roup  
i n d i c a t e s  t h e  a p p r o x i m a t e  p e r c e n t a g e  open ing  o f  t h e  o u t -  
l e t  i n  t e r m s  of t h e  wipg chord .  

>," 



4. The l a s t  number 6 ( X  10) i n d i c a t e s  t h a t  t h e  out -  
l e t  i s  a b o u t  60 p e r c e n t  of t h e  wing chord behind t h e  nose .  
For  t h e  c a s e s  i n  which t h e  o u t l e t  i s  a t  t h e  f l a p ,  t h e  
f l a p  d e l f e c t i o n s  d e f i n e  t h e  opening.  

I n  d e s i g n i n g  t h e  ducts ,  r e f e r e n c e  was made t o  t h e  
t h e o r e t i c a l  p r e s s u r e  d i s t r i b u t i o n  around a n  a i r f o i l  sec-  
t i o n  s i m i l a r  t o  t h e  N . A . C . A .  23017. I t  was i n d i c a t e &  
from th i , s  t h a t  t h e  optimum p r e s s u r e  differences f o r  i n -  
duc ing  a  f l o w  through t h e  wing c o u l d  be o b t a i n e d  by p l a c -  
i n g  t h e  i n l e t  a t  t h o  noso s t a g n a t i o n  p o i n t  and t h e  o u t l e t  
n e a r  t h o  2Gpercent-chord p o i n t  on t h e  upper s u r f a c e .  
Space r e s t r i c t i o n  p r e v e n t e d  t h e  l o c a t i o n  of t h e  o u t l e t  
f u r t h e r  fo rward  t h a n  a b o u t  t h e  55-percent -chord  p o i n t ;  
so  t h i s  was chosen a s  t h e  most s a t i s f a c t o r y  p r e l i m i n a r y  
l o c a t i o n  f o r  t h e  o u t l e t  (arrangement  A, t a b l e  IA) .  I n  
subsequent  t e s t s  t h e  o u t l e t s  were moved p r o g r e s s i v e l y  
rea rward  t o  a p p r o x i m a t e l y  70- and 80-percent -chord  loca -  
t i o n s  (a r rangements  B, C ,  D ,  E ,  l?),, and f i n a l l y  t o  t h e  
opening formed by d e f l e c t i n g  t h e  s p l i t  t r a i l i n g - e d g e  
f l a p s  (arrangement  G )  . 

The i n l e t s  f o r  a r rangement  A were v a r i e d  so  as t o  
cover  openings  whose c e n t e r s  v a r i e d  f rom 1 t o  6 p e r c e n t  
back from t h o  r e f e r e n c e  a t  t h e  nose .  This  r e f e r e n c e  
p o i n t  i s  d e f i n e d  by t h e  i n t e r s e c t i o n  of t h e  chord  l i n e  
w i t h  t h e  s e c t i o n  p r o f i l e .  Tuf t  o b s e r v a t i o n s  ma,de on t h e  
23017 a i r f o i l  show t h a t  t h e  f r o n t  s t a g n a t i o n  p o i n t  v a r i e s  
from abou t  d i r e c t l y  a t  t h e  r e f e r e n c e  f o r  t h e  h igh-speed 
c o n d i t i o n  t o  a b o u t  1 .75  p e r c e n t  beh ind  t h i s  p o i n t  f o r  t h e  
c l imbing  a t t i t u d e .  

Arrangement R w a s  p rov ided  w i t h  o u t l e t  f l a p s  of two 
t y p e s  d e s i g n a t e d  a s  s t y l e  A and B a s  shown on f i g u r e  2 ,  
The f l a p s  w e r e  v a r i e d  t h r o u g h  an a n g l e  range  of f rom 15' 
t o  45'. Arrangement I was f i t t e d  w i t h  s c o ~ p s  a t  t h e  i n -  
l e t  which were a d j u s t a b l e  f rom 30°. t o  45O w i t h  t h e  chord 
l i n e .  Center -h inged f l a p s  were u t i l i z e d  i n  ar rangement  
J t o  c o n t r o l  t h e  f low th rough  t h e  o u t l e t .  I n  ar rangement  
K t h e  Prositone r a d i a t o r  was e n c l o s e d  i n  a n ' e x t e r n a l  cowl- 
i n g  which was a d j u s t a b l e  t o  s e v e r a l  d i f f e r e n t  d i s t a n c e s  
from t h e  lower wing s u r f a c e .  F l a p s  and scoops were a l s o  
p rov ided  t o  c o n t r o l  t h e  f low a t  t h e  o u t l e t  and i n l e t ,  r e -  
s p e c t i v e l y .  I n  ar rangement  L b o t h  t h e  P r e s t o n e  and o i l  
r a d i a t o r s  were comple te ly  e n c l o s e d  w i t h i n  t h e  wing w i t h  
t h e  f low t h r o u g h  t h e  nose  i n l e t  d i v i d e d  s o  t h a t  about  one- + ?  

f o u r t h  of t h e  a i r  p a s s e d  th rough  t h e  o i l  r a d i a t o r  and 
t h r e e - f o u r t h s  th rough  t h e  P r e s t o n o  r a d i a t o r .  Arrangement +. 



M m a s  a v a r i a t i o n  of L d i f f e r i n g  i n  t h a t  a s e p a r a t e  i n l e t  
w i t h  a scoop w a s  p r o v i d e d  on t h e  lower  s u r f a c e  t o  supp ly  
a i r  t o  t h e  o i l  r a d i a t o r .  I n  b o t h  c a s e s  c e n t e r - h i n g e d  
o u t l e t  f l a p s  were p r o v i d e d .  The o i l  r a d i a t o r s  were  l o -  
c a t e d  i n  a cowled duc t  on t h e  lower wing s u r f a c e  f o r  qr- 
rangements  N and P. The c e n t e r s  of tho  o i l  r a d i a t o r s  
wore a t  approx imate  d i s t a n c e s  of 30 and 65 p e r c e n t  from 
t h e  l e a d i n g  edge ,  r e s p e c t i v e l y .  The d u c t  i n  b o t h  c a s o s  
w a s  p r o v i d e d  w i t h  a n  o u t l e t  f l a p ,  a n d  d u c t  P was des igned  
t o  r e t r a c t  i n t o  t h o  wing. The P r e s t o n e  r a d i a t o r  f o r  b o t h  
t h e s o  rangcments  w a s  l o c a t e d  w i t h i n  t h e  wing w i t h  t h e  
d u c t  combinat ion  o f  i n l e t  55 and e x i t  56. 

Two t y p e s  of P r e s t o n e  r a d i a t o r s  d e s i g n a t e d  as c o r e s  
A and B have  been t e s t e d  i n  t h e  d u c t s .  (See f i g .  3 . )  
R a d i a t o r  A i s  a f ine-mesh f i n - t y p e  c o r e ,  4 i n c h e s  deep 
and  9-3/8 by 14-7/16 i n c h e s  i n  c r o s s  s e c t i o n .  Th i s  co ro  
w a s  used  i n  a r rangements  A t o  I ,  i n c l u s i v e .  R a a i a t o r  B 
i s  a s t a n d a r d  A i r  Corps ,  hexagona l - tube ,  c a r t r i d g e - c o r e  
t y p e ,  9 i n c h e s  deep and 8-1/15 by 15-3/8 i n c h e s  i n  c r o s s  
s e c t i o n  a n d  was used i n  a r rangements  3 t o  P. The o i l  
c o o l e r  c o n s i s t e d  of two c i r c u l a r  r a d i a t o r s  4-1/2 i n c h e s  
i n  d i a m e t e r  and 7 i n c h e s  long  w i t h  t h e  same t y p e  of t u b e s  
a s  r a d i a t o r  B. To s i m u l a t e  r a d i a t o r s  of h i g h e r  p r e s s u r e  
d r o p s ,  m e t a l  s c r e e n s  of 1 6  and 40 mesh were addea  t o  t h e  
f a c e  of r a d i a t o r  A f o r  c e r t a i n  of t h e  t e s t s .  The p r e s -  
s u r e  d r o p s  th rough  t h e  P r e s t o n e  r a d i a t o r  c o r e s  b o t h  w i t h  
a n d  w i t h o u t  s c r e e n s  a r e  shown i n  f i g u r e  4 over  a  range  
of v e l o c i t i e s  r e p r e s e n t a t i v e  of t h o s e  o c c u r r i n g  i n  t h e  
d u c t s .  

TESTS 

A g e n e r a l  summary of t h e  t e s t s  i s  g iven  i n  t a b l e  11. 
lvIeasuresents were made of t h e  l i f t  a n d  d r a g  of t h e  model, 
t h e  q u a n t i t y  of a i r  f lowing  th rough  t h e  d u c t ,  and t h e  
p r e s s u r e  d r o p  a c r o s s  t h e  r a d i a t o r .  The q u a n t i t y  of a i r  
f low was o b t a i n e d  s imply  as a p r o d u c t  of t h e  a i r  v e l o c i t y  
th rough  t h e  d u c t  and t h e  a r e a  of t h e  duc t  s e c t i o n .  These 
d a t a  were o b t a i n e d  i n  most c a s e s  over  t h e  e n t i r e  r ange  of 
f l y i n g  a t t i  tudos  of t h e  a i r p l a n e .  Tho equipment and pro-  
cedure  f o r  t h e  f o r c e  measurements a r e  d e s c r i b e d  i n  r e f e r -  

' - -  ence  1. 

The v e l o c i t y  of t h e  a i r  t h r o u g h  t h e  duc t  w a s  meas- 
L u r e d  by means of t o t a l - h e a d  t u b e s  and s t a t i c  o r i f i c e s .  



For  t h e  p r e l i m i n a r y  t e s t s  A 1  t o  A 2 2 ,  e i g h t  t o t a l - h e a d  
t u b e s  were u s e d  t o  s u r v e y  t h o  d u c t  a r e a ;  f o r  t h o  remain- 
d e r  of t h e  P r e s t o n c  r a d i a t o r  t c s t s ;  t o  o b t a i n  h i g h o r  ac -  
c u r a c y ,  t h e  number of t u b e s  mas i n c r e a s e d  t o  16 .  Owing 
t o  t h e  poor  d i s t r i b u t i o n  of f l o w  i n  t h e  d u c t s ,  t h o  a i r  
q u a n t i t i e s  and  v e l o c i t i e s  d e t e r m i n e d  by means of t h e  8- 
and  16- tube  measureaen t s  f a i l e d  t o  a g r e e  w i t h i n  a b o u t  1 0  
p e r c s n t ;  o b v i o u s l y  t h e  l a t e r  va, lues  o b t a i n e d  w i t h  t h e  
l a r g e r  number of t u b e s  a r o  t h e  more r e l i a b l e .  The s t a t i c  
p r e s s u r e s  i n  f r o n t  of and  beh ind  t h e  r a d i a t o r  wore meas- 
u r e d  by moans of f l u s h  o r i f i c e - t y p e  s t a t i c  o p e n i n g s  a t  
t h e  s i d e s  of t h e  d u c t  and  a s i n g l e  row of s t a t i c  t u b e s  
1oca.tcd a t  t h e  c e n t e r  of t h e  du.ct i n  f r o n t  of  t h e  r a d i a -  
t o r s .  d s i m i l a r  sys t em of v e l o c i t y  measurement was em- 
p l o y e d  i n  t h e  o i l  r a d i a t o r  d u c t s .  The a i r  p r e s s u r e s  were 
c a r r i e d  f rom t h e  model t o  t h e  t e s t - chamber  f l o o r  th rough  
copper  and r u b b e r  t u b i n g  where t h e y  were  measured w i t h  
s t a n d a r d  $:.A. C.A.  micromanometers .  

Drag a n d  a i r - f l o w  mcasurements  were o b t a i n e d  f o r b a l l  
t h e  d u c t  a r rangornents  a t  a t u n n e l  v e l o c i t y  o f  60 m i l e s  
p e r  hodr .  Some of t h e  more p r o m i s i n g  combina t ions  were 
t e s t e d  b o t h  a t  60 and  a t  100  m i l e s  p e r  hour  t o  s t u d y  s c a l e  
er'f e c t .  

A summary of t h e  f i n a l  r e s u l t s  i s  g iven  i n  t a b l e  I1 
where t h e  t e s t s  a r e  grouped as i n  t a ,b lo  I .  The r e s u l t s  
which a r e  p r e s e n t e d  i n c l u d c  t h o  p e r c e n t  change i n  t h e  
a i r p l a n c  d r a g  t h a t  may be a t t r i b u t e d  t o  each  d u c t  i n s t a l -  
l a t i o n  a t  t h e  h igh- speed  and c l imb  c o n d i t i o n s ,  t h e  i n c r e -  
ment of change  i n  t h e  a i r p l a n e  maximun l i f t  c o e f f i c i e n t ,  
t h e  q u a n t i t y  of a i r  f l o w i n g  t h r o u g h  t h e  r a d i a t o r  d u c t  a t  
t h e  h igh-speed  and  c l imb  a t t i t u d e s ,  a n d  t h e  o v e r - a l l  d u c t  
e f f i c i e n c y .  A c l o s e  s t u d y  of t h e  t e s t  r e s u l t s  d i s c l o s e s  
may d i s t u r b i n g  and u n e x p l a i n a b l e  i r r e g u l a r i t i e s  which 
p r e c l u d e  a n  e x a c t  q u a n t i t a t i v e  d i s c u s s i o n .  The r e s u l t s  
ehow i n  a q u a l i t a t i v e  way t h e  e f f e c t  of v a r y i n g  t h e  i m -  
p o r t a n t  d u c t  p a r a n e t e r s  upon t h e  d u c t  e f f  i c i e n c y  a n d  upon 
t h e  o v e r - a l l  a i r p l a n e  c h a r a c t e r i s t i c s ,  

The a i r  measurements a r e  i n  g e n e r a l  b e l i e v e d  t o  be 
a c c u r a t e  w i t h i n  *10 p e r c e n t ,  a l t h o u g h  f o r  s e v e r a l  c a s e s  
i n  which s e p a r a t i o n  of t h e  f l o w  f r o m  t h e  d u c t  w a l l s  oc- 
c u r r e d  t h e  e r r o r  may be  h i g h e r .  The r e l a t i v e l y  low e r e -  



cision is attributed to the irregular velocity distribu- 
tion in the duct with the subsequent measuring difficul- 
ties (figs. 5 and 6) . Part of t'he. ,dissymmetry is *caused 
by the tubular front spar of the model which passes 
throush the duct and whose wake is clearly outlined by 
the measurements, and part-is due to the engine nacelles 
which lowered the velocity on the inboard side of the 
duct at high angles of attack. Those difficulties are 
peculiar to the model tested and may be eliminated; how- 
eves, further irregularities in the vertical velocity 
distribution due to the rapid pressure changes over the 
nose of.the wing seem inherent for inlets closo to the 
leading edgo. 

The drag changes aro believed to be accurate to with- 
in &2 pcrcent, i.o,, increments in drag tabulated as 10 
percent may with equal precision be 8 or 12 percent, Tho 
precision of the drag moasuremonts was reduced by the no- 
ccssity for doubling the measurements made with cooling 
ducts on one side of the model only. 

The drag increments and air quantities are tabulated - 
at lift coefficients of 0.15 and 0.70 which correspond 
respectively to the high-speed and climb conditions. The 

" I  drag increments have been given as porccntages of the com- 
plete airplane drag without a radiator installation. 

These rofercnce drag values for the complete air- 
plane at the afore-mentioned lift coefficients are as fol- 
lowst 

Lift coefficient CL 

The difference between the drag coefficients for the two 
tunnel velocities is attributed to scale effect. 

Test velocity V 
m.p.h. 

The effects of the radiator ducts on tho maximum 

Drag coefficient CD 



l i f t  c o e f f i c i e n t s  a r e  shown as inc rements  i n  l 5 f t  c o e f f i -  
c i e n t  r a t h e r  than  as -percerr tages.  Both t h e  d r a g  and l i f t  
changes a r e  p r e s e n t e d  f o r  i n s t a l l a t i o n  of two d u c t s  on . 
t h e  model, a l t h o u s h  a s  p r e v i o u s l y  mentioned,  t h e  t e s t  
d a t a  wore o b t a i n e d  from a  s i n g l e  d u c t  i n s t a l l a t i o n .  The 
a i r - f l o w  measurements a t  t h e  l i f t  c o e f f i c i e n t s  f o r  h i g h  
speed and c l imb  have been g i v e n ,  however,  f o r  a  s i n g l 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 ,  and t h e  r e s u l t s  f o r  b o t h  t h e  
60- and 100-mile-an-hour t e ' s t s  have been a d j u s t e d  t o  a n  
a i r p l a n e  v e l o c i t y  of 100  m i l e s  p e r  h o u r ,  To- a  f i r s t  ap- 
p r o x i m a t i o n  t h e  q u a n t i t y  of a i r  f l o w  f o r  a n  a i r  speed of 
200 m i l e s  p e r  hour w i l l  s'imply be twice  t h a t  g i v e n  i n  t h e  
t a h l e ,  o t c .  

The l as t  column i n  t h e  t ' ab le  p r e s e n t s  v a l u e s  of t h e  
duc t  e f f i c i e n c y  i n  t h e  high-speed a t t i t u d e .  Duct o f f i -  
c i c n c y  i s  d e f i n e d  a s  t h e  r a t i o  of t h e  u s e f u l  work done t o  
t h e  t o t a l  work oxpended i n  t h e  r a d i a t o r  duc t  sys tem.  The 
u s e f u l  mork i s  t h a t  r e q u i r e d  t o  f o r c e  t h e  c o o l i n g  a i r  
th rough  t h e  r a d i a t o r  c o r o  and ia e q u a l  t o  t h e  q u a n t i t y  of 
a i r  faowing m u l t i p l i e d  by t h ~  p r e s s u r e  drop t h r o u g h  t h e  
r a d i a k o r .  The p r e s s u r e  d r o p s  a s  shown i n  f i g u r e  4 were 
uscd I-n t h e s e  computa t ions .  Tho t o t a l  mork expended on 
t h e  sys tem i s  equa l  t o  t h e  addod 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 Z a l 1 a t i o n s  m u l t i p l i e d  by t h e  v e l o c i t y  of f l i g h t .  
The duc t  e f f i c i e n c y  may t h e r e f  o r e  be d e r i v e d  a s  f  o l l o n s :  

S i n c e  

S i n c e  



then 

in which 

is duct efficiency 
* 

nCD, increment of drag coefficient due to ducts and 
radiators (1 radiator) 

S, wing area 

A, radiator area 

AP, pressure drop through radiator in pounds per 
square foot 

Ap, ratio of the pressure drop through radiator 
core to the dynamic pressure at the face 
of the radiator (not to be confused with 
the dynamic pressure of the free stream - 
see fig. 4) 

Q, quantity of air flow in cubic feet per minute 
(1 radiator) 

V, free stream volocit.~, feet per minute 

VRs velocity at face of the radiator 

CHARACTERISTICS OF INTERNAL DUCT ARRANGEMENTS 

The following paragraphs show the dependence of the 
duct performance upon the princfpal duct dimensions and 
arrangement. The discussion relates particularly to the 
effects of the ducts on the high-speed drag and the quan- 
tity of air delivered. In general, for all the better 
internal duct arrangements tested,the maximum lift coef- 
ficient was not appreciably changed by the duct and in 
many cases the lift was slightly increased. The increase 

.- in lift is attributed to the favorable effect of the out- 
let flow on the boundary layer on the upper surfa~e of 
the wing. 

+. 



Effect-of  i n l e t  s i z e . -  F i g u r e s  7  t o  11 i n c l u s i v e  i n -  
d i c a t e  t h e  e f f e c t  of v a r y i n g  t h e  i n l e t  wid th  a l o n g  t h e  
chord  upon t h e  q u a n t i t y  ' % f ' & r . . f l o w  f o r  s e v e r a l  i n t e r n a l  
d u c t  combinat ions .  I n  t h e  d e s i g n  of t h e  d u c t  i n l o t s  i t  
became obvious  t h a t  i t  would be i m p o s s i b l e  t o  changs  t h e  
d u c t  w i d t h  wi thou t  changing t h e  o f f o c t i v e  d u c t  p o s i t i o n .  
By h o l d i n g  t h e  dilnonsion IrB" ( s e e  f i g .  1 )  a t  t h e  c e n t e r  
of t h e  i n l e t  c o n s t a n t ,  and i n c r e a s i n g  t h e  , e q u a l  amounts 
on e i t h e r  s i d e  of t h e  i n l e t  c e n t e r  l i n e ,  t h e  r e s u l t s  shown 
on f i g u r e s  7 ,  8 ,  and 9 mere o b t a i n e d ,  whereas i f  t h e  d t -  
mension " A "  t o  t h e  f r o n t  of t h e  i n l e t  i s  h e l d  c o n s t a n t  
and a l l  t h e  wid th  added t o  t h e  r o a r ,  t h e  r e s u l t s  wore d i f -  
f e r e n t  a s  shown i n  f i g u r e s  1 0  and 11. With b o t h  methods 
of i n c r e a s i n g  t h e  d u c t  w i d t h  t h e  q u a n t i t y  of a i r  f low a t  
t h e  high-spoed c o n d i t i o n  i n c r e a s e s  d i r e c t l y  w i t h  t h e  w i d t h  
of t h e  d u c t  i n l e t ;  however,  t h i s  i s  t r u e  a t  t h e  c l imb con- 
d i t i o n  o n l y  nhen t h e  w i d t h  i s  added t o  t h e  r e a r  of t h e  
opening. I t  i s  t o  be n o t e d  on f i g u r e s  8 and 9 f o r  t h e  
t e s t s  i n  w.hich IIB" i s  h e l d  c o n s t a n t  t h a t  t h e  i n c r e a s e  i n  
f low f o r  openings  above 3-112 p e r c e n t  of t h e  chord  i s  neg- 
l i g i b l e ,  whereas on f i g u r e  11 f o r  t h e  c a s e  where A i s  
h e l d  c o n s t a n t  t h e  f low i n c r e a s e s  c o n t i n u o u s l y  w i t h  t h e  
wid th .  Inasmuch a s  t h e  f r o n t  l i p ,  which i s  l o c a t e d  by 
dimension l1Al1, i s  t h e  m o s t  s e n s i t i v e  p o r t i o n  of t h e  i n l e t  
opening t o  s m a l l  d imension changes ,  i t  i s  b e l i e v e d  t h a t  
more u n d e r s t a n d a b l e  c o n c l u s i o n s  may be reached  w i t h  t h i s  
dimension r a t h e r  t h a n  B a s  t h e  r e f e r o n c e .  No d e f i n i t e  
c o n c l u s i o n s  r e g a r d i n g  t h e  i n c r e a s e  i n  d r a g  w i t h  i n c r e a s e  
i n  duc t  w i d t h  were reached  from t b e  t e s t  r e s u l t s .  

E f f e c t  of i n l e t '  p o s i t i o n . -  The e f f e c t  o f  t h e  duc t  i n -  ------ -- 
l e t  p o s i t i o n  on t h e  a i r  f low i s  shown i n  f i g u r e s  1 2  t o  1 5  
i n c l u s i v e .  These d a t a  have been p l o t t e d  w i t h  t h e  dimen- 
s i o n  "8It  l o c a t i n g  t h e  i n l e t  p o s i t i o n .  From t h e s e  r e s u l t s  
i t  should  be noted  a t  t h e  high-speed l i f t  c o e f f i c i e n t  
t h a t  t h e  a i r  f low t h r o u g h  t h e  duc t  d o c r e a s e s  w i t h  i n c r e a s -  
i n g  v a l u e  of A, ( f i g s ,  12  and 14)  whereas a t  t h e  l i f t  
c o e f f i c i e n t  f o r .  c l imb t h e  a i r - f l o w  q u a n t i t y  i n c r e a s e s  
w i t h  i n c r e a s e  ip t h i s  d imension ( f i g .  1 3 ) .  . E x t r a p o l a t i o n  
of t h e  100-mile-per-hour t e s t  r e s u l t s  ( f i g ,  14) would i n -  
d i c a t e  t h a t  f o r  i n l e t s  i n  which t h e  v a l u e  of A w a s  
g r e a t e r  t h a n  3 p e r c e n t ,  t h e  f low f o r  @he high-speed con- 
d i t i o n  would be n e : g l i g i b l e ,  whereas t h e  60-mile-per-hour 
t e s t s  w i t h  t h e  same duc taa r rangements  show z e r o  f l o w  i n -  
l e t  p o s i t i o n s  t o  be somewhat f u r t h e r  t o  t h e  r - e a r .  These 
d a t a  and r e s u l t s  from t h e  o i l - c o o l e r  t e s t s  w i t h  a r range-  
ment M i n  which t h e  i n l e t  was w e l l  back a l o n g  t h e  lower 



s u r f a c e  s u b s t a n t i a t e  t h e  o b s e r v a t i o n  t h a t  t h e  rea rward  
l o c a t i o n  of t h e  i n l e t  p o s i t i o n  i s  l i m i t e d  by t h e  a i r - f l o w  
r e q u i r e m e n t s  f o r  t h e  ,high-speed c o n d i t i o n .  Accompanying 
t h e  d e c r e a s e  i n  a i r  f l o w  at t h e  h igh-speed c o n d i t i o n  w i t h  
i n c r e a s e  i n  t h e  v a l u e  of A i s  t h e  lower v a l u e  of t h e  
high-speed d r a g  c o e f f i c i e n t  as shown on. f i g u r e  15 .  

The t e s t  r e s u l t s  show t h a t  t h o  change i n  t h e  quan t i -  
t y  of a i r  t h r o u g h  t h e  d u c t  wi th  a n g l e  of a t t a c k  i s  p r i -  
m a r i l y  a f u n c t i o n  of t h e  i n l e t  p o s i t i o n  as i s  shown i n  
f i g u r e  16. I n  t h e  c a s e  of i n l e t  63 ( s e e  f i g .  1 )  which i s  
w e l l  f o r w a r d  w i t h  t h e  c e n t e r  of t h e  opening a l m o s t  a t  t h e  
r e f e r e n c e  l i n e ,  t h e  q u a n t i t y  of a i r  f low changes on ly  
s l i g h t l y  w i t h  changing a n g l e  of a t t a c k  ( f i g .  1 6 ) .  A s  t h e  
opening i s  moved p r o g r e s s i v e l y  r e a r w a r d  t o  p o s i t i o n s  55 
and  45,  i t  i s  t o  be n o t e d  t h a t  t h e  d i f f e r e n c e  between a i r  
f low a t  t h e  a n g l e s  of 0' and 4O becomes i n c r e a s i n g l y  
g r e a t e r .  The f l i g h t  v e l o c i t y  under  f u l l  power c o n d i t i o n s  
v a r i e s  w i t h  t h e  a n g l e  of a t t a c k  and a requ i rement  of t h o ,  
optimum i n l e t  i s  t h a t  i t  should  r e g u l a t e  t h e  a i r  f low t o  
a c o n s t a n t  amount r e g a r d l e s s  of t h e  a t t i t u d e .  A s imple  
a n a l y s i s  shows t h a t  t h e  i r  q u a n t i t i e s  a t  100 m i l e s  p e r  
hour  shou ld  v a r y  as CL lY2 i n  o r d e r  f o r  t h e - f o r e g o i n g  
c o n d i t i o n s  t o  b e  met. The t h e o r e t i c a l  cu rve  w i t h  t h e  
q u a n t i t y  v a r y i n g  a s  CL l I2  i s  shown on f i g u r e  1 6  from 
which i t  may b e  observed t h a t  t h e  f l o w  f o r  d u c t  55-56 has  
s i m i l a r , a l t h o u g h  n o t  i d e n t i c a l ,  c h a r a c t e r i s t i c s .  

The r e s u l t s  i n d i c a h e  g e n e r a l l y  t h a t  i n l e t s  s i m i l a r  
t o  t h o s e  numbered 45 and 55 a r e  most f a v o r a b l e  f o r  t h e  
p a r t i c u l a r  wing t e s t e d ,  I t  i s  t o  be  e x p e c t e d  t h a t  t h i s  
optimum i n l e t  l o c a t i o n  w i l l  change f o r  o t h e r  wing pro-  
f i l e s ;  however,  no t  g r e a t l y  f  o r  medium-thick, n e a r l y  sym- 
m e t r i c a l  a i r f o i l s  such  as  a r e  now i n  common u s e .  

E f f e c t  of o u t l e t  sm.- The o f f e c t  of t h e  o u t l e t  
s i z e  on t h e  q u a n t i t y  of a i r  f l o w  i s  shown i n  f i g u r e s  1 7  
' to  20 ,  i n c l u s i v e ,  f o r  s e v e r a l  d u c t  a r rangements  and l i f t  
c o e f f i c i e n t s .  The r e s u l t s  show i n  g e n e r a l  t h a t  t h e  quan- 
t i t y  i n c r e a s e s  w i t h  t h e  s i z e  of t h e  o u t l e t  open ings  and 
f u r t h e r  i l l u s t r a t e  t h a t  t h e  o u t l e t  opening i s  a v a n t a g e  
p o i n t  at which q u a n t i t y  may be r e s t r i c t e d  i f  d e s i r e d .  
S e v e r a l  ext reme c a s e s  of l a r g o  d u c t  o u t l e t  were t e s t e d  
s i m i l a r  t o  1 3  and F2 a n d  f o r  t h e s e  c a s e s  some i n c r e a s e  
i n  a i r  f low w a s  found,  b u t  no t  i n  p o r p o r t i o n  t o  the ' amount  
of t h e  upper  s u r f a c e  opening which was u t i l i z e d .  The ad- 
v e r s e  e f f e c t  of r e s t r i c t i n g  t h o  d u c t  o u t l e t  s i z e  when 



l a r g e  a i r  q u a n t i t i e s  a r e  d e s i r e d  i s  a p t l y  demons t ra ted  by 
' t h e  r e s u l t s  of duc t  a r rangements  L and M ( t a b l e  I f )  which 
were r e n d e r e d  i n e f f i c i e n t  and u n s a t i s f a c t o r y  owing t o  t h e  
r e s t r i c t i o n  t o  t h e  P r e s t o n e  duc t  o u t l e t s  caused by i n c l u d -  
i n g  t h e  o i l  d u c t s  w i t h i n  t h ~  wing. The g r e a t e r  f l o w  w i t h  
l a r g e r  out  l e t  opexiings i s  accompanied by i n c r a a s e d  d r a g  
a s  shown i n  f i g u r e  20. For c a s e s  t h e r e f o r e  i n  which ex- 
c'e'ssivc a . i r  f l o w  o c c u r s  a t  t h e  high-spoed a t t i t u d e  some 
tlik.o.t t l ing d e v i c e  such a s  a s h u t t e r  shou ld  "o u s e d  t o  r e -  
duce .the f low.  

E f f e c t  of o u t l e t  p o s i t i o n . -  --- Conclus ions  r e g a r d i n g  
t h e  e f f e c t s  of changing t h e  o u t l e t  p o s i t i o n  a r e  n o t  a s  
w e l l  d e f i n e d  a s  t h o s e  f o r  t h e  o u t i e t  s i z e ;  however,  from 
t h e  r e s u l t s  g i v e n  i n  t a b l e  I1 f o r  a r rangements  A, B ,  and 
E ,  i t  may be no ted  t h a t  as t h e  o u t l e t  i s  moved r e a r w a r d  
t h e  a i r - f l o w  q u a n t i t y  f o r  t h e  same i n l e t s  shows a m g e n e r a l  
tendency t o  d e c r e a s e .  This  i s  t o  be expected  by c o n s i d e r -  
a t i 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  curves  f o r  t h e  a i r f o i l ,  
s i n c e ,  a s  t h e  o u t l e t  i s  moved t o  t h e  r e a r ,  t h e  p r e s s u r e  
d i f f e r e n c e  a v a i l a b l e  f o r  p roduc ing  a  f low t h r o u g h  t h e  wing 
i s  d e c r e a s e d .  Some t e s t s  mere made t o  de te rmine  t h e  of- 
f i c i e n c y  of duc t  o u t l e t s  th rough  a  s p l i t  f l a p  a t  t h e  
t r a i l i n g  edge of t h e  wing,  t h e  r e s u l t s  of which a r e  shown 
i n  f i g u r e s  21,  22 ,  and 23. The a i r  f l o w  i n c r e a s e s  o n l ~ ~  
s l i g h t l y  w i t h  i n c r e a s i n g  f l a p  d e f l e c t i o n  and r e f e r e n c e  t o  
f i g u r e  23 w i l l  show t h a t  t h e r e  i s  a n  a t t e n d a n t  l a r g e  i n -  
c r e a s e  i n  d r a g .  Tho p r e s e n t  measurements of t h e  change 
i n  a i r  f l o w  w i t h  f l a p  d e f l e c t i o n  a r e  n o t  c o n s i d e r e d  par-  
t i c u l a r l y  r e l i a b l e  owing t o  t h e  s t r u c t u r a l  r e s t r i c t i o n  
ahead of t h e  f l a p  o u t l e t s  shown i n  t a b l e  I , ,  a r rangement  G. 

F u r t h e r  r e s e a r c h  i s  r e q u i r e d  t o  d e t e r m i n e  d e f i n i t e l y  
t h e  optimum l o c a t i o n  of t h e  o u t l e t ,  a l t h o u g h  f o r  p o s i t i o n s  
a f t  of t h e  50-percent -chord  s t a t i o n  t h e  p r e s e n t  t e s t s  show 
t h a t  t h e  l o c a t i o n  i s  n o t  p a r t i c u l a r l y  c r i t i c a l .  

E f f e c t  of scoops.- I Q  SP a t t e m p t  t o  i n c r e a s e  t h e  a i r  
f low th rough  t h e  i n t e r n a l  wing d u c t s  a t  t h e  c l i m b c o n d i -  
t i o n  scoops  were added a t  t h e  i n l e t s .  A diagram. of a  
sample scoop i s  shown i n  f i g u r e  24. R e s u l t s  shown on f i g -  
u r e  25 i n d i c a t e  t h a t  scoops  a r e  r e l a t i v e l y  i n e f f e c t i v e  f o r  
i n c r e a s i n g  t h e  q u a n t i t y  of a i r  f l o w  a n d ,  i n  f a c t ,  l a r g e  
scoop a e f l e c t i o n s  s l i g h t l y  d e c r e a s e  t h e  q u a n t i t y .  F u r t h e r -  
more, t h e  high-speed d r a g  i s  g r e a t l y  i n c r e a s e d  as shown -, 
i n  t a b l e  11. Apparen t ly  t h e  scoop a c t s  a s  a  s p o i l e r  on 
t h e  wing and s u f f i c i e n t l y  d e c r e a s e s  t h e  p r e s s u r e  d i f f e r -  

C 



ences over the wing so as to negate the positive effect 
of the increased inlet area. 

Effect of flaps.- External flaps of several differ- 
ent t?pes as shown on figure 2 and table I were applied at 
the outlot of the duct in an attempt to increase the 
quantity of air flow. As shown on figures 26 and 27, tho 
flaps increased the quantity of tho air flow about 15 por- 
cont in several cases but with an attondant large increase 
in tho drag at the high-spoed condition. For several of 
the tests shown aith arrangements 3 ,  L, M, I?, and P, a 
shutter-type flap hinged at its midpoint in the center of 
the duct was employed. When this flap was placed with 
its chord axis parallel to the outlet of the duct there 
was no large restriction of tho outlet area. In general, 
the results showed that flaps of this type are not par- 
ticularly effective in increasing the quantity of air 
flow and can in some cases rather seriously increase tho 
drag of tho wing. It may be concluded that flaps which 
extend above the wing profile are not particularly dssir- 
able for controlling the flow in an internal duct since 
they are relatively ineffective for increasing the flow; 
and for throttling, a more efficient arrangement such as 
an internal flap or shutter may be employed. 

Characteristics of External-Cowled Ducts 

The several arrangements of ext ernal-cowled ducts 
with expanding passages such as K, N, and P, gave similar 
results. In contrast to the internal ducts, the quantity 
of air flowing was almost constant for all angles of at- 
tack (fig. 28). By retracting the radiator progressively 
into the wing, it was possible to obtain corresponding 
decreases in the drag for the high-speed condition. For 
the forward location of the radiator as in arrangement N 
the maximum lift coefficient was not appreciably affected 
by the duct; however, the rear locations K and P both 
contributed toward a slightly smaller maximum lift coef- 
ficient, As in the case of the internal ducts neither 
flaps nor scoops were particularly successful in improv- 
ing the duct performance. Flaps at the exit effectively 
seemed to decrease the flow; however, the drag was not 
reduced correspondingly. Scoops increased the flow some- 
what but at the cost of large increases in drag. 



E f f i c i e n c y  of Duct Systems 

The d u c t  e f f i c i e n c y  i s  p e r h a p s  t h e  b e s t  c r i t e r i o n  
f o r  comparison of t h e  v a r i o u s  duct  a r rangements .  I n  t h e  
p r e s e n t  t e s t s ,  due t o  t h e  f a c t  . t ha t  t h e - s p a n w i s e  d u c t  
w i d t h  was n o t  chaxged, i t  w a s  n o t  p o s s i b l e  t o  o b t a i n  
e q u a l  f l o w s  through a l l  of t h e  d u c t s ,  and t h e  assumpt ion  

' must be nade  when u s i n g  t h e  duct  e f f i c i e n c y  as a c r i t e r i -  
o:i t h a t  b o t h  t h e  a i r  f low and  d r a g  m i l l  i n c r o a s e  propor-  
t i o n a t c r y  w i t h  i n c r e a s i n g  duc t  wid th .  I n t e r n a l  d u c t  ar- 
rangements ,  such a s  AlO, A14, Al? ,  and A21, gave t h e  
h i g h e s t  e f f i c i e n c i c s , w h i c h  v a r i e d  f rom about  LOO t o  over  
100 p e r c e n t .  Thc e f f i c i e n c y  v a l u e s  over  100 p e r c e n t  i n -  
d i c a t e  t h a t  t h e  f low t h r o u g h  t h e  d u c t  d e c r e a s e d ' t h c  wing + 

p r o f i l e  d r a g  by .means of boundary- layer  c o n t r o l .  The 
b e s t  e x t e r n a l  cooled d u c t s  only  gave . e f f i c i e n c i e s  from 
abou t  20 t o  40 p e r c e n t ,  a p p a r e n t l y  i n d i c a t i n g  s u p e r i -  
o r i t y  f o r  t h e  i n t e r n a l  a r rangement .  This  i s  t o  be  ex- 
p o c t e d  i f  cons ide ra , t ion  i s  t a k e n  of t h e  f a c t  t h a t  t h e  ex- 
t e r n a l  d u c t s  s u f f e r  a l l  t h e  duc t  l o s s e s  of t h e  i n t e r n a l .  
a r rangement  w i t h  a n  a d d i t i o n a l  l o s s  due  t o  t h o  i n t e r f e r -  
ence  o f f e c t  on t h e  r e s t  of t h e  wing duo. t o  i t s  expose'd 
p o s i t i o n .  

M o s t  of t h e  d u c t  a r rangements  were g r o s s l y  i n e f f i -  
c i e n t  and t h e  a d d i t i o n  of scoops and f l a p s  f u r t h e r  de- 
c r e a s e d  t h e  e f f i c i e n c y .  I n  f u r t h e r  t e s t s  t h a t  a r o  pro- 
j e c t e d ,  a d e t a i l e d  s t u d y  w i l l  be made i n  which t h e  sepa- 
r a t e  l o s s e s ,  such as e n t r a n c e ,  e x i t ,  d u c t ,  c o r e ,  and 
i n t e r f e r e n c e  l o s s e s ,  w i l l  be  i , s o l a t e d .  

~ f f  e c t  of P r e s s u r e  Drop Thr'ough R a a i a t o r  

Owing t o  t h e  g e n e r a l l y  low d u c t  e f f i c i e n c i e s  of most 
of t h e  a r rangements  t e s t e d ,  t h e  u s e f u l  work done i n  mov- 
i n g  t h e  a i r  th rough  t h o  r a d i a t o r  c o r e  was a s m a l l  p a r t  of 
t h e  t o t a l  work expended i n  t h e  system. A l i m i t e d  nuinbor 
of t e s t s  (A26 t o  A 3 1  i n c l u s i v e )  were made w i t h  s c r e e n s  of 
s e v e r a l  meshes i n  f r o n t  of r a d i a t o r  A t o  s i m u l a t e  r a d i a -  
t o r s  wi th  l a r g e r  p r e s s u r e  d r o p s  ( f i g ,  4 ) .  T h e  r e s u l t s  

?; g i v e n  i n  t a b l e  I1 show t h a t  t h e  d u c t  e f f i c i e n c y  does  n o t  
b, v a r y  i n  a  r e 'gu la r  manner w i t h  t h e  p r e s s u r e  d r o p s  and i n  

some c a s e s  a c t u a l l y  d e c r e a s e s .  
1 

A p p l i c a t i o n  t o  D e s i g n  

Thus . f a r ,  t h e  q u a n t i t y  of a i r  f l o w i n g  t h r o u g h  t h e  



d u c t s  h a s  been g i v e n  w i t h o u t  r e f e r e n c e  t o  t h e  p r a c t i c a l  
r e q u i r e m e n t s  of an a c t u a l  i n s t a l l a t i o n .  E s t i m a t e s  have 
been made i n d i c a t i n g  t h a t  abou t  1 3 , 0 0 0  c u b i c  f e e t  of a i r  
p e r  minute a r e  r e q u i r e d  f o r  t h e  P r o s t o n e  r a d i a t o r  t o  coo l  
a 1,000-horsepower e n g i n e  by..neans of a  s t a n d a r d  9-inch 
hexagonal  t u b e  r a d i a t o r  hav ing  a  f a c o  a r e a  of 3-1/2 
s q u a r e  f e e t .  An a d d i t i o n z ~ l  4 , 0 0 0  c u b i c  f e e t  p e r  minute 
a r e  r e q u i r e d  f o r  o i l  c o o l i n g  u s i n g  two s t a n d a r d  A i r  Corps 
o i l  c o o l e r s  9  i n c h e s  i n  d i a m e t e r  and  7  i n c h e s  deep.  
S c a l e d  t o  t h e  d imensions  of t h o  mod01 t e s t e d  i n  t h e  tun-  
n e l ,  t h e  a i r - f l o w  r e q u i r e m e n t s  t h r o u g h  t h e  P r e s t o n o  duc t  

I 
a t  100 m i l e s  p e r  hour  ( a s  p r e s e n t e d  i n  t a b l e  11) a r e  
abou t  2 , 5 0 0  c u b i c  f e e t  p e r  minute i n  t h e  cl imb c o n d i t i o n  
and 1 ,300  c u b i c  f e e t  p e r  minute i n  t h e  high-speed condi- 
t i o n  assuming tho  c l imb t o  be made a t  130 m i l o s  p e r  hour 
a n d  h i g h  speed a t  250 m i l e s  p e r  hour .  Based on similar 
c a l c u l a t i o n s  t h e  o i l  c o o l o r s  would r e q u i r e  770 a n d  400 
c u b i c  f e e t  p e r  minute i n  t h e  c l imb and  high-speed condi-  
t i o n s ,  r e s p e c t i v o l y .  

P 

Reference  t o  t a b l e  I1 w i l l  show t h a t  a i r  q u a n t i t i e s  
cornmensurate w i t h  t h e  f o r e g o i n g  were ob ta ined  f o r  a  num- 
b e r  of t h e  d i f f e r e n t  a r rangements  w i t h  t h e  15- inch  span- 
miso w i d t h  of duc t  t h a t  nas  uscd .  Obviously f o r a x l r d e -  
s i g n  i n  which t h c  space  w a s  n o t  l i m i t e d ,  e n l a r g i n g  t h e  
d u c t  w i d t h  a l o n g  t h e  span  would i n c r e a s e  t h e  f l o v ,  a l -  
though e x p e r i m e n t a l  d a t a  a r e  no t  a v a i l a b l e  t o  show t o  
what o x t e n t ,  P r o j e c t e d  t e s t s  on t h o  i n t e r n a l  d u c t  s y s -  
tems w i l l  p r o v i d e  t h i s  i n f o r m a t i o n ;  howover, u n t i l  such 
d a t a  a r e  a v a i l a b l e ,  a s a t i s f a c t o r y  p rocedure  may be t o  
choose a d u c t  combinat ion  w i t h  a h i g h  e f f i c i e n c y  and ad- 
j u s t  t h e  d u c t  wid th  t o  o b t a i n  t h e  d o s i r e d  f l o n  assuming 
p r o p o r t i o n a l  i n c r e a s e s  of f l o n  w i t h  d u c t  width .  

Tho power absorbed  i n  t h e  r a d i a t o r . d u c t s  may be c a l -  
c u l a t e d  i n  t h e  f o l l o w i n g  manner: 

hp.  = 
Q n p  

33000 
. . 

i n  whi c b  

Q i s  t h e  q u a n t i t y  of a i r  r e q u i r e d  f o r  c o o l i n g  i n  
cu.  f t ,  p e r  min. 

AP, t h e  p r e s s u r e  d rop  i n  1%. p e r  sq.  f t .  a c r o s s  t h e  
r a d i a t o r  c o r e  



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

The v a l u e  of OP i s  d e ~ e n d e n t  on t h e  f l i g h t  speed,  
d e g r e e  of expans ion  of t h e  duc t  a t  t h e  r a d i a t o r ,  and t h e  
d e n s i t y  of t h e  r a d i a e o r  co re ,and  may be e x p r e s s e d  a s ,  

i n  whi cil 

q  i s  t h e  dyna.mic p r e s s u r e  i n  15. p e r  s q .  f t .  
co r respond ing  t o  t h e  f l i g h t  s p e s d  

n p ,  t h o  p r e s s u r e  d rop  i n  t h e  r a d i a t o r  c o r e  i n  
torms of t h e  dynamic p r e s s u r e  a t  t h e  f a c e  
of t h c  r a d i a t o r  

V ,  t h e  f r e e  s t r e a &  spccd 

VR, t h e  a i r  speed  a t  t h e  r a d i a t o r  f a c e  

For t h e  t y p i c a l  c a s e  a l r e a d y  mentioned of a  1 ,000-  
horsepower eng ine  i n  a n  a i r p l a n e  w i t h  a h i g h   peed of 250 
m i l e s  p e r  hoxr and a, r a d i a t o r  c o r e  hav ing  a  A p  of 4  
( s e e  f i g .  4) and assuming t h e  a i r  speed  a t  t h e  r a d i a t o r  
t o  be 1 / 4  of t h e  f r e e  s t r e a s  speed t h e  v a l u e  of 6P i s  
ob ta inod  by s u b s t i t u t i o n  i n  (2)  a s :  

160 x 4 
6 ,D = ------- - - 40 l b .  p e r  sq. f t .  
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Using t h e  p r c v i o u s  e s t i m a t e  of 1 7 , 0 0 0  c u b i c  f e e t  p e r  min- 
u t e  r e q u i r e d  t o  c o o l  t h e  1,000-horscpower eng ine  and a s -  
suming a d u c t  e f f i c i e n c y  of 50 p e r c e n t ,  t h e  horsepower 
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 i s  by (1)  

17'000 x 40 = 41 hp. hp. = - 
0.5  X 33000 

o r  4  p e r c e n t  of t h e  t o t a l  horsepower.  Obviously f o r  a 
d u c t  w i t h  a n  e f f i c i e n c y  of 100 p e r c e n t  only  2 p e r c e n t  of 
t h e  t o t a l  horsepower would be u t i l i z e d  f o r  c o o l i n g .  This  
r e p r e s e n t s  t h e  minimum l o s s  p o s s i b l e  f o r  t h e  p a r t i c u l a r  
d u c t  c o n d i t i o n s  t h a t  were chosen.  



The p o s s i b i l i t i e s  of c o o l i n g  w i t h  smal l  e x p e n d i t u r e s  
of power by u s i n g  expanding i n t e r n a l  wing d u c t s  of h i g h  
e f f i c i e n c y  a r c  amply demonst ra tad  by t h e  f  o r e g o i n g  ca lcu-  
l a t i o n .  These r e s u l t s  a r e  t o  be compared w i t h  expendi-  
t u r e s  of a b o u t  14 p c r c e n t  of tho  engine  power as g iven  i n  
r e f e r e n c e  2 f o r  tho  r a d i a t o r s  of t h e  YO-31A a i r p l a n e ,  and 
a b o u t  20 p e r c e n t  f o r  e x t e r n a l  comled r a d i a t o r s  b f  a  l a r g e  
f o u r - e n g i n e  midwing a i r p l a n e .  By u s i n g  e q u a t i o n s  (1) and 
( 2 )  and making c o r r e c t  s u b s t i t u t i o n s  of t h e  d u c t  con- 
s t a n t s  and assumpt ions  r e g a r d i n g  t h e  duc t  e f f i c i e n c y ,  t h o  
expec ted  l o s s  from t h e  r a d i a t o r  d u c t  u n i t  may be computed 
f o r  o t h e r  combinat ions  of engine  horsepower and duc t  ex- 
p s n s i o n .  N o  c o n s i d e r a t i o n  has  been takcnof t h e  added 
power t o  c a r r y  t h e  added weight of t h e  l a r g e r  r a d i a t o r s  
r e q u i r e d  i n  t h e  expanding d u c t s ;  however,  f o r  l a r g e r  a i r -  
p l a n e s  i n  p a r t i c u l a r  t h i s  f a c t o r  may 5e  shown t o  be r e l a -  
t i v e l y  u n i m p o r t a n t .  For  each p a r t i c u l a r  d o s i g n ,  however, 
i t  should  be  c o n s i d e r e d .  
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