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SUMMARY 

The i n v e s t i g a t i o n  of f i n i t e  span wins-cool ing  d u c t s  
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  h a s  been ex tended  
t o  i n c l u d e  a  s t u d y  of t h e  e f f e c t s  of s l i p s t r e a m  on t h e  duc t  
c h a r a c t e r i s t i c s .  Of p a r t i c u l a r  i n t e r e s t  was t h e  anount  of 
a i r  f u r n i s h e d  by t h e  p r o p e l l e r s  f o r  t h e  ground-cooling 
c o n d i t i o n .  

The r e s u l t s  i n d i c a t e  t h a t  t h e  p r o p e l l e r  s l i p s t r e a m  i s  
e f f e c t i v e  i n  g e n e r a t i n g  a f low of a i r  th rough  t h e  d u c t s  
f o r  t h e  ground c o n d i t i o n .  The d i r e c t i o n  of p r o p e l l e r  r o t a -  
t i o n  m a t e r i a l l y  a f f e c t s  t h e  q u a n t i t y  of f low th rough  t h e  
d u c t .  For  tlie f l i g h t  c o n d i t i o n s  t h e  s l i p s t r e a m  i n c r e a s e s  
t h e  a i r - f l o w  q u a n t i t i e s  by smal l  amounts.  

INTRODUCTION 

Zngine-cool ing  sys tems w i t h o u t  a u x i l i a r y  f a n s  o r  
b lowers  e r e  dependent  upon t h e  p r o p e l l e r  s l i p s t r e a m  f o r  
ground c o o l i n g .  I n  o r d e r  t o  de te rmine  t h e  amount of cool-  
i n g  a i r  t h a t  i s  a v a i l a b l e  from t h i s  source  f o r  wing-cool ing  
d u c t s  such a s  i n v e s t i g a t e d  a t  t h i s  l a b o r a t o r y  ( r e f e r e n c e s  
l t o  3 )  f u r t l l e r  t e s t s  have beon conducted i n  t h e  f u l l - s c a l e  
mind t u n n e l ,  

T w o  p r o p e l l e r s ,  d r i v e n  th rough  e x t e n s i o n  s h a f t s  by 
e l e c t r i c  m o t o r s  l o c a t e d  w i t h i n  t h e  wing,  were added t o  t h e  
t e s t  1,ving of r e f e r e n c e  3 t o  s i m u l a t e  a p o s s i b l e  i n s t a l l a -  
t i o n  on a four-engine  a i r p l a n e  i n  which a coninon c o o l i n g  
d u c t  i s  > l a c e d  between t w o  e n g i n e s .  



In  a d d i t i o n  t o  t r e a t i n g  t h e  ground-cooling problem,  
t h i s  r e p o r t  i n c l u d e s  d a t a  on t h e  changes i n  duct  cha rac -  
t e r i s t i c s  due t o  s l i p s t r e a m  e f f e c t s  i n  f l i g h t .  Al though 
t h e  r e s u l t s  p r e s e n t e d  h e r e i n  a r e  on ly  s t r i c t l y  a p p l i c a b l e  
t o  t h e  p a r t i c u l a r  p r o p e l l e r - d u c t  a r rangement  i n v e s t i g a t e d ,  
i t  i s  b e l i e v e d  t h a t  r e l i a b l e  e s t i m a t e s  of t h e  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  may 5e  made f o r  o t h e r  a r rangements  by 
t h e  u s e  of t h e  i n c l u d e d  t a b l e s  and d u c t - v e l o c i t y  d i s t r i b u -  
t i o n  g r a p h s .  

APPARATUS AND TESTS 

The wing,  r a d i a t o r ,  and d u c t s  used  mere i d e n t i c a l  
w i t h  t h o s e  of r e f e r e n c e  3 ,  and t h e  same system of duc t  
d e s i g n a t i o n s  i s  fo l lowed .  F i g u r e s  1 and 2 show t h e  pro-  
p e l l e r  a r rangement  p rov ided  f o r  t h e  i n v e s t i g a t i o n .  Each 
of t h e  two 69-inch d i a m e t e r ,  th ree -b lade  p r o p e l l e r s  was 
d r i v e n  through a n  e x t e n s i o n  s h a f t  by a  15-horsepower e l e c -  
t r i c  motor l o c a t e d  i n  t h e  wing. Both p r o p e l l e r s  were of 
t h e  l e f t - h a n d  t y p e  and t b e i r  b l a d e s  ex tended  over  75 p e r -  
c e n t  o f  t h e  duc t  span. The a x e s  of t h e  e x t e n s i o n  s h a f t s  
were p a r a l l e l  t o  and  1-1/2 i n c h e s  above t h e  3T.A.C.A. 23017 
c e n t e r  s e c t i o n  chord  l i n e ,  a n d  t h e  p l a n e  of t h e  p r o p e l l e r s  
was 2 4  i n c h e s  ahead  of the  c e n t e r  s e c t i o n  l e a d i n g  edge. 
The p r o p e l l e r  b l a d e  a n g l e ,  measured a t  0.75R, was 20 de- 
g r e e s  f o r  t h e  ground c o o l i n g  and cl imb c o n d i t i o n s  and 28 
d e g r e e s  f o r  t h e  high-speed c o n d i t i o n .  P r o p e l l e r  speed  was 
h e l d  c o n s t a n t  at  1 , 2 0 0  r.p.m. and t h e  t u n n e l  v e l o c i t y  vnr-  
i e d  from 0  t o  L O O  m i l e s  p e r  h o u r .  

1 

L i f t ,  r e s u l t a n t  d r a g ,  and power i n p u t  t o  t h e  p r o p e l -  
l e r s  were measured f o r  t h e  p l a i n  and duc ted  wing. The a i r  
f  low th rough  t h e  d u c t s  was measured by t h e  same p r o c e d u r e  
d e s c r i b e d  i n  r e f e r e n c e  3 .  To de te rmine  t h e  e f f e c t s  of t h e  
d i r e c t i o n  of p r o p e l l e r  r o t a t i o n  t h e  a i r - f l o w  d i s t r i b u t i o n  
w a s  measured a c r o s s  t h e  f u l l  duc t  span a t  t h e  duc t  o u t l e t  
f o r  a number of t h e  t e s t  a r rangements .  

CL, w i n g - l i f t  c o e f f i c i e n t .  

p ,  a i r  d e n s i t y .  

A ,  a r e a  oZ p r o p e l l e r  d i s k .  



p r o p e l l e r  d- iameter .  

p r o p e l l e r  speed .  

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

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

duc t  v e l o c i t y  a t  r a d i a t o r  f a c e ,  s t a t i c  c o n d i t i o n .  

duc t  v e l o c i t y  a t  r a d i a t o r  f a c e ,  cl imb c o n d i t i o n ,  

s l i p s t  ream v e l o c i t y ,  

t h r u s t  c o e f f i c i e n t  = T / ~ v ~ D ~ .  

RESULTS AND DISCUSSION 

Ground c o o l i n g . -  For t h e  ground-cool ing  c o n d i t i o n  t h e  
u s u a l  f low r a t i o  V ~ / V  becomes VR /vs  where 

V ~ o  
i s  

0 

t h e  duc t  v e l o c i t y  a t  t h e  r a d i a t o r  f a c e  f o r  t h e  s t a t i c  con- 
d i t i o n  and  V s  i s  t h e  s l i p s t r e a m  v e l o c i t y  equa l  t o  

2/ 2 ~ / A p .  The a i r - f l o w  measurements f o r  a s l i p s t r e a m  s e -  

l o c i t y  i n  t h e  normal range  of f u l l - t h r o t t l e  ground opera-  
t i o n  a r e  g iven i n  t a b l e  I. For  comparison t h e  a i r  f l o n  
t h r o u g h  t h e  same d u c t s  p r e v i o u s l y  o b t a i n e d  ( r e f e r e n c e  3 
h a s  been i n c l u d e d  f o r  t h e  c l imb c o n d i t i o n .  ( c ~  = 0.7 and 

I V c o r r e s p o n d i n g  t o  V / ~ D  = 0.7'34. ) 

A comparison of t h e  f low measurements f o r  t h e  tmo 
c o n d i t i o n s  i n d i c a t e s  t h a t  if a c o o l i n g  duc t  i s  s a t i s f a c t o -  
r y  f o r  t h e  c l imb c o n d i t i o n  i t  mould p r o v i d e ,  w i t h  t h e  pro-  
p e l l e r  a r rangement  of t h i s  i n v e s t i g a t i o n ,  about  one-half  
t h e  amount of a i r  n e c e s s a r y  f o r  con t inuous  f u l l - t h r o t t l e  
ground o p e r a t i o n ,  The l a r g e  e x t e n t  t o  which t h e  d i r e c -  
t i o n  of t h e  p r o p e l l e r  r o t a t i o n  a f f e c t s  t h e  q u a n t i t y  of 
f l o n  th rough  t h e  duc t  f o r  t h e  ground c o n d i t i o n  i s  shown i n  
f i g u r e  3 by s u r v e y s  made a t  t h e  duc t  o u t l e t .  I t  i s  appar -  
e n t  from t h e s e  s u r v e y s  t h a t  if t h e  amount of a i r  f u r n i s h e d  
by t h e  two p r o p e l l e r s  o p e r a t i n g  i n  t h e  same d i r e c t i o n  i s  

.5 n o t  s u f f i c i e n t  f o r  t h e  ground o p e r a t i o n  of an  a i r p l a n e ,  
t h e  q u a n t i t y  of c o o l i n g  a i r  may be g r e a t l y  i n c r e a s e d  by 
l o c a t i n g  t h e  d u c t  i n l e t  i n  back o f  up-going p r o p e l l e r  

3 - 



b l a d e s .  Th i s  n i g h t  Le a c c o n p l i s ~ i e d  by r e v e r s i n g  t h e  r o t a -  
t i o n  of one of t h e  p r o p c l l c r s  o r  by providi i lg  a s e p a r a t e  
c o o l i n g  duc t  f o r  each e s ~ i n c .  

Cool ing  ---- i n  --- f l i ~ h t . -  T'le i n c r e a s e  i n  a i r  . f low th rough  
t h e  d u c t s  due t o  t h e  s l i p s t r e a m  f o r  f l i g h t  c o n d i t i o n s  i s  
shovn i n  t a b l e  I1 by a comparison of t h e  r a t i o s  of V ~ / V  
o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n  w i t h  t h o s e  o b t a i n e d  from 
t h e  t e s t s  v i t h o u t  p r o p e l l e r s  of r e f e r e n c e  3. It w i l l  be 
n o t e d  t h a t  f o r  t h e  c l imb c o n d i t i o n  t h e  d u c t s  w i t h  t h e  2a 
a.nd 0 nose showed g a i n s  o f  from 3 t o  11 p e r c e n t  w h i l e  
d u c t s  ~ 1 5 t h  t h e  3 n o s e ,  below t h e  l e a d i n s  edge of t h e  w i n s ,  
gave i n c r e a s e s  o f  abou t  1 4  p e r c ~ n t .  For  t h e  high-speed 
c o n d i t i o n  t h e  s l i p s t r e a m  i n c r e a s e d  t h e  f low f o r  t h e  d u c t s  
v i t h  t h e  2a nose from .3 t o  1 3  p e r c e n t  whereas f o r  t h e  
d u c t s  vitk ~ h e  0 nose  t h e  i n c r e a s e s  were much l a r g e r .  The 
r e l a t i v e  m e r i t s  of t h e  v a r i o u s  d u c t s  i n  t h e  p r e s e n c e  of 
t h e  s l i p s t r e a m  a r e  t h e  same a s  o b t a i n e d  from t h e  yover-off  
t e s t s  v i t h  t h e  e x c e p t i o n  of t h e  d u c t s  w i t h  t h e  0 nose  a t  
t h e  high-speed c o n d i t i o n ,  where t h e  f low becomes a p p r o x i -  
ma te ly  e q u a l ' t o  t h a t  of t h e  d u c t s  w i t h  t h e  2a n o s e .  

The e f f e c t  of t h e  r o t a a t i o n  of t h e  2 r o p e l l e r  s l i p -  
s t r e a m  shown i n  f i g u r e  4 f o r  t h e  cl imb c o n d i t i o n  i s ,  a s  
would be e x p e c t e d ,  much l e s s  than  f o r  t h e  s t a t i c  ground 
c o n d i t i o n  shown i n  f i g u r e  3 .  The shape of t h e  f low d i s -  
t r i b u t i o n  curves  of f i g u r e  4  i n d i c a t e ,  h o n e v e r ,  t h a t  t h e  
f l o v  i s  i n c r e a s e d  t o  sonemhat s r e a t e r  e x t e n t  by t h e  u p  
g o i n g  p r o p e l l e r  b l a d e s  t h a n  by t h e  down-go i n g  p r o p e l l e r  
b l a d e s  . 

During t h e  take-off  run t h e  e f f e c t  of t h e  p r o p e l l e r  
s l i p s t r e a m  d e c r e a s e s  r a y i d l y .  Th i s  i s  i l l u s t r a t e d  ( f i g -  
u r e  5 )  f o r  one d u c t  a r rangement  f r o m  t h e  s t a t i c  t o  t h e  
c l i n k  c o n d i t i o n .  

From a  f e v  measurements of power consumption of t h e  
d u c t s  i t  mas d e f i n i t e l y  i n d i c a t e d  t h a t  d e s p i t e  t h e  f a c t  
t h a t  t h e  p r o p e l l e r s  i n c r e a s e d  t h e  f low s l i g h t l y  t h e r e  mas 
no measurable  i n c r e a s e  f n  t.he' duc t  d r a s .  I t  i s  t h e r e f o r e  
recommended, u n t i l  more e x t e n s i v e  t e s t s  can be made, t h a t  
t h e  d u c t  power c o e f f i c i e n t s  of r e f e r e n c e  3 bo used ,  



C O N  CLUD I N G  

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  show t h a t  w i t h  t h e  
p r o p e l l e r  a r r a n g e m e n t  t e s t e d ,  t h e  a i r  f l o n  t h r o u g h  t h e  
c o o l i n g  d u c t s  f o r  t h e  ground c o n d i t i o n  i s  a b o u t  h a l f  t h e  
amount r e q u i r e d  f o r  c o n t i n u o u s  f u l l - p o w e r  e n g i n e  o p e r a t i o n  
Duct v e l o c i t y  d i s t r i b u t i o n  measurements ,  however ,  i n d i c a t e  
t h a t  a c o n s i d e r a b l e  i n c r e a s e  i n  f l o w  could. be o b t a i n e d  if 
t h e  e n t i r e  d u c t  i n l e t  were l o c a t e d  b e h i n d  t h e  up-going  
p r o p e l l e r  b l a d e s .  

F o r  t h e  f l i g h t  c o n d i t i o n  t h e  i n c r e a s e s  i n  f l o %  due 
t o  t h e  s l i p s t r e a m  mere n o t  l a r g e  f o r  t h e  t y p e s  of d u c t s  
l i k e l y  t o  be used.. The s l i p s t r e a m  c a u s e d  no m e a s u r a b l e  
i n c r e a s e  f n  power consumpt ion  of  t h e  d u c t s .  

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

Lang ley  F i e l b ,  V a . ,  December 1 5 ,  1938 .  
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TABLE I - Ground-Cool ing C h a r a c t e r i s t i c s  of D u c t s '  

(Vs = 69.8 f . p ; s . )  
------_________ _____________________._____._____-___-______ ---- 

1 A i r  f l o v  far 
--------------I----~-------- - ------- ---------- 

I Ground c o n d i t i o n  + Arrengement --------------------- 
V 

R O  

( f t  . / s e c .  ) ---------_-_ 
7.4-2a-8-61 

7.4-22-6-65 

6.0-22-8-61 

6 .O-2a-6-65 

6.0-0-8-61 

6.0-0-6-65 

6.9-0-8-61 

6.9-0-6-65 

6.0-3-8-61 

Climb c o n d i t i o n  ----------- -- 

V R ~ / V S  1 V ~ c  VR,/VR, 
( f t  . / s e c ,  ) 

-----*------ 

0.20 1 29 .0  0.48 

. 18  / 24.6 .50 

____________._________- 

13 .9  

1 2 . 4  

1 1 . 0  

1 0 . 1  

11 .4  

9 • 7 

' 13 .8  

12 .2  

13 .2  

.16  

.14  

27.3  

23.8 

.40  

.42 

.39 

.38  

.48  

.48  

.47  

.16  29 - 0  I 
I 

- 1 4  

.20 

.18 

.19 

25.5 

29.0  
I 

25 .5  

28.2 
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T A B L E  I1 - E f f e c t  of Power on D u c t  V e l o c i t y  

Thrust Flow ratio, Y ~ / v I  
coef f i- Arrangement T T e T  

LC - I 

ClimD - CL = 0.7, V / ~ D  = 0.734 

Plow ratio, V ~ / V  

6.0-2~i-6-65 

6 O-O- 8- 61 

6 ,  O-O- 6- 65 

6.9-0-8-61 

Power 'Power 
on 1 oif 

High speed - CL = 0.2, V / ~ D  = 1.313 

,1229 i .29 

.1268 .34 

.I269 

.I252 

.30 

.35 







R'igaro 3.- Variation of &Pot velooitj  across duct with wound 000Uag. 
Arrutgstrst 7.4- 2a-8-61f V, a 69.8 f.p.8.) nD 115. 




