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OPERATING I N  C O N J U N C T I O N  WITH A WING-DUCT 
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SUMMARY 

T h i s  paper  i s  one of s e v e r a l  d e a l i n g  w i t h  methods i n -  
t e n d e d  t o  reduce  t h e  d r a g  of p resen t -day  r a d i a l  eng ine  
i n s t a l l a t i o n s  and  improve t h e  c o o l i n g  a t  ze ro  and low s i r  
s p e e d s ,  The p r e s e n t  paper  d e s c r i b e s  model wind-tunnel  
t e s t s  of b lowers  of t h r e e  d e s i g n s  t e s t e d  i n  c o n j u n c t i o n  
w i t h  a  wing-nace l l e  combinat ion .  The p r i n c i p l e  of opera-  
t i o n  i n v o l v e d  c o n s i s t s  of drawing c o o l i n g  a i r  i n t o  d u c t s  
l o c a t e d  i n  t h e  ~ i n g  r o o t  a t  t h e  p o i n t  of maximum s l i p s t r e a m  
v e l o c i t y ,  p a s s i n g  t h e  a i r  th rough  t h e  eng ine  b a f f l e s  from 
r e a r  t o  f r o n t ,  and e x h a u s t i n g  t h e  a i r  th rough  an a n n u l a r  
s l o t  l o c a t e d  between t h e  p r o p e l l e r  and t h e  eng ine  w i t h  t h e  
a i d  of a  blower nounted on t h e  s p i n n e r .  The t e s t  a p p a r a t u s  
c o n s i s t e d  e s s e n t i a l l y  of a s t u b  wing hav ing  a 5 - f o o t  chord  
and a  15-foot  span ,  an  eng ine  n a c e l l e  of 20 i n c h e s  d i a m e t e r  
e n c l o s i n g  a 25-horsepower e l e c t r i c  motor ,  and t h r e e  blow- 
e r s  mounted on p r o p e l l e r  s p i n n e r s .  TTO of t h e  b lowers  u t i -  
l i z e  c e n t r i f u g a l  f o r c e  w h i l e  t h e  o t h e r  u s e s  t h e  l i f t  from 
a i r f o i l s  t o  f o r c e  t h e  a i r  o u t  r a d i a l l y  th rough  t h e  e x i t  
s l o t .  

Maximum e f f i c i e n c i e s  of over  70 p e r c e n t  were o b t a i n e d  
f o r  t h e  system a s  a  whole. P r e s s u r e s  mere measured o v e r  
t h e  e n t i r e  f l i g h t  range  which were i n  e x c e s s  of t h o s e  neces-  
s a r y  t o  coo l  p r e s e n t - d a ~  e n g i n e s ,  The r e s u l t s  i n d i c a t e d  
t h a t  b lowers  mounted on p r o p e l l e r  s p i n n e r s  cou ld  be b u i l t  
s u f f i c i e n t l y  powerful  and e f f i c i e n t  t o  w a r r a n t  t h e i r  u s e  as  
t h e  o n l y ,  o r  c h i e f ,  means of f o r c i n g  a i r  through t h e  c o o l i n g  
s y s t e m ,  so t h a t  c o o l i n g  would be independent  of t h e  speed 
of t h e  a i r p l a n e .  



INTRODUCTION 

The development of a i r p l a n e s  capab le  of f l y i n g  a t  
speeds  over  300 m i l e s  p e r  hour  h a s  f o c u s e d  a t t e n t i o n  upon 
t h e  d r a g  due t o  r a d i a l  eng ine  i n s t a l l a t i o n s .  E n c l o s i n g  
t h e  e n g i n e s  comple te ly  i n  s t r e a m l i n e d  n a c e l l e s ,  f u s e l a g e ,  
o r  wing i s  a  method f o r  r e d u c i n g  o r  e l i m i n a t i n g  t h e  form 
draq  due t o  t h e  e n g i n e ,  but  t h e  e x i s t i n g  method f o r  cool -  
i n g  must be a l t e r e d  t o  meet t h e  c o n d i t i o n s .  A l s o ,  t h e  
problem of c o o l i n g  e n g i n e s  of  over  1 ,000  horsepower w i t h  
t h e  c o n v e n t i o n a l  N.A.C .A.  cowl ing i s  q u i t e  s e r i o u s  a t  t h e  
p r e s e n t  t ime f o r  t h e  low-speed c o n d i t i o n s  of f l i g h t  o r  on 
t h e  g round ,  because  t h e  q u a n t i t y  of a i r  n e c e s s a r y  f o r  
c o o l i n g  h a s  i n c r e a s e d  n e a r l y  i n  p r o p o r t i o n  t o  t h e  power 
w h i l e  t h e  means f o r  p roduc ing  t h e  n e c e s s a r y  p r e s s u r e  h a s  
no t  been m a t e r i a l l y  improved. 

A p r e v i o u s  r e p o r t  ( r e f e r e n c e  1) d e s c r i b e d  model t e s t s  
of a  r a d i a l  eng ine  c o o l i n g  system which u t i l i z e s  t h e  pro-  
p e l l e r  s l i p s t r e a m  f o r  c r e a t i n g  p r e s s u r e  t o  c o o l  t h e  e n g i n e ,  
p a r t i c u l a r l y  f o r  t h e  low-speed c o n d i t i o n s  of f l i g h t .  The 
p r e s e n t  r e p o r t  d e s c r i b e s  t e s t s  of a c o o l i n g  system which 
u t i l i z e s  n blower f o r  augmenting o r  r e p l a c i n g  t h e  p r e s s u r e  
produced by t h e  p r o p e l l e r .  Blowers have become of i n t e r -  
e s t  i n  t h g  development of c o o l i n g  sys tems because t h e y  o f -  
f e r  c o n s i d e r a b l e  v a r i e t y  t o  t h e  methods of i n s t a l l i n g  en- 
g i n e s  and because  they  can be b u i l t  t o  c o o l  any t y p e  o r  
s i z e  of eng ine ,  independent  of t h e  a i r  speed o r  s l i p s t r e a m  
v e l o c i t y ,  

The purpose  of t h e  p r e s e n t  i n v e s t i s a t i o n  i s  t o  d e t e r -  
mine t h e  c h a r a c t e r i s t i c s  o f  s e v e r a l  b lowers  s u i t a b l e  f o r  
c o o l i n g  r a d i a l  e n g i n e s .  The t e s t  program completed to. d a t e  
c o v e r s  t e s t s  of s e v e r a l  b lowers  b u i l t  i n t o  p r o p e l l e r  sp in -  
n e r s .  S e v e r a l  a r rangements  of e n t r a n c e  l o c a t i o n s  and  d i -  
r e c t i o n  of c o o l i n g  a i r  flow have been s t u d i e d .  T h i s  p a p e r  
d e s c r i b e s  o n l y  t h e  blower t e s t s  made w i t h  t h e  wing-duct 
sys tem d e s c r i b e d  i n  r e f e r e n c e  1, In a l a t e r  r e p o r t  t h e  re-  
s u l t s  of t e s t s  of b lowers  o p e r a t i n g  i n  c o n j u n c t i o n  w i t h  
s i d e  e n t r a n c e s ,  and  a l s o  of a  blower which draws t h e  a i r  
i n  th rough  t h e  nose  of a s p i n n e r ,  w i l l  be g iven.  

APPARATUS AMD METHODS 

The t e s t s  d e s c r i b e d  i n  t h i s  paper  mere made w i t h  t h e  



same b a s i c  wing-nacel le  combinat ion  used f o r  t h e  wing- 
duc t  cowling t e s t s  d e s c r i b e d  i n  r e f e r e n c e  1 excep t  blow- 
e r s  mounted on s p i n n e r s  were i n c o r p o r a t e d .  A pho tograph  
of t h e  blower s e t - u p  i n  t h e  t u n n e l  i s  shown i n  f i g u r e  1, 
w h i l e  f i g u r e  2 shows a  s k e t c h  of t h e  n a c e l l e  a r rangement .  
Three b lowers ,  d e s i g n a t e d  a s  b lowers  2 ,  3 ,  and. 4 ,  were 
mounted on t h e  r e a r  f a c e s  of p r o p e l l e r  s p i n n e r s .  Blowers 

I 
2 a n d  3 a r e  of t h e  c e n t r i g u g a l  t y p e ,  b u i l t  much i n  t h e  
same way a s  c e n t r i f u g a l  s u p e r c h a r g e r s ,  w h i l e  blower 4 u t i -  
l i z e s  a i r f o i l  b l a d e s  t o  f o r c e  t h e  a i r  i n  a  r a d i a l  d i r e c -  
t i o n .  

Blower 2 . -  In f i g u r e  3 a  s k e t c h  of t h e  model blower ------- 
i s  g iven .  A t t a c h e d  t o  t h e  p r o p e l l e r  hub i s  a s t e e l  p l a t e  
t o  which a r e  f a s t e n e d  12 r a d i a l  b l a d e s  and t h e  s h e e t  a l u a i -  
num s p i n n e r .  The b1ad .e~  a r e  ben t  a t  t h e  t h r o a t  of t h e  
blower i n  o r d e r  t h a t  t h e  a i r  mag be scooped up w i t h  a min- 
imum l o s s  of energy.  The a i r  i s  e x h a u s t e d  ou t  a n  a n n u l a r  
s l o t  i e  a rea rward  d i r e c t i o n  w i t h  a  r o t a t i o n a l  component* 
A s t a t i c n a r y  wood r i n g  forms one s u r f a c e  of  t h e  a i r  pas -  
sage  through t h e  blower.  A smal l  c l e a r a n c e  i s  p r o v i d e d  
between t h e  b l a d e s  and t h e  mood r i n g .  

P r e l i m i n a r y  t e s t s  i n d i c a t e d  t h a t  gu ide  vanes  l o c a t e d  
a t  t h e  exhaus t  s l o t  were n e c e s s a r g  t o  remove t h e  r o t a t i o n -  
a l  component of t h e  e x h a u s t  a i r  i n  o r d e r  t o  i n c r e a s e  t h e  
t h r u s t  from t h e  blower.  Twenty-four a i r f o i l s  were t h e r e -  
f o r e  l o c a t e d  n e a r  t h e  e x h a u s t  s l o t  and a s h e e t  aluminum 
hoop w a s  p l a c e d  over  them, n s  may be seen  i n  t h e  f i g u r e .  
Inasmuch as  t h e  gu ide  vanes  were b u i l t  t o  f i t  t h e  e x i s t -  

. i n g  b lower ,  t h e  e x t e r n a l  c o n t o u r  of t h e  n a c e l l e  w i t h  vanes  
i n  p l a c e  was r a t h e r  poor .  

Blower 3.- Blower 3 ( f i g .  4 )  i s  i d e n t i c a l  t o  blower 2 ' 

e x c e p t  t h e  a c t i v e  l e n g t h  of t h e  b l a d e s  i s  l e s s  and t h e  a r e a  
of t h e  t h r o a t  g r e a t e r .  T h i s  m o d i f i c a t i o n  was made w i t h  
t h e  i n t e n t i o n  of improving t h e  e f f i c i e n c y  and a l s o  t o  make 
f a b r i c a t i o n  e a s i e r  f o r  an  a i r p l a n e  i n s t a l l a t i o n .  

Blower 4.-  T h i s  blower (fig. 5 )  mas des igned  w i t h  t h e  
view of o b t a i n i n g  h i g h  e f f i c i e n c i e s ,  a l t h o u g h  t h e  maximum 
p r e s s u r e  o b t a i n a b l e  was known t o  be l e s s  t h a n  f o r  t h e  cen- 
t r i f u g a l  t y p e .  Twenty-four R.A.F.  6 a i r f o i l s  a r e  f a s t e n e d  
t o  t h e  r e a r  f a c e  of t h e  s p i n n e r  which a c t  t o  f o r c e  t h e  a i r  
ou tward ly  th rough  t h e  a n n u l a r  s l o t .  The p r i n c i p l e  of oper-  
a t i o n  i s  i d e n t i c a l  t o  t h a t  of a p r o p e l l e r  excep t  f o r  t h e  
d i r e c t i o n  of a i r  f low.  



An a t t e m p t  t o  c o n t r o l  t h e  f low th rough  t h e  blower was 
made by p r o v i d i n g  means f o r  r e s t r i c t i n g  t h e  t h r o a t  a r e a ,  
shown i n  t h e  f i g u r e  w i t h  d o t t e d  l i n e s .  The purpose  of 
t h i s  was t o  r e d u c e  t h e  a c t i v e  b l a d e  width  r a t h e r  t h a n  of 
imposing a r e s t r i c t i o n  i n  t h e  f low channel .  

Tes t  ~re~&igg.- The blower t e s t s  were made by hold-  
i n g  t h e  d.3.m. c o n s t a n t  and i n c r e a s i n g  t h e  t u n n e l  speed 
i n  s t e p s  t o  a ~ o u t  100 m i l e s  p e r  hour .  The blower speed 
was t h e n  reduced i n  s t e p s  t o  zero .  A number of p r e l i m i -  
n a r y  t e s t s  were made t o  de te rmine  t h e  e f f e c t  of Reynolds 
Number o b t a i n e d  by changing t h e  r o t a t i o n a l  speed. These 
t e s t s  i n d i c a t e d  o n l y  small changes  i n  t h e  blower charac -  
t e r i s t i c s  w i t h  changes  i n  r o t a t i o n a l  speeds  above. 1 , 5 0 0  
rep.m. Below t h i s  va lue  t h e  c h a r a c t e r i s t i c s  changed some- 
what w i t h  changes  i n  speed.  

SYMBOLS AND EQUATIOBS 

Wing duc t  sxstem.-  --- ------- ---- 
Q ,  q u a n t i t y  of c o o l i n g  a i r ,  i n  f t .  p e r  set- 

h e ,  e q u i v a l e n t  eng ine  o r i f i c e  a r e a .  

A d ,  e q u i v a l e n t  e n t r a n c e  o r i f i c e  a r e a .  

A ( e + d ) ,  e q u i v a l e n t  e n t r a n c e  and eng ine  o r i f i c e  a r e a .  

A, ,  p r o j e c t e d  area of  t h e  eng ine .  

K e  , c o n d u c t i v i t y  of e n g i n e ,  A,/A,, 

Kd, c o n d u c t i v i t y  of e n t r a n c e  d u c t ,  A ~ / A , ,  



Kt, total conductivfty of entrance duct and engine, 

9e.Ll. 
A, 

Ape, pressure drop across engine, lb. per sq. ft. 

Apd, pressure drop across entrance duct, 1%. per sq. ft. 

Apt, total pressure drop across entrance duct and en- 
gine, 1%. per sq. ft. 

p ,  . .the mass dens%ty of air, slugs per. ou. ft. 

Apt 
=P = ---- pressure coefficient with propeller. 

Pn2 D~ ' 
. . 

n, rotational speea of propeller. 

D, propeller diameter. 
J 

BLower cssstam.- 
. . 



ower r e q u i r e d  by  b l o w e r  "4 = P -------------------- 
pn3 d5 

t h r u s t  o f  b lower  K 4  = --- ------------ 
pn2 d4 

t h e  e f f i c i e n c y  of  t h e  s y s t e m .  

n ,  r o t a t i o n a l  s p e e d  of  b l o w e r ,  r . p .  s. 

d ,  ' d e s i g n  d i a m e t e r  o f  b l o w e r ,  f t ,  

V ,  f o r w a r d  s p e e d  of a i r p l a n e ,  f t ,  p e r  s ec .  

, p r o p e l l e r  e f f i c i e n c y .  

- A ( e + d )  - K3 d2 
K t  - ----- - ------ , ( c o n d u c t i v i t y  i n  t e r m s  of  

A, b lower  c o e f f i c i e n t s ) .  

A K 
3 -kkd = ----- ( r e s t r i c t i o n  c o n s t a n t ) :  " ";, 

An o u t l i n e  of t h e  m e c h a n i c s  i n v o l v e d  i n  t h e  p r o b l e m  
o f  c o o l i n g  e n g i n e s  i s  g i v e n  i n  r e f e r e n c e  1 a n d  w i l l  n o t  be  
r e p e a t e d  h e r e .  A number of new c o e f f i c i e n t s  a r e  i n t r o -  
duced  h e r e ,  howeve r ,  t o  c o v e r  t h e  b lower  c h a r a c t e r i s t i c s .  
These  n o n d i m e n s i o n a l  c o e f f i c i e n t s  a r e  d e f i n e d  a s  f o l l o w s :  



. ower r e q u i r e d  K , = B  ----- 
P n  "a 5------ 

t h r u s t  of  b lower  K4 = 
p n 2 d 4  

a n d  

The t e s t  v a l u e s  of  X l t ,  K a y  K,, X4, a n d  qt a r e  p l o t -  

V t e d  a g a i n s t  -- 
n d '  

The t o t a l  p r e s s u r e  d r o p  a c r o s s  t h e  e n g i n e  and  en- 
t r a n c e s  (Apt )  may be d i v i d e d  up  i n t o  t h e  p r e s s u r e  d r o p  

a c r o s s  t h e  e n g i n e  (Cpe)  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  

e n t r a n c e  d u c t s  ( 3 ~ ~ )  a c c o r d i n g  t o  t h e  r e l a t i o n s ,  

and 

I n  t h e  e f f i c i e n c y  r e l a t i o n  

K 
B I t  

i n c l u d e s  b o t h  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  e n g i n e  and  



t h e  p r e s s u r e  d rop  a c r o s s  t h e  d u c t s .  T&e l a t t e r  cannot  be 
c o n s i d e r e d  u s e f u l ,  so t h e  e f f i c i e n c y  v a l u e s  g i v e n  i n  t h i s  
p a p e r  shou ld  be c o r r e c t e d  by t h e  r e l a t i o n ,  

a f t e r  t h e  p r e s s u r e  d rop  a c r o s s  t h e  wing d u c t s  i s  d e t e r -  
mined f o r  t h e  d e s i g n  under  c o n s i d e r a t i o n .  

Another  f a c t o r  i n  t h e  e f f i c i e n c y  r e l a t i o n  i s  n e g l e c t -  
ed i n  t h i s  a n a l y s i s  a l s o ,  t h e  term r e p r e s e n t i n g  t h e  
p r o p e l l e r  e f f i c i e n c y .  Th i s  term i s  n e c e s s a r y  t o  t r a n s f o r m  
t h e  t h r u s t  o r  d r a g  element  due t o  t h e  b lowers  from t h r u s t  
power i n t o  b rake  power. I t  i s  n o t  p o s s i b l e  i n  t h i s  a n a l y -  
s i s  t o  a s s i g n  v a l u e s  of p r o p e l l e r  e f f i c i e n c y  t o  make t h i s  
c o r r e c t i o n ,  so i s  n e g l e c t e d  e n t i r e l y .  N e g l e c t i n g  t h e  
p r o p e l l e r  e f f i c i e n c y  r e s u l t s  i n  p e s s i m i s t i c  blower e f f b  
c i e n c i e s  f o r  t h e  t h r u s %  produc ing  c o n d i t i o n s  and o p t i m i s -  
t i c  e f f i c i e n c i e s  f o r  c o n d i t i o n s  of d r a g ,  as ,nay be n o t e d  
from f i g u r e  6. 

In r e f e r e n c e  1 t h e  t e s t  r e s u l t s  f o r  t h e  v a r i o u s  cowl* 
i n g s  a r e  g i v e n  f o r  a range of  flow r e s t r i c t i o n s  o r  conduc- 
t i v i t i e s  which r e p r e s e n t  d i f f e r e n t  eng ine  s i z e s .  The en- 
g i n e  c o n d u c t i v i t y ,  He, i s  d e f i n e d  as t h e  r a t i o  of t h e  
e q u i v a l e n t  eng ine  o r i f i c e  t o  t h e  p r o j e c t e d  a r e a  of t h e  eni 
g i n e .  I t  mould be p o s s i b l e  t o  c o n t i n u e  t h e  use  of t h e  
c o n d u c t i v i t y  e x p r e s s i o n  i n  t h i s  a n a l y s i s  of b lowers  b u t  i t  
i s  b e l i e v e d  t h a t  t o  do so would r e s u l t  i n  c o n s i d e r a b l e  
c o n f u s i o n  i n  i n t e r p r e t i n g  t h e  r e s u l t s ,  because t h e r e  i s  no 
i n h e r e n t  r e l a t i o n  between blower and eng ine  d i a m e t e r s .  
The b l o v e r  f o r  a  g i v e n  a i r p l a n e  shou ld  be des igned  t o  pro-  
duce t h e  r e q u i r e d  p r e s s u r e  and  volume, which d i c t a t e s  t h e  
blower d i a m e t e r  and b l a d e  w i d t h .  The range  of o r i f i c e  
a r e a s  used  f o r  t h e s e  t e s t s  shou ld  be. c o n s i d e r e d  as r e s t r i c -  
t i o n s  which produce  v a r i o u s  combinat ions  of p r e s s u r e ,  vo l -  
ume, and e f f i c i e n c y  r a t h e r  t h a n  a range of eng ine  s i z e s .  
The r e s t r i c t i o n s  a r e  d e s i g n a t e d ,  t h e r e f o r e ,  a s  o r i f i c e s  1 8 ,  
1 9 ,  e t c . ,  which have no p a r t i c u l a r  meanings. 

If  t h e  c o n d u c t i v i t y ,  K t ,  i s  d e s i r e d  f o r  any  r e a s o n  
i t  can  be computed from t h e  r e l a t i o n ,  



The equivalent - engine and -entrance orifice area, a(e+d)r 
K, a" 

is ------. A K 3  -lakG.l = ,----- is a nondimensional ratio 
a2 

or restriation constant corresponding to Kt and may be 
used as a basis for comparing characteristics of blowers 
having different design diameters. 

. . .  
The results of' the tests presented in this paper are 

outlin'ed as follows: 

I. Spinner of blowers 2 and 3 (no blower blades). 
(a) No propeller, figure 7. 
(b) With 4412 propeller, figures 8 to 12. 

11. Blower2. 
(a) Without guide vanes in exit slot and without 

propeller, figures 13 to 17. 
(b) Vith guide vanes but no propeller, figures 

18 to 22. 
(c) With guide vanes and 4412 propeller, figures 

2 3  to 25. 

111; Blower 3. 
(a) Vith guide vanes in exit slot, figures 26 to 

30, 

1V. 'Blower 4. 
Without guide vanes in exit slot, figures 31 

t o  35. 

V. Comparisons and other results. 
(a) Effect of guide vanes, fisure 56. 
(b) Comparison between blowers 2 and 3 ,  figure 37. 
(c) Comparison between blowers 3 and 4, figures 

38 and 39. 
( 6 )  Effective ~ / n d  at wing-duct entrance8. 

1. Propeller 4412, figure 40. 
2. Propeller 4412,+figure 41. 
3. Propeller 6101, figure 42. 

(e) Comparisons between experimental and computed 
blower-propeller combinations, figures 43 
to 45. 

(f) Maximum pressures obtainable with blowers 3 
aria 4, figures 46 and 4'7. 



DISCUSSION 

The d e s i g n  of b l o w e r s  f o r  commerc ia l  u s e s  i s  w e l l  e s -  
t a b l i s h e d  a n d  t h e  c h a r a c t e r i s t i c s  of s t a n d a r d i z e d  t y p e s  
may be found  by r e f e r r i n g  t o  ha.ndbooks. The problem of de- 
s i g n i n g  b lowers  t o  f i t  i n t o  t h e  l a y - o u t s  of r a d i a l  e n g i n e  
c o w l i n g s  f o r  t h e  p u r p o s e  of c o o l i n g  t h e  e n g i n e  a n d  which 
would o p e r a t e  a t  r e a s o n a b l e  e f f i c i e n c i e s  i s  one n o t  h i t h e r -  
t o  s o l v e d .  The t e s t  p rog ram,  c o n s e q u e n t l y ,  c o n s i s t e d  of  
i n t e r m i t t e n t  d e s i g n i n g ,  b u i l d i n g ,  and  t e s t i n g  w i t h  t h e  i d e a  
of improv ing  t h e  e x i s t i n g  t y p e s  a n d  g a t h e r i n g  s u f f i c i e n t  
d a t a  t h a t  e f f i c i e n t  b l o w e r s  c o u l d  be d e s i g n e d  f o r  s p e c i f i c  
c a s e s .  Blower 2 i s  a n  improvement on b lower  1. (The r e -  
s u l t s  of  b lower  1 a r e  n o t  g i v e n .  ) Blower 3 i s  a f u r t h e r  
improvement.  The u s e  of g u i d e  v a n e s  i n  t h e  e x i t  s l o t  was 
P e c i d e d  upon o n l y  a f t e r  b lower  2 had  been  t e s t e d ,  s o  t h e y  
were  added  even  though  t h e  c o w l i n g  l i n e s  were i m p a i r e d .  
Blower 4 w a s  d e s i g n e d  a f t e r  b lower  3 h a d  been t e s t e d  i n  a n  
a t t e m p t  t o  i n c r e a s e  t h e  e f f i c i e n c y  a n d  a l s o  t o  a v o i d  t h e  
u s e  o f  g u i d e  v a n e s .  

These b l o w e r s  were a l l  t e s t e d  i n  c o n j u n c t i o n  w i t h  t h e  
wing-duct  c o o l i n g  s y s t e m  p a r t l y  a s  a means f o r  i n c r e a s i n g  
t h e  p r e s s u r e  o b t a i n a b l e  w i t h  t h a t  s y s t e m ,  a n d  p a r t l y  t o  
d e t e r m i q e  t h e  b a s i c  c h a r a c t e r i s t i c s  of b l o w e r s  which  were 
b u i l t  o n t o  p r o p e l l e r  s p i n n e r s ,  I f  t h e  b l o w e r s  p r o v e d  t o  be 
s u f f i c i e n t l y  p o w e r f u l  a n d  e f f i c i e n t  t o  p r o v i d e  t h e  p r i n c i -  
p a l  means f o r  c o o l i n g  e n g i n e s  t h e n  t h e  a i r  i n t a k e  c o u l d  be 
l o c a t e d  i n  a number of p l a c e s  on t h e  a i r p l a n e .  L i k e w i s e  
t h e  e n g i n e  c o u l d  be l o c a t e d  a l m o s t  a n y  p l a c e  w i t h i n  t h e  
a i r p l a n e  a s  f a r  a s  t h e  c o o l i n g  sys tem was c o n c e r n e d ,  

C o n t r o l . -  The problem o f  c o n t r o l l i n g  t h e  q u a n t i t y  o f  ------ 
c o o l i n s  a i r  f o r  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  w a s  n o t  
s e r i o u s l y  c o n s i d e r e d  i n  t h e  e a r l y  s t a g e s  of  deve lopment  of 
t h e  c e n t r i f u g a l  b l o w e r s .  I t  was' t h o u g h t  t h a t  some means 
of r e s t r i c t i n g  t h e  e x i t  s l o t  open ing  c o u l d  be d e v i s e d  if 
t h i s  means of  c o o l i n g  showed s u f f i c i e n t  p romise  o f  f u l -  
f i l l i n g  t h e  r e q u i r e m e n t s  imposed so no t e s t s  were made of 
any  c o n t r o l  d e v i c e  u n t i l  b l o v e r  4 w a s  d e s i g n e d .  I n  t h i s  
d e s i g n  a  s imp le  d e v i c e  f o r  r e s t r i c t i n g  t h e  f l ow t h r o u g h  
t h e  b lower  b l a d e s  was t e s t e d .  (See  f i g .  5 . )  The t e s t  r e -  
s u l t s ,  f i g u r e s  3 1  t o  35, i n d i c a t e  t h e  method t o  be e f f e c -  
t i v e  b u t  somewhat i n e f f i c i e n t  . 

I t  i s  b e l i e v e d  t h a t  t h e  most e f f i c i e n t  method f o r  r e -  
s t r i c t i n g  t h e  f l o w  a t  h i g h  s p e e d s  i s  b y  means of  s q u e e z i n g  



down t h e  e x i t  s l o t  w i d t h  f o r  a l l  t y p e s  of c o o l i n g  s y s t e m s .  
The e x h a u s t  a i r  i s  a c c e l e r a t e d  a t  t h a t  p o i n t  a n d  a p r e s -  
s u r e  d r o p  a c r o s s  t h e  s l o t  i s  p roduced  a c c o r d i n g  t o  t h e  r e -  
l a t i o n ,  Ap = * p v2 .  The v e l o c i t y  c r e a t e d  by t h e  p r o c e s s  
i s  u s e f u l  i n  p r o d u c i n g  t h r u s t  o r  r e d u c i n g  d r a g .  There  i s  
v e r y  l i t t l e  e n e r g y  l o s t  t h r o u g h  a wel l - formed e x i t  s l o t ,  
so  t h e  o n l y  s o u r c e s  of  e n e r g y  l o s s  a r e  a t  t h e  b lower  e l e -  
ment o r  i n  t h e  s t r e a m  b e h i n d  t h e  e x i t  s l o t .  

I f  t h e  b lower  were d e s i g n e d  t o  p roduce  t h e  n e c e s s a r y  
b o o s t  i n  p r e s s u r e  f o r  a d e q u a t e  c o o l i n g  on t h e  g r o u n d ,  t h a t  
b o o s t  p r e s s u r e  c o u l d  be m a i n t a i n e d  c o n s t a n t  t h r o u g h o u t  t h e  
f l i g h t  r ange  by c o n t r o l l i n g  t h e  e x i t  s l o t ;  so  as  f a r  a s  
t h e  b lower  was c o n c e r n e d ,  c o n t r o l l i n g  t h e  e x i t  s l o t  would 
n o t  a f f e c t  i t s  e f f i c i e n c y ,  A l s o ,  i f  t h e  e x i t  s l o t  w i d t h  
f o r  g round  c o o l i n g  were such  t h a t  t h e  e x h a u s t  a i r  would 
have  t h e  same v e l o c i t y  a s  t h e  f r e e  s t r e a m  a t  t h a t  p o i n t ,  
t h e n  t h e  e x h a u s t  v e l o c i t y  a n d  t h e  f r e e - s t r e a m  v e l o c i t y  
would be n e a r l y  e q u a l  t h r o u g h o u t  t h e  f l i g h t  r a n g e ,  so  t h e  
mix ing  l o s s e s  would r ema in  n e a r l y  z e r o .  From t h e  e f f i -  
c i e n q y  s t a n d p o i n t  a c o o l i n g  sys t em o f  t h i s  t y p e  c o u l d  pos- 
s i b l y  be i d e a l  i f  t h e  b lower  were u s e d  o n l y  t o  r e s t o r e  t h e  
e n e r g y  l o s t  i n  t h e  sys t em f rom c o o l i n g  t h e  e n g i n e  a n d  
t h r o u g h  t h e  d u c t s .  

Methods f o r  r e s t r i c t i n g  e x i t  s l o t s  a r e  w e l l  e s t a b -  
l i s h e d  a n d  need  no p a r t i c u l a r  d . i s c u s s i o n  h e r e .  I t  i s  i m -  
p o r t a n t  t o  m a i n t a i n  smooth s u r f a c e s  t h r o u g h  t h e  p a s s a g e ,  
w h e t h e r  t h e  mechanism i s  based  on t h e  f l a p  p r i n c i p l e  o r  on 
t h e  p r i n c i p l e  s f  moving one p o r t i o n  of  t h e  cowl ing  i n  a 
f o r e  and  a f t  d i r e c t i o n ,  

E f f e c t  of  g u i d e  v a n e s  i n  t h e  e x i t  s l o t . -  I n  f i g u r e  36  --------- .......................... 
a r e  g i v e n  t h e  c h a r a c t e r i s t i c s  of  b lower  2 t e s t e d  w i t h  and  
w i t h o u t  g u i d e  v a n e s  i n  t h e  e x i t  s l o t .  I t  may be n o t e d  
t h a t  t h e  g u i d e  v a n e s  have  t h e  e f f e c t  of i n c r e a s i n g  t h e  
p r e s s u r e ,  volume,  power ,  t h r u s t ,  a n d  e f f i c i e n c y .  I t  i s  
n o t  c l e a r  why t h e  p r e s s u r e  s h o u l d  i n c r e a s e  w i t h  t h e  use of 
g u i d e  v a n e s  b e c a u s e  t h e  v a n e s  a d d  a n o t h e r  r e s t r ? c t i o n  t o  
t h e  f l o w .  T h i s  g e n e r a l  t e n d e n c y  seems t o  p r e v a i l  f o r  
n e a r l y  a11 t h e  t e s t s ,  however ,  i n c l u d i n g  t h o s e  made w i t h  
b lower  3.  l lower 3 t e s t  r e s u l t s  w i t h  no g u i d e  v a n e s  a r e  
n o t  i n c l u d e d  i n  t h i s  r e p o r t .  ) The i n c r e a s e  i n  t h e  t h r u s t ,  
however ,  i s  t o  be e x p e c t e d  b e c a u s e  w i t h o u t  t h e  g u i d e  v a n e s  
t h e  a i r  emerges  f rom t h e  e x h a u s t  s l o t  a t  a h e l i x  a n g l e  of 
a b o u t  40° t o  t h e  t h r u s t  a x i s  a n d  i n  a c o n i c a l  p a t t e r n .  
With t h e  g u i d e  v a n e s  t h e  a i r  f l o w s  back  a l o n g  t h e  c o w l i n g  
s u r f a c e  a t  a n  a n g l e  of 100  o r  l e s s  t o  t h e  t h r u s t  a x i s .  The 



g u i d e  vanes  i n c r e a s e d  t h e  d r a ~  of t h e  n a c e l l e  1 . 4  pounds 
a t  1 0 0  m i l e s  p e r  hour  w i t h  no a i r  f l o w i n g  because  of  t h e  
poor  c o n t o u r  formed by t h e i r  p r e s e n c e .  The n e t  t h r u s t  f o r  
b o t h  c o n d i t i o n s  of t e s t s  w a s  based  on t h e  d r a g  of t h e  na- 
c e l l e  w i t h  no g u i d e  v a n e s ,  s o  whatever  d r a g  t h e  pu ide  vanes  
added d u r i n g  t h e  t e s t s  w a s  a u t o m a t i c a l l y  s u b t r a c t e d  from 
t h e  t h r u s t .  The e f f i c i e n c y  of  a blower equipped w i t h  g u i d e  
vanes  p r o p e r l y  f a i r e d  i n t o  t h e  cowl ing  l i n e s  would ,  t h e r e -  
f o r e ,  be e x p e c t e d  t o  be somewhat h i g h e r  t h a n  i n d i c a t e d  by 
t h e s e  t e s t s .  

C o m ~ a r i s o n  between b l o w e r s  2 and 3.- Some p r e s s u r e -  --- -------------------------- 
d i s t r i b u t i o n  measurements a l o n g  t h e  s t a t i o n a r y  s u r f a c e  of 
b lower  2 c a s e  i n d i c a t e d  t h e  v e l o c i t y  of  t h e  a i r  i n  t h e  
b lower  t h r o a t  was r e l a t i v e l y  h iqh .  The e n t r a n c e  open ing  
t o  t h e  blower p r o p e r  i s  p r o b a b l y  t o o  s m a X l  f o r  t h e  b e s t  
e f f i c i e n c y .  A l s o  t h e  p a t h  of t h e  a i r  t h r o u g h  t h e  b lower  
i s  r e l a t i v e l y  l o n g  which means t h e  f r i c t i o n a l  l o s s e s  might 
be h i g h .  

Blower 3 was d e s i g n e d  t o  c o r r e c t  t h e s e  i n d i c a t e 6  de- ' 

f e c t s .  F i g u r e  37 shows t h a t  blower 3 i s  s u p e r i o r  t o  
b lower  2 i n  e v e r y  r e s p e c t ,  t h e  peak e f f i c i e n c y  b e i n g  a b o u t  
12  p e r c e n t  h i g h e r .  I t  seems p a r a d o x i c a l  t h a t  t h e  p r e s s u r e  
s h o u l d  be h i g h e r  f o r  blower 3 t h a n  f o r  blower 2 even though 
t h e  a c t i v e  b l a d e s  a r e  s h o r t e r .  The most r e a s o n a b l e  e x p l a -  
n a t i o n  of t h i s  i s  t h a t  t h e  f r i c t i o n a l  l o s s e s  a r e  l e s s  f o r  
b lower  3 t h a n  f o r  blower 2.  

Comparison between b lowors  3 and 4 . -  Blovsr  4  w a s  de- ---------.---- ---------- --------- 
s i g n e d  i n  a n  e f f o r t  t o  i n c r e a s e  t h e  e f f i c i e n c i e s  o b t a i n e d  
w i t h  blower 3 a n d  t o  e l i m i n a t e  t h e  u s e  o f  gu ide  v a n e s  i n  
t h e  e x i t  s l o t .  

I n  f i g u r e  3 8  b lowers  3 and  4  a r e  compared. T t  i s  n o t  
p o s s i b l e  t o  b a s e  t h e  compar ison  on t h e  same o r i f i c e  s i z e  
i f  t h e  c o e f f i c i e n t s  a r e  computed. on b a s e s  o f  d i f f e r e n t  de- 
s i g n  d i a m e t e r s .  The compar ison  i s  t h e r e f o r e  made on t h e  
b a s i s  of t h e  same A(e+d)/d8 which i s  a nondimens ional  

r a t i o  t h a t  h a s  t h e  e f f e c t  of p r o p o r t i o n i n g  t h e  eng ine -  
o r i f i c e  s i z e  t o  t h a t  o f  t h e  b lower .  I t  may be s e e n  from 
f i g u r e  38 t h a t  b lower  4  p r o d u c e s  a h i g h e r  p r e s s u r e  and  ab- 
s o r b s  l e s s  power t h a n  blower 3 of t h e  same d e s i g n  d i a m e t e r .  
Blower 4 p roduces  l e s s  t h r u s t  because  t h e  e x i t  s l o t  i s  much 
w i d e r ,  The e f f i c i e n c y  of blower 4 i s  from I1 t o  20  p e r -  
c e n t  h i g h e r  t h a n  t h a t  of blower 3 ,  exceedfng  70 p e r c e n t  'a t  
t h e  h i 4 h e r  V / ~ D  v a l u e s  of  t h e  t e s t .  T u f t  s t u d i e s  of t h e  
f low l e a v i n p  +he  e x i t  s l o t  i n d i c a t e d  t h a t  l i t t l e  c o u l d  be 

.- - - 



~ a i n e d  by t h e  u s e  of g u i d e  v a n e s  i n  t h e  e x i t  s l o t  o f  b lower  
4 b e c a u s e  t h e  e x h a u s t  a n g l e  was o n l y  a b o u t  15" a n d  t h e r e  
w a s  no i n d i c a t i o n  o f  f l o w  s e p a r a t i o n  from t h e  cowl s u r f a c e .  

I n  f i g u r e  3 9  b l o w e r s  3 and  4 a r e  compared on t h e  b a s i s  
o f  t h e  cowl ing  d i a m e t e r  r a t h e r  t h a n  on t h e  d e s i g n  ' d i a m e t e r s .  
T h i s  compar i son  i s  made t o  show t h a t  f o r  a c e r t a i n  l i m i t i n g  
d i a m e t e r  of  t h e  ~ p i n n e r ~ b l o w e r  3 i s  more p o w e r f u l  t h a n  
b l o w e r  4 .  I n  - t h i s  compar i son  t h e  added  d i a m e t e r  due t o  t h e  
g u i d e  v a n e s  of b lower  3 i s  n e g l e c t e d .  

E f f e c t  o f  E ~ o E e l 1 e r s . -  The p r o p e l l e r  p l a y s  a n  impor- --------- ------- 
t a n t  p a r t  i n  t h e  c h a r a c t e r i s t i c s  of  n c o o l i n g  sys t em if 
t h e  e n t r a n c e s  o r  e x i t s  of t h e  c o o l i n q  a i r  a r e  l o c a t e d  w i t h -  
i n  t h e  s l i p s t r e a m .  I t  i s  o b v i o u s l y  n o t  p o s s i b l e  t o  t e s t  
b l o w e r s  and  p r o p e l l e r s  t o g e t h e r  i n  a l l  t h e  c o m b i n a t i o n s  of 
p r o p e l l e r  d i a m e t e r s ,  b l a d e  a n g l e s ,  b lower  d i a m e t e r s ,  a n d  
b l o w e r  b l a d e  w i d t h s  t h a t  a r e  n e c e s s a r y  t o  c o v e r  t h e  f i e l d  
of  d e s i g n  r e q u i r e m e n t s .  A method f o r  c o r r e c t i n g  b lower  
r e s u l t s  f o r  t h e  e f f e c t  of t h e  s l i p s t r e a m  i s  t h e  most p r a c t i -  
c a l  s o l u t i o n  t o  t h e  p rob lem.  

The r e s u l t s  o f  a l l  t h e  b lower  t e s t s  a r e  p l o t t e d  r 

a g a i n s t  V/nd a s  t h e  v e l o c i t y  p a r a m e t e r .  I f  i t  i s  a s -  
sumed t h a t  t h e  p r o p e l l e r  a d d s  a v e l o c i t y  i nc remen t  un i form-  
l y  o v e r  t h e  p r o p e l l e r - d i s k  a r e a  t h e  s l i p s t r e a m  e f f e c t  may 

. be t a k e n  i n t o  a c c o u n t  by d e t e r m i n i n g  t h e  e f f e c t i v e  ~ / n d  
%%swXcr <fl<w-F*W,-r<-*,<>/ <<<,,* 

of  o p e r a t i o n  f o r  comput ing  t h e  b lower  c h a r a c f e r l s t i c s .  
The s l i p s t r e a m  v e l o c i t y  i s  n o t  u n i f o r m  b u t  t h e  e f f e c t  of 
t h e  s l i p s t r e a m  a t  t h e  e n t r a n c e  d.ucts  i s  p r o b a b l y  much 
g r e a t e r  t h a n  a t  t h e  e x i t  s l o t ;  so  t h e  r e s u l t a n t  v e l o c i t y  1 
a t  t h e  e n t r a n c e s  i s  u sed  i n  t h i s  a n a l y s i s  f o r  d e t e r m i n i n g  i 
t h e  e f f e c t i v e  V/nd. : 

*.-'v 

In  f i g u r e  40 t h e  e f f e z t i v e  V / ~ D  i s  g i v e n  f o r  p r o -  
p e l l e r  4412.  The p r o p e l l e r  d i a m e t e r - i s  u s e d  i n  comput ing  
b o t h  v a l u e s  of  v , / ~ D .  In  o r d e r  t o  a p p l y  t h e  r e s u l t s  t o  
t h e  b lower  t e s t s  t h e  v a l u e s  must be t r a n s l a t e d  i n t o  t e r m s  
of  b lomer  d i a m e t e r .  (See  f i g .  4 1 . )  F i g u r e  42 g i v e s  e f -  
f e c t i v e  v a l u e s  o f  V / ~ D  f o r  p r o p e l l e r  6101. 

I n  f i g u r e  43 i s  shown e x p e r i m e n t a l  a n d  computed p r e s -  
s u r e  c o e f f i c i e n t s  f o r  s e v e r a l  b l o w e r - ~ r o p e l l e r  combina- 
t i o n s .  The e x p e r i m e n t a l  v a l u e s  a r e  t a k e n  from f i g u r e  23 .  
The computed v a l u e s  a r e  t a k e n  from f i g u r e s  1 8  and  4 1 ,  com- 
b i n e d  by t h e  p r o c e s s  o f  p l o t t i n g  

K't 
c o r r e s p o n d i n g  t o  

t h e  e f f e c t i v e  ~ / n d  a g a i n s t  t h e  t r u e  .v/nd. The c u r v e s  



i n d i c a t e  t h a t  t h e  conputed v a l u e s  ezceQd t h e  measured v a l -  
u e s ,  p r o b a b l y  due t o  t h e  s l i p s t r e a m  v e l o c i t y  b e i n g  n o t  as  
h i g h  a t  t h e  e x i t  s l o t  as a t  t h e  e n t r a n c e  d u c t s .  The c u r v e s  
i n d i c a t e  t h e  e x p e r i m e n t a l  p r e s s u r e  c u r v e s  l i e  abou t  t h r e e -  
fouyths t h e  d i  s tan 'ce between t h e  blower-alone curve  s and 
t h e  computed c u r v e s .  

The power r e s u l t s ,  f i g u r e  44,> a r e  computed by f i r s t  
d e t e r m i n i n g  t h e  power of t h e  blower 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  i n  t h e  same manner as f o r  t h e  p r e s s u r e ,  and  
t h e n  a d d i n g  t h e  power of t h e  p r o p e l l e r  a l o n e .  A s  bo th  
blower and p r o p e l l e r  mere t e s t e d  sepa , ra te ly  w i t h  t h e  sp in -  
n e r ,  i t  i s  n e c e s s a r y  t o  s u b t r a c t  t h e  power of t h e  s p i n n e r  
a l o n e  ( f i g .  7 )  t o  a v o i d  h a v i n g  t h i s  q u a n t i t y  added i n  
twf ce.  

In f i g u r e  45 t h e  volume r e s u l t s ' a r e  given.  The meth- 
od f o r  computing i s  t h e  same a s  t h a t  f o r  t h e  p r e s s u r e  re -  
s u l t  s. 

Draz of blower c o m l & ~ g s . -  The d r a g  of t h e  blower cowl- 
i n g s  mere i n  g e n e r a l  s l i z h t l y  h i g h e r  t h a n  f o r  cowling 39 
d e s c r i b e d  i n  r e f e r e n c e  1, b u t  t h i s  d i f f e r e n c e  need n o t  ex- 
i s t  because  any of t h e  b lowers  cou ld  be b u i l t  i n  t h e  sp in -  
n e r  s f  con1 3 9 ,  even though gu ide  vanes  a r e  b u i l t  i n  t h e  
e x i t  s l o t .  The d r a g  c o e f f i c i e n t  of 0.05 o b t a i n e d  f o r  cowl- 
i n g  3 9  i s  c o n s i d e r e d ,  t h e r e f o r e ,  a p p l i c a b l e  t o  t h e  blower 
comlinqs.  

L i m i t i n g  p r e s s u r e s . -  The maximum p r e s s u r e  a  c e n t r i f u -  ------ 
g a l  blower i s  c a p a b l e  of  p roduc ing  f o r  ze ro  f low depends  
upon t h e  d i a m e t e r ,  r o t a t i o n a l  speed ,  a n d  a i r  d e n s i t y .  T h i s  
u p p e r  l i m i t  can a lways  be approached f o r  any f low condi-  
t i o n  i f  t h e  b l a d e s  a r e  made s u f f i c i e n t l y  wide (assuming 
t h a t  t h e  t h r o a t  a r e a  i s  n o t  r e s t r i c t e d ) .  B loxers  d e s i g n e d  
i n  t h i s  manner a r e  n e i t h e r  economical  as r e g a r d s  power ab- 
s o r p t i o n  n o r  a s  r e g a r d s  s i z e ,  bu t  t h i s  upper  l i m i t  i s  of 
some i n t e r e s t  n e v e r t h e l e s s  because  i t  d e f i n e s  t h e  boundary 
beyond. which a d e s i g n  i s  imposs ib le .  

F i g u r e  46 i s  a c h a r t  showing t h e  maximum p r e s s u r e s  
o b t a i n a b l e  f o r  blower '3, assuming d i f f e r e n t  r o t a t i o n a l  
s p e e d s  and diameter: . .  T h i s  c h a r t  shows t h a t  f o r  p r e s e n t -  
day e n g i n e s  h a v i n g  p r o p e l l e r  r o t a t i o n a l  speeds  of between 
1 ,000  .and 1 ,600  r.p.m. t h e  d i a m e t e r s  n e c e s s a r y  t o  produce  
2- p r e s s u r e  of 6. i n c h e s  BzO range from 2.4 t o  3.8 f e e t .  
Most l a r g e  r a d i a l  e n f i n e s  have d i a m e t e r s  o f  between 3.75 
a n d  5 f e e t ,  so i t  a p p e a r s  t h a t  l i t t l e  d i f f i c u l t y  shou ld  be 



e n c o u n t e r e d  i n  o b t a i n i n g  s u f f i c i e n t  p r e s s u r e  even though 
t h e  b l a d e  w i d t h s  a r e  l i m i t e d  t o  r e l a t i v e l y  small va lues .  

d 

The l i m i t i n g  p r e s s u r e  a v a i l a b l e  foy  blower 4 depends 
upon t h e  s t a l l i n g  of t h e  b l a d e s  i n - a d d i t i o n  t o  t h e  diam- 
e t e r ,  r o t a t i o n a l  speed,  and  a i r  d e n s i t y .  There i s  no i n -  
d i c a t i o n  of  a s t a l l  o c c u r r i n g  i n  t h e  p r e s e n t  t e s t s  so  t h i s  
e lement  need n o t  be c o n s i d e r e d  here .  The l i m i t i n g  p r e s -  
s u r e s  o b t a i n e d  w i t h  blower 4 ( f i g .  47)  a r e  l e s s  t h a n  w i t h  
b lower  3 ,  so  s l i g h t l y  l a r g e r  d e s i g n  d i a m e t e r s  a r e  r e q u i r e d  
t o  produce  a g i v e n  p r e s s u r e .  I n  view of  t h e  f a c t  t h a t  t h e  
d e s i g n  d i a m e t e r  09  blower 4 i s  l i m i t e d  t o  abou t  75 p e r c e n t  
of  t h e  cowling diameter, t h e  maximum p r e s s u r e s  o b t a i n a b l e  
f o r  a n y  g i v e n  eng ine  a r e  c o n s i d e r a b l y  l e s s  t h a n  f o r  b lower  3. 

Design 0 f blowers.- In r e f e r e n c e  1 a method f o r  do- 
s i g n i n g  t h e  wing-duct t y p e  of cowling i s  d i s c u s s e d  b r i e f l y .  
If a blower mere t o  be u s e d , w i t h  t h i s  type  of cowl ing as a 
means f o r  b o o s t i n g  t h e  p r e s s u r e ,  t h e  d e s i g n  of t h e  b lower  
o n l y  need be d i s c u s s e d  h e r e .  The problem w i l l  b e ,  t h e r e f o r e ,  
c o n f i n e d  t o  t h e  blower e l e m e n t ,  t h e  d e t e r m i n a t i o n  o f  t h e  
d e s i g n  d i a m e t e r  and  b l a d e  w i d t h  n e c e s s a r y  t o  produce  a 
s p e c i f i e d  p r e s s u r e  and  volume. 

The method recommended f o r  d e s i g n i n g  t h o  blower e l e -  
ment c o n s i s t s  o f :  ( a )  Determining t h e  d i a m e t e r  of t h e  
b lower  element  n e c e s s a r y .  t o  produce  t h e  d e s i r e d  p r e s s u r e  , 
assuming a c e r t a i n  r e s t r i c t i o n  t o  t h e  f low,  o r  v i c a  ve r sa .  
The r e s t r i c t i o n  i s  de te rmined  by r e f e r r i n g  t o  t h e  t e s t  r e -  
s u l t s ;  t h e  s e l e c t i o n  i s  done on a b a s i s  of  e f f i c i e n c y .  
( 3 )  Ad3ust ing  t h e  b l a d e  w i d t h  t o  hand le  t h e  volume o f  a i r .  

In  t h i s  method of d e s i g n  t h e  a c t u a l  eng ine  o r i f i c e  
a r e a  i s  n o t  c o n s i d e r e d  u n d e r  ( a ) .  It i s  assumed t h a t  t h e  
e n g i n e  o r i f i c e  a r e a  i s  d i r e c t l y . p r o p o r t i o n a 1  t o  t h a t  f o r  
t h e  t e s t  i n  q u e s t i o n ;  i n  o t h e r  words$, t h e  r a t i o  / d2 
r e m a i n s  c o n s t a n t .  T h i s  d e f i n e s  a  g e o m e t r i c a l  similar s e t -  
up. A c t u a l l y ,  t h e  engine  o r i f i c e  a r e a  w i l l  p r o b a b l y  be 
d i f f e r e n t  from t h a t  assumed by t h i s  method, so tho  blower 
b l a d e s  a r e  s c a l e d  i n  t h e  w i d t h  d i r e c t i o n ,  as under  (b), i n  
d i r e c t  p r o p o r t i o n  t o  t h e  d i f f e r e n c e s  i n  t h e  t e s t  o r i f i c e  
a r e a  and t h e  a c t u a l  o r i f i c e  a r e a .  

The a e s i g n  p r o c e s s  can b e s t  be i l l u s t r a t e d  by an  ex- 
ample. 



Given: 

1 ,000  hp. e n g i n e .  

1 ,250 r.p,m, p r o p e l l e r  speed.  ' 

56-inch eng ine  d i a m e t e r .  

Required:  

6-inch H,O boos t  p r e s s u r e  from blower. 

18 ,000  cu.  f t .  p e r  rnin, volume. 

S o l u t  Son : 

( a )  If blower 4 i s  s e l e c t e d  a d e s i g n  d i a m e t e r  
of  40 i n c h e s  may be u s e d .  

Blade w i d t h  .= 3.45 i n c h e s .  

O r i f i c e  19  r e s u l t s  may be used  i f  i t  i s  
e s s e n t i a l  t h a t  t h e  p r e s s u r e  be o b t a i n e d  
a t  zero  ~ / n d .  (Soe f i g .  31,) 

( b j  From f i g u r e  33 t h e  volume i s  computed a s  ., 
121.2 cu. f t .  p e r  second o r  '7,270 cu. f t .  
p e r  min. The b l a d e  w i d t h  computed under  
(a) must be i n c r e a s e d  by t h e  r a t i o  
18 ,000 /7 ,270  t o  produce t h e  r e q u i r e d  
pressure-volume r e s u l t s ,  18,000/7,2'70 X 
3.45 = 8.53 i n .  b l a d e  midth ,  

(p)  The power, c o r r e c t e d  f o r  t h e  i n c r e a s e  i n ;  
b l a d e  m i d t h ,  i s  t h e n  44.1  horsepomer. 

This example i l l u s t r a t e s  t h e  p r o c e s s  of a p p l y i n g  t h e  
t e s t  r e s u l t s  t o  a d e s i g n  problem i n  a n  e lementa ry  manner; 
t h e  'design of t h e  blower elemont o n l y  i s  c o n s i d e r e d  h e r o .  
The d u c t  d e s i g n  and  t h e  e f f e c t  of t h e  s l i p s t r e a m  n r o  o t h e r  
probloms and a r e  d e a l t  w i t h  e lsewhero .  

L .  

I t  may be n o t e d  i n  t h e  example t h a t  t h e  d e s i g n  diame- 
t e r  of t h e  blower i s  chosen t o  be t h e  l a r q e s t  p e r m i s s i b l e ,  
which determinets t h e  b lade  mid th  n e c e s s a r y .  The r e a s o n  f o r  



s e l e c t i n g  t h e  g r e a t e s t  p o s s i b l e  d iamete r  i s  because  blower 
4 i s  l i m i t e d  i n  t h e  p r e s s u r e  i t  i s  c a p a b l e  of p r o d u c i n g ,  
so  t h e  l a r g e s t  p o s s i b l e  d i a m e t e r  shou ld  be f i r s t  assumed. 

I f  blower 5 were s e l e c t e d  t h e  d e s i g n  p r o c e s s  would be 
r e v e r s e d ,  because  p r e s s u r e  i s  no o b j e c t  i n  mast c a s e s .  

S o l u t i o n  based on blower 3  r e s u l t s :  

(a) From f i g u r e  30 i t  may be seen t h a t  t h e  h i g h e s t  
e f f i c i e n c y  i s  o b t a i n e d  a t  low a i r  speeds  w i t h  
o r i f i c e  1 9  b u t  a t  h i g h  speeds  t h e r e  i s  l i t t l e  
c h o i c e  between o r i f i c e s  20,  21 ,  o r  22. O r i -  
f i c e  2 1  i s  s e l e c t e d  f o r  t h e  example. From 
f i g u r e  26 ,  X i s  t aken  a s  2.6. S o l v i n g  

I t  
f o r  d iamete r  n e c e s s a r y  t o  produce 6  i n .  H,O,  
'd = 3.4 f t .  The b lade  wid th  a t  t h e  t i p  i s  
1,3L i n .  

( 3 )  Fron f i g u r e  28 ,  K, i s  r e a d  a s  0.156. S o l v i n g  
f o r  v o l u m e ,  Q = 127 ,5  cu. f t ,  p e r  s e c . ,  o r  
7 ,650 cu. f t ,  p e r  min. The b l a d e  wid th  com- 
p u t e d  under  ( a )  must be i n c r e a s e d  by t h e  r a t i o  
18 ,000/7 ,650,  Blade wid th  = 3.08 in .  

( c )  From f i g u r e  27, K z  i s  r e a d  as 1.5. The power, 
c o r r e c t e d  f o r  t h e  i n c r e a s e  i n  b l a d e  w i d t h ,  i s  
t h e n  62.8 horsepower.  

( a )  From f i g u r e  29 ,  K, i s  r e a d  a s  0.33, 
Thrus t  = 108 1%. 
It may be n o t e d ,  i n c i d e n t a l l y ,  t h a t  t h e  power 
seems h i g h  f o r  t h e  f o r e g o i n g  examples. T h i s  
may be accoun ted  f o r  by t h e  f a c t  t h a t  t h e  e f -  
f i c i e n c y  i s  r e l a t i v e l y  low a t  ze ro  ~ / n d .  
Also  t h e  b lowers  a r e  p roduc ing  a c o n s i d e r a b l e  
t h r u s t .  The t h r u s t  f o r  blower 3 i s  e q u i v a l e n t  
t o  a b o u t  30 b.hp. if produced by a p r o p e l l e r .  

I t  i s  i m p o r t a n t  i n  d e s i c a i n g  b lowers  t h a t  t h e  fmpor- 
t a n %  dimension be s c a l e d  i n  p r o p o r t i o n  t o  t h o s e  f o r  t h e  
t e s t  models g i v e n  i n  f i g u r e s  3 ,  4 ,  and  5  as f a r  a s  p o s s i -  

. e b l e ,  Of p a r t i c u l a r  impor tance  i s  t h e  t h r o a t  a r e a  which 
shoul-d n o t  be reduced t o  t h e  2 o i n t  of  r e s t r i c t i n g  t h e  f low 
a p p r e c i a b l y ,  



The one element  i n  t h e  d e s i g n  of blower 4 n e g l e c t e d  
i n  t h i s  p a p e r  i s  t h e  b l a d e  a n g l e .  The blower was t e s t e d  
a t  o n l y  one a n g l e  f o r  t h e  p r e s e n t  t e s t s .  I t  might be de- 
s i r a b l e  t o  i n c r e a s e  t h e  b l a d e  a n g l e  f o r  t h e  purpose  of 
i n c r e a s i n g  t h e  p r e s s u r e  a t  h i g L  r a t e s  of f low,  b u t  a meth- 
od f o r  c o r r e c t i n g  t h e  r e s u l t s  f o r  changes i n  b lade  a n g l e  
i s  n o t  i n c l u d e d  because  of t h e  l a c k  of s u b s t a n t i a t i n g  
t e s t s .  

CONCLUSIONS 

1. Blowers hav ing  d i a m e t e r s  l e s s  t h a n  those  of 
p r e s e n t - d a y  r a d i a l  e n g i n e s . a n d  r o t a t i n g  a t  p r o p e l l e r  
s p e e d s  a r e  c a p a b l e  of p roduc ing  p r e s s u r e s  i n  e x c e s s  of 
t h o s e  r e q u i r e d  f o r  c o o l i n g ,  

2. The maximum o v e r - a l l  e f f i c t e n c y  o b t a i n e d  w i t h  
c e n t r i f u g a l  b lowers  mas a b o u t  60 p e r c e n t ,  a n 6  over  70 per -  
c e n t  f o r  a r a d i a l  blower b u i l t  w i t h  a i r f o i l  b l a d e s .  

3.  The r e s u l t s  i n d i c a t o  t h a t  b lowers  mounted on pro-  
p e l l e r  s p i n n e r s  could  be b u i l t  s u f f i c i e n t l y  power fu l  and  
e f f i c i e n t  t o  w a r r a n t  t h e i r  u s e  as t h e  o n l y  o r  c h i e f  means 
of f o r c i n g  a i r  th rough  t h e  c o o l i n g  sys tem,  t h e r e b y  p rov id -  
i n g  eng ine  c o o l i n g  which mould be independent  of t h e  speed 
of  t h e  a i r p l a n e .  
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7  IGURE LEGENDS 

P i g u r e  1.- Ring-duct-blower s e t - u p  i n  t h e  t u n n e l *  

F i g u r e  2,- O u t l i n e  of  wing-duct set-up w i t h  blower 3. 

F i g u r e  3.- B l o v e r  2. 

F i g u r e  4,- Blower 3. 

F i 3 u r e  5.- Blower 4. 

F i g u r e  6,- An example i l l u s t r a t i n g  t h e  e f f e c t  of  t h e  p r o p e l -  
l e r  e f f i c i e n c y  on t h e  c a l c u l a t e d  v a l u e  o f  t h e  b lower  
e f  f i c f e n c y .  

F i g u r e  '7.- C h a r a c t e r i s t i c s  of  t h e  s p i n n e r  p a r t  o f  b l o w e r s  
2  a n d  3 ,  o r i f i c e  22, (No b l a d e s ,  g u i d e  v a n e s ,  n o r  pro-  
p e l l e r .  ) 

F i s u r e  8.- P r e s s u r e  c o e f f i c i e n t .  S p i n n e r  p a r t s  o f  b l o w e r s  
2  a n d  3 t e s t e d  w i t h  4412 p r o p e l l e r .  (No blower b l a d e s  
n o r  s u i d e  v a n e s . )  

B i g u r e  9,- Power c o e f f i c i e n t .  Sp innor  p a r t s  of  b l o w e r s  2  
a n d  3 t e s t e d  w i t h  4412 p r o p e l l e r .  (No b lower  b l a d e s  
n o r  e u i d e  v a n e s , )  

F i g u r e  10,- Volume c o e f f i c i e n t .  Sp inne r  p a r t s  of  b l o w e r s  
2  a n d  3 t e s t e d  w i t h  4412 p r o p e l l e r .  (No b lower  b l a d e s  
n o r  gukde v a n e s . )  

F i g u r e  11,- P r e s s u r e  c o e f f i c i e n t  based  on p r o p e l l e r  diam- 
e t e r . .  S p i n n e r  p a r t s  of b l o w e r s  2  and  3 t e s t e d  w i t h  
p r o p e l s e r  4412 s e t  13O a t  0.7'5 B. 

F i g u r e  12,-  P r e s s u r e  c o e f f i c i e n t  based  on p r o p e l l e r  diame- 
t e r .  S p i n n e r  p a r t s  of  b l o w e r s  2 and  3 t e s t e d  w i t h  g ro -  
y e l l e r  4412. O r i f i c e  21. 

F i g u r e  13.- P r o s s u r e  c o e f f i c i e n t .  Blower 2 on ly .  No gu ihe  
v a n e s  i n  e x i t  s l o t .  

F i g u r e  14,-  Power c o e f f i c i e n t .  B love r  2  on ly .  No g u i d e  
v a n e s  i n  e x i t  s l o t .  

F i g u r e  15,-  Volume c o e f f i c i e n t .  Blower 2  only .  No g u i d e  
v a n e s  i n  e x i t  s l o t .  



F i g u r e  16.- T h r u s t  c o e f f i c i e n t .  Blomer 2 o n l y .  Ro g u i d e  
v a n e s  i n  e x i t  s l o t .  

F i g m e  l?.- E f f i c i e n c y .  Blower 2  o n l y .  IiTo gu ide  v a n e s  i n  
e x i t  s l o t .  

F i g u r e  18.- P r e s s u r e  c o e f f i c i e n t .  Blower 2 o n l y  w i t h  g u i d e  
v a n e s  i n  e x i t  s l o t ,  

F i g u r e  19.- Power c o e f f i c i e n t .  Blower 2  o n l y  w i t h  g u i d e  
v a n e s  i n  e x i t  s l o t .  

B i g u r e  20.- Volume c o e f f i c i e n t .  Blower 2  o n l y  w i t h  g u i d e  - 
v a n e s  i n  e x i t  s l o t .  

F i g u r e  21,- T h r u s t  c o e f f i c i e n t .  Blomer 2  o n l y  mith  g u i d e  
v a n e s  i n  e x i t  s l o t .  

F i g u r e  22.- E f f i c i e n c y .  Blomer 2 o n l y  mith g u i d e  v a n e s  i n  
e x i t  s l o t .  

F i g u r e  23,- P r e s s u r e  c o e f f i c i e n t ,  Blower 2 t e s t e d  w i t h  
4412 p r o p e l l e r  and. ~ 5 t h  g u i d e  vanes  i n  e x i t  s l o t .  

F i g u r e  24.- Power c o e f f i c i e n t .  Blomer 2 t e s t e d  w i t h  4412 
p r o p e l l e r  a n d  w i t h  gu ide  v a n e s  i n  e x i t  s l o t .  ' 

F i g u r e  25.- Volume c o e f f i c i e n t .  Blomer 2 t e s t e d  w i t h  4412 
p r o p e l l e r  a n d  m i t h  g u i d e  v a n e s  i n  e x i t  s l o t .  

F i g u r e  26,- P r e s s u r e  c o e f f i c i e n t .  Blower 3 o n l y  m i t h  g u i d e  
v a n e s  i n  e x i t  s l o t .  

F i g u r e  27.- Power c o e f f i c i e n t .  Blower 3 o n l y  w i t h  g u i d e  
v a n e s  i n  e x i t  s l o t .  

F i g u r e  28,- Volume c o e f f i c i e n t .  Blomer 3 o n l y  w i t h  g u i d e  
v a n e s  i n  e x i t  sLot .  

F i g u r e  29.- T h r u s t  c o e f f i c i e n t .  Blowor 3 o n l y  w i t h  g u i d e  . 
v a n e s  i n  e x i t  s l o t . ,  

F i g u r e  30.- E f f i c i e n c y ,  Blower 3 o n l y  w i t h  c u i d e  v a n e s  i n  
e x i t  s l o t .  

F i g u r e  31.- P r e s s u r e  c o e f f i c i e n t .  Blower 4 o n l y ,  No g u i d e  
v a n e s  i n  e x i t  s l o t ,  



Figure  32.- Power c o e f f i c i e n t .  Blower 4 only. No 3uid.e 
vanes i n  e x i t  s l o t .  

F igu re  33.- Volume c o e f f i c i e n t .  Blower 4 only.  No guide 
vanes i n  e x i t  s l o t .  

F igu re  34.- Thrust  c o e f f i c i e n t .  Blower 4  only. No guide 
vanes i n  o x i t  s l o t .  

F igure  35.- E f f i c i ency .  Blomer 4  only. No guide vanes 9n 
e x i t  s l o t ,  

F igu re  36.- E f f e c t  of guide vanes i n  e x i t  s l o t  of blower 2. 
No p r o p e l l e r .  O r i f i c e  21. 

Figure  37.- Comparison between blowers 2  and 3. h i d e  
vanes i n  e x i t  s l o t .  No p r o p e l l e r .  O r i f i c e  21. 

F igu re  38.- Comparison between blowers 3 and 4. No pro- 

p e l l e r .  *-k2t&~ = 0.069. Guide vanes i n  e x i t  s l o t ;  o f  a2 
blomer 3 only.  

F igu re  39.- Comparison between blowers 3 and 4. A l l  coef- 
f i c i e n t s  based on tho cowling diameter  of  20 inches .  
Guide vanes i n  e x i t  s l o t  of blower 3. No p r o p e l l e r .  
O r i f i c e  21. 

F igure  40.- E f f e c t i v e  V / ~ D  a t  t he  m5ng-duct e n t r a n c e s  
v i t h  p r o p e l l e r  4412. 

, Figure  41.- E f f e c t i v e  V/n& a t  the  wing-duct e n t r a n c e s  
based on the  design diameter  of blowers 2 and 3 .  Pro- 
p e l l e r  4412. 

F igure  42.- E f f e c t i v e  V/nD a t  the  wins-duct e n t r a n c e s  
w i t h  3-blade 6101 p r o p e l l e r .  

F igu re  43 .- Comparison bo tween exper imental  and computed 
p r e s s u r e  c o e f f i  c i o n t s  of b lower-propel ler  combinations. 
B lone r .2  w i t h  guide vanes i n  e x i t  s l o t ,  P r o p e l l e r  4412, 

F igure  44.- Comparison bctveen exper imental  and  computed 
power c o e f f i c i e n t s  of %lone r -p rope l l e r  combinations. 
Blomor 2  vith guide vanes i n  e x i t  s l o t ,  P r o p e l l e r  4412, 



F i g u r e  45 ,- Comparison be tneen  e x p e r i m e n t a l  and computed 
volume c o e f f i c i e n t s  of b l o w e r - p r o p e l l e r  combina t ions .  I 

Bloner  2 n i t h  gu ide  vanes  i n  e x i t  s l o t .  P r o p e l l e r  4412. 

P i g u r e  46,- Maximum p r e s s u r e s  a v a i l a b l e  f o r  blower 3. Zero 
V s i r  f l o n  and z z r K l t  = 3 .2 .  

F i g u r e  47.- Maximum p r e s s u r e s  a v a i l a b l e  f o r  blomer 4 -  Zero 
V a i r  f low and  E a a K l t  = 2.9.  
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